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ABSTRACT: Clathrate hydrates are host−guest crystalline
compounds which can capture both small gases such as H2,
CH4, and CO2 and larger guest molecules which are in the liquid
state. Large guests (LGs) such as tetrahydrofuran (THF) can
strongly stabilize the structure II clathrate hydrate under moderate
conditions and provide a substantial number of small cages for the
encapsulation of smaller guest gases. Most hydrocarbon LGs are
volatile and immiscible in water, and even the water-miscible LGs
such as THF are still volatile. The use of these LGs requires a
recovery process in applications based on hydrates. Amines are one
chemical group of alternative LGs which have low vapor pressure
compared to hydrocarbon LGs. In this study, we report structural
characterization for clathrate hydrates formed with the cyclic amine pyrrolidine (PL) and the structurally related THF. Crystal
samples were formed from aqueous solutions of PL and THF with several ratios. Lattice constants determined by the single-crystal
X-ray diffraction increased with the increase of PL content in the hydrate. Inspection of the cage size found that 51264 cages expand
due to PL inclusion, while the empty 512 cages do not expand to the same degree. The refined X-ray diffraction structure suggests
that the PL is incorporated in the large cage without forming hydrogen bonds with the cage water molecules. Molecular dynamics
simulations also support weak hydrogen bond interactions between PL and water molecules.

1. INTRODUCTION
Clathrate hydrates are host−guest compounds formed by the
cooperation of water (host) and small molecules (guest), such
as hydrocarbons or inert gases in which water molecules form
space filling hydrogen bonded cages which encapsulate the
guests.1−3 Clathrate hydrates with gas phase guests usually
form under high pressure and low temperature conditions and
incorporate small gas molecules. Inclusion of large guests can
usually moderate formation pressure and temperature
conditions and form simple hydrates or binary hydrates with
smaller gas molecules. There are three basic structures for
clathrate hydrates, i.e., structure I (sI), structure II (sII), and
structure H (sH), that form with suitably sized guest
molecules.1−3 Each structure is composed of a combination
of different types of cages, e.g., a dodecahedron (512) which
consists of 12 pentagonal faces, a tetrakaidecahedron (51262)
which consists of 12 pentagonal faces and two hexagonal faces,
and a hexakaidecahedron (51264) which consists of 12
pentagonal faces and four hexagonal faces. Different gas
capacities and selectivities result from a combination of the
cages and the size and chemical nature of the guests. The sI
hydrate forms from small gas phase guest molecules like CH4
and CO2 and smaller guests like H2, O2, N2, and Ar form sII
hydrates. The sII and sH hydrates can incorporate larger guest
(LG) molecules, e.g., cyclopentane and methylcyclohexane,
respectively. The sII phases often encapsulate additional

smaller guests into the 512 cages of the phase, while the sH
phases require smaller guests in the 512 and 435663 cages. Since
sII hydrates in the presence of LG form under more moderate
pressure and temperature conditions compared to the sI
hydrates, e.g., 1 MPa at 286 K with sII THF + CO2 hydrates,

4,5

compared to >4 MPa at 286 K for sI CO2 hydrate, they are
potential media for transportation of natural gases,6,7

desalination8,9 and CO2 capture.9,10 However, LGs of sII
hydrates are often volatile, flammable, and toxic.
Utilization of low-quality or abundant and cleaner energy in

the short term can be a key factor in sustainable develop-
ment.11−15 Clathrate hydrates can capture a variety of gases
such as H2, CO2, N2, and CH4.

16−18 In some gas mixtures
containing CO2, the concentration of CO2 in the hydrate phase
is enriched compared to that in the original gas phase, and so
clathrate hydrate formation can be utilized for CO2 separation
and capture.19−26 The CO2 capture process with LG requires
additional facilities such as a condenser and liquid−liquid
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separator for the hydrate formation and separation process.
Figure 1(a) illustrates a CO2 gas separation process based on
water-immiscible large cage guests such as alkanes. When
alkanes are used for the process as large guests for sII hydrates,
their high volatility necessitates the introduction of an
additional process for condensation of the large guest from
the refined gas stream. Furthermore, since many of the LG are
immiscible with water, mixing and separation processes of the
two liquid water and LG phases are also necessary to promote
rapid hydrate formation and to avoid accidentally plugging of
the facilities. Figure 1(b) shows a process with a water-miscible
LG. When a water-miscible LG is used in the process, the
clathrate hydrates form from a single liquid phase, i.e., an
aqueous solution of the LG. This makes it possible to simplify
the process, and in these cases, only one cooling loop is
necessary for the aqueous phase. Ethers, such as THF,
tetrahydropyran,27,28 and tert-butyl methyl ether, are water-
miscible (or partially water-soluble) LGs for sII and sH
hydrates, respectively.2,29 While these water-miscible LGs are
useful for simplifying the gas separation process, they still have
considerable vapor pressures, i.e., 23 kPa at 300 K for THF.30

If vapor pressure of the LGs can be suppressed, even to a
limited degree, the process can be made both simpler and safer
and has lower energy requirements.
Amines are widely used for CO2 capture as an absorbent,31

and they are also LGs for sII and sH hydrates.32−38 Due to the
lower volatility and vapor pressure of amines compared to that
of ethers, the uses of these former LGs in hydrate formation
can be simplified. Pyrrolidine (PL) is a cyclic amine with a
vapor pressure of 6.5 kPa at 298 K, which has a similar
molecular size and structure (and is isoelectronic) to the cyclic
ether and alkane THF and cyclopentane. The choice of PL
primarily demonstrates that alternatives to THF with lower
vapor pressure can be possible for sII hydrate formation. In
particular, THF has a vapor pressure of 23 kPa at 300 K, while
that of PL is about 6.5 kPa at the same temperature. As we
described above, the process design is a step-by-step
investigation for further improvement on gas capture and
storage by sII hydrates.
Below the freezing point of water, PL forms a stoichiometric

hexahydrate, not a clathrate;36,39 however, above the freezing
point of water and under the pressure of a secondary guest gas
pressure, this amine forms sII clathrate hydrates.32,36 This is an

advantage for use in gas separation processes based on
clathrate hydrate formation at near ambient temperatures
because it enables extra cooling of the aqueous phase to
facilitate hydrate formation without plugging the flow by ice
which can occur during the formation of simple clathrate
hydrates from the LG alone. Although the molecular structure
of PL is quite similar to THF, it is reported that PL cannot
form clathrate hydrates either by itself1 or with CO2.

32 This is
probably due to the relatively larger molecular size of PL
(compared to THF) which can be barely incorporated in the
51264 cage and the strong chemical interaction between CO2
and PL in the aqueous phase which disrupts the hydrogen
bonding network of water molecules around them. Such
complicated interactions may lead to modification of the
structure of clathrate hydrate.40−42

In this work, we studied amine hydrates formed with the
assistance of relatively limited amounts of THF and analyzed
the effects of the amine on the sII hydrate structure which is
suitable for gas capture and storage. We characterized the
hydrates formed with PL and THF by melting temperature
measurements, X-ray diffraction analyses, and solution-state
NMR measurements. Molecular dynamics simulation was also
used for investigating the mutual interaction between host and
guest molecules in this sII double hydrate. The results suggest
modification of the hydrate formation process by introducing
water-miscible and low volatile LGs for improving hydrate-
based gas capture technologies.

2. EXPERIMENTAL SECTION
2.1. Materials. We used water filtered by activated carbon and

sterilized with an ultraviolet lamp. The electrical resistivity of the
water was >18.2 MΩ. For melting temperature measurements and gas
separation performance tests, PL (Sigma-Aldrich, >99%) and THF
(Alfa Aesar, >99%) were used without further purification. For X-ray
diffraction analyses, PL (Sigma-Aldrich, >99%) and THF (Sigma-
Aldrich, >99.9%) were used without further purification. For NMR
measurements, we used deuterium oxide (Wako Pure Chemical
Industries, >99.9%) as a solvent to simplify the interpretation of the
guest spectra.

2.2. Characterization of the Clathrate Hydrates. For the
melting temperature measurements for the PL + THF hydrates, four
aqueous solutions were used in the experiments. We prepared the
sample solutions in glass vials with the aid of an electronic balance
(Ohaus, Adventurer Pro AV313), and molar compositions in the
solutions (x) were determined based on mass. We note that air

Figure 1. Conceptual process diagram of the CO2 gas separation process based on clathrate hydrates for water-immiscible and water-miscible LGs.
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remained in the glass vials and was not removed prior to experiments.
Because the stoichiometric composition of the LG in the sII hydrates
is 0.056, we used the fixed composition of total LG in the solutions
(xTHF + xPL) relative to water to be this value. The molar ratio of PL
to total LG (THF + PL), Φ = xPL/(xTHF + xPL), for the solutions was
determined to be 0.078, 0.287, 0.505, and 0.933.
The measurements were performed in a water bath in which

temperature was maintained by circulating cooling water. The glass
vials filled with solution were initially frozen in a refrigerator at ∼250
K and then placed in the water bath. A stepwise temperature increase
with 0.5 K increments weas used to find the maximum temperature at
which hydrates were present in the solutions. We determined this
temperature to be the melting temperature of the hydrate. The system
temperature was measured by a glass thermometer (Ever-safe, N16B)
which was calibrated by a solid−liquid equilibrium temperature of
water under ambient pressure. The measurement uncertainties were
0.5 K for the temperature and 0.002 for x.
Single crystals of the hydrate were also grown in a temperature-

controlled water bath. Four sample solutions with Φ = 0, 0.105, 0.306,
and 0.502 were prepared in glass tubes. Subcooling temperatures for
crystal growth were 2−3 K. We observed crystals under a microscope
(Edmund Optics, VZM-200i) and a CCD camera (Sentech, MC-
152USB). After the hydrate crystals grew, the residual aqueous
solutions were removed from the tube. The single crystal suitable for
X-ray diffraction was selected and mounted on a CCD detector type
diffractometer (Bruker AXS, SMART APEX). The crystal structures
were solved and refined with SHELX.43 The details of single-crystal
X-ray diffraction analyses are provided in Tables S1 and S2 in the
Supporting Information. Hydrogen atoms were manually placed on
the LG molecules. Since THF and PL in 51264 cages have numerous
positions generated by symmetry operations, giving anisotropic
displacement parameters for THF and PL is not physically reasonable.
Thus, these parameters are left isotropic during the present
refinement processes. The CIF crystallographic data of the hydrates
formed with Φ = 0.502 are deposited in the Cambridge Crystallo-
graphic Data Centre (CCDC) under number 2045524.
Solution-state NMR measurements were also performed on the

melted crystal solutions. The melted solutions were diluted with
deuterium oxide and mounted on the NMR spectrometer (Bruker,
Avance 500). From the peak areas of the hydrogen in CH2
neighboring nitrogen in PL and oxygen in THF, the fraction of PL
and THF in hydrate phase was determined. All the spectra recorded
in this study are provided in Figure S1 in the Supporting Information.
2.3. Molecular Dynamics Simulations. Molecular dynamics

simulations were performed by using DL_POLY program version
2.20 developed by Smith, Forester, and Todorov.44 In the simulations,
a 2 × 2 × 2 unit cell replica of sII hydrates of THF and PL was used.
The disordered water proton positions in the sII hydrate unit cell
were taken from Takeuchi et al.45 The TIP4P/2005 model was used
for intermolecular interactions of water molecules.46 The General
Amber Force Field (GAFF) was employed for THF and PL molecules
to determine the Lennard-Jones parameters for the van der Waals
interactions,47,48 and the TraPPE model was used for methane.49 The
CHELPG method was used to determine nucleus-centered point
charges on the guest atoms for the electrostatic interactions.50

Structures of the two guest molecules were calculated at the B3LYP/
aug-cc-pvdz level of theory using the Gaussian 09 suite of programs.51

The PL molecule can be in two conformers with the amine hydrogen
in the equatorial or axial position with respect to the five-atom
heterocyclic ring. In agreement with previous quantum chemical
studies,52−56 the equatorial conformer was used as the most stable
form of the guest. All the cross interaction Lennard-Jones parameters
between atoms on different molecules were calculated by the
Lorentz−Berthelot combining rules. The Ewald method was used
to evaluate the electrostatic interactions with a relative error of 10−6

and an overall cutoff of 15 Å.57,58 The guest molecules were kept rigid
during simulations. The force field parameters are given in Table S3 of
the Supporting Information.
The temperature and pressure of the simulation were maintained

constant using a Nose−́Hoover thermostat-barostat57,58 with

relaxation times of 0.2 and 0.5 ps, respectively. The equations of
motion were integrated at each time step of 1 fs. The system was
equilibrated at the target temperature for 100 ps in the simulation
followed by 1 ns of data gathering after equilibration. Periodic
boundary conditions (PBCs) were used in three directions. The
simulations were performed at 250, 260, and 270 K to observe the
temperature effects on the hydrate phase properties.

3. RESULTS AND DISCUSSION
3.1. Characterization of the Clathrate Hydrates. The

melting temperatures of the PL + THF hydrates formed from
solutions with Φ = 0.078, 0.287, 0.505, and 0.933 are shown in
Figure 2. The details of the melting temperature measurements

are provided in Table 1. The melting temperature with Φ =
0.078 was almost the same as that of the pure THF hydrate
reported in the literature,59−62 and the small mole fraction of
PL only changed the melting temperature by a small amount.
The THF + PL hydrates formed with Φ = 0.287 and 0.505
melted above the freezing point of ice and so can be formed
under conditions of lower vapor pressure than pure THF
hydrate. With Φ = 0.933, a stable solid was obtained below 262
K; however, this sample melted below 268.9 K. While the
hexahydrate of pyrrolidine (not a clathrate) can form at 269.2

Figure 2. Melting temperature of the THF + PL hydrates as a
function of the mole fraction of PL in the LG mixture. The total mole
fraction of the LG mixture (THF + PL) in the aqueous solutions was
∼0.056: ○, this work; □ (white), pure THF hydrate;60 □ (red), pure
THF hydrate;62 □ (blue), pure THF hydrate;59 and □ (black), pure
THF hydrate.61

Table 1. Results of Melting Temperature Measurements for
THF + Pyrrolidine Hydrates at Ambient Pressure

Φ xPL xTHF Melting temperature /K

0.078 0.0042 0.0502 277.4
0.287 0.0156 0.0386 276.0
0.505 0.0276 0.0270 273.8
0.933 0.0501 0.0036 >261.4
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K,36 the solid phase at Φ = 0.933 melted below this
temperature. Accordingly, the presence of THF may affect
stability of the hexahydrate of pyrrolidine. These results
verified that a secondary large guest is necessary to form a
stable binary hydrate with a large content of PL above 273 K.
Single crystals formed under atmospheric pressure in the

systems of THF + PL + water are seen in Figure 3. With Φ =
0.306, in Figure 3(a), highly symmetric crystals were observed,
while with Φ = 0.502 in Figure 3(b), elongated crystals in
which certain crystal faces grew are observed.

The melted single crystals were subjected to solution 1H
NMR measurements which can give information for the ratio
of PL to THF in the hydrate crystals (ϕPL). The obtained
spectra are provided in the Supporting Information. Figure 4

shows the relationship between ϕPL and Φ. The results showed
that the single crystals formed with Φ = 0.105 contained PL in
the hydrate phase in similar proportion as that in the aqueous
phase. At higher Φ, THF was slightly enriched in the hydrate
phase relative to the solution from which the hydrate was
formed. In the THF−PL hydrate synthesis, the pyrrolidine
changes the activity of the water, so it acts as an inhibitor
which changes the melting point; but it is also a guest but not a
good enough guest to stabilize the hydrate lattice by itself.
Hence pyrrolidine must be “introduced” by a known hydrate

forming guest, THF. This kind of inclusion was termed an
“Einschleppung”.63

The single crystals were subjected to the X-ray diffraction
analysis at 173 K. All the tested crystals were determined to be
the cubic structure II hydrate. The detailed information on the
structural analyses is summarized in the Supporting Informa-
tion, and the structural data with ϕPL = 0.36 (Φ = 0.502) were
deposited in the structural database. Figure 5 shows the lattice

constants (a) of the present hydrates at 173 K. This figure
confirmed that our present data for pure THF hydrate (ϕPL =
0) are consistent with the literature data.32,36,42,64−66 An
increase of ϕPL slightly expands the lattice from pure THF
hydrate (ϕPL = 0). With ϕPL = 0.36 (Φ = 0.502), the lattice
constant is increased from that with ϕPL = 0.15 (Φ = 0.306).
The present data were compared with those in reference 32
where a lattice constant of 17.320 Å at 123.15 K was given for
PL + CH4 hydrates formed from an aqueous solution with a
0.0556 mole fraction of PL. These data clearly show that the
inclusion of methane in the structure strongly expands the

Figure 3. Pictures of the single crystals formed in the THF + PL +
water systems: (a) Φ = 0.306 formed at 273.6 K and (b) Φ = 0.502
formed at 271.6 K.

Figure 4. Fractionation of PL and THF between the solution phase
and sII hydrate phase determined by solution-state NMR measure-
ments. The line indicates the proportional relationship between ϕPL
and Φ.

Figure 5. Lattice constants of THF + PL hydrates. (a) Lattice
constants determined by single-crystal X-ray diffraction: ○ (white),
this work at 173 K; □ (magenta), THF hydrate at 100 K;64 □ (sky
blue), THF hydrate at 125 K;42 □ (blue), THF hydrate at 173 K;65 □

(orange), THF hydrate at 173 K;66 □ (blue), THF hydrate at 220
K;36 △ (yellow), PL + CH4 hydrate at 123.15 K.32 (b) The
temperature dependence of the lattice constants calculated by MD
simulations: the hypothetical PL sII hydrate (△), the THF sII hydrate
(□), and the PL + CH4 sII clathrate hydrate (◊) with all small cages
filled with methane.
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lattice exceeding the increasing tendency depending on ϕPL for
the hydrates formed with just THF and PL.
Average distances from cage centers to water oxygens (d) in

512 (dS) and 51264 (dL) cages are shown in Figure 6(a). As well

as lattice constants, dS increased due to an increase of Φ in
both 512 and 51264 cages. Figure 6(b) shows the ratio of d/(d at
Φ = 0) (pure THF hydrate). At ϕPL = 0.15 and 0.36 (Φ =
0.306 and 0.502, respectively), the cages expand anisotropi-
cally, that is, the dL cage increased slightly more than in the 512

cage. Therefore, it was suggested that the 51264 cages expanded
due to PL inclusion and that empty 512 cages do not uniformly
follow the 51264 cage expansion. Because of PL inclusion, the
51264 cage requires nonuniform expansion which may lead to
an unstable sII hydrate structure. Formation of pure PL
hydrate with many empty 512 cages is difficult, while formation
of hexahydrate without empty voids is possible in the
pyrrolidine−water system.36 The expanded structure at a
higher PL content may be stabilized by filling 512 cages with
small guests,32 as was also observed in cases such as carbon
tetrachloride sII hydrate.1

The single-crystal structure refinement on the sample with
ϕPL = 0.36 (Φ = 0.502) was also performed. The present
crystal structure analysis showed that both THF and PL were
incorporated in the 51264 cage of the structure II hydrate.
Figure 7 shows the distribution of THF and PL molecules in
the 51264 cage. Although these two guest molecules are
similarly shaped, the additional hydrogen atom attached to the

nitrogen atom in PL exceeds the size limit for the large cage.
The distance between the oxygen atoms of the nearest cage
water and the hydrogen and nitrogen atoms of the amino
group in PL were ∼2.7 and 3.6 Å, respectively. Since hydrogen
bond lengths between water molecules (H−O distance) found
in the present structure were ∼1.9 Å, it is not clear that there
was hydrogen bonding between PL and the cage water in this
structure. The oxygen atom in THF is aligned toward the
hexagonal face of the 51264 cage. The distance between the
cage water and oxygen atom in THF was ∼3.5 Å which is

Figure 6. Average distances between water oxygen and cage center
(d): (a) dS and dL and (b) d/(d at Φ = 0) (pure THF hydrate).
Symbols: ●, dS; ▲, dL.

Figure 7. Distribution of (a) THF and (b) PL molecules in the 51264

cage revealed by structure refinement. Hydrogen atoms in water and
the hydrocarbon chain are omitted for clarity: red, oxygen atom in
water; orange, oxygen atom in THF; pale pink, hydrogen atom in PL;
blue, nitrogen atom in PL; solid line, hydrogen bonding between
water molecules; dashed line, the nearest position of the hydrogen
atom in the amino group to the cage water. Possible positions of
atoms duplicated by symmetry operations are shown.
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longer than the H−O distance of PL and water. Cage
occupancies of the THF and PL in the 51264 cage were
determined to be 0.55 and 0.42, respectively. These values are
not exactly the same as for ϕPL = 0.36 which was found by
solution-state NMR measurements, but they agreed with each
other considering measurement uncertainties.
3.2. MD Simulations. The calculated lattice constants for

the hypothetical sII PL hydrate, the sII THF hydrate, and the
PL + CH4 hydrate with all small cages occupied by methane
molecules are given in Figure 5(b) for temperatures from 123
to 270 K. The lattice constants for the PL hydrate are larger
than those of THF. Addition of CH4 into the hydrate small
cages has the effect of increasing the predicted lattice constants
of the unit sII cell. At 123 K, the magnitudes of the differences
between the MD lattice constant for THF and that of the sII
PL + CH4 hydrate are smaller than those measured
experimentally.
The radial distribution functions (RDFs) which indicate

hydrogen bonding among THF, PL, and water molecules in
the large cages of the sII hydrate are shown in Figure 8 where g
and r denote RDF and radial distances between atoms,
respectively. In Figure 8(b), the radial distribution function of
the THF oxygen (OS) and the water hydrogen (HW) is
shown. The radial distance between 1 and 3 Å of this RDF is
shown in Figure 8(c) which is the region of hydrogen bonding.
The RDF peaks of the two guests between 1.8 and 1.9 Å show
weak hydrogen bonding between the guests and cage water
where water is the proton donating group in the hydrogen
bond. Although both hydrogen bonds are weak, the PL shows
a greater degree of hydrogen bonding than THF.
The configurational energies (total kinetic energy) for the

hypothetical sII PL hydrate, the sII THF hydrate, and the PL +
CH4 hydrate with all small cages occupied by methane
molecules are given in Figure 9 for temperatures from 123 to
270 K. The configurational energies of the PL and THF
hydrates are very similar in magnitude, but the CH4 molecules
significantly lower the configurational energy of the unit cell,
stabilizing the hydrate phase.
Since the configurational energies in the hydrate phase are

almost the same for PL and THF, differing from the results of
some previous work on other cyclic amines,33,37 other chemical

interactions between PL and water not captured by classical
molecular dynamics simulation, such as proton transfer from
water to the basic PL molecule, can contribute to destabilizing
the PL inclusion in pure PL hydrate. Furthermore, as well as
THF, in solution phase, pyrrolidine changes the activity of
water and reduces the melting point of hexahydrate and
probably also clathrate hydrate.

4. CONCLUSION
In this study, we formed PL hydrates with the assistance of
tetrahydrofuran (THF) which is a widely used large guest
(LG) for sII hydrates. We characterized the pyrrolidine (PL)
containing hydrates by melting temperature measurements,
single-crystal X-ray diffraction, and solution-state NMR
spectroscopy. With an increase of the PL ratio in the aqueous
phase, the melting temperature decreased. The solution NMR
measurements of melt solutions of the hydrate crystals clearly
showed that PL was incorporated in the hydrate phase. Lattice
constants which were determined by single-crystal X-ray

Figure 8. (a) The radial distribution function (g) of the THF oxygen (OS) and water oxygen (OW). The full line represents PL, and the dashed
line represents THF. (b) The RDF for the THF oxygen (OS) and water hydrogen (HW). (c) A zoomed in view of the RDF for the THF oxygen
(OS) and water hydrogen (HW) in the range of 1−3 Å. The peaks in between 1.8 and 1.9 Å represent the proton accepting hydrogen bonding of
the large cage guests with the sII large cage water molecules.

Figure 9. Change in configurational energy (kcal/mol) for the
simulation cell as a function of the temperature from 123 to 270 K:
the hypothetical PL sII hydrate (◊), the THF sII hydrate (□), and the
PL + CH4 sII clathrate hydrate (△).
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diffraction increased with an increase of ϕPL. Inspection of the
cage size found that 51264 cages expand due to PL inclusion
and that the empty 512 cage slightly follows the 51264 cage
expansion. The refined structure of the crystal with ϕPL = 0.36
(Φ = 0.502) suggests that the PL is incorporated in the large
cage without making hydrogen bonds stable to the cage water
molecules. The MD simulations also support weak hydrogen
bond interactions between PL and water molecules which may
destabilize the structure of pure PL hydrate. The present
results show that incorporation of PL requires expansion of the
large cage of the sII clathrate hydrate, and distortion of the unit
cell structure leads to the small cages needing support by small
guests to become stable. This is also likely to be a structural
stabilization mechanism for such LGs that need a help gas such
as cyclohexane67 and a key to further modification of the
hydrate structure by introducing water-miscible LGs for
improving the operating conditions of hydrate based
technologies.
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