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IN EXTERNAL ELECTROMAGNETIC FIELDS 

A.V. Alforova2), B.V. Borts1), V.I. Tkachenko1),2)
1) National Science Center “Kharkov Institute of Physics and Technology” 

1, Akademicheskaya St., 61108, Kharkov, Ukraine 
E-mail: tkachenko@kipt.kharkov.ua

2) V.N. Karazin Kharkiv National University 
4, Svobody Sq, 61022, Kharkiv, Ukraine 

Received 11 October 2011 

The model is proposed for describing a real nitrogen dioxide molecule by its two-dimensional analog, namely, the virtual molecule
(VM). The proposed VM model provides the condition of coincidence between the fundamental eigenfrequencies of the real 
molecule and its virtual analog. The other VM parameters (bond length and atomic mass) are renormalized so that the molecule 
should steadily exist for a long time interval. Linear dynamics of VM atoms in the field of a monochromatic electromagnetic wave
has been investigated. It is shown that under the action of an external electromagnetic field on the molecule at a resonance frequency,
secular modes of vibrations are observed. The last ones are characterized by a time-linear growth of atomic oscillation amplitudes.
The influence of the turn on of an external force at the time of stabilization of eigenfrequencies of the VM on the stability of VM 
atomic oscillations were made. It is shown that in some cases breaking of one of the VM bonds inevitably leads to the VM 
dissociation as a whole. As a result of numerical simulation, it has been established that the bond breaking has a threshold character,
i.e., dissociation is not observed at the external force, which is below a certain value. In the region of forces exceeding the threshold 
values, the variation in the external electromagnetic field frequency is insensitive to the resonance effects that are due to the presence 
of dedicated frequencies of the VM. It is demonstrated that in the region, where the N – O bond breaking always takes place, there 
exist the O – O bond stability islands. Optimum parameters of VM dissociation have been determined. 
KEY WORDS: virtual nitrogen dioxide molecule, eigenfrequencies, bond length, atomic mass, external force, dissociation.
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Triatomic molecules (H2O, CO2, NO2, SO2, H2S, etc.) are characterized by the presence of a fine structure of their 
absorption spectra. A full and exact information on the parameters of these spectra is of basic importance for solving 
many applied and fundamental problems such as the development of theory and practice of femtochemistry [1]; analysis 
of the impact of volcanic outbursts, “greenhouse” effect, ozone layer on the ecology and climate variations of the Earth 
[2]; creation of alternative energy sources based on the controlled molecule dissociation in external electromagnetic 
fields [3, 4].

One of the methods to control the internal dynamics of triatomic molecules is to act upon them through an 
electromagnetic field, which is oscillating at frequencies close to the frequencies of atomic oscillations in molecules 
[3,4]. Since the frequencies of atomic oscillations in molecules lie in the infrared spectrum [5], the resonance action on 
the internal dynamics of the molecule is entirely feasible with the use of lasers that generate electromagnetic radiation 
of corresponding wave lengths [1].

The other method of water molecule dissociation, different from laser technologies, has been described by Meyer 
in his patent [6]. Here, to achieve the objective, a sequence of special-shape unipolar voltage pulses was used, with the 
voltage-time step function for the leading and trailing edges of the pulse and the exponentially increasing function for 
the pulse peak.

Since the above-described methods of triatomic molecule dissociation by external electromagnetic fields are far 
from creating of adequate model [3,4] or are based on empirical facts [6], it appears of importance and necessity to 
continue the research in this direction.

The present paper deals with the modeling of the interaction between the real triatomic molecule (NO2 as an 
example) and the external electromagnetic fields of the virtual molecule (VM).

THE MODEL OF NITROGEN DIOXIDE MOLECULE 
The nitrogen dioxide molecule presents a triatomic molecule NO2 that consists of one nitrogen atom and two 

oxygen atoms. Its schematic view is shown in Fig. 1.

Fig. 1. Scheme of nitrogen dioxide molecule 

The oxygen atoms are linked with the nitrogen atom by covalent chemical bonds, each bond involving two 
electrons (in the figure, the bonds are shown by lines). The equilibrium length of the N – O bond makes 1.197 Å. The 
valence angle (angle between valence bonds) is equal to 134.3º [4]. The N – O bond energy is determined to be 
112 kcal/mole [7]. This energy is also called the dissociation energy, because its excess leads to bond breaking, and that 
corresponds to the molecule dissociation.

DETERMINATION OF FICTITIOUS O O−  BOND COEFFICIENT AND VM PARAMETERS 
Similarly to ref. [4], we consider a planar (two-dimensional) model of nitrogen dioxide molecule. We shall 

represent the atoms by point masses, denoting the nitrogen atomic mass by Nm , and the oxygen atomic mass by Om .
In the equilibrium state, the oxygen atoms are situated at the ends of the base of the isosceles triangle, and the nitrogen 
atom is found at the vertex of the angle formed by its lateral sides. We introduce the notation NOa and OOa , which 
correspond to the equilibrium distance between the nitrogen atom and the oxygen atom, and between oxygen atoms, 
respectively.

47
physical series «Nuclei, Particles, Fields», issue 4 /52/ Virtual nitgrogen dioxide...



In the centre-of-mass system (C.M.S.) the equations of motion for the molecule atoms being in the external 
electromagnetic field are written as 
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Here { },N N NR X Y= , { }
1 1 1,O O OR X Y=  and { }

2 2 2,O O OR X Y=  are the radii-vectors of nitrogen and oxygen 

atoms, drawn from the centre of mass; 
1 2

, ,N O OF F F  are the vectorial forces of electromagnetic field action on nitrogen 

and oxygen atoms; 
1O NF ,

1NOF ,
2O NF ,

2NOF ,
1 2O OF ,

2 1O OF  are the vectorial action forces of atoms indicated by the 
first on the atoms indicated by the second. 

We suppose that the electromagnetic field can be described by a monochromatic wave propagating in the assigned 
direction, and take into consideration only the electric field strength. Since the treatment is carried out in the C.M.S., 
and the molecule is immobile, then the total action of the electric field strength on the molecule equals zero. In this 
case, the following equalities may be considered as fulfilled for the moduli of external forces:

1 2

1
2O O NF F F F= = − ≡ . (2)

The external force direction F  is given by the unit vector e : F F e= ⋅ , and the force value is given by the 

relation: ( )F d E t′ ⋅ , where d ′  is the derivative of the dipole N O−  bond moment  with respect to the 

interatomic distance, ( )E t  is the electric field strength amplitude prescribed externally. 

For intramolecular forces the relationship AB BAF F= −  is valid.
We now determine the intramolecular force values proceeding from the assumption that the forces are paired and 

central. The assumption is corresponds to the Morse potential representation of the interaction force field [8] 

( ) ( )( ) ( )( )( )2 2AB AB AB AB AB ABr D exp r a exp r aα αΠ = − − − − − , (3)

where AB BAD D= is the binding energy between the atoms A and B , AB BAa a=  is the equilibrium distance

between them, AB BAα α= is the parameter describing the width of potential well. 

Using eq. (3) we can determine the value and direction of force between the atoms A  and B :

( ) A B
AB AB A B

A B

R RdF R R
dr R R

−= − −
−

. (4)

The analysis of a linearized set of equations (1) in the absence of the external electromagnetic field and with due 
regard for eq. (4) leads to the following equations for the eigenfrequencies [4]: 

2 2 2 2(2 ) 2 0N ON O OO ON N O ONm a m a C m m a ω+ − = (5)

2 2 4 2 2 2 2 2

2 2 2 2

2 ( 4 4

2 ) 4 8
ON N O O OO ON O ON ON N O ON OO

N O ON ON N ON ON OO O ON ON OO

a m m m a C m a C m m a C
m m a C m a C C m a C C

ω
ω

+ − − −

− + + −
2 22 0N OO ON OO O OO ON OOm a C C m a C C− − = ,

(6)

where 22AB AB ABC Dα=  are the stiffness factors of molecule bonds. 
If in eqs. (5), (6) all the parameters were prescribed, then it would be possible to determine from them the 

eigenfrequencies of antisymmetric ω  (eq. (5)) and symmetric ( )1
sω , ( )2

sω  (eq. (6)) molecular oscillations.
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However, in our case we have only the experimentally measured eigenfrequencies, molecular dimensions NOa ,

OOa  and the bond energy NOD .  Their values are listed in Table 1 [5, 7, 9].

Table 1. 
Equilibrium parameters of the nitrogen dioxide molecule 

Parameter Notation Values 

SI units Hartree units 
Nitrogen atomic mass 

Nm 2.325 10-26 kg 25529 
Oxygen atomic mass 

Om 2.657 10-26 kg 29176 
N-O bond dissociation energy 

OND 7.781 10-19 J 0.179 
N-O bond equilibrium distance 

ONa 1.190 10-10 m 2.249 
-  bond equilibrium distance 

OOa 2.190 10-10 m 4.138 
Antisymmetric vibration frequency 

0 aω ω≡ 1618 cm-1 7.37 10-3

Symmetric vibration frequency 

( )1
1 sω ω≡

( )2
2 sω ω≡

1318 cm-1

750   cm-1
6.00 10-3

3.42 10-3

Provided that the parameters 1
ON OC m−⋅ , 1

OO OC m−⋅  are prescribed, the set of equations (5), (6) unambiguously 

determines the eigenfrequencies as iω ω= , where 0;1;2i = . If, however, the eigenfrequencies are measured 
experimentally, then, as it may seem at first glance, their substitution into the initial set would permit the calculation of 
the lacking values of the parameters 1

ON OC m−⋅ , 1
OO OC m−⋅ . Precisely these calculations have been made in [4]. 

However, this has resulted in the negative value of the stiffness coefficient OOC . That obtained result is unphysical, 
and any changes in the model (transition from the linear spring to the angular) call for the change of the model as a 
whole.

To eliminate this discrepancy, we use the following approach [10]. 
Since the eigenfrequencies have been observed and measured for the real molecule, for the transition from its 

three-dimensional model to the planar one some parameters must be renormalized, i.e., they should be changed so that 
eqs. (5), (6) should become jointly. As a result of these manipulations, the parameters of the two-dimensional VM 
would be determined, with the use of which the processes in the real molecule could be modeled.

For this purpose we assume the eigenfrequencies iω  in eqs. (5), (6) be prescribed, and the parameters that have to 

be determined (i.e., their new values should be found (renormalized)), will be put to be O

N

mx
m

= ;

2
1
2

OO

NO

ay
a

= . In 

this case, the stiffness factors 1
OO OC m−⋅  and 1

ON OC m−⋅  are expressed in terms of the eigenfrequencies ,x y  in the 
following way: 

2
1 0

1ON ON OG C m
xy

ω−≡ ⋅ =
+

, (7)

( )1 2 2 2 2
0 1 2 0

1 1
2 1OO OO O

xG C m
xy

ω ω ω ω− +≡ ⋅ = + + −
+

. (8)

Transforming eq.(6) with regard for eqs. (7), (8), it is not difficult to derive the required equation, which relates the 
renormalized parameters x  and y :

( ) ( )( )( ) ( )
22 22

2 1 2

0 0

1, , 1 1 1 2 0
2
xyZ x y Z x y x y x y ω ω

ω ω
+− + + + + − − − = , (9)
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where ( )
2 2

1 2

0 0

1, 1 1
2
xyZ x y xω ω

ω ω
+= + + − − .

Figure 2 shows the graphs of y  and stiffness factors (7), (8) versus x , obtained with the help of eq. (9).

Fig. 2. Solution of eq. (9) for y versus x , curve I. Curves II and III show the molecule stiffness factors ( 510ONG ⋅  and 510OOG ⋅ ,
respectively) as functions of the parameter x .

It follows from the calculations that the O O−  bond stiffness has its maximum 0.115OOC =  at 0.92x = .
Therefore, in further estimations we shall use the VM parameters, which correspond to the peak value of the O O−
bond stiffness factor. 

For unambiguous determination of the nitrogen dioxide VM parameters we consider the parameters Om and OOa
as being prescribed. In this case the VM parameter values can be summarized in the table (Table 2). The table also gives 

the width values of potential wells ( ) 12AB AB ABC Dα −=  in the Morse representation. Note that to calculate the 

unknown width of the O O−  bond potential well, we assume the relation 0.2OO OND D⋅  to be true [4]. 

Table 2. 
VM parameters 

Nitrogen atomic mass (renormalized) *
Nm 31713

Oxygen atomic mass 
Om 29176

N O−  bond stiffness factor NOC 0.715

O O−  bond stiffness factor OOC 0.115

Equilibrium length of the N O−  bond (renormalized) *
NOa 2.663

Equilibrium length of the O O−  bond OOa 4.138

Width of potential well for the N O−  bond ONα 1.413

Width of potential well for the O O−  bond OOα 1.267
Valence angle ψ 108.808°

LINEAR DYNAMICS OF VM ATOMS IN THE FIELD OF MONOCHROMATIC 
ELECTROMAGNETIC WAVE 

We write down the external force created by the electromagnetic wave field, which exerts action on the molecule 
atoms, as 

( ) ( )
0

i tF d E t e d E e eω θ− +′ ′= ⋅ ⋅ ≡ ⋅ ⋅ , (10)
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where 0 , ,E ω θ  are, respectively, the amplitude, frequency and control phase of the electric field strength of the wave.
Let us investigate the linear response of the molecule to the action of the external electromagnetic field. To this 

end, we derive the equation describing the temporal variation of the bond lengthening 
1 1 1O N O O NX R eδ≡ ⋅ , which 

characterizes small deviations of the oxygen atom 1O (see Fig. 1) from the equilibrium position along the 1N O−
bond. In this case it is necessary to use the VM parameters presented in Table 2.

Since in the proposed model the atoms of nitrogen dioxide molecule are described by the triangle with the 
corresponding stiffness coefficients, to estimate the dynamic strength of this structure, it will suffice to have 
information about the lengthening of one of the bonds, e.g., 1N O− .

After linearization of the initial set of equations (1), assuming the peak value of force ( ) ( )0dF t d E t′≡ ⋅  to be 

the function weakly dependent on time ( 0
0

dE E
dt

ω<< ), we obtain the equation that describes the temporal variation of 

the bond lengthening 
1O NX under the action of the external field with the frequency 0:

1

0
*

02 3
0 0

1 2

2

ON
Nd

O N

mC
mFd X cos cos

dt m
ϕ ϕ

ω

+
= − ,

(11)

where o
0 35.596ϕ  is the renormalized angle at the base of the molecule, ϕ  is the angle between the external force 

direction and the 1 2O O−  direction, t  is the time in Hartree units, 2θ π= − .
It is not hard to show that the lengthening of oxygen bonds with other atoms of the molecule is determined through 

1O NX in the following way: 

1 2 1 1 2 2 1 2 2 2 1 2

1 1

1 1 1 1

,
O O N O O O O O N O O N O O O

O O N

R e R e R e R e R e

R e

δ γ δ β δ γ δ δ β

δ

− − − −⋅ = ⋅ = − ⋅ = − ⋅ = ⋅ =

= ⋅
(12)

where
2

* *

10.78, 1 0.21
2 2

OO OO

NO NO

a a
a a

β γ=     = − − .

From eq. (11) it follows that the 1N O−  bond length increases linearly with time at the angles of action 

2 3 2π ϕ π< < . The length of other bonds also changes with time by the linear law in accord with relations (12).
Thus, the presence of secular regimes in eq. (11), which result from the action of the external electromagnetic field 

on the molecule at a resonance frequency, points to the adequacy of the proposed model to the physical processes, 
which are to take place in the real molecule.

Since the linear dynamics of the molecule displays its resonant properties, it appears of interest to retrace the VM 
behavior at great atomic displacement amplitudes, i.e., to investigate VM nonlinear oscillations up to the bond breaking.

NONLINEAR DYNAMICS AND DISSOCIATIVE MODES OF THE VM IN THE MONOCHROMATIC 
ELECTROMAGNETIC WAVE FIELD 

Nonlinear dynamics of the VM 
The investigation on the VM nonlinear dynamics in external fields must be started from the adjustment of 

nonlinear oscillations of a free molecule, i.e., from initial data fitting in the original equations (1) in the absence of 
external fields. As a result of this adjustment, the VM oscillation spectrum must comprise eigenfrequencies iω . In this 
case, the initial arrangement of VM atoms must be in accord with the linear theory.

The numerical calculation data on the temporal change of VM atom coordinates as well as their spectral resolution 
are presented in Figs. 3, 4. It follows from these figures that with time the molecular atoms fit into the parameters of the 
Morse potential, i.e., oxygen atoms oscillate relative to the points with the coordinates 1, 2 1, 22.12; 0.5O O O OX Y±    − ,

and the nitrogen atom oscillates relative to the point with the coordinates 0.0; 0.92N NX Y   .

The VM oscillation spectrum intensity IΩ  was obtained by the use of a fast Fourier transform of atomic 
displacement projections in the ,x y coordinates, calculation of their arithmetic mean and a subsequent moving 
average smoothing (see Fig. 4). For identification of peaks of the thus obtained spectrum we make use of the fact that 
the maximum resonance frequency 0Ω  should have the peak intensity (Very Strong), and the lowest frequency 2Ω
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should have a lower intensity (Strong) [11].
In view of the above, the spectrum analysis permits us to separate the following resonance frequencies of VM 

oscillations: 0 0.2Ω ≈ , 1 0.16Ω ≈ , 2 0.09Ω ≈ , which, with an appropriate choice of a new oxygen atomic mass 

m0 , are equivalent to the eigenfrequencies iω  (from the form of expressions (7)-(9) it follows that the new mass 0m′

must satisfy the relationship 2 2
0 0i im mω′Ω = ).

So, the data given in Fig. 4, show that the proposed model adequately describes nonlinear nitrogen dioxide 
molecular oscillations: the eigenfrequencies of VM oscillations correspond to the frequencies of symmetrical and 
antisymmetrical oscillations of real nitrogen dioxide. 

VM dissociative modes in the field of a monochromatic electromagnetic wave 
Let us investigate the dissociative modes of the VM in the fields of external electromagnetic radiations. For this 

purpose, it is necessary that at the moment of VM eigenfrequencies setting the external force should be switched on. 
The force value is determined by expression (10), where the control phase may equal zero, and the force direction is 
prescribed by the unit vector e .

As it follows from the calculations, at the moment of external force switch on, the molecule atoms oscillate in the 
neighborhood of vertices of the isosceles triangle with the coordinates 1, 2 1, 22.12; 0.5O O O OX Y±    − ;

0.0; 0.92N NX Y   . This state of the VM will be characterized as equilibrium.

Fig. 3. Coordinates of oxygen and nitrogen atoms in the molecule versus time t. 

In numerical calculations, the harmonic component of the external force is prescribed in the form of 
( )F sin t⋅ Ω , where the amplitude F varies in the range 0 3F≤ ≤ , and the angle of force action  ranges within 

0 2ϕ π≤ ≤ . The real external force value in the Hartree units, XF  is related to the force F  by 61.818 10XF F −= ⋅ ⋅ .

In calculations, we shall assume that an increase in the O O−  or N O−  bond length by more than two times 
leads to bond breaking. And if one takes into account that all the calculations are carried out in the C.M.S., then the 
breaking of one of the bonds gives such a reactive force to the other VM atoms, that it inevitably results in the VM 
dissociation as a whole. This conclusion is confirmed by numerical simulation, too.

The main question of numerical simulation of VM dynamics in the field of external forces consists only in what 
bond will be the first to break and at what conditions. The answer to this question is given by numerical simulation of 
atom dynamics of the triatomic VM in the field of the external electromagnetic wave.

Figures 5 to 8 show the numerical simulation results for VM bond dissociation versus the F amplitude and the 
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angle of action of the external force, ϕ , specified by both the electromagnetic wave (Figs. 5 to 7) and the stationary 
electric field (Fig. 8). In the figures, the bottom plane specifies the parameters of the O O−  bond breaking, and the top 
plane – N O−  bond breaking. The areas in the planes, marked by small squares with a side length of 0.1, correspond 
to these bond breakings. The angle 0 0.188ϕ π⋅  corresponds to the angle at the base of the equilibrium VM.

The data presented in Figs. 5 to 8 are characterized by the periodicity in the angle of external force action ϕ .
From Figs. 5 to 7 it follows that for all resonance frequencies the bond dissociation does not take place at the 

external force lower than a certain value 0.5 : 0.8F ≤ , the range of this value being dependent on the angle ϕ .
At 0.8F > , the change in the frequency of the external electromagnetic field gives no resonance effects specified 

by the presence of dedicated frequencies of the molecule. This may be due to a strong nonlinear link of atoms in the 
molecule, when linear connections cannot manifest themselves. The observed correlation of minimum forces F ,
leading to breaking of O O−  and N O−  bonds, can also be attributed to a strong nonlinear link of atoms in the 
molecule.

Fig. 4. Averaged and smoothed intensities IΩ  of the oscillation spectrum of nitrogen dioxide VM atoms. After appropriate 

transformations, the peaks, marked with dashed lines, coincide with resonant frequencies of the real nitrogen dioxide molecule iω .

From Figs. 5 to 7 it can be seen that at 1.3F >  the N O−  bond breaking always takes place, whereas the 
O O−  bond may exhibit the stability islands. This is particularly evident for the resonance frequency 0Ω , which is 
characterized by the maximum amplitude of oscillations.

Fig. 5. Electromagnetic field frequency 0Ω . Fig. 6. Electromagnetic field frequency 1Ω .
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Since the VM dissociation occurs at breaking of any bond, it is of interest to find the optimum parameters of 
dissociation, viz., the minimum force and the corresponding to it angle of action on the molecule.

The numerical simulation data on the optimum parameters of dissociation are presented in Table 3.

Table 3. 
Optimum VM dissociation parameters 

CONCLUSIONS
Thus, we have proposed the model for description of the real nitrogen dioxide molecule by its two-dimensional 

analog, namely, the virtual molecule (VM). In the proposed VM model, the condition of coincidence between the 
eigenfrequencies of the molecule and its analog is provided. The other VM parameters (bond length and atomic mass) 
are renormalized so that the molecule should steadily exist for a long time interval.

Linear dynamics of VM atoms in the field of a monochromatic electromagnetic wave has been investigated. It has 
been shown that under the action of an external electromagnetic field on the molecule at a resonance frequency, secular 
regimes of oscillations are observed. The last ones are characterized by a time-linear growth of atomic oscillation 
amplitudes. The increase in the atomic oscillation amplitudes places the molecule in the nonlinear regime. Under these 
conditions, the dynamics of VM atoms in the field of the monochromatic electromagnetic wave causing the VM 
dissociation can be investigated only by the numerical simulation method. To this end, after the VM eigenfrequencies 
settled, the action of the external force on the molecule dissociation was investigated. It has been demonstrated that in 
some cases the breaking of one of VM bonds inevitably leads to the VM dissociation as a whole. As a result of 
numerical simulation, it has been established that the bond breaking has a threshold character, i.e., dissociation is not 
observed at the external force, which is lower than a certain value of 0.5 : 0.8F ≤ . The range of external force 
variations depends on the angle of external action ϕ . In the range of forces exceeding the threshold values, 0.8F > ,
the variation in the external electromagnetic field frequency is insensitive to the resonance effects that are due to the 
presence of dedicated frequencies of the VM. It has been demonstrated that at 1.3F >  the N O−  bond breaking 
always takes place, whereas the O O−  bond may exhibit stability islands. Optimum parameters of VM dissociation 
have been determined.

Fig. 7. Electromagnetic field frequency 2Ω . Fig. 8. The electromagnetic field is constant. 

Electromagnetic wave field of the 
frequency Ω

Force F Angle of action ϕ

0Ω 0.6 ( ) ( )2 2 3 2 21 30π ϕ π≤ ≤

1Ω 0.7 ( ) ( )2 7 30 2 3 10π ϕ π≤ ≤

( ) ( )2 11 30 2 2 5π ϕ π≤ ≤

( )2 13 30π ϕ π≤ ≤

2Ω 0.7 ( ) ( )2 1 3 2 2 5π ϕ π≤ ≤

Constant field 0.6 ( ) ( )2 23 30 2 4 5π ϕ π≤ ≤
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