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INTRODUCTION

Water vapor is the main greenhouse gas of Earth’s
troposphere. Up to 95% of the greenhouse effect is cre-
ated by none other than H

 

2

 

O. Characteristic frequency
of intramolecular vibrations belongs to the main char-
acteristics of the ability of molecules to absorb infrared
(IR) radiation from the planet’s surface. In the infrared
absorption, 1595 and 3756 cm

 

–1

 

 high-intensity frequen-
cies are observed for water vapor [1]. The spectrum of
thermal Earth’s radiation corresponding to 280 K is
ended actually in the vicinity of 2500 cm

 

–1

 

. The fre-
quency of translational vibrations of molecules (in the
condensed state) is usually limited, i.e., 

 

ω

 

 < 1000 cm

 

–1

 

[2]. As a rule, higher frequencies correspond to
intramolecular vibrations. The absorption of radiation
in the near-IR region by water dimers in the atmosphere
was registered in [3] and confirmed in [4] under labora-
tory conditions. Data of laboratory measurements on
the absorption of the continuous radiation band by
water vapor in the 3000–4200 cm

 

–1

 

 range were reported
in [5]. These measurements reliably confirm the sub-
stantial contribution of water dimers to the continuous
radiation band in a given spectral range [6].

According to the theory of homogeneous nucleation
[7], water clusters of subcritical sizes should exist in the
Earth’s atmosphere in dynamic equilibrium. Micro-
scopic droplets are formed from clusters of critical
sizes. These droplets remain liquid at a temperature
lower than the melting temperature. A decrease in the
melting temperature of small particles is explained by
the surface effect. The absence of reliable data on clus-
ter distribution in Earth’s atmosphere [8] does not allow

for unambiguous interpretation of many features of
continuous absorption spectrum for water vapor
observed in the IR region [6]. Regardless of the fact that
many classical models were developed for the simula-
tion of liquid water [9–12], the model, which could
reproduce all its anomalous properties in not yet cre-
ated. The manifestation of differences in the behavior
of water at different dimensional scales is its inherent
property [13]. For example, when dissolving biomole-
cules in water, a significant role is played by the nearest
environment that consists of water molecules located at
short distances and involved in the formation of hydro-
gen bonds. However, the manifestation of the “hydro-
phobic” effect needs longer organization of the system
at larger scales. For example, the hydrophobic effect is
exhibited when dissolving ethane in water. Hydrogen
bonds between two water molecules in the solvation
layers of ethane are stronger than H–bonds in the bulk
of aqueous system [14]. Hydrogen bonds are mutually
activated due to the polarization of molecules; i.e.,
H-bonds between the molecules of water become stron-
ger owing to the electrostatic polarization of the solva-
tion layer.

The absorption of the molecules of organic sub-
stances by water clusters still remains scarcely studied.
When studying small aqueous systems, it is necessary
to take into account the formation of hydrogen bonds
between the nearest neighbors. Results of the analysis
of the far infrared region of the spectrum of water vapor
and clusters performed by the method of density func-
tional testify to the formation of benzene–water dimers
[15] and C

 

6

 

H

 

6

 

(

 

H

 

2

 

O

 

)

 

9

 

 clusters [16] in the cooling super-
sonic jet. The energy of a hydrogen bond in a benzene–
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Abstract

 

—Absorption of ethane molecules by water clusters containing 10–20 molecules is studied by the
molecular dynamics method. The 
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 (III) cluster systems are
composed on the basis of specific statistical weights. Spectral characteristics of system and single clusters are
determined in the frequency range of 

 

0 

 

≤

 

 

 

ω

 

 

 

≤

 

 1000

 

 cm

 

–1

 

. In this frequency range, both real and imaginary parts
of dielectric permittivity decrease monotonically after the absorption of C

 

2

 

H

 

6

 

 molecules by an aqueous ultradis-
persed system. Integral coefficient of IR absorption increases, while average (over frequency) reflection coeffi-
cient decreases after the absorption of ethane molecules. The intensity of IR scattering by the systems of clus-
ters containing C

 

2

 

H

 

6

 

 molecules lowers. Maximal values of radiation power for water clusters with various sizes
are balanced with the capture of ethane molecules by the clusters, whereas oscillations in the size dependence
of the density of electrons that are active with respect to IR radiation decrease.
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water dimer is estimated as being equal to 1.9 kcal/mol.
The interaction between the benzene ring and an

 

(

 

H

 

2

 

O

 

)

 

9

 

 cluster leads to the formation of one H-bond, as
well as considerable change in the distances between
oxygen atoms (as well as 

 

r

 

OH

 

 distances where O and H
atoms belong to different molecules) in a cluster. The
absorption of C

 

2

 

H

 

6

 

 molecules should also lead to the
significant structural rearrangement of the entire water
cluster. In turn, this should noticeably change the spec-
tral characteristics of aqueous ultradispersed system.

The goal of this work is to study the absorption of
ethane molecules by water clusters, to determine the
influence of these hydrocarbon molecules on the pat-
tern of the IR spectra of absorption and reflection by
aqueous dispersed system, and to establish the role of
C

 

2

 

H

 

6

 

 molecules in the dissipation of the energy of
external IR radiation absorbed by water clusters.

COMPUTER MODEL

The simulation of water clusters was performed
using the modified TIP4P interaction potential for
water and the rigid four-center model of an H

 

2

 

O mole-
cule [17]. The geometry of this molecule matches the
experimental parameters of a molecule in the gaseous
phase; 

 

r

 

OH

 

 = 0.09572 nm and the H–O–H angle is equal
to 

 

104.5° 

 

[18]. Fixed charges (

 

q

 

H

 

 = 0.519

 

e

 

 and 

 

q

 

M

 

 =

 

−

 

1.038

 

e

 

) are assigned to H atoms in point 

 

M

 

 at the
bisectrix of the HOH angle at a distance of 0.0215 nm
from oxygen atom. The values of charges and the posi-
tion of point 

 

M

 

 are chosen so as to reproduce experi-
mental values of the dipole and quadrupole moments of
water molecules [19, 20], as well as calculated ab initio
energy of dimer and characteristic distance in it [21].
The identification of short-range order in water clusters
is mainly achieved due to a short-range Lennard-Jones
(LD) potential with the interaction center referred to the
oxygen atom. The polarizability of a molecule needed
for describing the nonadditive part of polarization
energy was also referred to point 

 

M

 

, along with the
electric charge.

The total energy of interaction between water mole-
cules is written in the form

where the pair-additive part of potential is the sum of
Lennard-Jones and Coulombic interactions

Here, 

 

r

 

ij

 

 is the distance between points 

 

i

 

 and 

 

j

 

; 

 

q

 

 is the
charge; and 

 

σ

 

 and 

 

ε

 

 are the parameters of Lennard-
Jones potential.

The nonadditive polarization energy is determined
by the relation
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where  is the strength of electric field in point 

 

i

 

induced by the fixed charges of a system

 

d

 

i

 

 is the induced dipole moment of 

 

i

 

th atom

 

d

 

i

 

 = 

 

α

 

i

 

E

 

i

 

,

 

where

Here, 

 

E

 

i

 

 denotes the total strength of electric field in
the center of 

 

i

 

th atom, 

 

α

 

i

 

 is its polarizability, and 

 

T

 

ij

 

 is
the dipole tensor

For the calculation of induced dipole moments at
each time step, we used standard iteration procedure
[17]. The accuracy of determining 

 

d

 

i

 

 is set in the 

 

10

 

–5

 

–
10

 

–4 D.
Atom–atom ethane–water interactions were set via

the sum of repulsive, dispersion and Coulomb intera-
tions 

where parameters ai, bi, and ci were taken from [22].
Electric charges qC

ethane = −0.0939e  and  qH
ethane =

0.0313e were assigned to C and H atoms, respectively,
in ethane molecule. The polarizability of C2H6 mole-
cule is referred to the center of its mass (point M). The
C2H6 molecule has stable conformation in which free
rotation around the C–C bond is “retarded” [23]. All
H−C–H angles in the ethane molecule are identical and
equal to about 109°, whereas the triplet of hydrogen
atoms linked with the second carbon atom is turned
around the C–C axis by 60° with respect to the triplet of
hydrogen atoms retained by the first carbon atom. In
this model, the following characteristic distances between
atoms in C2H6 molecule were used: rCC = 0.154 nm and
rCH = 0.11 nm [24]. In view of the symmetric distribu-
tion of electric charge in the C2H6 molecule, its perma-
nent dipole moment is equal to zero; however, ethane
molecule possesses high polarizability (2.6 Å3), which
is higher than that of water molecule (1.49 Å3) [24].

Trajectories of the mass centers of molecules were
determined by the fourth-order Gear method [25]. Time
step ∆t of integration was 10–17 s. The equilibrium state
of water clusters that do not contain admixture mole-
cules at T = 233 K was originally established by a
molecular dynamic calculation lasted for 2 × 106 ∆t.
Hereafter, the configuration of water cluster at time
moment 20 ps was used as an initial configuration to
simulate the (C2H6)i(H2O)n system. Added C2H6 mole-
cules were originally arranged so that the shortest dis-
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tance between atoms in the methane molecule and
atoms of water molecules did not exceed 0.6 nm. The
C2H6 molecule was placed so that the axis of its third-
order symmetry would coincide with the ray connect-
ing the center of (H2O)n cluster mass with the center of
this molecule mass. Cut-off radius rc of all interactions
in the model was 0.9 nm. In the case when two C2H6
molecules were added to water cluster, the distance
between the centers of these molecules was originally
equal to rc. The relaxation of the newly formed system
was performed for 0.6 × 106 ∆t time interval; then,
required physicochemical properties were calculated
for 2.5 × 106 ∆t interval. The analytical solution of
motion equations for the rotation of molecules was per-
formed using Rodrigues–Hamilton parameters [26] and
the scheme of the integration of motion equations in the
presence of the rotation of molecules corresponded to
the approach proposed by Sonnenschein [27].

Three types of ultradispersed systems were studied.
The first system was represented by the water clusters
containing 10–20 molecules; the second system con-
sists of C2H6(H2O)i clusters, i = 10, …, 20; the third
system composed of the set of (C2H6)2(H2O)i clusters
containing the same number of H2O molecules; in the
order of their sequence, we designate these systems by
numerals I, II, and III. It was assumed that the cluster
containing i admixture molecules and n water mole-
cules has the statistical weight

i = 0, 1, 2, n = 10, … , 20, 

where Nin is the number of clusters with i admixture
molecules and n water molecules in 1 cm3 and NiΣ =

. The Nin value was estimated as follows.
The case of the scattering of unpolarized light is consid-
ered when the mean free path l of molecules is much
shorter than the wavelength λ. The extinction (attenua-
tion) coefficient h of the incident beam is determined,
on one hand, by the Rayleigh formula [28], and on the

other hand, via the scattering coefficient ρ (h = )

[29] in the approximation of the scattering at an angle
of 90°. Taking into account that h = α + ρ, where α is
the absorption coefficient, we have

where c is the speed of light, ε is the permittivity of
medium, and ω is the frequency of incident wave. All
spectral characteristics were calculated with allowance
for accepted statistical weights Win. The procedure of
the formation cluster systems suggests their uniform
spatial distribution and is valid at low cluster concentra-
tion; as a consequence, clusters do not interact with
each other. The average value of the concentration for
the clusters of each type in systems studied is smaller

Win
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16π
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2ω4
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α
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16π
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by 12–13 orders of magnitude than the Loschmidt num-
ber.

The calculations were performed with a PENTIUM-IV
computer operating at a processor clock frequency of
3.8 GHz. The calculation with time 106 ∆t for the
(C2H6)2(H2O)n cluster took about 30 h of computer
time.

SPECTRAL CHARACTERISTICS OF (H2O)n 
AND (C2H6)i(H2O)n CLUSTERS

The total dipole moment of cluster was calculated
by the formula

where di(t) is the dipole moment of molecule i and N is
the number of molecules in a cluster.

Static dielectric constant ε0 was determined via the
fluctuations of the total dipole moment [30]

where V is the volume of a cluster.
Let us introduce the transformation of Fourier–

Laplace function f via the relation

and normalized autocorrelation function M using the
equality

Frequency dependence of permittivity is repre-
sented as the complex value ε(ω) = ε'(ω) + iε"(ω) with
the real part ε'(ω) (dielectric dispersion) and the imagi-
nary part ε"(ω) characterizing dielectric losses. Then
the relation between the frequency-dependent dielec-
tric constant and the Fourier–Laplace transformation
for the derivative with respect to time of function Φ is
determined by the relation [31]

The ε0 value is calculated through function ε(ω) : ε0 =
ε(0).

The molecule can absorb electromagnetic waves
with a specific frequency only in the case when the
dipole moment of a molecule vibrates with the same
frequency. The absorption coefficient is proportional to
the squared amplitude of the vibration of the dipole
moment. The absorption of radiation at frequency ω at
thermodynamic equilibrium in the gaseous phase with
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temperature T is characterized by absorption coefficient
α. The α can be presented via the imaginary part of fre-
quency-dependent permittivity ε(ω) in the following
form [31]:

where c is the speed of light.
Reflection coefficient R was determined as the ratio

of the average energy flux reflected by the surface to the

α ω( ) 2
ω
c
----Im ε ω( )1/2[ ],=

incident flux. For a normal incidence of a plane mono-
chromatic wave, the reflection coefficient is given by
the equation [28]

(1)

Here, it is assumed that the incidence of the wave
occurs from a transparent medium (medium 1) to a
medium, which can be transparent or opaque, i.e.,
absorbing or scattering (medium 2). Subscripts at the
permittivity in Eq. (1) refer to the corresponding media.

Frequency dependence of dielectric losses P(ω) can
be expressed as [29]

where 〈E2〉 is the average value of the squared strength
of electric field and ω is the frequency of emitted elec-
tromagnetic wave.

The total number of electrons Ne per unit volume of
a cluster interacting with the external electromagnetic
field is set as [28]

where e and m are the charge and the mass of electron,
respectively.

CALCULATION RESULTS

The configurations of C2H6(H2O)20 and
(C2H6)2(H2O)20 clusters obtained at time 25 ps are pre-
sented in Fig. 1. The C2H6 molecules are not detached
by the water core of a cluster; however, at the same
time, they do not approach the core too closely. In the
case of both clusters, every C2H6 molecule is adjacent
to three water molecules. In addition, every C2H6 mol-
ecule is oriented arbitrarily to the water core of a clus-
ter; i.e., its C–C axis is directed neither at the center of
a cluster mass nor tangentially to the core “surface.”
The presence of a second C2H6 molecule changes the
shape of the water skeleton of a cluster. This is associ-
ated with the fact that every ethane molecule adjusts the
nearest water molecules of cluster to its conformation.
The C2H6 molecules are quite remote from water mol-
ecules as compared to the distance between the adja-
cent H2O molecules. In general, the surface of the
(C2H6)2(H2O)20 cluster turned out to be looser than the
surface of C2H6(H2O)20 cluster.

Static permittivity ε0 demonstrates how many times
the field of free charge in a dielectric is reduced with
respect to vacuum. The ε0(n) functions calculated in the
10 ≤ n ≤ 20 range for the clusters of pure water and for
the clusters added one or two C2H6 molecules are
shown in Fig. 2. The hydrophobic interaction between
H2O and C2H6 molecules leads to some compaction of
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Fig. 1. Configurations of the clusters corresponding to a
time of 25 ps: (a) C2H6(H2O)20 and (b) (C2H6)2(H2O)20
clusters.
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water volume of heteroclusters, which resulted in an
increase in the ε0 values. At the same time, large fluctu-
ations of ε0 values are observed with changes in the
sizes of heteroclusters, in particular, in the case when
only one C2H6 molecule is present in aggregates. The
addition of the second C2H6 molecule leads to a more
uniform distribution of water molecules and a decrease
in the level of the fluctuations of ε0(n) function.

Frequency dependences of the real and imaginary
parts of dielectric permittivity for a system of clusters
of pure water (system I), as well as for an aqueous
ultradispersed system, each cluster of which contains
one (system II) or two (system III) C2H6 molecules, are
shown in Fig. 3. The addition of C2H6 molecules to
water clusters results in a decrease in the ε' and ε'' val-
ues for ultradispersed systems. Moreover, the higher
the ethane concentration in a system of water clusters,
the lower the ε' and ε'' values for a system. This regular-
ity is traced throughout the frequency range for the real
part of dielectric permittivity and almost over the entire
(except for frequencies ω < 25 cm–1) frequency range
for the imaginary part of ε. The ε' value for bulk liquid
water [32] rapidly decreases with frequency and, at ω >
180 cm–1, becomes smaller than the corresponding
characteristic for the ultradispersed systems under con-
sideration. For bulk water, the experimental frequency
dependence of ε'' [33] decays slower with an increase in
frequency and, at ω > 860 cm–1, the ε'' value becomes
lower than for the studied ultradispersed systems.

After the absorption of ethane, the absorption of
external IR radiation by aqueous ultradispersed sys-
tems within the 0 ≤ ω ≤ 1000 cm–1 frequency range rises
(Fig. 4) and the pattern of α(ω) curve becomes
smoother. However, the doubled C2H6 concentration
leads to some decrease in the absorption of IR radia-
tion, at least at frequencies ω > 310 cm–1. Nevertheless,
almost throughout the frequency range (except for the
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16 2018
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Fig. 2. Dependences of the static permittivity of clusters on
the number of water molecules in clusters: (1) (H2O)n, (2)
C2H6(H2O)n, and (3) (C2H6)2(H2O)n.
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Fig. 3. Frequency dependences of (a) real and (b) imaginary
parts of dielectric permittivity of ultradispersed systems:
(1) system I, (2) system II, (3) system III, and (4) molecular
dynamic calculation for (a) bulk water [32] and (b) experi-
mental results for liquid water [33].
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690 ≤ ω ≤ 800 cm–1 range), the values of coefficient α
are larger for system III than for system I. The major
maximum of frequency spectrum α(ω) shifts from
position ω = 784 cm–1 for system I to position ω =
910 cm–1 for system II and to ω = 973 cm–1 for system
III. The αw(ω) spectrum for bulk water [34] is charac-
terized by two maxima at frequencies ω = 200 and
700 cm–1; for the gaseous ethane, by the splitted maxi-
mum in the 810 ≤ ω ≤ 840 cm–1 frequency range.

Variations in the absorption coefficient with fre-
quency for every cluster of systems II and III are shown
in Fig. 5. In general, clusters of system II, i.e., clusters
containing one C2H6 molecule each, are characterized
by larger oscillations of coefficient α than clusters con-

taining two C2H6 molecules each, i.e., clusters that
belong to system III. Note also that when passing from
one cluster to another, the integral absorption intensity
of IR radiation changes to a smaller extent for system
III.

The addition of C2H6 molecules to water clusters
leads to a substantial change in the reflection IR spectra
for ultradispersed systems (Fig. 6). The intensity of the
R(ω) spectra lowers and to a larger extent, the larger
amount of ethane molecules is absorbed by the ultradis-
persed system. Average intensities of the reflection of
IR radiation for systems I, II, and III are equal to 0.23,
0.12, and 0.07, respectively. The spectra of systems II
and III containing C2H6 molecules becomes band spec-
tra. Moreover, the number of peaks in the R(ω) spec-
trum is almost doubled, from 10 for system I to 19 for
systems II and III. Furthermore, peaks in the R(ω) spec-
trum of ultradispersed systems become more resolved.

The character of changes in the coefficient of reflec-
tion of the IR radiation with frequency for every cluster
of systems II and III is illustrated by Fig. 7. The reflec-
tion for single clusters of system II is characterized by
considerable nonuniformity. For example, the average
reflection coefficient for C2H6(H2O)n clusters with n =
11, 12, 13, 15, and 19 varies from 0.12 to 0.15, while at
n = 14, 16, and 20, it does not exceed 0.03. The intensi-
ties of R(ω) spectra for different clusters are balanced
with the addition of a second C2H6 molecule to clusters;
however, on average, the reflection of IR radiation
becomes less intense.

Clusters of water, including those that absorb C2H6
molecules, can reemit the absorbed IR radiation. Power
P of cluster emission substantially lowers after they
absorbed ethane molecules (Fig. 8a). In this case, P(ω)
spectra for systems II and III become smoother than for
system I. The doubling of the number of C2H6 mole-
cules in the ultradispersed system leads to some
increase in the power of radiation. Integral intensities of
the radiation power for systems I, II, and III are in the
ratio of 1 : 0.33 : 0.6. Major minima of P(ω) spectra for
systems I, II, and III are localized at ω = 973, 847, and
910 cm–1, respectively. The behavior of maximum
value Pmax as being dependent on the number of mole-
cules in the clusters is shown in Fig. 8b. Almost every-
where, the Pmax values for clusters of system III are
larger than those for clusters of system II. The reverse
relation is observed only at n = 20. At the same time,
Pmax value for clusters of pure water is lower than that
for clusters containing ethane molecules except for
water clusters with n = 10, 16, and 20, for which the val-
ues of statistical weights are in the ratio of 1 : 2.7 :
106.6. It is worth mentioning that the Pmax value for
water clusters with n = 10 and 16 is only slightly larger
than the corresponding characteristic for clusters that
capture one ethane molecule, whereas at n = 20, an
increase in Pmax value becomes significant upon the
capture of one or two ethane molecules. As the ethane
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Fig. 5. The IR absorption spectra of various clusters:
(a) C2H6(H2O)n and (b) (C2H6)2(H2O)n.
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concentration increases, variations in Pmax values
become less significant.

The density of electrons Nel interacting with the
electromagnetic wave passing through the clusters, in
the case of system I, is characterized by the largest
oscillations when passing from one cluster to another
(Fig. 9). When C2H6 molecules are added to clusters,
oscillations of the Nel value related to the variations in
the number of molecules in the aggregate are smoothed.
Moreover, as the number of ethane molecules in the
ultradispersed system doubles, the average Nel value is

not increased;  = 0.8 × 1014 cm–3 and 0.6 × 1014 cm−3Nel

for systems II and III, respectively. Among all studied
clusters, the cluster of pure water containing 20 mole-
cules has the largest Nel value that is related to the most
open (dodecahedral) structure of this aggregate.

CONCLUSIONS

Clusters containing 10–20 water molecules can
absorb one or two ethane molecules without a loss of
stability. This is evidenced by the positive value of
derivative (∂µ/∂n)V, T , where µ is the chemical potential.
In the 140 ≤ ω ≤ 1000 cm–1 frequency range, the values
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Fig. 6. Frequency dependences of the IR reflectance spectra for systems (a) I, (b) II, and (c) III.
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of both real and imaginary parts of dielectric permittiv-
ity decrease after the absorption of C2H6 molecules by
the aqueous ultradispersed system. In the same fre-
quency range, the integral coefficient of IR absorption
by ultradispersed medium rises due to the absorption of
C2H6 molecules by the clusters of water molecules.
However, the doubling of the ethane concentration in
the ultradispersed system leads to a decrease in the
absorption of thermal radiation. After the absorption of
C2H6 molecules by aqueous ultradispersed system, its
spectrum of the reflection of IR radiation substantially
changes. From continuous for ultradispersed system,

this spectrum becomes the band spectrum for a system
containing ethane. Water clusters that absorb C2H6 mol-
ecules lower their ability for the IR radiation. The
ultradispersed system composed of such clusters
decreases the power of heat emission. However, as the
ethane concentration increases, the power of IR radia-
tion rises and the maximum of emitted power shifts
again toward the localization of corresponding maxi-
mum for the ultradispersed system of pure water. The
cluster of pure water composed of 20 molecules is char-
acterized by the highest power of IR radiation. Among
the clusters of system II, the same property is exhibited
by C2H6(H2O)19 cluster; system III, by (C2H6)2(H2O)13
cluster. The density of electrons interacting with the
electromagnetic wave changes significantly after the
absorption of C2H6 molecules by clusters. For clusters
containing ethane molecules, a dip is formed on the
Nel(n) dependence in the 14 ≤ n ≤ 16 size range where
the maximum of Nel was observed for the ultradispersed
system of pure water.

The absorption of ethane molecules by water clusters
leads to some increase in the absorption of IR radiation;
however, no complete compensation occurs for the corre-
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Fig. 7. The IR reflectance spectra of various clusters:
(a) C2H6(H2O)n and (b) (C2H6)2(H2O)n.
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sponding absorption by free C2H6 molecules. Because of
this, the greenhouse effect caused by the absorption of
low-frequency IR radiation (0 ≤ ω ≤ 1000 cm–1) decreases.
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