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Abstract—Simultaneous interaction of the (H2O)50 cluster with O3 molecules and Cl– ions was studied by the 
molecular dynamics method. Six O3 molecules located near the cluster were absorbed by the aqueous 
aggregate, and Cl– ions in turn left the zone of the interaction with the cluster. Some of Cl– ions penetrated 
inside the formed (O3)6(H2O)50 cluster and come into collision with O3 molecules that split the ozone molecule 
into atoms. When Cl- ions were removed sufficiently far away from the cluster, the water cluster with absorbed 
O3 molecules and O atoms was observed for 15.6 ps. The interaction of water molecules with Cl- ions gives rise 
to an increase in the integral intensity of absorption and emission IR spectra, and also to an essential decrease 
in the analogous characteristics of the Raman spectrum in the frequency range of 0 ≤ ω ≤ 1000 cm–1. The 
presence of Cl– ions did not affect essentially the location of the main band in the IR spectra, but considerably 
changed the shape of the bands in the Raman spectrum. 

Satellite measurements show that the ozone 
attrition at the altitudes between 18 and 25 km 
correlates with the level of chlorine and bromine 
content in the stratosphere. However the amount of 
ozone increases in the lowermost part of the strato-
sphere from the tropopause zone up to 18 km. The 
increase in the ozone concentration at the altitudes up 
to 18 km in many respects is caused by anthropogenic 
reasons [1]. The complete thickness of the 
ozonosphere is restored faster than it was expected on 
the basis of the strengthening of its transfer. A reliable 
prediction of stratospheric ozone levels requires not 
only a correlation analysis, but also understanding of 
the processes directly influencing the ozone content. 
Ozone molecules are formed by combining oxygen 
molecules and oxygen atoms. It is an endothermic 
reaction requiring an appreciable energy supply. 
Ozone can be obtained by the action of ultraviolet 
radiation on an oxygen-containing gas. This is the 
mechanism of ozone formation realized in atmosphere. 
The photosynthesis of ozone in a gas at high pressure 
is based on the decomposition of molecular oxygen by 
electrons. Ozone is formed from thus obtained atomic 
oxygen with the energy consumption of 247 kJ mol–1 

at the threshold energy of electrons 5.09 eV [1]. Under 
optimal experimental conditions the energy consump-
tion for the ozone formation can be lowered to            
125 kJ mol–1, thus the threshold energy of electrons 
decreases to 2.6 eV. The energy of the oxygen 
molecule atomization of 498 kJ mol–1 is much greater 
than the energy of the ozone formation. The main 
channels of ozone disappearance are the photodecom-
position O3 + hν → O2 + O and the collision with 
atomic oxygen O3 + O → O2 + O2. 

Dissociation or disintegration of molecules into 
ions can occur under the action of an electric field of 
polar molecules of a solvent like water. Chemical 
interaction between solvent ions and molecules sup-
plies the energy which is necessary for the destruction 
of crystal lattices of electrolytes, for example, of the 
salt NaCl. This energy in aqueous solutions (hydration 
energy) can be enormously high (hydration energies of 
ions are: Cl– 352, Na+ 423, H+ 1109, H3O+ 401 kJ mol–1). 
To compare: only 242 kJ mol–1 is required to break the 
bond between atoms in a chlorine molecule. The first 
stage in the complicated chain of low-temperature 
chemical reactions resulted in ozone destruction is the 
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dissociation of halogen-containing compounds on the 
surface of a polycrystalline ice with the formation of 
Cl– ions and H3O+Cl– hydrates [2]. The chlorine ion 
undergoes a hydrophobic interaction with water, it is 
located on the surface of a water cluster and is 
subjected to the surface hydration [3]. The structure 
and dynamic properties of the cluster can be studied by 
means of absorption IR spectra and also Raman 
spectra. Less intensive and wider bands of the IR 
spectrum correspond to low-order configurations 
among water molecules. The spectra of water clusters, 
which have captured Cl– ions, turned out to be strongly 
temperature-sensitive [4].  

The chemical reaction which resulted in the 
decomposition of chemical compounds under the action 
of photons is named a photodissociation or a photo-
lysis. The study of ozone photodissociation is of con-
siderable interest not only for atmospheric chemistry, 
but also because it forms a basis for studying more 
detailed aspects of the photodissociation. In the last 
years the spectroscopic technique for studying femto-
second transition states [5], which enables the motion 
of wave packets to be observed directly, has been 
developed. Manifold methods of describing superfast 
dynamics of photodissociation [6–10] are applied. In 
[11] characteristics of electron and nuclear relaxation 
during ozone photolysis were calculated and changes 
in the absorption spectrum were interpreted. The used 
classical description has allowed Batista et al. to re-
produce approximately the complicated quantum 
dynamics of nonadiabatic processes. 

There is a correlation between the formation of 
regions with the reduced ozone content and the 
intensity of cosmic rays. When high-energy particles 
appear in the atmosphere they come into collision with 
nuclei of nitrogen and oxygen atoms. One of results of 
the multistage disintegration of particles formed in 
these processes is the generation of a great number of 
low-energy electrons. The interaction of electrons with 
Freons leads to the dissociation of Freons molecules, 
for example, according to the following scheme e– + 
CF2Cl2 → Cl– + CF2Cl, the cross section of this 
process being higher by 3–4 orders than that for the 
photochemical dissociation. Such processes proceed 
intensively with Freon molecules at low temperatures 
(T ≤ 250 K), among them the processes in winter 
periods in subpolar masses of stratospheric clouds. 

The aim of the present work was to study 
simultaneous interactions of water clusters with ozone 
molecules and chlorine ions, the dependences of 

absorption and emission IR spectra and also of Raman 
spectra of the formed cluster (O3)6(H2O)50 on the 
number of Cl– ions acting on it and to determine the 
time of Cl– ions residence near this cluster. 

Molecular-dynamics model. In the present work we 
used polarized upgraded TIP4P model of water [12]. 
Parameters of the Lennard-Jones (LJ) part of the 
potential have been essentially changed in [12] so that 
coefficients at the terms describing repulsion and attract-
tion were 2.5- and 2.9-fold decreased, respectively. 
Furthermore the center of the negative charge lo-
calization in this model is at a distance of 0.0215 nm 
from the center of the oxygen atom (instead of 0.015 
nm). It has enabled us to correct the permanent dipole 
moment of the water molecule up to 1.848 D cor-
responding to its experimental value in the gas phase. 
The ozone molecule has the form of an isosceles 
triangle with equal sides of 0.1278 nm and the angle of 
116.8° between them [13]. 

The (O–O2) bond energy in the ozone molecule is 
101.3 kJ mol–1 [14], its breaking results in the 
disintegration of the ozone molecule into molecular 
and atomic oxygen. As the threshold value we choose 
the energy spent on the formation of ozone from 
oxygen atoms (Uth 125 kJ mol–1) obtained under 
optimal experimental conditions [1]. Thus, in the 
model the ozone molecule is destroyed when the 
energy of its interaction with the Cl– ion exceeds the 
threshold value Uth. The average energy of the whole 
(O3)6(H2O)50 cluster not interacting with Cl– ions is 
about –5Uth.  

We used a simplified scheme of the ozone molecule 
decomposition: as soon as the energy the O3 molecule 
interaction with the Cl– ion exceeded the Uth value, O 
atoms in the ozone molecule obtained the freedom of 
displacement. In other words, for the ozone molecule 
with the energy of the interaction with the ion U ≥ Uth, 
the integration of the rotation equation of motion 
stopped, and as the result the bonds between O atoms 
could break. In the rigid model the excited state of the 
molecule is realized due to intensifying the rotation 
and translation motions. However, the model gives no 
information on the character of the excitation of atoms 
in the moment of the ozone molecule decomposition, 
as the electron properties of atoms are not considered. 
In view of the simplicity of the used scheme of the O3 
molecule decomposition, stages of its destructions 
were not traced. As a result the molecule disintegrated 
into atoms possessing only a translational motion. 
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The dynamics of the system under study was 
realized with the potential of an intermolecular inter-
action for water [15] and the atom–atom interactions 
between ozone molecules and also ozone and water 
molecules represented in the form of the sum of 
repulsion and dispersion contributions [16].  

Φ(rij) = bibjexp[–(ci + cj)rij] – aiajri
–
j
6.                  (1) 

The parameters ai, bi, and ci of potential (1) 
describing these interactions were taken from [17].  

The ozone molecule, as well as the water molecule, 
has a Coulomb component of interaction. A positive 
charge (q+ 0.19e) is ascribed to the central atom of the 
O3 molecule, and a negative charge (q– –0.095e), to 
each of the outside atoms [18]. As a whole the O3 
molecule is electrically neutral. The Cl– ion in the 
model possessed an electric charge qCl– of –1e. One 
Lennard–Jones interaction center was fixed for the Cl– 
ion. Parameters of the LJ potential describing the            
Cl––O interaction were taken from [19]. Except for 
Coulomb interaction, the atom-atom interaction be-
tween Cl– ions determined by formula (1) was also 
considered. Parameters of the total potential deter-
mining the interaction between Cl– ions were taken 
from [17].  

The study of the adsorption of ozone molecules and 
chlorine ions by water clusters began from creating a 
configuration of an equilibrium water cluster (H2O)50, 
O3 molecules, and Cl– ions approaching to it. The 
initial equilibrium configuration of the water cluster 
was found in a separate molecular-dynamics calcula-
tion, the kinetic energy of the molecules composing 
the cluster corresponded to the temperature of 250 K. 
The interaction of the newly formed cluster (O3)6(H2O)50 
with Cl– ions was studied in an ensemble with an 
exterior thermostat [20] being at the temperature of 
250 K. Originally the center of the free ozone molecule 
was placed at the distance from 0.6 up to 0.7 nm from 
the centre of the nearest to it water molecule involved 
in the cluster composition, and originally the O3 
molecule had a random orientation. As a result each 
ozone molecule appeared in the molecular interaction 
field. In the description of interactions between water 
molecules we used a cutoff radius of 0.9 nm. The use 
of the cutoff of interactions in the case of water was 
applied to save remaining parameters of the potential 
suitable for the simulation of both the clusters and the 
bulk system. For remaining types of interactions in the 
system under consideration potential function was not 
cut off. Groups of six O3 molecules located nearly 

joined the cluster. Rather compact arrangement of O3 
molecules makes easier the detection of their influence 
on the behavior of Cl– ions brought to the 6O3 + (H2O)50 
system. The molecular-dynamics (MD) calculation was 
carried out with the time step ∆t 10–17 s, which was 
dictated by the retention of the cluster wholeness and 
by the simulation of a clump of charged particles (Cl– ions) 
having a charge of the same sign. As a rule, the si-
mulation of clusters is carried out with the time step 
smaller by an order of magnitude than in the case of simu-
lating a system with periodic boundary conditions.  

Regions with a high concentration of Cl– ions are 
formed under irradiation of Freon droplets by fast 
space particles. The Cl– ions undergo not only mutual 
Coulomb repulsion, but also interact with separated 
fractional charges belonging to water molecules. 
Further we shall take the instant when ozone molecules 
and chlorine ions have approached a water cluster as 
the time t = 0. The complete duration of the calculation 
for the system including the (O3)6(H2O)50 cluster and 
from 2 up to 6 Cl– ions was 2×106Δt time steps. The 
(O3)6(H2O)50 cluster was formed within ~3×105Δt time 
steps irrespective of the presence of Cl– ions. Reaching 
a stable value of the complete electrical dipole moment 
of this assembly and also obtaining a stable distribu-
tion of bond lengths indicated that the (O3)6(H2O)50 
cluster was formed. Initially the ions were placed on 
one side of the cluster. However in case of the 
arrangement of six ions, five of them were on one side 
of the cluster and one on another. Among all molecules 
nearest to five Cl– ions there were only ozone 
molecules. The shortest distance between Cl– ions and 
between ions and atoms of O3 molecules was about 0.6 
nm. The ion on the opposite cluster side was at a 
distance of ~0.6 nm from the atom of the H2O 
molecule nearest to it. For the integration of equations 
of motion of centers of mass of molecules we used the 
fourth-order Geer’s method [21]. The analytical 
solution of equations of motion for rotation of 
molecules was carried out using Rodrigues-Hamilton 
parameters [22], and the scheme of the integration of 
equations of motion in the presence of rotation 
corresponded to the approach proposed by 
Sonnenschein [23]. The calculations were fulfilled on a 
PENTIUM-IV tetranuclear computer with a processor 
clock rate of 2.83 GHz.  

Dielectric properties. Dielectric conductivity ε(ω) 
as a function of frequency ω was represented by a 
complex quantity ε(ω) = ε'(ω) – iε"(ω), which was 
determined by Eq. (2) [24, 25]  
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M(t) = Σdj(t). 
N 

i=1 

di = di,0 + αi,0ΣTijdj, j≠1 
(4) 

αi = αi,0 + αi,0ΣTijαj. j≠1 
(5) 

Tij = 1 
|rij|3 

(3r̂ijr̂ij – 1). (6) 

σ(ω) = 2 
εvcћη 

ωth ћω 
2kT 

∞ 
Re∫dteiωtM(t)·M(0). 

0 
(7) 

(8) J(ω) = ω 
(ωL – ω)4 

∞ 
Re∫dteiωtΠxz(t)Πxz(0), 

0 
1 – e–ћω/kT 

Π(t) = Σ[αj(t) – αj]. 
N 

j=1 

F(t) = 
M(t)·M(0) 

M2 
(3) . 

P = ε'' < E2 > ω 
4π 

(9) . 

Here F(t) is the normalized autocorrelation function of 
the complete electrical dipole moment of a cluster (3). 

ε(ω) – 1 
ε0 – 1 = –∫exp(–iωt) 

dF 
dt dt = 1 – iω∫exp(–iωt)F(t)dt. 

0 

∞ 

0 

∞ 
(2) 

The value M(t) represents the sum of electrical 
dipole moments of individual molecules. 

When a laser acts upon a sample the vibrational 
state of molecules changes and the sample starts to 
emit the Raman radiation (which changes the length of 
a light wave). Any substance permanently emits also 
Rayleigh radiation occurring without essential change 
of the light wave length. Raman spectroscopy allows 
us to analyze a substance in liquid and gaseous states 
and in a solid state with a crystal size greater than              
1 μm. Alongside with the lines corresponding to the 
frequencies of incident light, the Raman spectrum 
contains lines corresponding to combinations (to the 
sums and differences) of these frequencies with the 
frequencies of the molecular normal modes. The 
Raman and IR spectra of clusters can be calculated 
through autocorrelation functions of polarizability and 
dipole moment, respectively. A polar molecule is 
characterized by a permanent (gas-phase) dipole 
moment di,0 and a polarizability tensor αi,0. The po-
larized molecule obtains an induced dipole moment 
upon the interaction with adjacent molecules. Each 
molecule in the model can be considered as a polarized 
point dipole arranged in the center of the molecule 
mass. Dipole moment di (4) of the ith molecule and its 
polarizability αi (5) are coupled due to the interaction 
with surrounding molecules [26]. 

Here Tij is the dipole–dipole interaction tensor (6). 

In Eq. (6) ^rij is a unit vector in the direction ri–rj, 
where ri and rj are positions of centers of mass of i and 
j molecules, and a unit 3×3 tensor is represented by 1. 
We used the anisotropic gas-phase tensor of polari-
zability αxx,yy,zz = {1.495, 1.626, 1.286} Å3 for the 

water molecule [27]. The ozone molecule was charac-
terized by the isotropic experimental polarizability 
value of 2.85 Å3 [13].  

Equations (4) and (5) can be solved by the matrix 
inversion, using di,0 and αi,0 values in the right side of 
the equations. Such calculation method yields di and αi 
values consistent with the value of the corresponding 
parameters found by iterations [28]. If dipole moments 
of molecules are determined, the cross section of the 
IR radiation absorption is specified by expression (7). 

Here η is the refraction index depending on frequency, 
εv is inductivity of vacuum, and c is the velocity of 
light. 

In the case of depolarized light the Raman spectrum 
J(ω) is determined by expression (8) [26]. 

Here ωL is the frequency of an exciting laser, Πxz 
represents the xz component of the Π(t) value, the x 
axis is directed along the molecular dipole, and xy is 
the molecular plane. 

The frequency dispersion of dielectric conductivity 
defines the frequency dependence of dielectric losses  
P(ω) according to expression (9) [29]. 

Here <E2> is an average value of an electric field 
strength squared and ω is the frequency of the emitted 
electromagnetic wave. 

Let us define systems I–IV as clusters (H2O)50 with 
six contiguous ozone molecules having no chlorine 
ions (I) in the zone of interaction at the instant of t = 0 
and also bordering two (II), four (III), and six (IV) Cl– 
ions. 

Results of the calculation. Configurations of system 
IV at the instants 0, 1.8, 3.4, and 4.4 ps are shown in 
Fig. 1. The Cl– ion located below at extreme left           
(Fig. 1a) undergoes a simultaneous repulsion from two 
neighboring ions and also from the O3 molecule 
nearest to it, and first leaves the zone of interaction 
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Fig. 1. Configurations of the system [(O3)6(H2O)50 + 6 Cl–] corresponding to the instants: (a) 0, (b) 1.8, (c) 3.4, and (d) 4.4 ps, 
respectively. Coordinates of molecules are presented in nm.  

with the cluster. The same concerns the Cl– ion located 
above, as two neighboring water molecules are 
oriented in such a way that their negatively charged 
oxygen atoms are closer to the Cl– ion than hydrogen 
atoms. By the moment t 1.8 ps four Cl– ions remain 
near the system 6O3 + (H2O)50 (Fig. 1b), the extreme 
of them at the left is removed from the system by the 
moment 3.4 ps because of the repulsion with the 
neighboring Cl– ion and the O3 molecule. Due to the 
molecular field of the cluster including polarization 
interaction and the impulse received from the Cl– ion 
two of three remained Cl– ions are approaching O3 
molecules. The third (lower) Cl– ion leaves the system 
by the moment t 3.6 ps. At the instant 3.4 ps (Fig. 1c) 
one of Cl– ions comes into collision with the O3 
molecule, the interaction energy at the moment of the 
collision exceeding the Uth value. It results in the 
decomposition of the ozone molecule into atoms. To 

the instant t 4 ps a single Cl– ion remains in the system 
and none, by the moment 4.4 ps (Fig. 1d). Within the 
remaining time of the calculation (15.6 ps) the com-
position of the generated cluster remains constant. 

Ions leaving the system pushed apart water 
molecules, which, together with their interaction with 
ozone molecules, heated up the system 6O3 + (H2O)50. 
The greatest heating of the system up to 300 K (by the 
instant of ~3 ps) was reached when it interacted with 
six chlorine ions. As a rule, within 2 ps, i.e. to the 
instant of 5 ps, due to scaling rates the system was 
cooled and reached the initial temperature of 250 K. 

The maximum of the intensity of the IR absorption 
spectra σ(ω) for systems I–IV lies at 957 cm–1 (Fig. 2). 
The presence of Cl– ions in the vicinity of the (O3)6
(H2O)50 cluster results in the strengthening of the IR 
spectrum intensity. The integral intensities σ(ω) of the 
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Fig. 2. IR absorption spectra for systems: (1) I, (2) II,             
(3) III, (4) IV, (5) experimental [30] function σ(ω) of bulk 
liquid water; and (6) experimental spectrum of gas mixture 
O2 + O3 [31].  

Fig. 3. IR emission spectra of the cluster (O3)6(H2O)50:            
(1) in the absence of Cl– ions at the moment t = 0 and in the 
cases of the interaction with (2) two, (3) four, and (4) six 
Cl– ions. 

spectra of systems I–IV are in the ratio 
1:1.31:1.82:1.66. The absorption IR spectrum of liquid 
water (Fig. 2b) has maxima at the frequencies of 200 
and 700 cm–1 [30], and the corresponding spectrum of 
a gas mixture of ozone and oxygen is characterized by 
a wide peak at 996 cm–1 [31]. 

The intensity of emission of IR radiation by the 
(O3)6(H2O)50 cluster increases as a result of the action 
of chlorine ions on it (Fig. 3). The ratio of integrated 
intensities P(ω) in the spectra of systems I–IV is 
1:1.34:1.16:1.07. The maximum of the emission spec-
tra of systems I–IV falls on the frequency 945±6 cm–1. 
The increase in the number of Cl– ions acting on the 
cluster results in a better resolution of the second and 
third peaks of the spectrum P(ω). 

The form of Raman spectra is defined by the 
character of variation of the polarizability α of 
molecules. The value of α defines the ability of a mole-
cule to be polarized, i.e. to gain an induced dipole 
moment in an electric field. The water molecule 
polarized variously in different directions, the direction 
of polarization not coinciding with principal axes of 
the molecule, and the total dipole moment d does not 
coincide with the field direction. The average 
polarizability of molecules in the cluster ᾱ   calculated 
by expression (5) decreases as a result of action of Cl– 
ions on the cluster. In the absence of chlorine ions ᾱ 
values have decreased by 0.6% for 20 ps. In the 
beginning of the calculation ᾱ  value for the clusters 
surrounded by Cl– ions was lower by 3.3% than for the 
cluster (O3)6(H2O)50 and within 20 ps, by 7.6%. The 
fastest (by 5%) decrease in ᾱ  for these clusters has 

occurred within the first picosecond. In the absence of 
Cl– ions the Raman spectrum of the cluster (O3)6(H2O)50 
falls on the frequencies J(ω) 26, 181, 458, 724, and 
936 cm–1 (Fig. 4). The interaction with Cl– ions results 
in an essential change in the Raman spectra of this 
cluster. The ratio of integrated intensity in the spectra              
J(ω) for systems I–IV appeared to be 29.7:4.9:2.6:1. 
For systems II–IV in the range 0 ≤ ω ≤ 1000 cm–1 only 
two peaks located at 26 and 511 cm–1 are 
distinguishable. The experimental Raman spectrum of 
pure liquid water placed in a quartz glass tube taken 
under the excitation of the sample by light with a 
wavelength of 514.5 nm [32] is presented in Fig. 4, 
curve 5. The Raman spectrum of liquid water includes 
low-frequency peaks at 60 and –30 cm–1, and also a 
peak at 170 cm–1. The peak at 60 cm–1 is formed owing 
to the bending of hydrogen bonds between water 
molecules, and the peak at 170 cm–1 is due to the 
stretching of the bonds [26]. Stokes and anti-Stokes 
sections in this spectrum are unsymmetrical, which 
results from the photoluminescence effect. Such effect 
is absent from the computer model. 

Residence times of ions in the vicinity of the cluster 
(O3)6(H2O)50 are illustrated by bar graphs in Fig. 5. 
They were obtained on the assumption that the Cl– ion 
removed from the nearest molecule by a distance 
exceeding 2 nm does not affect any more a state of the 
cluster. The cluster initially surrounded by six Cl– ions 
loses them within 4.4 ps, and the clusters having four 
and two ions, within 4.4 and 4.2 ps, respectively. Thus, 
in each case the cluster (O3)6(H2O)50 practically does 
not interact with Cl– ions by the instant of t 4.4 ps. 
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Fig. 4. Raman spectra for systems: (1) I, (2) II, (3) III,           
(4) IV, and (5) liquid water, experiment [32]. 

Fig. 5. Time dependence of the number of Cl– ions 
interacting with the system 6O3 + (H2O)50 for the initial 
location of: (a) six, (b) four, and (c) two Cl– ions in the 
vicinity of it. 

The stratospheric ozone is permanently produced 
by the photolysis of molecular oxygen and is locally 
removed by both a transfer and chemical processes. In 
the upper stratosphere the transfer plays a minimal role 
and the content of ozone here almost linearly 
anticorrelates with the chlorine content. The strato-
spheric chlorine is mainly delivered by an industrial 
pollution, in particular, by chlorofluorocarbonates. 
Ozone in lower stratosphere is sensitive to redistribu-
tion of atmospheric transfer, to contamination by 
vulcanic aerosols, and to a complicated set of 
nonlinear chemical interactions, including interactions 
with anthropogenic chlorine and bromine. 

It has been shown in the present work that water 
clusters are inclined to absorb ozone molecules to a 
greater extent than chlorine ions. Six ozone molecules 
were captured by the cluster (H2O)50, therefore even 
after 3 ps the cluster (O3)6(H2O)50 was formed. Nega-
tively charged Cl– ions can be attracted to the cluster 
due to the polarization effect, the interaction with 
positively charged hydrogen atoms and central atoms 
of ozone molecules, and also owing to impulses in the 
direction to the cluster derived from other Cl– ions. 

To describe the excited states connected with the 
interaction of Cl– ions with water and ozone mole-
cules, we can select two characteristic times. The short 
time interval of 3 ps corresponds to the time of 
excitation or the time of the interaction of ions with 
water or ozone molecules. The dielectric relaxation 
interval is defined by the time of ~10 ps. Within this 
time the cluster “forgets” the value and direction of the 
dipole moment which it had at t = 0. 

Time of residence of Cl– ions near the cluster (H2O)50 
and O3 molecules attached to it is limited by the value 
of 4.4 ps. The influence of chlorine ions resulted in an 
increase in the values of complete inductivity at the 
frequency of 945 cm–1 and in an increase in the 
intensity of absorption and emission IR spectra in the 
region of frequencies 800 ≤ ω ≤ 1000 cm–1. The 
integrated intensity of Raman spectra, on the contrary, 
has essentially decreased as a result of the action of 
chlorine ions. Ozone molecules captured by the water 
cluster can disintegrate into atoms upon the collision 
with Cl– ions. Ozone and atomic oxygen are capable to 
coexist in water clusters at low temperatures. 
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