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Abstract The structure and properties of natural gas hydrates
containing hydrocarbons, CO2, and N2 molecules were stud-
ied by using computational quantum chemistry methods via
the density functional theory approach. All host cages in-
volved in I, II, and H types structures where filled with
hydrocarbons up to pentanes, CO2 and N2 molecules, depend-
ing on their size, and the structures of these host–guest sys-
tems optimized. Structural properties, vibrational spectra, and
density of states were analyzed together with results from
atoms-in-a-molecule and natural bond orbitals methods. The
inclusion of dispersion terms in the used functional plays a
vital role for obtaining reliable information, and thus, B97D
functional was shown to be useful for these systems. Results
showed remarkable interaction energies, not strongly affected
by the type of host cage, with molecules tending to be placed
at the center of the cavities when host cages and guest mole-
cules cavities are of similar size, but with molecules ap-
proaching hexagonal faces for larger cages. Vibrational prop-
erties show remarkable features in certain regions, with
shiftings rising from host-guest interactions, and useful pat-
terns in the terahertz region rising from water surface vibra-
tions strongly coupled with guest molecules. Likewise,

calculations on crystal systems for the I and H types were
carried out using a pseudopotential approach combined with
Grimme’s method to take account of dispersion.

Keywords Density functional theory . Hydrates . Natural
gas . Quantum chemistry

Introduction

Natural gas hydrates have attracted great attention both in the
industry and academia because of the massive amounts of gas
in the form of hydrates in the ocean bed and under permafrost
reservoirs [1–3]. Methane present in hydrates is considered as
a very attractive new source of energy requiring new technol-
ogies to exploit them [4]. Likewise, methane hydrates may
also be considered as a global climate threat, considering the
uncontrolled release of huge amounts of methane, which is
known as a severe greenhouse gas [5]. On the other hand,
hydrates may be formed in natural gas pipelines that lead to
flow obstruction problems and flow assurance issues in oil
and gas transmission pipe networks, which require the devel-
opment of very costly dehydration and hydrate inhibition
procedures [6]. Therefore, understanding the molecular fac-
tors controlling the growth and stability of natural gas hydrates
is quite important both for basic science and field engineering
purposes and applications.

Gas hydrates, also called clathrate compounds, are crystal-
line inclusion compounds formed when a small gas molecule
(e.g., methane), also called guest molecule, is encaged by a
network of hydrogen-bonded water molecules [7]. Formation
of natural gas hydrates requires low temperature (typically
lower than 300 K) and moderate pressure (typically higher
than 0.6 MPa) [4]. Hydrogen-bonded water (host) leads to
polyhedral cages with different sizes and shapes depending on
the size of the encaged guest molecule. These water
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polyhedral cages combine leading to three main hydrates
structures: I, II, and H [4]. Unit cell for structure I (SI) is
composed of two 512 (pentagonal dodecahedra) cages and six
51262 (polyhedra with five pentagonal faces and two hexago-
nal ones) cages. Structure II (SII) unit cell is composed of
sixteen 512 cages and eight 51264 cages. Structure H (SH) unit
cell is formed by three 512 cages, two 435663, and one 51268

cages. Therefore, five different cages may be found in hy-
drates crystal, which occupancy and type of crystal structure
adopted depends on the size of the guest molecule [4].

Quantum chemistry methods provide a valuable tool for the
study of gas hydrates properties from a molecular viewpoint,
which may complement thermodynamic and kinetic experi-
mental studies. Patchkovski and Tse [8] used density func-
tional theory (DFT) and ab initio MP2 method to analyze the
properties of hydrogen SII clathrates with respect to guest
occupancy. Alavi and Ripmeester [9] also used MP2 and
DFT methods to study hydrogen SII hydrates with particular
attention to hydrogen migration in the studied hydrates. Tse
[10] analyzed the vibrational spectra of methane hydrates
using DFT molecular dynamics using a pseudopotential ap-
proximation. Román-Perez et al. [11] used DFT methods
combined with numerical basis sets and norm-conserving
pseudopotentials for the study of CH4, CO2, and H2 hydrates.
These authors showed the importance of using density func-
tional including van der Waals terms to describe properly the
properties of gas hydrates. Wang et al. [12] studied hydrogen
clathrate using DFTand ONIOMmodel, allowing the analysis
of the Raman spectra. The properties of water cages as a
function of their size and geometry have been studied by
several authors using quantum chemistry based approaches.
Cabral do Couto et al. [13] used DFT methods to calculate
density of states and band gap in water cluster containing up to
30molecules. Johnson et al. [14] used DFT to studymolecular
orbitals and vibrational spectra of water clusters with special
attention to the behavior on the THz spectral region. The
analysis and prediction of vibrational modes of gas hydrates
has also been done using quantum chemistry methods.
Hiratsuka et al. used ab initio molecular dynamics simulations
for the calculation of vibrational modes of methane hydrates
in SI and SH structures [15, 16]. Srivastava and Sastry [17]
analyzed the properties of CO2 molecules caged in different
clathrate cage structures using DFT, analyzing the effect of
functional type, inclusion of dispersion terms, and basis sets
on calculated properties. Ramya and Venkatnathan [18] used
DFT methods to study methane SI hydrates analyzing
guest-host interaction energies and cages formation. Their
results showed interaction energies strongly dependent on
basis sets used and the need of including dispersion terms
in the applied functional for leading to reliable results.
Ramya et al. [19] used DFT methods, with a dispersion
corrected functional, to analyze the vibrational spectra of
methane hydrates.

Therefore, the available literature has shown various appli-
cations and the usefulness of quantum chemistry methods, in
particular of DFT approaches considering the size of the
involved systems, to analyze the properties of gas hydrates.
Nevertheless, the available studies are limited to certain gases
(mainly CH4, CO2, and H2) in certain water cages, whereas
systematic studies for the most relevant gases in all the cages
involved in SI, SII, and SH hydrates are, to our knowledge,
absent in the literature. Natural gas mixtures are complex
systems composed of alkanes from methane (C1) to pentanes
(C5), or even larger alkanes, and other non-hydrocarbon mol-
ecules such as N2 or CO2, and thus, understanding the prop-
erties of natural gas hydrates would require the systematic
study of cages formed by SI, SII, and SH hydrates in the
presence of all these molecules. Therefore, we report a quan-
tum chemistry study using DFT approach, of the five host
cages involved in SI, SII, and SH type hydrates (512, 51262,
51264, 435663, and 51268) clathrating, depending on their size,
alkanes fromC1 to C5, and N2 or CO2 molecules in this work.
The studied systems are reported in Table 1. The selection of
studied guest molecules for each cage was done considering
the cage diameters, guest molecules sizes, and the guest/cage
sizes ratios reported by Sloan [4]. Although it is well known
that long n-alkanes such as n-butane and n-pentane do no form
hydrates by themselves, they may be presented in large SH
cages (51268) when the small SH cages (512 and 435663) are
occupied, for this reason these long alkanes were also consid-
ered in this work and mentioned in Table 1. All the studied
cages were considered with single molecule occupancy. The
results will be analyzed in terms of the geometrical properties
of host/guest structures, interaction energies and vibrational
spectra properties.

Gas hydrates have been studied by various researchers
using Raman spectroscopy, X-ray diffraction and so on for

Table 1 Water cages and guest molecules studied in this work. Single
occupancy was considered for all the systems. Y stands for studied
systems

Guest molecule Water cage

512 51262 51264 435663 51268

empty Y Y Y Y Y

methane (C1) Y Y Y Y Y

ethane (C2) Y Y Y

propane (C3) Y Y

iso-butane (iC4) Y Y

n-butane (C4) Y Y

iso-pentane (iC5) Y Y

n-pentane (C5) Y Y

CO2 Y Y Y

N2 Y Y Y Y Y
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investigation of hydrate stability, dissociation process, cage
occupancy, and so on [20–23]. However, many unknown
properties of gas hydrates still remain, for example dissocia-
tion of methane hydrate, different structure of methane-ethane
mixture hydrate depending on the gas ratio and the guest
molecular dynamics in the hydrate cages. The terahertz
(THz) region of the electromagnetic spectrum is in the fre-
quency gap between the infrared and microwaves. The
terahertz radiation is approximately defined as the frequencies
from 0.1 to 30 THz, which corresponds to the energy range of
a few meV to hundred meV. This energy region includes the
rotation spectrum, the vibrational mode, and the thermal emis-
sion lines of simple molecules, therefore, THz spectroscopy is
expected as a new attractive field for physics and chemistry
[24, 25]. Therefore, special attention will be paid to the
behavior in the THz spectral region, considering the relation-
ship between THz radiation and HOMO-LUMO gaps in
methane hydrates [14], that could be used for releasing meth-
ane molecules from water clathrates, and thus, avoiding the
derived flow assurance problems of these compounds in gas
pipelines. Likewise, analyzing the properties of natural gas
hydrates requires to understand the behavior of involved
crystals, not only of isolated cages as considered in the previ-
ous paragraph, therefore, calculations on crystal unit cells
were carried out using DFT methods in combination with a
norm-conserving pseudopotential approach.

These presented calculations are mainly for determining
the dehydration energy requirement for the hydrate structures.
They are intended for broader aspect for providing electro-
magnetic radiation over a broad frequency range from milli-
meter waves to THz to dissociate hydrocarbon gas hydrates
and thereby release the methane gas in controllable fashion.
The ultimate target is somewhat to provide a basis for the THz
radiation devices that will apply electromagnetic energy to
methane or other trapped hydrocarbon gas hydrate to excite
the large amplitude gas-hydrate vibrations and directly impact
the hydrogen-bonding between the water molecules in the
hydrate rather than simply imparting heat energy directly to
water molecules. The vibrations induced by the targeted elec-
tromagnetic radiation will cause the energy gap between the
highest-energy occupied gas hydrate bonding molecular or-
bitals (HOMOs) and lowest energy, otherwise unoccupied
gas-hydrate anti-bonding molecular orbitals (LUMOs) to
close, pouring electrons from the bonding into the anti-
bonding gas-hydrate orbitals and thereby causing the release
of the gas from its water clathrate cages. This vibronic process
releases the gases from the clathrate structure much more
efficiently than other known methods such as broad frequency
microwave or other electromagnetic heating processes. With
all the potential in hydrate/clathrate structures, it may/will
become an attractive means of transportation for natural gas
located in the small and unutilized gas fields. Transportation
of gas in the form of in hydrate/clathrate requires export
terminals and receiving ports equipped with safe and con-
trolled re-gasification facility to extract gas from the hydrate
cage.

Computational methods

Quantum chemistry calculations in this work were done using
the density functional theory (DFT) approach. Considering
the large size of the studied systems, DFT provides a good
compromise between accuracy and computational needs, and
thus, most of the available literature studies on gas hydrates
were conducted by using DFT methods [8–19]. All quantum
chemistry calculations for host cage/guest systems, Table 1,
were carried out with the Gaussian 09 package [26]. Structure

Table 2 Crystalline systems studied in this work. Single occupancy was
considered for all the systems and cages. The number of cages for each
type of structure are shown in parentheses. All calculations are a single
unit cell. The values within each cell show the total number of guest
molecules considering all the cages of the selected type in the unit cell

Structure I Structure H

cage 512 (3) 435663 (2) 51268 (1)

512 (2) 51262 (6)

empty empty empty empty empty

2 C1 6 C1 3 C1 2 C1 1 C1

2 C1 4 C1, 2 C2 3 C1 2 C1 1 C4

2 C1 4 C1, 2 CO2

2 C1 4 C1, 2 N2

512 51262 51264 435663 51268

3.59 Å

4.20 Å

3.55 Å3.63 Å

4.32 Å 4.32 Å

Fig. 1 Optimized structures of water cages caging methane molecules
calculated at B3LYP/6-311++g(d,p) theoretical level. Hydrogen atoms in
water molecules are omitted for the sake of visibility. Relevant methane

center-of-mass to cage faces distances are reported for systems in which
methane molecules are not cage centered
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optimization of host cage+guest molecules systems were
done using the Becke gradient corrected exchange functional
[27] and Lee-Yang-Parr correlation functional [28] with three
parameters (B3LYP) [29] method. 6-311++g(d,p) basis set
was used along this work. Previous studies have shown the
importance of considering dispersion terms (van der Waals
interactions) in the used functionals for analyzing the stability
of hydrate systems) [11, 17, 18]. Moreover, it has been shown
that B3LYP functional is not able to describe those dispersion
terms for large systems such as hydrates ones [30]. Hence,
although available studies have shown that the inclusion of

Table 3 Interaction energy, ΔE (kJ mol−1), for water cages+guest mol-
ecules studied in this work. Single occupancy was considered for all the
systems. ΔE is defined as the difference between the energy of the
corresponding filled cage and those of empty cage and isolated guest
molecule

Guest molecule Water cage

512 51262 51264 435663 51268

methane (C1) 11.01 a 2.00 a −2.39 a 5.04 a −1.98 a

−19.71 b −22.16 b −20.75 b −22.32 b −21.35 b

−32.51 c −28.44 c −26.32 c −35.40 c −27.45 c

ethane (C2) 8.07 a −1.11 a −1.69 a

−31.45 b −33.02 b −29.02 b

−39.61 c −41.25 c −37.19 c

propane (C3) 2.00 a −0.28 a

−51.36 b −46.86 b

−64.62 c −59.55 c

iso-butane (iC4) 13.72 a 8.31 a

−70.36 b −85.64 b

−89.71 c −110.10 c

n-butane (C4) 23.62 a 0.85 a

−56.52 b −64.66 b

−71.70 c c

iso-pentane (iC5) 36.27 a 12.62 a

−68.57 b −90.08 b

−87.83 c −83.07 c

n-pentane (C5) 76.81 a 8.59 a

−32.62 b −88.32 b

−41.38 c −113.31 c

CO2 −6.95 a −3.81 a −19.00 a

−32.65 b −27.42 b −30.57 b

−40.21 c −34.55 c −39.20 c

N2 5.77 a −1.34 a −1.78 a 0.84 a −6.60 a

−11.53 b −16.48 b −14.45 b −15.20 b −15.72 b

−19.02 c −20.05 c −18.26 c −22.85 c −20.15 c

aB3LYP/6-311++g(d,p); b B97D/6-311++g(d,p); c MP2/6-311++g(d,p)

51264 51268

C2 C2

C3 C3

C4 C4

iC4 iC4

C5 C5

iC5 iC5

�Fig. 2 Optimized structures of water cages caging hydrocarbon
molecules calculated at B3LYP/6-311++g(d,p) theoretical level. Hydro-
gen atoms in water molecules are omitted for the sake of visibility
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dispersion terms in the functional has no effect on the calcu-
lated optimized structures [31], it is important to include
dispersion terms to obtain interaction energy values [17, 18].
Therefore, using the structures optimized at B3LYP/6-311++
g(d,p) level, single-point calculations were done at B97D/6-
311++g(d,p) level to obtain host/guest interaction energies.
B97D functional [32] is a generalized gradient approximation
type functional including dispersion corrections, which has
led to reliable results for interaction energies in hydrates
systems [17, 18, 33]. Calculations at MP2/6-311++g(d,p)
level were also carried out for comparison purposes. Interac-
tion energies were calculated as the corresponding differences
of energies, calculated at the same theoretical level, with basis
set superposition error (BSSE) corrected through the counter-
poise procedure [34]. Geometry optimizations were carried

out and the presence of true minima were confirmed through
the absence of imaginary frequencies in the corresponding
vibrational spectra. Atoms in a molecule (AIM) [35] (using
the AIM2000 program) [36] and natural bond orbital (NBO)
[37] calculations were carried out to get a deeper insight into
host-guest interactions.

Calculations for crystal structures were carried out using
SIESTA 3.1 software [38]. The Perdew-Burke-Ernzerhof pa-
rameterized generalized gradient approximation (PBE-GGA)
[39] was used. Double-ζ polarized (DZP) basis sets for all the
involved atoms were applied together with the norm-
conserving Troullier−Martins pseudopotentials [40]. Disper-
sion correction using Grimme's method [32] was used to
maintain uniformity of results with BP7D calculations for
host-guest systems as explained in the previous paragraph.
Calculations were carried out with an energy mesh cut-off of
300 Ry and a k-point mesh of 8×8×8 in the Monkhorst-Pack
scheme [41]. All the calculations were done for single unit
cells of the systems reported in Table 2. Structural relaxation
by conjugate gradients was performed until forces acting on
all atoms did not exceed 0.04 eV/Å.

Results and discussion

The systems formed by isolated cages, host, and hydrocarbon,
or CO2, or N2 guest molecules (all with single molecule
occupancy), Table 1, were optimized and the interaction en-
ergies calculated at B3LYP, B97D and MP2, all with 6-311++
g(d,p) basis, theoretical levels. Methane molecules may be
encapsulated in all five types of cages studied in this work,
with the optimized structures for cage–methane systems being

Fig. 3 Electron density, mapped with electrostatic potential, for 51268

empty cage calculated at B97D/6-311++g(d,p) theoretical level. Z-clip
plane is placed in themiddle of the cage for the sake of visibility inside the
cage

51262 51264 51268

CO2 CO2 CO2

3.83 Å

4.39 Å 4.57 Å

3.54 Å

4.23 Å

4.34 Å

N2

3.84 Å

4.41 Å 4.29 Å

N2 N2

3.65 Å

4.58 Å

4.42 Å

Fig. 4 Optimized structures of
water cages caging CO2 and N2

molecules calculated at B3LYP/6-
311++g(d,p) theoretical level.
Hydrogen atoms in water mole-
cules are omitted for the sake of
visibility
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reported in Fig. 1. For the cases of the smallest cages, 512,
51262, and 435663, methane molecules are placed in the cage
center, whereas for the largest ones, 51264 and 51268, methane
molecules are off-centered, which is in agreement with previ-
ous studies by Román-Pérez et al. [11]. The ratios of guest to
cage diameters, RG-C, in the case of methane are 0.855, 0.744,
and 0.820, for 512, 51262, and 435663, respectively, and 0.655
and 0.506, for 51264 and 51268, respectively [4]. Therefore, the
available volume inside 51264 and 51268 cages allow methane
molecules to search for the most suitable positions to interact
with water cages, whereas this is not possible in the case of
512, 51262, and 435663 cages. Ramya et al. [18] reported DFT
studies of methane molecules encaged in 512 and 51262 cages,
leading to analogous structures to that reported in Fig. 1.
Interaction energies reported in Table 3 show the importance
of including dispersion contributions in the applied func-
tionals to consider host-guest interactions, which stabilize
cages, and thus B3LYP functional is not able to describe these
interactions. On the contrary, B97D functional and MP2
method lead to reliable interaction energies, which are larger
for MP2 calculations. Interaction energy (i.e., adsorption en-
ergy) is the key property for the analysis of the thermodynam-
ic stability of the studied clathrate type systems, and it has
been used in most of the previous theoretical works on these
systems to characterize them [8, 9, 11, 17, 18]. In the case of
methane containing cages, the small effect of cage type on
interaction energies is remarkable, and thus, average interac-
tion energy is −21.25±1.07 kJ mol−1 at B97D level, for the
five studied cages. Values reported in this work for the inter-
action energies of methane cages are in the range of those
previously reported by Ramya et al.18, with the exception of

results using B3LYP functional for which we report in Table 3
positive interaction energy (not favored enclathrating) where-
as Ramya et al.18 reported negative values, even more nega-
tive than those obtained using the B97D functional.

In the cases of larger hydrocarbons, the optimized host-
guest structures are reported in Fig. 2. The size of the studied
hydrocarbons, from ethane to pentane, leads to structures in
which hydrocarbon molecules are placed in the cage centers
for almost all the studied systems. For ethane molecules, RG-C
is 0.826 and 0.638 for 51264 and 51268, respectively, and thus,
ethane molecules are shifted from the 51268 cage center,
following a pattern close to that for methane - 51268 cage. In
the case of propane, RG-C is 0.943 and 0.729 for 51264 and
51268, respectively, and thus, propane molecules are centered
in both cages. For the studied butanes, the iso form has RG-C

values lower than 1 for both cages, and thus, iso-butane
molecules could fit both 51264 and 51268 cages, whereas n-
butane could only fit 51268.4. Therefore, the optimized struc-
ture for n-butane - 51264 system reported in Fig. 2 should be
sterically hindered, and thus, n-butane should only lead to SH
type hydrates. The structure of n-butane molecules inside the
51268 cage is characterized by the hydrocarbon molecule
placed along the long cage axis, which is also adopted by n-
pentane molecules, which is in contrast with the placement of
propane molecules along the short cage axis. This is in agree-
ment with the oblate shape of the largest cages, which lead to
different interaction fields for long and short cage axis. Elec-
tron density, mapped on electrostatic potential, for empty
51268 cage is reported in Fig. 3 showing the characteristics
of the central cavity, which allow a better fitting of long n-
alkane molecules along the long cage axis. In the case of

Table 4 Vibrational frequencies and C-H bond distance, rCH, of CH4 caged in the reported water cages. Values calculated for optimized structures at
B97D/6-311++g(d,p) level. Frequencies scaled by 0.96 factor

Water cage Asym-stretching / cm−1 Sym-stretching / cm−1 Rocking / cm−1 Bending / cm−1 rCH / Å

noa 3004.4 2871.6 1452.2 1240.4 1.091

512 3008.5 2875.3 1457.3 1243.7 1.089

51262 2996.7 2862.2 1456.0 1241.9 1.091

51264 2990.4 2859.7 1451.6 1238.2 1.091

435663 2999.2 2868.6 1454.0 1241.7 1.090

51268 2984.8 2856.4 1456.8 1242.6 1.091

aValues calculated for isolated methane molecule

A1

A2

512

A1

A2

51262 51264

A1

A2

A1

A2

A1

A2

51268435663

Fig. 5 Axes definition used in Table 5. Hydrogen atoms in water molecules are omitted for the sake of visibility
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pentanes, RG-C values are 0.995 and 0.768, for 51264 and
51268, respectively, and thus, iso-pentane would fit only
51268 cages in SH hydrates, and should not lead to SII type.
For n-pentane, RG-C values are 1.189 and 0.919, for 51264 and
51268, respectively, an thus, the structure reported in Fig. 2 for
51264 is strongly hindered. The case of n-pentane inside 51268

cages of SH hydrates was controversial, some authors consid-
ered that n-pentane molecules were not able to form SH
hydrates [42] but it has being experimentally shown in the
literature that n-pentane molecules may lead to SH hydrates,
occupying 51268 cages in the presence of suitable guest mol-
ecules occupying the smallest 51264 and 435663 cages. Never-
theless, Luzi et al. [43] showed that although n-butane and iso-
pentane are typical SH hydrate formers, they could also lead to
SII hydrates, occupying the large 51264 cage, justifying the
occupation by the presence of hydrocarbon gauche conforma-
tions. Interaction energies increase with increasing host alkane
chain length for 51268 cage, and for 51264 they increase up to
butanes and then decrease for pentanes because of the large
size of pentane molecules in relation to cavity size, Table 3.

CO2 and N2 are also well-known hydrate formers, both
leading to SI type hydrates [4], with N2 being able to occupy
both 512 and 51262 cages whereas CO2 molecules can only be
guest inside the larger 51262 cages. Likewise, as both mole-
cules may be co-guest molecules in SII and SH hydrates, we
have also studied their behavior with regard to 435663, 51264,
and 51268 cages, Table 1. The structures of CO2 and N2 inside
51262, 51264, and 51268 cages is reported in Fig. 4, they follow
a pattern similar to methane molecules, Fig. 1, centered in the
smallest cage and remarkably off-centered for the largest
cages along the long cages axis. Interaction energies for CO2

and N2 molecules are larger and lower than those for methane,
respectively, and they do not change remarkably with cage
type.

The formation of clathrate complexes could lead to struc-
tural changes both for host and guest molecules. We report in
Table 4 bond distances and vibrational frequencies for meth-
ane molecules clathrated within the studied water cages. C-H
bond distance in methane molecules do not change with their
inclusion inside the studied cages, which is in agreement with

Table 5 Geometrical parameters
of water cages caging guest mol-
ecules studied in this work. Single
occupancy was considered for all
the systems. For definition of ef-
fective axes see Fig. 5. Values are
reported A1(A2) in Å. Effective
axes are calculated considering
oxygen atoms van der Waals
radius (1.52 Å)

Guest molecule Water cage

512 51262 51264 435663 51268

empty 7.12(7.29) 8.94(9.27) 8.66(9.60) 6.92(7.64) 9.65(9.93)

methane (C1) 7.21(7.32) 9.23(9.35) 8.63(9.57) 7.06(7.72) 9.66(9.96)

ethane (C2) 9.41(9.46) 8.64(9.58) 9.67(9.97)

propane (C3) 8.88(9.71) 9.70(9.96)

iso-butane (iC4) 9.37(9.69) 9.75(9.98)

n-butane (C4) 9.30(9.74) 9.81(9.99)

iso-pentane (iC5) 9.14(9.81) 9.82(10.05)

n-pentane (C5) 8.65(9.92) 9.88(10.22)

CO2 9.11(9.30) 8.92(9.32) 9.66(9.93)

N2 7.15(7.30) 9.00(9.29) 9.18(9.58) 7.02(7.70) 9.63(9.96)

Table 6 Vibrational frequencies
of water molecules in the reported
water cages. Values calculated for
optimized structures at B97D/6-
311++g(d,p) level. Frequencies
are reported in the order: asym-
metric stretching and bending. All
values in cm−1

Guest molecule Water cage

512 51262 51264 435663 51268

empty 3838,1621 3834,1628 3843,1624 3848,1615 3836,1623

methane (C1) 3837,1620 3833,1626 3844,1624 3846,1615 3837,1622

ethane (C2) 3833,1627 3841,1621 3834,1622

propane (C3) 3842,1622 3834,1621

iso-butane (iC4) 3842,1621 3835,1624

n-butane (C4) 3841,1619 3835,1621

iso-pentane (iC5) 3840,1619 3833,1619

n-pentane (C5) 3839,1617 3232,1615

CO2 3834,1630 3842,1623 3836,1622

N2 3836,1622 3833,1628 3843,1622 3847,1616 3834,1622
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previous studies [15], but vibrational frequencies lead to
changes uponmethane inclusion. First, on going from isolated
methane molecules to 512 - methane system, all vibrational
modes (asymmetric and symmetric stretching, rocking and
bending) are blue shifted (∼ 4 cm−1), which is in agreement
with previous results by Ramya et al. for Raman frequencies
[19], and it may be explained considering the dispersive
interactions between methane molecules and water molecules
in the cage. Second, with increasing cage size, from 512 to
51268, vibrational frequencies are redshifted in comparison
with 512 cage, and thus, this relationship between size of host
cage and methane guest vibrational frequencies may be justi-
fied considering the decreasing dispersion interactions with
increasing cage size (for single molecule cage occupancy),
and it is in good agreement with molecular dynamics results
from Hiratsuka et al. [16]. Cages in which RG-C for methane is
larger allow a better dispersion interaction between methane
and the host cage, and thus, with increasing cage size (de-
creasing RG-C) this interaction is less effective, which leads to
methane molecules moving from the cage center approaching
some of the faces, Fig. 1.

The structure of the cage is also dependent on the charac-
teristics of the guest molecule. H-O bond distance for water
molecules in the studied systems is reported in Table S1
(Electronic supplementary material), from which it may be
concluded that it remains constant independently both of the
type of cage and guest molecule, with an average value for all
the studied systems of 0.977±0.001 Å. On the contrary water
hydrogen bonding is dependent on the presence of guest
molecules, Table S2 (Electronic supplementary material).
Hydrogen-oxygen intermolecular distances involved in hy-
drogen bonding increase with the inclusion of guest molecules
in comparison with empty cages, and this effect increases with
increasing size of the guest molecule. For the smallest cages
(512, 435663, and 51268) even the inclusion of small guest
molecules (methane, N2 and CO2) leads to an increase in
hydrogen bonding distance, whereas for the largest cages
(5664 and 51268) larger molecules are required to obtain
changes. Increasing intermolecular distances leads to changes

in cages dimensions, which is quantified using the dimensions
of effective axes (defined in Fig. 5) reported in Table 5, which
some cage dilatation for the systems containing guest mole-
cules in comparison with empty cages, increasing with guest
size.

The inclusion of guest molecules leads to a weakening of
water–water hydrogen bonding in comparison with theoretical
empty cages, which is more remarkable for the larger guest
molecules, for which cages structures suffer changes to fit the
guest molecule. The changes in the properties of hydrogen
bonding for guest cages upon enclathrating guest molecules
should lead to lower dissociation energies for systems involv-
ing guest molecules leading to stronger disruptions in the
hydrogen bonding networks. Likewise, the aforementioned
possible use of THz radiation for breaking cages will be more
suitable for cages containing guest molecules leading to stron-
ger disruptions on hydrogen bonding networks. These chang-
es in the water hydrogen can also be analyzed considering the
characteristics of vibrational spectra for water molecules,
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Table 6. Ramya et al. reported redshifting of water Raman
frequencies for 512 and 51262 methane containing cages both
in comparison with free water and empty cages; likewise, they
showed that water frequencies were redshifted for 51262 cages
when compared with 512 (because of the presence of la arger
number of hydrogen bonds) [19]. Nevertheless, the compari-
son of Raman frequencies for empty and methane filled cages

showed very weak redshifting, with the exception of symmet-
ric stretching [19]. Results reported in Table 6 in this work for
the asymmetric stretching and bending modes of water mole-
cules do not allow to infer remarkable conclusions, although,
including guest molecules leads to a certain redshifting in
comparison with empty cages this shifting is lower than
4 cm−1 for all the studied systems. On the contrary, the
behavior in the 2600–3000 cm−1 region shows remarkable
changes with the characteristics of the guest molecules, Fig. 6.
All the peaks in the 2600–3000 cm−1 region are blueshifted
with the presence of guest molecules inside all the studied
cages. For the case of the 51264 and 51268 cages, blueshiftings
of 128 and 21 cm−1 are obtained, respectively, going from
empty cages to cages filled with pentane. Likewise, 512,
435663, and 51268 cages suffers strong blueshifting, even the
inclusion of small methane, CO2 or N2 molecules leads to
blueshifting up to 60 cm−1. These vibrations in the 2600–
3000 cm−1 region correspond to those water vibrations strong-
ly coupled with vibrations of guest molecules, Fig. S1 (Elec-
tronic supplementary material), and thus, blueshiftings can be
related with the weakening of water hydrogen bonding rising
from the increasing intermolecular distances reported in
Table S2 (Electronic supplementary material).

The obtained results allow inferring the behavior of vibra-
tional spectra in the terahertz region. Johnson et al. [14]
analyzed the vibrations of 512+methane hydrate in the 1 to 6
THz region in relationship with their electronic structure and
HOMO-LUMO gaps, proposing the use of THz radiation to
destroy methane hydrates in a controlled release of methane
molecules from the corresponding cages. Calculated vibra-
tional frequencies for selected host–guest systems in the THz
region are reported in Fig. 7, and correspond to cluster surface
vibrational modes, squashing and twisting according to John-
son et al. [14]. All the studied host-guest systems have these
features in the THz. Displacement vectors for these THz
surface vibrational modes are reported in Fig. S2 (Electronic
supplementary material) showing the coupling between water
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Fig. 8 Density of states, DOS, as a function of orbital energy, EO, for the systems formed by one methane molecule (C1) caged in the reported host
cages. Values calculated at B97D/6-311++g(d,p) theoretical level

Table 7 HOMO-LUMO gap, EG (eV), for water cages+guest molecules
studied in this work. Single occupancy was considered for all the systems.
All values calculated at B97D/6-311++g(d,p)

Guest molecule Water cage

512 51262 51264 435663 51268

empty 7.09 a 5.30 a 4.58 a 5.01 a 5.33 a

5.37 b 3.58 b 2.84 b 3.29 b 3.58 b

methane (C1) 7.16 a 5.27 a 4.52 a 5.03 a 5.32 a

5.43 b 3.65 b 2.89 b 3.42 b 3.59 b

ethane (C2) 5.36 a 4.57 a 5.22 a

3.74 b 2.94 b 3.59 b

propane (C3) 4.66 a 5.20 a

3.03 b 3.59 b

iso-butane (iC4) 4.71 a 5.62 a

3.10 b 3.97 b

n-butane (C4) 4.79 a 5.25 a

3.16 b 3.62 b

iso-pentane (iC5) 4.87 a 5.28 a

3.25 b 3.62 b

n-pentane (C5) 4.61 a 5.37 a

3.12 b 3.77 b

CO2 5.24 a 4.52 a 5.31 a

3.63 b 2.90 b 3.57 b

N2 7.17 a 5.35 a 4.51 a 5.10 a 5.30 a

5.17 b 3.01b 2.88 b 3.39 b 3.56 b

aB3LYP/6-311++g(d,p); b B97D/6-311++g(d,p)
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molecules surface vibrations and guest molecules. According
to Johnson et al. [14], the application of THz radiation for
hydrate systems, with the corresponding excitement of the
surface vibrations, may lead to i) weaken of water hydrogen
bonding and ii) closing of HOMO-LUMO gaps, and thus,
allowing electrons evolving from bonding to anti-bonding
orbitals, with the subsequent release of guest molecules. Cal-
culated HOMO-LUMO gaps, EG, for the studied systems are
reported in Table 7, both for B3LYP and B97D theoretical
levels. EG values obtained at B3LYP level are larger than
those at B97D (∼ 2 eV), and the type of the guest molecule
has a minor effect on EG. EG is∼3 eV for all the cages and
guest molecules, at B97D level, with the exception of 512 cage
for which∼5 eV is obtained. These results are in good agree-
ment with the calculations by Johnson et al. [14] who reported
∼3 eV for 512 cage.

The properties ofmolecular orbitals are analyzed in Figs. 10
and 11 using the density of states, DOS. Cabral do Couto et al.
[13] studied the electronic properties of water empty clusters
as a function of their size, including EG and DOS. These

authors showed decreasing EG with increasing cluster size.
Calculated DOS for the studied cages with methane guest
molecules are reported in Fig. 8, split in four different energy
regions. DOS in the −500 to −520 eV region corresponds to
oxygen 1s core orbitals; the peak at −510 eV changes its shape
and intensity with the type of host cage, Fig. 8a. DOS at
−268.5 corresponds to the methane guest molecule, Fig. 8b.
DOS for orbitals in the vicinity of HOMO, Fig. 8c, and
LUMO, Fig. 8d, do not change the peaks positions or shapes,
only DOS intensity increases with increasing cage size. Anal-
ogous results are reported in Fig. 9, in which the effect of guest
molecule type are shown for a fixed cage (51264), peaks
around −269 eV are obtained corresponding to the guest
molecule increasing with hydrocarbon size, but DOS around
HOMO and LUMO remains almost constant independent of
the considered guest molecules (even for CO2 and N2 in
comparison with hydrocarbon guests).

The properties of the studied clathrate systems are analyzed
from a topological viewpoint using the AIM approach. Hy-
drates systems are characterized from AIM viewpoint by the

Fig. 10 AIM analysis of empty 512 cage. Symbols: (yellow points) ring
critical points ((3,+1) type), (green circles) cage critical points ((3,+3)
type), (yellow lines) ring paths, (green lines) cage paths. Bond critical
points ((3,-1) type), nuclei critical points ((3,-3) type), and bond paths are

omitted for the sake of visibility. Panel b, shows an extended view of the
paths network connecting the central cage critical point. Analysis reported
for the optimized structure
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appearance of the so-called cage critical points (CCPs), de-
noted by (3,+3) in the AIM terminology, and ring critical
points (RCPs), denoted by (3,+1). There are also bond critical
points (BCPs), (3,-1), rising from the hydrogen bonding be-
tween the water molecules forming the corresponding host
cages. The AIM analysis of 512 empty cage is reported in
Fig. 10 (analogous features were inferred for the remaining
studied cages), the main characteristic (omitting the expected
BCPs between water molecules) is the appearance of a single
CCP placed at the cage center, which is joined by cage paths to
RCPs placed in the middle of the corresponding cage faces. In
the case of host-guest systems, Fig. 11, the central CCP in
empty cage is replaced by a network of CCPs joined through
cage paths to another network of RCPs. The complexity of the
CCPs/RCPs network around the guest molecule increases

with increasing cage size, e.g., a cage formed by cage paths
around methane in 51264 cage is reported in Fig. 11c. The
number of CCPs, and their characteristics (electron density
and laplacian of electron density), are reported in Table S3
(Electronic supplementary material).

The characteristics of the interactions in the studied
systems, and the effect of guest molecules, are also studied
using NBO approach with second order perturbation theory
analysis of donor-acceptor interactions. The stabilization
energy associated with these interactions is quantified through
E(2) parameter (stabilization energy associated with
delocalization). From this analysis, interactions between the
studied hydrocarbon guest molecules and the surrounding
water molecules forming the corresponding cages are charac-
terized by E(2)<1 kJ mol−1, and thus discarding delocalization

512+C1 (a) 51262+C1 (b) 51264+C1 (c)

Fig. 11 AIM network of critical points and paths around the guest
molecules in the reported systems. Analysis reported for the optimized
structures. Symbols as in Fig. 8 and (gray circle) carbon atom in methane

guest molecule. First row panels show ring and cage critical points
together with cage paths around the central methane guest molecules;
second row panels show the bond paths in the whole cage

Table 8 Stabilization energy asso-
ciated with delocalization, E(2),
calculated from NBO analysis of
optimized structures at B97D/6-
311++g(d,p) level. Values reported
show average values (parenthesized
standard deviations) for all the
water-water hydrogen bonds in the
corresponding systems. All values
correspond to interactions between
oxygen lone pairs (donor) and an-
tibonding O-H orbitals (acceptor),
with averaging done for donor-
acceptor E(2) larger than
20 kJ mol−1. All values in kJ mol−1

Guest molecule Water cage

512 51262 51264 435663 51268

empty 63.1(32.2) 56.7(33.6) 53.0(33.7) 47.8(30.2) 60.4(30.6)

methane (C1) 60.0(32.1) 55.2(33.3) 53.0(33.4) 46.7(28.4) 60.5(30.7)

ethane (C2) 56.2(30.9) 52.8(33.1) 60.5(30.6)

propane (C3) 51.3(31.3) 60.5(31.3)

iso-butane (iC4) 49.9(30.0) 60.5(29.7)

n-butane (C4) 48.4(30.8) 60.6(30.3)

iso-pentane (iC5) 47.3(29.9) 59.6(31.4)

n-pentane (C5) 45.9(22.4) 56.4(28.1)

CO2 51.4(30.6) 52.4(31.7) 61.7(30.8)

N2 59.0(32.6) 51.2(31.5) 52.6(31.9) 47.3(28.9) 61.2(31.3)
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between hydrocarbon guest and water host molecules, even for
structures in which hydrocarbon guest molecules are not placed
in the cage centers but close to some of the cage faces, Fig. 1.
Interactions between water molecules forming the cages is
characterized by large E(2) (even larger than 100 kJ mol−1),
and suitable donor-acceptor symmetries (characterized by the
element of the Fock matrix, Fij), which show very strong
hydrogen bonding. Nevertheless, the presence of guest mole-
cules inside the corresponding cages has effect on the hydrogen
bonding between water molecules in comparison with empty
cages, as reported in previous sections, and thus, we have
analyzed the corresponding E(2) values for empty and filled
cages, Table 8. Reported results show that on going from empty
to filled cages, average E(2), calculated for donor-acceptor pairs
involved in water-water hydrogen bonding, decrease. The only
exception is 51268 cage, for which only encapsulated pentane
molecules lead to remarkable E(2) changes. For alkane guest
molecules, increasing chain length leads to decreasing E(2),
e.g., on going from guest methane to guest n-pentane E(2)
decreases 13.3%.N2 andCO2molecules also lead to a decrease
in E(2) when compared with empty cages. Likewise, caged
CO2 molecules lead to strong donor-acceptor interactions with
host water molecules, e.g., E(2) values for encapsulated CO2

are as large as 380.6, 363.1, and 298.5 kJ mol−1, for 51262,
51264, and 51268, cages, respectively. These E(2) for CO2

containing systems rise from donor-acceptor interactions be-
tween certain water oxygen lone pairs and antibonding orbitals
in CO2 molecules.

A remarkable issue with regard to the stability of the
studied hydrates is the diffusion of guest molecules through
the crystal structure. Theoretical results reported by Román-
Pérez et al. [11] showed remarkable diffusional barriers for
methane, CO2, and H2 molecules through hexagonal faces of
51268 in SH hydrates. Likewise, these authors reported weak-
ening of hydrogen bonding when molecules diffuse through

faces. Nevertheless, diffusion through pentagonal faces is not
possible leading to cage destruction. Patchkovskii and Tse [8]
also carried out theoretical studies of H2 diffusion through 5

12

and 51264 cages, showing large diffusional barriers. The re-
sults for the study of guest molecules diffusion are reported in
Fig. 12, all the calculations were done calculating energies at
different distances from cage center but maintaining the host
cage structure rigid (in contrast with the relaxed procedure by
Román-Pérez et al. [11]). Results in Fig. 12a show the diffu-
sion of methane molecules through the pentagonal faces of 512

cage, an extremely large diffusional barrier is obtained, which
should lead to cage destruction whenmethanemolecules cross
the pentagonal face. Diffusion of methane through the hexag-
onal faces of different cages is reported in Fig. 12b, barriers
around 2 eV are obtained for the studied cages with the
exception of 51264 cages for which 3 eV diffusional barrier
is calculated. The diffusion barrier for methane in 51268 cage
obtained in this work (2 eV) is larger than the one obtained by
Román-Pérez et al. [11] (1.17 eV), but it should be remarked
that these authors relaxed the structure when methane mole-
cules crossed the hexagonal face whereas results reported in

Table 9 Interaction energy, ΔE (kJ mol−1), for crystalline systems studied
in this work (Table 2). ΔE* shows interaction energy per guest molecule.
All values calculated using PBE-GGA/DZP/Grimme. ΔE is defined as
the difference between the energy of the corresponding filled unit cell and
those of empty unit cell and isolated guest molecules

System ΔE (eV) ΔE* (eV)

Structure I+C1 −6.94 −0.87
Structure I+(6/8) C1 / (2/8)C2 −7.82 −0.98
Structure I+(6/8)C1 / (2/8)CO2 −7.02 −0.88
Structure I+(6/8)C1 / (2/8)N2 −6.86 −0.86
Structure H+C1 −5.60 −0.93
Structure H+(5/6)C1 / (1/6)C4 −6.58 −1.10
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Fig. 12 Total energy with respect to the value at the cavity center for a
single molecule along the line connecting the cavity center and the center
of (a) pentagonal and (b, c) hexagonal faces. r stands for the distance with
the cavity center. In panel a, results are reported for methane molecule
through pentagonal face in 512 cage, in panel b, results are reported for

methane molecule through hexagonal face in the corresponding cages; in
panel c, results are shown for the reported molecules through the hexag-
onal face in 51262 cage. All values calculated at B97D/6-311++g(d,p)
theoretical level. Lines are shown for guiding purposes
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this work were obtained for fixed cage structures, which
would justify the larger barriers obtained in the present work.
Relaxation of other molecules in 51262 cage is reported in
Fig. 12c. Ethane diffusion is characterized by the presence of
two peaks in the barrier but lower than those for methane.
Diffusional barriers for N2 and CO2 molecules are remarkably
lower than those for the studied hydrocarbons, in agreement
with Román-Pérez et al. [11] and Patchkovskii and Tse [8],
which arises from the linear shape of these molecules that
allow them to cross the faces with lower disruption of the host
cages.

The results reported in previous sections were obtained for
single host-cage plus guest systems, and thus, the additional
effects rising from the presence of neighbor cages/guests in
the hydrates crystal structures were not considered. Therefore,
simulations on crystal structures were carried out using the
pseudopotential approach explained in the methods section
for the systems reported in Table 2. Interaction energies for the
studied systems are reported in Table 9, Román-Pérez et al.
[11] reported interaction (adsorption) energies (per adsorbed
molecule) of −0.51 and −0.55 eV for methane molecules
filling all the cages in SI and SH hydrates, respectively, which
are lower than the values reported in this work for the same
systems (−0.87 and −0.96 eV). Nevertheless, results reported
in Table 9 are in reasonable agreement with those from

Román-Pérez et al. [11] considering the different computa-
tional approaches. Likewise, interaction energies reported in
Table 9 using periodic systems in the calculations are larger
than those reported in Table 3 using isolated cells, and thus,
although different computational approaches were used in
both cases, these results point to the additional stabilizing
effect rising from the periodic structure in comparison with
the simple model using isolated cages. Results reported in
Table 9 show that replacement of two methane molecules in
51262 cages of SI hydrate by ethane molecules increases
interaction (stabilization) energies because of the stronger
interactions of the larger hydrocarbons with host cages. On
the contrary, replacement of methane molecules by CO2 or N2

does not lead to an increase in interaction energy. For SH
hydrates containing methane molecules, interaction energy is
almost equal to that in SI hydrates, showing that host-guest
interaction is not strongly affected by the hydrate structure or
cage in which guest molecules are placed, which was also
previously reported by Román-Pérez et al. [11]. Including
large hydrocarbon molecules in 51268 cages of SH hydrates
increases interaction energies, and thus, is a stabilization fac-
tor. Optimized structures of SI and SH hydrates with all their
cavities filled with methane molecules (single occupancy for
all the involved cages) are reported in Fig. 13, showing the
placement of methane molecules at the center of the cages
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Fig. 13 Optimized structures
calculated at PBE-GGA/DZP/
Grimme for (a) structure I (SI)
and (b) structure H (SH) hydrates
with all cages filled with methane
molecules. 2×2×2 unit cells are
reported for the sake of visibility.
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methane molecule displaced from
the center of 51268 cage in SH/C1
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visibility
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with the exception of 51268 cage in SH structure, in which
methane molecules are shifted toward hexagonal faces of the
cavity in agreement with results reported in previous sections.
The electronic properties of the studied crystal systems were
analyzed through the density of states reported in Fig. 14 for
states in the vicinity of HOMO-LUMO orbitals, showing that
the placement of the corresponding DOS peaks does not
change remarkably with the type of structure (for studied SI
and SH) nor with the partial change of methane guest mole-
cules by other guest molecules.

Conclusions

The results reported in this work allowed to analyze the
properties of natural gas hydrates, of types I, II, and H,
containing hydrocarbons up to pentanes, CO2, and N2 mole-
cules. Two different approaches were used: i) study of isolated
host cages filled with single occupancy guest molecules and
ii) study of crystal systems filled with different compounds.
Stabilization energies upon guest occupation do not change
remarkably with the type of structure/cage for a fixed guest
molecule. Inclusion of guest molecules inside the water cav-
ities leads to a weakening of hydrogen bonding between water
molecules in comparison with empty cages, which are char-
acterized by an increase of water-water intermolecular dis-
tances, a certain cage expansion, and the corresponding delo-
calization energies calculated from second order perturbation
theory of natural bond orbitals results. The topology of host-
guest interactions, within the atoms-in-a-molecule approach,
is characterized by a network of cage and bond critical points
joined by cage paths around the guest molecule. Vibrational
spectra show shiftings of water vibrational modes, especially
in the 2600–3000 cm−1 region, evolving with the type of guest
molecules and increasing with increasing chain length for n-
alkanes. Diffusion of guest molecules through faces is char-
acterized by large energy barriers and only suitable through
hexagonal faces. Vibrational patterns in the THz region are
characteristics of these systems rising from surface vibrations
strongly coupled with vibrations of guest molecules, these
vibrations could be activated and used to destabilize natural
gas hydrates. Ongoing experiments are being carried out to
prove the concept of using THz radiation for releasing
enclathrated gas molecules, including the development of
THz sensors/emitters, and results will be reported in future
publications. The studies carried out on large crystal systems
allowed obtaining stabilization energies as a function of the
types of guest molecules and host cages.
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