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Abstract

We report our findings on aqueous solution of methane (at very low concentrations) based on Molecular Dynamics simulations.

Temperature plays a vital role regarding solute-solvent interactions (between methane and water molecules). Increasing

temperature enhances the entropy driven interactions between methane molecules (methane clustering), in particular between

270 K and 290 K. Our analysis points into the fact that the water cages expand in order to accommodate more number of water
molecules. Positional disorder of hydrogen atoms increases at higher temperatures. Estimation of the number of methane –
methane contacts reveals that as the concentration of methane in water increases, the solute structure shows greater stability
against variation of temperatures.
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Introduction

Methane (the most abundant hydrocarbon in natural gas)
− water mixture is one of the simplest prototypes exhibiting
hydrophobic effect, the tendency of nonpolar molecules to aggregate
in aqueous solution by excluding water molecules. Methane in
water at low concentrations (generally known as foams) is a
precursor to an interesting class of chemical architecture known as
methane hydrates in which water molecules act as host materials
surrounding the guest molecule (methane) at specific temperatures
and pressures. Many researchers are riveted by the properties
of methane hydrates due to the impact they make on petroleum
industry and energy sectors: on one hand, the growth of methane
hydrates posits a threat to swift transportation of oil and gas, and on
the other hand, methane hydrates offer an alternative to the already
decaying traditional energy resources, fossil fuels. A molecular level

understanding of how methane and water molecules interact can
be helpful for optimising the oil transportation by designing highly
efficient oil plants, and methane gas recovery from underground
[1].
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Considerable efforts have been expended over the years for
procuring a detail understanding of solute−solvent interactions in
aqueous solutions, and hydrophobicity of solutes in water has been
at the centre of debates over decades. Franks and Evans proposed
their ice−berg model for explaining the hydrophobic effect, while
Kauzmann introduced the concept of a hydrophobic bond. Glew
suggested the formation of clathrate like structures in order to
account for the solute−solvent interactions. For a brief discussion
on these propositions, please see [2]. The structural changes in
solutions are accompanied by variations in thermodynamic state
functions such as entropy and free energy. The latter increases
when a methane molecule is added to water (solvent), which
spurs on structural changes in solutions, such as the formation of
molecular cages built of water molecules around the solutes [3−4].
The increase in free energy is correlated with the changes in two
other thermodynamic state variables, enthalpy and entropy [5].

One of the prominent hypotheses regarding this binary mixture
is the structural changes that can be attributed to ice−berg model,
an increased ordering of water molecules around the “hydrophobic”
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methane molecule [6]. However, the ordering does not limit to this
traditional view of tetragonal−coordinated water molecules [5]:
in an interesting computational study, Head Gordon has identified
the existence of larger structures containing up to eleven water
molecules around a methane molecule, which suggests that the
structural changes upon the insertion of hydrophobic molecules be
very complex [7].

In addition, many studies have explored the orientation
mechanism of water molecules around nonpolar hydrophobic
solutes. Tangential Hypothesis has been proposed decades ago [8].
By comparing the distance between the central solute molecule
and the hydrogen and oxygen atoms of the surrounding water
molecules, Rapaport et al. proposed that the orientation of oxygen−
hydrogen bonds be tangential to a hypothetical hydration sphere.
The Tangential Model has also been deduced straight forward from
the radial distribution functions, according to Bratos et al [9] on
the basis of the “fact” that the first peaks of solute−oxygenwater
and solute−hydrogenwater pair distribution functions are exactly
superimposed. A team led by Buckingham has also reached the
same conclusion based on their Neutron Diffraction investigations
[10]. In addition, Bratos et al note that water shells around different
solutes are linked via hydrogen bonding, one of the dominant
intermolecular interactions occurring in condensed matter [9]. In
a following article, two of the authors proposed that the tangential
orientation of water molecules to methane molecule is altered
significantly upon variation of temperatures: more water molecules
around the solute orient towards the bulk, precisely the hydrogen
atoms are found to be facing towards bulk solvent at relatively high
temperatures [11]. Tani et al have proposed another interesting
scenario on the orientation of water molecules around hydrophobic
solutes: beyond the first hydration shell, the water molecules orient
to the solute molecules with both hydrogen atoms point radially
inward [12]. On the contrary, while studying about the orientations
of nonpolar solutes such as neon, Stillinger et al have identified
that both water protons in the first hydration shell around the
solute orient outward symmetrically [2]. In the second hydrations
shell, they however observed unsymmetrical orientation of water
protons.
It can be noticeable from the foregoing discussions that
different studies have yielded profusion of hypothesis on the
solution structure of methane−water systems. Thanks to the
development in computing, liquid structure can nowadays be
investigated microscopically for longer timescales which cannot
even be imagined several decades ago [13]. Eying on resolving the
structural conundrum of methane−water foams, we conducted
a series of Molecular Dynamics computer simulations, extracted
Radial Distribution functions of various atomic pairs, and report
herein our analysis of how methane and water molecules orient to
each other. This computational procedure has been proved to be one
of the most efficient tools available to computational physicists to
answer important questions related to liquid structure, in particular
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of systems wherein water acts as the principal component [14].
The purpose of this article is twofold: (i) to investigate the effect of
temperature variation, primarily in the upper part of supercooling
regime of water and beyond in its normal temperature domain
(from 260 K to 300 K), on the structural features of the methane−
water foams; (ii) to study the preferential orientation of water
molecules around the hydrophobic solutes, in particular in the first
hydration shell, using Molecular Dynamics simulations. In general,
we are motivated by the internal dynamics of aqueous methane
solutions promoted by temperature variations partially leading to
the formation of interesting structures known as methane hydrates
that have profound technological significance.

Methods

A series of Molecular Dynamics simulations using 4.6.5 version
of GROMACS package was performed, and its important technical
details are given in this section [15]. We employed TIP4P potential
(Transferable Interaction Potential Four Point) for water and OPLS
AA (Optimised Potential for Liquid Simulation All Atom) forcefield
for methane [16−17]. It has been reported that TIP4P water model
has been found to reproduce water structure and thermodynamic
quantities such as solvation entropies and therefore its choice
is justified [18]. Furthermore, while comparing with Advanced
Light Source (ALS) data, the water structure has been qualitatively
represented by TIP4P model albeit its being slightly less accurate
than TIP5P model [19]. The variants of TIP4P model, such as
TIP4P/ICE [20], TIP4P/2005 [21] and TIP4P/Ewald perform
better in terms of the extraction of many physical properties of
water. We chose, however, the standard model because of the fact
that solution properties are greatly influenced by the solute model
employed in the simulation, and OPLS models have been optimised
with standard Transferable Interaction Potential (TIP) protocols
(for example TIP4P or TIP5P). For a brief discussion regarding
the water models, please see [22] for a lengthy discussion. First, a
homogenous mixture of water and methane was constructed using
the PACKMOL software which ensured better mixing of methane and
water molecules [23]. The initial box size was determined, taking
account of water’s density at each temperature. The total number
of particles was fixed to 864 with the mole fraction of methane at 10
%. Followed by the energy minimisation of 5000 steps, the system
was equilibrated first in NPT ensemble by keeping pressure at 1
atm for 2 ns and a further 500 pico second (ps) in NVT ensemble at
each temperature. SHAKE algorithm was utilised for constraining
the bonds and angles. Periodic Boundary conditions (PBC) were
applied in order to mimic the system at infinite order. A 10 Å
cut off was used for van der Waals and short-range electrostatic
interactions. All long-range electrostatic interactions were dealt
with Particle Mesh Ewald (PME) method. The simulations were
carried out at five different temperatures, from 260 K to 300 K at
10 K interval. Nose−Hover thermostat was employed for efficient
temperature control[24-25]. The length of the production run
was determined by the criterion of the ‘least noise possible’ in the
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resulting pair distribution functions. Thus, the simulations were
run for several nano seconds (100 ns – 200 ns), and the trajectory
was saved in every 10 fem to second (fs) to ensure greater accuracy.
The first 2 nano seconds of the production trajectory was not
considered for the analysis. The radial distribution functions were
obtained using a built−in GROMACS tool, gird. The trajectories
were divided into 250 pico second data. These were ported to
MICROSOFT EXCEL platform, and the average was computed using
a built−in function from which the heights of the peaks in each of
the radial distribution functions were accurately found out.
In order to investigate the variation of the number of methanemethane pairs across the temperature, a simple analysis program
was written in Python. The program reads the simulation trajectory
and performs the distance calculations between water molecules.
The methane-methane distance is averaged over total number of
molecules at each trajectory.

Results

Solute structure
In figure 1, the three inter pair distribution functions of
methane have been shown, and we call them type I interactions
since the same trends (an increase of the intensity (heights) of the
peaks) upon hike in temperature can be observed in all three pairs,
a signature of hydrophobic interactions (see Figure 1, a through
c). The enhanced interactions lead to the aggregation of apolar
species such as methane by themselves, which is central to many
natural phenomena including protein folding [26]. It has to be
noted that this trend is not generic in the case of carbonmethane
– hydrogenmethane pair distribution functions (shown in figure 1
b). One can see that the temperature range at which the gradual
increase in the height of the peaks observed gets narrower
(from 270 K through 290 K rather than the whole temperature
range simulated). It can also be noted that carbonmethane−
hydrogenmethane RDFs show two distinct peaks at around 4 Å
and 5 Å; besides there appears a broader peak at around 7Å, which
points into the existence of solvent separated pair, as reported in the
case of aqueous solutions of inert gases [2]. It has been suggested
that the pair of methane molecules serve as a common edge for
two neighbouring hydrations shells [2] and, at various distances
between two methane pairs there exist well−structured several
hydration layers [4,10].

Hydrogenmethane − hydrogenmethane pair distribution
functions exhibit a clear trend as well: the peak intensities show
a proportional increase with respect to temperature. However, we
note that the sharpness of the peaks also increases as temperature
decreases, which may be due to the fact that the number of
methane configurations is naturally reduced upon drop in
temperature. In general, correlations between hydrogen atoms in
methane molecules are found to be weakest in hydrogenmethane−
hydrogenmethane pair distribution functions.
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Carbonmethane − carbonmethane pair distribution functions
(shown in panel a in Figure 1) also indicate strong interactions
between methane molecules as temperature increases, as a further
evidence to hydrophobic effect [26]. We observe that methane−
methane pairing does occur at all temperatures at which the
simulations were carried out; this is expected considering the fact
that methane is one of the simplest hydrophobic molecules with
low solubility in water, leading to phase segregation.
Solution structure

In Figure 2, peak heights versus temperature plots, derived
from four cross correlation functions between water and methane
molecules (carbonmethane − oxygenwater, carbonmethane
− hydrogenwater, hydrogenmethane − oxygenwater, and
hydrogenmethane − hydrogenwater), have been shown. These four
atom−atom pair distribution functions provide vital information
regarding the solvation structure around the solute, in particular
hydrophobic hydration (the structure of water in the vicinity of an
apolar molecule). As can be seen from the figure 2, the heights of
the all peaks are found to be decreasing as temperature increases,
asserting that temperature has profound impact on methane−
water interactions in foams, and we call it type II interactions. It has
to be noted that this trend has also been observed for neon−water
systems [11].

Solvent structure

The third type of interaction is a mixed type, and we call it Type
III. As one can see in the figure 3, intra−pair distribution functions
of water show two contrasting behaviours. First, all first peak
heights gradually diminishes as temperature increases, which in
particular is noticeable at lower temperatures.

In Figures 4 and 5, we present number of methane−methane
pairs over a distance of 1 nanometres (nm) at five different
temperatures, from 260 K to 300 K, at two different mole fractions
(10 and 20%). Although the correlation of temperature and number
of methane−methane contacts is not immediately noticeable,
we can observe the rate of change of the number of methane−
methane contacts beyond 0.5 nm as temperature changes in
dilute solution (10 % aqueous solution). This is in contrast to 20
% aqueous solution. Furthermore, the solute structure is intact
within the limit of 0.5 nm regardless of the concentration, and at
higher concentration (20 %) the solute structure is more ordered
(regardless of the temperature) for greater distance. It would be
interesting to compare this result with methane−methane pair
distributions obtained for 10 % aqueous solution explained earlier.
The pair distributions clearly reveal that methane−methane
pairing increases with respect to temperature. The estimation of
the number of methane – methane contacts also shows similar
trend, except for 260 K.
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Figure 1: Type I interaction. In left panels shown are peak intensity versus temperature profiles of carbonmethane − carbonmethane,
carbonmethane – hydrogen methane, and hydrogenmethane − hydrogenmethane interactions of methane molecules (from top to bottom).
On right, corresponding pair distribution functions have been shown. In all except carbonmethane – hydrogenmethane pair distribution
function, enhanced structural effects towards higher temperatures is observed throughout the whole temperature window, while
the trend is observed within a shorter temperature domain in carbonmethane−hydrogenmethane. In panel b, the peaks corresponding to
290 K and 300 K are overlapped.

http://www.journalofchemistry.net
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Figure 2: Type II interaction. Four cross correlation pair distribution functions between methane and water molecules: (a)
carbonmethane − oxygenwater (b) carbonmethane – hydrogenwater (c) hydrogenmethane – oxygenwater (d) hydrogenmethane −
hydrogenwater are shown. The heights of all peaks are found to be decreasing as temperature increases, asserting that temperature
has profound impact on methane−water interactions in foams.
http://www.journalofchemistry.net
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Figure 3: Type III interaction. From top to bottom, we show the pair distribution functions of water (solvent) molecules. (a)
oxygenwater –oxygenwater (b) hydrogenwater – oxygenwater (c) hydrogenwater – hydrogenwater. The heights of first peaks and second
peaks demonstrate contrasting behaviour.

Figure 4: Methane-Methane distances at various temperatures at mole fraction of 10% aqueous solution.
http://www.journalofchemistry.net
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Figure 5: Methane-Methane distances at various temperatures at mole fraction 20%.

Discussions
Although rendering of a perfect understanding of any physical
phenomenon is cumbersome to achieve from a crude twodimensional statistical data such as radial (pair) distribution
functions, they are still useful in providing vital information
regarding the structure of liquids and aqueous solutions (in terms
of solute−solvent orientations) at molecular level. The differences
between the pair distribution function profiles cannot be detected
by merely looking at the radial distribution functions, as the changes
are only by an imperceptible degree across the whole temperature
domain the simulations were carried out. This warrants accurate
identification and estimation of peak heights in order to understand
the trend clearly. We therefore plot the heights of major peaks
(mainly the first ones) at corresponding temperatures as this refers
to the solution structure directly. Based on the trends, we group
these interactions into three.
One can see from Figure 1 that as the temperature decreases
the intensity of methane−methane pairing decreases considerably
(more than 33%). However, there appears conflicting reports
regarding this; for example, Stilbs et al have reported that even at
high methane concentration, methane−methane pairing does not
occur [27]. They compared carbonmethane−water pair distribution
functions with that of pure methane system. We believe that the
simulation conditions (including the concentration and production
run) adopted by Stilbs et al vary drastically with the present work,
which may be one of the principal reasons of this discrepancy.
Beyond 1 nano metre (nm), no subsequent peaks are observed
unlike in the case of solvent−solvent radial distribution pairs, which
will be discussed later in this article. This is in accordance with
Potential of Mean Force (PMF) calculations performed by Suzuki
et al [28]. This lack of long range order can greatly be affected
by the fact that in our simulations, a virtual box containing 864
molecules has been employed with the mole fraction of methane
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at around 10%, and according to Koh et al, around 5% of the total
water molecules can be found around a methane molecule [5]. This
would mean that 16−23 water molecules can be found in the first
hydration shells, according to various investigation reports [10, 29].
In addition, we note that the locations of first and second peaks are
indeed much shorter than those of methane hydrates, for example sI
hydrates, where in the nearest methane−methane distance, and the
subsequent nearest neighbour distance are found to be 6.5 Å and
10.5 Å respectively [30]. The aggregation of methane molecules in
water is still open to debate. Szalewicz et al argues that the degree
of aggregation between methane molecules is very much limited in
terms of number of molecules associated with it [31].
Summarising the information gathered from all three pair
distribution functions ( shown in figure 1), we are able to discern
that methane molecules prefer to aggregate themselves, as reported
elsewhere [8, 26]. This aggregation is driven by entropy upon
rise in temperature. The role of entropy is explained by the fact
that clustering of nonpolar solutes reduces the number of water
molecules to which the solute molecules directly interacts with [8].
The first peak in carbonmethane−carbonmethane pair distribution
functions, observed around 3.9 Å, show this trend more clearly than
the second, observed at around 7.5 Å. The second peak corresponds
to the solvent separated methane pair as argued by Skipper [26].

The peaks we obtained for carbonmethane−oxygenwater and
carbonmethane−hydrogenmethane are at around 3.5 Å, consistent
with earlier and recent computer simulation findings [3, 32,33].
It can be seen that the generic shapes of these pair distribution
functions (corresponding to carbonmethane − oxygenwater and
carbonmethane−hydrogenwater correlation motions) exhibit
similar features, in particular at higher distances. The sharper
carbonmethane− oxygen water peaks suggest that more number
of oxygen atoms become part of the skeleton of the water cages
built around methane molecules. One of the notable differences
with respect to earlier experimental findings, for example with
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those of Scheraga’s work, is that the peak of carbonmethane−
hydrogenwater radial distribution function is found to be broader
which prompted them to “confirm” the tangential orientation of
oxygen−hydrogen bonds in water with respect to an imaginary
sphere around methane molecules [8]. The tangential arrangement
offers a distinct structural feature than the traditional view of
tetrahedrally coordinated water molecules, forming undistorted
“perfect” hydrogen bonds. It would be interesting at this juncture to
note that the first peak in methane−oxygenwater radial distribution
functions is found at 4.1Å for methane hydrates, as opposed to 3.5
Å in aqueous solutions [29]. This clearly points into the fact that
the water cages by which methane hydrates are built of expand at
appropriate pressure and temperature in order to accommodate
more number of water molecules.

From the carbonmethane – oxygenWater pair distribution
functions, Vega et al have found out that the peak height is found to be
around 13 % lower at 600 K than at 298 Kelvin. On the contrary, our
simulations record much sharper decrease (more than 35 %) over
a smaller temperature change, from 260 K to 300 K. We also note
that unlike carbonmethane – oxygenwater rdfs, the second peaks in
the carbonmethane− hydrogenwater radial distribution functions
are shifted towards shorter distances as temperature increases.
It has also to be noted that carbonmethane−oxygenwater and
carbonmethane−hydrogenwater rdfs bear resemblance to earlier
works [3,29]. However, the radial distribution functions obtained
in our simulations show several differences with respect to some
other works in the literature in addition to the already mentioned
in the previous paragraph. First, the carbonmethane−oxygenwater
radial distribution functions exhibit a sharper first peak than
carbonmethane−hydrogenwater rdfs. This can be explained by the
fact that as temperature rises, hydrogen atoms being lighter than
oxygen atoms take numerous configurations. In other words, the
positional disorder of hydrogen atoms increases more due to higher
diffusion rate of water molecules at higher temperatures. Second,
the subsequent peaks are reported to be disrupted significantly
in [3], in contrast to our data wherein we observe that the second
peak is found to be perturbed only marginally.
Another important feature that can be deduced from our pair
distribution functions is that hydrogenmethane −oxygenwater and
hydrogenmethane − hydrogenwater rdfs appear to be broader
(as was observed by Scheraga et al, based on their Monte Carlo
simulations) compared to carbonmethane−oxygenwater and
carbonmethane − hydrogenwater pair distribution functions [6].
Scheraga et al have also concluded that a significant proportion
of water hydrogens are much closer to the centre of methane
molecules than water oxygen atoms, however, we haven’t been able
to identify this from our respective pair distribution functions. We
rather find that carbonmethane – oxygenwater peaks are sharper
than carbonmethane – hydrogenwater radial distribution peaks.
Interestingly the second peak is more pronounced in the latter; this
has also been observed by Scheraga et al: they attributed this trend
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due to enhanced hydrogen bonding between first and second shells
[6].

Now, it would be interesting to compare our results with
experimental (Neutron Diffraction) and coarse grain simulation
findings. The distribution functions derived by Buckingham et al
from their Neutron Diffraction studies regarding the nature of the
peaks in general tend to agree with our results [10]. However, we
note that they haven’t observed any subsequent peaks beyond the
first hydration shell, indicating that the solution structure is short
ranged, major implication of which they attribute to the generic
behaviour of water−nonpolar solutes. Buckingham et al further
note that associative behaviour of methane and water is prominent
in molecular simulations, reflected in well−defined second peaks.
On the other hand, comparing our results with methane−water pair
distribution functions derived from a coarse grain simulation, we
find that our simulations in principle agree with it as well [34]. In
comparison to methane hydrates, water and methane molecules are
more dispersed in methane−water foams as indicated by weaker
peaks [35].

Using the same water model that we employed in the current
simulations, Mancera et al have performed Monte Carlo simulations
on water by varying another thermodynamic variable, pressure:
from 1 atm through 1600 atm. They found that by increasing
pressure the strength of carbon−oxygen interactions is diminished,
and they have also observed the same trend with other popular
model, SPC/E [36]. However, the disruption of the first peak under
pressure has not been observed in carbonmethane−oxygenwater
radial distribution function [37], and the authors explain that
this is due to the fact that hydration sphere around the methane
molecules is undisturbed [37].
Diminishing of first peak heights as shown in figure 3 is in

accordance with the findings of Skipper [26] and also a previous
computer simulation finding using TIP4P water model [38]. It has
also been found out that as density increases the peak intensity
decreases considerably [38]. This indicates that increasing
pressure disrupts the solution structure (order) to a greater extent
as expected because molecules compete with each other for the
available space. On the contrary, an increase in peak (second)
height in hydrogenwater − hydrogenwater pair distribution
functions is observed, albeit slightly, with respect to a variation in
temperature. The two contrasting behaviour indicates that while
the water (solvent) structure remains intact, water molecules
shuttle between first and second hydration shells around each
water molecule.
As expected, the first peak heights of oxygenwater – oxygenwater

radial distribution function decreases as temperature increases, and
this effect has been observed by several researchers, for example
Vega et al [3,38]. They have observed a strong dependence of cross
correlation functions of water upon temperature, by simulating at
298 K and 600 K [39].From figure 3, it can be easily discern that
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the locations of the first peak (at 2.7 Å) has not been changed over
the interval of 40 K (from 260 K through 300 K), as in the case of
corresponding pairs in the other pair distribution function as shown
below (in table 1), in analogy to other systems of practical interest
such as cryosolvents [40]. According to Anderson, this indicates that
tetrahedral nature of water around methane has been preserved,
with on average 4.26 neighbours around each water molecule [41].
Koh et al has observed that the peak in oxygenwater−oxygenwater
pair distribution function has not been changed upon the mixing

of methane into water [5], and they concluded that the presence of
methane molecule affects water structure only marginally in terms
of shell compression and that there is no evidence of structural
ordering due to methane molecules [5]. Furthermore, from figure
3, it can be seen that the profiles corresponding to second and third
peaks show very little changes as well across the temperatures
we simulated. By contrast, the oxygenwater−oxygenwater radial
distribution functions of methane hydrates are found to be more
structured [42].

Table 1: The locations of peak heights of various atoms pairs at corresponding temperatures are shown. Only first peaks are included
in the table. C, H & O represent carbon, hydrogen and oxygen atoms respectively and the subscripts ‘m’ and ‘w’ represent methane and
water respectively. The locations of peak heights are recorded in nanometres (nm).
T (K)

Cm −Cm

Hm−

Cm−

Cm−

Cm−

Hm−

Hm−

Ow−

Hw−

Hw−

Hm

Hm

Hm

Ow

Ow

Hw

Ow

Hw

Ow

260

0.39

0.41

0.37

0.35

0.37

0.44

0.41

0.27

0.23

0.18

290

0.39

0.41

0.37

0.36

0.37

0.44

0.42

0.28

0.23

0.18

270
280
300

0.39
0.39
0.39

0.41
0.4

0.41

0.37
0.37
0.34

0.36
0.36
0.36

Skipper et al, on the other hand, have observed that lower
first minimum in the oxygenwater−oxygenwater pair distribution
functions has been shifted to larger distances [43]. From our
analysis outlined in the Figure 3, it is clear that the temperature
does have some impact upon the water structure. The first peak
of oxygenwater−hydrogenwater pair distribution function can be
taken as the strength of hydrogen bonding [44], and the variation
of temperature has made considerable impact upon the height of
the peak, and thereby reducing the hydrogen bonding interaction
between water molecules. On the other hand, it has to be noted
that enhancement of pressure increases miscibility of methane and
water [45].

Conclusion

Using radial distribution functions, we were able to classify
intermolecular interactions into three: type I, II and III. Clustering
in methane is found to be enhanced as temperature increases,
based on the peak heights derived from various pair distribution
functions. The contrasting behaviour of pair distribution functions
of water (alias type III interaction) indicates that the combined
solution structure (first and second hydration shell around a water
molecule taken together) does not diminish and water molecules
shuttle between these two layers to ensure the structural stability of
solvent upon the variation in temperature. A definite orientational
preference in the first hydration shell of water molecules around
methane molecules can be inferred from our geometrical analysis.
This study, we believe that, opens up further investigations and
analytical propositions on the formation of clathrates structures
wherein methane molecules is trapped by water molecules that are
connected by hydrogen bonds. Further theoretical work including
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0.37
0.37
0.37

0.44
0.43
0.44

0.42
0.42
0.43

0.28
0.28
0.28

0.23
0.23
0.23

0.18
0.18
0.18

topological analysis such as Voronoi tessellation, Potential Mean
Force (PMF) calculation, and computer simulations of higher
resolution (for example ab initio, and QM/MM) may reveal the
perplexing nature of aqueous methane-water solutions. On the
other hand, the system can be understood better experimentally
using sophisticated protocols such as Vibration−Rotation−
Tunneling (VRT) spectroscopy.
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Supplimentary Info

A mode of interaction between the solute (methane) and
solvent molecules (we call Linked-Torri hypothesis) may be

obtained by fixing a solute and a solvent molecule viz−a−viz in
the three-dimensional space. For that, we consider the location
of the first peaks of the four principal cross correlation functions
between methane and water molecules, namely carbonmethane−
oxygenwater(3.7Å),carbonmethane−hydrogenwater(3.5Å),
hydrogenmethane−oxygenwater,(4.4Å),hydrogenmethane−
hydrogenwater(4.2Å), and configured the distance between the
two molecules based on the location of the first peak from the
corresponding RDFs. First, we place carbon and oxygen, being the
centres of the two molecules (methane and water) at a distance
with respect to each other, which would fix (by default) all other
distances. Based on the four aforementioned interatomic distances,
we obtained the resulting structure, after considering various
orientational possibilities, and we found that water molecules
prefer to interact with methane with both of its hydrogen atom
point towards the solute, as shown in the figure 6.
Water molecules orient perpendicularly with respect to the
hydrogen−carbon−hydrogen axes (there are six of such axes in
methane molecule). If methane and water molecules are considered
as part of two imaginary circles (one completes hydrogen−carbon−
hydrogen bonds and the other hydrogen−oxygen−hydrogen
bonds), the local structure can be considered as locked tori (each
circles linked to the other perpendicularly).
In this scenario, both hydrogen atoms face methane molecule
while the oxygen atom point outward.
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Figure 6: Linked-Tori hypothesis (A) A pair of methane and water molecules aligned along carbon−oxygen axis. (B) Water
molecule is rotated 90 degree, (C) schematic diagram indicating the mechanism of a possible Linked Tori interaction:
hydrogen−carbon−hydrogen of methane is considered as a part of a torus (green circle), while hydrogen−oxygen−hydrogen
(blue circle) axis of water can be considered as a part of another torus. The interatomic distance has been approximated to
two significant figures.
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