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Structural Transformations of sVI fert-Butylamine Hydrates to sII Binary Hydrates with
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Binary clathrate hydrates with methane (CH,, 4.36 A) and fert-butylamine (+-BuNH,, 6.72 A) as guest molecules
were synthesized at different molar concentrations of ~-BuNH, (1.00—9.31 mol %) with methane at 7.0 MPa
and 250 K, and were characterized by powder X-ray diffraction (PXRD) and Raman microscopy. A structural
transformation from sVI to sl of ~-BuNH, hydrate was clearly observed on pressurizing with methane. The
PXRD showed slI signatures and the remnant sVI signatures were insignificant, implying the metastable
nature of sVI binary hydrates. Raman spectroscopic data on these binary hydrates suggest that the methane
molecules occupy the small cages and vacant large cages. The methane storage capacity in this system was
nearly doubled to ~6.86 wt % for 5.56 mol % > t-BuNH, > 1.0 mol %.

Introduction

Gas hydrates (clathrate hydrates) are nonstoichiometric inclu-
sion compounds in which gaseous guest molecules are trapped
in a host lattice formed by water molecules in an ice-like
hydrogen-bonded framework. Gas hydrates exist as a stable solid
phase in permafrost regions and in ocean-floor sediments around
the world.! Substantial amounts of natural gas (mostly methane)
are trapped in condensed form in hydrates (typically 1 m® of
hydrate has 164 m? of STP equivalent methane). In hydrate
applications of energy recovery, transportation, and storage, it
would be highly desirable to alter the gas hydrate stability
conditions to manageable limits by using inhibitors/promoters.>

Three common gas hydrate structures are currently known:
sI (structure I), sII (structure II), and sH (structure H); sI and
sl are the most predominant structures for all natural gas
hydrates. Structure I can host molecules such as methane, ethane,
and carbon dioxide, while structure II can host larger molecules
such as propane and isobutane, or very small molecules, such
as hydrogen. Structure H requires a coguest molecule, such as
methylcyclohexane, in addition to methane and is an attractive
storage system for higher amounts of fuel gas.?

The crystal structure of gas hydrates consists of a number of
polyhedra (cages), which are primarily comprised of pentagonal
and hexagonal faces. For example, the small cages of both sI
and sII consist of 12 pentagons (5'2).2 The large cages in
sI and sII each have additional hexagonal faces; the sI large
cage has 12 pentagonal and two hexagonal faces (5'%6%), while
the large cage of sl has 12 pentagonal and four hexagonal faces
(5'26%). The unit cell of sI contains two 5'% and six 5267 cages,
and the sII unit cell has sixteen 5'* and eight 5'%6* cages.? On
the other hand, sH consists of three types of cages: the large
cage (5'%6%) is occupied by a large guest molecule, and the other
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two cages, 5'2 and 435%?, are occupied by small molecules such
as methane. Additionally, several other clathrate structures
denoted sIII to structure VII (sVII) were proposed by Jeffery,*>
and structure-T (sT) was proposed by Udachin et al. These
structures, with the exception of structures IV and V, have been
experimentally verified.?

In particular, structure VI hydrate with fers-butylamine is
attractive because it is the only possible clathrate structure with
an estimated hydrogen storage capacity approaching the U.S.
DOE target of 5.5 wt % by 2015, assuming full occupancy of
the small cages and fractional occupancy (>0.8) of the large
cages with hydrogen in sVL.” The +-BuNH, clathrate hydrate is
known to crystallize into a cubic sVI hydrate, which consists
of two types of cages: 8-hedra (4*5%) and 17-hedra (435%6%73).
The diameters for the small and large cages are 5.8 and 10.2
A, respectively. In sVI hydrate, --BuNH, molecules occupy the
large cages, leaving the small cages vacant.*> Recently, Kim et
al.} have reported a structural transformation in sVI -BuNH,
hydrates [16 ~-BuNH,*156 H,O] to sII upon pressurizing an
aqueous solution of #~-BuNH, with methane at 70 bar and 283.65
K. From size constraints for small guests in the sVI cages, it
appears impossible to fill the small cages (4*5%) of sVI with
methane (guest to cage size ratio is 1.453).” Furthermore, we
have also shown that sVI --BuNH, hydrates undergo structural
transformation in the presence of hydrogen.’ These observations
have triggered concern on the stability of sVI hydrates in the
presence of coguest molecules capable of occupying the small
cages. Kim et al.®!° reported that the NMR spectral signature
of binary hydrates (CH; + #-BuNH,) has mixed structures of
(sVI + slI) with +~-BuNH, molar concentrations of 9.3 and 7.0
mol %; pure sII with +~-BuNH, molar concentrations of 5.6 and
4.5 mol %; (sl + sII) with +~-BuNH, molar concentrations of
less than 3.0 mol %; and sl in binary hydrates with +-BuNH, <
0.5 mol %. To gain insight into the structural stability of sVI
hydrate, particularly in the range 9.31 mol % > t-BuNH, > 5.56
mol %, we investigated the binary hydrate formation with
methane gas using tert-butylamine clathrate (sVI) as the starting
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material rather than an aqueous -BuNH, + CH, gas mixture.
These experimental conditions we believe would not only
prevent simultaneous growth of sVI and slI, but also probe the
solid-state transformation process. The binary hydrates were
characterized by powder X-ray diffraction (PXRD) and Raman
microscopy, and the stored methane gas was measured by
volumetric gas release measurements.

Experimental Method

The -BuNH, clathrate hydrate samples were synthesized from
specific amounts (0.98—9.31 mol %) of -BuNH, (Sigma-
Aldrich) and deionized water at 258 K and ambient pressure.
The solution was vigorously stirred until hydrates formed, at
which point the hydrates were stored in a freezer at ~250 K
for about 10—15 h. The hydrate (finely ground powder) was
added to a pressure vessel, which was precooled to below 200
K. During preliminary experiments, we used a lower CHy
pressure (5.0—5.5 MPa) and realized that the signatures of slI
were not prominent and a considerable amount of ice signatures
were also observed, as measured by the PXRD (see Figures
S1—S3 in the Supporting Information). Therefore, we conducted
all subsequent experiments at higher CH, pressures (7.0 MPa),
which were also consistent with earlier experiments,8 while
maintaining the temperature at 250 K for formation of the binary
(-BuNH, + CH,) hydrate in the solid state. The cell was
maintained at these conditions over a period of 48 h (at a
constant temperature of 250 K) for the enclathration of CHy
into the hydrate. The cell was immersed in liquid nitrogen for
about 15—20 min and then degassed. The binary hydrate was
analyzed by powder X-ray diffraction (PXRD) and Raman
spectroscopy.

The PXRD measurements were performed on a Siemens
D500 diffractometer with Co radiation (wavelength 1.788965
A) in the 6/26 scan mode. The measurements were performed
in the step scan mode with a dwell time of 2 s and step size of
0.02°. The PXRD pattern was collected in the range 20 =
8—65°; measurements were carried out at ambient pressure and
100 K. The PXRD pattern indexing and cell refinement were
obtained using the Checkcell and PowderX programs.'! Raman
spectroscopic measurements were performed using a LabRam
HR spectrometer (JY Instruments) with a 532 nm excitation
source providing 6 mW at the sample. All of the measurements
were recorded at ambient pressure and near liquid nitrogen
temperature.

For the volumetric gas release measurements, the binary
hydrates were prepared using a procedure similar to that
described above. Residual gas in the cell was decreased to
atmospheric pressure at around ~200 K. The cell was connected
to a gasometer (Ruska Inc.) to measure the amount of gas
released. The maximum uncertainty originating from the
measurement of the initial hydrate mass (£0.05 g) and released
methane gas volume (£5.0 mL) upon decomposition was around
5%. These measurements were made with samples of about 3—5
g of presynthesized r~-BuNH, hydrates; the binary hydrates were
completely dissociated to obtain the amount of gas released.
We have not estimated the accurate binary hydrate mass as the
PXRD results show small quantities of residual 7~-BuNH, in the
hydrate samples. For convenience, we expressed the released
methane as mL/g, which refers to the gas released (mL) per
gram sample (which consists of pure -BuNH, hydrate and
residual ice).

Results and Discussion

Figure 1 shows the PXRD patterns of pure ~-BuNH, and
t-BuNH, + CH,4 hydrates. As seen in Figure 1a, it is clear that
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Figure 1. Powder X-ray diffraction patterns of pure +-BuNH, (a) and
binary (+-BuNH, + CHy) hydrates with ~-BuNH, 7.3 mol % (b) recorded
at ambient pressure and 100 K. The pure -BuNH, clathrate hydrate
was pressurized with methane (7.0 MPa and 250 K). Vertical bars at
the bottom of each graph represent the generated 26 values using the
optimized unit cell parameters (see text).

the starting material, synthesized with 7.3 mol % of ~-BuNH,,
can be indexed to a mixture of sVI and ice, indicating that the
t-BuNH, hydrates crystallized into a cubic I3d structure even
when the mole fraction is less than the stoichiometric composi-
tion of 9.31 mol %. An earlier reported parameter (a = 18.81
A*8) was used as an initial estimate to obtain the refined unit
cell parameter of @ = 18.6341 + 0.0046 A. The red vertical
bars along the abscissa in Figure 1 indicate the generated 26
values. It is interesting to notice that the pure sVI +-BuNH,
hydrate decomposes at 272 K.*!'> The eutectic point for the
t-BuNH, + H,O binary system has been reported at —8 °C (265
K) and ~4 mol % t-BuNH,."> A similar procedure was used to
analyze the PXRD data for the binary +-BuNH, + CH, clathrate
hydrates. The resulting PXRD pattern for ~-BuNH, (7.3 mol
%) + CH, hydrates (Figure 1b) was better fitted to a sII hydrate
(space group Fd3m) with a lattice constant of a = 17.3984 +
0.0177 A. We also observed a similar PXRD pattern for
t-BuNH, (5.86 mol %) + CH,4 hydrates, which was also indexed
to sII with @ = 17.4898 + 0.0225 A. Negligible amounts of
unconverted sVI were identified in the patterns for the binary
t-BuNH, + CH, hydrates.

From the PXRD results, it is evident that a structural
transformation from sVI to sII occurred when hydrate samples
initially with only -BulNH, were pressurized with CH,. Kim et
al.»1% reported the coexistence of sVI and sII for -BuNH,
concentrations between 7.0 and 9.31 mol % in the binary (z-
BuNH, + CH,) hydrate system, whereas sl was the preferred
structure at lower concentrations (5.6—4.5 mol %) of the large
guest molecule. It is worth noting that the preparation procedure
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Figure 2. Powder X-ray diffraction pattern for +-BuNH, (8.81 mol
%) + H, binary clathrates recorded at ambient pressure and 100 K.
The binary hydrates were prepared by pressurizing solid >-BuNH, and
ice powder.

by Kim et al.»!* was different; they used 70 bar (7.0 MPa) of
methane pressure and aqueous solution with ~BuNH, and
decreased the temperature from 293.15 to 270.15 K to form
hydrates, whereas our studies aimed at probing the transforma-
tion using presynthesized solid +-BuNH, hydrate. By considering
the size of the guest molecules and the available cage sizes, it
is suggested that the ~-BuNH, molecules can occupy the large
cages of both sVI (size ratio of 0.908) and sII (size ratio of
1.009). On the other hand, the methane molecules are too large
to be stored in the small cages of sVI (size ratio of 1.453), thus
triggering the structural transformation, irrespective of the
t-BuNH, concentration. Our PXRD results are consistent with
this reasoning, and slII signatures are observed for binary
hydrates with (+~-BuNH, + CHy,).

To further confirm the formation of the sII double hydrates,
we performed experiments using the mixture (8.81 mol %) of
ice and solid +~-BuNH, as a starting material. Upon pressurizing
the solid mixture in the presence of small cage guest molecules,
the PXRD pattern was slI, and most of the recorded lines could
be indexed to space group Fd3m with lattice constant of a =
17.4535 + 0.0132 A (Figure 2). Here, we used hydrogen gas
rather than methane because of the smaller molecular size of
hydrogen, which was capable of occupying the small cages
(4*5%) of sVI. The remnant phase signatures for sVI in the PXRD
pattern were negligibly small. From these experiments, it is
concluded that the sVI phase is metastable for binary hydrates.

Further evidence for enclathration of CH, in binary hydrates
in +-BuNH, + CH,4 was obtained from Raman spectroscopy.
The characteristic Raman modes for CH, enclathrated in 5'2
cages at 2915 cm™! have a strong overlap with ~BuNH, bands.
To distinguish the bands between different guest molecules, CHy
and 7-BuNH,, we compared the Raman spectrum of pure
t-BuNH, clathrate and binary clathrates with different molar
concentrations of ~BuNH, as shown in Figures 3 and 4. In
Figure 3, the Raman spectrum in the range 2800—3400 cm™!
is convoluted with many bands due to CH3 and NH, groups of
tert-butylamine. In particular, the asymmetric and symmetric
stretching modes for the NH, group are at 3352 and 3294 cm™".
Earlier studies!® of the H,O + -BuNH, system have shown
that the Raman intensities and band positions strongly depend
on the molar concentration of ~-BuNH,, and the present study
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Figure 3. Raman spectra of --BuNH, clathrates (a) and binary ~-BuNH,
+ CH, hydrates in the 2600—3650 cm™' region with +-BuNH, 9.31
mol % (b) and 8.29 mol % (c). The spectra were recorded at 100 K
and atmospheric pressure.
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Figure 4. The Raman spectra of enclathrated methane (red) and
t-BuNH, (blue) molecules in the characteristic CH stretching mode
region. The concentration of +-BuNH, is 9.31% (a), 9.31% (b), 8.29%
(c), 3.0% (d), and 1.0% (e). The spectral traces (b)—(e) are with CH,4
as coguest in binary ~-BuNH, + CH, hydrates, while (a) is without
CH,.

matches well with the reported Raman band at 3294 cm™! for
t-BuNH,; < 20 mol %. On the other hand, the stronger symmetric
stretching bands for CHj3 groups have two components at 2913
and 2926 cm ™! (see Figure 4) in the vicinity of the characteristic
methane modes for the clathrate hydrates. The corresponding
mode in H,O + -BuNH, was earlier reported at 2920 cm™!,
and it was also shown that the Raman intensity and position
for this mode are independent of molar concentration.'* Ad-
ditionally, the Raman spectrum in the range 2800—3000 cm™!
consisting of other modes of CH; has features similar to those
reported earlier.'* The (OH) stretching mode observed at 3115
cm™! in ~-BuNH, clathrate and the binary hydrate is also
comparable to that reported in the literature.'4~ "7

When pressurized with methane, a new band around 2915
cm™! is clearly observed along with other CH; groups of
t-BuNH, (Figure 4). The Raman shift and line width for these
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tBuNH2 mol %

Figure 5. Histograms showing the amount of methane released during
the dissociation of binary hydrates with ~-BuNH, + CH,. Overlapping
bars correspond to repeat experiments.

modes could not be attributed to the free methane gas, but in-
stead are due to methane trapped in 5'% cages of sl or slL
However, from the PXRD (Figure 1), it is evident that the
structure of the binary clathrate is sII, and thus the Raman mode
is assigned to methane trapped in 5'% cages of sII. The binary
hydrates with lower concentration of ~-BuNH, show some
interesting features in the Raman spectrum. A new mode around
2905 cm™! in the binary hydrates with -BuNH, (8.29 mol %)
is clearly observed (Figure 4 c), a signal that remained
observable in successive dilutions of -BuNH,. This mode
corresponds to methane molecules encaged in 5'%6* cages of
sIL.21516 However, in binary hydrates with THF or z-BuNH,, it
is generally assumed that the large cages are only occupied by
the larger guest molecules. Contrary to this knowledge, recent
studies have shown that the methane molecules could be also
entrapped in vacant large cages of sIL.'>'®!* Molecular dynamics
simulations were recently employed to study the methane storage
potential of various hydrate forming structures (s, sII, and sH).?
These studies have shown that decreasing the sII hydrate formers
such as propane or THF to 1—3 mol % increases the methane
storage capacity; however, higher methane pressures are es-
sential during hydrate formation.? The important features of
hydrates with two guest molecules such as methane and THF,
for the “tuning effect” to achieve better storage of fuel gas, were
summarized by Seo et al.?! All of the hydrate forming systems
(s, sII, and sH) studied so far on the tuning and structural
transformations effects have the 5'% cages as the common cage;
however, sVI with pure --BuNHj, is an exception. Furthermore,
the Raman spectrum (Figure 4e) of binary hydrates with
t-BuNH, (<1.0 mol %) is dominated by the sI hydrate structure,
corroborating earlier NMR studies,®!° which report sI structure
for binary hydrates with ~-BuNH, concentrations < 2.0 mol %.

It is interesting to notice that the absolute methane gas stored
in the binary hydrates significantly increases when the concen-
tration of ~-BuNH, is close to the slI stoichiometry (Figure 5).
The results show that the storage capacity of methane in the
hydrate is low (3.45 wt %) at higher --BuNH, concentrations
(7.0 < +-BuNH,; mol % < 9.31). Gas released from these samples
was 64 mL CHy/g, at ~0.083 MPa pressure and 297 K. Note
that from the PXRD results, almost all hydrate crystals were
determined to be sII. The released methane gas is much lower
than that expected for slI hydrates with -BuNH, molecules in
the large cages and CHy in the small cages (6, ~ 0.6986),
indicating there are a significant number of vacant small cages.
Additional amounts of -BuNH, (>5.56 mol %) may be
significantly influencing the methane occupancy of the 5'? cages.
Furthermore, Kim et al.'” have also noticed that the +-BuNH,
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molecules having the tendency to form sVI inhibit the formation
of both sl and sII hydrates by affecting the interaction with
water. However, at t-BuNH, concentrations closer to slII
stoichiometry (5.56 mol %), we measured 128 mL. CH,/g (~6.86
wt %), at ~0.083 MPa pressure and 297 K; the gas storage
capacity remained the same even with the ~-BuNH, concentra-
tion lowered to ~1.0 mol % (see Figure 5). Note that NMR
studies®!%?? indicated the cage occupancy of methane to be 6"
= 0.7413 and 67" = 0.4359 for binary hydrates (+-BuNH, ~1.0
mol %). Moreover, the cage occupancy was reported to be O
= 0.7628 and 67" = 0.1773 in binary hydrates with lower
+-BuNH, concentration (0.85 mol %).%'° The small cage
occupancy was reported as 0, = 0.7875 for binary hydrates
with +~-BuNH, concentration between 4.0 and 5.56 mol %, with
-BuNH, molecules occupying the large cages.!® The methane
storage capacity in these cases could be estimated to be 8.12,
6.93, and 6.23 wt %. We observed an average storage capacity
of 6.86 wt % for 5.56 > -BuNH, > 1.0 mol %, in close
agreement with these results. On further decreasing the +-BulNH,
concentration (<1.0 mol %), pure methane hydrate (sI) was
formed, and the methane storage capacity was marginally
increased to 190 mL CH4/g (~10.13 wt %), corroborating the
NMR results, which reported dominance of the sI component
in similar P,T conditions.®!-1?

Conclusions

The results shown here demonstrate that the structural
transformation (sVI to sII) of --BuNH, hydrate pressurized with
methane was clearly observed from the PXRD patterns.
Signatures of sII were more prominent (with no trace of sVI)
for binary hydrates with 9.31 mol % > -BuNH, > 5.56 mol %.
The experiments indicate that sVI is unstable when pressurized
with coguest molecules (methane or hydrogen) in binary
hydrates. The Raman spectroscopic data suggested that the
methane molecules occupy the small and vacant large cages of
sII. The methane storage capacity in this system is nearly
doubled in hydrates, with 5.56 mol % > t+-BuNH, > 1.0 mol %,
and the average is ~6.86 wt % (~128 mL/g). The Raman
spectroscopic results also support earlier data on the dominance
of sl in binary hydrates (+-BuNH, + CH,) with lower +~-BuNH,
molar concentrations.
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