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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.
ȾɂɋɈɐȱȺɐȱə ȼȱɊɌɍȺɅɖɇɈȲ ɆɈɅȿɄɍɅɂ ȾȼɈɈɄɂɋɍ ȺɁɈɌɍ
ɍ ɁɈȼɇȱɒɇȱɏ ȿɅȿɄɌɊɈɆȺȽɇȱɌɇɂɏ ɉɈɅəɏ
Ɉ.ȼ. Ⱥɥɮɶɨɪɨɜɚ2) , Ȼ.ȼ. Ȼɨɪɰ1), ȼ.ȱ. Ɍɤɚɱɟɧɤɨ1),2)
1)
ɇɚɰɿɨɧɚɥɶɧɢɣ ɇɚɭɤɨɜɢɣ ɐɟɧɬɪ "ɏɚɪɤɿɜɫɶɤɢɣ ɮɿɡɢɤɨ-ɬɟɯɧɿɱɧɢɣ ɿɧɫɬɢɬɭɬ"
61108, ɏɚɪɤɿɜ, Ⱥɤɚɞɟɦɿɱɧɚ, 1
2)
ɏɚɪɤɿɜɫɶɤɢɣ ɧɚɰɿɨɧɚɥɶɧɢɣ ɭɧɿɜɟɪɫɢɬɟɬ ɿɦɟɧɿ ȼ.ɇ. Ʉɚɪɚɡɿɧɚ
61022, ɏɚɪɤɿɜ, ɩɥ. ɋɜɨɛɨɞɢ, 4
ɍ ɪɨɛɨɬɿ ɡɚɩɪɨɩɨɧɨɜɚɧɚ ɦɨɞɟɥɶ ɨɩɢɫɭ ɪɟɚɥɶɧɨʀ ɦɨɥɟɤɭɥɢ ɞɜɨɨɤɢɫɭ ɚɡɨɬɭ ʀʀ ɞɜɨɜɢɦɿɪɧɢɦ ɚɧɚɥɨɝɨɦ - ɜɿɪɬɭɚɥɶɧɨɸ ɦɨɥɟɤɭɥɨɸ
(ȼɆ). ɍ ɡɚɩɪɨɩɨɧɨɜɚɧɿɣ ɦɨɞɟɥɿ ȼɆ ɡɚɛɟɡɩɟɱɟɧɚ ɭɦɨɜɚ ɡɛɿɝɭ ɨɫɧɨɜɧɢɯ ɜɥɚɫɧɢɯ ɱɚɫɬɨɬ ɦɨɥɟɤɭɥɢ ɿ ʀʀ ɚɧɚɥɨɝɚ. ȱɧɲɿ ɩɚɪɚɦɟɬɪɢ
ȼɆ (ɞɨɜɠɢɧɚ ɡɜ'ɹɡɤɿɜ ɿ ɦɚɫɢ ɚɬɨɦɿɜ) ɩɟɪɟɧɨɪɦɨɜɚɧɿ ɬɚɤɢɦ ɱɢɧɨɦ, ɳɨɛ ɦɨɥɟɤɭɥɚ ɫɬɿɣɤɨ ɿɫɧɭɜɚɥɚ ɬɪɢɜɚɥɢɣ ɿɧɬɟɪɜɚɥ ɱɚɫɭ.
Ⱦɨɫɥɿɞɠɟɧɨ ɥɿɧɿɣɧɭ ɞɢɧɚɦɿɤɭ ɚɬɨɦɿɜ ȼɆ ɭ ɩɨɥɿ ɦɨɧɨɯɪɨɦɚɬɢɱɧɨʀ ɟɥɟɤɬɪɨɦɚɝɧɿɬɧɨʀ ɯɜɢɥɿ. ɉɨɤɚɡɚɧɨ, ɳɨ ɩɪɢ ɜɩɥɢɜɿ
ɡɨɜɧɿɲɧɶɨɝɨ ɟɥɟɤɬɪɨɦɚɝɧɿɬɧɨɝɨ ɩɨɥɹ ɧɚ ɦɨɥɟɤɭɥɭ ɧɚ ɪɟɡɨɧɚɧɫɧɿɣ ɱɚɫɬɨɬɿ ɫɩɨɫɬɟɪɿɝɚɸɬɶɫɹ ɫɟɤɭɥɹɪɧɿ ɪɟɠɢɦɢ ɤɨɥɢɜɚɧɶ, ɹɤɿ
ɯɚɪɚɤɬɟɪɢɡɭɸɬɶɫɹ ɥɿɧɿɣɧɢɦ ɭ ɱɚɫɿ ɪɨɫɬɨɦ ɚɦɩɥɿɬɭɞ ɤɨɥɢɜɚɧɶ ɚɬɨɦɿɜ. Ⱦɨɫɥɿɞɠɟɧɨ ɜɩɥɢɜ ɜɤɥɸɱɟɧɧɹ ɡɨɜɧɿɲɧɶɨʀ ɫɢɥɢ ɜ
ɦɨɦɟɧɬ ɭɫɬɚɧɨɜɥɟɧɧɹ ɜɥɚɫɧɢɯ ɤɨɥɢɜɚɧɶ ȼɆ ɧɚ ɫɬɿɣɤɿɫɬɶ ɤɨɥɢɜɚɧɶ ʀʀ ɚɬɨɦɿɜ. ɉɨɤɚɡɚɧɨ, ɳɨ ɜ ɞɟɹɤɢɯ ɜɢɩɚɞɤɚɯ ɪɨɡɪɢɜ ɨɞɧɿɽʀ ɡɿ
ɡɜ'ɹɡɤɿɜ ȼɆ ɧɟɦɢɧɭɱɟ ɩɪɢɡɜɨɞɢɬɶ ɞɨ ʀʀ ɪɨɡɩɚɞɭ ɜ ɰɿɥɨɦɭ. ɍ ɪɟɡɭɥɶɬɚɬɿ ɱɢɫɟɥɶɧɨɝɨ ɦɨɞɟɥɸɜɚɧɧɹ ɜɫɬɚɧɨɜɥɟɧɨ, ɳɨ ɪɨɡɪɢɜ
ɡɜ'ɹɡɤɿɜ ɦɚɽ ɝɪɚɧɢɱɧɢɣ ɯɚɪɚɤɬɟɪ, ɬɨɛɬɨ ɞɢɫɨɰɿɚɰɿɹ ɧɟ ɫɩɨɫɬɟɪɿɝɚɽɬɶɫɹ ɩɪɢ ɡɨɜɧɿɲɧɿɣ ɫɢɥɿ, ɦɟɧɲɨʀ ɩɟɜɧɨɝɨ ɡɧɚɱɟɧɧɹ. ȼ
ɨɛɥɚɫɬɿ ɫɢɥ, ɳɨ ɩɟɪɟɜɢɳɭɸɬɶ ɝɪɚɧɢɱɧɿ, ɜɚɪɿɸɜɚɧɧɹ ɱɚɫɬɨɬɢ ɡɨɜɧɿɲɧɶɨɝɨ ɟɥɟɤɬɪɨɦɚɝɧɿɬɧɨɝɨ ɩɨɥɹ ɧɟ ɜɿɞɱɭɬɧɨ ɞɨ
ɪɟɡɨɧɚɧɫɧɢɯ ɟɮɟɤɬɿɜ, ɨɛɭɦɨɜɥɟɧɢɦ ɧɚɹɜɧɿɫɬɸ ɜɢɞɿɥɟɧɢɯ ɱɚɫɬɨɬ ɭ ȼɆ. ɉɨɤɚɡɚɧɨ, ɳɨ ɜ ɨɛɥɚɫɬɿ, ɞɟ ɡɚɜɠɞɢ ɜɿɞɛɭɜɚɽɬɶɫɹ
ɪɨɡɪɢɜ ɡɜ'ɹɡɤɭ, ɿɫɧɭɸɬɶ ɨɫɬɪɿɜɰɿ ɫɬɚɛɿɥɶɧɨɫɬɿ. ȼɢɡɧɚɱɟɧɨ ɨɩɬɢɦɚɥɶɧɿ ɩɚɪɚɦɟɬɪɢ ɞɢɫɨɰɿɚɰɿʀ ȼɆ.
ɄɅɘɑɈȼȱ ɋɅɈȼȺ: ɜɿɪɬɭɚɥɶɧɚ ɦɨɥɟɤɭɥɚ ɞɜɨɨɤɢɫɭ ɚɡɨɬɭ, ɜɥɚɫɧɿ ɱɚɫɬɨɬɢ, ɞɨɜɠɢɧɚ ɡɜ'ɹɡɤɭ, ɚɬɨɦɧɚ ɦɚɫɚ, ɡɨɜɧɿɲɧɹ ɫɢɥɚ,
ɞɢɫɨɰɿɚɰɿɹ.
ȾɂɋɋɈɐɂȺɐɂə ȼɂɊɌɍȺɅɖɇɈɃ ɆɈɅȿɄɍɅɕ ȾȼɍɈɄɂɋɂ ȺɁɈɌȺ
ȼɈ ȼɇȿɒɇɂɏ ɗɅȿɄɌɊɈɆȺȽɇɂɌɇɕɏ ɉɈɅəɏ
Ⱥ.ȼ. Ⱥɥɮɺɪɨɜɚ2) , Ȼ.ȼ. Ȼɨɪɰ1), ȼ.ɂ. Ɍɤɚɱɟɧɤɨ1),2)
1)
ɇɚɰɢɨɧɚɥɶɧɵɣ ɇɚɭɱɧɵɣ ɐɟɧɬɪ «ɏɚɪɶɤɨɜɫɤɢɣ ɮɢɡɢɤɨ-ɬɟɯɧɢɱɟɫɤɢɣ ɢɧɫɬɢɬɭɬ»
61108, ɏɚɪɶɤɨɜ, Ⱥɤɚɞɟɦɢɱɟɫɤɚɹ, 1
2)
ɏɚɪɶɤɨɜɫɤɢɣ ɧɚɰɢɨɧɚɥɶɧɵɣ ɭɧɢɜɟɪɫɢɬɟɬ ɢɦɟɧɢ ȼ.ɇ. Ʉɚɪɚɡɢɧɚ
61022, ɏɚɪɶɤɨɜ, ɩɥ. ɋɜɨɛɨɞɵ, 4
ȼ ɪɚɛɨɬɟ ɩɪɟɞɥɨɠɟɧɚ ɦɨɞɟɥɶ ɨɩɢɫɚɧɢɹ ɪɟɚɥɶɧɨɣ ɦɨɥɟɤɭɥɵ ɞɜɭɨɤɢɫɢ ɚɡɨɬɚ ɟɟ ɞɜɭɦɟɪɧɵɦ ɚɧɚɥɨɝɨɦ – ɜɢɪɬɭɚɥɶɧɨɣ
ɦɨɥɟɤɭɥɨɣ (ȼɆ). ȼ ɩɪɟɞɥɨɠɟɧɧɨɣ ɦɨɞɟɥɢ ȼɆ ɨɛɟɫɩɟɱɟɧɨ ɭɫɥɨɜɢɟ ɫɨɜɩɚɞɟɧɢɹ ɨɫɧɨɜɧɵɯ ɫɨɛɫɬɜɟɧɧɵɯ ɱɚɫɬɨɬ ɦɨɥɟɤɭɥɵ ɢ ɟɟ
ɚɧɚɥɨɝɚ. Ɉɫɬɚɥɶɧɵɟ ɩɚɪɚɦɟɬɪɵ ȼɆ (ɞɥɢɧɚ ɫɜɹɡɟɣ ɢ ɦɚɫɫɵ ɚɬɨɦɨɜ) ɩɟɪɟɧɨɪɦɢɪɨɜɚɧɵ ɬɚɤɢɦ ɨɛɪɚɡɨɦ, ɱɬɨɛɵ ɦɨɥɟɤɭɥɚ
ɭɫɬɨɣɱɢɜɨ ɫɭɳɟɫɬɜɨɜɚɥɚ ɞɥɢɬɟɥɶɧɵɣ ɢɧɬɟɪɜɚɥ ɜɪɟɦɟɧɢ. ɂɫɫɥɟɞɨɜɚɧɚ ɥɢɧɟɣɧɚɹ ɞɢɧɚɦɢɤɚ ɚɬɨɦɨɜ ȼɆ ɜ ɩɨɥɟ
ɦɨɧɨɯɪɨɦɚɬɢɱɟɫɤɨɣ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɨɣ ɜɨɥɧɵ. ɉɨɤɚɡɚɧɨ, ɱɬɨ ɩɪɢ ɜɨɡɞɟɣɫɬɜɢɢ ɜɧɟɲɧɟɝɨ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ ɧɚ
ɦɨɥɟɤɭɥɭ ɧɚ ɪɟɡɨɧɚɧɫɧɨɣ ɱɚɫɬɨɬɟ ɧɚɛɥɸɞɚɸɬɫɹ ɫɟɤɭɥɹɪɧɵɟ ɪɟɠɢɦɵ ɤɨɥɟɛɚɧɢɣ, ɤɨɬɨɪɵɟ ɯɚɪɚɤɬɟɪɢɡɭɸɬɫɹ ɥɢɧɟɣɧɵɦ ɜɨ
© Alforova A.V., Borts B.V., Tkachenko V.I., 2011
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ɜɪɟɦɟɧɢ ɪɨɫɬɨɦ ɚɦɩɥɢɬɭɞ ɤɨɥɟɛɚɧɢɣ ɚɬɨɦɨɜ. ɂɫɫɥɟɞɨɜɚɧɨ ɜɥɢɹɧɢɟ ɜɤɥɸɱɟɧɢɹ ɜɧɟɲɧɟɣ ɫɢɥɵ ɜ ɦɨɦɟɧɬ ɭɫɬɚɧɨɜɥɟɧɢɹ
ɫɨɛɫɬɜɟɧɧɵɯ ɤɨɥɟɛɚɧɢɣ ȼɆ ɧɚ ɭɫɬɨɣɱɢɜɨɫɬɶ ɤɨɥɟɛɚɧɢɣ ɟɟ ɚɬɨɦɨɜ. ɉɨɤɚɡɚɧɨ, ɱɬɨ ɜ ɧɟɤɨɬɨɪɵɯ ɫɥɭɱɚɹɯ ɪɚɡɪɵɜ ɨɞɧɨɣ ɢɡ
ɫɜɹɡɟɣ ȼɆ ɧɟɢɡɛɟɠɧɨ ɩɪɢɜɨɞɢɬ ɤ ɟɟ ɪɚɫɩɚɞɭ ɜ ɰɟɥɨɦ. ȼ ɪɟɡɭɥɶɬɚɬɟ ɱɢɫɥɟɧɧɨɝɨ ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɭɫɬɚɧɨɜɥɟɧɨ, ɱɬɨ ɪɚɡɪɵɜ
ɫɜɹɡɟɣ ɢɦɟɟɬ ɩɨɪɨɝɨɜɵɣ ɯɚɪɚɤɬɟɪ, ɬ.ɟ. ɞɢɫɫɨɰɢɚɰɢɹ ɧɟ ɧɚɛɥɸɞɚɟɬɫɹ ɩɪɢ ɜɧɟɲɧɟɣ ɫɢɥɟ, ɦɟɧɶɲɟɣ ɨɩɪɟɞɟɥɟɧɧɨɝɨ ɡɧɚɱɟɧɢɹ. ȼ
ɨɛɥɚɫɬɢ ɫɢɥ, ɩɪɟɜɵɲɚɸɳɢɯ ɩɨɪɨɝɨɜɵɟ, ɜɚɪɶɢɪɨɜɚɧɢɟ ɱɚɫɬɨɬɵ ɜɧɟɲɧɟɝɨ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ ɧɟ ɱɭɜɫɬɜɢɬɟɥɶɧɨ ɤ
ɪɟɡɨɧɚɧɫɧɵɦ ɷɮɮɟɤɬɚɦ, ɨɛɭɫɥɨɜɥɟɧɧɵɦ ɧɚɥɢɱɢɟɦ ɜɵɞɟɥɟɧɧɵɯ ɱɚɫɬɨɬ ɭ ȼɆ. ɉɨɤɚɡɚɧɨ, ɱɬɨ ɜ ɨɛɥɚɫɬɢ, ɝɞɟ ɜɫɟɝɞɚ
ɩɪɨɢɫɯɨɞɢɬ ɪɚɡɪɵɜ ɫɜɹɡɢ N – O, ɫɭɳɟɫɬɜɭɸɬ ɨɫɬɪɨɜɤɢ ɫɬɚɛɢɥɶɧɨɫɬɢ ɫɜɹɡɢ O – O. Ɉɩɪɟɞɟɥɟɧɵ ɨɩɬɢɦɚɥɶɧɵɟ ɩɚɪɚɦɟɬɪɵ
ɞɢɫɫɨɰɢɚɰɢɢ ȼɆ.
ɄɅɘɑȿȼɕȿ ɋɅɈȼȺ: ɜɢɪɬɭɚɥɶɧɚɹ ɦɨɥɟɤɭɥɚ ɞɜɭɨɤɢɫɢ ɚɡɨɬɚ, ɫɨɛɫɬɜɟɧɧɵɟ ɱɚɫɬɨɬɵ, ɞɥɢɧɚ ɫɜɹɡɢ, ɚɬɨɦɧɚɹ ɦɚɫɫɚ, ɜɧɟɲɧɹɹ
ɫɢɥɚ, ɞɢɫɫɨɰɢɚɰɢɹ.

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 mN , and the oxygen atomic mass by mO .
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 aNO and aOO , 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

G

G
G
d 2 RO1 G
= FO1 + FO1N + FO1O2 ,
° mO
2
dt
°
G
°°
G
G
d 2 RN G
= FN + FNO1 + FNO2 ,
(1)
® mN
2
dt
°
G
° d 2 RO
G
G
G
2
= FO2 + FO2 N + FO2O1 .
°mO
2
dt
°̄
G
G
G
Here RN = { X N , YN } , RO1 = { X O1 , YO1} and RO2 = { X O 2 , YO 2 } are the radii-vectors of nitrogen and oxygen
G G G
atoms, drawn from the centre of mass; FN , FO1 , FO2 are the vectorial forces of electromagnetic field action on nitrogen
G
G
G
G
G
G
and oxygen atoms; FO1 N , FNO1 , FO2 N , FNO2 , FO1O2 , FO2O1 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:

G
G
1 G
FO1 = FO2 = − FN ≡ F .
(2)
2
G
G G
G G
The external force direction F is given by the unit vector e : F = F ⋅ e , and the force value is given by the
G
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.

G

G

For intramolecular forces the relationship FAB = − FBA 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]

(

)

G
Π AB ( r ) = DAB exp ( −2α AB ( r − a AB ) ) − 2exp ( −α AB ( r − a AB ) ) ,

(3)

where DAB = DBA is the binding energy between the atoms A and B , a AB = aBA is the equilibrium distance
between them,

α AB = α BA

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 :

G
G
G
G
G RA − RB
d
FAB = − ɉ AB ( RA − RB ) G
G .
dr
RA − RB

(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
(2mN aON
+ mO aOO
)CON − 2mN mO aON
ω2 = 0

(5)

2
2
2
2
2aON
mN mO2 ω 4 + (mO2 aOO
CON − 4mO2 aON
CON − 4mN mO aON
COO −
2
2
2
CON )ω 2 + 4mN aON
CON COO + 8mO aON
CON COO −
−2mN mO aON

(6)

−mN a CON COO − 2m a CON COO = 0 ,
2
OO

where C AB = 2α

2
AB

2
O OO

DAB 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

ωs(1) , ωs( 2)

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

aOO and the bond energy DNO . Their values are listed in Table 1 [5, 7, 9].
Table 1.
Equilibrium parameters of the nitrogen dioxide molecule
Parameter
Notation
Values
SI units
Nitrogen atomic mass

mN

Oxygen atomic mass

kg

25529

-26

kg

29176

-19

J

0.179

2.325 10

mO

Hartree units

-26

2.657 10

N-O bond dissociation energy

DON

7.781 10

N-O bond equilibrium distance

aON

1.190 10-10 m

Ɉ-Ɉ bond equilibrium distance
Antisymmetric vibration frequency

-10

aOO

2.190 10

ω0 ≡ ω a

1618 cm-1

7.37 10-3

1318 cm-1
750 cm-1

6.00 10-3
3.42 10-3

ω1 ≡ ωs(1)
ω2 ≡ ωs( 2)

Symmetric vibration frequency
−1

2.249

m

4.138

−1

Provided that the parameters CON ⋅ mO , COO ⋅ mO are prescribed, the set of equations (5), (6) unambiguously
determines the eigenfrequencies as

ω = ωi ,

where i = 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
−1

−1

the lacking values of the parameters CON ⋅ mO , COO ⋅ mO . Precisely these calculations have been made in [4].
However, this has resulted in the negative value of the stiffness coefficient COO . 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 ωi in eqs. (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 = O ; y = ¨ OO ¸ . In
2 © aNO ¹
mN
−1
−1
this case, the stiffness factors COO ⋅ mO and CON ⋅ mO are expressed in terms of the eigenfrequencies x, y in the
following way:
−1
O

GON ≡ CON ⋅ m =

GOO ≡ COO ⋅ mO−1 =

ω02
1 + xy

,

(7)

1 2
1+ x 2
ω0 + ω12 + ω22 ) −
ω0 .
(
2
1 + xy

(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 :
2

2
2
2
§ 1 + xy · §¨ § ω1 · § ω2 · ·¸
2
Z ( x, y ) − Z ( x, y )(1 + x )(1 + y ) + 1 + x ( 2 − y ) − ¨
= 0,
¸ ¨ ¸ −¨ ¸
© 2 ¹ ¨© © ω0 ¹ © ω0 ¹ ¸¹

(9)
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2
2
1 + xy § § ω1 · § ω2 · ·
¨1 + ¨ ¸ + ¨ ¸ ¸ − x − 1 .
where Z ( x, y ) =
2 ¨ © ω0 ¹ © ω 0 ¹ ¸
©
¹
Figure 2 shows the graphs of y and stiffness factors (7), (8) versus x , obtained with the help of eq. (9).

y versus x , curve I. Curves II and III show the molecule stiffness factors ( GON ⋅105 and GOO ⋅105 ,
respectively) as functions of the parameter x .
It follows from the calculations that the O − O bond stiffness has its maximum COO = 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 − O
Fig. 2. Solution of eq. (9) for

bond stiffness factor.
For unambiguous determination of the nitrogen dioxide VM parameters we consider the parameters mO and aOO
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 α AB = C AB ( 2 DAB )

−1

in the Morse representation. Note that to calculate the

unknown width of the O − O bond potential well, we assume the relation DOO  0.2 ⋅ DON to be true [4].
Table 2.
VM parameters
Nitrogen atomic mass (renormalized)

m*N

31713

Oxygen atomic mass

mO

29176

N − O bond stiffness factor

CNO

0.715

O − O bond stiffness factor

COO

0.115

a*NO

2.663

Equilibrium length of the O − O bond

aOO

4.138

Width of potential well for the N − O bond

α ON
α OO
ψ

Equilibrium length of the N − O bond (renormalized)

Width of potential well for the O − O bond
Valence angle

1.413
1.267
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

G
G
G
F = d ′ ⋅ E ( t ) ⋅ e ≡ d ′ ⋅ E0 e − i(ωt +θ ) ⋅ e ,

(10)
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where E0 , 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

G

G

end, we derive the equation describing the temporal variation of the bond lengthening X O1N ≡ δ RO1 ⋅ eO1 N , which
characterizes small deviations of the oxygen atom O1 (see Fig. 1) from the equilibrium position along the N − O1
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 − O1 .
After linearization of the initial set of equations (1), assuming the peak value of force Fd ( t ) ≡ d ′ ⋅ E0 ( t ) to be
the function weakly dependent on time (

dE0
<< ω E0 ), we obtain the equation that describes the temporal variation of
dt

the bond lengthening X O1N under the action of the external field with the frequency Ȧ0:

d
XO N
dt 1

§
m
CON ¨1 + 2 *0
mN
F
©
=− d
m02ω03
2

·
¸
¹ cosϕ cosϕ ,
0

where ϕ0  35.596 o is the renormalized angle at the base of the molecule,
direction and the O1 − O2 direction, t is the time in Hartree units,

ϕ

(11)

is the angle between the external force

θ = −π 2 .

It is not hard to show that the lengthening of oxygen bonds with other atoms of the molecule is determined through
X O1N in the following way:

G

G

G

G

G

G

G

G

G

G

δ RO ⋅ eO N γ −1 = δ RO ⋅ eO O β −1 = −δ RO ⋅ eO N γ −1 = −δ RO ⋅ eO N = δ RO ⋅ eO O β −1 =
1

2

G G
= δ RO1 ⋅ eO1N ,

a
where β = OO
 0.78,
2a*NO

1

1 2

2

1

2

2

2

1 2

(12)

2

1§ a ·
γ = 1 − ¨ OO
¸  −0.21 .
2 © a*NO ¹

From eq. (11) it follows that the N − O1 bond length increases linearly with time at the angles of action

π 2 < ϕ < 3π 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 ωi . 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 O1,O 2  ±2.12; YO1,O 2  −0.5 ,
and the nitrogen atom oscillates relative to the point with the coordinates X N  0.0; YN  0.92 .
The VM oscillation spectrum intensity I Ω 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 Ω 0 should have the peak intensity (Very Strong), and the lowest frequency Ω 2
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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: Ω 0 ≈ 0.2 , Ω1 ≈ 0.16 , Ω 2 ≈ 0.09 , which, with an appropriate choice of a new oxygen atomic mass
m0ƍ, are equivalent to the eigenfrequencies

ωi

(from the form of expressions (7)-(9) it follows that the new mass m0′

must satisfy the relationship Ω m0′ = ω m0 ).
2
i

2
i

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
G
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 X O1,O 2  ±2.12; YO1,O 2  −0.5 ;

X N  0.0; YN  0.92 . 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 ( Ωt ) , where the amplitude F varies in the range 0 ≤ F ≤ 3 , and the angle of force action ĳ ranges within

0 ≤ ϕ ≤ 2π . The real external force value in the Hartree units, FX is related to the force F by FX = F ⋅ 1.818 ⋅ 10−6 .
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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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 ϕ0  0.188 ⋅ 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 F ≤ 0.5 : 0.8 , the range of this value being dependent on the angle ϕ .
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.

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

ωi .

From Figs. 5 to 7 it can be seen that at F > 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 Ω0 , which is
characterized by the maximum amplitude of oscillations.

Fig. 5. Electromagnetic field frequency

Ω0 .

Fig. 6. Electromagnetic field frequency

Ω1 .
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Fig. 7. Electromagnetic field frequency

Ω2 .

Fig. 8. The electromagnetic field is constant.

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
frequency Ω

Force F

Ω0

0.6

Ω1

0.7

Angle of action

ϕ

2π ( 2 3) ≤ ϕ ≤ 2π ( 21 30 )
2π ( 7 30 ) ≤ ϕ ≤ 2π ( 3 10 )
2π (11 30 ) ≤ ϕ ≤ 2π ( 2 5 )
2π (13 30 ) ≤ ϕ ≤ π

Ω2

0.7

Constant field

0.6

2π (1 3) ≤ ϕ ≤ 2π ( 2 5 )

2π ( 23 30 ) ≤ ϕ ≤ 2π ( 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 ϕ . In the range of forces exceeding the threshold values, F > 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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