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INTRODUCCION

El gas natural se compone por metano, etano, propano, butano, entre otros, su
principal componente es el metano seguido del etano. La formacién de sélidos
cristalinos depende de ciertas condiciones fisicas. Cada tipo de clatrato tiene
Caracteristicas cualitativas y cuantitativas particulares. El objeto de estudio en este
trabajo son los hidratos clatratos de etano.

Los hidratos clatratos de gas se forman cuando existen las cantidades y condiciones
adecuadas de gas, agua, temperatura y presion. Su formacién se puede ver como
un proceso de cristalizacién, se da cuando el agua y el gas entran en contacto
comunmente a presiones mayores a 0.1 MPa y temperaturas menores a 300 K. En
el proceso de formacién no se crean puentes de hidrégeno entre las moléculas de
agua y gas, debido al efecto hidréfobo. La presion y la temperatura deben
encontrarse en cierta region como lo muestra la figura 1.
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Figura 1. Diagrama de fase de cuatro tipos diferentes de clatratos de gas [1].

La estabilidad mecanica depende del tamafio de la molécula huésped. El objetivo
se enfoca en reproducir a través de simulacién molecular, la transicion de los




clatratos de etano al pasar de un estado termodinémicamente estable a otro
termodinamicamente inestable.

Se calcularan diferentes tipos de propiedades estructurales esperando que diversos
criterios de estabilidad puedan sustentar la transicidon estable-inestable, por
mencionar algunos se alistan los siguientes: potencial de fuerza promedio, funcion
de distribucién radial, nimero de coordinacién, energia potencial del sistema,
puentes de hidrégeno y desplazamiento cuadratico promedio.

El estudio de los hidratos desde un contexto cientifico tiene una variedad relevante
de aplicaciones, su campo incluye modelamiento del cambio climatico [2],
inhibicion de los hidratos de gas [3], secuestracién del diéxido de carbono [4],

nucleacion y crecimiento [5,6], biologia marina [7], preservacién de organos [8],
entre otras.

HIPOTESIS

Una de las opciones que podria ser viable para reproducir la transicién estable-
inestable es utilizar el modelo de agua de 3-sitios SPC/E, esta hipotesis se apoya en
resultados publicados en el afio 2010 [9] donde se observé la desestabilizacién del
clatrato de metano con esta campo de fuerza, utilizando una temperatura de 270K.

En el caso de no lograr reproducir la transicién estable-inestable con siete campos

de fuerza diferentes, se tiene contemplado modificar las reglas de combinacidn de
Lorentz-Berthelot esperando tener éxito.
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Los objetivos que proponemos alcanzar, estudiar a nivel molecular los procesos
termodinamicos de los clatratos de etano tanto en equilibrio como fuera de él y

analizar la transiciéon de fase al pasar de un estado estable a uno inestable, de

2 | manera concreta:
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OBJETIVO GENERAL:

Estudiar y analizar mediante dinamica molecular la estructura y los procesos de
transicion de los clatratos de etano.

OBIJETIVOS PARTICULARES:

» Determinar qué modelo del agua reproduce la transicién estable-inestable
del clatrato de etano.

» Analizar mediante dinamica molecular la transicion de fase de clatratos de
etano al someterlos a la accion de una temperatura; el rango considerado es

de 200 K hasta encontrar la desestabilizacion mecanica del sistema.

REVISION BIBLIOGRAFICA

A principios de 1930 la industria del gas natural comenzoé a transportar este recurso
a través de tuberias. Durante el proceso se observd que las lineas de conduccion
eran bloqueadas por tapones que se forman gradualmente [10]. Al hacer los
estudios correspondientes a estas formaciones se identificaron como clatratos de
gas. La prevencion de la aglomeracién de hidratos en las tuberias es el principal
reto industrial. Ocurre en ambientes hostiles como el artico donde |la temperatura
es muy baja y en gasoductos submarinos donde la presién puede llegar a niveles
muy elevados.

Figura 1. Tapon formado por clatratos de gas en una linea de conduccion, cortesia de Petrobras.
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Por otro lado, se sabe que el petrdleo, el gas y el carbon son una fuente de energia
no renovable. Estas fuentes de energia son finitas y tarde o temprano se acabaran,
por lo que es necesario buscar nuevas fuentes de energia. Una de estas se
encuentra en los hidratos clatratos de gas que se hallan en el fondo marino y en
regiones polares [11,12]. Se estima que el gas natural enclaustrado en los hidratos
superan el doble de todos los depdsitos de combustibles fdsiles combinados que
hay en la tierra [13,14,15].
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METODOLOGIA GENERAL

En la actualidad existen diferentes métodos de simulacién molecular para estudiar
sistemas en equilibrio térmico. El sistema simulado compuesto por clatratos de

etano desde una perspectiva termodindmica se puede ver como un proceso
irreversible.

Como ya se menciond, el sistema que nos interesa estudiar estd compuesto por
una red de moléculas de agua que encapsulan a las moléculas de etano y que se
encuentran a baja temperatura y alta presion.

Se llevaran a cabo simulaciones a nivel molecular mediante dindmica molecular.
Planeamos simular el agua mediante los modelos rigidos SPC, SPC/E, TIP4P, TIP4Q,
TIP4P/2005, TIP4P/ICE y TIP5P; modelando a la molécula de etano con un modelo
de dos sitios conocido como campo de fuerza NERD. En durante el desarrollo del
trabajo se propone analizar y observar los cambios significantes en la estructura del
clatrato de etano con diversos criterios como son: energia potencial, funcién de
distribucion radial. Mediante los potenciales de Lennard-Jones y Coulomb vamos a
modelar las interacciones iénicas y de Van der Waals. Para aumentar la eficiencia

del calculo de la contribucién electrostatica a la energia potencial aplicaremos la
metodologia llamada Particle Mesh Ewald (PME).
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Decomposition of ethane clathrates using different
water-ethane models: molecular dynamics
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Abstract

Decomposition of ethane clathrates is studied by means of molecular dynamics simu-
lations in an isothermal-isobaric ensemble. For this purpose a temperature window of
200-440] K and a pressure of 2 MPa is considered. Structural analysis of the ethane
clathrates is carried out at 200 K, where clathrates are stable for all considered models.
It is found that structural properties of all stable clathrates do not strongly depend
on the water model. Then, temperature is increased upon the clathrate turns un-
stable. This decomposition temperature is found by following coordination numbers,
total number of hydrogen-bonds, potential energy, and mean-square displacements. All
properties consistently point out the same temperature at which the stable-unstable
transition takes place. For all water models and by using the standard combining rules,
the obtained temperature at which the clathrate becomes unstable is higher than the
experimental reference value. We have found that a reasonable way to approach the
experimental decomposition temperature is by including a rescaling factor in the com-
bining rules in such a way to decrease both, methyl-oxygen size and interaction energy.
Our data point out that the decomposition temperature is much more sensitive to the
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methyl-oxygen size than to the potential well depth, suggesting that the entropic con-
tribution is key to the clathrate stability.
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I Introduction

Natural gas hydrates are crystalline and nonstoichiometric compounds usually formed at low
temperatures and high pressures. These crystalline arrangements are compounded by water
and a nonpolar molecule. Most of the gas hydrates are classified into three structural groups,
sI, sII, and sH |1, 2, 3, 4]. Typically, the type of the crystalline structure is determined by
the guest-molecule size. Structure sl is observed for methane, ethane, and carbon dioxide
among others. It consists on two pentagonal dodecahedron (5'%) cavities and six tetrakaidec-
ahedron constituted by twelve pentagonal and two hexagonal faces (5'26%) [1]. Structures sII
usually contain a small guest molecule, for example, hydrogen, oxvgen, propane and nitro-
gen. This type of structure is formed by 16 dodecahedral 5'? cages and 8 hexakaidecahedral
526 cages [2]. The sH clathrate is formed with larger molecules either bromocyclopentane
(BrCP) or bromocyclohexane (BrCH) [3, 5]. as an example. As a difference with the previous
structures, the sH clathrates consist on three types of cavities. It contains three 54 cages,
an icosahedron 5'“6° cage, and two irregular dodecahedron cavities denoted as 435%6%, which
means that it has three square faces, six pentagonal faces and three hexagonal faces |3, 4].

(zas hydrates impact on the energy industry. On'the one hand, the study of gas hydrates is
important because the vast reserves of natural gas hydrates represent an important energy
source. The recovery of hydrocarbon from this source is, however, a complex challenge due
to the risks of an environmental accident. On the other hand, there are other economic issues
related to natural gas transport along the extracting and surface pipelines. Clathrates can
appear inside the pipelines under suitable thermodynamic conditions which can impede the
normal flow. Traditionally, some type of alcohol (e.g. methanol) is used to thermodynami-
cally shift towards lower temperatures the clathrate formation to avoid blockage [6]. Other
strategies involve a kinetic inhibitor.

Clathrates of small carbon molecules such as CH4 and C,Hg conform sl structures [7]. In gen-
eral, methane-hydrates have attracted more attention than ethane-hydrates. Nonetheless,
there are important experimental contributions regarding the analysis of ethane clathrates
and their mixtures with other small carbon molecules [11, 8, 9, 10]. Morita, Nakano and
Ohgaki [12] have analyzed the stability of ethane hydrates. and among theirs findings. they
report that the ethane molecules occupy all cavities in the sl structure. They also analyzed
the stability dependency on pressure. Furthermore, the methane-ethane binary mixture has
already been analyzed from an experimental point of view |7, 13|, where several relative
concentrations have been explored. Dec [14] analyzed the simultaneous formation of sI and
sl structures for this same binary mixture. A study on the structural properties for the
same kind of crystalline compounds have been performed by Erfan-Niya, Modarress and
Zaminpayma [13], using molecular dynamics simulations.
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The growing of carbon clathrates has been analyzed widely [15, 8|, however, the decomposi-
tion of this same kind of crystalline compounds has not been extensively explored. Bishnoi
and Natarajan [16] have pointed out that the hydrate decomposition is a sequence of struc-
tural arrangements and breakages, as well as the gas desorption processes. Some researches
have also analyzed the CH, and CoHg clathrates in a thermodynamic region where the crys-
talline compounds have been found forming a stable phase. Their studies focus on the under-
standing of the underlying mechanisms involved in the clathrate formation [4, 9, 10, 17|. It is
useful to find out which water model is capable of matching the decomposition temperature
of clathrates. This kind of study has already been performed for methane clathrates [18].
In this contribution the potential of mean force [19], PMF, and the coordination number
were employed to capture the decomposition of such crystal structures. To the best of our
knowledge, this kind of analysis has not been performed on ethane clathrates.

In this work we compare the structure of cthane clathrates by using different water models
under stable thermodynamic conditions. This is done by means of molecular simulations in
an isothermal-isobaric ensemble. Then, we examine the temperature at which the different
systems destabilize and compare this value with the experimental one. For this purpose,
structural and dynamical properties are employed for capturing the signature of a lack of
stability of the crystalline compounds. We have found that all considered water models
overestimate the decomposition temperature. This finding lead us to include a scaling factor
on the combining rules for energy and distance. We find out that the decomposition temn-
perature is sensitive to a decrease of the methyl-oxygen interaction size. The remainder of
the manuscript is as follows: section II contains the simulation details. Results are shown
and discussed in section III. Finally, conclusions are given in section IV.

II Methodology and simulation details

Different water models are considered for determining which one approaches the best the
experimental temperature of decomposition (from a stable towards an unstable clathrate
by crossing the phase transition line [4]). The water models are the following: the three
sites models SPC [20] and SPC/E [21], the four sites models TIP4P [22], TIP4P /2005 [23],
TIP4P /ICE (24|, TTP4Q [25] and a model of five sites TIP5P [26]. The ethane model used
in all simulations is the NERD model [27], which is constituted by two pseudoatoms (two
methyl groups, 2CH3) bonded to each other. Both pseudoatoms contributes to the energy
trough the Lennard-Jones potential. Most of the simulations were performed by using the
Lorentz [28] and Berthelot [29] combining rules for estimating the cross interaction between
different species. In addition, two extra series of simulations were carried out only for the
SPC water model including a factor y < 1 in the mentioned combining rules. In one case,
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the y factor was included just in the Berthelot rule and in other case, the same factor was
included in both geometrical and arithmetic rules for ¢;; and o;;, respectively.
These last two combining rules read as follows

(gii + 055)

Oij = 5

€ij = Xy/€ii€jj; (1)
Ty T Tjj

gy = X( ;‘ ii)

6;3' = X\/ﬁ,;.gﬁjj, ‘ (2)

where o3 and ¢; are the diameter and the attraction well depth between sites of the 2
species, respectively. y equals unity in case of the original combining rules. As mentioned,
for some of our simulations with the SPC water model y is a fitting parameter to match
the experimental temperature of decomposition. The standard Lorentz-Berthelot combining
rules have been widely used for estimating the unlike dispersion interactions on different
type of systems, in some works the effect of these combining rules on the thermodynamic
properties of different types of mixtures has been reported {30, 31]. In some instances only
onc riule has been modified. c.g. for analyzing the execess chemical potential of methane in
an aqueous electrolyte solution incorporating NaCl [32]. Despite the relevancy of this issue
there are only a few contributions where the convenience of considering modified combining
rules on clathrates hydrates is analyzed [34, 33, 35, 36]. In some of them only one rule is
modified |34, 33|, and in other instances both riles were modified |35, 36|.

Molecular dynamic simulations are performed in an isothermal-isobaric ensemble. The free
software Gromacs/4.5.5 [37, 38, 39, 40] is used to carry out the simulations. The leap-frog al-
gorithm is employed to integrate the equations of motion, periodic boundary conditions were
set and the minimum image convention was considered along the three spatial directions.
- The Berendsen barostat [41] and the Nosé-Hoover chain thermostats with 0.4 ps as time
constants [42] are used to set pressure and temperature, respectively. The cut-off distance
for the Lennard-Jones potential and for the real space contribution of the Coulomb potential
is set to 1.2 nm. The long range Coulomb interaction is handled by the Particle Mesh Ewald
method (PME)[43]. The time step in all our simulations is At=1 fs and all runs are carried
out trough 20 ns. The LINear Constraint Solver (LINCS) [44] is used for handling constraints.

The initial configuration for ethane clathrates is taken from the experimental evidence sup-
plied by McMullan and Jeffrey [45]. Although, the original array was settled for ethylene
oxide hydrates, it provides the correct location of the water oxyvgens. In addition, the location
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(CH3—CH3) and methyl-oxygen (CH3;-O) sites of all considered water models. The radial
distribution functions for CH3-CHjz and CH3-O were estimated at T=200 K and P=2 MPa.
This temperature is far from the experimental critical temperature where the stable-unstable
transition takes place, which at P=2 MPa is around T=285 K [4]. The standard Lorentz-
Berthelot combining rules (y = 1) were used for these simulations.

Figure 1 shows the CH3—CH3z RDF'’s for all the considered water models at the same low tem-
perature. The crystal-like structure is evident from the structured RDF's, which is build from
localized CHj3 groups. As can be seen, all water models yield practically the same curves,
pointing out a robust ethane clathrate hydrate structure which is insensitive to the emploved
water model. In fact, all water models produce a stable structure at these thermodynamic
conditions. The average separation between first neighbors of pseudoatoms CH3—CHj is, for
all cases, around 0.61 nm. This distance can be compared to the one obtained for methane
clathrates, which is 0.65 nm [18]. This indicates that the clathrate structure is practically
independent of the size of the guest molecule. This small difference can be simply attributed
to the fact that for methane its only site coincides with the geometric center of the molecule
but this is not the case for ethane.

Figure 2 shows the CH3z—O RDF’s in correspondence to Figure 1. that is to say, for the same
simulations performed at T=200 K. This figure basically confirms the tiny dependence of
the ethane clathrates on the employed water model. In all cases, -the CH;—O RDFs have a
first peak at a distance around 0.38 nm. In this respect, it is worth mentioning that the
only difference apprears for the SPC water case which shows a slightly lower first peak in
comparison with the other cases. Again, this first peak distance can be compared with the
onc obtained for methane clathrates. This distance is 0.39 mu [18]. confirming that the
structure of this kind of clathrates is not sensitive to the size of the guess molecule. As in
previous case, the smaller CH3z-O distance can be simply attributed to the guess geome-
try. On the other hand, our value compares well with the distance reported by Mancera et
al. for T=279 K, 0.39 nm [17]. In this case the SPC water model and the NVE ensemble
was employed. Figure 3 shows a snapshot of the ethane clathrate with the SPC water model.

An easy way to detect the destabilization of the structure is by means of the water coordi-
nation number of ethane molecules. This quantity is quite sensitive to the system structure.
According to the experiment there are 25 oxygen atoms surrounding a carbon for the ethane
clathrate structure [4] and it strongly drops for the liquid mixture. This number is plotted
as a function of temperature in figure 4a. As always, this is done at 2 Mpa for all considered
water models. The temperature was increased upon finding a sharp decrease of the coor-
dination number, that is, a destabilization of the clathrate structure (this destabilization is
confirmed by a snapshot visualization, structural analysis, and it strongly correlates with
abrupt potential energy changes). This sharp drop of the coordination number can go from
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25 oxygen atoms to 5 oxygen atoms for both SPC/E and TIP4P water models, and from 25
to 15 oxygen atoms for TIP4P /2005.

As shown in figure 4a, the temperature at which the destabilization occurs is strongly de-
pendent on the employed water model. This contrast with the structural analysis performed
at 200 K, where different water models lead to practically the same structure. Figure 4 also
shows that the SPC, SPC/E, and TIP4P water models show the smallest decomposition tem-
peratures. These models lead to decomposition temperatures inside the range [320-360] K.
They all are, however, larger than the experimental value of 285 K. Indeed, the closer to the
experimental decomposition temperature is obtained for the SPC water, i.e. 320 K. Actually,
the SPC water model has been used in previous works regarding methane and carbon dioxide
hydrates [50] and also for simulating ethane-methane clathrates [13]. The other water models
lead to much larger decomposition temperatures. As an extreme case, the TIP4P/ICE water
model vields the most stable system. Hence, none of the considered water models is able to
reproduce the experimental value [4, 8]. This is despite the fact that the models for water
and ethane molecules vield reasonable results as pure compounds [20, 21, 23, 27]. Hence, the
mismatch of the decomposition temperature could be attributed to the water-ethane interac-
tion. Other possible source for this mismatch lies on the fact that 20 ns cannot be compared
with the experimental times. This can be important since the clathrate structure can persist
in a metastable state before decomposing. Nonetheless, the relatively small simulation cells
we are employing favor thermodynamic fluctuations which make easier to escape from local
free energy minima. We did not observed our results to change significantly by performing
larger simulations (up to 100 ns).

With the aimn of approaching the experimental result we cousider two modifications of the
combination rules. We first have tried by only changing the Berthelot rule (by rescaling the
energetic scale). This is done by including factor x as a parameter for the methyl-oxygen
interaction. A second test was then implemented by affecting both, ¢;; and o;;. That is,
by rescaling energy and distance. This modifications were tested for the SPC water model,
but similar results are expected for the other water models. The eflect of varying x on
the ethane coordination number is shown in figure 4b. Here we are showing only the ref-
erence case (with the original rules, y = 1) and the two cases capable of reproducing the
experimental value. These cases correspond to x = 0.035 when only the energy scale was
rescaled, and to y = 0.83 when both combining rules are rescaled by this factor. Hence, to
fit the experimental decomposition temperature a reduction of the ethane-water interaction
is needed. Nonetheless, the decomposition temperature is much more sensitive to a decrease
of the interaction distance (molecular size) than to a reduction of the energetic scale. This
implies that the clathrate stability is much more dependent on the size of the guest than on
its ability to strongly interact with the water cage. In other words, the guest stabilizes the
clathrate by decreasing the water degrees of freedom, 7. e., by entropic reasons. In fact, a
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value of y = 0.035 cannot be justified while ¥ = 0.83 seems much more reasonable. It is
worth mentioning that combining rules are of empiric nature. Thus, it should not come as
a surprise that for certain molecular pairs, such as a strong hydrogen-bonding dipole and a
non-polar molecule, the rule leads to not so good results. Indeed. proposing modifications
in combining rules is not a rare practice [33, 34, 51].

Another possible way to detect the destabilization of the clathrate structure is by means
of the total number of hydrogen-bonds. We have included this number as a function of
temperature in figure 5. This figure shows the same cases presented in figure 4. Here,
symbols and colors are in correspondence with this figure. As expected, for all cases the
number of hydrogen-bonds decreases with increasing temperature. This decrease is not very
pronounced in the temperature window where the clathrates are stable, though. Once the
clathrates decompose to form a liquid-like mixture there appear a sharp decrease. These
drops are strongly correlated with the drops observed for the coordination number of ethane
molecules. Thus, both quantities are good global parameters for detecting the decomposition
of the clathrate structure. Conclusions from these data are, thus, identical to those already
given in previous paragraphs.

Given a temperature at which the clathrate is not the stable phase, it is possible to measure
the time at which the structure breaks down. The average of this breaking time over a
large number of runs is related to the free-energy height which is a barrier that the system
must overcome to reach the stable phase. In this case, the overall lowering of free energy
is accompanied with an increase of the potential energy (the price is over-payed with an
entropy gain). This potential energy gain is abrupt and easy to detect and points out that
a structural change has taken place [34]. This is shown in figure 6a for some sclected cases.
These are for the SPC water at 285 K, for y = 1, y = 0.035 (only affecting the energy scale)
and y = 0.83 (affecting both, energy and distance). We have also included the case for y = 1
and T=330 K. It is observed an invariant potential energy in the low temperature case for
y = 1. This simply means that no decomposition of the clathrate was observed when us-
ing standard Lorentz-Berthelot combining rules. The cases where the combining rules were
affected, do show a dramatic increase of the potential energy denoting a structural change
of the system. For the case where only ¢;; was affected the increase is of 2000 KJ/mol. In
the other case, the increase is close to 2500 KJ/mol. Note that the potential energy of the
clathrate structure is similar for cases with ¥ = 1 and y = 0.83, but case with y = 0.035
leads to a larger potential energy. This confirms that case with y = 0.035 cannot be sup-
ported. We are also including the case for y = 1 at T=330 K. This last case also leads to
destabilization and to an increase of potential energy close to 2500 KJ/mol.

We have performed some extra computer simulations by using the force field OPLS/AA [52]
for ethane molecules, which explicitly considers all hydrogen atoms. This was done to ex-
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plore the possibility of detecting a shift of the decomposition temperature. In this case we
have set y = 0.83 for both combining rules and T=285 K (P is always kept at 2 MPa). The
result was a flat potential energy pointing out a stable clathrate. This is shown in figure 6b.
Increasing T upon T=330 K does not produce any sign of destabilization. Only the simu-
lation performed at T=340 K leads to a destabilization. Thus, there is an important shift
of the decomposition temperature towards larger values, implying a more stable clathrate
structure, by using the OPLS/AA for ethane molecules. Hence, explicit hydrogens do not
supply any improvement. A structural change at T=340 K is far away from the temperature
vicinity at which the experimental system loses stability.

The structural breakup from a crystal-like towards a liquid-like phase, can be also observed
from the RDF’s. In particular, we are showing in figure 7 the CHs~CHs RDF'’s for the SPC
water model with ¥ = 1, as a function of the temperature.”  The loose of stability of the
clathrate is obvious at T=330 K, in correspondence with strong changes of potential energy.
number of hydrogen bonds, and water coordination numbers of ethane molecules. Similar
conclusions can be drawn from figure 8. Here we are showing 4 panels for the SCP water
model. Panel a) shows the effect of ¥y when rescaling energy only for T=285 K. There it
is observed that only a very low x value is capable of destabilizing the clathrate. Panel
b) shows the effect of temperature for a fixed y = 0.035. There it is seen that the system
remains stable for T=250 K and turns clearly unstable for T=300 K. Panel ¢) shows the
effect of varying y when energy and size is affected for T=285 K. Panel d) shows the effect
of temperature at a fixed y = 0.83. All data confirm the conditions at which the decompo-
sitions take place. |

Finally, we show the mean-square displacement. This is another property which can be
used to notice when the ethane clathrate is being destabilized. Dynamic and structural
properties are, of course, linked. When the crystalline compound is simulated in a stable
state, the guest molecule has limited displacements due to confinement (we focus attention
on the guess molecule only, although similar results are observed for water). Thus as the
stable state is being lost because of the temperature increment, the mean-square displace-
ment dramatically increases, denoting the loss of the guest confinement. Figure 9 shows
the mean-square displacement over time for SPC water at T=285 K and P=2 MPa. This
1s shown for three cases. By considering the the energy rescaling of the pair potential with
x=0.035, by considering both, energy and distance rescaling with (y=0.83), and with no
rescaling as a reference. The fluid-like behavior of the mean-square displacement turns ob-
vious for both modified interactions, whereas the reference keeps a solid-like behavior. It
is worth mentioning the slightly larger diffusion coefficient (slope of the curve) obtained for
the case where the ethane size was decreased. This is a expected result, sites with smaller
cross-section areas move faster than those with larger ones.
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IV Concluding remarks

Molecular dynamics simulations for ethane clathrates on a NPT ensemble were performed.
An exploratory study was carried ot over the capabilities of different water models near
the region of the phase transition line (pressure — temperature). The estimation of the
decomposition temperature was performed by following several structural and dynamical
properties. These are the ethane-water coordination number, the total number of hydrogen
bonds, the potential energy, and the mean square displacement. All properties are strongly
correlated and are appropriate to capture the decomposition of clathrates. The transition
stable—unstable crystal compound was observed inside the temperature range of [320-440] K
for all considered water models. They all are above the experimental result of 285 K. In
this regard, the SPC model produced the closer decomposition temperature whereas the
TIP4P /ICE leads to the more stable clathrate (higher decomposition temperature).

In order to approach the experimental decomposition temperature a modification on the
cross term of the combining rules was performed by rescaling interaction energy, on the one
hand, and interaction energy and distance, on the other. Thus, a scaling factor y was intro-
duced. We fitted this parameter to reproduce the experimental decomposition temperature.
We have obtained x = 0.035 and y = 0.85, respectively. Hence, rescaling the intermolecular
size is much more effective than rescaling energy alone. This means that the clathrate sta-
bility is much more sensitive to the size (hard core) of the guess molecule than to the van der
Waals contribution to the energy. In other words, the entropic contribution to the stability
seems more important than the enthalpic one.
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Figure Caption

Figure 1, CH3-CH3 RDF’s at T=200 K and P=2 MPa. Different water models were used.
Open diamonds TIP5P, crosses TIP4P/ICE, asterisk TIP4P /2005, open triangles TIP4Q),
open squares TIP4P, open circles SPC/E and pluses SPC water models.

Figure 2, CH3—O RDF’s at T=200 K and P=2 MPa. Different water models were used. The
symbol have the same meaning as figure 1.

Figure 3, Snapshot of the ethane clathrates using SPC water model at T=250 K and
P=2 MPa.

Figure 4, coordination number at P=2 MPa as a function of temperature. a) for y = 1 and
b) varying the x paramcter. The symbol have the same meaning as figure 1.

Figure 5, hydrogen-bonds as a function of temperature. Different water models were used.
a) for y = 1 and b) varying the y parameter. The description for each water model is
contained in the inset.

Figure 6, potential energy at P=2 MPa. a) the lower curve corresponds to the results derived
at T=285 K, the upper curve was calculated at T=330 K, using standard Lorentz-Berthelot
combining rules in both cases. The curves which are between the previous ones were cal-
culated at T=285 K including the y parameter in the combining rules. The continues line
was derived by using the y = 0.83 and the curve with up-triangles correspond to results
from xy = 0.035. b) The OPLS/AA on ethane molecule was used with y = 0.083, the curves
from bottom to top correspond to results derived at T=285K (open squares), T=230K (open
diamond) and T=340K (open down-triangles), respectively.

Figure 7, CH3-CH3 RDF’s as a tunction of temperature using standard Lorentz-Berthelot
rules at P=2 MPa. The description of the curves is contained in the inset.

Figure 8, CH3—CH3z RDF’s at P=2 MPa using the SPC water model for these simulations.
As a first approximation the combining rule for ¢;; was modified with the y parameter, a)
fitting the temperature and varying the parameter y. b) fitting the y parameter and vary-
ing the temperature. The second approximation both combining rules were modified, ¢) for
T=285K and varying the y parameter and d) fitting the y = 0.83 parameter but varying
the temperature. See the inset for the meaning of the symbols.

Figure 9, MSD at T=285 K and P=2 MPa. The open up-triangles correspond to the re-
sults estimated with y = 1. The open circles are the results calculated with y = 0.035,
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where just the ¢;; parameter was modified. The open squares were obtained from y = 0.83
when the both the arithmnetic and geometric combining rules were modified at the same time.
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Figure 1, CH3—CHs RDF’s at T=200 K and P=2 MPa. Different water models were used. Open
diamonds TIP5P, crosses TIP4P /ICE, asterisk TIP4P /2005, open triangles TIP4Q, open squares
TIP4P, open circles SPC/E and pluses SPC water models.
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Figure 2, CH3—-O RDF’s at T=200 K and P=2 MPa. Different water models were used. The
symbol have the same meaning as figure 1.
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Figure 3, Snapshot of the ethane clathrates using SPC water model at T=250 K and P
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Figure 4, coordination number at P=2 MPa as a function of temperature. a) for y = 1 and b)
varying the x parameter. The symbol have the same meaning as figure 1.
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Figure 5, hydrogen-bonds as a function of temperature. Different water models were used. a) for
x = 1 and b) varying the y parameter. The description for each water model is contained in the
inset.
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Figure 6, potential energy at P=2 MPa. a) the lower curve corresponds to the results derived at
T=285 K, the upper curve was calculated at T=330 K, using standard Lorentz-Berthelot
combining rules in both cases. The curves which are between the previous ones were calculated at
T=285 K including the v parameter in the combining rules. The continues line was derived by
using the x = 0.83 and the curve with up-triangles correspond to results from y = 0.035. b) The
OPLS/AA on ethane molecule was used with y = 0.083, the curves from bottom to top

‘correspond to results derived at T=285K (open squares), T=230K (open diamond) and T=340K

(open down-triangles), respectively.
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Figure 7, CH3-CHgs RDF’s as a function of temperature using standard Lorentz-Berthelot rules at
P=2 MPa. The description of the curves is contained in the inset.
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Figure 8, CH3-CH3z RDF’s at P=2 MPa using the SPC water model for these simulations. As a
first approximation the combining rule for ¢;; was modified with the x parameter, a) fitting the
temperature and varying the parameter x. b) fitting the x parameter and varying the
temperature. The second approximation both combining rules were modified, c¢) for T=285K and
varying the x parameter and d) fitting the x = 0.83 parameter but varying the temperature. See
the inset for the meaning of the symbols.
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Figure 9, MSD at T=285 K and P=2 MPa. The open up-triangles correspond to the results
estimated with xy = 1. The open circles are the results calculated with y = 0.035, where just the
€;; parameter was modified. The open squares were obtained from y = 0.83 when the both the
arithmetic and geometric combining rules were modified at the same time.

29




