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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.
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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 1L 7z.

7 IFALV—INAL FL— Mg, KROTHPHEELFHED
WERZEBRIZ 7 A D31 % Wz L 72 WK T % (Sloan
and Koh, 2008). L Bk WA DS, €N E MU LB 2 T -
JET - MRS 2721, A N E LTHOMNERICWE
ENb. FAMELT, HREETRAETHZWEZTT
B, WARTHLTF IR I URTEIN DL %
KBV S, 27 anRyy RV E I REDKE
WS 2L EENE. F 2 MO BT, N
WA = 2 GEHET B AR ETIR A AR
LH), TIVARER, FAMELTHICUEINEZDLD,
RANTHLKGT L EDITEMEOMEIILSMT 5.
CDEIBIFIAL—=INA FL=12t3IrFAL—
M4 FL— 1 (SCH), & L <&, #WU#kA =7 253K
W CHEBEL CA A+ &% 4729, lonic clathrate hydrate
(ICH) & bIHEN L. HENUMA =7 2 EE2 7 A MEE L
TKRBHZ R LGHT 5 &, KAET TRERSCHA A
B3 5. 13&AEOSCHIZ—BARA (SCHAS M 2 MM 3
% AL (REmHLE) & B DML A L <, mamilR oK%
T CIESCHD 7 IZ & o TRIBROMEAZAL L 2 \vy) D
P RIfRZ /R, B A = 7 A3ESCHO Vi E (5
fRIEEE) 13, F=v 20T =F e nF+ oA ED
I Lo TEL, 0~ 35C OHPHCHREIE L 71 ~
T5ZENTHETH S (Dyadin and Udachin, 1987; Matsuura
etal, 2024). RRHFIHW LMAEDLE T, 68C DFH
g% - OSCHL A9 % (Mooth and Seidel, 1990). 0 ~
35C DHPAIZSRRIE % D OSCHO MR > 7 V¥ — (4
AR 12200 kI/kgRiT#% (Matsuura et al., 2024) TH ), KD
BT I VE—D6EIZEDRKREETHS.

Fxix, W TLY%RED 70X 25 HOGBIR R Wi
TORGHEZME LT, SCHOG I Y # V¥ —IZ{EH
L, EMH LRSS TH 5 SCHEA B AL DB H & B
TLEMOBRIICMY HAZ. BAETL2EEMBETH S
NTG T4 YDA S, SCHOMEN P2 MiEd 5 72
DITIE, MEREIREMEOFEBRA 7 — LT, WH10 ~ 20 K
JEDBEHIE %2 KRB F Tl 2 2 LA%F £ L < (T
M- &, 2024), A7 { & b5 KRR F CMa i 2 Jil 5
LUENRD L, el WL OO N ETHEEGH E W]
TEHEMREERIT->CELD, T TEATYRIELITERE

AR, WBH 2, P Rz

FEIEEBIGICOWT, MANEZ DA XL ZHAL
FHT7 =F Y2 T AEYRRZ T 208 % iR
LRz Lo THET 5.

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 4sME 7% (Lederhos et al., 1996; Oshima et al., 2010) 2S{F1E
LILENERTHLEEZONTBY, &, TV
T 7 A VINTIVHERD—>TH S (Uchida et al., 2016) &
b shTwa, 22Tl 2203 20T, Fr D
FEBRAG R % BER (B OB ) & 72 R 2B ) (v
N T 7 A UNTN)TENRENRNT 575, ZOHRI,
D7 L HSCHRIZB 2 A BV RROEZLERDS,
VETT7AYNTNTIEAEL, BRABEHETH D
EERLTVAD.

2.2 BRIEELIERIEEE

I 2 [T S OFE LT 7V ] TlE, EIEEE L
BEPRALZERDOT, HWilENTEEY 2R EE T
RGTVERD B A XN F L T D EMEMBEERY, MR
B IR T - 0 AL TR IS AGA T, #
BRETAEEZONTWES, Lz T, fIdmg s
T TP ECREENEETH L EER D,

—J, RS THAEE L7220 nmiE L0 T-4EH (2
TAY —EWR) PEBNTHEL, BT - 5 FHAT
E7% K 7 T A Y — R AL & % IF T JL 2 5 AL E
TV (H - RN - T S O % E TV (Ueda et al.,
1995) 7 &) H3ti ST b (Jehanninetal,, 2019). Fh
2, 7 7R — @3S TIE? ) B E 2T 5
CLEBDHBY, RBABERICBWTH 7 IRy — 0%
S, EEFIIREIC BT 2R LERT £ T, 20 mD 7 F
A Y —OREESEML, RIZLoTIE, 60-100 nmd &
IR Y —DEHEARE LT 5 (Uedaetal., 1995) Z &5 D
e S, HURS S XGERIETH E T HAS S CTh 2 &l S
N7-H55h % SMEE OB M TBIS 35 &, B
BRTFOEGERTH Y, FORTI A4 X, BEiRPIcR
BNB7 IR —F721307 5 A5 —BEREFR LA X
THHI LMD, BRPIHFAEL TV FAY — (%
7232 OBENR) B, 1ZFTTOF TR T A EEIC



AT ) TR &N O R 199

Supercooling
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TBA-Br semiclathrate
hydrate crystal

1 : TBA-Br SCHTH 5 7 IE M 7 [ © Ofi it
FE LA OITHBAL | 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.

HoTWbEEZEL %M\ (1) (Ohgaki etal., 1992;
Ueda et al., 1995; Machida et al., 2018).

Fard, WOPDSCHRIZBWT, BERNIIBIT S 2
FAY—DBE, 75 Ay —BHEREAL L LRSI rE
W2 BIE L C X7 (Machida et al., 2018, 2020, 2021, 2025).
Z LC, SCHOMABDEMBIITR D FRAMEEA AT YRR L
BRLTWAZ L%, BHEN L 7)) ks BT B
2 & B ORI BI%: (M2) (Machida etal., 2018) &
/N XHEHGEL 28R (Machida et al., 2020),  f/INBAOR 723 A 24
27MT (Machida et al., 2020) 7z &S5BS L TE 7.
2T, AEVARE S OKEWIET TR —THOHDOL
ENTWVEY, BEFN—RETHL L2 bLLT, X
TVHEE LR VAKBHETIE, 7927 —IZBSICL
PEAEL BT E2s, FERaEL 2T ) ROMKRIE
WoENTHD. 26T, ki, WAL IVEBRE T BMEE
ZHWT, SCHOHKRHD® S 7 I AT — 2R TH T 5
HHE, ;AT —VOREGERET T ORBIE T 5 2
L2 L T L7z (Machida et al., 2025). 25122\ T,
JE D L I mEOBEHBOMB (EE - BTH, 2021; H5,
2025; KH 5,2025) Z B S Rz,

23 YW TFAVNTIVDEEICDONT

SCHIZ, 7 A My fAEIEE TSR TH 2WHE TIE%A
(A=Y L TH D720, Ak, SCHOEK - I 7 IV
FIT A UNTVIIERBRTHS. LaL, BFER
HSCHA K - 7 HMEERED ZE TRV ELR DY, BET
LU R AT 2 L E A H 5. SCHIZKDZELKIE L X

K2 : AEYRRE S DOHREM (a) & D72 % VK (b) 5> 5 H
B 720G L 7Y A RO E BTN R (& S 1RGO
132280-281 KTIZIZME L). X BV RRE S OKBRTIEZ 7 A
Z—THHDLL ENTV LA, BIEFA—EETH D2 00D
¥, AEVMRE D2 HVIKERTIEZ 7 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.

VORBTERBET THo THERT 720, HEKNESIZ,
SCHHAEIZ BT 5 A B YRRICKIZTNT IV (YW T
T7AINTNRED) OFEZHRDLIENTES. K
fFgeCid, B3 (a) IR &) RIMEERBE L IRFTE B4
W HWT, HRBRREEZRYET I EICX o THEFZ
eI HBi L7z, 20X ) ICKBROELED AT
T HEETOME &, BARERZ & LRFHE O KA
TICBI %L %I4T L TR AT RRICHET S
W2 ATV, KR Z L 72,

FEENIE, YANKYBT =4 v CH LA v E
GHWEAMT b 7F VT ¥ EZ Y A ((TBA),-Tar) SCH (°F
fiiRIE T, =279.54 K) % JH\:72. (TBA),-Tar SCHO#E LI,
A EYRIRD 2 WIREETI3268.0£1.5 K GBS HIEL1L5+1.5
K) TH2DH, AFUREIZL H2742£15K GRG HIE
53+1.5K) TS 5 LS SN Tw 5 (Minamikawa et
al., 2024). FEERRERZX3 (b) [ IRT. EAFRLADH I
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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

280 |

T/K

memory effect appears independent of the existence of air.

X 59, SCH%Z#ER L T gl gy HE R Tl1d268 KA}
WECHERAE, R L CSCHZ 524414288 K%°289 KF T
HIRLFGH L7284, 27521 KTHRE L 72, & o 31
SCHOF A BB BT 5 X E U R RICEFLRR DA M
HEEY, UNVNTT A NI, Ll L LSCHA
BV, AEVHMREETISEITEERNTIEIEVW L%
RLTWA, koT, DBEOFEERIZOWTIE, WERZKD
WHEHEET, R]RETCTHEBLZ.

3. XEUNRICRIEIS AT ZF VEDF

3.1 EBRAE

WET HSCHHRE LT, #FF+ VIITBA'TEEL, 7
= VMR EZ BB OB v, £SCHR O ®
ﬁmmfﬂ%L%ﬁﬂm@M%ﬂumﬁow$®xﬁ
Va2 =BGl ERAICERELL A7) a—
O E R 2] WS R, ﬁ%ﬁ%ﬁkL% 7
B, xaul—A®7&®ﬁ B BRI T, B
IR ALE LY Y TV DR i‘i%ﬁﬂttcw% DEY DS

AR, WBH 2, P Rz

%1 TBA-anion SCHRRIZ B 2 PR (T,) & X EYRIRD
IR IRFFILE (T, PRIFIERI3057)

Table 1: Equilibrium temperature (7,,) of TBA-anion SCHs and
border temperature (7,,,..) Where the memory effect can be retained
for 30 min.

anion Ty /K Tooraer ! K (Tbmde,—Teq) /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 2.740.5
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; bDyadin 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

& L7z ARABIREE X, SCHAKEIC X b ENORE
BEEALBEOF vy MEEE L7z, &SCHRIZOW
T, 15A0H ¥ 7V &Rk 5263 KE THH LGk s
B72t%, 02 K/min®# & CSCHF-RE (T,,) %I 2 TH-
TRARIFIRLLE (Toge) FTHAILL,  Tioge CI05HIRIE % IRFF L
72, O, 0.1 Kmin® @ TRGH LML
720 Taga®1OKT D LH-I L0 A0 - SHEHERL,

Bl CHRFF L2 LT X B A B YR RANDOEE 2 R
(Minamikawa et al., 2024). X &R HRAEFRESIOIRE & L
T, BRI A305 L Lz EOXEYRRLRFFTES
KU IE (Toorger) & “PHTRLIE (7o) D7 (Toraer — Teg) & IV 72

3.2 PZFAUVEEXEUNRRFEEDBR

TBA-Br SCH (P f285.7 K) Tid, FilEX 0.5
K5 W BE T300PRFF L 721212 X ) AR AFEBL L 7295,
ST X V1S K 375 200 L2 )RR %E
PREFT & 22 Hh o 72 (Machida et al., 2018). —J7, “EHiiE
X010 KEIRCI0HMEELZRFELTH, 2EYRRE
T 280552 & 2 Wil L C& 7 (Minamikawa et al.,
2024). O LX) ICHBEOTFEIRE L AT HSCHRA T
BLTH, 724 VHICL o TAEVMBEEREETE S
KRR KRESE RS, MIELT, ISEOAZ ) 2—
BOWE L7z, RIERER 230400 & L7z & o sk
FE (Toge) & A B RIROBIR, % 5N A E )RR L IRFF
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.

/K

ATp,

;f‘T\CCOLVC, FfkOWE R LETHRONIFE R E RN E

i E LT, CPREE (T,) ANRWSCHARTIE, A
BYRRVFEIL 2, ZORFFREI MR A 5720 F 7z,
ANKYBET =F Y RIZBWT, A EYREO BRI
T X 72SCHIZ W N dtetragonalii & TH Y, —FH TS
Y4+ Vg (Pro) « Z V% VI (Glu) 7 & cubickik 2 #Ho
SCH% I tetragonalffi i D SCHAR IZ LR T X € Y R HEAFAE
L WA T . Z Midcubick 1 % ## D SCHA 25
M EEAT B & R 2 EICH B 2 E EFRLTNS
o Ltz

E ) HNVKUEET =% >~ (For,Ace, Pro) & I H IR VE
7 =% ¥ (Mal, Suc, Glu) I22WT, AEVYREIRIHT 2
Ui A2 IR R 0 P T & FEOSCHA JLi L 72 & 2 5,
VHVRVEET =F ¥ & ETSCHIZ A £ Y R OHFHRE
L, ANVKRYBT =4 YHIOKERE &S (Lac,
Mala, Tar, Cit) 1%, 5124 E ) ZhREERFRE 2 E L 72
K47 5 IZEUZR L7z X 912, (TBA),-SuciZ12§F ok
Jif 5 % B %2 3712 O T, (TBA),-Mala, (TBA),-Tark * E 1)
MEBFERENBM E L 22 e 320 —BITHE. ThHD
FEAE, CPRAREEATHC A T ) RO ORI &
HBELDOTIE RN E2RL, MAT, KREFHEMWRBIE
bOT7 =k VLK T OMEAEMIC & ) SCHARH D5
SREREDOBEENENM ELTWAZ EZRBLTWVAS. M
54 FZTdHAHTBA-Br SCHIZBWT, *EYREIHD

THWDIL, SCHEE SR KBHICBITABrr =4 VD
DKGFOFEFVE (V@ B [E DKL) A3 TR A
DWED S 5720 & b LA (Shimada et al., 2023).

3.3 XEUMROFHEERE

INFT, BSCHOFAfRIEZ MR, SCHAGEA /iR
Lt%ﬁﬁmﬁhmEU@J?wﬁ%mﬁéﬁhb,EE
WHETHAILTAEVROAFMAMRTE 2 Ll

DY, FrAt OFEFER (Machida et al., 2018, 2020) 75
A E ) R RATSCHE 12 b N I F% 2 R A 8 1R K
T2MERBEBRSO M TdH 5. SCHI O PRFFREH
ZRT D EERSMEPHE T 2T 82 L3/
BICHEC 22 {, SCHAMRB OB, ENHVOl, x
BYRRERFETE Z200HKEN. 22T, W@
T RhH 2R L72(TBA),-Tar SCHRIZ BT, R %
PAL X7 FEEi % 4T 5 72 (Minamikawa et al., 2024). 7 3,
COFBEHEICE T 2 EBRO K, MUNURZEEERER
(Setaram MicroDSC VI IZ CHIE #4175 72.
HWRERSICRT. AEYMEIBH T 2 L274 K
AE A ABICPE D S8 800 — 7 GBI EET,,) MBIZE S B,
TS (T 752882 K72 5 1N2289.2 KIZB W T
ZNENOWSE CRER, SKRMMFEL72BTLR %Lf
AEYRREFI L. —J, 2902 KT, 305 HREL
A IE AT ERB L7228, IR L 235612
W AEYRRTHRL, FSLRE (T,,) 1£268 Kftir&
otz HA% 5 NCEKITRLA X S I, (TBA),-Tar SCH
KT, RERERB0OHBEICBIT 5 XY #h R % RE
TEDRKEIE (Thou) 132907205 KTH 5. Z OFERIT
T RFFIRE (Targed) ¥ Toonaerl LD < AZDNT, AT YRR
DFGIFL BB EERBLTVD

201
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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

ARiTiE, SCHEBHAEHME L LTHHT 272012
AN HEHETH L s H 2 T 5 HEAMICO VT, &
IR DR AMEE A BV RROBEP M L. 2
NE TS HIC LT & 72SCHD# A 1 ##2 (Machida et
al, 2018) %#F 2z % &, \MEHEMHTL-0121%, 75
AT —HRERET DN FAY —OFGEREITL, &
WNTZ A —DORFEEEx VBRI 2 2 L8
HETHDH. XTVHEIL 20255 —0EHait
CHERTBHDTH S, TR, WL OPDOMEHEH

AR, WBH 2, P Rz

LW 2N AT, SCHRICBII 2 AEVRED A A =X
LWL, K7 =4 v EHWSCHRICBIF S AEY
RARDRFERE)) % HLB L 7z

—HT, AEVRRERLRD HETr TAY —ER%E
RAESEFIE LT, HEMHBT v E= 7 2EREE T TR
Wrge e REMA L 7 v IbT VI TFLT VEZT A
(TBA-F) % ffi 5 72315 (Machida et al., 2021) 3% 5. A4
v L O THEMIEAER ST, AT YRR ORI A
B v, SRR EEAT290 KUUF OSCHA TIX, Z O
kL F- E TBA-FIFED AR TH A 9.
BONTEZ AW, 283 KL EcHHIT L&
A T T A OBH & LR Y AT 212K D
FEALERAS I S e (W - )5 2024). I L72SCH
BRERMBONRY ZFH X VIFOEMEELH L,
W% 2 KEEEEIHIH] L 724528, SCHZ HA KT 2 %W
RO ) % KIFICIGR S 5 2 LTy Lz (ITH - &
Ji, 2024). WEEBMELOR M TH 2 [ & 220 % 8 2
BA] Z#AMCRHA LD, AT RIERLMRME T %
FIV TSI 2 JH) WA 2 SCHZ iV 5 2 & T, RFIH 2
IANF—OFMEHCEMTENLLEZ TV,

ST

ARIFEO—IIZ, HEERAME A RIS (NEDO) 0%
FEEZIT AT AN F =< 2T X v MBI AL A
(TherMAT) 7u ¥ = 7 + (JPNP15007), 7z & UNIZISPSEHi
% (JP18K05032, JP22K 05050, JP21J20788, JP22KJ2069) ® Bl
W& 7 7o, KBRS RPBERAE LA S8R Gas-
Hydrate Analyzing System (GHAS) OISR — b & 217
2. 22U, BHOEERT .

SEHR
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