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Abstract — In this study, the crystal structure of clathrate structure I hydrate doped with ammonium fluoride was
thoroughly analyzed with a focus on the encapsulation of epoxybicyclopentane (ECP) and methanol (MeOH). The host
lattice of the hydrate is composed of ammonium fluoride and water molecules, while ECP and MeOH act as guest
molecules occupying the large and small cages, respectively. Powder X-ray diffraction (PXRD) combined with Rietveld
refinement confirmed the formation of structure Il hydrate. The positions of the guest molecules in the cages were
accurately modeled using a direct space method. Visualization and intermolecular distance analysis revealed that ECP is
stably encapsulated in the large cages, while MeOH is stabilized in the small cages through interactions that potentially
involve hydrogen bonding. These findings provide fundamental insights into the encapsulation mechanism of inhibitor-
type guest molecules.

Key words: Clathrtae hydrate, Epoxycyclopentane, Ammonium fluoride, Methanol, Structural analysis

TTo whom correspondence should be addressed. 1. M =
E-mail: minjun.cha@kangwon.ac.kr

This is an Open-Access article distributed under the terms of the Creative Com-
mons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-

S Yo E slo] =#|o] E(clathrate hydrate), Y RF]

o= 3fo]

nc/3.0) which permits unrestricted non-commercial use, distribution, and reproduc- S . 1= - -
any me. P Eo0] & (hydrate)' ® £ 0] SFEHES F4 (host) 2412} 21

tion in any medium, provided the original work is properly cited.

326



oMy B3 B dlFAolE2Ae slo| =0 E W wivhE 25 A PXRD Y Rietveld %2 o] 83 772 24 327

(guest) BA7} )25 A3 o 2§77 07 AHs A2 5to] A E=
FZ 7 3}5=(inclusion compounds)2] AFo]t}, T4 TX}J =
}._ TARASS Tl s AR A FE(cage) TEE B
o] 72 wjel] A AN 7k Hoi= AR 31EE O] IHEe
iﬁﬂ 2778 A BT AA EAE 7R EATEARE A
-, o1& 7} Slo]=d0] E(gas hydrate)2hal 2% ek, AFA A<
A dbAE = T Z A0l 7k sto]E o] E= HEr dlo] = o]
(methane hydrate)Z, =% JT-5ES L HalA Aol )
F71=9) a2 A E vlgke] = el AA R E o] A
ZoItH1,2].
gk lo| =ello] Bt whe] Bl oF 170 wlol) Bah= vt 7faE
A e S AU L Qlo], AT B Aoz A
FERET Qlek, FellE Q1FARl 2700A sto| =0 EE B4
A|A 745 Adshe 71k ofd g}, o) Aksleka g} 22 2417}
714 07 Anlsh= 7)ol
715 Ws} -3 ko 2 Ehits] AR 31 QITH3-9]. o] ¢F A &
7Fs ol E E7skaL, ste|Edlo| B 1 A 7o) UiAlE A=
el S QsIThs FlolA] ALslel] Aloto] wETh1,2].

o_0|Lr—1u:rr

O

lm

53] A 9 7k A el e Slol=elol = e 7t
AYH BAE 078 4 Glek. vho] eel U BAH 02 e
S0} 35S QS A, A fA vlelli= B31 77k Al

e 218 sfo| =0 EX A E] 7ol wlg- A gt

Az, Algto] ZAste] wt sfo] o] E 7o) Tjo]z
A WA 5 WalstA g $d3] Apdehs Ao R
ol gho] 3zl e e e 9l 90 7 o]o] A=
A4 4= 7] Wi, F-5 294 (flow assurance)S &
3171 $18t th o] A7k AaE 2 itk 10-12]. ©]of| whe) 5
395 A= Theket oAA| o] TS A Al A

ZPJ?} A Hok= 2] Far At

A= LR 0 7 J 184 oA (thermodynamic
1nh1b1tor)9]- 5984 A A (kinetic inhibitor)Z TP UH1]. B
Eiga] Mxi]xﬂ]% é}O]EEﬂ 1E 84 =10 AAE WA, = +4

> O Lo N orfo
ﬁd_%_lEoﬁ:.N:
mmﬁéNIO%

°

o

o

™

3418 whal gl o 2 BT o] AAS AR F}
o] 7@‘—1—, ZFAATS 7JsHA) FAE Q= 24 Bx) AAA R

2-(methanol, MeOH)° | L} o€ dlZ2] =

%3}7% skghzo] ol s ZEHei{1,10].

o] Al ET}% ekl 7] Sf8l vlaA] g ko] o

w3 @Ro] vk vk, 598 oAl sto] =lo] B WA

g AJATI= A 07 Agsi, Tl Aol gakE Ut

2
@ e o] Qi) Zn)d 9 & 2] = (polyvinylpyrrolidone) 7
2 @A Eo] FoleA AR Z ARETH1,13].

hyA

Hek A&l I slo| Elo] EX}
B A= 17} o]o]#], sto]=do] E G/ el gt 2H8-7]
(functional group) F A AR UE AT HavF A&

3 Qlet & ,"EL A Bl o= L8 (14-17] &t
2118-20], ﬂ%%[21-24] =2 BkA AR o) 2] Z7te|| wa) Exlrt
7 Apdol S7kste] ol YellA o] Age] wetA|ar, A4
O = sto|=go]E T2 ol AA| FAkE EAE 7FsAdo] A7 E

SIT}. Bobev$} Tait(2004)= wlghS-o] wgh/o]Akslgks sto] =
go]Ee] g4 solA oA 4 a3E 1Y 7 la= Al
AlBEATH25]. TRk o] A, mlekEo] Azl 3 dlel] 24 24+

ﬂm}o

A ool A= WeakA BelA] kit
FHZo= & Aol A T 7 Yol E31E 5 (ammonium
fluoride, NH,F)& T4 0 24, Weh& w7} -2 5491 4954
ARNA7E 25]8 55 el 23349 5= vk A2 A7 At 1
IEQITH26-29]. ol gt A= R TR ot I T
Z H ol =go] EoM i gR1E 3l o1, 7]E slo] =o] E oA
Alell thgt A4S ASA 5 = T3 HAE Al et 539
3R E e TA7F stel=dlol E A% o] Ar)A 9l Aaddt
Ao Ag-E 2o M, slo|=ao| E AR Y A7 -8 (erystal
engineering)®] /M35 EUE F = 7S AovhE HellA

SHEA], AR A oj o7t A

o] AFrelM= & 1l gfol EHlo] EE A= Ao w
of A Ato]E 2 H & (epoxycyclopentane, ECP)S- 310| 0] E &
A= AR}, Eﬂ?}lxﬂ-ﬁo] SESPE A AHlo| HRkE-S 3718k
slo] =0 ES AR F, wehEo] slo] =0 E - 7 viell
FRHEAE FERACE 71 O}J—X} 33Tt o] & 218l i XA
ﬂ AW (powder X-ray diffraction) S AMHE-3Fe] A% F2E 49
© 1, Rietveld “d # ¥ (Rietveld refinement)™} 25 &7t 3|

(dlrect space method)E 3 #-8-5l0] A} ] YA} AF 4

A5 e AT B3k slo] =Hjo) E v -2 Akt
A W AA A 3P AT ARG AR 9 718 FAE B
A, sto|Elo|E 3 of A 2] 23] o 5 glstarat
sl

mlm

R
Rl 4o o2

o

_1_4

\:
Sy

ol
o

2.4 o
o] ATrol] AREHE Ak th3- 3 At} £33 H (ammonium
fluoride, NH,F, 98.0 mol%)<> Sigma-Aldrich = 5-E], | &F-2(methanol,
CH;0H, 99.9 mol%)<>- 53} Sigma-Aldricholl 4], ol Z-A]A}o]
£ 2 9 B (epoxycyclopentane, ECP, CsHgO, 97.0 mol%)< Tokyo
Chemical Industry®l A, Z&8]3 <5 (distilled water, H,0)+
Samchun Pure ChemicalZ-E] T3]3} A §lo] ARSIt
slo|EHo|E AlRE Alxs] $18l, WA 25 mol%S] S EE 2
EIIE g FENS AxEth B3 EE 7890 sEE F
of oF 27 mol‘V& Ao, o] AFer = dAS BIIEE
FE&A AxE flste, Aol 2z v]A]A] X3k 25 mol% &
A=) gﬁ}ﬂ}aﬁ TENOR FE A7) AlxE S
A 4 el mlo] A2 T3S o] g-3to] B FEE Holrty w5
WISt A E A FH S B3 E 8 S A
Z7914 100 um ©)8F2] JAZ =) om, o] F 203.15 K=
A A2 WEael 5 AR FRF Baete] 25 HEPS o] F
skl
sto]Ego]E FA o) AbE-E= f7] 3 EE EFES olFAIAL
o] Z 2 Alet} WErS-S EH](molar ratio) 1:22] H|E(7-3 11 3}°]
Co]Eef tgt 532 o] vl&, & 5542 53 = 8:16)%

E3slo] U3 203.15 K] W% gg0llA 5 A1 Fok WZhAIH
th, W7zt Bl ny 89 Be WhE (7] el Aot
Helom, £33 A5 20 mL Hio| o) Hol Wgsh H, 5dsh A
2 273(203.15 K)ollA] oF 5 Uzt 433t oPO]CEﬂO] o] A4
Ql P& FEskslth FdE slol =l E MERY 14%‘:4 el
F 3RS AABH] S8, A2 37(203.15 K)ollA J5 HZE

Korean Chem. Eng. Res., Vol. 63, No. 3, August, 2025



328 e

o] 8-5ef oF 6 A3k F<t 2et A2l SR o] Il A A
Z4 slo| =] E o] o FF o] EAH9E 7ol &
AL o] F, sto]=ao] E AES AL 20 ThA] 3 W
45 pm ©]8k9] 31 ek el BafEo] HF AR ARE I

A& B sto]| ZH o] E Al 5 & E871E57] A 54 (Pohang
Accelerator Laboratory, PAL)S] 2D ZaA} A7 8k "2} (supramolecular
crystallography beamline)& ©]-8-3t0] A= ITH30]. &2 A5+
W73 0.635 mme] Z2]o]v] = B (Antylia Scientific, Vernon Hills,
IL, USA Al &)l 4% 3, x4 114 2 v E{(MiTeGen, Ithaca,
NY, USA)¢} I E o] A7 x| A=t glet. 221 31 olm|x] &
12+ 3] gld o= Agksts dole 3 9 AE] #Y-S PAL
BL2D-SMDC 2}¢13} FIT2D AZE o) 5 Alg-ko] =3 =it
[30,31]. 5% 34 do]E= FullProf Y FOX AZEHo]E &
2-3k direct space method 7] RF Rietveld A 53l 415l oH,
Hop 7AAQ A 21 7129 A Aol AN E E-&
3k tH17,24,28,32-37]. BE PXRD A2 2k 100K &%

A T4 0.9000 AS] TS 0] g5}0] S8}

al

3. Zu} ol pit

ECP:= H] 2] ol WA % 1 elo| =djo| E FAA=, 7159)
T2 11 ste] =8 o] E /g A (Tetrahydrofuran 1= Cyclopentane)©]|
H]3l, AA3] FgE A oA, AA S7FE A S5, 31
H 7k 23 24, Y U A& 7R 9] SHelM ARE 7 A
2ATH23,38-42]. o] o]l whe} o] Ao M= TE 1 Sl =o| EL] &
F5(52%6"} 2R F-5(5) Ulel] ol Z Ao | FZ e K epoxycyclopentane,
ECP)#} ¥ EFE-(methanol, MeOH) 22}+] 7] o] -2 3713}7] $J3),
slo|=glo|EL] A% 2 W A B4k 9% Agol thet A4S
F=85kltt. Fig. 12> A3kl ¥4} B2 wmoln, 7} #xpe] 2=
Materials Studio 2~ E 9] 2] CASTEP 55 (GGA-BLYP model)&
=&l -2 2 3H(geometry optimization)S 7180 2 AlAkE ok
[43,44]. H A 3E 2o w2, ECPY Ao ¥4 Ho]= o
6.717 AZ Al oH, o= T2 I fo| 20| EL] & 55 4
<k 6.9 A)R T} Zo} et F o FH o] 7}5dHS HolFEtH1.2].
NFAAO] ZE RS A4 A FHA] 2879} A ©elra 3L
25 Aol Zhe 722 8l B3 3 Al AEoF 2 11 8
o|EHO|EE A= o R dEiA] QItH23]. ol & v o R 2
Aol A= Bl Raro] EFHEA] 942 ECP to| |0 E AlX
El(ECP + H,0)¥}, B3} Fo] =3 ¥ ECPY} W gL A]~H
(ECP + MeOH)S th} o = slo|=go]|E A 82 A %8}lal, 734

S4E vl B,

L

:-:‘i_lxr

|

)=}
34

(b)

J: Hydrogen
@: Carbon
©: Oxygen

Fig. 1. The optimized molecular structure of (a) epoxycyclopentane
and (b) methanol.
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Fig. 2. Supramolecular crystallography patterns of (a) (ECP + H,0) and (b) (ECP + MeOH) clathrate hydrates measured at 100 K.
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Table 1. Atomic coordinates, isotropic temperature factors, and site occupancies for (ECP + H,0) hydrate

Atom X y z B(A?) Site occupancy
Wal 0.12500 0.12500 0.12500 3.115(256) 8.000
Wa2 0.21621(13) 0.21621(13) 0.21621(13) 4.235(173) 32.000
Wa3 0.18211(7) 0.18211(7) 0.36968(12) 4957(97) 96.000
LG1 (CH, in ECP) 0.34400 0.46342 0.36734 10.672 7.905
LG2 (CH, in ECP) 0.29633 0.38933 0.38868 10.672 7.905
LG3 (CH, in ECP) 0.35176 0.31927 0.37333 10.672 7.905
LG4 (CH in ECP) 0.43287 0.35342 0.38153 10.672 7.905
LGS (CH, in ECP) 0.42828 0.43892 0.37784 10.672 7.905
LG6 (O in ECP) 0.44356 0.39999 0.45204 10.672 7.905

Table 2. Atomic coordinates, isotropic temperature factors, and site occupancies for (ECP +MeOH) hydrate.

Atom X y z B(A?) Site occupancy
Wal 0.12500(0) 0.12500(0) 0.12500(0) 9.031(177) 8.000
Wa2 0.21814(7) 0.21814(7) 0.21814(7) 2.126(68) 32.000
Wa3 0.18306(4) 0.18306(4) 0.37215(9) 6.436(58) 96.000
LG1 (CH, in ECP) 0.25811 0.42355 0.36127 9.524 7.738
LG2 (CH, in ECP) 0.28161 0.36098 0.42340 9.524 7.738
LG3 (CH, in ECP) 0.33738 0.30310 0.38022 9.524 7.738
LG4 (CH in ECP) 0.37232 0.35139 0.31418 9.524 7.738
LGS (CH, in ECP) 0.32522 0.42278 0.30285 9.524 7.738
LG6 (O in ECP) 0.40266 0.42753 0.33935 9.524 7.738
SG1 (CHj; in methanol) 0.93553 -0.02383 0.95011 10.655 13.658
SG2 (OH in methanol) 0.99334 0.02226 0.98874 10.655 13.658

: Oxygen in Epoxycyclopentane
: Carbon in Epoxycyclopentane
) : Oxygen in Hydrate Cage

: Hydroxy group in methanol

: Carbon in methanol

Fig. 3. Distribution of guest molecules in small and large cages of
(a) (ECP+H,0), (b) (ECP+MeOH) clathrate hydrates with
full symmetry.
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oA S g ek A0 7 FAETH Wb MeOH:= 2 E39) Fig. 4. The ECP and methanol in in the large (5'°6") and small (5'%)
— o - . - D cages of (a) (ECP + H,0), (b) (ECP + MeOH) clathrate hydrates
SlollA Blojd fx]ofl EAjeh, g2 o & nithg Al 24 @ obtained by Rietveld analysis with direct space method.

Korean Chem. Eng. Res., Vol. 63, No. 3, August, 2025



BRI E TS B3 B0 ERE

S HolFar gl
7y A EA E AR 2k # A A ¥ ol (Fig. 4) (ECP +
H,0) AlZ~Elel| 4] ECP-+-H,0 7t A 2] 2.96 A, (ECP + MeOH) A| 2~
o)X= ECP---H,0 7+ 18] 2.5 A, MeOH:--H,0 7} 7g] 2.38 A=
S = ek o] B dWkAQl 23 do] H2l(3.0 A o]sh)
dlell e, A T':Z}'ﬂ' A FAAT e A s A
£5 B8l A7 el egd oz x|gs skt 53], &3
REo] B33 (ECP + MeOH) slo|=go| Eo|A] A1) Eats} &
2} 7ke] H 2 A% Ao]7} (ECP + MeOH) AZol| 4] Atz o2
He AR A Eo], e FAAT Y 7S HolFE A
© & o] AZIT},
) FAE, -2 AikE 0 7 slo| =g o] E &A)S oA|shs
Agodehn] oA DA JgolE B-atar, # Aol v
o] sto|=go|E A U T3l QAR EEE s
At o) wWEekgo] S48 Zh= -OH 2H47] 9} ), A5 )
(-CHy)E 7L 3)o], slo| =o) E B UlF-2] 4 a2t 8-
A3 &3 es RolErh Yok, NH,/F o2 EA17}
& A FAAT UES TS A7) aL, Hlehe ) e AR
A7y oA o g T34 4= Qs 38 A FBIS 7o) =tk
] o O BFA] o%z-]];q]g] 7],7.-_ 7H1/ﬂ° ZHOHHGLAO]L /\@ ']EL

AR A-gsh, o] 7 2] FdolA BuH Ay} AX|sh= dideltt
[27,28]. YRFA O 2 E3IQIR 0] T3 71X slo| B0 EL A
HEYS EPISHA vt A 02 delA Qlrh47]. vekSo] ¥32
3RS 23S B9 7ol EEehRge] S EA] gk
ECP 3fo]E#o| E Al ~Hlo|| B3] alE AlS] 4 HL md e
° 7 gigEn], 5 XEAQ ATE FI EotEEe
k2] 3] gt A% Qe A7 st toi
olZ|st A= ol Edo] E AAE W] B3R J—%
slo|Edlo|E A% 28] 54E Al 5 e 7HsAdS AAIE
T 9lom, sto]=Ho|E A28 U] A7 ¥ 8H(crystal engineering)S]
M =YL Fall stel=alo]E uf 54 Ake] deA] X 7Fs7d
4 o] &85k 7] A 7] At ArE Al Eti21.48-51].
53], mleh& 3} 22 1St 7] &AL sl Eglo|E 3 vl
R glgo] ERlge) wht, 7129 sto| Edo] E A B
A o] F2F wAUS tigt Aart E e sheh 9 A ek
o2&, BAs %8N (molecular dynamics) A]E2|o]A S 3l 5}0]
o] E Y AA| Prx}g] A2 g, A E A ollU ] WskE
nEgro 7, Bk s Aofshz] wAUS siAo] 7ks e Zlo]
(= R N B R d’—’F(radlal distribution function)& &3l 74
A FApe} FA A2 o] AR AT FE Y sAAR 9 g5

gesleh slo] Akt

mEPE rﬂ

)

o o
ﬂllo r_?{J bt o
R

ﬂ

oHﬂ o mo{'

Y

4.4 E

 ATeM= SRt w i B 7IRke R A E slo|EgolE
A 72 el oﬂﬂ‘ml/‘}olﬂiﬂ% gl Hehe-& A A= £8]
stod, o] 59 T Aw 9 A 2 5L B 53], &
sjotn o] =39 slo] =g o] E A AElo] 4255 & /]uk slo| =g
o|Eg} nluste] F2A 0% ojuf gt JFe WEAE My staat
sttt sto]=go] E x BA1L A2 270 g
XA 32 (PXRD) S 7]19FC 2 | Rietveld 7 #H 7}

&

o o
of Mr

N Jlﬂ
(e =)

e} slolEglo]E U WlEkE % 27 PXRD Y Rietveld A& 0] 231 13 24 331

3235 (direct space method)= 3l 28 3}0‘] TSI A Ay
FEANEE X ISP EolER &
=39 sto|=Ho|E A 7-29] A }%L/F'E =
TZ 1 St Eglo] ERT) ZolA] = 75 A

AR 2 A= AHE A% 2 E e E A4 9 AR
g Fall ERAE QA ol FA Ao | F 2 AT T (5%
ol ePg A o & QA8 om, WEke-2 22 F3(5'%) dlefl
A & AAele] A3 A7l (2.38 A)E B a2 F HE U
== Ao r ghelfitt & A= 7]l JAAE SR
Hgkeo] slo|Edjo]E A} el A o w2 230 o leS
AP ow ﬂ”ﬁ"ﬂ‘ﬁg‘ﬂ A7AR] 23k EFo] sto|EgolE
ZAR}ol| m A= FoFe TRA 07 RIS o] 2] et AT A=
TR O}O]EE]O]—E—Q E3 EAT AR A e it ol E B
o zx, AeA 4 7INke] sfo|EYo|E 3-8 7] s 7]
2 ARE AT F Ys 0= 7dEnt

ru —HN'
Fﬁ{i
O
o
g
i
L b

zZ Al

o] = 2023\ A vieta vjets|Ale] A& o} =3 E
Ao, ofel] ZIAF=FH UL BEgh, o] A= kel A] 7137t
A (KETEP)# thehl = A1) A (MOTIE) 2] A ¢l& gk
w(ZAH S 20224000000080), ©]of] ZFAF=ZHU T},

References

1. Sloan, E. D. and Koh, C. A., “Clathrate Hydrates of Natural Gases.’
3rd Edition, Boca Raton, FL(2008).

2. Sloan, E. D., “Fundamental Principles and Applications of Nat-
ural Gas Hydrates, Nature, 426(6964), 353-359(2003).

3. Ko, G, Lee, J. and Seo, Y., “Separation Efficiency and Equilib-
rium Recovery Ratio of SF, in Hydrate-Based Greenhouse Gas
Separation)” Chem. Eng. J., 405, 126956(2021).

4. Seo, Y., Lee, S. and Lee, H., “Experimental Measurements of
Hydrate Phase Equilibria for Carbon Dioxide in the Presence of
THF, Propylene Oxide, and 1,4-Dioxane}’ J. Chem. Eng. Data,
53(12), 2833-2837(2008).

5. Kang, S.-P. and Lee, H., “Recovery of CO, from Flue Gas Using
Gas Hydrate: Thermodynamic Verification through Phase Equi-
librium Measurements, Environ. Sci. Technol., 34(20), 4397-4400
(2000).

6. Lee, S., Park, S., Lee, Y. and Seo, Y., “Thermodynamic and *C NMR
Spectroscopic Verification of Methane—Carbon Dioxide Replace-
ment in Natural Gas Hydrates, Chem. Eng. J., 225, 636-640(2013).

7. Eslamimanesh, A., Mohammadi, A. H., Richon, D., Naidoo, P.
and Ramjugernath, D., “Application of Gas Hydrate Formation
in Separation Processes: A Review of Experimental Studies J.
Chem. Thermodyn., 46, 62-71(2012).

8. Babu, P, Linga, P., Kumar, R. and Englezos, P., “A Review of
the Hydrate Based Gas Separation (HBGS) Process for Carbon
Dioxide Pre-Combustion Capture}’ Energy, 85, 261-279(2015).

9. Cha, I, Lee, S., Lee, J. D., Lee, G. W. and Seo, Y., “Separation of
SF¢ from Gas Mixtures Using Gas Hydrate Formation) Envi-
ron. Sci. Technol., 44(16), 6117-6122(2010).

10. Park, K. H., Jeong, D., Yoon, J. H. and Cha, M., “Experimental

Korean Chem. Eng. Res., Vol. 63, No. 3, August, 2025



332

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Bl

Measurements of Phase Equilibria Conditions for Methane Hydrates
Containing Methanol/Ethylene Glycol and NH,CI Solutions?
Fluid Ph. Equilib., 493, 43-49(2019).

Sloan, E. D., Koh, C. A. and Sum, A. K., “Natural Gas Hydrates
in Flow Assurance] Burlington, MA (2010).

Lv, X. F, Shi, B. H., Wang, Y., Tang, Y. X., Wang, L. Y. and Gong,
J., “Experimental Study on Hydrate Induction Time of Gas-Sat-
urated Water-in-Oil Emulsion Using a High-Pressure Flow Loop.’
Oil Gas Sci. Technol. - Rev. IFP Energies Nouvelles, 70(6), 1111-
1124(2015).

Ke, W. and Kelland, M. A., “Kinetic Hydrate Inhibitor Studies
for Gas Hydrate Systems: A Review of Experimental Equipment
and Test Methods]” Energ. Fuel, 30(12), 10015-10028(2016).
Alavi, S., Takeya, S., Ohmura, R., Woo, T. K. and Ripmeester, J.
A., “Hydrogen-Bonding Alcohol-Water Interactions in Binary
Ethanol, 1-Propanol, and 2-Propanol+Methane Structure II Clath-
rate Hydrates)’ J. Chem. Phys., 133(7), 074505(2010).

Sizikov, A. A., Manakov, A. Y. and Aladko, E. Y., “Pressure Depen-
dence of Gas Hydrate Formation in Triple Systems Water—2-
Propanol-Methane and Water—2-Propanol-Hydrogen,” Fluid Ph.
Equilib., 425, 351-357(2016).

Cha, M., Shin, K. and Lee, H., “Structure Identification of Binary
1-Propanol+Methane Hydrate Using Neutron Powder Diffraction)’
Korean J. Chem. Eng., 34(9), 2514-2518(2017).

Park, K. H., Shin, K. and Cha, M., “Spectroscopic Observations
of Host-Guest Hydrogen Bonding in Binary Cyclopropanemeth-
anol Plus Methane Hydrate] J. Phys. Chem. C, 123(44), 26777-
26784(2019).

McGregor, P. A., Allan, D. R., Parsons, S. and Pulham, C. R,
“The Low-Temperature and High-Pressure Crystal Structures of
Cyclobutanol (C4H,OH); Acta. Crystallogr: B, 61, 449-454(2005).
Youn, Y., Cha, M. and Lee, H., “Spectroscopic Observation of
the Hydroxy Position in Butanol Hydrates and Its Effect on Hydrate
Stability,” ChemPhysChem, 16(13), 2876-2881(2015).

Park, K. H., Kim, D. H. and Cha, M., “Spectroscopic Observations
of Host—Guest Interactions Occurring in (Cyclobutanemethanol
+ Methane) Hydrate and Their Potential Application to Gas Stor-
age) Chem. Eng. J., 421, 127835(2020).

Lee, B., Kim, J., Shin, K., Park, K. H., Cha, M., Alavi, S. and
Ripmeester, J. A., “Managing Hydrogen Bonding in the Clathrate
Hydrate of the 1-Pentanol Guest Molecule] Crystengcomm, 23,
4708-4716(2021).

Park, K. H., Kim, D. H. and Cha, M., “Spectroscopic Identifi-
cations of Structure I Hydrate with New Large Alcohol Guest
Molecule (Cyclopentanemethanol), Chem. Phys. Lett., 779, 138869
(2021).

Seol, J., Park, J. and Shin, W., “Epoxycyclopentane Hydrate for
Sustainable Hydrate-Based Energy Storage: Notable Improvements
in Thermodynamic Condition and Storage Capacity, Chem. Com-
mun., 56(60), 8368-8371(2020).

Park, K. H., Kim, D. H. and Cha, M., “Structure Identification of
Binary (Cyclic Alcohol Guests + Methane) Clathrate Hydrates
Using Rietveld Analysis with the Direct Space Method, Chem.
Phys. Lett., 806, 140054(2022).

Bobeyv, S. and Tait, K. T., “Methanol - Inhibitor or Promoter of
the Formation of Gas Hydrates from Deuterated Ice?) Am. Min-
eral., 89(8-9), 1208-1214(2004).

Korean Chem. Eng. Res., Vol. 63, No. 3, August, 2025

A5 - A

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

e

Shin, K., Udachin, K. A., Moudrakovski, 1. L., Leek, D. M., Alavi,
S., Ratcliffe, C. L. and Ripmeester, J. A., “Methanol Incorporation
in Clathrate Hydrates and the Implications for Oil and Gas Pipeline
Flow Assurance and Icy Planetary Bodies) Proc. Natl. Acad.
Sci. U.S.A., 110(21), 8437-8442(2013).

Shin, K., Moudrakovski, 1. L., Davari, M. D., Alavi, S., Ratcliffe,
C. L. and Ripmeester, J. A., “Crystal Engineering the Clathrate
Hydrate Lattice with NH,F,” Crystengcomm, 16(31), 7209-7217
(2014).

Kim, D. H., Park, K. H., Cha, M. and Yoon, J.-H., “Structure
Determination of Clathrate Hydrates Formed from Alcoholic
Guests with NH,Cl and H,0? Korean J. Chem. Eng., 39(8),
2211-2216(2022).

Semenov, A. P., Tulegenov, T. B., Mendgaziev, R. 1., Stoporev,
A. S., Istomin, V. A., Sergeeva, D. V., Lednev, D. A. and Vinokurov,
V. A., “Dual Nature of Methanol as a Thermodynamic Inhibitor
and Kinetic Promoter of Methane Hydrate Formation in a Wide
Concentration Range?’ J. Mol. Liq., 403, 124780(2024).

Shin, J. W., Eom, K. and Moon, D., “BL2D-SMC, the Supramo-
lecular Crystallography Beamline at the Pohang Light Source II,
Korea) J. Synchrotron Radiat., 23, 369-373(2016).
Hammersley, A. P., Svensson, S. O., Hanfland, M., Fitch, A. N.
and Hausermann, D., “Two-Dimensional Detector Software: From
Real Detector to Idealised Image or Two-Theta Scan} High
Press. Res., 14, 235-248(1996).

Rodriguez-Carvajal, J., “Fullprof: A Program for Rietveld Refinement
and Profile Matching Analysis of Complex Powder Diffraction
Patterns (ILL, Unpublished),’ Physica B, 192(55), (1993).
Favre-Nicolin, V. and Cerny, R., “Fox, ‘Free Objects for Crystallog-
raphy’: A Modular Approach Toab Initiostructure Determination
from Powder Diffraction} J. Appl. Crystallogr., 35(6), 734-743
(2002).

Park, K. H., Cha, M. and Park, C., “Structural Characterization
of (Epoxycyclopentane+Methane) and (Epoxycyclopentane+ Hydro-
gen) Clathrate Hydrates, Korean J. Chem. Eng., In Press(2025).
Kim, D. H., Park, K. H. and Cha, M., “Rietveld Analysis of Binary
(2,5-Dihydrofuran+Methane) and (2,3-Dihydrofuran+Methane)
Clathrate Hydrates, Korean J. Chem. Eng., 41, 869-877(2024).
Park, K. H., Kim, D. H., Yoon, J.-H. and Cha, M., “Tuning
Cyclopropanecarboxaldehyde Clathrate Hydrates for Enhancement
of Methane Storage] Chem. Eng. J., 477(1), 147015(2023).
Park, K. H., Kim, D. H. and Cha, M., “Phase Equilibria and
Spectroscopic Identification of Structure II Hydrates with New
Hydrate-Forming Agents (Cyclopropylamine and Cyclopentyl-
amine); J. Phys. Chem. C, 126, 13585-13594(2022).

Chen, S., Wang, Y., Lang, X., Fan, S. and Li, G, “Rapid and High
Hydrogen Storage in Epoxycyclopentane Hydrate at Moderate
Pressure) Energy, 268, 126638(2023).

Hao, B., Wu, W., Guo, Y., Thanh Pham, V., Li, C., Zhou, Y. and
Zheng, Q., “Potential Applications of Epoxycyclopentane at
Ambient Temperatures in the Synthesis of Natural Gas Hydrate
Suitable for Storage and Transportation Conditions, Fuel, 372,
132116(2024).

Lee, S., Seo, D, Lee, Y., Yang, W., Moon, S. and Park, Y., “Enhanc-
ing Hydrate-Based Natural Gas Storage Capacity Via Optimal
Concentrations of Epoxycyclopentane]” Chem. Eng. J., 502, 157992
(2024).



41.

42.

43,
44,

45.

46.

47.

48.

BRI E TS B3 B0 ER2 A Slo| =0 E )] Weke 3] A PXRD  Rietveld JHH-S 0] 83 12 4 333

A=} [¢]

Moon, S., Lee, S., Ahn, Y.-H. and Park, Y., “Abnormal Thermo-
dynamic Promotion and Tuning Behavior of Epoxycyclopentane
for Its Implications in CO, Storage] Chem. Eng. J., 425, 130647
(2021).

Chen, S., Wang, Y., Lang, X., Fan, S. and Li, G, “Phase Equi-
librium of Hydrogen Clathrate Hydrates with Propylene Oxide
and 1,2-Epoxycyclopentane] J. Chem. Eng. Data, 68(5), 1184-
1190(2023).

Dassault Systemes, “Materials Studio;’ 2022 HF1, San Diego.
Segall, M., Lindan, P. J., Probert, M. A., Pickard, C., Hasnip, P.
J., Clark, S. and Payne, M., “First-Principles Simulation: Ideas,
[llustrations and the Castep Code}’ J. Phys. Condens. Matter, 14,
2717(2002).

Takeya, S., Udachin, K. A., Moudrakovski, I. L., Susilo, R. and
Ripmeester, J. A., “Direct Space Methods for Powder X-Ray Diffrac-
tion for Guest—Host Materials: Applications to Cage Occupancies
and Guest Distributions in Clathrate Hydrates, J. Am. Chem. Soc.,
132(2), 524-531(2010).

Momma, K. and Izumi, F., “VESTA 3 for Three-Dimensional Visu-
alization of Crystal, Volumetric and Morphology Data} J. Appl!.
Crystallogr., 44, 1272-1276(2011).

Park, S., Lim, D., Seo, Y. and Lee, H., “Incorporation of Ammo-
nium Fluoride into Clathrate Hydrate Lattices and Its Significance
in Inhibiting Hydrate Formation Chem. Commun., 51(42), 8761-
8764(2015).

Lee, B., Shin, K., Alavi, S. and Ripmeester, J. A., “Effect of
Ammonium Fluoride Doping on Nitrogen, Oxygen, and Methane

49.

50.

51

Clathrate Hydrates, Energ. Fuel, 36(18), 11123-11131(2022).
Kim, J., Shin, K., Alavi, S. and Ripmeester, J. A., “Effect of Metha-
nol Guests on Thermal Properties of NH,F-Doped THF Clathrate
Hydrate} Energ. Fuel, 36(18), 10504-10511(2022).

Kim, J., Lee, B., Shin, K., Kang, S.-P,, Park, K. H., Cha, M., Alavi,
S. and Ripmeester, J. A., “Incorporation of Ammonium Fluoride
and Methanol in Carbon Dioxide Clathrate Hydrates and Their
Significance for Hydrate-Based Gas Separation, Ind. Eng. Chem.
Res., 60(30), 11267-11276(2021).

Shin, K., Moudrakovski, I. L., Ratcliffe, C. I. and Ripmeester, J.
A., “Managing Hydrogen Bonding in Clathrate Hydrates by
Crystal Engineering Angewandte Chemie (International ed. in
English), 56(22), 6171-6175(2017).

Authors

Ki Hun Park: Post-doc, Research Institute for Earth Resources, Kang-
won National University, 1 Kangwondaehak-Gil, Chuncheon, Gangwon
24341, Republic of Korea; pkh9312@kangwon.ac.kr

Dong Hyun Kim: Graduate student, Department of Energy and Resources
Engineering, Kangwon National University, 1 Kangwondachak-gil,
Chuncheon, Gangwon 24341, Republic of Korea; 201210446@kang-
won.ac.kr

Minjun Cha: Professor, Department of Energy and Resources Engi-

neering, Kangwon National University, 1 Kangwondaehak-gil, Chuncheon,

Gangwon 24341, Republic of Korea; minjun.cha@kangwon.ac.kr

Korean Chem. Eng. Res., Vol. 63, No. 3, August, 2025



