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Abstract 
The calculations of the concentration of electrons (Celektr mole/cm

3
) for simple substances 

and binary compounds on the basis of reference data on the density of matter in the 

condensed state are presented. A correlation dependence of the concentration of electrons 

with the thermodynamic characteristics of the halides of the elements 1 and 2 groups is 

revealed. The concentration of electron is proposed to use as a structural characteristic of 

the materials. The established relationship between the structural characteristics and 

thermodynamic parameters has allowed to theoretically calculate the thermodynamic 

parameters missing in contemporary references. The using of the coefficient of 

consolidation based the same reference data on the density of substances in the condensed 

state to compare the changes of molecular volumes during chemical processes. 

1. Introduction 

Chemical transformations are accompanied by thermal processes and changes in the 

volume of substances reactive. The basic equation of thermodynamics in the following form 

dU = TdS – pdV                                                    (1) 

implies that the change in internal energy of the system is due to thermal energy when 

changing the volume dV. Thermal processes are considered in sufficient detail in many 

papers on chemical thermodynamics and thermochemistry both experimental and with 

the use of computational methods but there is actually no data available as for the change 

of volume in chemical reactions. 

In the papers on the sulfides and oxides [1, 2] it was found that the normalized value 

of the volume change named coefficient of consolidation (Kconsolidation, %) is correlated 

with the thermodynamic characteristics. 

Since the volume of the molecule is formed by electrons, the term of concentration of 

electrons (Celectron, mole/cm
3
) [1-3] is introduced, which can be used as a structural 

material characteristics. Changing the structure of the material without changing the 

chemical composition is always accompanied by a change in the interaction of electrons 

in the material (phase transformations) [4, 5]. 
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Transformation of substances with the accompanying 

phenomena is the essence of the chemical form of motion, 

which is determined by the interaction of the electron shells 

of atoms and molecules. 

The aim of this study is to investigate the possibility of 

using coefficient of consolidation as a characteristic to 

estimate the intensity of the interaction between 

heterogeneous atoms, and concentration of electrons 

determined in units of mole/cm
3
, as a value to estimate the 

material structure. The stated aim has been achieved by 

identifying dependencies of calculated electron density with 

the known thermodynamic properties of substances by the 

example of metal halides of groups 1 and 2. 

2. Method of Calculation and 

Theoretical Basis 

The computations below are based on the reference data 

on the density of substances in the condensed state (at 

temperatures below the melting point for each of substances) 

[6-8]. The value of the atomic volume (the volume of one 

mole of atoms of a chemical element, cm
3
/mole) 

characterizes the relative friableness of electron shells, and 

the reciprocal value of the atomic volume represents a 

concentration of nuclei of atoms per volume unit (mole/cm
3
): 
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M
= ,                                  (2) 

where CA is the concentration of nuclei, mole/cm
3
; d is the 

density of substance in the condensed state, g/cm
3
; M is the 

molar mass in g/mole. 

According to the formulas presented earlier [1-3, 9], the 

following values were calculated: 

the concentration of electrons for the elements: 
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where Celectron is the concentration of electrons per volume 

unit, mole/cm
3
; Z is the ordinal number of the element (ZA 

and ZB are the ordinal numbers of elements A and B 

respectively); a is the subscript of element A; b is the 

subscript of element B, Kconsolidation is the coefficient of 

consolidation, %; Vcomponent is the molar volume of the 

element in the condensed state, cm
3
/mole; Vproduct is the molar 

volume of the compound in a condensed state, cm
3
/mole. 

The studies [1, 3] show that the value of the atomic 

volume (cm
3
/mole) for the elemental substance in the 

condensed state (at a temperature below their melting point) 

represents the relative friableness of the electron shells, and 

as a result, the relative sizes of the atoms. 

With regard to the structure of substance, the atomic mass 

is concentrated in its nucleus, and the volume is determined 

by its electron shell. The size of nucleus is different from the 

size of an atom in five degrees. The density of substance is 

determined by the atomic mass and closeness of atoms to 

each other. 

All substances can be converted into a solid state from any 

state of aggregation simply by temperature decreasing. From 

a thermodynamic point of view, this transformation is 

characterized only by a decrease of the system entropy. There 

are no any chemical transformations at that. The density of 

two condensed states of liquid and solid substances of the 

same chemical composition varies in most cases within 10%. 

In the course of chemical reactions deformations of the 

electron shells of the atom and the partial socialization of 

electrons from the reaction components occur. Consequently, 

the volume of the reaction product molecule may be equal to 

the sum of volumes of initial atoms, or it may be less or more 

than the sums of these volumes. 

It seems hard to consider the radii of ions as such a linear 

geometric feature is almost not applicable to diatomic 

molecule due to the uncertainty of the volume fractions of a 

chemical element in the compound. In the first 

approximation the form of a diatomic molecule can be 

considered as katenoid-ellipsoid. It is the volume of the 

molecule that is physically measured and determined. 

The reciprocal value of atomic volume for elemental 

substances (homoatomic compounds) is the concentration of 

atoms per volume unit. For heteroatomic compounds molar 

volume of condensed material can be determined by dividing 

the molecular weight of a chemical compound by its density. 

Dividing the sum of the stoichiometric indices of the atoms 

by the value of the molecular volume, we obtain the 

concentration of the atomic nuclei whatever the class of the 

atom. This approach allows us to consider the distribution of 

heterogeneous nuclei as the statistical distribution of the 

substance mass concentrators in the considered volume. 

It is suggested to compare the volumes of the substances 

before the reaction (Vcomponent) and after the reaction of the 

compounds (Vproduct) calculated in cm
3
/mole for the substances 

in the condensed state on the basis of reference density data. It 

is suggested to call the resulting value normalized to the 

volume of the final product and expressed as a percentage the 

coefficient of consolidation (according to formula 5). 

The interaction of atoms in chemical reactions depends on 

their ability to deform the electronic distribution of 

interacting components. Coefficient of consolidation allows 

to characterize any compound as a product obtained by either 
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loosening (the value with the minus sign), or the 

consolidation of the electron shells in the interaction of its 

constituent elements. 

Changing the structure of the material without changing its 

chemical composition is always accompanied by a change in 

the interaction of electrons in the substance. The value of the 

electron density (Celectron) characterizes the differences in 

electronic environment of the structure, which in its turn 

determines the processes that occur during the deforming 

effects and chemical reactions [10]. 

For the chemical compounds electron concentration is 

determined as the number of electrons per mole of the 

compound in relation to the volume of the solid compound 

(according to formula 4). 

To understand the chemical changes occurring during the 

process, it is necessary to compare the individual 

characteristics of the substances before the interaction and 

after the process is completed. The substance during the 

transformation from the amorphous to the crystalline state 

becomes denser. Finely-grained structure of the alloy after 

annealing becomes coarse-grained, there is an increase in the 

density of the material at that [11, 12]. 

3. Results and Discussion 

Halides of alkali and alkaline earth metals are used in 

various chemical technologies. Technological processes 

result in changes in substances that can be estimated from a 

thermodynamic point of view. 

From the reference book [13] groups of halides of 

elements 1 and 2 groups have been selected, a comparison of 

the values of the enthalpy (∆Hº298, kJ/mole), entropy (∆Sº298, 

kJ/mole) and Gibbs energy change (∆Gº298, kJ/mole) has 

been carried out. The concentration of electrons of elemental 

halogen and parent metal forming halide have been 

calculated by formula (3), the concentration of electrons in 

the halide has been calculated by formula (4). The 

coefficients of consolidation (Kconsolidation) have calculated for 

all the selected halides according to formula (5). The 

calculation results are shown in Tables 1 and 2. 

Validity of the calculations and comparative analysis based 

on these calculations confirmed that the graph of the 

concentration of the nuclei calculated by the formula (2) to 

the ordinal number of the element (see fig. 1) show periodic 

dependence [9]. 

 
Fig. 1. Concentration of atomic nuclei for elements in condensed state 

(mole/cm3). 

Halides of alkali metals are characterized by the fact that 

the elements of group 1 are the most reactive metals and 

halogens (group 17) are the most reactive of nonmetals. 

Between these groups under consideration there is group 18 

of chemically inert elements. 

The conсentration of electrons of the halogen element in 

the condensed state Celectron (mole/cm
3
) were: F 0.931, Cl 

0.970, Br 1.358, I 2.062. 

Further, using the Excel program the values obtained for a 

series of five similar compounds have been compared in pairs 

in order to identify the presence or absence of consistent 

pattern by calculating the correlation coefficient (R). 

The critical value of the correlation coefficient for five pairs 

with a confidence coefficient of 0.95 is equal to 0.805. [14]. 

For alkali metal fluorides (Table 1) it has been revealed 

that there are correlation dependencies of coefficient of 

consolidation with entropy (R = 0.862), the electron densities 

in the compound with entropy (R = 0.863), the electron 

densities in the metal enthalpy (R = 0.899), the electron 

densities in the metal entropy (R = 0.936), the concentrations 

of electrons in a metal with a change in the Gibbs free energy 

(R = 0.883). 

Table 1. The Coefficient of Consolidation, the Electron Concentration of Halides, the Concentration of Electrons in Metals of Group 1 and Thermodynamic 

Characteristics. 

 Coefficient of consolidation 

(Kconsolidation), % 

Concentration of electrons in the 

compound (Сelectron), mole/сm3 

Concentration of electrons in 

the metal (Сelectron), mole/сm3 

∆Hº298 

kJ/mole 

∆Sº298 

kJ/mole 

∆Gº298 

kJ/mole 

LiF 131 1.22 0.231 -616 36 -588 

NaF 103 1.22 0.466 -577 51 -547 

KF 138 1.21 0.420 -569 67 -539 

RbF 206 2.06 0.663 -554 75 -523 

CsF 243 2.64 0.775 -556 93 -528 

LiCl 15 1.03 0.231 -408 59 -384 

NaCl 22 1.14 0.466 -411 72 -384 

KCl 34 1.30 0.420 -437 82 -409 

RbCl 35 1.44 0.663 -436 96 -408 

CsCl 43 1.40 0.775 -443 101 -415 

LiBr 35 1.52 0.231 -350 69 -339 

NaBr 35 1.44 0.466 -361 87 -349 

KBr 39 1.25 0.420 -393 96 -380 
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 Coefficient of consolidation 

(Kconsolidation), % 

Concentration of electrons in the 

compound (Сelectron), mole/сm3 

Concentration of electrons in 

the metal (Сelectron), mole/сm3 

∆Hº298 

kJ/mole 

∆Sº298 

kJ/mole 

∆Gº298 

kJ/mole 

RbBr 40 1.20 0.663 -394 108 -381 

CsBr 50 1.88 0.775 -392 117 -379 

LiI 15 1.70 0.231 -271 77 -268 

NaI 18 1.57 0.466 -290 99 -287 

KI 25 1.37 0.420 -331 104 -325 

RbI 27 1.83 0.663 -334 118 -329 

CsI 40 1.62 0.775 -349 123 -343 

 

For alkali metal chlorides (Table 1) it has been revealed 

that there are correlation dependencies of coefficient of 

consolidation with enthalpy, entropy and Gibbs energy 

change (R = -0,973, -0,963 and -0,965 respectively), the 

concentration of electrons in the compound with an enthalpy, 

entropy and Gibbs energy change (R = -0.935, 0.975 and -

0,920 respectively), and the concentrations of electrons in a 

metal with entropy (R = 0.957). 

For bromides of alkali metals (Table 1) it has been 

revealed that there are correlation dependencies of coefficient 

of consolidation with entropy (R = 0.849) and the 

concentrations of electrons in a metal with entropy (R = 

0.964). For the alkali metal iodides it has been revealed that 

there are correlation dependencies of coefficient of 

consolidation with enthalpy, entropy and Gibbs energy 

change (R = -0.908, 0.878 and -0,910, respectively) and the 

concentrations of electrons in a metal with enthalpy, entropy 

and Gibbs energy change (R = 0.850, 0.968 and 0,857 

respectively). 

It should be noted that all the coefficients of consolidation 

of fluorides, chlorides, bromides and alkali metal iodides are 

in the correlation relationship with the entropy (correlation 

coefficients are larger than the critical value). 

Similar calculations have been made for halide elements of 

group 2 represented by metals that compared with Group 1 

metals are less reactive. The calculation results are presented 

in Table 2. 

Table 2. The Coefficient of Consolidation, the Electron Concentration of Halides, the Concentration of Electrons in Metals of Group 2 and Thermodynamic 

Characteristics. 

 Coefficient of consolidation 

(Kconsolidation), % 

Concentration of electrons in the 

compound (Сelectron), mole/сm3 

Concentration of electrons in 

the metal (Сelectron), mole/сm3 

∆Hº298 

kJ/mole 

∆Sº298 

kJ/mole 

∆Gº298 

kJ/mole 

BeF2 15 1.046 0.521 -1035 53 -987 

MgF2 65 1.531 0.859 -1124 57 -1071 

CaF2 84 1.549 0.773 -1228 69 -1176 

SrF2 83 1.905 1.101 -1233 82 -1181 

BaF2 60 2.062 1.466 -1192 96 -1142 

RaF2 66 2.726 1.946 missing in contemporary references 

BeCl2 20 0.908 0.521 -491 83 -446 

MgCl2 45 1.201 0.859 -641 90 -592 

CaCl2 62 1.070 0.773 -794 114 -749 

SrCl2 53 1.409 1.101 -836 126 -791 

BaCl2 58 1.704 1.466 -845 124 -797 

RaCl2 43 2.113 1.946 -869 134 -821 

BeBr2 15 1.538 0.521 -368 121 -356 

MgBr2 32 1.586 0.859 -517 123 -499 

CaBr2 30 1.523 0.773 -674 134 -656 

SrBr2 45 1.862 1.101 -729 136 -708 

BaBr2 44 2.879 1.466 -751 149 -732 

RaBr2 38 2.431 1.946 -782 155 -762 

BeI2 -8 1.816 0.521 -212 130 -213 

MgI2 4 1.646 0.859 -364 134 -360 

CaI2 5 1.719 0.773 -538 145 -534 

SrI2 14 1.881 1.101 -568 159 -565 

BaI2 13 2.155 1.466 -610 167 -607 

RaI2 26 2.360 1.946 missing in contemporary references. 

 

For fluoride elements of group 2 correlation dependencies 

of coefficient of consolidation with enthalpy and Gibbs 

energy change have been revealed (R = -0.933 and -0,926 

respectively). For chlorides of group 2 elements 

dependencies with correlation coefficient above critical have 

not been revealed. 

For bromides of group 2 elements (Table 2) correlation 

dependencies with coefficient of consolidation with enthalpy 

and Gibbs energy change have been revealed (R = -0.883 and 

-0,880 respectively). For iodide elements of group 2 elements 

correlation dependencies of coefficient of consolidation with 

enthalpy, entropy and Gibbs energy change have been 

revealed (R = -0.932, 0.894 and -0,932 respectively). 

With the difference in concentration of electrons in 

substances entering into a reaction, statistical concentration 

of electrons in the final product will be formed by 

redistribution of electrons from a higher concentration to a 

lower one, forming a new volume and as a result, a new 
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density of the compound. Thus, the higher the electron 

density of the obtained compound, the higher the density of 

the product. 

The relationship between Celectron values (mole/cm
3
) with 

the enthalpy of formation of a number of halides allows us to 

use the suggested value as an indicator characterizing the 

structure of the substance, the changes of which result in a 

change in the substance properties. 

The established relationships allow us to calculate the 

value of the thermodynamic characteristics missing in the 

current references through the regression equation. 

Thus, for instance, there are no available references of 

thermodynamic characteristics for RaF2 and RaI2. Based on 

the interrelation of coefficients of consolidation with 

enthalpy, entropy and Gibbs energy it has been calculated 

that ∆Hº298 for RaI2 is (-790 kJ/mole), ∆Gº298 = (-788 

kJ/mole), ∆Sº298 = 178 kJ/mole. For compound RaF2 

thermodynamic quantities have been calculated respectively: 

∆Hº298 = (-1175 kJ/mole), ∆Gº298 = (-1172 kJ/mole). 

4. Conclusion 

a It is suggested to use the reference data on the density 

of elemental substances in the condensed state to 

compare the changes of molecular volumes of 

substances. 

b To estimate the degree of interaction between the initial 

components during the formation of compounds it is 

suggested to use the coefficient of consolidation. 

c It is suggested to use the value of the concentration of 

electrons of an element or a compound, defined in terms 

of mole/cm
3
, as the structural characteristics of the 

material. 

d A number of dependencies with a correlation coefficient 

above the critical for coefficients of consolidation and 

concentration of electrons with the thermodynamic 

characteristics have been revealed. 

e The established relationship between the structural 

characteristics and thermodynamic parameters has 

allowed to theoretically calculate the thermodynamic 

parameters missing in contemporary references. 
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