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Quantum Dynamics of H, Trapped within Organic Clathrate Cages
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The rotational and translational dynamics of molecular hydrogen trapped within f-hydroquinone
clathrate (H, @3-HQ)—a practical example of a quantum particle trapped within an anisotropic confining
potential—were investigated using inelastic neutron scattering and Raman spectroscopy. High-resolution
vibrational spectra, including those collected from the VISION spectrometer at Oak Ridge National
Laboratory, indicate relatively strong attractive interaction between guest and host with a strikingly large
splitting of rotational energy levels compared with similar guest-host systems. Unlike related molecular
systems in which confined H, exhibits nearly free rotation, the behavior of H, @ -HQ is explained using a
two-dimensional (2D) hindered rotor model with barrier height more than 2 times the rotational constant

(—16.2 meV).
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A particle in a box and the rigid rotor are fundamental
physical concepts that represent simple, yet significant
applications of the Schrodinger equation. For a diatomic
molecule, translational energy levels can be modeled
assuming a particle within a three-dimensional box, while
rotational energy levels are given by E(J) = BJ(J + 1),
where B is the rotational constant and J is the rotational
quantum number. For the case of molecular hydrogen, the
presence of two indistinguishable fermions requires that the
overall wave function be antisymmetric and gives rise to
two different nuclear spin isomers. H, molecules with
antiparallel nuclear spins can only exist with even rotational
states (J = 0, 2, ..., para H,), while molecules with parallel
nuclear spins must have odd rotational states (J = 1,3, ...,
ortho H,). Quantum molecular dynamics are influenced by
interaction potentials that may vary in spatial dimension,
and practical examples of entrapped quantum particles
within well-defined interaction potentials provide the rare
opportunity to probe the coupled translational-rotational
states under model-like conditions.

Clathrates are guest-host systems in which one set of
molecular species encapsulates another [1]. Hydrogen
trapped within cagelike guest-host materials has been of
recent interest due to the ideal nature of these systems to
understand quantum dynamics and for the possibility of
these materials to store hydrogen for energy applications
[2-11]. Clathrate cages provide ideal nanoscale confining
potentials for small molecules, which can be probed by
experiment and validated by rigorous quantum mechanical
calculations. Water-based clathrate hydrates are the most
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notable class of these inclusion compounds, although
others based on organic systems are known.
Hydroquinone (Benzene-1,4-diol, HQ) is known to form
clathrates (#-HQ) in the presence of small guest (G)
molecules like methanol with the ideal composition
1G:3HQ [12]. Hydrogen is capable of stabilizing this
clathrate phase at pressures up to ~1.4 GPa, beyond which
multiple H, molecules may occupy a single f-HQ cage
(we will refer to the single occupancy H,:3HQ form as
H, @p-HQ)[13,14]. Guest-host interactions in H, @3-HQ
are substantial when compared with H, trapped in clathrate
hydrate cages, [15,16] and suggest fundamental differences
in the quantum dynamics of the hydrogen molecule that can
be probed by experiment. Here we examine the transla-
tional and rotational dynamics of H, within $-HQ clathrate
cavities using inelastic neutron and Raman scattering. In
contrast with all previously reported molecular systems
in which H, exhibits nearly free rotation, H, trapped
within the cavities of f-HQ clathrate behaves as a two-
dimensional (2D) hindered rotor with an impressively large
splitting of rotational energy levels.

H, @$-HQ was synthesized by pressurizing a-HQ with H,
at ~200 MPa, then samples were quenched to low temper-
ature and the pressure was released. Inelastic neutron
scattering (INS) and Raman measurements were performed
at ambient pressure on samples kept at low temperature.
Initial INS data were collected using the DCS spectrometer
(NIST Center for Neutron Research) and the TOSCA
spectrometer (ISIS, Rutherford Appleton Laboratory), while
the final high-resolution spectra were collected using the
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FIG. 1. Experimental INS spectra collected at VISION from
sample formed using n-H, recorded at 5 K. Pure ortho and para
contributions were obtained by measuring two different samples
with known concentrations. The experimental spectrum is shifted
upward from the individual ortho and para contributions. The
inset shows the low-energy region with J =1 fundamental
center-of-mass rattling modes and J =0 rotational doublet.
Peaks were fit using Voigt profile functions.

recently constructed VISION spectrometer (Spallation
Neutron Source, Oak Ridge National Laboratory). A com-
plete record of the experimental details is provided in the
Supplemental Material [17].

INS spectra obtained from clathrates formed using
normal hydrogen (n-H,) represent a convolution of ortho
and para hydrogen excitations, which complicates sub-
sequent interpretation. Even at very low temperature, a
mixture of spin isomers persists for long times due to the
inefficiency of angular momentum exchange in the absence
of a catalyst. We thus followed the method of Ulivi et al. [3]
and performed two independent measurements using differ-
ent ortho-para concentrations (one formed from n-H,, and
another using nearly pure p-H,) in order to extract the pure
component spectra by linear combination (Fig. 1) and make
unambiguous assignments.

The J = 1 spectrum consists of three resolvable features
centered around 10.6 meV, which can be related to particle-
in-a-box-type center of mass (c.m.) motion of H, within the
clathrate cavities. This fundamental “rattling” transition is
the principal excitation for 0-H, (/ = 1 — 1). Following
the nomenclature of Xu et al. [5], translational energy
levels are described by three quantum numbers: the number
of quanta v, the vibrational angular momentum along the
z axis |l/|, and the translational z mode v,. Excitations
originating from changes in these energy levels are labeled
An. Because of differences in scattering cross section

(the p-H, translational cross section is only 2% of the
'H incoherent cross section), the analogous transition
for p-H, (J/ = 0 — 0) has negligible intensity and is not
considered. The three features at 9.9, 10.6, and 11.8 meV
originate from anisotropy of the clathrate cages and are
similar to H, within clathrate hydrates [3,10] and aniso-
tropic fullerides [7]. It is worth noting that the energies of
the three resolvable J = 1 — 1 features for H, @3-HQ are
nearly identical to H, @(H,0),,, but are roughly half the
energies for Cqy and open-cage endofullerenes [7].
This fact likely reflects the larger size scale between the
cages of clathrates and fullerene-based structures. For
example, the translational energy levels for a particle in
a sphere scale as E « 1/mr?, where m is the mass of the
particle and r is the radius of the sphere.

A sharp feature observed at 12.5 meV is clearly assigned
as a rotational component in the J =0 spectrum. This
assignment is supported by momentum transfer analysis
and by a complimentary observation using the DCS
spectrometer on the neutron energy gain side of the
spectrum (see Supplemental Material [17]). This peak
originates from the fundamental rotational transition of
p-H, (J =0 — 1), which, for the case of freely rotating
solid H,, occurs at 14.7 meV, e.g., a rigid rotor with
B =7.35 meV. Other clathrates and fullerene-based mate-
rials show the principal transition centered near 14.7 meV,
shifted and/or split by no more than ~1.4 meV. In these
cases, the rotational degeneracy is fully lifted and the three
components of m, the quantum number representing the
projection of angular momentum along z, for / =0 — 1
(i.e., m = —1, 0, 1) are observed, indicating mildly per-
turbed 3D rotation. No rotational triplet was observed here,
unlike the case for water-based clathrates and anisotropic
open-cage endofullerene [3,7]. For H, @$-HQ, a second
sharp feature is observed at 18.9 meV and the integrated
intensities between the 12.54 and 18.92 meV peaks occur
in an approximate 2:1 ratio. The lack of a third rotational
component points toward a 2D hindered rotor where the
Hamiltonian can be modeled as

L Vv
H:ﬁ%—f(l—cos%’), (1)
where L is the angular momentum operator, I is the
moment of inertia and V, describes the barrier height
for a diatomic rigid rotor undergoing 2D rotation [23,24].
In this case, @ is the polar angle between the molecular axis
and the z axis. Treating the potential as a perturbation and
expanding in spherical harmonics, we used the DAVE
software [25] to calculate eigenvalues for 80 rotational
levels with barrier heights between 0 > V, > —3B spread
over 100 points on a uniform grid.

Using the approach above, the J =0 — 1 transition
energy was reproduced with B=7.18 and V, =
—16.19 meV (—2.26B). The rotational constant, B = #?/
2,ur§, is 95% of that for the free molecule, which implies
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FIG. 2. INS spectra of pure o- and p-H, from VISION recorded

at 5 K. Vertical bars indicate transition energies predicted by the
2D model. In the absence of rigorous intensity calculations,
the relative heights of the vertical bars are simply scaled by the
transition degeneracies. The inset shows calculated energies of
the rotational transitions as a function of barrier height. The green
vertical bar indicates a barrier energy of —2.26B.

an increase in the equilibrium separation, r,, by ~2.6%.
Such an elongation would manifest itself as a significant
redshift in the H, vibron frequency. Indeed, previous
Raman measurements of the H, vibron show a softening
of ~50 cm™! [13]. Figure 2 shows the pure 0-H, and p-H,
spectra with rotational transitions calculated from the 2D
hindered rotor model. The 2D model explicitly predicts that
the transition at 12.54 meV is doubly degenerate (m = +1)
whereas the transition at 18.92 meV is a singlet (m = 0). In
addition to the rotational lines at 12.5 and 18.9 meV in the
J = 0 spectrum, two broader lines (apparently with multi-
ple contributions) appear at 23 and 29.4 meV. Like the
fundamental / = 0 — 1 peaks, the higher-energy peaks are
separated by ~6 meV, but are shifted to higher energy by
approximately 10.6 meV. Since 10.6 meV is the central
position for the J =1 — 1 rattling modes, the bands
centered near 23 and 29.4 meV are assigned to combined
translation-rotational excitations, namely, J =0 — 1;
An = 1.

The hindered rotor model also predicts energies for the
J = 1 — 2 transitions, which should have measurable inten-
sity. The model predicts six transitions with different energies,
as shown by the vertical bars in Fig. 2. Several sharp features
in the experimental J = 1 spectrum show good correspon-
dence with the predicted transition energies. For example, the
sharp peak at27.9 meV can be clearly assignedtoJ = 1 — 2,
with contributions from |m|=1-2 and |m|=0 - 0.
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FIG. 3. Raman spectra for (a)-(b) H,@p-HQ and (c)—(d)
D, @p3-HQ clathrates at 77 K compared with calculated transition
energies. Vertical bars indicate transition energies predicted by
the 2D model where relative intensities are simply scaled by the
transition degeneracies. Asterisks indicate contributions from the
HQ host lattice.

In addition to the J = 1 — 2 transitions, this energy range
also has contributions from the first o-H, ratting overtone,
J=1-1;An=2.

In order to further validate the 2D hindered rotor model,
the calculated rotational transitions were compared with
Raman data collected from a sample with a mixture of
o- and p-H,. In this case, sharp rotational transitions are
observed at much higher energies than the INS data. Before
making the comparison, we first review the Raman spec-
trum for the f-HQ clathrate host to make unambiguous
assignments as several low-frequency host vibrations occur
at similar energies to the H, rotational transitions. By
comparing the Raman spectra from $-HQ clathrates formed
with methanol and with H,, the common host features were
identified, allowing for accurate assignments of the H,
roton modes (see Supplemental Material [17]). Like the
vibron modes, the observed rotons for H, @ 8-HQ are also
significantly perturbed from their free-rotation values by up
to ~40 cm~! [13].

Figure 3 shows the /=0 —2 and J =1 — 3 roton
regions for H, @3-HQ clathrate compared with calculated
transition energies. Note that these regions are the only
transitions accessible at the measurement temperature of
80 K. The intensities for the calculated transitions
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(represented by vertical bars) are approximated by the
relative degeneracies associated with each transition.
According to the 2D model, transition energies increase
with decreasing |m| for a given J. Figure 3(a) shows the
J =0 — 2 region for H,. The model predicts three J =
0 — 2 transitions (|m| =2, |m| = 1, m = 0) at 326, 363,
and 379 cm~! with degeneracies of 2:2:1. The simple
model captures the features of the experimental data
remarkably well where two experimental transitions are
located at 330 and 365 cm™!, although a host lattice
vibration masks the predicted highest-energy peak. For
absolute confirmation, we compare with the Raman spec-
trum of D, @p-HQ clathrate. In this case the J =0 — 2
transitions are shifted to lower energy due to the higher
mass and are not obscured by host lattice modes. For D,,
we have simply scaled B by the ratio of the reduced masses
and assumed the same value for V, as for the H, case. For
the case of D, [Fig. 3(c)] we clearly see the three
components predicted for the J =0 — 2 transition, in
semiquantitative agreement with experiment: 156, 193,
and 213 cm™! for the model vs 159, 193, and 212 cm™!
for experiment. Remarkably, we also observe qualitative
agreement between the model and experiment for the J =
1 — 3 transitions for both H, and D, [Figs. 3(b)-3(d)].
Here, the situation is more complex as eight distinct
transitions are possible from the two J =1 states
(m = 1|, 0) to the four J =3 states (m = |3|, 2|, [1],
0). Nevertheless, these features confirm the hindered 2D
nature of H, trapped within $-HQ clathrate cavities.

While the translational behavior for H, @ 8-HQ appears
similar to previous observations in clathrate hydrates and
fullerene-based systems and is easily related to particle-in-
a-box-type motion, the fundamental nature of rotation
appears quite different. For anisotropic fullerenes and water
clathrates, the para hydrogen transition exists as a triplet
that is centered near 14.7 meV and triplet splitting is on the
order of ~1 meV [3,7]. This indicates only mildly per-
turbed 3D rotation as a consequence of potential anisotropy
with respect to the orientation of the H, molecule. For the
case of H, @f-HQ clathrate we see different behavior in
both the magnitude and nature of the interaction potential.
In fact, the 2D hindered rotor model is most often used to
describe H, adsorbed to metal surfaces [26—28] or binding
sites such as those found in metal-organic framework
compounds [29,30]. The barrier height seems much greater
than expected for a closed-shell molecular system with only
weak, van der Waals type interactions, although rotational
barrier and binding strength are not necessarily of a causal
relation [31].

How is it that the cages of f-HQ clathrate mimic
adsorption behavior of a 2D surface? The clathrate cavities
are formed by two hexagonal (OH), rings and six C4Hg
groups. Three of the CqHg groups point downward from the
top (OH), ring and three C4Hg groups point upward from
the bottom (OH), ring (Fig. 4). Note that all host H atoms

FIG. 4. p-HQ clathrate cavity viewed normal to (a) (100) and
(b) (001). Portions of molecules surrounding the cage have been
removed for clarity. Red, black, white, and green spheres
represent O, C, H (or D), and J = 0 H,, respectively. Striped
bands connect O atoms to emphasize hydrogen-bonded hexago-
nal rings. (c) Nearest-neighbor interactions between guest and
host. Artificial bonds are drawn between some C and H atoms to
emphasize the nearest equatorial interactions. (d) Schematic of
OH hexagonal rings acting as 2D confining surfaces and
interaction potential as a function of polar angle.

were replaced by D atoms for the INS experiment, but the
behavior is independent of isotopic substitution as verified
by the Raman measurements. This arrangement sets perfect
conditions for anisotropy in terms of both chemical and
spatial interactions. The (OH)4 rings are stacked in layers
along the z direction, separated by ~5.4 A, while the
nearest-neighbor H and C atoms that form the equatorial
cage walls are separated by ~7 and 8 A, respectively. This
means that the cavity may be viewed approximately as an
oblate spheroid where the semimajor axis is ~1.5x the pole
distance along the symmetry axis.

The 2D rotor behavior is now apparent. The (OH),4 rings
can be effectively be thought of as confining surfaces.
Given the short distance between the (OH)4 rings com-
pared with the equatorial CqHg groups, the interaction
potential is most favorable when the axis of the H,
molecule lies parallel to the surface, and the potential
remains attractive when the polar angle is between /4 <
7 < 3x/4 with respect to the z direction [Fig. 4(d)] [32].
This configuration stabilizes the J = 1; m = |1| rotational
states that have “donut-shaped” probability density distri-
butions, while the “p-orbital” shaped J = 1; m = 0O states
have increased energy. The anisotropy of the potential is
also confirmed by previous dielectric and quasielastic
neutron measurements on H,S@p-HQ clathrate where
essentially free rotation was observed on the axis parallel
to z, but significantly hindered rotation was observed in all
other directions [33].

In summary, we report the first 2D hindered rotor behavior
for H, trapped in a molecular clathrate, which provides a
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model-like practical system to probe the quantum molecular
dynamics of confined hydrogen. The anisotropic confining
potential produced by -HQ clathrate cavities results in 2D
hindered rotation with a barrier energy that is more than two
times greater than the rotational constant. This observation
strengthens the view that complex local interaction poten-
tials, opposed to binding energies, are the primary driving
force behind large shifts in rotational transition energies.
We hope that this study will motivate detailed quantum
calculations of the coupled rotational-translational dynamics
in related systems.
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