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Inelastic neutron scattering study of hydrogen in dg-THF/D,O ice clathrate
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In situ neutron inelastic scattering experiments on hydrogen adsorbed into a fully deutrated
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 since there was residual orthohydrogen at low
temperatures (slow conversion to the ground state) resulting in an observable J=1—0 transition at
5 K (kT=0.48 meV). A doublet in neutron energy loss at approximately 28.5 meV is 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, 25, 35, and 50—60 meV are also interpreted
to as transitions between translational quantum states. A detailed comparison is made with a recent
five-dimensional quantum treatment of hydrogen in the smaller dodecahedral cage in the SII
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 by the first two models, but there is reasonable agreement with the
particle on a sphere model. This is consistent with published quantum chemistry results for
hydrogen in the dodecahedral 5'% 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. © 2007 American

Institute of Physics. [DOI: 10.1063/1.2775927]

I. INTRODUCTION

Understanding the mechanism of hydrogen adsorption
into novel materials is of considerable interest from the per-
spective of hydrogen storage for a future hydrogen fuel
economy. The discovery of hydrogen-water ice clathrate'
demonstrated that at high pressures (200 MPa) hydrogen can
act as a templating agent for clathrate formation. A subse-
quent study2 showed that a ternary clathrate could be formed
between hydrogen, tetrahydrofuran (THF), and water at a
much reduced hydrogen gas pressure. This reduction in pres-
sure is attractive from an engineering perspective for hydro-
gen storage applications.

There has been some ambiguity regarding the location
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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 (5'?) cavity.
Mao et al." indicated that the small cage contains two hydro-
gen molecules in the pure hydrogen clathrate, though this
conclusion has been the subject of some controversy, and a
recent study reported by Hester ef al? using neutron diffrac-
tion concluded that there is only single occupancy of the
small cage in THF-ice clathrate.

Neutron spectroscopy has been extensively used to char-
acterize the dynamics of hydrogen adsorbed in a wide variety
of materials, such as alkali metal graphite intercalation
compounds,4 zeolites,5 and in the octahedral insterstitial sites
in solid CGO.6 At low temperatures, it is straightforward to
measure the quantum rotor states and center-of-mass modes
of the hydrogen molecule, while quasielastic scattering oc-
curs when there is diffusive rotational or translational mo-
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tion. 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 uses inelastic neutron scattering to study the
dynamics of hydrogen in the ternary clathrate formed be-
tween water, THF, and hydrogen. The results show that the
quantum rotor states are only perturbed to a small extent
upon adsorption, while the translational quantum states are
significantly modified by confinement in the clathrate cage.

Il. METHODS

Neutron inelastic scattering measurements were made on
the Pharos spectrometer located at the Lujan Center, Los
Alamos National Laboratory and on the disk chopper
spectrometer7 (DCS) at the National Institute of Standards
and Technology Center for Neutron Research (NCNR).
These are complementary instruments as Pharos is designed
for thermal neutron experiments using incident energies in
the range of 15-1000 meV, while DCS uses cold neutrons
(e.g., 3 meV) to attain a much better elastic energy resolu-
tion. 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 quasielastic neutron scattering.

A. Pharos

The Pharos spectrometer is on a pulsed neutron source,
viewing a room temperature water moderator. Certain com-
mercial materials and equipment are identified in order to
specify adequately experimental procedures. In no case does
such identification imply recommendation or endorsement
by the National Institute of Standards and Technology, nor
does it imply that the items identified are necessarily the best
available for the purpose. Perdeuterated THF (99.95% D,
Aldrich) and D,O (99.9% D, Aldrich) were mixed in the
mole ratio of 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
eight parallel cylindrical channels of 5 mm in diameter cut
into a flat piece of aluminum, with excess aluminum re-
moved 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 1073 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.

Hydrogen at a pressure of approximately 14 MPa was
then applied to the THF-ice clathrate at 270 K. 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
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FIG. 1. Diffraction pattern from ternary clathrate H,/dg-THF/D,0 at 5 K
measured on DCS with an incident wavelength of 5.5 A. The three shaded
peaks are from residual ice in the sample.

pressure was observed, but there was clearly also a small
leak into the sample chamber and so the pressure drop data
are ambiguous. The valve to the hydrogen bottle was peri-
odically 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 measured using incident energies of 70,
40, 25, and 15 meV. Measurements were also carried out at
temperatures of 50 and 100 K at a variety of incident ener-
gies ranging from 40 to 120 meV (Fermi chopper frequen-
cies of 240 Hz at 40 and 70 meV and 360 Hz at 120 meV).

B. DCS

Preparation of a d-THF-D,O sample was carried out in a
similar manner and this was loaded into a cylindrical alumi-
num sample cell with a diameter of 12.7 mm and a sample
bore of 10 mm. The sample cell was put into a standard
liquid-helium cryostat and the scattering from the THF clath-
rate measured at 5, 50, 100, 150, 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 measure-
ments were then made at sample temperatures of 5, 50, 100,
and 150 K. An incident wavelength of 5.5 A was used,
yielding an elastic energy resolution of 90 ueV full width at
half maximum.

lll. RESULTS

The experiments on the Pharos and DCS spectrometers
yielded very similar results, which demonstrated the repro-
ducibility of the sample preparation. Even with a monochro-
matic 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 26. An
example of the diffraction patterns measured on DCS is
shown in Fig. 1.

The diffraction pattern shows strong peaks from the
clathrate, in addition to the characteristic triplet from water
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FIG. 2. Inelastic scattering spectra from THF-ice clathrate before and after
the addition of hydrogen measured at 8 K on Pharos with an incident neu-
tron energy of 40 meV.

ice in the range of 3.4—4 A. 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 ex-
pected to be very similar. Inspection of the neutron diffrac-
tion pattern for the fully filled D,/ds-THF/D,O clathrate
published by Hester et al.® shows that the most visually re-
solved difference upon deuterium adsorption is the change in
intensities in the two peaks around 2.75 A. These cannot be
seen in the diffraction pattern in Fig. 1, as the d-spacing
cutoff for DCS operated with a wavelength of 5.5 A is just
above that at about 2.9 A. 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.

Figure 2 shows a comparison between the inelastic scat-
tering spectra for the THF clathrate measured on Pharos be-
fore and after the addition of the hydrogen. There is extra
scattering from the hydrogen on both the neutron energy gain
and loss side, as is expected for a mix of para- and orthohy-
drogen. The two spectra were scaled by the integrated num-
ber of protons on the spallation target which is proportional
to the total number of incident neutrons for each measure-
ment.

Detailed analyses of the scattering from the hydrogen
(THF-clathrate scattering has been subtracted) are shown in
Figs. 3 and 4. 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 six Gaussians
and a sloping background was fitted to the neutron energy
loss data.

The resolution of the Pharos spectrometer was estimated
using the MCSTAS Monte Carlo simulation code.® All of the
incident beam optics and known moderator performance
were included in the estimate of instrument energy resolu-
tion. A single detector was chosen to evaluate the perfor-
mance of the spectrometer, located at 26=135° with the flat
sample at 45° to the incident beam direction. The predicted
energy resolution was linear over the energy transfer range of
interest, both for 70 and 40 meV incident neutron energies
[full width at half maximum (FWHM)=3.06—0.04AE meV
at 70 meV and FWHM=1.47-0.04AE meV at 40 meV].
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FIG. 3. Model fit using multiple Gaussians and a sloping background for the
neutron energy gain data measured on Pharos at 8 K with a neutron incident
energy of 40 meV, after subtraction of the bare clathrate signal. Individual
components are shown, and the solid line through the points is the overall fit
to the data.

The dominant effect on the energy resolution as a function of
energy transfer was the broadening in time of the transmitted
neutron pulse due to the range of velocities transmitted
through the Fermi chopper (i.e., moderator pulse width).

There are discrepancies between the fitted widths of the
peaks and those predicted by the instrument resolution simu-
lation. This could be a consequence of the overlap of the
multiple features, or possible a result of an inadequate pulse
width model for the neutron moderator. Nevertheless, the
locations of the most of the features are visually obvious, and
the uncertainties will lie mainly in the width and intensity of
the peaks.

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 typi-
cally reduced to a few meV. The neutron energy gain spectra
for the ternary clathrate of 5 and 50 K are shown in Figs. 5
and 6. 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.

A good fit of these spectra required two Gaussians at 5 K
and three Gaussians at 50 K (both fits include a sloping lin-
ear background). The positions of the Gaussians at 5 K are
—13.58+0.01 and —13.99+0.03 meV, while at 50 K the cen-
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FIG. 4. Model fit using multiple Gaussians and a sloping background for the

neutron energy loss data measured on Pharos at 8 K with a neutron incident

energy of 40 meV. Individual components are shown, and the solid line
through the points is the overall fit to the data.
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FIG. 5. Neutron energy gain peaks observed on DCS at 5 K fitted with two
Gaussians. Individual components are shown, and the solid line through the
points is the overall fit to the data.

ters are at —14.7+5.05, —13.72+0.03, and -5.54+1.64 meV
(last peak compensates for increased scattering at lower en-
ergies at 50 K). It is not possible to meaningfully resolve the
individual features obtained on Pharos in neutron energy loss
with an incident energy of 40 meV, but the increase in inten-
sity on the higher energy side of the broad peak is consistent
with an increased population of the higher energy rotational
states at 15.22 and 14.57 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 (Fig. 7). There are
two sharp peaks next to each other at approximately 28 meV
(27.44+0.11, 28.95+0.07 meV) and some broader features
at 20, 23, 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.

IV. DISCUSSION
A. Rotational quantum states

It is not possible to assign four peaks to transitions be-
tween the /=0 and J=1 quantum states, as the /=1 state has
a degeneracy (2J+1) of 3, and the ground state is singly
degenerated. Possible explanations 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
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FIG. 6. Neutron energy gain peaks observed on DCS at 50 K fitted with
three Gaussian components. Individual components are shown, and the solid
line through the points is the overall fit to the data.
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FIG. 7. Upper trace is H,/THF/D,0 measured at 8 K using an incident
energy of 70 meV on Pharos. The lower curve is the equivalent spectrum
measured for THF/D,O at 8 K using an incident energy of 120 meV. Both
curves are a sum of S(Q,E) for 0=1-5 A",

(3) one of the peaks fitted to the neutron energy loss spec-
trum 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., a gap of 29.4 meV) for an unperturbed hydrogen mol-
ecule.

Assignment of the four peaks to states for two adsorp-
tion sites is challenging. Fortunately the temperature depen-
dence 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 15.22 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 12.83 and
15.22 meV states to be two of the split J=1 states for one
site. This would make the 12.83 meV state the favored one at
5 K. However, there is little intensity at 12.83 meV in the
spectrum taken at 5 K (Fig. 4). This argues in favor of a
13.86 meV lowest energy state derived from the free mol-
ecule J=1 state (option 3).

This implies that there is a single hydrogen adsorption
site with a split J=1 triplet at 13.87, 14.57, and 15.22 meV
(Table I). This is also consistent with the higher energy cen-
troid for the neutron energy gain peak at 8 K measured on
Pharos as compared to the DCS data taken at 5 K. A conse-
quence of this assignment is that there should be excitations
from the 15.22 meV state to the other two states in the triplet
in neutron energy gain at 0.7 and 1.35 meV. Careful exami-
nation suggests that there may be extra intensity in that re-
gion 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 orthohydrogen.

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).

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
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FIG. 8. Two Gaussians plus sloping background fit of the Pharos data mea-
sured at 8 K with 70 meV incident neutrons. Individual components are
shown, and the solid line through the points is the overall fit to the data.

broad feature at approximately 37 meV to some of the J=2
states (five 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 and 60 meV. The interpre-
tation of these features is that they represent many transitions
to excited translational states of both ortho- and parahydro-
gen, in addition to a weakly split series of J=0—2 transi-
tions in the vicinity of 43 meV (expected to be weak’) and
J=1—72 around 28.5 meV. Indeed, there are two relatively
sharp peaks at 27.44 and 28.95 meV (Fig. 8), and this dou-
blet is therefore assigned to the J=1—2 transitions. As ex-
pected, there is a feature in the vicinity of 42 meV which is
interpreted as the weak J=0—2 transition.

B. Analysis of translational quantum states

Neutron diffraction has shown that a single hydrogen
molecule resides in the smaller 5'> cage in the THF-ice
clathrate.” There are two consequences of this confinement,
the effect of an anisotropic external potential on the rota-
tional quantum states and the imposition of constraints on the
translational periodicity of the molecular wave function.
From the analysis of the scattering data, the external poten-
tial causes only at a small perturbation of the rotational quan-
tum states. However, confinement on the scale of a few ang-
stroms has dramatic consequences for the translational
quantum states. This effect is explored using two simple so-
lutions to the Schrodinger equation, namely, particle in a box
and particle in a sphere, and also by comparison with a re-
cently published quantum calculation for hydrogen in the
specific environment of the 5'> cage in an ice clathrate.

1. Computational five-dimensional quantum
theory

A recently published five-dimensional (5D) quantum
theoretical treatment of hydrogen in the dodecahedral cage
of SII ice clathrate' provides detailed predictions for the
rotational and translational quantum states of the hydrogen
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FIG. 9. Comparison between the prediction from the 5D quantum theoreti-
cal model (line) and the data measured on Pharos at 8 K.

molecule. These theoretical results are compared with the
experimental results in Fig. 9, 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 repro-
duced, although the predicted transition at 6.4 meV is not
observed. Another discrepancy is larger than observed split-
ting of the /=1 rotational quantum state, where theory pre-
dicts transitions at 11.22, 14.5, and 18.67 meV, while the
interpretation of the experiment discussed above indicates
that the transitions are at 13.87, 14.57, and 15.22 meV.

As the orthohydrogen 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 15.22 meV transi-
tion as the (1, 1), state [rotational (/,m), symmetry ungerade;
notation from Ref. 10] is not as certain, and it could arise
from a transition to a translational quantum state. However,
based on the 13.87—14.57 meV gap, we would expect the
(1,1), state to be roughly the same gap to the higher side of
the 14.57 meV transition (i.e., 15.3 meV) as is the case in the
theory result (-3.28 and +4.17 meV). The original assign-
ment of the triplet about 14.57 meV 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.

Assignment of the two features at 8.77 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 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 transla-
tional 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
neutron energy gain, and the sample temperature of 8 K re-
quires that it should 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 transitions from orthohydrogen to the excited trans-
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FIG. 10. Comparison between prediction of particle in a box model (line)
and the experimental data measured at 8 K on Pharos.

lational ground states of parahydrogen. The gap between the
parahydrogen excited translational states (8.76 and
9.99 meV) and the J=1 states populated at 8 K (mainly
13.87 and 14.57 meV) is approximately 4.6 meV.

Although the sophisticated computational approach is at-
tractive, 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 ex-
pected to be quite correct, as there are openings in the cage
and the shape is a crude approximation. The solution to the
Schrodinger equation is'

ho((n\* [(m\* [ns3)\?
En s — o \\ 7 ) V| s ni=1,2,3,...,
T3 8m Ll L2 L3

where L, ; 5 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 fea-
tures, centered at 8.7 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 L;. A reasonable reproduction of this
feature using the particle in a box equation for the separation
between the ground state (n; ;,=1) and the first excited states
(ni,jzl, n;=2), using lengths of 1.75, 1.85, and 1.95 A.

A qualitative comparison between this model and the
measured spectrum is shown in Fig. 10, where the expected
transitions are plotted as a series of Gaussian peaks together
with the experimental data. Although it is possible to repro-
duce an excitation at approximately 9 meV using reasonable
lengths for the size of the box, there are many predicted
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1.8 A (line) and the data taken on Pharos at 8 K.

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 Sec. I (Ref. 10) predicts that this effect is
on the order of a few percent.

3. Particle in a sphere

A spherical shape of the cavity is likely to be a much
better approximation to the 5'? cavity. The solution to the
Schrodinger equation for this model is'?

ui,ﬁz
1= PR

2mr

where k represents the series of points where the spherical
Bessel functions of order [ cross zero, m is the mass of the
hydrogen molecule, and r is the radius of the sphere.

Two of the predicted 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
at 8.76 and 9.99 meV. A comparison between this model and
the experimental spectrum is shown in Fig. 11. There is no
better agreement than the case for the particle in the box
model. 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 at the MP2 level predicted a potential
well approximately 1.1 A from the center of the cage. As the
potential difference between the center and this well is rela-
tively large at 50 meV, the hydrogen molecular wave func-
tion will be localized by this barrier.

This effect can be roughly approximated using the ana-
Iytical solution for a particle constrained to be on the surface
of a sphere. The energy levels for this model are given by11
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FIG. 12. Comparison between the excitations expected for particle on the
surface of a sphere with radii of 1.05 and 1.1 A, and the data taken on
Pharos at 8 K.

11+ 1)A?
E=——5—, [=0,1,2,...,

2mr
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 Fig. 12. As there are at
least two peaks at approximately 9 meV, the figure shows
two series of peaks for sphere radii of 1.05 and 1.1 A. The
origin of the splitting is likely due to the 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, 28, 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.

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 hy-
drogen in the 5'? 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 scales of the neutron experiments. As the DCS instru-
ment was operated with a moderately high elastic energy
resolution of approximately 90 ueV (full width at half maxi-
mum), this diffusive motion would have to occur on the pi-
cosecond time scale in order to be observed. It is expected
that the onset of diffusive motion will occur at different char-
acteristic temperatures for the THF and the hydrogen.

J. Chem. Phys. 127, 134505 (2007)
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FIG. 13. Debye-Waller plots from the DCS data, with the intensity summed
over the neutron energy loss range of =1 meV.

From the measurements made on the THF-ice binary
clathrate, quasielastic scattering is observed at 50 K and
above. As the THF is fully deuterated, this scattering is co-
herent, and the intensity and width of the scattering are 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 consistent with the excellent match
between the inelastic scatterings 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
H,/THF/D,0 data to obtain the scattering from the hydro-
gen only.

This subtraction was carried out and the results are in-
spected for any sign of a quasielastic broadening over the
range of 5-150 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 con-
clusion is that the hydrogen molecule does not exhibit any
diffusive motion on the length and time scales of the experi-
ment 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 struc-
ture.
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FIG. 14. Temperature dependence of the hydrogen molecule Debye-Waller
Factor (squares). Also shown is the variation in the zero-Q intercept of the
fits in Fig. 13 (triangles, arbitrary units).
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TABLE I. Results from fitting the H, scattering data measured at 8 K. Estimated 1o errors are given in
parentheses. The resolution estimates are from a Monte Carlo simulation of the Pharos instrument as described
in the text. The assignments are indicated as rotational (R) or translational (7) modes of the hydrogen molecule.
The feature at 12.83 is broad and potentially an artifact of the fitting.

Neutron energy ~ Assignment Position (meV) Intensity (arb. units) FWHM (meV) Resolution (meV)
Gain R,J=1—0 -15.33 (0.36) 0.031 (0.015) 1.45 (0.32) 2.04
¥=0.74 R, J=1—0 —14.19 (0.11) 0.108 (0.011) 1.52 (0.12) 2.00
Phonons -4.58 (0.07) 0.071 (0.003) 2.95 (0.15) 1.64
Loss T 8.76 (0.07) 0.77 (0.06) 1.28 (0.08) 1.15
X>=0.86 T 9.99 (0.09) 0.60 (0.05) 1.36 (0.19) 1.04
7 12.83 (0.40) 0.36 (0.05) 2.33 (0.67) 1.00
R, J=0—1 13.87 (0.05) 0.45 (0.18) 1.00 (0.25) 0.96
R, J=0—1 14.57 (0.03) 0.35 (0.08) 0.50 (0.09) 0.93
R, J=0—1 15.22 (0.04) 0.45 (0.03) 0.72 (0.08) 0.91

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 were ana-
lyzed with all detectors showing Bragg scattering removed.
The signal integrated between —1 and 1 meV as a function of
momentum transfer is plotted in Debye-Waller form in Fig.
13, including linear fits to extract the mean square displace-
ments ((#?)). Increasing the temperature should increase
(u?), and the onset of a transition is often signaled by a rapid
increase in (u?). There is a slow increase above 50 K, which
is consistent with the lack of any quasielastic scattering.
However, the zero momentum transfer intercept should re-
main constant as a function of temperature, and this is not
the case as is also shown in Fig. 14. 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.

V. 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 po-
tential experienced by the hydrogen adsorbed in the dodeca-
hedral 5'? cage is weakly anisotropic. A series of transitions
between translational quantum states are also observed.

A computational quantum chemical study of hydrogen in
the 5'2 cage of structure-II ice clathrate'” 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 Schrodinger
equation suggest that the most appropriate model confines
the hydrogen molecule into a spherical shell approximately
1.05-1.1 A from the cage center. This result is in good
agreement with quantum chemical calculations for the hy-
drogen translational potential in this cage.13 The observed

bands with more than one peak are interpreted to arise from
a lifting of the degeneracy as the shell is not exactly sphe-
roidal.

No quasielastic 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 and 150 K,
indicative of the onset of motion with an increased ampli-
tude.
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