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Abstract—We discovered a new structure II (sII) hydrate forming agent, allyl alcohol (AA), in the presence of meth-
ane (CH,) for the first time, and characterized the crystal structure, guest distribution, and phase equilibria of the
(AA+CH,) hydrate. Using solid-state °C NMR and Raman spectroscopy, the crystal structure of the (AA+CH,)
hydrate was confirmed to be a sII hydrate, and the CH, molecule was found to be encapsulated in both the large and
small cages of the sII hydrate. In addition, AA was found to be included in the large cages of the sII hydrate in the
Gauche-Gauche form based on the measured- and calculated-NMR spectra. Notably, we investigated the free OH sig-
nal of AA in the Raman spectra to determine whether hydrogen bonding occurred between host and guest molecules;
however, we could not determine whether the existence of the free OH signal was consistent with this host-guest inter-
action. To clearly identify the crystal structure and possible host-guest interactions, a high-resolution powder X-ray dif-
fraction (HRPD) pattern of our (AA+CH,) hydrate sample was analyzed using Rietveld analysis with the direct space
method. The crystal structure of the (AA+CH,) hydrate was assigned as the cubic Fd3m structure with a lattice con-
stant of 17.1455 A. In particular, the shortest distance between the AA molecule in the hydrate cages and an oxygen
atom in the host water was estimated to be 2.55 A; thus, we concluded that the hydroxyl group of the AA molecule was
hydrogen-bonded to the host water framework. Finally, we measured the phase equilibrium conditions of the binary
(AA+CH,) hydrate and found that the equilibrium pressure conditions of the binary (AA+CH,) hydrate were slightly
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higher than those of the pure CH, hydrate.
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INTRODUCTION

Clathrate hydrates, also known as gas hydrates, are ice-like com-
pounds composed of hydrogen-bonded water molecules forming
‘host’ cages that encapsulate ‘guest molecules [1,2]. In general, there
are three well-known hydrate structures: cubic structure I, cubic
structure II, and hexagonal structure H [1,2]. All three have the
same small (5) cages but different large cages in their structures.
The relative size of the hydrate cage and the guest molecule are the
key factors that determine the hydrate structure and hydrate cage
occupancy; thus, small gaseous guest molecules (e.g., methane, eth-
ane, nitrogen, oxygen, and hydrogen) as well as large organic guest
molecules (e.g., cyclopentane, tetrahydrofuran, and 2,2-dimethyl
butane) can be selectively captured in hydrate cages [1-13]. Clath-
rate hydrates can be applied in various fields, including gas storage
and transportation [13-18], greenhouse gas control [19-23], carbon
capture and sequestration [24-27], and desalination [18,28-33]. Thus,
clathrate hydrates are an option for future sustainable development.

Clathrate hydrates can be formed under low-temperature and
high-pressure conditions, and thus, clathrate hydrate formation is
a serious issue during the oil and gas production process [1,2]. Sim-
ple alcohols, mainly methanol, are often used as thermodynamic
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hydrate inhibitors as these alcohols form strong hydrogen bonds
with water [3,34-39]. However, some monohydroxy alcohols, such
as propanols, butanols, and pentanols, can play multiple distinct
roles in the formation of clathrate hydrates, as the hydrophobic-
hydrophilic balance shifts as the size of the alkyl group increases
[40-49]. Therefore, several large monohydroxy alcohol molecules,
such as 1-propanol [44,45,50], 2-propanol [44,51-53], 1-butanol
[48], iso-butanol [48], tert-butanol [48], 3-methyl-1-butanol [40],
2,2-dimethyl-1-propanol [40], 3-methyl-2-butanol [40], and 2-
methyl-2-butanol [40] have been identified as cubic structure type
I (sIT) or hexagonal structure (sH) hydrate-forming agents in the
presence of a helping gas. Although these large alcohol molecules
can be regarded as hydrate formers, they still contain a monohy-
droxy group in their structures. Therefore, possible hydrogen bond-
ing interactions between the guest and host molecules have been
examined by several researchers. Cha et al. [40] reported that pos-
sible guest-host hydrogen bonding interactions can be investigated
through the observation of free OH signals in Raman spectroscopy.
Molecular dynamics simulations have also been used to demon-
strate possible guest-host hydrogen bonding interactions and have
indicated that long-lived hydrogen bonding can occur in hydrate
cages [44]. More recently, Takeya et al. [54] attempted the ab initio
crystal structural determination of gas hydrate structures using
Rietveld analysis with the direct-space method from the powder
X-ray diffraction pattern; their results provided useful insights into
understanding the complex nature of host-guest chemistry.
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The aim of the present study was to discover a new structure II
hydrate-forming agent and to identify any guest-host interactions
occurring in the resulting clathrate hydrate system. We investigated
the crystal structure, guest distribution, and possible guest-host
interactions in the (allyl alcohol+methane) hydrate for the first time
using spectroscopic techniques. °C solid-state NMR and Raman
spectroscopy were used to identify the crystal structure of the
hydrate, and the high-resolution powder X-ray diffraction pattern
of the (AA+CH,) hydrate was refined using Rietveld analysis with
the direct space method to search for possible guest-host interac-
tions in the hydrate cages. Finally, the thermodynamic conditions
of the (AA+CH,) hydrate were examined using the conventional
isochoric method.

EXPERIMENTAL DETAILS

Allyl alcohol (AA, CH,CHCH,OH) with a minimum purity of
99.0 mol% was purchased from Sigma-Aldrich. Methane (CH,) gas
with a minimum purity of 99.95mol% was supplied by Deokyang
Corporation. Distilled water was used to prepare the AA solution
(5.6 mol%).

The allyl alcohol (AA) solution (5.56 mol%) was stored in a
freezer at approximately 203 K and atmospheric pressure. The fro-
zen solution was crushed with a 100-pm sieve under liquid nitro-
gen conditions. The powdered sample was placed into a high-
pressure reactor, which was then pressurized to 10 MPa with CH,
and maintained at 263 K for a week in a bath circulator. After the
hydrate was formed, the reactor was soaked in liquid nitrogen and
loaded CH, gas was released carefully to prevent hydrate dissocia-
tion. The formed hydrate was crushed again using the 100 um sieve.
The resulting powdered hydrate sample was used for solid-state
NMR, Raman spectroscopy; and high-resolution powder X-ray dif-
fraction.

The “C solid-state high-power proton-decoupled (HPDEC)
magic angle spinning (MAS) NMR spectrum was obtained to iden-
tify the hydrate structure and the guest distribution of binary (allyl
alcohol+CH,) hydrate using a Bruker AVANCE II+ 400 MHz NMR
instrument at the KBSI Seoul Western Center. The hydrate powder
was loaded into a zirconia rotor with an outer diameter of 4 mm,
which was then placed into the NMR instrument, which was cooled
to 200 K. The "C frequency of the spectrometer was 100.4 MHz.
All measurements were performed at a MAS speed of 3 kHz, using
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a pulse length of 1.5 us and a delay time of 10s. As the chemical
shift reference, the TMS signal was calibrated to a chemical shift of
0 ppm.

A dispersive Raman spectrometer (ARAMIS, Horiba Jobin Yvon
Inc,, France) was used to examine the crystal structure, guest dis-
tribution, and possible host-guest interactions of the binary (allyl
alcohol+CH,) hydrate. All measurements were collected at the Cen-
tral Laboratory of Kangwon National University (Chuncheon-si).
An Ar-ion laser source with a wavelength of 514.53 nm was used;
the laser intensity was approximately 30 mW. A temperature-con-
trolled stage (THMS600G, LINKAM) was used to control the tem-
perature.

High resolution powder diffraction (HRPD) at beamline 9B at
the Pohang Accelerator Laboratory (PAL, Republic of Korea) was
used to investigate the crystal structure of the binary (allyl alcohol+
CH,) hydrate. The wavelength of the beam was 1.5173 A, and the
HRPD pattern of the binary (allyl alcohol+CH,) hydrate was ac-
quired at 80 K with a fixed time of 2 s and a step size of 0.01° for
26=0-120". We refined the obtained pattern using the program
FULLPROF for the Rietveld analysis [55]. The initial position of
AA molecule in the large cages of sII hydrate was checked using
FOX program with the direct space method [56]. Atomic scatter-
ing factors were added to demonstrate the virtual species for H,O,
CH,, -CH,-, -CH-, and -OH groups [54,57].

The conventional isochoric method to trace the pressure and
temperature data was used to measure the phase equilibrium con-
ditions of the binary (allyl alcohol+CH,) hydrate [38,58]. The AA
solution (5.6 mol%) was loaded into a pressure reactor (316 stain-
less steel) with a magnetically coupled stirrer. The pressure reactor
was sealed and placed in a bath circulator. After flushing with CH,
gas, the reactor was pressurized to sufficient pressure (12.0 MPa)
using CH, gas at room temperature. The temperature of the bath
circulator was set to 285.15 K. The detailed experimental procedure
for measuring the phase equilibria of the hydrate system was as
follows: (1) fast cooling (2 K/h in a step-wise manner), (2) hydrate
formation via a sudden pressure drop, (3) fast heating (0.5 K/h in
a step-wise manner), and (4) slow heating (0.1 K/h in a stepwise
manner).

RESULTS AND DISCUSSION

The shape of the large guest molecules and the relative size of
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Fig. 1. Conformation of allyl alcohol and their molecular sizes (Grey, carbon; white, hydrogen; red, oxygen). In addition, the end-to-end dis-
tances of allyl alcohol are also calculated by adding the van der Waals radius of the H (1.20 A) or O atom (1.52 A) at each end [1,2].
First letter (Gauche or Cis) indicates the relative position of the hydroxyl group to the C=C bond (C-C-C-O angle), and second letter
(Gauche or Trans) represents the relative position of the hydroxyl group (C-C-O-H angle).
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Fig. 2. Scan of total energy of allyl alcohol molecule depending on
the angle between the atoms (red circle, the lowest energy,
Gauche-Gauche form; orange circle, the second lowest energy,
Cis-Gauche form; green circle, the third lowest energy, Cis-
Trans form).

the hydrate cage to the guest molecule are considered to be the key
parameters for estimating the hydrate structure in the presence of
large guest molecules and help guests [1,2,59]. To examine the shape
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and size of the allyl alcohol molecules, three possible conformations
of allyl alcohol were optimized in the program Gaussian 03 [60]
using the B3LYP model and the 6-311++ G (d, p) basis set (Fig.
1). In addition, the potential energy surface (PES) of allyl alcohol
was also calculated using Gaussian 03 (Fig. 2). Fig. 1 shows the three
possible conformations of the allyl alcohol (Gauche-Gauche form,
Cis-Gauche form, and Cis-Trans form). The end-to-end lengths of
allyl alcohol were also calculated by adding the van der Waals
radius of the H (1.20 A) or O atom (1.52 A) at each end [1,2].

The molecular size of allyl alcohol in the Gauche-Gauche form
(7.12 A) was larger than in the Cis-Gauche form (6.55 A) or the
Cis-Trans form (7.04 A). As the size of allyl alcohol ranged from
6.55 to 7.12 A (Fig. 1), we expected that a structure II (sII) or struc-
ture H (sH) hydrate could be formed in the presence of a help guest
[1,2]. The relative energies (i.e., the calculated difference in the poten-
tial energy between a given conformer and the conformer having
the lowest potential energy) of the three allyl alcohol conforma-
tions are also shown in Fig. 1. The Gauche-Gauche form (relative
energy: 0kJ/mol) of allyl alcohol was the most stable conforma-
tion. The Cis-Gauche form (relative energy: 2.04 kJ/mol) and the
Cis-Trans form (relative energy: 6.18 kJ/mol) were less stable; thus,
the Gauche-Gauche form was expected to be the preferred confor-
mation of allyl alcohol in the hydrate cages based on its low poten-
tial energy. However, the relative energy differences among the three
conformations were small (Fig. 1 and 2), and all three conforma-
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Fig. 3. °C NMR spectra of (a) allyl alcohol+CH, hydrate for full range, (b) allyl alcohol+CH, hydrate for CH, regions, (c) allyl alcohol+CH,
hydrate for allyl alcohol regions, and (d) allyl alcohol+H,O system for allyl alcohol regions. Filled circles indicate chemical shifts of
allyl alcohol for allyl alcohol+H,O system, while white circles represent chemical shifts of allyl alcohol in hydrate phase.
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Table 1. Measured and calculated chemical shifts (ppm) of conformers of allyl alcohol

Carbon label AA+H,0 AA+CH, hydrate Gauche-Gauche Cis-Gauche Cis-Trans
C1 62.7 ~63.4 70.14 6741 69.64
C2 114.1 ~113.5 120.62 114.17 120.57
C3 137.7 ~136.6 147.96 147.98 146.88

tions could possibly be enclathrated into the large cages of a sII or
sH hydrate. At this stage, we could not predict whether the Gauche-
Gauche form of allyl alcohol was most likely to be present in the
large cages of the hydrate structure.

We analyzed the "’C solid-state HPDEC MAS NMR spectrum
of the binary (allyl alcohol+CH,) hydrate at 200K to confirm the
crystal structure and guest behavior of our hydrate system. Addi-
tionally, the geometric conformation of allyl alcohol in the large
cages of the hydrate structure was also investigated by comparing
the measured and calculated NMR spectra. Fig. 3 shows the NMR
spectra of the binary (allyl alcohol+CH,) hydrate (Fig. 3(a)-3(c))
and that of the frozen allyl alcohol solution for comparison (Fig.
3(d)). In Fig. 3(b), two striking peaks that were representative of
entrapped CH, molecules in the 5 small cage (sII-S, 5=—4.5
ppm) and the 56" large cage (sII-L, §=—8.3 ppm) of structure IT
(sIT) are observed. The peak area ratio of the entrapped CH, mol-
ecules (A ¢/Ayr) is 3.7, as shown in Fig. 3(b). This ratio allows us
to confirm the presence of allyl alcohol in the large cages of the sII
hydrate [1,2].

Although a 5.6 mol% allyl alcohol solution, which represented a
1:1 stoichiometry with the large cages of the sII hydrate, was used
to synthesize the binary (allyl alcohol+CH,) hydrate (sII hydrate)
in this study, the large cages of the sII hydrate were not fully occu-
pied by allyl alcohol, implying that some of the 56" large cages
were occupied by CH, (as demonstrated by the sII-L peak at 5=
—8.3 ppm) due to the inhomogeneity of the allyl alcohol solution
during hydrate formation (Fig. 3(a) and 3(b)). Therefore, some
unreacted allyl alcohol remained, as shown in Fig. 3(c) (filled cir-
cles). In Fig. 3(d), the NMR spectrum of the frozen allyl alcohol
solution is shown for comparison. Three representative peaks were
observed at approximately §=62.7, 114.1, and 137.7 ppm (filled cir-
cles). After hydrate formation, the allyl alcohol captured in the large
cages of sII hydrate gave rise to peaks at approximately =634,
113.5, and 136.6 ppm (white circles); the chemical shifts of these
peaks were similar, although slightly different, to those of the fro-
zen allyl alcohol solution sample. The intensities of the captured
allyl alcohol in the large cages of the sII hydrate were much lower
than those of the unreacted allyl alcohol; thus, our synthesized
hydrate sample included a large fraction of frozen allyl alcohol solu-
tion as an impurity. To clearly demonstrate the captured allyl alco-
hol in the large cages of sII hydrate, expansions of the NMR peaks
are shown in the Fig. S1 and S2. However, the peak intensity of
captured-allyl alcohol (white circle in Fig. 3) appears to be similar
intensity as the noise, so we cannot rule out the possibility of over-
lapped-peak in frozen allyl alcohol and captured allyl alcohol.

To clarify the conformation of the allyl alcohol molecule in the
large cages of the sII hydrate, the chemical shifts of the allyl alco-
hol molecules were calculated for each allyl alcohol conformer
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using density functional theory with the B3LYP model and the 6-
311++G (d,p) basis set in Gaussian 03 [60]. The observed chemi-
cal shifts (from Fig. 3) and calculated chemical shifts were tabu-
lated. As shown in Fig. 3(d) and Table 1, three peaks were observed
in the C spectrum of frozen allyl alcohol at approximately 5=
62.7, 114.1, and 137.7 ppm (Fig. 3(d)); these values were most simi-
lar to the calculated chemical shifts (the chemical shift difference
between C1 and C2 or C2 and C3) of the Gauche-Gauche and Cis-
Trans conformations of allyl alcohol (Table 1). After hydrate forma-
tion, the chemical shifts of the allyl alcohol captured in the hydrate
cages were observed at §=63.4, 113.5, and 136.6 ppm (Fig. 3(c)),
and were also similar to the chemical shifts calculated for the Gauche-
Gauche and Cis-Trans form of allyl alcohol. Thus, we concluded
that the allyl alcohol did not undergo conformational change during
hydrate formation. Notably; the relative potential energy difference
between the Gauche-Gauche and the Cis-Trans form of allyl alco-
hol was 6.18 kJ/mol (Fig. 1), and the energy barrier between the
Gauche-Gauche and Cis-Trans conformations was calculated to be
large (Fig. 2). Therefore, it is reasonable to assume that the allyl
alcohol molecules in the large cages of the sII hydrate were in the
Gauche-Gauche conformation.

The Raman spectrum of the binary (allyl alcohol+CH,) hydrate
was also acquired to investigate the behavior of the guests in the
hydrate cages. Similar to in the °C HPDEC NMR spectra, we ob-
served two prominent Raman peaks at 2,902 cm ™' and 2,913 cm ™,
which corresponded to CH, molecules captured in the small 5"
and large 5"6" large cages of an sII hydrate structure [1,2]. Further-
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Fig. 4. Raman spectra of allyl alcohol+CH, hydrate measured at
various temperatures.
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Fig. 5. Raman spectra of allyl alcohol+CH, hydrate measured at
various spots (93 K).

more, the dissociation behavior of the binary (allyl alcohol+CH,)
hydrate was also studied at temperatures from 93 K to 233 K under
atmospheric pressure. From 93 to 173 K, no significant changes in
the Raman signals of the captured CH, molecules in the 5" and
5"%6" cages were observed (Fig, 4). At atmospheric pressure, the dis-
sociation of the binary (allyl alcohol+CH,) hydrate began at 193 K
and was complete at 233 K.

Fig. 5 shows Raman spectra of the binary (allyl alcohol+CH,)
hydrate measured at various spots (93K) to investigate possible
guest-host interactions via hydrogen bonding. In previous studies,
the absence of the free OH signal in the Raman spectrum at around
3,600 cm™ was associated with long-lived hydrogen bonding inter-
actions between the guest and host molecules [40,48]. As shown
in Fig. 5, six measurements were performed to check for the exis-

tence of free OH’ signals at various spots, and a small signal was
observed at around 3,619 cm™". Although we identified a small ‘free
OH’ signal in our Raman spectra, it was difficult to conclude whether
the allyl alcohol captured in the large cages of sII hydrate partici-
pated in guest-host hydrogen bonding, because a large portion of
unreacted allyl alcohol was still present. The average size of the
large cages in an sII hydrate is estimated to be 6.66 A; the Gauche-
Gauche form of the allyl alcohol molecule was slightly larger (7.12 A)
than the average size of the large cages. Thus, structural analysis of
our hydrate sample was required to investigate the possible guest-
host hydrogen bonding interaction [54,57,61].

To confirm the guest behavior of the binary (allyl alcohol+CH,)
hydrate and to understand the possible guest-host interactions in
the large cages of the sII hydrate, a high-resolution synchrotron X-
ray diffraction (HRPD) pattern of the hydrate sample was acquired
from beamline 9B at the Pohang Accelerator Laboratory (PAL) and
refined using Rietveld analysis with the direct space method. The
position of the allyl alcohol molecule in the large cages of the sII
hydrate was analyzed using the direct space method, and atomic
scattering factors were added to demonstrate the virtual species for
H,0 and the CH,, -CH,-, -CH-, and -OH groups [54,57,61]. Table
2 summarizes the atomic coordinates, site occupancies, and isotro-
pic thermal factors obtained using Rietveld analysis. During struc-
ture refinement, the site occupancy ratio for the captured CH,
molecules in the small and large cages of the sII hydrates (Ay;/
Ag;) was set as 3.7 (Fig. 3(b)).

Fig. 6(a) shows the synchrotron HRPD pattern of the binary
(allyl alcohol+CH,) hydrate measured at 80 K and the Rietveld
refinement results (background corrected R,,=19.4% and 7°=525).
The tick marks in Fig. 6(a) indicate the Bragg positions of the sII
hydrate (top, blue) and hexagonal ice (bottom, red). The lower blue
line shown in Fig. 6(a) represents the difference between the meas-
ured (red points in Fig. 6(a)) and refined (black line in Fig. 6(a))
HRPD pattern. The three notable peaks between 22 and 26° (red
tick marks) corresponded to hexagonal ice. The relative intensities
of these ice peaks were much stronger than those of the hydrate
peaks; thus, we concluded that our synthesized hydrate sample
included a large fraction of frozen allyl alcohol solution as an impu-
rity. The weight fractions of the sII hydrate and hexagonal ice phases
were calculated to be 45.75 (0.46) and 54.25 (0.43), respectively.
The refined HRPD patterns indicated the formation of a cubic

Table 2. Atomic coordinates and isotropic temperature factors for allyl alcohol+CH, hydrate

Atom X y Z B (A% Site occupancy
Wal (H,0) 0.1250 0.1250 0.1250 5.1968 8.0000
Wa2 (H,0) 0.2176 0.2176 0.2176 47721 32.0000
Wa3 (H,0) 0.1822 0.1822 0.3709 5.8208 96.0000
Ms (CH4 in 5" cage) 0.9982 0.7505 0.7097 44394 14.9439
Ml (CH4 in 5"%6" cage) 0.3750 0.3750 0.3750 22.3004 4.5749
LGI1 (CH, in AA) 0.3897 0.4469 04314 8.51 3.9300
LG2 (CH in AA) 0.3566 0.3767 0.4303 8.51 3.9300
LG3 (CH, in AA) 0.3470 0.3280 0.3582 8.51 3.9300
LG4 (OH in AA) 0.3843 0.2537 0.3650 8.51 3.9300

“The position of methane in the sII-L was confined to the center of cage during the refinement

Korean J. Chem. Eng.(Vol. 37, No. 1)
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Fig. 6. (a) Synchrotron HRPD pattern of allyl alcohol+CH, hydrate measured at 80 K and the Rietveld refinement results (background cor-
rected R,,=19.4% and °=5.25). Tick marks indicate the Bragg position for sII hydrate (top) and the hexagonal ice (bottom). (b) The
allyl alcohol in the 56" cage of sII hydrate (carbon in hydrocarbon group of allyl alcohol molecule, blue; oxygen in hydroxyl group of
allyl alcohol molecule, red; oxygen in water host molecule, light-blue).

Fd3m structure with a lattice constant of 17.14565(16) A. In Fig.
6(b), the shortest distance between a ‘host’ water and ‘guest’ allyl
alcohol molecule was determined to be 2.55 A (Fig. 6(b)), and this
host - guest distance is in the range of O-O distances consistent

Table 3. Equilibrium temperature and pressure conditions of allyl

alcohol+CH, hydrate
Allyl alcohol (5.6 mol%)+CH, hydrate
Temperature (K) Pressure (MPa)

271.85 221

278.74 4.84

281.15 6.52

282.16 745

284.35 9.74

285.54 11.25
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Fig. 7. Phase equilibrium curve of allyl alcohol (5.6 mol%)+CH,
(M), pure CH, (black line) [1,2], THF (5mol%)+CH, (A)
[7], methacrolein (5.56 mol%)+CH, (O) hydrates[62].
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with hydrogen bonding; thus, we tentatively concluded that long-
lived guest-host hydrogen bonding interactions existed [54,57,61].

Finally, we also measured the phase equilibrium conditions of
the binary (allyl alcohol+CH,) hydrate in the temperature range
270.0-285.5K and the pressure range 2.0-11.5 MPa; the equilibrium
pressure conditions are listed in Table 3 and presented in Fig. 7.
The equilibrium temperatures of the binary (allyl alcohol+CH,)
hydrate were slightly lower than those of the pure CH, hydrate for
a given pressure condition [1]. In addition, the thermodynamic
conditions of the binary (allyl alcohol+CH,) hydrate were also
more unstable than those of binary (tetrahydrofuran+CH,) and
(methacrolein+CH,) hydrates [7,62].

CONCLUSIONS

The crystal structure, guest distribution, and phase equilibria of
the binary (allyl alcohol+CH,) hydrate were investigated for the
first time. NMR spectra confirmed the formation of a structure II
hydrate in the presence of allyl alcohol and CH,. In addition, the
CH, molecule was found to be encapsulated in both the large and
small cages of the sII hydrate, and the AA in the large cages of the
sIT hydrate was concluded to be in the Gauche-Gauche form.
Raman spectra of the (allyl alcohol+CH,) hydrate also supported
the formation of the structure IT hydrate. To identify possible host-
guest interactions, a high-resolution powder X-ray diffraction
(HRPD) pattern of our (allyl alcohol+CH,) hydrate sample was
analyzed using Rietveld analysis with the direct space method.
The structure refinement confirmed that the AA molecule was
located in the large cages of the structure II hydrate, and the short-
est distance between the AA molecule in the hydrate cages and an
oxygen atom of the host water molecules was found to be 2.55 A,
indicating a possible host-guest interaction. Finally, we also mea-
sured the phase equilibrium conditions of the binary (allyl alcohol+
CH,) hydrate, and found that the equilibrium pressure conditions
of the binary (allyl alcohol+CH,) hydrate were slightly higher than
those of the pure CH, hydrate.
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Additional information as noted in the text. This information is
available via the Internet at http://www.springer.com/chemistry/
journal/11814.
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hol, red; captured allyl alcohol, light green).
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