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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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1. #&

BB AHEMIZHICT 2K, TabbEfioke &
BorE$HX 7 aATr — VOBRE LIKE (DU, ol
KEWLE V) IFFEAEOGAELMBEEGATND. &
K[, KR E, HRATHONLZKIZIFEAEZDX
I HHRRIBER TH 5. A TEIRIMBA OIRFERIZIEE
M LZRwoT, PRKIETXTOKERT. KEHRATTIC
WO AENDAHMWE A% <, REBTIIRM & & PERR
SAUKK IS T 5. 3% EOKEPEO A K I3
MU LOWRETIHIREBKE 25, 20X REHE R
il i 45 VA (Freeze concentrated solution, FCS) &9 Z &1
$5. FCSIIV 7274 —& LTHREL, HWERBIEICHE TS
WHEORISRIERICES§5 ST\ 5 (Abbatt et al.,
2012; Bartels-Rausch et al., 2014; Honrath et al., 1999; McNeill
etal, 2012). FEHSHIL, 5T 70—7%HTHtillE
(Miyagawa et al., 2020; Muto et al., 2020), &4 bZEH (Qu
etal., 2015,2017), YB3 BCO Tl (Tasaki and Okada, 2011;
Yanagisawa et al., 2018) 72 £12 X V), FCSTHEZ 4 M PH
SERMILTE . ChoollEzELT, AHEICE DK
JEAFFFIY IS % (Tasaki and Okada, 2012) & & %2, 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, 51 70—7OREZ B RO
Wb LhrL, 5F70—TIK 5B E L PR
TETWwah, BEDOGF7u—7IZEAOHLE R T
W5 72 TECSO— ML Z FHli T & T2 v Tld 7%
Wk loHIEoEF LS.

Wik IR SN B &S — KW MY DO—>T
HY, HRROBFAKBERZIZIZTRTEEZTATN D
(Legrand et al., 1984; Morganti et al., 2007). F 72, Z® X
I BAERKBRITER 2L LTHHENLZ LS.
72k Z1E, NaCl/R O e pih Rl 6, Hhhaid-21.3
CTHY, EAELTZORMET THHTRERTHLZ L
Bhhd., iz, EEREONaCIUKEEZ-11.5 C THA;
¥ 5% &, FCSHIONaCljJE£133.0 M& % % (Cohen-Adad et
al, 1991). L7225 T, 10 mMONaCUKE % & DIET
HAET 5 &, NaCUIFCSHIZ300f5 4 S 5. i il
OAMPHNaCLE AT 256, TS 30085 123 S
N5, FUEREAIKVIZ L, F 72NaClo M W E K
FERMENRL 2D, TORFIT L) AGFHRM S
WEB OB AEMEEIN D T EHTREN TV 5 (Takenaka

il

High (a)

e
" 100agm

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

and Bandow, 2007).

HIRE 2 SCHMBROSS, 14 v EREERTu—
TELUTHIET 5. 728 20, A F v ORESAH & U
B OHTOFCSD G, A A ¥ H3B5-§ HFCSHI O IS
% EOFMATRETH S, T, HHICLBAF DK
HREIE N DFEERIKE RGO TPICR Y AT h7 A+
YORFHBEEMAIELAEETHL. 2, #EHY
ZMEEE WIS T 7 —7 %A % < T LR
WSS D P4 2fEHE /L2 LA TE S, FEHELHE,
Xi#or % VT I )b (Harada et al., 2021), Zifi #5571
il (Harada et al., 2003), A 7 »&Z¥fk (Harada et al., 2002;
Okada and Harada, 2004) 7z EWZHUY) A 724 F » DKM
MR LW SPICLTEZ. ARTIE, Thoolfi%ET
B o 7o Bl L RHTEE 2 A L THM BRI OW TR O
ToRERAZ DV TR,

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.
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H2: (a) SAHEEBABNOIRXMOEA & XRFOBEHFL
& (b) K1 (a) @ ZWITHifg2 5 (1) KU & ) 2 L 72 =Wt
. ZRICHARIESCHL (Tokumasu et al. 2016) X V) 70 % 15 Ciis
k.
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.

HAEAKER P O A + >~ O5 A A XRECTHHULT 588, 5
AR I IRXH % Y 2D K& STk E 5. XRF%
HRRECE T 2125721, 10 keVO LIRXHE % fz/N2.5
pumx2.5 umliZ F TR D 2 L L Lz, ZORMTH ok HE
FEDMF S5 T AV F — INELGTe R (KEK) 07 +
Fo77 27 b)— (PF) ¥ —2454 >~ (BL) 4AZFH L
TM5E %47 o 72 (Tokumasu et al., 2016). 25 uM Mn™", 15 uM
Co™, 5 uM Zn*" % & 217 mM NaCl#z —4.6 C THifs L 723508
B &£ U250 pM Mn*', 150 uM Co™", 50 uM Zn*" % £ 234 mM
NaCl#-12.0 C Taifh L 723 B I EAE$ A CL, Mn™, Co™,
Zn® % & QKo i BE 12 0 {2 el iR & 2R §. Cl,
Mn, CoOXRFTIE KA FUCAHFTET AFCSB R A2 TH
D, N)TVT %7y a yTEVIREOXRFASHKI SR
TWALIENbhs, U, AF VBNV TVT Y T
Ta VICEBEHENTVWEDOTIE R, FCSOBE S DEW
WE2bDTH5H. M2alHAWTIRT L H 12, Llird
DXRFIZHARTHRWALE S S B SNA-XREGHI T2 £
TIZKRFCS 7 EDBARIZ X 2N D 720 FET 5. L
L, XRFMBEIIHHE RO XROBEME TR E 5720,
FCSHOWEL S THAET HE AR EMEIRRNELS 2B, #
OFER, BtumOBERSZHE OV IV XY a T
i, FNLDERCITNIHERTEOWXRFREIRB SN 5.

Lo k52, FCSHDA F VIBEN—~EORE, 2Kk

FEXRFH {5 0 £, 0 38\ IFFCSD I X v & BB LT v
5. [2al27R 9 & 9 I IRXH#IIFCSH % A, XRFIZK
hZERTHEEL, FCSOESZME L. FHlizs
W3 %A%, K(DITRTEY, XRFREE (/) 1L FORT
FCSOES (DICIEWHETH 5.

rati e Gl oD B

CIT, eldWBIER clZWES F Y OWE, d,Ldik
ZNENIRXHEXRFOHFER TH L. —4.6 CIZBIT 2
FCSH1 T Ddpld #1.2 mm, Cl, Mn, CoOKofit Dd\E 2 #
140 pm, 432 pm, 696 umTH 5. ZORE HWT, KlalZ
FLHRO “UOITH R & X212 7R FCSER & & K3 =ZRITH R
WCERT B ENTEL, 7u—TL LmtHEIILVET
DENEIH DD, PITVT Y7 varyoREsid, Cl,
Mn®™, Co™% 70— 7k L7k 12221485 um, 56.0
pm, 41,0 yumTH 0, BEA—H L 72l SNz FEREIZ
W LRXMEADK O 2 E# L72), XRFAOSFCSH % %58 L 72
D32 EMELIIREZEITDDY, HEEZZTOY
HIILETH DD, “RITLOXRFAED S ZRIEA A —Y
PR TE L MIARLEOMRDO—DTH 5.

X1 TIZZn* O WK I IZFCSOMEE D D £ ) 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 TXHRIURAIRE &  (X-ray Absorption Fine
Structure , XAFS) % #ll % L 7= (Tokumasu et al., 2017). XAFS
TR D AT P VIZRIUGEF OB FER AT b
WY L, TR OMBRLILAREE L T b, —J
WIS 70 & 8 T A OV F— Ml D)5 i (1 ke VRREE F C) 13
XL S BHIAE 7% (Extended X-ray Absorption Fine Structure,
EXAFS) [ZIZNBE FOTHHIENTB Y, WIUEF OLEE
D b h 5.

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
DOpHASEFENEIZ 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). Z OWHEMEAL L BHRERMICE VB L o7
Zn* B FE ASZn(OH), D ¥4 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
THEPIHIA &2 (Martin and Gordon, 1988). 7 J5E 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, COMHEEFHLCESEA 4 ¥ 2 EURERO
T7x 74 MLEIZE CHMSN TS (Tuetal,2012). [k
SRR T b 8% & GRAL R KR~ O I8 A
F v DWIBAHE DPFGRERE B D > T % (Krauskopf,

X4 : FeOxHAE fE T T ?3 mmx3 mmo 583 OXFRE f§. %20
pm x 2.0 pum OFPH & ZE. 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). ZOWAIIKFZFTRL, KOFTHRI DA
%. bk oi@ ) ik Asgk & e AL ik 2 BRIOKICE
FNTVLMOEIE A F ~IZFCSIZHEAE X, FCSHT#k
OERALEWIIWAE L, F7KOBIRRIC 38 % & EFEE
LIz s, ZoMBETHAT A, —#IC, WEe
LTHRIENZOKRBHE— BRI S, ZZIC&Ens
k(A BN R 2oo&)E A + v OREPFHIIS LS
(Krauskopf, 1956). L 2L, #&lff L7230 o541 Cik, 8
BT CTOWEREBIIDNS L. 22T, LRLOXRFEH
WCHHIRETOEE A F >~ OFEAARNOWLAE % 374 L
7z, SROBBEAERIOYE, WA H DAL & Fer & OXRF
THIAZENTESL., FARICBENROERAF 5D
XRFZWETE L7200, ThH DM S HHEIRETOSE
BA & v EgkE GO ERLED M O EAEH % in situTEF
filig% 2 &L 25U BETdH % (Doietal., 2022).

50 mM NaCl, 3 ppm®Mn*’, Co™, Cu™", Zn*" 1 X 1%0.05 gL
(Fek LT) DKEALS: () (FeOH, SEBRIZIZMRALY &K
AL OREW) sk, 10mMtis (FY Ak FaF R
FINVT I AF ) TpH %758 L7-#kHAZ-150TCT T
SUkE L7z, KEK PFOBL-15A1T, #F#£Mi3 mmx3 mm o
P % 20 pmx2 um o I A 7122801 1 TXRFHJE % i
E L7z, BIMZ2RTCXRFE{§ %2789, Fek B { BiffCTldk
FRACFCSAH 5 2 &b ), LROBYEIOH 5L 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
bh b, CleCup b DXRFTIIIFICFCSOME H & 25 5
PTHBDIH L, Mn, Co, ZnTIIHE HHE 3G AR R AE
THbh. WRIIEWT 505, FEOHMNHFIEL 2L X121,
Mn”, Co” % CI i ARFCS D 1 & BIFE ISR L T/ 2 &
5, FeOHAETE FTld, 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, CuCIIXRFDOFLHIZE S 28842 ),
Cl2 5 OXRFOBIFE S X, S TR L-EBA + 1
HRTHELLIUPNE W, 20720, Zold, HIEERVITICHE
T BEEA A+ OZEZHBKNWR VB ZRT2S, XD

HEMLET O A+ > 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,

X5c, diZFeOH% il 2 72pH 8.5D ¥ # JH W CEHIl & h
720 ZwZew D Ze MOMB Z RS, Lk by, Cu™id
tris& SR Z M L CTH Y, FeOHIZ XM A5 ¥ FFCSIZAF
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
Hil & EERE D Z,, D BIFR Z KSel2 R T, WiFd & { —3%
LCBY, Lio77u—F7T, HHEIRE CFeOHIZWEAG
L 7-Mn”" & 54 37 ICFCSICHEAE L T 2 Mn” DI G % 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 % Bk U CEIBRSHT 2475 72, Mo 121X
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
HEH(R%) ZROXTRIETE B,

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 Tlds o A
ZFCS7TUu—7,L L THWAZ LT, XKW pHHEEPET
EB/AF Y OREZERWIHEMTELZ D bh oz
(Fukuda et al., 2024). X612 HHEKEE Tin situfll 72 L 72 WA
HOpHIKAE L, AR L 72 5005 L 72 W5 3 o pHARAE
RIS A, 2212, MY, Co™, Cu, Zn” O R 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.
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7 B DAL T 2 W BEEAVRIB S D, F 72, CuP T,
pH 5.5% BR\V TR IC X 2 AR~ EIZII LA LR
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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
THONZHER %R (Tasaki et al,, 2010). EMEPFEIC LD
J5E L 721 mM RbBrfif K& DOBr-Kiig XAFS A <X 7 | )b
(CUF N7 & 3RE0) &, UL THE LKA SRS
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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.
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IZaldl3I31, BEERIZ>Tna, 2ok ) ickinz
BRSNS ANE DS TWBZ e bRs. L
L, RbBrigfinswv e &, ﬁm@f@?ﬁiy MR B
[XI8bIZ7R7 91 mM RbBroHsy, KM Ta & prd3L120.501 %
THEBL, pEETIlhbiw. o2k Amﬁqu
LG REDA F VIIARFLTRBY, Homcidksk
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PR 505 & B & ARE L 72 e SR R AR O IE R 2 5 5K 8
TR ORRE T () DR SCHK (Tasaki etal. 20108 & O°
Harada et al. 2012) & 1) §F 0l % 153 Tz,
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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TREL o> TWwWh (Harada et al., 2012). [X8diZ, —20T 2
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R7OXAFSARZ My H 53y 7 IR TRE O H A
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12 (4) THTE 2%, B TIREGRESC AR % 5
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> 7 b4 5 (Kataoka et al., 2021; Watanabe et al., 2014).

MDIZE BT Ial—3a YORENS, IR HNIZI
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WESNTVE A F O Y AARFEITHETH %Y EL,
VT LBHEDAF V2R AATRMERE R L T
V., BEARMENO—DIE, KICEVAFNIZA VO

W25 2 FEER 2 5% <, MDD R % Rl © & 7
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(Yashima et al., 2021). KCUKEE A H B L 72 %4550k T
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Figure 9: XAFS spectra at the K and Cl K-edges for hydrated ions,
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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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Structure analysis of nano-ice crystals in rapidly frozen sugar solutions
using polarized small-angle neutron scattering

Takayuki Kumada', Rintaro Nakabe', Hiroshi Nakagawa'

Spin-contrast-variation (SCV) small-angle neutron scattering (SANS) is a technique that determines
nanostructures of composite materials from the proton-polarization-dependent polarized neutron scattering curves.
We utilized the SCV-SANS technique to determine the structure of nano-ice crystals generated in rapidly frozen sugar
solutions. We found that the nanoice crystals generated in saturated glucose solutions have a planar structure with a
thickness of 2-3 nm, which was close to the critical nucleation size of ice crystals in supercooled water.
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WEZBHET 2L EbNTVE. Mo FER T D
DG L RVOMENEH DS 5 DTIE Rl bEZ
bNb. EO—FHT, ZhF CREWET OB A KON
T BN T E 7GRS E T, AFRED R L
F##: (Shimada & Furukawa, 2018) Z W Cdh 7~ 7
O A — MU EOKREE LABICE v, XNk
1%, JELPE I-Scherrerfll] 2 B\ COKAE B D BT ¥ — 7 DAL A
02550 nmPA TREEEDREF P AL P ORE I 2 RDOD Z
ENTEDLD, EBIIZTENVT 7 AKDEFOELRY %
EbHoTHLW. MEPRETIUITITL, SRR
H LRSI & DT RAHEAER DA O, ) 2 3G
LRI OREAR S wolovra 2 aY y 7 R ER
ARERDEN T+ BV —TBRICKE R BELZ 525 L)1
BV, AU PRERNC X RO E X = X
MRS E P> TLED.

2. SCV-SANS&

ZOEIBEROT, BANHEETTOTCELAY
ya v b7 A MER (SCV) Htkf/Mu#ELE (SANS) % H
WL, F/ AT =V ORMEEDPBITE S LIRS
DTE V&% 2 72 (Kumada ef al., 2023). SCV-SANS
E, T OBAKERISH T 5 8ELREA A ¥ 2 NI
WAES B ME ()1 2RI L7z, BAME O ST T
Thb. REPOKEZEAYE VRMBEPIIL U TELT
LHBOWE Y — V2 fEMTT 5 2 LT, BEEMEHIZ
BUAEGTEOMEL ZNEOMAEVIREE YT
5T ENTED(N2).

SCV-SANS#: 12 I\ 5 9% £0.6 nmilL £ o & T O fR
MM T TICHELLTBY, WHETERE T 5720
TR IS % UL O ¥ — a8 b s, —75,
WRE—RAY FBBTAE VD660 2% WKEREA Y
Y ORMEAES TIE R L, 1K, 3 TOMRIREGS T Tb #
P T TR 1Z02%IC L S 2w, 22T,
LA HA 2 W CRER ISR L BT AL V2 5
AE Y NORBBEI &) EPHEEARPOMAE D
W2 K& <Gl & LI 2BI% A ¥ v Ff (DNP) %%
v 5 (3) (Kumada et al., 2009).

SCV-SANS#: 1, 19894 12V K A 7 @ Stuhrmann (Knop
etal,1989) 12 X ) FHEIE S NI2d 0D, BIFOFAM TIX
KFERE DR IET B L < ZDH%ROIERFAE S
ncownse, 22 cfrid, HEr R AIBRL VWD
DI R T WINODNPEE 2 B LT, HYDEH -
T B e ST (JRR-3) O/NAEELEEE (SANS-T),
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Figure 1: Upper, coherent scattering lengths of unpolarized thermal
and cold neutrons against hydrogen and deuterium; Lower, spin-
dependent coherent scattering length of thermal and cold neutrons
against hydrogen.
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Figure 2: SCV-SANS reveals nanostructure of each component of
composite materials and entangles among the components from the
P,-dependent polarized-neutron scatterings.
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TKFEGAE Y OBINIEG O BB IR RIZ LR, <A
7 ORI L BAKFEMA Y O EE AR EE 2 R E L
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Figure 3: Mechanism of DNP and enhancement of proton
polarization. Whereas electron spin polarization (P.) of 99% is
obtained, P, is only 0.2% at the thermal equilibrium condition at 1
K and 3.3 T (Upper left). However, by irradiating microwave with
energy corresponding to the sum of Zeeman energy of electron and
proton spins, the electron and proton spins are excited. Whereas the
electron spins relax within milliseconds, the relaxation time of proton
spin amounts to minutes to hours. When the excitation rate far exceeds
the nuclear-spin relaxation rate, proton polarization increases close to
P (Lower Left). The right shows enhancement of H-NMR signal after
irradiation of the microwave.
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Figure 4: Rapid-freezing apparatus for sugar solutions. After
solidifying liquid nitrogen in the Dewar by pumping, we parged
with helium gas and dropped the 1 wt%TEMPOL-doped sugar
solution samples through the needle to prepare 3-mm-diameter frozen
beads. These beads were filled in the sample cell and set to the DNP
apparatus while maintaining cryogenic temperature.
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Figure 5: (a)—(d) SCV-SANS curves; (e)—(h) calculated values of p,,
po and py; (i) variation of scattering intensity at O = 0.33 nm ' with
P,, for h-glu/D,0. The narrow solid lines in (a)-(d) show the fitting
curves (Kumada et al., 2023).
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KONZH0)<c O IZHEy, 0 < 0.1 nm"TIENQ)c O IZHt > T
ZAL L7z, HiH O BGELRE X P L TPy = 13%IH/
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Dielectric Relaxation of Pure Water Ice and Partially Crystallized
Polymer-Water Mixtures

Shoma Higuchi'’, Kaito Sasaki™’, Rio Kita™, Shin Yagihara®, and Naoki Shinyashiki*’

We have investigated ice formed from pure water and partially crystallized polymer—water mixtures of gelatin,
poly(vinylpyrrolidone) (PVP), bovine serum albumin (BSA), and poly(N-isopropylacrylamide) (PNIPAM) using
dielectric spectroscopy. The dielectric relaxation time of ice formed from pure water has been found to vary depending
on the preparation method of ice. In partially crystallized polymer—water mixtures, the dielectric relaxation time of ice
significantly changes depending on the type and concentration of polymers. In this article, we review and discuss the
characteristics of dielectric relaxation in pure ice and partially crystallized polymer—water mixtures, focusing on the
factors that govern these behaviors.

F—U—K: K, K REK, @mET-AKR, FEEM

Water, Ice, Uncrystallized water, Polymer-water Mixtures, Dielectric relaxation.
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GVl E) 2 B 2 TR R SIEISTE (Jin etal. 2025)
2, BIHEYENE (Kulik and Boiko 2018), 7L
1 (Langel 2023), tikfLi: (Knysh et al. 2023) 7 Lk~
YO DH L. #HESIED (Kremer and Schonhals, 2003;
Woodward, 2021) 132 DT #E 20 T b BUATIEH &
BEWZ EDPRHETHY, ATWroaPobLLI8
HiOW IS A A N—F 5720, BEEPLHEAETE TEHER
HEBELVH)IOOWIRE L LB FETH 5.

WEICESGZHMNT 2 & 0maHEI NG, 205
R, BYFHSBRETIHO LD ZRVWRRHTREZ
W lkg 34 & I % 43 M,  TESU Rk 2 R o B o )
Wf-E— 2 b ORBIC X 5 EA5E OBUEF-50 18 & b I
ENh5) P b, —#I, FESGHETIE, B
esii L, DTSR HEEFERORBWE () KEEE
5.

() =) —je" () 1

J3J°=-1DREHMTH B, FHIR () 3HBU L > TH
AONTZEMIZE DA NVF—IZHHTLETHD, I
HERTHL. —F, BEE (7)) B0mICkoTHEL
TRODNDLIANVF—IIHIET LR TH Y, FEELL
I 5, BEFEROFBEBAAAEZWNET 5L, &
FRASEIN 5 |2 B8R T & 7% < 72 2 W B TR E R A D
Ml XN 5. Figure 11ZDebyefk Il D 4 32 75 2 0 J& 9 5
BAFVE 2 7R, B RN 3R TR =R O FE R A We B
DHMEIITAE LY, BREHETIE -7 BBl S
5. ZOY =2 DJEBE fen) D355 FEB) DA (2) 12
ST 5. FEEFTHM S NLHAN & 2FBROLAL
EOTRIGREE (de) TH Y, EANCHFGT 250 FOBEE
R TE— A Y POKE S LT ORIAMESL L O
WEMICE>THRTE .

FAK D BIEHL L 72Kk DFEEFEMIEZ < OFZEL AT H I
T & 7z (Auty and Cole, 1952; Bilgram and Granicher, 1974;
Bjerrum, 1952; Gough and Davidson, 1970; Johari and Jones,
1978; Johari and Whalley, 1981; Kawada, 1978; Khamzin
and Nasybullin, 2018; Khamzin et al., 2021; Khamzin and
Nigmatullin, 2017; Murthy, 2002; Popov et al., 2017; Popov et
al., 2015; Sasaki et al., 2016; Wiirz and Cole, 1969). —7J5, #f
K L 72RO FEBREMOAIIIE D v, KB ASH
oL, KOS & o TREERAE £ KM I
EES B, NSO TSR T & e IR B <
h. ZN%FKGEEM IR Z OMSERZKERE AR

HET, JORE &, iEHR EA

T T T T

TN W TR N N T

£

log, olfrequency (Hz) / f,ey (HZ)]

1 0 7N SRR B B R FBER OB RUANE. Mot
TEBEBOR) B & OREGS (F) 2073

Figure 1: Frequency dependences of the complex permittivity for
Debye relaxation. The line colors indicate the real part (red) and
imaginary part (blue).

¥—ZL, FBEAXRT VDL BORANE &L DB
THY, TOFFHIE KRBT L. S 512, KOBARER I,
AEOHBEITEIC L > TEAT S, ZD72H, LT T
B9 % 285, GG L D IROFERNIEILT 5. TNHD5,
OISR 3 2 KB O FBEEMOIEL D 22 HH
ThbEEZOLND.

ARTIRIETWOIL, FEHLDPWY A T E FHKH»
LIEIE L 72K OF BB OWTHH T 4. RIZ, B
L 72 @00 F-AGR T S 7 bk 4 2B BRI O W T
HI 5. ARTIE, AR TF T d % poly (vinylpyrrolidone)
(PVP), poly (vinyl methyl ether) (PVME), poly
(ethyleneimine) (PEI), poly (vinyl alcohol) (PVA), poly
(N-isopropylacrylamide) (PNIPAM) < A 7 17 )V DI H,
ERIR & >~ 28 7 T & Abovine serum albumin (BSA), 2%
L72% v 87 Th bHgelatink KOBAZDBRHE LTH
TR LS.

2. {KD SRS NIcIKDFEELET

KIEHE P OKRGFOBHEOMBEILEE SN T VDA
IRFEDOHEAI R CTEE I N TV Wzd, KTl
M X BB EBEMABIN S NG, ROFBEBEMIE L 205
EBRE PR OW S CHIEOI G & SN TE A, HEIC
HIUH S5 BEI Auty © O SRR (Auty and Cole 1952) &,
Johari & @ 3CHk (Johari and Whalley 1981) T 4. Figure 2
{2 Auty & Johari® SCRk TR 8 1L 72K O 5 FEARFIRE ] o k£
DIMEOFEIHTLTay b (TL=yA7aY ) %
AT Auty S 25BN L 72K 0RO REFIRERT L, AL
IANVF— (E) DB L Z50 k] /mold Arrhenius H O i FEAK
Ve AR L7z, A0 C AR IRE R 00 i B2 AR AT 25T B2 3ok
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Auty®ice (B+2), B X Joharidice () I2owTHEoh
7o RRFNRER] (0) OWEE (T) KAFPE. 7 — % 1XSasaki et al. (2016a),
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Figure 2: Temperature (7) dependences of the relaxation time (7) for
Sasaki ice-lh, (red circles), Th, (blue circles), and Ih, (green circles),
Auty ice (black crosses), and Johari ice (black stars) are plotted
together. The data were taken from Sasaki et al. (2016a), Auty and
Cole (1952), and Johari and Whalley (1981).

12 & o TEAL L 7 oK O 8RR ] 0 1 B2 AR AE 1 % Auty 8
LIRS, —75, Johari b 23BN L 720K OfEFNE 3 D DB
WS X o TR QIR AR EAT R 2 2 558 & R L7z
Johari & 23 L 720K O AR 132240 K(T.)BL E o Bl
W ClAuty 5 OFER E X < —3HF 528, 240 K>T>170 KT
5 AR ] D R BEARAE A 23/ & < E,705%920 KI/mol T 5.
EHIZBLZIT0K (T,) DFOIRESTIHREOKT &
& D ISR OIRERAAAED R A ITKREL 2D KH
T Z D &9 LK DFEH O FEFNRER O EEAKAE L % Johari
T & I3,

Sasaki® 1E, B4 R BHETKEREL, KOEHKEH O
2RV DJE K % 72 (Sasaki et al. 2016a). #F & LTH
WK, ARG o IR LG R T 4 v s — 1
EDREL, 1 kPaD B L TEIANER SN 25 F
T hi#fE LT L 72 HEHT18.2 MQ - e DK Td 5.
CDKEBMICAN, 5 K/minT298 K> 5113 KE THH
THIETHELNKEIce Th,& L7z, —J5, 265 KDH
BT T — A — IS AN K R B TR AL S
7ok %lce Thy& L7z, F 72, 265 KOBBERBRE T TY —
H—ICANTZKES T AT Ay 7 A8 —F—CHIESE
BELWo L) eSS THEKZIce Th &k Lz, 2
NS OKROFBFENOE — 7 P EAH S KD 7R

- KR DFEEREA 21

% Figure 212789, Ice Ih, & IhyidJohari®!, Ice Ih,i% Auty %
DIKDOFEFNRE [ O BEARATF 2 7R L7z, Ice h,, Th,, Th.®
ORI NIZIRW D S, ZNENOIKDEAIREH
DR BEARAEVE D, A AR T ICID 5R S A
WRIHEKT 2 L% 2 72 (Sasaki et al. 2016a). Ice Th,*Th,

TIEE A A AL & o THE SRS P ISR AT D 34
I, TOAMYEERE 5 5T KAt Toharifl o K
AEEZ 726 L LS. —H T, Ice Th O
ZHEIWo D & LML TIE, AR S e
Z & T, AutyBlOMRERAEE T LR S 7z (Sasaki
etal. 2016a).

K O 5 T % AN [ O IR BEARAE PR ASIRBE IR X ) e B
A A = A LK DK O ZHIHO K% T TR
ENTWD. KERERKD—2IIL-, D-defectX°Bjerrum
defect (Bjerrum 1952) &g 5. Ziud, KR OB
L7200 KGTIER LR, BRR-TRRKM IS M0
DKFEDLES B (D-defect), & 2\ FKKIHFIEL 5\
(L-defect) KFATH D, KEGOIHIZ & b 7 9 KOKFEAE
Gy FT— 7 OMAIZ VFBHRAME LB S D
EVIEZTHL. b)) =23 AMWR A+ 12X 5K
T& 4. Johari 5|2 X % @B (Johari and Whalley 1981) Tl
240 K LA E o> @it (T>T,) TIEL-D-defecth ZEEH T, 170
- 240 KO (T >T>Te,) TEAKIIZ & B KA AL
&b, 512170 KEUF ORI (T<T,) Tid. A
W& B RIGASA T % 2 & THEL-D-defectZ 1K 3 % 72
DOIAINF—=PHFG L, B AV F =287 %
L ¥z 72, M)y, Bilgram 5 (Bilgram and Granicher 1974) 33
X UPopov & (Popov et al. 2015) OFHHIC X 5 &, dhilisio
IR OFEFIE B O BEEARLEE L, A OBRAIZ L B8+
KKaCiE%<, 7a by by i) ¥ 72X 50H EH0' D
AERTEIRIC & B S A BT 5, Khamzin & Otrap-
controlled proton transport model (Khamzin et al. 2021 ) ClZ,
KD TEARANRE ] AI3D D 5 7% 5 ML FHIH T 5 2% 2 Kl 2
AZALZE o THRENLBMZHI L TD. ZDE
FUAZ E X, BT ES KRG (orientational defects),
Hilii s Tl A A > KKa (ionic defects), iR TIxA + ~
REGHDSBEIRIRFAIC b5 v 7 (trap) SNLBIED, ThEh
DI & KO H 2 g T 2 HRERD 2 &
VIR I N

3. BEULIEED F-KROFEERE

HAE L TV RWRESF-AKRTIE, ®aoFbLdke
E O EB I X 2okl BAKIRE O K O Y
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Bk (7). 57— % 1FSasakietal. (2014) 255 L 7-.

Figure 3: Real (¢’) and imaginary (¢”) components of the dielectric
spectra of the 40 wt.% gelatin-water mixture suspension at intervals
of 10 K between 123 K and 273 K. The data were taken from Sasaki
etal. (2014).

-2

B ENC X BV RIABIl S (Cerveny et al. 2008;
Shinyashiki et al. 2007a). &5 F &Y E O KBTI =
FE TR OREHABIN S, IR TS X > TafEl
EVRERI O HEAE 2 25 D % (Grzybowska et al. 2005;
Shinyashiki et al. 2007a; Yamamoto et al. 2015). —J5, &%
TR TR RA L TS Wil Ml Lkl As T hEh
XN 2465 5% (Fujii et al. 2020; Hussan et al. 2025;
Sasaki et al. 2014; Sasaki et al. 2016b; Shinyashiki et al. 1994;
Takatsuka et al. 2024) .

& 4 13 & I % TlZgelatin, PVP, PVME, PEI, PVA,
BSA, PNIPAM~ £ 7 0 7 L O i L7250 T- KR O
BARANZ DV THIZE % 17 - T & 72 (Fujii et al. 2020; Sasaki et
al. 2014; Sasaki et al. 2017; Shinyashiki et al. 1994; Shinyashiki
et al. 2007b; Shinyashiki et al. 2009; Vijayakumar et al. 2023;
Yasuda et al. 2017). 273 KEAF TRy F-KRAUHHET 5 &,
o, vitkAll, KD EENE K S B #RA O A3
DOREMABIEM L 7z, PYME, PEL, PVADE S T-KRT

HET, JURE F, iES EA

2_ T — T T ]
3k/mol .
ok L E‘“"" |
™ Lo
e
I % 47 k¥/mol
E -4 1
E
2 6t i
8t J
.10k .
4 5 6 7 8

1000/T (K™

B4 : 40 wt.% ¥ F F ¥ -AKRIZB U 2 AR (7) DIEE (7) 4k
AFPE. oA GRAL), viRAD (GFAL), 38 X UOKDFER (RkL) &R
9. AKNZ, Sasakietal. (2014) ®Figure4X ), AIP Publishing
DFNZHTRRLZDDTH 5.

Figure 4: Temperature (7) dependence of the relaxation time (z) for
the 40 wt.% gelatin—water mixture. The relaxation processes of a (red
circles), v (blue circles), and ice (green circles) are shown. Reprinted
from Figure 4 of Sasaki et al. (2014) with the permission of AIP
Publishing.

FVERIO A A BN R L L, ZofE kil —7,
gelatin, PVP, BSA, PNIPAM<~ 4 7 T %7 ) Tl, ofEfl,
VEEAN, K OFERZ BLH L7z, Figure 31220 —fl & L C40
wt.% gelatin-7K 12 B 1F 5123 KA 5273 KOKE 4 ZRiRED
FEBOFERKI L L OCREE O W B2 R 3. W
KEIREECUE, oIV Rl Rk OFRR & 0 B AR D4 o %%
Hz-BkHzZIg, IR O fRF 1 ot 1 0 125 J 9 ) C it Al D AR
W O FKHZE, vERNZ-GHAR Tl S h D, Zhoo
ANZ, HEORTE EHIERBENICY 7 b5, off
& vREFNT B L 720 F- KR OARBIERAHTIREZ ),
KOBBFHNIKRDOM TR 5. 20720, HFERE TS
DIRAHE AL L 2 % HURIR A AN 2 5 &, afifll & vtk
FNI WAL TR WM 7 + 9% (Shinyashiki
et al. 2007b).

Figure 41240 wt.% gelatin-7K 5 0 #% F1 IRf [ o 1 B2 AR A7
Z7R$. Figure 3T/R L BHFFERZBMBE RO ELE
bEICEEH =774y FPTHHTZ7-DI121E, o fl,
vtk Fl, IKOFERI DTN D ) O & DFigure 4N D Ko D%
ME BT 2B D o 7oA, BABREI/NS WizoR
RTINS 5.

DFTIE, FADPBEITHE LKA 2D T-KRT
BI S N3 OFEREM IO VT ENENON % B
FRACHHRT 5.
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E5 1 20 wt.% BSA, 40 wt.% £ F >, 40 wt.% PVP, B X"
10 wt.% PNIPAM < 4 27 T 7 L D 551K RICBT BaiEHl O
FEFIRER] (2) OWEE (T) BAFE. &Y DR Lk o RGO 2
7 v TEIREIO Y — 7 BEI S kAL AR ERTIE
B SN o72b DDANRY PVHBUILETH - 728Nz
9. 5 — # 13 Shinyashiki et al. (2009), Sasaki et al. (2014),

Fujii et al. (2020), 3 & O Vijayakumar et al. (2023) 2> 55 L 7.

Figure 5: Temperature (7) dependence of the relaxation time (7) of
a processes for 20 wt.% BSA (blue diamonds), 40 wt.% gelatin (red
squares), 40 wt.% PVP (green circles), and 10 wt.% PNIPAM microgel
(purple triangles). The filled symbols indicate that the relaxations with
steps in the real part or the peak in the imaginary part were observed.
The open symbols indicate the relaxations for which a step or a peak
was not observed, but these were necessary to reproduce the spectrum.
The data were taken from Shinyashiki et al. (2009), Sasaki et al. (2014),
Fujii et al. (2020), and Vijayakumar et al. (2023).

3.1 KHUEBEIC LD afEf

BT ORAETE— X ¥ b2 HHER S B KRR
KELTHETEETHS. L L, Figure IR T XL 912,
St L7200 TR T S W 2 afZ Rl ORERIGRE X, 10°
~ 1L FEFITKE V. ZO0, dHE LIRS T-KRD
R DIR, D WIEEST & KD TEB) DA
KT % &13# 212 { v (Fujii et al. 2020; Vijayakumar et
al. 2023). @UE L 72 W40 TR TUEORM & R EUATR A A
RBAEL TV, FRICESFIREMUCYG, LR
G TRBH O ORI OKMAEDTH Y, 20Kk
MO FICABE AL T D, Lzdi>T, ME
G ANHIE WA TR BAFEE L, ol ORI S
%5 L7z & # Z 7= (Fujii et al. 2020).

Figure 5|2 3i#% L 72BSA, gelatin, PVP, PNIPAM<~ £ %
OV DG RR TN S NzafIOT7T L= 2T
Ty b &Y. S0k L 72BSA (Shinyashiki et al. 2009) &
PNIPAM~ £ 7 1 %)L (Vijayakumar et al. 2023) & &4k
F TN S NG ORI ERICE L Lz —
77, S5 U 7zgelatin (Sasaki et al. 2014; Sasaki et al. 2017) &
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), 40wt% (Zf), BLUS0wt% (F=f) O PVP-KRD
FT—F%RY. R0l oftfl () BIOVEM (F) 2%
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B ORLOEFIE, ERBICBIT ATy TELE 3B
WICBIF =7 pBIl S hmMZ;R L, A& 073,

B SN o2 b oo, FEENICH S N zFER A
N PVEHHT 720U ETH o R ZRT. T8
Fujii et al. (2020) 2255/ L7z, F 72, Sasaki et al. (2016b) 75
R8RS LT 2 WPVP-KRIC BT BPVPEEE60 wt.% (a @ AL
HHSxEL, v TR, 65 wt% (o UM HISxE], v TEPA),

70 wt.% (o O LIEHNUI XA, vi ZE O LIE) Ofli b i TR

BwgEiid, 60, 65, 70 wt.%DPVP-KRICB T B affflloat L
TVFRICE YRE LT 4 v T4 Y THIfTH 5.

Figure 6: Temperature (7) dependence of the relaxation time (z) for
PVP—water mixtures with various PVP concentration. The data of
10 wt.% (circles), 20 wt.% (squares), 30 wt.% (diamonds), 40 wt.%
(triangles), and 50 wt.% (inverted triangles) PVP—water mixtures.
The symbol colors indicate the processes of a (red) and v (blue). The
crystallized temperatures for the 10, 20, 30, 40, and 50 wt.% PVP—
water mixtures are 263, 258, 263, 253, and 253 K, respectively, as
shown in the light blue band. The filled symbols indicate that the
relaxations with steps in the real part or the peak in the imaginary
part were observed. The open symbols indicate the processes that
were not definitively observed but were necessary for reproducing the
experimentally observed dielectric permittivity. The data were taken
from Fujii et al. (2020). The t-values for non-crystallized PVP—water
mixtures obtained from Sasaki et al. (2016b) with PVP concentrations
of 60 (a: cross in circles, v: double circles), 65 (a: cross in squares, v:
double squares), and 70 (a: cross in diamonds, v: double diamonds)
wt.% are also plotted. The black curves were determined by the
VF equation for the a process in 60, 65, and 70 wt.% PVP—water
mixtures.
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(FRREO L) BEUB0wt% (RO LIE) OPVME, 745
TIC 10 wt.% (F#fAL), 20 wt% (&), 30 wt% (#iktn
) DPVAD 5 % B 5 F- KR AW B B ai@ Al O A&
REE (de) DUREE (T) MAFVE. HEHIIHRIEZ R L T2, €
OB, HHEE & ) SRl L EEN O 7 — 7125 L
T, ThZENRNTREIZEI D ROZZDDTH L. HAMI,
0C I2BUF BAeDEDTIRIL [C, (We%)] BAFEZ RS, —Eh
{ZBuchner et al. (1999) 2551 L7z 0.2 C BT HHKkDT—
¥ RFET. EREIRDNRBICL ) ROAERTH L. RHIL
Shinyashiki et al. (2007b) @ Figure 4% American Chemical Society
OFNEHBTHEBLITHERLZbDTH 5.

Figure 7: Temperature (7) dependences of the dielectric relaxation
strength (de¢) of v process for the polymer-water mixtures with 20
(orange squares) and 40 wt.% (red squares) PVP, 10 (aqua triangles)
and 30 wt.% (blue triangles) PEI, 10 (bright green diamonds) and 30
wt.% (dark green diamonds) PVME, and 10 (yellow circles), 20 (gold
circles), and 30 wt.% (yellow green circles) PVA. The vertical lines
were drawn at crystallized temperatures. The other lines were drawn
by the least-squares method for the plots above and those below
crystallized temperatures, separately. The inset shows the plots of 4¢
against polymer concentration [C, (Wt.%)] at 0 “C. The double circle
represents pure water at 0.2 °C taken from (Buchner et al. 1999). The
straight line was drawn by the least-squares method. Adapted with
permission from Figure 4 of Shinyashiki et al. (2007b). Copyright
(2007) American Chemical Society.

PVP (Fujii et al. 2020) 53+ % TBUN & 7220l Al O
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etal. 2020). ZAUZHE L72B A T-RR T, SR IR S
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Vijayakumar et al. (2023) ®Figure 5& ), CCBY-NC3.07 { &
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Figure 8: Temperature (7) dependences of the relaxation time () and
relaxation strength (de) of the ice process in partially crystalized 10
wt.% PNIPAM (green), PVP (blue), BSA (red) and gelatin (orange)
water mixtures. The black symbols represent Johari ice (pluses),
Sasaki ice (Ih) (stars), and Auty ice (crosses).The filled symbols
indicate that the relaxations with steps in the real part and a peak in
the imaginary part were observed. The open symbols indicate the
relaxations for which the step or the peak was not observed, but these
were necessary to reproduce the spectrum. Reprinted from Figure 5 of
Vijayakumar et al. (2023) licensed under CC BY-NC 3.0.

7eHTHDEERT.

Figure 412789 £ 912, viRAIOMANRERIIL,  ooff fll D%
FRERI 23100 ~ 1000 s & 7% 2 7T AR (T,) Yo
T, WEOKT & & S IIMERAE NS %
Vogel-Fulcher—TammannH]] (Fulcher 1926; Tammann and Hesse
1926; Vogel 1921) IZ5E 9 7%, T, LU T DU Tl Arrhenius
HIIZHE 9 (Sasaki et al. 2014; Sasaki et al. 2017). & D251k,
R BE DS B L 2 Wik A KBTS B S T
BY, T ORIESIC 51T 2 BRI OB O 7 L =
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TORDHEALT 2 &, vl DR DB AT
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% ORDHERLT B7280, EHTFIREMRNITZER
EQN (Shlnyash1k1 et al. 1994; Shinyashiki et al. 2007b). F 7z,
W L#BETd > T D ARG LT O 3fifs L7z misr -k %
TN S N2 ik Fl O R F1 R LI R 0 T DAL RIS & 5
TH¥7: % (Shinyashiki et al. 2007b). HFRELE LT ClEiE
DT & & HITKROFEALA TR 2 IZHEAT L, AoUKEA
WA T 5. 2070, viRflOMEHGREE b 1R 4 12K
T3 5. KRORFBALHIHET L% R BMEELLT TIE, Al
TR AN EE N ARAE R T VR I ORBAIREL X —E & 2 5.

3.3 kKO#EH
Figure 8(Zgelatin, PVP, BSA, PNIPAM~ A 27 1%L ®

10 W% - KA TBM S hoKkoT7 L=y 270 vy
b 2779 (Vijayakumar et al. 2023). #if& L 7210 wt.%L |
D gelatin-7K & THUH S 2172 9K O KR AT ] O I BE AR AF 1 1
Auty! % 7% L 72 (Sasaki et al. 2014; Sasaki et al. 2017). —
i, B L 721-5 wt.% DA EE O gelatin-7K 5 DK DRl Ik
13 JohariZt! 2 7R L 7> (Yasuda et al. 2017). BSA (Tsukahara
etal. 2022), PNIPAM~ £ 7 T /)L (Vijayakumar et al. 2023)
DT F-OK A THUEM S 720K O A IR [ o i BEARAE 1 1%
Johari®l Z /R L7z, F72, T>T, (170K) I2BWT, kL
72PVP-7K R D IR DG AR I 3 At 0 15 43 F- KR THRUH S
T2RDOFEHEE & ) BTN E Do 7z

Vijayakumar & (& Khamzin & @ trap-controlled proton
transport model (Khamzin et al. 2021) % J v, & L 72
B 72 10 wt.% &5 50 F-/K R TERE S 720K O IR [H
(Figure 8) D IREEARABEICOWVTUUT O L 5 ISR L 72
(Vijayakumar et al. 2023). 3 & L 72BSA$ X UPNIPAM
A7 AT OEG KR OIKRO AR,
W (T>T,) CTREMRBORMMIEL > TRESINL DK
ERIMERLA R R L2 FE R 2 —J5, R B
(Te>T>Te) T, WKL D B A+ 2 KRGS &
%0, IROGEMEEH OMREBRAEINS K D EF R T2
BSARPNIPAMY £ 2 T 4 )V D 1 53 F-7K % T DR DB
1%, Johari & (Johari and Whalley 1981) < Sasaki & 25t
L 7zIce Tha, Ihb (Sasaki et al. 2016a) DZEEYIZITL>. BSAR?
PNIPAM<~ £ 7 17 )L IZ KD mfﬁ'\%ﬁﬁﬁfiﬁ%ﬁé LTw5
72, KEDOEMAA %L, RO EALEEE I EH E 5

- KR DFEEREA 25

AW EE Z T2 PVPKRDKOBAME L, T, ET
BT Tl kRN S REE 2R L7, T, TClU\
LTH A F VRIS X B IKOFEAIE AL A K b

BOXY AL, 44 /kﬁaa)%ﬁmii@htf:&)t%
Z72. F72, PVP- KR TIIKOMEMLAEI TR L, 4
T VRO & 72 2 AHPIRE % SO 57290, KOk
FIRER AN & E 2 72, TLPLF T, BSA, PNIPAM~Y A

7V, BLUOPVPOEGT-KRIIBUT 5 IKOFEHIEE
HIASIHT 2 HAKTIC D72 o THAM L TWAH., ZIIEdiHR L

BT KRG EN L KOREOLHEEIRER L, &
BIRBDOTEEAL T AN F—=DPIEL G LTV 5720 TH
b E#E R 7z gelatini: E10 wt.%LL | D gelatin-7K % DK D
FEANE, IR OREEDSTR 728, KRR R K
FUEPEMWTRE LMEHE ZRT L E X/ gelatin-gK R
TOXDIER I, Auty S DK (Auty and Cole 1952) %> Sasaki
5 AYHRAS L 7zIce Th, (Sasaki et al. 2016a) DZEEJIIITWT &
M5, gelatinll X A7V A v N7 — 27 OFLEDIKROKEBIL
HEZLT S8, AR A+ ¥ RO D %ok & AR
L7ze# 27

4. BHVIC

AEGTIIOROFEHM 2 Hl & LTI A HBOELL L
D HLA T & 7otk I BRAS L 78k % %2 W0 F-K R
GRS ODWTHEB L 72, #kD 5B S vk
B X " BSA, gelatin, PVP, PNIPAM<~ £ 7 1)V D & 45
T-KRTHRONHERE T LOD L, KOFBEEMILH

PR DR A K & RO U 72 M0 R I o0 SR BE AR A1 %
IRTZENHSLNIC R 5T, — T, & 2K
& & S NTIOKDBHDOBARIZH S 2% 5 T,
ZD72%0, GHBRIIXBIET R BIIHTI & 2 AR 2 374l %
19 BT XD, ok S & SRR [ o B 4R <0 SO i i
2 & ZIRIEIRAH RO A OBIR R &, B I BEA
L72KRDEF 75 55 F B B3 % FHA 72 B A3 AR &
ns.

i

AMPEOKEE 52 T RS oM LA (i
BRF) oYz BME) LTLLD#EALHL EIFE
v E 72, RO —ERIZETE (22540420, 16K05522,
22K03559) 12 & o> THibI g L 7.
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Freezing-accelerated reactions and specific reactions in ice

Norimichi Takenaka', Ayane Yamamura', Arisa Hinoshita', Yusuke Fujii'

In ice and snow, chemical reactions are generally thought to slow down due to temperature drop and restriction
of molecular movement. However, there are many reports that reactions are accelerated by freezing. In this paper,
we summarized the factors and examples and clarified the characteristics of chemical reactions under freezing. In
addition, we summarized the main factors of reaction acceleration and classified the reactions. These include freeze
concentration due to ice crystal growth, pH changes due to freeze concentration, freezing potential generated between
ice and solution, catalysis on ice surface, and change of reaction path. It was also shown that photochemical reactions
occur efficiently in snow and ice due to multiple scattering of light, and photolysis of nitric acid in snow and ice is
a source of nitrogen oxides in the atmosphere. From these results, it was suggested that ice and snow are not merely
fields for reaction inhibition but also function as important reaction fields in environmental chemistry.
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Figure 1: The photos of holes drilled in Antarctica and at snow areas in Japan

The holes in the first three photos were drilled using the same equipment.

*Photo provided by Mr. Manami Takahashi, 56th Japanese Antarctic Research Expedition
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Figure 2 Schematic diagram of the acceleration mechanism by the freeze-concentration

ZDR$L b, aA+ bB — products (47 T-A& 53 TBAZ
N IR a EARBDTRIE) &) — ki 2 BUBSITR L
TRUSHRERIE, R = KAI[B] (k@ SUSHREREE 7213 K
INHEER) L RTILDTE, ASCBOMEAH 2 X
bz, nEEIEHEL 5. k&, k=Aexp{-E/(RT)}
(ZZCaA: HIERT, E: SOEH LAV F—, R:
SARERL TR EERSh, ERE TS L8
KEL ) USHEEREE L3N D 2 &b HBEH) Kb
WHL B, BENTAL, RISHOMERS LIV rL
LARDDH Y, bINTHLARERLFT S (Pilling and
Seakins, 1997).

KR TH B 2 L, BERTTH D &h LRSI
BILCIXIZE A ETIER S & o T h o7z, FEEE, i
BEDME L 72 B EALFSUBIZEL 2 D, FERhThiuds 1
OB ESHRENL 720, HELIIICDHEHEPTE %
Wiz, ALFEBUSIZEZ D12 W LiF, {bFEOWMFET
by CICHFTE, HEOREAS O MRIZLE LS. L
AL, 19604EMIC E LA OWFSE 5 T, S 5 & i<
7 B IUSHHZ i S 7z (Table 1), Table 11213 F523.1
HiCHHET 2 8HMRAESOG 2 7V — 750 Lz 7V —TF%

FHRML TV 5.

W SRS 5 LR L Tk SHEBR S
ARBFEBTN IR EINL T E TSP EL RETEDRH 5
(A e fi SO BEES)  (Takenaka and Bandow, 2007). 5824512
FHoTnWHWI 2 —=ANEFHITH > TWwAH I L EFL
Thb.

F72, KOHFTIEE—EAFLOGRLERG L, M
bE UHT &85 2 E2d ), KERE D bIALF OGS
ARLCHELLEEZEZONE. KGFIE, DT2TEH LA
WHDLO R RMONGE RIS 5720, St @siEE s
FIUEERICHZ 225, @BEEEIR 22 8D LECR
2B EITED. INNEOFEORNO—2LEZ b
TWwh., FEBE, BEBOFIZAZES L, KROMEOEHEO
72O A S 7o KRBGIREEE TICEERF LE SRR
% (Fig. 1). 207z, Jp@rR=RL I, KhT
T EACBN SN WIEBROLS I RE ST 5
(Dominé and Shepson, 2002, 711 5, 2025). 72751, A
EHEATVSTRPTIEZORFIEIFFIES 2D, HAE
DFEIIREWMBDEEFLRZBLZLIEFRL, EbEohinz
WWHEIRZDZZEDDH D,
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Table 1: Some reactions accelerated by freezing or occurred in only ice

Reactions Sl(:lii?:)lr?n rates (Tempera;::z)e; Group® Ref.
Hydrolysis of Sucrose x (-8.5 0C) 1.3x (-11 0C) 1 Lund, 1969
Oxidation of Ascorbic Acid x (1 0C) 1-3x (-11 oC) I Grant, 1965
HNO, + 0, x (25 0C) 195000x (-21 oC) I Takenaka, 1992
HNO, + H,0, x (25 0C) 195x (21 oC) I Takenaka, 1993
HSO; + 0O, x (4 0C) 20x (-21 oC) I Takenaka, 1993
Fe(Il) + H,0, x (15 0C) 32x (-21 0C) I Takenaka, 1993
S* + H,0, X (25 0C) 5x (-15 0C) I Takenaka, 2003
NH,NO, — N, +2H,0 Not measured 1 Takenaka, 2011
HCHO + Fe(III) + H,0, + hv — HCOOH X (4 0C) 5x (-20 oC) I Arakaki, 2004
Dissolution of Fe,O, into water Increase solubility I Jeong, 2015
Dissolution of MnO, into water Increase solubility I Kim, 2012
NH(CHj;), + HNO, — N-nitrosodimethylamine Not measured I Kitada, 2017
H,NCH,COOH + HNO, - — CN’ CNis formed I Kitada, 2020
Reduction of K;[Fe(CN),] by CN X (-20 oC) 40000x (-20 oC) 11 Hatley, 1986
gallic acid + O,(pH4.5, with NaCl) stable Very fast I Takenaka, 2006
Freezing an aqueous solution of salts (i.e. Na,SO,) — H,0, No reaction H,0, is formed 111 Song, 2024
Diphenyl Ethylene + O, —benzophenone v Ray, 2013
Chlorophenol + v Formation of catechol | Formation of dimer v Klanova, 2003
S,0,” + H,0, x (25 0C) 20x (-15 oC) VI Sato, 2003
2HNO, + 2I' + H" — 2NO + I, + 2H,0 (< pH6) Very slow Very fast (-23 oC) VI O’Driscoll, 2008
BrO; + 2Br + 3Cl' + 6H" — 3BrCl + 3H,0 Formation of BrCl,” | Formation of Br,CI VI O'Concubhair, 2012
I'+Br +NO, +H' Formation of Brl,” Formation of Br,I’ VI O'sullivan, 2010
Cr(IIT) + oxyhalide species — Cr(VI) VI Min, 2020

1: “x” in the table denotes the reaction rate in solution.
2: Group number will be explained in the below section
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Z ZTa, blE, TNZEN, 5TA 5 TBORISRE
NS FIIZARIRLT &l

X, £ ORISEHEDOHE DD B, HUEIEAE RIS 2 5L L
ZORAER F = X LRI L, ANTHHITIRE D A FERERI 2T,
HHED LSV H#EDITBZ DRI O, e, —#KY
KRB LBZWERBLONTWEDNEN) T ETHo
7o. T, — MR L EBEOWNISERR T D &) FR
WOTNDD B Dh. WL EYELT 5 T & TP RURA
BEIGBIZZ L RTASN TV EVOR. ZThb%E
BT 502, SOHICBUEDORFRILETH - 72 fimde
LE XL, £ OBEITUMEE S kv, IR TO R
FEV, SR CICRET 27201 UIE#T R, &
W) ZEIhD, FOHBE EDICHFRPTHETW L O
DG %N 5.

2.

2.1 RESRAER G
AL G FBOALEROSHEERIE (1) XD X HicESh

ANESL D, RUREEIZIEL 2 5.
R=k[A]'[B) (O]

L2L, MOEO5EMIZEY, RUSETHIZIRERT I
DL T % HN—F 5 731F ODARLBOILE FERAE Z Hid
BOGHEEE AR H L 25 2 EIZWRETH L. SO SH0
Sfb e L, WEERHKE L Vo ZHRERTHY, HRRT
FHEICEZ > TWRBRTH L. KIEEAIKOEEF 5
WELKRDPERT 2 &, ZOMEIIKIZE > TIEERIR
BICBATTA2IRETH Y, KGT M5 TORKE L OB
T, —MIEKFALDO Ry T =7 ZET B PLET
HY, KIZHETF BRGNS SHR S, Thz i
MiedE &9 (Fig. 2). PEBR S N7 HE % & & RO AR
3, EHICRPEET S & TRMEIC X Y 3RICHICH
LiADOLNALZ LT RMSN, ZOSE, HEKTIC
X 2kDWANC LD S FTRISIEH L 7 % (Takenaka, et al.,
2007). Z OIEF IS S N7 RSB E <A 70Ky
FEERZEDDHD. OF D, KEWEHMT D LK
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Figure 3: Nitrate formation from the reaction of nitrous acid with
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@ : Freezing(-21 C ) : left axis, O : Solution (25 C ), right axis

.=

I 2B L) —EHE R L IR w5,
e, HHERETIE - BICRINEEL 25D TH A ) 7.
ZOFHHOWIZ, TOMOH L% KIHIAT 5.

ARSI D AT IS v, &M AER
RWHIF TR, DTFRIOKEHFICRY AT L LS
bNTwb. FlziE, NHRFIZZNENH,0%0H & A
F D, W UEMZ R TWh 7z, Bk
BZHLD A F T IRAREL (Coe / Cogtation) D30.18L 1 &
Z5bNTWw5b (Gross, et al, 1978). TN b DA TIE T s
AW A T VWA R T VEEDLNTWAEY, TNTHH
BUARBUE L0 & SN T W5 (Gross, etal., 1978). O
IO TPICWMYATINEDTH B, TOHRAREIZ
WE, 44+ VICXoTRRY, B2 1ENaCIOH;E1XCT
JiANa & ) IKFEHICAD R T Wi, Kiv A FAL
%5 GO EM L MHEN B EAAFEET 5. Na,SO,0 41X
Na' @S0, L ) BIKIZAD RT VDT, KRBT T AD
BUREEMAFEET 5. ZOEIE—90 Var 54214 VOED
HENTHY (Cobb and Gross, 1969), ZN7ZTDEMDDH
i, HoWwrbEEEHED S Z EHRETH S L EZ
bhb.

3. RiBBERMESKIES LR

3.1 HREIC K BIERERIGDIBE
FAEZ X D IE SN B ISIEZ S AMSNTWED, Z0
% L 3HKEIEMIC X BB DTH D, TNHIZEAWITIZE

HT ZEW, B i

WRBATERE CHITT 2 L EX DI LHTED. Ll
ZTNPH ORI MSENTWD, 22 TiE, dRKEzEWw
{OPDT V=TT THYT 5.
3.1.1 ZIb— : REERR

CAUI2 I THI L 7SR OB AT E & L TRE S
NBFUETH S, HBISETNEWHOMREL L LbET:
BEEZC, GHLERRTOYA 70Xy y MpoY-ED
REZ R LDbEZREZC,E T 5L, aA+ bB — products
D UGG & B BUSHEE (M5E S 5 BUGHEE) (3,

a b
Ro=k(2 A1) -(22[B1) 2 @

Cr Cp

L KT I LAHTES (Takenaka and Bandow, 2007). Cy,/ C;
AT A EICE A~ A 7 uRT vy MNOREMRICE

D, G/ GIERHICL DML L. 2F), vf 10
ﬁ#yF@¢Td&=“%{ﬂf(%{mf@ﬁﬁ?ﬁ
JBASHELT L, fRBRIC X 0 D O NS TAEBRW AR &
nNsZEIlh5.

iR G R B IS W = O R S N
Rk (Z2[A) & <HAT &% Y, <4 708y 7 MATH
CHELDDOD, FAIZ LB HPUTE o T, KERIYIHHE I
& % FUBMEER) RIS NS, KIS X 200K T D%
), BUSEEIZBERT L) DB 252 L0 h5.
AL RGO X ) IO 1OV HIRE D4, #H—
WIS (k[B]=—E=k) L% 0, L THRISOIEER)
RIMONLNZ EPHRTE S, FE5R, LIRUBROR K
IEE BRI & B PUBEAER) SR IEG S e,

CRBUETHE, Ru = k(G2 [A])Zg—; S HAPE £ 7Y,
IRAEIED IR B 720, ZOGPURHEEITHE 2 5. ZRBUS
12 % 5123 & 715 (Takenaka and Bandow, 2007) .

Fig. 312 HEAS MR OVEAFERR RIS X 2 ALIC & b E%d 55l
MR DIF 25 L 2 7R3 (Takenaka, etal., 1992). VA Tl
ZALIZBIN S g, ROSHEEER D & WA D - 722k
THb. FHETIZI05TT0 %Ll EAREEREICBL S N0l
L, 25 COBWTIE, 607 THITe A LRMITERL
BN ERGDD. OIS OMEERERE 2 FHI AR
BB X BRSO, Fig 2IR$ <A 2 aRr v
MIBEE PR SN2 700 Th b & iEano T 72 (Takenaka,
etal., 1996).

72, Q) 51 I —ODRWMIPMEONS. RHMRIR
BCECOHPREZITNIIREL LD, TDOCIE
B GRS X D kFE Y, E2FTHREL LD
Zlidmwv. L EREREOREGIE, DI NIRMT S
P CTEORHBRE TORENMISGET 5720, C,LCO
WIFKEREZISL 2 EATES, MHEMITREKTICX
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Figure 4: Amount of nitrogen oxides released by UV irradiation (nmol)

Ptl: Near Washimi, Takasu-cho, Gujo City, Gifu Prefecture (35°58'53.9"N 136°55'17.8"E) collected on February 17, 2024
Pt2: Near 1-1 Itoshiro Togeyama 1-1, Shiratori-cho, Gujo City, Gifu Prefecture (35.966961N 136.810677E) collected on

January 6, 2025

DT ZAMT LI ENITLEALETELRLS RS, OF
D, Va—ARLHEAEIIHNS &) SRR
SR I & 2 BUMEER R IO N WS L PREINL.
ORBUEBR TR B, ik BE D RRF DL A I B IC £ %
PUSARAERN R S NT, THD—MRIICHHT 5 & BUS
HEPZOND EELOLNTVE—HOHHTH 5.

3.1.2 =N FEEEICE D pHE LIS K D Rt

HUREEMIZIEE 12K & DM S 415 27 (Cobb and Gross,
1969), A L7-BAIZIKPEET HIZONKEL 4 5.
LAL, KopiE7a b Y OBEPESTHY, KrOHHE
W, FLRBEBELLERNTE N PBETLZLET, 2
DFE LB ERMT 5. NaClOB A IR~ A F A
THY, BEPBKRNTT DY DBET 572012, KA
BIOKFEA F VIREPKRTT 2. 2%, 7HYH~
pHAZALT 5. NaNO,DGEIIKBIT T A LR, <A
7 UaRT v b ORYAEB WAL Y WM 5. Fig. 30%;
P FEARMI TSI X > TSP LB TDH 55,
HNO, D AF IR F# 12 & 5 TR AL BUS IEHNO, 2 SRS T d 1)
(NO, TlUn L2\, EiZ~A 7 aR7r vy MNO R
BOPHDS T35 2 & b PUSMEHEICF 5 L T 5.

FEEE, 5 mMONaCURIEIRASA o 72 KA T T & 724F
WEICHOGBICE LM Ty 7O LICEETRLHS
W7o EBTIE, KDL T 5 i IEpHAS.6, FI90%D
Mooz &I, EMARMKEROPHIZ6.0% B2, 98%
Ho 2 CTpHT R M Z 72 WM HITHETL L, LT

AV B 2 L AP E LS (Takenaka, et al., 2006).
=0y ZREMERL P ETIEEET, TV )ET
WFHEBICHBILS N ZEPMON TV D, FEERIZ, pHSR
pH6 TR EMM L ETH 5. T OWH %ok L Tb &t
s, NaClz5s mME 7% 5 X9 W2 L 72508 & B 9
b L, WAbdsHEEe (Takenaka, et al., 2006). i ClENaClD
W, POBIEEE HIZE RV EHMERLTwE. &
i, BB 72 X 9 I2NaCa i % & Ee K IR % SRS 5
% 2 L TR ORBGEREOpHA TR Z, TV H YL
o722 & THRALIS DS HEATZIZOTH 5.

B OpHIZH L OH Z B (M IEE A o ViRED A L
COEZMD DL LHIKOA F YFREOHIE T CH & OH @
BED X ) BRSPS R 2 X )P RBE LIvET
. mEAETHRIAEV) Z LI, BEEASEZ S E, i
bbbl THEIIKEL R B0, BYEERIT X )RR
(2, AR K DR A, KM D, X
D 7V A Y PEIC 7 Beritical pointld, KAHFDREEH A & F
#5123 BKDPHTH 55.6TH 5

3.1.3 7= REEEF RN

CHUFERE REMADR LN D OITELRAL A POS T
ZHRVOTHD ) D ? HEETIRIEE)) TH 5 B AT
TV 20, BRALAIEHELDIZ 7 —a Y B TH S
NI ZOEMEEZES> TV DL ETOR TG E DR
HELHDPRE D,

SRS TR Al SIS (X mMI 2 D BE Tie b R & 72 ol AL AT



i Pren o BAL AT

BoNL. WKLY AENRTWCIOYE, 20
SEAREUZ10°FEEETdH B (Gross, etal., 1978). 72, KUk
HaDAF Y THDH, BIZIEN SN2V RETH Y
(Kitada, et al., 2017), AL A 4 > OF BB LK EWZT
Thsb. 2F0, NaCloMa, THREBROEE LD LS
ZHLI0EPICREDETH S, mMD101Z107 MT,
ZNA00 %US IS b N7 E ORISR E 7 b, FERIC
EZNV—=TFUTHB L L) IROHEKREA T V1 BEH)
T 572012, KIRIfibi s Dix S S22 52/ & <
nh. WEOMRMTECIIMRETETVEELD.
Fxld, NaCERO UM BN EREZ TN, EDLH0D
WETHIET 2 &+ BMUIER LN NERN T2,
WA RN CKIZ H L% A & % EER A 1T\, [l S/l
% e 0 REE, KA S OLEMINTX 2025 L
7o, ZORER, WOPITAER L L F 2 HWONEE.05(1,=
1.9 uM)Z 1551218, KI30010] 0> Sk /Rl a1 s 3 T d
% 2 Do 1z (1B, 2012). BUE, ShEEEHFTH 5.
L2 L, SE4E, SR X 2 BARALFEBUGATEIZE
iz v #HiEA3dH - 72 (Song, et al., 2024). KH & HEEE
EARFEPER LIzE V) FHETH D, 20 D0 Lo
AR CEIMERE SN TWD, ZhudTkc ot E il
U

3.1.4 W=V  FIEROKEKEDEER IS

KEMTOMBIIEE LTEL-Y 7 2=V F L YD
FV L BBALIE A H T 5N S (Ray, etal, 2013). L
it B ASLangmuir-HinshelwoodH 12t 5 & & #/R L, &5
WZEROIK XD BIRO T FUEAHE N DF, HilR Tl
BB AR SUBH O —FBASULY 3A MK AFAET 555
FWP LT B720TH S Efamfhir7.

3.1.5 ZW—V  BERLICHIIDREEDE(L
OHZ ¥ A VS G-§ 2ALFPUBIC B W T, R & R
B OB E SR\, OHT ¥ 4 L OB X AR
SN, F7, BHOBENEL 2L LT, USHZEAL
T 52 DG SN2 (Klanova, et al., 2003). 2 AL R
bARFHFAETICBIT22-20n7 27— (a) DN
IS TH DA, BETIE3-Z7aassa—n (b) £2-700
v raF v (c)® kS ROHDMIN L7z A3E S h e
A, KT ISR, ) AVER L7z, OHT T Vid,
KOFRIAEG LR T KB X2 HRS N, OHTF VAh v
ORIGE Y b, ZRALO RIS DHEEDHEL 2> 72720 L HfE
BIN5.

HT ZEW, B i

@ ®) ~ on (© @ Wooa @
OH T 71 W %Kk dh & BURMEAT K <, oK/ T IR 12
W L7z 2 LA PUSREE DAL L 72 B D 1D TH 5 LR
ET DL, BAMOILAWOYEIXOHS ¥ H Vv & O JUG

LML LD THAIN?HKDH LT —IDIDTH 5.

3.1.6 Z'I—VI: RISAHZ X LD BED S BER G
HFGEORE F 72 F 2R % HA% <, SUBTRRE AR &
NTWRWEIEDZ V. 196040, Bty 0BTt
B RE AN FE S D37 7 DAL T L 72, SR i DS,
D) R ETRIB A LR T WIS IZRF L Tw5, 2)
KEKDFBERDE N EOFHBRDH L. LhrL, ez
DAHZALTHRIFNER SVl IR IZ- & D
IRENTBLT, I bhrbhwv. INLIEESHONZED
mrsn s,

W ODERBIEZFET 5.
i) 2HNO, + 2I" + 2H" — 2NO + I, + 2H,0

WA L T LA+ L OBETORISTH %A%, Hil
TR T HNODIEAIZBIZE S vy (O Driscoll, et
al., 2008).
ii) S,0,” + H,0, — SO, + 2H" + 3H,0

F AW O MIBALKFE S L 2SS TH 575, B
I TR AR W IRALA C 3 R COHRIR IS Z L L 7225,
it TlE, HRERLAITOMILTE L VAR AFES (Sato,
etal., 2003).
iii) I, + 2Br — IBr, +1 (HNO {4 F)

L& S A F Y IIEW TS L, L LBk d
%2 & T, BroO—#{»E b E 5 (O'Sullivan, et al.,, 2010).

HUEHIIH Z 2 UG, IS X DR S NG OB D%
&, EIBBOR T RS St AS R EES 7 o 72 D pHAE D o
72D EVHUETH S, LaL, MERIGR RS x A=A
2D PO IR R RORTH ), Ihped
TESN D PESHOPEETH L. BB BUS L3
M ZNL &) BN RREIEH 5205, GRS 7z
FFEHS (2 OB Y 776 L 22\,

3.2 KOBPOHA{LERIG

FRIZNDZ K & AT 545, —FOBIEFE KON
WRAT . LoWEE, AFA, S04 X, A
WEIZL > TEOEGIELT I LB TS (F
A,2009). AHHL70G1E, #ESFETRET L2, K
ERICHEA L7203 5. Z ORISR SRS 5
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AR I LB BOS L7z 0, S NEE oW b o
EHZZ 72055, 208, WEIZX 2 EITRILE
NFITEM L7, S HICERNTHELL, MER2F LT
il mmd 52 bdH b, KEETIE, —ElBET 72
H?@éﬁ,mmu%ﬁﬁﬂkibmﬁi<t TR HE T
CEDMIfES NG, FEBIC, KEEP TOMEE OGS RIE

MHENTVZRWA, FRPTIES < OFED D 5 (Beine, et
al., 2008, Chen, et al., 2019).

Falk, WRMICH HHI28MT (BEF1360 mfir) CF
KIENWZF = N —23E L, 2 mdp b R5AEF = v N—
P2 D AR, F = ¥ /3= 53844 AHONO, NO,, NO
ZH5E L 72, HONOGEJEE X & ASBASE L 72 M5t i fii o %
JH\7-HONOEFeifll iz 25 8 (FILBRSE © 6 ppt) % JHV Tl

7€ (Takenaka, et al., 2004), NO, X7 #EF A 7E AT 8 CAPS-
NO25H 2 W ClllE L7z, NOIZ+ V' > TNOZ ML L 7= d
%, CAPS-NO2EICHlE L7z, ZOkH, HONOELNODIK
MEBI L7z, BohoORREOGMETIE, —#ICHONO
ENO,D I A HE ST 525, ﬁﬁ?i B OMMEED
& <, o R AR B OHONORPNO, 25, (7 P
NOZAE L7zDTidZmw bS5,

F7, ZOMREHRTRL, ERENTENOEINHR
HEAEBR A 1T > 72, lRHE, BRUKICAEE T - Y 7 25510
mM & 7% % & 912 L 72ROV E IR T 28 (Point 1 ¢ I
BIAS LTS oo BAHED, A5 H Ao T
WRWHFTOE, Point 2 ¢ Ik BIRAR BT AR A
T DOFRELDOKIS0 mPU S5 25T 75 OF) ZfFa L, i
B b AP0 mME % B X912 L7 AR & W AR
THAARSERIERE L CTHER L7720 D% —30 CCLBLL L
BLAEZLOZANTEHE L TCERIIHW. pHOFREEIZIT
blahrolz, HFIIREKRRT > TE2L Ly 7 2T T

ANz DE Wiz BRI T 70 Y BFRICAR
NRA VY 2 AHNT Akl LIz E 77 8 VRO
AEHCIE L7z, XM Ly 7 AT T A ;t%’q300 nmPLF Dk
Ml vz, 254 nmDYGIEEEHC I ED e d o 72
zeE, M@wtﬁﬁkﬁﬁ&wmvnhmwt#ﬁ%éh

TWZ e 2B L7z, KR % Fig 4R 7.

KT, NO» I d % <, NOSHONOD flgt s h
72. 2 ONOIZHNO;D S5 7> & A B L 72NO, X HONOA®
SO LD EEZOND. ERENTI, B
WKCHBEOTF 78 Y FarHwTw b2y, —iotidsHiik
N, F72, BETL2RMT 7L HERNT S 2 LA5T
& 5720, MO L)AL R WIRIEZ 1
B4aZlld3TERWw. 2070, Ml TOHERREE R
Y, NOOHIENz0oTRrEwheifisns, EE

%% Z LI TR EIREONOS I S 722 & T
H5. HRETIINOREIZILS, NO,LHONOOHIAH R
oTWwi, ZhUE, BARFEFIIEE N MYt
MAUINT 5 72D I8P 208 E L - 2 &, 0%
AR A IS 2 A B 2 R T 3 DL DEVNIT X D)
HCOILERIG DAERD R 2 5 72 2 EATRIR S N7z, ’a\ffc,
FOWS, HOWERLZE L EE BT, X 5% BHEIY
WChb.

HNO, D Jeoffid AR Tl b #lid 2 <, 3L AL
ShVwEEZ NS, HNOIEZELEW DR THRIEN
WD RETH B720, KEAD O OBRI RO RAAERY
LLTEXZLNTWS, LaL, EEHMIBTIE, HNO»»
SRS PEDE W, NO, NO,, HONOZSH I &b 2 L1t
G CTORGALFICRE REEL RITLTVD T LN
FZbhd, FEEIC, ABETIEREE BICHONORE EE AT <
b s TV (FI5,2017).

T2, HBEONTELEAOESS LIX, BF LI
WWERFAZET, HSEAL, @%@HAw%mﬁg
ETHILNTWED, THIREIPSHTL 2V VICE5
EHTERWwWhESbhTwi, UL, ERoR R
FHA TSR k%“ﬁ“k?&—ﬁﬁ&otiﬁﬁﬁ
TV UHEE LTSV E DR E A EIETE Rho7z
k@;&f&%(_/fzmvw//zmﬂ HNO, D355+
RCTIET VA INVEHDFERICEAE L TWD D, ZThp s
L CWAHEEMIE R WA S ).

3.3 KFREDR
BIHCROBES OBICIRIL 725 0 5% { OREEA + VA%
BitEhz v MmEYH 5. MEMMEETIH L L
A O RYIE A A PEEE AL <, NOL B O kAR O W FEME DS
7 (BFI15, 2017). D F Y FH ORI TNOH RIS
L CHNO,RHONOZ A L T\ A W ReDdH 5. i3RIk
TNO,2* SHONOAVE W 2 A FE i 134 < & 5 7% (Li, et
al., 2014, Tsai, et al., 2014. Wang, et al., 2015), % ® _}TNO,
HPUG L THONOZ LB T 2 i i3 b Twz v, L
L, e WBHKERAREZICHERICLTHERLZATS
(IWaLL B UCiF) ICNOZBALZE A, Ehb
IINO, 2%, ZAHA HHONOA M S, EOEIIFIZIE
11THho7z. I
2NO; + HO — NO3 + HONO + H* 3)

ORIBICE b0 L%z 55, ERERLERTOHK
& 7RO FEGRE R 2 Fig. 5IOR Y. AEBRTIRE
IR 5 2 & 7 S EBRICH W, KD SHONOZ M
L, E253MEN 2O IR sh, Zook
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AL, H DV o 72 AER L 7ZHONOA Sk L LT
BT 20, ML S CTHNO, Z R L 72 7% & o W] fig
BEZbNL. 2F ), HAFOYE, HNO,LHONOD
AR HOMBIC L > TRR D Z Lol 55K,
FIZHEND EORGA, RMPUBISHEL RIFL TS
PEHOLPITTLLEND L.

4, TWVWTIC

TR, FEARTH 572D I LS IZB L T,
AL L e—KIEEZONTWEDS, E
BAZIE WA WA BRI TR OSICEEG L Twad 2 Eh'h
Mo T&7z. 2L, KbDIEZADO—ELIEHINTE
5, FRFLEMAINLETHAS. TN LIALED
I L2 ThR L, ALERISICES- T 2 W R L2
LT, bhbhWnI ENL . BREERSTI, HR
WEDSFEARI R BB D A A = XN Th DA, FEHE S
bHMIE, HIRRUL &35 5 N THEATWS L L
PEZONRVRZORILD S\,

HAGIAR L, TRTOYWEIKDSHEREN TV S b
TIEZ V. —EHBIEKKE I A h, ZhApHEALIC
MG Lz B2 E LS00 35, Tk, MYAF
NAWEIZED LD B TROPIZIMY AT TVWEDT

HT ZEW, B i

B2 \EALKFEIL, HEEMIZDKITEWZ®, KIZ
BHIWYAFND EFHREINLD, ZRICRLT, @
ALAKEABE G- 5 HfEIRM UL D 2 b TWwb. T,
EORBEOKOPIZMY AFNTVDDTH S )

Kk, FEZT Th AP ORCHBIAHATEL, $72,
FEOEOHIIHAEET 5. HREEMITEOAERICEYS- L
TWABIREIEZVOTH A ) 2. HFSEMIE, TR WTTRE
T AZHHHRBE LTRHTELZWOTHS ) H. B
fRAESE, RIRE T LK E R ER RS MR TE 2w
DT, B/ OLDIIBHENE ZL3HF W HIfFTE L
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LTOBEIRIBZNDTHA ) D

BRI OB L CE» 2t R TlE L, »
BOICERPICEEDRHAETH D, RIFET 7 E D
SN, KOfLFEL W) FRFIESELN TV Z & 2]
FLTWA.

SE R

FAMEL (2000) T ONFAFFELE ) E— P2y v U 7ICH
§ 5 W 7E—20084F € H AR G2 R B 2 B RL &l —. K
4. 56(1), 5-17.

Arakaki, T., M. Shibata, T. Miyake, T. Hirakawa and H.
Sakugawa (2004) Enhanced formation of formate by freezing
in solutions of hydrated formaldehyde-metal-hydrogen
peroxide. Geochem. J., 38(4), 383-388.

Beine, H., A., J. Colussi, A. Amoroso, G. Esposito, M.
Montagnoli, and M. R. Hoffmann (2008) HONO emissions
from snow surfaces. Environ. Res. Lett., 3, 045005.

Chen, Q., J. Edebeli, S. M. McNamara, K. D. Kulju, N. W. May, S.
B. Bertman, S. Thanekar, J. D. Fuentes, and K. A. Pratt (2019)
HONO, Particulate Nitrite, and Snow Nitrite at a Midlatitude
Urban Site during Wintertime. ACS Earth Space Chem., 3,
811-822.

Cobb, A. W., and G. W. Gross (1969) Interfacial Electrical
Effects Observed during the Freezing of Dilute Electrolytes in
Water. J. Electrochem. Soc., 116, 796-804.

Dominé, F., and P. B. Shepson (2002) Air-snow interactions and
atmospheric chemistry. Science, 297(5586), 1506-15.

Grant, N. H., and H. E. Alburn (1965) Fast Reactions of Ascorbic
Acid and Hydrogen Peroxide in Ice, a Presumptive Early

Environment. Science, 150, 1589-1590.



TRk T S B AL RS 37

Gross, G. W., 1. C. Hayslip, and R. N. Hoy (1978) Electrical
Conductivity and Relaxation in Ice Crystals with Known
Impurity Content. J. Glaciol., 21(85), 143-160.

Hatley, R. H. M., F. Frank, H. Day, and B. Byth (1986) Subzero
temperature preservation of reactive fluids in the undercooled
state. 1. The reduction of potassium ferricyanide by potassium
cyanide. Biophys. Chem., 24, 41-46.

FEEPE L (2012) |, Ay BRI A O B A3 72 6§ B AL
FPOS OWEFE. 20114F BER BT SR 52K e T2 w78 F
Tt F I ERAR IS A L2220 A AR S

Jeong, D., K. Kim, D. W. Min, and W. Choi (2015) Freezing-
Enhanced Dissolution of Iron Oxides: Effects of Inorganic
Acid Anions. Environ. Sci. Technol.,49, 12816-12822.

Kim, K., H.-I. Yoon, and W. Choi (2012) Enhanced Dissolution
of Manganese Oxide in Ice Compared to Aqueous Phase under
Illuminated or Dark Conditions. Environ. Sci. Technol., 46(24),
13160-13166.

Kitada, K., Y. Suda, and N. Takenaka (2017) Acceleration
and Reaction Mechanism of N-Nitrosation Reaction of
Dimethylamine with Nitrite in Ice. J. Phys. Chem. A, 121(29),
5383-5388.

Kitada, K., Y. Suda and N. Takenaka (2020) Cyanide Formation
in Freezer Stored Foods — Freezing of a Glycine and Nitrite
Mixture -. Chem. Res. Toxicol., 33(7), 1809-1814.

Klanova, J., P. Klan, D. Heger, and I. Holoubek (2003)
Comparison of the effects of UV, H,0,/UV and y-irradiation
processes on frozen and liquid water solutions of
monochlorophenols. Photochem. Photobiol. Sci., 2, 1023 —
1031.

Li, X., et al. (2014) Missing Gas-Phase Source of HONO Inferred
from Zeppelin Measurements in the Troposphere. Science,
344, 292-296.

Lund, D. B., O. Fennema, and W. D. Powrie (1969) Enzymic and
Acid Hydrolysis of Sucrose as Influenced by Freezing. J. Food
Sci., 34, 378-382.

Min, D. W., K. Kim, B. Kim, G. Lee, and W. Choi (2020) Cr(VT)
Formation via Oxyhalide-Induced Oxidative Dissolution of
Chromium Oxide/Hydroxide in Aqueous and Frozen Solution.
Environ. Sci. Technol., 54 (22), 14413-14421.

=y RUFRT AT VL TEMLNZH D, F5, KOk A,
https://tabi-mag jp/echigo-jofu/. 202549 H 6 H i &

B, ISR, SRS, &7 A4 3 (2017) ALIR

B1F HLHONOD AL [H] D2 B FESEPTA ST G 2
FHEHE, P 251,

O'Concubhair, R., and J. R. Sodeau (2012) Freeze-Induced
Formation of Bromine/Chlorine Interhalogen Species from
Aqueous Halide lon Solutions. Environ. Sci. Technol., 46(19),
10589-10596.

O’Driscoll, P., N. Minogue, N. Takenaka, and J. Sodeau (2008)
Release of Nitric Oxide and Iodine to the Atmosphere from the
Freezing of Sea-Salt Aerosol Components. J. Phys. Chem. A,
112, 1677-1682.

O'Sullivan, D., and J. Sodeau (2010) Freeze-induced reactions:
formation of iodine-bromine interhalogen species from
aqueous halide ion solutions. J. Phys. Chem. A., 114(46),
12208-12215.

Pilling, M. L. and P. W. Seakins (1997) Reaction Kinetics.
Oxford University Press Inc., Oxford, Page 64.

Ray, D., J. K. Malongwe, and P. Klan (2013) Rate Acceleration
of the Heterogeneous Reaction of Ozone with a Model Alkene
at the Air—Ice Interface at Low Temperatures. Environ. Sci.
Technol., 47, 6773-4780.

Sato, K., S. Furuya, N. Takenaka, H. Bandow, Y. Maeda, and
Y. Furukawa (2003) Oxidative Reaction of Thiosulfate with
Hydrogen Peroxide by Freezing. Bull. Chem. Soc. Jpn., 76(6),
1139-1144.

Song, J., L. Werner, Y. C. M. Da Silva, A. Theis, D. J, Donaldson,
and C. George (2024) Spontaneous Production of H,0, at
the Liquid-Ice Interface: A Potential Source of Atmospheric
Oxidants. Environ. Sci. Technol., 58(51), 22691-22699.

Takenaka, N., A. Ueda, and Y. Maeda (1992) Acceleration of
the rate of nitrite oxidation by freezing in aqueous solution.
Nature, 358(6389), 736-738.

Takenaka, N., A. Ueda, and Y. Maeda (1993) Acceleration of
oxidation-reduction reactions in freezing solution. Proc. NIPR
Symp. Polar Meterol. Glacial., 7, 24-32.

Takenaka, N., A. Ueda, T. Daimon, H. Bandow, T. Dohmaru,
and Y. Maeda (1996) Acceleration Mechanism of Chemical
Reaction by Freezing: The Reaction of Nitrous Acid with
Dissolved Oxygen. J. Phys. Chem., 100(32), 13874-13884.

Takenaka, N., S. Furuya, K. Sato, H. Bandow, Y. Maeda, and Y.
Furukawa (2003) A Rapid Reaction of Sulfide with Hydrogen
Peroxide and a Formation of Different Final Products by
Freezing Compared to those in Solution. Int. J. Chem. Kinet.,
35(5), 198-205.

Takenaka, N., H. Terada, Y. Oro, M. Hiroi, H. Yoshikawa,
K. Okitsu, and H. Bandow (2004) A new method for the

measurement of trace amounts of HONO in the atmosphere



38 g BENL R e BT RE, B 6

using an air-dragged aqua-membrane-type denuder and
fluorescence detection. Analyst, 129(11), 1130-1136.

Takenaka, N., M. Tanaka, K. Okitsu, and H. Bandow (2006) Rise
in the pH of an Unfrozen Solution in Ice due to the Presence of
NaCl and Promotion of Decomposition of Gallic Acids owing
to a Change in the pH. J. Phys. Chem. A, 110, 10628-10632.

Takenaka, N., and H. Bandow (2007), Chemical Kinetics of
Reactions in the Unfrozen Solution of Ice. J. Phys. Chem. A,
111, 8780 — 8786.

Takenaka, N., I. Takahashi, H. Suekane, K. Yamamoto, Y.
Sadanaga, and H. Bandow (2011) Acceleration of Ammonium
Nitrite Denitrification by Freezing: Determination of
Activation Energy from the Temperature of Maximum
Reaction Rate. J. Phys. Chem. A, 115, 14446-14451.

PrepBlall, AL, H 2B, (R, I, B
o, AR HA, (B (2025) EEBILWOEK ETD
O AL BUE. FEe6IRABREI - R FE SR 20254F9 A 17H
OK) ~ 190 (&) , #diE, ZH) .

Tsai, C., et al. (2018) Nitrous acid formation in a snow-free
wintertime polluted rural area, Atmos. Chem. Phys., 18, 1977-
1996.

Wang, L., L. Wen, C. Xu, J. Chen, X. Wang, L. Yang, W. Wang,
X. Yang, X. Sui, L. Yao, and Q. Zhang (2015) HONO and its
potential source particulate nitrite at an urban site in North

China during the cold season. Sci. Total Environ., 538, 93-108.



iR~ 84 (2026) 39-56
doi: 10.14943/lowtemsci. 84. 39

REBRD AN Z X LIRS B EERIAT

Al BE"

2025 8 H 25 BH%ft, 20254 10 A 2 B3

S EBG E IHAEDHART A BRI, HEIDEETT A AL Y AR E LHBELWIET 2HETH 5.
WA THECLNGIL T &~ 7 U oS 2 L T4 B CIEELMETH 5. AR, 2
DHEDOA N Z AL ENITT H72012, A RIREA & S0 T TR iy 2ol 195k %
TV, BRI~ O WKL & St OREAR, WA REOMOBREZ KD 72, EBEIrLTA
AV v A RHRE 2 KD, HREHNOWKEEEL 74 AL v ARRHRE L OGRE RO, h
LOFERKRE D LIZ, BAEOREETVORUEOF 2772825, T4 AL ¥ ANOWIKHE
e Tu—Xr 7))y IVRTAAL Y REHEOKBEDZKRBOETBHEHL TVDHE W) HEET
ViL, EBHRICEDLRWZ NG hoT. —F, TA AL Y ANOWBKEEDLT A4 AL v XLtk
DKEDALERT ¥ ¥y VEICI DEE IR TV S &) 3 T TV AEE RIS T 5 2 &A%
ol

Experimental study on the mechanism of frost heave phenomenon

Takeshi Ishizaki'

Frost heave is a phenomenon in which ice lenses grow near the frozen surface during freezing, causing the soil
to expand. This phenomenon is an important issue in engineering fields such as ground freezing methods and the
freezing of ground around underground LNG tanks. To clarify the mechanism of this phenomenon, we conducted
systematic frost heave experiments under various temperature gradient and freezing rate conditions and investigated
the relationship between the water intake rate at the frozen surface, the temperature gradient in the frozen soil, and the
freezing rate. We also calculated the ice lens growth surface temperature from the experiments and the relationship
between the water intake rate at the frozen surface and the ice lens growth surface temperature. Based on these
experimental results, we evaluated the validity of previous frost heave models. We found that the frost heave model,
which assumes that the water intake rate into the ice lens is limited by the decrease in the hydraulic conductivity of the
frozen fringe or the water film near the ice lens, does not fit the experimental results. On the other hand, we found that
the frost heave model, which assumes that the water intake rate into the ice lens is limited by the chemical potential
difference between the ice lens and the nearby water film, is consistent with the experimental results.
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Frost heave phenomenon, Ice lens, Ice segregation temperature, Frozen fringe, Chemical potential
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Figure 1: Ice lens segregation in soil during ground freezing
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Figure 2: Schematic diagram of the structure in the frozen fringe zone
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hydraulic conductivity in the freezing soil
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Figure 6: Frost heave experimental apparatus
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Table 1: Physical properties of the soil sample

unit Samplel Sample2
sand % 2.0 233
particle size characteristics silt % 345 56.7
clay % 63.5 20.0

classification clay silt loam
/8 % 84.8 41.0
consistency properties Wy % 43.7 23.7
I % 41.1 17.3
soil particle specific gravity G, 2.64 2.65
natural moisture content w % 92.9 29.7
wet density N g/em’ 1.50 1.85
degree of saturation S, % 98.5 92.1
specific surface area S m’/g 136.2 15.6
volmetric water content 0 % 70.7 55.0

hydraulic conductivity K, m/s 1x10” 5x107°
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Table 2: Freezing conditions, set temperature gradients, and set freezing rates for Case A
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Experiment name a0l | 202 | a03 [ a04 [ a05 | a06 | 207 | all [ al2 [ al3 | ald4 | a21 | a22 [ a23 [ a24 | 231 | 32 | a33 [ a34
name shown in the graph a0 al a2 a3

initial upper side Tw (C) 0 0 0 0 0 0 0 2.5 2.5 2.5 2.5 5 5 5 5 10 10 10 10
cooling rate of Tw (C /h) 0 0 0 0 0 0 0 0.05 | 0.1 0.2 04 | 0.1 0.2 0.4 0.8 0.2 0.4 0.8 1.6
initial lower side Tc (C) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

cooling rate of Tc (C /h) 0.01 10.025| 0.05 | 0.1 0.2 0.4 0.8 | 0.05] 0.1 0.2 0.4 0.1 0.2 0.4 0.8 0.2 0.4 0.8 1.6
temperature grad. (C/em) | — | — | — | — | — | — | — | 05 ] 05 | 05| 05 1 1 1 1 2 2 2 2

set freezing rate (mm/h) — —_ —_ — —_ — —_ 1 2 4 8 1 2 4 8 1 2 4 8

3 ! Case B, Case C OHGRESMB X R OIREAR, FL2TF o sk s

Table 3: Freezing conditions, set temperature gradients, and set freezing rates for Cases B and C

Experiment name b01 [ b02 [ b03 [ b04 [ b05 [ b06 [ b07 [ b08 [ b1l [ b12 [ b13 [ b14 [ b21 [ 22 [ 123 [b24 [ b31 [ 132 ] b33 [ b34 [ b4l [b42 [ b43
name shown in the graph| b0 bl b2 b3 b4

Experiment name c01 | c02 | cO3 | c04 | cO5 | c06 | cO7 | cO8 | cl1l | cl2 | c13 | cl4 | c21 | c22 | ¢23 | ¢24 | c31 | c32 | ¢33 | ¢34 | c41 | c42 | c43
name shown in the graph| c0 cl c2 c3 c4

initial upper side Tw (C) | 0 0 0 0 0 0 0 0 |125[1.25|125]125|25|25|25|25| 5 5 5 5 |10 | 10 | 10
cooling rate of Tw (C /h) | 0 0 0 0 0 0 0 0 [0.03/0.05]0.11]0.2]0.05/01]02]04]|01|02]04)|08]02|04]038
initial lower side Tc (C)| 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

cooling rate of Tc(C /h) | 0.010.03]0.05| 0.1 | 0.2 | 0.4 | 0.8 | 1.6 {0.03]0.05| 0.1 | 0.2 [0.05| 0.1 | 02 | 04 | 0.1 | 02| 04|08 ]02] 04|08
temperature grad. (C/em) | — | — | — | — | — | — | — | — |0.25]0.25/0.25]0.25| 05|05 | 05|05 | 1 1 1 1 2 2 2

set freezingrate (mmh) | — | — | — | — | — | — | — | — 1 2 4 8 1 2 4 8 1 2 4 8 1 2 4
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Figure 9: Heave amount and heave by water intake change with time
(a22)
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Figure 10: Relationship between water intake rate and temperature
gradient in Case A
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Figure 11: Relationship between water intake rate and freezing rate
in Case A
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Figure 12: Relationship between water intake rate, freezing rate and
temperature gradient in frozen zone in Case A
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Figure 13: Relationship between water intake rate, freezing rate and
temperature gradient in frozen zone in Case A seen from the side of
multiple regression surface
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Figure 16: Relationship between ice segregation temperature Ts,
freezing rate and temperature gradient in frozen zone in Case A
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Figure 17: Relationship between ice segregation temperature,
freezing rate and temperature gradient in frozen zone in Case A seen
from the side of multiple regression surface
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Figure 18: Relationship between water intake rate to the ice lens and
ice segregation temperature in Case A
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Figure 19: Relationship between water intake rate, freezing rate and
temperature gradient in frozen zone in Case B

Temperaty,,

€ gradj

8 2 'e"f (°C/cm)
® b0

.

o bl,b2,b3,b4 =
—] L 083
E
- 068
i
N
- 042
+—
kS
~02%
=
: =0
.
" (my,°

R20 : Case BO H [u] Jii *F i A © W7z WK K BE & Sl g, ol
T oA B B4R

Figure 20: Relationship between water intake rate, freezing rate and
temperature gradient in frozen zone in Case B seen from the side of
multiple regression surface
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Figure 21: Relationship between ice segregation temperature Ts
freezing rate and temperature gradient in frozen zone in Case B
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Figure 22: Relationship between ice segregation temperature,
freezing rate and temperature gradient in frozen zone in Case B seen
from the side of multiple regression surface
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Figure 23: Relationship between water intake rate to the ice lens and
ice segregation temperature in Case B
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Figure 24: Relationship between water intake rate, freezing rate and
temperature gradient in frozen zone in Case C
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Figure 25: Relationship between ice segregation temperature Ts,
freezing rate and temperature gradient in frozen zone in Case C
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Figure 26: Relationship between water intake rate to the ice lens and

ice segregation temperature in Case C
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Figure 27: Comparison of the calculated values by equation (1) and
by equation (3) with data of Case A
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Figure 28: Comparison of the calculated values by equation (1)
with data of Case A seen from the side of the surface calculated by
equation (1)
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Figure 29: Comparison between the calculated results by equation
(28) and the measured water intake rate of Case A
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Figure 30: Comparison between the calculated results by equation
(12) and the measured water intake rate of Case A
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Figure 32 Comparison between the calculated results by equation (17)
and the measured water intake rate of Case B
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and the measured water intake rate of Case C
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Behavior and growth Kinetics of elementary spiral steps
on ice crystal surfaces

Gen Sazaki', Masahiro Inomata', Genki Miyamotol, Ken-ichiro Murata', Ken Nagashima1

Due to the abundance of ice on the Earth’s surface, the growth of ice plays a crucially important role in various
natural phenomena. Hence, numerous studies have been conducted to elucidate the growth kinetics of ice crystals.
However, only the time course of the size of ice crystals could be measured so far, and it has remained unclear which
elementary processes govern the growth kinetics. To address this issue, we improved a laser confocal microscope
combined with a differential interference microscope (LCM-DIM), which was developed by us and Olympus
Engineering Co., Ltd. By using this LCM-DIM, we succeeded in directly visualizing elementary steps (the growing
ends of ubiquitous molecular layers with the minimum height) of ice crystals and their dynamic behavior at air-ice
interfaces. In this review, we explain how the behavior and growth kinetics of spiral growth steps (elementary steps
induced by screw dislocations) differ between the two facets (basal faces and prism faces: see Fig. 1) of ice crystals
growing in supersaturated water vapor.
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WERDFEGE TR 24 2 ARBL 2T 5. Bz
X, A=V EMIENLBH T TORENERL &, b
B ETOETORENIE EZTHRE L2k (8) 23k
fHECRT 22 L ThERENS. T/, ESETORSE
BIGHEOKMZEAT L. 200, KM LHET
LHRAERDEEANA T 4 7 A% 53T LNV THL I
T L, BN EOIEM R WD ) R Aol
&, A WSEHTHRO TEETH 5.

ZTDH, ThETRMA» ORET 2 KEGHOKE D
AXTATZARHONMILE) ET5EF SF RW5ED
fibhT&72 (Hobbs, 1974). LA L, I F Tk
DK E & OREBEEAL % WH OGBS % v CEHI$
LOATHY, EOLI) REELEMREIKEHOBEE %
EDOEH)ICHET2HEHOPICT L LIEES < By
MICHEETH > 72, FORRIZ, &R % 550 R
BIEET 2 -0\l VS5 B~ 2 BIRER O FILH 23,
Rl T Ok S ET T TR 2 & 12h 5. B
ZIE, BTHEMEE, IKEORKT TRET#ERITE
Zwizo, BifELrw. o A rFLA=LITENS
M stCRERI ZERL, REE D VT LAN—D
WAL ZEFEI 2N - W22 LT, RBETD
/K 3 % 1525 2 JEL - I BB b Al 0 KBRS
FE<CHWSENS, LA L, KESIERNET CIERH
A L, SRR ARRE (R & RO RO E %2 H 5 %)
WERT 5. ZOBRBEAKRED A~ F L ox— ol i~
DEAEWEEICT D720, BRI BEMEEOF A b H
T%é.%@tb,%%%%ﬁ@%ﬁx%vf(%%%ﬁ
AR 00 O KK DY E121304 i S) @
Hﬁ%u%%<$ﬂ%kéhfgt

COX) RIRMEFTHT 5 720121F, B RmICES
IR - IR T H D, BRFER B D v R B
B HMOBMMIKE 2R F TN L SE20E5H 5.

, Fa EBRREHF Y RV =T VN
NM$L LTRSS L7z L — W — Je nUisy T i B i
(LCM-DIM) (Sazaki et al., 2004) (2, ZOMREZMWIRE T
FISHMT RS HICWBEMZ 2. ZORRE, BiHK
AR CTHRESE7kM N (FHimEFL) OXKET, H
MAT Y 7% EHEBILTE L X ) I1C% 57 (Sazaki et al.,
2010). ZTHIZ XD, RFMEH LOHEM A T v T D%
RZOWEIA AT 4 7 A% E)RCMRET LI LN
WHEE o7z, ARTlk, SHKET 2Kk H> 2
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Figure 1: An ice I, crystal grown in supersaturated water vapor
consists of two kinds of flat faces (facets) known as basal faces and
prism faces.

FEFOFMmE (774> M), ~X—H)Vi (Inomata etal.,
2018) B X 71 X A (Miyamoto et al., 2022) (X 1) ®»

3, MBEREAT Y TORBREEN AL AT 4 2 A
WED X IR B PIZONTHNRT 5.

2. XB&

SAHPCHRET 2K MEIN 2, % & F 2KRERJE
BIORETCTEZORBIET2200F v Y /N — DK
HER20RT. BIEF v N —E LB LOTEHD 20
DR S TETBY, ENODOWMETE X VT yeomld, X
VFZFEAF 2 HCTHMLICHBITE 5. BRI D T
LIz, R A — IR S 5 720 O MR
%, BIRE ) — A2 T DI CTh B, KiEHD
N—H V% T A AgFE W E, ZLTT ) XA
% 853 2 BT IXCdSedl i 2 B & LT/, TER
OFIM LI, BRI SRICKRER T 57200
KA R S 70 ARAERMGE DK o FRREIE, 8
BRHRER ORISR TTHICIRE VD, BT ¥
VN —NEE D KA FIEP L TSSO UL T oml S & > T
HMTXx5. T/, BEHRESOPIRERIEPIE LT
FMOBETIC X > TRE SN D, ZD72D, Fx VN—
WNEBD KR D BEIEolX, o=(P-P)P.E DI 5.

BIGH O, SRS L TUTOFRIH TR S &
7. ¥, EEB IO FEHOSKOME % 221 1=20.0
°C, Toouon=-15.0°CiZt v b L, F¥ Y N—HFTZ1IKED
BRATATHZ L7z, wRIZ, EEB IO THOMKOM
% ZNZENT=-15.0 °C, Typuom=-13.0 °C& L, FEWHE 5
B OREM AR - RE S 20k, Big
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K2 : @i v N —OWiiM (Inomata et al., 2018). _LEFHAK
@THSFPE'&L WK A TR S & 5 720 OHMRE S (R—
VI DWEITIEAGL, 7)) X AT OWAI21ECdSe) A3 D £ )
5NT lﬂ%. T ERSARI I BLE S I KER  fR T B 720 0
RAEWmAIE SN TV 5.

Figure 2: A schematic illustration of our observation chamber
(Inomata et al., 2018). On a center of an upper Cu plate, a substrate
crystal (Agl for basal faces and CdSe for prism faces) were attached.
On a lower Cu plate, ice crystals were grown to supply water vapor to
ice crystals for the observation.

FHKAS i O & 5 S 3K %100 ymlZ 7 % £ T, T=-15.0 °C,
Toom=-14.0°CTHKA b & IR S H 7z

SA R TIE, BB TN S WAL,
MEBETORAT v TORGEREY,E, LTDXH 12k
&M% : (Chernov, 1984; Markov, 1995)

p*® —Pe

= po (1)

_ pPsurf=Pe
Vstep —B Su:,e e"’ﬁ

\mfiéﬂfrﬂiﬂﬁuaai%E'C@ﬂ(%mF EERY. 72, 8
FAT Y THAAXT A v TR EFITN, ZO&KMNTO
ATy THMERE O 5. PPEP.OfEI£0.5 Pad§
JETHIET & 5728, KAK D B EEo13£0.001 0 45 B
THETE S, £ LT, T=-25.0 ~ 2.0°CONRIEWIRE T T,
N—=HVHB LT A LM ETORMNEZ AT v 7
DRIEREV o, ZFHII L, Vo DolAFED S 7% PLE L 72,

B, ZH» ORGP ET BT, HRoRER
RO4OOF WP S %5 1 1) R ERERT 25T (5iT)
DOFMD 5 F T A~OREIL R, 2) HWEHTO
W& T JBT) ODAT v 7 EOF v 7 ~OREILFHBFE,
3)F ¥ 7 TOWREGTF () ORY AH#f, BIU4)
F 7 CoOFHOMEH LAR. Zhb4o0FBRITE
FNZO %5 Tnbd, KDL ofMRETE, &ho
FEAEDEBOIFL L D DBV, 4) OBFRIIMYETE
5. PldVy,vs.0 7By D=0l BT AHE TH L7720

Ma)b;0(§b<ﬂS)@%uﬁmLﬁéﬁbfw
% (Chernov, 1984; Markov, 1995).

DKFESN =YV L TORAMREE XA T v TOREZIR
@"LCM DIM{% (T=-15.0 °C, 0=0.18) (Inomata et al., 2018). H.
KENBIE S ARBORH N E, € L CHRAEIIFE—OHAL
WEEAT Yy 7ThRRT. SEABBOBRHEMARROL v DIC
GHETHIE, BIOLR)Ho7MEBERAT Y 7TOMEL)
PRERIEOLDERZRT I EDDRD
Figure 3: LCM-DIM images of elementary spiral steps on an ice
basal face at 7=-15.0 °C and 6=0.18 (Inomata et al., 2018). Black and
white arrowheads respectively show an outcrop of a screw dislocation
and an identical elementary spiral step. Outcrops of screw dislocations
are always located at edges of basal faces. A distance L between
adjacent spiral steps exhibits large variations.
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AT 7 KA TR T KA S O X — VT % 81
FL2—FZ 3RS, KPP oARHEE, F—0 A7 v
TxRRT. R=HNVHOLE LD S FELHIRO AT v 75
KA EBNTIE, AFHICHITTERELTHZ LR
bhb. KBIRLFAO LS, BIELE-ETOXR—Y
VT, FOHEDZAT Yy FIZEICT Yy VEa5H 64
L7z, 2oL, X=HYIVHE TS AR o0 FETHE M
(BLHF) 2WEISHESEOT y VMSIAHIET LI L%
AT ZOHRIE, X—)VIE ETIIREE AR AV F—
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B4 : kST ) AL L CORMIMEE AT Y T D
288 % 7R 3 LCM-DIM{% (7=-6.3 °C, ¢=0.02) (Miyamoto
etal, 2022). MEHFEHIISCAMBOZEME, L
THEMEEFA—ORMEE AT v 72|y, b
AR OBEF AT ) A LTONEBIAAET B L,
BIOLLDDHo/EEATy 7OMKE (L) %3
Y—THAI ENbhsb.

Figure 4: LCM-DIM images of elementary spiral steps on
an ice prism face at 7=-6.3 °C and ¢=0.02 (Miyamoto et al.,
2022). Black and white arrowheads respectively show an
outcrop of a screw dislocation and an identical elementary
spiral step. Outcrops of screw dislocations are always
located in the interiors of prism faces. A distance L between
adjacent spiral steps is uniform.
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B5 : kAN =V L CTOMMIEE & AT v T ORAEEE V., O B EF] Eo=(P"-P,)/PM&KA7 M (Inomata et
al., 2018). (A)EEHHIN-2.7>1>-9.2 °C. (B) ¥ #I%-13.0>7>-26.0 °C. KD HhFRIINA XK Y v 7 5 vV =

Y MR AGWGEPRR T, 2 U TEAIE R 25 B2 AR PR 2 R

728, IREFEIHIC X 5 C2OoDRIRENRT WS,

T = HBHE

Figure 5: Changes in the velocity V,, of elementary spiral steps on ice basal faces (Inomata et al., 2018). (A) In a
temperature range of -2.7>7>-9.2 °C. (B) In a temperature range of -13.0>7>-26.0 °C. Curves and lines respectively
show the results of the curve fittings using a hyperbolic tangent function and a linear function through the origine.

PIEFIT/N S VoD, BALEX—=FVHEICH > TEL
N s (RERF, 2005) & EEBBICHETLEEZ LR
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2025).
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Cabrera-Frank (BCF) Pl&; (Burton et al., 1949; 1951) {2 X <
fit) LPEESNB.
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Figure 6: Changes in the velocity V., of elementary spiral steps on ice prism faces (Miyamoto et al., 2022). (A) In a
temperature range of -2.6>7>-10.3 °C. (B) In a temperature range of -13.1>7>-25.0 °C. Curves and lines respectively
show the results of the curve fittings using a hyperbolic tangent function and a linear function through the origine.
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Miyamoto et al., 2022).

Figure 7: Temperature dependences of step kinetic coefficients f on basal and prism faces of ice crystals (Inomata et
al., 2018; Miyamoto et al., 2022).
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FRlMoOBRER L7, L, VDR KICEWZ RO N—F VI L TORET Y X LTH ETORILRTEB X
KBELZWAT Y 7 EOF V271D AEND 20, KR FME RE D o7z, TOREIE, X—H Vi lok
L T B Kol i R T 67 TIEOKAXME T 5 2 L 2R MREE AT Yy TORBPT) XA LH LD D DIZIZHRT,

. Thbb, P, <P ), KASDIKME IR EOMEFMTOHELET LI LERT. 757, £t
T 2 PR B IC 72 5 729 CTd % (Chernov, 1984; SROTEASIRIETOM T & & 12, B (0> T>-4°C), Hlk (-4
Markov, 1995). Z® 728, K (1)IZe=0DEEDRIKN.T 5. >T>-10°C), KUK (-10>7>-22°C), MR (22>7T°C) &%

XS5, 6D LB —=TEINANRNRY v 25 Yz tdarz izl MmbnTwsb (Nakaya, 1954). LA L,

BB 2 RS, BB, V,» 4T Do C OB TIHE ) ERMOEOELIZ L ) RE HoD b
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8 : A7 v 7 ORI H SV, @ 3B FE —=(P*-P ) PAKAFE D
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(LML) 1A RIHI L TRAEAZ DB 2 WHE DV Z IR T .

W (B INA N=FR) v 7 ¥ P2 VEBENCTT—
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Figure 8: An example of changes in V,, as a function of ¢ on a
prism face at T'= -25.0°C (Miyamoto et al., 2022). The solid straight
line presents V,,, when there was no depletion of water vapor in the
vicinity of the prism face. The broken curve shows the result of the
curve fitting using a hyperbolic tangent function. For the deviation of
P, see the main text.

RIZ%ESL V. —T, plEe=0THLNLLDTHY, i
BERREOADPHGT 5. TDD, X—=H% )V LT
DI TN XL ETORI AR TETOREHIETRE
W2 EiE, ERHMOEOBILLIITIE L.

72, W7 (A) \ORL72EHIC, X=%VHE LTI
T=-15°Cili B CBAMEZFFO L 9 ICZ 5. 2 hig, FEB
MAETMRIDEHEHETHLLIICRZIDLN, DL
GRS DR EAHTH L. 72720, KHLIE
KGR =YV ETHFE AR R 2TV, -90<T<
-16°C O BEFIR TIE R —F VI DO FeHAV 1 53T T h3 ke
b3 %25, -16 < T<-0°COIMEHEIBL TlEN—H IV DR
W2 TP RIS 5 2 2 L Cw5b (Nagata et
al., 2015; Smitetal., 2017). M7 (A) OFEHIE, ZOwHE1
ST E 25T OB ALICHE D X—H OV o
MR 2 EEBWIR L TW AR H 5. —TJ5, 7Y
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Markov, 1995)
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N—H IV OBA I IEAG=46+3 kl/mol, 7)) X AT F Tl
AG=44 £1 kJ/mol &\ ) (ZIF[ UEAME S . 2 044~46
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(Rossini et al., 1952) IZIEHIZI. FDzo, X Q2) #H
WX R Y THL EEZONDL. ZOMER
N—=H i E 7)) X AT, R (2) ORifEHeH (HFlH)
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3.2 RAFyFLyYBHEIRIVF—kDEH
B3BLUMARL72LH1C, AL RD D720
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fizRL7:. £2°C, TAFKIZ, EBRWICHEONLE
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FOXIBREMT TR, A7y 7THBLIZKATERSNS
(Cabrera and Levine, 1956)
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Figure 9: Changes in average values L, of distances L of adjacent spiral steps on ice basal faces as a function of the
inverse of the driving force Au,,,at ice crystal surfaces (Inomata et al., 2018). (A) In a temperature range of -3.2> 7>
-13.0 °C, all data can be approximately expressed by the solid straight line through the origine, irrespective of 7. (B) In
contrast, in a temperature range of -15.0 > 7> -26.0 °C, all data cannot be expressed by the solid straights line through
the origine, irrespective of 7.
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Figure 10: Changes in distances L of adjacent spiral steps on ice prism faces as a function of the inverse of the driving
force Au,, at ice crystal surfaces (Miyamoto et al., 2022). (A) In a temperature range of -2.6>7>-10.3 °C. (B) In a
temperature range of -13.1>7>-25.0 °C. Irrespective of 7, all data can be expressed by the solid straight lines through
the origine.
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Figure 11: Temperature dependences of step ledge free energies « of
spiral steps on basal and prism faces (Inomata et al., 2018; Miyamoto
et al., 2022). At 7>-2 °C, x on prism faces becomes zero (Elbaum et
al., 1993).
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BIRLAT I — Ltz R L), —HMZRBCFIL A
STRENZMEZ 7Y XLH EDOWEE AT v T
ATCWEZDTHLLEEZOND.

X9 (A) B XU (A) (B) 55N, X—%
VB L 7Y AL M ETOMEERT Y TORT v T
Ly VHHZ AV F — cOMEELZ KINIORT. 7,

7 X L E Ok N — 3OV E T o R THE SN
KRR L2 ZOREIE, N—FIVEIZB (0°0)
TOWMETHHFLRVTES RERABRE R T O
LT, 7Y XAMIEH-2°CUL LOWETIEY—~ VT 7=
YT ERBIERILT=0ELD, v (FFLRLVTT T
7%%) TR %R $ (Elbaum etal., 1993) Z & & @ HEMIZ—HT
b, Thbb, X=%VHEETIE, A7y 7Ly IiEkR

MHHZALVFE— () 2KEVWD, 7Y XLHETOR
Ty Ty VICHRTINARETH L. TDid, NX—
TV ETIE, TE2E2MRVERET7 Ty MILT, HKid
EEICHNWAL 27y 7Ly Y ([ omfEzhs L
IETRRENEL. —F, TV AXLHEDAT v Fidk
PWHEWDXDVEETHY, AT v 7Ly VOMMD
KELTOEEED AL, H-2°CU LORETIEHLLATE
BEGEMZSTLARVTHMILTEZ Y bR —DO%
HABROIERHPROHHI AN F =D TR ER 5.

512, MR LZEH1Z, 7)) XL TORIET=-15
CCTHRAMEZR L7z, -15°CE W) EIEX, X—H IV k-
THPMBKAE 2 7R L iiE L~ 505, Zhaz R
DPIZDOVWTIE, SHROMELFRAEXZ S 2w, Ly
Lo, cOZALIEAT Yy TV y VOREEENELT
é’t%%%bfﬁb 7)) ZAHIZDOWTH 5 TEN

FRME G &R 7R 2 FZE AT WK AT b s T
X2 67w,

4. SEOEE

LCM-DIM % H TR e RO HALZ 7 v 7 2 W H4L
TE2E) o770, KMEHDWUENA AT 47 R
EHMAT Y TOVUNVTHRD Z LWL o7z
AT, KEFHORX—HVIHE T XLHTIE, 58
AERBOBE R MEE ATy TOMBLY R 2L 2 L %
ALz, T, R=HWEHETY ZLHTIE, AT v
THART 4 v Z2RESR ATy Ly VHEHI AV F—
KkDEPYPREL R LI E2/RL7Z. LA L, AWERT
BONPE, WA KT 0N L CoRMLFETES
IO (LK) WEKRGTOF V7 ETORDY AHEFE

HEZRKT20, MHEBREONA X T4 7 ANE72Y)

DTSR TWARWY., X=FVHEHETIEERYVH ) AT v
T OMFRLAHZF XSS 22 FMA LT, [/ Ukl
JEcD T T, Vi BLOMEE LCEHIIT 2 2 & T, WK
G FOKK M L TORMIFHIHEZ RET LI LB TE
5 (Asakawaetal, 2014). Z0D720, [AMEOFEEE Rz o
FRUREE T CTAT, REILBOREE O IR AR S, WK
BEOHAXT A7 AZYN T B ERIEE LT —<
LA, Fio, AMETORHINEETIAEDERR
PR CTITo 7278, BB RENH TV, 27H0L,
FIRAT ADFEMBHCTORENA AT 4 7 ATRIFTT
WEAWOMITHI LD, BVIFRICHET2RET—
XTH .
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Investigation of Quasi-Liquid Layers by Advanced Optical Microscopy
and Atomic Force Microscopy

Ken Nagashimal*, Yuji Miyatoz, Masayuki Abe’, Ken-ichiro Murata', and Gen Sazaki'

The physical properties of the quasi-liquid layers (QLLs) on ice surfaces have been a subject of long-standing
debate. This review compares two approaches to studying QLLs: advanced optical microscopy (LCM-DIM) and
atomic force microscopy (AFM). LCM-DIM revealed that QLLs adopt non-uniform, partially wetted morphologies
under non-equilibrium conditions above -2°C. In contrast, frequency-modulation AFM (FM-AFM), which overcomes
the challenges of conventional methods, detected a thick (~25 nm) QLL even at -24°C. We discuss these seemingly
contradictory results and conclude that a complementary use of both techniques is essential for a unified understanding

of QLLs.
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Ice, Quasi-liquid layers, advanced optical microscopy, atomic force microscopy

1. FL&HIC

BRTdH HIKAZ DOREUTLIT OIREET, 2K % 3 Wik
MeokgTbn o LMaE & v BT, 191552 B
SEOM<A TN T 7 7712 E o THO TR S Mz,
WERFIIBIT 2 B RIFEW I OMNIN 2T —~<D—DT
% (Faraday, 1859). Z DOIRIZ L - COKEMmMICHN L@

X[ LA R (Quasi-Liquid Layers: QLLs) | & ’-E, FH oD
TERRZEALRIRDW ) R &, S HITIEHEE O EHRRER o
ERE Lo, FADOHONY) DL D725 HRBE
RS H ETANRBFIETHLEEZLNTWS (L
& Somorjai, 2007; Slater & Michaelides, 2019; 5 JII, 2009).
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DIBRT & 7 o 72D D3, 19804FEAR D AL il R AR L7
FTHTZBIT AT 7 X M) — (Furukawa et al., 1987) %
XHEIPT (Kouchi et al., 1987) % H\»72QLLs D E M TdH
5. INHOWMREEYDIZ, ZOHBIMA LFERTEC
X o CQLLsOAFE R -2 b D LY, S5 HOWEH%
WESEr B OBER NIz, L LG s, ZOWENE,
DD RD LR ZQLLSDE A TE 2 WA & <
B0, B R—Ma BB LR TW o7z (K1)

C OB LIZRR DM, Fax D7V —THHIE L72ES
fi RGBSR & V721981, QLLsAAZ M ETEZ S
NTWz &) Tl — 2 (GEankn) Tldk {, K#E
RIER EOBBLEMIISE LTI A FI v Z7IZRDHES,
A — 2 W IRD 5 G HBAR ORISR BT AER
SEETEN) THAHZ LMD THLAIZ L7 (Murata et al.,
2016; Sazaki et al., 2012; I JC et al., 2014). Z DFEHLIZ,
QLLsO B O # S 5 720121%, nmA — ¥ — D 45
fRRED AT 5T, Z OB LIEEEI R 5 72D D E KT
GrRRE R WAL L 7B TSR TH S 2 & 2 PR
LTwW5.

AT, F9QLLsOHifG % % 0 B 2 72t A BimeE
I2BEREEZRNT S, ROT, BV SHEEE R
DT MBS (AFM) 12 X 2QLLsgHll 2 LY L, %
ROEBRFEFIZ CzillE Lo R+ L L
BT, Thozwkl ) 2D EBRELRTFED—-OTH
B EZET T RAFM  (FM-AFM) 12 X 5 Fk 4 OFZ2)8% 5
EMHT L. RBEIC, WHEONMEILERGTLZ LT,
QLLs O % 1 7 BRI (2 [0 72 BRI 2 iR 2 R 5 &
LEHWET .

2. BRAEFIEMIRIC K DEHURIABHRE

RAFIZH72D, QLLsOARIEHEN 2 FLETREZE
TE&LbOD, ZOBNRIRD TR BN 2 A —
FHPBRZ L ENEETH -7, FHEOIIRT S
HRARIA A ZERT O 5 4 F 3 7 AWRETIE,
—HLTKORMEERS, HIZTofBiseEML 2
Wizex B L C &7z, ZOPTHBICHE - AR %D T
E72ON, WD THWEEGHE (v 7 A ba—2AF%—
¥—) %isd b —¥—E TS EE (LCM-DIM)
Thb. REELEHNT, IS I320104E 12Kk O %A K
RICBI B IEAHATHLHMAT v 7 (FE40.4 nm)
DOWHALIZIEII U (Sazaki et al., 2010), 20124F121ZQLLs®
ZOYEREEZ B I L7 (Sazaki et al., 2012; {EIFIC et al.,
2014).
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B1 : BRARE (QLLs) DIEH (d) DESHEE (T, - T) &k7FE.
Z DX 13 Gelman Constantin et al. (2018) DA BIEL72d DT
HoH. BIGEFHEEBRBIIIEDZQLLsZ 57T 5720, Al
TeBI AR L7z, HFoRE 1) LAROF ()X, FhEnE
SHRREEAEBMEE (LCM-DIM) 2 X > TS S N7, il
KB L OEBLRQLLs DIEAIZHIE T % (Murata et al., 2016; 4 H
& flI, 2017) . HHIRQLLSIZ DWW TIE, QLLsOMTIC & T
EEDNELR B OO TORKE S EZRLTWAS. AFMIC
¥ o THE S N7ZQLLsDIL A Ix b2 B & L7z KD ¥ & K
NVTRLTH Y, O (i) (FAFMIZ & - TH SN2 E A
DREDPZHPAZRL TS, Fif & O<EIIFM-AFMIZ
LoTHLNT—%E/RL TS (Miyato et al, 2019). o
Rl i, Bex 2EHIFES X OHERIZEC & 2QLLsDJE
HATRENT VS, Gl 2 JUBIZ DWW, 53 TH % Gelman
Constantin et al. (2018) %S X7z v.

Figure 1: Summary of quasi-liquid layer (QLLs) thickness (d)
as a function of undercooling (T,, — T). The figure is adapted and
modified from Gelman Constantin et al. (2018). The colored regions
have been added to classify the QLLs based on observation technique
and morphology. Regions (i) (blue) and (ii) (red) correspond to the
thicknesses of droplet-type and thin-film type QLLs, respectively, as
revealed by advanced optical microscopy (LCM-DIM) (Murata et
al., 2016; ¥ H &I, 2017). For the droplet-type QLLs, the plotted
value represents the maximum height at the center. The yellow
region (iii) broadly encompasses the range of thicknesses reported
by AFM, with the individual data points from these studies shown
as gray symbols. The red and orange 'X' symbols represent recent
measurements obtained by FM-AFM (Miyato et al., 2019). All other
symbols represent a collection of historical data from numerous
experimental and theoretical studies; for a detailed legend, see the
original publication by Gelman Constantin et al. (2018).

»

212, LCM-DIMIZ & o T ik & 7k —H )V L
DQLLsD MBI 2 5% 7§ (REE-0.1T). o Tlh R
Ihmaprge LTS, ELhrbHLz%o
I HoTHBY, WA EEHIA S M5 EREI0 pm
A ZOMIZHHA L VEDY EA -8R THD LD
5. BTWHBECIZERNZESEFU2S, b0
22O W S X EEOR1/10012H 23 % 100 nmABE & B
H 572 (Murataetal, 2016). Sh D ZEERIZEAL
T—2DE Y REBERANLEETI2RUFBEIND
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K2 : KN—HIIEEDEFRTLFENZ LI-QLLsDEHEEE.
LBIILCM-DIMfE, FRBIZZ OB K% /RY. LCM-DIM&i
HBROQLLs (R =14) @ FAZHMIROQLLsH e » 7= [ H E Bk
EIMOMRETHD I LERLT0AS. QLLsDERFIZIIRDH
ATy 7 (BEM) RSN, BRAKFANEEEL TR,
ZOZ L, KREMARMEDTORECHLZE2my. K
I¥Sazaki etal. (2012) X 5[ L 7. Copyright (2012) National
Academy of Sciences.

Figure 2: Direct visualization of quasi-incomplete wetting
by QLLs on an ice basal face. The upper panel shows an in-
situ LCM-DIM image, while the lower panel provides a schematic
interpretation of the observed features. The image reveals a "fried
egg" like structure, where droplet-type QLLs (a-QLLs) are formed
on top of a continuous thin-film type QLLs (B-QLLs, indicated by the
red triangle). The presence of a growing elementary step (black arrow
and black triangles) near the QLLs confirms that the observation was
made during vapor growth below the melting point. From Sazaki et al.
(2012). Copyright (2012) National Academy of Sciences.

720, TOWKIIBEERETH D L EPHISRL TV 5.
SHIT, IO OWERIEA L %7500 7 IKOREIIRIZ X -
THELZIDOTIERL, ROERMBFEICHET SQLLsT
DI ERRTIEN GRS /SN2 K20 REKEHT
RENDL LI, QLLsD T S ZIXTKROBALA T v 7
SR % B TV 2T 2R SN, A TQLLs®D N
WTAT Y 7HRHMET 2T b2 57z (Murata et al.,
2019). Lo T, KREMIMBEAE TR QEESENTD
D, QLLsix FHi ks & A3 245 Rl ch %
CEEREMTTVD.
INOSOEBEMBEFL 0 Lk EELMRAIL,
QLLsB N FTEZOLNTE L) kK maehkzly—
IZE D BAEFNORETIR R L, Y — 4G % o8
FHENORETHDEVWIBRTHo72. ZOHFE,
QLLsSOE DL HWRZ 57201213, T OHEMR IR % i85k
LI BBV RRENATRTH S Z L RRBEL TV
5. Fx OFFEHEMSBTBIZC X > TH S A2 7% - 72QLLs

OME X, FICUTOZMICERNINS.

L MBI — P F TR 2 H8IERY 7 h R AR:
T BB TBE SN DR A% FF o5 72QLLsIE, #
2T U EOREE T, »OKEREVFEHED ST
NIIEPHBE ST GRESH E 7213k F) 128 WTo
HAMBT L. Thabb, KOSMEERHIEL VS
7oAHER RS ASHEAT L T B I IS 0 Al JE I I AR R &
NHHHEMETH Y, FHRBICES LHBT S
LRSI TV S (Asakawa et al., 2016; Murata et al.,
2016; #FH & M, 2017). 7% 3, QLLs®D HBIZLE
7 EE1Z-0.5C TR104%LL 1, -2.0C TIZH108%LL 1
L HAED ST b (Asakawa et al., 2016).

1L JERE — #EAN T4 AU :
QLLIZIZHI R D ZSEEI DAMBIZ, LA 10 nmFEEE D v
FEROEED GET D, K2OREKENTRENL DD
COHEPIROWAETH Y, Z D RIZZERADQLLs
AFDH T LT, FEBI % H EBE S R OREA R ST
W5, ZORRIIERZEFRE LTHMSN, K
W AZ A L72AMHE OB 7 7 TV T — VA
& > CEOREEDHERNICHITE S (Murata
etal., 2016; 4 H & I, 2017).

3. FEFENIEMIRICKDQLLSDERE

3.1 fERAFMEIC & BRIEEELQLLS

AFMIZ, Y7 A b0 —AF —F —DOFEWERE - KF
SRR O E NS, QLLsOIEAZ EIENET 2H T
RFLEE LTI S FS N T&7.. ThETE
LT, BEFEAKFITER L CBEHET) & Il E LQLLsD
HIE 2 R4 A3k A% (Bluhm & Salmeron, 1999), #41%
KREMICEEINHESETHONDE T+ — AN — T %R
WL, ZOEAREZERILT 2R AR ST
FRICEARRE T, BED T+ — A H — TR HEI
Hwbhiz, ZoHETIE, HEPSEREMISHEET S L,
S EREKMOMICERL EINE A =ZAD A 2T LT 5
I & o TERMITOKKREIZT] EFE SN LR AAR
(jump-to—contact) & W) BHEMBM SN D, £ OWfTE
T, T ®jump-to—contacts B4 3 5 ff i % QLLs D 5K
GUHl, RAOZBHT AMEZQLLs— KR E AR L, £
DEZQLLsOEA LML Tz, ToOFHEICLD,
ZAE20T L v o 2 KIRIZB W T H 10 nmIZET 5 IER IS
JEWQLLSOFAE D ST b (Ddppenschmidt & Butt,
2000). TN HOAFMIZ X 2 HEfEIE, BOFEBRTFER >
Jab—Ya il TPRMEX D bR E 2HZRT MM
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ZHhoftzd (M), ZORRDIE L % B EDZ U
DWTIEYRE2OHmSH D, FREFEIKEKM & OB
MBS EMIEEEZREZTT—T 14777 FOfF
TEPELBEITE L.

3.2 7—FT4 777 bOFRL [[BULQLLs] DR

Gelman Constantin et al. (2018) 5%, AFMIZ X 5QLLs
FHNCBI 2T =74 77 27 ORI BRGEEE 1T - 72
MWoiE, AFMBIEICBIT 2200 EELERN, T4bbil
BER L & $RET DALV GBUKIE - BUKIE) 125 H L7z

B, WOPSHEER L0, EROEBRICET
LHIMEBRBEOARMTH L. KABOAZHHL, FHEO
Fr N —FRMICEVWERETHEZIT) &, WHSh
72 IR ZRTH A3 BE 0 785\ Z2 5 FR DK 85 7% MR 1 U2 B &
S CTL ) WHEMDA: U %, Gelman Constantin s 1%, I
PEOKMBAE & TR % 5, WEARISERS 2 T
A 2 AR T 5 ERNTH L L FRLEZ
DWHABIET 2720, HSHIEF v v N —NOMEARY
H20ITRKMICT 5 & T, WEEZ100£1%FEEEIC Tl
WTEBNNOEET v Y N—% I L. oMY
GBI AR THRE T CHE 21TH 2 LT, BT — T4
777 N ERBIKICHERE L 7.

BT, WL EO B0, —f&
M 7ZBARED ) I Y HEHTM A, BREO R4 (P 22—
T4 TR TN THKERZITo 72, TOME, #
KOS 2 H\ 7254, QLLs& ORI BHE T A3
&, WRBARDPES ORI VG & PS5 5B %,
jump-to-contact®d flf B THRE A H AV IKICOD YIAATL
FHBLRIIL ST, EAPBRFMENZ Y A7 & Bk
I & 21 L7,

ZLT, INL200FELT—T 4777 b EHKN
WZHEBR L7254k, T 2bbiREAR 2 RMEL72TF v ~
N—=NT, BUKEOESZHWTlELZEZ A, ThE
TUFEHI & Ty 72jump-to-contactBL R AS55 212 2 L,
PRELDSHE LR ORI 2 7+ —Ah —THH LN
7z, TORRITIEDE, PS5 IEPHEIRREIC BT 5QLLsD
JEHZ, -1CH 5-2TC OREEFH I 3B\ TAFMO R RS
THHI nmAGTH 5 LAtz ZOHWQLLs & »
I RIE, XBBELER S TEINEY 32— 3 Y Of
REDILC-HALTEY, REEDEARIHT ZmFI—
DOEZERIR LT,

7272l ZofmEEE T S ET, 28 Tl 7EAH
WAL X HQLLsDO A A EE 2 i 2 feflt§ 5. Gelman
Constantin & |ZQLLSAFAET 5 & W 9 B2 22 X QLLs
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B3 : FM-AFMIC K BKAN—HIILVE EDQLLsD#&H. (a) FBk
FEOBNK. (b) KK LIZQLLsA ALY % B MR 72
T x—=AKh—7 (-24C). (c) (b) TRESN/AFHIHIGT %
e LORKRMOQLLsDFM « (1) HEHA KM HHEN TV 2
RHE, (i) QLLsE Hfili LT X = 2 A ZAXTH S b, (i) #
$SQLLsPICIRE L TV 2 4RTE,  (iv) #R8FDSQLLs — IR RTINS
F3%. Miyato et al. (2019) Z{%. Copyright (2019) The Japan
Society of Applied Physics.

Figure 3: Detection of QLLs on an ice basal face by FM-AFM.
(a) Schematic image of the experimental apparatus. (b) A typical
interaction force curve obtained from QLLs on the ice surface at
-24°C. (c) A model illustrating the proposed tip-surface interaction
corresponding to the four regions marked in (b): (i) the tip is far from
the surface, (ii) a meniscus forms upon contact with the QLLs, (iii)
the tip is stably immersed in the QLLs, and (iv) the tip approaches
the solid ice interface. Adapted from Miyato et al. (2019). Copyright
(2019) The Japan Society of Applied Physics.

DIEBBHBRF LT Z o7 M LD, 252 d
QLLsHAEDEAE L T e o 72 & v ) WREE 2 HEBR T &
HITICIE, EEPLETHD.

3.3 FM-AFMIC & BEIREEEEVQLLSDHEER

Gelman Constantin 5 OffF7212 X b, FHIREICBIT 5
QLLs I3 Ak T v & ) FliR AN S 7z i 2 7.
CORmE SOICHAET 5720, A lZINE THOQLLs
FHcCHWONTET Yy 7 P E— FAFME 34 &
%2 T, LX) IKEEIOEEKE LT TH HFM-AFM
W72l E 21T - 72 (Miyato et al., 2019). FM-AFMIZ,
Best & IR CIRE) S8, F oI OZE/L» ST
T 5. BRI, A ORETIIHMO THW YR EH
ZFROPust Y —Z AL TB Y, #ErEkE oMz
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(a) LCM-DIM (b) AFM
*Schematic image *ZX scan
Reflectance 2.0% 1.8%

Refractive index (0°C)
Air 1.000

Water 1.333 i !
| lce  1.309 | | |

*LCM-DIM image «XY scan

|

Bare surface

X4 : QLLs#&HFEDLB. (a) =5 e uF M EE (LCM-
DIM) &, TR ICE > THMHE N L72QLLsD = v TV %
S L7 R 2R/ L. T, Ty VERRLTE-IIgemnE L
7eQLLsJE AL L 72365, DIl ay A T
HHNTLUErHL7-0WETHL EFHEIND. (b) FTH
TS (AFM) 1, 7+ —AA—7(Z ) AF ¥ ) IZLoT
QLLsDH A % & IWIZFHIT & 525, FH WSS A 5
DT 4 —=FNy 7 EBTXYAF Y v T5ZLIEHETH 5.
Figure 4: Comparison of detection methods for QLLs. (a)
Advanced optical microscopy (LCM-DIM) excels at observing the
morphology of partially wetted QLLs by enhancing their edges
through its differential interference effect, while it struggles to detect
uniform, completely wetted layers. (b) Atomic Force Microscopy
(AFM) can quantitatively measure QLL thickness via force-distance
curves (ZX scans), but struggles to image the overall 3D morphology
(XY scans) due to the difficulty of stably tracking the soft air-QLL
interface.
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DYENFY I ab—Ya Y TERGTORBREEZ RO 7ZGE /RO N RIIMES—2 721 T
HbH. Ll, ZOWHRBOFEG*ERSTFORHGTE XY > THIT 5 L TZOEKNE T
NNz wWEE 2, BT EZRE L. TOTFHEEZ, KhD7 5L ) —VHCH(OH),»E FIVit
BB LR, KERGOEHRB~OEE L RN 2 F 5~ Rl Ths 2 L, T2 BE
DORMEORKE L L Vo EEARMOMENHEEOIHEFEICKE BT LI L ERTILENTE
72, 79V —VoOEfREIE, OHMEOHME & HITHMA L, 75— ¥ & Cy(OH)DILEFREL D I
LTI E SN, FIES X, bTFhRy v HOMEEI K E RIHREELE 725
TR BERPETEEZHOTERNIORLTWS, ERRO13MEE W HIZZOEBRETHS L Tw
LEALORKE S LFAMRETH 5.

Methods for Evaluation Hydration Effects on the Diffusion Coefficients
of Macromolecules using Molecular Dynamics Simulation

Tomoya Iwashita', Yuki Uematsu’, Masahide Terazima®, Ryo Akiyama'™

The diffusion coefficient of a macromolecule is given as a value. Each of the atoms in the macromolecules
contributes to the coefficient. To investigate the contribution using molecular dynamics simulations, we developed
a computational method that decomposes the friction coefficient into its contributions. We applied these methods
to several fullerenols, C,,(OH),, in water. The analysis suggested that two factors are important: one is hydrogen
bonding between the macromolecule and water molecules, and the other is the roughness of the solute surface.
Due to both effects, the diffusion coefficient of the fullerenols decreased with an increasing number of hydroxyl
groups, and the ratio of the diffusion coefficients of Cy, to C¢(OH),s was found to be approximately 1.37. Terazima
et al. demonstrate that even slight structural changes in proteins can result in a significant difference in diffusion
coefficients. The calculated ratio 1.37 is the same as one of the ratios obtained experimentally by Terazima et al.
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D = 1
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B 1 : Structures of fullererols. Red and green circles indicate COH
sites with attached OH groups and C sites, respectively. From top
to bottom, the structures of Cy(OH),, C4(OH),,, and Cq,(OH),g are
shown. Reprinted with modification from T. Iwashita, Y. Uematsu, M.
Terazima and R. Akiyama, J. Chem. Phys. 161, 244907 (2024), with
the permission of AIP Publishing.
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X 2 : Results of applying the decomposition method'”. The vertical
axis represents the magnitude of each site's contribution, and the
horizontal axis (site numbers 1-60) corresponds to the numbering
in the extended fullerene graph show in Fig. 1. Red and green bars
represent COH sites and C sites, respectively. From top to bottom,
the results for C4(OH),, C4(OH),,, and Cg(OH),s are shown, each
with the polar model followed by the non-polar model. Reprinted
with modification from T. Iwashita, Y. Uematsu, M. Terazima and R.
Akiyama, J. Chem. Phys. 161, 244907 (2024), with the permission of
AIP Publishing.
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[ 3 : Results of applying the decomposition method for C(OH),,
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for C¢(OH),, and C4(OH),s are shown, each with the polar model
followed by the non-polar model. Reprinted with modification from T.
Iwashita, Y. Uematsu, M. Terazima and R. Akiyama, J. Chem. Phys.
161, 244907 (2024), with the permission of AIP Publishing.
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B 4 : Results of the solvent-accessible surface area (SASA)
calculations [14]. The vertical axis represents the SASA value for
each site, and the horizontal axis (site numbers 1-60) corresponds
to the numbering in the extended fullerene graph shown in Fig. 1.
Red bars indicate COH sites, and green bars represent C sites. From
top to bottom, the results for C¢(OH),, Cq(OH),,, and C¢,(OH),4 are
shown. Reprinted from T. Iwashita, Y. Uematsu, M. Terazima and R.
Akiyama, J. Chem. Phys. 161, 244907 (2024), with the permission of
AIP Publishing.
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B5 : Summary of the diffusion properties of fullerene and fullerenols
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. From left to right, the diffusion coefficient, friction coefficient, and

hydrodynamic radius are plotted as functions of the number of hydroxyl groups. Closed circles represent the results of the polar model, while opened
circles represent those of the non-polar model. The crosses in (c) indicate the gyration radius. Reprinted from T. Iwashita, Y. Uematsu, M. Terazima
and R. Akiyama, J. Chem. Phys. 161, 244907 (2024), with the permission of AIP Publishing.
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6 : Results of applying the frictional resistance coefficient decomposition method to the artificial fullerene model [14]. Red, blue, and green bars
represent positively charged C sites, negatively charged C sites, and neutral C sites, respectively. The inset shows an enlarged view for the result.
Reprinted from T. Iwashita, Y. Uematsu, M. Terazima and R. Akiyama, J. Chem. Phys. 161, 244907 (2024), with the permission of AIP Publishing.
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[ 7 : Radial density distribution functions between the centers
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curves represent the results for neutral, positive, and negative sites,
respectively. The inset shows an enlarged view around the first peak.
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8 : Spatial average of q4 as a function of the distance from the
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The green, red, and blue curves represent the results for neutral,
positive, and negative sites, respectively. The inset shows an enlarged
view around r = 0.3 nm
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Cooperative dynamics of hydration water and their influence
on the solute

Koji Ogata

A large number of water molecules surround biomacromolecules, such as proteins, and elucidating their behavior
is crucial for understanding physicochemical processes and biological phenomena. Around proteins, a region known as
the hydration shell exists, in which water molecule motions are restricted through interactions; however, the structural
characteristics of water molecules within this region remain poorly understood. In this study, we employed molecular
dynamics (MD) simulations to analyze water molecules surrounding proteins. The results revealed that, within the
hydration shell region, water molecule ensembles exhibit cooperative motion. Furthermore, simulations of simplified
hydrated systems containing Na™ and CI” ions demonstrated that water molecules in the hydration shell adopt a layered
structure, in which oxygen and hydrogen atoms are enriched in distinct layers.
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HABORK D IFRINOKRGFHFEL, BEAEOMH Shell D A Z1E, 7 I NIV 5ksk L& W TERY

BEDOMEFEC R 2 IEME T A R E 2 B LT b (Levy and
Onuchic, 2004, 2006; Bellissent-Funel et al., 2016). Z i1 &
DK, K& {47F THydration Shell & I Fh 2 & 1H &
MHEAEH 217 > TV 2 8g 7 5 7% % KO &£ Bulk Solvent
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ZO#RR, KSFIIEAENORE LMD RL T
WhHZEDIRENTW S (Chen et al., 2008; Shi et al., 2023).
IO DR OEEFEAE —LEW, XL, &HE
~ BRI D A = XL b > Tn5 S
EATWEALAN, v, AL R SRR o B
(MD) ¥3alb—varyzplilI)PoriieshTtns
(Shi et al., 2023; Bagchi, 2005; Ebbinghaus et al., 2007). £t >
T, FFRMOKGFOERIE, EHELLEW 25
WCIREHEH OGS X ORI KR E 288 e T 2
ENRREND. THOORFMBMHITE, &AE-LEW
HB L OEAR-EAEHOZMEEOMHICHET 5 L
Zzbhb, 25610, HBONHREEIESTICZET S
SFENEOREZIME S, 5T ~NOKE ZEHBKIC
DOLENHIENMFEENS.

AT, YIalb—va VRERICEDSE, BT LT
Hydration Shell N D K5 T DR 5 FHE W & ZOREEIZO W
TELT L. WPTIE, 77Uy FR—=2D TR 5 E
(Grid-based Principal Component Analysis, GBPCA) (Ogata,
2021) 12 X BT R Z B L, EHIOKGF O &
EHIr (PC) E— FOMIEICHT 2 EHEZBRD. H%ET
A+ VORI FO|RBNIZOWTHMIL, 14~
IO EAEHIZ & 0 HIBR % 20T 5 K5 F oMo
FEEEATS . WBICEARE A+ Y HAOKGF O
V27 5 Hydration Shell O #FH o [ 52 % 47 9 .

2. GBPCAEICK B

2.1 GBPCA&

EAERECOBBOKGTOWE BT 572012,
Grid-based Principal Component Analysis (GBPCA) #: % Hw»
T 217572, GBPCAIEIZY I 2L —3a v ORE—
EDKE SO (5 Ax5 Axs A) 1258 LT, SL)iAN
AT 50 FOEMOER € — F &2 LG5I LD
T3 2D TH L. BARNRTTR:ZLTIORT.

4, MDY Ialb—Ya iIZihfEon/rsY =2 b
Vo, KA I3 2FEORTOEEL, () &5 5.
COWK;, Wl t-105t FTORTOEMNE

Ax, (1) =m,(x,()—x,(t-1)) (1)

45, 22T, midiFHOEFOEREZERT. KEHD
BT IINEOJE DT EL, INSDEFOEN %

AX, (1) =ﬁ ZAxi(t) (2)

E3%. ML, MEFEHOBFHNICHFET 2 HFOH

-

z (A)

LT T e i T o i R )

R : KGT25 7% 5 2DGBPCADFE R (a) PC4, (b) PC5. 7k
DRV EFFOBIETZN TN, ST RHOBA T bV & EwfE L
THHAL L7z b D% ET.

(Ogata, 2021, J. Phys. Chem. B, 125, 1072-1084 % 2t %%)

ROBMTHL (M=Y'm). TIT, AX, () DK%
Axk(t):(AXEkfz(t% AX}H(’)7 AX}k(t)) & %T & B %’ﬁkﬁ—]\ﬁ‘ 5 ?%“ bh
% S WAL HATHI A={a,} &

a, =<(AX,(1)—<AXi(t)>)(AXj(t)_<AXf(t)>)> 3)

LEFTIEDMED. ZOMEHALT A LICL Y
SNZEAMEEAENT bV EA= DD hih 2 D202 0 )
Lv={vv v E TR L, B S NVIEK T RO L0
MZ/RLTWw5. 22T, nfFHOIHES (PC) 2545
NIzEAHNR7 PVvE V' E L, k FHOKFISHIET 5
% V=V )ET B E, ViKEH O T OLB 0
M&EZRL, BIZ, TORTHICHET 5 ETHEFO%
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RS P 7R 3 DT ES) & R KT B 87

BOMEEZRLTWSE I &I D, ZOPC,DMIT 2T
Zritky, |AH L ZORBAOEFOKGT OB E—
K%M 2 L 2Kk S.

2.2 KOFOER
KGTFDOHERDPSHRDHLZDMDY I 2L — 3 VREHRIC
¥ &, GBPCA & v Tk THFD PCE— ¥ % fif
Mrl7:. PCE— FEhz@iEEs 2L, s TFHLoRy
FVIZRE DR MV EFEFTRZ A TW S 2 & AR
shiz (K1), Thid, SHFRICBIT 5K FEROL
MR OEMOEMEMBE L TWE I EEZRL TV,
L72h3o T, Ko THRENIEP L 158 L 723k 2 8w %2R
FTEEZEZOLNS.
BONZPCE—FONRZ MV Z ML THTHLL 2 &
25, PCE— FEKIZIIRD 5\ IZXI R 24 3 % Tk
L, —#BICiE =T ARROREEICHEM L 2R D RS
N7z (KOO . T ofEIITK S N5 HEHIZH
B TIEHS 2Tl WS, KICBRST, A5 vl o
FEHTFETNVRMEANERA 22L& TANLIIZAER L7
SFTEBWTHFAfOMEIBES N 42, RoX
ESEREZHEIIBVTY, FAROREIEONDL D
LD S T W B (Ogata, 2021). —77, AMHAEH % 572
W TR E ORESE TS D R A3 5 TR 1Y 7 PCE—
PO oM eh o7z, DEOFE»S, 5 FRICHE
R ZHT 55 T L CHEET A, Zhb0s
TR L 2 EM 2R L, PCE— FAHIRD 50k
F—F AROWEEEBET 5 2 LARBEENDL. 514,
COL) LREEDPBRLINDBERD S 6 7% 5 FHPLE
Thb.
JZORLNSB L Z 15A T TOPCE— FTIE, JHE
O FTEATE < R ARS8 S h iz ZoHPIOKS
THEHZHPLOKGTHERAEHRLZEMERL TS
LEZONL. —J, 15A 2 5B TIEIAKRSTIEN
Vo RO N ERL, Pl ORFRESK T
5728, PCE— FOREMITIAPBIC 2 5 @A RS .
Doz ehms, FuboksFHBIEEB L2 15 A ofipH
AT 2 KG THRMOEMICEEZ KIZLTBY, ¥
b BHHLOKS TR L TR 15 A 2 0 Hydration
Shell W ENT WD EEZ HNL. S HOMFN TlE—
BASADNFR%EEZTHWBEDT, VIFKOKEH S 125
A B4 O #iPH ¥ TASHydration Shell Tdh 2 L 2 b .

2.3 KHULEEBEDER
KZF DR EFERZ, GBPCAIZ & A M 2 KA L7 &

d

X2 : KF1 & 7-Protein GEProtein LOY I 2L —Y 3 b
5 N 72GBPCAD # F-  (a) Protein G MPC4, (b) Protein L @
PC5. ROEHEFOMITENEN, BT HOBALEXRZ ML
ZHEAE L CTEL L2 0% KT, HFOMIEHEDOCA N L —
AEFIN 2T,

(Ogata, 2021, J. Phys. Chem. B, 125, 1072-1084 % (2%

FEICOEH L7z, ZofR, KR ToRTHEIN
O LR, R PCE— PRI (M2)., X
L2, fFohiz PCE— FIZiHIRD 5 i3 b —F ZIROHE
WEIRL, KGTFOROMEL - LTz, EAHHE
KoGF ORI ENEHAFERET D 2 b, HBiTd~
ek, MHEEMEET 50 THBEL CHEET Y
BCHTHRMPHRN B EMERL, TOMEL LT PC
E—-FPWRHLVIE =T ZAROMEEZTEELZD D
LEZBNS.

HAYO PCE— FEBIKT L L, HiNLOHBLE 10A
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E3:HL 7+ =V Fefpokfl S hizE&EHTHLOPCE— F
DH#E. (a) Protein G (PCS), (b) Protein L (PC4), (c) Trypsin (PC4),
(c) Thrombin (PC4), (e) JNK1 (PC1), and (f) ERK2 (PC2) (Ogata,
2021, J. Phys. Chem. B, 125, 1072-1084 % (¢ %5)

DOFPEE TIEAME LM ESHER SN 2L, KT
R CEIE S ML Dk FHBINIH$ % Hydration Shell
OHPA F15A) EHEULTWE, DEOKENS, &H
% @ Hydration Shell D#EPHIZB L Z 10 A TH 5B Z LAVR
3 Y (W

HAVE BT 5 K5 FICHIE§ 2 £HF 1o PCE—
AN L72& 25, 2SO KRGTIIHHFHNZE PCE—
FERTIENMRINZ Thid, EEHEEE DK
FOEABE L OMEMEHOZE LM 2, FRICH) T
BKGF D EAEDOEM R L B2 D720 ThH
BEEZOLND, YIal—YaryilBwT, &AE%2E
LROI AN F =54 B L OCEAE OGS A —ET
HotzZ b, RILELZFEHREBICHLLEEZS
N5, HE-7T, 2O %KGT OEMIFRORE
WCHESGLTWwD LS SNS. $hbE, Hydraton Shell
PIUIALE S B K FIREOEDLRERICHFG L Twa &
EZbNb.

FU7+— &>y v 8780 PCE— FEIIEKEL
TAER, Tho0y X7 HIFEM LA PCE—FEHT
b EMRENT (K3). Bl z21E, Protein G & Protein L T
13 PC5 3 X U PC4 DEREND T MAHEBLL Tz, T,
BOLA27 =V a2y U7 HORET I /B

-

Regular Icosahedron

Vertices projected
onto sphere

R4 : iy vy ¥y 7 sl rdPEERL, g i3adlL
ZIEZARO—BOR S &R

EoMBEsIBLTBY, TofRks LTHEDKGT
FHSBMY L PCE—FERTDLEEZEZONS. S5
W2, BEBEAL Yo angy v 87 BT, £F
A A YNTHSE L7 PCE— FiE2SBIgR s 7z, B2,
JNK1 & ERK2 TiF, RUIHLTHMIZB ATV F%2%
CELRAL B, EMCizaoN) v 7 2% 4L E
L RAL BT D, AMOKG FEMOEN D % F
AL Y TEHHAEE R T EPER SN F AL
YWY R EOWREICH ST AT L5 (Bennett et al.,
1984; Schulz, 1991), [MJ4%AY1Z Hydration Shell & ¥ > /%%
HOBREBICFG L TR EEZLNE.  INHOME
DOERAE L AMOKGTH 0 % 5 BERO TN 2%
fWAs, BEAEOHEEBEICRESEFSLTwDLEER
LMD, INLORRIE, WAEKREBIBITZ5TF05A4
F I 7 AHRICHFGTH I ENWIREENS.

3. 17 VEABEDKSFOIREN

3.1 BhAE

CITEAF VY EROFLICRELZDDEEZ, A
F U O TR TFE—A 2, ), B GR
ALHM) OXRZ MVvofELR RO L. GBPCATHR %
TR EI L7282 2 Z R 7228, 22 TRA 4 »
S OWHECK T 2K T DI OIFNT ZATH LD,
TRURTEREICS YV FENLHOEEEE 2 D.

4, IEOEELmIT LT, Pl 5 THE T TOHEED, (=
mA) OEZ AR EEZEZ 5 (K4). 22 TIE=MABOKL
ZmfAIZEL, SHINEEZRAZLIZINRELOND
SO TR % FED, O FRKD RN GHE L 72 1 % (P
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®5 : HEECH T 2R TE— XY M HOXRT MVORFOGA B TE —

A ¥ N OARL (a) Nat, (b) Cl-,
L DE L (e) Na+, (f) Cl-

L35 (M4). 2R, PED, LOIREKD T OREN, X

12+30(m-1)+20(m-1)(m-2)/2k7:c6. COMAP" ® T
BT HMERIIT Yy EY TS5,

WIS, MDY I ab—va oo hzTHo A+
Tyavy MIBELT FHORFy 7Y ay bOiFHD
a2 E25b. ZORTFOEBEENEZNEhx), § ()
L35, F72, KGTFORBTFE—AY bap () &T5.
COK, R 1<t<TIZBT B0 ORMTE— A2 b,
JIoFA %

r
-2

M, (1)
Z w; (), (1) 4)

§|~

(5)

§|~

ZZ w, (08, ()

95, HL, M, (0) ERPD 5B DINITHEAET I
FoME BHTE—2x ¥ FOREZRGTFOME) T

RIFFECTIRIARGTOTE =T THH1L4A LEDT. if:,
w, KHBEA S 2 BATH Y,
w0 =expl-a-Jx, (0| (©)

L35 HL, plREED S HPIANDNY MV LT 5.
F72, AINT A=Y THY, KWETIHa=50LEDT.
TS, WAL EBw,DOFEF,

M, (1)

= > w0

LEDD.

ZACB LTI, RPASHT A B O A L &%
b, WRHNIBI2RETFi0OEELZx0) L35&, RA
(X)) &t () 1SS 5240

w, (1)

73 OXZ7 MVOERES (c) Nat, (d) Cl-,

BALDXRT T

-5 33

=1 =1

w,(0)(x,()-x,(t-1) (®)

%

"?%iﬁ%m@ﬁﬂ%wm ?

=1 j=1

L% b,

ZZT, KPP OLEEOFRLGIZIANI XT v Ew L
L, wew, F, X!, RO, YYOR$M%2ZhZhe,,
Onp O O 8T 5. HIZ, FRROKMOMHSTZEH LT
DR F- DI CED, Lo Ik LT, 0/ (A={n, F, X, Y})
DF¥E (O, T 5. ZO(@)OWNEITH) T LI2kD,
WHRBOEMIZBT 5K T ORECEHIT 5L
BTESL., VIl —3 3 50 Ax50 Ax50 A KT
DEY 7 ZIINa ECl 2 D EDFOANTZRE HW 2.

3.2 Na'&Cl OREOKD FOIREL

Na'B L OCl DI B 5 K5 T ORBE— A ¥ |k
AELE, Na'Tid 90°LL L, CITIiZ 90 T &, #hZFh
DBEMNIG U7 R 7 M B % 7R L7z (M5a, 5b). Na O3
. KR CRMRFE 25 Na & M EAEH 2 7290
RER TR L DIMINCRE SN, ZORE, A
TFE—AYMEIEHILME LS., SHI1T, ZOSMU
BT 2 KREEE T HMOMEDIKRE[EEZRT 52
&, FMMROBREIHYEIH, BB TFE—X Y FOg
LU= Rl 90°uj:%ﬁ%o;<&7b TR S .

—J, CTOBFEIEMPATH L0, H—KAET
1ZAKHKE - H3CL Mﬁﬂ’ﬁﬁﬁt W 1AM
N5, ZOBENTOYELFBICHIELRD, HEEL
THBET-E— A ¥ FOARIZ 90K L 2B 2 EHIREN
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Na* — o

=4
i

Ve

7=

Charge(c)
s
wn =

2t5 5 ?js Ilo |:;,5 Ils I];.S 20
Distance (A)
6 : FHEX S 2 AT O D AT

=

7o, NS ORI EMCO FMER D OME SN T
V% (Chen et al., 2016; Shelton, 2017).

WIZ, Na'BIXUOCIORFICBIT2KGTDOHIDORT b
VAL AT L7253, € 00Ahid 0° & 180° & kL
DO, JREE LAY S I 90° ([N A AR S h
72 (4 5S¢, 5d).

Na O, 8—KHRE CTIEMEFEE T ANa" & M 1 AEH
TL7205hHEE, AR 0° EERT. —7, Ml
VAT S 2 KR ISR &, 180° fHiE DA RL %
LD, BB, ZOKREFETERFEHELZVINT HH
KHNE DRFEEF I TFOT 28 &, WAdd 0° fk %
AT RIS, AMINCALE § 5 KRR ISR &,
180° 12 WEZ/RY. 2L ) RHEAMOMYELIC
XY, BILiz0° & 180° SR AICHINA2S, X b AMElC
BT B RSTIENV 2 KR EABORE 2R 720, K
T DR 7 M VORI 90° fHE~EDURT %

Clo¥a b Na" L FBRIZ, REEFITEF1025, BRFEE
TSR < 720, WHELIE 0° & 180° %t 0 K3 43
IR

KT DERAR T N IVABLD 5346 % FRAT L 72458, i
ALTRNE 90° Z3RATHITH S Z &R S 7z (K
Se,5). ¥YIal—¥ 3 YIZBWTKSFOBEZLLAZ
F—EThb772D, WALWMIZEML R LY, £
DFER, 90° AHGITHHEIBN - EEZ SNb. Ih
FRATIFC BT B EEROFME2 S LHWTE .

BRNRZ MVDTFTT7EITOXRT VDT T 7 % LK
5L, MEIRECHIERHBEPEO 5N L. FIZCI O
WA T, IO M VOLBLAG & O IGASHHE
Thole. CIEHOFE T, ZHERZ PVvENIXRZ b
VM L2 HMZRLTBY, BRETB X OKEE
THRELEENDZHMIIBNT, KGST2IIXRZ7 bk
FUHHICEM L TwD 2 ED RS .

INLDOMREDPS, 4 F VHADOKGTIEAF Y DE
IS CCRIM L, ZORBICL YV BERFIL WE L
KREFET DL VAP LEHISE S NS T LRI NIz,
EBE A U h o OWHEK S 2 BT A & AT L 7oA

-

B, N LCroWTFNICBWTH I EHOHEIREIZH N
TBY (M6), HFHE—AKMEE L 2SIl % = KFI
& CIEmREE TR E ARFETFRBIEE CED o 5
W DR S A & ¥ DS OIKGF DG IE2NE 0 53
THbHIEDPRENTWS (Chen et al., 2008; Ditucci et al.,
2015). Fx OEH D A 4+ >~ OB O2E F TH S » 742 )E
NEEEND. toT, FrOMIMITERE LTV
5T ENbhs. LEXY, A4 EOMEEHICED
K5 F OMRFE T L ARFEF AL HABES] S 5 g b H%
R EIND ZEBHLNE ST

BN B IVOREATH S, B FL A0 I W FH I,
Thbb A+ EOMEERDPNE LNV DKRGFFE
RO BB % /R 3 8L, 4+ VoI5 ALKETH L 2
Ebhotz, LedoT, 15 ARMOHEEBITA v &
DA HEAERNC & o TG T OEB2SHIBR S v % 3%, §
7% Hydration Shell 2%z 5. X512, ZOHPHO
KGTEA L OBMITIB U TERML, BRETLKHK
T %% ECRBAREICHERE SN A HEER L. DL
FOWERNPS, A4 VEBIIZBRETE & OKRERTE
AAEHATHE Y JE§, JEE#15 ARERE D Hydration Shell A34F
9% LT 5N s,

4. Hydration ShellD&iE & Z DIESE

GBPCASAMT 3 & US4 o > J& B D 7K 55§ B 3 S AT O A5 2R
¥4 5 &, Hydration Shell DJEAS Y idHul & 7% 5 F T
FRETEAPSBLZ SAREICAREHEEESNS.
ZiiE, GBPCAIZ X VR LNHAET HOPCE— FIZB
W, JEPHE OGRS E WIS 15 A I RATW
Zk, EBIAF U 15 A BENRALE TRKGFDE
BLANN 7 R EFB L 728 W 2R L7722 &Il nwTwn
5. Red ZODMMFEPAREOEE G- 2722 &2
5 3, Hydration Shell D#ipHIZ 1SA B THHLEEZD
n5.

EHIT, A VEHMOKGFOEH,S, ZOFHHN
CAFAES KR T3P R FO®EM IS U CRIL, B
FHEFDH L2 VIIAKAFEETFEZLETCRBIRHIIBE S
iR L LR IND.

5. HOYIC

AfETiE, MDY I 2l —3Y 3 vOERICHESX, &HO
BB LA F Y EFICEE & b Hydration Shell o i B
L FDOMNEREE R ST L AVTRIT L7 FORE, &



N

WEB B OKGTF Ol Edh & FE I TR 91

HEB XA 4 v ORICIES L Z 15 A B O Hydration
Shell FEAET B T LA O Holz. EHIT, ZON
ML, KO FORRET £ 72I30KFETF BN
GENDEPLEIEEND & v ) R 2 RS 2 7R
3 EDFERE S Tz

INLORFIE VI 2L =T a vy b BEoREET
b, EBTIEHT 50L%IEH 5. F 72, Hydration Shell
DOREREICE L TR D A% v, B 21, Hydration
Shell WIZAFTES 2ALEMAED X 9 BHEB ZRT DN
DWTIE T I STV R, KA ORI % f#HT
2 51%, 7NV 7 KEEI A & Hydration Shell 123 A L 72L&
WASNEBCHEM % 2L &4, FLo 4 F LIZEDLIED
NTZOHEELZRMRT 5 &9 2EH) 2R T REMEARIE
Ihiz.

F72, AW CIREMEL 2 A F Y EFTVEH W
"C Hydration Shell O % %€ L7275, FEBEOHEAEH % L
HERE S FRIZEZ2ICHMETH L. FIIX, TS

B EABMPGETLEE T TR TVREDL S
WAL, ZOEHHPEORE-RLTEL2DONL VS
IR OBETH L. CNOSOMEZ AT L 2
Lid, ST RBBEOBRM RO, BIEMEOIEIHE
535 LfEsh5.
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High-pressure Dielectric Measurements and Glass Transition Dynamics
of Highly Concentrated Aqueous Glycerol Solution

Kaito Sasaki'”, Yoshiharu Suzuki', Naoki Shinyashiki'?

Dielectric relaxation measurements were performed at 198 K on a highly concentrated aqueous glycerol solution
(60 wt.%) under high pressure, in order to investigate the pressure dependence of cooperative and local molecular
dynamics. With increasing pressure, a single relaxation peak observed in the dielectric loss spectrum gradually
separated into two distinct components, which were assigned to a-relaxation (cooperative motion) and v-relaxation
(local motion), respectively. The pressure dependence of the a-relaxation time indicated that the glass transition occurs
near 1.1 GPa. The overall behavior of the relaxation strength and relaxation time closely resembles previous results
reported for aqueous diethylene glycol solutions at ambient pressure, where the separation of motional modes and
glass transition were induced by decreasing temperature. The similarity of glass dynamics between aqueous glycerol
solution and aqueous diethylene glycol solution suggests that both temperature and pressure act as effective and
interchangeable control parameters, governing the dynamic landscape of supercooled aqueous systems.
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2011) TN F TOREBED AT AfFIZ BT 5 JGAT0IZED
%<1E, RAETICBIT2iELbEZ@E LT, BABL
OMMBEIRAAEZHS 2T 5 2 EICERPEINTE .
(Shinyashiki et al., 2008; Sudo et al., 2002, 2004) Z D1 C, %
o5 T ORI 75 T 8B IG T afffl L, FITK
DI 7% 55 F BB RIS T BVvEERIO 5B, 2o D
BRI B 2 im0 BIAE T H v T b, (Sasaki and
Suzuki, 2024; Ngai et al., 2025)

BRI, K-ZV tu— ok il [T & 5 KE
TR, BWEHIREICBWOLWIRERP CRAREE
HMFFCE 2720, FEEMUWEZEL TKRB L OBEES
T OBZE 2 K ICARD L CENRZZET VR TH S L
&N T &7 (Hayashi et al., 2005, 2006; Puzenko et al., 2005;
Sudo et al., 2004) ZD L) BRIZBVTHELNIZFEAN
7 PV, RS CTOFE-EE— FAED X 912
GEE - FEL TOL RIS L TB Y, KEEOK
F AR R WG AR DRI BV TE L DR E B 725
LT&7.

—J5C, &) BII I A B K S R R
MCAEAES 2D 55 T BENC 5 2 5 EIZOWTIE, &
I ZAEBIZHBRT AR OAIIEH T, I & iR
LCHaIcRRN B BEI A R ENTW S LIZFVHT v,
(Grzybowska et al., 2010; Sasaki and Suzuki, 2024) [+ 1% 51
MK ER A A Y T — 7 ORBICEEEH L, Wk
O R EIVECEALZ L2 TLEZOLNLIZL 0 b
5, ENOFEISE T 2B O TUI AR 2 01
BRI N TV S,

AWFZETIZ, IR wt.% O 27 1) 1 — LV KIER %
v, EDRERE LEIET]Z 085 B mE & 17
HTET, KBIOZY v —VO5FEERENICL
TEDIHITEAT 2 hama Lz, RS, BENTTO
Toh ) S Bl & = T SE B > WHRfE 70 53 EAL & 0l S 7220 o3
BE— FOEIKAEEOENCHEH L, REIZETHW
72 60 wt.% Z71) £ 1 — VKIEHIE, Z DUEEOEN 7
EFNRTH Y, IKEHTHZIZIZEEITHIH LoD )i i
EHH TR RIREE M TE 2 2 LML TY
5. EEOHIZE,S, DX LEIRERICBITHEHK
DFAF I 7 AFMEERGRL T & EEERBOMAK
B HE LT 5 & & 2SR 2T D) (Sasaki and Suzuki,
2024), 1 FES & RES O 58 % T A L THEM R
ETNRENEITENL.

2. RERFE

7 ka— b (F+ 7 4V AHERE) 1ZHEK (Milli-Quk)
A, BEEIREC wt%D 7 ) o — VKER 2L,
AREBIZH Wz, FEBOWEIIES Y E—F AT+
A4 (Solartron 1260) % >, {22 JE P K PH 1% 10 mHz 2
51MHzE L7z, BIZIES mm x 7 mmO AT EAER %
AL, ZOMEIEH mmicieE L7z,

AL 7K AT P & & B2, EAELS mm,
WEN mmD A > T ARAERESICH AL Baak
BERA M) UV —RORELVIZRES R, X+
YENLTET»OMELZMZSZ L TMNEERITo 7. JE
JI Vv OFERNZ D TiL, 3CHK (Sasaki and Suzuki, 2024) @
Supporting Information % i E 172\,

EIET COFBRAEZ, UTOWRE - JENEMTHE
L7z, £9, ABEZIRETTINKE THHIL#E, T
Nz BREMIC A 38, fiyiZl4 GPaE THE S 7.
FIEHI B TIRE LTI T3 0% L2 2 & % hifaR
L729 2T, FERARY PVOREZRITV, MEICX 5
IRTE D & 7 T AIRTE~DOZAL & <7z

3. BRBKLUER

3.1 FBEEHNARINNVEA—T T4 v FSKIUHE
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HUZHEEN T TO60 wt.% 7 ) £ 0 — L RKBEE D198 K
TOBEFBERDOARY PV ERT. () AR (),
1 (b) AEEI (7)) DANRZ FVThHL. RHILVES
(0.08 GPa) D ARz MVTIE, EHIIZIDODAT v 7,
BEBI>OE =Pl E N, TORTy TLE—
ZAIME L & S IARERMA~E 7 L, 0.88 GPall Lo
FETIEWREI2OD AT v 7L =7 38, 2212458
L72E 9 IR 5. BEOMNT 2 X VIR T 20, 1§
BEBDO AT PVEBFNALEICT O L7 T 7 2 IX2
WRL72. 1 GPak D BWENTIL, 221 L7z —2
D9 B DAL WA O B3 LB R W B B 0 B % 8 2 TR
JABM~EE L7, ZD5HEL 20D -7 BLU2DOD R
7 TOEIEE, KRBT O 5 FEB AT 5
ZEEBEIRLTWS. BEOWMENS, 0.88 GPall oL
JITHIN S N 7220 D5 FEENE, AT W B D 15 Ak
SFET) =V FOmENZRERTH D), EEBEK
HOWSTHENIKGF DRI 8B T 5 2 Ehbho
7=, (Sasaki and Suzuki, 2024) Z D729, \FEDWIZM,
AR BN BN 7255 FE ) % oo 1, BN BN
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Figure 1: Frequency dependence of the (a) real part (¢') and (b)
imaginary part (¢") of the complex dielectric permittivity of a 60 wt.%
glycerol-water solution at 198 K, measured at different pressures.
Curve colors indicate the applied pressure. Vertical axes are shown in
a common arbitrary scale, because the absolute dielectric permittivity
could not be determined due to uncertainties in the cell geometry (see
text).

7 FREE) R VR LA Z EI2T 5.

220 FEBE LD ERWICERT 2720,
Kohlrausch- Williams- Watts (KWW) 3. (Kohlrausch, 1854;
Williams and Watts, 1970) & Cole-Cole &, (Cole and Cole,
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bELRRLD =TT 49 FEARZ FVITH LT
1To7z. KWWRKiZafEfl %, Cole-ColexiviEMl % FBL3
72D ENENH .

. Ag, @ do . 4
& = &p +m+AEGL (—E)EXP(—lwt)dt‘Fm (1)
t \ Brww
722, ¢>=exp[—(r—) ]

SO TERBHRABEE, AdBEARIE, (3R, o
WEARENEL, AR, I — 2 ORI RILAY) 23K
FTRNT A=, BT =7 DI IR IE DY & KF 8
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Figure 2: Frequency dependence of the imaginary part (¢”) of the
complex dielectric permittivity of a 60 wt.% glycerol-water solution
at 198 K measured at different pressures. Symbol colors indicate the
applied pressures. The vertical axis is plotted in the same common
arbitrary scale as in Fig. 1, without conversion to absolute units. Each
spectrum is vertically shifted for clarity. For clarity, each spectrum
is vertically shifted to emphasize the peak separation. The curves
illustrate how the peaks split with increasing pressure.
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AR VI L THr o7z, =77 14 v boBlE LT,
198K, 1GPaTORBIHD AT M vE 1 ((1) X)) T
ENT=T 4 v T4 7R E & B ICEBITRT.

=TT 4y ML YRS NTZ198 KIZBIT 522005 F
BN OMEAIREE, AR, S 512, EERO LIRS
AR T. T IT, MRARE L SEROMMIL, T
B HEAT AT LT, w2V TIEEN
AR WA IR 7 &V OB R S 2 R EICVES B
CEDHEL L, BHOBMNARZEMEICHED S LN
TERWOTHDL. 72721, ETOMERFR—EIV - [H
—BWRETIT>oTHBY, AENOET—5 13, kiEo
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74y POFRE LT, BERIEE LT RTOWRG OB
(1), AR E L 7ovilefll, 1 RUBIBARDE L 7z af@ A, 8y
2 MHAGE L 72 I B A RSE I T 5.

Figure 3: Example of curve fitting to the imaginary part (¢”) of
the complex dielectric permittivity of a 60 wt.% glycerol-water
solution at 198 K under 1 GPa. The vertical axis is plotted in the same
common arbitrary scale as in Fig. 1, without conversion to absolute
units. Symbols denote the experimental data. The black solid curve
represents the total fit (Eq. 1), while the green dotted, blue dotted, and
black dashed curves correspond to the assumed v-relaxation process,
a-relaxation process, and dc conductivity contributions, respectively.
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aAERIOREAREE (FeH) FEND LHITHE> TR L.
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VIREFINZ S 5 2 L 2 ERMICEMITE 2 2R L Tw
5.

PAREARE ] O FEIRAFEPE (K94 (b)) 12DWTHHT 5

o sQL® e
z 50F i 1
3 | i
£ 40 .
£ 200 S
410 |
0 s
OF @j | S
= gr £
52l M | &
=) ! -t 2
< | =
-4f i 5
-6|§ . ll_nquul : .G ass | 9
00 04 08 12

P (GPa)

K4: =771y MIXDRLN/60 wt.% ) &1 — VK
D198 KT OaifeAl & vk (a) #EANGREE S L TF (b) FAlEH
DIETEAFE. BFIREEE, B ORMIZIRIERK 2 KD
OB EEGIBAr —VCERR L. i, ko7 oy
MEIZNZ oA, vEFICHIE L TWb. (@D 78R Villda
Rl & vRFI ORI EE 2 I LG b7l (Ae,,,) Z+D 70y
MCRL7:. £72, 05GPall T CldARox 7y MILD
FEHHTHMEINDE AT Y TORE S 2 A JIRIET D0 E LT
Tay L7z (0O IV OKEO=ENE, 0.5 GPall T D))
BB WT, BEEANXT PVIZBIW Y =27 0¥ — 2 Ak
B 5RO IBAREH ZR LTS, (b)D/SA L OBREDOD
7a oy MITRETD60 wt.% 7 ) £ 1 — )V KIEHR D198 KTD
FEANIE R @ SCHk(Sudo et al., 2002)% 70 v + L7-. Hoh —
TIXAER OMEMBERN T 2 VFRIC K 28 —T 7 4 v MCk
DL N7z, BERIIRL T IODICTIw |EIZT 2N
7o — KRR L ol R AR FRE ] 25100 s& 22 T3 & LTS L
7eh T AER AR LTz, (0)D/ SR VKRS [ 7z sk
FRHIFEII100 sZ R L7z, O)D 283 V2%, [ U2 — v
LicHERE fMao O LEO 7 Yy FTEATRLAE. 22T
FEEROMGEZ DD D TIE AR L, JEINTH T 2001 %%
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Figure 4: Pressure dependence of (a) relaxation strength and (b)
relaxation time for the a- and v-relaxation processes obtained by
curve fitting to the spectra of a 60 wt.% glycerol-water solution at
198 K. Relaxation strength is plotted in a common arbitrary scale
that includes an unknown proportionality constant arising from
uncertainties in the cell geometry (see text). Blue and green symbols
represent the a- and v-relaxation processes, respectively. In the top
panel, the sum of the o- and v-relaxation strengths is shown as '+'
symbols. In the panel (a), light blue x symbols indicate the step height
of the real part spectra at pressures below 0.5 GPa. In the panel (b),
light blue x symbols indicate relaxation times estimated from the
peak frequencies of the imaginary part spectra at pressures below 0.5
GPa, and black x symbols denote literature values (Sudo et al., 2002)
at 198 K and 1 atm for a 60 wt.% glycerol-water solution. The blue
curve represents the VF fit to the a-relaxation time. For clarity, a black
solid lines are added to guide. The vertical dot-dashed line indicates
the glass transition point, defined as the pressure at which the
a-relaxation time reaches 100 s. The horizontal dotted line indicates
100 s. Red diamonds show the electrical conductivity plotted on the
same normalized vertical scale for comparison; here we focus on the
relative pressure dependence rather than the absolute magnitude of c.
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kMl OREARFENIE O LAWK ES o7 20
FEIIRAF M % R TAT L7z
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Z T Trld198 K, 0 GPaTO#EFKER, PIXET], Pk
BiZ7 4 v T4 v INGA=5THb. LXEI7L=72
70y MIZBUF 5 Vogel-Fulcher (VF) I FRF1EE K] O EE
DMFARAEYE (Fulcher 1925; Vogel 1921) 2BIE4 52 & T
7z MBROENT ASHKE 22 77 ) & 1 — v O A8 B 0 %
I ] o E IR AR L CTfTH T b, (Pronin et al.,
2010)

HTADWIO ST, FESOLNEEHDE L
Tl 2 OB 7 55 F BB QMR BT, 1o 7 EE) OAEFNIE
125100 s 51000 siZ 7% Bk, b L IEE % 7 T AR
B EFR LTS, (Donth, 2001) Z D & H IZPkiE L7z
HT AR TP SN 7T A e X —3
FTLIEBRMONTWES, 22T, AR TIIAT T AR
Wz, ofeFOEARERICN 35222 E2h—T7 4 v
t OFER A VT, AR AT100 si2hMF$ 5 2 LTk
Wiz, ZOKERIE, 198 KTIE11 GPaf L2 # T A5k
M5B ERTRINT

—J7C, VERFI ORI GEEE & RN O FE J)ARAE 23
H¥ 5% &, 1.1 GPaf it TZ O O ZAL A8 & 7z
FTPRAREIZOVWTIE, B X211 GPa% B LKA
PEHZAL L 72, & SICRRAIREH OE RIS BV T,
U< 1.1 GPaff i TR E 2L L, 1.1 GPall EDJE I
WTIX, FNLT ORI & TR 521k
X DRI o Tz, VEEFIOIRS P D ZALDS, »
TN AR OMN 25 WD SNizh T AwBIET) (M
1.1GPa) LM UENFHETELTWD I E25, viEfld
FZDOROH T AWK EBUEIIKEL TW5 2 L HL
Mo 7z,

B, BEORZD, KboxoTay MZLD, 0.6
GPall FOIE BB 5, BEFDOANRS PV OY —
7 B SR L 2R 2R L7z, A—T7 74 v b
2 & DB S N72afB M DFERIER & FIE L& Wi B 5
N7z, F7, IRETITONF UKRERD198 KTOFE
FEAIRER] (Sudo etal., 2002) Z RO x D7y MIX YR
L7z, CoBRBoxo7ay MIktaoxo7oy bE &
DB o7z,

3.2 AK[ETTDEREREDLES
Sudo 5 DHFETIE, KAETICBIAFL 7)) a—
VA T —DOEREKBRICOWT, RO FBEREM
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log[z(s)]
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1000/T (K1)

B5: I5EDH &ETO6S we% Y TF L ¥ 7)) I — VKER Do
KD & PR D (a) RFIBREE & (b) I ] D EE O 3 B AATE.
SCHk (Sudoetal., 2004) kY F—& 2L, Fov FLA &
DORLDOT Ty Mlafifl, HKEO 71y MAFHRMTH 5.
+ 070y MIoEH & BREM DOEHIRIEZ )& L& hEfiTh
5. IEIG]I DN e O RRFNE 23100 s & 7 B In %
ELTER LA T ABBILE (T) 27RLTW5. TH O
FafEAIA SRD 77T AEBIE (1), THORRIEZ 02
FN—iREE (T.) AR LTS, (b) O ORI
100 s%, MBFEMILaBRMOBRAFEH I § B VFRZ LB 7 —7
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RRTE00I Bz ilvi.

Figure 5: Temperature dependence (in inverse temperature) of (a)
relaxation strength and (b) relaxation time for the a- and B-relaxation
processes of a 65 wt.% diethylene glycol-water solution under 1
atm. Data are extracted from Ref. (Sudo et al., 2004). Filled and open
symbols correspond to a- and fB-relaxation processes, respectively,
and '+' symbols represent the sum of their relaxation strengths. The
vertical dashed line indicates the glass transition temperature (7,),
defined as the temperature where the o-relaxation time reaches 100
s, while the vertical dotted line marks the crossover temperature (7).
The horizontal dashed line in panel (b) marks 100 s. The black solid
curve represents the VF fit to the a-relaxation time. For clarity, a black
dotted line is added to guide the B-relaxation times below T,

WEEITV, WEOK TIPS T—2 DY — 2 520
DRGNS BT 2 FIIMGET LT 5. (Sudo et al.
2004) ARG TIZIFIZ, 65wt%Y TF L ¥ 7)) a— LKIEHR
OFERERAT S, 5121365 we% Y TF L ¥ 7)) a—iu
KB TR S 7220 OFBAER OMEFGRE (K5 (a))
B L ORI (U5 (b)) OIREDMHURAF: (Sudo et al.,
2004) Z/RL TV 5.

Sudo 5, WM CTIEFEHIARZ P VIZBWT
DAY — 7 2Bl s, Zo@iis < R frz i
RE—7 %L, KWW BB TRIFICRIE SIS L
TWwh. EHIT, ZOMARERIEIE OISR L,
ZOMBUKAEENL VE KITHED 2 & 2R LT 5 (Sudo et
al., 2004).



98 fEeR g SR 5 BEBE EAR

—7J7, Sudo & DFENTIZ XA, HAHBMEIE (712
F—N—IRET) % TS L, iz AR5 A% w0
WZEI, ofB AT E BAEAIO 2 DO MARIZ T 5 (5 (b)),
I/ & 7 R AR ] & RO SRR A (3 STk L B R & 5
BENTVEA, RETIEREICRAT: v R L [ Uk 2
oWy LB 5. D2 En s, BIBRIIBEANZE (V)
KRR & FEaR 4. Sudo 513, kA ORAERRH AT 100 siZ
EYLMERT,LERTHE, 65wt% YITF L) a—
VKR TR 185 K MIETH T AR S % LD
JTwa.F7, B (v) SRS HIR S - s B
VT % T I 0 SR T 43 F B R K S 5 SRR, 4
(ST LT CLEARAIRE I A Arrhenius HIICHED & & 2R L7z
(Sudo et al., 2004)

KEAVREE (Ae) DIRBERIFTEIZDOWTS, Sudo & IZWIE
RIOAF—N—%HWEL TS (M5 (). EiETIE
H—OEALBROMEITRER T & & I—B LTy
205, TAHEZBIZB (v) BAIDHBLL, Z OB EH
WA H 1255, M, ofkFIOBREEZT 2 FE S &
L%, UL, WHEOR (A, +Agy) IR OBEUK L
TH OPTIINEHET, SR T o -—RAEFE O &
HWHAYICHERET 5. SudoBH i T DREENS, TLAETIZH
—OREABEALILM TH Y, W T Ik TE s
[ Z2 afe Ml & SR 2B (v) BEANC IS % & w9 g %
/R LT\ % (Sudo etal., 2004) .

AT T A D60 wt.% 27 ) £ 1 — )V KRER KT LT
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WK OB S (DO) L EAEKFE (DH) 3D TEEDRRBETH 525, N 7 A4 F bttt &
HAZUR NI T 74 —CIEMICHEST S ek D. —J, DOVHEEEA 4+ v & ST 5 2 L i
BLHMSNTWSD, BEIILVFT T 74 287V (UFB) I HEER & X506 L2y, ik oDO & DH
AR EBETACTRELRTL LA 2SI TR %%, L2 LO,UFBEH,UFBIZEH T A DI
JUCE o THM L2V, ZoX) ehthod2FH LT, 4 DA oDO & 0,UFBE X U'DH
YH,UFBZ 22, AL TER L. KHODOLDHDMEEEIZKDRENE L kb LM L. L
7 LO,UFB & H,UFBD R BEIZIREED D 72 ) H K THIREBAL L o7z, 72K DO & DHIZ K233
WERRT 5 L, SR A DIZ, O,UFBEH,UFBDIEE X b TR L7275 CTh - 7. Wil
RNA FREHCH2UFBZ 7383 % &, WAROKIED 2% DKL 22 1), BN A A BRE O FR L% e A
FLHmL7.

Dissolved oxygen (DO) and O, Ultrafine Bubbles (O,UFB)
in water and organic liquids

Sarunu Thawonphat', Huynh Phuong Uyen Nguyen'”?, Naofumi Okuda’,
Norimichi Takenaka', Kenji Okitsu', Yasuaki Maeda'

The trace amounts of dissolved oxygen (DO) and dissolved hydrogen (DH) in liquids could be accurately
measured using gas chromatography with a helium ionization detector. While sulfite ions react with DO, O, ultrafine
bubble (UFB) does not react. DO and DH are volatilized from liquids by nitrogen gas bubbling, but O, UFB and H,
UFB do not volatilize. Utilizing these characteristics, DO and O, UFB, as well as DH and H,UFB, were separately
quantified in various liquids. In water, DO and DH decreased with rising water temperature, whereas O, UFB and H,
UFB hardly changed even at higher liquid temperatures. Both DO and DH are rapidly reduced by freeze thaw process,
on the other hand O,UFB and H,UFB concentrations slightly changed. Furthermore, when H, UFB was dispersed in
vegetable oil or biodiesel fuel, a decrease in liquid viscosity was observed, along with a remarkable increase in the
fuel's oxidation stability.
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Table 1: The effect of temperature on the solubilities of H, and O, in water and organic solvents
(From Chemical handbook)

B, A AN, B T HITH

Zehy

H, 0,
Solubilities (mL/mL) Change at higher solubilities(mL/mL) Change at higher
0°C 20C 40°C temperature 0C 20C 40°C temperature
Water 0.0214 0.0182 0.0164 decreasing 0.0489 0.0310 0.0231 decreasing
Ethanol 0.0715 0.0769 0.0840 increasing 0.0426 0.0408 0.0398 decreasing
Ethyl acetate 0.0730 0.0825 0.0915 increasing 0.2488 0.2694 0.2877 increasing

1. Introduction:

Dissolved oxygen (DO) in liquids is an important substance
closely related to the origin of life, the treatment of polluted
water, and the synthesis of chemicals in liquid-phase reactions.

As is well known, the concentration of DO increases or
decreases in proportion to the partial pressure of the gas phase.
In addition, dissolved oxygen in water decreases as the water
temperature rises and increases as the temperature falls. However,
as shown in Table 1, the behaviors of DO and dissolved
hydrogen (DH) in organic compounds are different from those in
water. In ethanol, DH increases while DO decreases with rising
temperature.

In recent decades, ultrafine bubbles (UFBs) have attracted
significant attention due to their unique properties. Ultrafine
bubbles are gas bubbles with diameters smaller than 0.1 pm
dispersed in a liquid (ISO 20480-1, 2017). By definition, a UFB
can consist of any gas in any liquid — for example, hydrogen,
air, or oxygen in gasoline, biodiesel, or jet fuel; or air, oxygen,
ozone, or nitrogen in ethanol or water. In theory, these bubbles
should quickly dissolve and disappear due to the high internal
pressure resulting from surface tension. However, they can
persist in liquids for hours, days, or even months without the
need for any chemical stabilizers (Montazeri et al., 2023).

These mysterious and controversial behaviors have yet to be
fully understood. Owing to their extremely large surface area
and distinctive physicochemical properties, UFBs have found
applications in various fields, such as enhancing mass transfer in
bioprocesses (Silva et al., 2024), increasing gas—liquid reaction
rates (Joseph et al., 2025)., removing organic pollutants from
wastewater (Wu et al., 2023), and cleaning (Susanto et al., 2024),
among others.

Although UFBs can theoretically be any gas in any liquid,
their behavior and stability differ significantly depending on the

system. For example, UFBs possess a surface zeta potential that

plays a crucial role in their stability. These electrostatic forces
prevent bubble collapse and coalescence; however, changes in
solvent properties, such as lower pH, can reduce their lifetime.
In addition to water-based systems, UFBs also exist in alcohols
and fuels (Yuwen et al., 2021; Yang et al., 2025). Moreover, in
the case of oxygen UFBs in water, bubble collapse can generate
hydroxyl radicals (Soyluoglu et al., 2021), meaning that chemical
reactions may influence UFB stability. Consequently, differences
in gas and liquid types can affect the physical properties,
behavior, and interactions between the solvent and the UFBs
(Karimi et al., 2024). The very existence of ultrafine bubbles is
still debated in some cases (Ananda et al., 2020) as no method
can clearly and precisely determine what is inside the bubble.
Some researchers have proposed simple techniques to identify
them—such as freezing—thawing cycles or high-frequency
ultrasonic irradiation—to distinguish UFBs from non-UFB
particles. These techniques are mainly developed for aqueous
systems (Kobayashi et al., 2023; Nirmalkar et al., 2018; Yasuda
et al., 2019; Tanaka et al., 2021) and do not conclusively prove
that gas bubbles are indeed present.

Kenta Kakiuchi (Kakiuchi et al., 2022, 2023) developed an
in-house method to measure oxygen content in UFB-containing
liquids, obtaining significant results. They found no mass
transfer between UFBs and the surrounding liquid; the observed
supersaturated oxygen originated from dissolved oxygen
during UFB generation. This finding is controversial because,
theoretically, a large surface area should enhance mass transfer,
and other studies have reported that UFBs can indeed promote
gas—liquid transfer (Montazeri et al., 2023; Kizhisseri et al.,
2025).

In contrast, Alheshibr M. et al/. used Resonant Mass
Measurement (RMM) to characterize nanoparticles generated
from commercial bubble generators and found their density to be
0.95 g/cm*>— inconsistent with that of gas. They concluded that

the nanoparticles produced were not nanobubbles, casting doubt
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Figure 1: UFB generator

on many prior reports concerning UFBs (Alheshibri et al., 2018).

Our research group has conducted studies on UFBs and
obtained the following significant findings:

A: The gas within UFBs can be detected using a helium
ionization detector, allowing quantitative measurement and
confirming that UFBs can persist in liquids for several months.
B: The presence of UFBs in liquids was found to inhibit the
dissolution of other gases into the liquid.

In this study, we aim to investigate the differences in the
properties and quantities of dissolved gases and gaseous UFBs
in various liquids. Furthermore, by dispersing hydrogen UFBs
(H2-UFBs) in biomass fuels, we seek to develop technology that
prevents oxidation, fermentation, and spoilage of these liquids.
Through these efforts, we aim to enhance the added value of
biofuels, whose widespread adoption is being urgently promoted

as a measure to mitigate climate change.

2. Experimental

Dissolved oxygen (DO) in water was measured using
an optical DO meter (Mettler Toledo Seven2Go Pro). The
concentrations of Hz, N2, and O: in liquids were determined by
gas chromatography (GC) equipped with a Dielectric Barrier
Discharge lonization Detector (Shimadzu Nexis GC-2030 with
GC-BID). Oxygen concentrations in liquids were also measured
by GC equipped with an Electron Capture Detector (ECD-GC;
Shimadzu GC-2014). Ultrafine bubbles (UFBs) were generated
using a Lab-nano-GS-3A-PD51-FA-2109-001 system.

Figure 1 shows the ultrafine bubble (UFB) dispersion apparatus
used in this study. UFBs of hydrogen, carbon dioxide (CO3), and

Conductivity measuring

Reaction vessel cell (electrode)

(sample tube) Measurement container

Pure water or distilled water

sample

X2 : Ransimat A 7 A2 & 5 BDFO L &
Figure 2: Oxidation rate measurement of BDF by Ransimat system
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Figure 3: DO in water measured at different temperature
A: Do meter, B: ECD-GC

argon, with an average bubble diameter of approximately 100
nm, were introduced into rapeseed oil and biodiesel fuel (BDF,
derived from rapeseed oil) using a UFB mixer (model GS-3A73-
PD51-FA-2109-001; Nano-Science Laboratory Corporation). The
apparatus operates by passing gas through a fine porous carbon
filter while the liquid is rotated beneath it.

The concentration of UFBs in the liquids was measured
using a light-scattering UFB measurement device (model
NBM-L-2020-002; Nano-Science Laboratory Corporation).
Polystyrene beads with an average diameter of 100 nm were
used for calibration. To ensure accuracy, the same samples were
also analyzed using another light-scattering UFB measurement
device (model FDLS3000; Otsuka Electronics Co., Ltd.). UFBs
were further quantified with a nano-bubble counter (model NBC-
2023).

The viscosities of biodiesel fuels were measured using an SV-
10 Vibro Viscometer (A&D Company, Japan).

The oxidative stability of rapeseed oil and BDF was assessed
using the Rancimat method (see Figure 2) in accordance with
EN 14112, the standard method widely adopted in Europe,
the United States, and Japan. A 3 g sample of oil or BDF was

placed in a reaction vessel and subjected to a constant airflow
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Figure 6: Chromatogram of pure water from GC-BID, 1uL injection volume

of 200 mL-min™* at 110°C. The volatile oxidation products were
transported into 50 mL of deionized water, and the increase
in water conductivity due to these products was continuously

recorded using a conductivity meter (Horiba ES-51, Japan).

3. Results and discussion

3.1 DO measurement by DO meter and GC

As shown in Figure 3, the results of measuring dissolved
oxygen (DO) in water using both the DO meter and ECD-GC
are in good agreement. In both cases, the DO concentration
decreases with increasing water temperature, consistent with
predictions based on molecular kinetics. However, as shown in
Figure 4 and 5, the DO concentration in various alcohols and
organic compounds remains almost constant as the temperature
rises, and in some cases, it may even slightly increase. These
findings are largely consistent with data reported in chemical
handbooks. The magnitude and temperature dependence of DO
vary significantly among different types of liquids, following

the general order: water < alcohols < hydrocarbons. In contrast,

literature data indicate that hydrogen has low solubility in water
but dissolves approximately three times more readily in organic
substances. Furthermore, the solubility of hydrogen in these
organic liquids tends to increase with rising temperature.

Using ECD-GC in this manner, the amount of oxygen
contained in ultrafine bubbles (UFBs) can be measured with
sufficient accuracy. However, the concentrations of hydrogen
and nitrogen in the solutions were previously too low to be
measured accurately. In the present study, by employing gas
chromatography equipped with a helium ionization detector, it
was found that the minimum detectable concentrations of H,,
0,, and N, are below 0.1 nmol, as shown in Table 2 and Figure
6. This improvement enables the simultaneous and reliable
measurement of hydrogen, oxygen, and nitrogen in various

liquid samples.

3.2 How to separately determine DO and O, UFB?
As shown in Figure 7, dissolved oxygen (DO) reacts rapidly
with sulfite ions (SO5%) but does not react with thiosulfate

(S,0,%) or dithionate (S,0,%). In contrast, oxygen ultrafine
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Table 2: Chromatogram of pure water under atmosphere by GC-BID, 1pL injection volume.
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Figure 7: Reaction of Sulfur ions with DO and O, UFB
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Figure 8: Sulfite reaction with DO and O, UFB

bubbles (O,-UFBs) do not react with SO,* or S,05* but react
only with S,0,*. During this reaction, small white solid particles
presumably elemental sulfur produced by disproportionation—
were observed. As shown in Figure 8, when O, gas was bubbled
into water, the DO concentration measured by the DO meter
increased to approximately 50 ppm. Upon the addition of sulfite
ions, the DO concentration immediately decreased to zero, and
this phenomenon could be repeatedly reproduced.

On the other hand, the number of O,-UFBs (8 x 10°) remained
unchanged throughout the process. From these results, it can be
concluded that only dissolved oxygen reacts with sulfite ions

(SO,%), whereas oxygen ultrafine bubbles (O,-UFBs) do not.

Peak number Retention time (min) Area Area % Height Height %
Peak of O, 1.642 17322 33.537 8678 36.765
Peak of N, 2.550 29101 56.343 13113 55.554
Unknown peak 3.333 5227 10.120 1813 7.681
Totals 51650 100.000 23604 100.000
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Figure 9: Variations of electrical conductivity of BDF measured by
Rancimat method
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3.3 UFB in organic compounds

Hydrogen (H,), oxygen (O,), carbon dioxide (CO,), and argon
(Ar) ultrafine bubbles (UFBs) were dispersed in vegetable oil
and biodiesel fuel (BDF). As shown in Figure 9, the oxidation
stability, measured using the Rancimat method, was improved
by the dispersion of H,-UFBs into both vegetable oil and BDF.
Furthermore, as shown in Figure 10, the color of the oil did not
change after H,-UFB dispersion, and Figure 11 the viscosity
of corn oil became lower compared to that without dispersion.
These results indicate that the dispersion of UFBs has the
potential to improve the quality and stability of oils and biofuels.
This figure demonstrates that the dispersion of ultrafine bubbles

(UFBs) affects the viscosity of oils. The addition of hydrogen
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Figure 11: Viscosities of canola oil dispersed by UFB

UFBs (H,-UFBs) decreases the viscosity, whereas the addition
of nitrogen UFBs (N,-UFBs) results in an increase. The reason
for these contrasting effects of H,-UFBs and N,-UFBs on

viscosity is currently under investigation.

4. Conclusion

In this study, the behaviors of dissolved gases and gaseous
ultrafine bubbles (UFBs) in water and various organic
compounds were investigated using highly sensitive gas
chromatography equipped with a helium ionization detector,
as well as through reaction analyses with different sulfur
compounds. The results revealed distinct differences between
dissolved oxygen and oxygen UFBs, indicating that gaseous
UFBs exhibit unique physicochemical properties compared with
conventional dissolved gases. Furthermore, when hydrogen,
oxygen, argon, and carbon dioxide UFBs were dispersed into
vegetable oils and biofuels, a marked reduction in viscosity and
a significant improvement in oxidative stability were observed.
These findings demonstrate the potential of UFB dispersion as a
promising technique for enhancing the quality and durability of
oils and biofuels, contributing to future developments in clean

and sustainable energy materials.

References

Alheshibri, M., & Craig, V. S. J. (2018). Differentiating
between nanoparticles and nanobubbles by evaluation of the
compressibility and density of nanoparticles. J. Phys. Chem. C,
122(38), 21998-22007.

ISO 20480-1:2017. (2017). Fine Bubble Technology—General

B MR, e BEN s T RTH R

Principles for Usage and Measurement of Fine Bubbles—Part
1: Terminology.

Jadhav, A. J., & Barigou, M. (2019). Bulk nanobubbles or not
nanobubbles: That is the question. Langmuir, 36(7), 1699—
1708.

Ji, Y., Guo, Z., Tan, T., Wang, Y., Zhang, L., Hu, J., & Zhang, Y.
(2020). Generating bulk nanobubbles in alcohol systems. ACS
Omega, 6(4), 2873-288]1.

Joseph, G., Binny, B., & Venter, A. R. (2025). Nanobubbles
in electrospray ionization mass spectrometry. Anal. Chem.,
97(11), 6034-6040.

Kakiuchi, K., Miyasaka, T., Harii, N., & Takeoka, S. (2022).
Development of quantitative and concise measurement
method of oxygen in fine bubble dispersion. PLoS One, 17(2),
¢0264083.

Kakiuchi, K., Kozuka, T., Mase, N., Miyasaka, T., Harii, N.,
& Takeoka, S. (2023). Do ultrafine bubbles work as oxygen
carriers? Langmuir, 39(4), 1354-1363.

Karimi, M., Parsafar, G., & Samouei, H. (2024). Polarizing
perspectives: Ion- and dipole-induced dipole interactions
dictate bulk nanobubble stability. J. Phys. Chem. B, 128(29),
7263-7270.

Kizhisseri, M. 1., Sakr, M., Maraqa, M., & Mohamed, M. M.
(2025). A comparative bench scale study of oxygen transfer
dynamics using micro-nano bubbles and conventional aeration
in water treatment systems. Heliyon, 11(4), e41687.

Kobayashi, T., & Ushida, A. (2023). Stability of ultra-fine
bubbles against temperature, phase change, and shear stress.
Exp. Therm. Fluid Sci., 145, 110899.

Montazeri, S. M., Kalogerakis, N., & Kolliopoulos, G. (2023).
Effect of chemical species and temperature on the stability of
air nanobubbles. Sci. Rep., 13(1), 16716.

Nirmalkar, N., Pacek, A. W., & Barigou, M. (2018). On the
existence and stability of bulk nanobubbles. Langmuir,
34(37), 10964-10973.

Silva, J., Arias-Torres, L., Carlesi, C., & Aroca, G. (2024). Use
of nanobubbles to improve mass transfer in bioprocesses.
Processes, 12(6), 1227.

Soyluoglu, M., Kim, D., Zaker, Y., & Karanfil, T. (2021).
Stability of oxygen nanobubbles under freshwater conditions.
Water Res., 206, 117749.

Susanto, H., Herodian, S., Purwanto, Y. A., & Sugiarto, A.
T. (2025). Potential utilization of ultrafine bubbles (UFB)

technology in the cleaning process as a solution to replace the



KB L OHEREET O FEAFESR (DO) L E YV T 7 7 4 » 37V (0O,UFB) 107

use of detergents and environmentally friendly: A review. /OP
Conf. Ser.: Earth Environ. Sci., 1386(1), 012005.

Tanaka, S., Kobayashi, H., Ohuchi, S., Terasaka, K., & Fujioka,
S. (2021). Destabilization of ultrafine bubbles in water using
indirect ultrasonic irradiation. Ultrason. Sonochem., 71,
105366.

Wu, J., Zhang, K., Cen, C., Wu, X., Mao, R., & Zheng, Y. (2021).
Role of bulk nanobubbles in removing organic pollutants in
wastewater treatment. AMB Express, 11(1), 96.

Yang, J., Xu, X., Jin, H., & Yang, Q. (2025). Preparation of air
nanobubble-laden diesel. Nanomaterials, 15(17), 1309.

Yasuda, K., Matsushima, H., & Asakura, Y. (2019). Generation
and reduction of bulk nanobubbles by ultrasonic irradiation.

Chem. Eng. Sci., 195, 455-461.






AR 84 (2026) 109-119
doi: 10.14943/lowtemsci. 84. 109

MUNO=ARSYAR—5 - Rz AV R RGRE XN
ALOWRE ~HREAMNNO-ZADHREASARENEE M~

WE 2 SIER?, wE =2, BIIEEE Y, $85K58°, (EAKREE

20254 9 A 19 B%f1, 20254 10 B 24 HZE

MO HARE AP L, FHESE, KEEDPBHOAL LT, ERSEFTOHEHIN TV [EaOREH
2D L] HMTHS. Lo LRZHRERETE 20l % <, -0 RE S hfligomE b
THRRIES N TR, 20720, MIOSHRRE X 7 = X L 2 FAMICHI$ 20883 H 5. K
Facid, Mg L B < ARMD AR, MEANEFEIICSRETE 20 b Lova — 2 & 3l
R & LT, 20 bbaa— 22BN~ #RETE 2082 A Lol Z o TIT o 72, ofihs
RAERA T = X5 2§ B RO O — 8% £ L o7z, RSN N Lova — 2 Ol RER R & 77
7 24t & DBFRIZO W TR L 7=,

Studies on the mechanism of slow-freezing cryopreservation using trehalose transporter-
expressing cells: The importance of intracellular trehalose and the glassy state

Tsutomu Uchida', Maho Furukawa’, Sumire Matsuo’, Takahiro Kikawada™*, Yoshiharu Suzuki’ and Kaito Sasaki’

Cell cryopreservation is a technique that "stops the time of life", which is utilized not only in the livestock and
fisheries industries but also in the medical field. However, many kinds of cells cannot be cryopreserved yet, and the
quality of cryopreserved cells cannot be fully guaranteed. Therefore, it is necessary to reveal the mechanism of cell
cryopreservation scientifically. This paper summarizes some of the results of studies aimed to reveal the mechanism
of cryopreservation using trehalose, which has high affinity for cells and strong hydration properties but cannot
spontaneously penetrate into cells, as a cryoprotectant. The researches were conducted using cells that exhibiting
the trehalose transporter on the cell membrane. In particular, we focused on the cryoprotective effect of intracellular
trehalose and its relationship to vitrification.
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cryopreservation, trehalose, cryoprotective effect, glassy state

YA TH D EHN949 FIFER I b, it

1. Introduction TR CTREIINICTZEDSIEE > 72 L bl T\ (Polge et
ML O RAFPAT L, KER T O TAFIZ ) 1Y al,, 1949). BUETIE FIAEMMIL O A RAE DT DAL, B
RS 2) duifpE KRB Tk
MH % Graduate School of Engineering, Hokkaido University, Sapporo, Japan
JeilEE R RABE AR gE ke o A P B R 3) R - EEESEHATR A TR A S IR SE T
T 060-8628 FLIEHALIXIL 13 55 8 T H Institute of Agrobiological Sciences, National Agriculture and Food Research
Tel & Fax: 011-706-6635 Organization, Tsukuba, Japan
Email: t-uchida@eng.hokudai.ac.jp 4) WHRIRZER S BE Fr s f) R -0 e F
Graduate School of Frontier Sciences, The University of Tokyo, Kashiwa, Japan
5) BGERSEHLAE MBLERE, ~Aonf /7y /nd—krs—
1) ALK e Kb T 7ekbe Department of Physics, School of Science, and Micro/Nano Technology Center,

Faculty of Engineering, Hokkaido University, Sapporo, Japan Tokai University, Hiratsuka, Japan



110 WH %5, HIINER, e %=

YOEEMESRE OKIE - FHEE) (SHHINY), HPHO
PAFCFIH ENI2) LT D (eg lJF, 1987). LTI,
v+ OEGHIRLO MR D ITDN T D (HARAGHEE S
&, BARERARFS). T2 o, EaolEE %Ik
DDLILEDTELME—DPMED VR D, L Lo
RRAFD A = X LG ELERFANC TR s Twb &
VR, oMM CEOMIE, hHlEz &, &
BN DL 4 RAFHAN 3L L TV 22\ (Smith,
1957; Alink et al., 1976; Koch et al., 1991; Tamamori-Adachi et
al., 2003; Yokomuro et al., 2003; Motomura et al., 2007; Holovati
et al., 2009; Miyamura et al., 2010; Higgins et al., 2011; Uchida
etal., 2012).

MIHANIZIZZ < DRDPEFAEL, HHRISHINE 2 8l S 2 5
EZORDIKMERY, MEZBIELTLEY. T4b
5, MO BRI NS K D 8fs 2 w22 Hl 5 %
A, W) HEICRE TS (Mazur et al., 1972; Mazur, 1984;
Meryman, 2007). < Z CHURERAFHAMN TIE, @) 2 s %
FE D & Bk #EH] (Cryoprotectant Agent: CPA) DFRMINC
LB REALHIBIAHE L 7 B,

BURGRE IR & < 700 THRAR ol i | & T 2R stk 1A
MHNTVS., RBHKETIE, MBE&AZKERE
Wo ) ERALTWE, [HIRIIKZBICHREEES 2
& TR ZBIK L, MK O R E % 13 Tl ki
FET9 52 Z2AMM L Colifiz b, 77 2L5562&T
MBS AE & D ] 2V A H = 2 AR EENM ST
% (Mazur et al., 1972; Mazur, 1984; Meryman, 2007). Z ® T
HEiE, —EICKBOME OImLoBEE i cEa i ~%ThH
BoM) ZHERAESED LD TE D720, EXANM
BAICHVSRTWA. L L ZORFMNT 5CPAIE, 7
V) YRV AF VA EF Y R (DMSO) 7 LD b3
T, MilEEm R EH 5 2 LB SN TWwAD (Karow et
al., 1967; Yu and Quinn, 1994; Lawson et al., 2011). ZF®D72%
FHERE# EICHHT 5720120, £ ) R4 %CPADRISE
PEINTVD, —HEEHKIL, RO T 2{LHl %
CPA L U CHIBENAMZIRIN L., KA & o 2208 & P05 2 Fe
#iT& 5 (Rall and Fahy, 1985; Work, 2010). k4K Kk
RN T AT B REN D b 720, FORL R EMid
il R LB AR DK & WIRAIIE 7 & D SERAF IV &
NTW5. 272 LIOFEICONTH, CPAORMINENED
YA HPEEIN TV 5.

Fald, KRCPAL LTI SN TWD FLho—2%
HO©RELBRERAAEZHIET 5 & &I, HEEMHS
NTVBBEBHNELED A = X L2 fFHT HH7E % #D T
Wh. bAB— 2GRS0, AFEMIZIEM

WINHEE, AT h, k% KRR

Fa~EE S N, 207D ST TR L 72720
TIRCPAR RN E ShTw/, 22T, MLha—2
Wk & v 87 B e MBI 2563 S 2724 (Kikawada et al.
2007) &MV FEBRERESEL, @E TIMRNIZRD &
FNwv b g — 2 & MRS 2 & 2 OB IR
RIRPE R LT 52 &2 A L7z (Uchida et al,, 2017;
2019). Z0#%, MBEHNN T LT — X &k L2z A
DIKHH 5 ZAL L TV B DPHEPIZOWTDOZE %, K5
FEBME L EFATED TV, KX TEI N E TORf
TR ZBI L, SHROBELEBRD.

2. SLNO—-RFSVRANR—5 —FHIZHED
RIERTE

2.1 RBFE

10/ AN YA 1N = S VAR R A ) I R b o S F AR 2
& N 7zTrehalose transporter (TRET1) #% ji{zx1-& A CHINE
BECRB SR 72T v 4 == XA A8 —JiEEil (CHO-
TRETIHINY) Td 5. TRETUIMMLANIED b Love — Rk
JEAICEREI S, b LT — 2 & BRI - KRIC]
FIMEET LI EDTE LMY VX2 ETH D (Kikawada
etal. 2007). JEH % R 72HIHd (CHO-vectorfflifid) & [FFIZ
EBREATH) 2 & T, FMUME - FUEAETIZBWT, M
HNIZ M LT — 2035 5 KB L 2 WIREZ LR 5 2
EWTEDLL=Z— I REHRE LTS,

HM5E 281214, Nutrient Mixture F-12 HAM (Sigma-Aldrich)
1210% FBS (Thermo Fisher Scientific), 1% ~X=31 »/A
ML 7 b~ 4 ¥ > (100 UmL penicillin G and 100 mg/mL
streptomycin, Thermo Fisher Scientific), 0.8% Hygromycin
B solution (+# 54 5 A% ), 1% Gluta MAX-1 (Thermo
Fisher Scientific) % {itfy L 7z55#h 2 i H L, 310K, B
100%, 5% COZH#E L 72CO, 4 ¥ F 2 X— % (MCO-
18AIC, Sanyo) % fiv:7z.

F Lva — Z13End toxin-freeD G (M) M5,
Bk ST 4 = o5 T, BFEEIZ0 ~ 1000
mM O EE TN Z 7214200 nm A v ¥ 2 TIEHAH L 723 0
UL L7z, SR mLrs, M4 10° ~ 10° cell/
mLOEETHESE, 7 I 44+ F 2—7 (Thermo Fischer
Scientific) (Z/ME L7z, 2 L CHKRTICCO A ¥ F 2N —
F NIZEHE L C, fAA~O b Losa — Z sk R il 2
SOFFIPAKEIT o 72, 2 LT253K ~ ik g FKiE O #
PHC— i B S 7z e F TSR 2 A L, 3K
ZHRE L CLHEMMAE L. Zok, HfEEEAEZ S 2
& THGREHE 22 R B2 M7z (Uchida et al., 2017).
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Figure 1: Viabilities of cryopreserved CHO-vector cells (open
diamonds) and CHO-TRETI cells (solid circles) at various
extracellular trehalose concentrations. The cells were incubated for 2
h at 310K prior to the sample setting in the deep freezer (193K). After
1-week storage, the frozen sample was thawed and incubated with
fluorescence dyes. The viability of each condition is the mean + SD of
epifluorescence microscopic measurements. The asterisks mark cases
with significant difference of viabilities between CHO-vector cells
and CHO-TRET]! cells at the same freeze-thaw conditions (p < 0.01).
(Remade from Uchida et al., 2019)

HBEE LT, 193KD A ¥ F 2= THiflid 20, HE
7 IA4FFa—TERATHEE LN, BURLBE 5
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bIro 7.
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WS 2 BB EIR L 20y T VATA ik (FHh T
A7 A7) THEGHM L, FOLHMEE (IX-71, Olympus) i
BLTAEFELRDL. TLLVBELBOEBRORIE
LA 7z0, 7u—4%A4 b x M) — (MUSE™, Cytek)
B FBR T o7z SO &R 2o Ak
EERT B0, AAREZUWELZDDO LR CLEETH
MLz @R L, E&ko oMliofaet (B
e, HiGHRE) OMERR A AT o 72,

HEARROMELZ D D720, #7321 kk% Hv T
B EBGMTHA AR ERZ, DL B3NERDEL
72, U THERKMOAAERE, PIgHAEHERZE (SD)
TRLI FTNVATA Ttz LTHRML
WHIRIZ W EATEDN S & LTHRE D 57225, wihd
SDfii & D /h&EH o7z,

FEEF M1 1, Tukey—Kramer H5%E (Microsoft Excel 2010
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Figure 2: Viabilities of cryopreserved CHO-vector cells (open
diamonds) and CHO-TRET1 cells (solid circles) at various cooling
rates. Experimental procedures and legends are similar to Fig. 1.
(Remade from Uchida et al., 2019)

B X ¥ BellCurve for Excel) |2 X A 50-80#r) #MiH LT,
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2.2 RS - BBRETEEDO NUN\O—-BEKEFH

%[ 112CHO-vectori{llf () & CHO-TRETIANf (o) 20 ~
1000 MO 57 % M LN B — R EEC193K5: ) F Tl
PR L 2B o A fF 3 % 779 (Uchida et al., 2017; 2019).
CHO-vectorfifg 1% & DUEEE T H EHFRAVOB LT L 2D,
FL ALK Tz, L2 L, CHO-TRETLHNZ 13400
~ 500 mMEIEZ M WAERE R L. ThboR
A, MHAAN N LAT — 2 FEH%T 22 THED
SRS ORAER) RSB (CHINT 5 S LAVRE Nz, T4b
5, PLAT—ZIZRKRCPAL L THIEATKE W T &A%
AEINTz, LALZOREICIEERENFEL, wHik
JECTIRARN RIS D Z Db ho Tz,

2.3 FS - RRETEORGEEKEFY
22CTRD7-FWMIEE TH 5500mMD b La— R &
GRS T, SR EE 2253 ~ 77K GRS FRE)
F LS THM Lz &, CHO-vector cell & CHO-
TRET! cell A: 4738 0 S FEARAFVE O R % [21R
(Uchida et al., 2017; 2019).

30K/min& 1) b @SR #EE T, AT %
HEERAFYE L, vectorfiil i  TRET UL b A A7 3 AMK <,
A TIEZOFETORRMRESEL N EZIRL
TWwb, — X ) IKEDEE A TIE, TRETIAN
FIEE2ENH LD DOOMARVAFTERL, R
GHRWEETH DL I ENbh o7z, —JVectorfll i 1X, 10
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Figure 3: Freeze—thaw viability #” vs immersion time t of CHO-vector cells (open symbols) and CHO-TRET]
cells (solid symbols). (a) At the lowest extracellular trehalose-concentration CO conditions: 0, 100, and 250 mM.
(b) At the intermediate CO conditions: 300 and 400 mM. (c) At the highest CO conditions: 500 and 1000 mM.
Asterisk marks above the symbols of ”, mean that there is a significant difference between 5", and 5", at the same
trehalose concentration (p < 0.01 by the Tukey—Kramer test). (Uchida et al., 2019)

~ 30K/minD RN FEPH THAERIEH L 5 b 25, Tk
HIZ % 5 EAEGFREMET T 5 2 L2050 h o 7. Mazur et
al. (1972) O RPN X AUE, 2Rl T Claiam
HUE OO 25, RS T CIERIRE RO B R %
A, MEMOAFRERETLZE LTS, e d Ll
T5E, HKA N LT — Z1F30K/minkl T Ok T
HIE, BRI NSRS & B L COHRE R A 2 K T
ELHTLERLTVS. MBANN L AT =AY A
F N7 W Vectorfillid T, B EAETH U 5 SURSEAMAHIC
ML AR T S W2 88 LT L £ 9 2%, TRETI#ifAT
ZEITH PN —RERY AR, BEEEZEMLT
MIOBEZMH L TWEEEZ LI ENTESD. Vector
M2 T10 ~ 30K/min® fiPH CEF R R > 7201,
HaASHiAE AN BT SN TV AR A, 2ol
B B FEBE DB AHE A THINE N BRAS & & 2 FEEEPIH] S
b Tl RwheEZ6N5. Lo L30K/minkl EO3f
FERETIE, MBI LA =2 AT TV
ELTH, MRPKBEREZMETE RP 5720 TiER
WhEEZHND.

2.4 RS - R EEROFEZERBIKEFNE
CHO-TRETIHIMEIC P LN — 2% % T B DIZHh 05
HER 220 & L T2, 23DEBREZIT-72A%, EBER

OWIFE SN L DN, F72ZFORIEMEEIC L - THH
HOMBORERED LI IR TVEDONEH] MU
T B72®, B - R AR AR S O SRS TR R IR B ARAT 1 %0,
CHO-TRETIHIEH~® h Lo — Ak OFENZZ &%
475 72 (Uchida et al., 2019)

B3, KA RIEEET M LT — R 2RI L 722 3RS
0 ~ 6], CO M v F 2 N—FNTRIHS /-, 193K
THA S S LEMRAE L 22 BRo L CEFRZFHIL 72
WMRERT., ZORMPS, PLAT—ZAPEHESNE WV
CHO-vectorflil i i oW T, W N OREE T b RIEI O
R AN AR 2R L, RIERFH AR VIT AR
BETFLTWD ZENbhrorz, Zhilxt LCHO-TRETIHI
faid, MR Lo — ZRESAET TIREEKEBIRWE
RPN LT A EAA LN, KT WEFRE
A L72400mM b Lva — 2 AT, AAFRITIRE
WRERIR4IE I Tl AR R 2R L, 2L Lo Th &
DEGFRE MR L7z 500mMEL EOBRESMET T, Ik
AR ERTRIEREREL EHITHARD, Zh
LD RVWERERM SO COAEFRITRHE & TS
LT lNbhotz. TNLOEBNL, FLAET—ZAD
AN OHE R RA D O, ZORE & FIRIC R
B SR LI L DL 1 D i BE OV IR H TS AT S 55 & T
IZL T2 i EeEAVRIER S 7z,



CHO-TRET1 Mg O BAGIRAFE A 71 = X 4

Z 2 TCOA ¥ F 2 R—% TiRiE & 72CHO-TRET I
i F 7212 CHO-vectorffiffd % fii » T, FEBSITHINE H~it &
Neblno—2mzEs Ll [ yFaxX=F»5H
D L7oiliez ) o RiREIR (PBS) C3MlueE: L CHlinst
Dhbna—2zELLE arybu—pELTYV
V=1 %01mgzatry /—005mLzliz, Mz
WL Z R L 72, oK 2 Edinks o<
k257 4 — (HPLC : LC-10A, BE#EEH) THHF L7
Z OE O EEHM1E Watanabe et al. (2002) [ZER# I LTV 5
ZOFER, TRE D 400mM, 4HF H&m%#?f%ﬁﬁwﬁ
80 pg/eell) /R L, FN XD ERERICRE ST im%
BIEBZ W Edbhr o7z (M4)

NS DRERD O FEREFMIC L - TE, LEMEICE
EHWICIRIE L TLE - THMIICHMAAEE > T L
FoTWADTIEhwhEEZ 2T, RENHEP
OCHO-TRET Il f3 F 72 1CHO-vectorfil Jg & 7 K + — &
A (Mo HIEW L) OFE (THEF =) 25HIL
7o AN Loa— ZEOWEE MRS, —E O
(0, 100, 250, 500, 750 mM) O HFEWIZ—ERER (0.5,
1, 2, 4, 6F[) RESELMEEZRYHBL, 70—%
4 b A MY — (Muse™, Cytek) % HJ\» T, Annexin-V&
7-Aminoactinomycin D (7-AAD) ¥tz 5% 5 " HE
Yefti i (Annexin V & Dead Cell Kit, Cytek) 12 & b #I1i, %
Wo7HRb—y ZRKZHUE L.

KS5I2RF X 912, CHO-vectorffifigix b g — R R
REEME AT 2 & & BITT R b= AN
b2 Ebholz. Thx LCHO-TRETIANNZIZ400mM
KMOBEFMTCTEDEN 7K =3 AR ITEDHE
Mo 72h, BIRESA T CTIECHO-vectorfllifg & A &R, ™ L
N — AEIE L IRERF & & DITT AR b — v RPN
L7.

Y EokEA 5, CHO-TRETIMIIEIZIE b Love — A
O FRVEE L, MBS EEA00mMOIREIZ2 ~ 41K [
TIHRREZEE L CHRBNAERICEL EER. T
bbb, TRUED LT — R ST TIECHO-
TRETIMIL & w2 &b MBS D B A5 N Loy e — R A
WICE L, BEEAIZ I BBAKA N LA % 20T CTHAEHT
WHASEY 5 TW 2 2 Edsbho 2.

ZFIT, MR b Loa— R B L, st
ANDOBKBREDONT IO T Tt A DSHAE AR F A EE
ThrhEBET577-0, WHRETNE Mo THEFE
L OMREEELL 72 (Uchidaetal., 2019). CHO-vectorfllifi
1, HIEAMCIEEEC,D b LT — ADEAET 5 BRI TiRE
JEZADHE U CTHAKRT 2720, MBLOERFEAV A HVAET

(a) CHO-vector
100

%0 250 mM
= 80 o 400 mM
< © 500 mM
2 7 A 1000 mM
s 60
£ 50
%‘m A FiY
g 20
g2 g
O r
T DT ? 1 Q
0 0®
0 i 2 3 4 5 6

immersion time t (h)

(b) CHO-TRET1
1

+ 100 mM
250 mM
@ 300 mM
® 400 mM
® 500 mMm
& 750 mM
A 1000 mM

8488888

40
20 .B . é ?
6

8

Trehalose uptake M; (pg/cell)

10 | & |+ A

1] 1 2 3 4 5
immersion time t (h)

X4 : f R ICE% SN b LT — 2B ORIEF KA (a)
CHO-vectorffillid M,, (b) CHO-TRET I} M,

Figure 4: Amount of trehalose taken into CHO-vector cells (M) and
CHO-TRET! cells (M;) vs immersion time t. Extracellular trehalose
concentration conditions: 100, 250, 300, 400, 500, 750, and 1000 mM.
(Uchida et al., 2019)
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Figure 5: Apoptotic ratios of CHO-vector and CHO-TRET] cells under various CO conditions and immersion times. Bottom of
each bar shous the ratio of early apoptosis (A"). Added white bar on top shows corresponding ratio of late apoptosis (A")
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Figure 6: Comparison to model of trehalose uptake. C,, is the
maximum amount of intracellular trehalose measured in the CHO-
TRETI! cell. min is the maximum amount of trehalose expected to
inflow into the cell when equilibrated to C,, assuming no limit for
uptake. (V,-0V)/V, is the volume change ratio of the cells, owing to
dehydration. 1"} is the freeze—thaw viability of CHO-TRET1 cells at
various C, conditions for a 2-h immersion time. (Uchida et al., 2019)
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DR GEHERR T X R AR SR, MO B
M52 Ex7.
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Figure 7: Phase diagram of trehalose aqueous solution by PLCV (Ih:
ice Ih, I1I: high-pressure ice, GL: HDA-like glass, MIX: mixture of 11
and GL) (Uchida et al., 2024)
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Figure 8: Pressure dependence of viability of CHO-vector (open
diamonds) and CHO-TRET1 cells (solid circles) after PLCV
operation. Data of 0 GPa show the viability of each control cell (no
pressurization) (Uchida et al., 2024)

YITNW =Gt THEFERERRIE TS, 03 GPaTIRN
JEHT & D 2B ALE D T A5 7225, 0.2 GPall Tl
FERT & AP TR L7, RSO FHEBROME
Mo, AFEEBRTIZ LT — ZAEE1000 mM, F 771303
GPall'F Cf7 o 72. 25D 4 (M3; Uchida et al. 2019) %25,
CHO-vectorfl Jg 126} L LI SiURE W IC iRt 3 CICER %
B#A L, CHO-TRET LML G L CiL0.5M; iR S & T2
LRMGT A2 LT, MIICH L TORELEA ML A& R
B S 7.

3.2 PLCVIEIC &K B CHOMBI D RIGHF REFERDIES
&7

—BENGEM T CTER> SMAERIREE TEHHT S
&, 03 GPaTIIA T AL F 72 B ERMO LRI & 0 i
BHARE DS TR A $ 5 —T5, 02 GPall T Tl KIhH 0 £
WA & ) RE BEBBIIMAR LN ZoZers, &
7 { L HMBAIKIZ03 GPagF FTH I ALL TWAE S
EOSHERECE /2. /22 o ofdiad, CHO-TRETIAMNE
THETHLZ L 2R L.

SR L 724 > 7OV & itk Al o Ay = 2 e
L7 (]X8: Uchidaetal.,2024). 2>~ hbu—j)L & LT, WME
B3GR L 7B O R %20 GPa (yilh ) 1R L7z
I bPE—VOELFENPOSL ETH S DITH L, PLCV
P X0 S L 7o o BRI AR IR o 72 2
DOPTH LT % RLCAh B L&, CHO-TRETIAINEIZ0.3

115



116 WH %5, HIINER, e %

GPaTIFIFAWADIZH L, 0.2, 0.1 GPaeft F Tl Ll
EWETERE IR L7z, 7272 1.0.05 GPaTIZ F MR R
L 72572, CHO-vectorfillfg i, BHEITEAEGFERIFH, &
V) fE & R L7z

CHO-vectorfi i @ A A7 36 O [£ S A7 PR, HMifgsk b L
NO—ZDHFEN LITTHEZ ML TWD EER LN
5. Tabb, M N LT — R0 X 2 SRR R
&, MO AT EA D 5 W3 H T AMIC RS L E
HLE25. L2LMREANICIZ ML o —Ridimgsh
TWRWDT, BRI L > ORGP ER SN Twa )
HEPEASdH . —J7 TCHO-TRETIMIE & 541, Mlashok
IR N AT —205H 5 LIk b pE
FRBLLCTWAIZTTH A, 0.3 GPafiiE F OCHO-TRETI
MBI DWW TIE, MIRBNAK D BIEKRS T A% DK
W DOTEIEAH S O THEERNE T 2 WS
7275, Mo AFERIZIFIZXOIlEoTLES7. T4
HHAM AR O AL IH T2 2 L 220 TIE, AR
R LEEEEEZHADPLLARTLTLE) ZEDRE
7z, F 7B CORIMADIER 2 1 50.2 GPall T D JE
T T, WL bEEDHIEFFENIEL Bl
DT ERL, KIMERDERT 50T T, EDAE
W LR E RO L URN D D T EHRE ST,

0.3 GPage T i L 724 12 > v TCHO-vectorill 1 T
AEAFEEDE {, CHO-TRETIHIIE THAEZ MR L 722K
LT, RO R - FEAHEERE R, SRS & o FE S B
L% 2 b b, Suzuki & Takeya (2022) 12X % &, 0.023
mol/mol (#1.5M) @ k L /1 — 2 /KA % PLCV: 0.3
GPad L)) FCHfifl L7cHi&, TTIKTIETENLV T 7 AMT
H BN, FIO0KTHFALDHE Z 5. 2 DR ORMHS D
KA, 3~8miEEL AL L Twd. 2F) ML
NO—A%E&HLITEICLoTE ) MM R EL S &
%% 5bNb. PLCVIEETEM S WML 79 AM Gl
PIZIZ0SMAREED b Ly — 2% A &5 ([X4: Uchida
ctal,2024) 2 &2 5, REHIKMHDAR S LT 2 0] DS
V) A, SRR SIS TR R ORI~ DA 2L %k
CLo2b Lk, FRISHUEA TR R P o
MWEEDIET, BHMWRBIC LS EHFEZLND.

Vectorfll B i M PIIZ b Lovg — A8 A Sz wiz
B, HHPAKIZOKIMEIZ 2 > TW AL H 2 DT, H
TR CH M - FAEERE 2o 20T REWESL D
A 0.2 GPallF D G112 BT B EAFR O FE IR,
AN E BIKIWDSTER ENTVWE T EBEZ LN LT
B, A D AIRFICE - FAHRBIIEX Tuiawne
Bbhzd, 2070, MPrEEZEEFITHN L &M

WINHEES, ARG, k2 KR

Ho 7D TV H. B Z XTI S 15 KIS SRR AT
FEEEAS L, B EREN L T —22X 5T
MR ST, EERPEE 2 REbH 5 9. 5k,
TEM S N5 G OFEIC O W T H WA DX, FHl%
WoMITEDLRESS.

LA, METCTHRHELLS ZOBEIHZ OIS
PEEZEZT, MELATEMEL THLEHRZIT- .
L L#RIE, EDEMF Lo ML TH, AfFR
R 2o TL T o 72, MRafROMINE 2 BMSEBIE L 72
fidk, MiEASORBIRIA TV 2% ), MN
TKIE AT LTV T, MRz s 380k
EXCEE>TVRVE)THS.

SRR DRSS AL, PR AL 7 0 R 2SR IR S Tz
MBL D AN B E BT T &) T LI, SEAT%E (Mazur,
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KIZIZ20Z B 5 ZTRDHFAENMHERINTED, TNENR L0 - BF@MIE5 I Tws. i
EOEBFM OIS T, KEEOBAOR—ZAIZERT >TwE. —J, E0 X9 HERIFEM
PELANZT - BTFEE2 NS5 LTI OVnTOREEIZIE, HVTVEIESTWE. AT,
TR TH] Lo RSO EREZMHEL, Z0 9 2 THIEROH RIS 2 k% o Bk
B2 5. w%IS, KERIIBIT 50— HTAEOIEEIZONT, FEZFORM 2R L Tk
RpHZLEd5.

Nomenclature problems of ice polymorphs

Kazuki Komatsu'

More than twenty polymorphs of ice have been identified to date, each assigned a distinct Roman numeral.
In recent years, advances in experimental techniques have further accelerated the pace of discoveries of new ice
polymorphs. Nevertheless, the criteria for determining what kind of experimental evidence are sufficient to justify
the assignment of a new Roman numeral remain somewhat ambiguous. In this article, I first review the definitions of
fundamental concepts such as “crystal” and “phase,” and then highlight examples of ice polymorphs for which phase
transitions are difficult to discern. Finally, I present my perspective on the criteria for assigning Roman numerals to

ice polymorphs.

F—TJ— N KRZF, ik M
Ice polymorphs, Crystal, Phase

1. [FUSHIC

% (polymorph) &1, (LZEMIEANH—TdH 2WH T,
R ENLVICEZ200%2 0. 3L A LD
A5, WERIEING U THBOLEEZIY 5 5 2 L%
LNTWBA, Kk, 202549 K ficB WAL &
D20DL DAL S 7127 - TH ) (Kobayashi et al.,
2025; Komatsu, 2022), O D% 2B\ THLoOWE %

JEEILCTwa, — i, 2REXNTLHBEELT, 1)
LILIL.OXHICu—<7TE2275d0, 2) apy...
DEHIFV I XY LTEDT L0, 3) FREVHHI
YR FBEL D, OFIINRT =V BHY, LD —
% B MPIIRADETOFE A DTTEHED 77— AH %\,
K DA%, 19004F |2 TammannA3KIL % #Hi45 L T LR
(Tammann, 1900), T —<EETHETMIF IR TS, £
HZ, BAEFTHOLN TV EKRXIXE TOREFEIZOVT,

NS —4
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R BREBORMED L OO TR L' L 2oRETE (XRD: X#IET, ED: EF-#EHT, ND: spHET- BT, VC: RRTZAL,

—4

AN

DM: FHHEEME, IR: ARFMISE, QENS: Hr -1~ HE A HGEL)
KE 22 AE W O [7) 7 T3
I, P6/mmc (Bragg, 1921; Dennison, 1920; Dennison, 1921; John, 1918)' (XRD)'
I, Fd3m (Konig, 1943)*; del Rosso et al., 2020; Komatsu et al., 2020 (ED)’, ND
11 R3 Tammann, 1900 vC
1T P4.2.2 Tammann, 1900 vC
v R3c Bridgman, 1935 vC
v A2/a Bridgman, 1912 vC
VI P4, /nmc Bridgman, 1912 vC
VII Pn3m Bridgman, 1937 VvC
VIII 14, /amd Whalley et al., 1966 DM
IX P42,.2 Whalley et al., 1968 DM
X Pn3m A oki et al., 1996; Goncharov et al., 1996 IR
X1 Cmc2, Kawada, 1972 DM
XII 142d Lobban et al., 1998 ND
XII P2,/a Salzmann et al., 2006 ND
XIvV P22.2, Salzmann et al., 2006 ND
XV PT, Pmmn® Salzmann et al., 2009 ND
XVI Fd3m Falenty et al., 2014 ND
XVIL P6,22 del Rosso et al., 2016 ND
XVIII Fm3m Millot et al., 2019 XRD
XIX P4, Pcc2, Pbcn Gasser et al., 2018", (Gasser et al., 2021a; Salzmann et al., 2021; Yamane et al., 2021) | DM, ND
(XX)° (Pn3m or Im3m)° (Prakapenka et al., 2021) XRD
(XX1) 1424 (Kobayashi et al., 2025; Lee et al., 2025) XRD, ND
(XX’ Fdd2 (Kobayashi et al., 2025) XRD, ND
(xximy’ P2,2.2, (Kobayashi et al., 2025) XRD, ND
(plastic ice)’ Pn3m (Rescigno et al., 2025) XRD, QENS

PO
WIS RN AT DN R G L TEDTHADT, HbETHINI72&7 0,

©

IS

EZENT, FIOKXIXOZEHTEDIRXV FBEETE SN Th 2w,

o

EN

-

ENENRMOWEG L o Toim L x T L7z,

%O a4 )83, TUPACI & 5 401 D i 46 07 1 %,
IMAIZ X BEEMOGHITTED L) KRS TES
T, [ UREEASSCRRIC & o TR Z 2 41T THIER TWiz D,
W R 2 ZHEREA R LT CHIER Cn iz 2 L, KD
N DIRELE E72LTWAH I EDE . KOYA, 19904
AKX % O C BIRELDSH 572 3, 19944F | Sirotak
ZhapparovSD,0K 12D W THE 4 iR EIE I BT 5 K F%
ZE L7245 %2 Hitf L (Sirota and Zhapparov, 1994), %
DO TIOK, 1-22 GPaTH 7ol R Lz e &L, 2
N KX L&z LaL, S oEBRIEFHIE)
Mo 72 RIZ, Svishchev & KusalikS19964F 12 4318 /)
FIlalb—Ya YCEHERER TIZBWTAEL LA
L L2 L, Sz kX e A7
2% (Svishchev and Kusalik, 1996), < OfEEoKIZBAET T
EERIIZIE DA > T, # LT, Lobban (21998

IS S R RAE RSN TV EB S, KNI DW TS SR AT b - Of LR EL0O T2,

IRXXBLOTIAF w7 IKEAMD L TIL S D45 AL A2 T HEIPITOVTUL R D 5.
IRXXDZEHITEIL BRI RMER TH L. BEORIE T OAEERE T HLIn3mIRbhs, KEIKERE
NSO O W TIIBAE SRR A G CH 720 FEI R B I M OB & E L2,

%72, Komatsu, 2022 Tl

B ITEPOHELET 5L, Konig, 1943 TG SN TW DI A DH LK Isd TH AL b s,
IRVIOFEFAHIZOWTIE, Kamb, 197312 Ko TZE B EEPmmn D E 3 B P A SN THY, Komatsu et al., 2016 THIRHL TV A2Wi E ST W,
IKRVID2F HE 7 BRI A DAEAE A Gasser et al., 20181ZKNFD TRIESNTZAS, ARMITIKERFAH LI DOV TIEULIES G 2372, #ELLIZKomatsu, 2022

FELIA SRS,
WZJRAEALL TOAUEPn3me 72 5.

i \Zice VO @ BHIBN THK L7282z o wT,
PEF- Il ER A & FEM 72 A i 3% %2 Pog L (Lobban et al.,
1998), Z OfEABIEIESRIIKXIEFRD SN TV D S D
TdH 5. Lobban 51X Z N F TIZW DD “RXIDHSSCRK
FIZRONTWE I E 2| L AN S, KERIIHT 5
O —<Hgd, [N, H50E0% L 8L 56%
B 7 BRI & D VRES 7R ARD IS L ToafES S h
OB RoTwD EFRLE ZOREHOT—<
B9 % 5 I Petrenko & Witworth D # £} [ Physics of
Ice] (Petrenko and Whitworth, 1999) 2 H ¥ &, K%
HOM TR =IO E o TV 5.

LAL%A0, fEONETIER -T2 53X &
FEAA D &) HWNZE D 7 — A LIELIZAE LTV 5.
ZNOORELOARYEN ZERIZ, WeE T &I [#m &
far ], THIE T2, & L CIR SR - a1 7 9285
LA LV ERPENTLESTWE I LIZHD L



Bbhsd. KEEOGAREIZOWTIE, BUE, KF%H
OEBEMNZ I I 227 4 TilgmAThTB Y, LEWIFE
FEIRSI 2 2240 RE IS B W TR S & LTS 3 2 ¥l 2 ko ¢
Wb, ARTIE, ZO#EmOE R E %D IEH K
HZHIMT, FFEMHEMIETHIE V) ZOo0EE &I
DNTEEHLWL, ZLTHEFEONAETHEL > T3
W ODDFEFIEFET AL, KEFICT =< ETEH
ENDIRICOWTHEEDOEZZTLOTBE V.

. iE&R&EFEh

Kimhld, £ < OWHALFOHFE (Bl 2 1FAtkins and de
Pwmmn)fi[ﬁ% 5. HHVIEAF Y OERD
BRIMWICHR D E L2 L LTERSNTED, LA
EOWIZEEDRE I L CTROZEHED COEFDOEY T
HoHEEDbLNL. LA L, Dan Shechtman|Z K 2 #EfE 5 D
&L (Shechtman et al., 1984) 23 % %8 L T 19924F |2 [E| B3 %
i A (IUCTH) 12X > TR D E A S 17z (Brock,
2021). HEREEHIZ I W TIIBE I II3UITIY 72 R I 2 3572
ZWIZd b6, HEZEBERASEL, Lirdbeh
5 O [T BE AN O SRR TIRFF S NV 10l Frz
AR 7z, R OFE R DTS S M BE R O FE R i
TR P IVOEREE TR SN ARG SO bl
KALHSNT WD, ZhH DD &0 THIM LIPS
E91Z, TUCHERRE T O X 925l ) ol TEHRL
72 (Brock, 2021).

W 7RI L B
[ - A > - 5, e UTRIBERT 275>
I 14 |
(A solid is a crystal if its atoms, ions and/or molecules form,
on average, a long-range ordered arrangement.)

| RUREIH NPyt
[ARERNZG A8y — 2 2R3 WE
(A material is a crystal if it has essentially a sharp diffraction
pattern.)

COEFROETIL, HEHERRPAEGHEL N E L TR
WY &) ILwa%@f%ot# Rk o
KEREOMBIFRE D WET H I LIk o/z Ko
o3 OB O WARIFREE L, B IS E 2 X3RITH 2
T2 AL TORWD, PRGNS 8V 3 s —
YEARY. PR S O HGEREGEL L L TRIg S h
B3, TO XD —iREREELE RS S O B AREIITH

W78 5 — &R & LTEREINS. 5T ORM
HERR AR e KA O 4 b O ERIC X 5 ERE
Bk, dEX0ERE LTI T Abon, Eid
DEFRDEFI S T LY PRWISHEEOMBAY %2 R 72
BYAR=F a0

COIUCKIC & MO BFHDOETIL, 4 5304ELL i
IRENTVWBIZHED ST, RIEZIZETOWEF R
RFIRBELTVD EIZFVEHECIRNICH . F72, [Hi ]
LIREDREHF N L2V OPIZOVTIEHVENRE D
b, L DEBRNRBLEE LT RBHkROTO-FEE
HEHROTO— FE &322 L OBMHES S 2o
MEZ LD BHEICLCwd, Mk 521, ¥— 2 ik
PEWEE T, OB TIIHRERERTEZE2H008T
ENVT 7 ALBHRENTLEI 2D L., £/, b
EV o THRFESXH - HET - BTHREVWALI0WEH 5
A REOMER I — L v R, W EAR EOBISESEEIC Lo
THWEH Y — 2 2R HHEOR S - BIZIEWDDH
B2THAD. TDXI)ITHETIDESFAHAN N WK & 21
52RO OBONEEA) L, HBibT
% LX) NIKDEHORFIBVTH T TIZMEIELT Tw
5. LlFwz, BAIBINTEZ2H0TEREZEH/REESS
BT, BINE) DT EPELLIOERHAL
TZITFANZVEWITRVORNE Lt

EZAT, FHAMRMREMOER L IFEIEND DS, Hidh
R Ferystal D FEJRIE, W7 T v AFEDcristal R T T Uik
DcrystallusTH ), S HICEI2DITB EKBZEERT 5
¥ 1) ¥ v i Dxpootorhog (krustallos) IZHKT 5. Zh
EESIZKRD &9 R/, Flx BT Srpoog (kruos)
PHERLZLDOTH D RO ALK E AL 72K
EARGLTEY, IhHHE U CTKHICELTEHTELY
TR Z U7z BRI LC— iz 7 ) AZ LIPS K H 12
olek )72 (BHERO—ITIEESTL 2 Y AT VITK
mEERTLZH L), ZOEKRYPS, BUETIIEHED
FCELL Yy bENFT T ABMEIIVAI VT T AL
Eh, WERHROMEHETRTIEZ VRS VES R
EZVATNT G A%A A=TTBHAbL V. BN RE
BRDcrystaliZ—fZ LN L HKRTO 7 Y A&7 )V & 1d4L
TMEELTCLE-> T, §liliA72L2E7)VAINT TR
DI BFEFIRROBERITENGD T 5D, £ O
FHIFE DT D ERFN RN ZERICEBMLTLE
IELVAHLDOTHREZAD THEELMR L.

" BEOFERRICFERBEORER D H B, B 2 1 $https://www.etymonline.net/jp/word/crystal & Z2 .
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(FEEHTELT TR
(=HFRAHETELZFR)

' LT &R
| (=#H5 2 HEER)
¥
3 i
“* I ;

; (48) 40
4
(PR REERSIE
() RERME

REZY

H1: A VF—F Y AT =72 X 2Py - I PlroEwo
ESNINE

3. HBEFEh

MEVIBMEZIBNFOMBEL 2 TEHELRESTH S
WHEDLST, FEHRERINRICE T, FEMENLE
TN ODEEOWE 2R P2 LT, BIDIZER
BVDEDLSTL 2R 50 A& TddH 5. IUPACIC X
W, WEOM L IZEMEITD Iz o TSI & PR IRRE
A5—Hk7% b @ (an entity of a material system which is uniform
in chemical composition and physical state) & X 71 (TUPAC gold
book, 2025), —#M WAL OHBFLE b A Z DEFIC
HHoTVE., LIHDVBNFOUREIRD L, RA~
7T REICH 5 L &, ZORIEHE—DM
Wb, EWIHIRBUIRY, RIRPCPAHREE L o 728
ROPEDHIPEGRME LTRLEE RS,

PRI & V) BRI L €, RELZ AR T WIS
I REM]ETEREM VDD, ThooEMTILITLIE
PUIRT L) BRTANF—F Y FAF— T THAEN 5.
ThbbIREM] LD TEEEITBNT(F T R) Al
IANF =D RN R B IRRET, [HZEM | L3R/ Tid
LWHOORUNE 2 BIREESNE. WIbHEZ AV
F—ORBEFIIN T H2MEHE20 THrO TR E
GoTBY, —EDOERIIH L TIOIREIZRE-TL b L
VIO EIRTRETH L. —F, IFEPHIREIZZ oW & 259k
L uOREITHIG L, BGRRLIR TR &5 A S oiih
R, WE, LA EESAT SIS T 5. b
GAEIFTIE, FPHIRBICH LTI AT AIEVWS &
BRED B TTWEH(BIEE,1972), EFUC L - TR
e BWdi S O] ERBEIERLTIAT A 2
#LY, FHRRETHLTENVT 7 AOETHEDNI:
NT5ZLEHLERPULETH L.

IANF =T Y FAF—FIZ X 5HMTEBIWTHR?D
RTVbOD, Fii4 7% HIGFOEFE [ #7715 B 1A

MR

—4

o] T, TOZARNNF—F Y FRATFr—TDEZHID
W [HHZ AV F— |0 #IIA%, B3z L <
W HRERFUDICEZ T, P LEHOM
BMRD, ALV ERH LT Y, @A R
HOWMZ EHEZEIRE L IHEN TV 5 b OIREOTR
RETIE AW, & LTwa (HBHP, 2000). RS, #E%
TR IIARE NI TH 5 L) BRIEH 5 IR
ELTWD LT, EHII—HEATELEIRBIIMHTE
ZVOTEZVLHE W) HEHD S,

—75C, Callen® [#J1% B X ORI EEAM 12 X h
1, CEBRICIE, BT PEIREBICH 5 RILHE I
LW ELZET, "H5RICBVT, HIEWIIRIZY
B2H5605BEITTHRT L, REFIEYDBOZE
HCTRBTEL %5, RIEZETFHIRBIID S & hhE
5. BHFORHICBOTIE, 0L L—HoBRA X
OVFIREEE 2 EH5TH 5. (hE) ROVEE A
ZOMEETH LW b1, TORIIEY FFAIREEC
5.k, FEBREN BN SRR IREE (R & L# o
T2 b00) FHRRE &L BEYISRD T W5 (Callen,
1998). ZH THMEREITT L Vo 7ZIRREERL, I
FPHIREOD L THWVEERTERWIZOMEDL ST, &
B IE B R BT 2 SRR IREE B2 5 b DI
FTTEWERLTHOUOLNRTWEZ EH LWV, KEROMET
BT B LI, EZEFTPHIRBOEREZDTLI VO
MNEVITVL URIZELDDDOD, BEOFEELRTHIREL
PHERED LN VO THNIE, BFEIIIMHETREH D
FIFEAERWZ EIZR->TLE Y.

T2, WO ERTOMMROMBELSD 7225, HEE
FT BT H72oTIE, EDLHLVOKRE S OZEMFITITH
oo THEBRETHNE, TREH—OMEIFRI LA
T&EOP, B0z E, CoBREOREIALTsBL
FBRAOPVWOTEETH L. RIZHSHRIT—DDNKG
T L2, s e e bR 527,
WK SMEB O HEIE L 2. 2O LT, BHho
(SRR L X ] Tk, "FEFOFHETIE, v
LIEHEAFZLLTHI00 ALLEDEDR ) ZVETHH ) &
KL%, AU O FEERE O XM i P T il
BRCREE S RRE & FMRE IS WY =235, Lwv) ik
WTHD, "L VIREROERIEVGTET, HErLE
BZEMYIEDT D IZOVWTE R ENT WD FEMHMiD, 2017)
DTEHFEYIAL—Yva ilihE 2525 —HA
A (HAIBD#E Y E L) 2350% A 5 & 72 0 A S AR
D B D BE DR A CHBRIC 2 5 2 EAVRENTHY
(Okamoto et al., 2015), “\» { HEHEEFR L LTH 100 ALLE”



Widom##

2.208 x 107

6.078 x 102

0.01 374
X2 : KDIRTEEM.

V) LFERBBNFAHBOAEREAE T H AT — )b,
FTHObHMBEBSBEIN) A5 —Vewn) Jrb b
R—=FENBIHITEDbND., LI Lers, BIIFHE
DAL 7 T A F —H A ZNx L THE I 2 -
T DTHY, HEWEDI T AY —H 4 XITHHED &
IBLOVBHBE DI TERV. REHEHOEHED LI 12
B E— 27 DR L, FEBRICL->TBETE20Tn
OEEW LR ETED 20 LVDRELH D, Hl2E
FHET BT 7 ZKD L) IZHRBRR TR DIZD
WTiE, OISO HEHNE .

MR EZ 2 DI, FEE2 512 LLLT
WL OWPEHREOFETH L. K 21TRTKOKREXN T
(&, AAHE A ORI, B R E N SRR T 5
LR EBRNIIBIEDLILENTEL, ZOHER
5, Kivelson® @ [Statistical Mechanics of Phases and Phase
Transitions | “TlZ,  In this sense, the two are really part of the
same fluid phase!” &\ 9 iti#k2%dH % (Kivelson et al., 2024).
FRF AL BTl s & ARG T E T o Di A &
LTHINRETH L L) FRIZEDHMFIZORS T
WA, R, ZOFIRICEEZE R S SCA Woodeock 12
o THEEN (Woodeock, 2013). FLELAYRE L v H A
DRI L o TRASN TV SO T (HHLE,
2025), 2 THEamO A E BB D, IR EET R A
HENPIIFET 5D OO, BHRERVIIFELZY, v
ILDTHB. THDLELLPIIBWT LM & SOk
BMOMIZIIHEELREDRD Y, HWHRHDEICBCTY 0%
FIHRTITHD B L, T8RN, S & AH A Fa
DT R, LA SHERIEWidom#i & L THISNTE Y,
BRI EOBII PN BT 5 2 L)AL
HMHNTWAS. Lo LWidomi CHRBHIIAMEED D 5 &\
IERIE, CHETOHEMEONERZET LI %1 v ¥y

F2B Y, IZhPITE LD 7. HLETEZOEZEAD
MK THBHD, EABLAT—VORMENRZZTHAELTY
L E9I12EBEbNS. WoodcockiIWidom# 2B WTH 3
7 W HAUTHA & FAEAEARICIRIEL T b & nH &
ADXIPEN, E2FETI A —VETEIIYEE
HALTIWrTHEG@m» T 2NEEIAIELS.

R AP T D6, MHE LD & H 2 IO T
1%, Landau & Lifshitz®D[ fE T HLS ICPL T O X 9 itk A
H5H(F57-1) 7y v,1980). RREVH, EELEH
MO TIZIZHIHT A

WIEOFTRTOZDODREOMIZ A TS 5 %
5, 2HICHEET 2L BRI LML TRISAEVWE S &
MBI E B hbdb 2 eV TEL. — 2D
&, RS EZEEL, POTHEIHRE TR 5 M THR
HHRVE) ZHFRICH - T, KEBEZZEZTOIFIF L.
COFEIRTIE, AN 261208, MELZHME
WIAMBZDDLDONRGEMDE LR, Lo TEARIE
HWIZH, EDOL)BRREVH LV LEOOMT, EDLH
RIREPMMOM O 2T 2 2 L3R E 7 b, HEIC
WRIE TODRIZOVWTI ARAT LI ENTELDIE,
MBS HAZE S L 25 RRICAAET 21 3H v, T4b
5, PR EICH BB VICRONTVEDTH S,

SAHEWAHE VD ZOoDME LTHREATE 201, Fy
W ECH ARG, Enw) 2 e, SR
EWVIIRREZ D b DA DTS X - T Lod TRk
ENALTEEERT D, Leh-T, HfBr &) ek
RO THETH L. HKDO[BIIFOIEHEITIE, M
BEEZDTOL) I,V EEICERL TV 2.

CH—OMIZH 5 FHEIREXALIELT, v -
O HRBRERU, X1, X2, ... TR SN 5B IRE LM O
OO EOOBHIZH - TIREZ LS ETOE, D
H—DMTHo7ob 5. 20L&, RHELRBEOIRED
MR o0 (Fhbb, ShBdismuonT
AU AT T VAR T B 5 72 5), HIlER L7z
Ewgy,

b B 2 M 5 2B B DA 5 % 8]
BFNTI VW LR 205, RO I FEERINE I
DRRAED S —HMTII 0w, EARICHELRFERTD
VoS E R DAL T B 7200, g Sz 8077 B RS
B AN F HIWI$ 5 Z LR R IR TR E R
ThHb. LHrLads, M— BJ)FEBOA % 53 #s
PEORHEREIC L > THITHZ L RTETH S, T8

S UL, B E RO o DM O ETI A
RN D R ASH 2 ENNTER Y. T2 LlE, Do
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& 9 IZLandau & LifshitzD HFHEIZ, & ) @i KB THEY
nNTnwab,

PR E TR S, &5 VIZFA—WE DR > 72455
Ko &9 iz, MEORICEWRMEND L. LvHD
i, ENSEHNTORNBEO R TN ENDENLTHS.
SFROENE (EF) 12OV TIE, HE SN, FTTERD
DD, HAHEVIIEND, L) EEZVRBETTHAS.
SFROFEE, —BEC, REBMICBINADHA2DT52
ERBHDLIZTTHo T, FAIZHNDVHEZZ0THHD
T %V, WREZENENOIRREIZ B T S 2> O 5 Firlk
ERHZTWBLETHAIND, HrWEM2HDIEEES
KRS 2EVOTHIRETLI LD TES. L2 o T,
DX HMTE o TRIERMIFEL A2V, ZL TP
i AL BE RS 122 5 7y, 2 e B B O O FAi il &
BboTEITRDLIENT B LY IR,

L7235 T, N H 2 HORBEIZILT 52 L
HEHZDIENTENE, BFEHBOLERE &S 2
722 liZRY, ThbbMERE L7228 h5s. H
SO FEDZALIZIT E — 7 OB 0, EEEIC X -
TELRZBIEDVTRETH 25, HIFEERIHE ) RO
PHZBZ TEIET LI ENTENR, L) &M EER
5. R EBRRPHBIIL - TEERZERL L) LTHUL,
ZNEETEFTITo TOMERAE L DRI 5.

RBEOBRBEZ, EHKROIEIIFOIEE]D O SO EHIC
MLCTEHEED L HizihaLzw.

W TIE, MRS —-S3hTwabirTids
V. BT ABEL WL, M LTLE) 2o TAH
Bamdb Pl bwhrbThsb SHEOEHKIE ToOLE
FA TV LIS A DR TS ZICE V3T 2D TH
D, BB EEREERNDTHD,

HAROTENZOIFE]TIX, Ir7nL~wr7umBENEY
MO ILHEN 2 TUER IS ITIR R BB e A — IV OHPHA B 5
Z k. PHEAREEOSNIFTIESY 7 0 RO ADSEH T
HbHIE, I70lx 7 udBEREITIFTIREE DT
OB ORIECTH D Z L &, EEEVEANE
MENTwa, BENZEEOEHR LR LRV, L) Tk
LRI (052 2)—D0—D20FEN T HITERIN
TBY, PHICBIT2EREIHTHMNIZhL ) ZEKL 5.
2L, THIEWwIBE—D2 L 5T, RELALT
THINZITERICEIDHZ 0%, HOW2H5TTHE
WEZ 5 L) —T 503 EENH LA, L,
P LLKRDEHOME R U A5E121E, Wigeg oM
Th LM T2 ez IS 2 4E0H 5
P&t VAN RN R

MR

—4

i

3

oo
553,

L rrr
et

HEE"‘*Q——"’*

\

IKle 7K lsd

3 : Kb, Ic, [sdDHEEDBIAE. A dBREEL, K
BERMCTEL TS, KINXBRFEAME 2 6 455 W) 1 C
BRI 2010 L, KIS AR CRUB S 5. KIsdid
GMLRIE & BRI LD > TV 2.

4. MRERROHIRIN EEH R HE

2 BIRDLIE 2 FES 5 ISR - #1758
25, FRSARE O 2L R B F BB O E I L 2 iR O
Bihz Hig 2 1242575 FEBRINCHER ZHRINT 5 2
EDWEE L BIDZBAALT 5. ARITIEZ OB 22805
B35, WEOKREHFEDOBURZ B L TH2\v,

4.1 KIEZD¥FHE
4.1.1 Kih, Ic, Isd

KERZBI 20— HFMEEEZLLH) 2T, £7F
HAMERELDOAKITH 5. KUZIE, ANHERDI, 3
TR Dle, BEAKZ GHlsdSA LN TE Y (K3), X5
\KIsdDH T HIh&E Il BT 2R O m &R T HIY
T, hOEHOHAVN S VIS Sle — 1)) — 13 — 15— Th
L AELDIREEIN TS (Johari and Andersson, 2015).
FFRMMRZFTRENTVDELDON, TNENHNLRD
», ZFLTHZDDR, LWIHBENSHEL TRV, &
LAUDERZEEET L L, KUIDOWT, TREFNLOGR
AFEDOERIIH L T THEDHMERLZDDTH - T,
MELTOR—MEEZRLTNWD DD TIEZR .



KL

F9, KIZDOWTHE X L 9. KW DKFED LA 3#120.5
TRMMICHEREFIREEICDH 2 720, B I3 E
PRI lD ST, Piglis s L CHRE €%
THIENTE, WEANPTE -2 bRT. ZLTRAE
TOCLAFTIE, EOkOMERE L ) /S ZHBT AL F—
O, ZOFERT, KIWNIOWTIZREW R KR TH D
WRETHTIREICH BT H 5.

WITHKIeTH B, KlclZ19434E DKonighZ X 2 58 WA )
LEDLNTWED, KonigPhailZ d 2w L 2k
&, Kh&EIZRZZEITE—2 2RT SR TV
X9 THs (eg,Burtonand Oliver, 1935). D%, LIES
CKICFEBIAET 2HLEME L TELOR TV X
9 7253 (Finney, 2015), #f4 & FECHB S NIoKIck b
NTVLLDN, TDHBBEBABELTVWDE I EVHS
Wb L, BEAEL TW W KIcDFEH RN
WEZEED L L 72 Malkin et al.,, 2015). FAZeH, 4
EEL 20D V—TH, KFENA FL— 60
KFELE VI FHET, BEAELE T RWIKIcOEBIZKD)
L 72 (del Rosso et al., 2020; Komatsu et al., 2020) .

HHTREIL, 220007 )V — 7 TKIcD 55 i A
RELELZHS>TWAHIETHASH. del Rossob 13Co& 9 K
FNAFL— 2R TCHIXL, HETTHIRT LI L
12X o TRICZ BTV A, 180 KEEFE A S IR A4 £
DR AVKIWD B A Z ID T B, —T5, ARG E
W KIe & MBI OKFER A v 8T — 27 RFOKRENAL F
L—h2HEWEEL, 10KTHETZZET, TEL
7 7 AROWEEFETKIcEH2. TOXHIILTAKE
N72KIcl3240 KFEEE F TlRKINC 2 5 2 & R S AFEL T W
72. BZF 5 {del Rossob DKIck 4 dklck Tlx, g
D) ORI L 2 DEAIRIEIED D - 72O TiE ek
FHRLTW. BEIE, KFENA FL—b25oBKERC
X o TR SN FKIeHS ML & A 22 D 2>, JEFH Tl
WRIREZ DD, Lw)ZeThsb, Kk, 27Ld
180 KFHFE ¥ CIRiREEZ LI L Tl i Ay 72 Bk - I
ETDLIEDNGhoTVEID, —EOERUIN L TRE
LARLTTENTEDEALH. TOERT, KiciZl180 K
FRPE T Tl E T, 2o Th b, Lzh- T,
AERTHIMIRL 20 —<HTHE ) B TOLNIRELRD
2H LNV, §CIIKIcE W) ZRIEES {flibnT
EHELTLE-> TS, Fiokicld, KhEEREOENIC

2 - >
- -

D

i

R

Lo TOAKHTEL L) LD, KEEMAELED
—DOFME LTOKIO—FEE LTI REH»D L.
Wiz, 4% &0 BRBOZR (polytype) 2SI L 72854 T
b, PIZIEKLy (ISRIZHOEEY 4 TERRTTLAT
WG O—F)) R ED X HIIKIE V) B—<ETIIHRT N
ETRZVHPLEFHIEZEZ TS,

—H T, KIsdiZoW T, FAEEFEIZB W TIIKIhD
JR 5T A 2 B FTNC O A, AR L Z &A%
A5 TH D (Hansenetal,2008), JEPHIRETH S Z &8
flZ%. F7z, KhRlek b FHRERE & LTH3RT
W2 AT 2 v, F 72, REREKFROBEDE WD O
2o, W88 — > bR 5 RN 2 5 A A
LL7u—=FiZ%d. LyHLad s, BN
RETHEFE =213y =TT ERDL720, BOTE
) ORRITOMMEFTZ b Lk v, FLvdL,
Lo, I o @ X9 2 &5did, fio—McizdsrdLi
DS, EIE IR MR 2 USRI ICHERR 35 2
ENTE, POV THEN ZKELZRLTWSL LN
HFWRT, ZRNZENARELMERS AT, HICHEKS O
BILARLZZDD, LLLZAERETHA. EHIZ, Kih,
Ie, sd% & 7 E LTOKIEMIEN S 2 EHd 5H75 )k
TEARIAN O TR W L ICHEEPLETH 5.

4.1.2 3KkXlh, Xlc, (Xlsd)

IKThD K53 O BRI AL O JLfE AN L U o TIERIIZ K
HENFzDIE, 19724F OKawadall X % 7% B & O f R
LEbhs (Kawada, 1972). KawadaldKOH (0.101 N) %
F—=7 L7k oFEBRE2MWEL, 70 KL CHER
DAWMBKTE LB 2, ZOERKIKGS T OB
W20 THAH) LERL. ZOKk, 1982412 Tajima
S & o Tl EN72KOH (0.1 N) % F—7 L 7=kalkt
DI, 2KTY XY =T RUDBENYZRLTEY,
C O HEFVE IR OB O R IR 2 & MR K g
NO—RMERIZLDELDTHLI EVBHLNIIR ST
(Tajima et al., 1982). X 5|ZZ D, Leedbetter 512 X - T
AR F BT T b, Cme2, D228 % F ok
&' 7V (Z ®%E 5 )VIiZKambXMinagawa (Kamb, 1973;
Minagawa, 1983) 12 & o TP ENTW72) THEIEMAT S
72 (Leadbetter et al., 1985). KIh®O BT, ZFDHEKXI
(@ %\ IZKICOFRFFAI T %Ik XIe & K % P52 1dk

THEME AL (stacking disorder) & R KK (stacking fault) &\ ZODHFEDE WA PFEICL TB & 72w, FEST N TW A HEFio—>

—OERERIE VW, FPTERRIC L o TEBRMICBISE TE 213 ERMRBALEE TNIRERZREAKEL 2 2 TRIFATYS. R4 D
B L72KIIZBNTYH, HHFEIRTIEDD 5 2 WREOHEOFMBAMIEINTVLLEEZ LN,
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Xth) EIMHEN D K H ISR D05, 2 2 TKRXID e —< KT %
5 ENDIHT 2P E ) DEBDTEEL TAHIZ,

EBRN e BIZHER L LT, KXIE KO MIZIE, FEHE
RHBADORNITRE SN HE LR MHERS LSO TED,
X502, HPEFEIA S, JKihERXITIZZE B R -
TWBEZLEH o TnAh, Lah>T, KXIZKIhE id
HpBMELTHOT—<HTFED0T 52 LIIMED R S
ZITHZ B, BFIZHBRS L9 IZHZIZW OB ED
HoTWnhb,

9, INFTIHESNIKXIEIFENR TS H DI,
ETHRIBPIRETH D, BEBRFHTII R, Mk
EDT2KD0TIZT6K) LT T7T ==Y ¥ 735 &, ik4
WREBALASHEST LT () 2 I¥Fukazawa et al., 2002). Z
DEWRT, TNFTIL/ONIKRXUIBLETE L LA
TIFARBICH D L F2 5. blLu—vEKTE (B
RELRIRNA SN &) BIRT) FEEMISPHHE S
ZBHDICWET 20 7% SIRXU T -~ HTEE 5T 5
ME D) PIXEROKIAD D, — T, R R
AOKIhEFER R 5 L v FEE, FNETTRXIDH E %
DIBEVHIBEMZMELTVWDEEEZLIELEELS
I, Frz, BwT == v 7R RAUZ IR 2 R
AL L) 2 epifesh, »oMifES s Pl
KB & BUEORBOIESZE D S ik, BRgET
FEIRETH > TR I T BT 2N E5TH LA
U THD LI b2,

NP RN WA RN B TR 28 B TR AR )
b, PR OREREICEY D550, TOZEHE
WFIERICEE R ER Y 5. KIhoRKEHEEE LT, Kk
XI& 6 CHRANIZ8D DK F &tV Tl 680 %
ZbNAh. it Yamazaki 5 1, &R T BEHMBEN TH 4
BRECTKEAKL, ZOBEBTHREIIEE 2L 5,
Cmc2, @ ZEMRECTIEHE BN & 72 2 37 & — 2 OFFFE % s
LTw5 (Yamazakietal, 2024). & 5(Z/KEZEDORFHEEIC
XBEASNBAEFE —213120-150 KTHEENTED,
PR HIE SN TV L FEELBORY, Pk T HHT
¥— 27 OEBARONDET2KED 2R ) ERTH L. o
DOHLICHEM LT, Arakawab i3, —EKXIZ 7% - 72KiE,
MEBREZBE2TH I 7 0 aBEiEliEoThy, #
NP EDISOKBET TIIELIZLEWMEL TS
(Arakawa et al., 2011). & & [ZSugimoto 5 1Z, FIE W F4E
mtEE AT AR LICAT oIy F T v LI
e U722k oW, 175 KFREE £ CTIRRMFBEN 28
FHEESRR LN, Z EZBH 5L TW5 (Sugimoto et al.,
2016). TNHDOFERM S, N7 OKOFREHEE L BT

MR

—4

M 2 B PAEE LI EL NG O B T W DS B 2 & DRI
SN5.

BRI X 2KOBIEZ, Kle (BX 5 Isd) 12
L ThIThbhTEY, WMEAPHEE TS Lz wET
Y— 7 OFFAE D BEEHE S Tw b (Kobayashi and Yasuda,
2012; Kouchi et al., 2021; Yamazaki et al., 2024). F 727Kklc (B
Z 5 {Isd) OFRIFALIZOWTIE, ARIMRIG 6 5 R
ENTWwD (Geigeretal, 2014). LHL, TDX)H)LET
PRI R AN & o TBIS S NP L7z R A A &~
I, HELCHBRTE LI EDEMMAD) ZHo T
WITREEA B S, & LIS ORFME; RN TS 5 7%
5iE, TMHZHOME LT —<HTFENGTHI L
U TIERnwEEbh s,

4.2 KIVEZDHFE

JKIVIZ, 19004F @ Tamman® JKIL, D #5152 & Z DAF
AR ENT W24 CTH Y (Tammann, 1900), 19124F
DBridgman(Z & % KV, VIO 5K IZ1E, IKIVASFER S 1
7oL FDDITIVIZZEFICT R - T /2 (Bridgman, 1912).
LA L, KIVIZEE OWBEE /S A TIRRE IS L %
WIELSER T o 7272012, TOFEPMEFE DL LT
Wi SNz DIKIVEEF L 2o THLBEKRDZ LT
&7z (Bridgman, 1935). BRI AHKTE 21X, KIVO
WA EBRNELEN R ONTRH TR EINLIRETHH 72
A, BEIZEPDIFSTEET LI ENTELRY, L)
HiEu—< 7L ) BROGLEAHEDORETHH A9

HKIVIE, KXVITRXX &\ o 72 BEHE T TS 5 k%,
KXVL XVIID X HIZHANAL FL— 25D A
Lo TR I NIRRT, KEEOFTHE—, Wied
LB RIN TV, KIVOKRERPHZ RS
ALk, SalzmannSDZ )NV —TI2 XK - T, I VtEE
(Salzmann et al., 2003), 7RZ=EA G 2 (DSC) (Salzmann
et al., 2011; Shephard et al., 2017), 3 X USHy RXGHRE [al 1 3=
(Rosu-Finsen and Salzmann, 2022) &\ 72l F %2 Hw
THbRTE72 WHEEHELT V7 7 Ak (HDA) %
AL ORIVEER L, ThaiifERiEEcamle
b, FEIZERLAHEIEZERL:. ZOBRETHES
N PG ODSCHIE DFERIZ L L, HClZ F—7L
72KIVEREECIE, WIETIZHB T 5 AiEHE TR120 Kf i
WZHS WA HIREA Y — 7 2SBll S Aok L, FE R —
THERLIOH F— 7B Cld 20 & 9 ¥ — 7 i3k &
Nhhrol F/2, TOWBY—21%, SWETHEZ
T VLA L DBHEICBND 2 MRS L.
Rosu-Finsen & Salzmanni, €D JEK & LTI AKERFALI
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(a) Temperature (K) (b)

R4 : (a) KIVO HALRL AR & REZNE D OREZEAL. (b) Kk
IVORE RS D —E8. HAifbo 72Dl E D1 Atok#EFHiw
Twizw, Kobayashi et al., 2023 & ) —#RekE].

M7 7 AGEHe | [hEFEADI & v ) =D Dl etk & 48
FCikim LT\ % (Rosu-Finsen and Salzmann, 2022) %%, %
DEROFFEITITE > TV,

3T, Kobayashi Sk 4 DFEE 7 )V — 7Tk, DCl% F—
7 L72D,0588 5 HKIVE AR L, & DYy & itk 1l 37
FEERIC X o TR E F T WRERFLDOIEE &
5 % 72 (Kobayashi etal., 2023). HF ) X {Ab5NTWwiwn
HETH D75, FIIARATRERE 2 7B R 7 3 52
BRCiE, — MRy 7 4 EGRR I & D B RIS 1S
EHERE - R RV NT A —F =5 NR D (MR,
2009). ZOFFHEEEA, LT, F41302-0.6 GPaTIRE %
BRI T ORI R & 17, #9120 KIZB W
TKREMRFALICE 2D L BDNE LTI RENINT X —
F—DEALZ ELZBZEIZEHILTNS (4 (a). &
512, 58K, 0.42 GPaTHE S N7zl /8 & — v &k
IVOZEHBERBc OIS HETdH HRICET IV Z HWVWTY — b
NV MENTT % L, DIV A+ (144 (b)) O 545750356 (5)
LR, DIPI0SLLTNTVwDLEI LN Gro7. L
AL, R3ckR3cTIHHMANSEVIZ AR L, HERODLTH
RINOBRTIIMNHEOE TP L IEE 2 BV, S 512,
BN INT A =5 —DOREEACIIAHESE L 52513 L11EH
WECIE e <, A CHEAR L BHBAECHlE L 3o
AT VABBEEINTEY (M4 (a) ZOJKES AL
TETHbH. LdioT, KIVODTRIIKERFEILL 2
ERDNLREZ, TOR—MEE FRTE 213 L OB
REPHEOENTVD LZFVEEC, R 3BT, o
REBIZOWTH 70—~ R TPEe 535 2 L3R LT
W5,

10JK" mol™" |

(2-1)

L—
;40 min at 119 K

Isobaric heat capacity c,

(22)

L
100 110 120 130
Temperature (K)

X5 : 001 M HCl% F—7 L7k V/XIIODSCHiAR (3 g
2 K/min). (1) 134 K2*593 KF CHlkICH I L2054, @
1) 134 K2* 5115 K THH L 721%, 119 KT4000 M 7 ==Y
VLR, BT (2-2) 119 K22 593 KF THENL 72354
Yamashita and Loerting, 2024 & ) CC-BY 4074/t ZADd &
THRH.

4.3 KV-XIl&ZDhRIREE

JKVIZ, B & %0.35-0.6 GPall 2 I & F > MR EHI T,
IRXINEZ DX IE g HP)FHTdH 5. Lobban & iZkk 4 %l
JEE T T CORKVOHRPEF T EEREZ 1T 5 7285, Wik
BIENGEETIZBWTHRVIEZ b flpib LT
BY, BELEHRFHTIEIZVWIENHLNERS>TWDS
(Lobban et al., 2000). BFEORETFOAEEZ DL, KV
BRSO R T b WFEDMR L, KERE LICH D 20
DRFEH A P AFERENIIEFMTH D720, FHMORT
YA VLo TELLPDON A PAEXDERNCRD R
WD7EA . Salzmannsix, HCl (F7:213DCl) 2 F—7L
7BHT O LM P T ERR A 1T, BERSEEISRITL L
TOKVORRFMHZ R L, ThakXIIEEF L Lz
B0 T, KV-XIEERE L, 5 FFAH—B 7 AH I o A
LwHZ kIt ES

%L, Yamashita & Loertingid, [BIINEFE ODSCHIEIZ X
DKV & XD B HHIRBAFIEL 5 5 2 L 2 L 7:
(Yamashita and Loerting, 2024). JKV7A* 5 KX~ O H iz F2
IZBWT, DSCH—=TIIE 20D — 7 RS
(K5), FepAbo @R CMErohHIREL 5 2 L2UR
BEhiz, SHITHEROHHTL5HOT=—) ¥ 7%
Btk Th, 7=V T Ledo72bDEEDLRVE
BE— 7 BBIRENZ D, ZoORRIREIZE)) 1
REARBICH 2 LS IE TR L T 5. KVORERIED
MEE2ZEZDLE, RERKEL Y b7 — 27 &ERDEIFIHR
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bF2D0TIELRL, WOPDFFALLR T VIS v
N7 — 2 3HAT L TR AL T 2 W REE IR e B 2 s &
J. LT, 20X iR BAE A I E P RTE
WZhbEV) ERDFEFHRIOFR—- PSS TnE L)
2%, LaL, b LZoPEIREONFMEIKRVER K
XIOWFNALFE L THNIIL, KVEHREIRED L VI
JKXILE i ELRAE L ARG 2 PR 5 72 28 & e 1S 2 b3
LT ENUREE R, TOREIZLT LS HHIREZ KV
HBHVIEXMERLZMEFIALTIENTE RV, i
RO HPEF T EBR O RO FEI2 NS,

4.4 IKVI-XV-XIX

IKXVE X UKRXIXIE, KRFERFHOKVIO B A T H
5. —DOOWMBTFANIR LERORITAD D 2o 724180
TOME o7 T 3DDMOIZERIZD W TIZEE
WOMH LS (Komatsu, 2022; 11IARIE, 2021; /M —2E, 2020;
IE—E S, 2017 IZEEL VDT, 22 Tl MEIcE$
5 2 EDOAMHITHRE L 72w,

KRVITHIB T 2B Bp I ECREENTS
59, KXV, XIXIZWh b HokFRETH L. Hok
FFIRREIZ & B MDIRE T L RIS, 2 OB IREAE
ERRIRBICBAT T 2 BEN 2 IETFERELZ O, 5
WIZFEEMN R ERRE L L CHAHRIREE o T b0
NEAHOEETH L. FEH HIF20164512, KXVIZB W
T, HEOBEFE R AL URNFERSEO AV F -2
ZE%ERL, 100 KEEORETIZINOHEEDO P AL ¥
BRELTWDIZIN, BH—D KA AL VORI IET DH L
VLA THSHZ LERLZ (Komatsu et al., 2016). 244
EEA D, KEEOT—<ETIx L THAEIZERCE LT
WeblF TR, RXVUSN OB REAG R LS 2005
12 IEB-XVR KXV (Pmmn) D X512, HriLvwa—<
B3 g, U LETRBILAZD, RXVISZERH
o oMY 2 HRE 7213 Lo Tidhvhre
EZTWwe UME—H5,2017). L2L, TOX) RN
2T, BIAEDER S NK A TH 500 &9 st
LW W) RBihH 0, ikt s 2 itk 7z, FEB
Gasser 5 2516 T, KXIXDIkMBEZ BT 72B8121%, f-XV
LIFIEN T W 7225 (Gasser et al,, 2018), Z OIFN44IZ5E
SNHHE B2 b OB L\ ig A2 3 R Hf 2
THrHIERBIIRL TV 208, PEFRITIcE -
TRXV L1357 20 WM Z 5O 2 E DS NI % o 72k
MT, BORXIXE W) FrLwe—<HTErfH53h 5
Z & 1Z7% - 72 (Gasser et al., 2021a; Yamane et al., 2021). &
Fv) oo, KXVE X UIKXIXO 22 L A& 721 I

MR

—4

WG oTELY, EULRLMRMEO—-DOTHS.
Gasser 5 1Z, i F CTHEICHIL L 72K XIXASH- & &
DIRXVICHIIER T 2 8T, WENLRERTIRETDH
BIKVEDHEINS Z & %78 L7 (Gasser et al., 2021b). 5 7;
DRPIREM 2 BB T 2 & &S, —BEAICEERRFIRE AT
BT 201k, HBRZBRICEZ 5. KVIZFEET TEA
TR IOKXVIZRITT 5 2 L5 H > TWABD, Ik
XVASEE T TKVEZ $CORXIXICBATT 5 2138 5 9012
o ThW, WEhO 7 — 2 THIRVIIZIE-E AL ER
BICH B L, WARMEDKVIEENPH SN W &
25, RVIHIH L#i7z 0 —<BErfiE5shs 2 Ll
BWEAH .

4.5 3KVI-VIII-X

JKVIIZ 2 {7 T2-80 GPad O Ji W E ) I C % 58 7 M7k
P TH %, KVIH OREHE ORI IO KT % &
D, —R9 25 & HMAMEKGETH L. RVIIIIKVINIR
BT BMFEMHTH Y, KEDRETFOREFALIZHE S T
BR A B IE BRI B EATHE D 5. kXU, KVIIR Ik
VIILE [ UKRER Gy VT =27 2800, KERKEG LD
RFEDBRE R B OF AR S VDWW 2 KEH A 250
fbL7-IREEICd 5.

KRFEREE ORNBALDOMEIRINIRENTZDE, BZH
< Kamb & DavisA¥19644F |2 58 3 L 72 K VIIOD # i 18 12 B
¥ % #3C (Kamb and Davis, 1964) & b 5. FEERIYIZIZ,
Goncharov 5 %2 Aoki 512 & A R7M S X B WFSEDS Ik )
TH VY (Aokietal, 1996; Goncharov et al., 1996), IKVIIFT D
RFEREA D EIRTRFALS % E T IZH,0T60 GPa, D,OT
70 GPaffE L SN T& 7. Lo LUEMRE Shz, XHm
Y7, RamaniffilGik, S ILESOM%E (Grande et al.,
2022; Méndez et al., 2021; Meier et al., 2018) TlX, KZERH
DORFFLIETT1220-75 GPaD P TR E L IX B DV T Wiz,
WL, HEHSIL, KOMERET T ER % 100 GPa% i
ABEIETERML, KFEDHAiA380 GPatE e T hi KA
O—HANEZALT DT 2B L DR L2 IR L7
(X6, Komatsu et al., 2024). 44Kk, Z OXNFALIESIZ DM
TENNE) BN D BH5, B LOREDHIZETERS L
Tz &9 7220 GPaftE TORFALIZE 212 w2 L3
bink oz

COMBERETRITERIC L 5T, —IBDKES
DENZEACIHS 2 & o725, T OKEREE OFFEH
MR L IFRL 089 2, FROMETH L. ZEh
5, KVIIEXIZF CZEMBEP3mE HbH, X 5IZKEIH
MRy EVTZReBT MR I T A F 3y 7124
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X6 : kT EER D S W S 922 7 o 72K VIL-XIZ B 5k
JiA-5A5 OIFJ1254k. Komatsu et al., 2024 & 1) 2T

FRIFIRREIC %2 o 72K VIP R K FE DR Z2[H P35 & LT
A DSIRFEAE B & FATIZIA DS 5 72K X 70 &, JKVILE K
XOBIZW L 20O PN R IREVSEZSNDZHHTHD
UM—42,2023). 5 2 RICEER S AR PRI T S A
WL 72 2R & —RA~DZALIE, KVIPH HXA~DZE
fbE# 2 5NM5. KVI- VI - X - X~DERIZBWT,
INETOL AR AR % EE A BRI B
B2 A I BIE SN TV v, —T, 15 GPaltEDIE
JIC, X85 — BT 51108 — 7 HSPHEF T T 0 —
F=2 7% 5 WIEHHRT LIMEND 5 2 & H3Somayazulu b
X5 TIRHENTEBY (Somayazulu et al., 2008), & 5|2
Grande 513 Z DB HEPIEEF BRSO HEDIKLTIC L 2 B
DTHBHELT, kvlltefra Lz 110070 — F=¥
TIRER S AP LRSS — 2B W T H [k
RSN, =7 OPEIRIZHBEOFIRLPLRnT &
WKWRELCWEEDLZEEHLMNICL, TOoTu—-F=>
TWRFFWNRISNZLBEFELLCHATELZ L%
B & 22 L 72 (Komatsu et al., 2024). BTl JKVIItAS
KVITE 7 A5 TH B & v ) BOVIEIIE 2 Vs, ok
VIIBZEA#ARTHH I L E2EZER DL L, RKVIIZ I Tll
RUEEHT RO AL U hofiilshTns, E2
5 ELARHRTIE RV, DWW, Fukui & litakaid Iba2
DZE R & B0 TR IR DS PO I R AL & 2K VI
(ZeiBEI4 Jamd) (ZHENWI Y IV — %L BT L5
—EHEH D 578 LT A (Fukui and Titaka, 2025). T %

g

H
gl

dUx=-1.50, dVx=-1.00, dUz=-3.50, d5z=050, jd=-4.10, v=-1.80 22
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K7 : EFIVEHR D B15 5 N7z B B B(dS/dP)D IR ) 7
Ty b EBRSSEHSNIMBICEMT S X HI8T A= 28
RN T WD (FlliZAckland et al., 2025% B HR). £ T Ot
FH At OMERAVKVINZ AT G L, JKVILE XOMEEF I Z Dk VIIT
DEREEIEANICDH LR THD > TWD, KVIEXEROGE
EX#OOKF 7213 FOORITH ) WML H 5. Ackland et
al., 2025X Y CC-BY 4.07 1 £~ AD }H & THLHR.

WE—=D/NE D K AL VHRVIIFIZHET 52 &
IRECTH A ). oL, TOLHILFAAL U2 E LT
Rk TE DI LEOEBILAY 2 FO» L) P ERBER %
METH 5.

IKVIIZ B IKXAN DB FEERS RS & IR D 70 L9 A
Beb L\w—TJ1, JKVIID HIKXN DI 1L 22 BEAT R 72 %
TOMEICHER E S 2 5. L, Ackland 1%, JKVIIIO
T SE RN R VILE KX & OMBIR O, T 7%
HBHERRRAAET 5 2 & 2 BIEMN 5 T VEHED SR
L7z (7). COBARIRRDTICHS eI DT
9, FTOMENTAE ) AR R AR 3 e A7
LBV EICh 5, EFRYIE, HRESERICDT 2%
WOMEAFEAET 5 20D Ltz () 2 (¥Méndez et al., 2021)
A%, 2 b Widom#it B TO (B TIEdH % A%) ey 2 21t
LBz BRESTVWEELINICEZS. 5%, K
VII-X RS ARG & MG VeSS 2 & 2 R L 72w

4.6 3KXVII, XX, TS AF v Ik

JKVIL VIIL XiZ W3 BE ORI F 2R 0ETF 2 & 5
Wi T, ZAUIKRFER G ORI E Z R E DD B
%095, LiL, WO ERGRETEREE TR
DT, BHITEHVENTIRE KT (fee) RARNERE
FeHiREE (hep) LB 2D D EL AL TFHEINTY
7= (B 2 1¥Kamb and Davis, 1964). fec% & %7k OKXVII) A3
FRENTDIL, 20199EDZ & T, B L —F—FHEE
Ml X 2 EIREET AT 57z (Millot et al., 2019).
ZF D%, PrakapenkabllX o T, ¥4 YEY 7 v EN
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K8 : KVIIE L U % Hlibeek O # i O FL XX, Komatsu, 20223 £ O/ — 4,

2023 & ) —HRELET.

V& W72 EE G T O OKXVIIOFAE R S, &
DT, WHLG M ES & B IR B D K5 R A 520 GPa,
1000K Theek T B IKXXAS, T 72491500 KEL_E Tl feck
TdH HKXVIIBSZNZIVEBA A+ VIREE 2% 2 & & Tk
L T\ 5% (Prakapenka et al., 2021).

H8IZ, B4 ZbeokDiEEDENE T LD/, ZOMT
&, FKOREEZ, HIREOKEMEDOD DM E LS
%72 @ (local snapshot), % ZE[H P L7z b @ (space-
ave. snapshot), EE[*E3E L7230 @ (local time-ave.), R[22
MF¥ L72b @ (space ave. , time-ave.) &\ Bl 5 X )
LTwa, RVIZEHM L TKXIZAR L ET, wW{D2hD
P REEZ RS Z EARESINTVEH GEL <k
B—4, 2023 % 200), FifiCiam L7z & 9122 s 0ikiE
ZALI i TEERAICHER L T2 Rt m <, 2h
FRELRLMEIZARVES).

A VoK, BEFE ORI IR MR Z R T
2500, RFFMEMZILBWEHHICE X M2 RELZ
A5, ZOROIEFITHCERSBEER R ERT
EFHEEN, EBEINS OWPENE ORI A + D

BHLE EhTna.

KXVILD IO W T ERESESS E vy 2
ELHNVIMXLITEIZRE GBIV DHLHDD, fecdIK
HBHBT 2 2 LIZOWTIIHEHOM X THIIN TS X
9 TdH 5 (Forestier et al., 2025; Husband et al., 2024; Weck et
al, 2022). & SICHERIICIE, hepikRefec & hep & DFEREA
FOKDHH L FE I TS (Chengetal,2021)° . 3 Ll
FeZhep KRR AL L 720k 0 MBLAERR E 284121,
JKIh, I, IsdDBIIZHE - T, KXVIlfee, XVIIhep, XVIIsdD
I EBTHONENLEEbN D,

KXVIiZfeeTH 5 720, MoK EIIHFRED bR
VbR b, L7zAo T, KRXVIUDSEIZE A + ¥ A
EIADNIIIKS T, i u—~< BT S5 ENnbZ &1
BRI VWZEAS. oL, KXXIZERORKE 72
R2ERVIRXERUTHY, KEOHA L THETE
% E TIEHHEDENZHHNT 2 2 EHFTER (B
BAREEZTEDTHRUNHETH 2 WREEED H5). K
VIIRX & XXD I A R RO EREABE SN D
LA E N TV B DY (Queyroux et al,, 2020), = DIRFEZE

PORRSHESIZ, hepdK DAFAEDRIE 3 N 5 FEERAG FeATsE 4 S 7z (Forester et al., 2025, arXiv:2510.24305) .
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RO FE ¥y Ial—Ya ryhois5h728 GPall
K)DKFE DR B3, Rescigno et al., 2025 X ) —EBHike

LA A & Y HNDIEBIHIE T 2 09 &9 »I3HEEN
TlkZwEEbNs. L) DI, IxitRascignobH I X -
THEEINTTITIAF v 7 KOFERDH LN L TH D
(Rescigno et al., 2025). 7T AF v 7Kk R1L 0 EREDH]
FFidbeck 72 5 TV B 75, Ko HKOHEIZRE DD
dbecDWF iz HL & L THEIZHEZ L TWw 5 (X8). 7
5 AT v 7 IKROGEE, KFEITTEEAEREG EICMELR
FTWEWIIEMAD D702 (1M9), Z2REEIRVIRX E
M UPBmk %L EZ NN, @A+ IROBEIZIK
FOE IR EREE TRICRE > 72REE 25 2 e 5P
ENAH(XE). ZOHBEIZIE, WAL YIKOZEMBEIIERE
DRI T-OARDIWFMETH B Im3me 7% (F1). Ll
REDREAC L 728 A F VIREOFIE D BRI 2 58
ENTHEY, BAF RO HIEIKREORMEIREL Y ~
7 L C\ % (Hernandez and Caracas, 2016). KEDSWIEILL
7oA & VIRBIKVID EIHEN, S S ICHERENRLZDD
WFORVID EFENR S ([X8). BAERXX EMIEN TS H D
A%, IRVID LOKVII D &% & OIRTEIZHHE S 5 O 2138 5
Mo TR, £ Lh, KVICIZESTIE, diER
KRVIE EH7% ) B b PEmMEEHToEE20N57
O, ZONHREDI S 2% o 72BITIE, BT D7z
FBREWEERIEZ TS, AL ke ChEEL
Wk, BXOENS LAHTE &R ORI % 23L& 1)
DHTWVE,

7T AT 7 IKIZIKVILE DI HKI3% DA DA H 7
FAET 5 Z & HRescigno 512 L o TRENTW B, K
DT =5 KPIE L %L, SHROMBMEOMRI RN
5ETHATHAH. KVINSLT T AT v 7 IKNDIITH
WT LR ORI D B & T 5 L5k, BA T k~AD
WK EEZ LN TOWIERENLD 7T AT v 7 K~OH
RolzDTEZWHEV) BMAEL L. 77 AF v 7K
LA K TIIAKFED I £ THIGE T E IS E

BUF 5 iiK(800 K), plastic ice (450 K), 7K VII (350

WER T ONEMEEDNDEDBEZELEZHZDOVLDOHD
Wige 7 Vv —7C, ThoDREDOZDLGHTET-RPNICL S
BRI ONT NS,

—Ji, WICEBA & kb T T AF v 7KL FMKDOKFE
MBS % & 5> TO DAL, WIRED IR Rt o
WiERL o TLE ). SOICEIEREHEED 5 VI3
AF VIRBOKVID & 75 ZF v 7kb [ Uz o
729, KVIP-T 5 AF v 7 IK-BA F YIOKVIP-BA + 2K
VIPOWSORER &) KT 2000 MEE %%, 3%
DB TIE, RVIPHDOKFEDITE A LIIKEREG EOK
FVA MMELTEY, KESBET 52 & THN I
FAREHRLTVWLOIKL, 79 AF v 7KIEE L DK
FAMEEEE L THEEY A4 MCWAREI R R, &
SITEA & 2IRTIE S IR M DK FAEFKTE 0T
EST ORI FIELTWAIRE(KS) £ 2T
Wh, INHZIRE, HDEVIIKEORLE - FFRED M
HOMA F 2 RAED SO IUSTLIRE O B TR o Rl
HBNED DD, TS DOBIIFNIRE %IRRT %
FCTHEELRFERE 2D DN,

5. KDZWICET 3T ean&Ral (F)

IonT, BEHTOFEZFOZEZ #L L TB &2

IHL EFTHBROERDOIZIERBELTIRRTSD
DT, ENACTRERD N RIEL W) DI TIERWI L
IHER I N,

INETHA ZKEEOHM D 5V IEMHE L TORN—
PxEm T AT, HHOFHEDOE VDR D KE %l
WeoTELIENbILERS. LT, 1) #]
BEINTKDPBREGFEDOL L TR L D HMETH B & H
ST IOR SN A, N0 —< BT S

N HE

RIRIC, Bk ERELTo—<HFERN5TES
HHEL
Z i
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SNBEMERG-T I EERET D, I T THRBFEMIC,
L) DIEXBED B\ IE T & o TR ORI
BHLBEHHSIND 2 EKRT 5. BTHREINIE, X
MR T HAR D LRI E T2, BELICH
53 2 SIS AN R T 7 1 38 0 A & BB LTV 2 W] R DY
HY, POLEREDAFIET 5 72O O HIF 132
FTLIAFG T LVWEEDNE D, XD EERVEIE
FERDLELL 72 B, F 72, Lobban 5 29KXI% 4 L 72 B3,
O —<HFOMBIEDO T T L & FEN L L v
I XEEANTDE, BB, RIS o i iR
ZRTEBRHE D% b o 72KXZ E#R L TOZ & LR
5. LaL, #hFNEFEOATIE, NHEEOLEL
RUHB B FEBOREREMERICE 5252 L
Wl TH 2720, “Died & OFHFENLE V) LT

DWWz EREwE b,

WIZ, KRIIXRKVI-T T AF v 7 KD X 512, 2) #
B DX FRVEA U T 2 P 121E, R e S8
FHIBB O ERA R CHBIZE 52 b6
WO —< B TENG TS, LW REZRETS 0
HHZ 7V TTH20RESH TR, BIZIESHERNE
R, KGTOFA4FI 7 ZADOERIPBELLEON
2500, BIIFHBEBICHET 2 EREEESGONS D
JTIERV®, HEMTRMHEZOBRILE L TIEFH.
F 72, B CHE L7 £ 9IS, KV-XITO H ] E13DSC 7 —
TOWNPBHBZINTVWE OO, AEfE W 1T EIZ
WEHABEClE % <, KRVI-T T AT v Z7KTIE, FREICAE
BeAid o & 9 ICH 2 2 HB ORI D, —T,
KI-IXIZ DWW TIE, DSCH — ZIHIBE 72 ¥ — 27 SFFEAE§
% Z & 75 (Nishibata and Whalley, 1974) #lfizfg & & 5 2. C
MERWES 9.

MEPHTH DI EIZDWT, BRI ED &9 Tk
TED L) ITHERT 2 M BELZEDDL I LIE, fa
RE - BIRFEPFET 2BRCBVTERAEDH %
AL, MEIZEDIRETERVWEEZ2 5. EiLo
Frllz&Re LTS B BBl ETns L
E2WIREL 72w,

ST

KON, FEHOMEEL L CENOF% - B
RAINBITDHE K OMEH L Oz 8L CTH-AEM
LT EDLDOTH L. FICEHRMEL, WAL
ML, SEsREt, ERAOEL, JERKsEL )
e, ML, AR, A s sk
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e, AR, LRI L, AR, ANRORHEER,
Stefan Klotzl#i+:, Graeme J. Ackland]# -1z, John S. Loveday
{8 +-, Andreas Hermannf{# +:, Livia E. Bovef# §:, Thomas
Loertinglfi - & Dk 5% S DRBRE VW 72EWvW7z, T2
D TEHH L R 5.
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L, ENHETENVT 7 2MEEF S HEOME 21T o 72, AFTRE, ZOMBICIOWTHERT 5. 45
TFEIIFRIREZ T, Mee RFERRPALKINE FDKIcE T4 L7z & 25, KEFRFLKIVEXIND

Bl L7-.

Hydrogen-ordered ice may not collapse upon compression.

Kenji Mochizuki'

It is known that ice collapses into an amorphous state when compressed at low temperatures. However, is there

no way to avoid this pressure-induced collapse and instead undergo a phase transition to a different type of ice? We

focused on the orientation order of water molecules within ice and investigated structures to prevent pressure-induced
amorphization. In this paper, we explain the results of our recent investigation. Using molecular dynamics simulations,
we compressed various hydrogen-ordered ice Th and ice Ic and observed transitions to hydrogen-ordered ice IV and

XII.

F—U—KoEEKk, KEREL SFENEYIaL—-Tay

high-pressure ice, hydrogen ordering, molecular dynamics simulation

1. FEHIC

HO& W) ¥ ¥ T b Xh S8R LiEv25, K
EIER IS B LML %R T (polymorphism). FEER T
Bodholokiduo—<ErETHRNINTEY, ®RHHT
WOKXXMZS G S Tw b OKIZ T ICTheIensd %),
(Kobayashi 2025) 437> I 2L —3 3 Y TRl &b KiZ
EHICE L RIS s LFES L5, (Mochizuki
2014) (Yagasaki 2018) F&fAZ TNz, KIETENT 7 A

%I 7”3 (polyamorphism). 19844E, Mishima & (3 7kIh%
TIK TGS % & 1GPaff i TR LT BV 7 7 A (HDA)
T 5 & L7z, (Mishima 1984) JKkIh7» 5HDAN DL
#iE, KIhORFIHHOLEE FCRE 225 Sl o@if
Mo, AR OFEMIY 2 BN Z D5 FHREEEZ 5.
(Strassle 2007) D, HDAD SR 7€)V 7 7 A (LDA)
~NO— YA, LDA-HDASLAER O MR ER T OKD
W) TOMWMLE, &2 h HMU 2 widom line i < KOFF
Bk, EOBRERCEE - ISR ISRV TV 5.
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22D, KIZMIRTHEMT 5 & K HHER 7 8 718
N5 (FEZHINT Y TOIT—DBHND L) A A=V
FoTwa) OMIIEA 9 H ? HALRARD A & T
MO FNZEALT 5 L 912, Kb Mo =5
IKANEIER L 2\ 0725 9 7 P el i CHEAM 217 9
&, RThIEKIX (140~170K) %eoKIT (>170K) ~HHizfE$ %
ZERS, MRHOBBIIECIER LT AV F -2 B
L, + ‘t;iﬁklzx WE =252 5N VIGAITEMIC X
DHDANREEAEE L CLE ) EEZ LN TWA
2022)  Shephard & [FHDAIZ KIASIKIVAI 2 ) FE il 7>
(IR ] U 72 R%E & #2408 L 7. (Shephard 2017) i 513, JKIh
& HUDIAEE & FEONHAFOMLZ JEA 32 &, IKIV & FiAE
& & FEONHAFOAINEAL T 5 2 & 9400 L7z, KIEIV
DAy b7 — IR OB (25%D KFER G TR Tz
BHAEITE L) IKIVOMEZ D72 L ThiffM s
T 5. (Engelhardt 1981) H,O#% 412 & - TNH,FHE SIS
b o, ZNIKFEREOEETFETH L. HMAEMICIE
KIWKN OH,0%NH, L FIZRK HAICER T % ENHFHNS %
D, FARIZKIVIENHF AN 2 5 A%, HIZH NS A 4
HELTWA.

LA DBEIEIHET 2% EOKIIKINTH O, KKEKS
ALKDO—RETH 5. [HRF IR F AN WA E L (2B L C
WA HFEI/REF, Bernal-Fowler® kD% 572 L7 LT
FEDRINZ R 2R VE VI BIRTH L. 57 FIEDK (4
TR T T AF v 7K E K ) ZRP 45T & K
MEEELD, 1DOHOPRMETE ZHIF2DZITTH 5.
ZD%, RNOBEEEIZFE T TH, HEERET 558 Ok
GT-ORM) A E - Tk OKERRFK) LPtE - Tw
TR ORFEIFRREK) 2 L, Wi 3 — AR 1228
b3 5. KREEDFLKIZE R OFEME S (PaulingT >~ &

Y—) OOIlERTHANANIILRETH L. MEEL TS

klybnt—@ﬁﬁﬁﬁﬁﬁbT#Ul$w¥—%t

SE TR REE D5 TR % Ff o 7K ERRALK A BT 5.
Mn ¥, IKIh & XIRIRVILE VITZ K FE WAk & KRR
KOXTH 5.

Shephard 5 (%, NHF & DA HAEBL, KEHRFILK
Ic & KIV D %4t A5Engelhardt-Kamb collapsefS i 126t 9 & K
% L, solid-state nudged elastic band method (fit.{& 22 |- T
IGIRAE &R 2 N A TR ERK WL ) 2 L7
B ARLNIZTANF =N TIEIES £ L) Z20AREL,
Ie—IVEEROBETREN BV E RS aholz (Biko
X 912, ¥4 1ZEngelhardt-Kamb collapsef% i LAt o #3214 %
o3 72). —7%, UmemotolIDFTRIMEIC L V), KXT (K
FERRLK) ZOKTHAMET % & IKVINIML 7K FERE LK

. (Tonauer

EOS I =

NEHEEET S EHE L7z, (Umemoto 2005) F 7z, Tulk
513, 100KTW o < V) JE#i5 5 &oKIhAh HIX, XV, VII
OKIX, XV, VINIZAFERFILK, KXV, VILIIAHLEA
BOKFERHES Y T — 27 D) LBRNIHERT S
R L7z (Tulk 2019) 513, JKIhd HIKXVAFEFE
T o506, KEREEOFRAL L R AR OKEAEE * v
M — 7 ORI E FRICER S 22, TOEBUIHEL <
HDANEENCTL F 9. —F, KIXOBE % HEHT UL, 2
T OMEZALEZ LT E B2, - AR A7 6
X7 b, &EEzTz BRELhPH IOBEFRIIKI LT
WY, (Tonauer 2022) & DI L 7250 T HEME X B 20 4
WThs.

WA BRI KT B 56, RABLE M L% L,
IANVF—WICRE LT HET RO 27200845 &
LB L 5. 100KIEH T AR EE R°no man’s land DL
DIEETDH Y, LDAD L ORFALITEZ 52w, Z DR
T, BIES FICX D KIORHRERE b, R E
HERRE BN S 2 LI GELEv. 2320, &k

TIIIKIW—IXRIKIh—TID & ) 7 f -4 AR A2 A3 S R

WK NE2, Zhox2pFdIal—2a yTHEL
7261 LRt Umemoto IR T 7 <, &G S-S AHZ R D 451
PR AN 2R3 % . KRR ORI Z L % L AT
HDANIEN Z D H, KFEBRFKIZZ H#TF SN D00, FF
WHEE LIES CERLZZH, REWICHLIEZ 0%
W7z, TOMDb Y, Kih& e /NS WHALTLN T ORLIH
W HE % 4 C OKFERBLE & HEFENIR-N, 2 a E_TKFE
BPALRZED, S TEFRIE T & v, FRFICH
RUB P 72 % % $R L 72, (Mochizuki 2024 a b)

2. SEFE

INE TR BT % % 2 7L, Bernal-Fowlerd Kk o j: HI %
W7z L, SRERIEIC L ) ER S 2\ (symmetry uniqueZs ) 4
TOREEZMENICHRS 2 EPMEETH 5. (Komatsu
2016) HARIGICIE, EBRT— 5 250 TEE OkEERF
ILROEE, 1DOBEZERY I4>DKEIINL) & 1F
D, BRFTELZ, KEEETHIRTEH#HRL. K
GFBNwOY A, KEFKEREGT 20 FOLE LR
WCIEAEREAT 58, 2 OMENMENS. Z DWW, Bernal-
Fowler® )k D 1l 2 i 7= 3 M 2 B $ 5. S 512, %
IR & X FRIRIED &, symmetry uniqueZe i % 351§ 5.
VESTAE 7 )b (b L L I3 Zpython 711 75 L) %
WALRFEATTE %, KIVOHAN (1655F) D36 O %
(Mochizuki 2024a) ®SIZFLik L7z, JKIh&Iellxtd %, 85
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Figure 1: Low-temperature compression of eleven hydrogen-ordered ice Ic (Ic°#1-11). (a) Orthorhombic unit cell with 8
molecules to make all possible configurations, (b) which are multiplied to make a larger cell. (c) Pressure dependence of
potential energy at 80 K. (d) Ordered configuration resulting from the compression of Ic®#1, (¢) which is identified as a

hydrogen-ordered ice IV (IV°#1).

F DB JTARHAL N A A symmetry unique 7 513§ T2
N5ENTWAS. (Raza 2011) HATJAA/NE W &,
uniqueZ2 iR D FUI A% <, KE W L RRIIREAFHE 2
A2 MYIEATEETH LT, 5T IEELRY A XEF R
5. A4 1ZGROMACS % Fl\WTilERE N —ED75FB 14
FEEAT o 72, KIPFIATIPAP/IceE 7V (Abascal 2005) T
B I N7

symmetry

3. fBR

3.1 Kich5KIVA

IHE O KR EREFALIe (IcP#1-#11) 280K THEMi L2 & 2
A, #I7ZHMLE B 588 R L7z (Mla, 1b). Kled
RERFALKIE F 72 EBRICI R TE T vy, DFTE
B3R D T ANV F —ICLEZ L RT. (Raza 2011)
Bllcd X 912, #2-#11131.2GPa% i 2 5 L HDANJ I L &
TV VIR NF R REL LIFTEA, #lOZIEZD
PORETH L. WELHERT L L, WO IR
RO (1) AER SNTB Y, KERFLKIVTDH
5T ERWrE L7 ORIV L &A1 72, [Xle). Shephard
LT X 912, KEBEOKFELIZ X Y Kleh HIV
NOWEBHFEBTEZ. LirL, TO5THERIESOT
A8 & 133 5 72, Engelhardt-Kamb collapsel325% ) 7K Z # &
PR 2 LEL T 5720 Th{, BTR6EERE KizS¢

LULEND L. —Ji, FADPBSLIERIX19%DH GO
AR T, MTROERORES TR L v, TORE,
2 b T 3V F—,31) 7 133.3kl/mol & Engelhardt-Kamb
collapse D[~ 43 £ 72 > 72, (Shephard 2017) S F 9, k4
&, KEBFALKICH S FRITVAD B IS 2 tHERE 2 9]0 T
FEBLL, IS RS ORI & g L7z

KREBIAWKIVIZEBRICRIE R DLy, A 3RO IT 72
IKIVPHL R RRRFALKIV O H T & DREEERE 75 DA
Tholz. LI T, KIVOHAN (1650F) HMESH 4 TDK
- DR % R EEAY 2 P ~282kE T 2 S L, DFTEE T
IANVF - L7z. TORR, 2820 2D DR A
HOPIENWT AV F—% 5D, ZO—DHKIVHITH >
72, RERANZ K FERFALKIe & [FIVATERRI IS AR S e
L&, ML L BIE AP EEMER T 500, oMM
B 7w,

3.2 KIhpS5IKXIAN

16838 O K FEREF AL (I°#1-#11,  Th°# 1 KX 5 IS
T %) ESOKTHM L7z& T A#6721T MMM & i 2 288 %
RLU7z ([X2a). [X2b-elZIh 46N D45 T-RLlA) & LA 0 ML %
RY. IHIOBEE R ), T4 & o T A
VE—FRE RN, ZOENREED M L 75 T5E D &
HNZHZ B, 2.0GPalz BT BIhH6DMERE ([X2e) ZHEEL
7oL A, EERBKEEIEEZRVY, 5 ORFEE
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Figure 2: Low-temperature compression of sixteen hydrogen-ordered ice Ih (Ih°#1-16) (a) Pressure dependence of
potential energy at 80 K. (b) Orthorhombic unit cell of ThO#6 with 8 molecules, which is multiplied to make a larger
cell of 1536 molecules. (c-¢) Compression of Th%#6 at 0.0, 1.8, and 2.0 GPa. (f) Molecular structure of ice M, (g) which
includes helical hydrogen-bond networks. (h) Formation of ice XII from the mixture of ice M and disordered structures.

EHGATVDL IR, 22T, Ny—v<vF o
% Bl LR O RS A T L, K2eD R REEDME S
FEEh 2 8L L 72, Monoclinic® AL HHE SN B DT
KM E BT 72 (K2D). KMOKERKEE Ry b7 —271335
RESHRTHEBR SN TV D LI ICRZ 575, HEEIZX2g
DED BN v 7 ABETHEENTVS., TOR O
AL EEEE R Y BT — 2 3KXINZ b @ 2 TH
5. KINO#6H DM ZROKMAS T E Ry, Y AT L9 A4 X,
W, HEMREAZEZ TRARLD, ) FLwhdhsoi
KINHODS R ELRE A D & ) ICEA L2 SkMAE T h
BEEM (X2d7r 52e) %5 L, JKIWHOD R HIEED
& EITKRMP» MBI L 72, S5 HEEATA P L A2 EHF L TW
5EIICHRZDBD, FEMEIAWTH L. HohikMe
WRRFFHEE DORA % 100KNF L 728 &5, KXIONER
L7z (K2h). 77T ARRIREELT @ 100K TOMEZA0IE,
KMEKRXUD F v b7 —7 OFPEPrSFEI L E 2
bNns.

4, FLH

P o AR AERE, DREIR TS & BRI E 23
NTHDAIZZ S | L W) HEkZET. R EDKERT
BRI D IR AFE S-S AR 2R 230725 ) » ? K

T TR A IOk 2 36 8720, KERE AT E Y
B B END. TROAEARE R MK SN, #IR
HED 4T DRI T A Bernal-Fowlerd )k DAl 2472 L, =
AINF—F ¥ FRAT =TI EEN 512 ERETHIUL
(D F DEZEKEER TENUL), £ KB OB
& 5. BUBITHE - b AHEE R 2 W B IS 3 K FERE G A v b
7 — 7 AR 2 D53 REHE 2 BRSO TOR T, [X3ak H3b
DEALTIE, Ff L RODORERHEEZHMABRZ H05, Z0
Hi % CRIAlE T & 4T D5 A Bernal-Fowlerd ok O % HI]
223, —7, KBt oKRERE L RS2 &,
B3cd & 9 HARFIARIFKANEN S, Z DOWEREIZ3a7% 53b
LA LR A D &, RV T/R L 72Bernal-Fowler®
KOERNE 72 S W RBa T4 L% (13d). KIc#1
RIWHOPIMI R SN X 912, KERFILKTH > T,
JERRIC & B S ZALIIKFER A+ v T — 7 O R
FEL 2. IR TIEEGE S EBA T 50T, KiGEIBHE
LA BP0 T 2 3 #IE 7%, 2o FEN
TLE).
KFERRFALKIZ A L 7255, JKIVEXTIATT & 7201
FERICHRZR V., 727 5, HDAIZKINE JE#E L CTIES 2%,
HDA % 0.6-1.6GPa® [ JJ i il Tl b % & FIZKIV & XA
ERENDL ZERHMONTVE 057 (IRE - KAz
THKIVHSH RS ). (Tonauer 2023) JKIV & XINE & 3 123



REBRFALKIEESM L CHEN R W ?

(a) (b)

N “
FERS e e APV AIS

A D P e
N N PSS

(c) (d)
N
T I N
S D
NSNS e e
H3: 4y V=27 OMAKZ ZRIBERN. KO EHIZA
KEFERGAA ERGTFEFET. (ab) HDRFEBIFKD, frta &K
W OREREZMABZT, WOKRERFREELHT. ()
R (a) A SAREEOKER G % DT S & TS 7K IRk
K. (d) ambl [ LEnf % il 575, KEMEOMAE 25 L
FHEES, RIADTE BT
Figure 3: Schematic description to show reorganization of hydrogen-
bond networks. Arrows and circles represent directed hydrogen bonds
and water molecules. (a-b) A hydrogen-ordered ice reorganizes bonds
in green and skyblue to form a different hydrogen-ordered ice. (c) A
hydrogen-disordered ice generated by flipping bonds in orange from
the structure in (a). (d) On the way to mimic the transition from (a)

to (b), the reorganization of hydrogen bonds does not work well and
generate defective molecules.
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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) RyLA AR A T 7
(Mantegazzi et al., 2013) 72 & Cld X ST ATEEME L 72 B8
bEZOLNTBY, 1+ VEERRLREKOER ST A F 37
AL OB DRI N TS,

RO KIZENZ2BBEE LORIEH SN TWw R,
M EAIR 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, #EsbEfEZ T
FTIULI5% D DAY AAIZIKTES 2L 9 % (Klotz
etal., 2009, 2016) .

Z9 L7zHi—K OK) OBIETIZBT 285 8 03BG
BHEDO LT, FARIIEE L D 2HEARMPIZOWTI,
ECH —HOMMBEOMmIEH F VRSN Tt o
7z BRGSO HE ST b IR L C
BHECH Y, EIOEKLMb S E S LIS HREEZ T
BN R ER oM, KAWOIBE TIEA 4+ v 2w LK
GO LEEL %), BITORIRLT S L %
T T R A C SR KR O T 180 A% 3 FE i 19 R 0 & o 22
WZlkbHhb ZOLOEBRNLBELICZL <, NaCl®
KCl EOHMIE TS 2 BET COMBRT OB T ¥
Thotz. BFICEESFGTRNETFELRENSNG -
9, KRRNEE 7V T TIEEERE TOf7EIc ko
W7 AE A DL B SRR T 25655 o
7o, MAFE) LAROZEREMDO L X512, HET
TOMW—KFZ % MRS L TR EEHRE FHciize L
T&7. AETIZZENSOMAEOH THEF L S -3k
KAWEEAIZOWT, HHEOBRZ ISR 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 2 % FEBR D — WM > TXTHY, KK
HAMTM B E R BB SN TV 2257 Y BV E W
640 GPad OME T4 D M XN T b (Dubrovinsky et
al., 2012; Yagi et al., 2020) .

— 7 CXMDEICHR I L THUE T D 5728, IR KA
PRI Z B\ THE KRB GG % &2 X5 12IEAR
BFTHH T TRECHLTHMZTEL LT
FHRECHENS., P IEXHIINS & WIS
LEBMBENRFNTZD, TYENMERERSETI IV 2D
Hwbnsd, BZHE» S0 Y 7 F IV XHRICHRTZL
<, BunmEEOREDBLEE 2 ) B~ > b OfE
EXRDLEHEENVS KRN R L. FEF R TiE~ v F
TYEVNTVLARRYZY UNTTVA, EAMYYVY)
YF =N ENE DI S BEETE IS BT GPatt
FECRONTHY, EFEIEHEZ HIEL TREODAC
DR L HED SN T A (Haberl et al., 2023; Komatsu et al.,
2024). £ Lo REBER P FFH OO0, FEERIZIE
J-PARC MLF 7 E DB ORI A & 72 5.

BAKFE (H) QIFETFEMEEIIC I 2Ny 2 75 Y Fasdk
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 D AR ERI 238D £\ (Osakabe et
al., 2010; Binns et al., 2016; Grzechnik et al., 2018; Massani et
al., 2020). k4 b F ) LAY 4 Y€~ F (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) ZFFE L, KV O PR S F N80
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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 [OHFEBRIC kB iERIEEHRN

KA ORERE X I T BRI BT B,

Ltk (Z2 )

2. Hfild (a, b, ¢, a, B, p)

3.FEFHA ML (x,y, 2)
DEZFEHRTHRIIND., BHFEL TR ERT—
y EDLETIE, IR P EARPBIREIC X 55
B AR TSR D 5. HEETAREME LT,
AT CIRIMEORMEZREL THE D, ZOMEE
TIVIEZER R R 2 BRI & B8 0 R L B o %
BlTh b, Tz Ml %kl Sl AT Tl IS 7
LRWI ENL VA, FEIIEE T AR R KR L
ZIEMEICRLTADIITIE RV 2R LTHB L. H#l
RATHAMERE 2 &, MARPRE T O RFTHE 2 X5
B A A AH B B % (PDF) 12 & BT SIS & 72 B
FEERTHR SN A BIPTS Y — T FEZE MRS M Z2 ]~

D7 =) TEFUTSIE L, FEEARARSICH LTI LD
REER R 2 MEICPE LT (1), FEBROREEDE T

Il ¥ — 7 ORLE &R 2 S HALR K& O Bk & X
THRD L. BhFFEAZ TGS 5 T ¥ — 27 AL L T=

KICEIZBEIT & 2 Hahhhalft 1382 0, — &Kot RITHA
LTI SN KRB OR G =TT % 1 fids 5k

HbNDH 2T, EVAEDEITY — 7 PFE > TRl S
L1200 TIINRVnZ L% v, ZogE
(Oishi-Tomiyasu, 2013) 7 EDEA T Y 7 by =27 OB
JEMD 2 LEND L.

RNTERI S & ORI % 51 HAT LN T O 7L
EExRET 5. COMITITEMETH) —RIIEE ST,
EHERL T v — 7)) v 7 (Palatinus and Chapuis, 2007)
HERHWWT, BT FEEERR G A% oLz L4 e
MR L CTHIT 2 LESH L. ZZCTRETE 2HE%
BarICE "7 T4 0T — 5 ORUSBSLE L 7
5. FRICEEEBRTIREE XIS X X L1 0k s
R MW B 2 ZE IR OTE, Ny 7 75 Y FOBS %
ENSERTMBEEZHES LTS ET = Eoh
B LB PR v, Z2ORE, XBASEICRISHE LR
k2R L, X7 — 5 20 6K E DAL O JFTA7
RS, T T— 2 oMEETIVIOKRERTFZEBIML
TR LG ZPET L2 E DLV, Ok, #7—Y
TN T 57— 7 EXCH L T TV
EDOEREDPOAR LTV L RENEEZHET S, £HLT
BONTBAAEOMIZ, BIRE) 2 &0k 2 HF D22 5
iR REE IS BIAETH A T EERREEE
D THFT Y — 25 LTl i@ b 2179 . B
KRB OB IO Y — v 2Rk 2 FTBLT 5 X 9178
FGA=FRY = TuT7 7 AN ELFFICRELT 2
Rietveldfii T (Rietveld, 1969) 2SE i TH 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 PLEIEL D % %€ R°van der Waalsfilj IF DA
4 (Grimme et al., 2010, 2011; Becke and Johnson, 2005, 2007;
Otero-De-La-Roza and Johnson, 2012), IRENIREED 57 &
EZRITREHHIIZBIIHDAY, KL EoIEEE L b
B 5B, 2oL E 2 THEIIHRD 5 L2
H5H., —HTEHEOFREHE LTI, Az EEL7-5
HETHNIKRERHEOHEMRRE 2L E L EDFF
ARRICHELRZIR 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
JECTHEROKIMP ZTINT B (n=1,2,4,6,8,12). ¥dH
LM OHT, RSN TORRAEIIZIEHEIR
SNTWAED, <73y AEFIRIESH & KD F A
BEHERAL L TV 2420 F ORAEUZ O W T, KA DM
TN A BRYE~ 27 8 & w7 D3R 0% s Pk & B AT 1
5N TWw5 (Sugimoto et al., 2007). —J5 TARMEA6LL E
DYy, X7 AT NFEED S5 L TRAeITKANE
NTHEY, KHIMgH0) /IR & 3K Ol & 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 THiE M infE % it
2L, HEHE (C2/m) 56 =Fh (PT) N & fatkz TiF5
(Yamashita et al., 2019). Hi#f §XRDC & AH O & % 7
N5 &, MgHO)NEEDPEERA LIS X ) IHE, HT
TR S N7z B B ESHN TS 2 & 255D
% (]¥2). J-PARC MLF BL11 (PLANET) CTilll%€ L 72k K
PEFHATIC L B &, ZOMERIZE W THh & D5 F M
HEABEAMESF S B A%, D3B---Clig & —FBDKFEHEA A
BINCHL B B 2 e oiro 7z [BRC, <2753 741
AL TVBRGTICHEADBR LN, ENT TOMEREE
W AR %2 T 2 72D IR R EEAZ 2T ANT
WaHlEWz 5.

3.2 | 2RI L107KF04 (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 L
TOT7ENLTZ 7 A (Komatsu et al., 2015) JALHEAARD S H
14 % (Yamashita et al., 2024). A3 11242 O #ERAIK
EHEATBY, MEHEIEKTTHS ZOKRFERHEG S v
FT—2 %R L TS, KAWL EVEE WS Z
LD Ho TKMADTYF X MNP EHIZEATEY, =
T AT B OKRHKDHERER T F 5 & DRFER G & 2T
TR ZEE DA A M) 2o TWD. ficd —o
DKRFEDP SBEBOWMBENH ) ZoBKRERERE, W
JEMEE TR 2 5 HEB O T 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 R 5T W 722%, #2ICXRDIC X 5 Hif
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B3 : Hifb~ 7 4 27 AR ODFT Thal{b S h7ohis. A
NI AKFRETORM o 280K%A v 7 — 27 ORI H--O
WP AE D32 ALLF O K # A5 A 3B M T, HOA & 06 0 7k F i
& (216 A) EHMTHIZANTWw b, CC-BY 4.0 (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 N7z 2 oKFIPIE2 GPall |k
TIOKFIY 2 BT 2 70, UKD & FIBREE T DR RIL T
S5, L Lads, BRSBTS 2 HiKOR
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 5 % 1572 (Yamashita et al., 2024).

DTN B BN 7 T AFSEAITKI S
nTBh, “BoMgMH0) /A EERICE 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 THBY (Chyba & Hand, 2001), HERHEZE
WTORM LI T, ZOETIT TOREFIKKEON
WEBEE 2 5 L COERELRERE FFO.

JAL ) 7 2 URAY) (KCI-H,0) (&, 2 GPafialt THRIE R
7B iEEALd %5 (Yamashita, Komatsu, and Kagi, 2022; Wei et
al., 2023). KCUE/KIE L KROBEEW DS, SR EHFE
BRI R BER) 2 o — V728 2 OKRFIWNITER L 2. KFIEL
WAL, ZOWEIRRG T & 2 KMOMWIZK—CIH T
DA F ¥ RGP EASRE R AR R EERIZIE 2 5 TWn b,
KCHEIKIGIZBERG A 4 » M OPEHIC L - T g 2 /%A
Bz &), IR TR O I (FCC) Mk
&2 (BUH). A4 VIR TEA & 3 BN M
ENRF <, 2 GPall kL CISELAL KL kT (BCC)
B3 (B2 1AL $ 5. Z OBI-B2AHEERS Tl 12%FE %
JEAYHE 2 B — 77T, Bl HEK—CIH o B8 E T &
{71, Kleberldpressure—distance paradox k. A 17 T 5
(Muller, 2007). ¥t U 7 2 1KHH i OK—CIR B &
3.0-3.2 AR L BIAH (3.04 A) £ B2 (3.18 A) 1224 72
5HDH% . FOHTEWK—ClE Bl oS %2 kX
M3 L, BUgEZRIOICY 572X 9 BV 7 ¥ 7 s
S5 (M4). KPTRIOVZFFIHEICHRENL LS &
Wik e 25 TH Y, KCI-HODHEEIZMEKIEDOICE (B1) B
BEIZKRGTHREALZZDDE M ONS.

Z DKM IZ2.4 GPall FAZINE S 5 & /K FEB2HE i &
KICHFERNC 3 # S B, DFTRME A 5 HBI/B2AEE K L
TENENEEMUETLEE, LA NVF—IZHBLB2
BEEDOHHICH 725 Z EATRENT WS (Weietal,, 2023).
ZOBEEIKBEBRL D BHI E05, KRENERHED
JERRICB W THIRAL Lk E & Ik 2 8L THR L
WAKBWE LTI N =L HIIHE AT L E V724
T UHEBRDRIBEN TN,

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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o 0

4 : (a) JALH ) 7 2 KR & (b) MKIEAL A Y 7 2 (BIAL) ObliliA & W 7R . (o) AR
& (d) AR B, AFE O MEALD 72D EN. BRIXOMIIT IR 2 TN T32 AT
OK—CIHiHETo 2235 KCI A, ARMUTDII IO 223 HKCIF R, TR AR TR
ST NE S DL TSRS S 22 x I ENEKL TWwh. CC-BY 4.0 (Yamashita, Komatsu, and
Kagi, 2022) |2 4.

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 °CULF ORI S TR AL 5 —KHM (Hydrohalite)
DBV T . €9 LIEHETTOMIMICKLT, &
JE T CIES.SKAIM & 13RI 2345 Ak 3 % (Journaux et al.,
2023). Z ORI S BARF (hyperhydrate) & % I
I, RREWNERZ E0BRFUTHAEL 9 7k LT
HFHZHEO TV,

29 LKA T~ 7 % ¥ 7 210K A1) T
BN X ) ITHEE IR FAKRFEREICE D F v
FT—=ZZFBLTWE PTHIRMYDOKRERE
Ay b7 —=27120%, EVEEE (1-2 GPa) THELRIK
VIE DB A HAS ST B2 S 622k o 7.
(Yamashita et al., 2023). #1213, 13KHIWrh DK ZERE G
TN ATAE L 22 R PE AW bR T 2 — 1 2 B Bk
DAFAEL, T ORI RBERN 70 HALHEEIOKVIZ L S
Nbb0E—5T2% (K5). F7z, 13KHHICIZIIRIC
KROGFRADOBERFESAR SN, THIIKOHE D
% CHMBT HINBMNLHTH L. DFTEHE» L Rk
SHERIM O T AV F — A E 4 30 meV/NaCl-13H,0 F&EE
L /& < (Yamashita et al., 2023), Se2& 7 BF LA Uiz <
W) B TKVI (Komatsu et al., 2016) & OFWM:S K5

N7z, T L7-HEN, A VE—WERME2S, o
HALF b U v 2 3KAI I EA LA 2 R T b ROk &
IPRICHET 2 DL VR, EEKPNDOFEOIY AHIZ
B 2R & OBENE D B O EE TV,

6. #84E

UEo X5, SiizARMYWH»R I ZHBEDH HI
ZRFEREINTVE. SHEMENLHE DD
MgSO,-5SH,0® & FE A (Wang et al., 2018) % CoSO, 5H,0
(Zhao et al., 2022) 7 EHEEEIE O & < WfZE ST 5. H
KRR TIRAR, B0 TRV, £R5 %2 TOH
ARAIEIE D A & > FE O By il Wi ik D B i > & HER KA
MBI T O R V. KFERG Ay b7 — 27130
TEN 2 FRME D225, A+ Y HEOBEBHIEA Y M7 —
IHEEZDOLDOHLEAEED. FIAE 4 F VPR EOR
Hhnar Ak 7R vy A (Mgl,MgBr,) Tl EA
F Lo TS TV EPETRELHEPL SN S
(Hennings et al., 2013). BIZAFTIER WA, 1FITRL
44 VIZEBEEN T THORHRILOBFIK - TILD
REXE SR A RO RIE A V2 7 & (calcite) D) (Saito et al.,



e S KA

(a)

€

®5: (a) — (o) HALF b U 7213k E (d) — () RVIE DRFEREG S v b T — 7 L.
22OMI L7z Ay PT =7 BENENFLEROBTHANT VS, (a) & () IZBWT, KRGFAR
HARRREE AL TR SN T b, KEZEC RO TIZ LR O MEL o 720 4.
(Yamashita et al., 2023) X V) #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 & UN-PARC MLF
F e (3R 5 2018A0125, 201810011, 2013B0105,
2021B0059) DOFERICLDBDTHAH. WEETICHZ-
TISPSEMIFE: (18H05224, 18H01936, 19GS0205, 20103001,
25870182, 26246039, and 21K18154), H LA ZGIMRTH: [
WF9E 20K0085, 3 & N I K A#PRIUSIL [l F) JH/BE 58,
CIZISPSTEAMFRIIEZE H & RS — 7 14~ 7 R¥FBE
MERITO %k % %\ 72, F 72, ARk oL e s
WIZVESTAZ B 75 A2 & - THil S 7z (Momma and
Izumi, 2011).
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Structure Selectivity of Mixed Gas Hydrates

Kosuke Kawahara', Masakazu Matsumoto® and Hideki Tanaka’

This paper discusses the crystal structure selection rules of mixed gas hydrates using the extended van der
Waals--Platteeuw (vdWP) theory. Firstly, we propose an empirical rule for the stability of empty host lattices. This
has previously only been estimable through molecular dynamics simulations; however, by using an order parameter
called VOP (Vertex Order Parameter), we demonstrate that mechanically unstable structures can be excluded from
the network topology. Secondly, we consider the influence of guest molecule types and mixing ratios on the crystal
structure. We show that phase transitions not achievable with single-component gases can be induced by mixing even
trace amounts of a second component, enabling the exploration of new stable and metastable phases. This study not
only emphasizes the engineering applications of gas hydrates but also their aspect as materials with beautiful crystal
structures. We look forward to the challenges of experimental scientists in discovering new crystal structures.
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REAANA FL— FOEEL, E—gorong FL—

FOWEEHMICE LEDLELZLOTELRL, FAGT
BoOBEA M EER R, N4 FL— M oZ%
VS ZEEIZE Y, HEGRIZEARSNGZWEELITD
T2BBRECEE 2R, TS DORRAME 2% H
3% 2 &k, BRI R M A RBHICRES S5
TR, B ASEE - MU R R L F —
HHAMOBIMICAT Kb DE R 5.

F I OARGEG L (BAA - 1, 2013) IS0 & D0 &, K
I Cldvan der Waals--Platteeuw (vdWP) FEFH x4 2 H
WEEMFEHRE L, BAVTAREDLI 2R E LD
TOEZMNIHETT 5.

2. HEE

2.1 BEKIOMDOEMEE

RN O A MRETIZIE, F2CS-T (18], CS-IT (1
A), HS-II (H&) O3-o0fEEESMSNTwE, Ih
LOMEILX, ERTA2HTORIREY A X, BLUZER
ORI L > TSN D, CS-IF 20K —
VLMK — U6, CSLINFR2AMFr —T k
16 A7 — Y TTETWA, HS-NEE KT — V2 &3
MEOr—IY 265, HBELERUIRT. b0
R ORIUE, WEEINDZ T A MNGTOF A X, B,
BXOT A N5 LK TR OB 05k S 1258 < K
T35, BN REES51E, S S3DAMC b
DREENH 2 HND.

2.2 vdWPIESR & Z DR

WEKY ORI F RN % 5T 2 R TH
%van der Waals—Platteeuw (vdWP) BRFH1Z, @K O
RN R RD2O DAL 5#ET % (Platteeuw and van der
Waals, 1958). KOILHERT ¥ ¥ v V&, 123K THIK
FRATHVICH T DV TBET 2Kk 4y F7—2
PHDEG, WbWL AR MHu'L, KT A MFTFOM
HAERIGERT 2 HRZ M7 A FAuOfE LTHHDT.

pe=pd+ Ap (1)
FA NGO E, BEIEIDTO L) ITEH SN A,
AHC=Z“kAHk 2

k
Ay = —kgTIn(1 + exp[B(uy — fi)]) 3)
72721, a=NJN A Z S 2 KT ORN,H 72D
Dk — Y DEN,T, ELRBHEOMERUIRT.
37 A M TOAEERT ¥ 3 2, kld RNy < SR,

R RN WERMIREE D o — VHE
Table 1: Cage compositions of representative clathrate hydrate
structures.

WO | r—Yo r—3I0 o
" 3 - 3 —
kTR | mm my | ETTIH
N, k N, A
12 2 1/23
CS-1 (s1) 46
14 6 3/23
12 16 2/17
CS-11 (s1I) 136
16 8 1/17
12 10 5/86
TS-I (sIII) 172 14 16 4/43
15 4 1/43
12 6 3/40
HS-1(sIV) 80 14 4 1/20
15 4 1/20
12* 5 5/34
HS-III (sH) 34
20 1 1/34
DR OWED D 5.

p=sT)", fild 7 —YWEHIHT AV F—TH%.

DL BB LEEBUIS o T L7201, vdWPHL GG
TIRKRDIDDWEEZEAT S, (1) 7 A My FHOME
TERIEZR . (2) 7 A MDD KA METITHEEZ L2
v ) K7 — VIR EPIGTLEARRY.
NS OREE, vdWPEL GG o 8 # PR I Hl# &2 5 2 % 23,
WA EOMFER L LT, b aBECHwLN
TWwab. vdWPHEROIERIIBAED T b TBY, ki
D3IDDOREIC L HHIFF IR LIRS, X K%
P MDA HE L 7 5 T 5 (Tanaka et al. 2004; Tanaka and
Matsumoto, 2011; Tanaka et al. 2024) .

ZThEEHIC, EPEZEHIIMAS LT, Higoh
SME I ED, L)EWEETEEARMY O ZEE
Hm T AVGLH D, WAL, FAORELLT, ZW
o — Y OB RTEROE WAL, 5 MrFOr—
INOBRENRr — VA X (K=Y ERRERT K5 T D
) 2Tk A+ A L L7z (Matsumoto and Tanaka, 2011).
2%, KG) DA KM KA T, CS-IREED 121
R — YV CHCS-IMEED12MEr — Y THR UM E % 5
EE L7z,

S 51T, MR 2 W AKA ORI E TS 5 CS-T (I
R) ECS-I(IAY), & 5(ITS-1 (1AL & HS-I (IVAD) #i%
253 3L b Frank-Kasper (FK) #&% S (12, 14, 15, 16
HAOMADDETHR I NG, a5 LAy T —2
MoK WE) BT A2 LIZHEE L, FKAEE O R
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Table 2: The compositions of the cages and the canonical compositions of the clathrate hydrates appear in Figure 1.

ATV IANF—HEE b | B oKGT5 =% BRI 1
E, kJ/mol N, N, N, Nis Nig CS-1 Cs-I HS-I

CS-I (sI) -69.435 46 2 6 0 0 1

CS-II (sII) -69.691 136 16 0 0 8 1

HS-I (sIV) -69.256 80 6 4 4 0 1

TS-I (sIID) -69.414 172 10 16 4 0 23/43 0 20/43

HS-II (C14, sV) -69.472 68 8 0 0 4 0 1 0

Struct21 -69.383 252 16 20 8 0 23/63 0 40/43
Struct41 -69.267 388 32 16 16 4 0 17/97 80/97
Struct45 -69.322 206 14 14 0 23/103 0 80/103
Struct48 -69.394 436 24 44 8 0 69/109 0 40/109
Struct72 -69.260 228 20 12 0 8 23/57 34/57 0

F(Matsumoto and Tanaka, 2011)

& O Hl#I B 5 2 R BRH] T & 5 Yarmolyuk-Kripyakevich
(YK) HI % #l& A#17z (Yarmolyuk and Kripyakevich, 1974;
Matsumoto and Tanaka, 2011). Z#ic kv, HF 724 AHFK
R H KR G T D B 220 22 8 B 3 B A i
FREL, eI RS NHEOM S L 2RI
WFAECROAZEL IS L. ZORMEGRICE L T,
BIELE (AR and HIH, 2013) 2B S v,

COBE ORI, WA ZFKBEEARY (LT
FKCH& 509 %) OB AN EM S, SO MEAR &
(CS-I, CS-1I, HS-1) OFxZEMED SRILAHEIC I -
TREBICHEBTELZLWINTHL. HlZIE, BEN
A FL— FATMCS B TS-Iik dbifi 25 O 20 32 e P % J
D72 b, TS-IOFR A MEF- (22D EEIKHY) DKRDAL
FERTF VTl TS-HEMICEENS12, 14, 15, 16
iRy — DDl — Y Ba 3 b kv, r—Y%
M5, TS-Iik 5 13 CS-T 1 & HS-THf 5 02320 DL &
AED(#2). T5E, AL, HOSPLOFHELTE
V72 FEARRE S O Aue FIV T (23/43) Aul™SY +(20/43) Ap™S?
THINTE S, FAMETOHBET AT —F5IEeR
M 72725, GWREE RS 5.

FE DR R OB FINZ ML, 7 A N Tof
HRENRRGZESFTEET R DONFLT 2, I
FEMN NI FEAME I D28 VE D 2 D BAHE Wi 15 O P E %
EATHIEEWLNIIL oI, Wi
KO LY 9 2 mAEE LR S H S T BHCSH,
CS-II, TS-I, HS-I (I ~ IVA!) o4ffHoOATH Y, st
OFEREEE, FA MG TOMERLENRREICLS

FTENFNZEEME L CEEHAWETH S (Matsumoto
and Tanaka, 2011) (7272 L, FKEEIZE L 7o\t SR & 121
LTIZDRY TlEZewn).

2.3 A MHEKEFEOHE
2.3.1 —fi%{EHER

OB FHRENREHET L2DICT A T O
M7 HERIIAETH Y, SEAREEOREME S 2 briud
Bwv, twiochiud, MENE3HEARREE O %%
EVEICE L CHirN 0B HKRTH L. 22 THA I,
HS-T (IVAD) #5548 & 12k % CS-T (1Y) 3 & OSCS-TT (11!
AR ORI R ENE (LFRT v ¥ vV, EhZh
X =M A 2y = A A & 22 b,y
i & o 7o — ALK 2 3% L 72 (Matsumoto and Tanaka,
2012; #8448 « HH, 2013) .

(XY) WZxF L, Bas S o % 2l & ) STARRIZHE <
&, HS-NIZAKFHE, CS-1&CS-INEZFnZhallifsm, yihss
FICARIOFE L 2 5. ZDOMOFKEZARFY O
WX, PRRvdWPHIE eV £ NPT U T
Ve Y, ZRNOORHBIEMRE %5, KL (0,0) T
&, 3EAEEDOALSTRTEHELVOT, (1) K&K
SIS Ou O S 3T b b AR A METOREVED A
WARAEL, CS-IOFMiAhd Fi@b. MEOME (XY)
Tied T %ML FHA, ZORNFEMBT L RE
FEAE Y, kb TWAEELFEELARET LR, £
OGP L2 b 0) B E 2 5. T X
I, ALFRT ¥ ¥ v VO VARSE 2 BRI
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Figure 1: Generalized metastable phase diagram. Bold text represents
stable phases, while other text represents second stable phases
(metastable phases). Solid lines indicate coexistence lines between
stable phases, and gray regions are areas where the four basic
structures (CS-I, CS-1I, TS-1, HS-I) become the second stable phases.
S{n} represents Struct{n}.

DN D DB 5T, RSO % eV B R
PATREN D, FEHOMBIRY, MB O EHEE DR E
TOMICZD L) B—B LAMREEO2> T EWE
EYENMES/ NS

T, BI1IEEMN (XY) LiE M. 7Aoo ofiE
LIEEN P05 L, KA NG TFOEET VY vy,
X —VICALHABMI AN E—f%ET Y, KX (2) 3)
P OIEAEETOKRDILFRT VI ¥ vNDT AT DF
HMuAH B END. 2 s ORI e IEAHK E o1 e
(XY = (A0 A AP A ) RS N, HiTEE
Dm0 DI EEM ORI ED 272 HIThb b, DT
T, ZONEMMEERI LIZT 5.

B, UWTFOERTIX, WSEKNYOMEREICON
TREF L Twiw, PRAEDSMEL %% & EBICI3UE
IRH DGR LA A LK E 2 RICh LS.

2.3.2 £REHER

FKIEDWHARANY OB, 3O DA LERT ~
Py NELEIL KR IRTOBEOLFERT V¥ v
BEHIHINTE S, 2%, REEMETTHRL, #
REMORZENT L THET LI LWL 2D, BN

FNT5 X — 7 F AL SR TAM D SBHICEER S 5
&, BBWMOSEGTE—HPREM, b9 — M RE
HMThy, HEMREBRZ S L 20 BT8R T 5. K
B GEWH, BEGE) ERTHERTIHELH
205, WINIZLTHMERO T L —v—13A, BHOA
Thb. LhL, A BH LD DTHIIIALE LRCHIE
NTVBEELH D OKIZBIT B KIeRIKIVRXIAZ il
MY %), BRI EE N2 WS, HiEgo 54
FIZAREEELEZLWHESHLL, ) FTh
WWEBIZAKTE 22 Lk, HEROBEIETIZA, B
DTN LHEZEM (LR T ¥ v v V2% BRI
WA ICE NV OIXHBEDS, CEDLERT ¥ %
NVERDT P THIUL, HAEHONE S THELEE R ozA
CCOHMT AN F—MAFHEREL, CO B ZEML
HMHEEDDH L. COXHIE, SFTSFREEENC
BUE e R LN R EHK LIRS L
123 % (Matsumoto and Tanaka, 2012). #Z2EMK Z i< D
W2, —BALHIBEIGE L TWaD. 8% s, BREMD
L0, TRTOFKCHOL¥ AR T ¥ v VINE P & 7% )
FNS DR (FAFR) T ICEBI R B0 5 72,

B, —BbBELEMRERy. 22Tl Gtz
AL 2 720012, i SRR Op OIRE L EINIH T 5
AR E DTN E 2 E LT, 1% &0 ik s
DRA MEF OB IRBLZEDORT ¥ v VT AN F—
ETEM L. 7, KEEOEOfEIE, #Bikd 2 FET
T4 T4 YTICE) RO REN W EOEOMEE £
HZART. KOFICIZTIPAP/IceE )V % v 72 (Abascal et
al. 2005).

%GB, LT TRUEAKMPIZHERL S L Tw i WFKCH
& 12> W T3, Frank-Kasper& 4T Oy 4 AN HE 9 .
HS-II (C14)IZCS-II (CI5)D A FE#TH Y, CS-INIHB T
16k — V0354 X E Y FREETHER L TV DI
L, HS-ICIEa v A7 —F 4 MEETHEK L TWw 5.
“Struct{n}”lxGenlce” — W 2 & Fk S LTV B ARAEY 2 1 8
T& % (Dutour Sikiri¢ et al. 2010). [F1D#EZEEHIKIZ
T 5 Mg AHOK A OREEIC T 2 1A 201K T

WHERP LTI LANDS L, Structd8RCl4D & 9 & T
FVF v 7 DS EEMICAY ZATL BT LN
bhb, ¥IZFAVL—INA FL—=FTHTAMNGTFD
BIR%E S FLFa—=27 170 (Muromachi and Takeya,
2024), [FEREEZ &AW & R L CREE O & 2 el
T5H5ILET, THVoELEMBELENL D LA
VW (Fleyfel and Devlin, 1991) .
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Figure 2: Gaps formed when four vertices of four regular
dodecahedra are gathered. These polyhedra must be distorted to share
faces and fill the gaps.

2.3.3 KA MEFDREM

—BALA NEFKCHA I O AN L M2 KB L T 5
72T, flix ot FL—toffisiineett X (1) ok
W) IZonTiEbe bk, R (1) OFfREHIE T TIC—
WAL EoME O HOMBETHAE L TE&L. ZOH
TIIFKMESE A OBHIEY D 5 720, S F EF R
DOEWALATRETH o 72, SIS L, ARHEIEIF, K
DARTHIEENL KA MEFOREEZFRL, #fEE
TR R LD, ZO/TI, AUEUHICET S
BB ZEL, Chicky, SCHERFIEICLI> T
B OZERZBEPWCHETESL LIRS, H
m@lam COFIEXETHE SR T, LToHRm%E

=

%mﬂ%@%mﬁﬁu,ﬁﬁmiﬁﬁf%mﬁéé
F I RBROLHERY — Y OZBAETHERL S A TW
T, @&@*‘%i%%&<4O®%EW;Aﬁéhfw
%. FKCHOMGAIZIE, 1210k (5"7), 14101k (57 6%), 1
wwnm,mﬁ%@“ﬂOﬂ@ﬁ@%ﬁ%@&ﬁﬁbn
%@Wﬁ%ﬂ BEN TR E DO SR L 5.
, RIS E TN MOy — YV O IER
%%##DL RAMETORENEZFMNTEE759
L RERADE ) L, TNREIZ ) THD., LI Dd
7~V&$#ﬁ—ﬁ%of%,7—?@%%%%(”7#
YT) BERDE, TAVF=DH) RN ESTLENLT
HbH. AROFILODITE) THE R LAYKINZr — VR

T 250THY, 7r— IS EIFEHED LRI Ak
V. FREE RIS, FRZADPEMEL VR, £
MARDZEFTIHICE T AR LWV — VD B X ) D72,
Jacobson 5 1%, KAGTREDr—JIEEINTVE R
%, FRKCHO® i 2 k5§ 5 720 D7 /8F A — 4 &
LCHMTSZ L %23ZE L7 (Jacobson et al. 2011). ] 2.
1, CS-ILHS S &2 MK 3 % 13600 DK 5T 0 9 84 1%
40@&@@7-vk%ﬁéhfw%.L®l0&7~v
DA D HEIFCSTRHS-IIZ B2 5 2V, CS-I
WA OT S, EhEFhoKGTIE, ZhET S
12, 14, 15, 16HEDEEAD.qrs (prgtrts=4) TF )L
HFL, Bz 7N VoMBEE CHEMEELrHET 5.
pqrs% 725 D% VOP (Vertex order paramater) & 532
L2 5. VOPIIAETTISMY) ZExohb. ROBRER
CS-If# 7% Tld, VOP 4000 (12[fifk4>), 3001 (12ffifk3>
L16MRID), 2002 (122 & 16[AK2D) DHAILEBL
T4, F72, CS-TEE TIE87%D K 5T-AHVOP 1300, 5% %
13%2%0400 (141fifk4>) T 5.
IEREEROTHE DO VAAMIIaL Y BT L/AS V2D
12T R4D 31D DIKGF % A 2 8546 (VOP 4000) 12
%ﬁ%%%iﬁ%%%ﬁ&é(ﬂ@.mﬁ%#—yfi@
2, TSRO R A% Bl Twad72dicReid h E
AELEEL. DFD, VOPIX, ZOKGSTORBDr—
HEEDEMA EAETDONT VLD D 5.

ZFIT, FAMETORTF VY ¥ VIR NVF—E%, K
DX THILELT 5 Z & &Rl A7z

E =) P@wW() @

72721, ﬁ@PlWHi’@%ﬁKbHé,V@%%@
KGFOMBEETYPY) =1, wo) IRABET, TR
F—DOHALE HD.

BEAIOFKCHAf G 64F 3 X TIZDOWT, ¥ A MSAo
TR WIREETZ AV F —if/Mb (Bididfk) 247-72
He, FNEFNOMED T RN F— ELVOPO I BLE &
PWEEIHRL, X (4) 12> TR ZFETWO) R HEE L
To Al & FINTR T, B AR I IdGenleey — U & »
(Matsumoto et al. 2018, Matsumoto et al. 2024), T A ¥ —
/MEO MR CHREE DR CE B d o 7z, NFENIIARE
ERVWLEOPOBEHEEISH O LOPFHRLTT74 v 74 >~
7 EAT o 72, 6AME OFKCHEE & THEEICH b TWw b
VOPIZ303# ) T& - 72. # %0004, 0013, 0103, 0112, 1003
OSHEHE T VTN ISHARRL 161K 2 MR & A, THHED
VAR ORI D% KIGICHEZ, FEBEICHAD DT LS &
THLETr—Va b WVERIEILENHLDIESS.
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&3 VOPTL DT AN F—fRfL, FERLAEEDOVOPHERIL
Table 3: Energetic contribution from each VOP and its appearance
ratio in the representative clathrate hydrate frameworks.

VOPv | w(v), kJ/mol Composition, %

pqrs CS-1 CS-11 TS-1 HS-I
3001 -97.56 4/17

2020 -97.16

2200 -95.58 3/43 3/20
2110 -81.92 6/43 3/10
3010 -77.87 2/43 1/10
1300 -77.77 20/23 16/43

2011 -76.92

2101 -76.58

1210 -69.49 8/43

4000 -66.88 1/17

1120 -66.17 2/43 3/10
2002 -60.64 12/17

1201 -59.25

3100 -58.45

0211 -47.36

1102 -46.23

1111 -38.82

0301 -35.19

1021 -35.06

0121 -32.89

1030 -29.6

0130 -29.1

0022 -24.34

0310 -21.56 4/43

0220 -18.02 1/43 3/20
1012 -16.23

0400' -13.85 3/23 1/43

0040 6.6

0031 7.1

0202 40.98

TS-Id 7 — VRER I FIZCS-TE HS-IDRAR R E £ 2 5h
BH, CS-NZHHS-UIE T N WHEHOVOPHSTS-IIC 3]
FTHIEND, F—YORy XUy ICET S, XM
BREMAVOPIZE I N TV A Z EAVRIBEEI NS,

wv) 225, VOPZ &2, WERZEANDFLEIRE L
R b hbisb. CS-IERILR S %L R VOP 3001 &,
W92 5E 7 VOP 4000, 20020#1 A HHETTE TV S —
75, CS-IIZ1304007% EDEETHRWVOPHL HEhTWwE 2
L bhb.

x4 FHEICH W 72531 OLennard-Jones’$ 7 A — ¥ . QI R#%
F DA T

Table 4: The Lennard-Jones parameters for the molecules used to
draw Figure 4. Q is a hypothetical Bromine-like molecule.

o, nm kg, K

Methane 0.376 148.6
Ethane 0.452 208.8
Xenon 0.405 231.0
Q 0.495 600.0

72, WiEREiLBEoOIALE—L K 4) T74 v b
L7z AN F—0MBEN % KBRS, HENICREE R
O T 4y T AT hOBI L EO AN —%
A 4) TRBICHEET AL, —62~-58ki/molk 72V, Ji&
IS G ICHARTHLDIE VI AV F — L e o
7. 2oz ens, K@) Ik-T, HERkElkedTed
Ay b= D MR Y= (F—TYOEMBAERE) ©
AW, NFNIANZELEEZIRTE 5.

2.4 SZBCEKET DS 8=
2.4.1 —R%{LER _EDERDOEE : Bl5 /N1 RU—hD
ZE
FKCHO ZEMOFER L PO ¥ =23 R & i
FRWOT, FAMSTFOHBT AV EF—12HkT 5
FEDOHEHEE TR L L HITEILL, € ORI
DR EIFIRERE N TIEE A EZ{L L %\ (Matsumoto and
Tanaka, 2022) . —7J5, WADEINLE DD L, 3FLARM
DXL EEDZAL L, EId—ALHN Eo s (XY)
OBEIIKMES NG, K42, 105E L S0RHETHOWL
DONROHN ADUERMPYOMBEOMNEEZ RS, %B,
A L=t OGRRME & B HADHEAL, F A DK
DEMEIZ I TIEFEHAL, IXTHEBAAEZEELTY
5. BMEGFITHE 5T L, £ DLennard-Jones/ ¥
T A= FIIRUTR LT
A OFRINR L7z X D1, #H 2 DR D
&, TANGTFOMEERN T A= 23Eb5s L, M
DAL DRI BT 5 (A - i, 2013) . 5 FA5K
gL %o T, HTHMEEAPRELS G- TY, —f
ALAHR B CldAs BTN SR E T 2 H0H 5. i,
WHAELETHNCBESE201E, HEEH ST A=%D
BEZZT TR L W,
BURER N &1Z, RO AT ADEN) 222 1256 DM
HOBEHN (AE) X, TAOFHER, M —YICAN
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Figure 3: Correlation diagram between the potential energy of each
crystal structure calculated by molecular dynamics simulation and the
approximate value by the VOP model.

DA ZHREI DL VS 727 A T OFENARLE L %
vy (Matsumoto and Tanaka, 2022) . CNZEZRZ9H. H D7
N T DT D YEEREIZRD & 9 12EiT 5.
v=A MECS'H) _A Mg}{s-l)
= (@™ = kT In(1 + explB g ~ £)])  (5)
k
BMGEZINET S E, XA MNFTOILFERETF V¥ ¥
JETTERD X ) Bk ERS.

exp fuy = pB, (6)

722 LBIRIEINARAE L B WIHTH 5.
YRI5 L,

6_Y _ (HS-h) __(CS-ID) B exp[—Bfi]

o kBTzk:(a" @ )Ty pB exp[—Bfi] )
DIT = VO Xy = e g 0 g

aY kB (HS-I) (CS-11)

ap  p Z(ak —ae ) (8)

[

WA T, 7 —IP100%EL HEAE SR TV AW

LR RECHE TR, 22T, x=100UT 2L, (8)
RIFKD X 9 12 7% % (Matsumoto and Tanaka, 2022).
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Figure 4: Phase points of methane, ethane, xenon, and hypothetical
molecule Q on a generalized phase diagram. 273.15 K, 50 atm are
shown with circles. 10 atm points for ethane and Q are shown with
squares. The trajectory of phase points when two components are
mixed at a total pressure of 50 atm is shown with a thin solid line,
with the positions of phase points for compositions varied at 10%
intervals indicated on it. The dashed line and dash-dot line are
auxiliary lines with slopes of —23/17 and —4, respectively.
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v, =l v (12)
1= T80 P

AP CTWEDT, JENATH S & IE k&
Bai§ 5.

L, Kr—VoArBPEEENTWLIYAD,
M OY B RANOZERMY_0lF, RO L HIh 5.
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oY Ti(ay™" = ™) expl=B (far — fur)] o

X 3, (@D = a!) exp[—B(for — fir)]
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L2207 —VNEHBZ ANV F —DEIILEEINS.
XellQx Vw5 HG% %259, Zo¥s, Q)T
ROOLNDMEOBEHIOARIIH-4E %), B
D-23/175 0 H3IFFIFILRITL D, —FH, QVE—EH T,
ZhUTXeZ 32 LI 7236 113G BEIZ-23/17 (B84
OEEHEELEFL) kb, HUTRT LI, INL50RHE
I2EoT, BEFTAOMBIRI Y KREZL—T2H<. K
EVWHOGTOMEMM T A — 5 RETIE, BELIC
X 5 T3DO DR EMER (CS-1, CS-IL TS-I) 25O XD X|ZAEL
LPURRMEDHLL, HHEIFLWMBHTLILT, =&
MEBEMTEL) RN -T2 Es I LB WMHEL 4 4.
MED (XY) FEEE, CS-1&HS-IOMR 12 R ek,
CS-IEHS-IOAMM I 2 ZEEZ R L TWD. KREGT —
VEBEVHAT DT ADE RS E LTLEMDS L,
F=YVNEGHHZAVF—DENIZLY, RELTFr—Y
DL OE—RADEE b D, HS-HEEIC L2 FEL LR
WISTHifR s — V%, CS-INC L EAE L 2 WI6IHAR Tk &
DB E L T2, XEVICER DA 287 AN
b2 Z LT, ARG HIE 2 W % <

ZOEH, M=V rhELEVWT A ESRRET
L7200, HEERESBH S &, MEBEFEEI LD
HREMORERZM LSS LI ENTREE LD,
FHMMTIE, CORRAY yDONA FL— MIfeks» HiEH
ENTVDEY, T HMEOE LGRS B 720
TIDE)BRIRUAPRZLZDTH L. CSIDXAZ A K
L— MIAEOTHFZ MR 5 & CS-ITE 2 ) BEftd 5 2
EHRBRICHMFTE L. FEITREIE, TAZRET S
ZET, b bEEORMED I AR & HEM I
kL, BFEOHEG T ATIET 78 ATE L holz—
ALK O S ESERBGTICHETEL LI LD L
W RTH L. T, FHl e e T R
TOHMEDOFRY L 527255,

3. F&&

ARTIE, CHRAYOMZEILE &) HIF, RS hi:
VAWPHIFHIZD & D&, YA ML S wHKoOMY
& FA MG o THRGIEE & B3 5 W RETEIC B
LCiiam L7z, MiBICBILTIE, fEk3aT8h%s I a
L—2a VEICEDHERT A LTd otz &%
A MEFOREMHT 2 FBRAMERE L2, HREIH
LT, GZkZRETSHZET, BESAARTIIEIT
ERVWHE L ZFETEX L2 L AR LT
WHAMP ORTEE, ZBALRFEOI KR 2 &~ HRIE &

EHANA FL—

Vo 2 TAAMMENIZIEH M E ) 3B 720%, R IS
POFE LW EZ FFOWE E Lo b & < G-
ENDLRETHD. A, Bzt iigE o /Iy
72k AR £ LT B 1) (Muromachi and Takeya, 2024), 4,
PORAIYRFilled iceDi LD L RYEL, 7 A M %
FERVIKZ DS O OH 72 At S ETRE A H A B
2 L912% > T2 (Hakim et al. 2010; Hirai et al. 2012;
Falenty et al. 2014; Del Rosso et al. 2016; Schaack et al. 2019).
CORIIBVT, EBRAZOEROPIRITINF 2 FE
AN

ST

AHFSE L ISPSEHIE 2 21H0104735 X O TSPSHE I i A% -4
o d % W78 K 2% i AL A1 1 35 3£ TPJS004202300100 Bh 1% %
ZF 72O TY. T, AR v Y — GREFR 5
25-IMS-C031) DFHEEIRAZFH L TV E 7.
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Isotopic fractionation of guest gas during formation of gas hydrates

Akihiro Hachikubo', Yuto Mizutani'

During the formation process of gas hydrates, stable isotope fractionation occurs between the hydrate-bound and
ambient gases. This paper comprehensively reviews experimentally demonstrated information regarding the effect
of guest species, temperature, and pressure on stable isotope fractionation. Relationships between stable isotope
fractionation and equilibrium pressure of gas hydrates, as well as stable isotope fractionation observed for different
cage sizes, are discussed. Geoscientific significance and applications of stable isotope fractionation in gas hydrates are

reviewed.

F—T—N: FANA FL— b, LEFAE, FAAEDH, HE 5

Gas hydrate, Stable isotope, Isotopic fractionation, Crystallographic structure
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HANA R L — MEIKRGF CTHER S 7z TR
FA M TRUE L, RESESRN T TRELRMKMTS
b, ASRFTIE, F L L TRAbKEZ G LI RBR A AN
A FL—FbWB AT YA FL— ) ASHEEE - WEHE
Rk A I H B Z EDBHSONT WS, KRF A
N FL—MIFROZALF—GHE LTERSR, %
ECHIERERED SN TwaE. 2L T, mEBERRES AT

HHAY U EMEREBICKEICHEL TV L8025, H
HRESRLEIZ BT 2 XHOMHUBHRFEIN TV IWETY
Hb. F, BMEORKEZUHEL22HNA FL— MR
HWORIRFIZFAEL T b, WRBEEITCOBIE 25, KRG
CRFIZH Lided b GIudiz250 4 FL— MER
MM, BIEE OB TEAFEER ST 5.
FURRCRERR ST WA T ANA F L — b OGRS
DWW, B, IR, HEIO3FEH L. b, K
GFOHN TR (F—2) TRLZZHA X - BIROHMA
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AN

BhETHEENS. #l21E, EIZ1210 K DS-cage (SC,
57) L 141K DM-cage (MC, 576°), IIHIiZS-cage 167k
ODL-cage (LC, 5"6") dZzhZh2ME D — Y DAL
ENo%b. r—YOMKt (SC:MC, 7%\ LSCLC) &I
B3, MEA2:1TH Y, HASnr—TR3HE L o
FAHF BN . HELCRAER 7 — 2 D 1/6DE14 C201H
fRDU-cage (UC, 5%6%) HMFAEL, 4 VRV T VR AF IV
runFd Y UEORERTA NG T RAET HIEHNT
&5, TRNIETIHESINTVE, X7 r2Floe L
TeRERA ANA F L — b OFE RO R EIZIITH % 75,
TNy R T AN R RIS X £ 2 27 (Davidson
etal., 1986) X< )L < J {fi: (Bourry et al., 2009) THF X, H
BN Y 7 —N— 5 (Luetal, 2007) THO 5 T3,
B, WHIKKFDZEZ A KL — MIETdH % (Hondoh
etal., 1990).

HRFINHAET D) LT AN, RL— b5, wolk
DEHEK LD, TV TRIERID L, Thzed
LHTEIBRONTVL. FIZIE, “CxkH 2R %
ERE I, RIRTANA FL— Mo ALK IEH
WHETH S, 72721, BDhrIDIEAY ORI TH 5 AH
WAEY & L CHERRE THEE TOLERTH- T, TR
NA FL— MEROERAERTER Y. [P LdZ0
EREDBITHERPER L] L) T ebnbETT
HBH. ZHITKHL, FTARKORERMALIL, @HEFT A
Z Db O ORFHEE R BB LB OFREFE I N TEL
BB B, HARBEHEED LY LT AL RBDIE, Kk
HAGECHHENTELRBN R4 Y74 (B2
Bernard et al., 1976; Whiticar, 1999; Milkov and Etiope, 2018)
THhb. WRIGEETA Y VEREICE > TES N A4
WRIE T A TIE, "COMMIZZ L WA Y Y ARERHST
HHOHL, HERBES CHIEIC X ) AW SR L C
RS BB A TIX, =5 7uxrEoHA
I, 28 EECHMMMICE s, $, R
% 7 AR T ORE R B, HRE b oBB)EESEO%
RIZDINHTE S, LALADS, REFMARL DM
Eh o THARBEPRETE S, LOFZIIREMITH
DNThb. PIzIE, 25 ORERMVMAELDS [HTRO R
WIERE CTHEMABR L TTE ] EMRLTYH, R
DEEYZ Db OOLEFMARLD @& R,
MIZZEDL L2 Lk, X7 visgERfArE 21 s
L MBIIHEMETH L. Bz X, Whiticar¥ ¥ 77 4 L
TORA Y VRFERMARL (°H, Kl 2 Hv20H8IIcon
TIEZE L DEEMAHAT AT T 5 (Waldron et al., 1999;
Yoshioka et al., 2008). 2 % ¥ HE LKL (37C) Dftid 5,

ok,

Ke L

PO TIEEGRIEA X LRI Tz b DD —7s,
MDA R L ) I8A L72CO% 2 7 VB AKET
BRILLCTHERT 5, ZRIGEWRIEN A TH S Ehb
o T\ A (Milkov and Etiope, 2018).

RIRAANA KL — MESOEEE, B ch s
K HADT AV MRa 7 (FRARSFHE) O IR 3
%, REFRNMAGNIRE S, KOBEIE, HOX) bE
WIHHORH, *OAKIELR D IR, KA Bk L S
BT LIZELAMBNTWS. N, FL— MERZHEST 5
RANGFTTHERIZOWTORBETHY, WD A5 >~
NA FL—= b BLOUEIDZ ) 7 b g KL — bAERKE
Dk A MEERMAAGINE, WTh oK SR TH K -k
W %258 RS 3) & [FAREE D3RRI CTH 5 (Maekawa,
2004). LA L%AS, 7 A b OERMAARS POV TIE,
ZLZ L5005 5 0N ? MU REZ: O P & H204EHTIC
R S Tz, KERETHER S NS F A 0K 5
FERERAEY, FAMFRERATCET OB LAD SR
2RO I ICMBEN LN L TH 5.

AT, ALRTERFDO NS FL— MRS TR
LIS 72 0 BRBEFE M S N7 B S 2 i, AN K
L — MEBEE O A N T 2 FAAR S B & B
7222 oW T LY 2 — 24T\, TA Y MR 7O i 2
WA FL— MHIEAE OB, kiibhroTE&r—Y
YA ZgORERVAS T 2EE8, BIOTF R ML
ERNARG P OB DOV TIRR D,

2. RERMIFLEDRECE

RE T PO RRRMARIE, * 5 v OREFRME
RERFCZFNE, CHACHN T 2CH HOFHEHE TH 5.
MZACICHE ) ZOEEGOEBIIIFEFIT/NS V2D, FAE
HEkbTid (1) N2 X H3ETEALY 5 (FIR 1L, Hoefs,
2021).

§ = (Rsample _

Rstandard

1) % 10° [%] (1)

Riumpte & Roungenald T NVZ LGRS & BRHEN) B D %58 R AR L
Thb. KRERMAAKTIZV-SMOW (Vienna Standard Mean
Ocean Water), jik 3 [dl fi K T 1ZV-PDB (Vienna Peedee
Belemnite), ZEFMATII KRG RV FERIEEY)E TH
5. AHBOZLE FAARI N5 2 BB A D %5 AR I
OHEEE, TR, L BRSNS, THIREICH 52
O DL E AR DT AR Z D43 AR TR T
NELD, ARTIE2MT T OMED 7 % ASE & Kl
L, N FL— MR EZELD & QRO T A DSl 5 W



I ANA N L— MZERAS5)

WHADMEEAELFIW2b o, LEFRT L. b, RFA,
BZNZFNDMETH 55, dx& DRIIZEBIGIC 2) KT
HEXNLEEREDLD Y, 0 lZASEAS SHERIENTHETH 5.

Sp— 085 ~103Inas_g [%ol (2)

3. A MARARERNIIFSBIDRER

M ERZ T H AL KEH AL THANA FL— M
KL, MO ATNAFT A (BT R), BLOH
FICIY AAF N Do Jo WA (BEH R) & ENEIEENCIR
WU, BREFEMAERSH AT ZEICLD, ARG HNOR
R ZOREEZ KDDL ENTEL. K2 ORETI,
HFMR ORI E BB Ak (>350m’kg") & HYD
HAZER RN THAM S, mMEoRE2EmT %
(B 2,12, Hachikubo et al., 2023c; 2024). &7 AZDOWTIZ,
FEERRRIEICBIT D AN, FL— MPEREZ FH S 2w X
NS 5. WEHN AL 5 Ta Yy I LR DET AW,
HANA R L — MO TN E 2R 2 L ED D
b0, WEARZRT 27200 KRE T THRT A% HE
Mg, MdmeEs 2. 22T MdE e R ER
HFOEATHEEL DS, Wb - BEE LR A 2 RS
A VTR AESSTREEICHHL, WETADOAEHE
BHENTRENT VS,

FEBRTIX, WA, BAA, BIOHAA (KX
HA) OIFEFO T AREE, R AR TH B
M 2 B MR 4k 2y PE LT, M7 o—RE
FAKIE AT EE (CE-IRMS) 123 ) 94 v V27 g
YTHEAL, INLHxE5ty PUERBET A ETER
PR AL Z ko2, ARIRATZAROBEAE
bdhHbHID, HWOH A% ZDMDESH 584125
TEX2WY %Xy I H T L% ERL, CF-IRMSAK
WCHHR SN TV EHRHEBEO A7 0< 7T 7T
nEMH L7

4. FHANA FL—NICET BRERIER

UL, INFEFTIKMESNIAANA FL— MR
DA N T AL E ARG R OFEEFFERTH 5. ASHIE
BHEBIEE BBy —ADE\w, §hbb 74 YyuaRuJH
T 5, BT I MCEE ISR TV
O, AL B b r—AbWMEINTNAE. 7, fMAARH
—DFA T AEL) WOV THAIZEEL S RTw 2 kiz
T5.

HANA FL— MNEREED 7 A b H R %G58 [FALAR 5 5
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R1: %% g FL— MEEEO A 2 b KRERMARS B O
ILFEMAETE (Hachikubo et al., 2023b). RO LT AT X,
DI A, FOMMIZOYF 2 2 E£S. R
224.8-2682 K, E LMD WTIEHS MPad 7 — ¥ % BAT
Ty FLTWA., WEFADOSHE R LKL, A& A4 F
L—MIEWF A FTHLCHHZ M WIZBELIZ WS &
Hhrb. ATHIZT.8-103%TH Y, HEDOLF L L HITHT
PIZIDT B (FRIHINEL 2 %) NGS5, B, HROK
BOWERER TNy FRTRBZERT 2720, i I28HD
B H AREEEI N5, BT ZAOSHEWIA ALY b
PITE L o T 5,

IZoWT, FIOTHEINLZDIZAY N, FL—FTh
% (Hachikubo et al., 2007). HEZZRNTA Y v f FL—

FEATRICAERL, WEAA, BFA, BLOWRHK A
DOIEH DL ERMARIL AT E S Tz, ZORHE, 25>
KRB F AR S, ST AR A X
D HCHHA A 72 &, ASMil13274.1 KT+4.8+0.4%0, 2432 K
~ 2652 KT+9.0£0.9%072 > 7z, LK 5 T Tfibh
T2 EEB R O—FITdH 5 (Hachikubo et al., 2023b). #EH A
ERN AT ZAFNTITE U ALK L THI—154%0, A 7 A 3
F-162%Th B Z DD, KI8%eDENDH 5. T DT
FEO LA EELITHOTNIWAILTRE 00, 220-270
KOREHETIZIZIERNETH Y, 7 A F AZERMAK
GNORERGEEI NS VWEFZ D, —HT, EIKLE
PEIC D W TR T & 91, EIEINCAE W ASE AR
B BREEAHGE ST b (Hachikubo et al., 2023b). 7
B, A ¥ URFFEMKLIZOWTIIEERENASNT,
ZDHOM (Luzietal., 2011; Lapham et al., 2012) T [
HThs.

Iy A FL— Mg, EREIIPEMPaD + — 5 —T
HiuF, BEROMCOARICBEINS. KERMARIC
B9 B AMEIZH1+0.7%TH D, TOEITDOITHINTIED S
A, ALY VEFEBRICBEVWS A MEOE LR TV, —H T,
BT OLCO ARSI NE TUNRY, AV TH5 0D
ASMEIZ ZF N ZEN, +4.4+£1.0% & +124£0.6%TdHh V), HFEK
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R2: %% A KL — MEKEEO 7 2 bARERMARS B O
= AE . % U 13 Hachikubo et al. (2007) (2 X 55— %
T, IREEHIPHI13243.7-2652 K, ¥ #ipH133.31-5.56 MPa. ¥~
2 D HIZHachikubo et al. (2023b) 12Xk 25— % T, REEHPHIX
22422682 K, HI#EPHIZ1.71-19.47 MPa. K15 F D5 Wil E
HPHT, ASHIZS MPall T OKE TId8-10%TdH %A%, EH D
BE & HICASTHIZEA L, 20 MPaTHI6%lZ3ET 5, B 7%
FERAE DR AR SN D.

B B IS s, LTS 2 WV
ERbh D, B, ¥ YORERAESNICOVTIZ,
A8 v EERRCAERE 25 MIEA S v (Hachikubo et al.,
2007).

RALKFDH D7 A MIIERT 5 &, CO,0 RFFMAR
RN OV TIZAMEIZ+ 1% 2 TdH 5 Z & > 5 (Luzi et al,
2011; Kimura et al., 2021), 7V A4 ¥ ®OKZ R AR B & (7]
B BWA 2 P RAELR TV, ERILEHENS FL— b
DERFMAAGHNONVTDH, AMEIZIETHS. 2zt
L, &FNA FL— b omEFEEAMAAKSH] (Hachikubo et al,
2023c), —MRALEFENA FL— boRFERMVASH OkE
1370, 2025) TRAMED I THS. 2%, AMEHIZLTL
BIETH L LIZRS v, b, fbKFENAAFL—1O
i E AL B D TUE R 5] (Carvajal-Ortiz and Pratt,
2013) BB bOD, AMEOIERIZE L TdEr 2 L1

AW,

5. YAMHARERMFSRIEHANA RL—b
THEE &S DBAGR

REHTAFZONL FL— ML, ZhZhofis
AFZDNA FL— MNEGEOH O E 2 ), MAFZART
X B E DR VBS54 R L — M S h
B BB AL WEEI AT N DI AR DM E BN 7o
bOD, BIZIXEFE +CO,% (Kang et al., 2001) TIiXCO,75,

ok,

e B

4.2 yiy
B C2H, Ozekietal. (2018) m®
- @ CH,?H Ozeki et ol. (2018) &
A 13CH, Hachikubo et al. (2021) = ;
40 | ¢ cH, Ozekietal (2018) PN
A CH, Roberts et al. (1940) 6
- O CHy; Deaton and Frost (1946) B gy
< CH, Adisasmito et al. (1991} ™ o
3.8 | O CH, Nakamura et ol. (2003) oo
m o,
[ ] ..é
&
3.6 L
" od
= L] 00‘3
]
234 = of
2 = of
R
-R3 2 =
H_-I L ;
]
o of
3.0 a
]
L]
28 ®m
.?y
2.5 5 1 1 1 1 " 1 i 1
273 274 275 276 277 278
-8
mE (K]

R3: x5 o074V bR 720 T 514 FL— FDF
e, FWIUMAIZCH, RWILIZCHSH, #&o 0 LIEIZ @ o
CH, (Ozeki et al., 2018), ¥t =4413"”CH, (Hachikubo et al.,
2021). HWw =, PUf, O LE, RiZZENZFN, Roberts et
al. (1940), Deaton and Frost (1946), Adisasmito et al. (1991),
Nakamura et al. (2003) T, Tt DOCH,. NA KL — Pfg
JEZCH, 2 b B <, WICCHPH, 5@% oCH, &4, “CH,
AT B4 KL — b O FId @ OCHOFHE & 13 &
A EED TR,

ZEF +BFR (Takizawa et al., 2025) TIZEHESFNFhn
A FL—=MHIZEMIND Z LT —F TRENTV S,
Ay ERENCEDE, FL[AY Y] ThHhoTHTA Y
FRE Z I E R SRR 5720, CHHECH,ORA
HARERDLZENTEDL., A%y OKREFRMAKT O
WRTIE, BT ARES ALY HCH HY D %2 <, CH,
PEHILTWDLI EIZRD, 2O ENS, CH'HN, K
L— P OPHEIECH,OTFHEIE L D S PRI
%. CH/H® 37, CH, "CH%ZZNZFhuET AL NS
L — b 2 3 12352 L7z R (Ozeki et al., 2018;
Hachikubo et al., 2021) % [X3IZ/R3. b D CTFEMA+E
ML ECDOIRCHN, FL—FTHH, ZDRICCHH
NA FL—1b, RUECDRBEFOCH N, FL—h e
5. Thbb, X7 UL KL= 07 A FKRERNAR
GRNCDWTIE, N A FL— N EEEO KN & SR
LTWwbEE25. F/2, “CH A FL— O IX



IANA N L— b g R 5

WHDOCHNA FL—PMEIFIZFELETHLI END, ¥
UNA RL—=FOF A RZEAMAEGTNIE N, EOH
FEE—HLTn5.

6. BEHARICHITZHEBRIER

HoWBHTADHMAGHLENEZONLREHNART
&, TOREGLICLDHEEMENSLDY, F—V% A X
WEDDIENTTH L, F—TVHIT A NOBAGIT AN
At bHb. MTHHIREVDIIAY Y+ 7 VR
ThHY, A¥ N4 L=ty N4 FL—LFidw
THHIETH L D00, FFEDRGHOHP CTIEL & 2
% (Subramanian et al., 2000a; 2000b). T 7 + /N4 AV
TRAY Y+ V2OV LM O HREINTE
D (Kida et al., 2006), 20194 F TIZHE SN 7260 » D
RIRAANA FL— MR SE O 5 5, 92128 7 ff CIA
DFEDIER SN TS (Hachikubo et al., 2023a). % %
+IF YROLY VKEFEMAESINERT S L, O
YA A D ~ +2%0CTdH 5 DITHF L, 1THICl3+8.8 ~
+12%0 & HIXTIIZ K & W EAVR SNz (BHIE A, 2018).
NSO, N4 F Vi OKukuy K278 K11 THA
NENBIORA Y v+ 28 Y RRAATANA FL—tDOLY
VEHY, RETLHOZNIVPEL NN EWT L
%435 (Hachikubo et al,, 2009). ¥ 7=, Fkto ML~
Fy+TNITRIIBVWTHHER SN TS (RHIZ A,
2019).

Wi, A% Y+ EBERBLIUOEHE+MERTH LV
A S N7 (Takizawa et al., 2025). [M41%, AMEASA
AREIC L > TELT AL EZR LS T T TH D, &
FNA FL— RGO EFERMATINICET 5 A0HIE
—0.23+0.04%0 L O TH V), “NITH L THIK M IZE
UNENDSIANA R L — PSR S NS 2 &2 R"mT 5. it
BEHARTIE, A7 OHEHHEINT 5 LAMEN S 512
WAT 5T, BEOHEHEMNT 5 LI ASHIZHE N
L, »2MECTEDEICEE LS. 27 v +8EERTIE, W
B AT OEFMEDSE LT 07— Tl Ths L
DbhroTHBY, /245 YHMCIZ, BEHISCIZENE
nNEFEshedwn Lk, CSMHYDE T )V (Sloan, 1998)
OFEMENP LD REEND. ThIIH L, EE+HEER
RTIIEBOKRF DR NA FL— DT~ 500050 #
12k Y, 2FRIILCIE, BEEISCIIEFRZFhAEINRT
W EHhA o T b (Ohno etal., 2007). 15 DS,
[SCIZ"N"NZ i L, LCIZ"N, 2§ 5] L E2 i,
MR E 22 5.
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R4 : ASND 28 FHEAMAE Y (Takizawa et al., 2025). Kfa @
HIFEF+EHR 268K), HoMMIEx 7 v +EFHKF (263
K). HEoiLE NARMEHEN N1 FL— T, ThZh268 K
£263 KTOfi (Hachikubo et al., 2023¢). #izi#N{ FL— T
IFASNDHI—02%TH LD IZx L, BE+BHERTEIEEM
AR T B2 O TAS NIZBEIM L, 455 A3 s L TH0.6%o0
PLEICEL. —F, AY v +SHEZTIREZARIMIT 5
IZONTAS NIZIRA L, —1.2% DL FIZEL 72,

7. FARGFESCOHICBESEI
LERHUADBISRER

AT AR ERMARD RN, A R L= bR
AT 27— VO A XMIIRELDOTERH? &
DHEZD, Wk OWRAE T AR TOEFR R HF L7
LALAEDS, RETZARZRTIEIEIOMCESC, 7w LI
DLCESCIZHRBMBE D75 A b BEIHERIFITSEE T
LIIREECH L. 22T, FhIe a7 Ty (THF) IR
EEND, MMOLCEREICEATEXLX A M2FAML
T, HHDZ Z M &ZSCOMUHE ST LEREZIT -7 Ok
137, 2024a; 2024b; 2025). LCEID B 7 A k& LTI3,
THF®OIE2, 7 hFe Fu¥sy (THP), 13-V %V 5
> (1,3-DIOX) 2SH v 5 7z,

KAHEA (2024a) TIE, THFEZ X ¥ ¥ 2N 2 7= FEERE
REREM L, THFSF L ORARTIE, x 7 YARERMAA
B DASEAR2T3 KTH3.140.4%075 5 72. T DHIZT = b
L, IROSCOAZUE S L EDAMEE W) T L1
h. FEETORASY VN4 KL — b OASEA8.0£0.4%0
ThHoHI LMD, AMHICHIRREL DD, AT +1¥
VR, BIORAY U+ TN RO RS IREFMARS
MOAMEE ZF N ZR, +3.71.1%B L O+3.1£1.0% T 5
(1), 2% v +THFER AR & MR ASE 2K +3%0FE
THoHDE, T¥ Y - FONRYHPMC - LCIZ@E S, A
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KA

)

FR1IETFA MW LN FL— oS NRETDE75R NORERMAKRL, ERRE - EO5EG, BLOuRT275—Y

M OAME. naldF—% 7% L.

FAL | KR (KA MERRR | REK] | R (MPa] | ASHE [ ABr—v | reference
M AR
CH, s CH, &H 274.2 39~53 +4.8+0.4 MC, SC Hachikubo et al. (2007)
CH, sT CH, &H 243.7-265.2 33~59 +9.0+ 0.9 MC, SC Hachikubo et al. (2007)
CH, sI CH, 8°H 223.3-268.2 1.7~19.5 +5.7 ~+10.3 MG, SC Hachikubo et al. (2023b)
CH, sl CH, &H 273 na +8.0+ 0.4 MC, SC KA (20242)
CH, s CH, 3"C 243.7-274.2 33~59 0.0£0.2 MC, SC Hachikubo et al. (2007)
CH, sT CH, 3"C 268 8 -0.1 MC, SC Luzi et al. (2011)
CH, sl CH, 8"C 277 2.5 <03 MC, SC Lapham et al. (2012)
C,H, sI C,H, 8H 273 na -3.6~-0.5 MC
C,H, sl C,H, 8'H 2742 0.6~2.4 +1.1+0.7 MC Hachikubo et al. (2007)
C,H, sl C,H,8"C 274.2 0.6~2.4 0.0+0.1 MC Hachikubo et al. (2007)
C,H, sIT C,H, 8H 273 na +44+1.0 LC
iCH,, sII iC,H,, 8°H 273 na +1.2+0.6 LC
Co, sl €0, 3"C 268 25~5 +0.7 ~+1.1 MC, SC Luzi et al. (2011)
Co, s €0, 3" C 226-278 na +1.0~+1.5 MC, SC Kimura et al. (2021)
CO, sI C0,38"C 273 na +1.1£0.0 MC, SC IREE D (2024b)
Cco sl Co8"°C 273 na -0.20 £ 0.0 MC, SC KT D (2025)
N, sIT N, 3N 224.8-271.2 14.1~19.0 | —0.23+0.04 LC, SC Hachikubo et al. (2023c)
N,O sl N,03"N 273 12~2.6 +0.14 ~ +0.67 MC, SC
H,S sT H,S §%'S 248 ~ 280 0.035~023 | —-32~+1.8 MC, SC Carvajal-Ortiz&Pratt (2013)
RE T AR
CH,+C,H, sl CH, &H 273 na +3.7+1.1 sc
CH,+C,H, s C,H, &'H 273 na +1~+2 MC KAHIZ A (2018)
CH,+C,H, sIT C,H, &8H 273 na +8.8 ~+12 LC AHIE 2> (2018)
CH,+C.H, sIT CH, 8°H 273 na +3.1+1.0 SC ST A (2020)
CH,+C,Hy sII C,H, 8°H 273 na +55+1.3 LC T A (2020)
CH,+Ar sl CH, &H 273 na +7 ~+8 LC, SC
CH,+Ar sIT CH, 8H 273 na +6 LC, SC
CH,+N, sI, slI CH, 8°H 263 74~145 +54~49.1 | LC,MC,SC Takizawa et al. (2025)
CH,+N, sI, s N, "N 263 74~145 | -1.10~—0.15 | LC, MC, SC Takizawa et al. (2025)
CH,+THF % sIT CH, &H 273 2.2 +3.1+£0.4 SC KRBT (2024a)
CH,+THF % CH, 8H 273 22 +92+1.9 MC KA T A (2024a)
C,H+Ar sI C,H, &H 273 na -3.0~+0.6 MC FAHIE 2 (2019)
C,H+Ar sII C,H, 8°H 273 na +4.2 ~+6.6 LC A IE A (2019)
CO,+THF % sII C0, 8" C 273 na +0.4+0.1 sc JRAHE A (2024b)
CO,+THF % €0, 38"C 273 na +1.4+0.3 MC KA Z A (2024b)
CO+THF % slI Co8"C 273 na -0.3+0.1 e KT D (2025)
CO+THF % Co8"°C 273 na -0.2+0.2 MC KAHED (2025)
N,+0, SIT N, "N 268.2 17.6 ~19.3 | —0.15 ~+0.64 LC, SC Takizawa et al. (2025)

5 Y OREDSCICUHEENTFER, EADLIENTED.
L7235 T, ASEICK T BSCOHFG I H+3% &\ T &
275, AF A FL— b0 — Y 543 (Hachikubo et
al,, 2024) ZJAWT, F21H - IHZh2hosC (712
HARTYH, WFEHRELYDTPITHA AKREN) 1TH
T574V MR ZOUBENHEFETHD LRELT, 1
BOMCORIZRA Y & WIESET Y EOAMEEHEET 5
L, 49.241.9%0 & o7z, L7eho T, IMARKT 2 A%
YA FL— MEMC, SCE B ICCH/HZWHE LIS W
DD, ZOMWHEIIMCOSHREVEEZ LND. ZOA,
THFS IS bR E v L—BIbRFE 2 N2 BRI B W

T, TNENOT R MrBEMALEZRNRIL A, #
Fh3nboo, xF yRFEFMARL EFEEICMCIZEE
ENDF AT OFBHRCAMESKE VLS TH D (K
431370, 2024b; 2025).

8. Fy—IJIHITBITA DY A XLLE
A S {EE DRI

LC, MC, SCO4 — I % A4 X T 55 A MFrTFOk
% X MM (Sloan and Koh, 2008) ZZ#12, ASH & DRIC
ONTEEEZARL. M5IE, RIDKRIZOWTH A XL
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HA X (FA L=

R5: ASiti% r — V4 ZWCRTH75 A M EOIICH LT
Tuy ML T 7. aldRILKEDASH, bidCOB X UCO,
DA CEFES. B —IH A4 X7 A N FEEDOHE ZSloan
and Koh (2008) (2X 5. [W—4 A F TS 5L, H 4 kH
REL BB ENMEPRWAT A, Thbb, 7= Lw5bL
BEEENLLHERIRCT A M), EOLUEIRLYAIEE:
AN DRI SN T WD D 5.

(FANr=0) EAfEE DR ER L2 T THA.
AZAFEHT B E, SCEY HMCOITH 25[wWw B < JaH
S, AMEIZKRE W, L7225 TC, 97 LTI TATHY
D] OBRELRL. TF IZOWTHRMET, MCXD 3
LCOIFHI N [Ww A JaEEN, AMEIZKRE W, YA
ADr—YNTHET S L, LCIZAESISRILKED
ASEIZREWVIHICZ Y >, TaXy, AT 7y, LA,
WEFNIZE L, “AMOY A ZAPRKREL LY, Y=V
PA XEDLE, XA TEEHICAZ L. —H
b, “ALRFEOAMEIZOVTY, RRFVHOD
FRE DA A DN D,

9. YA MHRARERNIAZFIDIEE
SEORE

A I REE ARG N B AR ED X512

JBHEN DD, 22T EZRMBOETVZ WD
OO, WMEMRNFSRRATANA FL— LRI
B 2R OB A D 5. AR TR L 72 R 2N
ARSI R AR AR ICB I 2D THY, HAk
NA R L — MR L7 F MRS g,
ZORBIET L EEZOND. WK T CHEICHERERE
A RKIRFT AHMAE S N, WKEBONA FL— M
i e AETBIRETIE, BEOT AL WEF R L ORI
FERIDAMETE SN L ZEFMARLDESHR SN LI1ET
THb. —J), " FL— MEROAERIZ LY F A
BEASPHZE L, MEREW MIBRAK R O AE 7 A IREAMR T T 5
LX), REOBHBESELLEEDDHY I D, HIIZD
ARz, NAHBNVEDAY v+ 7 VRRIRTANA K
L— b (WE) (&, IR C 7 A s & i 72 7z
DS AR ISR L€, ZRIMICAER Lzb oL %
HENTW5S (Poortetal,2012). T DX ) RgE, W
ML CERIEICHEAESTAHT AL, REELDDOH B D
WHEH A ORERMMARILIZEFE L Wz, Az T &%
b, AMEDRICZH B &9 BB LA TWIUE, #idh
BHAEOEBEIIH LT AL > THFINTES T, i
HEBAEIZ D 27D, B D VIIBRBED F A DR ERMARL A
SESITEAL2OH LW RRENE V. 2O X)) %, Ad
A W72 ZIIREIS, NA AV v BALHE
TR S NIRRT ANA R L— M Egh O A ks o B
fiR# (2 4% 37T 5 LT B (Hachikubo et al., 2009; 2010).

INETRALTELZELHIC, BEDHEOMEIZL -
T, ASHHIE A ARBARAEE 2t iR R AF s b B 2 &
BWbhoTE&7 BIzIE, RERFANAL FL—Fhox
& v gsE AR PN DWW TR, TR & TR TILIASE AT
Y, BEDOEFIVNEL hb, AV VEERTET S
KIRFTZANA FL—FTlE, #i¥ehxs 4 FL—F
DOAMEFFHTE D OO, BASMEET 2D Ta,8y
RT7 5V EEOIMOBAIIAMES R D2 L b,
BREOMPISHET LI LR D, 5K e
IRH AR A & > DASMEN Jo (T T 35 % MR R4
T LUEND L.

RIS - 3 EEHERE ) vh R K AR T o ALK 3 & R &
L7eRRTANA L= "2 ThL, BF -BE-7
VT Y R AHET DK OZ2255 4 FL— b (Uchida
etal, 2022), MWHl N T 7 THE SN T2 EKIETOCO,
NA KL — b (Sakai etal., 1990), F 725 F R DK H RS
TOHFEENHEE SN D A7 Vo —WAbRFEE LT B
A4 KL — b (Kamataetal., 2019) %, WifE S5 InHp3%
B 272 %, FHEABICHERS N BRI 0t
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B3 2 W AR O RF R AR L 22
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LR TFERENA FL— MiFgeE (LRI LR~
NS LA~ MERBRI LA R BRI K Lo — ) TH
Wep 72 0 72705 20120, & AR He i J2 5 C 5 k56
D F L7 F7e, AR T THOEZ R 3 5 (I
) | SRR LOREOH R E G 2 Tniziwvie, duil
R FARIRA A2 ORI, B X OHeifg B Rk
FRETAEMEBEO NSRS, ZOEEME) THEFLp L
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Gas Storage Using Gas Hydrates
— New Developments from the Self-Preservation Phenomenon of Gas Hydrates —

Satoshi Takeya'

The decomposition of gas hydrates at sub-zero temperatures is suppressed by the growth of an ice film formed
by the condensation of water molecules released during decomposition, a phenomenon termed self-preservation. This
paper introduces gas storage properties utilizing this characteristic of gas hydrates, the effects of additives on self-
preservation, and recent advances in gas storage research.

F—J—RK: 75 AL— A4 FL—},

TEALRFENA L=, 5, K, AZ A FL—}
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HANA FL—bh (75 AL — KRN ZaBEtah
D—MT, KGFOKRFEREES Y VT =712k o TS
NBLIHRO» TR (F—2) Wiz, A ¥ YR EL
R#ERE (KAL) 2AEET2RROMHTHD. A5~
EEWGETERATAZAE T D2RARTANA FL—
b (NGH) i, Fr7zaRRT2AERELE L THEHSNTWS
EAEORMR EAIC LY, kA TR ME T ONGHIZ W
FINTWERRAADRKIINC & 2 iREILARE D f&
H & T % (Hassanpouryouzband et al., 2020), ATl
AT vEERGE LY R TNy EDRALKER

CIREHT AR WETBHANL, FL— F%ENGH, %~
DHRETFAMNELTCAETLHTANA KL= b2 X5 ¥
NA FL—1 (MH), L83 2. FAN, FL— %]
BB A NE LTI, A% R BbRFEOMIZEH 200
TR DL LA o, BLHERRE TR D 10085 2L Fo 77 X
RRERTICAELTWS, AN FL—ME, —fHi
FE (~%MPa) &4T, 3 LEARKETICBWTidk
HTORRBBRECRE L THET L. oS

H(Pm3n), W (Fd3m), HE! (P6/mmm) O3FEIHASH &
TEY, KRAGTFTREINLI2MHMAE (57 45%), 144
(5"%6%), 161fifk (5"%6"), 20iHifk (5°6") DL itk — ¥ O
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E1: HANA FL—hOZEETIV

(a) KM & DN ZEBRAZMNAET L HANA FL— b, (b) 22k %
MR TIKBETEDbDN 2T AN, FL—1+. Hpordix, #
ANA FL— O]

Fig.1: Gas Hydrate Decomposition Models

(a) Gas hydrate with a void between it and the ice film, (b) gas hydrate
covered by an ice film without a void. Pd in the figure represents the
equilibrium pressure of the gas hydrate.

NGH* 5 DR 22 X & O [IL%, HEREELE
KRR OBRED 720, HAN, FL— bORHAH =X
LOMRIIEETH L. ZOWMEITE L A STbITEY
Handa (1986) I2 & V), JKEFRETOF L/ Y BIU 7Y
7 b A RL— b OGERE, KOBUSEE T—HONA K
L— FPMRAES NS 2 &3 S 7z, 72, Hallbrucker
and Mayer (1990) &, KEREFETERLZTELVT 7
AL EFHE, BHE, —RILEHE, TrITINS FL—F
BHEB LR, INOSTANA FL— b O—HBIZkOFE
HEEFECTHRATAIEEZMM L. 512, Yakushev and
Istomin (1992) 1%, BRARMHD K@ &S E T g T o R HE
YIS ATV E LT, MHYVRH O3 & KB
X AMHGRIIEIZZ 2, T ANA FL— O HCHRAE
(self-preservation) & #1772, ZFD%, TakeyalIA» (2001)
X, MHORKIE T TR TIREICE T 2 RBEDOTEHIC &
B MH®D 5 ffH B QN 25, IKER D X 5 > OIEETHER
ENBHZLEERMIRLA (K1 (a)). SterniZ2» (2001)
W, KR T O FE IR L HHIE (240~270 K) D A BN,
MHZ% 8 5005 6 KRE E TRIET % &£ MHO 53+
TR ASH (2 3E < 72 A "anomalous preservation” % 5 L 7-.
HORAEE I MHO MR Z R T 528128, X
Ly MELZNGHIZ X B AL RAA A (LNG) (b B K
IR AW RS S 7z (IR, 2008) .

—F, HCRFBLORBBOLAME, 7 A OFEFHIC
LB LARENT VL., AMTOHT AN, FL— b
fRIZBWT, MHUAMZ S BEFENA FL— % EFHEE DS
WM WHEO S AN FL— M, HiEfRcoys
fRAVEE DIREEIR (~220K) CTHIHl &N D, ZHITHL
AZ Y+ Y VRETANA KL — L OSREREITH

E, A+ y VRGN ANA FL— O IEIMH
I HEARETHR LIS WIETTH2ICH DS T,
HORFIEZBL L 22w (Sternet al, 2003). F 72, Fasvv
NA R L — b7 EFEE SN O T AN, R
L — M, 200 ~ 220 KFEEEO R BEHFIET—5UI A5 L T
L ¥ 9 (Takeya and Ripmeester, 2008).

—7, REENHIZEGREX Y v+ T8 v+ 708y
REA AL TR S NIZHIRONGHTIE, SRERICE
#i S MUNGHINER O Z2Bdsi/MET 5 2 & T, 268 KIZBW
TOLHEHVHORGE%27/RT (Zhang and Rogers, 2008). F
72, 253 KOTBESM T T & ) KRB LIRS
SN/ FemBEOIRY » TV OXFCT % v 72 IR IE N
HRERER T, MHIZ100 um A2 DJE X DRIGICE b (Takeya
etal, 2011), NGHIZ | mmFfEEDE VK TE DN (Takeya
etal,2012), JHICNEME A SN Tz, 2D XI I,
Iy RTuNY R EGHLR T WA R R @S HNGH
ZBWwTh, BEHEZREMLTLILICL), RAE
TTORFOWREELI/RENT VS, FANSL FL—1
D5EA F = X L ORI, 5O BTN 74 e v,
BALERe T A e EOWHEILE 2T TR, FAMEKED
HHEAEHR BRI L VAL AH0 L OKRIERR Y, B
BENEEZEL2TER L2V THS ).

HANA FL— O HCRAFHZIIHE T 20580 A R
&, RIS TTEOMEE B 2> TE7 (4, 2005; 7
4+, 2013). HiEOHEOHZOIVEROMI, 72 T
B ININGHR L v b TORGFEWOEIENTER, # A
NA RL— M7z #i7ze 7 ARECHET 55T b %
CHEBENTw5D (Veluswamy et al., 2018; Ravichandran et
al., 2024; Zhu, et al., 2025). ARFFIZBVTIE, KA FIRE
WCBWCTHBIT 2 7 ANA FL— s ORFEBR R HMH

DB, KHIZIE T AEEBICHET A REOHEDER %
W9 5.

2. NGHRLYhDBCRE

NGH®D KRR Ak - Wik lefk & UCRIIE, ko
MRS SR T ANF—FEIIHIET 2 d 0 & Wik
ENTWw5S. NGHZ EEMBIIEH T 5729121%, NGH
KLy b OBEGERN LY AT LA OSSR ETH L.

NGH~X L v b o8EHA & LT, 25V —FEsd,
BiABE, BT —v, wH - BIEH NI A% i 2 7225
WX DEHENTWS, 278 KB L U5.5 MPaD KR A 4
T, KR ERRT A % BUBE BRI G L TNGH A
T —m T H. AT —EEWICEREL, K%
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B2 : NGHAXL v b &EFDOXHRCTHAEE
(a) NGHX L v b o4k, (b) REERZIZ KT THHILL
ALy MEIER, (c) 253 KOKKE T T3 HMRIEHDONL v
bR XERCTR o B il A3K, IREEE I 2SNGHT &
. XHCTHE D720 IINGHR L v MakBHI Mo L 2 A0 5
PO LTHIKBBELTEY, XLy FBOb &b Enht
KR LATRENTVS, 22T, WEHDOY > 7Ry —
VIEXMCTIRBIC L 2T =74 772 FThb. LHMimachi
etal. (2015) % e Z.

Fig.2: NGH Pellets and Their X-ray CT Cross-sectional Images
(a) Overall view of NGH pellets, (b) pellet cross-section immediately
after cooling to 83 K during manufacturing, (c) pellet cross-section
after 93 days of storage at 253 K under atmospheric pressure. White
areas in the X-ray CT images represent ice, while gray areas represent
NGH. For X-ray CT measurement, the NGH pellet sample was cut
from the dotted line and shaped into a small form, with the original
outer surface of the pellet sample indicated by arrows. The ring-like
patterns in the image are artifacts from the X-ray CT imaging process.
Modified from Mimachi et al. (2015).

g5 2 & TNGHNA F L — b K 240-60% % THAN
S, EHICHE N T AR R 72 O TRICHE LA
F L — b H=E80-90%IC T 5. KIZ, 25%20x16 mmD
Yo —RINGHR L v MBS 5. 20, WMEZEI
L YIET (I MPagiii) b FTMIET S E4RAH253KE
THH, RBICIET %0.1 MPa/5r i 0 — 8 #EE T RET
TS 5.

DX IIHERLZZNGHR L v b (2 (a) &, 2k
DR AEDOFTMH» S, 253 KOKGIET T3 » AL
W2 Lzd, WRICRR T ZAZIFH L Twb. Xt
CTHISEIC & 2 FEWPIRNFBIL 2179 &, 2 (b) ITREN
5 HEBBTIE, P ORHTRENINGHRL v b o
BRI, XMCTHIE O 22 [ 53 #RE (~ 30 um) FRJE
D VK () AANGH (k) ERICRSh 5. 11
2 (¢) 13253 KOKRAKET T3 » ARAFE L -BoRART, <
Ly MREOKBEIZEERIEL 2o TW0EHDD, <R
Ly NN TONGHGRIZ L 2 KNDEALR 7 T v 7 564
= EDZALIE R S vy (Mimachi et al,, 2015). 2D X9
WINGHR L v F 2 W72 AW Y AT A WEETH 5.
¥/, AN FL—FOHORGERRICHL, v 71
A=V TDETIVORGEIZ A>T 5,

NGH~R VU v +25, @RIz L Crlg L7z REEEzRL
7eriid, EBRCET A, NGHR L v b &M L CRAS

A= WY 51203, RIEMGHE & S0k % ffo—
el 2 S HEE D D T T & 7o 72, WP ICNGHAR L v
FRORIRAABIEZEAEREL V2D, LEREN
fif VA AR S, By v 7 03 A MO HE
D 5.

3. HANA RL— FOBESIREICRIET
IRDRE

ERERLRMEEEA 2 EORMP %2 GL A ANA K
L— MO, RN oOEICKRECEEINS. H
2L, KO TR ONaCllE, #ANA FL— bk
WREHE LTHSNTWAED, TOH AN, FL—|
RO BEIZOWTIITLEALTARONTZ B h o7,
NaCUKEW A HMHR L v b RIS 2 &, Kiffke 2o
BoOBKIC X BT, XLy bEFEARTONaCIESE
AR oEE X ) HK L % 5 (Murayama et al., 2011). &
T MR O R TIZ, MHEXL v N EUE T o Mg &
X, NaClp & & 5 FumAi o Jg 2sMBRL T 0 J& P %
WY PAATWS (Mimachi et al., 2016). [FEfEDOIEREIX, K
SRR TR S N 7-NGHEUE T b #his &4 (Stern et al.,
2014), X#EMITRETIEZF MY T A7 T T 4 KK
(NaCl-2Hz0) A & TB Y, MHDBIE S LB BEITHS
B RS NaCIASEESE L TR b L 72 & v 2 .

NaCl, Na:SOs, F 7213MgCl% & &K B A SMH% A4
T &, FRICE DR IMHDOGRE, RINWIAKRE L
THr S O E AR DAL % (Sato etal., 2013). i
IKHF DI DHI80%IINaCITH % 728, NaCliZzF H L7z
WFFER TN D X 9127 o> TV D, NaCUKIBW A & A Bk
L7:MHXL v OB, K3 (a) ~ (¢) IZRTEHIT,
HERE3 Wi% DONaCUKIA A HEK L 72MHX L v b GREH
DYETIERE0.5 wi%) 1, F2D#K D S 4% L 72NGHD B
& L AARRIZ253 KTOTH M oRAE%E S HE R 2R
CAUTK L, #REE10 wt%DNaCUKIER 2> & A1 L 7:MH X
Ly bGRB35 EE2.7 wi%e) 13, B3 (d) 1R 3 93]
IRFED S M3 () TRT253KTOTH MDA TIZ, MH
(k) ok (Hfh) ~OFEFHETL TS, ZD5#E
e, XLy bEREZTTHRNTTLAEITLTED,
NaCURE#H A S B L72MHX L v MEIH A EZ RS
72y (Mimachi et al., 2016). —77, & ®10wt% NaCliA &K >
LIS NAMHNR L v F ORAFIRERFEE LT, 5K
K248 KTIETH % T RI90% DA X N5 (Takeya et al.,
2018). NaCl-2H 00 3t i Jii 13252 KT & 1), 253 KT
Rl L CNaCUKVAHIC 70 5 2 & 2 SMHE PO RIEZB IS &
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K3 : NaCl/KB®&ED S1ER LIEMHANL Y h—ER3 DXERCT
Ef&

(a) A REIE £ D 0.5wt% NaCl% & ¢-MH,

1H B AR L 72 oMH,

(b) 253 KOKZIETFT
(c) 253 KORKUET TTHMARHEL
72tROMH. —75, (d) A% D2.7wt% NaClZ {5 &MH, (e)
253 KO KA T CTH MR L 722 OMH. X oK #8554
NGH, Hif5a9kTh 5. (o) IR SN 52.7wt% NaCl% &5
MHARL v b TlE, WEOIEE A L2555 L COKICEILL Tw
%. CHkMimachi et al. (2016) X 1) 5]H].

Fig.3: X-ray CT cross-sectional images of a portion of MH
pellets prepared from NaCl aqueous solution

(a) MH containing 0.5 wt% NaCl immediately after formation, (b)
after holding for 1 day at atmospheric pressure at 253 K, and (c) after
holding for 7 days at atmospheric pressure at 253 K. Meanwhile, (d)
MH containing 2.7 wt% NaCl immediately after formation and (e)
after holding for 7 days at atmospheric pressure at 253 K. The gray
regions in the figures represent NGH, and the white regions represent
ice. In the MH pellet containing 2.7 wt% NaCl shown in (e), most of
the interior has decomposed and transformed into ice. Adapted from
Mimachi et al. (2016).

ZHCHRABSEMEECE v olcx L, LRREXD
i 00248 KT iZNaCl-2H02SMH % HL 1) PH € 72 OMH A PR
frE3nizeE2 o5, 53#$ 2MHIZCH. & H:0 % NaCl
RIS B 7280, XLy b HONaCIUKE R ASCH D
R E 2D, SoL2MHERETLLEEZEZONS.
iz, #ANAL FL—bOXL v MEREE TEM
SNDIEMBIEIE ) 2 HIH§ 2 2 & T, AREFIZ<RL
FICERAET ZNaCiA O 2 s L, XL v PO
DEEREZ HZ ENTE S (Murayama et al., 2011). 5
& XLy MEEBROENEZE NS5 L, )Ly b
Mo EDE L OB LKD) MSN, XLy PHNOKE
BEFMMLTT L. COHFEOREIICLY, BROW
SFIREEICBIfR e <, 253 KTMHAR L v b 2 1R/4ET 5
DUREIC R B b L\,

BT, REH SIS N Z2NGHEUE 0 I D R-AF 12
DWTC, <A 7 BXHCT % v 7255088 0 £ O B85 0%
1T N7z (Takeyaetal,, 2025). KEET, K FimEE263 K

(v

=
f\‘%ﬁmﬁ

UI

Micro bubble

R4 : RADNGHD B FBIRDER

() MHIRTE, (b) 263 KE TOFEIN (57) %, (c) 263KZ
TOFME2IA (5x257) #, (d) 263 KF TORM3M (5x34) #1Z
NGH7S % 5 72 123 KTHIGE L 72X#CTI&R.  NGHIE, NGHO R
R HBERMSHT 5. BT oGS L2, KE
#45ASNGH, %b\iﬁ BARILTH AH. LHkTakeya et al. (2025)
.

Fig.4: Progress of the Natural NGH Decomposition Process
(a) Initial state, (b) After one heating cycle to 263 K (5 min), (c) After
two heating cycles to 263 K (5 x 2 min), (d) After three heating cycles
to 263 K (5 x 3 min). X-ray CT images of NGH measured at a stable
123 K. NGH decomposes preferentially from its grain boundaries.
The white areas in the figure represent precipitated salt, the gray areas
represent NGH, and the black areas represent gas bubbles. Modified
from Takeya et al. (2025).

B 2 REONGHO 7R T AT —Tid %<, ™
4@)@@ DR EN D X D IINGH-NGHER. H 2 S 8 5G
MIZFEET 5. X4 (b) DB, DTRI NSNS 57 (R
i) AREFUCEA L, E0F A X LFUIN4 (¢), @) 12
REND L) I E EHITWMT 22 Eh5, HEAD=
KIGH B BEET HLEND L. LTI,
NGH® 73K DB & 0 AWK S 72k & NGHO B F
Ti&, NGHOGEHH S Twb. 24k, NGHHIZ
BIEAE TN TES Y, NGHOGHKIZ X D B S h7z
KGR OB BEDRNZ L IGERT A EEZ 5NA5.
NGHO H O AR A7 % 2l & L7z KRR H X Ok & ik i
I WFE SN TE DS, ZOMSIEMADMHH & HAE
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NGHAXR L v MEEFEHTE 500 Lhkzw
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Fig.5: Changes in gas hydrate content in samples with
increasing temperature

Volume reduction rates of MH and ethane hydrate measured by
powder X-ray diffraction during heating. Modified from Takeya et al.
(2022).

al, 1986). SEGRXFMAEERDOZD, ZOBRITHE
GOMIZHERENY TRIED 2 WEROEBARK T 5 &%
AbNTwb, b L, KEEOT AN, FL— ML
ZORIEER SRS OFT AN, FL— METHES 2 & T,
R ANA FL— M 2SEF ORI TRIRT 2020 <2

EATENR, KICEZ2HCHRAE LD b EIRTORES
FHTEH0b Lk,

MHE @l pi277.5 KOF FS e Fr7 5y (THF) NA F
L— OB RERRAFERL Y METHZ LK), MHD
KBTI BT 2 508 O Wl R AR ST b
(Kida et al. 2011). 7z, DHITHF/ N FL—bZ T 71
R¥ % v (CP) #ARICRIFAHZ ET, THENA FL—L1 D
AV % W E T CRN280.8 KD T ALY 7 1> % (CP) /2y
ARFL—=1+Ta—7+4 7 TE, #HHAKETOTHFNA F
L — I %2 b T & % (Sharifi et al. 2018).

IBMFTANA FL—h (X5 Y, 25V, BXUO L
WFENA FL— )L, ARCPHIZE TG S 5 D 5
A IMMCPNA FL—=MCTaA—=F 4 VI T 5HEOHR
AR E N, KSIRENS X9 1Z, MHOGRIE AR
HPHCH L CHHI S, KREE T D268 KFE TIRIF50%D
NA FL— b PBREFEENT WA (Takeyaetal, 2022). Zh
WL, PEkoS MR TIZ, MH (3B X O TRRILRENA
FL— 1) 13#200 KTEHEIZHAHEITL, KORK ()

2BK)ETFTOMEE TRIESINZDIETL —EHTH5. =
oA FL—MIBLTYH, CPN FL—FTHI—
T4 7% LOYE, 220 K& TERBAI 5 E S A,
CPNA FL—=bTOI—FT4 V7 &I ZEICLD, [
R COEDE L L Eh 5.

R WA ERAE UG 2 7 B 5V (Takeya et al., 2001) %
BH L, MHRE 72530 um D BB T ET 554,
MH® 5RO FMME D 5268 KTIE#3 umDE L o [T 1l
CPA KL — MEIER S MMHEZ R L TWD 2 &I
5. W BfERMEEONA FL— 1 (TR, TH, HH) O
KM TOHKEITOWT, BlEI%E (Nguyen et al. 2012; Pang
etal, 2020) 225, ZODORLBLHANA FL— MEEORM
VR e KD R WEERDPTER SN D 2 L AR ENT
W5, CPhYA FL— MEDOHA, 15HEKDS 6 r — U H
INLZODOHOMICHET R L, THMETRNS, FL—
FOBICHEZ RIELE R %5, Ll D3 ym OCP
NA FL—MNEDEXIZZD L) BB RIZIEITH5TH 5.
MH® HHEHIZCP N, FL— b O#EN LTI —T 4
YIENTBY, Hosa—TF 1 v 7 LRI S
OHTHMHO KR D3R ZHHIL S 2 THHH. —
B ICMHI, P T TIEIETRTONS RS r =V
KERSPCr =V D A5 v THEASNTWEOICHL, T
BICPNA FL— MIKE25%6"r — Y DOANCPTHA X
N3 — VI3 > TWh. 2D, MHDOY)5#
TS D A% 1%, CPA FL— MBS 7 —
JICOWDATNS. FEE, MHZI—F 4 ¥ 7§ HCP
ARFL—=FHCIEA Y Y HMYAENDE Z LHEBRTR
ENTWDH A (Takeyaetal., 2022), 7 —JWIZHDAE N
TexX 7 3= VMOGTFHRIZEI D Wwo Y LIRIFT
Wl kEXLNS.

WARCPH COILROMHOBRAFIRE L, XHCTTH
fEEhTwa ([X6). 263 KIZB T 5 HARCPHOMHTIE,
PR OCPNA FL— MEDI—F 4 ¥ 7 IZMED%E
W5 REE (~ 30 um) LFOHWDL DO TH Y, SHEEEZ 13
EHEFF L7 S ORETHE S Tnb. MHO S 255
R X - TR SN BH01E, KECPORBMEICL D
MH & CPIE R DR TCPNA F L — b 2L T
5. 210 KE CTHIET S &, MHIZAMRERO— 05 W
&R, 273 KTIRENTEO S 5 42 550 H%E 2 ) CP
NA FL—=FTHRENTWDETH S ) WD ARDIERD,
273 KL L oiREO KLAE T CMHZRF T 5 2 213 TE
Hdpofz, 275 KETMET 5 EMHY ¥ 7V 3584125
L, XHBCTIC X BHEIZIT A W
WARCPO b D12, REEDIER I TANA FL—
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XICTHE 15058 T LA FE . H£HOCPHA FL— MEIFE
FIT/RENS. LikTakeyaetal. (2022) & Y 5IH].

Fig.6: X-ray CT images of MH during CP

(a) Cross-sectional view of MH measured at 253-273 K. (b) 3D image
of the same MH. X-ray CT measurements were performed every 150
minutes. CP hydrate films in each figure are indicated by arrows.
Adapted from Takeya et al. (2022).

b ETEHL L 2 IR 2 VU AT VIR GEICD,
BISIZ/R S & 9 IZMHOGER O B CR-AF % EIH 5 IR AT
MWAVRENT WS (Takeyaetal., 2022). Ziik, fEkDH
CRRAFE R CCORBEARIZL 2D DTHSH. MHOERGH)
ORI X o THRIBENAH,01E, V< LAFH DK
BHDPIEFITAZI VT LIZED, MHE 2 V= bAFH»
WEROBEROATKEZEET 2 THA . ik
LoTLlLoh) tEDLNFEHGEINLILITLD, KD
HOEMRFE L D SMHOKIEFEIZ X 2 0534 S h b &
Z26N5 (M1(b). H LMHOKREIZKEAFEAT 5
& (B1(a), MHOGRIZ X o THRIBE N2 A 7 VA
X 5T, REGHDIETIHMHDHE (B 21E, 273 KT2.7
MPa) X0 & RN DHEDH, KL T TOHCHK
HBIGITHERE S NS . EBIE, BumdE S ook,

FOE)BIENECAZ DI oL mER vz
W, KETHRE SN ZMHOH A IEER TR T 50T
H29.

HANA FL— o ifro 7ot 20, 7
Ot AR LTCREELN, FL— bE2FHWEE LN A
FL—1DRETHE) LB TES. ZDkD, HANS
FL—btE2HWAAFES & Ok o itk % X
DNEDDETHAH. —HT, RERENIIE TS, Kb
R R R 2 &0 A A LB S L 9 B AR BT
LWL, SHREDIVETHDL. ZOLH L TaLA
DAH AN BRT 57200 DEBRWIIIE, #ANA
FL— DX ) ERLZEEDOER L TLOTHS .

5. SEDRE

AFTIE, REDOHTANA FL— o HCHREEO
RIS MR E, T ANA FL— b2 MW7z H 2R
ST 2 H 7 MO WTHIA L. RS e g,
WEH A X HENBOALE — M4 EIHEAET 2D 00,
INSOHEIZ LY T ANA B L — ~ ORAEE:% Hil g ]
ETHDHIENHOLNI R -T2 Gk, HTANL FL—
FOBERFEOHLRIZE Y, FANAL FL— ok
o Lt En 5.

—HT, HANA FL—1OHCREE, &Tor
ANA FL—=MIEENZDDOTIE W &, F72,
ANA L= FOGRIZE D % 5 KkOREREMER, K
WA T B 7 A T O H ARREEICDOWTIE, RIR
HWoFFEThHsb INOHLOBRIZ, HANL FL— M
MOGRIEZTOMBETIERL, YA MFFLKGTLED
HEAEH KO SRR L D HEICHBRLTVS L
Bbh s, 5, EBEHHIC X 2REMN2BR OB,
HANA KL — &8 S 727 7 ARFRK - s 5
DOWEAZED D Z E 2 WF LTV B,

i

KA THIA L 720781, John A. Ripmeesterf (National
Research Council Canada) , =MW1 IC ((#k) =IE&S),
NABREREAR (LR LERE), SR RIC (EEERA RS
WFgeiT, BUE @ BEENZRY:), LHFE T o725 0 Th
5. R W XHCTHE IR, KIS Ouils >~
ryua o gty v —), EEATK, PERE-RGE
I AV F—INEIAT e, & LFETIT o 72,
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HANA KL — b OAERGERZ HIE - 581X, Flow assurance® V) A7 <A I XA ¥ MR HANA K
L— bt OREEFNHEMERE 2 ETEETH L. AN, FL— FOEBGRBEO D2 TH AR AR
SHERMBIRTH Y, EBRUEIER TV 5T THD. TOHM L L TIBAEBEED, LE
WORE SRMWE - BT &7 EM A RBERMCET 2R <, W—&F TR LERE T
LWENRHDIDT = ODEMPHETHL I ENEZONL. FEH LT ONIZEL ’H’XV)-‘I‘H:A Zh
FCHME—FANA FL— b OBERERZITV, BETANA FL— b OBAERKEICIHES &
TETWVS. KT, FHEOLOTN—THPHEDTEIRAY ~ k7nn/%7xbkﬁéﬁxnf
FL— s OMERERZBBIL, B—F AN, FL— sOBEERD?S, BEFTANAL FL— hoBA
EBOBRE D7 T LU TEBRMREP O LBER 7T Z0REL, 5BOBEIZOV
TR %,

Studies on the nucleation behavior of methane and propane hydrates

Tsutomu Uchida', Ren Sugibuchi’, Masato Hayama®, and Kenji Yamazaki'

For controlling the gas hydrate formation process is important for risk management in flow assurance and the
development of industrial applications of gas hydrates. The nucleation process, the initiation of the gas hydrate
formation process, is a stochastic phenomenon, but its experimental approaches is rather poor. This is likely due to
its high sensitivity to various factors, such as the size of the reactor, reaction temperature and pressure conditions,
making it difficult to collect data, and due to the requirement for repeated experiments under identical conditions to
obtain the quantitative data. The authors have been working on this research, conducting nucleation experiments on
various single-gas hydrates and expanding their research into mixed-gas hydrate nucleation. In this paper, we provide
an overview of our nucleation experiments on gas hydrates using methane and propane as guests, and summarize the
results of experiments on the nucleation of single-gas hydrates and mixed-gas hydrates. We then propose a nucleation
process based on the experimental results and discuss future challenges.
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1. Introduction

HANA FL— ME— MK (FA M) EFA(FA L)
PEE AT ZRET, R - SESRNT CRERWE
Thb. TOFTANL FL— 1M, BEOHT R EKREH
VT TV MEIBWT, WEKOMERZBIIRIEDD S
WHE & L TR IR 2B REMEENTE TS
(Sloan and Koh, 2007). Z 9 L 72371, FFEOKFMEZ
FEATHRERBETH 5720, HANA FL— bOW%E
O TH EE LML L THAET LS  OWIEMHET &
NnTwh. (e.g., Sloan, 2003; Masuda et al., 2016)

—Ji, HANA FL—FOEWT A AR i &
OREZ R L7z, BANBREPLEFREINTE TV S,
HADWELEDFEE NS, RIXFT A D% - IrdiEke L
TOFMR, WERRT A OWFREAE L TOFM I
RN TS (eg, Horiguchi et al., 2011; Takeya et al., 2017;
Veluswamy and Linga, 2021). F 72K RBOKE EN 5, XK
WD L EGHBARL L TOFAIKRF IR TS (eg,
Castellani et al., 2014). = 9 U72EEHMICHT ANAL FL—
FEFHT 5 720120%, ARGEREEZREST 2 UESD 5.
HANA FL— b OERGERIE, KE P TRAER &
B OMRES 5 ML S 2 5. KB EOREL, BE
OB N ARELLTHILTERTES. LaL, BAER
SHER MBI TH % 728 (Bishoi and Natarajan, 1996), |4
DAREMICHETH 2. TR A FKROY G, KEEE
v b7 =7 TR ENS 70, KEFRMKIZEESRMTIC
LT T CIBAERTHIRTIE R L, #EH (B2 i
FIN) &) IREDSHEIY R < e < (RESM T TRAEDS
HE % F CORM %2, "fiH K (induction time) & FE5).
INETHE SN TV B IRESIT O —21%, k% T
KLizh) REARE, BEAE WREERLE), TG
WHRIEOMEZRMUIZY LT, HREKEDOEMTFE
B2 3B T & % (Uchida et al., 2022).

b9 =2k, HANAL FL—FOEKE V2 L8
WHEDP/NS K 28 0) [AEY =3 ] OFHTH 5.
CORAEY—HRDOAH = AL L LTI, FANL FL—
b OFEEHEEAKRFICFRE T 5 & v ) 3l (Makogon 1981;
Lederhos, etal., 1996) G TH 5 (FD7z8, [XF) —
RERIEMFENTZ). MAKTHo THREREELY bT—2
AL, FHINA FL— MEREMFO X9 2R T
A NI =B ETLEV)TENEZLNTVWE
B, ZO [EAEEREN] A RHO—2THS. L
L RIRERER Y bT— 20 [Hik] oz
AW —F—Th o7, N4 FL— T OEFGEETH

B RSk, I SRR

1 @ AN FL—ME R FE 82 8 % X (Uchida et al., 2022)
HV: SR, S: BRI, SB: ##IIR, TB: HilAl, TC: #4
B (K type) , PG: EJFE, R: GekGE B: AR X, V1D LF 2
L—=% =7

Figure 1: Experimental apparatus for hydrate formation (Uchida et
al., 2022)

HV: high-pressure vessel, S: electromagnetic stirrer, SB: stirring
blade, TB: constant temperature bath, TC: thermocouple (K type), PG:
pressure gauge, R: recorder, B: gas bomb, V1: gas regulator valve.

MSNZHEERBOF — 5 —OBRZ2 BRI T 501k
WHETH 5. Zh T THMOKTIZIRE § 2 M8 2 B L
X9k, BeREBIRASN TS (Bl ZiFBuchanan
etal, 2005), Bt RS REIEONL TV o7 ik
Machida® ® 7 )V — 725, I 275 AL —bhNA KL —
b D FFREEAR ISR A & b D R % T SRR
(Machida et al., 2018) R HEYE DO XH/ N 8L (Machida et
al,2020) THRAL, ATV —%EL OBBMEEHE L.
A NSRRI K A S B S 2 S I AR T
LDBNEEZONDLD, RMHEERRIN L T4
D7 EBRIGHE L THERShTWw 5.

NI LTHANA KL= bDF A bG5Bkt
THHI NS, AE)—WROERE LTI O#EENE
HADKPNIRE T H720TH L LT D [HABLER] 2
Il =¥ VD HIRE S 7z (Roger, 2000). AR
NA FL—bOfEEEEZ I 2L— LA2EZ A, 4
FHALTHARRIZ S A M Fo Uil s 720, #Efafl
REEZ2DRTVEEZ BN (eg., Yagasaki et al., 2014;
Bagherzadeh et al., 2015).

YLD NV —TX, HANA FL— b Ok
] Y B BT &% (Ultra-Fine Bubbles : UFBs) A%F
952 EEEBRNICHERET S L L BT, UFBsOFED
A —MRFEBOH F L %% T L&KL (Uchidaetal.,
2016; 2018; 2020; 2021; 2022; 2024). % LT, UFBsAS/KH
IR 5 2 & THT O 7 A b5 F-BEFTRRE A — &1
BfR7-N % 2 &, SGaRHAEIRAE & L CTRARY A b
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Figure 2: Measured temperature and pressure during one run in the
high-pressure vessel. (Uchida et al., 2022)

tiq - induction period

22D 9 WD H L LSS, TNEFTOXEY —
WRDBEREFLDNA T v FIgRAGEDO—>2 & L TR
ENb X927 o 72 (Maeda, 2018; Wei and Maeda, 2023).
AETIE, EHESOTN—THRINT TIro TE 0%
DL, RRAADEWGTHDBAY » (CH,) & 7asy
(CHy) 2o 727 ANA FL— MEARIC BT 5 BRI
R F LD WICCHANA FL— b, CGHNA ML —
b DG B EE O W E#E T & #R A L, UFBsO R4 AL SR EE
ANORPNZDONWTE L DB, RICCH, + CHIR A # ANA
KL — b OBERBHEOWEM R EMNA L, EBRGHIH
AR AT T B L UFBsO R & D LI 2 AT 5.
REBIZINSOMIEN LEBEINDER 7T R IZON
THANL, SHOBEELBRRD.

2. B—HIANARL—rORERSEEAEE
UFBs®D315R

2.1 B—HZANA RU— bOREREENE

BABGBAR I AR E W ICHERMBIR TH 5705, XEY) —%)
BATHIY T 5354 7 ZAEEHNW 8T % (Sowa and Maeda,
2015). ENERFHIT 5720100, BHEBRSGGEZZE5 2
T, 10RO R UFERB VL 2 5. FBERK
WCRAFTERIZIZAI D), IR EARAEEAS KR
EVEEZOLNTWD, 20720, H5HFEEE» S
ENTH, TOMREERWNIMOMEHZH THEAT S
CEHPWEETH D, ) LAEBROREES D, ZhET
MRS 22 RN B ARENH E DL RVWER
EroTWwd, FEFLIE, TRIRT I ) LEHEM -

T, BIEMTERT A2 LT, EREEORMANE (B
K- BUKPERERERO M 2 &) R ATED#E NI L B
T BE R R R TR O N F O 2 T2 T RE L
7o FMUERKEZHRYELMES) 2 & T, REMRLS
& M L 7= FEER & 4T - 72,

W78 & WA (HY) OBEE 2 1R, W
32322 om™ T, ALIAAIKE S0 em’T—E E LT
W5, ZOREEA T EEAE R OATR (TB) HiZitd %
ZLIZk D, 03KLINTIRERMB L CTwa, F A%
fil % AL % 7o O BRI OB F 22 TB Y (S~
SB), HIFEMEER300 ppmTHE— L7z, T OFEREHERE
fli><T, CH, =% (CHy), CH, “MfLi# (CO,) @
H—H 21, FL— s OAEBEBEIT> 72 (Uchida et al.,
2016; 2018; 2020; 2021; 2022). T D& %, F AFE D K
ZLRTWVEDI, AERIREZRH274KT—E L L7

ELHIFKROWEEZA 25720, 1REGHEI#DL T
LICAESREIYD LTRSS, HiLvildekz i
W UL Ty R LEBREITo72. ZLTHANA KN
L— bOARGEMIE L ZRA 25, FNTHANA K
L — AR L CHE R A0 - BIEATED 5 -4 &
TOWE] % induction time  (7,,) & L CRHI L 72 (X2). %45
RiZB VT, RIKTH 10D &L EREZ T, —ER
W (RIFFETIE300055) DA AR S 2 WA [RZER R L]
ELTEBREHRR LA LT, 6,28 OEICERTHE
RO 2R L, AR 0 A & UCTT L 72, ol
e 7 L OBAT A R d o 12856y, TR D, T U
EEAENILE D EHIIILTWD

HANA FL—ME, 7 AN T ORI X > TR
SR EI B, B ZIFIRE2T42KIC BT ACH N, FL—
b O fE#EE %, P2F Hydrate Calculator (Kunneman and Sum,
2025) % flio TEEET B £2.90 MPaZi7s, CHoNA KL —
F OFFEEEIX0.20 MPak 72 5. SN HEL L A AROMER
RIS 720, —DOOFEEE LT, s RiEfEobk
BHoOEOTH L HMMNEs (X (1) 2 —FI2 L TR
L7

o=P /P (T)—1 (1)

S ITP(TE, METICBITS, ZOFANL FL—1
DOIfEEIEE$5. BEEHELTP-PENLILLD
D, ZOHAE (1) XTE—E &R 5L, TR
AR TR L 72,

HERAIESP,E, CH YA F L — b id5.0MPa, CH,
NA KL — MZ045MPak L7z, CHm A b L3\
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Figure 3: Nucleation probabilities of simple gas-hydrates with pure
water

Circles: CH, hydrate, diamonds: C,H; hydrate (some new data are
added to previous data: Uchida et al., 2022)

7280, KR EHZBDICAMEIRETH 2. EER
B ORARE TOM, HEOWME - AL LD
WCEALT 5 (K2). & L CTEBREBIEAERT 2 £ TORH
MR D720, WE - JEIIPERIC L > TRE BHEH
Hb FITHOLNIT—F 2T 5720, BAERL
7N B BIREE (T), I (P) 2EHAIL, @faflEs,
ROz EBRORFMEE LT, ZRZROFIH S
AT w7

BONLBERBEES X, B30I IChs 2O
M5, CH VA FL— MIHERTCHN, FL— DR
BB, 08, TabbBARLIZ W LR
b7z, CH A FL— N A%24KH] (144045 IICIEIE
EERLTWLDIIZx L, FORM TIRCHNA FL— 1
IBERRSEHBE TH D, TBER LR TSOH%RE
72 B AR R 230502 2 B IER (1,,”) B, CH A FL—
b A%24.5 minTH 5 DI L, CHNA FL— MEZFDH
80f5IZ D %2 5.

COMAERBIE ST D7 5 712X (2) ORI %E
T4 YT A v rEEDHIET, BRSPS L offset time 1,
ZRFEL B LEATE S (Takeya et al., 2000; Toschev et al.,
1972).

Hy=1-exp[ —J(-1)] 2

T4 v 54 v 7%, Origin Pro®IERIEHAR 7 4 v 7 1
> 2" (MnMolecular fitting) % JJ\W 72, ZD#EF %2 LR T.
LB, EBT— YT T -2 ICH G LN
T — % %M A TR L7

(A)

()]

4 : 7)—R757F ¥ L7 Ak (FFTE) TEKL72 (A) CH N
FL—1(B) C;H M FL— O fiREfE K UFBO ML TEMIE. R —
Wox—ix (A) 500 nm (Uchida et al., 2016), (B) 100 nm (Uchida
etal,, 2020) &7~ 3. X4 (A, (a) , (b)IZMFAERR |G O HEK,
(c) , (d)1fFHERI I OIFHER DB D

Figure 4: Typical TEM images of UFBs in the replica (A) after CH,
hydrate dissociation. (a), (b) One hour after dissociation. (c), (d) Three
hours after dissociation. Each scale bar shows 500nm. (Uchida et al.,
2016) (B) after C;H, hydrate dissociation. Each scale bar shows 100
nm. (Uchida et al., 2020)

2.2 B—HZANA RU— bOfEREKPUFBs &
ZORERIBER

R B TR BGREE & P77, Z O RO 5
T ARBEKIC L > TED X HITEALT % A7z (Uchida
et al, 2016; 2020; 2022). EW EN72HH AL FL— b
ZEIL, 100mLOFMAKTIZS ~ 10 g A L THML, fif
MK (DW) & L7, COf#ERE 7YX 777 F LT
) A EECHEE BT O L 7)) AR &2 1% L (JEOL, JFD-
9010), % :H%IE 58 (TEM : JEOL, JEM-2010F) TH#i%s
L7z (FFTi#).

[K4alZ 7R$TTEME D X 912, CH NA B L — bfREEK
FIZIZZEL oY 73Izarr—5—0 [R] PMEELTW»
7z (Uchida etal., 2016). [FFEICCHNA B L — b OBk
IZ2WThH, Mabd X9 HBIEK R %72 (Uchida et al,
2020). IS DFKEFA S Uchidad (%, fREEKTIZIZUFBs
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F1 I T 4 v T4 Y 7K BBARHBEE,  offset timed K, 1 Opure water “
Fid 1 (Uchida et al., 2022 & ) &5 P adissoc water iy a “
Table 1: Fitting results of nucleation probabilities of CH, and C;Hy 8 *UFB water ‘. ¢ o
hydrates from pure water (PW) (recalculated for some additional data T ; o
on Uchida et al., 2022) ﬁ] 6 L. o
0.5 A
o
gas CH, C,Hg 04 A [:
T,[K] 274.5+0.3 273.740.2 3 . .n':’
P, [MPa] 4.90+0.12 4.90+0.12 olf ;r!
o 0.64:£0.04 1.2120.15 o
t,,5 [min] 24.6 1939.7 (@ 1 10 100 1000
> . Induction time [min
J[x10” min™] 4.5+0.9 0.033+0.004 . [min] .
7, [min] 021+1.8 —195+172 09 o A4
R’ 0.95 0.92 n0.8 ¢ A DO
. * o
05} M pl 2500 7 v .7
tua  BEIER50% & T Bt . ¢ A O
‘5 A o o
K2 IMIE T 4 v T4 ¥ 7K B BAHHIE, offset time? i, 0‘4 A e o
b b (Uchida etal., 2022) : 2 & o
Table 2: Fitting results of nucleation probabilities of CH, and C;Hy 3 A * (m] )
hydrates from dissociated water (DW) and UFB containing water - A e DO :l‘i.lﬁ;o\?v;:trar
(UW) (Uchida et al., 2022) 0.1 A e O Dlpure water
0
gas CH, C,Hq (b) o041 1 10
P., [MPa] 50 045 Induction time [h]
o 0.72 11 5: (a) CHNARL—h, (b) CH A FL— bR R L 55
Aii (Uchida et al., 2022 and 2020, respectively). oFfl: #i/k (PW) fili
water DW Uuw DW uw ’ i
T ” " 248 76 H, A REER (DW) 1, @ UFBE A K (UW) .
t’”’) [mm] : Figure 5: Probabilities of nucleation of various simple-gas hydrates,
0.5
! tid 0.26 0.57 0.25 0.20 (a) CH,, and (b) C;H;. Open squares (0): with pure water (PW), solid
J [x107 min™] 43£0.5 | 6.1+1.4 |0.111+0.029 | 0.196+0.029 triangles (A ): with dissociated water (DW), and solid diamonds (4p):
JiJ, 1.1 1.6 29 51 with UFB-including water (UW). (Uchida et al., 2022 and 2020,
7, [min] 32452 |-0.54+1.8| —279+117 | —76.9435.5 respectively)
R’ 0.91 0.90 0.85 0.95

DW: dissociated water, UW: UFB water, #,,,”*, and .J,: 50%-probability
induction time and nucleation rate with pure water, respectively

PEBHAELTD xR LA HoldEFloo
TEM{& % f# T L, UFBOIEEE & PR AESRER & & D
WZEDXHITENT B0 EMIz. TOfRKE, UFBOKE
B LTI EEAEEEum, BEEIZ10° mL 0%+ — & —
Thh, RELEDIIW-LDERESSIVEARL, BE
EWBATHIENbro7z. ZORREIE T AR
IoTKRELIZED Doz, FTRBEEOLEATKE L
Tid, A SRS L TBWTH10°~ 10" mL ' F — 5 —
THRE L7, 2 BUFBOKHI TOLELIZOWTIERTH#
Fi ASHE T % 25, TEMEHZE O f 3 %> 5 IZUFBIE + 258
WREZ IR, REICHEL TVD I LATRENT.

Wiz k pEkHL Bl L 7-fdEEK (DW) % #4950 cm’
RERIICAN, FH A% HVTHADOR: L R C4&MET
IR AR AT - 7. K512, (a) CH,, (b) CHO K H A %
HO7BoOEREED 7S 7% K3, 2L THX 2) %
TA T4y 73, JepkROIERTF2ITRT. %

7Rk (PW) 2 4o 72 il (3R1) & iR 5 720
JIZoOWT, ZolbRL7.

E 512 [UFBAH X, "M FL— MEEZRERL T
WRWKTHABRERE (XY %R EFSEOMEH)
MWESNLZOTIEZVH] EWIRF % T, UFBKE M
W EER % 4T - 72 (Uchida et al., 2020; 2022). UFBJ§
HESEEIL, TRO~ A 7 a7 VIEAES (Aura tech, type
OM4-GP-040) %My, 10°mL"'% — % —DUFBAYEA T &
55 (7 AJE250 kPaZeft T, ILOMIKZ IRFFIEER S
&%) CTHILL 7. fRBEK S FERICFFTE: CUFBO 1%
B e LR, IR & MR O UFBAYE
FNTWLZExfR LA K52id, ZOUFBK (UW)

EHOWTEN ANA FL— bOEEEREIT- 7285 R D
WETWD

BISICRT LI, EFANA FL— k& bftikzHnw
TR OB E () \2HX, DW & 78 RS (A)
UWZ H w7258 (@) AR~ 7 P LTB Y, Bk
&ﬁﬁﬁéﬂfvé:tﬁb#% F 7z, MK TR
KRB AS100% 123 L 22 W & A5CH, CH, TR 57
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Cha &



188 WHE %5, #23 B,

25, UFBEAKEZHWAL L ZOMRLEL D I EDbe
%5. CH A FL— MiZowTid, JOHEIPWEH T ) ZE
HORWEICHZ LD, Kba% o & BA DA A
B FH N FINCER LTV AET-2%0 % %, Sloan and Koh
(2007) DFFENTIC X 2 THERMTEZE OWA ] ITHY T 5 &%
AOoN5E. ThbbEEERIC X DA RMAEL, 5
RICBI 2B IOMMER U RS HELLEE2 5. F
72CHN A FL— MBI LTI, Jone & 412,05
fi, AAEBRMEROBME VI X HITETITB W TR
MRES N2 b hb. Tabb, [HEUKHIZUFB
NEINTVBEI L] TAEY) —REIRIT 52 L %25
L7

Uchida 513, UFBJKZSH ANA B L — kIR % e
BLTOWARWKTHLI END, AT —MEORHAT
BN DY [RE SRS AL X 0L, (A RAEBAER] 0 FAs
FHCThrolwzERLZ ZLTHERFTOTN AN
& L CUFBA % V), UFBHMHAET 5 Z & TRIAYHIZ
HEHIREEZ R TWDH EE R, ZLTAEY =38R
&, FRICHIK D S O ERICHERI AT 2 5 CHN A B L —
FD XD %, SIFEE ToS T RE SN R WAL FL—
MIELTHERTHALESZASH. Willflow assurance D[ &
DX, N FL— MEREWIHT2LEDD 554
I S ORER R ITERSLETH S ).

3. X9V - PONVESGHANA RL—RD
RERBERAIE

WIS, TNETOHE—F A %Mo 720758 % — i,
RIKTADERSTHHCH,ECHEFRAE LT AEH
TN, FL— MERERZITV, BETAZHWZE &
AR —TT AN, FL— b DR EERTED LS
WZBALT 2 iRz,

INFE THAEMICET 2 ERIVIEER, 3LAH—
HANA KL —MIIHT5HDTH o7 (Khurana et al.,
2017). RAEHF A& WIBERER L L T, Slaon
and Fleyfel (1991) »%Falabella (1975) ®CH,+ C,H, (HLELL
90 : 10) Z MW EE T —F 2L, K+ &AMHRICH
V Tinduction timedSIFIT W E 2 ffiE L TWwW5b. —F
Skovborg et al. (1993) (&, [§ UCH,+C,H, GHLEELE90 : 10)
REAAZHNT, 27495 K, 2.05 MPad 5 F ($74b
LK +5AR) Tl ~ 2.5 @induction timehsdh - 72 2 &
& LT b, $72Menezes et al. (2019) &, CH,+C,H, G
B9 1 8) &MV CHEARE TN EIE (RBiafE)
ST OERZIT- 72 M5 3GERICE T % BT 134T -

B RS, I SRR

TWZa\wAS, Uchida etal. (2024) T3S D F— % % iR
HrL7z.

ZITIE, FEODITN—=THToTETWARERIC
DWT, WO IZHIBARLEYE (Uchida et al., 2025) 122\ THE
T 5. HWT, MMREHBE I ST X -5 THDLIET)
RIEOEICOVT, #AT 5.

3.1 X9V - FONVESHANA RU— MOZER
SEE DHEMIKTZME (Uchida et al., 2025)

EERF L, 21 ERMICFETH 2. EBRICH W
KA F L HKT, HAREMECH,H A L CHA A
(WFNRHTT - r—F —jE¥ - ERT AR %, EER
M D H ADPMIIENINC % B X HWHEZFEL T
7. HHRKIELCH, : C;Hy=100: 0 ~ 0 : 1000 #ipH CT47 - 77
BCH, : CHy=99 1 IOPAEH ZIIDOWTIE, FEIC K
B AN L EBHOBENIRKREL L>TLE ) 720,
WA A (T - o — 7 — N - EET AR 2w
72. GHNA FL— b7 — %1%, SE470F% (Uchida et al.,
2020) ©HOEGIH L7z HIEAMREEIZT =274 £ 0.5 KiZ
E L, #HHE I P2F Hydrate Calculator (Kunneman and
Sum, 2025) & O K& 5N 2 Z ORI OFHESIPD245 (3
Lbhb#ffEs=1) [ZL7. CH/ Y FL—HMlZDoWVT
&, 2BETRLZT— 2 L3RS, =1L %25 X5 ST
ZROT, FrRZT—FZRHE LTS, FL5ETHR
BEEIMWET A DM ZE IE L Gl 2 720, FEERBIIG
MOBERBTH A Z LR T 7L, AAZ70< b
2777 4 — (Shimadzu, GC-2014) | THUEST &2 1T - 72.

T, = 274.7+0.4K, #BEIFIEo, = 0.99+0.18 D5 TH
TN 34T B 25 FE O BE 53 A % 58 L 725 R % 6127k
T MWoTEE LT, H3TRENIZCHNA FL—
b ECH N A R L — b OB BB EE 53 Al O B IRA A A
NA RL— s OBERHEIAPINE S EEZ Tz F
6IRTEBY, CH+CHREFANA FL— oA
AR A 1X, CHIRED W &, AV NS W) 12y 7
FLTBY, BERMEESEN TSI L 2R L. CH
NA FL— | OBERBE AL, BET AN FL—
~ DR B BE 53 AT ORI EO LR FI2H Y, KD
to SR KA E AN E Do 72 LA LRSS, CHg
2310% LLF OCH,-richZe A& A4 K L — b OFA AR
JESp AL, CHNA B L— N OREE R BE 53 A (2 HXC g
P oz, ThbblbROCHMNEENTWVEHA
DD, HKECH, A AN AR THA AL AE S 7z,

X612 (2) 27 1 v 74 ¥ 78R THLNIZIDHEAM
FEERTIOR L7z, BMMERE - L, o=1L7%5
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nucleation probability

induction time t;,4 [min]
B6 : FkA Al 2R OCH, + CHGR AT ANA FL— OB
BERES3 (Uchida et al., 2025). AEBGIREE © T, ~ 274K, A Bt Sl
JiEo,~ 1
Figure 6: The nucleation probability distributions of CH, + C;H,
mixed gas hydrates of various composition conditions at fixed
temperature and supersaturation conditions (Uchida et al., 2025)

FHCTHEBREZRIB L7205, R E TORIZEBRE O M
W BEDZALE 0 HIPE - EADPENTHZEdH), 55
NIZAERITHK T DofEIZ T ANA FL— b DBAER L7z L

EOMBE - JEC X DEE Lz, Z2oRE, EEIZL Do,

DAEA0.76 ~ 0.98D M TLEBY L7z, oDMAEBREHET L
¥ 2 ERMIET 57280, hikd A584THI%E (Uchida
etal, 2024) THEOLN2TE ok DRIREK (5) 2 W TIOEE
o= IOSMITHIE L72<I> b R 72,

<>/ J=(1 ), 3)

Z ZCEFM=2.6% ]\ 72 (Uchida et al., 2024) .

K7LV, CHZ&LHPTIE, CGHOFENEL 25
FEIDNEL B BERDBE SNz, Z L TCHANA FL—
T, FAICCHA 1% & 5 &0 & ) i/ S wJo
flix 7 >72. $72CH/{ FL— b ECHNA FL—1 %
B < CH,+ CHGREH ANA FL— MIBIT B</>E XM
MK & OBARIZIRBEEIC R > TBY, CHOMALL
Ex &3 bE

<J>=1.1x10"? exp( — 0.034x), (4)

EWVIBRDH DB Dol (R =090). 2o
SRR S, Z OBRRILCH N A FL— M3
B3 5D, CH AL FL— OISR L 0 A S w»
HIZ A 2 EDbh oz,

0.01 b
A
)
3=
2 ) ‘}’
El
g MR
= 0.001
s
w
L]
E
g e @
L 2
0.0001
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C3H; concentration x

B7 : CH, + C,Hg A H AN RL— bR A BT (OF1) o
CH UK HARAEYE (Uchida et al., 2025) 45525500 # Bl % 1Al
IEL7AZARARE <> (@) OCH AL LARAF PR [ 52
SHRCRLTZ

Figure 7: Nucleation probability J (open circle) and o-corrected
probability <J> (solid diamond) depending on C;H; concentration in
CH, + C,H mixed gas hydrates (Uchida et al., 2025)

3.2 X9V - FONVESHANA RU— MOZER
SEE DEHIKTZM (Uchida et al., 2024)

WIZ, RIRF A RN EVHLRCH, @ C,H=90 : 10125
WL A (T - 7 — 7 — PR - R AR %
AL, IREE274KIC B U A% A O BE 0 11 ) AR A7 1 % §R
Nz R L 727 A OME TIE274.2KIC B 2 FlfE TP,
730.55MPa k 5141 C& % (P2F Hydrate Calculator, Kunneman
and Sum, 2025). ZZ CTHHIET % 1.1 ~ 2.5 MPad i T
AL S, BEAEH] ~ 36D TEREIT- 72 &
B O#MPIE, CHAR742KTHAL L 22 WA EIC 2 B
P& LTEAZ RIZEITHFRTH 2 0 L Uik
(PW : BRIIE =15 MQ cm) & 72,

FHEONTHELUFBOREZMRL720, ZOR
AN AL THEE LT ANA, FL— b %170KEL T
DOIRETHEEICLTHLL, FRTZO—E (Flog) %
50 e’ DFKHIZ P A L B S 723K (DW) &, Z
DREH A% <A 7T NTIVFAEZHA L (Aura Tec,
OM4-MDG-045, 250 kPa), 1H:HEIfEB@EG S & TER L7
UFB/K (UW) & Fl 72 E B 1T - 7z

BONTMERBEES DS, T2 Bl el
BUDMERBEI Y 7 4 v T4 ¥ 7 TRD, JOAMEGEE:
ZRID L) IZRDIZ PW o). TORNS, JOfIZoD
NREFIHWHALTHIMLTWD Z EPbhol.

1l

{
=i

J=Ko", (5)

R IRAT DB, K ERIIK =5.5x107, n=2.6L o 72
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WH %5, #5H
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Nucleation frequency J [min-]
e
-

Supersaturation o

X8 : #Hiak kK (PW:e, DW:A, UW:0) ZHWCTCH,+CH, (i
BeHE90:10) JRA N ANA RL—hDA4: R T2 B A 4T - 72 B O A 1 4R
JEJO # SR BE A7 (Uchida et al., 2024)

Figure 8: Supersaturation o dependence on nucleation probabilities
J of CH,+C;Hg mixed-gas hydrates (CH,:C;Hg = 90:10) with pure
water (PW: @). Dotted line shows the regression line of these J data.
J values with dissociated water (DW: A) and with UFB containing
water (UW: 0) are also shown at o= 1.1.
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(R®°=0.98). ZBHERBESAAD 7 4 v 714 ¥ ZHICH
FHZRD BN B IO TIE, BRFIEIZIEE A SIKEE
7, i‘“(lminﬁlﬁ'@%ot.

SE4THF%2 (Natarajan et al., 1994; Kashchiev and Firoozabadi,
2003) T, H—HANA FL— kDt Afugacity (f) TR
SN D KRR EDERE ) (£, — 1) \HRAF LTI
WHEL Y, E62& /NS b I EMIREINTVD
ANZECTIEEREY ) & L CTugacity Tld e < EH 2 W TWw
A%, YR —3 L7z, % 7-Natarajan et al. (1994) |
H— 24 F L — N ORA BB BT % ﬁ’ﬂﬁﬂfia
DARAENEDS (5) RDORRITREFETH LD IND L) FEER
KE W RHEGE»SEN L, 2F ) KBIEOM R,
W & DR L 72 JDARAENE DS, R LTHILD 2D
ZEewRL.

F2BBITRT L DI, MK (PW o) V7L XITHE
~, fi#Ek (DW : A), UFBK (UW : o) Z v/ & i
JOEHRKREL L oTWVAHIENL, RETANS FL—
MZBWTHUFBIZ & B BABRER) KR35 2 & H3HE
oLz, RELEETANL FL—OYEZOMR
HERROKRE S, B—FT AN, FL—bOgEE IR
5%, CHNA FL— MIEWHEH/NSWETH S Z
EWGpdr o7z, SHUSSIER L7240 2 DM AICH -rich
PolzZ LITERT 20 L,

Z U CTHK %2 v 72 o0 s Sl BEARAE 1V & HEB LT
% &, UFBIZ X B § 2 B ARER R IE, HET AN
A FL—=FOofAFEL D RS VER LBV DD
ol ThbLo=LIOFNHETREAN AN, FL— 1%
RS BEE, UFBEAKRNA FL— MEEEKZ VT
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B9 : CH, + C;Hy (HLL95:5) G ANARL— D REDT, o5t
T N TORE A5G (Uchida etal., 2025) &%, 3% (2) %
TAVTAVTEETAERETR Y. BFEBRGAMHI LT 03ih).

(1) CH,:C3Hg=93:7,T,=275.4K, 6,=0.96

(2) CH,:CH;=93:7,T,=2754K, 06,=0.77

(3) CH,:CHg=96:4,T,=2743 K, 5,=0.98

(4) CH,:CHy=92:8,T,=274.2K, 6,=0.82

Figure 9: The nucleation probability distributions of CH, + C;H,
(composition 95:5) mixed gas hydrates at various 7, oconditions
(Uchida et al., 2025). Each solid line shows the regression line with
equation (2). Each experimental condition is shown below:

(I)CH, : C;Hg=93:7,T,=2754K, 5,=0.96

(2)CH,: C;Hg=93:7,T,=2754K, 0,=0.77

(3)CH, : C;Hy =96 :4, T,=274.3 K, 5,= 0.98

(4)CH, : C;Hg=92:8,T,=2742K, 0,=0.82

AT H X0, MHENZ B Tor s 7275
B, BAERRESHRIRKEVE VW) ZEbhroT 4
HBUFBE A K Z M L 72 EB & R 2e o 728 B2
THGEL, TOREMZHRLLENHH7259).

3.3 X9V - FONVESHANA RU— MOER
SEE DREMRTF M (Uchida et al., 2025)

T, BERBEIOMIZEN, T745bbEiafEeC
RAE LTINS % 2 L AYRE N7z (Uchida et al., 2024). &
DOWANGREE T — B L TERE T o 7275, IEO#E NI
Lo TR ENIZT EIDMENE D B HIZDWT, CH,: CHj
~ 95 15D A ZAHIFNZ DV T274.3K & 275.4K D20 D i Ji
WORTIEDHZAMEL, FFFICENORE D 2TV,
TReDEFIZ X z)Jd)Nl: IOWVTHEZT- 72

EERGRM L, BONTERBES MO, BIY
T4 YTA ‘/71“1?%?&7:1\7;—571@ iZonwT, #3k
FolCF &/, THRODRENS, EDTIKED 721
ToDMEZIZIZRACICL THIOMAIUT L B b Z L b
ol LALTFRICKLT, mEIEWIBIOMAK
EL rodz, BREAETED &, MEFEVE D oD
INEL BB DT, FiE TR S N2oRFECIREE ORI %
ANBZENRTELRVWZ LAURENT. HBHURETH



CH, - CHg N1 F L — + O A R E)

FR3 I CHACH, (95:5) RGN ANA FL— b OFHAKS
M L BAEHBIE AT DT 4 v T 4 ¥ 7785 2 —% (Uchida et al.,
2025) % HEERE 51E, ROPOF TGS

Table 3: Summary of average formation conditions and fitting
parameters for CH,+C,H; mixed-gas hydrates at various P, T
conditions (Uchida et al., 2025) Each experimental number (1*
column) corresponds to the number shown in Fig. 9.

Exp. | Composition| P; T; o J <J> ) &
CH, |CHy | MPa| K x10” min” |x10” min" | min

M| 93 7 1170275410963 | 273 301 -0.9210.923

2)| 93 7 | 1.53 1275410770 | 44.8 88.4 -3.710.938

(3)| 9 | 4 |1.50|2743]0980| 7.50 791 -21 10.956

4| 92 | 8 |137]2742]0822| 136 226 | -10310.950

DW: dissociated water, UW: UFB water, ,,,”*, and .J,: 50%-probability
induction time and nucleation rate with pure water, respectively

E, cDEAVNEVIE ) DBIDEANE T EDB, (5)
RFEEITR Y Lo T 5,

U ED X912, CH+CHRAEN ANA FL— F B4
BB OWMERE LD S, DT Ebhsi.
CREFTANA FL— FOBAERIE, MBI > Tl S
nas
- AR OBREY ) GREE, D) (SRR 2 K

IFTAY, HEAEE L TEE0L I LIZREETH D
- UFBOBA: BARER) RAZIRA A ANA L — s OB
THMERSIND, EBEHOEY (RIIEEOWREG—E
W - —EHUL T TOENOE W) 12X BBEREED
S A s AN A d: T N

INHOHME2S, WETIEHTANL FL— OB
BT H A AN DO WTHRE EATS .

4. BEHANA RL—FORERTOER

BB A B = Z 2200 TR, TRE TR OIS
NTE&Tw5b (BlzI1XEnglish & MacEloy, 2015; Ripmeester
& Alavi, 2016; Khurana et al., 2017). Sloan & (Sloan &
Fleyfel, 1991; Christiensen et al., 1994) X% 2 4T D JEPH
W —VHREE R ARG AL B e OBERDIEE 5
&4 % [Labile Clusterfiii | Z42W L72. RICZDET V%
Ko R TR 2315 & UCIE S &7 [T
& (Nucleation at Interface Mechanism) | 254/ & 172 (Long
et al., 1994; Kvamme et al., 1996). 3 7-Labile Claster/}{3i &
W, TR M F ORISR R T S L)
[ a5 L% (Local Structure Mechanism) | & #2015 S
72 (Radhahnshna and Trout, 2002). S5 dV§Fhd H—
HANA FL— FOBEREETMET 5D TH -7z

LU SN2 7 X5 — 034 L CREmIL 3 A BRI,
KA METOBMBEPLEE 25 L) RuEb i h
TwWa. —F, TENVT 7 AP OBERPHBEL LT
5 [Blob{li i ] A5 X t72 (Jacobson et al., 2010a; 2010b).
B, TEIVT 7 AP SRR E N B 2B R
BE )V (Vatamann et al., 2010; Lauricella et al., 2014; He et
al., 2017) %, IS E L TR Z % & 3 % Multipathway
Nucleation Model (Bai et al., 2012) 7 & HEE I N TV 5B
CNSFRETANA FL— MIO#EISTHERET VT
DN, FEBEOAE» HRIEEERETH L.

CH,+CHJRARE T ANA FL— M, CHA%1% T
b ﬂﬂliquﬁﬂk%f“ IslkE %12 7% A DT (Smith et al.,
2017), AWFETHRONIZNA FL— MEFHIZCHNA R
L—1 LlﬁHiT’“’(sH’l‘%ln_% LrEEZLNS. LAL,
W 1 D RV 5 2 O sTHE5E 12 72 2 EIE RS &, CH,
+CHR AT ANA FL— T+ OBABIZ§ % FEER AT
JE1x % E RS, AN ST & s & S AfE 5
5L BSH ASNTW5 (Uchida et al., 1990; Schicks et
al., 2006; Uchida et al., 2007; Schicks and Luzi-Helberg, 2015;
Klapproth et al., 2019, de Menezes et al., 2019; Li et al., 2021).
—HyIalb—a VIROBRD 5, CHIREED W
13 EREA R AR { 72 A (Zhang et al., 2020), C;HNA R L —
FOBIBIZIE T A M EE T — VOB E L HITEr—T
DD EHETH 5 (Chen et al., 2020), CH,+ C,HiBEH
ANA F L — P TRECH,D5 7 — 2 45 A5s I 3 o 4 i
W X5 (Chenetal, 2021), R EOBEL TR SN T
Wb, ZBOT =Y OIS BB IZ BV TEHE
THbHZ L1iE, BlobRFTd LRI N TS (Jacobson et
al, 2010b). ZZ CTAWIFEDELZEL LT, FA My T osl
HEENOWIERE DS, BARHE 2 #5200 T
F v R Z LT,

SIS TIRCH M T2V S 557" (L) 77— T,
5% (Sy) r—VoNEH D, CHIES, Liifor — 24
BEh) b, FLCHJIICH LY HERMIINAL FL—

MRS IS A TN DM E D, fE o> TCHD MK
AR %5138, $§4bbCHOFAGBL R L5613
E Sy —VoEARIEITRoTwEZELLNL. F
TS, CHOMIBILA R 213 EINNS L RB T L
BbholzDT, JOMES,r — Y DEDOEEFHZ L L
NS B EF 2T SARDKITHE T 5 T IRRE T S,
r — Y CH, 5 A 30,% P2F Hydrate Calculator (Kunneman and
Sum, 2025) TEEL, JOCHGRERLEED 75 7 (47) &
HRTHL L, JOEOEDOMENE L —HLTnwEZ
Ehbhotz (K10). I ZTODCHGURE kA7 % ]
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DOCHFL R IARAEE (K787 —2EML) 12, MR 7h
(P2F Hydrate Calculator (Kunneman and Sum, 2025)) (ZX)FEHES
NT=5"r — 2 AT HROOARAENE () 2 TAa7zd0 (Uchida et al.,
2025%bEIIBIE)

Figure 10: Comparison of J or <J> and 0y (calculated by P2F
Hydrate Calculator (Kunneman and Sum, 2025)) depending on C;Hy
concentration x (revised from Uchida et al., 2025)

@74y 74 7 hE, X6 TERPTE S (RP=097).

05 = 66.8x107 exp(-2.5x), (6)

ThbbJext OFR (K @) b CIHEEETEMT
X52E00, WP RYTHLEEZT. DF ), CH,
+CHREA ANA FL— b (sIfiE) OO S (13,
FIXEOr — VORBBRRICHEERINTVEDTH S
9. bHHACHDEIEGDE L 1, DEGEMTIE, sTkE
DN FE - Tsl-likel AT S I, £ OHE U
2%, EENLWREEERETE 2. KI0IZBWT,
JOCHGA K FARAE M & 0,0 il & O F N AMKC,HGR E C
RKEVWDIL, ZORENID L.

KD EBRZRTE 212, CGHDS 6 r — Y oihz HE
35T 06, Ly-cage LikeZp M 3 A8 H #0122 %€ W V2T K
ENLZERBGEINS, CHIES, Lilir —Y 2 5L
) AHDT, CHO A X BRI IIIRER A2 5 &
EZHNA. ERECHNA FL— FOERGREIZBWTIE,
s 1256 o Tsll-like 2 R DSTEL S B Z & 25, FEBR
BY91Z & Bl S LT B (Schicks and Luzi-Helberg, 2015). %
D7=OCH, + CHIREH ANA FL— FTlE, CHDSHE
X N 72L,-cage like® & V) IZCH,Z T 238 S, sll-like7z
Blob2S LK S N5 & W) AR 70t A0 HETE
5. TDOH, BAERII,H2 LR E L TIECHG O
BB E TOM D ICCH T TAE S NS 71t X2h
MLHEEHOME LTELZLND. CHMMEILA L 2 5
EE, WEOMRMIZEL 22725, BEOHMPEL 22

ERBEENS. L2 CHAMEE S il ks A b okt
BLET LD, [HDr—2 ] 2B T 57012138574
57 ANOBENLEE B D720, BEOREIPEL &
LTHA). TOI LD, CH+CHIREHT ANA KL —

N OBA B E SR BBIFICIK T LT 2 &2 EH
HIZF S 5.

—JfCH N A FL— MZH~NTCH, : CH,=99 : 14
HANA R L — b OBARBHEDR IR E W E V) FHE,
5, GHG T, THbESUETS A N84 L ThE
EFNTVDHD, BAEREZRETLZ LV ZEbro
72, Wil X ) iCsEE 2 AT ACH N FL—MICB
Wb, AERBENCIES?r — Y OCHIZN 2 Tsll-like 72
Hikg &5 2 ENERNITIRENT WS, ZD72HCHS
T-DRE Y DKGT-DL-cage like Mz & D T WVWEEZ
b, sz IIKT 512137 DRk % 56 -cage like 7z 1
BT L2 TR 5 v, ZOBCHG T OAETES
Iy, FoEr L o7 F IBlobfEEMET 5 2 At
TENME, BERICh»LEMAEMEIND 2 LTl
END. THbBCHG T ACH T OFE % Blobd % 5t
e LTHDTIERWAES I H». CH,: CH=99 : 1D
S EMEATIC B BIWAH ANA B L — b OB IZP2F
Hydrate Calculator (Kunneman and Sum, 2025) DFIEIZ L 5
LCH, : CHg=68 : 32TH 5. T 7b bk i A ke X
CHASy 7 — ¥, CGHH Ly — I % 5T BRI HK
VLI BHETHD., o TTXr A MG TORBEICE T
e & N BBlob2s ik b S LB R DFMTH D EF R
b, BERBEESRDRELS ZolzDTiE RV & i
WM.

PLEASCHACHJR A T ANA FL— b AR 7o+
AETNTH DA, T TBRARBEDET) - TR
WZOWTHEZRITNE RO, AN FL— O
RGBRE A H 2 BB, IR R BIER T 58T X —
7 & L CHRA 12 R*)S% 5 (Ankiam and Firoozabadi,
2004).

R*¥=2vyv, /Adu, (7)

TV IENA FL— MEOKDOEGE VR, vidA
WRTERT), Au ZKOILERT V¥ v VERRT. AuH
BHEROBE I THEZ L EELZDL, TOXND, ot
KREVIEFERDNESLRY, BAERSEIVRT %S
EEZ N, BAEBEEOEIMRGEEA E I3 T
&5, Fryofib @B TIERL, EHOEEZZ L
ERHSN TV S, Naeijietal. (2019) 12X 5 &, H—F 2
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THREHTATDH, HADIENHP LS LyD A /ME L
GhIEMNREINTVED., o THEIFERDE HIT/M
LB, XOBAERLR T 2270/ KE L &
bEEZLN, KNROMREZ EHWITLRFTSL. 2L
TR ET VL L CBlobiiii = EET 5 &, TELVT 7
ZHNCEET 27 A MG T OREENBEEI LR 2
CENIEEND DT, TAIVF— I EERBlobZ K
FTAMERPEE L7259 LS 5.

L2 LiREARAEYEIC D W TIE, #5 R LERE) ) o % 52 2
LI RE 572 Tk T5E91C, X)) 25
RFORE ZIFMEIEHVITEREL LY, TAVF =N
VT2 AT ENTHENS (Keetal, 2019). 1L,
RFFERER L ZHEOMIAITH L. ZOLEN & BE T
L7z, FEEHEE R L7z R TI RS &
LT, RNTHLEEOROREAERL, £
RIMED LAIFHCTEZREEZERL TV D, DT
O Z ORI, BARERZT TR, v

IR EBRBEOM 2 EATWEEEZT. T DL
WA BN, BRBOERICET 28I Tid s
{, MMOBEERREITEZEOLERICET L0
THLIENEZONS. BEADITANL FL— s
RO ARBEEELBRTHELEI LS, HiRITE

WNT O A5 2 LR EENICEST S, $0HE

OFAR BRI L Tld, kil L7-BloblR#i% %83 %
L, EIRIE LB T B B BlobN T 4T 0 TR B EE S
Y, TR I ANVFEF—WICRELMEICZED
HLZENTELIREMIEH A, 7B, Uchida et al. (2025)
TR S NIRRT EARAEYE & RO 2 EERTlE o 72
2%, ERMNZHERETHICEA TS TH DI EIIFE
BERLETH D, ZTNTHIKBED@E N TIOMEANT 7238
WIZEALT A2 e, EHRMICREOR R EEZEEL T
BLLEVD 5.

4. FEHESHEDRE

FHE I, HANA FL— 1 Off#EKHICUFBE 5 A
(Uchida etal.,, 2016) L CLIE, #ANA FL— Ok
RO TR INTWIZRETH - 7B AR ORFZEIC
WY MAED Iz, TRFETIE, [RERIHERNLHE 2
DT, BT 5L IERETH 5L E 2 TR D7EN,
10[I DA B ) R UERRT— 5 2 A ERDL &, AR
AL VI TERILEASTEL Z &b roTET
bHAAI0E X Y1001 O HANEEILFEE 25, BIERH
ZOTHRM LT Lo S 2RI EN L D ICAI %

PVEETDLHOTH L0, 100 ZREROEEE LT
#%E L TWw5b (Uchida et al., 2018).

AN FL— FOWZEs 5, UFBIC & 2 %L
SRS A T A MG T THEPDONIZZ N, I
ETIEAEY —RPROZEPRGE & LT TUFBFH] 25384
N5 X927 572 (Maeda, 2018; Wei and Maeda, 2023). L
AL, UPBBBED X ) ITHEAREIREL TV EHIZon
Tid, RZHEWMOHEZ BTV, JHICUFBO R AA -
WRETHDLZ LD, TIHBEEIA Mk oTw
LR D B, L LENEEBRGISHRT 5581
T EHBEICIEE S T e v, UFBOBA AR R oK
ERFEMIIBVT, UPBBHRIEZZMLEE LR EDLL

EHEN S 2 FREOMESLERES ).

WREHAANA FL— FOBAEREEX B0 PRI
KLT, =T ANA FL—bDbDEYDKREL D%
s R &N, CHONA FL—1F X ) A LCH, & A
PHADFDRAER LR T WE W) T RIS
NTWR, EHELOMEICI ) ERMIZIRZ B LI
W L7z, —Ji CUFBOBE AR F s, AR =
AR ARG IR TAMRIC R o722 8 b, EEL
BRTHol. TbLUFBOMAERILER R L, REY

2N L DA R MEN R L L, BAeb 702 ATHLT

REMEAVRIE S N7z, 4181, UFBORIHIZOWT X 1)
ICHRET T 2 DD 5.

AETIE, RIRTADERSTHHCH,ECHIZHER %
BT MfsE = Al L7z, S RIEFARIZCH, + CHIR & 7

ﬁ%(ﬂ+@H+@ﬂ%ﬁ@ H AT EZHR S

T, BAER T ZDEALE TR LEBH D725 9.
%tcm+gm%uﬂ%%%itbfkéﬁ,m&mio
T lEsIf 3 % B % (Subramanian et al., 2000; Uchida et al.,
2002) &, NVIREBMOREMOENT LI LMD,
A EE B CIRIER M 7o ADRE L TnWBE Z &8
FHENG., THL-TULAERZORBETXL LD
RN FEREZEALT, EBNAIET VA2 L5220
O, FHEEY I 2 V—Ya v it s g Ry
OBAR AN Z AL ZWHOLNPI LTV LEEHLEH
9. 931U, UFBOGAERMEERREZ I3 25020
ONDHH Ltk

T

AWFZEI, 20224F BEACHEE 7 A KA IE AR HIE [BrR5E
TABIRIR A ANA B L— MR EE R 0 BZE 2) ~iR
GHADORE L UFBORI RO~ |, B L OSHBEELS
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Kl 7O RGHICBT AHEBERLWHRTORGHEZBEL, HEEMRT 2 BHEHH &
LT, IZ7FAL—MNA FL—1F (SCH) IZHFEHLT&7:. FEHEOKRE LHEDO—DASCHFAE
BOBAEICBIT A RELBEHEHTH Y, #EHEZIHT L HEO—2L LTXEY)RIREMAEL TE .
ZORER, AF)EO T L BT IR N5 5 SCHES b1k OB AEiiEE (79 A5 — LI
R) THY, BBENIIBWT, 7 I7AY—OFMEEIEL, 7 I7AY —OBHEZRUIIHDZ Z Ld°
BEHOPHENC D5 Z L 2R LT

Memory effect in semiclathrate hydrate reformation derived from
residual solution structures

Takeshi Sugahara', Hironobu Machida®, Kazuhiro Minamikawa', Jin Shimada', Takayuki Hirai'

We have focused on semiclathrate hydrates (SCHs) as latent heat storage materials, considering their potential use
as cold energy sources for process cooling and as refrigerants in logistics. One of the major practical issues is a large
degree of supercooling during the SCH reformation. We have investigated the “memory effect” as a way to suppress
supercooling. Our research reveals that the conclusive factor responsible for the memory effect is the presence of
residual solution structure, called cluster, which originates from SCH crystals and remains in the aqueous solution. We
have shown that extending the lifetime of clusters and/or precociously increasing their number density in the aqueous
solution effectively help to suppress supercooling.

F—TJ—R: &v3I7FAL—= A FL— b RERS, ERE, 2 ) ZR, B A,
Semiclathrate hydrate, latent heat storage material, solution structure, memory effect, supercooling
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MMT 2T ANF—DPRETH L. BN EEE LK
BB a2 2 EELHA, 10~ ISCHIRTHEIT S
KD XD B, HRERICL 2ENEROT A
WE—REEDIFTLI LD TEL. ZO[10~ I5CHiIHET
BIFLROEIBWE] L LT, ¥IZFAL—INAF
L — b (semiclathrate hydrate, SCH) A% H & L7z,

7 IFALV—1INAL FL— Mg, KROTHPHEELED
WERZEBRIZ 7 A 31 % Wz L 72 WK T % (Sloan
and Koh, 2008). L Bk WA DS, €N E LB 2 T -
JET - MRS R 721, A N E LTHOMNERICWE
ENb. FAMELT, HREETRAETHZWEZTT
B, WARTHLTF IR TSI URTEI VDL %
KBRS, 27 anRyy vRoRyV By REDKE
WS 2L EENE. F A2 NYEH OB, N
WA = 2 GEHET ¥ B AR ETIR A AR
LH), TIVARER, FAMELTHICUEINEZDD,
RANTHLKGT L EDITEMEOMEIILBMT 5.
CDEI BT FIAL—=INA FL=12t3IrFAL—
FN4 FL— 1 (SCH), & L <&, #WU#HkA = 253K
W CHEBEL TA A &% 4729, lonic clathrate hydrate
(ICH) & bIHEN L. HENUMA =7 2 EE2 7 A MEE L
TRBHZ R LGHT 5 &, KAET TRERSCHA A
B3 5. 13&AEOSCHIZ—BARA (SCHAS 2 MM S
% AL (R EmAHLE) & B OMLR A L <, mamilR oK%
T CIESCHD 7 IC & o TRIBROMEAZAL L 2 \vy) D
P RIfRZ /R, BIUMA = 7 A3ESCHO i E (5
fRIEEE) 13, A= 20T =F e nF+ rOMIAED
FIZE o TEL, 0~ 35C OFHPHCHREIE L 71 ~
T5ZENTHETH S (Dyadin and Udachin, 1987; Matsuura
etal, 2024). RRHFIHW LMAEDE T, 68C D H
g% b OSCHL A9 % (Mooth and Seidel, 1990). 0 ~
35C DHPAIZSRRIE % D OSCHO MR > 7 V¥ — (4
RS 12200 kI/kgRiT#% (Matsuura et al., 2024) TH ), KD
BT I VE—D6EIZLEDREETHS.

Fxix, LY ED 70X 25 HOGBIR R Wi
TORGHEZME LT, SCHOGHIT Y # V¥ —IZ{EH
L, EMH LOBESTH 5 SCHEA B AL DB EH % B
THHEMOBRIICMY HAZ. BETL2EEMETH S
NTG T4 YDA S, SCHAMEN P2 MiEd 5 72
DITIE, MEREIREMEOFEBRA 75— LT, WH10 ~ 20 KFE
JEDBEHIE %2 KRB F Tl 2 2 LA%F £ L < (T
M- &, 2024), A7 { & b5 KRR F Ca i 2 Jil 5
LUENRD L, Faclx, WL OO N Tl H & W]
THEMREEIT->CELD, T TEATYRIE LR

AR, WBH 2, P Rz

BEBBEHRZIIOWT, RADVEZ DA ZALERIL
FHT7 =F Y2 T AEY R RZ T 2080 % iR
LR E T LOTHET .

2. XEBEUMRDANDZ=ZZ L

2.1 AEUMREE

7 AL — N4 FL— FOGIRICE o> TH B 7K
BHEHCTAHAA FL— M 2HAERIEL L, MEVH
WHED LB CFERFR CHlMMET 5. Shat X E
VRIEREIES, A5, KEBIINA FL— FMHED
K 4cME 7% (Lederhos et al., 1996; Oshima et al., 2010) 2S{F-1E 9
LIENERTHLEEZONTBY, &, TV T
T 7 A VINTIVHERD—>TH S (Uchida et al., 2016) &
b EhTwa, 22Tl 2203 I2>2wT, &40
FEBRAG R % BER (B0 R ) & 72 R 2B ) (7 v
N T 7 A UNTN)TENRENRNT 575, ZOHRI,
D7 L HSCHARIZB 2 A BV RROEZLERDS,
VETT7AYNTNTIEAEL, BRABEHETH D
EERLTVAD.

2.2 BRIEELIERIEEE

T 2 [ & ORELE 7V T, BITEE L
BEPSRALZERDOT, HWilENTEEY 2R EE T
RGTVMERD B A XNCF L T D EMEMBEERY, MR
B IR T - 0 T AL TR IS A A T, #
BETAEEZONTWES, Lz T, fIdmg s
T TP ECKEENEETH L EER D,

—J, RS THAEE L7220 nmlE L0 T4EH (2
TAY —ER) PEBNTHEL, BT - 5 FHAT
E %K 7 9 A Y — AL & % IF T JLy 2 5 AL E
TV (H - RN - T & O g% E 7V (Ueda et al.,
1995) 7 &) H3ti ST\ b (Jehannin et al,, 2019). Fh
2, 7R — 3K TIE? L) B E 2T 5
CLEBDHBY, RBABERICBVTH 7 IR 5 =0 piE
SN, BEFIIREIC B 2 SLER £ T, 20 mD 7 F
AY —OREEIEML, RIZLoTIE, 60-100 nmd &
IR Y —DEHEERE LT 5 (Uedaetal., 1995) Z &5 D
e S, HURS S XGERIETH E T HAS S CTh 2 &l S
N7z % SR E OB HME CBIS T2 &, B
BHRTFOEGERTH Y, FORTI A4 X, BERPICR
BNBI IR —F721307 5 A5 —BEREFA LA X
THHI LMD, BRPIHFAEL TV FAY — (%
7232 DOBENR) B, 1ZFTEOF TR T 5 EEIC
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FE LA DOITHBAL | ORISR, 1020 nmD 7 T A & — )%
HHTHRMTTOHLE SN,

Figure 1: Schematic illustration of the nonclassical crystallization
and dissociation processes observed in the TBA-Br SCH system. The
10-20 nm clusters were observed in both the aqueous solution and the
SCH crystal. Reproduced from Ref. (Machida et al., CrystEngComm
2018, 20, 3328-3334) with permission from the Royal Society of
Chemistry.

HoTWbEEZEDL %M\ (1) (Ohgaki etal., 1992;
Ueda et al., 1995; Machida et al., 2018).

Fard, WOPDSCHRIZBWT, HERMIIBITS 2
FAY—DBE, 75 Ay —BHEREAL L LRSI rE
W2 BIE L C X7 (Machida et al., 2018, 2020, 2021, 2025).
Z LC, SCHAMABDEMBITR D FRAMEEA AT AR L
BRLTWAE I &%, BHEN L 7)) ke BT B
12 & 2 OB BI%: (M2) (Machida etal., 2018) &
/N XHEHGELSEER (Machida et al., 2020),  f/INBAOR 722 A 24
57MF (Machida et al., 2020) 7z 5B S0 L TE 72
2T, AEVARE S OKEWITT TR —THOHDL
ENTWVEY, BEN—RETHH L2 bLLT, X
TVMEE LR VAKEBHETIE, 7927 —IZBSICL
PREAEL BT Ehb, ERpEE XY HROBKRIE
WoENTHD. 25T, Ikilt, WAL IVEBE T BHMEE
ZHWT, SCHOHKERHDP S 7 I A Y — 2R THHT 5
W%, ;AT — VO GERETZEOLBIE T 5
L2 T L7z (Machida et al., 2025). 25122 WTIE,
JE S L ImEOBEHMOMB (EE - BTH, 2021; 5,
2025; KH 5,2025) Z B S Rz,

23 YW TFAVNTIVDHEEICDONT

SCHIZ, 7 A My FAEIMEE TSR TH 2WHETIE %A
(A=Y LI TH D720, Ak, SCHOEK - I IV
NI AN TVIERBRTH S, LaL, BFER
HSCHA K - /M ZRED ZE TRV ELR DY, BB
B R AT 2 L EAH 5. SCHIZKDELKIE LN

50 nm

K2 : AEYRRE S DOHREM (a) & D72 % VK (b) 5> 5 H
B 720G L 7Y A RO E BTN R (& S 1RGO
13280-281 KTIZIZE L). X BV RRE S OKBERTIEZ 7 A
Z—THHDOLL ENTVDEA, BIEFRA—-EETH D2 00D
¥, AEVMRE D2 HVIKERTIEZ A5 —I13BLITL
PAFAE L 72\,

Figure 2: Scanning electron microscopy (SEM) images of replica
films prepared from the TBA-Br aqueous solution at 280-281 K with
(panel a) and without (b) the memory effect. The microstructure
(clusters were densely arranged) of the supercooled aqueous solution
with the memory effect (a), in spite of a similar temperature, is
completely different from that without memory effect (b). Reproduced
from Ref. (Machida et al., CrystEngComm 2018, 20, 3328—3334) with
permission from the Royal Society of Chemistry.

VOREREET THo THERT L7720, HBIERSIS,
SCHHAEIZBIF 2 A B YRRICKIZTNT IV (YW T
T7AINTNRED) OREZHRDLIENTES. K
fFgeCid, B3 (a) IR &) RIMEERBE L IRFTE B4
WwEHWT, HRBRREEZRYET I EICE o THEAFZ
eIl L7z. 20X ) ICKBROELED AT
T BB TOUE L, BHERLAE G KBRS KK
TIBTLMEEL ZWAT L TR AT RIRICHT S
W52 ATV, KR Z L 72,

FEENE, YANKUBT =4 v CTH LA v E
GHWEAMT b 7F VT ¥ EZ Y A ((TBA),-Tar) SCH (F
fiiRIET,,=279.54 K) &% JH\:72. (TBA),-Tar SCHO#E LI,
A B RIRED 2 W IREETI3268.0£1.5 K GBS HIEL1.5+1.5
K) TH2DH, AFUREIZL H2742£15K GRG HIE
53+1.5K) TS 5 L5 SN Tw 5 (Minamikawa et
al., 2024). FEERRERZX3 (b) [ IRY. EAFREADH B
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Figure 3: Effect of air dissolved in the sample solution on the
memory effect in the (TBA),-Tar SCH formation (a) schematic
illustration of experimental setup (b) experimental results. The
memory effect appears independent of the existence of air.

X 59, SCHAEER L T\ 7\ [E 4 H58E R T 1268 KAt
WECHEAL, S L TSCHZ 5844014288 K289 KE T
IR UFEHI L 723854, 27551 KTRES L L7z, S ofs3ig
SCHOFA BB BT 2 A TV RRIHEFELEROA M
WHET, YV NS T4 N7V, Bl & HSCHR
BV, AEVRREFISEITEEN TR RN L%
MRLTWAS, XoT, DBEOFEERIZOWTIE, WHERKD
WEEEZEET, KREFTCTEML.

3. XEUNRICRIEIS AT ZF VEDF

3.1 EBRAE

WET HSCHHRE LT, #FF+ VIITBA'TEEL, 7
—F R EZ BRI W £SCHRDO =
AL TR L 7B KB E R em™ T OISR D R
Yoo —FI/NFFICL, EERECHEL. A2 a—
Ho75%2BLT, WBICHEE BEMEHALL %
B, A7) a—F07 5 OBENEERIIEEICHL, #
BRI E Y TVEORICHEM L2 WE D) T 05

AR, WBH 2, P Rz

1 : TBA-anion SCHARIZ BVF 5 FFimEE (T,) & X EURRD
H%j(1%¢$iﬂﬁ;(7"bomm PREFRERT30%57)

Table 1: Equilibrium temperature (7,,) of TBA-anion SCHs and
border temperature (7,,,..) Where the memory effect can be retained
for 30 min.

anion T,/ K Tooraer | K (ToonerTog) 1 K
tartarate (Tar) | 279.5™ 290.7+0.5" 11.240.5
malate (Mala) 284.2° 291.7+0.5" 7.5+0.5
succinate (Suc) | 286.1*° 292.7+0.5" 6.6+0.5
glutarate (Glu) 293.4° <294.2¢ <0.8
malonate (Mal) 287.6° 292.7+0.5 5.1+0.5
formate (For) 285.0° 287.7£0.5 2.7£0.5
acetate (Ace) 288.0° 289.7+0.5 1.7£0.5
propionate (Pro) 291.3¢ <2922 <0.9
lactate (Lac) 284.8" 288.7+0.5 3.9+0.5
citrate (Cit) 286.0¢ 291.7+0.5% 5.7+0.5

*Nakayama and Watanabe, 1978; b Dyadin and Udachin, 1987;
¢ Minamikawa et al., 2023;  Dyadin et al., 1984; ®Nakayama and
Torigata, 1984; "Muromachi et al., 2014;  Minamikawa et al., 2025;
"Minamikawa et al., 2024

&L/ R LA, SCHAREIZ X 0 N OWE
PR LEFLZZBOF vy MEE L7z, #£SCHRIZDOW
T, I5KOY VR 5263 KE THH LSS
B72t%, 02 K/min®# & CSCHF-RE (T,,) %I 2 TH-
TRARIFIRLLE (Toge) FTHAILL,  Tioge CI05HIRIE % IRFF L
7z, 20O, 0.1 K/min®#HE CTHEGH LH KRS &
720 Tae®LOKT DO LA S L0 A - WHIZ KL,
BT CHFFL 722 L2 X B A B Y RREADOHEE T2
(Minamikawa et al., 2024). X €Y %I RRFFREI OFREL L L
T, WA 23058 Lz SO A B YRR ERIFTE D
KU IE (Torger) & PHTRLIE (7o) D7 (Tooraer — Te) & IV 72

3.2 PZFAUVEEXEUNRRFEEDBR

TBA-Br SCH (P f285.7K) Tid, FilEL 0.5
K& W BE T3000PRFF L 721212 X ) AR AFEBL L 7295,
SPHFRE X D 1S K 375 200 LA 2 )RR %E
T & A > 72 (Machida et al., 2018). —7J7, PR
X010 KEIRCI0HMREELZRFELTH, 2EYRRE
T 2%0H 52 & 2 Wil L C& 7 (Minamikawa et al.,
2024). O LX) ICHBEOTPEIRE L AT HSCHRA T
BLTH, 724 VHICL o TAEVMBEEREETE S
KRR RESE RS, MIELT, ISEOAZY) 2—
EOME L7, RIS 23040 & Lok & o SRR
FE (Toge) & A B RIROBIR, % 5N A E )RR L PRFF
TEDLRKIE (Tyser) ZRAUTRT. F72, ZOMOSCH
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Figure 4: Effect of target temperatures (7,,.) on the degree of
supercooling (AT,,,) in the SCH formation of (a) (TBA),-Tar, (b)
(TBA),-Mala, and (c) (TBA),-Suc. The temperature was held for 30
min at each T,
The Figure 4 of reference (Minamikawa et al., 2024) was slightly
modified. Reprinted with permission from (Minamikawa et al.,
Ind. Eng. Chem. Res. 2024, 63, 18435—18440). Copyright (2024)
American Chemical Society.

RIZOWT, FRROWETETHE LN RERICT L
5. e LT, P (T,) 25RWSCHATIE, X
TVRESEHL BV, ZORFFRED A2 T2,
ANVEVBT =4 Y RIIBWT, AEYRROIEBG
T X 72SCHIZ W N dtetragonalii & TH Y, —FH TS
T ¥t v (Pro) « 7V & Vg (Glu) 7 & cubicki % Ho
SCH% I tetragonalffi i D SCHAR IZ LR T X € Y R HEAFAE
LW T, 2 Midcubick & % $5DSCHR 25
I DS s R A I H B 2 L LR LTV D
nh Lz,

E)HIVRVET =F >~ (For,Ace, Pro) & V7 IVEK Vi
7 =% ¥ (Mal, Suc, Glu) I22WT, AEVYREIRIHT 2
T 32 R R 0 P L & FEOSCHA JLi L 72 & 2 5,
THNWKR VBT = v &G SCHIE A E ) Rh RO LR
L, ANVKRYBT =4 YHIOKERE &3S (Lac,
Mala, Tar, Cit) 1%, & 5124 F ) ZhEEFRE 25 L L7
K47 & IZRUIR L7z X 912, (TBA),-SuciZl2§ oK
gL % B % 97122 N T, (TBA),-Mala, (TBA),-Tar& X £ 1)
RN DI L L2 e BZ0—BITH B, TNHD
FEAE, CPRAREEATHC A T ) RO ORI &
HBELDOTIE RN E2RL, MAT, KREFHEMWRBIE
bOT = VALK FOMEAEHIC X ) SCHA 4 D5
SREREDOBEENENM ELTWAZ EZRBLTWVAS. M
54 FZTdHAHTBA-Br SCHIZBWT, *TYREIHD

THWDIE, SCHAS SN KBWICBIT2Br7 =4 YD
DKGFOFEFPE (V@ B [E DKL) A3 TR AL
BHESIHET %72 & b5 (Shimada et al,, 2023).

3.3 XEURNROFFFEEFRE
INZF T, KSCHOTHILE A2, SCHASEE 5 F

Ltﬁcﬁm%hmﬁ(mewﬁﬁmﬁ%%hL,ﬁ&
WHETHAILTAEVROAFMAMRTE 2 Ll

DY, FrAt OFEFER (Machida et al., 2018, 2020) 75
A E ) R RATSCHI 12 b N 1 F% 2 R A0 8 1R K
T2mERBEBRSO M ThH 5. SCHIEH O BRFFREH
ZRT D EERFMEPHHE T 2T L3/
BICHEL % {, SCHAMRBOEDS, N Hwoll, 2
BYRRERFETE 00BN, 22T, W@
T 3hH %2 R L72(TBA),-Tar SCHRIZ BT, R %
PAL X7 FEEi % 4T 5 72 (Minamikawa et al., 2024). 7 3,
C OFEEREHNIC BT 2 EBRO AR, BUNRUREEABRE
(Setaram MicroDSC VII) |2 CHIE #4715 7-.
FRERSIIRT. AEYRRIFBE T S £274 KffiE
RS RBITRE D FEBE — 7 (RERVLIREET,, ) SBIgE s 5.
TR (T, 752882 K72 5 1N2289.2 KIZB W T
ZNZNOMME TR, SIEHRFE L BT RELT
AEYRREFI L. —F, 2902 KT, 305 HREL
oA E A B YRR A B U228, IR L 2341
EAEYRRTHRL, RSLRE (T,,) 1£268 Kftix &
otz HA% 5 NTERKITRLA X S I, (TBA),-Tar SCH
HTIE, RERHE305 OBAICBIT 2 2 ) Z) R & R
TEDRKEIE (Thou) 132907205 KTH 5. Z OFERIT
FRPEFFIRIE (Tge) 75 Toonaerl S L UZD T, A E Y ZHHRE
DFMIFL BB EZRE LTS
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Figure 5: DSC results of the memory effect in the (TBA),-Tar SCH
reformation at target temperatures (7,.,) of 288.2, 289.2, and 290.2 K.
T.,. stands for the formation temperature of (TBA),-Tar SCH.
Reprinted with permission from (Minamikawa et al., Ind. Eng. Chem.
Res. 2024, 63, 18435—18440). Copyright (2024) American Chemical
Society.

4. HHYIC

AR TIX, SCHZBEHEHME L LTHHET L0
AW 2 BE T H 5 MG H 2 I T 2 M IOV, &
IR DR AMEE AR ROBEP LM L. 2
NE TS HIC LT & 72SCHD# A 1 ##2 (Machida et
al, 2018) 2%z 5%, WHHZWHTZ72D121E, 75
AT —HRERET DN FAY —OFGEREITL, &
WNTZ A —DRFEEx VBRI 2 L8
HETHLH. XTVHEIL 20255 —0EHait
CHERTBHDTH S, TR, WL OPDOMEHEH

AR, WBH 2, P Rz

LW 22T, SCHRICBII 2 AEYRED A H =X
LEMHL, ST =F ¥ ZHW/SCHRIZBIT S A€
RARDRFERE)) % HL L 7z

—HT, AEVRRERLRD BTy TAY —ER%E
RAESEFIE LT, HEMHBT €= 2EREET TR
Wrlge BT L 7 VLT VI TFLT VEZT A
(TBA-F) % ffi 5 72315 (Machida et al., 2021) A3&% 5. A4
v L O THEMIEAER ST, AT YRR ORI A
L v, SEHREEAT290 KULUF OSCHA T, Z 08
kL f- E TBA-F T ED AR TH A 9.
BONTEZ VT, 283 KiiEDRECHHIT L&
it 70 v RSO R LR AT 22K B
FERERBASER S Az (W - 35, 2024). f§H] L 72SCH
BRERMBORYZFH L X VIBEOEMEELH L,
W ED %2 KFEEE\CHPH] L7245 R, SCH%Z MRS % &
WO B E) & KIRIARR T 2 2 Ly Lz (rH -
Ji, 2024). WEEBMEOR N TH 2 [ & 220 % 8 2
BA] #AMCRH LD, AT RHERLMRME T %
FI Tl % BT RE 4 SCHE HI W 5 Z & T, R 2
IANF—OFEMEHCEHMTEMELEZ TS,

ST

ARIFEO—IIZ, HEERAME A RIS (NEDO) 0%
SEEZUT BT ANF =< AT XV MM REANTT AL S
(TherMAT) 7u ¥ = 7 + (JPNP15007), 7z & UNIZISPSEHi
2 (JP18K05032, JP22K05050, JP21J20788, JP22KI12069) ? Bl
W&k 27 7o, KBRS KRB LA S8R Gas-
Hydrate Analyzing System (GHAS) O HYH R — b & 217
2. 22U, BHOBERT .
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20254 9 A 29 B%ft, 20254 10 B 16 HZE

IZFAL—INA FL—1 (SCH) &, EE MR AV —IEMEE Lo HsHIfEsh
TWh, RifA v E=F v AFICED, fkcrhT7 =% V% &4 NSCHO BA M ER 2 2 L,
BLAIZEIC RIS 7= VHOBEZH S, L. BXAUEEICEETLIHNTOY S, (ZEFY )7
Thsb7u b yORENEL L TERMEEZRESEZR L. —HT, 7a by OuHREE B3
% KT OFEIAER BRI EEICHET 2R T CTlEd 205, TORBIIHIMISNS 272 Th
5 OKERIL, SCHOKERE SR Y T —2ZNTTO b VikERZEOLOORMIEKZRET 5 &
PEEKUZERZ HO L FTEELEZHE R L TWL I EEZRL TV,

Electrical conductivity in single-crystalline tetra-n-butylammonium salt
semiclathrate hydrates

Riko Tsugaya, Jin Shimada, Takeshi Sugahara, Takayuki Hirai

Semiclathrate hydrates (SCHs) are crystalline inclusion compounds that hold promise for applications as
conductive materials and energy storage media. Electrical conductivity of single-crystalline SCHs with various
guest anions has been measured using electrochemical impedance spectroscopy. We have revealed the effect of
anions on the conduction: differences in conductivity between anions are not attributed to the reorientation motion
of water molecules (related to the diffusion process of protons as conduction carriers) but rather to variations in the
concentration of protons. These findings indicate that defect formation, to increase the proton concentration in the

hydrogen-bonding network of SCHs, plays a critical role in enhancing electrical conductivity.

F—TJ—K: ¥I7FAL—INA FL— b, TS E=F AW, T0 b AR, B

Semiclathrate hydrate, electrochemical impedance spectroscopy, proton conduction, single crystal

1. [FL&IC

t3IZ5AL—kNnA FL—1} (SCH) &%, Ko+
UM = D3PS E NS WA O—HTH
. KogFEMrTHEZEEL, €ORICT AN FF
VAV EN S (Shimada et al., 2005; Muromachi et al., 2014;

Rodionova et al., 2022). —#BO KRG TlExt 7 =4 » 12
Xz 5N B, SCHIZ, icelhk ) BWELIZEREZRL
(Lee and Kang, 2021; Glen and Paren, 1975; Stern et al., 2021;
Shimada et al., 2023), W ERIRZERE L FFOBRERE L
LT, 2y vy 7REZS) Y TBMRICHFHTE L5
YA3d 5 (Kim et al., 2022; Kim et al., 2022) .
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206 HEr BT IBH S BR

N F TllOopallob ik, Kex 7 XA b4 F v 5K
SN B LA SCHO B ARG R RN HE L T& 2
A% (Borkowska et al., 1996; Opallo et al., 1997; Prokopowicz
and Opallo, 2001; Opallo et al., 1994; Opallo et al., 1995;
Prokopowicz and Opallo, 2003; Opallo and Prokopowicz,
2mm Fr) T A REEREEYSITIE LR Do

%A MSCHOBAIRERIL, WA, SOk, e
MOEEZZ T2 REYNSH ), FEIHMETHL. L
72HoT, HLwra b MRERERET 5700, Hb
WIFE=S ) YRR RIEAT 5720121, BrA R
R ERSCHIZ B % HLORERAE 2 B 2 Z & AR
Thb. ZOPEIIHL, HAES R Dtetra-n-butylammonium
bromide (TBA-Br) SCH%Z f 4 ICBAALFEA v ¥ — &~ Xl
5& (EIS) 2479 2 & T, SCHOF ¥ )7 A4 371 b
ThbHI & w75 L7 (Shimada et al., 2023). F 72, Brofih
R EEIART A VHOBELRLERZWEL, SCHOMR
HANZZANHT BHFPRE ) OODH 5.

AAH T, TBA-Br, TBA-Cl, TBA-F SCHIZ/IZ T, TBA-
OH SCHD /T £ FRSCHE 1357 5 A + MREM 2z
SEEE (Shimada et al., 2024) 122 WTHEN 5B, & 512, BIfE,
ANVEFY T — &7 =F v & L7 Hfh S SCHO 8 pftk
M H#EDTBY, T THE L7 A OflER Rz
DS, HASRSCHOMERIREFE & € OFHEIC OV TRtifr
¥ 5.

2. SCHOIGEF+UTP EXKFFDIALFZTRX

2.1 B#RSCHOERIGERAESE

SCHIZBIF A28 F v ) T WAL 2T 572012, H
A it OTBA-Br SCHOEISHI5E D5 4 & #i i L 72 (Shimada
etal, 2023). 285 KTEH L 7z il dlh 38 X V% 4 ik O SCH
DA VE=F Y AARZ PVERIE L (K1), i
SCHIZ, #r# (Gerstletal,2011), %efiJE (Colomban and
Novak, 1988; Colomban et al., 1989), #£22%E 4 (Borkowska et
al., 1996; Kuriyama et al., 1990) D3805% % 72, EIS#% ]
WIZIEREZ A AAREREOFHINCIZ#E S v, 0
ZHERRT B 7280, SR 520 O BRI 0 22 [ P HURS 5
DSCHZAFH L 72, Bl ialkHE, & SCHO ViR BE X 1
0.2~0.3 KLV > 2 7B ¥ L v 7)) a— Vi ©
ER U720 F9, BINA 7OV CHER L HE S 2 53 %
TR D KIS L, PR ] 128V T HAR & IR
F&d7 R, BEERICE> NS RS 546
), BEGPEMENZE) £ THrICED. &b,
RN 8 TS MIAAAE T B MO #G i R A ZITEISHI 2 125

K, P Bz
0.20 ,
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0.15 | - »
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.
Z o0}
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11 (A) 285 KTIER L 22 Hif i B X UM% 45 # TBA-Br SCH®
FAEANTOY b, FTRTDANRZ b VIF283 KTHIE L 7.
HAE B L UL RSCHICBIT 5(a) , (b0 FitiE, W UFIET
TR 25ME R LT, (B) 285K TR L 72 Hif i
TBA-Br SCHE X U263 K, 268 K, 278 KTIEIK L 72 % #i f TBA-
Br SCHO WA %2 F 4 F A b7 ay b, §XTOANZ PV
283 KTl L 72.

Figure 1: (A) Typical Nyquist plots of TBA-Br SCH single crystals
and polycrystals prepared at 285 K. All spectra were measured at
283 K. Notations of (a) and (b) in single crystals and polycrystals
indicate different crystals prepared with the same procedure. (B)
Typical Nyquist plots of TBA-Br SCH single crystals prepared at 285
K and TBA-Br SCH polycrystals prepared at 263, 268, and 278 K. All
spectra were measured at 283 K.

Reprinted with permission from (Shimada et al., Solid State lonics
2023, 393, 116188). Copyright (2023) Elsevier B. V.

BeG 2w, ZOFELY, HEMORNE THEMED
HOLIEREBELZENTE (Shlmada et al,, 2023). HifG
TR EZALCEN L 0% B 20121, IREARRT
»5. ﬂﬁa)&wé%:cfum%%@ﬁﬁmﬁ WAER L -5,
%20.1 KhOMETRA T2 Bk &1 X ) B

WCBANA - 7256, BREEREFAMIIET L9
ZFOREGEZIHMERT 2 EHNTE, BROASE
F—ZIFEH L2, TBA-Br SCHUSNDSCHAIZBWTH
#SCHO R Al % b DR 2> O HAL SSCHI R L, [
KD F i cilE L7z,

EISHIEX, KZET, 1 Hz~ 1 MHzO J5 i 5#E < A
Y¥—% AT F 54 ¥ — (Hz-Pro S4, Hokuto Denko Co.,
Ltd.) %M\, 100 mVOIEZHELE 5% EmL THlE L 7.
£ ¥ —F v A MERF1X, 0.1 mmol/LA 50.1 mol/LD
KCl KB TRD 722V @k v CTRIE L 72,
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-
104 1 1 1 al L
345 350 355 360 365 370 375

1000K/ T
X2 : TBA-Br SCH35 X O'TBA-Br SCDOBLUZEHK DT L =
ATa v b,
Figure 2: Arrhenius plots of the electrical conductivity in TBA-Br
SCH and TBA-Br SCD.
Reprinted with permission from (Shimada et al., Solid State lonics
2023, 393, 116188). Copyright (2023) Elsevier B. V.

A Y ¥—F Y A7 — 5 OFITIE, DUT O%filnl# (1)
% 72 (Borkowska et al., 1996; Opallo et al., 1997).

Rhyd 1

Z =R
ol P (Jw)PrydRyy 4 Qhyd * (jw)PaQq (1)

2T, ZRj,0,pB LU0, TNENA Y E—F VX,
HRPUME, BN, AR, EBAIARFE T (CPE) 058
8%, BLUCPEDORETH 5. RFEDsol, hyd, dlix, £
NZNKER, SCH, A EMZFRYT. AifETIE, K
BT OEYIRNIIEH T EZ DI E/NE Do /27280, BIT
WZIEPLF o &5l ml % (2) % v 7.

Z= Rnya P
1+ (w)PwaRyyqQnya  (Jw)PaQqg (2)
RS (O, ®RGITL Y RD.
Chya = thdm(Rhyd) Phyd (3)

WSRIEH (o) & AN (1%, 364 (R) & B ()
PHUTOXM@) , (HICXYHFEHL.

o 1d
7~ Ruya A (4)
T= zﬁRhydChyd (5)

C 2T, diI2KoPERB O, AXEREREL T

2.2 SCHOIGEF v U7 DIEE

HifkE R OTBA-Br SCH (TBA-Br26H,0) & # D &K (D,0)
& (TBA-Br-26D,0) #[d—t )L THEKL, EISHEIZLD
BN BAMLEROMEREY (TL=7A27a vy }M)
ZR2RY. BERASEFIIH0RAD,0% D 15655 <,
it LT AR 13 H,05% ASD,0% D 15 v & v 9
[RIOZ AR H AN BE I R Tl X T % (Shimada et al.,
2023). AR ORE, Bk Ta b rhy ¥ U oa
WA AE L7 BB 7 V05, Tu by T a—
T Uy OERIIIEDNTEPNLHEMH, X (6) 1TEW
(Kek and Bonanos, 1999; Agmon, 1995; Nowick and Vaysleyb,
1997; Stub et al., 2017).

oy _ Tp (mH)_l/z
Op TH

) = V2 (6)

X TmykmldFhFh7a b eFa—5Furynlg
wTHDH, ZORRIE, K THORKZERTOEENF v
V7 OBEEICKE BT S, 2F VKRG TFHOKER
T-7STBA-Br SCHOZEREIEIZH G LTSI L aR LT
w5,

2.3 SCHOKXABFDIA1F=TR

COEH) BT b UMREIIBWT, KT O TR ES)
i, KBIUZ FAL—=bbRIIBITSL 70+ LR OHH
Bt & LTS T b (Lee and Kang, 2021; Shimada et al.,
2023; Agmon, 1995). Z O FELAEE) R % 535 5 7220,
FAHNMR % fv, A Y AR (7)) 2% L
KGTDFAF I 7 A%FR72. 5% 1dBrukert: AVANCE
400 (T3 9.4 T, *H LUEJE WS 61.441 MHz) % 72, 3
FHIFEK %2 HWT, semiclathrate deuterate (SCD) % #9250 K
TERL, FHREL D DT 2IEVRETF 2 —-THT
S EAT, SEREMOLAER IR L. TREmIRERIE,
Pz [180°—7—90°1 12 X D PIE L, 90°7%)L A L 180°
PV ADIIN AFNZFNENS us& 10 sk L7z, HIERE#
DWW TII3EE TS 5.

3. BERSCHOESIGEREZDXANZX L

3.1 B{ERSCHOERIGER

Hifk i OTBA-Br, TBA-Cl, TBA-F3 X ("TBA-OH SCH®
WRMLEFZEISIC L ) Jll%E L7z (Shimada etal.,, 2024). £
Tl HLAS BiSCHO B AR B R O ERAFE (TL=2 27
Ty b)) ZRBIIRT. BAMLEEROFS]IE TBA-OH >
TBA-Br > TBA-Cl > TBA-F, (bt % V¥ -5
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10° B
107} TBA-OH §
10‘2 i it N 1
'-‘g 10::' : 1
2 0
10} R, TBH
107§ '
-aJAA[IJAAI]JA[)]A[[IIA[IJIAIIJ-
32 33 34 35 36 3.7 3.8

1000K/T

E3: i TBA-Br (FRD), TBA-Cl (kD MUfA), TBA-F (F
NV L), TBA-OH (F L ¥ Y D=f) SCHOBAIZHED
TL=wA7ay b &% 7nig, BulEL, EheEhpl
7oLk BRBTRLTNS.,

Figure 3: Arrhenius plots of the electrical conductivity in the single-
crystalline TBA-Br (red circles), TBA-CI (green squares), TBA-F
(blue diamonds) and TBA-OH (orange triangles) SCHs. Each sample
was measured several times, as shown by the symbols with slightly
different colors.

Reprinted with permission from (Shimada et al., Energy Fuels 2024,
38, 6471-6477). Copyright (2024) American Chemical Society.

10% . . .

10 3 M s E
' TBA-Br! S

§
n 10° 3 R E
‘B N&m,ox#
107) S
Y, T oamee
0 L * (TBA)+Glu
3.4 3.5 3.6 3.7 3.8
1000K/ T

K4 : Hiff B TBA-Br (RO ), TBA-For (L v Y D=4),
(TBA),-Oxa (FHDPUF), TBA-Ace (3D =£j) (TBA),-Glu (4
DULE) SCHOBAUZEHR DT L=y A 70y b, £H T
Wik, gL, Pz k) TR LTw 5. (‘Shimada et
al., 2024; *Tsugaya et al., 2025)

Figure 4: Arrhenius plots of the electrical conductivity in the single-
crystalline TBA-Br (red circles), TBA-For (orange triangles), (TBA),-
Oxa (blue squares), TBA-Ace (green triangles) and (TBA),-Glu
(purple diamonds) SCHs. Each sample was measured several times,
as shown by the symbols with slightly different colors. (‘Shimada et
al., 2024; *Tsugaya et al., 2025)

TBA-F > TBA-Cl > TBA-Br > TBA-OH T - 7-.

TBA-OH SCH13273.3 KIZ 3\ T2.0 x 107 S/em® & &4z
M % 7R L, TBA-Br, TBA-Cl, TBA-F SCH% Kk & < Il
LB VMEEARTH - 72, TBA-OH SCHO AL = %
VF—13417 kI/mol'T, /T A FRSCH ({60 kJ/mol) X

F1: £ E Tl 2 & 1L 72TBA-Br, TBA-CI, TBA-F, TBA-OH,
TBA-For, (TBA),-Oxa, TBA-Ace, (TBA),-Glu SCH® & & {7 &
(o) B L WEMALZ AV F— (E,)

Table 1: Electrical conductivity (o) measured at each temperature
(7) and estimated activation energy (£,) in TBA-Br, TBA-Cl, TBA-F,
TBA-OH, TBA-For, (TBA),-Oxa, TBA-Ace and (TBA),-Glu SCHs.

compound c/S-cm’ E_/kJ-mol”

TBA-Br-26H,0 4.1x10° (at 2732 K)* 60.5+0.3"
TBA-CI-30H,0 2.6x10° (at 273.2K)* 61.1+0.3"
TBA-F-28H,0 8.3x107 (at 293.2 K)* 66.0+0.8°
TBA-OH-28H,0 2.0x107 (at 273.3 K)* 17.440.5*
TBA-For-32H,0 (6.3£1.2)x10° (at 273.2 K)® 45.6£0.3°
(TBA),-Oxa-58H,0 | (3.5+0.1)x107 (at 280.2 K)" 72.7£0.3"
TBA-Ace-31H,0 (6.0£0.2)x10™ (at 280.2 K)® 73.6+0.8"

(TBA),-Glu-55H,0 | (3.4£0.7)x10°* (at 287.8 K) | (1.6+0.1)x10”

*Shimada et al., 2024 °Tsugaya et al., 2025

DbHHEL L., To/hS2fEld, TBA-OH SCHIZ BT
570 N MEERREDSMONT 4 FRSCHE X875 51T
BEVEZRIRS 2. 72721, ZOREMAR X 7= X LRI
5 HBOMENLETH H. TBA-OH SCHOD K f5H R
A, B O FEREMY TdH 5 a-LisPS, (298 KT<10® S/cm)
(Kimura et al., 2023) %°Li,La,Zr,0,, (LLZ, 298 KT1.2x10” S/
cm) (Hayashietal.,2023) # Lo CTW5h., TOI &5,
TBA-OH SCH® X ) %84 F MzEMHSCHO S I, Kk
THERET 20 L R E R E o BIZE 1210 72K & 22 W] RE
HAEMDTVEEVZ 5.

EHIZHNVEKRFY T — b2 T =%~ &3 5TBA-Formate
(For) , (TBA),-Oxalate (Oxa) , TBA-Acetate (Ace) (Tsugaya
et al., 2025), B X ONTBA),-Glutarate (Glu) SCHIZDWT 3
[ B L2 WG i SCHOEISHI & % 17 » 72, BAURER ORI
MREKATR T, S RSCHOBLAIZEE (o) L 2D
WAL RV F— (E) 2E1UIT LD 5. (TBA),-Oxads X O
TBA-Ace SCHIZ B} 2 BRZEHEOF AL AL F—1
75 KI/molTH ), NF 4 FARSCHOIFHAL T A )V F— (K
60 ki/mol) & V) ReREh -7z, —7, TBA-For SCHIZBIF
BUEPALT 2OV £ —13#945 kI/molTH 1), (TBA),-Glu SCH
1% #1160 kJ/mol T & - 7z. TBA-For, (TBA),-Oxa, TBA-Ace
SCHTIE, ZANVEFTYT— T4 V1DDOHNVEF I
H 2 OMFEILT D2 DO KGT L &b Y, (TBA),-
GluSCHTIEANVAF T F— T =4 VD200 N VKX
VI OMA O WRFE T HBMEO KT LR S H, A
FL—= b r—Y0—#%EH L Tw% (Dyadin et al., 1984;
Aladko and Dyadin, 2004). Z ®D7ER1E, HIVEF T RO
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0
10 T T r
—o— (TBA)2-Glu SCD
= TBA-For SCD"
—O— (TBA)2-Oxa SCD?
4| | —TBABS sco'
10" k| ---TtBA-CISCD’ E
----- TBA-F SCD' c

w
—
i

—

T A P S S B
34 3.6 3.8 4.0 4.2
1000K/ T
K5 : TBA-For (+ L v Y ®D=4]), (TBA),-Oxa (FDIA),
(TBA),-Glu (DU L), TBA-Br (), TBA-Cl (RRREH),
TBA-F (K4 1i#) SCDD A Y ¥~ EAIER () 2B 2
DIRIERAENE ('Shimada et al., 2024; *Tsugaya et al., 2025).
Figure 5: Temperature dependence of spin—lattice relaxation times
(7)) in TBA-For (orange line with triangles), (TBA),-Oxa (blue line
with squares), (TBA),-Glu (purple line with diamonds), TBA-Br (red
line), TBA-CI (green broken line) and TBA-F (aqua dotted line) SCD.
(‘Shimada et al., 2024; *Tsugaya et al., 2025)

FRTHRGTOBRETIRDDIINA FL— b=
WCE &b o> TWADZ &K L, TBA-carboxylate SCH
DT b ARENTBA-NT 4 FARSCHOH & & 1) & B4k
ThHhHILERBELTNS.

3.2 SCHOERIGEXRZXA T IER
BRILEEK (0) H—F v 1) 7 TERENLYE, Nernst—
Einsteinz;(7) Ttk TX 5.

Dce?

T=T )

C ZCDIZEMF v ) T OWERE, c3EWF )T
IE, eldBAER, HIR VY < VB, TIEREZET.
FAZh 72 & 912, TBA-Br SCHO [ fi fhh F- 92 Bk &,
SCHHYDF % ) 71370 b THhHb. ZD70 b Uil
Bk % 3 % 72 121%, Nernst-Einsteini\ D Z $ T
%, SCHHOILEREDE 7a b VigkEck g T 2 0%
V5.

70 ORI % HEE T 5 729 12°H NMR
EHOWTKRSTFDOFT A F I 7 A% F72. TBA-Br, TBA-
Cl, TBA-F, TBA-For, (TBA),-Oxa, (TBA),-Glu semiclathrate
deuterate (SCD) DHLIN)V A AR IV TIX, DO+ DF
BLIMEEN R 2 ¥ — 7 3Bl S 7z, A Y VA& Ti%
FIRERT (7)) OWEEAKAE (K5) 2 /5 &, T4 FRSCD

&2 : TBA-Br, TBA-Cl, TBA-F, TBA-For,(TBA),-Oxa,
(TBA),-Glu SCHIZ 351F % A ¥ U K& F-#RAIR ] (T,) OHEETH AL
IANVF— (Ey)
Table 2: Estimated Activation Energy (£;,) of Spin—lattice Relaxation
Times (7)) in TBA-Br, TBA-CIl, TBA-F, TBA-For, (TBA),-Oxa and
(TBA),-Glu SCHs.

compound E; / kJ-mol”
TBA-Br-26H,0 16+1°
TBA-CI-30H,0 1441°
TBA-F-28H,0 12+1°
TBA-For-32H,0 22+1°
(TBA),-Oxa-58H,0 18+1°
(TBA),-Glu-55H,0 18+1

*Shimada et al., 2024 °Tsugaya et al., 2025

Tl3243 ~ 293 KO #i P CTHEMMBRIZIZIZR U CTH Y,
W LT AL F— (E,) bIZIEFFA L TH -7 (F82). TBA-
carboxylate SCDIZ DWW T/ T A4 FRSCD & V) & T#EAIRE
BARWHEIICH 72, SR NVAFVIHICE LEE
LEZoNS. LAL, TObThRTHEMEERO#ENE
T, BRIBERORELELZINT LI LIETEL W

F7, NOEHET A VF— (E) 1, BRISERON
PRV F— (E) LD H/AS v, SHIZENIKRGTH
B 727 T, A4 Y RBERTZAVF—, £ F V1
MEAMZANVE—, 70 b JIEROEEILT f L F—
LEDELOTHA.

WIZ, BARIRERISEEL 52539 —20%RHE L
T7ua b VigEREET 5. SCHRIZY AEh/A 70 b
VIR REBERET A 2 LIRS TS B, Uritski et
al. (2009) O LAUE, KB L ice IhdpHAfE X [l —T
Fawas, BEPLNERT. ShESEICLT, &K
g2 i, SCH/KAW OpHEASSCHYT O 71 b Vil EE &
ML Twa &z L7z pHill e H o SCHARAER X,
WS L7z M RSCHE R S8 5 2 & T2
X612 1, TBA-Br, TBA-F, TBA-For, (TBA),-Oxa, TBA-Ace,
(TBA),-Glu SCH®273.2 KIZ B} 2 BAMRER L pHO B R
%7R9. TBA-Cl SCHO BA[RER % M L 721 D KIEH
DOpHEIX6.5TdH - 7275, #HICTBA-CIK A #E OpHAE 15.0
~6SOFPTER LEE L Bholzlz, H6IIZED
otz RODFERA S, BALRER L pHAE O I I3
B2 5 Z Lhvbrd. pHIEAMR (X ) EEMED) SCHIZ
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Figure 6. Relationship between the electrical conductivity (o) at
273.2 K and the pH level of the aqueous solution obtained by the
dissociation of single-crystalline TBA-Br , TBA-F, TBA-For, (TBA),-
Oxa, TBA-Ace, and (TBA),-Glu SCHs. The conductivities of TBA-F,
(TBA),-Oxa, TBA-Ace and (TBA),-Glu SCHs at 273.2 K were
estimated from the extrapolation of Arrhenius plot shown in Figures 3
and 4. (‘Shimada et al., 2024; *Tsugaya et al., 2025)
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A discovery of HS-I structure of clathrate hydrates and its properties

Sanehiro Muromachi'

Clathrate hydrates are compounds in which gas molecules are encapsulated in cage-like hydrogen-bond network
formed by water molecules, and they are expected to be applied to natural gas resources, thermal energy storage,
and CCS technologies. In this article, we describe the formation and properties of a new primitive structure of
hydrates, Hexagonal Structure-1 (HS-I), recently discovered by the authors. By designing ionic guest species, the key
structural units of HS-I were stabilized and its experimental formation was succeeded. Furthermore, phase equilibrium
measurements and gas uptake experiments demonstrated that HS-I has higher gas density than conventional
semiclathrate structures and can stably encapsulate CO,. This achievement is not only the discovery of the final
primitive hydrate structure but also has the potential to lead to new materials for thermal energy storage and gas

capture and storage.
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Clathrate hydrates, semiclathrate hydrates, crystal structure, hydrogen bond, CCS
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Figure 1: A structure of semiclathrate hydrate: Orthorhombic type
tetra-n-butylammonium bromide hydrate.
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5[k &) BEENPFENTWS (Jeffrey, 1984). &
I7FAL—=MIEDONA FL— b EHARTHD TRE
THY, REKET THOARTHET, BRA30 CHREIZE
35bDbDH5 (Dyadin and Udachin, 1987). FEEIIB X #
200 ki/kg & K D355 D2FEFE (Oyama et al., 2005) TlEdH 5 b
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728, ZHEOFHEHIARL LCTHH ST % (Ogoshi and
Takao, 2004; Douzet et al., 2013). X 512, X ¥ ¥ XCO,D
HAETF TR, RAEETORS LD D REVIRETAERL T
HAZRADKT 5HZ EHNTE S (Arjmandi et al., 2007). Z D
72 AGrEE - B & LTRSS, ¥
DIAEEZE 25 L, TNHLOEEXa Y MO —LT 5720
DA = XL OHPEE N TV
CNETEHEELDEOLLDOMREELICE - T, REW
AT TR NYETHLT VI TFVT VEZT LR
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Figure 2: Phase diagram of mixed Frank-Kasper phase. o, Alloys. e,
Clathrate hydrates.
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DR (7FNVIE) OB A XL KR I24RT ¥ E=T L% H
BL, TRHEHWTANAS FL— M2 AT 52 & TR
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Takeya, 2024; Muromachi et al., 2025, 2025). Z D A + ¥4
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Table 1: Summary of basic structures of clathrate hydrate.
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Table 2: Derived structures of clathrate hydrates and semiclathrates.
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Figure 3: Conceptual figure of selectivity on HS-I and its derived structures by guests.
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KB DA F > 0B #4533, CH,, pure water (Adisasmito et
al., 1991) ; CO, , pure water (Adisasmito et al., 1991) ; N3444Br
+ CH,, w = 0.30 (Muromachi et al., 2025) ; N3444Br + CO,, w
=0.30 (Muromachi et al., 2025) ; N4444Br (TBAB) + CH,, w =
030 (Arjmandi et al., 2007) ; N4444Br (TBAB) + CO,, w = 0.32
(Ye and Zhang, 2012) ; N4445Br + CH,, w = 0.32 (Muromachi et
al., 2025) ; N4445Br + CO,, w = 0.32 (Muromachi et al., 2025) ;
N4446Cl1 + CH,, w = 0.25 (Muromachi and Takeya, 2024) ;
N4446C1 + CO,, w=0.25 (Muromachi and Takeya, 2024) .

Figure 4: Comparison of phase equilibrium conditions between
hydrates formed with N444R salts with different side chain lengths.
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—~— Pmma: N4444Br (TBAB) + CH,, w =0.30
—v— Imma: N44448Br (TBAB) + CO,, w=0.32
—— H5-1: N4446C] + CHy, w = 0.25

—d— H5-1: N4446C] + CO,, w=0.25

R®5: A FL— b OREARRE B X OURER & O A -8
D fE & @ L. CS-I: CH, (Adisasmito et al., 1991) ; CS-I: CO,
(Adisasmito et al., 1991) ; CS-II: tetrahydrofuran + CH,, w = 0.19
(Lee et al., 2012) ; CS-II: tetrahydrofuran + CO,, w = 0.19 (Lee et
al., 2012) ; HS-III: methylcyclohexane + CH, (Sun et al., 2002) ;
Pmma: N4444Br (TBAB) + CH,, w = 0.30 (Arjmandi et al., 2007) ;
Imma: N4444Br (TBAB) + CO,, w = 0.32 (Ye and Zhang, 2012) ;
HS-1: N4446Cl + CH,, w = 0.25 (Muromachi and Takeya, 2024) ;
HS-I: N4446Cl + CO,, w=0.25 (Muromachi and Takeya, 2024) .
Figure 5: Comparison of slopes of phase equilibrium curves between
basic and derived hydrate structures.
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Figure 6: Comparison of gas capture density between basic and
derived hydrate structures.
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