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Modeling the interaction of nitrate anions with
ozone and atmospheric moisture

A. Y. Galashev†

Institute of High Temperature Electrochemistry, Ural Branch, Russian Academy of Sciences, Yekaterinburg, Russia

(Received 28 April 2015; revised manuscript received 8 June 2015; published online 20 August 2015)

The molecular dynamics method is used to investigate the interaction between one–six nitrate anions and water clus-
ters absorbing six ozone molecules. The infrared (IR) absorption and reflection spectra are reshaped significantly, and new
peaks appear at Raman spectra due to the addition of ozone and nitrate anions to the disperse water system. After ozone
and nitrate anions are captured, the average (in frequency) IR reflection coefficient of the water disperse system increased
drastically and the absorption coefficient fell.
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1. Introduction
In the Earth’s atmosphere, the ozone layer is situated at

an altitude of 20 km–30 km. The ozone layer protects life
on Earth from being directly exposed to hard ultraviolet (UV)
radiation. Since ozone is a greenhouse gas, its content in the
troposphere affects the global climate. Oxidation of trace com-
ponents is often treated as a self-purifying ability of the atmo-
sphere. Although there is no definition of oxidizing ability,
it is often associated with an excess of OH. However, many
other oxidants, including O2 and O3, and free radicals different
from OH, can contribute to the oxidation process taking place
in the atmosphere. The NO−3 radical is an important atmo-
spheric oxidizer at night. The main mechanisms of NO−3 de-
composition are a reaction with organic components and het-
erogeneous losses (reactions on the Earth and on the surface
of aerosol particles, including those in clouds). The gas-phase
reaction between NO−3 and water vapor is endothermic. Water
vapor exerts a paramount influence on radiation transport in
the troposphere.

Nitrate ions are some of the most widespread ions in the
Earth’s atmosphere. Their proportion exceeds that of atmo-
spheric Cl− ions by more than 3.5 times and, by hundreds of
times, that of Br− ions.[1,2] Many atmospheric processes are
explained by their presence. In Ref. [3], solvation of nitrate
ions was studied at the air–water interface. A nitrate ion was
shown to prefer surface solvation to bulk solvation. The life-
time of NO−3 in the atmosphere depends on irreversible losses
of N2O5, because thermodynamic equilibrium is established
quickly between these two components. On the assumption
that a stationary state is established during the decomposition
of N2O5, the NO−3 lifetime becomes inversely proportional to
the NO2 concentration. Recently great attention has been paid
to the investigation of the destructive effect that Cl− and Br−

ions have on the content of atmospheric ozone,[2] whereas the
effect of interaction between NO−3 ions and ozone at the water
surface has been elucidated in only a few studies.

Nitrate ions are generated in Earth’s atmosphere in a
chain of chemical reactions with nitric oxide. The nitrate ions
are captured by aerosols, fall down with precipitation and be-
come fixed in polar ice. Experimental investigation of the air-
aqueous nitrate interface cannot completely provide an insight
into the role of nitrate ions at the surface of aqueous-phase
atmospheric aerosols. However, computer simulation to a cer-
tain extent gives such an understanding. Absorptions of ozone,
oxygen, methane, and chlorine and bromine ions by atmo-
spheric moisture are investigated in the molecular dynamics
model.[4–12] There are no data on how the presence of NO−3
ions can change ozone absorption by water clusters or how
nitrate ions influence the physical properties of the absorbing
disperse water medium.

The aim of the present study is to investigate the simulta-
neous interaction of water clusters with nitrate ions and ozone
molecules, and to reveal the behaviors of changes in spectral
characteristics of disperse water systems, which result from
such interactions.

2. Model
Properties of clusters and interfaces are not critically eval-

uated by using the original TIP4P potential model of water.[13]

For this reason a new potential including an optimal set of
parameters that describe the important properties of aqueous
clusters (binding energies and minimum energy structures) has
been developed.[14] It turned out that structure and thermody-
namic properties of the bulk and liquid/vapor interface of wa-
ter are also well reproduced by using a modified potential. A
modification of the model fulfilled in Ref. [14] was connected
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with a considerable change in parameters of the Lennard-Jones
(LJ) part of the potential; as a consequence, the coefficients
with the terms describing repulsion and attraction were re-
duced by factors 2.5 and 2.9, respectively. Additionally, in
this model, a negative charge was located at a point 0.0215 nm
away from the oxygen nucleus instead of 0.015 nm as previ-
ously. This displacement allowed the permanent dipole mo-
ment of the water molecule to be corrected to 1.848 D, which
corresponds to the experimental value in a gaseous phase. In
the present work, a polarizable variant of the improved TIP4P
model of water is employed.

Interactions between nitrate ions and between water and
NO−3 ions are considered to be based on a polarizable model,
proposed in Ref. [15]. The parameters of the potential for
NO−3 –H2O interactions were optimized so as to simulate the
hydration energy and structural properties of a solvated nitrate
ion. The molecular model of the NO−3 ion represents a flat tri-
angle with an N atom at the center and three O atoms at the
corners. The angles between the bonds are identical and mea-
sured to be 120◦, and the distance rNO = 0.122 nm. The partial
electric charges of N and O atoms in the nitrate ion were deter-
mined to be qN = 0.5741e, qO =−0.5247e (e is the elementary
charge). As a whole, the NO−3 ion showed the electric charge
=−1e. Quantum-mechanical calculations in the Hartree–Fock
approximation determined the binding energy between the ni-
trate ion and water as 14.9 kcal/mol.[16] Electrostatic interac-
tions between O3 molecules were determined by the charges
qcen = 0.19e and qside = −0.095e[17] placed at the points of
localization of central and side atoms, respectively. The angle
Oside–Ocen–Oside in the ozone molecule is 116.8◦.[18] The dis-
tance between the central and some of the edge atoms in the
O3 molecule is rOO = 0.1278 nm.

A pair of used atom–atomic potentials was treated as
Lennard-Jones and Coulomb contributions. The parameters of
the potential for the description of these interactions are given
in Refs. [15] and [17]. In molecular dynamics calculations us-
ing the Stillinger–David polarization model,[19] the potential
energy U of a cluster (H2O)50 took the value −24.25 eV at
T = 40 K.[20] In the model presented herein, the U value for
the (H2O)50 aggregate is −23.1 eV at T = 237 K.

The interaction of a water cluster with ozone molecules
and nitrate ions was studied at the same temperature 237 K.
Initially, the center of a free ozone molecule was located at a
distance of 0.6 nm–0.7 nm from the nearest center of the water
molecule incorporated in the cluster. As this took place, the O3

molecule had a spontaneous orientation. Ions were brought to
the system 6O3 + (H2O)50 in pairs and arranged on coordinate
axes on different sides of the system at a distance of not less
than 0.6 nm from any atom of the nearest molecule. The cutoff
radius of molecular interactions in the model was 0.9 nm.

In the present work, we use a canonical ensemble si-

mulation to calculate the spectral characteristics of water
clusters.[21,22] The molecular dynamics calculation is carried
out in time steps of ∆t = 0.2× 10−16 s. The calculation of
spectral characteristics is begun after the system has achieved
an equilibrium state, which takes a time of tne = 3× 105∆t
(6 ps). The (O3)6(H2O)50 cluster is also formed in∼ 3×105∆t
time steps regardless of the presence of NO−3 ions. The
achievement of a steady value of the total dipole moment by
this aggregate, along with obtaining a stable distribution of
bond lengths, evidences the formation of the (O3)6(H2O)50

cluster. After the time tne expires, the dependence of the to-
tal energy of the system on time starts to fluctuate around
the average value, which, along with the establishment of the
Maxwellian velocity distribution, indicates that the equilib-
rium state is reached. From here on, we will take the be-
ginning moment of the main calculation, that is, the moment
when the system composed of water molecules, ozone, and ni-
trate ions has achieved equilibrium, is taken as the time origin
(t = 0). The duration of the main calculation is comprised of
2.5×106∆t time steps.

Flexible models of molecules are considered. Molecular
flexibility is achieved by using the procedure designed within
the framework of the Hamiltonian dynamics in Refs. [23]–
[25]. In the model, each molecule can be considered as a
polarizable point dipole situated in the center of mass of the
molecule.[4–12] The Gear fourth-order method is employed
to integrate the equations of motion of centers of mass of
molecules.[26] The analytical solution of motion equations for
molecular rotation is accomplished by using the Rodrigues–
Hamilton parameters;[27] and the integration scheme of mo-
tion equations considering rotations corresponds to the ap-
proach proposed by Sonnenschein.[28]

3. Dielectric properties
The absorption cross section of IR radiation is defined

as[29]

σ(ω) =

(
2

εvch̄n

)
ω tanh

(
h̄ω

2kT

)
× Re

∫
∞

0
dt e iωt 〈𝑀(t) ·𝑀(0)〉 , (1)

where n is the frequency-independent refractive index, εv is the
vacuum dielectric permittivity, and c is the velocity of light.

In Eq. (1), the sum of vector differences of individual
molecular dipoles is defined as

𝑀(t) =
N

∑
j=1

[
𝑑 j(t)−

〈
𝑑 j
〉]
.

In the case of unpolarized light, the Raman spectra is
given by the relation[29]

J(ω) =
ω

(ωL−ω)4

(
1− e−h̄ω/kT

)
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× Re
∫

∞

0
dt e iωt 〈Πxz(t)Πxz(0)〉 ,

where

Π(t)≡
N

∑
j=1

[
𝛼 j(t)−

〈
𝛼 j
〉]
,

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 reflection coefficient R is defined as the ratio between
the average energy flux reflected from the surface and the in-
cident flux. At normal incidence of a plane monochromatic
wave, the reflection coefficient is described by the formula[30]

R =

∣∣∣∣∣
√
|ε1|−

√
|ε2|√

|ε1|+
√
|ε2|

∣∣∣∣∣
2

. (2)

It is supposed here that the incidence of a wave occurs from
the transparent medium (medium 1) into a medium that can
be either transparent or not, i.e., absorbing and scattering
medium (medium 2). The indices of the dielectric permittivity
in Eq. (2) refer to those of the medium.

We denote the systems as I (H2O)n, n = 10,15, . . . ,50;
II (H2O)50 + 6O3 + iNO−3 , i = 1, 2, . . . , 6. The first system
is composed of nine types of clusters, and the second one in-
volves six types.

4. Results and discussion

The configurations of (H2O)50(O3)6(NO−3 )6 cluster
formed by the time moments of 10 and 50 ps are shown in
Fig. 1. From a comparison of these configurations one can
conclude that the movements of all molecules and ions oc-
curring in a confined space, i.e., movements associated with
translational motion of the molecules are small. At the same
time the orientations of molecules and ions vary quite signifi-
cantly. From Fig. 1(a) it can be seen that the NO−3 ions attract
individual molecules H2O or O3. By the time 50 ps nearly all
O3 molecules and NO−3 ions are absorbed by the water clus-
ter, with the major portion of O3 molecules being located in
the immediate vicinity of the NO−3 ions (Fig. 1(b)). The NO−3
ions are attached to ozone molecules mainly due to the forma-
tion of N · · · Ocen bonds (here Ocen is the central atom in the
ozone molecule), while ONO3 · · · H bonds are formed between
them in close proximity to water molecules (ONO3 is the oxy-
gen atom in the nitrate ion). The newly formed cluster (H2O)50

(O3)6 (NO−3 )6 remains as a whole undivided construction dur-
ing all calculations.
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Fig. 1. Configurations of the cluster (H2O)50 (O3)6 (NO−3 )6 correspond-
ing to the time points of (a) 10 ps, (b) 50 ps at T = 237 K. Coordinates of
molecules are given in nanometers.

Figure 2 displays IR absorption spectra for systems I
and II, and it also shows the experimental IR spectra of liq-
uid water[31] and spectra of O3

[32] and HNO3,[33] which are
present in the troposphere. The positions of the most intense
bands in the IR spectrum for the water cluster system (sys-
tem I) and in the spectrum of liquid water (3389 cm−1 and
3404 cm−1) correlate well with each other. The presence of
NO−3 ions and ozone molecules in the cluster system shifts the
most intense band to the region of lower frequencies. With
increasing the temperature of the water–ozone system con-
taining NO−3 anions, one can suppose that the inverse effect
will emerge. When the temperature is increased to 287 K, i.e.,
by 50 K, the most intense band in the spectrum of system II
moves 103 cm−1 toward the region of high frequencies, and
the intensity of this band decreases by 6.1%. A blue shift in
absorption with rising temperature is caused by the weaken-
ing of the hydrogen bonding and structural correlation. These
factors are both determined by spectral diffusion,[34] of which
the essence lies in the fact that, with temperature rising, the
transfer of quanta of OH-vibrations between the nearest os-
cillators is intensified. To put it differently, spectral diffusion
is accounted for by the variation in vibration phases of modes
typical of water. As a result of changes in the transfer of dipole
vibrations, fluctuating forces appear, leading to the weakening
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of hydrogen bonds and the worsening of the structural correla-
tion. This involves a rise in the intensity of the low-frequency
portion of the IR spectrum (which is on the left of the most
intense band).
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Fig. 2. IR absorption spectra of the systems (i) I, (ii) II (for (i) and (ii)
T = 237 K); (iii) liquid water (T = 293 K), the experiment;[31] (iv), (v)
stratospheric measurements of O3

[32] and HNO3,[33] respectively; (vi)
system II at T = 287 K.

The most intense band in the IR spectrum of liquid water
appears due to the superposition of three modes: ν1 is the sym-
metric stretching vibration, ν3 is the antisymmetric stretching
vibration, and the overtone of a mode ν2 is the deformation
vibration (bending of covalent bonds). The mode ν2 is re-
sponsible for the emergence of a band at 1644 cm−1. The
band at 690 cm−1 is formed due to librations determined by
restrictions imposed by hydrogen bonding. The weak band
at 200 cm−1 is associated with translation vibrations, includ-
ing the stretching of the O–H · · · O hydrogen bond and its
bending. At the IR spectrum of the water cluster system I, a
blue shift of the libration mode by ∼ 380 cm−1 with respect
to the corresponding band in the IR spectrum of bulk water is
observed. This band of system I is positioned between the po-
sitions of the second and the third peaks in the IR spectrum of
stratospheric HNO3.

The IR spectrum of system II at T = 237 K shows
three broad bands. The first one, of weak intensity, is lo-
calized at 748 cm−1, the second, more intensive, band is
at 1842 cm−1, and the third one, most intensive, is located
around 2936 cm−1. The position of the first band agrees
with quantum-mechanical calculation of localization of the
mode of deformation vibrations (720 cm−1) in the NO−3 /H2O
complex.[16] The second band occurs in the vicinity of the
doubled frequency (1993 cm−1) of the mode of antisymmet-
ric vibration of ozone molecule, which was found empiri-
cally in Ref. [35]. The third band for the water cluster sys-
tem containing O3 molecules and NO−3 ions has a red shift
with respect to the position (3389 cm−1) of the most intense
band in the IR spectrum of system I. The absorption band at
∼1058 cm−1 for stratospheric ozone occurs due to the super-

position of modes of symmetric and antisymmetric stretching
vibrations (1063 cm−1) in ozone.[35]

The work[36] showed that the absorption by (H2O)50 clus-
ters of both molecular and monatomic oxygen yields a reduc-
tion in the integral intensity Itot of the IR absorption spectrum
by a factor of 1.5–2. In the course of the study, IR absorp-
tion spectra were calculated for the disperse water system III
with nitrate ions (H2O)50 + 6O2 + iNO−3 , in which clusters
adsorbed oxygen molecules rather than ozone molecules. The
value Itot for system II (with ozone) appeared to be 1.6 times
lower than that for system III (with oxygen). The capture of
ozone by water clusters significantly reduces the ability to ab-
sorb IR radiation for the disperse water system.

The Raman spectra of systems I and II are represented by
a great number of well-resolved peaks (Fig. 3). The three most
intense peaks of system II fall at the frequencies of 938, 1941,
and 3125 cm−1. The most intense band in the Raman spec-
trum of disperse water system I is localized at 3040 cm−1. The
Raman spectrum of liquid water[37] shows the most intense
band at 3337 cm−1, and the Raman spectrum of complexes
NO−3 , N2O4 in a 78% water solution of HNO3

[38] has a band
at 1350 cm−1. Bond type affects the shape of the Raman spec-
trum. For example, Raman shift, especially the radial breath-
ing mode, is present in the spectrum of aqueous systems, but
is generally absent from the spectra of graphite materials.[39]
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Fig. 3. Raman spectra for the systems (i) I, (ii) II (for (i) and (ii)
T = 237 K); (iii) liquid water (T = 293 K), the experiment;[37] (iv) Ra-
man spectrum of the complexes NO−3 and N2O4 in 78% water solution of
HNO3

[38] (for (iii) and (iv) T = 293 K).

Characteristic vibrations in liquid water occur with aver-
age intensities of 200 cm−1 and 686 cm−1. With allowance
for anharmonicity of vibrations, one can expect that the sum
of these modes will result in the occurrence of a band at the
Raman spectrum localized around a frequency of 900 cm−1.
The intensity of the band at 938 cm−1 in the Raman spectrum
of system II increases with respect to the corresponding char-
acteristic in the spectrum of system I (a band at 917 cm−1).
This increase occurs due to the influence of NO−3 ions. Hy-
drated NO−3 ions have a strong band in the Raman spectrum
at 1049 cm−1.[38] A band at 1941 cm−1 at the J-spectrum of
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system II, on the one hand, can be considered as an analogue
of the mode (2125 cm−1) in liquid water resulting from the
combination between the mode of deformation vibrations ν2

and libration modes. On the other hand, ozone modes are rep-
resented as combinations of frequencies (2ν3, ν1 + ν3, 2ν1)

in a range of 1993 cm−1–2143 cm−1. Since the Raman spec-
trum of system I shows a very weak replica at 2048 cm−1, the
emergence of a strong band in the vicinity of this frequency
in the Raman spectrum of system II can be attributed to the
determining influence of ozone. The peaks at high frequencies
(3040 cm−1 and 3125 cm−1) are likely to be caused by over-
tones of the mode of intense longitudinal vibrations, which ap-
pears in liquid water at 273 K in the form of the most intense
band at 686 cm−1, in combination with the mode of longitudi-
nal vibrations at a frequency of 395 cm−1 (the total frequency
amounts to 3139 cm−1).

Figure 4 shows the frequency spectra of the reflection
coefficient of disperse water systems I and II. The maximum
of the R-spectrum of the system (I) of pure water clusters
falls at a frequency of 1041 cm−1, and that of the spectrum
of the system (II) adsorbing ozone and nitrate ions localizes
at 2882 cm−1. The disperse water system I has an average
(in frequency) IR reflection coefficient of R̄ = 0.35, while the
same parameter for system II is 0.94. The spectrum R(ω) for
system I is fitted by a curve with a single pronounced peak,
and the corresponding spectrum for system II is approximated
by a frequency dependence with three peaks. Thus, homoge-
neous deposition of ozone molecules and nitrate ions onto the
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Fig. 4. Reflection coefficients of IR radiation for the cluster systems at
T = 237 K: (a) system I, (b) system II; (i) MD calculations, (ii) approxi-
mation of the calculated dependence by the polynomial R(ω) of the sixth
order.

surface of (H2O)50 clusters produces high-efficiency reflection
of IR radiation by the cluster system.

5. Conclusions
In the present work, the mechanism of adsorption of ni-

trate ions and ozone by water clusters is investigated. The ini-
tial orientation of surface water molecules in a cluster with
hydrogen directed outwards produced an attractive force for
NO−3 ions. Since the initial distances between NO−3 ions are
more than twice those from ions to hydrogen atoms, ions move
toward the cluster due to Coulomb attraction. Next, a hete-
rocluster is formed due to Lennard-Jones interaction. Ozone
molecules bearing small distributed electric charges do not
hinder ions from attaching to the surface of the water clus-
ter. Polarization interaction also creates a stabilizing effect.
Eventually, in a time interval of 50 ps, negatively charged clus-
ters with a water core are observed, with NO−3 ions and ozone
molecules situated at their surface.

Ozone is a very powerful oxidizer, much more powerful
than oxygen. Therefore, the following processes should actu-
ally take place further at the surface of a cluster that has ad-
sorbed ozone and ions. At the high concentrations observed,
ozone decomposes into ordinary diatomic and monatomic
oxygen. Under atmospheric conditions its half-life is approx-
imately 30 min. Monatomic oxygen forms NO2 and O2 re-
acting with NO−3 . Ultimately, nitrogen dioxide enters into a
reaction with water and oxygen, producing nitric acid: 4NO2

(gas) + 2H2O (liq) + O2 ⇒ 4HNO3 (liq). A portion of NO2

can stay on the surface of the cluster formed by a water solu-
tion of nitric acid. Thus, the action of nitrate ions is similar
to that produced by Cl− and Br− ions, destroying ozone at the
water surface. Adsorptions of NO−3 ions and ozone molecules
by water clusters lead to a significant drop in the absorbing
ability of the disperse water system. Water clusters with NO−3
and O3 deposited on their surfaces reflect a major portion of
the incoming IR radiation. Therefore, a smaller portion of the
IR is trapped within the atmosphere. The greenhouse effect
is reduced because of both lowering IR absorption by clusters
and destroying ozone at their surfaces.
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