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Abstract—Ionic clathrate hydrates are promising materials for hydrate-based gas storage and separation processes.
Here, we demonstrated that the hydroxide ion in the cubic structure-II (CS-II) and hexagonal structure-III (HS-III)
ionic clathrate hydrates can be replaced by fluoride. Me,N" and Et,Me,N" cations were selected as guest species for the
CS-1I and HS-IIT hydrates, respectively. The crystal structure of each hydrate was identified through Rietveld analysis of
the PXRD pattern. The Fd3m structure (CS-II) of Me,NF+N, or O, hydrates and the P6/mmm structure (HS-III) of
Et,Me,NF+CH, hydrate were confirmed. We also investigated the phase equilibria of hydroxide or fluoride-incorpo-
rated CS-II and HS-III hydrate systems, and found that incorporating fluoride destabilizes the hydrate lattice to a
greater extent than hydroxide. The present findings will provide better understanding of the guest-host interactions in
ionic clathrate hydrates, and suggest their potential for practical applications in gas storage and separation technologies.
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INTRODUCTION

As a large class of solid inclusion compounds, clathrate hydrates
can be classified into three types: canonical clathrate hydrates, semi-
clathrate hydrates, and ionic clathrate hydrates [1,2]. “Canonical”
clathrate hydrates are those that neutral guest molecules are encaged
in a neural host framework without permanent bonds between
guest and host. Hydrates of rare gases, small gaseous molecules, or
hydrocarbons which contain van der Waals interactions [1-3], weak
hydrogen bonding [1,4,5], and halogen bonding [1,6-8] between the
guest molecules and the host framework belong to this category.

Semiclathrate hydrates are those that neutral guest molecules are
encaged in the framework but with permanent guest-host hydro-
gen bonding. Hydrates of various amines form these semiclathrates
with numerous structural motifs [1,2,9]. Ionic clathrate hydrates are
those in which cations or anions are encaged in the host lattice with
counterions [1,10]. These hydrates are stabilized by the strong ionic
interactions between ionic guest molecules and counterion-doped
host lattice, as well as the guest-host van der Waals interaction.

Ionic clathrate hydrates can be further dlassified into three cate-
gories based on the type of ionic guest they contain. The first cate-
gory comprises hydrates of strong acids, such as HPF,, HBF,, or
HCIO,, in which anions such as PF;, BE;, or ClO; are encaged in
the protonated water lattice [10-17]. For HPF, the framework of the
clathrate was reported to include hydrogen fluoride as well [12,13].
The second category comprises the hydrates of strong bases. The
most well-known example of these materials is the hydrate of
tetramethylammonium hydroxide (Me,NOH), in which the Me,N*
cation is encaged in the OH incorporated water framework [10,
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18-26]. The third category is the hydrate of quaternary alkyl ammo-
nium or alkyl phosphonium salts [1,2,10,27-35]. In these hydrates,
a large cation such as tetra-n-butyl ammonium (#Bu,N") or tetra-
i-amyl ammonium (JAm,N") is encaged in a super-cage which is
united with the truncated small cages. The counterion, commonly
halide anions such as fluoride, chloride, or bromide and other anions
such as hydroxide, borohydride, glycolate, and others, replaces one
or two water molecules of the host framework [1,10,27-35]. The
size of the anion incorporated in the lattice of these hydrates strongly
affects the thermodynamic stability of clathrate structure [10, 36].
Nakayama and Torigata reported that the melting points of #nBu,N"
hydrates are inversely proportional to the partial molar volume of
monovalent counter-anions incorporated in the lattice framework
[36]. The melting points of nBu,N" hydrates with OH™ or F, which
are the smallest anions for the quaternary alkyl ammonium salt
hydrates, are higher than 298 K, while those with BrO; or ClIO;
are near 273 K [36]. This implies that the framework distortion caused
by the incorporated anion destabilizes the clathrate structure of
ionic hydrates.

Additionally; as a new type of ion-incorporated clathrate hydrate,
NH,F-doped clathrate hydrates have recently been reported [37-
42]. The crystal structure of NH,F solid is isostructural to hexago-
nal ice with a similar hydrogen bond length [43-45]. Therefore,
the NH,F-H,O solid solution host lattice can replace not only the
usual water host lattice of canonical clathrate hydrates, but also the
clathrates of unusual guest molecules such as methanol or diol
[37-41]. In these materials, the NH; and F~ ion pair substitutes two
water molecules in the host framework, and the lattice dimension
decreases slightly because the hydrogen bond length of NH,F is
slightly shorter than that between water molecules [45].

As stated above, the hydrates of strong bases are those that the
cations are enclathrated in the OH -doped host lattice. Me,NOH
has three clathrate hydrate structures depending on its hydration
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number and temperature [18]. The first is the pentahydrate of
Me,NOH, which shows a cubic In-3m structure with two 4°6° cages
in the unit cell in the temperature range between 42 to 68 °C. The
second is the 7.5 hydrate of Me,NOH, which shows a tetragonal
I4/mem structure with eight 56’ cages and four vacant 4°5° cages
in the unit cell in the temperature range of 6 to 16 °C. The third is
the decahydrate of Me,NOH, which shows an orthorhombic Prina
structure with four 4'5'°%6° cages and four vacant 4°5° cages in the
unit cell below —20 °C. These three Me,NOH clathrate hydrates do
not need the presence of secondary small guest molecules. Choi et
al. reported that Me,NOH can form a cubic structure II (CS-II) with
Fd3m space group in the presence of methane or hydrogen mole-
cules as secondary guests [19]. In these binary hydrates, Me,N" ions
occupy the large 5%" cages and small molecules such as CH,, H,,
N,, or O, occupy the small 5" cages in the CS-II hydrates [19,21-
26]. Another example of a hydroxide-doped clathrate hydrate that
forms in the presence of secondary guest molecule is diethyldime-
thylammonium hydroxide (Et,Me,NOH) [46]. Et,Me,NOH does
not form a clathrate structure by itself, but pressurizing Et,Me,NOH
aqueous solution with help gas such as methane or xenon induces
the formation of binary clathrate hydrate of hexagonal structure III
(HS-II), also known as structure H (sH) hydrate, with P6/mmm
space group [1,46].

Because of their gas-storing ability, Me,NOH and Et,Me,NOH
can be utilized for the hydrate-based gas storage and separation
processes. In addition, Ahn et al. reported that the N,O molecule,
one of the greenhouse gases, captured in Me,NOH clathrate hydrate
is decomposed into non-greenhouse gases of N, and O, by gamma-
irradiation and they proposed the concept of clathrate nanocage
reactor with dual functions in sequestration and treatment of green-
house gases [26]. Ionic clathrate hydrates are applicable materials
to many energy and environmental issues, thus further in-depth
investigation is needed to understand the nature of guest-host inter-
action in those materials.

Herein, we demonstrate that the fluoride ion can replace the
hydroxide in the hydrates of Me,N" and Et,Me,N". Although it is
known that fluoride can be incorporated in the framework of qua-
ternary alkyl ammonium salt clathrate such as nBu,NF or iAm,NE
which contains united super cages [1,10,27], there have been no
reports of fluoride incorporation in conventional clathrate struc-
tures, such as cubic structure I (CS-I), CS-II, or HS-III, except for
NH,F ion pairs. In this study, we report the first fluoride-incorpo-
rated CS-II and HS-III ionic clathrate hydrates. The crystal struc-
ture of each clathrate was identified using powder X-ray diffraction
(PXRD) pattern analysis. The phase equilibria of fluoride-incorpo-
rated hydrate systems were also investigated and compared to
hydroxide-incorporated systems.

EXPERIMENTAL DETAILS

1. Sample Preparation

Tetramethylammonium hydroxide pentahydrate (Me,NOH-5H,0,
98% purity) and tetra-methylammonium fluoride tetrahydrate
(Me,NF-4H,0, 98% purity) were purchased from Alfa Aesar. Dieth-
yldimethyl-ammonium hydroxide solution (Et,Me,NOH, ~20% in
H,0) and hydrofluoric acid (HE 48 wt% in H,0O) were purchased

from Sigma-Aldrich. Methane gas of 99.95% purity and nitrogen
and oxygen gases of 99.999% purity were supplied from Korea
Standard Gas (Korea). Deionized water (LabWater PURELAB Q7,
ELGA, Lane End, UK)) with ultrahigh purity was used for the sam-
ple preparation.

Aqueous solutions of Me,NOH, Me,NF (5.88 mol%), and Et,Me,
NOH (2.94 mol%) were prepared. Et,Me,NF solution (2.94 mol%,
formal concentration) was prepared by mixing Et,Me,NOH and
HEF solutions. Because Et,Me,NOH is a strong base and the equi-
librium constant of the neutralization reaction between OH™ and
HEF is large, it is believed that the acid-base neutralization reaction
was complete. The solutions were well-mixed, reacted for a suffi-
cient time, and degassed by a vacuum pump. Then, each solution
was quenched drop by drop and finely powdered under liquid nitro-
gen temperature. The fine powder was placed into a precooled
high-pressure vessel and pressurized with O, or N, (300 bar) for
Me,NX (X=OH or F) and CH, (70 bar) for Et,Me,NX (X=OH or
F), respectively. The pressurized vessels were kept at 243K for at
least four days to maximize hydrate conversion. Then, the synthe-
sized sample was collected and stored in a liquid nitrogen tank.

2. PXRD and Structural Analysis

The PXRD patterns were recorded at 100 K by an ADSC Quan-
tum 210 CCD diffractometer with synchrotron radiation (A=
0.9000 A) on the supramolecular crystallography beamline (2D) at
the Pohang Accelerator Laboratory (PAL) in Korea. A precooled
polyimide tube (Cole-Parmer) filled with the sample was loaded
into the equipment. The sample was finely powdered (~45 pum)
before the measurement. Debye-Scherrer rings were recorded with
a resolution of 4096 by 4096 pixels and converted into one-dimen-
sional patterns of 26 range from 0 to 67.4940°. The recording time
for each sample was below 30's so as to minimize the sample dam-
age by synchrotron beam radiation.

The patterns obtained were refined by the previously reported
structural analysis of clathrate hydrates [37,38,46,47]. The positions
of guest molecules in the cages were determined by direct space
methods using the FOX program [48]. The guest molecules were
assumed to be rigid. Virtual species having the sums of atomic scat-
tering factors were used for H,0, CH,, -CH,, and -CH,- to include
the contribution of hydrogen atoms on the diffraction pattern during
the refinement [47]. Fluoride and hydroxide ions were not distin-
guishable from water in the host framework because of the simi-
larity of their scattering factors. The FULLPROF program with the
Rietveld analysis was used for the PXRD pattern refinement [49],
and the crystal structures were visualized by the VESTA program
[50].

3. Phase Equilibria Measurements

The L,-H-V phase equilibria of binary Me,NX+N, or O, and
Et,Me,NX+CH, hydrates (X=OH, F) were determined using the
isochoric P-T trace method. The strong bases, Me,NOH and Et,Me,
NOH solutions, can corrode rubber sealing rings and this can seri-
ously lead to the wrong results of phase equilibria. Thus, we used a
long cylindrical high-pressure vessel with a magnetic bar instead
of a mechanical stirrer to avoid solution splashing and corrosion of
sealing rings. Because magnetic bar stirring cannot assure vigor-
ous hydrate formation, we first prepared the powder sample (~20g)
from the sample preparation process above and put it into the pre-
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cooled vessel with a magnetic bar. The vessel was vacuumed at lig-
uid nitrogen temperature, and the precooled N,, O,, or CH, gas was
slowly injected into the vessel as the temperature gradually increased.
After the system reached the target pressure and temperature and
stabilized, the vessel was slowly warmed at a rate of 0.1 K/h. The
temperature and pressure inside the vessel were measured by a resis-
tance temperature detector and a pressure transducer with uncer-
tainties of +0.05K and +0.005 MPa, respectively, and were con-
tinuously monitored and recorded by a data acquisition system.
The phase boundary point was determined to be where the slope
of the tangent line of the dissociation curve suddenly changed.

RESULTS AND DISCUSSION

The crystal structures of binary Me,NOH+N,, Me,NOH+O,,
and Et,Me,NOH+CH, clathrate hydrates are known to the CS-II
for the first two and the HS-III for the last one [23,46]. The crys-
tal radii of F~ and OH™ (calculated from X-ray data of their crys-
tals with many cations) are 1.17 A and 1.21 A (for coordination
number 4), respectively, whereas those of CI” and Br~ are 1.67 A
and 1.82 A (for coordination number 6) [51]. The conventional par-
tial molar volume of ions in aqueous solution, which is obtained at
infinite dilution and with setting the value of H' is zero at all tem-
peratures, is —1.16 cm’/mol for F~, —4.04 cm’/mol for OH, 17.83
cm’/mol for CI', and 24.71 cm®/mol for Br™ at 25°C [36, 52]. The
absolute partial molar volumes of ions in an aqueous solution can
be calculated by V”(ion)=V*“"(ion)+zV*(H", aq), where V”(ion)
is the absolute partial molar volume of an ion, V*"*(ion) is the con-
ventional partial molar volume of an ion, V*(H", aq) is the abso-
lute value for H', and z is the charge number of the ion [52-54].
Marcus reported that the absolute values for F-, OH", Cl', and Br
are calculated to be 4.25, 1.2, 2324, and 30.12 cm’/mol at 25°C,
respectively [53,54]. From the crystal radii and the standard par-
tial molar volumes of ions, it is expected that the filling space of F-
in the hydrate lattice and the distortion degree of lattice caused by
its incorporation is similar to those of OH . Indeed, for the clath-
rate hydrates of nBu,N'X" salts, the melting points of the hydrates
for fluoride and hydroxide anions are similar to each other and
quite higher than those of chloride or bromide anions [35,36].
Therefore, the hydroxide in the clathrate hydrates of Me,N" or
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Fig. 1. PXRD patterns of (a) Me,NOH+O, and (b) Me,NF+O, clath-
rate hydrates. Space group and lattice parameters: (a) Fd-3m,
a=17.1302(7) A, (b) Fd-3m, a=17.2125(6) A. Reliability fac-
tors (background corrected): (a) 7°=20.2, R,,=12.3%, (b) 1’=
11.9, R,,=10.7%.

Et,Me,N" cations might also be replaced by the fluoride anion.

To determine whether the fluoride is indeed able to replace the
role of OH™ in the ionic clathrate hydrates, the binary Me,NF+O,
or N, hydrates were synthesized, and their crystal structures were
investigated. Fig. 1 shows the PXRD patterns of binary Me,NOH
or Me,NF+O, hydrates and their Rietveld refinement results. The
atomic coordinates, site occupancies, and isotropic temperature
factors are also given in Tables 1 and 2. As shown in Fig. 1, both
PXRD patterns show only one solid phase with the space group of
Fd3m and the lattice parameters of a=17.1302(7) A for Me,NOH+

Table 1. The coordinates of host molecules and guest atoms (or atomic groups), isotropic temperature factors, and site occupancies for the

CS-1I Me,NOH+O, clathrate hydrate

Group b' y z B (A% g Site
Wal 0.125 0.125 0.125 3.8(1) 1 8a

Wa2 0.2166(1) 0.2166 0.2166 3.2(1) 1 32e
Wa3 0.1852(1) 0.1852 0.3702(1) 5.6(1) 1 96g
01 0.2238 0.0142 0.2355 0.01 0.1497(6) 96g
02 0.2931 0.0239 0.2434 0.01 0.0748 192i
NL1 0.3984 0.3794 0.4092 8.6(4) 0.0417 192i
ML2 0.4533 0.4313 0.4543 8.6 0.0833 96g
ML3 0.3262 0.3644 0.4572 8.6 0.0417 192i
MIL4 0.4382 0.3029 0.3914 8.6 0.0417 192i
ML5 0.3758 0.4191 0.3339 8.6 0.0417 192i
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Table 2. The coordinates of host molecules and guest atoms (or atomic groups), isotropic temperature factors, and site occupancies for the

Fluoride-incorporated ionic clathrate hydrates

CS-1I Me,NF+O, clathrate hydrate

Group x y z B (A g Site
Wal 0.125 0.125 0.125 2.3(1) 1 8a
Wa2 0.2154(1) 0.2154 0.2154 3.5(1) 1 32e
Wa3 0.1860(1) 0.1860 0.3704(1) 6.9(1) 1 96g
O1 0.2574 1.0052 0.2906 0.1(1) 0.0833 1921
02 0.2032 0.9888 0.2492 0.1(1) 0.0833 1921
NL1 0.3972 0.3556 0.3723 9.5(5) 0.0404(2) 192i
ML2 0.4164 0.3373 0.2889 9.5 0.0404 192i
ML3 0.3340 0.4163 0.3751 9.5 0.0809 96g
ML4 0.4687 0.3861 0.4127 9.5 0.0404 192i
ML5 0.3695 0.2829 0.4125 9.5 0.0404 192i
120000 CS-II ionic clathrate hydrates. For both O, and N, the fluoride-
incorporated hydrates have slightly larger lattice parameter values
P 90000 - than the hydroxide-incorporated ones, although the bond radius
g of fluoride 4-coordinated in the crystal lattice is slightly smaller
S 60000 than that of hydroxide [51]. One plausible explanation is that the
2 space occupied by fluoride in the lattice is slightly larger because of
$ 30000 | the larger partial molar volume of fluoride ion surrounded by water
= molecules than hydroxide with the same situation [52-54]. The
T o IIIIIIIIIIIIIIIIIIIIIIIIIIIIlIllIlllIIIllllII-II1 difference in H,O-F and H,O-OH" hydrogen bonding interactions
ey also could lead to the larger lattice parameters of fluoride-incorpo-
5 10 15 20 25 30 35 40 45 50 55 60 65 rated hydrates. In Fig. 3, the positions of guest molecules with full
120000 20/° symmetry in the cages obtained from the Rietveld refinements of
(b) Me,NX hydrates are shown, and there is not a remarkable differ-
90000 ence in the guest behavior between Me,NOH and Me,NF hydrates
2 (Fig. 3). The anion effect on the guest-host interactions in ionic
2 60000 - clathrate hydrates could be minor.
> As the next step, we also examined whether fluoride can replace
g 30000 | the hydroxide in the HS-III clathrate hydrates. The binary Bt,Me,NF+
£ CH, hydrate was synthesized and the crystal structure was investi-
0] gated by Rietveld analysis. Fig. 4 and Table 5 show the PXRD pat-
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Fig. 2. PXRD patterns of (a) Me,NOH+N, and (b) Me,NF+N, clath-
rate hydrates. Space group and lattice parameters: (a) Fd-3m,
a=17.1600(6) A, (b) Fd-3m, a=17.2536(8) A. Reliability fac-
tors (background corrected): (a) y’=15.4, R,,=11.1%, (b) 7=
17.8,R,,=12.9%.

O, hydrate and a=17.2125(6) A for Me,NF+O, hydrate, respec-
tively. Fig. 2 shows the PXRD patterns of binary Me,NOH or
Me,NF+N, hydrates. The atomic coordinates, site occupancies, and
isotropic temperature factors obtained from the Rietveld analysis
are tabulated in Tables 3 and 4. In Fig. 2, both patterns also show
Fd3m phase only, with the lattice parameters of a=17.1600(6) A
for Me,NOH+N, hydrate and a=17.2536(8) A for Me,NF+N,
hydrate, respectively. All lattice parameter values of the patterns in
Fig. 1 and 2 agree with the literature for typical CS-II hydrate [1-
3]; thus, it is concluded that fluoride can replace hydroxide in the

As seen in Fig. 4, the pattern shows a P6/mmm structure with the
lattice parameters of a=12.1103(8) and ¢=10.0479(7) A with a
small amount of hexagonal ice impurity. The space group and lat-
tice parameters are in good agreement with the literature for typi-
cal HS-IIT hydrates [1-3]. Therefore, it was confirmed that fluoride
can also be incorporated in the ionic HS-IIT hydrates as well as
CS-II hydrates. The previous study reported that the lattice param-
eters of Et,Me,NOH-+CH, hydrates are a=12.109(3) and ¢=10.074(3)
A at 153 K [46]. The PXRD patterns in this work were recorded at
100 K. Considering the recording temperatures in the previous and
present studies, it is thought that the lattice parameters of the fluo-
ride-incorporated HS-IIT hydrate are larger than those of the hydrox-
ide-incorporated one, as well as the case of CS-II hydrates. Fig.
4(b) represents the crystal structure of Et,Me,NF+CH, clathrate
hydrate with full symmetry of guest molecules. The long chain of
Et,Me,N" ion is located along the long axis of a large icosahedral
(5"%6") cage, and methane molecules occupy the regular (5%) and
irregular (4°5°%’) dodecahedral cages at slightly off-centered posi-
tions (Fig. 4(b)).

Korean J. Chem. Eng.(Vol. 40, No. 10)
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Table 3. The coordinates of host molecules and guest atoms (or atomic groups), isotropic temperature factors, and site occupancies for the
CS-1I Me,NOH+N, clathrate hydrate

Group X y z B (A% g Site
Wal 0.125 0.125 0.125 2.5(1) 1 8a
Wa2 0.2174(1) 0.2174 0.2174 3.1(1) 1 32e
Wa3 0.1853(1) 0.1853 0.3703(1) 5.6(1) 1 96g
N1 1.0160 0.5272 0.4608 0.01 0.0833 192i
N2 0.9823 0.4802 0.4878 0.01 0.0833 192i
NL1 0.6266 0.6250 0.5840 5.8(3) 0.0417 192i
ML2 0.6212 0.6712 0.6584 58 0.0417 192i
ML3 0.6784 0.5551 0.5965 58 0.0417 192i
ML4 0.6604 0.6755 0.5205 58 0.0417 192i
ML5 0.5463 0.5979 0.5605 5.8 0.0417 192i

Table 4. The coordinates of host molecules and guest atoms (or atomic groups), and site occupancies for the CS-II Me,NF+N, clathrate

hydrate
Group X y Z B (A% g Site
Wal 0.125 0.125 0.125 2.5(1) 1 8a
Wa2 0.2157(1) 0.2157 0.2157 2.8(1) 1 32e
Wa3 0.1879(1) 0.1879 0.3705(1) 8.0(1) 1 96g
N1 0.7661 0.2617 0.4816 1.6(2) 0.0833 192i
N2 0.7042 0.2684 0.4941 1.6 0.0833 192i
NL1 0.8604 0.8994 0.3499 13.8(4) 0.0417 192i
MIL2 0.8709 0.8321 0.2952 13.8 0.0417 192i
ML3 0.8106 0.9603 0.3120 13.8 0.0417 96g
MI4 0.9386 0.9335 0.3693 13.8 0.0417 192i
ML5 0.8216 0.8716 0.4231 13.8 0.0417 192i

Fig. 3. Guest molecules with all symmetry-equivalent positions obtained from the Rietveld refinements. (a) Me,NOH+O,, (b) Me,NF+O,,
(c) Me,NOH+N,, (d) Me,NF+N, clathrate hydrates (brown: carbon, blue: nitrogen, red: oxygen. Hydrogen atoms and host molecules
are omitted).

PXRD pattern analysis confirmed that the fluoride ion can be ride-incorporated ionic clathrate hydrates, we also measured the
incorporated in the clathrate framework as a counterion of cationic phase equilibria of binary Me,NX+N, or O, and Et,Me,NX+CH,
guest species. To investigate the thermodynamic stability of fluo- clathrate hydrates (X=F or OH"). The obtained data in this work
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are shown in Fig. 5 and tabulated in Table 6. As seen in Fig. 5(a),
the phase boundary curves of Me,NOH+O, and N, hydrates are

Fluoride-incorporated ionic clathrate hydrates
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in the region of higher temperature and lower pressure than those of
pure O, and N, hydrates, respectively [55-57]; therefore, Me,NOH

acts as a thermodynamic promoter that enhances thermodynamic
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Fig. 4. (a) PXRD pattern of binary Et,Me,NF+CH, hydrate (the first
row of Bragg ticks, space group: P6/mmm, lattice parame- a0 (b)
ters: a=12.1103(8) and c=10.0479(7) A, background corrected 70 . ; . . . . . .
reliability factors: z’=7.62, R,,=13.2%) with hexagonal ice 264 267 270 273 276 279 282 285 288 291

(the second row of Bragg ticks, space group: P6,/mm, lat-
tice parameters: a=4.4936(4) and ¢=7.3204(9) A) (b) Guest

molecules with all symmetry-equivalent positions obtained
from the Rietveld refinements (brown: carbon, blue: nitro-
gen. Hydrogen atoms and host molecules are omitted).

Temperature / K

Fig. 5. Phase equilibrium curves of (a) Me,NOH and Me,NF with
0, or N, and (b) Et,Me,NOH and Et,Me,NF with CH, clath-
rate hydrate systems [55-58].

Table 5. The coordinates of host molecules and guest atoms (or atomic groups), isotropic temperature factors, and site occupancies for the
HS-III Et,Me,NF+CH, clathrate hydrate

Group x y z B (A% g Site
Wal 0.3333 0.6667 0.1350(4) 3.1(1) 1 4h

Wa2 0.1325(3) 0.2650 0 49(1) 1 6l

Wa3 0 0.3710(2) 0.3627(3) 8.3(1) 1 12n
Wad 0.2089(2) 04178 0.2205(2) 3.8(1) 1 120
CH,4(1) 0.7168 0.3611 0.5608 0.01 0.0752(8) 24r
CH,4(2) 0.0381 0.5143 0.0311 2.7(5) 0.1162(12) 24r
NL1 0.0203 0.0608 0.4496 15.0(6) 0.0417 24r
ML2 0.1197 0.1925 0.4932 15.0 0.0417 24r
ML3 0.0104 —-0.0387 0.5510 15.0 0.0417 24r
MlL4 0.0590 0.0272 0.3167 15.0 0.0417 24r
ML5 —0.1063 0.0549 0.4359 15.0 0.0417 24r
ML6 0.0749 0.1133 0.1993 15.0 0.0417 24r
ML7 -0.0270 —-0.0252 0.6920 15.0 0.0417 24r
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Table 6. Phase equilibrium data of Me,NOH, Me,NF, Et,Me,NOH, and Et,Me,NF clathrate hydrate systems

Me,NOH+0, Me,NF+0, Me,NOH+N, Me,NF+N, Et,Me,NOH +CH, Et,Me,NF+CH,
T/K P/bar T/K P/bar T/K P/bar T/K P/bar T/K P/bar T/K P/bar
2762 1238 2487 1151 2729 1259 2452 1211 274.5 97.2 268.8 86.9
2776 1438 2500 1323 2737 1365 2479 1468 2754 109.9 2699 1052
2794 1730 2506 1407 2760 1772 2488 1626 277.0 1344 2720 1344

stability of binary hydrate compared to clathrate hydrate of pure O,
or N, gases. On the other hand, as seen in Fig. 5(b), the Et,Me,NOH
shifts the phase boundary curve to a lower-temperature and higher-
pressure region than that of pure methane, that is, Et,Me,NOH acts
as a thermodynamic inhibitor for methane hydrate. The difference
in thermodynamic stability between Me,NOH and Et,Me,NOH
hydrates could be due to the difference in guest-host ionic interac-
tions. It was reported that the hydroxide ion prefers to be located
at the hexagonal faces of 56" cages in the CS-TI Me,NOH+O,
hydrate [24,25]. Although the distribution of hydroxide in the HS-
III Et,Me,NOH+CH, hydrate has not been investigated, it is ex-
pected that the hydroxide is similarly located at the hexagonal
faces of 56" cages because of the weakness of hydrogen bonding

Fig. 6. (a) Crystal structure of CS-II hydrate with the view direction
of (101) projection vector. The red shade region indicates the
large 56" cages. (b) A 5'°6" cage in the CS-II hydrate tetra-
hedrally connected with neighboring 56* cages. Red balls
indicate the oxygens connecting two cages. (c) Crystal struc-
ture of HS-III hydrate with the view direction of (00 1) pro-
jection vector. The red shade region indicates the large 56
cages. (d) A 5"6° cage in the HS-TII hydrate cylindrically con-
nected with neighboring 576" cages. Red balls indicate the
oxygens connecting two cages.
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in the hexagonal rings of ~120° angle compared to the pentagonal
rings of ~108” angle [1]. The center of 56" cage in the CS-II hydrate
has 43m (T,;) symmetry [1] and the hexagonal faces of this cage
are tetrahedrally located at the same distance apart from the cen-
ter. Via these hexagonal faces, a 5"°6" cage in the CS-II hydrate is
tetrahedrally connected to four neighboring 56" cages (Fig. 6(a),
6(b)). On the other hand, the 56" cage in the HS-IT hydrate has
a cylindrical shape, and the symmetry of the cage center is 6/mmm
(Dgy) [1]. This cage has eight hexagonal faces, two perpendicular
and six parallel faces to the six-fold axis. A 5%° cage in the HS-III
hydrate is cylindrically connected to two neighboring 5’6" cages
via perpendicular hexagonal faces, and each Cylinder’ of 56" cages
is apart from the other (Fig. 6(c), 6(d)). Moreover, the 5’6" cage in
the CS-II hydrate is relatively isotropic and has nearly uniform
center-to-host distance (4.59-4.69 A for propane hydrate) [1,59],
while the 56" cage in the HS-TII shows a large discrepancy in the
center-to-host distance (4.92-5.74 A for methylcyclohexane+CH,
hydrate) [1,60]. Therefore, it is expected that the Me,N" cation
in the OH -incorporated CS-II hydrate interacts with more uni-
formly distributed surrounding anions at a shorter distance than
the Et,Me,N" cation in the HS-III hydrate. This difference between
Me,NOH and Et,Me,NOH hydrates could cause the different trends
of two hydrates in thermodynamic stability; as represented in Fig. 5.

For the fluoride-incorporated hydrates, the incorporation of flu-
oride instead of hydroxide causes inhibition of both the CS-II Me,N*
and the HS-IIT Et,Me,N" hydrate formation as shown in Fig. 5. In
particular, the inhibition effect of fluoride incorporation on the
CS-II hydrate (Fig. 5(a)) is much greater than on the HS-III hydrate
(Fig. 5(b)). This could be due to the difference of large cages in
size. As stated above, the filling space of fluoride in the lattice could
be slightly larger, and thus the cage distortion caused by fluoride
could also be slightly greater than by hydroxide. For huge, united
cages of nBu,NF and nBu,NOH hydrates, the effect on thermody-
namic stability caused by the difterence between fluoride and hydrox-
ide in space volume might be negligible, and the melting points of
two hydrates are similar to each other [36]. On the other hand, for
the ‘relatively small’ 56" cages of CS-II hydrate, the cage distortion
by anion much affects the thermodynamic stability of the clath-
rate lattice, and this causes greater inhibition by the fluoride incor-
poration, as shown in Fig. 5(a). The 5%6° cage is larger than the
56" cage; thus, the incorporation of fluoride on HS-TIT hydrate
‘less destabilizes’ the hydrate lattice than on CS-II hydrate.

CONCLUSION

We have demonstrated that the fluoride ion can be incorpo-
rated in the CS-II and HS-III ionic clathrate hydrates. With the
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Rietveld analysis of PXRD patterns, we identified the binary Me,NF+
N, or O, CS-1I hydrates and Et,Me,NF+CH, HS-III hydrate. The
phase equilibria of hydroxide or fluoride-incorporated CS-II and
HS-IIT hydrates systems were also investigated, and it was con-
firmed that the incorporation of fluoride more destabilizes the
hydrate lattice than that of hydroxide and that the degree of desta-
bilization by fluoride might depend on the size of cages for the
ionic guest species. The findings in this study may provide a bet-
ter understanding of the guest-host interactions in ionic clathrate
hydrates and contribute to their practical applications in gas stor-
age and separation technologies.
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