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Hydrate crystal structures are water scaffolds held together by
hydrogen bonds that can act as “host” lattices by trapping “guest”
molecules such as Cl2, Br2, SO2, H2S, and CH4 within their cages
via weak van der Waals interactions.1-3 The potential importance
of clathrate hydrates (i.e., the combination of the host lattice and
the guest molecules) as inclusion compounds relevant to renewable
energy (i.e., molecular hydrogen storage devices) has recently been
emphasized.4-8 A bottleneck in the modeling of these networks
lies with the existence of a plethora [(3/2)N] of possible isomers
satisfying the Bernal-Fowler ice rules9 based on the position of
the H atoms. Here we report the structure and vibrational spectra
of the global minimum and low-energy networks of the tetrakaid-
ecahedral cage (T-cage) (H2O)24 cluster via a hierarchical approach
that offers a path toward identifying the low-energy networks for
larger cages. We furthermore outline a “bottom-up” procedure for
constructing three-dimensional (3D) periodic networks of the
structure I [denoted (sI)] hydrate lattice starting from any of the
low-energy networks of the T-cage.

All of the natural gases that form clathrate hydrates do so in the
following three crystal structures:10,11 (sI) (cubic, Pm3jn), (sII)
(cubic, Fd3jm), and (sH) (hexagonal, P6/mmm). These 3D lattices
are formed by a combination of the following building blocks
(cages): (i) the pentagonal dodecahedron (D-cage), consisting of
20 water molecules forming 12 pentagonal faces (512); (ii) the
T-cage, consisting of 24 water molecules forming 12 pentagonal
and 2 hexagonal faces (51262); (iii) the hexakaidecahedron (H-cage),
consisting of 28 water molecules forming 12 pentagonal and 4
hexagonal faces (51264); (iV) the irregular dodecahedron, consisting
of 20 water molecules forming 3 tetragonal, 6 pentagonal, and 3
hexagonal faces (435663); and (V) the icosahedron, consisting of 36
water molecules that form 12 pentagonal and 8 hexagonal faces
(51268). The unit cell of the (sI) hydrate comprises two units of 512

and six units of 51262 cages. The unit cell of the (sII) hydrate
comprises 16 units of 512 and eight units of 51264 cages. The (sII)
hydrate has been shown to meet current U.S. Department of
Energy’s target densities for an on-board hydrogen storage system.7,12

Finally, the unit cell of the (sH) hydrate consists of three units of
512, two units of 435663, and one unit of 51268 cages.

Even though the constituent cages of the (sI), (sII), and (sH)
hydrates are well-known from X-ray crystallography, the energy-
preferred topology of the H-bond network is still unknown, unlike
those of other naturally occurring non-H-containing clathrate
structures such as melanophlogite.13 This is the case because even
for their smaller constituent gas-phase cages, the number of
symmetry-distinct configurations emanating from the different
hydrogen positions consistent with the ice rules is quite large:

30 026 for the 512 D-cage (H2O)20,
14 3 043 836 for the 51262 T-cage

(H2O)24, and 61 753 344 for the 51264 H-cage (H2O)28 gas-phase
clusters.15 Because of this obstacle, previous calculations16-18 have
relied on a “top-down” approach in which the hydrate lattice was
constructed from the known positions of the O atoms and randomly
selected H positions satisfying the ice rules, maximizing the
H-bonding network, and yielding a zero total dipole moment
according to the procedure delineated for hexagonal ice.19 This
procedure is, however, based on a statistical sampling of proton
disordered networks, requires very large (>1000 molecule) super-
cells even for nominally small unit cells (4 molecules/unit cell for
ice Ih), and is not practical for hydrate structures where the unit
cells are much larger [46 and 136 molecules for structures (sI) and
(sII), respectively]. It also does not guarantee that either the most
stable or the low-lying hydrate networks will be constructed. In
contrast, our approach can be considered as “bottom-up”, as it starts
from the low-energy networks of the constituent cages and moves
up to the 3D lattice of the hydrate.

We employed a four-step hierarchical procedure to determine
the global minimum and the low-energy networks of the T-cage
(H2O)24 cluster: (i) All of the possible 3 043 836 symmetry-distinct
configurations were classified into groups using the strong-weak
effective bond (SWEB) discrete model,20,21 depending on the
maximum number of the strongest hydrogen bonds. The SWEB
model explicitly defines an “effective” nearest-neighbor (n-n)
interaction based on the relative (n-n) orientation and the con-
nectivity to second- and third-neighbor molecules.21 It is assumed
that the most stable networks have the maximum number of strong
effective H-bonds, an assumption previously justified21 for the
D-cage, where the total number of networks (30 026) is more
tractable. For the T-cage (H2O)24 cluster, there are 321 symmetry-
distinct isomers with a maximum number of 9 “strong” H-bonds.
(ii) The relative energies of those 321 low-lying candidates predicted
with the SWEB model were refined via geometry optimizations
with the TIP4P,22 TTM2.1-F,23 and TTM3-F24 interaction potentials
for water. (iii) The 66 lowest-energy networks obtained from the
classical water potential results were refined by full geometry
optimization at the density functional theory (DFT) level. The DFT
calculations employed Becke’s gradient-corrected exchange-cor-
relation density functional (B3LYP)25,26 and Ahlrichs’ polarized
valence triple-� (TZVP) basis set.27 (iV) The final list of low-energy
networks was determined by full geometry optimization of the first
18 low-lying DFT minina at the second-order Møller-Plesset
(MP2) perturbation theory28 level with Dunning’s augmented
correlation-consistent basis sets of double- and triple-� quality (aug-
cc-pVDZ and aug-cc-pVTZ, respectively).29,30 The number of
networks considered at each step was determined by the grouping
of isomers (usually a break in their relative energies) obtained at
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the previous step. All of the electronic structure calculations were
performed with the NWChem suite of codes.31

Schlegel diagrams32 (2D projections of the 3D structures) of the
10 lowest-energy minima of the T-cage (fully optimized at the MP2/
aug-cc-pVDZ level of theory) are shown in Figure 1. The various

networks are labeled using R or L for each of the three concentric
rings starting from the inner one, depending on whether the direction
of the donor H atoms in the ring is clockwise (R) or counterclock-
wise (L). For example, the RLR isomer has a clockwise arrange-
ment of the H atoms in the inner and outer circles and a
counterclockwise direction in the middle circle. The L′LR isomer
has the same ring directions as LLR but differs in the direction of
the vertical H atoms. These 10 lowest-energy minima can be
furthermore grouped into three families (denoted as I, II, and III),
depending on the connectivity of the top hexagonal face (hydrogen
bonded six-membered ring). Family I isomers have only acceptor-
donor (AD) water molecules on the hexagonal face, while family
II and III isomers have double-donor (DD) and double-acceptor
(AA) water molecules on the hexagonal face (blue and gray dots,
respectively, in Figure 1). For the family III isomers, only the
direction of the inner ring is denoted, as there is no uniform R/L
pattern in the middle and outer rings. All 10 minima have a zero
total dipole moment. Their relative order (shown in Figure 1) with
respect to the most stable network, I-LLR, network is exactly the
same with the larger aug-cc-pVTZ basis set (see Figure 1 and Table
1 in the Supporting Information).

We computed the harmonic vibrational frequencies of the 10
low-energy minima of the T-cage at the B3LPY/TZVP level of
theory. The harmonic IR spectra in the OH stretch region
(2400-4000 cm-1) for the three families I-III, shown in Figure
2a-c, were fitted with a Lorentzian line shape using a half-width
at half-maximum of 10 cm-1. All 10 minima exhibit a most red-
shifted, IR-active band centered at ∼2750 cm-1. This band arises
from the OH stretching vibrations within the middle ring of the
Schlegel diagrams, as shown in Figure 2d for the family I isomers.
A notable difference for families II and III is the existence of an
additional band (indicated by the shaded area) at ∼2930 cm-1 that
is absent for the family I isomers. This additional band is due to
the vibrations of the DD and AA water molecules that lie on the
hexagonal face and arises from the vertical OH stretching vibrations
between the middle layer and the top AA (or DD) water molecule,
as shown in Figure 2e,f for families II and III, respectively. The
positions of those most red-shifted IR-active bands are consistent

with the experimentally measured spectra for crystalline hydrates
of HCl, HBr,33 and H2SO4,

34 which exhibit overlapping bands in
the 2900-3100 cm-1 range.

On the basis of the information on the low-energy networks of
the T-cage, our proposed “bottom-up” approach can now be
employed in order to design unit cells of the (sI) hydrate crystal
structure. This approach is further justified by previous reports
suggesting that the most stable nanostructures are built from the
low-lying networks of their constituent building blocks.35-37 For
example, elongated structures of silicon clusters were built from
their magic-number clusters Si6 and Si10, while spherical ones were
built from fullerene cages.36,37 In the same manner, the 46-molecule
(sI) hydrate cubic unit cell results in a periodic lattice in which a
nucleus of two adjacent T-cages is surrounded by six D-cages. If
two low-lying T-cages sharing a common hexagonal face are used
as the building blocks for this nucleus, then the positions of the
hydrogen atoms of 36 molecules (2 × 24 - 6 - 6) are determined.
In this manner, the number of possible networks of the (sI) hydrate
unit cell is dramatically reduced. The proposed approach used to
design low-lying hydrogen bonding networks of the unit cell of
the (sI) hydrate is schematically illustrated in Figure 3. Any of the
low-lying networks of the T-cage can be used as the starting point.
Here we illustrate this process starting from the lowest-lying isomer,
I-LLR: the first step (Figure 3a) is to insert this isomer into a cubic
unit cell (blue-shaded box) and its neighboring unit cell (indicated
by LLR in the blue-colored neighbor unit). The two cages are
stitched together by a network of O atoms, initially without any H
atoms, indicated by gray color in Figure 3a. The second step is to

Figure 1. Schlegel diagrams of the 10 lowest minima of the T-cage (H2O)24

cluster obtained at the MP2/aug-cc-pVDZ level of theory.

Figure 2. (top) Harmonic IR spectra of (a) family I, (b) family II, and (c)
family III isomers in the OH-stretching region obtained at the B3LYP/
TZVP level of theory. (bottom) Normal mode displacement vectors for the
most red-shifted band at ∼2750 cm-1 for (d) family I isomers and the band
at ∼2930 cm-1 for (e) family II and (f) family III isomers.
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identify the hydrogen arrangement of these gray-colored connecting
O atoms. Even though there are numerous possible hydrogen
arrangements, we used the I-RRL isomer, as it is the mirror image
of the initial I-LLR isomer (and therefore has the same energy)
and also satisfies the hydrogen arrangements on the top and bottom
hexagonal rings. After addition of I-RRL between two I-LLR
T-cages, the -RLLR- pattern is formed in the z direction, as
indicated by the blue colored box in Figure 3b (choosing L for the
connecting O atoms yields a higher-energy network instead). Within
these first two steps, the positions of the hydrogen atoms for 36
water molecules (among the 46 in the cubic unit cell) are already
determined. In Figure 3c, the -RLLR- building block of two
connected T-cages is replicated in the x and y directions in order
to determine the hydrogen arrangement of the remaining 10 water
molecules in the unit cell. In fact, there is only one possible
arrangement of the H atoms for the remaining 10 water molecules.
Figure 3d depicts a supercell of (sI) hydrate with zero total dipole
moment. In a similar manner, several (sI) hydrate supercells can
be built starting from the other low-energy networks of the T-cage.
The relative stability of those periodic networks will be the subject
of a future study.

In summary, we have relied on a hierarchical screening procedure
in order to identify the lowest-lying isomers of the T-cage (51262)
water cluster, which is a constituent cage in the (sI) hydrate lattice.
Furthermore, we have outlined a procedure for constructing 3D
periodic networks of the (sI) hydrate lattice starting from any of
these low-energy networks of the T-cage. When the lowest-lying
isomer, I-LLR, is used as the building block of the (sI) hydrate
lattice, the possible configurations in the cubic unit cell are
dramatically reduced, resulting in a network with better physical
stability. This work will enable the design of hydrate lattices for
the modeling of guest-host interactions in clathrate hydrate
structures.
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Figure 3. Schematic approach for building the (sI) hydrate lattice from
low-lying networks of the T-cage. Connecting O atoms between the two
cages (without hydrogen atoms) are highlighted in gray. The blue box
indicates the (sI) cubic unit cell (46 atoms).
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