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INTRODUCTION

The flux of ultraviolet (UV) solar radiation, which
carries about 1% of the incoming solar energy, comes
to altitudes of 20–40 km, where it is absorbed by ozone
to cause its dissociation. However, a large fraction of
energy of UV radiation dissipates at altitudes of 80–
100 km and causes dissociation of molecular oxygen.
Above 100 km, hard UV radiation performs the pri-
mary ionization of the atmosphere, as well as its heat-
ing. In this region, the temperature increases with alti-
tude, and its variation is defined both by heating due to
UV radiation and by heat removal downwards by
molecular and turbulent thermal conductivity.

One of the natural sources of oxygen may be pro-
vided by water. The effect of UV radiation on water
results in the generation of atomic and molecular oxy-
gen and hydrogen in the upper atmosphere of the Earth
(above the ozone layer). Lighter-than-air hydrogen
escapes from the terrestrial atmosphere, and oxygen, on
the contrary, stays there [1]. In general, the properties
of natural water largely depend on oxygen it contains.
The presence of calcite, magnesium, and other solutes
in water leads to the binding of a part of oxygen. The
concentrations of these substances may be most differ-
ent; therefore, one must expect an even greater diversity
of properties in the case of water saturated with oxygen.
Dissolved oxygen and calcite make water a magnetic
medium [2]. The observed paramagnetism is largely
due to the presence of uncompensated magnetic
moments which arise because of oxygen. As a rule, the
nature of these moments is associated with the orbital
motion of electrons, their spin.

Water clusters formed owing to hydrogen bonds are
rather stable formations. These clusters exhibit a high
capacity for adsorbing molecules of other gases. For
example, it was experimentally found that water clus-
ters with a size of up to nine atoms are capable of cap-
turing and holding a benzene molecule whose molecu-
lar weight is half the weight of such cluster [3]. Previ-
ously, the method of molecular dynamics in the
approximation of hard TIP4P model of water was used
to demonstrate [4] that, as a result of the attachment of
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 clusters, the absorption coeffi-
cient decreases, and reflection coefficient increases.
The effect of adsorption of oxygen on the spectral char-
acteristics of water clusters must be reflected more
accurately when using the flexible model of molecules.

It is the objective of this study to use the flexible
model of molecules for studying the capture of molec-
ular and atomic oxygen by water clusters and determin-
ing the effect of oxygen adsorption by dispersed water
medium on the absorption spectra of IR radiation and
reflection, as well as for finding out how the power of
radiation of cluster systems varies in so doing.

COMPUTATIONAL MODEL

The extensively employed computer models of
water SPC [5], SPC/E [6], and TIP3P and TIP4P [7]
reproduce the gas-phase properties of water and prop-
erties of ice in a wide range of thermodynamic param-
eters much better than the properties of liquid water. We
used a refined TIP4P model of water [8]. Dang and
Chang [8] changed significantly the parameters of the
Lennard–Jones part of potential, so that the coefficients
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. It is demonstrated that the integral intensity of absorption of IR radiation decays after water clus-
ters adsorb oxygen. In addition, the adsorption of oxygen causes a significant decrease in the reflection coeffi-
cient 

 

R

 

 of monochromatic IR radiation. In so doing, the 
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 spectrum splits into bands and exhibits seven
peaks in the frequency region of 
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. The dissociation of oxygen molecules captured by clusters
makes the peaks of 
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 spectrum more resolved. The attachment of molecular oxygen by clusters leads to
decay of the power of their IR radiation, while the capture of atomic oxygen, on the contrary, is accompanied
by an increase in the rate of dissipation of energy accumulated by water aggregates.
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with the terms characterizing repulsion and attraction
were reduced by factors 2.5 and 2.9, respectively. In
addition, the center of localization of negative charge in
this model is located at a distance of 0.0215 nm from
the center of oxygen atom instead of 0.015 nm previ-
ously. This made possible the correction of permanent
dipole moment of water molecule to a value of 1.848 D
which corresponds to the experimentally obtained
value of this quantity in the gas phase. The dynamics of
system of molecules were realized with water-water
intermolecular interaction potential [9] and with
description of oxygen-oxygen and oxygen-water inter-
action in the form of the sum of repulsion and disper-
sion contributions [10],

where the parameters 
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i

 

, 

 

b

 

i

 

,

 

 and 

 

c

 

i

 

 of the potential
describing these interactions were borrowed from [11].
The potentials employed for pairs (

 

O–O, O–H, H–H

 

) of
interacting atoms are given in Fig. 1. Each of these
potentials has an attraction region and a repulsion
region. The transition from repulsion to attraction is
observed at 0.34, 0.37, and 0.42 nm for atomic pairs of

 

O–O, O–H

 

, and H

 

–

 

H, respectively. The O–O pair has
the steepest repulsion branch, and the softest repulsion
is exhibited by the H

 

–

 

H pair.

Strict flexible models of water cannot be purely
classical; they must include quantum degrees of free-
dom into consideration [12]. However, the inclusion of
quantum effects causes an increase in the amount of
computations by at least an order of magnitude and
makes the simulation inefficient.

Flexible models of molecules within the Hamilton
dynamics were further developed in [13, 14]. We will
consider a diatomic molecule. Let atoms 
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 and 
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 in the
molecule be spaced at
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 are vectors defining the positions of
atoms. We use 
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 to represent the respective
velocities, and write the reduced mass as

The size of molecules represented by atoms 
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 is the angular velocity. We use the
minimization of contribution made by each generalized
coordinate to potential energy 
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 and derive

This method is generalized to molecules of any
composition [12].

The investigation of adsorption of oxygen by water
clusters was started by developing a configuration con-
sisting of an equilibrium water cluster and surrounding
molecules (atoms) of oxygen. The initial equilibrium
configurations of water clusters were obtained in sepa-
rate molecular-dynamic calculations, with the kinetic
energy of molecules which made up the cluster corre-
sponding to a temperature of 233 K. The center of free
molecule of oxygen was initially located at a distance
of 0.6–0.7 nm from the nearest center of water mol-
ecule entering the composition of cluster. As a result,
each oxygen molecule found itself in the field of
molecular interaction. The cut-off radius of all inter-
actions in the model was 0.9 nm. The linear molecule
of 

 

O

 

2

 

 was oriented along the ray connecting its cen-
ter with the cluster center of mass. In the case of two
molecules attached to the cluster, they were located
along one and the same ray but on different sides of the
cluster.

Similar to this was the initial arrangement of oxygen
atoms in the vicinity of water cluster, except that there
was no need for orienting spherically symmetric atoms.
In the case of four oxygen atoms, they were located on
normally intersecting lines. The point of intersection of
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Fig. 1. Potentials of interaction of atomic pairs: (1) O–O,
(2) O–H, (3) H–H.
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the lines coincided with the cluster center of mass. Each
atom was located on its ray issuing from this center.
This symmetric arrangement of molecules (atoms)
developed conditions of uniform impact of impurity on
the cluster and reduced to a minimum the interaction
between O2 or O being held.

The balancing of the newly formed system was per-
formed in the time interval of 0.6 × 106∆t with the time
step ∆t = 10–17 s, and then the desired physicochemical
properties were calculated in the interval of 2 × 106∆t.
The fourth-order Gear method was used for integrating
the equations of motion of centers of mass of molecules
[15]. The analytical solution of equations of motion for
rotation of molecules was performed using the Rod-
rigues–Hamilton parameters [16], and the scheme of
integration of equations of motion in the presence of
rotations corresponded to the approach suggested by
Sonnenschein [17]. The computations were performed
in a Pentium-IV computer with the processor clock fre-
quency of 3.8 GHz.

PHYSICAL PROPERTIES 
OF FLEXIBLE MODEL OF MOLECULES

Flexible models of molecules offer a significant
advantage in that they enable one to investigate the
effect of temperature, pressure, and local environment
of molecules and ions on characteristics such as dipole
moments and vibration frequencies. Their application
for simulation of water systems is especially useful
from the standpoint of interpreting the effect of chemi-
cal composition, revealing the structural features, and
determining more accurately the thermodynamic prop-
erties.

In [18], the BJH (Bopp–Jancso–Heinzinger) flexible
model of water was used for analysis of intramolecular
valence and deformation vibrations in the supercritical
region of water. The interatomic potential of this model,
which describes the internal degrees of freedom of mol-
ecule, is represented as a linear combination of double,
triple, and quadruple products of differences made up
for distances and angles which characterize the geome-
try of molecule. A red shift of valence vibration fre-
quency of water relative to the respective characteris-
tics of the gas phase was revealed, as well as a blue shift
of deformation vibration frequency upon an increase in
the density of water. These data agree with the behavior
of experimentally obtained Raman spectra [19, 20]. A
more perfect MCDHO flexible model of water mole-
cule involves the use of the Morse potential for preas-
signing fluctuations of OH distances and of the qua-
dratic polynomial for simulating the buckling of mole-
cule as a result of variation of the HOH angle [21]. In
this model, the polarizability of molecule is attained
owing to mobile charge whose position is defined by
the minimization of energy for the preassigned config-
uration of atoms.

Comparison of the flexible model employed by us
with the MCDHO and BJH models of water is made in
Fig. 2, which gives the distributions of intramolecular
length Lb of the bond of OH and angle ϕ = ∠(HOH).
The characteristics of Lb and ϕ for an isolated water

molecule are defined as (OH) = 0.09572 nm and
∠(HOH)f = 104.52°. The distribution of length Lb of
H2O molecules in (O)4(H2O)n cluster is characterized
by fairly wide peak, and the position of its maximum

shifts to the left by ~0.007 nm relative to (OH). Cor-
responding to the most probable value of parameter Lb

in MCDHO is 0.09828 nm, i.e., the OH bond more often

turns out to be stretched relative to . The distribution
of bond length in this model exhibits a much lower dis-
persion than that in the case of model employed for
clusters investigated by us. For the BJH model of water,
the average value of Lb was 0.09755 nm. This quantity
is marked by arrow in Fig. 2a, because the pattern of
distribution of Lb is not given in [18]. The distribution
of HOH angle for the models under consideration is
given in Fig. 2b. In the case of (O)4(H2O)50 cluster, the
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Fig. 2. The distributions of (a) lengths of intramolecular
bonds and (b) angles: (1) our model for H2O molecules in
(O)4(H2O)50 cluster, (2) MCDHO flexible model of water
molecules [21], (3) BJH model (supercritical state) [18]. 
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distribution of angles ϕ is diffuse, asymmetric, and has
a maximum in the vicinity of angle ~106°. The distri-
bution of angles ϕ for the MCDHO model is almost
symmetric, and the most probable value of HOH angle
exceeds the value of ∠(HOH)f by only 0.48°. However,
the dispersion of this distribution exceeds significantly
the similar characteristic for the ϕ-distribution of clus-
ters under investigation. The angular distribution of the
BJH model of water with a maximum at 100.78° exhib-
its an even higher dispersion. As the density of this sys-
tem increases, the average intramolecular OH distance
increases and the HOH angle decreases. The average
permanent dipole moment  of water molecule in the

BJH model increased from  = 1.86 D to 1.97 D. In
our model of flexible molecules for (O)4(H2O)50 aggre-

gate, the value of  likewise increased from  =
1.85 D to 1.97 D.

Molecular-dynamic calculations were performed
[22], and ab initio computations [23] were made for
determining the structure of water clusters character-
ized by minimal energy. It was demonstrated that, as
the cluster size increases, significant discrepancies are
observed between the results obtained using different
models. For example, for (H2O)20 cluster, the difference
in energy between the most advantageous structures of
POL1 [24] and SPC/E [6] models is 13.4%. The energy
of (H2O)20 cluster in the model employed by us at T =
233 K takes an intermediate position between the
respective energies for the POL1 and SPC/E models
and is determined as –8.66 eV. The structures of clus-
ters likewise differ significantly from one another.
While a cluster in the form of a cell consisting of four-,
five-, and six-link rings was obtained for the POL1
model, the structure with minimal energy for the SPC/E
model is provided by a core formed by two molten pen-
tagonal prisms. The minimal energy structure of
(H2O)20 cluster for the model employed by us may be
characterized as a highly distorted pentagonal dodeca-
hedron. The introduction of polarizability and flexible
bonds causes a decrease in energy of the system of
stressed hydrogen bonds.

DIELECTRIC PROPERTIES

We will consider the case of scattering of nonpolar-
ized light, where the molecular free path l is much less
than the wavelength of light λ. The attenuation (extinc-
tion) coefficient h of incident beam may be determined
both by the Rayleigh formula [25],

and in terms of the scattering coefficient ρ 

[26] in the approximation of scattering at an angle of

d

d
f

d d
f

h
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h
16π
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90°. Here, N is the number of scattering centers per
cubic centimeter, c is the velocity of light, ε is the per-
mittivity of the medium, and ω is the incident wave fre-
quency.

In view of the fact that h = α + ρ, where α is the
absorption coefficient, we have

We determine ultradisperse systems of the follow-
ing types:

(1) a region filled with water clusters 10 to 50 mol-
ecules in size;

(2) a medium consisting of (H2O)n clusters which
absorbed a single O2 molecule;

(3) a system consisting of (O2)2(H2O)n aggregates;

(4) a set of (H2O)n clusters which adsorbed two O
atoms each; and

(5) a combination of (O)4(H2O)n formations.

In all instances, the step of variation of cluster size
is ∆n = 5. In order of sequence, we designate these sys-
tems by numbers I, II, III, IV, and V.

We form systems II–V so that the cluster containing
i impurity molecules (atoms) and n water molecules
would have the statistical weight

where Nin is the number of clusters with i impurity mol-
ecules (atoms) and n water molecules per cubic centi-
meter, NΣ = ; and k characterizes the set of
subscripts i, n. For example, at k = 1, the value of n is
always 10, and i may have values of one, two, or four.
Similar weights were used for (H2O)n clusters which
form system I. Thereafter, all of the spectral character-
istics were calculated in view of the adopted statistical
weights Win.

The static dielectric constant ε0 was calculated in
terms of fluctuations of the total dipole moment [27],
and the complex quantity ε(ω) = ε'(ω) – iε"(ω) was
determined in terms of the autocorrelation function of
the total dipole moment of cluster [28, 29]. The absorp-
tion coefficient α of external IR radiation may be repre-
sented in terms of the imaginary part of frequency-
dependent permittivity ε(ω) in the form [30]

The reflection coefficient R is defined as the ratio of
average energy flux reflected from the surface to inci-
dent flow. In the case of normal incidence of plane
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monochromatic wave, the reflection coefficient is given
by the formula [25]

(1)

Here it is assumed that the wave incidence occurs
from a transparent medium (medium 1) to a medium
which may be both transparent and nontransparent, i.e.,
absorbing and scattering (medium 2). The subscripts
used with permittivity in expression (1) indicate the
medium.

The frequency dispersion of permittivity defines the
frequency dependence of dielectric loss P(ω) in accor-
dance with the expression [26]

R ε1 ε2–

ε1 ε2+
-----------------------------

2

.=

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

CALCULATION RESULTS

The molecules or atoms of oxygen were initially
located at such a distance from (H2O)n clusters that the
interatomic spacings rOO and rOH between molecules of
different sorts were at least 0.6 nm. Therefore, an O2
molecule or an O atom, which experienced attraction,
moved away from their initial position toward a water
cluster and either stopped, and were then held at some
distance from the cluster, or deposited directly on the
cluster surface. The configuration of a water cluster,
which consisted of 40 molecules and adsorbed two O2
molecules, is given in Fig. 3a; the configuration of a
similar cluster with four attached oxygen atoms is given
in Fig. 3b. One can see that the orientation of O2 mole-
cules varied with time (the configuration relates to the
instant of time of 20 ps), and the axes of O2 molecules
are directed along tangents to the cluster surface. This
is associated with the attraction of each atom of O2 mol-
ecule to the hydrogen atoms of neighboring water mol-
ecules, which are directed towards these atoms of O2
molecule. Adsorbed O atoms partly attract some water
molecules from the cluster; in so doing, the cluster
retains its integrity. However, O2 molecules and O
atoms are encountered, which behave rather passively
and neither are attracted to the surface nor move far
away from the cluster. This is the manifestation of lim-
ited solubility of molecular and atomic oxygen in dis-
persed water medium.

The absorption coefficient α of IR radiation for dis-
perse systems increases with frequency (Fig. 4). The
α(ω) spectra of disperse systems I–V have several max-
ima and minima. The strongest increase in the coeffi-
cient α of pure disperse water occurs in the frequency
range from zero to 1000 cm–1. Small weakly pro-
nounced peaks are observed in this range at ω1 = 215
and ω2 = 847. For system II, the first two peaks at
ω < 1000 cm–1 turn out to be weakly separated; how-
ever, for systems III–V, they are already quite well
resolved. In the absence of dissociation of oxygen cap-
tured by disperse systems, the values of the functions
α(ω) ascribed to these systems in the range 0 ≤ ω ≤
3500 cm–1 periodically become higher or lower than the
respective values for pure disperse water. The integral
intensities of absorption of IR radiation by systems I–V
correlate as 1 : 0.56 : 0.68 : 0.50 : 0.54. In the entire fre-
quency range under consideration, the coefficient α
decreases after adsorption of atomic oxygen by dis-
perse water systems. It is only at the lowest frequencies
ω < 350 cm–1 that the presence of oxygen atoms in

P
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Fig. 3. Configurations of clusters: (a) (O)2(H2O)40,
(b) (O)4(H2O)40, corresponding to the instant of time of
20 ps. The coordinates of molecules (atoms) are in nanom-
eters.
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water clusters contributes to some increase in the
absorption coefficient. A twofold increase in the con-
centration of atomic oxygen in water clusters gives an
8% increase in integral IR absorption for the respective
disperse system III relative to system II. The principal
maximum of the function α(ω) for systems I–V is in the
frequency range 3200 ≤ ω ≤ 3410 cm–1. Curve 6 in
Fig. 4 indicates the experimentally obtained IR radia-
tion absorption spectrum αw(ω) of liquid water [31].
The spectrum is characterized by five maxima at fre-
quencies of 200, 700, 1643, 2127, and 3407 cm–1. The
origin of the first maximum is explained by transla-
tional vibrations including the contributions by stretch-
ing (compression) and buckling of hydrogen bonds
O−H…O [32]. The second peak is most likely associ-
ated with librations of molecules existing because of
limitations due to neighboring hydrogen bonds. The
third peak is largely due to deformation vibrations of
molecules, and the fourth peak—to the interaction of
deformation vibrations and librations.

The reflection coefficient R of plane monochromatic
wave experiences significant variations after oxygen is
trapped by water clusters (Fig. 5). The average value of
reflection coefficient  decreases by 29% when a sin-
gle O2 molecule is attached to each water cluster, and
by 53% when two O atoms are added to each water
cluster. A twofold increase in the concentration of mol-
ecules and atoms in disperse systems causes a further
decrease in the value of  by 52% and 27%, respec-
tively. The R(ω) spectrum of pure disperse water has a
large number of bursts with the principal maximum at
ω = 1170 cm–1. The addition of molecular or atomic
oxygen to clusters causes in the end the splitting of the

R

R

R(ω) spectrum into bands. Even with a low concentra-
tion of impurity, the division of the R(ω) spectrum into
seven peaks is observed (Fig. 5b), with some of these
peaks splitting into two subpeaks (in the case of adsorp-
tion of atomic oxygen, all peaks are split). A twofold
increase in the concentration of oxygen contained in the
clusters leads to the smoothing of peaks, splitting dis-
appears, and the locations of peaks are retained.

The P(ω) power spectra, which represent the rate of
scattering of energy by disperse systems, are given in
Fig. 6a. One or two characteristic peaks corresponding
to the increase in dissipation of energy for both system
I and systems II–V are observed in the initial part of the
P(ω) spectrum, i.e., at ω < 1000 cm–1. In so doing, the
maximal intensity of IR radiation for system I is higher
than that for systems II and III but lower than that for
systems IV and V. A significant increase in radiation
power for systems binding atomic oxygen (IV and V) is
observed in the frequency range ω > 1000 cm–1. By and
large, the increase in power P with frequency for pure
disperse water occurs much faster than for disperse
water systems holding molecular oxygen but much
slower than for systems enriched with atomic oxygen.
The highest rate of dissipation of energy stored by sys-
tems I–V is realized at frequencies of 3470, 2720,
3180, 3130, and 3350 cm–1, respectively. The maximal
values of power of radiation of systems I–V correlate as
1 : 0.29 : 0.13 : 2.55 : 1.79. Therefore, the dissociation
of oxygen adsorbed by water clusters leads to a signifi-
cant acceleration of dissipation of thermal energy, espe-
cially, in the frequency range 1000 ≤ ω ≤ 3500 cm–1.
Figure 6b shows the maximal power of IR radiation as
a function of the number of water molecules in a clus-
ter. One can see that the fastest dissipation of energy is
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Fig. 4. The coefficient of absorption of IR radiation by systems of clusters: (1) system I, (2) II, (3) III, (4) IV, (5) V, (6) liquid water,
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characteristic of (O)2(H2O)40 and (O)4(H2O)35 clusters
which hold atomic oxygen; in so doing, the power P for
(O)2(H2O)40 cluster is higher than that for (O)4(H2O)35

aggregate. Of pure water clusters, the highest power of
thermal radiation is exhibited by (H2O)20 cluster, and of
clusters which adsorbed molecular oxygen—by
(O2)2(H2O)50 cluster.

CONCLUSIONS

The oxygen fraction in atmospheric air is 20.96%.
The dissolution of natural mixture of air-forming gases
in water results in a 34.4% concentration of O2. Oxygen
is soluble in water to a greater extent than nitrogen but
to a smaller extent than carbon dioxide or argon. When
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Fig. 5. The coefficient of reflection of plane monochromatic electromagnetic wave by systems of clusters: (a) system I; (b) systems
(1) II, (2) IV; (c) systems (1) III, (2) V.
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dissolved in water, oxygen may change from the molec-
ular to atomic state.

The flexible model of water molecules employed by
us turned out to be largely suitable for the description
of adsorption of oxygen by water clusters. The presence
of adsorbed molecules and atoms of oxygen in the
sphere of effect of the forces of intermolecular interac-
tion causes a reduction (up to 5%) of the most probable
magnitude of OH bond in the molecule. In so doing, the
intramolecular deformation vibrations produce a varia-
tion of the HOH angle within 10°. The MCDHO and
BJH models for pure water are characterized by a much
wider range of variation of the HOH angle (up to 20°).
When the valence angle decreases by 20°, the intramo-

lecular energy of Coulomb interaction increases by
18.1%; when the HOH angle decreases by 10°, this
energy increases by only 8.1%. As a result, the coeffi-
cient of absorption of IR radiation α in the vibration
frequency range of zero to 3500 cm–1 as a rule increases
with frequency and reaches its principal maximum in
the frequency range 3200 ≤ ω ≤ 3410 cm–1. As the
molecular oxygen concentration increases, the coeffi-
cient α of disperse water system decreases; when the
atomic oxygen concentration increases at certain fre-
quencies (for example, in the frequency range 1140 ≤
ω ≤ 2880 cm–1), the value of αV exceeds the values of
αIV.
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Fig. 6. (a) The power of scattering of IR radiation by systems of clusters: (1) system I, (2) II, (3) III, (4) IV, (5) V; and (b) the maximal
rate of scattering of energy as a function of the number of water molecules n in clusters: (1) (H2O)n, (2) O2(H2O)n, (3) (O2)2(H2O)n,
(4) (O)2(H2O)n, (5) (O)4(H2O)n.
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The reflection of plane monochromatic electromag-
netic wave by disperse systems decays with increasing
fraction of adsorbed oxygen and is accompanied by
variation of the wave phase by π, because the correla-
tion |ε2 | > |ε1| remains valid throughout the interval 0 ≤
ω ≤ 3500 cm–1. The emergence of additional O2 mole-
cules or O atoms in disperse systems results in the split-
ting of the R(ω) spectrum into bands. The capture of
molecular oxygen by a disperse water system resulted
in a significant decrease in the rate of dissipation P of
the energy accumulated by clusters; the absorption of
atomic oxygen, on the contrary, was accompanied by a
significant increase in P.

Therefore, the adsorption of oxygen by disperse
water systems leads to a decay of the absorption and
reflection of IR radiation by these systems. The rate of
dissipation of the energy received by clusters decreases
when the clusters capture molecular oxygen and
increases when the oxygen in the clusters is in the
atomic state. By and large, oxygen dissolved in atmo-
spheric moisture causes a decrease in the greenhouse
effect due to disperse medium, i.e., produces anti-
greenhouse effect.
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