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Real prospects of application of results of scientific investigations for creation of element base of optoe-
lectronics, development of luminescent sensors, for optical record of the information is the substantiation of
urgency of studying the processes connected with electronic highly excited states of molecules. Based on
the studies of physical and photochemical processes in solutions of para-azidomalachite green (AMG), it is
shown that the absorption spectra of AMG are formed by 7— 7% quantum transitions. Among the intense
absorption bands is a weak absorption band 7— o* (So — S3 quantum transition). It turned out that the
corresponding singlet and triplet states of the molecule are characterized by dissociative energy surfaces,
that is, there are two channels of photodissociation of the AMG molecule. It is shown that the processes of
relaxation of the excitation of the AMG molecule, which occur with the involvement of high-frequency vi-
brations of C—H bonds, localized on the phenyl rings, proceed as quasi-equilibrium processes. That is, dur-
ing the relaxation the electronic system of excitation stops at each energy level for a time that exceeds the
period of the specified fluctuation. This fact provides the possibility of the processes of dissociation of the
molecule from the corresponding energy states. With the increase in temperature from 77 K to 300 K, the
role of high-frequency vibrations of C—H bonds increases significantly, that leads to a significant decrease
in the quantum yield of AMG photodissociation from both singlet and triplet dissociative states.
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1. INTRODUCTION

The behavior of molecules in highly excited states is
an urgent fundamental problem of modern physics and
technology. So far, very little attention has been paid to
the relaxation processes of molecular excitation. It was
believed that the laws of photochemistry work steadily,
and in particular, one of them (the fourth law) states
that only the molecules excited in S1 or 71 are involved
in the majority of photochemical processes occurring in
solutions of organic molecules [1].

It has long been thought that it should be, since re-
laxation processes are mostly fast (~ 1012 s) and non-
equilibrium, and all possible equilibrium processes can
occur only with the participation of Si or 7Ti states of
the molecule. And this despite that the fact of fading of
dyes on tissues under the influence of direct sunlight is
well known. Subsequently, numerous experimental data
emerged to show that the processes of excitation relax-
ation do not interfere with the flow of processes im-
portant in science and practice in highly excited states:
generation of current carriers, photochemical and radi-
ation-chemical processes, etc.

For example, a study of the photoconductivity of
crystals of linear polyacenes (anthracene, tetracene,
pentacene) [2] showed that its high quantum efficiency
is observed only when irradiated into highly excited
states of molecules in which holes and free electrons
are possible. Therefore, during the relaxation of a high-
ly excited state, the excitation of a molecule may stop
at an intermediate state that corresponds to the elec-
tron transfer between the molecule and the crystal. The
processes of charge separation in the non-equilibrium
relaxation of a highly excited state have been consid-
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ered theoretically in Onsager's writings [1].

Similarly, studies of photochemical processes in
methylene blue, carried out in [2, 3], showed that the dye
has no photochemical activity in the long-wavelength
absorption band (1 =667 nm) at low excitation intensi-
ties. At the same time, it has photochemical activity at
high intensities (two-quantum processes) of visible light,
or at arbitrary intensities in the ultraviolet region of
the spectrum (A <330 nm). Therefore, the photochemi-
cal transformations of the molecule are carried out in a
highly excited state.

In the works of the authors of this article [2, 4, 5],
the photochemical processes in highly excited states of
methylene blue dyes and resazurin were investigated.
It has been shown that the relaxation processes in a
highly excited molecule proceed by a quasi-equilibrium
mechanism. Therefore, in the process of relaxation of
excitation, it is possible to stay at energy levels during
several vibrations of atoms in a molecule. This is suffi-
cient to allow photochemical processes to occur from
the intermediate highly excited state of the molecule.
The effect can be achieved by exciting the molecule di-
rectly into the active state of the molecule by light with
a wavelength Ae (the critical radiation wavelength).
When the molecules are excited by light with wave-
length A > A, the photochemical action of light is absent.

Another group of known processes that accompany
the relaxation of molecules from a highly excited state
is the fluorescence of the S2 — So type in solutions of
azulene molecules and polymethine dyes [1]. The speci-
ficity of the energy structure of these molecules lies in
the fact that they are characterized by a large energy
distance between the states S2 and Si, which makes
channel of radiation-free relaxation non-competitive.
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A third group of processes is known in the study of
the spectral sensitivity of the processes of photodissoci-
ation of azidomalachite green (AMG) [6]. In this case, it
was found that when the solution of the indicated azide
was irradiated by monochromatic light from the region
of the long-wavelength absorption band, the quantum
yield of photodissociation did not exceed 0.01. Whereas,
the quantum yield of photodissociation increased (al-
most to one at low temperatures) when this solution
was irradiated with light of A < Aer (Aer = 350 nm).

The authors were interested in the unusual photo-
chemical activity of para-AMG. Therefore, in this work,
we investigated in this molecule the mechanisms of qua-
si-equilibrium excitation relaxation, which caused an
unusual nature of the photoconversion of the molecule.

2. RESEARCH METHODOLOGY

The properties of excited states of molecules are in-
vestigated by analyzing radiation and photochemical pro-
perties, as well as using quantum-chemical methods [1].

Recently, interest in quantum-chemical calculations,
which allow us to understand more deeply the physical
processes occurring in excited states, as well as the nature
of intermolecular interaction, has increased significantly.

Methods of quantum physics and chemistry allow to
obtain such microscopic properties of systems as the
distribution of electron density in atoms, the degree of
hybridization of molecular orbits, the value of various
contributions to the energy of interaction, etc., which
either by experimental methods or by methods of sta-
tistical physics cannot be explored. Therefore, quan-
tum-chemical calculations have an independent signifi-
cance in the study of various tasks and the solution of
problems. Limitations are mainly related to the level of
development of computer technology, the use of which
is necessary for solving tasks of this kind.

In practice, they use semi-empirical methods more
often than more sophisticated ab initio methods, which
require much more (several orders of magnitude) ma-
chine time than non-empirical methods.

In recent years, MNDO-like methods (NDDO approx-
imations), which include MNDO, AM1 and PM3, are the
most widely used of all semi-empirical methods [1].

All three methods are slightly different from each
other and give approximately the same (quite satisfac-
tory) results.

For carrying out quantum-chemical calculations in
the work, the whole complex of programs was used.
This includes the molecular dynamics method, the DFT
method [7], and the semi-empirical methods MNDO/d
and AM1. The latter allows us to quickly obtain scien-
tific results that lead to the same conclusions as when
using the DFT method. When using semi-empirical
methods, a configuration interaction between 12 occu-
pied MOs and 12 free MOs was specified. To find the
location of charges, log files were used, which are rec-
orded by the computer program during the calculation
of the energy characteristics of the molecule.

3. RESULTS AND DISCUSSION

In this work, the authors studied the physical and
photochemical properties of AMG of the formula

J. NANO- ELECTRON. PHYS. 12, 05002 (2020)

N

Note that the AMG molecule under study here is
represented by a cation that has an even number of
electrons. The anion is ClO4. In this case, this is an
important point since the molecule is always in a disso-
ciated state providing a virtually unchanged absorption
spectrum during the transition from liquid to solid dye
solutions. Studies show that replacing the anion with
Cl" leads to the association of the dye, resulting in the
hybridization of the central carbon atom changing from
sp? to sp3. As a consequence, the r-electron system
breaks down and the absorption spectrum shifts to the
ultraviolet region.

The phenyl ring planes are deviated from the mole-
cule plane by significant angles (up to 65°), which is
caused by the Coulomb repulsion between hydrogen
atoms of different phenyl rings. This fact is important
for understanding that the molecule is characterized by
low symmetry C1, whereby all without exception states
of the molecule with the same multiplicity exhibit in-
teraction.

Because the molecule is composed of ions, polar sol-
vents, in particular, a mixture of (1:1) methanol and
diethyl ether are used for its study. In the absorption
spectrum of such an AMG solution, bands at 620 nm
and 465 nm are observed in the visible region. The
bands at 360 nm, 310 nm and 250 nm are observed in
the UV region of the spectrum. Unique to the azides is
the presence of AMG fluorescence with a maximum at
708 nm and a quantum yield of 7= 0.8.

Theoretical studies of absorption spectra using
quantum-chemical methods MNDO and AM1 give ab-
sorption bands, the maxima of which are given in Ta-
ble 1. This table shows between which MOs the quan-
tum transition occurs, the wavelength at the absorption
maximum, and the oscillator strength for singlet-singlet
quantum transitions.

As follows from Table 1, the MNDO -calculation
method yields results somewhat closer to the experi-
mental ones than the AM1 method. However, experi-
ence has shown that there is a linear relationship be-
tween the energy of light quanta corresponding to ex-
perimental and theoretical data at the maxima of the
quanta transitions. Therefore, it is possible to recalcu-
late the theoretical data in a way to better match the
experimental data. Theoretical calculation data allow
to perform the assignment of absorption bands to the
corresponding quantum transitions.
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Table 1 — Singlet-singlet and singlet-triplet quantum transitions in AMG

AM1 calculation method

Quan.tt}m MO 2, nm Quan.tl}m MO A, nm Oscillator
transition transition power
So— T 70 —» 71 834.2 So— T 70 —» 71 514.7 0.9256
So— 1o 69 — 71 678.8 So— To 69 — 71 475.1 0.8288
69 — 72 69 — 74
So— T3 68 s 71 570.3 So— T3 68 > 74 428.2 0.0008
69 — 74 69 — 79,
So— T4 68 — 74 471.1 So— T4 68 — 79 360.6 0.0008
So— T5s 69 — 78 440.1 So— T5s 66 — 71 352.3 0.0003
So — Té 69— 179 420.6 So — Se 67 — 71 351.5 0.0006
68 — 79
So— T+ 67 — 71 395.1 So — S7 65 — 71 347.8 0.0022
MNDO calculation method
Quan.tt}m MO 2, nm Quan.tl}m MO A, nm Oscillator
transition transition power
So— T 69 — 71 980.1 So— T 69 — 71 587.6 0.7779
So— T% 69 — 172 723.0 So— T% 70 — 71 521.2 0.0955
68 — 71
So— 15 70 —» 73 657.3 So— Ts 70 — 78 449.9 0.0005
So— Tt 70 — 71 520.0 So— T 70-173 407.8 0.4784
68 —» 71
So— T5 70178 4954 So— T5 66 — 71 393.8 0.0005
64 — 78
So — T% 69 — 72 467.3 So — Se 65 — 71 392.4 0.0030
So — T4 65— 71 461.2 So — S 10—=17 382.1 0.0002
67 — 73

If we denote the AMG molecule by the formula RN3,
where R is a radical of malachite green, the photodisso-
ciation reaction is described by the equation

hv .
RN;—RN.+ N,. 4.1)

Therefore, in the process of photodissociation, nitrene
R(N.) is formed as the primary product. It has two
unpaired electrons localized at different atomic orbitals
of the nitrogen atom. In connection with this, the
ground state of nitrene is a triplet state. The absorp-
tion spectrum of azide (Fig. 1a) differs from the absorp-
tion spectrum of nitrene (Fig. 1b) in full accordance
with the data of experimental observations. Nitrene,
being a reactive molecule, in the absence of molecular
oxygen, removes two hydrogen atoms from the solvent
RH>, becoming an amine:

RN.+RH, - RNH, + R.. (4.2)

Most likely, in the solvent molecule it is indicated
two hydrogen atoms attached to adjacent carbon atoms.
In this case, an additional zbond will arise between
the specified carbon atoms after the transfer of the two
hydrogen atoms to the nitrene.

The theoretically calculated absorption spectrum of
the amine is shown in Fig. 1c.

If molecular oxygen is present in the solution, it
quickly attaches to the nitrene forming a nitro-
substituted a malachite green molecule:

RN.+0O, — RNO:. (4.8)

According to the experimental data, this molecule
has in the absorption spectrum a band shifted to the

long-wavelength region relative to the absorption of
AMG. As follows from Fig. 1d, the theoretical calcula-
tions are consistent with the experimental data.

In experiments of Smirnov and others [6], it is found
the dependence of the quantum yield of the photodissocia-
tion of the azidogroup in the AMG molecule (Fig. 2). It
follows from this figure that the value of the quantum
yield is constant in the region of A< 320 nm and is 0.4,
and decreases from 0.4 to 0.1 with increasing temperature
from 77 K to 300 K. In addition, it has been shown that
AMG photoactivity also exists in the visible spectrum, but
with a much smaller quantum yield. For this wavelength
range, the decrease in the quantum yield of azide photoly-
sis is significantly greater than for the region 1< 320 nm
when temperature increases from 77 K to 300 K.

In order to explain such an unexpected result, the
quantum chemical calculations of the energy structure of
the excited AMG molecule depending on the length of
the dissociating N—-N bond are made in this work. The
optimization of the geometry of the molecule was carried
out only for its ground state. No optimization was per-
formed during the N-N bond elongation. This means
that the energies of the excited states found in the N-N
bond elongation will be slightly overestimated.

Since the calculation program does not always assign
a certain absorption band to the quantum transition, the
N-N bond elongation step was 0.02 A each time to en-
sure the accuracy of the construction of the potential
surfaces of the excited AMG states. In this case, the
curves of the potential surfaces were clearly manifested
(Fig. 3). This calculation was made using the AM1 meth-
od. Fig. 3 illustrates the configuration curves shown only
to extend the dissociative bond up to 1.83 A. With fur-
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ther elongation, the curves of the singlet and triplet
states intersect, moving away by approximately 1 eV.
Therefore, the Ts-state of the AMG was transformed into
the To-state of the nitrene, and the Ti-state of the AMG
became the Ti-state of the nitrene.

240 300 21 588 nm

a

228 375 357 500 nm

240 299 402

c
232 306 398 605 nm
d

Fig. 1 - The absorption spectra of AMG (a), NMG (b), NH>-MG
(c) and NO2-MG (d) calculated using the MNDO method
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Fig. 2 — Dependence of the quantum yield of AMG photodisso-
ciation on the wavelength
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Fig. 3 — AMG energy structure depending on the N-N bond
length. Red lines are the configuration curves of the triplet
states, blue curves are the singlet excited states

An important difference between the potential sur-
faces of excited states of substituted phenylazides [1]
and AMG is that in this case not only the energy sur-
face of the triplet state is dissociative, but the surface
of the excited singlet state too. It follows from Fig. 3
that the energy of the quantum transition to the state
Ss3 slightly increases with the elongation of the N-N
bond. However, considering given the above infor-
mation regarding the lack of optimization of the geome-
try of the AMG when lengthening the N-N bond, it
becomes clear that in reality Ss is dissociative.

As follows from the data in Table 1, the states Ss
and T4 correspond to 7— o~ quantum transitions be-
tween the same MOs. Let us look at the structure of
these MOs.

It follows from the MO structure that both occupied
7-MOs have in their structure the contributions of the
atomic orbitals of the azido group. On the other hand,
unoccupied o-MO is completely localized on the azido
group. It follows that there is no spatial prohibition on
77— o~ quantum transition. There is only a significant
decrease in extinction in this quantum transition due
to the different nature of the MO.
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Considering Fig. 3, we notice that at the intersec-
tion of the configuration curves of the triplet or singlet
states, interaction between them occurs resulting in a
small splitting of the corresponding energy levels.

When the wave functions of the energy states have
the same symmetry, this leads to the fact that the ma-
trix element of the interaction between the states ¢ and

J-Hj =j'y/iI:Iy/jdV¢O. Here H is the Hamiltonian of

the molecule. In this case, to find the energy of the
states, the secular equation is written:

E-E H;
H;, E -E

B 0,
J
where E; and E; are the energies of the i-th and j-th
MOs, respectively. When the energy distance between
states significantly exceeds H;j, then

2H} 2H?
E1:Ei+ J ,EgZEJ‘— J .
E - E, E -E;

J
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If at some distance r (intersection point) it turns out
that Ei=Ej=E,, then (E,— E)?=H%; and E=E, + H;;.
So, at the point of intersection, we will actually have a
splitting whose value is 2Hj;.

For example, at r=1.49324 A, the splitting at the
intersection of triplet states is 0.042 eV, wherefrom the
magnitude of the matrix element of the interaction
between dissociative T4 and 71 triplet states is
0.021 eV, i.e. 170 cm 1. It is clear that such a cleavage
will not affect the dissociation of the molecule from the
dissociative triplet state.

With regard to the intersection of the energy sur-
faces S3 and Se, the value of the splitting is 0.013 eV
(107 cm 1), and then at the intersection of S2 and S:
the splitting value is reduced to 0.007 eV (56 cm —1). So,
these values of splitting correspond to the energy of low
energy vibrations of the molecule.

We performed the corresponding calculations of the
vibrational spectrum of the AMG and found 150 fre-
quencies, some of which correspond to the vibrations of
the molecule that includes the azido group: 67 cm -1,
132 em-1, 137cem-1, 208 cm~-1, 283 cm~-1, 296 cm 1,
310 ecm -1, 389 cm —! and a number of other oscillations
with large quantities of energy. The frequencies of vi-
brations close in energy will help to effectively over-
come the marked energy splitting.

However, there seems to be a more efficient channel
that provides relaxation of the excitation of the mole-
cule with the formation of nitrene. We are talking
about the uncertainty ratio AE ‘At = h. For example, for
vibrational energy or for a splitting value of 67 cm~1,
the oscillation period will be 2-10-13 s, This time corre-
sponds to the uncertainty of the energy value of
167 cm ~1. Therefore, with such uncertainty in the
magnitude of the energy, the energy splitting between
the excited states will be imperceptible to the electronic
system in the process of relaxation to a new state — the
nitrite malachite green.

The main channel of relaxation of the excitation en-
ergy from the highly excited (S, Ss, etc.) states is the
internal conversion to the Si state. The rate constants
of such processes lie within 1011+1013 s -1, Compared to
these processes, internal (S1 — So) and interconversion
(T — So) processes are relatively slow processes. One
reason for the rapid internal conversion to the S state
is a high density of highly excited states, whose poten-
tial surfaces often intersect. The reason for the low
interconversion rate 71 — So and the internal conver-
sion S1 — So is a large energy difference between the
corresponding states. In this case, the internal conver-
sion rate constant will decrease in accordance with the
factor exp(— AE/h@max) [8-10].

Here, the value of @max corresponds to the high-
frequency limit of the vibrational spectrum. Experi-
mental and theoretical studies have shown that it in-
fluences the rate of non-radiative transitions between
the energy levels of excited states of a molecule [8-10].

The physical meaning of this factor is that the
probability of the process of exchange of the electron
excitation energy AE by the oscillating quanta depends
on the number of oscillating quanta that are formed at
the same time. The more you need to form vibrational
quanta, the less the relaxation process is probable.
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Let the nonradiative relaxation time between excit-
ed states of the same multiplicity equals z. The energy
difference between the states is AE. If the relaxation
occurs by exchanging electron energy for the maximum
vibrational energy E.,=hAwmax [8], which in our case
corresponds to vibrations of the C—H group, then the
number of vibrations n =AE/E, will arise. Therefore,
the excitation residence time near each oscillation is
At = 7n = v-E:/AE. Thus, the uncertainty of the magni-
tude of the electron energy is

hAE

AE, =h/ At =
i j

At a certain amount of oscillation energy, the uncer-
tainty of the electron energy will be equal to the oscilla-
tion energy (Es). As the vibrational energy increases,
the uncertainty of the electron energy will decrease.
Therefore, in this case, in the process of relaxation of
the excitation energy of the molecule, the electron will
feel every step of relaxation and on stationary states
will be delayed. As a result, the relaxation process will
be quasi-equilibrium. Delay of electron at steady states
will promote to flow of the transformation processes of
the molecule from these states.

If the vibrational energy is less than the critical en-
ergy, then the uncertainty of the electron energy will
exceed the vibrational energy and the relaxation pro-
cess will be non-equilibrium.

For example, if the energy difference between excit-
ed states of an electron is 1 eV and r=110-12s, then
the value of the critical energy of the electron

E,=Jh-AE/7=2.5810-2eV = 208.5 cm - .

To find out which mechanism of non-radiative re-
laxation 1s implemented in our case, we examined the
vibrational spectrum of the AMG. To simplify the prob-
lem, we considered one fragment of the molecule:

H/C

H H

The calculations showed that the maximum fre-
quency in the vibrational spectrum corresponds to the
oscillations of C—H groups of the phenyl ring and it is
equal to 3190 cm~1. The importance of such localiza-
tion of oscillations with the maximum frequency is that
these oscillations can interact with the z-electron sys-
tem by exchanging the electron excitation energy for
the vibrational energy of individual bonds of the mole-
cule. Since this frequency is an order of magnitude
greater than E.r, one can conclude: the electron relaxa-
tion from highly excited states of the AMG molecule
occurs by a quasi-equilibrium mechanism. This allows
the electron to linger on the intermediate states, which
allows photodissociation of the AMG to occur with the
formation of a free molecule of nitrogen and nitrene of
malachite green.

J. NANO- ELECTRON. PHYS. 12, 05002 (2020)

Based on the appearance of the factor exp(— AE/A ®max)
it becomes clear that the process of relaxation of the
electron excitation takes place mainly in all energy
states of the excited molecule. Since the energy distance
between the near states depends on the number of the
state, the speed of the relaxation process will also be
different, but of the same order. At the same time, the
rate of S1 — So relaxation (the energy of the quantum
transition is equal to = 16100 cm —1) will be reduced by
~ 155 times.

Increasing the temperature of the sample leads to a
significant increase in the number of vibrations of C—H
groups in the AMG, which will significantly accelerate
the relaxation processes of the electronic excitation of
the AMG molecule. This, in turn, will reduce the quan-
tum yield of AMG photodissociation by the release of a
nitrogen molecule.

Excitation of the AMG molecule into the third and
higher singlet states of the molecule in the intermedi-
ate case leads to the occupation of the state Ss. From
this state, the processes of molecular dissociation and
relaxation into S2 and S1 states are possible by a quasi-
equilibrium mechanism. It turned out that the state Se
intersects with the dissociative triplet state, and there-
fore can transmit energy to it with the subsequent dis-
sociation of AMG. Excitation localization in the state S1
also allows the excitation energy to be transmitted to a
dissociative triplet state, although in this case there is
a small potential barrier (870 cm-1) substantially
smaller than the vibrational energy that provides the
non-radiative process. It is imposed on these processes
a prohibition of the quantum transition between singlet
and triplet states, that together fully explains the de-
pendence of the quantum yield of the AMG photodisso-
ciation on the wavelength of the spectral region
A> 320 nm.

4. CONCLUSIONS

Based on studies of physical and photochemical pro-
cesses in solutions of para-azidomalachite green (AMG)
the following results are obtained:

1. The absorption spectra of AMG are formed by
7— ¥ quantum transitions. There is a weak absorp-
tion band 7 — ¢* (So — S3 quantum transition) among
the intense absorption bands. It turned out that the
corresponding singlet and triplet states of the molecule
are characterized by dissociative energy surfaces.
Therefore, two channels of photodissociation of the
AMG molecule with the release of the nitrogen mole-
cule and the formation of nitrene of the malachite
green exist and are manifested in experimental studies.

2. Theoretical calculations of the absorption spectra
of AMG and the products that occur after the photo-dis-
sociation of AMG (nitrene, amine, and nitro-substituted
malachite green) have allowed to decipher the absorp-
tion spectra recorded in the experimental studies.

3. It has been shown that nitrene of malachite green
actively interacts with the solvent molecules, tearing
off two hydrogen atoms from them, and in the presence
of molecular oxygen it is bonded with these molecules
to form stable products.

4. Theoretical calculations have been carried out,
which showed that the processes of relaxation of excita-
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tion of the AMG molecule with the involvement of high-
frequency vibrations of C—H bonds, localized on phenyl
rings, proceed as quasi-equilibrium processes, that is
the electronic system in the process of relaxation of
excitation stopped at each energy level for a period ex-
ceeding the specified oscillation period. This fact pro-
vides the possibility of the processes of dissociation of
the molecule from the corresponding energy states.

5. It is shown that with the increase in temperature
from 77 K to 300 K, the role of high-frequency vibra-
tions of C—H bonds increases significantly, that leads to
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KeaszipisHOBasKHI mmporiecu pesakcaiiii eJIeKTPOHHOIO 30ya:KeHHs
MOJIEKYJIN a3u0MAaJIaXiTOBOT'O 3€JIEHOr0

I1.0. Koumparenko?, F0.M. Jlomatkin?, T.M. Carkyn!

1 Hauionanvruil asiayiiinull ynieepcumem, np. Iyzapa, 1, 03058 Kuis, Ykpaina
2 Cymcorull Oepacasruil yuisepcumem, 8ysi. Pumcorozo-Kopcakosa, 2, 40007 Cymu, Yipaina

PeanbHi mepcnexkTvBE 3aCTOCYBAHHS PE3yJIbTATIE HAYKOBUX JIOCIIIMKEHDb JIs CTBOPEHHS €JIeMEeHTHOL
0a3u OIITOEJIEKTPOHIKYM, PO3POOKH JTIOMIHECIIEHTHUX JTaTUYMKIB, /IS OITUIHOIO 3anucy iHdopmalii € o0rpyH-
TYBAHHSAM aKTyaJIbHOCTI BUBYEHHS IIPOIIECIB, IIOB'I3aHUX 3 €JIEKTPOHHMMU CUJIBLHO 30y/IKEeHUMU CTAHAMU
moserys. Ha mincraBl mpoBeneHHX MOCTIKEHD (PI3UYHUX Ta (POTOXIMIYHHX IIPOIECIB B PO3YMHAX I1apa-
asumomastaxitoBoro 3esreHoro (AM3) mokasaHo, mo cuexkrpy norsmHaHHS AM3 dopMyoOTHCS KBAHTOBAMU
nepexogamu 7 — 7¥. Cepes IHTEHCUBHMX CMYT IOTJIMHAHHS XOBA€THCA CIAa0Ka cMyTa IOTJIMHAHHA 77— O
(So — S3 kBamTOBMI TIepexin). [lpu 1boMy BUSIBHIIOCH, IO BIIIOBIHI CHHIJIETHUHN 1 TPUIJIETHUN CTAHU MO-
JIEKYJIA XapaKTePU3YIOThCA JUCOIIIATUBHUMY €HEPreTUIHUMH TTOBEPXHSIMHE, TOOTO ICHYIOTE 1 IIPOSIBIISTIOTHCS
B €KCIIEPUMEHTAJBHUX JOCTIKeHHX IBa KaHaau doroaucorriarii moaeryau AM3. [Tokasano, mio mportecu
penakcarii 30ymxenHa Mosekym AM3, gkl BiZOyBaoThCA 3 3aIyYeHHAM BACOKOYACTOTHUX KoanBaHb C—H-
3B'I3KIB, JIOKAJII30BAHNX HA (PEHIJIbHUX KIJIBIAX, MPOTIKAITh AK KBA3ipiBHOBAKHI IIPOIIECH, TOOTO, €JIEKT-
POHHA CHCTeMa B IpOIleci pesakcaifil 30y/sKeHHs 3yNUHSETHCA HAa KOKHOMY eHepPreTMYHOMY PIBHI BIIPO-
JIOBJK Yacy, SIKUM [epeBuIIye Iepio]l BKasaHoro konuBauus. [leit dakt 3abesrnedye MOKIMBICTh TPOTIKAHHS
IPOIIECIB AUCOIIAIl MOJIEKYJIM 3 BiAIOBIOHMX €HEPreTHYHMWX CTAHIB. 3 MiABUINEHHAM TEMIIEPATYPH Bif
77 K mo 300 K cyTrreBo mimBuIyeThCsa POJIb BHCOKOUACTOTHHUX KoiuBaHb C—H-3B’A3KiB, 10 MpUBOIWUTE 110
3HAYHOTO 3MEHIIIeHHS KBAHTOBOTO BUX0Iy doromucorriaiii AM3 ak 3 CHHIIIETHOTO, TAK 1 3 TPUILIETHOTO JIH-

COI[IaTUBHUX CTAHIB.

Kmiouori ciora: Bucokosbymxeni emexrponni cranu, Ooromucortiarisa, KBasipiBHOBayKHI IIPoOIeCH pesak-
camii, [Tapa-asumomastaxiToBuil sesiennii, J[Ba kaHam POTOTUCOITIATIIT MOJICKYJTH.
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