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Ab Initio Study of Hydrogen Storage in Water Clathrates
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The H2 occupancy in type-II hydrogen clathrate is determined using ab initio quantum chemistry
calculations. Free energies of association show that the small (D-512) cage is singly occupied while
the large (H-51264) favors a four-fold occupancy.
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1. INTRODUCTION

Since the first hydrogen water clathrates were
synthesized,1 much attention has been placed on them
as a means of storing H2 for fuel.2 The type II hydro-
gen clathrate contains 136 water molecules consisting of
24 cages. Sixteen of these cages have a “small” pentagonal
dodecahedral (D-512� structure, while the remaining cages
are in a “large” 16-hedra (H-51264� structure. Initial reports
demonstrated a 5.3% mass storing capacity, above the
2005 DOE target (4.5 wt%) of H2 fuel storage. Because
of this large capacity, the distribution of the H2 molecules
through these cages has been the emphasis of several
works. Initial studies showed two guest H2 molecules
occupying the small cages while four guest H2 molecules
were stored in the large cage.3�4 Recent experimental5

and theoretical molecular dynamics (MD) simulations,6

however, suggested that only one H2 molecule is stored
in the small cage, thereby reducing the mass ratio to
3.9 wt%. This work will reinvestigate the hydrogen stor-
age in type-II hydrate clathrates using ab initio quantum
chemical calculations.

2. COMPUTATIONAL DETAILS

The oxygen positions of the water cages were obtained
from X-ray structure for the type-II hydrated clathrates.7

The hydrogen bonding network, not available from the
scattering data, was generated using classical force field
simulations.8 The hydrate geometry and lattice con-
stants for a single unit cell were then relaxed using
the plane-wave based Vienna ab initio simulation pack-
age (VASP),9–11 the generalized gradient approximation

∗Author to whom correspondence should be addressed.
†Current address: GlaxoSmithKline Plc, Preclin Dev, King of Prussia,

PA 19406 USA.

(GGA) of Perdew-Wang12–16 (PW91), ultrasoft Vanderbilt
pseudopotentials,17 gamma-point Brillouin sampling, and
a 400 eV kinetic energy cut-off for the plane-wave expan-
sion of the valence electronic wave functions.

Two cages, one small (D-512) and one large (H-51264),
were extracted randomly from the optimized type II
clathrate unit cell and free energy calculations for various
H2 loadings were performed. The DFT energy calcula-
tions on these isolated clusters employed the GAUSSIAN
03 software package.18 H2 occupancies of one to three
and one to five were considered for the small and large
cages, respectively. In all cases the guest H2 molecules
were fully optimized in these fixed cages using a restricted
Becke’s three-parameter hybrid functional19 with the Lee,
Yang, and Par correlation functional20 (rB3LYP) and the
6-311G21�22 basis set. For each optimization at least two
different starting positions were considered to ensure that
a global minimum had been reached. Single point energy
calculations were performed using the second-order Möller
Plesset (MP2)23 wave functions. To determine the mini-
mum basis set, association free energy calculations were
performed on the small (D-512� cage with one to three
guest H2 molecules using increasingly larger basis sets
until a convergence in energy was realized: 3-21G24–29, 6-
311G, 6-311G∗, 6-311G∗∗, 6-311+G∗ to 6-311++G∗∗.
Association energies of the large (H-51264� cage were cal-
culated using this minimum basis set.

The energies for association of hydrogen molecules with
large and small cages in the type-II clathrate were calcu-
lated by considering the following reactions:

nH2 +Cage → nH2@Cage� and

�E = �E�nH2@Cage�− 	E�nH2�+E�Cage�
�

−nRT ln�P/P0�� (1)

where n is the number of guest H2 molecules, E(Cage)
is the energy of the rigid cage, E�nH2� is the energy of
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n optimized free H2 molecules, P/P0 is the ratio of sys-
tem hydrogen gas pressure (2000 bar) to atmospheric pres-
sure (1 bar), and RT is the gas constant multiplied by
temperature (100 K). The favored occupancy number for
guest molecules in each cage was determined by com-
paring association energies for different numbers of guest
molecules.

Free volume calculations for the type-II hydrate were
performed using the algorithm of Voorintholt et al.30 and
the Materials Studio software package.31 Van der Waal
radii for water molecule atoms were taken from the
solvent-based optimizations of Stefanovich and Truong.32

The guest hydrogen molecules were modeled by two con-
nected spheres of radius 1.0 Å. Various radii for solvent
probe atoms were used to display the cavity geometries.

3. RESULTS AND DISCUSSION

3.1. Unit Cell Optimization

After optimization of the type II hydrate clathrate unit cell,
it was found that the PW91 density functional predicts an

(a)

(b)

Fig. 1. Optimized H2 guest molecules in isolated (a) small (D-512) and (b) large (H-51264) clathrate cages with increasing number of H2 guests.
The hydrogen bonding networks of the two cages are shown by dotted lines. For clarity, the guest H2 molecules are shown in purple.

optimal lattice constant of 16.95 Å, only slightly smaller
than the experimental value of 17.31 Å near room temper-
ature. The binding energy per water molecule, not includ-
ing zero point correction, is 0.71 eV (16.37 kcal/mol).
This value is very similar to the 0.72 eV (16.61 kcal/mol)
binding energy for ice Ih predicted by Feibelman.33 Thus,
despite the more open structure of the clathrate hydrate
compared to ice Ih, they are similar in stability, which
underscores the viability of clathrate hydrate structures.
The optimized OtH bond lengths are 1�015 ± 0�006 Å,
which are longer than the OtD bond length in ice Ih
(0.975 Å), but well within other O–H bond lengths.

3.2. Structure of H2 Inside Isolated Cages

The small (D-512� and large (H-51264� clathrate cages
extracted from the optimized type II hydrate clathrate unit
cell, with n = 1 and n = 4 H2 occupancies, are shown
in Figure 1. Table I gives the structural information for
the optimized H2 molecules, including the H–H bond
lengths, the distances from the center of the cage (cm) to
the H2 molecule (H2 cm), and the distances between H2

2 J. Comput. Theor. Nanosci. 7, 1–5, 2010
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Table I. Structural properties of nH2 optimizeda in rigid clathrate cages.

Number of Avg r Avg r Avg r

associated Hb
2 (H–H) Å (cm–H2 cm)c�d Å (H2 cm–H2 cm)d Å

1H2 +S= 1H2@S 0.746 0.78 NA
2H2 +S= 2H2@S 0.742 1.26 2.51
3H2 +S= 3H2@S 0.737 1.49 2.57

1H2 +L= 1H2@L 0.747 1.74 NA
2H2 +L= 2H2@L 0.744 1.65 3.18
3H2 +L= 3H2@L 0.743 1.85 3.05
4H2 +L= 4H2@L 0.743 1.86 3.01
5H2 +L= 5H2@L 0.742 1.98 3.09

aGuest H2 positions were fully optimized inside the rigid cages at the rB3LYP/6-
311G level of theory (see Fig. 1). bS indicates the small (D-512� cage and L indi-
cates the large (H-51264� cage. cCm is the center of mass of the cage. dH2 cm is
the center of mass of the H–H bond.

molecules. The optimized geometries of the guest hydro-
gen clusters found in this work are similar to the geome-
tries described in the earlier ab initio work by Patchkovskii
and Tse.4

The Optimized H–H Bond Lengths are ∼1% longer
than the bulk gas length of 0.741 Å, with the exception
of the three-fold occupied small cage. At this loading, the
average H–H bond length decreases to 0.737 Å, indicat-
ing a strong repulsive force due to crowding inside the
cage. When clusters of H2 molecules are optimized out-
side of the cage, the H–H bond lengths were consistently
0.742 Å, implying that the guest H2 molecules inside the
cages experience little repulsive forces.

To accommodate multiple occupancies in the small
(D-512� cage, the distance between the H2 molecules
decreased by 15–18% compared to the same occupancy
inside the large (H-51264� cage (see Table I). This result is
consistent with the distances reported in earlier MD sim-
ulations (H2 cm–H2 cm distances of 3.0 Å and 2.65 Å
for the large and small cages, respectively).6 In addition,
the distance between the H2 molecules in the four-fold
occupied large cage, 3.01 Å, closely reproduces the exper-
imental D2 distance value of 2.93 Å.5 This decrease in
distance is further evidence of the repulsive forces, which
destabilize multiple occupancies in the small cage.

The major difference in H2 geometry between this and
the earlier ab initio results are found with a single H2 guest
molecule in the small (D-512� cage. Patchkovskii and Tse
reported an energy minimum for H2 occurring at 1.1 Å
from the center of the cage.4 In this study, the H2 molecule
is much closer to the center (0.78 Å) of the cage. Two sig-
nificant changes were made in this study: level of theory
and the clathrate cage structure. Patchkovskii and Tse used
the smaller 3-21G(p) basis set, a split-valence double-zeta
basis set with polarization functions, and fixed OtH bond
lengths at 1.0 Å. Using the smaller basis set with opti-
mized O–H bond lengths, we found the same energy min-
imum. Thus, the 1.1 Å minimum reported earlier seems to
be a consequence of the smaller basis.
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Fig. 2. Association energies (�E) as a function of guest H2 occupancy
in the small (D-512) cage for H2 gas pressure of 2000 bar, T = 250 K.
All calculations were performed at the MP2 level of theory. The basis
set is given in the legend.

3.3. Ab Initio Association Energies

Figure 2 shows the energies for association of small water
cages loaded with varied number of H2 at the experi-
mental pressure of 2000 bar and temperature of 250 K.
All calculations used the MP2 method. Association energy
converges at the large 6-311+G∗ basis set, which is a split-
valence triple-zeta basis set with polarization and diffuse
functions. At this level of theory, the association energy
of the small (D-512� cluster increases to significantly less
favorable values after the first guest H2 molecule has been
added. Thus, the optimal occupancy of the small (D-512�
cage is one H2 guest molecule. As evident from Figure 3,
this is not the case for the large (H-51264� cage. The asso-
ciation energy of this cage shows a decrease in energy to
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Fig. 3. Association energies (�E) as a function of guest H2 occupancy
in the large (H-51264) cage at H2 gas pressures of 1 bar (dotted line) and
2000 bar (solid line), T = 250 K. All calculations were performed at the
MP2/6-311+G∗ level of theory.
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(110) view

Fig. 4. Free volume inside the optimized type-II clathrate hydrate with no guest H2 molecules. A 1.4 Å radius probe atom was used to generate the
H2-accessible surfaces. The occupied volume for the host water molecules is 4817 Å3, while the available cavity volume for the guest molecules is
255 Å3 with a surface area of 573 Å2.

more favorable values when more than one H2 molecule
is placed inside the cage (see Fig. 3). At ambient pres-
sure (1 bar), the large cage favors a double H2 occupancy
(dashed line), while at the experimental pressure (2000
bar), the favored occupancy increases to four H2 molecules
(solid line). Lokshin5 showed similar changes in the occu-
pancy of D2 guest molecules in the clathrate type-II struc-
ture based on neutron diffraction experiments.

3.4. Available Volume

The available volume inside the cage alone will restrict
the occupancy. Figure 4 provides two views of the avail-
able volume within the type-II clathrate; both views clearly
exhibit the two different-sized cavities for the two cages.
The surfaces represent the trace of the center of a spherical
probe of radius 1.4 Å onto the hydrogen-bonded network
of host water molecules. The non-spherical geometries
associated with both small (D-512� and large (H-51264� vol-
umes indicate the number of coordinating oxygens. The
(110) view of the solvation surface best displays the rela-
tionship of the small to large cavities within the unit cell
of the hydrate. Only two of the small cavities are fully
coordinated entirely within the unit cell representation of
the structure.

Van der Waal surfaces for the abstracted representa-
tions of the two cavities from structure II hydrate with
their optimized hydrogen molecule positions are presented
in Figure 5. The hydrogen molecules are represented by
opaque surfaces and indicate the molecular disposition
and coordination within each cavity. It is possible for
three hydrogen molecules to occupy the small cavity while
five would fill the larger cavity. Careful examination of
the semi-transparent van der Waal surface for the water
molecules shows the close contact of the guest hydrogen
molecules with the equivalent surface associated with the

Fig. 5. Van der Waals surfaces for the isolated clathrate cavities (small
D–512 on left, large H–51264 on right) with their maximum number of
guest hydrogen molecules considering free volume effects only (three H2

in the small, and five H2 in the large cavities). Geometries of the guest
hydrogen molecules were optimized. The external surface representation
is unimportant.

host water molecules. If volume and geometry were the
only factor, the occupancy of the cages would be signifi-
cantly larger. Therefore, repulsive forces between the guest
hydrogen molecules and between the guest hydrogen and
water molecules of the cage must play a significant role in
the occupancy of these clusters, which is also supported
by recent observations from ab initio molecular dynam-
ics simulations of hydrogen molecule solvated by bulk
water.34�35

4. CONCLUSIONS

It has been suggested that the MD simulations obtained a
single H2 occupancy in the small cage because their model
allowed flexibility of the cage and included cooperative
effects of the neighboring cages.6 This work has demon-
strated that neither property affects the occupancy of the
small cage and that ab inito quantum chemical calculations
predict the single occupancy of the small cage based on

4 J. Comput. Theor. Nanosci. 7, 1–5, 2010
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association energies, even without flexibility or long-range
cooperative interactions considered in the model.
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