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A major driving force for research on hydrogen clathrate hydrate
is its potential use as a hydrogen storage medium for clean energy
technology.' ~® Hydrogen clathrate hydrate has a comparatively high
storage capacity (~5 wt %) and an environmentally friendly
character because upon combustion it simply releases water and
hydrogen.! However, the storage capacity largely relies on hydrogen
cage occupancy. The crystal structure has been determined to be
type 1I clathrate (sII) with two kinds of cages. The high storage
capacity can only be realized if the large cage holds four H, and
the small cavity two." Single occupancy in the small cage leads to
a storage capacity of ~3.4 wt % for the pure H, hydrate and ~1
wt % for a binary hydrate, H,* THF - 17H,0.3

Both experimental and theoretical studies support an occupancy
of up to four H, molecules in the large cage.'>*’ However,
conflicting explanations of experimental results have been reported
regarding H, occupancy in the small cages, double' or single.*
Although, theoretically, both single and double hydrogen occupan-
cies are possible,®'° it is not clear how to identify different
hydrogen occupancies experimentally using a spectroscopic method,
especially for the small cages. Key to addressing these questions
is a better understanding of the vibrational spectroscopy of hydrogen
molecules in the clathrate cages.

Here, we try to tackle these questions by applying ab initio
calculations and molecular dynamics simulations to compute
averaged Raman spectra of the encaged H, with different cage
occupancies. The results obtained provide an important prediction
on spectroscopic features of the hydrogen occupancy. Molecular
and electronic structural analyses offer additional insights into
H,—H, intermolecular interactions and vibrational coupling of H,
molecules in the clathrate. The details of the method and results
are described in a full article."'

Hydrogen clathrate structure (Figure 1a) has two types of cages:
the large one (L) is a hexakaidecahedron (5'%6*) with 28 H,O
(Figure 1b) and the small one (S) is a pentagonal dodecahedron
(5'%) with 20 H,O (Figure 1¢). The unit cell has 136 H,O0, with 16
S and 8 L cages. The initial structure of the H,O framework for
the molecular modeling is based on a refined slI structure from
X-ray single crystal diffraction methods.'* Classical energy mini-
mization and molecular dynamics simulations are performed on a
supercell with 2 x 2 x 2 unit cells of slI structure, using the
GROMACS package,'* SPC/E model for H,0,'* and a rigid model
for H,.”"'> After an equilibration run at 150 K and 200 MPa, the
system is quenched, and the cages are isolated from the supercell.
The density functional theory (DFT) calculations are performed
on these MD generated cages with a two-level ONIOM model,'®
using the GAUSSIAN 03 package.'” The high level includes only
the Hy, and the low level the H,O. Closed-shell spin-restricted DFT
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Figure 1. Structure of clathrate sII. (a) Polyhedral representation of the
large and small cages, (b) a larger cage with four encaged hydrogen
molecules; and (c) a small cage with two encaged hydrogen molecules.
Red balls are oxygen atoms, and light gray balls are hydrogen atoms.

calculations are performed with the B3LYP hybrid density func-
tional,'® with the 6-31++G(2d,2p) basis set for the high level and
3-21+G(d,p) for the low level. 11 L cages with 4 H, (L*), 11 L
cages with 3 H, (L?), 11 L cages with 2 H, (L?), 11 L cages with
1 H, (L"), 19 S cages with 2 H, (S?), and 29 S cages with 1 H, (S)
are successfully optimized with all atoms moveable. These cages
are used as collections of configurations of the L and S cages with
different H, occupancies.

Raman spectra of H, stretching mode are computed as a moving
average of the calculated Raman frequencies, weighted with
calculated Raman activity and normalized with the numbers of the
cages in the compound. The calculated frequencies are scaled by a
factor of 0.9367, the ratio between 4155 cm™' of free H, gas and
4436 cm™! of the calculated H—H stretching frequency of free
isolated single H,. The results are plotted as fitted curves with a
Gaussian function (original data are available from supporting
materials) in Figure 2a, along with two experimental data from the
literature (Figure 2b,c).""'® Although the numbers of the structural
configurations are relatively small, statistically meaningful Raman
spectra are obtained.

The peak assignment from a recent Raman spectroscopic study
of hydrogen clathrate is adopted here.® For the calculated spectra,
from low to high frequencies are the peaks from S, L', L2, L3, L*,
and S2. The calculated Raman frequencies are in general consistent
with the two experiments in terms of relative peak positions. The
absolute peak frequencies, however, are underestimated by ~20
cm ™! for S! and 5—15 cm™! for L*! cages. The discrepancies may
arise from isolation of the cages from the crystal, which cause the
cage sizes to decrease because of neglecting intercage hydrogen
bonding.'" The other possible reasons include the limitation of the
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Figure 2. Raman spectra of hydrogen molecule in hydrogen clathrate hydrate.
(a) Calculated spectra. Experiments by (b) Mao et al. (2002) and (c) Strobel et
al. (2007). S1, singly occupied small cage; S2, doubly occupied small cage;
L1,L2, L3, and L4, singly, doubly, triply, and quadruply occupied large cages.
The vertical dashed line indicates 4155 cm™! for free H, gas.

DFT method employed here because of the inaccuracy on describing
weak dispersive intermolecular interactions and the statics of the
calculations. Note also that multiple peaks due to a mixture of H,
molecules in different rotational states (e.g., para-H, and ortho-
H,) at finite temperature contribute to variations in the observed
Raman spectra.>® Nevertheless, the calculated spectra are sufficient
for use here as a qualitative guide for interpreting the trend of the
observed Raman spectra.

Based on the calculations, the Raman frequencies of H, in S?
cages are ~10—30 cm™! higher than the L* frequencies. Taking
into account the underestimations on the calculated frequencies of
the encaged H,, the Raman vibrons from the doubly occupied small
cage (S?) are expected to be around or above 4155 cm™!, blue-
shifted with respect to the gas phase. This result suggests that the
characteristic peaks of S? are not present in the two experiments'*'®
and in some recent experiments.”® This conclusion, however, does
not exclude the possibility of having double occupancy in the small
cage. In general, a blue shift of the Raman frequency of an encaged
molecule in gas clathrate is not uncommon. For example, the Raman
stretching frequency of propane (Cs;Hg) in the large cage of slI
hydrate is blue-shifted by 7 cm™',?® and CO, in the large cage of
sI is blue-shifted by 96 cm™'.?° The relative shift of Raman
frequency of an encaged molecule in clathrates with respect to its
gas phase is sensitive to the local molecular environment inside
the cage. The red shift of the Raman frequencies of S! and L'™* in
the hydrogen hydrate suggests the H, molecules are loosely encaged
in attractive potential field, while the blue shift indicates those in
S? are tightly confined in repulsive potential field. This is formalized
in the so-called loose-cage tight-cage model,>""?> which is also
consistent with the molecular structure and electronic structure of
the encaged H, in the hydrogen clathrate.'' The H, intramolecular
bonds are stretched by ~0.1—0.4% in L*"! and 0.4% in S! cages
and compressed by ~0.1% in S? cages, relative to the calculated
gas phase equilibrium. Total electron density analysis shows that
electron sharing between the H, molecules in S? is more significant
than in L* arising from a shorter intermolecular distance and
stronger electronic interaction. Electrostatic potential analysis shows
the negative electrostatic potential arising from the O of H,O

contributing more to the attractive interaction of H, molecules in
L* than in S2.!!

One fundamental difference between the loose-caged S' and L'
and the tight-caged S? is intermolecular vibrational coupling. Based
on normal-mode analysis, there is limited coupling for H, molecules
in L>°%, and each H, vibration is independent from the other H,
molecules. In contrast, for two H, in S a strong vibrational
coupling is observed, with the ~4150 cm™! mode from an out-of-
phase vibration and 4157 cm™! from an in-phase vibration. Strong
intermolecular coupling is suggested by a frequency difference of
—7 cm™! (out-of-phase minus in-phase frequencies) with respect
to +3 cm™! for solid hydrogen at zero pressure.?* The difference
between the confinement effect and pressure effect is also evidenced
by the fact that encapsulating hydrogen in the clathrate can result
in a stretching mode red shift while pressurizing solid hydrogen in
ice always causes a blue shift.?> 2

In conclusion, Raman spectra of hydrogen molecules encaged
in hydrogen clathrate are computed using ab initio calculations and
molecular dynamics simulations. The results obtained predict
Raman peaks of the doubly occupied small cages to be around or
above 4155 cm™! of free H, gas frequency. This prediction could
inspire new experiments for synthesizing hydrogen clathrate with
higher hydrogen occupancy.
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