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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.

JACOILIALIS BIPTYAJIBHOI MOJIEKYJIA IBOOKHCY A30TY
Y 30BHIIIHIX EJTEKTPOMATHITHUX MOJIAX
0.B. An¢pnoposa? , B.B. Bopu", B.I. Txauenxo"?
Y Hayionanvnuii Hayrkosuii Lenmp "Xapxiscokuii pizuxo-mexuiunuii incmumym'"
61108, Xapxis, Axademiuna, 1
2)XapKiSCbKu1Z HayioHaneHuil ynieepcumem imeni B.H. Kapasina
61022, Xapxis, ni1. Ceoboou, 4

YV po6oTi 3arpornoHoBaHa MOJIENb OITICY PeabHO MOJICKYIIN TBOOKHCY a30Ty il TBOBUMIPHHIM aHAJIOTOM - BipTYaJIbHOIO MOJICKYJIOIO
(BM). V 3anpononosaniii Mmozneni BM 3a0e3nedeHa ymoBa 30iry OCHOBHHX BIIACHHUX YacTOT MOJIEKYIH i if aHarora. [Hmn mapamerpun
BM (nomxuHa 3B'SI3KIB 1 MacH aTOMiB) II€pEHOPMOBAHI TaKUM YMHOM, 1100 MOJIEKyNa CTifKO iCHyBala TPHBAJIMH IHTEpBAJ Yacy.
Hocnimpkeno mninHiiiHy nuHamiky atomiB BM y monmi MoHOXpomarm4HOi enekTpomarHiTHoi xBmimi. [lokazaHo, IO NpH BIUIHBI
30BHILIHBOTO €JIEKTPOMATHITHOTO MOJISI HA MOJIEKYJly Ha PE30HAHCHIHM YacTOTi CIIOCTEPIraloThCsl CEKYJIAPHI PEXXUMH KOJIHMBAHb, SKi
XapaKTepPU3YIOThCs JIHIMHAM y Yaci pOCTOM aMIUTITYJ] KOJHBaHb aToMiB. JIOCHIMKEHO BIUTMB BKJIOUCHHS 3O0BHIIIHBOI CHIHM B
MOMEHT YCTaHOBIICHHI BJIaCHUX KoiuBaHb BM Ha crilikicTh KoiuBaHb 11 aToMiB. [Toka3aHo, 1110 B IeIKUX BHIIAJKaX PO3PUB OAHIET 3i
3B's3kiB BM HemuHyue npu3BoAuTh 110 ii po3magy B HioMy. Y pe3yibTaTi YMCEIbHOIO MOJEIIOBAHHS BCTAHOBIICHO, IO PO3PUB
3B'A3KIB Ma€ TPaHWYHHUI XapakTep, TOOTO AHMcOLiallisi HE CHOCTEPIra€ThCsl MPH 30BHIIIHIA CHIi, MEHIIO! IEBHOro 3Ha4YeHHS. B
o0macTi Ccui, IO NEepPEeBHLIYIOTh T'PaHWYHI, BapilOBaHHS YaCTOTH 30BHIIIHBOIO €JIEKTPOMATHITHOTO TIONIi HE BigYyTHO 10
pe30HaHCHUX e(eKTiB, OOYMOBJIEHNM HAasSBHICTIO BHAUIEHHX dacToT y BM. IlokazaHo, mo B 00macTi, Ae 3aBXKIN BiIOYBa€ThCS
PO3pHB 3B'SI3KY, ICHYIOTh OCTPIBII CTaOUILHOCTI. BU3HaUeHO onTUMaNbHI TapaMeTpu aucoriamnii BM.

KJIIOYOBI CJIOBA: BipTyansHa MOJEKyJIa JBOOKHCY a30Ty, BIACHI YacTOTH, HOBXKHHA 3B'SI3Ky, aTOMHA Maca, 30BHIIIHS CHJIA,
JIACOIIALis.

JACCONUALINSA BUPTYAJILHOM MOJIEKYJIBI IBYOKHCH A30TA
BO BHEHTHUX SJIEKTPOMATHUTHBIX ITOJISIX
A.B. Andépora®, B.B. bopn”, B.W. Tkauenko™?
Y Hayuonansnoii Hayunviii Lienmp «Xapokoeckuii ousuko-mexnueckuti uncmumymy
61108, Xapvkos, Axademuueckas, 1
2)Xapbrcogcmﬁ HayuoHanvHulil yHusepcumem umenu B.H. Kapasuna
61022, Xapwvkos, nn. C600600vi, 4
B pabore mpennmokeHa MOAETb ONMCAHUS PEaNbHOI MOJICKYNBI JBYOKHCH a30Ta €€ JBYMEPHBIM aHAJIOTOM — BHPTYaJIbHOH
Monekynnoi (BM). B mpemnoxxenHoit mogenn BM obecrieueHo ycnoBne coBIageHNsI OCHOBHEIX COOCTBEHHBIX YacTOT MOJIEKYJIHI U ee
ananora. OcrambHble mapamerpel BM (fummHa cBsi3eff M Macchl aTOMOB) IEPEHOPMHUPOBAHEI TAaKMM 00pa3oM, 4TOOBI MOJIEKyIIa
YCTOMYMBO CyIIECTBOBaJA JUIMTEIbHBI WHTEepBan BpeMeHH. lccienoBaHa nmHelHas [guHaMuka aroMoB BM B mone
MOHOXPOMATHYECKOH 3y1eKTpoMarHuTHOW BoiHbL. Iloka3aHO, YTO NpH BO3MEHCTBUM BHEIIHETO 3JICKTPOMArHUTHOIO IMOJIL Ha
MOJIEKYJTy Ha PE30HAHCHOW YacTOTe HAOIIOJAIOTCS CEKYJISIPHBIE PEeXXKHUMBI KoJeOaHWH, KOTOPhIe XapaKTepU3YIOTCsl JTMHEHHBIM BO
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BpPEMEHH POCTOM aMIUIMTYJA KonebaHuii aromoB. MccrnenoBaHO BIMSHUE BKIIOYEHMS BHEHIHEH CHJIBI B MOMEHT YCTaHOBJICHMS
coOCTBeHHbIX Konebanuii BM Ha ycroiunBoCcTh KonebaHuii ee aroMoB. [loka3zaHo, 4TO B HEKOTOPBIX CIIydyasiX pa3pblB OZHOW M3
cBsazeil BM Hen30eHO NpUBOIMT K €€ pacmany B IeJIOM. B pesyibTare YHCIEHHOTO MOAEIHPOBAHMS YCTAHOBJIECHO, YTO pa3pbiB
CBsi3eil IMeeT MOPOTOBBII XapaKTep, T.e. TUCCOIMAINS He HaOMOAaeTCs MIPH BHEITHEW CUIIe, MEHBIIICH ONpeeIeHHOro 3HaYeHus. B
00JIaCTH CHJI, MPEBHIMIAIONINX MOPOTOBBIC, BAapbUPOBAHHE YACTOTHI BHENIHETO 3JIEKTPOMArHWTHOTO IIOJSI HE WyBCTBHTEIBHO K
pe3oHaHCHBIM 3] dexTam, OOYCIOBICHHBIM HalW4YMeM BBIIENEeHHBIX dacToT y BM. Ilokazano, uto B o6mactu, Tae Bcerja
npoucxomut paspsis ceazu [N — O, cymectsyror ocrposku crabumsaocti ez () — (. OmpeeneHs! ONTHMATBHbIE TaPaMETPhI
nucconuanuu BM.

KJIFOYEBBIE CJIOBA: BupTyanbHas MOJIEKyJa JBYOKHCH a30Ta, COOCTBEHHBIE YaCTOTHI, AJIMHA CBSI3M, aTOMHAsi Macca, BHEILHSIS
CHJIa, TUCCOIUAIIMS.

Triatomic molecules (H,O, CO,, NO,, SO,, H,S, 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 (NO, 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 NO, that consists of one nitrogen atom and two
oxygen atoms. Its schematic view is shown in Fig. 1.

119,7 pm

943"

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 A. The

valence angle (angle between valence bonds) is equal to 134.3° [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 7, , and the oxygen atomic mass by 71,,.
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 a,,, and a,,,, which

correspond to the equilibrium distance between the nitrogen atom and the oxygen atom, and between oxygen atoms,
respectively.
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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

d’R, . .

0T o thon +Foo
d’R, - = =

N =Ly Ty Ty, (1
d’R,, . .

(0] dl2 _FOZ FO F

Here ]_éN = {XN, YN} , jéol = {Xop Ym} and EOz = {on, Yoz} are the radii-vectors of nitrogen and oxygen

atoms, drawn from the centre of mass; F),, F; 0 FO2 are the vectorial forces of electromagnetic field action on nitrogen

and oxygen atoms; Fo N F O, > FO2 v F NO, » Foloz , F0201 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:

:—%‘F"N‘ =|F|. 2)

AN
The external force direction F is given by the unit vector € : F= ‘ﬁ ‘ -€ , 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, £ (t) is the electric field strength amplitude prescribed externally.

For intramolecular forces the relationship F,, = —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]

HAB(F):DAB(exP(_zaAB(r_aAB)) 2exP( AB(r aAB))) (3)

where D, = D, is the binding energy between the atoms A and B, a,, =a,, is the equilibrium distance
between them, ,, = (¥, 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 :

FAB:_:;; AB(R R)ﬁ

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]:

4)

2 2 2 v
2myag, +mya,,)C,y —2mymyag,@ =0 %)

2
2aozvmzvmow + (moaooc 4m0a0NCON —4mym,ap,Cop —
2
_2mNm0aONCON)a) + 4mNaONCONCOO +8myapyConCop — (6)
2 2 _
=My dp,Coy Cop —2mpan,CoyCop =0,
where C ;= Z(Zj »D 5 are the stiffness factors of molecule bonds.

If in egs. (5), (6) all the parameters were prescribed, then it would be possible to determine from them the

eigenfrequencies of antisymmetric @ (eq. (5)) and symmetric a)_fl) , a)_fz) (eq. (6)) molecular oscillations.
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However, in our case we have only the experimentally measured eigenfrequencies, molecular dimensions @, ,

a,,, and the bond energy D,,. 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 my, 232510 kg 25529
Oxygen atomic mass m, 2.657 10 kg 29176
N-O bond dissociation energy D,, 7.781 107 0.179
N-O bond equilibrium distance Ay 1.190 10" m 2.249
0O-0 bond equilibrium distance Ay 219010 m 4.138
Antisymmetric vibration frequency 1 3

)=, 1618 cm 7.3710

0 =0
Symmetric vibration frequenc (2) 1318 e’ 6.00 107

y quency w, =0, 750 cm’ 3.4210°

Provided that the parameters C), -m(_)1 , Coo -m(_)1 are prescribed, the set of equations (5), (6) unambiguously

determines the eigenfrequencies as @ = @., where = 0;1;2. 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 Cozv 'm(_)l, Coo -m(_)l. Precisely these calculations have been made in [4].

However, this has resulted in the negative value of the stiffness coefficient C,,,. 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
egs. (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 @ in egs. (5), (6) be prescribed, and the parameters that have to

2
m 1({a
be determined (i.e., their new values should be found (renormalized)), will be put to be x = 9. y= —[ﬂj .In

my 2\ ay,
this case, the stiffness factors C,, -m(;l and C,, -m(;l are expressed in terms of the eigenfrequencies X, ) in the

following way:
2

_ ()
Goy =Cy 'mol = 1+(;Cy’ (7
41 1+x
GOOECOO-mol25(w§+a)12+a)22)—1+xy(02 (3)

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

7z (x,y)—Z(x,y)(l+x)(1+y)+1+x(2—y)—(mj2 [ﬂjz-[ﬁjz 2 =0, ©)

2 , W,
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2 2
where Z(x,y)=l+% 1+[%j +(%j —x—1.
0 0

Figure 2 shows the graphs of ) and stiffness factors (7), (8) versus X, obtained with the help of eq. (9).
10

0,1

0,001 -
0,1 1 i« 10
Fig. 2. Solution of eq. (9) for ) versus X, curve L. Curves II and III show the molecule stiffness factors ( G, -10° and Goo -10°,
respectively) as functions of the parameter X .

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

For unambiguous determination of the nitrogen dioxide VM parameters we consider the parameters 71, and a,,

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 o/, =4/C (2D B )71 in the Morse representation. Note that to calculate the

unknown width of the O — O bond potential well, we assume the relation D,,, =0.2- D, to be true [4].

Table 2.
VM parameters
Nitrogen atomic mass (renormalized) m;v 31713
Oxygen atomic mass m,, 29176
N — O bond stiffness factor Crvo 0.715
O — O bond stiffness factor Coo 0.115
Equilibrium length of the N — O bond (renormalized) a:vo 2663
Equilibrium length of the O — O bond dpo 4.138
Width of potential well for the N —O bond oy 1.413
Width of potential well for the O —O bond (o798 1.267
Valence angle /4 108.808°

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

F=d E(t)-é=d Ee "¢, (10)
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where £, @, O 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 X oN = 5R0, -50] n» Which

characterizes small deviations of the oxygen atom O, (see Fig. 1) from the equilibrium position along the N —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., N —O,.

After linearization of the initial set of equations (1), assuming the peak value of force F), (t ) =d- E, (t ) to be

dE
the function weakly dependent on time (70 << WE,), we obtain the equation that describes the temporal variation of
t

the bond lengthening X ON under the action of the external field with the frequency y:

m
C,|1+2—-2
d _F, ‘W( mNj (1)
EXOIN == Cye COSP,coSQ,
070

where ¢, =35.596° is the renormalized angle at the base of the molecule, ¢ is the angle between the external force

direction and the O, — O, direction, 7 is the time in Hartree units, 6 = —7/2.
It is not hard to show that the lengthening of oxygen bonds with other atoms of the molecule is determined through
X oy in the following way:

51?@ 'éozzv?/_l = §R0| .EOIOZIB_l = _5R02 'éolzv 7_1 = _5}?02 'éozzv = §R02 '50]02:3_1 =

= é'RO] “Eo s

(12)

Ano Ano

2
where ﬁ:z"Lf’:o.m, yzl—%[a*ﬂ] =-0.21.

From eq. (11) it follows that the N —O, bond length increases linearly with time at the angles of action
7[/ 2<p< 371'/ 2 . 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 .. 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 X, ,, =+2.12; ¥, ,, ==0.5,
and the nitrogen atom oscillates relative to the point with the coordinates X ,, = 0.0; Y, =0.92.

The VM oscillation spectrum intensity ]Q was obtained by the use of a fast Fourier transform of atomic
displacement projections in the X, ) 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 €2, should have the peak intensity (Very Strong), and the lowest frequency Qz
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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: Q, = 0.2, Q, =0.16, Q, = 0.09, which, with an appropriate choice of a new oxygen atomic mass
my, are equivalent to the eigenfrequencies @. (from the form of expressions (7)-(9) it follows that the new mass m(')

must satisfy the relationship Q,.Zm(') = a),.zm0 ).
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 € .
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 X, ,, =*2.12; ¥, ,, =—0.5;

X,y =0.0; Y, =0.92. This state of the VM will be characterized as equilibrium.

3
Xor
2
1
Y
a o1
-1
2

2
0 200 400 &00 800 1000
4

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 (Qt ) , where the amplitude F' varies in the range 0 < /' <3 and the angle of force action ¢ ranges within

0 < @< 27. The real external force value in the Hartree units, ', is related to the force F' by F, = F-1.818-107°.

In calculations, we shall assume that an increase in the O —Q 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 /' amplitude and the
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angle of action of the external force, ¢, 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 ¢, =0.188- 7 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 .

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 + 0.8, the range of this value being dependent on the angle @ .

At F > 0.8, 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.
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Fig. 4. Averaged and smoothed intensities / o 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 @),.
From Figs. 5 to 7 it can be seen that at /' >1.3 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 €2, which is

characterized by the maximum amplitude of oscillations.

Fig. 5. Electromagnetic field frequency Qo . Fig. 6. Electromagnetic field frequency Ql .
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Fig. 8. The electromagnetic field is constant.

Fig. 7. Electromagnetic field frequency Qz .

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
Electromagnetic wave field of the Force F Angle of action @
frequency 2
Q, 0.6 27(2/3) < p<27(21/30)
Q 0.7 271'(7/30)S(0S27Z’(3/10)
271'(1 1/30) << 27[(2/5)
2z(13/30)<p<rxw

Q, 0.7 27(1/3)<p<27(2/5)

Constant field 0.6 27(23/30) < p<27(4/5)
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 F <0.5+0.8. The range of external force
variations depends on the angle of external action @ . In the range of forces exceeding the threshold values, ' >0.8,
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 F >1.3 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.
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