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INTRODUCTION 

Methane is of significant importance for various
fields of science and technology, in particular, for geol�
ogy, astrophysics, atmospheric physics, chemical
kinetics and catalysis, chemical engineering, biotech�
nology, hydrogen production, environmental protec�
tion, etc. Methane is the basic component of natural
gas and a very important greenhouse gas. The approx�
imate contribution of methane to the changes in the
radiation balance of the Earth’s atmosphere is
0.48 W/m2. The current methane content in the atmo�
sphere is estimated to be ~1700 ppb that corresponds
to the doubled preindustrial estimate [1]. Moreover,
methane is an important component of the atmo�
spheres of different planets including giant planets and
satellites thereof. It is assumed that methane is a com�
ponent of the Mars atmosphere [2]. Methane is in
abundance on the planets discovered recently beyond
the solar system and at brown dwarfs (the objects with
masses intermediate between small�mass stars and
giant planets) [3]. IR spectroscopy is the best diagnos�
tic instrument for studying methane in the environ�
ment. Due to the high symmetry of a methane mole�
cule, its complex electron structure consists of closely
spaced levels [4]. The frequencies of four normal
modes of methane are related approximately as fol�
lows: ν1 ≈ ν3 ≈ 2ν2 ≈ 2ν4. As water is almost universal in
the Solar System [5], the methane–water contacts
change the spectroscopic characteristics of methane.
The sum of the spectra of pure materials is known to
differ from the spectrum of their mixture [6]. For
example, the interaction of CH4 with H2O on the
molecular level is accompanied by significant changes
in the positions of peaks and spectral profiles in the
near [6] and middle [7] IR regions. Therefore, in order
to interpret the spectra of objects located outside the

Solar System, we need to record spectra of CH4 and
H2O upon their intermolecular interaction.

Methane–water systems play important roles in the
practical application of organic fuel (in the form of
clathrates), conversion of solar energy (thermochem�
istry), or methane formation in fermentation reactions
[8]. Under environmental conditions, the free energy
of hydration of small nonpolar molecules, such as
methane, is mainly determined by the entropy com�
ponent and depends, to a greater extent, on the num�
ber of the types of arrangement of all water molecules
in a hydrate layer of methane rather than on their
energy [9]. In the vicinity of small nonpolar mole�
cules, water molecules can rearrange themselves to
encapsulate a quest molecule and reform ruptured H
bonds [10, 11].

To date, the main attention has been focused on
studying the properties of extended liquid solutions
and hydrates of methane (water ices containing large
amounts of methane) and few works have dealt with
the cluster hydrophobic effect in the atmosphere [12–
14]. Small water clusters composed of 10 and 20 mol�
ecules have been considered in those studies. Water
molecules have been shown to be immiscible with
adsorbed methane molecules.

The aim of this work was to study the changes that
take place in IR and Raman spectra upon methane
adsorption on water clusters.

MOLECULAR DYNAMICS MODEL

The interaction of water molecules in clusters was
described by a nonadditive potential, the additive
component of which was represented by the modified
in [15] TIP4P potential for water [16], while the non�
additive component was determined by the polariza�
tion interaction. Based on the data of [15], we assumed
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that, for water molecule, the permanent dipole
moment is equal to its experimental value of 1.848 D.
The geometry of H2O molecule corresponds to the fol�
lowing experimental molecular parameters in a gas
phase: the distance between hydrogen and oxygen
atoms is rOH = 0.09572 nm and H–O–H angle is
104.5° [17]. Fixed charges (qH = 0.519e, qM = –1.038e)
are assigned to H atoms and point M0 located at the
bisector of the H–O–H angle at a distance of
0.0215 nm from the oxygen atom. The charges and the
position of point M0 were chosen so as to reproduce
the experimental values of the dipole and quadrupole
moments [18, 19], as well as the calculated ab initio
energy of a dimer and characteristic distances in it
[20]. Stabilization of the short�range order in water
clusters is, to a great extent, attained due to the short�
range Lennard�Jones potential, with the interaction
center being attributed to the oxygen atom. Along with
the electric charge, the polarizability, which is needed
for the description of the nonadditive polarization
energy, was related to point M0. Induced
dipole moments di were calculated using the standard
iteration procedure at each time step [15]. The accu�
racy of di determination was preset in the range of
10⎯5–10–4 D.

The methane–methane interatomic interactions
were determined by the Lennard�Jones and Coulomb
contributions as follows:

Parameters  r0, and qi for H and C atoms in the
CH4 molecule were taken equal to 0.038 kcal/mol,
0.28525 nm, and 0.119e and 0.07382 kcal/mol,
0.43 nm, and –0.476e, respectively [21]. The parame�
ters of the Lennard�Jones potential describing meth�
ane–water interactions were determined by the Ber�
thelot–Lorentz formulas

where   are energy parameters and  
are the geometric parameters of the potential for C and
H atoms in methane molecule and O atom in water
molecule, respectively.

Methane molecule has the shape of a tetrahedron
with carbon atom located in the center and hydrogen
atoms in the vertexes. The H–C–H bond angle is
equal to the tetrahedral angle of 109°. The interatomic
distances in the CH4 molecule were rCH = 0.109 nm
and rHH = 0.177 nm. The nonpolar CH4 molecule has
a higher polarizability αp (2.6 Å3) than does the water
molecule (1.49 Å3) [22].

The trajectories of the mass centers of the mole�
cules were determined by the fourth�order Gear meth�
od [23]. Time step Δt of integration was 0.2 × 10–16 s.
In a molecular�dynamics calculation 2 × 106 Δt long,
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the equilibration was preliminarily performed at T =
233 K for pure water clusters free of impurity mole�
cules. The  cluster configuration at the 40�ps
time moment was further used as the initial configura�
tion for simulating  heteroclusters with
1 ≤ i ≤ 6. Each added CH4 molecule was initially
placed into a position such that the shortest distance
between the atoms of this molecule and atoms of water
molecules was nearly 0.6 nm. At the beginning, the
mass centers of CH4 molecules were placed in coordi�
nate axes outside the water cluster. The initial orienta�
tion of methane molecules was arbitrary. A newly
formed cluster was equilibrated within a time interval
of 1.2 × 106 Δt at T = 233 K; after that, the desired
physicochemical properties were calculated at the
same temperature within an interval of 2.5 × 106 Δt. A
system of  clusters was formed in ac�
cordance with cluster statistical weights, which were
determined as follows. Let us consider the case of un�
polarized light scattering, when free path l of mole�
cules is much shorter than light wavelength λ. Extinc�
tion (attenuation) ratio h of an incident beam is deter�
mined by, on the one hand, the Rayleigh formula [24],
and, on the other hand, scattering coefficient ρ (h =

 [25] under an approximation of the scattering

angle of 90°. Taking into account that h = α + ρ, where
α is the absorption coefficient, we have

where N is the number of scattering centers per cubic
centimeter. Here c is the speed of light, ε is medium
dielectric permittivity, and ω is the frequency of the
incident wave. 

Let us define the following types of ultradisperse
systems: system I is a monodisperse system of 
clusters, system II is a region filled with water clusters
having sizes of 10–50 molecules (the number of mol�
ecules in a cluster is increased with step Δn = 5), and
system III is a medium composed of  clusters
that contain from one to six adsorbed CH4 molecules. 

We form these systems in a manner such that a clus�
ter containing i impurity molecules and n water mole�
cules has the following statistical weight:

where Nin is the number of clusters containing n water
molecules and i CH4 molecules in 1 cm3 and l acquires

values of 1 and 2:  =   =

Thereafter, all spectral characteristics are
calculated with regard to accepted statistical weights
Win.
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The motion equations for molecular rotation are
analytically solved using the Rodrigo–Hamilton
parameters [26], and the integration of equations of
motion involving rotations is implemented according
to the Sonnenschein approach [27].

DIELECTRIC PROPERTIES

Static dielectric permittivity ε0 was calculated via
fluctuations of total dipole moment M [28] as follows:

 

where V is the cluster volume and k is Boltzmann’s
constant.

Dielectric permittivity ε(ω) as a function of fre�
quency ω was represented by complex value ε(ω) =
ε'(ω) – iε''(ω), which was determined by the following
equation [28, 29]:

 

where the C(t) function is the normalized autocorrela�
tion function of the total cluster dipole moment,

 

Coefficient α of absorption of external IR radiation
can be expressed via the imaginary component of fre�
quency�dependent dielectric permittivity ε(ω) in the
following form [30]:

 

In the case of depolarized light, the Raman spec�
trum J(ω) is specified by the following expression [31]
(the scatterings at ω < 0 and ω > 0 are of the Stokes and
anti�Stokes types, respectively):

where

ωL is the exciting laser frequency, Πxz is the xz compo�
nent of the Π(t) value, the x axis is directed along the
molecular dipole, and xOy is the molecular plane. The
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value ωL = 19 436.3 cm–1 (green line of argon laser,
λ = 514.5 nm) was used in the simulation.

Reflection coefficient R is determined as the ratio
between the average energy flux reflected from a sur�
face and the incident flux. At the normal incidence of
a plane monochromatic wave, the reflection coeffi�
cient is determined by the following formula [24]:

(1)

Here, it is assumed that the wave incidence occurs
from a transparent medium (medium 1) into a
medium that may be both transparent and nontrans�
parent, i.e., an absorbing and scattering one
(medium 2). The subscripts at the dielectric permittiv�
ity in Eq. (1) denote corresponding media.

The frequency dispersion of the dielectric permit�
tivity determines the frequency dependence of dielec�
tric loss P(ω) according to the following expression
[25]:

 

where 〈E2〉 is the mean�square electric field strength
and ω is the frequency of the emitted electromagnetic
wave.

The motions at a frequency below 1200 cm–1 cor�
respond to molecular librations, while frequencies
above 1200 cm–1 describe mainly intramolecular vi�
brations [32] realized in the following approximation.
Flexible molecular models were considered. Mole�
cules were provided with flexibility via the procedure
developed in [33–35] within the framework of the
Hamilton dynamics: the deformation of a molecule
was determined by equilibrating total potential force

f(u) =  with centrifugal force – –μuω2,

where μ is the reduced mass, u is the distance between
two atoms, ω is the vibration frequency, and r deter�
mines the point at which the force is applied.

SIMULATION RESULTS

As a result of adsorption of i methane molecules by
a water cluster, a  cluster is formed.
The configuration of a  cluster con�
taining six CH4 molecules at the 50�ps time moment is
exemplified in Fig. 1. Methane molecules are arranged
symmetrically relative to the cluster center in the ver�
tical and horizontal directions. They have rather arbi�
trary orientations that are determined by the position
and orientation of neighboring water molecules. As
the tetrahedral CH4 molecule carries external positive
electric charges (on H atoms), the tetrahedron vertex
is located closer to the negatively charged oxygen atom
of a nearest water molecule. The situations, in which
H atoms of methane molecule are located near O at�
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oms of two or even three H2O molecules, are also pos�
sible. The symmetrical arrangement of hydrophobic
methane molecules results in the densification of the
water component of the cluster, which affects its opti�
cal properties.

The frequency spectra of the real and imaginary
components of the dielectric permittivity are consid�
erably transformed after adsorption of CH4 molecules
by water clusters (Fig. 2). While, for a system com�
posed of identical water clusters  (system I) or
a system of water clusters with different sizes

 (system II), the ε'(ω) and ε''(ω) func�
tions rapidly increase in the beginning of the frequen�
cy range (below 1100 cm–1), for the system of water
clusters containing methane molecules

 (system III), these functions grow
nonmonotonically to maximum values in the vicinity
of 3280 and 3070 cm–1, respectively, with the most
pronounced increase in ε'(ω) and ε''(ω) values begin�
ning from frequencies of 2875 and 2500 cm–1, respec�
tively. The maximum values of ε'(ω) and ε''(ω) for sys�
tem III exceed the analogous characteristics for sys�
tems I and II. The ε'(ω) function calculated in [30] for
bulk liquid water decreases monotonically in the fre�
quency range of 200 ≤ ω ≤ 3500 cm–1, whereas the ex�
perimental ε''(ω) function [36] exhibits a nonmono�
tonic decrease down to ≈930 cm–1, followed by a
monotonic decay. 

Figure 3 shows the frequency dependences of
absorption coefficient α for systems I–III. The inte�
gral intensities of the α(ω) spectra for these systems
are related as 1 : 0.80 : 1.04. The main maxima of
the spectra fall in the frequency range of 3270–
3500 cm–1. The α(ω) spectra of liquid water [37] and
an H2O/CH4 = 20 solid mixture at T = 15 K [6] lie in
the same range. The IR absorption spectra of CH4 and

2 50(H O)

n=2 10,...,50(H O)

i=4 1,...,6(CH ) 2 50(H O) CD4 captured in the matrix of an inert gas at low tem�
peratures exhibit maxima in the regions of 3015 and
994 cm–1, respectively [38]. The frequency range of
2750 ≤ ω ≤ 3300 cm–1 is of particular importance,
because it contains characteristic frequencies of
stretching vibrations for molecules comprising car�
bon–hydrogen bonds. In the homologous series of
hydrocarbons, the methane molecule is unique,
because all C–H bonds belong to the same group, in
contrast to, e.g., hexane, which comprises bonds of
several types. 

Figure 4 shows α(ω) spectra for individual clusters.
As a rule, the addition of CH4 molecules to a 
cluster leads to a decrease in the integral intensity I

α
 of

the α(ω) spectrum. The I
α
 values for 

clusters with i = 0–6 are related as 1 : 1.06 : 0.95 : 0.44 :
0.94 : 0.96 : 1.17. It is seen that, when one or six CH4

molecules are added to a water cluster, I
α
 increases.

The addition of CH4 molecules is accompanied by a
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blue shift of the main peak in the α(ω) spectrum, with
the shift being the same in all cases except for i = 3.

Figure 5 exhibits Raman spectra J(ω) calculated
for systems I and III and the experimental spectrum of
liquid water measured at 300 K [39]. The adsorption of
CH4 molecules by  clusters leads to a signifi�
cant reduction in the number and intensity of
the peaks. The comparison of the J(ω) spectra for sys�
tems I and III shows that only a peak at 3117 cm–1 is
well reproducible (with a weak blue shift). This peak
exhibits a red shift (by ≈200 cm–1) relative to the main
peak in the J(ω) spectrum of liquid water. In the case
of pure water, different arrangements of oxygen atoms
with tetrahedral coordination and variability of hydro�
gen bond lengths and angles result in the formation of
various ice phases. The incorporation of different
guest molecules into the structural cavities of the poly�
hedral skeleton of water yields more than ten stable
structures, which are divided into gas hydrates of three
types denoted as sI, sII and sH structures [40]. Pure
methane hydrate forms, as a rule, a cubic sI structure,
in which small methane molecules are easily accom�
modated in both large and small cavities. At pressures
and temperatures higher than those for the sI struc�
ture, two other forms, sII and sH, are stable [41]. As a
result of compression, methane hydrate sI is trans�
formed into the sII phase at 100 MPa and, then, into
the sH phase at 600 MPa. The Raman spectra of these
different forms of methane hydrate are quite different
(see inset in Fig. 5). The main peaks of the three forms
of methane hydrate show a red shift on the order of
200–213 cm–1 relative to the main peak in the J(ω)
spectrum of system III.

The reflection of IR radiation by disperse
systems I–III is characterized by the R(ω) spectra

( 2 50H O)

(Fig. 6). System II, which consists of water clusters
with different sizes, has average reflection coefficient

 = 0.35 and frequency of most strongly reflected

photons ωR = 1015 cm–1. For system I,  = 0.41 and

ωR = 976 cm–1, while, for system III,  = 0.74

and ωR = 3255 cm–1. Thus, the adsorption of CH4

molecules by the system of  clusters causes a

1.8�fold increase in reflection coefficient  and a con�
siderable blue shift of the frequency of the most effi�
ciently reflected radiation.
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Figure 7 shows IR emission spectra P(ω) for sys�
tems I–III along with the laboratory emission spec�
trum of methane at 800 K [42]. The integral intensity
ratio between the P(ω) spectra for systems I–III is
1 : 0.77 : 1.68, and the main peaks are positioned at
3340, 3471, and 3099 cm–1. Thus, the addition of CH4

molecules to  clusters is accompanied by a red
shift of the main peak by 241 cm–1. The position of the
main peak for system III is in good accordance with
that of the main peak of the experimental emission
spectrum of methane (3087 cm–1). Note that weak
bands to the left and right of the P(ω) spectrum of
methane (Fig. 7) were ignored in [42].

Intensities IP of emission spectra of individual

 clusters are widely varied (Fig. 8). For
example, as i increases from 0 to 6, the IP values appear
to be related as 1 : 0.53 : 0.57 : 0.21 : 1.21 : 1.39 : 1.76;
i.e., the maximum IP value (at i = 6) is larger than the
minimum one (at i = 3) by a factor of 8.2. At the same
time, the pattern of the P(ω) spectrum dramatically
changes only upon the addition of the first CH4 mole�

cule to an  cluster.

( 2 50H O)

)i4(CH ( 2 50H O)

( 2 50H O)

DISCUSSION

The addition of methane to water clusters leads to
an essential change in the α(ω) spectrum such that the
position of the main spectral peak is shifted to the cor�
responding peak of the α(ω) spectrum for the
mechanical CH4–H2O mixture, in which molecular
mixing is absent. This approach of the spectra is likely
related to the fact that simple CH4 hydrocarbon does
not form hydrogen bonds with H2O. The disperse
aqueous medium containing absorbed methane is dis�
tinguished by a high background intensity of the α(ω)
spectrum. Therefore, the form of each component of a
CH4–H2O mixture should be judged based on the
combination of characteristic spectral features rather
than from peak positions alone. In the absence of
molecular mixing in the CH4–H2O mechanical mix�
ture, thermal effects related to a great difference
(≈182 K) between the melting temperatures of these
components can be observed at low temperatures. The
presence of CH4 molecules in water clusters is distin�
guished by a considerable decrease in intensity of the
Raman spectral bands down to the disappearance of
many of them in the range of ω < 3000 cm–1. The spec�
trum displays only one distinct band remaining from
the spectrum of water clusters, which exhibits a blue
shift by 200–213 cm–1relative to the corresponding
band in the Raman spectra of different forms of meth�
ane hydrate.

The data obtained in this work may be used for ver�
ification of the ab initio quantum chemical calcula�
tions and analysis of spectra in astrophysics, for exam�
ple, when studying brown dwarfs and hot planets out�
side the Solar System. The near IR spectra of T�class
brown dwarfs display a lot of bands due to methane
and water [43]. The bands of methane are identified by
comparing with the spectrum of Jupiter or a spectrum
obtained by numerical simulation. It is common
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knowledge that the equilibrium concentrations in the
CO + 3H2 ↔ CH4 + H2O reaction are strongly tem�
perature�dependent; therefore, the ν3 band can be an
efficient indicator of temperature [44]. The relation
between the populations of methane and CO at a given
pressure can also be an indicator of the temperature of
brown dwarfs [45]. The availability of laboratory and
model spectra of methane–water mixtures can help to
determine the atmosphere composition of brown
dwarfs and their temperature and gravitational forces
[46].

CONCLUSIONS

Methane adsorption by disperse aqueous medium
has been studied in terms of a molecular�dynamics
model of flexible molecules. An increase in the molar
fraction of methane near a  cluster leads, in the
long run, to the structurization of CH4 molecules in
the vicinity of the cluster. The integral absorption co�
efficient α(ω) in the IR region increases with methane
adsorption by the disperse aqueous medium. There�
with, the main absorption band shifts toward the posi�
tion of the most intense band in the IR spectrum of
gaseous methane. On the contrary, the number and in�
tensity of bands dramatically decrease in the Raman
spectrum of the disperse methane�containing system.
In fact, only one meaningful band remains preserved
in the J(ω) spectrum. As spherically symmetrical CH4

molecules are adsorbed by the disperse aqueous sys�
tem, its reflectivity noticeably increases and the fre�
quency distribution of reflection coefficient becomes
more uniform. The emission intensity of the water–
methane disperse system markedly increases, espe�
cially in the high�frequency region of the P(ω) spec�
trum. The position of the main maximum in the P(ω)

2 50(H O)

spectrum of this system is in good agreement with the
position of the maximum in the emission spectrum of
methane measured under laboratory conditions. Be�
cause of different selection rules, the calculated α(ω)
and J(ω) spectra may appear to be useful for the solu�
tion of some problems, including astrophysical ones.
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