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ABSTRACT

Gas hydrates (clathrates) are elevated-pressure (P) and low-temperature (T) solid

phases in which gas molecule guests are physically incorporated into hydrogen-bonded,

cage-like ice host frameworks. Natural clathrates have been found worldwide in permafrost

and in ocean floor sediments, as well as in the outer solar system (comets, Mars, satellites of

the gas giant planets). Diffraction patterns have been collected of gas hydrates at various

methane and ethane compositions by preparing samples in an ex situ gas hydrate synthesis

apparatus, and CO2 gas hydrates were prepared in situ to look at the kinetics of formation.

Storage of hydrogen in molecular form within a clathrate framework has been one of

the suggested methods for storing hydrogen fuel safely, but pure hydrogen clathrates

H2(H2O)2 form at high pressures. It has been found that mixed clathrates (a stabilizer

molecule in the large cage) and hydrogen gas together can reduce the pressures and

temperatures at which these materials form.

In situ neutron inelastic scattering experiments on hydrogen adsorbed into a fully

deuterated tetrahydrofuran water ice clathrate show that the adsorbed hydrogen has three

rotational excitations (transitions between J = 0 and 1 states) at approximately 14 meV in

both energy gain and loss. These transitions could be unequivocally assigned the expected

slow conversion from ortho- to para-hydrogen resulted in a neutron energy gain signal at 14

meV, at a temperature of 5 K (kT= 0.48 meV). A doublet in neutron energy loss at

approximately 28.5 meV are interpreted as J = 1→ 2 transitions.

In situ neutron inelastic scattering experiments on hydrogen adsorbed into ethylene

oxide, a structure I former, were also carried out at the Los Alamos Neutron Scattering

Center (LANSCE). There is convincing evidence (shifted rotational mode of molecular

hydrogen) that hydrogen is capable of diffusing in the small cages of ethylene oxide

clathrate. Values are also obtained for the librational modes of enclathrated ethylene oxide

and several water translation modes. Also reported for the first time are the internal modes

(higher frequencies) of ethylene oxide in ethylene oxide clathrate as measured by inelastic

neutron scattering.
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Chapter 1

CLATHRATE HYDRATES

1.1 Introduction to Clathrates

The Merriam-WebsterTM dictionary defines the word “clathrate” as “relating to or

being a compound formed by the inclusion of molecules of one kind in the cavities of the

crystal lattice of another.” The etymology of the word clathrate can be traced to the Latin

root clathratus for “furnished with a lattice,” or clathri (plural) for “lattice”; today, the word

clathrate is used to describe compounds that display a host-guest relationship. Tetrahedrally

bound silicon “cages,” with sodium atoms as the “guest” species have been described (e.g.

Kasper, 1965), as well as germanium and tin analogs (e.g. Gallmeier et al., 1969) and the

structurally related carbon-based fullerenes (e.g. Kroto et al., 1985). Clathrates in this thesis

will refer to the H2O-bonded (or D2O-bonded) cage structure with a variety of guest

molecules.

Ice is a remarkably complicated material that has fourteen currently known solid

phases, including three amorphous phases (Figure 1). Virtually all ice in the biosphere is ice

Ih (Space group P63/mmc) because it is stable at ambient temperatures down to 73 K and

exists at ambient pressures up to 0.2 GPa (or 29 Pa, Figure 1). Since all clathrate structures

consist of approximately 85% water on a molecular basis, many of the clathrate mechanical

properties resemble those of a hexagonal ice- ice Ih (Sloan, 1998a). Ice Ih is a quartz-like

layer structure, a tridymite lattice with a relatively loose packing, in which three-quarters of

the bonds are in a central-symmetrical arrangement and one-quarter is in a mirror-
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symmetrical arrangement, and symmetrical cavities are formed between them. Each cavity is

surrounded by six water molecules at a distance of 2.94 Å from the center. Around each

water molecule there are six cavities at a distance of 3.47 Å that form uninterrupted channels.

In water, four valence electrons form two “lone-pair” orbitals; the hydrogen bond is caused

by the attraction of the positive pole on one molecule to a negative pole on the neighboring

water molecule (Sloan, 1998a). In ice and in hydrates, only one hydrogen (or proton) lies

between two oxygen atoms with a distance between oxygen nuclei of 2.76 Å. When polar or

slightly polar gas molecules come into contact with water near the freezing point of water, a

clathrate forms. This physical enclosing process, accompanied only by weak interactions,

take place between the host and guest constituents when the guest enters the cavities in the

host lattice. The guests are released from the cavities only when the host lattice breaks down

(Berecz and Balla-Achs, 1983). In principle, any gas molecule that is small enough to fit in

the cavity of the water lattice can form a gas hydrate.

The most common naturally occurring gas hydrate is methane hydrate, which forms

in permafrost, ocean floor sediment, as well as in the outer solar system (comets, Mars,

satellites of the gas giant planets). Clathrates in oceanic deposits have a great potential as an

energy resource for the future; some scientists have estimated that the global reserve of

methane in hydrate form contains more than twice the energy of all natural gas, petroleum,

and coal deposits combined (Figure 2) (Kvenvolden, 2000; Sloan, 1998a). In a fully

saturated structure I clathrate, 1 molecule of methane is present for every 5.75 molecules of
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water. In principle, 1 m3 of methane hydrate can contain up to 164 m3 of methane gas at

standard pressure and temperature (Kvenvolden, 2000).

Figure 1. The phase diagram of ice showing phases I – XI. Amorphous phases and Ice XII
are not shown. http://www.lsbu.ac.uk/water/phase.html.

Clathrates in oceanic deposits exist in rather delicate equilibrium conditions, and

certain perturbations, such as depressurization and/or warming, can cause decomposition into

methane gas and water. This reaction has significant implications for clathrate exploitation

because methane released to the atmosphere due to destabilization of ocean-floor hydrates

could exacerbate greenhouse effects and potentially contribute to global warming.
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Clathrate hydrates exhibit three main crystal structures, denoted I, II and H. A

structure III has been reported, but it is a filled-ice structure, not a clathrate structure, and

will not be discussed here.

Figure 2. Global distribution of gas hydrates from:
http://www7430.nrlssc.navy.mil/7432/hydrates/background.htm

1.1.1 Structure I

Structure I gas hydrates consist of 512 cages and 51262 cages that form a cubic Pm 3 n,

body-centered cell (a = 12 Å) with an ideal unit cell formula of 6X · 2Y · 46H2O (X and Y

refer to large 51262 cage and the 512, respectively).

Two spherical pentagonal-dodecahedral cavities (512 cage) are each surrounded by 20

water molecules at a distance of 4.2 Å from the center of the cavity (Berecz and Balla-Achs,

1983). The 14-sided cavity (tetrakaidecahedron) is called 51262 because it has 12 pentagonal



21

and two hexagonal faces (Figure 3). In the event of total occupation of the cavities, the

formula of the resulting gas hydrate is X · 5.75 H2O (where X denotes the hydrate-forming

molecule). If the gas molecule is too large to be incorporated into the small cavity, only the

large cavities are occupied. The ideal composition would then be X · 7.67 H2O.

There are three crystallographically nonequivalent oxygen atoms in the hydrate cage,

and six crystallographically nonequivalent deuterium or hydrogen atoms. In the 512 cage,

there is only 1.5o departure of the O-O-O angles from the tetrahedral angles of ice Ih and

only 3.5o departure from the free-water angle (Sloan, 1998a). There are twenty water

molecules on the surface of the cage with thirty bonds; ten water molecules have hydrogen

atoms pointing away from the cavity as potential points of attachment to other molecules or

cavities (Sloan, 1998a).

The 51262 cavity is the most non-spherical cavity in sI or sII. There are four

crystallographically different types of oxygen sites at 4.25 Å, 4.47 Å, 4.06 Å, and 4.64 Å

from the center of the cage, making the cage an oblate ellipsoid. This cavity also has the

largest O-O-O angle variation (5.1o) from the tetrahedral angle preferred by water (Sloan,

1998a).
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A

B

Figure 3a. 512 small cage (pink) and 51262 cage (blue) in the structure I clathrate structure; 3b.
Ball and stick diagram of the oxygen (blue) and hydrogen (grey) of the structure I 512 cage
(left) and 51262 cage (right) with the axes labeled.

1.1.2 Structure II

The unit cell consists of 136 water molecules- 16 pentagonal-dodecahedral (512) and 8

hexakaidecahedral cavities (51264) to form a cubic diamond lattice Fd 3 m (a = ~17.3 Å)

(Berecz and Balla-Achs, 1983) (Figure 4). In this hydrate type, the composition of the

resulting hydrate when the small cages are occupied is X · 5.66 H2O, or, if only the large

cavities are filled, the composition is X · 17 H2O.

c

a

a

b
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The 512 cage in the structure II clathrate is similar to the 512 cage in structure I; only

in structure I the average cage radius is 3.95 Å, and structure II is 3.91 Å, which plays a

slight role in certain gas molecules fitting in these small cages. The 51264 cavity can contain

molecules as large as 6.6 Å.

A

B

Figure 4a. 512 small cage (pink) and 51264 cage (green) in the structure II clathrate structure;
4b. Ball and stick diagram of the oxygen (blue) and hydrogen (grey) of the structure II cages.

a

c
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1.1.3 Structure H

The structure H hydrates (Figure 5) form a hexagonal structure, P6/mmm with a =

12.3 Å and c = 10.17 Å (approximately) which can only have a small occupant (such as

methane, nitrogen, or carbon dioxide) in the small cage and a large occupant for the large

cage (up to 9 Å, e.g. ethylcyclohexane). There are three pentagonal-dodecahedral cavities

(512), two medium irregular dodecahedron cavities (435663) that have three-square faces and

three hexagonal faces, in addition to six pentagonal faces. The largest (51268) cavity has

twelve pentagonal faces, as well as a band of six hexagonal faces and a hexagonal face at the

cavity top and bottom (Sloan, 1998).

Figure 5. 512 small cage (pink), the 435663 medium cage (purple) and the 51268 large cage
(yellow).

1.2 Filling the hydrate cages

At ambient pressures the three main hydrate structures can generally only contain, at

most one guest molecule (except for some noble gases and hydrogen etc). Molecules smaller

than 3.5 Å are too small to stabilize any cavity, while above 7.5 Å are too large to fit into any

cavity in sI or sII (Sloan, 1998a). Some molecules can only stabilize the large cavity of a

structure, but if the molecule stabilizes the small cavities of the structure (in other words, is
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physically small), it can also enter the large cavity of the structure (Sloan, 1998a) (Figure 6).

Of the more than 130 compounds that form clathrate hydrates with water molecules, all form

either a structure I (sI), structure II (sII), or structure H (sH), with very few exceptions

(Sloan, 1998a).

Figure 6. Comparison of guest molecule sizes and cavities occupied as simple hydrates
(Sloan, 1998a).
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1.3 Natural gas hydrate samples

Natural clathrates have been found worldwide in permafrost and in ocean floor

sediments, as well as in the outer solar system (the Moon, comets, Mars, satellites of the gas

giant planets). Natural gas hydrates form in oceanic sediments and permafrost from a gas

mixture that contains primarily methane (CH4), as well as ethane (C2H6), propane (C3H8),

and other gases in smaller amounts. Most (99.99%)hydrates in nature are methane hydrates,

which could be due to the fact that methane is preferentially incorporated into the clathrate

structure over other natural gases. But this does not explain the abundance of methane gas

(relative to ethane and propane) in most natural hydrates. The vast majority of clathrate

hydrates near the Earth’s surface are probably the result of biogenic conversion of organic

matter into methane gas at shallow depths (Buffett, 2000).

Of the natural gas components in nature, only ethane and carbon dioxide stabilize the

51262 cavity; if the 512 cavities of structure I are stabilized by smaller molecules of a single

component, those molecules will also occupy the 51262 cavities (Sloan, 1998a).

Since methane and ethane are relatively small molecules, they individually form

structure I hydrate, but when mixed form a structure II hydrate. Propane is too large to fit

into either cavity of structure I, but it fits into the large cavity of structure II. Thermal

conversion of organic matter into hydrocarbon gases at temperatures in excess of 80oC

produces larger quantities of ethane and propane, and therefore, differences in the

composition of the hydrates is due to the differences in gas supply (Buffett, 2000).
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Structure I has two small polyhedra for every six large polyhedra, whereas structure II

has 16 smaller polyhedra for every 8 larger polyhedra. The average cavity radius of the

smaller cages is similar for structure I and II, 3.95 and 3.91 Å, respectively. However, the

average cavity radius of the larger cages shows a significant difference- 4.33 Å for structure I

compared to 4.73 Å for structure II (Rawn et al., 2003). Even though the small 512 cage is

common to all three structures, I, II and H, the symmetry and size of these small cages is

different (Ripmeester and Ratcliffe, 1998).

Methane, the smallest hydrocarbon, can enter the small and large cavities in both

structure I and structure II, but structure I is preferred because methane contributes more to

the stability of the cages. However, mixtures of methane and larger gas molecules will form

structure II. Table 1 shows the size ratio of several common gas molecules within each of

the four cavities- a size ratio of approximately 0.9 is necessary for stability of a simple

hydrate. When the size ratio exceeds unity, the molecule will not fit within the cavity and

therefore, a clathrate will not form (Sloan, 1998b).



28

(molecular diameter)/(cavity diameter)

structure I structure II

molecule guest diam (Å) 512 51262 512 51264

CH4 4.1 0.855 0.744 0.868 0.655

C2H6 5.5 1.08 0.939 1.1 0.826

C3H8 6.3 1.23 1.07 1.25 0.943

i-C4H10 6.5 1.27 1.11 1.29 0.976

n-C4H10 7.1 1.39 1.21 1.41 1.07

Table 1. Ratio of molecular diameters to cavity diameters for natural gas hydrates formers
(modified from Sloan, 1998b).

Another factor that needs to be considered is the pressure at which the clathrates are

formed- the quantity of small gas molecules incorporated depends strongly on the pressure

(Berecz and Balla-Achs, 1983).

Clathrate structures are determined mainly by the size of the gas molecule, but other

properties of the guest molecules play a minor role in determining the structure that might

occur. The most important rotation inhibition interactions between guest molecules (in

adjacent cages) are the dipole-dipole interactions, but they are a relatively minor factor

(Sloan, 1998a). The weak van der Waals interactions between a guest molecule and the

water molecules in the cage will position the guest molecule in its most stable position-

where the repulsion between the H atoms (if present in the guest molecule) and adjacent

water molecules is at a minimum (Gough et al., 1974). Methane, the most common natural
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gas hydrate guest molecule has no dipole moment and therefore, the dipole moment in this

case has no effect on which cage the methane will occur in.

The guest species may be either an atom or a molecule, and can be up to a maximum

size in a certain cage, depending on the limiting size of cage available. The interaction

between the host and guest is usually associated with weak Van der Waals forces. There

may be limited translational motion for a sufficiently small guest, such as an atom, but if the

guest is larger, such as a molecule there should be some fairly free rotation vibrational

motion (Andersson and Ross, 1983). The rotational freedom is probably due to the fact that

the sums of the cage water dipoles effectively cancel near the center of the cage (Sloan,

1998a). Most guest molecules prefer to be located off-center near the cavity wall,

particularly at temperatures below 77K (Sloan, 1998a).

For example, Tse et al. (2001) described a Xe atom with local vibrations due to

rattling motions in a hydrate cavity, which he measured with incoherent inelastic neutron

scattering. As the xenon atom approaches the wall of the cavity, a repulsive interaction

becomes dominant, and the water molecules near the xenon atom are pushed outwards

slightly to alleviate the unfavorable interaction (Tse et al., 2001). CH4 molecules in the

clathrate cavities rotate almost freely, but the amplitudes of translational motions are small

(Tse et al., 1997).
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Chapter 2

GAS HYDRATE SYNTHESIS APPARATUS AND NEUTRON DIFFRACTION

RESULTS

2.1 Motivation

The slow kinetics (many hours to weeks) associated with clathrate formation

precludes the in situ synthesis of samples for neutron scattering. Ex situ synthesis does not tie

up a diffractometer during sample preparation, allows for better control of synthesis

conditions, and offers the possibility of sample quality verification prior to the collection of

neutron data. For most clathrate measurements by neutron scattering, ex situ synthesis is the

only practical route.

The gas hydrate laboratory at the United States Geological Survey (USGS), Menlo

Park, California, has been successfully synthesizing gas hydrates for over twenty years.

Their gas hydrate apparatus has synthesized pure, polycrystalline gas hydrates for their

laboratory’s research, as well as other researchers worldwide. This institution was very

generous in providing access to their facility for sample synthesis, as well as all the necessary

information to build a similar synthesis apparatus at Los Alamos National Laboratory.

2.2 USGS gas hydrate synthesis apparatus

The formation of gas hydrates is a surface phenomenon, so the basic principle is to

introduce the gas of interest to finely ground “seed” ice (finely ground increases the surface

area for the gas to react) and heat the sample to drive the kinetics of formation. Other
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methods are possible; an excellent and comprehensive review of a variety of methods and

fabrication apparatus is given by Sloan (1998, Chapter 6).

The starting seed ice is made by freezing triply distilled H2O or D2O in a steel

container with heating tape to reduce the trapping of gas bubbles into the ice block. The ice

is then crushed, ground, and sieved to 180-250 µm grain size and packed into an indium

sleeve at approximately 40% porosity. Discs are placed over each end to prevent

displacement of the ice during the experiment. The grinding, sieving, and packing of the ice

needs to be carried out in a freezer to keep the sample cold (Figure 7). The indium sleeve is

used as a barrier between the ice and the stainless steel pressure vessel (pressure vessel

herein) for ease of removal at the end of the experiment. The ice sample is then placed into a

pressure vessel, connected to the high-pressure gas lines, and thermocouples are inserted into

the bottom of the sample to carefully monitor the temperature during synthesis. The pressure

vessel is submerged in a liquid bath at a pre-cooled temperature (~250K) (Figure 8, 9a).

After repeated purging to remove contamination from previous experiments and/or

oxygen, the sample vessels are evacuated. The gas of choice is introduced slowly in the

sample vessel. In general, the gas must be pre-cooled to avoid melting the ice when the

vessel gets filled to the pressure required for synthesis. This pressure varies from gas to gas,

as well as with the starting temperature for the synthesis experiments. For example, Stern et

al. (2000) synthesized methane hydrate at a starting temperature and pressure of 250K and 35

MPa using methane gas. Once the gas is introduced at the proper pressure, the sample is

isolated from the gas source to monitor gas intake via the drop in pressure. By heating the
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ice and gas mixture slowly through the melting point of ice, the mixture slowly converts to

gas hydrate (Figure 9b).

Figure 7. The inside of the sample preparation freezer at the USGS gas hydrate lab. Note the
triply-distilled ice for the starting materials in freezer bags, top left, blender for freezing in
the bottom left, and two sieves center and right-center.
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Figure 8. Photograph of the gas hydrate synthesis apparatus at the USGS. A conventional
household freezer is used to cool the fluid that surrounds the two suspended samples and the
gas reservoir. A heating element under the bath controls the temperature of the fluid.
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Figure 9a. Schematic drawing of the USGS gas hydrate synthesis apparatus (modified from
Stern et al., 2000); 9b. Schematic drawing of the reaction between the ice and gas.

Data-acquisition software monitors and records the P-T conditions throughout each run

(Figure 10a). By looking at the P-T record, one can determine if the ice has been converted

to gas hydrate completely. Indeed, there is a freezing anomaly at 273K (Figure 10a, arrow

denoting the anomaly): the pressure and temperature readings are discontinuous due to

unreacted and supercooled water suddenly freezing to form ice. After full conversion to gas

hydrate, the sample chambers are vented, but the pressure must remain within the gas hydrate

stability zone. The sample vessels are disconnected from the gas handling system and

submerged into liquid nitrogen to quench them. Immediately before this operation, the
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pressure in the vessel is relieved to ensure that any remaining free gas will not liquefy in the

sample chamber. Allowing methane (for example) to freeze as the sample is cooled to liquid

nitrogen temperature (77 K) results in a material that is mildly explosive and very difficult to

work with when re-warmed (Stern et al., 2000). Following the quenching procedure, the

pressure vessels are opened, and the indium sleeve (Figure 10b) containing the gas hydrate is

stored for future experiments in a liquid nitrogen dewar.

Figure 10a. P-T-t plot of a synthesis run of a 90% methane- 10% ethane (starting) gas
hydrate at the USGS. Note the thermal anomaly at 273K due to the supercooled water
freezing abruptly with an error pointing out the freezing anomaly. 10b. Fully converted gas
hydrate from synthesis apparatus in indium sleeve (from Stern et al., 2000).

Sample #1: The first sample synthesized in these experiments was with a methane-

ethane mixture (starting ratio 80:20), one sample vessel was equipped with a conventional

indium jacket (132.10 mm). Two ice-filled vanadium-cans were placed in the other vessel to

A B
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see if a sample could be synthesized directly in a neutron sample holder. This vessel had a

half-sized indium jacket (71.5 mm) only. The indium sleeve was packed with 26.81 g of

D2O ice. The two cans contained 2.17 g and 1.72 g of D2O ice, respectively, and the half-

sized indium jacket was filled with 24.79 g of D2O ice.

Sample #2: The second sample synthesized at the USGS was a methane-ethane

mixture gas (starting ratio 90:10), with the same sample can and indium sleeve arrangement

as the first run. The large indium jacket contained 29 g of D2O ice initially. The half-sized

jacket had 14.89 g D2O ice, and the two cans contained 2.22 g and 2.08 g of ice.

Sample #3: The third sample that was synthesized contained only ethane gas, which

took over three weeks to complete. For this sample there were two full-sized indium sleeves

in the sample vessels, with 29.11 g and 26.08 g of D2O ice.

Many variables can affect the gas uptake into the hydrate structure. After each

synthesis, gas chromatography and mass spectroscopy (GC/MS) were used to determine the

relative percentages of gases (for multi-component gas systems) and to determine the sample

stoichiometry. Typically there will be a noticeable variation in the relative gas compositions

in the final gas hydrate compared to the starting gas mixture (for example, the 90%-10%

starting methane-ethane source gas produces a clathrate of composition of 82.9%-17.1%

methane-ethane in the final product, Figure 11). To determine the composition of the final

product, a piece of the synthesized gas hydrate is decomposed (melted), and the gas is

collected in a lecture bottle. This sample is then measured with gas chromatography, and the

results are compared with two standards of methane and ethane gases. The results of the first
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sample were methane 77.93% ethane 22.07% (norm.) and the second - methane 82.93%

ethane 17.07% (norm.).

Figure 11. Final gas concentrations of the second sample (methane/ethane) in a gas hydrate
run at the USGS Organic Geochemistry Mass Spectrography Laboratory.

During a second visit to the USGS, a second sample of ethane hydrate with D2O ice

was synthesized. The two sample vessels contained 24.17 g and 20.20 g of ice, respectively.

The second sample synthesized at the USGS contained 50% methane and 50% ethane (by

weight), with 24.15 g of D2O ice in the large indium sleeve; the second vessel has a half-size

jacket with 20.12 g of ice and two vanadium cans with 2.56 g and 2.26 g of D2O ice. Gas

chromatography of the synthesized samples showed gas concentrations as follows- the top of

the sample was 47.25% methane and 52.73% ethane (with 0.02% CO2); the bottom was

47.18% methane and 52.82% ethane, demonstrating a homogeneous concentration
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throughout the sample. The third sample was a 50%:50% methane-ethane sample with H2O

seed ice. The gas chromatography results were similar to the D2O sample.

2.3 Low-Temperature Scanning Electron Microscopy (LTSEM)

The USGS has a Low-Temperature Scanning Electron Microscope (LTSEM) for gas

hydrate research. The ability to analyze low-temperature samples is a fairly new and

relatively unique technique that can study the gas hydrate pore and grain interaction and has

been used fairly extensively to look at the differences between natural and synthetic samples

(Stern et al., 2004; Suess et al., 2002).

In preparation for LTSEM, a small section of each sample (0.75 x 0.75 x 0.5 cm) was

mounted with clamps in a brass sample holder. The sample holder has a thin bottom to

maintain close thermal contact with the stage on which it is mounted. Samples were quickly

transferred in liquid nitrogen (LN2) to the Gatan Alto 2100 low-temperature preparation

chamber (evacuated and pre-chilled below 100 K), which was in turn attached to a LEO 982

field emission SEM. A scalpel was used to fracture the sample and remove the surface of the

hydrate. This step is necessary to remove any deposits of condensation from atmospheric

water, as well as any material that may have reacted with the atmosphere during transfer to

the preparation chamber of the LTSEM.

After the sample was fractured in the preparation chamber, it was transferred under

vacuum directly into the SEM scanning chamber. The sample temperature was continuously

monitored by thermocouples placed in the sample stages of both the preparation chamber and

the SEM chamber. Imaging was conducted at temperatures below 105 K and vacuum below
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10-5 mbar, using low voltage (≤ 3 kV) to minimize sample alteration or beam damage to the

sample surface (Stern et al., 2004).

LTSEM images were collected for several of the samples synthesized during the two

USGS visits. Most samples presented no particular difficulties in terms of manipulation and

mounting for microscopy. The ethane sample, however, was very reactive and difficult to

get into the SEM chamber. There was a large amount of frozen ethane in the sample. The

sample warmed up between the initial brass sample holder mounting and evacuation of the

preparation chamber steps and became explosive. All samples decomposed slightly (Figure

12) which resulted in a porous ice texture. Nonetheless, where the sample was cleaved, some

grain features could be seen. The gas hydrate grain features in Figure 13a,b are similar to

images in Stern et al. (2004) and Staykova et al. (2003), and are attributed to the outlines of

the original ice grains. The original porosity is reduced by the sintering that takes place

during synthesis to form a macroscopically cohesive sample (Staykova et al., 2003).

Figure 12. Examples of dissociation features of the methane-ethane hydrate with the
LTSEM; scale is shown in bottom of the photos.
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Figure 7.

Neutron Diffraction experiments:

Figure13a. Cohesive methane-ethane hydrate sample with porosity; 13b. granular ethane
hydrate with individual crystal morphology shown. Scale of images shown on photos.

2.4 Methane-ethane hydrate

Pure ethane and pure methane gases form structure I hydrates due to cage stability

issues- the methane molecule can fit in the small and large cages of the sI structure, whereas

ethane can only fit in the large 51262 cage due to its larger size. It was assumed for modeling

that the combination of the two gases would also form a structure I clathrate (Holder and

Hand, 1982). Uchida et al. (2002) show that below 2% and above 22% the C2H6 molar

fraction, structure I clathrate forms. Structure II is obtained with hydrates with 2-11% C2H6.

Structure I and II co-exist for 12-22% molar fraction C2H6.

Subramanian et al. (2000a) and Ballard and Sloan (2000) showed that at 274.15 K the

equilibrium hydrate structure for methane and ethane changed from structure I to structure II

at approximately 72 mole percent methane in the water-free gas phase (Figure 14).

A B
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Figure 14. Predicted composition region for the structural transition to occur (Subramanian et
al., 2000a).

Subramanian et al. (2000a) used research grade (99.92%) methane and C.P. grade (99%)

ethane. Their mixtures were gravimetrically prepared in stainless steel containers and were

thermally agitated using an infrared source before reaction in pyrex capillary cells. The

authors do not report measuring the final gas concentrations in the hydrate, only the starting

gas concentrations. Ballard and Sloan (2000) do not discuss the details of their sample

preparation procedure, but one can assume that they followed procedures similar to

Subramanian et al (2000b) because they work in the same laboratory. Uchida et al. (2002)

report the gas composition of the initial feed gas (determined by the C2H6 concentration) and
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the gas concentration in equilibrium with the hydrates after the complete reaction in

equilibrium with an on-line gas chromatograph.

2.5 Introduction to neutrons

Neutrons are scattered by the atomic nuclei of the sample, whereas X-rays interact

with the electron cloud surrounding the nuclei, so with increasing atomic number, the

probability of an X-ray interacting with an electron increases (Figure 15). Since the nucleus

of an atom is relatively small (the nucleus is typically 100,000 times smaller than the distance

between nuclei), the incident beam has a high penetration depth because the probability of

interacting with a scattering center (nucleus) is small (Pynn, 1989). Therefore, neutrons are

only weakly scatter once they penetrate the sample. Experimentalists want to use elements

that have a high scattering cross section σ, measured in barns (1 barn = 10-28 m2) that is

equivalent to the effective area presented by the nucleus to the passing neutron (Pynn, 1989).

Neutrons do have a mass (m = 1.675x10-27 kg), and therefore sizeable momentum; the

strength of the neutron-nucleus interaction is represented by the scattering length, b.

The cross section σ, an area, is related to b by the simple relation σtot = 4π <b2>

(where 4π steradians of possible scattered beam solid angle) with the scattering length were

half the radius of the nucleus as seen by the neutron (Pynn, 1989). There are two types of

scattering that can occur as the neutron interacts with the nucleus- coherent and incoherent

scattering. Coherent scattering (or Bragg scattering) is where the neutron waves interact with

the whole sample as a unit so that the scattered waves from different nuclei interfere, which

provides information about the sample (crystal structure, motions of the atoms, etc.). With
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incoherent scattering, the neutron waves interact independently with each nucleus in the

sample so that the scattered waves from different nuclei do not interfere destructively. It

occurs in all directions and is generally weak. Therefore, incoherent scattering does not

provide crystal structure information about a sample and produces background for diffraction

experiments. These incoherent scattering events, however, can exchange energy with the

sample; these events allow experimentalists to perform neutron vibrational spectroscopy.

The total scattering cross section σtot of an atom is the sum of the coherent and incoherent

scattering cross sections, σcoh and σinc, respectively (Krawitz, 2001).

Figure 15. Comparison of atomic number dependence vs. scattering length, b for X-rays and
neutrons (Krawitz, 2001).

2.6 Los Alamos Neutron Scattering Center (LANSCE)

The Los Alamos Neutron Science Center (LANSCE) is a pulsed spallation neutron

source that uses an 800-MeV linear accelerator system that accelerates both negative

hydrogen ions and protons. At the LANSCE facility, there are three experimental areas, the

Manuel Lujan Jr. Neutron Scattering Center (Lujan Center), the Weapons Neutron Research
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(WNR) facility, and the Proton Radiography Facility (pRad); the experiments discussed

within this dissertation that were completed at LANSCE were carried out at the Lujan

Center. The Lujan Center uses the 800-MeV H- beam to produce cold, thermal and

epithermal neutrons in the meV-keV range to 17 flight paths around a light-water cooled

split-tungsten target (Lisowski and Schoenberg, 2006) (Figure 16). For the clathrate research

described in this dissertation at LANSCE, four instruments were used; two diffractometers,

the High-Pressure-Preferred Orientation Neutron Diffractometer (HIPPO) and the High-

Intensity Powder Diffractometer (HIPD), and two inelastic spectrometers, the Filter

Difference Spectrometer (FDS) and the High-Resolution Chopper Spectrometer (Pharos).

Figure 16. Schematic diagram of the two experimental areas at the Lujan Center,
experimental area-1 and -2 (ER-1 and ER-2), where 17 available flight paths surround the
tungsten target (figure supplied by LANSCE-Lujan Center).
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2.7 Neutron scattering of pre-synthesized samples

Samples were transported to LANSCE in a liquid nitrogen filled dewar for

subsequent neutron diffraction experiments on HIPPO in the low-temperature, high-pressure

gas hydrate setup and a displex for the vanadium can samples.

2.7.1 HIPPO and ancillary equipment

The High Pressure, Preferred Orientation Diffractometer (HIPPO) is the newest of the

diffractometers at LANSCE. It is used for high-pressure and/or high-temperature

experiments, textural analysis and general diffraction experiments. The diffractometer

achieves very high neutron count rates due to a short (9 m) initial flight path on a high-

intensity water moderator. The detector system consists of 1360 3He detector tubes arranged

in panels on rings of 150°, 90°, 40°, 20°, and 10° diffraction angles around the incident beam

direction (Figure 17).

Figure 17. Schematic of the HIPPO chamber, denoting the beam path through the
diffractometer, the sample chamber, and the panels of detectors (figure supplied by
LANSCE-Lujan Center).
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Several different sample environments are needed to do clathrate research due to the

complexity of the pressure and temperature conditions at which these samples need to remain

for the duration of the experiments. For several experiments a “top-hat” apparatus (Figure

18a) is craned into the instrument with a closed-cycle helium refrigerator (Figure 18b) head

that can achieve temperatures below <10K. The sample is then attached via a screw at the

end of the cold finger, and diodes are attached to the sample for continuous sample

thermometry during the experiment.

Figure 18a) top-hat setup being craned into NPDF (photo courtesy of Thomas Proffen); 18b)
typical closed cycle refrigerator for neutron experiments used at LANSCE (from
http://www.arscryo.com/csw204.html)
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A hydrostatic high-pressure and low-temperature apparatus was designed at LANSCE

for experiments up to 10 kbar and temperatures from 4 to 300K (Lokshin and Yusheng,

2005). It was used for some of the diffraction experiments discussed below. A significant

advantage of this cell that represents an advance over previous designs is the horizontal

geometry in which the incident neutron beam travels along the cell axis, which allows for the

experimentalist to adjust the sample position to maximize detector illumination (Figure 19a

and 19b).

Figure 19a. Schematic general view (top left corner) and the enlarged section view of the
setup designed for high-pressure, low-temperature hydrostatic experiments at LANSCE
(Lokshin and Zhao, 2005); 19b. photo of internal cell at liquid nitrogen temperatures attached
to the closed cycle cryostat (photo courtesy of K.A. Lokshin).
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For the samples in the low-temperature, high-pressure setup, pieces of the synthesized gas

hydrate were broken off, ground in a liquid-nitrogen cooled mortar and packed in a pre-

cooled sample can. The sample can is placed in the cell to minimize displacement of the

center of diffraction upon the application of pressure and then attached to the pre-cooled

displex and craned into the HIPPO sample chamber. Data was collected and Rietveld

structure analysis was then performed to determine composition with the General Structure

Analysis Software (GSAS) (Larson and von Dreele, 1994).

2.7.2 Results methane 77.93% ethane 22.07% (norm.) sample

The 77.93% methane, 22.07% ethane gas hydrate synthesized at the USGS in the

indium sleeve was ground and placed into the low-temperature, high-pressure setup, and

several diffraction patterns were collected at ambient pressure and 250K. There is a fair

amount of ice in the sample, which could of happened during transportation or handling of

the sample prior to data collection. The gas hydrate sample is mainly structure I, with a

minor amount of structure II present (Figure 20).
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Figure 20. Rietveld LeBail fit (green line) of the three-phase methane-ethane gas hydrate
diffraction pattern (red marks) with the χ2 = 3.24; ticks on the bottom of the figure show the
d-spacing positions of the three phases: structure II- black, ice- red, structure I- blue) and
some of the major peaks have been identified with arrows for ease of comparison.

2.7.3 Results methane 82.93% ethane 17.07% (norm.) sample

The 82.93% methane, 17.07% ethane gas hydrate synthesized at the USGS in the

indium sleeve was ground and placed into the low-temperature, high-pressure setup, and

several diffraction patterns were collected at ambient pressure and 250K. There is some

amount of ice in the sample, which could of happened during transportation or handling of

the sample prior to data collection. The gas hydrate sample is mainly structure I, with a

minor amount of structure II present (Figure 21).
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χ2 = 3.45
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Figure 21. Rietveld LeBail fit (green line) of the three-phase methane-ethane gas hydrate
diffraction pattern (red marks) with the χ2 = 3.45; ticks on the bottom of the figure show the
d-spacing positions of the three phases: structure II- black, ice- red, structure I- blue) and
some of the major peaks have been identified with arrows for ease of comparison.

2.7.4 Results 50% methane, 50% ethane sample

As predicted and reported in the literature (Ballard and Sloan, 2000; Subramanian et

al., 2000a; Subramanian et al., 2000b; Uchida et al., 2002 etc.), the 50%-50% methane-

ethane hydrate sample should forms a sI clathrate (Figure 22), but unfortunately in our results

the sample is mainly ice (approximately ~80%) with sII clathrate, and with minor sI

clathrate. This is the first reported neutron diffraction pattern of the 50:50 methane-ethane

hydrate.
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Figure 22. Rietveld fit (green line) of the 50:50 methane-ethane gas hydrate diffraction
pattern (red marks); ticks on the bottom of the figure show the d-spacing positions of the
three phases: structure II- black, ice- red, structure I- blue). Some of the major peaks have
been identified with arrows for ease of comparison.

2.7.5 Results 100% Ethane gas hydrate sample

As predicted and reported in the literature (Subramanian et al., 2000a, 2000b; Uchida

et al., 2002, Sloan, 1998, Ballard and Sloan 2000, etc), the 100% ethane hydrate sample

forms a sI clathrate (Figure 23). A small amount of ice is present and may be due to minor

ethane hydrate decomposition during sample preparation and handling after synthesis. This is

the first reported neutron diffraction pattern of ethane hydrate.
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Figure 23. Rietveld LeBail fit (green line) of the two-phase ethane gas hydrate diffraction
pattern (red marks) with the χ2 = 2.22; ticks on the bottom of the figure show the d-spacing
positions of the three phases: structure I- black, ice- red) and some of the major peaks have
been identified with arrows for ease of comparison.

2.8 Los Alamos gas hydrate apparatus

After two extended visits to the USGS gas hydrate laboratory in Menlo Park,

California, it was determined that the cost and time benefit of reproducing a similar

Laboratory in Los Alamos, New Mexico was attractive. Design of the gas hydrate synthesis

apparatus started in 2005, based on the USGS synthesis laboratory design, to which were

added some capabilities that were uniquely needed for Los Alamos’ gas hydrate and

hydrogen storage projects (Figure 24).
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Figure 24. Early conceptual design of the gas hydrate gas handling system at the Los Alamos
Neutron Scattering Center.

Due to strict safety regulations at the National Laboratory, most of the apparatus’

parts were purchased commercially from a certified vendor. The gas hydrate apparatus at Los

Alamos can mix up to four gases at once. These gases are fed through a Dynablender™

Mass Flow Control box so that the operator can choose the appropriate gas ratios. The gas

mixture is stored in a steel vessel. The high-pressure lines are evacuated via a TriScroll™

600 Dry Scroll Vacuum Pump connected to the line at valve 6 (refer to Figure 25 for valve

numbering). Once the line has been evacuated (which can be determined by the vacuum

gauge), valve 6 is closed to seal off the vacuum pump. The gas is then introduced up to

valve 7, with the option of increasing the pressure of the gas past what the gas cylinder can
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provide at valve 2, which is a 3-way valve for the gas intensifier to be included. There is a

redundancy in the pressure valving on this part of the apparatus: there is a digital pressure

gauge on valve 2, and an analogue pressure gauge before valve 7 for safety, in case one

gauge fails.

With minor modifications, samples are prepared according to the USGS method (pre-

ground D2O or H2O ice, sieved and placed into an indium tube at 40% porosity) suspended

from the high-pressure lines at valves 8 and 9. The sample vessels are submerged into a 4:1

water/ethylene glycol bath in the Cole-Parmer™ low-temperature bath, supported on the

bottom by a fabricated Al-block for stability and to minimize stress on the high-pressure line.

Once the proper pressure has been reached, valve 7 is opened (with 10 closed, the vent line),

and the gas is introduced into the two identical pressure vessels (Figure 26). Each vessel has

its own pressure gauge to monitor the pressure, and a thermocouple is placed through the

bottom of the cell to monitor the internal sample temperature.
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Figure 25. Schematic diagram of the gas hydrate synthesis apparatus with valve numbers and
lengths of tubing.

Figure 26. Picture of gas hydrate synthesis apparatus at LANSCE, inset- schematic diagram
of final gas hydrate synthesis apparatus at LANSCE.
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A LabVIEW interface (to monitor P-T-t) was designed over a period of 12 months to

control the low-temperature bath. The interface allows the user to choose the synthesis

conditions and upload them to the controller box on the low-temperature bath. The interface

then monitors the digital pressure gauges, the thermocouple readouts and the temperature of

the ethylene glycol:water fluid in the bath (Figure 27). Once the run is completed, the

LabVIEW interface writes the data to an Excel spreadsheet for future data processing of the

condition of formation.

Figure 27. LabVIEW front panel for gas hydrate syntheses at Los Alamos.
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Chapter 3

INELASTIC NEUTRON STUDIES OF TETRAHYDROFURAN CLATHRATE

WITH HYDROGEN

3.1 Introduction

Fossil fuels in the form of coal, oil, and natural gas have powered the technology and

transportation networks since the industrial revolution that began at the turn of the 18th

century. Increasing demands for this non-renewable resource puts enormous strain on the

environment. The world's demand for energy is projected to double by 2050 in response to

population growth and the industrialization of developing countries (Hoffert et al., 1998).

One promising alternative to fossil fuels is hydrogen- through its reaction with oxygen;

hydrogen releases energy in heat engines or in fuel cells, and water is its only by-product.

Although hydrogen is the most abundant element on the surface of the Earth (mainly due to

water), less than 1% is present as molecular hydrogen gas H2. It occurs in chemical

compounds such as water or hydrocarbons that must be chemically transformed to yield H2

(Schlapbach and Zuttel, 2001). To further complicate the issue, H2 storage options are

limited- cylinders of liquid H2 and high-pressure gases are possible for stationary

consumption of hydrogen in large plants that can accommodate large weights and volumes.

Meeting non-stationary requirements such as the volume restrictions in cars and trucks,

require that hydrogen be stored at densities higher than its liquid density, and a hydrogen
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storage material must be found (Figure 28). The non-stationary storage of hydrogen for

vehicles may dramatically influence the vehicle’s cost, range, performance, and fuel

economy, as well as the investment requirements, energy use, and potential emissions of a

hydrogen refueling infrastructure (Berry and Aceves, 1998).

Figure 28. Volume of 4 kg of hydrogen compacted in different ways, with size relative to the
size of a car (Schlapbach and Zuttel, 2001).

3.2 Previous work

Storage of hydrogen in molecular form within a clathrate framework has been one of

the suggested methods for storing hydrogen fuel safely, but pure hydrogen clathrates

H2(H2O)2 form at high pressures. The H2(H2O)2 clathrate, synthesized at 200–300 MPa and

240–249 K, can be preserved to ambient P at 77 K and holds 50 g/liter hydrogen by volume

or 5.3 wt % (Mao and Mao, 2004). It was originally thought that hydrogen molecule was too

small to stabilize the clathrate structure, but with the small cages doubly occupied and the

large cages quadruply occupied by hydrogen molecules, the hydrogen clathrate is stable



59

(Figure 29a-c). The extremely high pressures to form a pure hydrogen clathrate has made it

an impractical solution for hydrogen storage.

Figure 29a) The sII crystal structure consisting of 51264 and 512 cages; b) the tetrahedral
cluster of four hydrogen molecules in the 51264 cage; c) a cluster of two hydrogen molecules
oriented towards opposite pentagonal faces in the 512 cage.

Lokshin et al. (2004) performed neutron diffraction experiments at LANSCE on

hydrogen clathrate at different pressures and temperatures and found that the number of D2

molecules and their distribution in the clathrate structure depend on temperature and

pressure. The large cage was found to be occupied by four tetrahedrally arranged D2

molecules, with each molecule oriented toward the centers of the hexagons of the cages, but

the maximum occupancy of the small 512 cage was determined to be a single hydrogen

molecule (Figure 30).
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Figure 30. Temperature dependence of D2 occupancy in the large (diamond symbols) and
small (circle symbols) cages of the hydrogen clathrate hydrate structure. Open and filled
symbols represent data obtained at ambient and high (~ 2 kbar) pressures, respectively. Data
points with no error bars represent the values, which were fixed in the final refinements but
were refined in the range 3.8(2) – 4.2(2) for the large cage and 0.9(1) –1.1(1) for the small
cage in the initial refinements. No significant correlation between large and small cage
occupancy parameters was observed (Lokshin et al., 2004).

Florusse et al. (2004) reported a binary clathrate of H2O + H2 + THF

(tetrahydrofuran, Figure 31) that was stable at low pressures and relatively high temperatures

(above the freezing point of ice) that renewed the interest of clathrates as a possible hydrogen

storage material. The THF molecule stabilizes the large 51264 cage of the sII clathrate, and

the hydrogen molecule stabilizes the 512 cage. But with the THF molecule occupying all of

the large 51264 cages, the hydrogen storage capacity of this hydrate (2.1 wt% H2) is well

below the Department of Energy (DOE) storage targets (Table 2).
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Table 2. Comparison of molecular compounds with Department of Energy (DOE) hydrogen
storage targets (modified from Mao and Mao, 2004).

Lee et al. (2005) reported that by “tuning” the amount of THF in the large cages, you

can increase the amount of hydrogen stored in the hydrate. In order to increase the hydrogen

content of the hydrate, the hydrogen guest must also enter the large cage, so they carried out

several experiments by reducing the amount of THF in the structure from 5.56 mol% to 0.1

mol% (Table 3) and thereby increasing the hydrogen storage of the material up to ~4 wt% at

modest pressures (Figure 32).

Figure 31. Sketch of a tetrahydrofuran molecule (C4H8O) the oxygen has two lone pairs of
electrons sticking out from the ring. These electron pairs represent a large electronic density
and make it easy for THF to participate intermolecular bonding, e.g., via hydrogen bonding.

DOE target 2005 4.5

DOE target 2010 6

DOE target 2015 9

H2 wt.%
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Mol% THF H2:THF mole Max wt% H2

(starting soln) ratio in hydrate in hydrate

10 4 2.09

5.56 4 2.09

4 3.44 1.8

2 3.36 1.76

1.5 4.03 2.09

1 4.52 2.24

0.5 8.35 3

0.2 17.63 3.8

0.15 23.1 4.03

0.1 0 0
I

II

III

Table 3. Mol % THF (starting solution) vs. H2:THF mole ratio in the hydrate vs. max wt% H2

in the hydrate for the three regions as outlined by Lee et al. 2005.
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Figure 32. H2 gas content (wt %) as a function of THF concentration and a schematic
diagram of H2 distribution in the cages of THF + H2 hydrate (Lee et al., 2005).

The existence or non-existence of H2 double-occupancy of the 512 cage will be a key

factor in determining the feasibility of binary cubic clathrates for hydrogen storage, because

double occupancy changes the possible hydrogen concentration in the hydrate from 1 to 2%

for the stoichiometric hydrate (Hester et al., 2006).
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Recently Hester et al. (2006) performed a series of neutron powder experiments on

the THF-H2 clathrate hydrate to directly determine the occupancy of hydrogen in the small

cavities of the binary clathrate. They determined that the THF molecule occupies the large

cage (Figure 33a) and most importantly, the small 512 cage is occupied by only a single

molecule of hydrogen (Figure 33b). This experimental data was published after the

experiments carried out at LANSCE and have been used to help model the inelastic neutron

scattering results we have observed.

Figure 33a. Observed Fourier map of the THF-d8 system centered in the 51264 cavity at (3/8,
3/8, 3/8) with the ring of density attributed to the THF-d8 molecule and the density contours
on the edges due to the water molecules. The map size is 10 Å, and the contours are drawn at
0.1 – 10 fm. 6b. Observed Fourier map of the D2 + THF-d8 system centered in the 512 cavity
at (0,0,0) with the single hydrogen molecule centered in the picture and the other density
contours attributed to portions of the water cage. The map size is 8 Å, and contours are
drawn at 0.2 – 2.0 fm. Both are figures from Hester et al., 2006.
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3.3 Motivation of experiment

In the spring of 2005, the Lee et al. (2005) paper had just been published, and there

was much interest in the ability to “tune” clathrate hydrates by reducing the large stabilizer

molecule and increase the hydrogen storage abilities. In the literature, there was quite a

discrepancy in the reported hydrogen occupancy of the small cage (Figure 34), and the

mechanism of hydrogen substituting for the THF molecule in the large cage to increase the

hydrogen storage capacity had only been studied with Raman and NMR. If there was a

possibility of “tuning” other large molecules to increase the amount of hydrogen stored in the

clathrate structure, then perhaps a solution for the onboard storage capacity of hydrogen

could be suggested. I submitted a proposal with Frans Trouw, the instrument scientist on

Pharos, for an ongoing program of neutron inelastic scattering experiments on ice clathrates

materials and a follow-up experiment on the Disk Chopper Spectrometer (DCS) instrument at

the National Institute of Standards and Technology Center for Neutron Research (NCNR).

3.4 Experimental details- Introduction

Neutron INS measurements on hydrogen adsorbed in d-THF+D2/D2O ice clathrate at

different energies, temperatures, and compositions (one sample from each of the three

regions) were carried out on the Pharos spectrometer at the Los Alamos Neutron Scattering

Center (LANSCE) and the Disk Chopper Spectrometer (DCS) at the NIST Center for

Neutron Research, National Institute of Standards and Technology, Gaithersburg, Maryland.
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Figure 34. Summary of hydrogen cage occupancies in gas hydrates
(http://www.hydrogen.energy.gov/pdfs/review06/bes_st11_sloan.pdf)

3.4.1 Pharos spectrometer

The High-Resolution Chopper Spectrometer, Pharos at LANSCE is a direct-geometry

spectrometer and is designed for studies of fundamental excitations in condensed-matter

systems (Figure 35). The instrument sits on a chilled-water moderator and uses a high-speed

Fermi chopper to obtain monochromatic incident energies in the range from 10 meV to 2 eV.

There are 10 m2 of meter-long position-sensitive detectors located 4 m from the sample.
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Figure 35. Schematic of the High-Resolution Chopper Spectrometer, Pharos at LANSCE
(supplied by LANSCE-Lujan Center).

For the gas hydrate experiments a sample cell needed to be designed for Pharos. We

took the existing properties from the cell for diffraction experiments (Al-cell design, gas inlet

on the top) and redesigned it for the exceptionally large beam on Pharos (5 cm wide x 7.5 cm

high) to maximize sample in the beam. The 7075 cold roll T6 aluminum pressure cell (rated

to 10,000 psi with a safety rating of 5x) has seven sample-wells that are separated by 1/10”

walls (designed this way for safety reasons). Once the gas is introduced through a 1/16”

high-pressure line, the gas is distributed evenly through the cell by a groove in the lid of the

cell (Figure 36a and b). The cell and the lid are sealed with an indium wire and 16 screws

evenly distributed around the top of the cell.
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Figure 36a. Schematic of the gas hydrate cell designed at LANSCE for Pharos experiments;
9b. Cutaway view of the internal structure of the cell- seven sample wells, split by 1/10” Al
for safety concerns (supplied by M. Taylor, designer from LANSCE).

3.4.2 Pharos experimental details

A 17:1 molar ratio of h-THF (Aldrich 99.8% minimum purity) or d-THF (99.95% D,

Aldrich) and D2O (99.9% D, Aldrich) was prepared under vacuum. The THF solution was

then placed in a freezer at approximately 250 K for about 3 days. The resulting hydrate was

crushed in a mortar surrounded by dry ice, and approximately 18 g were loaded into a

specially designed cell for Pharos measurements (3.35” x 3.25” x 1” to take advantage of the

large beam on Pharos). The cell was then attached to a pre-cooled displex head and inserted

A B
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into the Pharos sample chamber and evacuated for the measurements. Thirty-one separate

measurements were made of the protonated-THF, deuterated-THF alone and with H2 gas

added at different temperatures and energies, as well as varying THF concentrations in the

starting solution (Table 4). When the H2 gas was added at 270 K, we maintained a fairly

steady pressure of 2,000 psi to ensure the clathrate was well within its stability range (Figure

37). Before measurements were conducted, the sample was valved off and cooled to 25 K

and subsequently evacuated to remove the free hydrogen gas, and then cooled to base

temperature, approximately 8 K. By using isotopic substitution, we were able to isolate

certain features of the hydrate that we were interested in- for example, by using D2O for the

gas hydrate cage, d-THF for large molecule, and H2 gas we are able to “see” the inelastic

features of the H2 guest molecule (all examples, Figure 38).
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15 meV, 120 Hz(DAQwindow 12.5 to 19.5 ms) 25 meV, 180 Hz(DAQwindow 10-15 ms)
Empty can, 8K Empty can, 8K
h-THFclathrate, 8K h-THFclathrate, 8K
d-THF/D2O, 8K d-THF/D2O, 8K
d-THF/D2O, H2 excessremoved, 8K d-THF/D2O, H2 excessremoved, 8K
d-THF/D2O, H2 excessremoved, 8K
d-THF/D2O, H2 excessremoved, 8K
d-THF/D2O, H2 excessremoved, 8K
d-THF/D2O, H2 filling, 270K
d-THF/D2O, H2 excessremoved, 90K
h-THF/D2O0.7Mol%THF-2, 8K

40 meV, 240 Hz(DAQwindow 8-14 ms) 70 meV, 240 Hz(DAQwindow 6-9 ms)
Empty can, base temp d-THF/D2O, 50K
h-THFclathrate, <10K d-THF/D2O, absorbing H2, 270K
d-THF/D2O, 100K d-THF/D2O, H2 excessremoved, 8K
d-THF/D2O0.2Mol%
h-THF/D2O0.2Mol% 120 meV, 360 Hz(DAQwindow 4-8 ms)
h-THF/D2O0.7 Mol% Empty can, base temp
h-THF/D2Ohigh THFsample h-THFclathrate, 8K
h-THF/D2O0.7Mol%THF-2, 8K d-THF/D2O, 8K
h-THF/D2O0.7Mol%THF-2, 8K d-THF/D2O, 100K
h-THF/D2O0.7Mol%THF-2, with H2, 8K d-THF/D2O, 50K
h-THF/D2O0.7Mol%THF-2, 8K

Table 4. Summary of all runs performed over 44 days of beam time on Pharos, organized by
the selected incident energy of the experiment.
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Figure 37. Schematic of gas handling system (V = valve, and BD = burst disk) and picture of
actual setup on top of the Pharos instrument.

Figure 38. Schematic of isotope substitution of experiments on THF + H2 on Pharos.
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3.4.3 NIST Center for Neutron Research and DCS

The d-THF + H2 experiment was carried out at the National Institute for Standards

and Technology (NIST) Center for Neutron Research (NCNR) in Gaithersburg, Maryland.

The NCNR is a reactor source that has 28 experiment stations: six provide high-neutron flux

positions for irradiation, and 22 are beam facilities, most of which are used for neutron

scattering research.

The Disk Chopper Spectrometer (DCS) is also a direct geometry time-of-flight

spectrometer but sits on a cold neutron moderator. High-energy neutrons and gamma-rays

are removed using an optical filter supplemented by a cooled graphite filter. This instrument

was used because of its ability to obtain better elastic energy resolution compared to Pharos

on the DCS instrument at NCNR.

3.4.4 Disk Chopper Spectrometer (DCS) experimental details

The sample was loaded into a cylindrical aluminum sample can with a wall thickness

of 12.7 mm and a sample bore of 10 mm and loaded into a standard AS Scientific top-loading

ILL cryostat (Figure 39). An incident wavelength of 5.5 Å was used at 5 K, 50 K, 100 K,

150 K and 200 K. The results were very similar to the results from the Pharos experiments

and will be further discussed in Appendix C.
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Figure 39. ILL designed liquid helium bath orange cryostat.
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Chapter 4

INELASTIC NEUTRON STUDIES OF ETHYLENE OXIDE CLATHRATE

4.1 Motivation

Most gas hydrates grow only slowly and remain stable only under restrictive

temperature and pressure conditions, which is the case for the pure methane and hydrogen

clathrates. Much effort is currently being devoted to expanding the domain of stability of

these clathrates by the addition of other guest molecules that are more readily miscible with

water. The question then arises of whether hydrogen (or other gases) can be added to such

structures. The preceding chapter demonstrated that this is the case for a structure II clathrate

with THF; we now show for the first time evidence that a structure I clathrate with ethylene

oxide can act as a host for hydrogen. Ethylene oxide is arguably the most studied gas hydrate

due to the miscibility of the gas with water. It is a relatively large molecule for a structure I

former, and the resulting clathrate has one of the highest melting temperatures (at

atmospheric pressure) of all known clathrate hydrates. Inelastic Neutron Scattering (INS) on

the Filter Difference Spectrometer (FDS) at LANSCE was used to study the dynamics of

ethylene oxide and hydrogen in ethylene oxide clathrates.

4.2 Structure

Ethylene oxide (oxirane, MW 44.05) is a cyclic ether with a boiling point of 262.5 K

(10.7oC) and a melting point of 162.2 K (-111oC). It is highly toxic, very flammable, and a

known carcinogen. Ethylene oxide (C2H4O, Figure 40) is completely miscible with water.
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Below room temperature it forms a cubic structure I clathrate with the approximate

composition C2H4O·6.86H2O. At this composition, the clathrate melts congruently at 284.2

K at atmospheric pressure (White et al., 2003). In fact, ethylene oxide is one of a handful of

small molecules that can stabilize a hydrate above the freezing point of water. This property

eliminates ice formation and mass transfer considerations in experimental work. Large

single crystals of the clathrate can be grown without difficulty. McMullan and Jeffrey (1965)

determined through X-ray single-crystal diffraction experiments that the cage occupancy

factor is 1 for the tetrakaidecahedron cage and approximately 0.2 for the dodecahedra cages.

The space group is Pm 3 m. The edge of the conventional (cubic) unit cell is a = 12.03 Ǻ.

Figure 41 shows the structure determined by McMullan and Jeffrey (1965). The cubic unit

cell contains 46 water molecules.

Figure 40. The ethylene oxide molecule. The molecule is significantly larger than methane
and is highly polar (dipole moment 1.88 Debye -virtually identical to that of water) owing to
the large electron density on the oxygen atom (figure from L. L. Daemen).
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In this material, the water molecules form hydrogen-bonded cages, as in other clathrates, but

the protons are configurationally disordered and can occupy two possible positions between

adjacent oxygen atoms. This disorder is very likely dynamic, with protons moving back and

forth between these possible positions. If temperature is sufficiently low, however, the

protons get frozen into a disordered state, Figure 41.

Figure 41. The crystal structure of C2H4O.6.86H2O as determined by McMullan and Jeffrey
(1965) by single crystal X-ray diffraction at 243 K. Ethylene oxide is not shown for clarity;
each O-O bond shows two sites for hydrogen. Each site has an average occupancy of 0.5 and
two unit cells are shown. Two large cages (tetrakaidecahedra) are clearly visible at the center
of the figure. Dodecahedra appear at the center of each cubic unit cell.
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Figure 42 shows a large tetrakaidecahedron cage with two possible orientations for ethylene

oxide. According to McMullan and Jeffrey (1965), the orientation of ethylene oxide is

disordered, with the oxygen atom on ethylene oxide pointing at one of the six-membered

oxygen rings in the cage.

Figure 42. The 51262 structure I tetrakaidecahedron cage with only the oxygen atoms of the
cage shown, with two preferred orientations of the ethylene oxide molecule shown
(McMullan and Jeffrey, 1965).

4.3 Dynamics: previous work

The first far-infrared spectra of ethylene oxide clathrates were collected in the

seventies by Bertie et al. (1975) at temperatures ranging from 4.3 to 100 K. Those were the

first far-infrared spectra of a structure I clathrate at low temperature. The low-frequency part

of the spectra is dominated by two contributions:
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- translational and rotational motions of the guest (ethylene oxide) and,

- translational motions of the water molecules in the cages.

The latter type of motion produces relatively broad features in the vibrational spectrum. In

the inelastic neutron scattering work, the contribution from the cages was decreased

deliberately (but not completely eliminated) by deuteration of the water. Table 5 summarizes

the features observed by Bertie et al. (1975) in the vibrational spectrum of a deuterated

ethylene oxide clathrate sample.

Frequency (cm-1) Intensity Assignment

35.0 strong, sharp ethylene oxide libration

64.1 strong, sharp ethylene oxide libration

84.3 strong, broad water translation

118.9 strong, sharp water translation

129.0 shoulder water translation

Table 5. Absorption peaks observed in the vibrational spectrum of C2H4O · 6.86D2O by
Bertie et al. (1975) at 4.3 K.

Bertie et al. (1975) report a slight shift with temperature of the peaks listed in Table 5 up to

100 K. All peaks do remain observable up to 100 K. It should be noted that for a vibrational

mode to be infrared-active, its associated motion must change (intensity or direction) a dipole

moment. Water and ethylene oxide are polar molecules and many, but not all, of their

vibrational or librational modes will be infrared-active. It has already been noted that the
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dipole moment of water and that of ethylene oxide are virtually identical. Whereas the

motion of the ethylene oxide molecule has potentially greater amplitude than that of the

hydrogen-bonded water molecules in the cages, there are nearly seven times as many water

molecules as there are ethylene oxide molecules. One can thus expect a significant

contribution from water to the infrared absorption spectrum. The rotational motion of

ethylene oxide can, in principle, be decomposed into librations about the three principal axes

of the molecule. However, it is clear that rotation about an axis defined by the oxygen atom

and the midpoint between the carbon atoms does not change the dipole moment of the

molecule because the dipole moment is parallel to that axis. There remain two librational

modes corresponding to rotations about axes perpendicular to the axis just defined. These

modes should be infrared-active and are assigned to the two low-frequency peaks at 35.0 and

64.1 cm-1 (4.4 and 8.0 meV, respectively) by Bertie et al. (1975). These peaks are not

affected by a H2O to D2O isotopic substitution and must therefore be associated with

ethylene oxide. A word of caution is order; however, librational modes are notoriously

difficult to observe by infrared or Raman spectroscopy. The statement made by Bertie et al.

(1975) that the modes at 35 and 64.1 cm-1 should be attributed to ethylene oxide librational

modes is suspect for two reasons. First, these modes appear very strongly in their spectrum,

which is unusual in itself. Second, the lack of significant shift upon going from H2O

(molecular weight 18) to D2O (molecular weight 20) is less than convincing because if the

two modes are water translational modes rather than ethylene oxide librations, the entire

molecule moves and the frequency of the modes is reduced by a factor of (20/18)1/2=1.05.
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The 35.0 cm-1 mode would shift to 33.3 cm-1 (absolute shift of 1.7 cm-1) and the 64.1 cm-1 

mode would shift to 61.0 cm-1 (absolute shift of 3.1 cm-1). Given an instrument resolution of

about 2.5 cm-1 and rather broad peaks, it is doubtful that such small shifts could be observed

with great reliability. Finally, as will be discussed below, the inelastic neutron scattering

spectrum collected on FDS shows intensity at 35 and 65 cm-1 in addition to sharper modes at

other frequencies. The latter are more likely to be the ethylene oxide librational modes. The

ethylene oxide "librational" modes observed by Bertie et al. (1975) are very likely to be

attributed to translational modes of water in the cages. The last three peaks listed in Table 5

shift to lower frequency when going from H2O to D2O and are undoubtedly associated with

the water cages. In this case, the isotopic shifts are at least twice the resolution of the

instrument used by Bertie et al. (1975) and are more conclusively apparent in the spectra.

An inelastic neutron scattering study was performed by Wegener et al. (1978) on

ethylene oxide clathrate at three temperatures, 30 K, 90 K and 214 K. The study was

undertaken for two reasons: in contrast to optical spectroscopies, neutron scattering is

immune from selection rules and deuteration of the cages could, in principle, reduce the

contribution of the cages to the vibrational spectrum. There is a third advantage to neutron

scattering, which was not obvious at the time Wegener et al. (1978) collected data, namely

the ability (at the time of writing) to calculate quantitatively the neutron vibrational spectrum

from ab initio or molecular dynamics computer simulations. This is a direct result of the

simplicity of the neutron-nucleus interaction at thermal neutron energies, as opposed to the

extremely complex electron-photon interactions, which makes a quantitative prediction of
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vibrational mode intensities difficult at best. The comparison between the calculated

spectrum and the measured spectrum is a powerful tool to assess the validity of a (structural)

model of the system under study.

It follows that neutron vibrational spectroscopy should enable one to observe the third

librational mode of ethylene oxide and confirm the mode assignments of Bertie et al. (1975).

Features in the neutron vibrational spectrum of Wegener et al. (1978) are observable at 30 K

(labeled A, B, C and D, Figure 43), but at higher temperatures the features disappear. The A,

B, and C peaks (29±2, 39±4, and 57±4 cm-1) are assigned to the librations of the ethylene

oxide molecules about the three principal axes of inertia (Wegener et al., 1978). Peak A

corresponds to the librational mode that is inactive in the infrared spectrum. Peaks B and C

are, in principle, those observed by Bertie et al. (1975). The agreement with the values

reported by Bertie et al. (1978) is reasonable but far from spectacular. The features in the

spectrum are broad, and the uncertainty on the position of the vibrational modes is fairly

large. Shoulders appear in the vibrational spectrum that can be attributed to translational

(external) modes of water. The peak labeled D in Figure 43 is very likely the mode observed

at 84.3 cm-1 by Bertie et al. (1978).
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Figure 43. Frequency distributions at 30 K, 90 K and 214 K (Wegener et al., 1978).

4.4 Dynamics: neutron scattering

The poor resolution of the vibrational spectrum obtained by Wegener et al. (1978)

leaves open the question of a more precise experimental determination of the librational

modes (and therefore, of the associated librational potentials). Given today's computational

capabilities, it is also desirable to resolve experimentally some of the water vibrational modes

for a direct comparison with ab initio or semi-empirical calculations. Finally, a good

reference neutron vibrational spectrum was needed to start investigating the possibility of

using ethylene oxide to stabilize clathrate hydrates. For all these reasons, it was decided to

revisit the problem of the neutron vibrational spectrum of ethylene oxide clathrates. Data

were collected at LANSCE on the Filter Difference Spectromter (FDS).
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4.4.1 The Filter Difference Spectrometer (FDS)

The Filter Difference Spectrometer (FDS) at LANSCE is an “inverted geometry

instrument” which means a “white” neutron beam (containing a continuous range of

neutron wavelengths) is incident upon the sample (Daemen et al., 2006). The instrument

sits 13 m from a 283 K water moderator (Figure 44), and incoming neutrons excite

molecular vibrations in the sample and then are scattered into symmetrically arranged

beryllium or beryllium oxide filters to the detectors.

Figure 44. Schematic of the Filter Difference Spectrometer (FDS) at LANSCE (Supplied by
LANSCE-Lujan Center).

The final neutron energy is kept fixed (in a direct geometry instrument at a pulsed source, the

incident neutron energy is fixed and the final neutron energy is variable).



84

The primary spectrometer is essentially a long evacuated flight tube (rectangular

cross section approximately 2.5 cm x 10 cm) surrounded by a large amount of shielding. A

series of collimators right before the sample deliver the beam to the heart of the secondary

spectrometer. The other important components of the primary spectrometer are the

moderator (ambient temperature water, poisoned and decoupled) and a mercury shutter to

block the beam during sample changes. The flight path is perpendicular to the moderator

surface.

The secondary spectrometer’s main component is an annular tank containing the Be

and BeO filters. Each filter bank covers 90o on each side of the incident flight; each filter

wedge covers 15o and is flanked by a detector bank comprising six 3He tubes for neutron

detection. A time-of-flight spectrum is collected for each individual tube, but the spectra can

be combined by bank or summed of filter type (Be or BeO). Two expander heads hanging

from the bottom of the filter tank are used to cool the filter to approximately 100 K in the

evacuated filter tank. Cooling reduces phonon scattering of the transmitted neutrons and

improves the data collection rate. The sample is located at the center of the annular tank,

usually inside a cooling device.

The principle of operation of the spectrometer is relatively simple. The Be and BeO

filters in the secondary spectrometer allow neutrons of a fixed energy to pass through the

block of filter material. This determines the energy of the scattered neutron (e.g., 4.2 meV

for Be). The incident neutron energy is determined by time-of-flight. The difference

between the final and initial neutron energy is the energy of the elementary excitation in the
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sample. In practice, the Be and BeO filters are not perfect band-pass filters and a finite range

of final neutron energies passes through the filters. A simple numerical deconvolution allows

one to take this into account during the data reduction stage.

Calibration spectra (uracil and hexamethylenetetramine) are collected at the

beginning of a run cycle. The vibrational spectrum of these materials exhibits a large number

of sharp lines at well-established frequencies throughout the entire dynamic range of the

instrument. These spectra allow one to verify that the conversion from time-of-flight to

energy transfer is accurate.

4.4.2 Synthesis of the deuterated ethylene oxide clathrate

FDS relies on the incoherent scattering of neutrons to obtain a vibrational spectrum.

Since hydrogen (protium) has the highest incoherent neutron scattering cross section (80.27

barn) of all isotopes, the vibrational spectrum is –to first order- entirely dominated by

contributions from hydrogen. Deuterium has a much lower incoherent scattering cross

section (2.05 barn) and isotopic substitution can then be used to “highlight” the fragments of

a molecular system that contribute to the spectrum. In the case of the ethylene oxide

clathrate, the main interest resided with the dynamics of the ethylene oxide molecule rather

than those of the cages themselves. It was therefore decided to synthesize a clathrate with

protonated ethylene oxide and deuterated water: C2H4O · 6.86 D2O. Notice that the molar

ratio of D to H is approximately 3.4 : 1. Even though the scattering from D is considerably

less than that of H2, one can still expect a significant contribution from D2O.
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Given the miscibility of ethylene oxide and water and the potential difficulties

associated with handling ethylene oxide, in situ preparation of a suitable sample was

attempted. FDS is equipped with a small gas handling manifold that permits gas dosing and

delivery to a sample holder to which a capillary tube is attached. The sample holder resides

in a closed-cycle refrigerator and was held at constant temperature. Without mechanical

agitation (which was not possible in the closed-cycle refrigerator), ethylene oxide dissolves

only slowly in water, and it became clear rather rapidly that in situ preparation would

produce unsatisfactory samples.

Laboratory synthesis was then attempted. The synthesis setup is illustrated in Figure

45. In a fume hood, we dosed and condensed the ethylene oxide gas onto a known volume of

frozen D2O. The mixture was allowed to melt. It was stirred thoroughly for a few minutes.

We then placed it in an aluminum sample holder and transported it to the closed-cycle

refrigerator on FDS. We held this mixture at 270 K for 70 minutes and then 283.2 K for two

hours (slightly below the melting point of the clathrate) for sample annealing.
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Figure 45. Setup for the synthesis of ethylene oxide clathrates. A carefully measured volume
of D2O is placed in a glass tube connected to valve C. The D2O is frozen with liquid nitrogen
and with valves B, C, S, and V open (A closed) the apparatus is evacuated. Subsequently V,
S, and C are closed and with B open, A is opened to fill the calibrated volume connected to
valve B. Once the desired pressure of ethylene oxide is reached in the calibrated volume,
valve A and B are closed and the apparatus is again evacuated to remove residual ethylene
oxide in the apparatus. Valves B, C, and S are then opened to condense the ethylene oxide in
the calibrated volume into the glass tube containing D2O. When the pressure in the
calibrated volume falls to zero, valve C and S are closed and the sample tube is disconnected
(between C and S) from the vacuum line. Its content is allowed to warm up to room
temperature. Gentle mechanical agitation then allows for thorough mixing of D2O and
ethylene oxide. The solution is then transferred to an aluminum sample holder (for neutron
scattering) and slowly cooled below its freezing point to form the clathrate.

4.4.3 Ethylene oxide clathrate: Results

Figure 46 shows the low frequency part of the neutron vibrational spectrum of an

ethylene oxide clathrate sample, C2H4O · 6.86 D2O, measured at 10 K on FDS.
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Figure 46. Neutron vibrational spectrum of ethylene oxide clathrate collected at 10 K on
FDS. Peaks A, B, and C are the librational modes of ethylene oxide. The labeling
corresponds to that used by Wegener et al. (1978) (see Figure 43). Peak D and the broad
band E are discussed in the text. The arrows indicate two shoulders that were not present in
the Wegener et al. result.

The resolution is significantly improved compared to the result by Wegener et al. Table 6

summarizes the librational frequencies observed on FDS at 10 K. The agreement with

Wegener et al. (1978) is reasonable. The difference between our results and those of

Wegener et al. (1978) increases with frequency. This suggests perhaps a problem with the

conversion from time-of-flight to energy transfer or, more generally, an instrument

calibration problem in the data of Wegener et al.(1978). Unfortunately, no details are

provided by Wegener et al. (1978) as to where and how the data were collected and
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processed. Since FDS passed two stringent calibration tests at the beginning of the run cycle,

we stand by our values. It is almost certain that Bertie et al. (1975) observed attributed water

translational modes to ethylene oxide librations (see discussion above). Their values are

listed in Table 6 for completeness, but they are almost certainly incorrect.

Frequency (cm-1)
This work (INS, 10
K)

Frequency (cm-1)
Wegener et al. (1978)
(INS, 30 K)

Frequency (cm-1)
Bertie et al. (1975)
(IR absorption, 4.3K)

28.3 29 ± 2 not observed, inactive

34.4 39 ± 4 35.0

48.0 57 ± 4 64.1

Table 6. Librational frequencies of ethylene oxide in ethylene oxide clathrate. Comparison
of infrared absorption and inelastic neutron scattering measurement.

FDS resolves some of the water translational modes. The mode at 76 cm-1 (and assigned a

frequency of 81 cm-1 by Wegener et al., 1978) is particularly well resolved. The broad 80-

170 cm-1 band also exhibits some structure. A maximum entropy analysis of this band

produces peaks at 97.5, 136.2, and 155.3 cm-1. Similarly, two shoulders appear between

peaks B and C that should be attributed to translational modes of water. These features were

not resolved by Wegener et al. (1978) and were not observed by Bertie et al. (1975) in the

infrared absorption spectrum. They should prove useful in comparisons with ab initio

calculations. Notice that the A and C peaks are relatively sharp. Peak B appears to be

broader, but this is almost certainly due to the presence of another peak at almost the same

frequency. In all likelihood, this is the 35 cm-1 peak observed by Bertie et al. (1975). The

FDS spectrum shows a faint shoulder at 65 cm-1, which almost certainly is the 64.1 cm-1 
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mode observed by Bertie et al. (1978) and has nothing to do with the librational modes of

ethylene oxide.

The ethylene oxide molecule comprises N = 7 atoms. It should therefore have 3N - 6

= 15 internal vibrational modes. The vibrational spectrum of ethylene oxide has been

measured on numerous occasions, in the gas, liquid, and solid phase by means of infrared

absorption (Bertie and Jacobs, 1978), Raman scattering (Lebruman, 1969), and inelastic

neutron scattering (Coulombeau and Jobic, 1988). Since each molecule of ethylene oxide is

isolated in a cage in the clathrate, intermolecular interactions between ethylene oxide

molecules are negligible and the vibrational spectrum of enclathrated ethylene oxide should

resemble those of ethylene oxide in the gas phase. Deviations from the gas phase spectrum

can be attributed to guest-host interactions. Figure 47 shows the high frequency portion of

the ethylene oxide clathrate vibrational spectrum as measured at 10 K on FDS. To the best of

our knowledge, this portion of the spectrum of ethylene oxide clathrate has never been

investigated. The broad band extending from 400 to 800 cm-1 corresponds to the three

librational modes (wagging, twisting, and rocking) of water in the cages (Eisenberg and

Kauzmann, 1969). Structure is evident in the band. These modes are not observable by

means of optical spectroscopy (IR or Raman), but usually appear quite clearly in the neutron

vibrational spectrum. The fact that three peaks can just about be distinguished in the band is

characteristic of hydrogen-bonded water (free water tends to produce a broad, featureless

band). The broad band above 2000 cm-1 corresponds to a series of OD stretching modes

(Eisenberg and Kauzmann, 1969).
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The internal modes of ethylene oxide appear above 800 cm-1. The modes are

relatively poorly resolved, probably due to the presence of ethylene oxide in two different

cages and the (different) interactions of ethylene oxide with these cages. Our relative

intensities are comparable to those in the vibrational spectrum of solid ethylene oxide

observed by Coulombeau and Jobic (1988), and this facilitated mode assignment. Table 7

summarizes our findings.

Figure 47. The high frequency portion of ethylene oxide clathrate. The solid line is a
maximum entropy reconstruction of the vibrational spectrum.



92

It is immediately apparent from Table 7 that all the internal modes of ethylene oxide are

recognizable in the FDS spectrum. Most of the modes are shifted to higher frequencies

compared to the gas phase measurements -a clear indication of strong interactions between

the cages and the ethylene oxide molecules. This is not altogether surprising given the large

dipole moment (1.88 Debye) of the ethylene oxide molecule and the presence of a large

electron density on the oxygen atom (lone electron pairs). So-called solvent shifts effects

have long been known in the physical chemistry of solutions. The frequency of vibrational

modes is shifted (compared to the gas phase frequency, i.e., in the absence of intermolecular

interactions) when a molecule is placed in a solvent. This is the result of solvent-solute

interactions. The frequency shifts can be represented as the sum of shifts due to attractive

and repulsive interactions:

,RA ν∆+ν∆=ν∆

where ∆νA is the solvent (frequency) shift due to attractive interaction and is generally

negative and ∆νR is due to repulsive interactions and is generally positive (Benamotz and

Herschbach, 1993). Repulsive forces can be thought of in terms of steric effects. Attractive

forces result generally from dipole-dipole interactions. The shifts can be related to

microscopic (solvent and solute) parameters by means of rather complex theories. Even

though ethylene oxide clathrates are solids, it is tempting to draw an analogy with solution

chemistry and think of ethylene oxide in the clathrate as being "in solution" in water. Since

our observed "solvent shifts" from gaseous ethylene oxide to "solvated" ethylene oxide are

positive (blue shifts), repulsive interactions between ethylene oxide and water cages seem to
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dominate the attractive solvent-solute interactions. Of course, it is ultimately the equilibrium

between the strong hydrogen bonding between water molecules and the attractive guest-host

interactions on the one hand and the (steric) guest-host repulsion on the other hand that

explains the stability of the clathrate. To the best of our knowledge, clathrate stability has

not been described in terms of solvent shifts (and the underlying interactions). This approach

could represent a simple description of guest-host interactions in clathrates that is easy to

connect with spectroscopic measurements. It could also suggest ways of improving the field

of stability of clathrates.

The C-H stretching modes appear above 3000 cm-1 in ethylene oxide and are difficult

to observe with inelastic neutron scattering due to the low intensity available on a water

moderator at these incident energies. They will not be discussed here.

We observe that once again the spectrum shown in Figure 47 should prove useful for

comparison with more extensive ab initio calculations of the vibrational spectrum. The

experimental spectrum must be reproduced quantitatively for the modeling of the guest-host

interactions to have any validity.

4.4.4 Adding hydrogen

Since 80% of the small cages in ethylene oxide clathrate are not occupied, it is interesting to

ask if they could be filled with a small molecule such as hydrogen. This would not produce a

material with large hydrogen storage capacity, but it would result in a clathrate material with

thermodynamic stability close to ambient conditions. Notice that in principle the small cage

is large enough to accommodate more than one hydrogen molecule.
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Frequency (cm-1)
This work

Frequency (cm-1)
IR absorption, (Spiekermann et

al., 1982)

Assignment

single band at 850 821, 840, 857 ring deformation

broad band at 915 877 ring deformation

shoulder at 1060 1020, 1050 CH2 rock, CH2 twist

broad band at 1205 1142, 1148, 1152 CH2 wag

shoulder at 1315 1270 ring breathing

broad peak at 1585 1472, 1498 CH2 scissor

Table 7. Internal modes of enclathrated ethylene oxide measured on FDS as well as in the gas
phase.

Preliminary inelastic neutron scattering data were collected on a sample prepared by

holding a small amount of ethylene oxide clathrate just below the melting point and

connecting the sample holder to a tank holding several moles of H2 at 800 psi (approximately

55 atm). The sample was held at that temperature for an hour, and was then slowly cooled

(over a period of 4 hours, approximately 1 K/min) to 40 K. At 180 K, the sample holder was

vented to relieve any residual pressure of hydrogen and prevent the condensation of liquid or

solid hydrogen at lower temperature.
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Figure 48. Neutron vibrational spectrum of hydrogen loaded in ethylene oxide clathrate,
T=40 K. The spectrum from the pure ethylene oxide clathrate was subtracted to highlight the
contribution from hydrogen. Two large peaks are clearly visible at 126 and 150 cm-1. The
solid line is the Maximum Entropy reconstruction of the spectrum.

Figure 48 shows the result obtained after subtracting the spectrum of pure ethylene

oxide clathrate from the neutron vibrational spectrum of the sample loaded with hydrogen.

The first rotational level of (free) hydrogen is at 14.7 meV (= 118.6 cm-1). The most

prominent peak in Figure 48 appears at 126 cm-1 -probably a good indication that hydrogen

did indeed diffuse in the small cages of the ethylene oxide clathrate. There is a second peak

at 150 cm-1. These peaks are tentatively associated with the rotational energy level of

hydrogen, shifted by intermolecular interactions either with the cage or with ethylene oxide.

Smaller peaks appear at larger frequencies. Detailed molecular dynamics simulations would

be necessary for a more detailed interpretation of the spectrum.
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4.5 Summary

The present study confirms the results of Wegener et al. (1978), with a higher

resolution study of the neutron vibrational spectrum of ethylene oxide clathrate. More

accurate values are obtained for the librational modes of enclathrated ethylene oxide and

several water translation modes are resolved in the spectrum. This data set should prove

useful to computational chemists and physicists.

Our data also show that the mode assignments proposed by Bertie et al. (1975) on the

basis of far-infrared absorption measurements on ethylene oxide clathrate are very likely

incorrect. The modes in question are best attributed to water translational modes that appear

fairly clearly in our neutron vibrational spectrum.

We also report for the first time the internal modes (higher frequencies) of ethylene

oxide in ethylene oxide clathrate as measured by inelastic neutron scattering. These modes

are (strongly) blue-shifted compared to gas phase ethylene oxide. This reflects strong

repulsive guest-host interactions.

Preliminary data were collected for hydrogen in ethylene oxide clathrate. We show

convincing evidence (shifted rotational mode of molecular hydrogen) that hydrogen is

capable of diffusing in the small cages of ethylene oxide clathrate to produce what is -at the

time of writing- probably the most stable hydrogen clathrate material. Further studies are

planned on this material.
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Appendix A

METHANOL- INHIBITOR OR PROMOTER OF THE FORMATION OF GAS

HYDRATES FROM DEUTERATED ICE?

Bobev, Svilen & Tait, Kimberly T. (2004)

Published in the American Mineralogist 89, 1208-1214



98

Abstract

Kinetic studies are reported of the effect of methanol on the rate of formation of CO2-

and CH4-hydrates by means of in situ time-of-flight neutron powder diffraction. The

experiments were carried out at temperatures ranging from 200 to 250 K and pressures up to

7 MPa. The samples were prepared from mixtures of ground, deuterated ice and deuterated

methanol (up to 20 vol %), which were transformed in situ into CO2- or CH4-hydrates by

pressurizing the systems with the corresponding gas. The observed rates of formation of

hydrates are orders of magnitude higher than the rate of formation from pure deuterated ice

under the same pressure and temperature conditions. Glycols and alcohols, methanol in

particular, are long known as thermodynamic inhibitors of hydrate formation. Our study

indicates that methanol can also act as a kinetic promoter for the formation of gas hydrates.

Preliminary data suggest that the kinetics also depend strongly on concentration and the

isotopic composition.
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Introduction

The crystal structures, thermodynamic models, and engineering applications of CO2-

and CH4-hydrates have been extensively studied under equilibrium conditions (Sloan,

1998a). Our knowledge of the kinetics of hydrate formation and decomposition on the other

hand is rather limited. Studies of the formation and dissociation processes of hydrates are

hindered by the complexity of the dynamic process and are often poorly reproducible.

Typically, kinetic studies involve measurements of temperature and pressure changes of the

gas and liquid phases to infer the properties and rate of structural changes of the hydrate

phase. These experimental challenges, as recognized in some recent reviews on hydrate

research (Ripmeester and Ratcliffe, 1998; Sloan, 1998b), are to directly measure the hydrate

phase using techniques such as diffraction and NMR and Raman spectroscopy (Subramanian

and Sloan, 1999). In-depth information about generalized kinetics models will be crucial in

assessing such issues as the feasibility of in situ production of methane from the methane

hydrate deposits at the ocean floor (Herzog et al., 1991; Saji et al., 1992). Kinetic models are

eagerly sought for the systems CO2(l)/water/CH4-hydrate aiming at the development of the

technology to simultaneously extract methane from the ocean-floor reserves and replace it

with carbon dioxide. Therefore, studies of nucleation, growth, and dissociation of different

hydrates at various conditions have received increasing attention in recent years.

The use of powder diffraction techniques, powder neutron diffraction in particular,

proves to be a powerful tool for probing these systems. To date, X-ray and neutron powder
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diffraction have been used for thermodynamic studies of carbon dioxide, propane, and

methane hydrates, as well as for structural studies of methane and nitrogen hydrates

(Davidson, 1984; Koh et al., 1996; Koh, 1997; Koh et al., 2002; Kuhs et al., 1996; Mak and

McMullan, 1965; McMullan and Jeffrey, 1965; Stern et al., 1996). In particular, time-

dependent neutron diffraction at a variety of temperatures and pressures has been effectively

used to research the kinetics of gas hydrate formation and dissociation (Henning et al., 2000).

These investigations were aimed at following the kinetics of formation and decomposition of

carbon dioxide, methane, and other gas hydrates, using synchrotron X-ray radiation and

neutron diffraction. Several publications on time-dependent kinetics of the hydrate formation

and dissociation processes have already appeared in the literature (Halpern et al., 2001;

Henning et al., 2000; Wang et al., 2002). More recently, the synthesis, structure,

composition, and kinetic behavior of carbon dioxide hydrate were discussed in a

comprehensive report based on X-ray and neutron diffraction, SEM, and residual gas analysis

data (Circone et al., 2003; Staykova et al., 2003).

In the present study, we explore the effects of surfactants on the rate of formation of

carbon dioxide and methane hydrate using neutron powder diffraction. This work provides

direct observation of the in situ formation of carbon dioxide and methane hydrates from

polycrystalline mixtures of deuterated ice and methanol, and evidence that methanol, in

certain concentrations, accelerates tremendously the rate of the reaction from deuterated ice.
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Experimental Details

The experiments were carried out using the High Intensity Powder Diffractometer

(HIPD) instruments at both the Manuel Lujan Jr. Neutron Scattering Center (LANSCE-12) at

Los Alamos National Laboratory, and at the Intense Pulsed Neutron Source (IPNS) at

Argonne National Laboratory. The experiments were conducted in a pressure sample cell,

originally designed and fabricated at Argonne National Laboratory (Figure A-1), and later

duplicated at Los Alamos National Laboratory. The cell is made of an aluminum alloy and is

intended for use with pressures up to 70 MPa at room temperature or below. Details on the

sample cell design and fabrication can be found elsewhere (Henning et al., 2000).

Pressurized gas was introduced into the system through stainless-steel tubing that connects to

standard gas cylinders with CO2 (99.9%) and CH4 (99.5%). The pressure was maintained at

the desired level throughout the whole experiment by continual addition of gas. To monitor

the pressure accurately, a digital pressure gauge was connected to the pressure cell.
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Figure A-1. A schematic drawing of the aluminum pressure cell. The cell is approximately
76 mm long and has an inside diameter of 8 mm.

Polycrystalline ice was prepared by freezing deuterated water (Aldrich or Cambridge-

Isotope, 99.9%) and then crushing it with a mortar and pestle. The powder was then sieved

through a stainless steel sieve (mesh –48) to obtain ice particles 300 µm and smaller. All

these procedures were performed with caution and extreme care at around liquid nitrogen

temperature to prevent the ice from melting. The powdered ice (kept submerged in liquid

nitrogen to avoid frost deposits) was then inserted into the aluminum pressure cell, which had

already been cooled to 77 K. The cell was subsequently closed (while keeping it in a small

dewar flask filled with liquid nitrogen), and quickly mounted on the cold stage of a Displex

closed-cycle helium refrigerator. Two silicon diodes for temperature control and for
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reference (top and bottom of the cell as shown in Figure A-1) were attached and the assembly

was then put into the sample chamber of the neutron diffractometer. As previously

mentioned, the pressure cell was kept in liquid nitrogen as much as possible to prevent the

ice from melting and to discourage condensation buildup on the outside of the cell. This is a

concern because the incoherent scattering of the hydrogen would lead to a higher background

in the diffraction data.

The same general procedure was followed for the preparation of several frozen water-

alcohol mixtures with different concentrations, ranging from 20% by volume to 1% by

volume. We started our studies with the most alcohol-rich system (CD3OD:D2O = 1:4),

again by freezing it in liquid nitrogen. The frozen mixture was then quickly ground, sieved,

and transferred into the aluminum cell, which was subsequently closed and attached to the

cold finger of the Displex refrigerator (see above). Once the temperature was stabilized at

ca. 200 K, a neutron diffraction pattern of the frozen, polycrystalline mixture was obtained to

check for the presence of hexagonal ice and to make sure that it had not melted. Limited

beam time precluded the completion of the whole series of experiments; those still to be

made will be discussed in another paper.

Monitoring of the reaction pathway began with pressurizing the sample cell with CO2

or CH4 gas (maximum pressures up to 7 MPa) at temperatures of 250 K or below. Before the

gas was introduced into the system, the cell was purged with helium and the gas supply lines

were bled to get rid of unwanted air. The sample was allowed to stabilize a few degrees

below the desired temperature. The gas was then introduced rapidly, and usually a
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temperature increase of ~5–7 K was observed as indicated from the temperature reading

difference between the two thermocouples (Figure A-1). The “fluctuation” in the

temperature is most likely due to the pressurizing gas being at a higher temperature, along

with the heat deposited in the system from the rapid formation of hydrate, which is an

exothermic reaction (Henning et al., 2000). The temperature stabilized within a few minutes.

At the same time as the gas was being introduced, the shutters were open and time-of-

flight powder diffraction data were obtained virtually in real time by creating a sequence of

data collection runs, each with duration of approximately 15 minutes. The high neutron flux

from both HIPD instruments allowed for fast data collection times. The spallation neutron

source at LANSCE is pulsed at 20 Hz and ~100 µA power, while the IPNS is pulsed at 30 Hz

and ~15 µA power. The time-of-flight neutron powder diffraction data were obtained by

using the 90o data bank(s) on both systems. For comparison, the HIPD instrument at

LANSCE-12 has a primary flight path (moderator-to-sample) of 9 m and a secondary flight

path (sample-to-detectors) of 1 m. For the HIPD instrument at the IPNS, the sample position

is located 5.5 m from the source and the sample-to-detectors distance is 1 m. Data analysis

was done using the GSAS software package (Larson and von Dreele, 1994). The structural

model employed in the refinements was adopted from an earlier in situ neutron diffraction

study of CO2 hydrates (Henning et al., 2000).

Results and Discussion

In nature or in laboratory experiments, gas hydrates typically form around 273 K (0

°C) and under moderate pressure (≤70 MPa). When the pressure is released, or the
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temperature is increased, the hydrates decompose. The rate of decomposition varies with

temperature and the type of guest molecule in the structure. In general, methane hydrates in

particular decompose quickly and therefore have to be prepared in situ to prevent

decomposition during transfer from one sample environment to another. In situ data may

provide information at the atomic scale on the stability of the hydrate phases, as well as for

the formation/decomposition kinetics. Neutron diffraction is a powerful tool for following

structural changes that occur under these conditions. Neutrons are particularly useful for

analyzing light elements such as hydrogen and O, since their penetrating power and lack of

intensity fall-off with scattering angle allow for obtaining precise structural information on

atomic positions, interatomic distances, and atomic displacement parameters under a variety

of experimental conditions. Moreover, these experiments can be accomplished with much

higher precision than can be done with X-ray diffraction methods.

Earlier experiments that utilized this technique have already demonstrated that one

could successfully prepare and analyze gas hydrates in situ (Halpern et al., 2001; Henning et

al., 2000; Wang et al., 2002). We are now extending these studies toward the kinetics of

formation of CO2 hydrate from systems containing methanol or electrolytes, with a long-term

goal to prepare other types of gas hydrates, especially methane hydrate.

In abbreviated terms, the in situ monitoring of the structural transformations begins

with collection a neutron diffraction pattern of the frozen ice or polycrystalline mixture of ice

and alcohol stabilized at 200 K. This is done before the sample is pressurized to confirm that

the ice (or the frozen mixture) has not melted, and to see if a clean powder pattern can be
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observed. Hexagonal ice is clearly present in Figure A-2a, along with peaks from the

aluminum sample cell. The positions of aluminum peaks occur at d-spacings of 2.34 Å and

lower. After confirming that the ice did not melt during the setup phase, the cell was allowed

to equilibrate at the desired starting temperature and then pressurized with CO2 or CH4

(pressures up to 7 MPa). Collection of time-resolved data (15–30 minutes) showed that

peaks corresponding to type-I hydrate appear almost immediately (Figure A-2b). The

reaction between the gas and the ice continues and at the end nearly 100% conversion can be

achieved at certain conditions (Figure A-2c). Similar studies conducted at different

temperatures have provided useful kinetic information on hydrate formation (Halpern et al.,

2001; Henning et al., 2000; Wang et al., 2002).

The short data collection times and relatively low resolution of the HIPD instruments

did not allow for a full Rietveld analysis of each data set (Larson and von Dreele, 1994). The

lattice parameters of the three phases observed in the diffraction patterns, hydrate, ice, and

aluminum were refined in the initial stages but then were fixed since the temperature and

pressure of the sample did not change during the data collection. The atomic positions and

thermal parameters, as determined in separate experiments for each temperature, were not

allowed to vary during the refinements. Besides the six background parameters, only the

histogram scale factor, an absorption coefficient, and the phase fractions were allowed to

refine. The weight fractions were extracted from each refinement, adjusted for the gain of

CO2 in the solid phase, and the mole fractions of hydrate were calculated (Figure A-3).
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As can be seen in Figure A-3, the rate of formation significantly depends on the

temperature (Halpern et al., 2001; Henning et al., 2000; Wang et al., 2002). Also, these

studies of the conversion of ice to hydrate suggest a two-stage process—initial reaction of

CO2 (or another hydrate-forming gas) with the so-called quasiliquidlayer (QLL), followed by

diffusion of the gas molecules through the layers of hydrate covering the ice particles

(Halpern et al., 2001; Henning et al., 2000; Takeya et al., 2000; Wang et al., 2002).

Importantly, direct observation of CO2 hydrate formation on the surface of ice grains has also

been reported by others (Hwang et al., 1990; Staykova et al., 2003; Stern et al., 1998a; Stern

et al., 1998b), which supports the hypothesis that after diffusion through the hydrate layer,

the gas molecules react with internal water in a QLL or “pre-melting” layer, rather than with

ice molecules. This opens up a large area of possible kinetic studies of the CO2 and other gas

hydrate systems.

The next step was to complete similar in situ experiments, when instead of pure D2O

ice, a frozen mixture of D2O with deuterated alcohols, glycols, electrolytes, etc. was reacted

with CO2 gas and the rate of the conversion to a CO2 hydrate was determined in the same

way as before. The accessible experimental data on alcohols and glycols are scarce and large

gaps exist in the study of these systems. Furthermore, the latter are known as

“thermodynamic inhibitors” of hydrate formation since addition of these compounds in

certain concentrations moves the conditions required for hydrate formation toward lower

temperatures and higher pressures (Koh et al., 2002; Majumdar et al., 2000; Mei et al., 1996

and references therein; Sloan, 1998a). The cases where thermodynamic inhibition is claimed
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are all in V-L-H systems (vapor-liquid-hydrate), not in the V-I-H (vapor-ice-hydrate) systems

that are the focus of our study. In fact, the petroleum and gas industry rely heavily on the

technology of these “inhibitors” to prevent gas hydrate formation in pipelines. Although

alcohols and glycols have been used for many years, little is known about the mechanisms of

their inhibition in these V-I-H systems.



109

Figure A-2. Virtually real time monitoring (15 minutes per histogram) of the kinetics of
formation of CO2 hydrate from polycrystalline ice by in situ neutron powder diffraction. (a)
Beginning of the reaction—neutron powder diffraction pattern of the D2O ice (hexagonal
structure, space group P63/mmc) at 200 K with no pressure; A-2b. Reaction in progress,
system pressurized with either CO2 or CH4—neutron powder diffraction pattern of the
mixture of hexagonal D2O ice and type-I hydrate. This pattern can be viewed as a
superposition of patterns (a) and (c), with relative intensities corresponding to the mole
fractions of the two phases, respectively. A2-c. End of the reaction, i.e., all D2O ice
converted in situ to hydrate—neutron powder diffraction pattern type-I hydrate (primitive
cubic structure, space group Pm-3n) at 200 K and 7 MPa He. The y-axis (not shown)
represents the intensity in arbitrary units.
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Figure A-3. Conversion of deuterated ice to carbon dioxide hydrate at 6 MPa at temperatures
of 263 and 253 K (filled symbols represent the fraction of hydrate, open symbols stand for
the fraction of ice). Each data point represents the mole fraction as refined from a 15 min
histogram. Data from Henning et al. (2000), courtesy of A. J. Schultz.

With those ideas and background in mind, we undertook an in situ neutron diffraction

experiment, starting with the simplest possible alcohol-methanol. Because hydrogen has a

large incoherent scattering cross-section, while its heavier isotope deuterium has a large

coherent scattering cross-section, both the water and methanol we used were fully deuterated.

The diffraction pattern taken at 200 K, as plotted on Figure A-4a, shows only peaks

corresponding to the structure of hexagonal ice. Indeed, this is what one should see at these

P-T conditions, since the freezing point depression for the system in consideration (20%

methanol by volume) is approximately 15°. Methanol on the other hand freezes at ~170 K,

i.e., no peaks from solid methanol or other phases, excluding the Al peaks from the cell,

should be observed in the powder pattern. Some controversy regarding the possibility of
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methanol forming hydrate (just as THF or ethers do) has arisen in recent years. This

stemmed from previous work on the water-methanol system, based on molecular

spectroscopy and X-ray diffraction. Supposedly at high enough methanol concentrations and

sufficiently low temperatures, even without pressure, water and methanol could form type-II

hydrate with the methanol molecules occupying the large cages (Blake et al., 1991). Based

on molecular dynamic simulations, others have argued ever since that conventional hydrate

structures containing methanol as a guest species are inherently unstable at any temperature

(Koga et al., 1994), a model which agrees with other experiments that show no evidence for

the existence of any type of water-methanol hydrate (Murthy, 1999).

Claims that methanol and water form a monohydrate at liquid nitrogen temperature,

and thus are unlikely to form any type of clathrate also exist, in apparent contradiction with

FTIR spectra showing mixed methanol hydrates (Williams and Devlin, 1997).
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Figure A-4. In situ neutron powder diffraction patterns of a frozen D2O + CD3OD mixture at
220 K with no pressure (a); and the corresponding patterns 20 minutes (b) and 40 minutes (c)
after the system was pressurized with CO2 at 250 K and 1.7 MPa. Due to the rapid
conversion rates, the fractions of ice and hydrate could not be accurately refined. The y-axis
(not shown) represents the intensity in arbitrary units.

Our in situ neutron diffraction patterns at 200 K unequivocally establish that only hexagonal

ice is present in the system at these conditions. This observation might also support the

hypothesis that methanol and water form some amorphous co-deposits, with the aim of a help

gas at appropriate P-T conditions (Blake et al., 1991). Figure A-4b illustrates the changes in



113

the system in question only 20 minutes after the cell was pressurized with CO2 gas at 1.7

MPa. The temperature rose quickly to approximately 250 K and the whole reaction

essentially took place within a few minutes at that temperature. As can be seen from the

graph, nearly all the ice peaks have disappeared and only the tips of the three strongest (at

around d-spacings of 3.5 Å) peaks are still visible. After another 20 minutes, virtually only

peaks from type-I CO2 hydrate are present (Figure A-4c). Unfortunately, refining these data

and extracting the mole fractions of ice and hydrate from both histograms is not possible

because of the rapid conversion rates. Nevertheless, it gives a relative idea of how much

faster the reaction is for the CD3OD:D2O mixture compared to the rate of the reaction of CO2

gas with pure D2O ice at comparable temperatures (253 and 263 K) and even at much higher

pressure (Figure A-3). Evidently, it takes more than 20 hours for an 80 mol% conversion in

the pure ice-carbon dioxide system, while a similar outcome is observed in the CD3OD/D2O-

carbon dioxide system within 20 minutes.

To slow down the reaction for the sake of obtaining “time resolved” data, a new set of

data was collected for the same system (CD3OD:D2O = 1:4), but at lower temperature, 200

K. Since the rate of formation of CO2 hydrate from pure D2O ice at 230 K and at 6 MPa has

previously been reported (Henning et al., 2000) this low temperature experiment was also

done at 6 MPa. This allowed for direct comparison between the results of these two

experiments; Figure A-5 shows the conversion rates. The graph clearly demonstrates the

dramatic effect of methanol on the rate of the formation—an increase of more than a factor of

3, not taking into account the difference in temperatures. Although the mole fractions were
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extracted from the refined data, their standard uncertainties are large and this comparison is

qualitative. The “error-bars” (not shown) are on the high side because, even at 200 K, the

reaction takes place rapidly and the data from each of these seven 20 minute runs illustrate

the average change. From that point of view, methanol, the long believed “thermodynamic

inhibitor,” which is of immediate relevance to many branches of chemical technology, turns

out to be an effective “kinetic promoter” of hydrate formation from polycrystalline ice.

Studies of thermodynamic and kinetic properties of various alcohol-water mixtures in

the liquid phase are also receiving increasing attention. This interest has arisen from the

proposed micelle-like structures of these systems, which are of biological significance (Koga

et al., 1990; Mittal, 1977; Myers, 1988; Roux et al., 1978). However, information on the

kinetic behavior of aqueous solutions of alcohols is scarce and incomplete, mostly due to the

long crystallization times.
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Figure A-5. Comparison between the rate of conversion of deuterated ice to carbon dioxide
hydrate at 6 MPa and at 230 K and the rate of conversion of a mixture of deuterated ice and
deuterated methanol to carbon dioxide hydrate at the same pressure and at a temperature of
200 K.

The limited availability of neutron beam time, along with technical difficulties

precluded more detailed temperature-, concentration-, and/or isotope-dependent studies.

Therefore, no general kinetic model can be proposed at this point. Our preliminary results

suggest strong isotope and concentration effects, although these experiments suffer from

relatively poor reproducibility. After all, as summarized in Sloan’s section on kinetic

inhibition (Sloan 1998a), the literature indicates that kinetic studies often appear to be system

dependent. Hence, all these controversial and poorly reproducible results might be due to

differences in the preparation techniques, small changes in the experimental conditions,

and/or isotope effects (H vs. D). In our case, however, this often speculated possibility for

“system dependence” as a possible reason can be ruled out. All experiments reported herein



116

were carried out more than once at different neutron sources and using different experimental

setups. A more likely reason for the “system dependence” seems to be the lowered melting

point of the CD3OD/D2O mixture, which may cause melting (or rather softening) of the cell

contents, especially the top part, during the processes of sealing and mounting on the cold

finger of the Displex-refrigerator. Upon the subsequent active cooling (note that the top of

the cell is directly attached to the cold finger), that part may freeze in the form of a “plug”

and thus prevent the hydrate-forming gas from distributing freely within the volume of the

whole cell. Subsequently, the substantial heat of hydrate formation, released within the first

few minutes, causes large fluctuations in the temperature, and may contribute to unwanted

melting of ice particles.

The direct comparison of the rates of formation from systems with partially and fully

deuterated methanol seems to indicate that at similar concentrations, the partially deuterated

reagent does not have the same influence over the kinetics as the fully deuterated one.

Hydrogen-bonding effects certainly play an important role and substantial bonding of the

methanol molecule might occur with the “cage wall,” presumably to the O atoms so that the

guest species assumes a particular orientation within the hydrate cage. Williams and Devlin

(1997) drew similar conclusions from their FTIR experiments of the formation of double

hydrates of methanol and ether and ethanol and THF at cryogenic temperatures. Their work

also reveals indications for substantial O-H and O-D interactions within the cages, much

stronger than presumed by the van der Waals model for hydrate formation.
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Deuterium, as discussed already, has a large coherent scattering cross-section while

hydrogen absorbs strongly and scatters incoherently and hence is less suitable for neutron

diffraction experiments. The necessity to work with deuterium-enriched samples is

demonstrated in our first round of experiments on the effect of methanol on the kinetics of

formation of methane hydrate at similar P-T conditions. These tested the feasibility of

similar kinetic studies, when methane is used in place of carbon dioxide. Since commercial

deuterated methane is expensive, regular and hydrogenous methane was used. These

preliminary results, aside from the slightly higher background, as shown in Figure A-6, are

encouraging and demonstrate again a high conversion rate, even at a temperature of 200 K

and a pressure of 1.7 MPa. Previous in situ neutron diffraction experiments using regular

CH4 and pure D2O ice revealed that the formation of methane hydrate from deuterated ice

obeys the same general kinetic behavior, although at significantly slower rates (Wang et al.,

2002).
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Figure A-6. In situ neutron powder diffraction patterns of a frozen D2O + CD3OD mixture at
200 K with no pressure (a); and the corresponding pattern 90 minutes (b) after the system
was pressurized with CH4 at 200 K and 1.7 MPa. The higher background is due to the
presence of H (large incoherent scattering cross-section). The y-axis (not shown) represents
the intensity in arbitrary units.

That study reported 70% conversion after 24 hours at a CH4 pressure of 7 MPa, and at 273 K,

while our experiment with the frozen CD3OD/D2O mixture (1:4 by volume) realizes nearly

the same conversion efficiency in only 90 minutes at a temperature of 200 K and a pressure

of 1.7 MPa!

In contrast to the preceding experiment with regular CH4 and pure D2O ice (Staykova

et al. 2003; Wang et al. 2002), our data was hampered by high backgrounds, so that the

subsequent Rietveld refinements are not of good quality. Sample decomposition also seems

to be rapid and all hydrate peaks completely disappear within minutes.
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Although the effect of methanol on the kinetics of formation and decomposition of

CO2 and CH4 hydrates is clearly observed, many questions still remain to be answered, of

which the most important one is: where are the methanol molecule(s) in the hydrate

structure? It is unlikely that the enhanced kinetics are due to localized melting during the

exothermic reactions (e.g., locally elevated temperatures and reaction of gas with liquid

water-methanol/ice mixture/slurry instead of with solid ice), yet the possibility for that and

for the presence of liquid methanol cannot be completely excluded. One might also

speculate that if the ice and methanol formed some sort of composite crystalline or

amorphous phase at liquid nitrogen temperatures, then raising the temperature to a point

where the methanol melts might leave behind a highly porous residual ice structure. In this

case, the apparent increase in kinetics could simply be due to a much higher surface area of

the ice sample (i.e., the rate depends on the texture of the ice, which in turn is affected by

how it was made and handled). Other mechanisms for the promoted kinetics might include

mass transfer of guests to the growing hydrate or heat transfer away from the growing

crystals. Thus, the apparent increase in the conversion rate of the frozen methanol-water

mixture could be due to an increased heat capacity in the system. In this scenario, addition of

methanol increases the heat capacity of the overall system, and as a consequence, the heat of

formation is deposited into the methanol-rich phase. If the global rate were governed by heat

removal, then there would be an apparent increase in the rate since the heat of formation need

not be transferred to the system boundary for hydrates to form. Along these lines, if liquid

methanol is in contact with the vessel walls, then the heat transfer coefficient could be
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increased leading to a higher heat flux (and more rapid apparent kinetics). We cannot

eliminate this possibility, because we do not have strong evidence that methanol is frozen at

the P-T conditions of the experiment. However, the heat capacities for ice and methanol are

not sufficiently different to explain why simply absorbing the hydrate heat of formation has

such a strong promoting effect on the methanol.

Another explanation for these rapid rates of formation when methanol is present in

the system is to assume methanol is a “help gas.” Some previously mentioned FTIR

experiments indicate a substantial bonding of the methanol molecule with the “cage walls”

(Williams and Devlin 1997). These hydrogen bonds, presumably to the O atoms that make

up the hydrate frameworks might constrain a particular orientation of the methanol molecule

within the hydrate cage. These interactions within the cages will be much stronger than the

typical van der Waals bonding in simple hydrates and may contribute to the spectacular

magnitude of the promoting effect.
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Abstract

Alternative energy resources such as hydrogen and methane gases are becoming

increasingly important for the future economy. To realize their industrial-scale utilization,

however, major scientific and engineering breakthroughs are needed. For example, a major

challenge to use hydrogen is to develop suitable materials to store it at a variety of

conditions. This requires systematic studies of the structures, stability, and kinetics of

various hydrogen-storing compounds. Neutron scattering is particularly useful for these

studies, because of the much larger scattering capability of hydrogen (and deuterium) and

other light elements by neutrons than by X-rays. We have developed high-pressure (P) low-

temperature (T) gas/fluid cells in conjunction with neutron diffraction and inelastic neutron

scattering instruments at the Los Alamos Neutron Science Center (LANSCE). These

techniques enable in-situ and real-time examination of gas uptake/release processes and

allow high-resolution time-dependent determination of changes in crystal structure and

related reaction kinetics. We have successfully used these techniques to study the formation

of methane and hydrogen clathrates, a group of inclusion compounds consisting of host

frameworks of hydrogen-bonded H2O molecules with guest hydrogen molecules trapped

inside the cages. Our results reveal that clathrate can store up to four hydrogen molecules in

each of its large cages (and one molecule in the small cages) with an intermolecular H2-H2

distance of only 2.93 Å. This distance is much shorter than that in the solid/metallic

hydrogen (3.78 Å) obtained at higher pressure and/or lower temperatures, suggesting a strong

densification, or pressurizing/freezing, effect that the clathrate framework may exert on the
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enclosed hydrogen molecules. The framework-pressurizing effect is striking and may exist

in other inclusion compounds such as the recently discovered metal-organic frameworks

(MOFs). Owing to the enormous variety and flexibility of their frameworks, inclusion

compounds may offer superior properties for storage of hydrogen and/or hydrogen-rich

molecules (such as CH4(H2)4), relative to current state-of-the-art hydrogen storage

compounds. We have begun investigation of the hydrogen storage properties of MOFs using

high-P/low-T neutron scattering methods, and our preliminary results on two MOF

compounds, Cu3[Co(CN)6]2 and Cu3(BTC)2 (BTC = benzenetricarboxylate), demonstrates

that these techniques are equally well suited to study MOFs and other inclusion compounds,

especially for locating the incorporated D2 molecules and characterizing their interactions

with the host frameworks.
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Introduction

Ever-increasing fossil energy consumption and associated global environmental

concerns have provoked intensive searches for alternative energy resources. Gas hydrates

(clathrates) have been proposed as one of these sources of energy; they are crystalline

compounds in which a gas molecule guest is physically incorporated into hydrogen-bonded,

cage-like ice host frameworks. Natural clathrates have been found worldwide in permafrost

and in ocean floor sediments, as well as in the outer solar system (the moon, comets, Mars,

satellites of the gas giant planets) and contain primarily methane (CH4), as well as minor

amounts of ethane (C2H6), propane (C3H8), and other gases (isobutene, normal butane,

nitrogen, carbon dioxide and hydrogen sulfide) (Sloan, 1998a). Naturally-occurring hydrates

are difficult to study, and much remains to be learned about their crystal structures, bonding

mechanisms, thermodynamics, chemical and mechanical stability, reaction with sediments

and kinetics of formation and decomposition. Hydrogen in the form of H2, the most

abundant gas in the universe, is considered to be one of the most promising alternatives to

fossil energy, because it burns cleanly and has high energy efficiency (Schlapbach and

Zuttel, 2001). However, incorporation of large amounts of hydrogen into a material that

ensures both safe storage and ease of release for energy conversion is one of the most

daunting challenges to the realization of the hydrogen economy. The Department of Energy

has set targets for hydrogen storage of 6.0 wt% and/or 1.5 kWh/Liter by 2010 and 9.0 wt%

and/or 2.7 kWh/Liter by 2015. Conventionally, hydrogen has been stored as compressed gas

or cryogenic liquid. However, compressed gas stores low contents of hydrogen (only ~1
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wt% at 200-300 bars), and cryogenic liquid requires significant energy (i.e. high cost) to

maintain cryogenic conditions. In addition, both methods have safety issues and are not yet

practical for mobile applications. Solid-state storage is also being considered as a possible

safe and effective way of routinely handling hydrogen, e.g., in the form of metal hydrides

(such as LiBH4) (e.g., Grochala and Edwards, 2004) and via carbon nanotube absorption.

Solid-state forms have different properties in terms of balancing high energy density with

easy reversibility of adsorption/desorption. For instance, the hydrogen content of LiBH4 is

high (18 wt%), but it can only release hydrogen at high temperatures (as high as 900 K). As

an alternative, we focus on three-dimensional frameworks of inclusion compounds 4 with

cages/cavities that can host hydrogen molecules. Particularly, we emphasize absorption

rather than adsorption such that H2-storage materials may be operational at ambient

conditions once stabilized. Inclusion compounds are promising materials due to the vast

variety of possible structures and the ability to manipulate their hydrogen storage properties.

In addition to energy applications, studying storage of hydrogen in inclusion compounds

(specifically clathrates) may provide insights into the nature of hydrogen-rich atmospheres in

the large-body interstellar ice embryos postulated to exist during planet formation (Sandford

et al., 1993; Stevenson, 1999). Moreover, unraveling the gas encapsulation mechanisms in

natural systems (such as methane clathrate) may lay the foundation for designing new

synthetic materials for storage of hydrogen and other gases.

As the lightest element, the hydrogen atom contains only one electron and thus has

the weakest X-ray scattering cross-section of all the elements. In contrast, the scattering
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power of neutrons does not vary with the number of electrons in an element, and neutron

diffraction is much more sensitive to the positions of hydrogen (or its isotopes, such as

deuterium) and other light elements, making neutron scattering well suited for studying

hydrogen- or other gas-containing materials. In addition, as neutrons are more penetrating

than X-rays, one can probe samples inside high-pressure vessels, within refrigerators and

furnaces, or measure deeply buried local structures within a bulk host material. Hence,

neutron scattering in conjunction with variable temperature and pressure capabilities is a

powerful tool to monitor the gas uptake/release processes in inclusion compounds.

Here we report neutron diffraction studies of clathrate hydrates, a class of framework

compounds consisting of hydrogen-bonded water molecules (Lokshin and Yusheng, 2005;

Lokshin et al., 2004; Mao et al., 2002; Sloan, 1998a). We also report preliminary results on

hydrogen storage measurements of Cu3[Co(CN)6]2 and Cu3(BTC)2 (BTC =

benzenetricarboxylate), two metal-organic framework (MOF) compounds, and discuss

prospects for extending neutron diffraction studies to other inclusion compounds (e.g.,

Rowsell and Yaghi, 2005).

Results and Discussion

We carried out in-situ and real-time neutron diffraction and inelastic neutron

scattering using High-Pressure Preferred-Orientation (HIPPO) diffractometer and Filter

Difference Spectrometer (FDS), respectively, at LANSCE. Earlier experiments were to

investigate the stability and crystal structures of natural gas hydrates; especially methane,

ethane and mixed gas hydrates at various pressure and temperatures, synthesized both in situ
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and ex situ (Figure A-7). For in situ measurements, polycrystalline ice was prepared by

freezing water, crushed with a mortar and pestle at liquid nitrogen temperatures and then

sieved through a stainless steel mesh to obtain ice particles 300 µm or smaller. The

powdered ice was then inserted into the pressure cell; the gas was introduced to the ice and

experiments at various pressures and temperatures were performed. To avoid incoherent

scattering of H, which contributes to the backgrounds of diffraction patterns, deuterated

water and gases were used for the experiments. For example, methane clathrate has been

synthesized in situ at various pressure/temperature/time conditions (Figure A-7, insert).
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Figure A-7. Fitted neutron diffraction pattern of a mixed methane-ethane sI clathrate (82.93
wt% methane + 17.07 wt% ethane) with minor sII phase and D2O ice. Data are shown as red
plus signs, and the green curve is the best fit to the data. Tick marks below the pattern show
the positions of allowed reflections (blue – sI phase; red – ice; black – sII phase). The insert
shows neutron patterns of methane clathrate formed from ice and D2 in situ in the Al pressure
cell. Note that formation of methane clathrate was not complete even after 10 h at 500 bar
and 270 K, indicating sluggish formation kinetics compared with hydrogen clathrate (see
below).

Our results indicate that the formation kinetics of methane clathrate is much more

sluggish than that of hydrogen clathrate (see below). Another method was to synthesize the

samples ex situ in a high-pressure synthesis apparatus and then load them into the pressure

cell. This method reduces the time needed in the neutron beam and additionally portions of

the samples could be used for other analyses, such as electron microscopy, mass
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spectrometry, Raman spectroscopy and X-ray diffraction. A methane-ethane clathrate

sample (Figure A-7) was prepared ex situ in an apparatus described previously (Stern et al.,

1996) over 26 hours with a temperature range of 254-290 K and a pressure range of 20-35

MPa. The sample was then measured on HIPPO at 200K and ambient pressure. The final

gas concentrations (methane 82.93 wt %, ethane 17.07 wt %, normalized) were measured by

gas chromatography, which varied slightly from the initial gas of 80 wt % methane and 20 wt

% ethane.

We conducted in situ synthesis of deuterium clathrate D2-D2O and monitored its

stability as a function of pressure and temperature (Lokshin et al., 2004). Deuterium

clathrate was obtained under 220 MPa of D2 pressure in the temperature range 200-270 K,

and neutron data were collected during cooling from 200 to 40 K and during heating from 40

to 200 K at ambient pressure. We also used powdered ice (500 µm in diameter) instead of

water as a source of D2O, and our results showed that the formation of deuterium clathrate

from ice powder is rapid due to its larger surface area and framework porosity (Figure A-8)

(Lokshin & Zhao, 2005) (Given the formation of hydrogen clathrate at relatively low

pressures, it is possible that large amounts of molecular hydrogen may be entrapped in

interstellar ices in the form of the clathrate). The deuterium clathrates synthesized have sII

structure space group Fd3m), and all the patterns were analyzed using the Rietveld method.

The sII framework contains eight hexakaidecahedral (64512) cages and 16 smaller

dodecahedral (512) cages per unit cell. The number of D2 molecules and their distribution in

the cages vary systematically with temperature and pressure (Figure A-9). Below 50 K, the
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guest D2 molecules are localized; with one D2 occupying each of the small cages and four D2

molecules in each large cage arranged in a tetrahedral geometry with a D2-D2 distance

2.93(1) Å. Interestingly, the four D2 molecules in the large cages are oriented towards the

centers of the hexagons formed by the framework water molecules, presumably due to the

energetic need of minimizing electrostatic repulsion. On the other hand, the distance

between the four tetrahedrally arranged D2 molecules (2.93 Ǻ) is small – much shorter than

that for solid/metallic hydrogen (3.78 Å) (Ishmaev et al., 1983). With increasing

temperature, D2 molecules become delocalized, as represented by a uniform distribution of

their scattering densities on the surface of a sphere. Correspondingly, the number of D2 in

the large cage gradually decreases to 2.0(2) as temperature rises to 163 K at atmospheric

pressure. In contrast, the occupancy of the small cage is constant at one D2 molecule

throughout the temperature range, which is believed to be required for stabilization of the

clathrate structure. The clathrate structure tends to collapse as the D2 starts to escape from

the small cage. Upon cooling at 200 MPa, formation of the tetrahedral D2 cluster in the large

cage is complete at 180 K, consistent with the fact that increasing pressure stabilizes clathrate

hydrates. Moreover, the distribution of the four D2 molecules appeared to be similar to that

at atmospheric pressure below 70 K, when the maximum amount of D2 was incorporated into

the clathrate framework.

This localization-delocalization behavior of D2 in clathrates is unusual. In particular,

multiple D2 molecules occupying one cage can be delocalized into freely rotating state with

increasing temperature. Further, the intermolecular distance between the four localized D2
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molecules (2.93 Ǻ) is even smaller than that in solid/metallic hydrogen (3.78 Å) that was

produced at extremely low-temperatures and/or high-pressures. This D2-densification

behavior is striking and suggests a strong pressurizing effect that the clathrate framework

exerts on the enclosed hydrogen. Similar behavior has been revealed in H2-adsorbing metal-

organic frameworks (MOFs), where the intermolecular H2 distance, obtained by theoretical

simulation, can be as short as 3.0 Å (Yildirim and Hartman, 2005).

Figure A-8. Neutron diffraction patterns of deuterium clathrates produced from (A, B) water
and (C) powdered ice, at approximately the same P-T conditions (Lokshin & Zhao, 2005).
Note that the formation kinetics of D2-clathrates formed from ice powder is much faster than
from water.

Figure A-9. Structural view of D2 distribution in the large (top) and small (bottom) cages of
deuterium clathrate (Lokshin et al, 2004). Oxygen atoms are shown as red spheres,
deuterium framework atoms–green, and guest D2 molecules–yellow. Note that the D2···D2

separation is the distance between the centers of mass of the two D2 molecules. Below 50 K,
the guest D2 molecules are localized (left). With increasing temperature, the D2 molecules
can rotate more freely, yielding a nearly spherical D2 density distribution (right).
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Moreover, a recent high-resolution transmission electron microscopy (HRTEM) study shows

that materials (e.g., iron carbide, iron and cobalt) encapsulated in carbon nanotubes exhibit

severe lattice deformation similar to that under pressures of up to ~40 GPa (Sun et al., 2006;

Wang and Zhao, 2006). Hence, the pressurizing effect may exist in many materials that have

nanosized cages/tubes/cavities in which guest phases are encapsulated. Since storage of H2

usually requires pressure (e.g., compressed H2 gas), this phenomenon suggests that it is

possible to pressurize H2 into the nanopores of inclusion compounds via absorption, and

ideally the frameworks themselves can be stabilized at ambient conditions. The absorptive

(versus adsorptive) nature of H2 with appropriate binding energies would allow incorporation

of more H2 into the frameworks while still maintaining relative fast kinetics of H2

uptake/release. Hence, inclusion compounds with appropriate topologies and cavities may

offer a new methodology for H2 storage.

Our in situ neutron diffraction studies of hydrogen clathrates have demonstrated the

great potential of using the nanocages within inclusion compounds as hosts for hydrogen.

Since the conventional clathrate hydrates have only a limited number of framework types

(i.e., sI, sII and sH) (Sloan 1998), this limits the ability to tune their cages to encapsulate

hydrogen and hydrogen containing molecules (e.g., CH4(H2)4). However, structural

variations in clathrate hydrate frameworks are known. One important class of clathrate-

variants is the semi-clathrates, in which, a portion of the guest molecule chemically binds to

the host framework, effectively replacing a water molecule in the lattice. The remainder of

the guest is then free to interact with the lattice through van der Waals forces and/or
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hydrogen bonding. For example, many of the short chain (alkyl) quarternary ammonium

salts form stable, ambient pressure semi-clathrates (tetra-n-butylammonium fluoride forms a

semi-clathrate that melts at 298 K; and tetra-n-butyl ammonium hydroxide semi-clathrate

melts at 303 K). The increased guest-lattice interactions in the semiclathrates not only

enhance thermodynamic stability; it also creates extended structures around the central cage

containing sites that can be exploited for hydrogen enclathration. The distorted and enlarged

cages are able to trap more hydrogen molecules so that the semi-clathrates will be effective

as hydrogen storage materials, due to enhanced stability and capacity.

We are also exploring other families of inclusion compounds, including the recently

discovered metal-organic frameworks (MOFs), which are among the most promising

hydrogen storage candidates (e.g., Rowsell & Yaghi, 2005). Through systematic tuning of

organic ligands and metal-oxygen clusters at various synthesis conditions, one may obtain

framework types with various sizes and shapes of nanopores. Compared to aluminosilicate

zeolites, MOFs are much lighter (with densities as low as 0.2 g/cm3) and, in many cases,

more porous (with specific surface areas of up to 4500-8000 m2/g). Moreover, the organic

functional groups possess such surface/interface properties as chirality and hydrophilicity,

which create favorable sites for hydrogen uptake. Likewise, incorporation of “naked” metal

cations (such as Mg2+ and Cu+) makes the originally neutral MOF frameworks ionized,

thereby polarizing the dihydrogen molecules and resulting in enhanced H2 sorption. The

hydrogen binding energy for these sites are approximately 5 kJ/mol (e.g., Sagara et al.,

2005), small enough to enable fast hydrogen uptake/release. In addition, unlike clathrates,
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the nanoporous frameworks of MOFs are fairly robust – even stable at ambient pressure and

high temperatures (e.g., 673 K for MOF-5, Zn4O(BDC)3, BDC= benzenedicarboxylate).

Thus these compounds are inherently superior as hydrogen storage materials for mobile

applications. A number of MOFs have been found to uptake high amounts of H2 at low

temperature (> 77 K) and/or high pressure (<10 MPa). For example, MOF-5 can hold up to

4.5 wt% hydrogen at 78 K (Rosi et al., 2003). Further studies are still needed to unravel the

mechanisms of hydrogen uptake/ release in these materials (e.g., the relative roles of

absorption vs. adsorption). In-situ neutron scattering of MOFs with various pore sizes and

shapes at different pressure/ temperature conditions will be particularly useful.

Using the high-P/low-T cell designed for the clathrate studies, we have recently

conducted neutron diffraction experiments on Cu3[Co(CN)6]2, an MOF compound, at 10

MPa of D2 from 40 to 200 K (Figure A-10). This compound is a Prussian blue analogue

(space group Fm-3m), in which 1/3 of the [Co(CN)6]3- sites are vacant, resulting in an

aperiodic system of nanopores throughout the structure (Figure A-10B).

Rietveld analysis (Figure A-10A) shows that the cell volume increases from 990.5(4)

Å3 under vacuum to 993.5(3) Å3 at 10 MPa both at 100 K (Figure A10-A, insert), implying

incorporation of significant amounts of D2 into the nanoporous framework. Furthermore,

difference Fourier nuclear density maps reveal that the D2 molecules mainly occupy the

interstitial (¼, ¼, ¼) water sites (Figs. A-10B, A10-C and A10-E) with some possibly

associated with the exposed Cu cations (Figure A-10D, although data with higher resolution
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are needed to locate these Cu-related sites). We have also studied the interaction of H2 with

another MOF, Cu3(BTC)2, at 40-100 K using inelastic neutron scattering (Figure A-11).

Figure A-10 (A) Fitted neutron diffraction pattern of Cu3[Co(CN)6]2 at 40 K and 10 MPa of
D2 pressure. Data are shown as red plus signs, and the green curve is the best fit to the data.
Tick marks below the pattern show the positions of allowed reflections (first row – Al cell;
second row – sample). The insert shows increased unit-cell volume under 10 MPa of D2

pressure at 100 K. (B) Crystal structure of Cu3[Co(CN)6]2·9H2O at ambient condition (brown
– Cu; pink – Co; black – C; light blue – N; dark blue – water). (C) Crystal structure of
Cu3[Co(CN)6]2·nH2 (green – H2) showing H2 at the (¼, ¼, ¼) site (the relatively large green
sphere illustrates free-rotation of H2 molecules in the cages). (D,E) Difference Fourier
nuclear maps showing that the incorporated D2 molecules mainly occupy the original water
site (¼, ¼, ¼) (D) with some possibly associated with Cu (E). The residual intensities at the
Co and Cu sites are due to the limited resolution of our data and the strong scattering of Co
and Cu.
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Figure A-11. Low frequency neutron vibrational spectrum of Cu3(BTC)2 with its crystal
structure shown as an insert. Cu3(BTC)2 has three H2 equivalents adsorbed at 40 K. The
curve is a maximum entropy reconstruction of the spectrum. It enhances some details that
are present in the data (dots) but may be not easy to see.

This framework is composed of di-copper and BTC units via corner-linking, forming

nanosized channels along the a-axes (see the insert in Figure A-11). The most striking

feature of the neutron vibrational spectrum is the displacement of the rotational level of

hydrogen from 118 cm-1 down to 86 cm-1 – a result of guest-host interactions between H2 and

the framework. Hindering of the 0->1 rotation in molecular hydrogen upon adsorption in a

number of MOFs (IRMOF-1, IRMOF-8, IRMOF-11, MOF-177) has been observed

previously (Rowsell et al., 2005), with shifts from the free rotor value (118 cm-1) to the 80-90

cm-1 range. This large shift corresponds to the largest barrier to rotation and the strongest

binding site for molecular hydrogen. The broad band from 95 cm-1 to 125 cm-1 is resolved

into at least three peaks and corresponds to the occupation of other, weaker binding sites for

which the 0->1 transition is less strongly hindered. The peak around 160 cm-1 has been
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reported by previous workers (e.g., ref Rowsell et al., 2005) and its origin is obscure. It is

possible that the 0->2 rotational transition might occur below twice the frequency of the

fundamental owing to the existence of the rotational barrier which affects dramatically the

energy level spacings compared to the free rotor situation (Nicol et al., 1988). Additional

vibrational spectra of this compound are being collected with hydrogen injected at high

pressure, and more rigorous analysis will yield the binding energies of H2. Hence, in situ

neutron diffraction and inelastic scattering are complementary and are well suited for studies

of MOFs and other hydrogen bearing inclusion compounds.
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Figure A-12. Structure diagram of a potential hybrid material of the metal-organic
framework (MOF) with the CH4(H2)4 molecular compound encapsulated into its cage. MOF
consists of metal-oxygen clusters (tetrahedra) on the vertices of the lattice and organic linker
molecules (hexagons) along its edges, which largely define the size and shape of the cage.
Blue balls in CH4(H2)4 represent CH4, and red balls represent H2.

Another area of future research is to develop hybrid hydrogen storage materials with

absorptive hydrogen binding. Recent studies using the diamond-anvil cell technique indicate

that hydrogen can react with other simple molecular systems (such as CH4) to form van der

Waals compounds at moderate pressures (Mao and Mao, 2004). One compound, CH4(H2)4,

forms at 360 MPa and 86 K and contains 33.4 wt% hydrogen, the highest hydrogen content

of any known compound (Mao et al., 2005). Rather than using the external pressure to

produce this compound, one may be able to rely on the inner pressure within the cavity of
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MOFs (Figure A-12). The same approach may be used for incorporation of other alkane and

hydrocarbon molecules into MOFs. The strong pressurizing effect within the nanopores of

these hybrid phases increases the likelihood of their stability at more accessible P-T

conditions, and thus their use for practical hydrogen storage. Of course, the technical

challenge is to design MOFs that have cages suitable in both size and shape for CH4(H2)4 and

other molecules. Given the flexibility of the synthetic chemistry of MOF systems, the

successful preparation of hybrid compounds is likely. As in the case of hydrogen clathrates,

studies of hybrid hydrogen-storage phases require detailed analyses of their structures,

kinetics and stability relations, where in situ neutron diffraction under high-P and low-T

conditions is valuable.
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Figure A-13. Schematic general view (in the top-left corner) and the enlarged sectional view
of the experimental setup designed for in situ high-P low-T neutron diffraction at LANSCE
(Lokshin & Zhao, 2005).

Experimental Techniques

We developed a high-P low-T fluid/gas cell to perform in-situ and real-time neutron

diffraction and inelastic neutron scattering at LANSCE’s HIPPO and FDS beamlines,

respectively (Figure A-13) (Lokshin & Zhao, 2005). The pressure cell was constructed of

Al-7075 alloy since aluminum has a small cross section for neutron scattering and it

maintains reasonably high strength under hydrogen pressures. This cell is powered with a

gas/fluid pressure intensifier and a double-stage displex cryostat reaching liquid He

temperature. It can hold pressures up to 700 MPa and maintain temperatures down to 20 K
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on samples as large as 5 cm3. HIPPO covers a wide range of Q (scattering vector, 0.13-52.4

Å-1) values, and its multiple detectors are configured to provide high counting rates at

different diffraction angles. FDS measures vibrational spectra in the wavenumber range 40-

4000 cm-1 with a resolution of 3-5% (using maximum entropy methods for data analysis) and

offers several advantages over optical methods (infrared, Raman) such as greater sensitivity

to hydrogen and no selection rules. These setups are thus ideal for in-situ realtime studies of

formation/decomposition of hydrogen inclusion compounds as time evolves at various

pressure and temperature conditions.
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Abstract

In situ neutron inelastic scattering experiments on hydrogen adsorbed into a fully

deuterated tetrahydrofuran water ice clathrate show that the adsorbed hydrogen has three

rotational excitations (transitions between J = 0 and 1 states) at approximately 14 meV in

both energy gain and loss. These transitions could be unequivocally assigned the expected

slow conversion from ortho- to para-hydrogen resulted in a neutron energy gain signal at 14

meV, at a temperature of 5 K (kT= 0.48 meV). A doublet in neutron energy loss at

approximately 28.5 meV are interpreted as J = 1→ 2 transitions.

In addition to the transitions between rotational states, there are a series of peaks that

arise from transitions between center-of-mass translational quantum states of the confined

hydrogen molecule. A band at approximately 9 meV can be unequivocally interpreted as a

transition between translational states, while broad features at 20 meV, 25 meV, 35 meV and

from 50 meV to 60 meV are also interpreted in terms of the translational quantum states.

A detailed comparison is made with a recent 5D quantum treatment of hydrogen in

the smaller dodecahedral cage in the structure-II ice-clathrate structure. Although there is

broad agreement regarding the features, such as the splitting of the J = 1 degeneracy, the

magnitude of the external potential is overestimated. The numerous transitions between

translational states predicted by this model are in poor agreement with the experimental data.

Comparisons are also made with three simple exactly solved models, namely a

particle in a box, a particle in a sphere, and a particle on the surface of a sphere. Again, there

are too many predicted features from the first two models, but there is reasonable agreement
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with the particle on a sphere model. This is consistent with published quantum chemistry

results for hydrogen in the dodecahedral 512 cage, where the center of the cage is found to be

energetically unfavorable, resulting in a shell-like confinement for the hydrogen molecule

wave function. These results demonstrate that translational quantum effects are very

significant, and a classical treatment of the hydrogen molecule dynamics is inappropriate

under such conditions.

Introduction

Understanding the mechanism of hydrogen adsorption in novel materials is of

considerable interest from the perspective of hydrogen storage for a future hydrogen fuel

economy. The discovery of hydrogen-water ice clathrate (Mao et al., 2002) demonstrated

that at high pressures (200 MPa) hydrogen can act as a templating agent for clathrate

formation. A subsequent study (Florusse et al., 2004) showed that a ternary clathrate could

be formed between hydrogen, tetrahydrofuran (THF), and water at a much reduced hydrogen

gas pressure. This reduction in pressure is attractive from an engineering perspective for

hydrogen storage applications.

There has been some ambiguity regarding the location and quantity of hydrogen

adsorbed in THF-clathrate. The large cages are all filled by the THF, and so the hydrogen is

expected to reside in the smaller dodecahedral (512) cavity. Mao et al. (2002) indicates that

there is a double occupancy of the small cage in the pure hydrogen clathrate though this

conclusion has been the subject of some controversy, and a recent study reported by Hester et
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al.(2006) concludes that there is only single occupancy of the small cage in THF-ice

clathrate.

Neutron spectroscopy has been extensively used to characterize the dynamics of

hydrogen adsorbed in a wide variety of materials, such as alkali metal graphite intercalation

compounds (Smith et al., 1996) and zeolites (Tam et al., 2004) and in the octahedral

interstitial sites in solid C60 (FitzGerald et al., 1999).

At low temperatures, it is straightforward to measure the quantum rotor states and

center-of-mass modes of the hydrogen molecule, while quasi-elastic scattering occurs when

there is diffusive rotational or translational motion. Hydrogen has a relatively large neutron

scattering cross section, and the relative contribution from the hydrogen can be further

enhanced by deuterating other components.

This study is an inelastic neutron scattering study of the dynamics of hydrogen in the

ternary clathrate formed between water, THF, and hydrogen. The ternary clathrate was

formed in situ by adsorbing hydrogen in THF-ice clathrate close to melting point. The

results show that the quantum rotor motions are only perturbed to a small extent upon

adsorption, while the translational quantum states are significantly perturbed by confinement

in the clathrate cage.

Methods

Neutron inelastic scattering measurements were made on the Pharos spectrometer

located at the Lujan Center, Los Alamos National Laboratory and on the (DCS) instrument at

the National Institute of Standards, National Center for Neutron Research (NCNR, NIST).



146

These are complementary instruments as Pharos is designed for thermal neutron experiments

using incident energies, while DCS uses cold neutrons (e.g. 3 meV) to attain a much better

elastic energy resolution. The Pharos experiment therefore focused on relatively large

neutron energy loss scattering, while the DCS was used to look for low energy excitations on

the order of 1 meV and for evidence of quasi-elastic neutron scattering.

Pharos: The Pharos spectrometer is on a pulsed neutron source, viewing a room

temperature water moderator. Per-deuterated THF (99.95% D, Aldrich) and D2O (99.9%

D, Aldrich) were mixed in the mole ratio 1:17 and frozen to form a fully deuterated THF-ice

clathrate. This was crushed using a mortar and pestle in a helium atmosphere, and then

transferred to the aluminum scattering container. All of the equipment and the clathrate were

kept cold using dry ice.

The aluminum sample container is a pressure vessel with 8 parallel cylindrical

channels 5mm in diameter cut into a flat piece of aluminum, with some of the excess

aluminum removed between the channels. The channels are connected via a common

channel formed between the lid and the body of the cell. The lid has a connection to a

capillary gas line for the application of gas pressure to the sample.

After filling, the cell was quickly mounted on the tip of a helium closed-cycle

refrigerator at approximately 250 K. This was then placed in the sample chamber and the

chamber evacuated to at least 10-3 Pa. The sample container was then warmed to 265 K in

order to remove any residual ice on the external surface of the sample container.
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Hydrogen at a pressure of approximately 14 MPa was then applied to the THF-ice

clathrate at 270K. The sample was subsequently valved off from the hydrogen source and

the pressure monitored to see if the pressure dropped due to incorporation of the hydrogen

into the clathrate. This drop in pressure was observed, but there was clearly also a small leak

into the sample chamber and so the pressure drop data is ambiguous. The valve to the

hydrogen bottle was periodically opened to maintain a hydrogen pressure greater than 10

MPa.

After several hours, the sample was cooled to 100 K while maintaining the hydrogen

pressure at 14 MPa, and then the excess gaseous hydrogen was pumped off assuming that all

of the hydrogen in the clathrate was trapped at that temperature. The sample was further

cooled to 8 K and the inelastic scattering was measured using incident energies of 70 meV,

40 meV, 25 meV, and 15 meV. Measurements were also carried out at temperatures of 50

and 100 K at a variety of incident energies ranging from 40 meV to 120 meV.

DCS: Preparation of a d-THF-D2 sample was carried out in a similar manner and this

was loaded into a cylindrical aluminum sample cell with a wall thickness of 12.7 mm and a

sample bore of 10 mm. The sample cell was put into a standard helium top-loading ILL

cryostat and the scattering from the THF clathrate was measured at 5 K, 50 K, 100 K, 150 K

and 200 K.

Hydrogen was then added in a similar manner to the Pharos experiment, and the

excess gas pumped off at 100 K. Scattering measurements were then made at sample
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temperatures of 5, 50 K, 100 K and 150 K. An incident wavelength of 5.5 Å was used,

yielding an elastic energy resolution of 90 meV full-width at half-maximum.

Results

The experiments on the Pharos and DCS spectrometers yielded very similar results,

which demonstrated the reproducibility of the sample preparation. Even with a

monochromatic incident neutron beam, it was possible to measure a useful in situ diffraction

pattern from the samples since both instruments have detectors covering a wide range of 2θ.

An example of the diffraction patterns measured on DCS is shown in Figure A-14.

The diffraction pattern shows strong peaks from the clathrate, in addition to the

characteristic triplet from water ice in the range 3.4 Å to 4 Å. Although some ice is present,

it is a minor component of the sample and in any case not important from the perspective of

this experiment, as it will not absorb any hydrogen at 14 MPa.

The diffraction pattern from the ternary clathrate is expected to be very similar.

Inspection of the neutron diffraction pattern for the fully filled D2/d8-THF/D2O clathrate

published by Hester et al. (2006), shows that the most visually resolved difference upon

deuterium adsorption is the change in intensities in the two peaks around 2.75 Å. These

cannot be seen in the diffraction pattern in Figure A-14, as the d-spacing cutoff for DCS

operated with a wavelength of 5.5 Å is just above that at about 2.9 Å. It was also not

possible to resolve this feature in the Pharos data since the instrument has poor resolution

when operated in constant wavelength mode. Nevertheless, the diffraction patterns before

and after hydrogen adsorption are very consistent with an unchanged residual fraction of ice.
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Figure A-15 shows a comparison between the inelastic scattering spectrum for the

THF-clathrate before and after the addition of the hydrogen as measured on Pharos. There is

extra scattering from the hydrogen on both the neutron energy gain and loss side as is

expected with a mix of para- and ortho-hydrogen. The two spectra were scaled by the

integrated number of protons on the spallation target which is proportional to the total

number of incident neutrons for each measurement.

A detailed analysis of the scattering from the hydrogen (THF-clathrate scattering has

been subtracted) are shown in Figures A-16 and A-17. On the neutron energy gain side, a

model incorporating three Gaussians and a sloping background was fitted to the extra

scattering, while a total of 7 Gaussians and a sloping background was fitted to the neutron

energy loss data.
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Figure A-14: Diffraction pattern from ternary clathrate H2/d8-THF/D2O at 5 K measured on
DCS with an incident wavelength of 5.5 Å. The three shaded peaks are from residual ice in
the sample.

Similar results were obtained on the DCS spectrometer, though this instrument is

primarily designed to operate with cold neutrons and so the neutron energy loss range is

typically reduced to a few meV. The neutron energy gain spectra for the ternary clathrate at

5 K and 50 K are shown in Figure A-15. There is shift in intensity to a higher energy transfer

shoulder at 50 K, which is consistent with an increased population of a higher energy state.
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Figure A-15: Inelastic scattering spectrum from THF-ice clathrate before and after the
addition of hydrogen measured at 8 K.

Figure A-16: Model fit using multiple Gaussians and a sloping background for the neutron
energy gain data measured on Pharos at 8 K.



152

Figure A-17: Model fit using multiple Gaussians and a sloping background for the neutron
energy loss data measured on Pharos at 8 K.

Table A-1: Results from fitting the H2 scattering data measured at 8 K.
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A good fit of these spectra is obtained using two Gaussians at 5 K and three

Gaussians at 50 K (both fits include a sloping linear background). The positions of the

Gaussians at 5 K are -15.15 meV and -13.96 meV, while at 50 K the centers are at -15.10

meV, -13.93 meV and -10.32 meV (last peak compensates for increased scattering at lower

energies at 50 K). The 15.1 meV peak is consistent with the neutron energy loss results, and

the 13.9 meV peak is likely an unresolved combination of the three neutron energy loss peaks

at 14.5 meV, 13.7 meV, and 12.8 meV. There are additional higher energy features in the

spectra from the ternary clathrate at 8 K on Pharos, which are not present in the THF-ice

clathrate spectrum (Figure A-16). There are two sharp peaks next to each other at

approximately 28 meV, and some broader features at 20 meV, 23 meV, and 36 meV. The

two sharper peaks show quite different Q-dependence, with the higher energy excitation

peaking in intensity before the lower energy peak.
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Figure A-18: Neutron energy gain peaks observed on DCS at 5 K (squares) and 50 K
(triangles).

Figure A-19: Upper trace is H2/d-THF/D2O measured at 8 K using an incident energy of 70
meV on Pharos. Lower curve is the equivalent spectrum measured for TDF/D2O at 8 K using
an incident energy of 120 meV. Both curves are a sum of S(Q,E) for Q=1-5 Å-1.
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Discussion

A. Rotational Quantum States

It is not possible to assign four peaks to transitions between the J = 0 and J = 1

quantum states, as the J = 1 state has a degeneracy (2J + 1) of 3, and the ground state is

singly degenerate. The options to rationalize this are: (1) distinct types of hydrogen

molecular adsorption sites; (2) transitions from the J = 1 to a state approximately 12 meV

higher in energy; or (3) one of the peaks fitted to the neutron energy loss spectrum is not a

rotational transition. Option (2) is very unlikely in view of the small splitting of the J = 1

state (0.6 - 1 meV), indicative of a small hindering potential and correspondingly small

perturbation of the J = 2 state which is at 44.1 meV (i.e. gap of 29.4 meV) for an unperturbed

hydrogen molecule.

Assignment of the four peaks to states for two adsorption sites is challenging.

Fortunately the temperature dependence is helpful in this respect. At 5 K, kT is

approximately 0.5 meV and this increases to approximately 5 meV at 50 K. As the 15.1 meV

is only marginally populated at 5 K, the separation between the states must be closer to 2.5-3

times 0.5 meV. This argues for a combination of the 12.8 meV and 15.1 meV states to be

two of the split J = 1 states for one site. This would make the 12.8 meV state the favored one

at 5 K. However there is little intensity at 12.8 meV in the spectrum taken at 5 K (Figure A-

17). This argues in favor of a 13.7 meV lowest energy state derived from the free molecule J

= 1 state (option 3).

This implies that there is a single hydrogen adsorption site with a split J = 1 triplet at
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13.7 meV, 14.5 meV, and 15.1 meV. This is also consistent with the higher energy centroid

for the neutron energy gain peak at 8 K measured on Pharos as compared to the DCS data

taken at 5 K. A consequence of this assignment is that there should be excitations in neutron

energy gain at 1.7 meV and 2.3 meV. Careful examination suggests that there may be extra

intensity in that region of the spectrum, but there is significant intensity from the host

clathrate modes in that region and the intensity of these features is expected to be weak since

they originate from ortho-hydrogen.

Unfortunately, it is not possible to determine which of these excitations represent

transitions between rotational states as there is no equivalent feature expected to be present in

neutron energy gain (i.e. all the molecules will be in the lowest lying J = 1 or J = 0 states at 8

K).

Figure A-20: Two Gaussian plus sloping background fit of the Pharos data measured at 8 K
with 70 meV incident neutrons.
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For the free hydrogen molecular rotor, the J = 2 state is expected to lie 42.81 meV

(6B) above the energy of the J = 0 ground state. As the external potential is weak (small

perturbation of the J = 1 states) it is tempting to assign the broad feature at approximately 37

meV to some of the J = 2 states (5-fold degeneracy in the free molecule). This would imply

that the other features arise from translational quantum states of the confined molecule. It

should also be noted that the hydrogen molecule can “ride” along with any collective

excitation in the THF-ice lattice and thereby enhance the intensity of existing features present

in the binary clathrate.

At the higher energies, there is considerable scattering in neutron energy loss between

20 meVand 60 meV. As can be seen from Table A-2, there are many translational states in

the energy range considered in the theory paper (up to 28 meV). The interpretation of these

features is therefore that they represent many transitions to excited translational states of both

ortho- and para-hydrogen, in addition to a weakly split series of J = 0 � 2 transitions in the

vicinity of 43 meV [expected to be weak (Young and Koppel, 1964)] and J = 1 � 2 around

28.5 meV. Indeed, there are two relatively sharp peaks at 27.47 and 28.9 meV (Figure A-

20), and this doublet is therefore assigned to the J = 1 � 2 transitions. As expected, there is

a feature in the vicinity of 42 meV which is interpreted as the weak J = 0 � 2 transition.
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B. Analysis of translational quantum states

Neutron diffraction has shown that a single hydrogen molecule resides in the smaller 512

cage in the THF-ice clathrate (Hester et al., 2006). There are two consequences of this

confinement, the effect of an anisotropic external potential on the rotational quantum states

and the imposition of constraints on the translational periodicity of the molecular wave

function. From the analysis of the scattering data, the rotational modes are not greatly

perturbed by the external potential. However, confinement on the scale of a few angstroms

has dramatic consequences for the translational quantum states. This effect is explored using

two simple solutions to the Schrödinger equation, namely particle in a box and particle in a

sphere, and also by comparison with a recently published quantum calculation for hydrogen

in the specific environment of the 512 cage in an ice clathrate.

1. Computational five-dimensional quantum theory

A recently published 5D quantum theoretical treatment of hydrogen in the

dodecahedral cage of SII ice clathrate (Xu et al., 2006) provides detailed predictions for the

rotational and translational quantum states of the hydrogen molecule. These are summarized

in Table A-2, ordered by the energy relative to the lowest J = 0 ground state (the study

confirms that J is still a good quantum number).

These theoretical results are compared with the experimental results in Figure A-21,

again assuming equal intensity for all of the transitions. The comparison is limited to a range

up to approximately 28 meV. The band at 9 meV is reproduced, although the predicted
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transition at 6.4 meV is not observed. Another discrepancy is the larger than observed

splitting of the J = 1 rotational quantum state, where theory predicts transitions at 11.22 meV,

14.5 meV, and 18.67 meV while the interpretation of the experiment discussed above

indicates that the transition are at 13.5 meV, 14.5 meV, and 15.1 meV.

As the ortho-hydrogen ground state is not observed below 13.5 meV, the assignment

of the first two transitions on the basis of a comparison between the energy loss and gain data

is solid. However, the assignment of the 15.1 meV transition as the (1,1)u state is not as

certain, and it could arise from a transition to a translational quantum state. However, based

on the 13.7-14.5 meV gap, we would expect the (1,1)u state to be roughly the same gap to the

higher side of the 14.5 meV transition (i.e. 15.3 meV) as is the case in the theory result

(-3.28 and +4.17 meV). The original assignment of the triplet about 14.5 to a split J = 1 state

is sound based on these arguments, and the predicted splitting is much larger than found

experimentally, although they are both small on the scale of the rotational constant B.
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Table A-2: Energies of the translational quantum states of ortho- and para-hydrogen
predicted by (Xu et al., 2006), and the predicted neutron energy gain transitions from the
ortho-hydrogen translational ground state.
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Figure A-21: Comparison between the prediction from the 5D quantum theoretical model
(line) and the data measured on Pharos at 8 K.

Assignment of the two features at 8.77 meV and 10.01 meV is consistent with the

expected gap between the J = 0 (0,0,0) ground state and the excited (0,1,0) and (0,0,1)

translational states (8.21 meV and 9.56 meV). However, there is no evidence for a separate

(1,0,0) state around 6 meV. It is possible that the calculation overestimated the anisotropy of

the translational states and this is consistent with the uneven intensity distribution in these

two peaks. It is quite likely that the transition to the third translational state is not resolved

from the other two transitions.

On the neutron energy gain side, the broad distribution centered about 5 meV has not

been discussed. It cannot arise from a rotational tunneling transition, as it is not present in
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neutron energy gain, and the sample temperature of 8 K requires that it be associated with an

excited state that cannot transition to the ground state. This then requires that the transition

be associated with the J = 1 states, and they represent a transitions from ortho-hydrogen to

the excited translational ground states of para hydrogen. The gap between the para-hydrogen

excited translational states (8.77 meV and 10.1 meV) and the J = 1 states populated at 8 K

(mainly 13.7 meV and 14.5 meV) is approximately 4.6 meV.

Although the sophisticated computational approach is attractive, it is not

straightforward to determine why there is significant disagreement between experiment and

theory. The next sections will discuss the application of three very simple models for the

translational quantum states of the confined hydrogen molecules. Although simple, they

provide semi-quantitative insight into the interaction between the clathrate framework and

the adsorbed hydrogen.

2. Particle in a box

The simplest approach to understanding the translational quantum states is to consider

the hydrogen to be in a cage that approximates to a three-dimensional rectangular box with

infinitely high confinement potential. This is not expected to be quite correct, as there are

openings in the cage and the shape is a crude approximation. The solution to the Schrödinger

equation is (Atkins, 1970):
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where L1,2,3 are the lengths of the sides, and m is the mass of the hydrogen molecule.

From the preliminary analysis we know that the peak at approximately 9 meV is

associated with the center-of-mass motion of the hydrogen. This peak contains at least two

features, centered at 8.7 meV and 9.6 meV. The relative areas of the two Gaussians fitted to

this feature are similar, with the latter approximately twice the width of the former. This

suggests that there are really three features in this band, corresponding to different values for

Li. A reasonable reproduction of this feature using the particle in a box equation for the

separation between the ground state (ni,j,k = 1) and the first excited states (ni,j = 1, nk = 2),

using lengths of 1.75 Å, 1.85 Å, and 1.95 Å.

A qualitative comparison between this model and the measured spectrum is shown in

Figure A-22, where the expected transitions are plotted as a series of Gaussian peaks together

with the experimental data. Although it is possible to reproduce an excitation at

approximately 9 meV using reasonable lengths for the size of the box, there are many

predicted transitions at higher energies that are not present in the data. Some of these

transitions could be shifted by rotation-translation coupling, but the sophisticated

computational study described in Section 1 (Xu et al., 2006) predicts that this effect is on the

order of a few percent.
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Figure A-22: Comparison between prediction of particle in a box model (line) and the
experimental data measured at 8 K on Pharos.

3. Particle in a sphere

A spherical shape of the cavity is likely to be a much better approximation to the 512

cavity. The solution to the Schrödinger equation for this model is (Griffiths, 1995):

E l =
2

22
,

2mr

u kl h

where k represents the series of points where the spherical Bessel functions of order l cross

zero, m is the mass of the hydrogen molecule, and r is the radius of the sphere.

Two states are close in energy, and the radius of the cavity is chosen so that the

energy gap between them approximately matches the location of the excitations centered

about 9 meV. A comparison between this model and the experimental spectrum is shown in

Figure A-23. There is no better agreement than is the case for the particle in the box model.
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There are still too many predicted transitions, e.g. no peaks at 3.1 and 6.4 meV in the

experimental data, and no sign of the predicted peak at approximately 15.6 meV.

4. Particle on the surface of a sphere

The implicit assumption in both of the above analytical models is that there is no

potential within the dodecahedral cage that favors particular regions of the available space.

This is unlikely to be the case, and ab initio calculations by (Patchkovskii and Tse, 2003) at

the MP2 level predict a potential well approximately 1.1 Å from the center of the cage. As

the potential difference between the center and this well is relatively large at 50 meV, the

hydrogen molecular wave-function will be localized by this barrier.

Figure A-23: Comparison between prediction for particle in a sphere of radius 1.8 Å (line)
and the data taken on Pharos at 8 K.
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This effect can be roughly approximated using the analytical solution for a particle

constrained to be on the surface of a sphere. The energy levels for this model are given by

(Atkins, 1970):

E l =
( )
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2
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= 0, 1, 2….

where m is the mass of the hydrogen molecule and r is the radius of the sphere. A

comparison between the data from Pharos and this model is shown in Figure A-24. As there

are at least two peaks at approximately 9 meV, the figure shows two series of peaks for

sphere radii of 1.05 Å and 1.1 Å. The origin of the splitting is likely due to removal of the

degeneracy of the states as the cavity is not exactly spherical.

There is reasonably good agreement, particularly as there are far fewer excitations

predicted than is the case for the other models. All of the peaks are accounted for as the

bands at 14 meV, 28 meV, and 42 meV arise from transitions between rotational quantum

states. There is a predicted transition at approximately 3.5 meV, but this could be obscured

by the significant scattering from the THF-ice clathrate at those lower energies.
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Figure A-24: Comparison between the excitations expected for particle on the surface of a
sphere with radii 1.05 and 1.1 Å, and the data taken on Pharos at 8 K.

5. Summary of comparisons for translational quantum states

It is clear from the discussion that neither simple models nor sophisticated

computational quantum theory correctly predicts all of the translational quantum transitions

for hydrogen in the 512 cage of THF-ice clathrate. The 5D theory, particle in a box, and

particle in a sphere model all predict many more transitions than are observed. Confinement

of the hydrogen onto the surface of a sphere gives more promising results, with the

assumption that the apparent peak splittings arise from a splitting of degenerate states.

C. Temperature dependence

As the temperature of the sample is increased from 8 K, there will be temperatures at

which the THF and hydrogen molecules will exhibit diffusive motion on the length and time
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scales of the neutron experiments. As the DCS instrument was operated with a moderately

high elastic energy resolution of approximately 90 meV (full-width at half-maximum), this

diffusive motion would have to occur on the picosecond time-scale. It is expected that the

onset of diffusive motion will occur at different characteristic temperatures for the THF and

the hydrogen.

From the measurements made on the THF-ice binary clathrate, quasi-elastic

scattering is observed at 50 K and above.

Figure A-25: Debye-Waller plots from the DCS data, with the intensity summed over the
neutron energy loss range of +/-1 meV.

As the THF is fully deuterated, this scattering is coherent, and the intensity and width of the

scattering is very dependent on the momentum transfer. As the hydrogen is known to occupy

the small cage while the THF is in the larger cage, it is likely that the scattering from the

THF-ice clathrate will not be significantly affected by the presence of the hydrogen. This is
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consistent with the excellent match between the inelastic scattering from the clathrate with

and without hydrogen below 7 meV. If this assumption holds, then the THF-ice scattering

data can be subtracted from the H2/THF/D2O data to obtain the scattering from the hydrogen

only.

This subtraction was carried out and the results inspected for any sign of a quasi-

elastic broadening over the range 5 K-150 K. There was no evidence of diffusive

broadening, or any sign of a shape anomaly in the vicinity of the elastic scattering indicative

of a problem arising from the subtraction of the THF/ice background scattering. The

conclusion is that the hydrogen molecule does not exhibit any diffusive motion on the length

and time scale of the experiment up to a temperature of 150 K. This is consistent with the

requirement that the sample be close to the melting point of the clathrate to incorporate the

hydrogen into the structure.

The intensity of the elastic scattering from the hydrogen will have a Q-dependence

that follows the Debye-Waller factor. The analysis is subject to interference from Bragg

scattering from the clathrate, and the DCS data was analyzed with all detectors showing

Bragg scattering removed. The signal integrated between -1 and 1 meV as a function of

momentum transfer are plotted in Debye-Waller form in Figure A-25, including linear fits to

extract the mean square displacements (< u2 >). Increasing the temperature should increase

< u2 >, and the onset of a transition is often signaled by a rapid increase in < u2 >. There is a

slow increase above 50 K, which is consistent with the lack of any quasi-elastic scattering.
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However, the zero momentum transfer intercept should remain constant as a function of

temperature, and this is not the case as is also shown in Figure A-26. This suggests that there

may be some coupling between the motion of the hydrogen and the THF molecules, resulting

in this unexpected drop in the zero-Q intercept.

Figure A-26: Temperature dependence of the hydrogen molecule Debye-Waller Factor
(squares). Also shown is the variation in the zero-Q intercept of the fits in Figure A-25
(triangles, arbitrary units).

Conclusion

Hydrogen was successfully loaded into a deuterated THF-water ice clathrate and

measured on the Pharos and DCS inelastic neutron scattering spectrometers with similar

results. The rotational quantum states are mildly perturbed from their free molecule energies

demonstrating that the potential experienced by the hydrogen adsorbed in the dodecahedral

512 cage is weakly anisotropic. A series of transitions between translational quantum states

are also observed.
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A computational quantum chemical study of hydrogen in the 512 cage of structure-II

ice clathrate (Xu et al., 2006) predicts a larger shift in the rotational transitions, and many

more transitions between translational states than is observed. Comparisons between three

simple exact solutions to the Schrödinger equation suggests that the most appropriate model

confines the hydrogen molecule into a spherical shell approximately 1.05 Å -1.1 Å from the

cage center. This result is in good agreement with quantum chemical calculations for the

hydrogen translational potential in this cage (Patchkovskii and Tse, 2003). The observed

bands with more than one peak are interpreted to arise from a lifting of the degeneracy as the

shell is not exactly spheroidal.

No quasi-elastic scattering is observed for the hydrogen up to a temperature of 150 K.

However, there is a distinct increase in the Debye-Waller factor between 100 K and 150 K,

indicative of the onset of motion with an increased amplitude.
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