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Abstract:

Introduction/purpose: Different types of interactions in diatomic molecules
of complex atoms are analysed.

Methods: The empirical formulas of Lennard-Jones, Buckingham,
Buckingham-Corner, Morse, Danem, Gulbert-Hirschfelder, Klein and their
combinations without their clear physical justification are used to take into
account the repulsive and attractive forces in the molecule. To improve the
situation of the binary interaction inside condensed matter, Gretchikhin
and his associates proposed applying the Heitler-London quantum theory,
but only at distances greater than equilibrium. At distances less than
equilibrium between atoms in the binary interaction, the Lennard-Jones
formula was still used. Using various kinds of fitting coefficients, in each
case we obtained a match with the experimental data on the dissociation
energy. A more general idea of all possible types of interactions was
completely absent. In this connection, the need arose to reveal all possible
types of interactions inside diatomic molecules and theoretically obtain
dissociation energy, activation energy, and standard atomization enthalpy.
The application of quantum mechanics methods in the Heitler-London
theory allowed to take into account not only the Coulomb deterrence
during exchange interaction, but also the Coulomb repulsion of nuclei.

Results: The electric dipoles for neutral atoms and for positively charged
ions of the core of diatomic molecules were calculated. This made it
possible to calculate the electron-dipole and dipole-dipole interactions. A
theory of the repulsion of positively charged nuclei of complex atoms in
diatomic molecules has been developed. The interaction potentials for the
molecules of carbon, nitrogen, oxygen, aluminum, silicon, and sodium are
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calculated. The developed physical model of the formation of diatomic
molecules is compared with the empirical potentials of Lennard-Jones and
Morse. At the internuclear distance equal to the sum of the energy radii of
atoms in the molecule, a potential jump occurs with a transition from the
negative to the positive region of binding energies, which determines the
activation energy of the formation of diatomic molecules.

Conclusion: From the obtained interaction potentials of atoms in diatomic
molecules, the activation energy, ionization energy, standard atomization
enthalpy, and electron affinity are determined.

Key words: interaction potential, covalent bond, ionic bond, electric
dipole, induced bond, diatomic molecule.

Introduction

The interaction of atoms is a rather complicated process. This
mechanism is understood qualitatively under the assumption that there
are attractive and repulsive forces between the interacting atoms.
However, these forces are extremely entangled and that is why creating
a model of their interaction appeared to be a difficult task. Therefore, a
simpler way of applying the regression analysis to describe the
interaction potential between atoms was used. As a result, Lennard-
Jones, Buckingham, Buckingham-Corner, Morse, Dunham, Hulbert-
Hirschfelder, and Klein potentials were obtained as well as their
combinations (Hirschfelder et al, 1954). The first, quite widespread
formula, representing the interaction potential, was proposed by Lennard
and Jones in the following form (Gretchikhin, 2018), (Yelyashevich,
1962):

b

V(r)=——t—, (1)
re r

where a and b constants are fitting coefficients.
The formula proposed by Dunham turned out to be more universal:

V)=V, {b{l—%’j Hnﬁ:bn(l—%jn} , 2)

where: V, is the depth of a potential well; ry is the equilibrium value of the
radius corresponding to the minimum interaction potential V(ry); and by,
b, and n are the fitting parameters.

For diatomic molecular systems the potential proposed by Morse is
usually used (Gretchikhin, 2018):

V(r)=D,[1-exp(-pAn)] . (3)
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The initial parameters for constructing the Morse potential are the
dissociation energy D,, the distance difference relative to the location of
one of the nuclei Ar, and B, which is determined as follows:

p= 1/0/2De . In turn, the force constant O is found from the vibrational

spectrum and was obtained for most diatomic molecules.

To exclude any fitting coefficients, the paper (Gretchikhin, 2018)
proposed a slightly different approach presented in the following form for
the condensed systems:

6 12
2V, Y,
- +
6 12 2

V. (@)= ’ ' ) @

res. 3

3 H +H
ZNiKiz ZZZ:,kZ;,I J J-pe,a ()P, (&)(Wjdgkdgl:l at>r,

3
i=1 k=0 1=0 (a) (b)

Here Vi.s(r) is the interaction potential of particles depending on the
distance between the particles; V, = D, is the energy of interaction of the
particles at the equilibrium distance which is equal to the energy of
dissociation; r. is the equilibrium distance between the interacting
particles; Ny is the number of particles within the k(I)-th energy state; k;

is the visibility coefficient; Z,,,Z,, are effective charges of the

interacting particles; p,,(&,),p,.,(&,) is the distribution of the electron

density p. of the particles around the power centers A and B of the
interacting particles with the energies & ang € in the k-th and /-th energy
states; H; 4, Hi2 n S are the Coulomb, exchange, and overlap integrals,
respectively.

This formation of the interaction potential between atoms in a
diatomic molecule involves two problems. The first one is that the
equilibrium distance is always greater than the value obtained from the
analysis of the vibrational spectrum of the resulting molecule, since the
repulsion energy of ions in a positively charged core is not taken into
account.

The second problem arose in that the overlap integral at the
equilibrium distance turned out to be greater than the unity which does
not correspond to the physical nature of this integral. The integral should
always be less than one.

In this connection, it is vital to set the following goal: to develop a
model of the interaction of atomic structures that would allow, by applying
the initial data on the ionization potentials experimentally obtained for all
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atoms of the periodic table, to fully obtain the interaction potential
between the atoms. To achieve this goal, it is essential to solve the
following tasks:

- to find out the conditions of applicability of different types of
chemical bonds that arise between the interacting atoms;

- to formulate a model of the interaction between the ions of a
positively charged core;

- to develop a model of the interaction between different energy
states of a positively charged core;

- to make a comparative analysis of the interaction potentials using a
number of examples and taking into account the presence of covalent,
ionic, induced, electron-dipole, and dipole-dipole bonds, as well as the
repulsion energy of atoms and positive core ions in the initial atomic
structures.

Let us consider, one after another, these problems.

A Analysis of different types of chemical bonds
between interacting atoms

A fairly detailed analysis of different chemical bonds was performed
in the paper (Gretchikhin, 2018). The paper shows how the following
interactions are formed: covalent, ionic, induced, electron-dipole and
dipole-dipole ones. However, the interactions resulting from the presence
of a positive core inside the molecule were not considered.

A covalent bond is formed by the exchange of electrons between
interacting particles. Heitler and London, using quantum mechanics,
developed the theory of this type of interaction and applied it to the
analysis of the hydrogen molecule. Figure 1 shows a schematic diagram
of the electron exchange. Based on the general ideology considered in
the paper (Gretchikhin et al, 1990), the exchange interaction potential in
the notation shown in Figure 1 is represented in the following form:

2 2 2 2
g [e_ﬁ__e__e_], )

where ¢, is the dielectric constant of the vacuum while 7, is the

distance between the electrons.
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Figure 1 — Schematic diagram of the electron exchange between two identical
atoms
Puc. 1 — Cxema obmeHa anekmpoHamu mMmex0y 08yMsi 00UHaKo8bIMU amomamu
Cnuka 1 — lllemamcku rpuka3s pa3meHe efieKmpoHa usmely dea udeHmuyHa
amoma

In the case of the interaction of identical atoms, the exchange of
electrons occurs in the zone of overlapping wave functions, which is

located at a distance of ~7, /2 from both atoms. Taking into account the
probability P, of a valence electron being in the overlap zone, an

electron that passes from the atom A to the atom B and is held by the
electric field of the atom A has the following energy:

Ul =Pe’l4rne,(r,/2).

A similar electron holding potential arises for the atom B:
U =Pe’/dre,(r,12).

The resulting potential that holds the exchange of electrons for
identical atoms at relatively small distances 7, is equal to P, = F, ~0.5

and therefore amounts to: U™ =U +U, = e’ /4ne,r,.

Based on the form of the resulting confining potential, it was thought
that the potential takes into account the repulsion of the nuclei of
interacting atoms. Therefore, it was believed that the Heitler-London
theory already took into account the interaction of the nuclei. This
mistake costs us dearly. The first term in the interaction potential (5) does
not take into account the repulsion of the nuclei, but confines the
electrons during the transition from one atom to another. The repulsion of
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the nuclei should be taken into account separately and in a completely
different way.

Potential (5) was written for a hydrogen molecule in which identical
atoms interact. For diatomic molecules composed of different atoms,
potential (5) has a different form and, therefore, the Heitler-London
theory in this case needs to be further developed.

The direct exchange of valence electrons between the interacting
particles creates the bond exchange energy in dynamics. In the process,
each electron of the atom A independently interacts with all electrons of
the atom B. The resulting energy of the bond was obtained in the paper
(Gretchikhin, 2004)

S H“+lej
ki

k1

(6)

Here, N, is the number of energy levels of the particle A and N is
the number of energy levels of the particle involved in the interaction,
while the other values are as follows:

Hl,l = _Ul//: (ra,l )‘//Z (rb,z)[rlrl//a (ra,l)‘//b (rb,z)dé:ldé:z is the Coulomb integral,

H, = [ Wi v ) H v, (1, ), (1, )dEdE, s the exchange
integral,
S = [[walr, v G 0, ()W, (1, )dEAE, s the overlap integral.

Accordingly, v, and y, are the wave functions of the atom A and

the atom B in the ground state.
The probability of a valence electron being in the contact zone of the
first and second interacting particles is determined as follows:

2a
forthe atomA P, =1-—"F, (7)
’ 4
2
and for the atomB B, =1- 4’8’ : (8)
T
Here the angles are:
2 2 2 2
¥ r, =
a, =arctan| -~ | y B —arctan| 1221 (9)
hx ey

In addition, it is necessary to take into account the mutual shading of
each internal energy state by external electrons. This process is taken
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into account by the share in the exchange interaction of each electronic

state, which should be determined as follows:
i=k-1

Z,=>7
i=1
A

In the process of electron exchange, a situation arises when both
electrons are near one of the interacting atoms. In this situation, an ionic
bond occurs, i.e., the interaction of a negative ion with a singly ionized
atom is realized.

lonic bond. The theory of ionic bonding which makes it possible to
determine quantitatively the magnitude of ionic bonding based on the
residence time of valence electrons near interacting particles has been
developed in the papers (Gretchikhin, 2004) and (Gretchikhin, 2008) not
only for neutral particles, but also for each multiplicity of ionization.

The probability of a valence electron being in the contact zone near
the first and second interacting particles is determined as follows:

5 (10)

for the atom A:

22
2 arctan| 4!
n
P = . , (11)
and for the atom B
I"2 l"2
2 arctan b 2
7
P, = yy ) (12)

Given this, the probability that the valence electron of the atom A will
go over to the atom B will amount to P, S while the probability that the

valence electron of the second atom is not within the contact zone
amounts to (1-P,). The resulting probability of this event is equal to

P §(1-P,). A similar situation occurs when the valence electron of the

second atom is within the contact zone and passes to the first atom while
the electron of the first atom is not within the contact zone; the probability

is equal to (1-F)). In this case, the probability of the event is equal to
(1-P,)-PpS. Both in the first and second cases, an ionic bond arises. The
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total probability of the ionic bond formation is the sum of these
probabilities

©=P,(1-B)S+P,(1-P)S. (13)

Therefore, in the binary interaction of two identical atoms, the ionic
bond energy, in general, is determined by the following formula:
2
E, =0—%—. (14)
4re,r,

Table 1 shows, as an example, the shares of the ionic bond arising
from the binary interaction of two atoms with the formation of a diatomic
molecule.

Table 1 — Shares of an ionic bond and electric dipole moments for diatomic molecules
Tabnuua 1 — [Jonsi uoHHOU ¢853U U OUMO/bHbIE 311IeKMpUYeCcKUe MOMEeHMbI O
08yXamoOMHbIX MOJEKY
Tabena 1 — Y0eo joHcKe ge3e u enekmpuyHUX QUNOSTHUX MOMeHama 3a 08oamomcke

Morsekyne
Parameter C, N, O, Si, Al Na,
© (%) 16.70 | 10.61 33.6 13.78 43.15 30.26

Poiy 10°Cm | 5196|3429 |2228 |5705 |4916 |-

P34 10°C'm | 3160 | 2228 |3.158 |2.626 | - -

Pos 107 Cmo - 1.094 |2.165 |- ] ]
Psas) 10 C'm - - 1.184 - - -
EA (kJ/mol) - 16.42 | 57.6 | 89.08 405.4 | 321.1

It turns out that, even for identical atoms, the fraction of the ionic
bond energy is noticeable and not equal to zero.

In the process of electron exchange, an uncompensated charge
arises in the region of overlapping wave functions. This charge,
interacting with the positive core of the molecule, additionally increases
the binding energy of the atoms in the diatomic molecule, i.e., the binding
energy arises due to the induced electric charge. (Gombas, 1950)

Induced bond. An induced bond is determined by a potential barrier
occurring between the interacting particles when exchanging valence
electrons.
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The electron of the atom A and the electron of the atom B create a
negative potential barrier independently of each other. The electron when
traveling from one particle to the other is partially reflected and retarded
at the boundary interacting particles. The probability of such an event is

equal to the product P (1-F)(1-S). At the same time, the second
electron is also reflected from the boundary with the probability of
P (1-P )1-S). Therefore, the probability of the formation of a negative

potential barrier is equal to the sum of these probabilities. Thus, the value
of the negative charge in the contact zone will amount to

AQ=[F,(1-F)+(A=F)F]1-S)e. (15)

As a result, additional binding energy arises:

By =2 1= 2)Z 4 (- R)Z 4 REIZY + R 2 + B2 +..)(16)
TE,T,

where Z',Zr, Z*,Z; w ZI,Z* are accordingly, the effective

charges of atoms and ions of the first and second degrees of ionization of
the interacting particles, respectively.

Most atoms and ions of complex atomic structures feature a built-in
and induced dipole electric moment. Therefore, the electron—dipole and
dipole—dipole interactions should be taken into account.

Electron-dipole interaction. In the process of the interaction of the
atomic particles the built-in dipole electric moments are arranged so that
they ensure maximum overlap of the wave functions of the interacting
particles with their orbits. In the process of the exchange interaction
between the interacting particles, a negative charge AQ arises; the value
of the charge is determined above by formula (15). This negative charge
interacts with the dipole moments of the first and second interacting
particles, weakening the binary bond between the particles. The energy
of this bond is as follows:

8AQ
2

i r(0= PP +(=B)p, + PP pos + BB py+ RE pos+. ) (1)
0%e

Eefd =

where p, 1, Ps2, Pa3, Pads Pas VI Pas are the built-in dipole electric moments
of ions of the first, second and third ionization of interacting particles.
Odd values refer to atom A while even values refer to atom B.
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The presence of built-in electric moments in the interacting particles
leads to the appearance of a dipole-dipole bond.

Dipole-dipole bond. A dipole-dipole bond in the binary interaction
of complex particles is determined according to the following formula:

o+t

i = A= P)(1 = By 222 | pepy Posbos  prsper PosPos | 1 (18)
o dre,r; Ar g,r; drre,r;

E

In the formation of an ionic bond, a cross interaction of dipole
electric moments is formed. Then, taking into account (18)

pa,lpa,;l 20 p3,2p3,§ .
dre,r, 4re,r,

In the process of the binary interaction, a particle with shared
electron shell is formed due to sharing of outer electrons. The bond
breaking energy for a newly formed particle is determined by all types of
bonds combined. In this case, it is essential to know the effective
radiuses of the interacting particles and the equilibrium distances
between them. The interaction potential, even considered with taking into
account all the above interactions at close distances, does not make it
possible to obtain a significant decrease in the binding energies (D). In
this regard, let us consider the process of the interaction of the ions of a
positive core, which quite effectively reduces the binding energy of the
interacting atoms in a diatomic molecule.

E, =20

dip —dip.

(19)

Coulomb repulsion of the particles of a positively
charged ionic core

In complex molecular systems, the valence electrons of individual
atoms are shared, and a condensed medium appears in the form of a
two-component mixture consisting of a generalized electron cloud and an
ionic core of single ions. The electrons of neutral atoms are bound to a
positively charged core with their effective charge. These effective
charges interact with each other when they open due to the overlap of
their wave functions. Based on the divergence theorem, the flux of the
electric displacement vector is equal to the charge inside a closed
surface. In the presence of a second positive charge, the flux of the
electric displacement vector is deformed and a third one - negative
charge - arises on the surface that separates two positive charges. The
electric displacement vector is directed perpendicular to the surface.
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Then the flux of the electric displacement vector through this surface
amounts to:

‘e cos(a)
Nowy = I
drr} )

(20)

where z* is the effective charge of a positive ion, dS =2zrdr and

2
ry = \/raz,(b) —(r, /2)2 o= arctan[r_rj_

e

Accordingly, the share of the charge involved in the mutual repulsion

Eoy =Now ! Ze. (21)

In addition, the mutual screening of the effective charge should be
taken into account since each successive ion charge is screened by the
previous energy levels of the atomic system, i.e.:

Z:,k = Za,k _Za,k—l _Za,k—Z -
Then the repulsion energy amounts to:

* gk *+ + 2 ++ gt gt g Rt 2
ESZuZ0)C | pope Subi 202 | pepe SUET LT | (22)

UL! = PLII)ZJ
dre,r, dre,r, Are,r,

When negative ions are formed, a repulsion arises between the
induced charge and the external electron of the negative ion, i.e.

£ =00 {l+ij. (23)
4

dre, 7,

Therefore, positive ions inhibit the exchange of electrons within the
ionic core, and this is precisely what is taken into account in the Heitler-
London theory. In addition, they mutually repel according to Coulomb’s
law. Each valence electron can be, with a certain probability, in the
region of overlapping wave functions of neutral atoms and positive ions
inside the core. In this case, based on the principle of superposition of
electric fields, it is necessary to take into account the interaction of each
ion with all other ions inside the positive core of the molecule.
Specifically, for the binary interaction, this situation is shown in Figure 2.
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Figure 2 — Coulomb interaction of nuclei in the binary interaction of atoms
Puc. 2 — KynoHosckoe 83aumodeticmeue si0ep 8 buHapHOM e3aumodelicmeauu
amomos
Cnuka 2 — KynoHoea uHmepakuuja Hykneyca y 6uHapHoj uHmepakyuju amoma

The overlap zone for the valence electron of the neutral atom A is
formed by the angle a while the one for the atom B is formed by the
angle f; these angles are determined by formulas (11) and (12). The

overlap zone of the wave functions of the single ionization is indicated by
the number 1, and the overlap zone of the wave functions of the double
ionization is indicated by the number 2.

The interaction energy of the positive ions of the core amounts to:

7’
u. = Pr———. 24
Z amer (24)
Thus, the total energy of the interaction of atoms in a diatomic
molecule is realized as the following sum:

Eres. = Ecov. + Eion + Eind. + E

el —dip.

+E +U; . . (25)

dip —dip.

Thus, the interaction potential of atoms in a diatomic molecule is
determined as such a complex aggregate. Below the interaction
potentials for some diatomic molecules were calculated in comparison
with the Lennard-Jones and Morse potentials as an example.
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Interaction potentials of the diatomic molecules and
their analysis

The calculations of the interaction potentials have been performed
under the following restrictions:

1. At the internuclear distance of r, =r, +r,and farther, only the

exchange interaction occurs, the repulsion of the ions of the positive core
is sharply weakened while the interaction of the built-in electric dipoles
occurs only for neutral atoms.

2. For distances at which the overlap integral S is greater than unity,
the ionic, induced, and electron-dipole bonds are equal to zero.

3. At all internuclear distances, the bond exchange energy is always
greater than the dipole-dipole bond.

4. The overlap integral is always less than one.

Specific calculations of the interaction potentials have been performed
for diatomic molecules of carbon, nitrogen, oxygen, silicon, aluminum and
sodium, for which the dissociation energy varies from a maximum value of
9.76 eV to a minimum value of 0.76 eV and they are shown in Figures 3 to
8. This is enough to fully understand the dynamics of the formation of
interaction potentials during the formation of diatomic molecules.

E(r) (eV)

1.9 17 19 21 23 r (A)
1 2
3

Figure 3 — Interaction potential in the diatomic nitrogen molecule obtained using:
1 - formula (25); 2 - Lennard-Jones formula; 3 - Morse formula
Puc. 3 — lNomeHyuan 8 d8yxamomHoU MorneKyre azoma nosy4eHHbIl no ¢hopmyne:
1- (25); 2 - [leHHapda-[xoHca; 3 - Mopse
Cnuka 3 — lNomeHyujan uHmepakyuje y 080amoMCKOM MOrIeKyly 8000HUKa 00buUjeH
nomohy: 1 - popmyne 25, 2 - lleHapd-LIoHcoee chopmyne, 3 - Mop3eose chopmyrne
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E(r) (eV)
0
1.0

—

32 3.6 r(A)

2.0

3.0
4.0

5.07

Figure 4 — Interaction potential in the diatomic oxygen molecule calculated using:
1 - formula (25); 2 - Lennard-Jones formula; 3 - Morse formula
Puc. 4 - lNomeHyuan e d8yxamomHOU MoreKyne Kucriopoda fnony4yeHHbIl no ¢popmyre:
1-(25); 2 - JleHHapOa-[xoHca; 3 - Mop3se
Cnuka 4 — lNomeHyujan uHmepakuyuje y 080amoMCKOM MOJEKYTy KuceoHuka dobujeH
rnomohy: 1 - popmyne 25, 2 - lleHapd-LIoHcoee chopmyne, 3 - Mop3eose chopmyrne
U(r) (eV)

1.2
1.0T°

2.0T

507
6.0

Figure 5 — Interaction potential in the diatomic carbon molecule obtained using:
1 - formula (25); 2 - Lennard-Jones formula; 3 - Morse formula
Puc. 5 — NomeHyuan e3aumodelicmeusi 8 d8yxamoMHoU yanepoda rnosy4eHHbIU Mo
gopmyne: 1 -(25); 2 - [leHHapOa-LxoHca; 3 - Mop3se
Cnuka 5 — lNomeHyujan uHmepakuyuje y 080amoMCKOM MOEKyry yerbeHuka 0obujeH
rnomohy: 1 - popmyne 25, 2 - lleHapd-LIoHcose chopmyne, 3 - Mop3eose ghopmyrne
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4.2 eV
U V) g /_1
0 —n
10 |5 20 25

2

2.0

Figure 6 — Interaction potential in the diatomic aluminum molecule obtained using:
1 - formula (25); 2 - Lennard-Jones formula; 3 - Morse formula
Puc. 6 — Nomexyuan esaumodelicmausi 8 08yXamoMHOU MOMEKyre antoMUuHUs
nonyyeHHblIl rno gopmyne: 1 - (25); 2 - flenHapda-[xoHca; 3 - Mopsa
Cnuka 6 — lNomeHuyujan uHmepakuyuje y 080amoMCKOM MOSEKyrly anyMuHujyma 0obujeH
rnomohy: 1 - popmyne 25, 2- JleHapd-LloHcose ghopmyne, 3 - Mop3eose chbopmyrne

1 EA =89.1 kJ/mol

U@ (eV)

(A==t

38 42 46 r(A)

\

Figure 7 — linteraction potential in the diatomic silicon molecule obtained using:
1 - formula (25); 2 - Lennard-Jones formula; 3 - Morse formula
Puc. 7 — NomeHyuan e3aumodelicmeausi 8 8yxamoMHOU MOreKyrne KpeMHUs
rosny4eHHbIlU no ¢popmyne: 1 -(25); 2 - lleHHapda-LxoHca; 3 - Mop3a
Cnuka 7 — lNomeHuujan uHmepakuyuje y 080amoMCKOM MOJIeKyry cunuyujyma 0obujeH
rnomohy: 1 - popmyne 25, 2 - lleHapd-LIoHcoee chopmyne, 3 - Mop3eose ghopmyrne
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Figure 8 — Interaction potential in the diatomic sodium molecule obtained using:
1 - formula (25); 2 - Lennard-Jones formula; 3 - Morse formula

Puc. 8 — NomeHyuan e3aumodelicmausi 8 d8yxamoMHOU MOeKyrne Hampusi

rony4eHHbIl rno ¢hopmyne: 1 - (25); 2 - lleHHapda-LkxoHca; 3 - Mop3a

Cnuka 8 — lNomeHuyujan uHmepakyuje y 080amoMCKOM MOJIeKyly Hampujyma dobujeH

rnomohy: 1 - popmyne 25, 2 - lleHapd-LIoHcoee chopmyne, 3 - Mop3eose chopmyrne

Table 2 — Radii of atoms and the values of different binding energies in the energy of
dissociation
Tabnuuya 2 — Paduycbl amomMoe8 U 3Ha4YeHUs pa3HbIX 3Hepaull cesa3u 8 aHepauu
duccoyuayuu

eHepeauju ducouyujayuje

Tabena 2 — lNpeyHuyu amoma u 8pedHOCMU pas3nuyuMmux 8e3UsHUX eHepauja y

The calculated atomic radii and internuclear distances

l'\é"c’ as well as the values of different interaction energies in eV
ra (A) I'e (A) Ecov. Eion Eing. Eel.-dip. Edip-dip. Epaan. De
N. 1.109 1.3974/1.098 | -7.402 | -1533 | -1.613 | 0.102 0.111 0.575 9.760/9.76
2 | 0.746 1.0696 2464 | -1.873 | -0.778 | 0.070 0.096 0.119 4.829
C, | 1.201 1.2896/1.242 | -4.450 | -1.010 | -3.007 | 0.360 0.510 1.476 6.200/6.2
0.8675 | 1.189/1.207 -3.304 | -1.720 | -1.023 | -0.104 | 0.545 0.487 5.120/5.12
O, | 074 1.07 2404 | -1.804 | -0.791 -0.086 | 0.408 0.235 4.370
0.672 0.992 -1.983 | -1.897 | -0.714 | -0.052 | 0.169 0.152 4.053
si, | 1992 1.985/2.246 -1.561 -0.255 | -2.132 | 0.002 -0.038 | 0.581 3.400/3.4
2 | 156 2.035 -1.330 | -0.190 | -2.346 | 0.003 -0.037 | 0.654 3.247
Al, | 0.718 1.096/2.56 -0.736 | -0.863 | -815 0.110 0.052 0.253 2.00/2.0
Na, | 0.8867 | 1.4565/3.077 | -.404 -.230 0290 |0 0 0.174 -0.750
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An important property of the interaction potentials is that for given
ionization potentials and dipole electric moments, the experimental value
of the dissociation energy is realized with a strict ratio of the effective
energy radius of a neutral atom and the distance between nuclei in a
diatomic molecule. In this case, the effective energy radius should not
coincide with the radius of the atom, since the radius of the atom
corresponds to the maximum of the electron density distribution function
while the effective energy radius of the interaction is determined by the
mutual compensation of the positive and negative binding energies at an
equilibrium distance. Predominantly, the energy radius turned out to be
greater than the radius of the atom obtained by calculations using the
Hartree-Fock wave functions (Brattsev, 1966). Only for silicon, the
energy radius turned out to be ~ 10% less while for sodium both radii
completely coincided.

For most diatomic molecules, the calculated equilibrium distance
between atoms turned out to be greater than the equilibrium distance
obtained from the vibrational spectra. Only for silicon and sodium did
these values turn out to be less than the equilibrium distance obtained
from the vibrational spectra.

The specific calculated values of the energy radii and the equilibrium
distances of the interacting atoms as well as the values of different
binding energies in diatomic molecules are summarized in Table 2.

The internuclear distance for all molecules does not coincide with
the values obtained from the vibrational spectra. These values in Table 2
are shown after slash.

The induced binding energy, which was substantiated in the work
(Gretchikhin et al, 2015, pp.29-41), and the repulsion energy introduced
in this article, turned out to be determining. Without taking them into
account, the interaction potential in diatomic molecules cannot be
determined.

Average effective radius of molecules and ionization
energy of binary formations

In diatomic molecules, the valence electrons travel each around their
atoms. When both electrons enter the overlap zone, an exchange of
electrons occurs. The bond of one of the external electrons with the core
of the molecule determines the ionization potential while the second
electron screens the core of the molecule. Obviously, such screening
should be different depending on the size and structure of the electron
shells of the interacting atoms. Each of the external valence electrons in
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the diatomic molecule interacts with one of the nearest atomic nuclei in
two positions shown in Figure 2. Thus, the effective radius of the
molecule can be represented as follows:

o =L, + 1)+ (0 4 1) 42 =17+ = 174 (26)

The probability of electrons being in the overlap zone is determined
by formulas (11) and (12) while taking into account the fact that they do
not exchange their states. Accordingly, for each electron, the resulting
probability of staying in the overlap zoneis P,(1-S) n P,(1-S5).

Outside the overlap zone, the ionization energy of the atom A is
equal to the single ionization of the atom A. In the overlap zone, if the
electron does not transfer from the atom A to the atom B, the ionization
energy still corresponds to the atom A. The electron in the atom A is
either in the overlap zone or outside this zone. The resulting probability of
this event for the atom A, taking into account the fact that the valence

electron is located at a distance of », from the nucleus of the atom, is
equal to [(1-P,) + P,(1-S)r, /r,] while the probability for the atom B is
equal to [(1-P,) + B,(1-S)r, /r,]. Then, for the electron near the atom A,
the ionization energy of the molecule will amount to:
1P, = [0~ P)~B,(1~S)r, /18, + P,A-)0, P, —24€_ (37)
&)
while that for the electron near the atom B will amount to:

1P, =[(1- P,) + B,(1= Sy, /1,10, + (1 - P)P.6, - P, — 21
TEN,)

(28)

Here @, and 0, are the ionization energies of the atom A and the atom

B, respectively.

The results of the calculations of the ionization energies and the radii
of neutral molecules and their ions of the first as well as the second
multiplicity of ionization of some diatomic molecules are presented in
Table. 3 as an example. The reference data for the first multiplicity of
ionization of some diatomic molecules is shown in Table 3 after slash.

Agreement with the data for diatomic molecules, given in the
handbook (Radzig & Smirnov, 1985), for the energies of single ionization,
is quite satisfactory. A number of molecules feature a relatively large
dipole electric moment. This property of molecules is still not clear. When
the molecules in which the initial atoms have a built-in dipole electric
moment are considered, this property of molecules can be understood.
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However, even in the case of simple diatomic molecules, such as BH and
LiH, in which the initial atoms do not have a built-in dipole electric
moment, their own dipole electric moments are quite substantial. This
property of molecules needs further justification.
Table 3 — lonization energy of diatomic molecules of the single and double ionization
multiplicity
Tabnuya 3 — SHepeaus uoHu3ayuu 08yxamoMHbIX MOJIEKYI 1epeoll U 8mopol
KpamHocmu uoHu3ayuu
Tabena 3 — JoHu3sayuoHa eHepauja 080amoMcKUX MorieKyna jedHocmpyke u 08ocmpyke
MynmurnuKkamueHoOCcmu joHusauuje

Parameters Molecules

C, N2 (03 Al Siy Na2
rma (A) 1.410 1.550 1.067 2.129 1.811 1.060
Z; 1.173 1.618 0.909 0.964 0.954 0.361
O (eV) 11.87/ 15.05/ 12.515/ 6.527 7.596/ 4.916/

11.9 15.58 12.077 - 7.4 4.9
rm2 (A) 0.953 0.965 0.756 1.488 1.277 0.908
Z> 2.173 2.618 1.909 1.964 1.954 1.361
O, (eV) 32.87 39.11 36.40 19.026 22.057 21.6

In order to exclude the influence of intrinsic built-in dipole electric
moments of the initial atoms, let us consider, as an example, the
aforementioned simple diatomic molecules BH LiH. For these molecules,
the dipole electric moments are respectively 4.33-10-30 C-m and
19.6-10-30 C'm (Radzig & Smirnov, 1985). The first value was obtained
with an error exceeding 10% while the second one - with an error not
exceeding 1%, i.e., quite accurately.

The calculation of the dissociation energies of these molecules is
presented in Table 4.

Table 4 — Values of the binding energies of diatomic molecules from
different atoms without built-in dipole electric moments
Tabnuua 4 — BenuyuHa aHepauli cesi3u d8yxamoMHbIX MOMEKYs U3 pa3HbiX amomos 6e3
8CMPOEHHbIX OUMOSIbHBIX 3MTEKMPUYECKUX MOMEHMO8
Tabena 4 — BpedHocmu ge3usHuXx eHepauja 080amoOMCKUX MOJIeKyna cacmaesbeHux 00
pasnu4yumux amoma be3 yepaheHux enekmpuyHUX OUNOSTHUX MOMeHama

Mo- ra Values of different binding energies (eV) re (A) p
lec. 1A [Eow [Eor |Eoon |EesD) [IPEV) [rm(A) 10%
B+H 1.16 | -1.854 | -1.306 | -0.241 3.39 11.06 1.010 1.290 11.64/
4.43
Li+H 1.68 | -0.548 | -0.835 | -1.047 | 2.429 8.81/ 1.238 1.688 18.39
7.78 19.6
O+H 0.67 | -3.529 | -0.702 | -0.123 | 4.40 12.91 0.942 1.510
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The dissociation energy and the internuclear distance for the HV
molecule are obtained from the equality of the theoretical value of the
dissociation energy obtained experimentally with an error not exceeding
10%, which is quite an acceptable value. Therefore, the obtained value of
the dipole electric moment by theoretical calculation presents quite a
realistic value. The probability of the presence of both valence electrons
near the atom of boron and hydrogen is 0.483 and 0.104, respectively.

For the LiH molecule, the situation is rather complicated since the
radius of the lithium atom needs to be clarified. If the radius of the lithium
atom calculated using the modified Slater wave functions and given in
the handbook (Radzig & Smirnov, 1985) is used, then the minimum
potential energy of the interaction between lithium and hydrogen atoms is

realized at a distance between atoms of r, =2.5 A while the interaction

energy amounts only to D, =1.422 eV. To obtain, by calculations, an

experimental value equal to 2.429 eV, it is necessary to assume that
r,=1.688 A and the radius of lithium atom r, =1.68 A but not

r, =2.049 A (Radzig & Smirnov, 1985), (Slater, 1937). The probability of

the presence of both valence electrons near the atoms of lithium and
hydrogen is 0.640 and 0.040. Therefore, both for the HV molecule and
for the LiH molecule, the boron and lithium atoms with respect to the
hydrogen atom are more negative, which determines such a large value
of the dipole electric moment of these molecules. For other molecules the
situation is similar.

Thus, the interaction of atoms in a diatomic molecule is a rather
complicated process, in which the exchange interaction of electrons of
the single ionization of the interacting atoms should be taken into
account, as well as the presence of built-in electric moments of the atoms
that are directed inside the molecule relative to each other as well as the
probability of stay of valence electrons relative to the interacting atoms. It
should be specially noted that the positively charged nuclei of the
interacting atoms impede the exchange of valence electrons and, in turn,
repel each other according to Coulomb’s law.

Conclusions

As a result of the studies of different types of chemical bonds
between atoms, it was found:

1. The following types of interactions have been clarified: exchange,
ionic, induced, electron-dipole, dipole-dipole and nuclear repulsion
energies, and the probability of their occurrence has been determined.
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2. The covalent bond is not decisive and is due only to the exchange
of valence electrons of neutral atoms.

3. It is shown that the probability of valence electrons staying in the
overlapping region of wave functions can be determined not only by the
residence time of valence electrons near interacting atoms but also by
the ratio of the area of the overlapping wave functions to the entire area
of the sphere on which the electron travels.

4. A theory of the interaction of atomic nuclei in a diatomic molecule
of identical atoms has been developed.

5. The interaction potentials for a number of diatomic molecules
have been calculated in comparison with the Lennard-Jones and Morse
potentials and the failure of empirical interaction potentials has been
shown.

6. At the double energy radius of the molecules, a potential jump
occurs with a transition from the negative to the positive region of binding
energies and determines the activation energy of the formation of
diatomic molecules.

7. The obtained atomic radii and the internuclear distances of
diatomic molecules are effective values at which the experimental values
of the binding energies are realized.

The development of various theories of chemical bonds, taking into
account their probabilities of occurrence, is at the initial stage of their
formation.

It seems possible, based on the obtained interaction potentials of
atoms in diatomic molecules, to determine the activation energy,
ionization energy, standard atomization enthalpy, and electron affinity for
diatomic molecules. A lot of scientific work is ahead in this direction.
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Peswome:

BeedeHue/uenb: MposedeH aHanu3 pasHbix muroe e3aumodelicmeuli
8 08yXamoMHbIX MOJIEKYIax U3 C/I0XHbIX amomMos.

MemoObi: [ns yd4ema cun ommarlkueaHus U [PUMSDKeHUs 8
MorsieKyrne ucronb3yromcsi  aMmnupudeckue ¢hopmynbl  fleHHapOa-
IDkoHca, bakuHeema, bakuHzema-KopHepa, Mop3se, [aHema,
l'ynebepma-lupwdabensdepa, KnelHa u ux kombuHayuu 6e3 yemkoeo
gusuyeckoeo 060CHOBaHUS. Yrydwumb cumyayuro buHapHO20
e83aumoldelicmeusi 8Hympu KOHOEHCUPOBaHHbIX cped [pequxuH u
compyOHUKU  MPEOIoXUIU  MPUMEHUMb  K8AHMOBYID  Meopuro
latmnepa-/loHOoOHa, HO MOJILKO Ha paccmosiHUsIX  borbwe
pasHosecHoe20. [Ipu paccmosiHUSIX MeHee pasHOBECHO20 MexX0y
amomamu 8 buHapHOM e83aumodeticmauu MO-rpexHemy
ucrnionb3oeanack opmyna fleHHapda — [DkoHca. [pumeHss pasHo20
poda noO20HOYHbIE KOIPUUUEHMBI, 8 KaXKOOM KOHKPEMHOM Ccily4Yae
rnosflyqdanu cosrnadeHue C 3KCriepuMeHmasbHbIMU  OaHHbIMU 10
9Hepauu Ouccoyuayuu. bonee obuwee npedcmasneHue o0 8cex
B803MOXHbIX murax e83aumodelicmnauli MoIHOCMbIO OMCYymMCcmeos8ario.
B amoli cesi3u 803HUKIa HEO6X00UMOCMb 8bISI8UMb 8CE B03MOXHbIE
munbl  83aumodelicmeuli 8Hympu 08yXamoOMHbIX MoOJieKynax u
meopemuyecKku  roflydums  9Hepauto  duccoyuayuu,  SHepeuro
akmueauyuu, cmaHOapmHyr 3HmManbnuio amomusayuu. lNpumeHeHue
Memodo8 Ke8aHmMoBOU MexaHUKU r10380susio 8 meopuu [almnepa-
JloHOoHa y4ecmb He mMObKO KYyrOHOB8CKOe cdepxueaHue mnpu
obmeHHOM 83aumodelicmeuu, HO U KylOHOBCKOe ommarsikugaHue
sA0ep.

Pesynbmamebi: [IpoeedeH pacyem anekmpu4yeckux oOurnoned Yy
HeUmparibHbIX amoMo8 U y [OSIOXUMESIbHO 3apsXKeHHbIX UOHO8
ocmoea 08yxamoOMHbIX MOJMEeKys. 3mo 10380/UM0  fpoussecmu
pacyem 31EKMPOH-OUNOIbHO20 u Ournosb-0urnosibHO20
83aumodelicmeausi. Paspabomara meopusi ommarkugaHusi
M10710XKUMesIbHO 3apsiKeHHbIX A0ep CIIOXHbIX amomMo8 8 08yXamoMHbIX
Mornekyrnax. BeinonHeH pacdem romeHyuasnos gsaumodeticmaus Onsi
Morekyn yanepoda, as3oma, Kucrnopoda, amtoMUHUS, KPeMHUs U
Hampus. [lposedeHo cpasHeHue paspabomaHHOU hulaudecKkol
molenu ¢hopmuposaHus 08yXxarmoMHbIX MOJSIEKYST C IMAUPUHECKUMU
nomeHyuanamu JleHHapda-[xoHca u Mop3e. Ha wMexbs0epHOM
paccmosiHUU, pasHOM CyMMe 3Hepaemu4ecKux paduyco8 amomos 8
MOJIeKysie npoucxoOum CKa4yoK romeHyuana ¢ nepexodomM us3
ompuuamesibHOU 8 ronoXumersibHy obriacmb 3Hepaul Cc8s3u, Ymo
onpedenisiem 9Hepaurw akmueauuu obpasosaHusi 08yXamoOMHbIX
MOJIEKY/.

Bb16800bi: M3 rosy4eHHbIX nomeHyuanos ezaumodelicmausi amomos
d8yxamoMHbIX ~ MOJeKynax onpedeneHbl 3Hepaus — akmueauuu,
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SHepausi UOoHuU3ayuu, cmaHOapmHas 3HMmanbnus amomu3dauyuu U
Ccpodcmeo K 311EKMPOHY.

Knouesbie crosa: nomeHyuan e3aumodelicmsusi, KoeaseHmHasl
C8s13b, UOHHasi C853b, d5IeKmMpuYeckuli Ournosib, HasedeHHasi C8s3b,
08yxamomHasi MosieKyra.

MHTEPAKLUWJA UBMEBY ATOMA Y IBOATOMCKUM
MOINEKYNUMA MNP OABNJARY JOHA'Y NMO3UTUBHO
HABNJEHOM JE3I'PY

JleoHud W. TpeunxuH

Benopycka ap>xaBHa akagemMuja 3a KOMyHuKauuje,
MwuHck, Peny6nuka Benopycuja

OBJIACT: cnsnyka xemmja
BPCTA YJTAHKA: opyruHanHu Hay4Hu pag
JE3VK YJTAHKA: eHrnecku

Caxemak:

Yeod/yurb: Ananusupajy ce pasnudumu  obnuuyu  uHmepakuuja |y
380amoMCKUM MOMeKynuMa CrI0XKeHUX amoma.

Memode: Kopucme ce ewmnupujcke ¢opmyne JleHapd-LIoHca,
bakuHeema, bakuHeem-KopHepa, Mopsea, [aHnema, [unbepm-
Xupuwigbendepa, KnajHa, kao u muxoee kKombuHauyuje 6e3 jacHe pearsnHe
ornpagdaHocmu, npu aHanu3u 00bOjHUX U NpusavYHUX curna y MOJSIEKYIy.
3a nobosbware cumyauyuje buHapHe UHMepaKkuuje yHymap 32ycHyme
Mamepuje, peduxuH U He208U capaldHUyU cy npednoxunu npumeHy
keaHmMHe meopuje Xajmrepa u JTloHOoHa, anu camo 3a pasdarbuHe eehe
00 pasHomexHoe cmara. JleHapd-LloHcoea ¢hopmyna ©buna je
KopuwheHa u Ha pasdarbUHama MarbuM 00 PasHOMEXHOE CMmara
usmeRy amoma y OuHapHUM UHMepakyujama. Y ceaKkoM Criydajy
focmuenu CMO [OKflanamke ca eKcriepumMeHmanHum nodayuma o
ducoyujayuju eHepauje kopucmehu pasnudyume epcme odzosapajyhux
KoeghuyujeHama. YonwmeHuja udeja o ceum Mmo2yhum murosuma
UHmMepakuyuja nomryHo je uszocmasia. C mum y eesu, busio je nompebHo
omkpumu cee Mmozyhe murioge UHmMepakyuja yHymap 080armoMCKUX
Morniekyna u meopemcku O0obumu eHepaujy Oucouujayuje, eHepaujy
akmueauyuje u cmaHdapdHy eHmannujy amomusayuje. lNpumeHa memoda
KeaHmHe mMexaHuke y Xajmnep-/loHdoHo8oj meopuju omoeyhura je Oa ce
y3ame y 063up He camo KyrnoHoeo o0dbujare mMOKOM UHMepakyuje
pa3meHe eeh u KyroHoeo 0dbujar-e HyKreyca.

Pesynmamu: W3padyyHamu cy enekmpudHu Ouronu 3a HeympasHe
amome U 3a MMO3UMUBHO HaeneKkmpucaHe joHe je3zapa 080armOMCKUX
MoreKyna, wmo je omoeyhuno u3padyHasar-e efIeKmpoH-0urosn
UHmMepakuyuja, kao u duron-durnon uHmMepakyuja. PassujeHa je meopuja
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o0bujarba MO3UMUBHO HaesieKmpucaHUX HyKreyca CIIOXeHUX amoma y
080amoMCKUM MorieKynuma. ViapadyHamu cy nomeHyujanu 3a MorieKyrie
yarbeHuKa, anyMuHujyma, cunuyujyma u Hampujyma. PassujeHu gpusudku
molen cpopmupar-a 080amoOMCKUX MorsieKyna yrnopeheH je ca
emnupujckum nomexuujanuma fleHapd-LloHca u Mop3sea. Ha pa3darbuHu
usmeRy Hykneyca, jeOHakoj 306upy eHepauja rfpedyHuka amoma, y
mosiekyy dona3u 00 CKOKa romeHuyujana c rpesiasom o0 HezamugHe 00
rnosumueHe obriacmu eHepauje ee3usarba, WMo OemepMuUHULIE
aKkmueauuoHy eHepaujy ¢ghopmuparba 080amoMCKUX MOJSIEKYIa.

Sakrbyyak: W3 0obujeHux nomeHuujana uHmMepakyuja amoma 'y
OsoamomckuMm Mornekynuma odpefieHu cy eHepauja akmusauuje,
€eHepeuja joHuU3auyuje, cmaHOapOHa eHmarsinuja amomusauuje, Kao u
achuHUmMem ripema esIeKmpPoHy.

KrbyuHe pedu: nomeHyujan uHmMepakuyuje, KoeareHmHa eesa, joHCKa
8e3a, efleKmpuy4Hu Ouros, uHOyKkosaHa ee3a, 080amMOMCKU MOJIEKY/.
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