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The paper briefly describes the experimental and theoretical results of studies of water radiolysis under the
action of accelerated electrons, or water in the supercritical (SC) state. Two models of the formation of a hydrated
electron (HE) in water during radiolysis or in the SC state are proposed. One of them is a hydrogen-like model. It
describes HE in water as a result of the formation of a hydrogen-like atom in a dielectric medium. The second model
is a cavity model. It describes HE as a vapor sphere in water, which is characterized by capillary oscillations. It is
shown that the hydrogen-like model does not describe HE, since the binding energy of HE is significantly less than
the experimental one. The cavity model seems more realistic, since the energy of oscillations of the vapor sphere
corresponds to the experimental value of the binding energy of HE.

INTRODUCTION

It is known that hydrated electrons (HE) are formed
in water when exposed to accelerated electrons [1, 2].
The first reports on the existence of HE was published
simultaneously in the journal Nature [3, 4].

Further studies have shown that HE under normal
conditions is characterized by a high negative oxidation-
reduction potential (it is the strongest reducing agent)
with a lifetime of about 100 ps [5].

The works [1, 6] report that HE can exist in an
aqueous medium for up to several hundred milliseconds,
i.e. itis a longer-lived quasiparticle than noted in [5].

To date, there is an extensive list of works devoted
to the study of HE formation in water using molecular
dynamics methods. Such studies suggest considering
HE as a result of the formation of clusters of different
sizes from water electron bonds broken by external
influences.

For example, the review article [7] describes
molecular orbital, continuum and semi-continuum
models of electron solvation, including attempts to
improve them undertaken at the time of publication. At
the end of the review, several existing problems are
discussed, which indicate the need to continue the
search for more adequate models.

Further studies of the “structure” and properties of
the hydrated electron have raised a number of problems
and controversial issues. To solve some of them, in the
work [8], using the molecular dynamics method, an
optimized model of HE was proposed, which consists of
four water molecules located tetrahedrally around a
central vacuum cavity. The calculation of the proposed
model remarkably reproduces the properties of resonant
Raman scattering, the radius of motion obtained from
the optical spectrum, the vertical energy of detachment
and the free energy of hydration. However, the model
describes a fixed structure of HE at 0 K and does not
take into account the thermal fluctuations that exist at
room temperature.

In the article [9] thermal fluctuations at room
temperature is considered. It is concluded that any HE
model, no matter how minimalistic, should include
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temperature fluctuations to provide an accurate picture
of this interesting phenomenon. In [10], it is noted that
despite numerous experiments and numerical static
calculations of the electronic structure, the nature of the
HE (H,0),, clusters remains poorly understood. Here, a
hybrid scheme for modeling the vibrational and
photoelectron spectra of (H,0),, by the molecular
dynamics method is introduced, and all electrons are
modeled by quantum mechanical simulation. The
modeling shows that the HE (H,0), provides
quantitative agreement with the experimental spectra
and provides direct evidence of the nonequilibrium
nature of the cluster ensemble obtained experimentally.
The proposed approach allows one to estimate the
cluster temperature (T =150..200K), which is
inaccessible to the experiment. It is also shown that
taking into account the quantum mechanical description
of electrons ensures high stability of the HE with
respect to thermal fluctuations even at room
temperature.

Thus, the quantum-mechanical description together
with the molecular dynamics simulation gives a
physical model describing the formation of stable HE.

However, the combination of two different methods
for calculating one phenomenon seems artificial, since it
must be based on a certain physical regularity.

Along with the simulation of HE formation by
molecular dynamics methods, there is another method
for describing such a process, called the cavity method.
In this method, the electrostatic force of repulsion of the
captured electron from the electrons of the solvent
molecules leads to the displacement of the latter with
the formation of a cavity [2]. In ammonia, this cavity
has a volume of 110 to 150 A%, which corresponds to a
radius of 2.95 to 3.4 A. The captured electron is not
enclosed in the formed cavity, but the probability of its
being outside the cavity is small and decreases with
increasing radius. The binding energy of the captured
electron is high, since the heat of dissolution or the
binding energy of the electron in water or ammonia is
about 1.5 eV, and this binding energy is much greater
than the phonon energy of the medium [11]. In addition,
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the formation of a cavity and, due to the long-range
contribution of the rotational polarization of the dipole
medium, leads to structural changes in the medium. The
assessment of the binding energy of the HE is based on
taking into account the surface tension energy of the
cavity [12].

The purpose of this article is to generalize the
previously obtained results and continue the study of the
formation of HE in water during radiolysis or in the SC
state.

1. FORMATION OF HE IN WATER UNDER
THE IMPACT OF ACCELERATED
ELECTRONS (EXPERIMENT)

Let us consider the experimental conditions under
which HE appears in water under the influence of
accelerated electrons.

1. It is known that electron beam water purification
provides a relatively high efficiency of removing many
organic contaminants [13, 14]. This is due to the fact
that during injection under normal conditions (N. C.) of
an electron beam, strongly reducing (HE and hydrogen
radical H®) and strongly oxidizing (hydroxyl radical
OH™) active particles are simultaneously formed in
approximately equal concentrations. The following
chemical compounds are formed 107 s after the
injection of electrons into water: [[2.7] OH™, [2.6] HE,
[0.6] H*, [2.6] H;0", [0.45] H,, [0.7] H,O,. The
numbers in brackets represent the values of the
radiation-chemical yield of compounds, which are
defined as the number of species formed or destroyed
per 100 eV of absorbed radiation energy.

It should be noted that in experiments on the
formation of HE in water under the influence of a 2 us
pulse of accelerated electrons with an energy of
1.8 MeV, the absorbed dose was 5..10 krad =
50..100]/kg [3, 4].

It follows from the data provided that the amount of
HE and the formed H;0% cations (Eigen cation) are the
same. From this, it can be concluded that the amount of

Fig. 1. Structure of hydronium cation

A comparison of the H-O bond length between the
hydrogen and oxygen atoms of a water molecule
r(0 — H) = 0.9584 A [20] and the hydronium cation
(see Table) shows that the radius of the sphere described
around the hydronium cation should be proportionally
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formed HE is determined by the amount of H;0%
cations.

2. The geometric configuration of the HE at N. C.
can be estimated from the absorption spectrum obtained
after irradiating water with accelerated electrons. This
spectrum has one asymmetric peak with a half-width of
about 1 eV and an energy of E,q = 1.7.. 1.75eV
(absorption wavelength 2,4, = 0.72 um or absorption
wave frequency ~1.389 - 10* cm™) [2, 3, 15].

Based on points 1, 2, it can be assumed that in water
at N. C. and in the SC state, the HE is formed due to the
emergence of H;0* cations.

Let us consider a model for the formation of the GE
in water as a result of exposure to accelerated electrons.

2. MODELS OF HE FORMATION IN WATER
AS A RESULT OF THE IMPACT OF
ACCELERATED ELECTRONS

Let us consider the formation of a GE as a result of
the formation of a bound state between the hydronium
cation H;0% [16] and a shared electron belonging to the
electron shell a water molecule, located at some
distance from the cation.

For this, let us discuss the electron configuration of
the H;0% cation. It is a central oxygen atom that forms
three OH bonds and one unshared pair of electrons [17].
In this case, the shape of the electron shells of the
hydronium cation is regular tetrahedral.

The electron radius of the hydronium cation is of the
order of the distance between the hydrogen and oxygen
atoms r(0 —H) =0.97..0.98 A [18]. The dipole
moment of the hydronium cation dy,,+ ~
1.507 ...1.515 D is directed toward the oxygen atom
perpendicular to the base plane.

The structure of the hydronium cation H;07" is
shown in Fig. 1 and its characteristic parameters
is shown in Table.

Characteristic parameters of the hydronium cation

H;0% [19]
Chemical formula H,0%
Molecular weight 19.0227
Molecular Trigonal pyramidal
geometry Tetrahedral
Electron geometry | 0.97...0.98 A [18], 1.09 A
Electron Sp’

radius, 7(0 — H) Polar molecule

Hybridization 107.5 (H-O-H)
Polarity and 113°
Bond angle 8

Total Valencg +1
Electron ~ Overal

Formal charge

increased relative to the radius of the water molecule,

. . _ . (0.97-0.98,1.09) _
and is of the order of: Ry o+ = Ru,0 e

(1.39656 ...1.41, 1.57) A, where Ry,o = 1.38 A is
the effective radius of the sphere that models the water
molecule [21-23]. Thus, the radius of the hydronium
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cation sphere slightly exceeds the radius of the water
molecule. Let us discuss the consequence that follows
from the small difference in the radii of the water
molecule and the hydronium cation. To do this, let us
consider a separate layer of tightly packed spheres of
water molecules, schematically shown in Fig. 2,a. In
this case, each water molecule comes into contact with 6
similar water molecules. If one of the water molecules is
replaced by the hydronium cation 1, as shown in
Fig. 2,b, then in the sphere described around the cation
with radius r < R,, the packing density of water
molecules will be less than the original, where R, is the
radius of the sphere of the surface water film. In Fig. 2,b
it is evident that between the surface film of water and

the densely packed water molecules there is a small
number of water molecules, the density of which is
small compared to the density inside the sphere formed
by the surface film.

Thus, a cavity is formed in the dense packing of
water molecules. This cavity contains the hydronium
cation 1 and a certain number of water molecules, which
are shown as filled circles in Fig. 2,b. There are also
water molecules between the spherical surface film of
water and the densely packed water molecules. Their
density is less than the density of water molecules in a
sphere. The low density of water molecules inside the
cavity in water allows us to assume that the water in it is
in the form of steam.

Fig. 2. A layer of closely packed spheres of water molecules (a), a layer of
closely packed spheres of water molecules around a hydronium cation 1 (b)

From the above experimental data [13] it follows
that the number of cavities is equal to the number of
hydronium cations. These considerations can serve as an
additional justification for the cavity model of HE
formation [2, 11, 12]. In what follows, we will describe
a water molecule as a sphere with a radius of Ry,q,
which we will call a molecular sphere (MS), and a
hydronium cation as a sphere with a radius of Ry, o+ >
Ry, o With the designation — hydronium molecule (MG).
Based on the assumptions made, it follows that MG can
be considered as a donor impurity molecule with a
single positive charge in the hexagonal close-packed
(HCP) or face-centered cubic (FCC) packing of the
surrounding water molecules. Moreover, what is
important is that the radius of MG is slightly larger than
the radius of MS.

To determine the role of hydronium in the formation
of HE, it is necessary to determine the frequency of its
absorption. It has been experimentally established that
the position of the absorption band and subband of the
H;0™ cation are determined by the values 3389.656 (2)
and 3491.170 (2) cm™', respectively [24]. Thus, these
absorption bands fall within the range of water
absorption frequencies of 780...7370 cm™ [21] and do
not correspond to the absorption spectrum of HE -
Amax = 1.389-10* cm™.

3. MODELS OF HE FORMATION

Based on the data described above, we will consider
the formation of HE as a result of the formation of a
nanosized cluster by a hydronium cation. However,
first, we will briefly discuss the existing models of the
structure of HE.
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One of the proposed models is the structural model
of HE described in [7, 25, 26]. This model is based on
the tetrahedral configuration of the MS arrangement,
which ensures their equidistance.

In [25], a model of the HE structure is considered,
where four oxygen atoms of a water molecule form a
regular tetrahedron with an O - O bond length of about
2.76 A. Such a configuration assumes the presence of
four negatively charged electron shells of hydrogen
atoms inside a regular tetrahedron composed of oxygen
ions.

However, at the HE configuration proposed in [25],
the absorption energy is of the order of 0.8 eV, which is
almost 2 times less than the absorption energy of HE,
the value of which was obtained experimentally and is
of the order of 1.7 ... 1.75 eV.

Another model of HE formation is the previously
described cavity model [2, 11, 12]. In this model, it is
assumed that the repulsion between the captured
electron and the electrons of the solvent molecules leads
to the formation of a cavity. However, reliable data on
the sizes of electron cavities in water and alcohols
cannot be provided, since solutions of a sufficiently
high concentration cannot be prepared to measure the
density. In addition, optical measurements show that the
cavities in these systems are smaller than in ammonia.

Taking into account the indicated discrepancies, we
can conclude that it is necessary to continue the search
for such HE configurations that most fully correspond to
the experimental data.
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4. HYDROGEN-LIKE HE MODEL

One of the possible configurations of the HE can be
created using the tetrahedral structure of the MS
arrangement proposed in [25, 26], in which one of the
four MS is replaced by MG. Fig. 3 schematically shows
the tetrahedral arrangement of three MS and one MG.
When substantiating such a configuration of the HE, it
should be borne in mind that the binding energy of the
HE should be of the order of E,,;, = 1.7...1.75¢€V,
and the absorption wavelength — 4,,,,,, = 0.72 pm.

MG

@ oxvaex

® HYDROGEN

[ o
}.l\

Fig. 3. Probable tetrahedral
structure of HE with the H;0% cation
at the apex of a regular tetrahedron

Let us determine the binding energy and the
absorption wavelength for the HE configuration in
Fig. 2. For this, we assume that the spherical molecule
MG is located in a continuum with a permittivity of
e = 80. The MG sphere is concentrically located in a
spherical vacuum cavity, the radius of which can have
different values. In such a configuration, the results of
work [27], where an exact solution of the Schrodinger
equation for a one-clectron atom was found, are
applicable to describe the possible structure of the HE.
This atom is located in a dielectric continuum with a
spherical vacuum cavity of radius 0<r, <
4 (in atomic units). To form a one-electron atom, it is
necessary for the hydronium cation to form an electron
shell with one of the electrons of the water molecule,
which is located at a distance of 4,,,, from the cation.
This is possible if the binding energy of the electron in
the water molecule coincides with the binding energy of
the electron in the one-electron atom. If the energies
coincide, the electron shells are indistinguishable and
are subject to hybridization [28]. In this case, if the
binding energy and the radius of the hydrogen-like atom
formed in this way correspond to those for the HE, then
the one-electron atom can be considered as a HE.

To estimate the possibility of forming a single-
electron atom, we use the experimentally determined
value of the electron binding in a water molecule.

In the work [29] it is shown that the binding energies
of an electron in MS: E,, and E,; are significantly less
in modulus than the binding energy of an electron with a
hydrogen ion E, = —13.62323824 eV, where  E,; >
—0.8 eV, E;; = —(0.3...0.1) eV is the binding energy
of an electron of a molecule located near the surface of
water (gas-like state) and in the volume of water (liquid-
like state), respectively. Another estimate of the electron
binding energy in a water molecule is given in [30].
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Here it is stated that, regardless of the state of water, the
binding energy is in the range —0.2 < E. < 0.3 eV.

The magnitude of the binding energy and
wavelength of such a one-electron atom in atomic units
can be estimated using the asymptotic representation for
the radial wave function [27]:

R(T) ~ r(—l+Z/£,/—2$)e—r‘/—ZE , (1)

where r is the radius of the electron shell, Z = 1 is the
charge of the hydronium cation, § = —Z2v~2/2 is the
binding energy, v is a constant.

The binding energy of an electron located at a
distance A, in the HE is determined by the maximum
of the radial wave function (1) and is equal (in atomic
units):

& =-0.087316-10"*. (2)

Thus, the calculations performed show that the HE
formed in water as a result of radiolysis is a one-
electron atom located in a dielectric medium with a
vacuum cavity located concentrically relative to MG.
The radius of the vacuum cavity, following the results
of [27], is small compared to the radius of MG. The
binding energy (2) is of the order of Eygp=
—1.189526 - 107* eV, and the radius of the electron
shell is determined by the absorption wavelength of HE
— Amax = 0.72 pm.

The obtained value of the binding energy Eyg
formed in water as a result of radiolysis of HE is small,
as follows from [27], and corresponds to the radii of the
vacuum cavity, small compared to the radius of MG.
The validity of the probable model of the HE
configuration is confirmed by the fact that the binding
energy of the electron in the HE Ey; falls within the
range that determines the value of the binding energy of
the electron in the water molecule —0.2 < E. < 0.3 eV
[30].

However, the proposed model of the HE
configuration has a binding energy that is significantly
lower than the experimental one and cannot be
considered realistic.

5. CAVITY MODEL OF HE

Since the hydrogen-like model of the HE does not
correspond to its real parameters, we will consider the
cavity model of the formation of the HE [2, 11, 12]. To
estimate the absorption energy of the HE, it is necessary
to use not the energy of the surface tension of the
spherical cavity [12], but the frequency of its capillary
oscillations in a water [31]. We will determine the
frequency of capillary oscillations of the spherical
cavity in water w based on the parameters of the
absorbed radiation:

kc
W=7, 3
where k = 21/A4c IS the wave number of the
electromagnetic wave, c is the speed of light, e = 80 is
the dielectric constant of water.

According to the arrangement of water molecules
and GE (see Fig. 2,b), the frequency of the n-th mode of
capillary oscillations of a solitary (without taking into
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account the external environment) sphere is determined
by the expression [31]:
n(n-1)(n+2)c
R (4)
where n =2,3,.. is the oscillation mode number,
d(R) = 0.073R/(R + Ry,;) N/m is the surface tension
coefficient of water in the Tolman representation [32],
Ryo; is the characteristic Tolman radius, p =
1072 kg/m® is the density of water vapor in a spherical
cavity [33], R is the radius of the sphere.

The most interesting case of oscillations corresponds
to the mode n = 2;4. From (4) it follows that for the
wavelength A, = 0.72 um, n = 2;4 and Ry, = 10 A
the maximum absorption coefficient is achieved at the
spherical cavity radii R = 6.272;15.137 A.

Thus, the cavity model of the HE structure is
confirmed by numerical calculations and can be used to
study the processes of interaction of HE with various
media under normal conditions.

6. FORMATION OF HE IN SC WATER

6.1. PARAMETERS OF WATER IN THE
SC STATE

At supercritical parameters (T = 6469 K, P =
22.060 MPa) the density of water is of the order of
p ~322 kg/m®. At the SC point, the distance between
water molecules is estimated as ly,, = 4.538786 A.
Taking into account the van der Waals shift, the
effective distance between the centers of the described

spheres can be of the order of ILZO,SC ~4.2..44 A

An increase in pressure in SC water is accompanied by
an increase in its density, and at a pressure of 750 MPa
and a temperature of 673 K, the density of SC water can
reach a value of the order of 10° kg/m® [34, 35].

6.2. FORMATION OF HE IN SC WATER

To transfer water to the SC state, it is necessary to
expend a certain amount of energy, just as during water
radiolysis, accelerated electrons transfer energy to water
molecules. In this case, during the SC transition, a
significant portion of the absorbed energy is spent on
breaking the electron bonds of water molecules and
increasing their kinetic energy of motion.

As a result of breaking the electron bonds, long-
dimensional clusters can be formed [36, 37].

In [37], it was shown that even at low densities
similar to steam, supercritical water contains large
molecular clusters consisting of 10 or less water
molecules. In this work, the relative contents of
topologically different clusters were also determined:
trimers, tetramers, and pentamers. It was shown that
chain  clusters predominate under supercritical
conditions. However, breaking the electron bonds can
lead not only to the formation of long-dimensional
clusters, but also to the formation of HE. In this case,
similar to the scheme of formation of HE under the
influence of accelerated electrons, HE can also be
formed in supercritical water, since water is not a pure
liquid, but is an equilibrium mixture of three
compounds: OH™, H;0*, H,0, [38].

It is necessary to take into account that the specific
permittivity of SC water at supercritical values T, =

w2 =
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647 K, P, = 22.1 MPa,p, = 320~Z takes a value of
m

the order of ¢ = 5 [39].

According to the results of calculations [40],
corresponding to experimental data, the maximum
energy of radiation absorption in SC water and the
absorption wavelength are determined by the values:

ESCW ~7.71eV, 23W ~ 0.161 pm. (5)

To test the applicability of the cavity model of HE
formation in SC water, we use expressions (3), (4),
substituting the parameters of the electromagnetic wave
subject to the greatest absorption into them. For this, we
use the following parameters of SC water: € ~ 5 and the
vapor density in a spherical cavity p ~ 1072 kg/m?3.

The numerical solution of equation (4) for R; = 10
and modes n = 2; 4 yields a cavity radius of the order
of R, ~ 1.371; 3.74 A.

Since the cavity radius at n = 2 is of the order of the
radius of the hydronium molecule, capillary oscillations
of the HE sphere with a mode number n = 4 seem more
realistic.

Thus, according to the cavity model, in SC water,
HE is a spherical volume of water vapor with a radius of
R, =~ 3.74 A, retained by the surface film of water.

CONCLUSIONS

A Dbrief description of the experimental and
theoretical results of studies of water radiolysis under
the action of accelerated electrons, or water in the
supercritical state, is given.

From the analysis of the experimental data, a
conclusion is made that in water at normal conditions
and in the SC state, the amount of HE corresponds to
the amount of hydronium cations. The electronic
structure of the hydronium cation and its tetrahedral
arrangement in the structure of water are described. An
assumption is made that the radius of the hydronium
cation slightly exceeds the radius of the water molecule.
Two models of the formation of a HE in water during
radiolysis or in the SC state are proposed: a hydrogen-
like and a cavity model. The hydrogen-like model of HE
describes the formation of a hydrogen-like atom in a
dielectric medium with a cavity. The cavity model
considers HE as a vapor sphere in water, which is
characterized by capillary oscillations. It is shown that
the hydrogen-like model does not describe HE, since the
binding energy of HE is significantly less than the
experimental one. The cavity model seems more
realistic, since the energy of the lower modes of
capillary oscillations of the vapor sphere corresponds to
the experimental value of the binding energy of the HE.

ACKNOWLEDGEMENTS

This work was carried out at the expense of the
target program of scientific research of the National
Academy of Sciences of Ukraine "Nuclear and radiation
technologies for the energy sector and public needs" for
2022 (KITKBK 6541030).

REFERENCES

1. E.J.Hart. The Hydrated Electron // Science. 1964,
v. 146, No. 3640, p. 19-25.

ISSN 1562-6016. Problems of Atomic Science and Technology. 2025. N23(157)



2. U. Schindewolf. Formation and Properties of
Solvated Electrons // Angew. Chem. Internat. Edit.
1968, v. 7, No. 3, p. 190-203.

3. JW. Boag, E.J. Hart. Absorption Spectra in
Irradiated Water and Some Solutions: Absorption
Spectra of ‘Hydrated” Electron // Nature. 1963,
v. 197(4862), p. 45-47. d0i:10.1038/197045a0

4. J.P. Keene. Absorption Spectra in Irradiated Water
and Some Solutions: Optical Absorptions in Irradiated
Water // Nature. 1963, v.197(4862), p.47-48.
doi:10.1038/197047a0

5. M.J. Bronskill, R.K. Wolff, J.W. Hunt. Picosecond
Pulse Radiolysis Studies. I. The Solvated Electron in
Aqueous and Alcohol Solutions // The Journal of
Chemical Physics. 1970, v. 53, No. Il, p. 4201-4210.

6. V.A. Ignatenko, A.V. Lysenkova, V.A. Filippova.
Gidratirovannyj elektron kak iniciator obrazovaniya
molekulyarnogo joda pod dejstviem ul'trafioleta i
ul'trazvuka // Problemy zdorov'ya i ekologii. 2009,
Ne3(21), s. 112-114 (in Russian).

7. D.-F. Feng, L. Kevan. Theoretical Models for
Solvated Electrons // Chemical Reviews. 1980, v. 80,
No. 1, p. 1-20. doi:10.1021/cr60323a001

8. A. Kumar, JA. Walker, D.M. Bartels,
M.D. Sevilla. A Simple ab Initio Model for the
Hydrated Electron That Matches Experiment // J. Phys.
Chem. A. 2015, v.119, No34, p.9148-9159.
https://doi.org/10.1021/acs.jpca.5b04721

9. SJ. Park, B.J. Schwartz. Evaluating Simple Ab
Initio Models of the Hydrated Electron: The Role of
Dynamical Fluctuations // The Journal of Physical
Chemistry B. 2020, v. 124 (43), p. 9592-9603. DOI:
10.1021/acs.jpch.0c06356

10. J.M. Herbert, M. Head-Gordon. First-principles,
quantum-mechanical simulations of electron solvation
by a water cluster // PNAS. 2006, v. 103, No. 39,
p. 14282.

11. American Chemical Society Publication: Solvated
Electron // Advances Chem. Ser. 1965, v. 50, p. 7.

12. J. Jortner. Addendum: Conjecture on Electron
Binding in Aqueous Solutions // Radiat. Res. Suppl.
1964, v. 4, p. 24-34.

13. M. Siwek, T. Edgecock. Application of electron
beam water radiolysis for sewage sludge treatment — a
review //  Environmental Science and Pollution
Research. 2020, v. 27, p. 42424-42448.

14. P. Lubicki, J.D. Cross, S. Jayaram. Removal of
volatile organic compounds in water using low-energy
electron beam // IEEE Transactions on Dielectrics and
Electrical Insulation. 1998, v.5(2), p. 219-224.
doi:10.1109/94.671937

15. E.J. Hart, J.W. Boag. Absorption Spectrum of the
Hydrated Electron in Water and in Aqueous Solutions //
Journal of the American Chemical Society. 1962,
v. 84(21), p. 409-4095. doi:10.1021/ja00880a025

16. G. Remi. Kurs neorganicheskoj himii. M.:
Izdatel'stvo inostrannoj literatury, 1963, 919 s. (in
Russian).

17. R.J. Gillespie. Molecular geometry. London, UK:
Van Nostrand Reinhold, 1972, 228 p.

18. P.A. Kollman, C.F Bender. The structure of the
Hs;0" (hydronium) ion // Chem. Phys. Lett. 1973, v. 21,

ISSN 1562-6016. Problems of Atomic Science and Technology. 2025. N3(157)

iss. 2, p. 271-274.
2614(73)80133-2

19. https://H3O+Lewis Structure.

20. https://ru.wikipedia.org/wiki/Bopna.

21. A.V. Karyakin, G.A. Krivencova. Sostoyanie vody
v organicheskikh i neorganicheskikh soedineniyakh (po
infrakrasnym spektram pogloshcheniya). M.: “Nauka”,
1973, 176 s. (in Russian).

22. V.A. Rabinovich. Termodinamicheskaya aktivnost'
ionov v rastvorakh ehlektrolitov. L.: “Khimiya”, 1985,
176 s. (in Russian).

23. N.A. Izmajlov. Ehlektrokhimiya rastvorov. M.:
“Khimiya”, 1976, 488 s. (in Russian).

24. Jian Tang, Takeshi Oka. Infrared Spectroscopy of
H,O": The wv; Fundamental Band // Journal of
Molecular Spectroscopy. 1999, v. 196, iss. 1, p. 120-
130.

25. M. Natori, T. Watanabe. Structural Model of the
Hydrated Electron // Journal of the Physical Society of
Japan. 1966, v. 21(8), p. 1573-1578.
doi:10.1143/JPSJ.21.1573

26. M. Natori. Structural Model of the Hydrated
Electron. 11 // Journal of the Physical Society of Japan.
1968, v. 24(4), p. 913-916. doi:10.1143/JPSJ.24.913

27. M.-A. Martinez-Sanchez, N. Aquino, R. Vargas,
J. Garza. Exact solution for the hydrogen atom confined
by a dielectric continuum and the correct basis set to
study many-electron atoms under similar confinements

https://doi.org/10.1016/0009-

/I Chem. Phys. Lett. 2017, v. 690, p. 14-19.
doi:10.1016/j.cplett.2017.10.035
28. Dzh. Marrel, S. Kettl, Dzh Tedder. Teoriya

valentnosti. M.: “Mir”, 1968, 520 s. (in Russian).

29. A.P. Gaiduk, T.A. Pham, M. Govoni, F. Paesani,
G. Galli. Electron affinity of liquid water // Nature
Communications. 2018, v. 9, p. 247.
https://doi.org/10.1038/s41467-017-02673-z

30. J.V. Coe. Fundamental properties of bulk water
from cluster ion data // Int. Rev. Phys. Chem. 2001,
V.20, Ne 1. p. 33-58.

31. G. Lamb. Gidrodinamika. M.: “Gostekhizdat”,
1947, 925 s. (in Russian).

32. R.C. Tolman. The Effect of Droplet Size on
Surface Tension // J. Chem. Phys. 1949, v. 17, No. 3,
p. 333-337.

33. N.B. Vargaftik. Spravochnik po teplofizicheskim
svojstvam gazov i zhidkostej. M.: “Nauka”, 1972, 720 s.
(in Russian).

34. E.U. Franck. Physicochemical Properties of
Supercritical  Solvents (Invited Lecture) // Ber.
Bunsenges. Phys. Chem. 1984, v. 88, p. 820-825.

35. AA. Galkin, V.V. Lunin. Voda v sub- i
sverhkriticheskom sostoyanii — universal'naya sreda
dlya osushchestvleniya himicheskih reakcij // Uspekhi
himii. 2005, N 74 (1), s. 24-40 (in Russian).

36. A.G. Kalinichev, S.V. Churakov. Size and
topology of molecular clusters in supercritical water: a
molecular dynamics simulation // Chemical Physics
Letters. 1999, v. 302, p. 411-417.

37. B.V. Borts, S.F. Skoromnaya, |.V. Tkachenko,
V.l. Tkachenko. Formation of Nanoclusters in the
Transition of Carbon Dioxide to the Supercritical State
I/ PAST. 2022, Ne4(140), p. 157-163.

211


https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Anil++Kumar
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Jonathan+A.++Walker
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=David+M.++Bartels
https://d.docs.live.net/c18e8a94af6f1ee8/База_2022/Статья/Статья_СК_СО2_и_СК_H2O/Гидрат_е_и_СК_СО2/Экситон_статья/2/Статья2/Sevilla
https://doi.org/10.1021/acs.jpca.5b04721
https://www.sciencedirect.com/journal/chemical-physics-letters
v.%2021,%20iss.%202
v.%2021,%20iss.%202
https://doi.org/10.1016/0009-2614(73)80133-2
https://doi.org/10.1016/0009-2614(73)80133-2
https://ru.wikipedia.org/wiki/Вода
https://www.sciencedirect.com/journal/journal-of-molecular-spectroscopy
https://www.sciencedirect.com/journal/journal-of-molecular-spectroscopy
https://www.sciencedirect.com/journal/journal-of-molecular-spectroscopy/vol/196/issue/1
https://www.sciencedirect.com/journal/chemical-physics-letters/vol/690/suppl/C
https://doi.org/10.1038/s41467-017-02673-z

38. N. Yoshida, M. Matsugami, Y. Harano, K. Ni-
shikawa, F Hirata. Structure and Properties of
Supercritical Water: Experimental and Theoretical
Characterizations // J. 2021, v.4, p.698-726.
https://doi.org/ 10.3390/j4040049

39. M.H. Cardenuto, K. Coutinho, B.J.C. Cabral,
S. Canuto. Chapter Thirteen — Electronic Properties in

Nitroaniline in Supercritical Water // Advances in
Quantum Chemistry. 2015, v. 71, p. 323-339.
https://doi.org/10.1016/bs.aiq.2015.03.006

40. T.W. Marin, 1. Janik, D.M. Bartels, D.M. Chip-
man. Vacuum ultraviolet spectroscopy of the lowest-
lying electronic state in subcritical and supercritical
water // Nat. Commun. 2017, v. 8, p. 15435.

doi: 10.1038/ncomms15435

Supercritical Fluids: The Absorption Spectrum of p-

Article received 14.04.2025

O®OPMYBAHHS I'TTPATOBAHHUX EJIEKTPOHIB Y BOJI
ITPU PAIOJII3I ABO Y HAAKPUTUYHOMY CTAHI

B.B. Bopu, C.®. Cxopomna, I.B. Tkauenko, B.1. Tkauenxo

KopoTko ommcaHO eKCIepHMMEHTalbHI Ta TEOPEeTHYHI pe3yNbTaTH IOCHIIPKEHb PadioNizy BOOU TPH BILIHBI
NIPUCKOPEHUMH elleKTpoHaMu abo Boau y HaakputuuHoMmy (HK) crani. 3anporonoBaHo 1Bi Mozerni (GopMyBaHHS
ringpatoBanoro enekrpoHa (I'E) y Boai npu pagionizi ado y HK-crani. OnHa 3 HUX — BojHenoniOHa Mojenb. Bona
omucye I'E y Boni sk pe3ysibrar YTBOPEHHS BOJHEBOIO aTroMma B JIieJIEKTPUYHOMY cepenoBuii. J[pyra monenb —
nopoxkHruHHa. Bona Bu3Hauae I'E sk mapoBa cdepa y Boai, IO XapaKTepH3YEThCS KalUIIPHUMU KOJIMBAaHHIMHU.
[TokazaHo, mo BogHeBa Moaenb He onucye ['E, ockinbku eHepris 38's13ky ['E 3HauHO MeHIIa 32 eKCIIEpUMEHTANIBHY.
Bimpimr peamicTHYHOIO € TOPOXKHMHHA MOJENTh, TOMY IO CHEpPris KOJHBAaHb WapoBOi cdepu BidmoBimae
eKCIepUMEHTAIEHOMY 3HaYeHHIO eHeprii 3B's13Ky ['E.
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