Korean J. Chem. Eng., 39(8), 2211-2216 (2022)
DOI: 10.1007/s11814-021-1044-5

PISSN: 0256-1115
eISSN: 1975-7220

Structure determination of clathrate hydrates formed from alcoholic guests
with NH,F and H,O

Dong Hyun Kim™*, Ki Hun Park™*, Minjun Cha™**", and Ji-Ho Yoon™******1

*Department of Integrated Energy and Infra System, Kangwon National University,
Kangwondaehak-gil, 1, Chuncheon-si, Gangwon-do 24341, Korea
**Department of Energy and Resources Engineering, Kangwon National University,

1 Kangwondaehak-gil, Chuncheon-si, Gangwon-do 24341, Korea
***Department of Energy and Resource Engineering, Korea Maritime and Ocean University,
727 Taejong-ro, Yeongdo-gu, Busan 49112, Korea
****Department of Convergence Study on the Ocean Science and Technology, Ocean Science
and Technology (OST) School, Korea Maritime and Ocean University, Busan 49112, Korea
(Received 17 November 2021 « Revised 9 December 2021 o Accepted 16 December 2021)

Abstract—The characteristic behavior of alcohol guest inclusions and interactions occurring within binary cyclobu-
tanemethanol (CBM)+methanol (MeOH) and cyclopentanemethanol (CPeM)+MeOH hydrates with hydrate lattices
consisting of NH,F and H,O was investigated using crystal structure analysis with Rietveld refinement. The crystal
structure of our hydrate systems was in the cubic Fd-3m space group. CBM or CPeM was captured within the large
5'%6" cages of structure 1T (sIT) hydrates, but the effective molecular size of CBM and CPeM was larger than the large
cavity size of common sII hydrates. Therefore, the hydroxyl moiety of the CBM and CPeM could interact with the host
framework of clathrate hydrates via hydrogen bonding, Similarly, MeOH was encapsulated within the small 5" cages of
the sII hydrates, but the Rietveld analysis results indicated that the thermal displacement parameters of the encapsu-
lated MeOH were abnormally high, suggesting off-centered positioning of MeOH and potential host-guest interaction
within the small 5" cages of the sl hydrates. These results provide useful insight into the complex nature of host-guest

inclusion chemistry.
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INTRODUCTION

Clathrate hydrates are crystalline inclusion compounds formed
by hydrogen-bonded structures as a host cage and guest molecules
encapsulated within the host cage [1,2]. Due to the ability of clath-
rate hydrates to store or separate gaseous molecules within their
hydrate cages, they receive considerable attention for energy and
environmental applications [3-12]. Conversely; clathrate hydrates are
also a problem in oil and gas pipelines because their formation in
pipelines may cause blockages [13,14]. Therefore, numerous studies
report the prevention of clathrate hydrate formation using chemi-
cal additives [13,14].

Alcohols are common thermodynamic inhibitors of clathrate
hydrate formation via strong hydrogen bonding with H,O, but
recent findings report the inclusion of certain larger alcohol mole-
cules within the hydrate cages [15-27]. Several larger monohydroxy
alcohols, such as propanols (1- and 2-propanol) [15-19], butanols
(1-, iso-, and tert-butanol) [20], pentanols (2-methyl-2-butanol, 3-
methyl-2-butanol, 3-methyl-1-butanol, and 2,2-dimethyl-1-propa-
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nol) [21,22], and cyclic alcohols (cyclopropanemethanol, -butane-
methanol, and -pentanemethanol) [7,23,27], may form cubic struc-
ture II (sII) or hexagonal structure H (sH) hydrates in the presence
of help gas (CH, or Xe). 3-Methyl-1-butanol and 2,2-dimethyl-1-
propanol, in particular, are sII hydrate-forming agents in the pres-
ence of methane gas, but their molecular size is much larger than
the large cavity sizes of common sII hydrates [22]. However, Cha
et al. revealed that the host-guest hydrogen bonding occurring in
hydrate systems allows 3-methyl-1-butanol and 2,2-dimethyl-1-
propanoal to fit into the large cages of sII hydrates [22]. These alco-
hols contain monohydroxy moieties in their molecular structure,
but the inclusion behavior of several larger monohydroxy alcohols
may be due to the balance between their hydrophobic-hydrophilic
parts, suggesting that monohydroxy moieties in their molecular
structures are insignificant in hydrate formation. Unlike several larger
monohydroxy alcohols, direct evidence of methanol (MeOH) en-
clathration within hydrate cages was not reported until 2013 [28-
32], and Shin et al. [33] reported MeOH occupation of the small
cages of slI hydrates using the quenching method for a solution of
tetrahydrofuran-H,O-MeOH at 183 K. However, the cage occu-
pancy of MeOH was only 4.4% at equilibrium [33]. Therefore, the
management of host-guest hydrogen bonding may be critical in
stabilizing the hydrate structure with alcohol guest molecules, and
they suggested the doping of NH,F into the host H,O to demon-
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strate the role of MeOH as a help guest [34,35].

Herein, we demonstrate the enclathration of MeOH and sev-
eral larger monohydroxy alcohols (cyclobutanemethanol (CBM)
and -pentanemethanol (CPeM)) within the small and large cages
of sII hydrates with hydrate lattices consisting of H,O and NH,E
The characteristic behavior of the alcohol guest molecules within
the NH,F-doped hydrate cages was investigated via structural iden-
tification of the binary (CBM+MeOH) or (CPeM+MeOH) hydrates
with H,O and NH,F using powder X-ray diffraction (PXRD) with
Rietveld refinement.

EXPERIMENTAL DETAILS

Distilled H,O (Samchun Pure Chemical, Pyeongtaek-si, South
Korea), CBM (C,H,CH,OH, 98.0mol% purity, Tokyo Chemical
Industry, Tokyo, Japan), CPeM (C;HyCH,OH, 98.0 mol% purity,
Tokyo Chemical Industry), NH,F (98 mol% purity, Sigma-Aldrich,
St. Louis, MO, USA), and MeOH (CH;0H, 98 mol% purity, Sigma-
Aldrich) were used for synthesizing the binary (CBM+MeOH) and
(CPeM+MeOH) hydrates with hydrate lattices consisting of NH,F
and H,0O (H,O/NH,F).

To prepare the binary (CBM+MeOH) and (CPeM+MeOH) hy-
drates (H,O/NH,F), the following procedure was used: NH,F was
dissolved in distilled H,O. A homogeneous 25 mol% NH,F solu-
tion was quenched dropwise at a liquid nitrogen temperature. The
frozen NH,F solutions were crushed to fine powder (~100 um parti-
cles) using liquid nitrogen and immersed in pre-cooled (~193 K)
mixed alcohol solutions. The unit cell structure of the sII hydrate
consists of 8 large and 16 small cages. Therefore, two mixed alco-
hol solutions were prepared: 1) liquid CBM (33.3 mol%)+MeOH
(66.7 mol%) and 2) liquid CPeM (33.3 mol%)+MeOH (66.7 mol%).
The mixed alcohol solutions containing the frozen NH,F samples
were placed in a freezer (~193 K) for a week. In mixed alcohol solu-
tions, the crushed samples (the frozen NH,F solutions) were trans-
formed to (CBM+MeOH) or (CPeM-+MeOH) hydrate (H,O/NH,F)
at 193 K. The hydrate conversion process from the frozen NH,F
solutions to (CBM+MeOH) or (CPeM+MeOH) hydrate (H,O/
NH,F) at 193 K could be a slow process, and thus the vials contain-
ing the mixed alcohol solutions with the frozen NH,F samples were
shaken time to time to promote the conversion of hydrate sam-
ples. After hydrate formation, unreacted CBM/MeOH and CPeM/

Cyclobutanemethanol

Cyclopentanemethanol

MeOH were removed under vacuum for 3 h in a freezer [34,35].
The powdered samples were then ground using a 100 pm sieve and
subjected to PXRD.

PXRD of the (CBM+MeOH) or (CPeM+MeOH) hydrate (H,O/
NH,F) samples was performed at 100 K using the 2D Supramo-
lecular Crystallography beamline (with a synchrotron radiation of
0.900 A) at the Pohang Accelerator Laboratory (PAL). A polyim-
ide tube (0.635 mm L.D,; Antylia Scientific, Vernon Hills, IL, USA)
was filled with the ground hydrate sample and attached to a mag-
netic goniometer. For data collection and processing (2D diffraction
images to 1D diffraction patterns), PAL BL2D-SMDC and FIT2D
(European Synchrotron Radiation Facility, Grenoble, France) soft-
ware were employed [36,37]. The obtained PXRD patterns of the
(CBM+MeOH) and (CPeM+MeOH) hydrate (H,O/NH,F) sam-
ples were refined using the FULLPROF program for the Rietveld
analyses [38,39].

RESULTS AND DISCUSSION

The characteristic behavior of alcohol guest inclusions and inter-
actions occurring within the (CBM+MeOH) and (CPeM+MeOH)
hydrates (H,O/NH,F) was investigated by Rietveld analysis using
the FULLPROF software [38,39]. The atomic scattering factors of
hydrogen atoms are very small, but the effects of hydrogen atoms
on the diffraction pattern may be considerable. Therefore, -CH;,
-CH,-, -CH-, -OH, and H,O virtual atomic species were used in
this study by adding atomic scattering factors [7,18,23,27]. Due to
their very similar scattering factors, the host framework compo-
nents of H,O and NH,F were indistinguishable [34,35]. During
structure refinement, zero shift, scale, peak shape, and thermal dis-
placement parameters, atomic coordinates, lattice parameters, and
site occupancies were refined. The structural models of the CBM
and CPeM molecules within the large 56 cages of the sIT hydrate
were adopted using previously reported models (Fig. 1) [7,27]. Alco-
hol guest molecules as rigid bodies are positioned at the centers of
the large 56" (for CBM and CPeM molecules) and small 5" (for
the MeOH molecule) cages within the sII hydrates. Although MeOH
enclathration within the large 56" cages of the sIT hydrates is pos-
sible, we assumed that the large 56" cages are occupied only by the
CBM or CPeM.

The refined supramolecular crystallography patterns of the binary

& : Hydrogen
@ : Carbon
@ : Oxygen

52347

J

Methanol

Fig. 1. Calculated conformation and the molecular size of cyclobutanemethanol, cyclopentanemethanol, and methanol (Grey, carbon; white,
hydrogen; red, oxygen). Detailed procedures for calculating the atomic sizes of cyclobutanemethanol, cyclopentanemethanol, and

methanol can be found in the previous studies [7,18,20,22,23,27].
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Fig. 2. Supramolecular crystallography pattern of (a) (cyclobutanemethanol+methanol) hydrate (H,O/NH,F) measured at 100K and the
Rietveld refinement results (background corrected R,,=10.4% and 7/=4.94), and (b) (cyclopentanemethanol+methanol) hydrate
(H,O/NH,F) measured at 100 K and the Rietveld refinement results (background corrected R,,,=12.7% and »’=8.65). Tick marks indi-
cate the Bragg position for sII hydrate, sI hydrate, the hexagonal ice, and the H,O/NH,F solid solution phases, respectively.

(CBM+MeOH) and (CPeM+MeOH) hydrates (H,O/NH,F) are
shown in Fig. 2. The patterns are well-refined, with reliability factors
of background corrected R,,=104% and y*=4.94 for the (CBM+
MeOH) hydrate (H,O/NH,F), and background corrected R,,=12.7%
and »’=8.65 for the (CPeM+MeOH) hydrate (H,O/NH,F). The
structural parameters (atomic coordinates, thermal displacement
parameters, and site occupancies) of the binary (CBM+MeOH) and
(CPeM+MeOH) hydrates (H,O/NH,F) are listed in Tables 1 and 2.
The binary (CBM+MeOH) and (CPeM-+MeOH) hydrates (H,O/
NH,F) are in the cubic Fd-3m space group with lattice parameters
of 17.10570 (72) and 17.14797 (65) A, respectively. The hexagonal

P6,/mmc structure of the hexagonal ice, the hexagonal P6,/mmc
structure of the NH,F solid solution, and the cubic Pm-3n struc-
ture of the structure I hydrate of the MeOH hydrate (H,O/NH,F)
are also observed in the refined PXRD pattern. The unit cell sys-
tems of the binary (CBM+MeOH) and (CPeM+MeOH) hydrates
(H,O/NH,F) are 6.937 CBM-12.411 MeOH-136 H,O/NH,F and
6.329 CPeM-15.146 MeOH-136 H,O/NH,E respectively. The cal-
culated weight fraction of the binary (CBM+MeOH) hydrate (H,O/
NH,F) hydrate was 70.2%, with the impurity hexagonal ice (Ih),
NH,F solid solution, and structure I hydrate accounting for the
remaining 6.2%, 12.1%, and 11.5%, respectively. Similarly, the cal-

Korean J. Chem. Eng.(Vol. 39, No. 8)
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Table 1. Atomic coordinates, isotropic temperature factors, and site occupancies for (cyclobutanemethanol+methanol) hydrate (H,O/NH,F)
(Wa, virtual atomic species for the host framework; SG, virtual atomic species for methanol; LG, virtual atomic species for cyclobu-

tanemethanol)

Atom X y z B(A%) Site occupancy
Wa' 0.12500 0.12500 0.12500 4.241 8
Wa’ 0.21777(9) 0.21777(9) 0.21777(9) 4.428 32
Wa® 0.18318(4) 0.18318(4) 0.37394(9) 7.090 9%
SG' (CH; in MeOH) —0.01526 0.04148 0.00081 9.166 12411
SG’ (OH in MeOH) 0.01349 —0.03667 —0.00071 9.166 12.411
LG' (CH, in CBM) 0.28826 0.45042 0.41412 0.843 6.937
LG’ (CH, in CBM) 0.37605 0.42991 0.42420 0.843 6.937
LG’ (CH in CBM) 0.36038 0.35073 0.38219 0.843 6.937
LG (CH, in CBM) 0.28321 0.38662 0.34983 0.843 6.937
LG’ (CH, in CBM) 0.42125 0.32235 0.32438 0.843 6.937
LG’ (OH in CBM) 0.49547 0.32095 0.36305 0.843 6.937

Table 2. Atomic coordinates, isotropic temperature factors, and site occupancies for (cyclopentanemethanol+methanol) hydrate (H,O/NH,F)
(Wa, virtual atomic species for the host framework; SG, virtual atomic species for methanol; LG, virtual atomic species for cyclopen-

tanemethanol)

Atom X y z B(A?) Site occupancy
Wa' 0.12500 0.12500 0.12500 12.215 8
Wa? 0.21726 0.21726 0.21726 10.264 32
Wa’ 0.18286 0.18286 0.37484 12.144 96
SG' (CH; in MeOH) —0.01418 0.03965 0.01312 30.522 15.146
SG’ (OH in MeOH) 0.01254 —0.03505 —0.01159 30.522 15.146
LG' (CH in CPeM) 0.35744 0.38488 0.35586 4225 6.329
LG? (CH, in CPeM) 0.38594 0.30543 0.32379 4.225 6.329
LG’ (CH, in CPeM) 047517 0.31261 0.32272 4.225 6.329
LG* (CH, in CPeM) 0.49277 0.35621 0.39910 4.225 6.329
LG’ (CH, in CPeM) 042611 0.41650 0.40673 4.225 6.329
LG’ (CH, in CPeM) 0.27965 0.38071 0.39865 4.225 6.329
LG’ (OH in CPeM) 0.25102 0.45818 0.41106 4.225 6.329

culated weight fraction of the binary (CPeM-+MeOH) hydrate (H,O/
NH,F) hydrate was 69.0%, with the impurity hexagonal ice (Ih),
NH,F solid solution, and structure I hydrate accounting for the
remaining 1.5%, 15.7%, and 13.8%, respectively. Even though we
tried to remove the unreacted CBM/MeOH and CPeM/MeOH,
there was unreacted CBM/MeOH and CPeM/MeOH as well as
powdered NH,F solid solution due to the low vapor pressure of
alcohol molecules at 193 K. The residual MeOH and powdered NH,F
solid solution may form structure I hydrate [34,35]. In addition,
hydrate samples can occasionally be exposed to the air during experi-
ments, and thus there can be the impurity of ice in our hydrate sam-
ples. In our previous studies, the crystal structure of the binary
(CBM+CH,) and (CPeM+CH,) hydrates (H,0) with hydrate lat-
tices consisting of H,O was cubic Fd-3m hydrates with lattice param-
eters of 17.23630 and 17.28227 A, respectively [7,27]. Shin et al. re-
ported that the lattice parameters of NH,F-doped dlathrate hydrates
decrease as the NH,F concentration in the solid NH,F solution in-
creases [34,35]. Therefore, the decrease in the cubic lattice parame-
ters of the binary (CBM+MeOH) and (CPeM+MeOH) hydrates
(H,O/NH,F) compared to those of the binary (CBM+CH,) and
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(CPeM+CH,) hydrates (H,O) may be due to the slightly different
hydrogen bond lengths (2.71 and 2.76 A for NH--F and OH~-O,
respectively) [34,35]. In addition, the cage occupancy of guest mole-
cules in the binary (CBM+MeOH) and (CPeM+MeOH) hydrates
(H,O/NH,F) compared to that of the binary (CBM+CH,) and
(CPeM+CH,) hydrates (H,O) slightly decreased, but the differences
in the cage occupancy for both hydrate systems are not significant
(7,27).

CBM, CPeM, and MeOH molecules with full symmetries within
the large 56" (for CBM and CPeM molecules) and small 5" (for
MeOH molecules) cages of the sII hydrates are shown in Fig. 3.
The CBM and CPeM molecules within the large 5% cages of the
sII hydrates are randomly distributed. The shortest distances be-
tween host and guest oxygen atoms in the CBM and CPeM struc-
tures are 2.37 and 2.29 A, respectively (Fig. 4). Therefore, hydro-
gen bonding may occur between the hydroxyl functional groups
of the CBM or CPeM molecules and the host framework (H,O/
NH,F) [7,18,23,27]. In addition, host-guest hydrogen interactions
in the large 5"°6" cages of the binary (CBM+MeOH) and (CPeM+
MeOH) hydrates (H,O/NH,F) are predominantly observed at the
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© : Carbon in CBM/CPeM or MeOH
(a) © : Oxygen in CBM/CPeM or MeOH
() : Oxygen in Host

Fig. 3. Crystal structure and guest positions of (a) (cyclobutane-
methanol+methanol) hydrate (H,O/NH,F) and (b) (cyclopen-
tanemethanol+methanol) hydrate (H,O/NH,F) obtained by
Rietveld analysis. Distribution of guest molecules in small and
large cages of (cyclobutanemethanol+methanol) and (cyclo-
pentanemethanol+methanol) hydrates (H,O/NH,F) with full
symmetry (grey; oxygen in water host molecule; red, oxygen
in hydroxyl group of guest molecule; blue, carbon in guest
molecule).

hexagonal faces owing to the relatively weak hydrogen bonding of
the host framework at these positions in the sII hydrate. We cannot
completely discount the possibility of an off-centered guest posi-
tional disorder from the center of the large 5"°6" cage, but the ther-
mal displacement parameters of the CBM and CPeM molecules
compared to those of the host framework (H,O/NH,F) are rela-

tively small. Therefore, a significant degree of guest positional dis-
order within the large 5’6" cages is unlikely.

Similar to the CBM and CPeM molecules within the large 56"
cages, the MeOH molecules within the small 5 cages of the sII
hydrate are also isotropically distributed (Fig. 3). The patterns are
well-refined using Rietveld refinement. However, the thermal dis-
placement parameters of MeOH at the centers of the small 5 cages
within the sII hydrate are anomalously high, as listed in Tables 1
and 2. Therefore, a significant degree of guest positional disorder
within the small 5" cages may occur, suggesting possible host-guest
hydrogen interaction within the small 5 cages or the incorpora-
tion of the MeOH hydroxyl group into the host framework (H,0O/
NH,F). Using Rietveld refinement, the H,O/NH,F host frameworks
of the binary (CBM+MeOH) and (CPeM+MeOH) hydrates (H,O/
NH,F) were indistinguishable; thus, the distances between the host
atoms (Fig. 4) could be affected by this indistinguishable property
(34,35,40].

These findings, regarding the guest inclusions and interactions
occurring within the binary (CBM+MeOH) and (CPeM+MeOH)
hydrates (H,O/NH,F), provide fundamental data regarding the
unique nature of host-guest inclusion compounds and insight with
respect to the crystal engineering of clathrate hydrates.

CONCLUSIONS

We prepared binary (CBM+MeOH) and (CPeM+MeOH) hy-
drates with hydrate lattices consisting of NH,F and H,O and iden-
tified the characteristic behavior of the alcohol guest inclusions
and interactions occurring within the hydrate systems. The Riet-
veld analyses of the binary (CBM+MeOH) and (CPeM+MeOH)
hydrates (H,O/NH,F) revealed that the crystal structure of our hy-
drate systems was cubic Fd-3m and the hydroxyl group of CBM or
CPeM may interact with the host framework via hydrogen bond-
ing. In addition, anomalously high thermal displacement parame-
ters of the MeOH at the centers of the small 5" cages within the
sII hydrates indicate significant degree of guest positional disorder
within the small 5 cages. These results provide useful insight into
the complex nature of host-guest inclusion chemistry.

© : Carbon in CBM/CPeM or MeOH
© : Oxygen in CBM/CPeM or MeOH
(O : Oxygen in Host

(b)

Fig. 4. The (a) cyclobutanemethanol and (b) cyclopentanemethanol in the large (56*) cage (H,O/NH,F) of sII hydrate (grey; oxygen in
water host molecule; red, oxygen in hydroxyl group of guest molecule; blue, carbon in guest molecule).
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