THERMOCHEMICAL AND THERMODYNAMIC
PROPERTIES OF ORGANOMETALLIC
COMPOUNDS

l. B. Rabinovich

V.P. Nistratov

V. 1. Telnoy

M. S. Sheiman

all of Chemistry Department

of University of Nizhniy Novgorod,
Nizhniy Novgorod, Russia

Edited by

Michael Frenkel
Multiscope Enterprises, Inc
College Station, Texas

BEGELL HOUSE, INC. PUBLISHERS
New York



Copyright © 1999 by begell house, inc., publishers. All rights reserved

Printed in the United States of America. Except as permitted under the
United States Copyright Act of 1976, no part of this publication may be
reproduced or distributed in any form or by any means, or stored in a
data base or retrieval system, without the prior written permission of
the publisher.

Library of Congress Cataloging-in-Publication Data

Termodinamika metalloorganicheskikh soedinenii: English.

Termochemical and thermodynamic properties of organometallic

compounds/ I. B. Rabinovich ... [et al.].
p- cm.

“English translation edited by Multiscope Enterprises, Inc., College
Station, Texas."

Includes bibliographical references.

ISBN 1-56700-124-6

1. Organometallic compounds--Thermal properties.
2. Thermodynamics. I. Rabinovich, Izrail' B. (Izrail' Beniaminovich),
1913- . I1. Title
QD411.7.T47T4713 1998
547'.050456--dc21 98-44458

CIP



CONTENTS

Preface vii
1 Principles of Chemical Thermodynamics 1
1.1 Introduction. The First Law of Thermodynamics and Thermochemical Calculations 1
1.1.1.  The Subject and Basic Concepts of Thermodynamics 1
1.1.2.  The First Law of Thermodynamics. Thermochemical Calculations 5
1.1.3.  Enthalpy of Chemical Reactions and Hess Law 7
1.14.  Calculation of Enthalpy of Chemical Reactions Based on Enthalpies of Formation of Reactants 9
1.2 Theory of Heat Capacity. Temperature Dependence of Enthalpy of Chemical Reactions 11
121 Heat Capacity 11
122 Quantum Theory of Heat Capacity of Monoatomic Solids by Einstein 13
123 Theory of Heat Capacity of Monoatomic Solids by Debye 16
124 Heat Capacity of Gases 19
125 Temperature Dependence of the Enthalpy of Chemical Reactions 20
1.3 The Second Law of Thermodynamics 22
1.3.1 The Entropy of a System as the Function of its Thermodynamic Probability (Boltzmann Formula) 23
132 Clausius Equation 23
133 Criteria for Proceeding and Equilibrium of Chemical Processes 24
1.4 Characteristic Functions and Basic Equations of Thermodynamics 28
141 Basic equations for Closed Systems 28
142  Temperature 30
143 Maxwell Relations 30
144 Fundamental Equations for Open Systems 31
1.5 Calculation of Entropy. The Third Law of Thermodynamics 34
1.5.1 Calculation of Entropy 34
1.52 The Third Law of Thermodynamics 35
1.6 Thermodynamic Equations Describing the Equilibria of Chemical Processes 39
References (Part One) 46
2 Thermochemical Properties of Organometallic Compounds 47
2.1 Introduction 47

2.2 Enthalpies of Formation of Transition Metal Organic Compounds 49



iv
CONTENTS

221 Metal Carbonyls 49

222 Cyclopentadienyl Compounds 52
223 Bis-arene Compounds 55
224 Organometallic Compounds Containing E-Alkyl; E-O-Alkyl; E-N-Alkyl 6-Bonds 56

2.3 Enthalpies of Formation of Organic Compounds of Non-transition Elements 59
23.1 Non-transition Element-Organic Compounds of the I-st Group 59

232 Non-transition Element-Organic Compounds of the II-nd Group . 60

233 The Ill-rd Group Non-transition Element-Organic Compounds 62

234 Element-Organic Compounds of the IV-th Group 67

235 Element-Organic Compounds of the V-th Group 73

23.6 Element-Organic Compounds of the VI-th Group 76

24 Average Enthalpies of the Breakage of Chemical Bonds Formed by Metals in Organic Compounds 77
References (Part Two) 94

3 Thermodynamic Properties of Organometallic Compounds 101
3.1 Introduction 101
3.2 Metal Carbonyls 102
321 Chromium Hexacarbonyl 102
322 Molybdenum Hexacarbonyl 104
323 Tungsten Hexacarbonyl 106
324 Manganese Carbonyls, Mny(CO);0 and Mn(CO)s 107
325 Dirhenium Decacarbonyl v 109
326 Iron Carbonyls 111
327 Carbonyls of Ruthenium and Osmium 113
328 Dicobaltoctacarbonyl 115
329 Nickel Tetracarbonyl 116

3.3 Mixed Carbonyl Compounds 118
33.1 Benzenechromiumtricarbonyl 118
3.32 Thiophenchromiumtricarbonyl 118
333 Selenophen- and Tellurophen-chromiumtricarbonyls 118
334 Pyrrolmanganesetricarbonyl 119
3.35 Pentacarbonylmanganesehalogenides 119
3.3.6 Pentacarbonyltechnetiumhalogenides 120
3.3.7 Pentacarbonylrheniumhalogenides 121
3.3.8 Tricarbonylnitrosylcobalt 121

3.4 Cyclopentadienyl Compounds 122
34.1 Dicyclopentadienylmagnesium 122
342 Dicyclopentadienylvanadium 122
343 Dicyclopentadienylchromium 124
344 Dicyclopentadienylmanganese 126
345 Dicyclopentadienyliron 127
346 Dicyclopentadienylruthenium 132
347 Dicyclopentadienylcobalt 133
348 Dicyclopentadienylnickel 134
349 Tricyclopentadienylyttrium 136

3.5 Mixed Cyclopentadienyl Compounds 136
3.5.1 Dicyclopentadienyltitaniumbenzoate 136
352 Dicyclopentadienyltitaniumdiferrocenyl 138
353 Dicyclopentadienyltitaniumdichloride 138
354 Dicyclopentadienylzirconiumdichloride 139
3.5.5 Dicyclopentadienylhafniumdichloride 140

3.5.6 Tris-(cyclopentadienyl )disulphide 141



CONTENTS

3.6

3.7
38

Bis-Arene-Metal Compounds

3.6.1 Ethylbenzene-o-diethylbenzene-vanadium
3.6.2 Bis-Benzene Compounds of Vanadium, Chromium, Molybdenum and Tungsten
3.6.3 Bis-benzene-chromium
3.64 Bis-ethylbenzene-chromium, Bis-isopropylbenzene-chromium, Bis-arene-chromium-halogenides
Copper and Silver Acetylenides
Alkyl-Element Compounds

38.1 Dimethylzinc

382 Diethylzinc

383 Dimethylcadmium

3.84 Dimethylmercury

385 Diethylmercury

3.8.6 Trimethylaluminum
3.8.7 Triethylaluminum

388 Tripropylaluminum
3.89 Diisobutylaluminum
38.10  Trimethylgallium

3.8.11 Trimethylindium

3.8.12  Triethylindium

3.8.13  Tetramethylsilane
38.14 Tetraethylsilane

3.8.15 Tetramethylgermanium
38.16  Tetraethylgermanium
3.8.17  Tetra-n-butylgermanium
3.8.18  Tetramethyltin

3.8.19  Tetraethyltin

3.820  Tetra-n-pentyltin

3.8.21 Tetramethyllead

3.822  Tetraethyllead

3.823  Trimethylarsine

3.824  Triethylarsine

3.825  Triethylantimony

3826  Triethylbismuth

3.8.27  Dimethylselenium
3.828  Dimethylselenium
3.829  Dipentyltellurium
References (Part Three)

Subject Index

142
142
142
143
144
147
149
149
151
151
152
153
153
155
156
157
157
158
158
159
160
161
162
163
163
164
165
166
166
168
169
169
170
171
172
174
174

179






PREFACE

In the world chemical literature, any up-to-date monograph on the thermodynamics of
organometallic compounds is absent which reviews the theory, the experimental methods and all results
on the thermodynamics and thermochemistry of organometallic compounds. Their thermodynamic
properties and functions are significant to design the most efficient modern processes of industrial
application of organometallic compounds in various fields of technics such as electronics, machine-
building, chemical, gas and oil industries and others. Moreover, these fundamental data are useful for
understanding the problems of stability and instability of organometallic compounds and their reactivity in
various processes.

The authors of the presented monograph are the representatives of Nizhny Novgorod chemical
thermodynantics school founded by Professor 1. B. Rabinovich and well known in the chemistry world.
Many experimental and theoretical studies in the field of chemical thermodynamics of organometallic
compounds of transition and nontransition metals were carried out under the supervision of Professor 1. B.
Rabinovich. The data obtained as the result of those studies are extremely accurate and the most reliable.
This school has many scientific contacts with the leading chemists in the world thermodynamics. The
monograph presented is a useful handbook for foundations of thermodynamics and the experimental data
on thermodynamics and thermochemistry of organometallic compounds.

The monograph contains three parts. Part 1 consists of description of the principles of chemical
thermodynamics. It contains six chapters covering major topics of chemical thermodynamics (the
fundamental laws of thermodynamics, the theory of heat capacity, definitions of enthalpy and entropy and
their calculation, the fundamental equations for closed and open systems, criteria for the proceeding and
the equilibrium of chemical processes). Part 1 written by Prof. 1. B. Rabinovich may be used as a short but
excellent complete manual on the theory of chemical thermodynamics and thermochemistry for chemists.
This part precedes the following parts containing experimental data since the principles of chemical
thermodynamics constitute the basis for both the experimental and calculation methods used to obtain all
the original data of this monograph. This basis also serves for developing the evaluation methods of
optimal conditions of various chemical processes with participation of the organometallic compounds used
in catalysis, material science (MOCVD), plasma- and laser-chemistry.

Part 2 is devoted to the thermochemical properties of organometallic compounds. The enthalpies
of formation of organic compounds of transition and nontransition metals as well as the average
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enthalpies of breaking the metal - organic ligand chemical bonds are evaluated and discussed. This part
contains the standard enthalpy values for 630 organometallic compounds. These compounds include
metals of almost all groups of the Periodic Table of elements. The chapters of this part are subdivided into
sections devoted to the similar types of compounds with the same ligands. The average values of breaking
enthalpies of 260 metal - ligand bonds are listed and discussed. Their dependencies on the metal and
ligand nature are demonstrated in tabular and graphic forms.

Part 3 deals with the thermodynamical properties of organometallic compounds. It consists of
descriptions of experiment conditions on determining the thermodynamic data of substances studied.
Many tables and plots of experimental data show temperature dependencies of heat capacities of
substances. The values of the heat capacity, entropy, enthalpy and Gibbs functions in a wide temperature
range as well as the standard enthalpies and Gibbs functions of formation for 90 organometallic
compounds are tabulated. All the data presented have been verified by authors on the basis of many
publications of various authors and as well as the data obtained in the authors laboratory. They are
consistent with each other. This part is divided into chapters according to the types of organometallic
compounds reviewed.

The monograph collects the experimental data on thermodynamics and thermochemistry of all
the organometallic compounds studied by Russian and foreign authors during many years up to the
present time. All the data are critically considered and the most reliable ones are chosen as a basis. These
thermodynamic and thermochemical data have a fundamental character. They may be used independently
of their origin time. Because of this, the monograph is of a great value for many potential users.

This monograph can serve as a handbook and simultancously as manual to thermodynamics and
thermochemistry of organometallic compounds for chemist-researchers and technologists. It may also be
recommended as an educational textbook and methodic manual to chemical thermodynamics for students,
post-graduate students and post-doctoral students as well as for scientific workers. It will be interesting to
students and specialists in the field of organic, inorganic, organometallic and coordination chemistry,
physical chemistry and chemical physics as well as scholars in the material science field.

Prof. Georgy A. Domrachev
Corresponding Member of the Russian Academy of Sciences,
Doctor of Chemistry

May 8, 1998

G.A Razuvaev-Institute of Organometallic Chemistry, Russia



PART

ONE

PRINCIPLES OF CHEMICAL THERMODYNAMICS

1.1 INTRODUCTION. THE FIRST LAW OF THERMODYNAMICS
AND THERMOCHEMICAL CALCULATIONS

1.1.1. The Subject and Basic Concepts of Thermodynamics

For many years scientists searched for the laws determining the conditions, directions and results
of spontaneous processes in Nature for both research and practical purposes. Quite a number of hypothesis
proved to be inconsistent when experimental data were accumulated. Nevertheless, such laws were finally
discovered in nineteenth - the beginning of twentieth centuries. The First Law of thermodynamics is
concerned with energy properties of systems. It corresponds to the law of conservation of energy which
had been foreseen long before it was substantiated in experiments. This was established by Mayer, Joule
and Helmbholtz in the 1840s. :

The Second Law of thermodynamics is the law showing the direction of spontaneous processes in
Nature. This law was established by Clausius and Thomson on the basis of the analysis of Carnot’s work
of heat machines.

The Third Law of thermodynamics that was discovered by Nernst (1906) and Plank (1911) is
concerned with thermodynamic properties of substances at the temperature of absolute zero. These three
laws of thermodynamics (especially the First and the Second ones) to be considered in detail below, are
general laws of Nature that integrate and generalize vast human experience.

On the basis of these laws Gibbs , Helmholtz, Vant-Goff and other scientists deduced a
harmonious theory to describe the physical and chemical processes under given conditions and
equilibrium phase and chemical composition of systems as a final results. This theory operates with
differential equations and other various relations between temperature, pressure, volume, concentration
and some of their functions, which are also the properties of reacting systems. This is the main subject of
thermodynamics. The principal theoretical technique of thermodynamics is the method of characteristic
functions (or the method of thermodynamic potentials) that is a powerful tool for investigation of physical
and chemical systems as well as of their properties and various transformations. In spite of the absence of
equations for liquid and solid states, which strongly complicates integration of differential equations of
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thermodynamics, the use of appropriate empirical relations and wide application of calorimetry enabled
researchers to accumulate rich quantitative material about thermodynamic properties of substances.

Basic Concepts of Thermodynamics.

A thermodynamic system is a macroscopic body or an ensemble of bodies capable of exchanging
energy and/or substance with surroundings and/or with each other. Such a system consists of a great
number of microparticles, consequently the laws and methods of statistical physics can be applied to its
investigation. Thermodynamic methods do not require knowledge about separate particle properties or any
assumptions concerning structure of the body investigated. On the other hand the thermodynamic laws are
not applicable to microscopic bodies and give no information about microparticles.

A homogeneous system is a system which has identical properties at its every point in
macroscopic sense, or these properties change continuously in the transition from one point to another,
i.e., there is no region where these properties are discontinuous or change sharply. Such a homogeneous
system is referred to as “phase”.

A heterogeneous system contains more than one phase, with the properties changing sharply at
boundaries of phase.

An isolated system is a system whose parts may exchange energy and substance, but such an
exchange is excluded with surroundings (i.c., the system is inside a medium with tight, incompressible,
adiabatic' walls). Constant volume and internal energy are the principal characteristics of this system.

A closed system is the system which is capable of exchanging energy but not substance with
surroundings. Both energy and substance exchange between its components is possible inside this system.

An open system is capable of exchanging energy and substance both between its components and
with surroundings. :

Thermodynamic properties of a system are the properties that depend only on temperature,
pressure”, volume, and its quantitative chemical compositions. The thermodynamic properties dependent
on quantity of substance are referred to as extensive properties (for example, volume of the system, its
internal energy). These properties are additive.

The properties that do not depend on the quantity of substance are defined as intensive properties
(for example, temperature, pressure, concentrations of components, heat capacity).

Thermodynamic state of a system is determined by quantitative values of all its thermodynamic
properties.

If we change only one of these properties, we change the thermodynamic state of this system, it
passes from one state to another and we say that we have the thermodynamic process.

Energy is a general measure of motion and interaction of material objects. In accordance with
various types of motion and interaction we distinguish various kinds of energy. In particular, chemical
energy is the energy of atoms’ interactions in molecules, radicals, ions, and atomic crystals, i.e., it is the
energy of chemical bonds.

Van der Waals energy is the energy of isotropic interaction of molecules which are not bound.

Mechanical energy is the energy of movement and gravitational interaction of macroscopic
bodies.

Energy of directed electron and ion motion is defined as electric current energy.

However, all kinds of energy are essentially unified and interconvertable.

Heat (q) and work (4) have dimension of energy (/) and represent two forms of energy
conversion from one system to another:

1) by thermal conductivity (and simultaneously by radiation) as a result of chaotic molecular collisions in
adjoining bodies; in such cases we speak about heat conversion;

! Adiabatic (or adiathermal) walls are the walls which prevent any thermal interaction with surroundings
% Pressure describes interaction of the system with environment. It is determined by a force applied to the
surface area unit perpendicular to it.
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2) by directed motion of macroscopic bodies or ensemble of particles (compression or expansion of gas,
various actions of electrical currents passing through the system or formed in it); in these cases the energy
is converted by the work done on the system.

One should distinguish the work of expansion of the system (when it is heated or under chemical
reaction leading to an increase of the total mole number of gases) and the “so-called” useful work
expended on producing some useful actions (in the case of chemical reactions this is the work of an
electric current).

Thus, the heat and work are not the properties of a thermodynamic system. They are the
characteristics of a thermodynamic process.

The amount of heat and work depends on a path of the transition of the system from one state to
another. (The process may be reversible or irreversible and may take place under constant pressure or
constant volume.)

Heat and work of a very small action on the system are expressed through &g and &4,
respectively, because they are not differentials but very small quantities.

Thermodynamic equilibrium is the state of closed or open systems which do not change in time
until external conditions (contact of the system with surroundings, temperature, pressure) begin to change.

With a time any isolated system always reaches a state of thermodynamic equilibrium and can
not depart from it spontaneously. This is one of the main postulates of thermodynamics.

Thermodynamic equilibrium includes three kinds of equilibrium:

1) mechanical equilibrium, requiring an identical pressure in the entire volume of the system;
2) thermal equilibrium, demanding an identical temperature in the entire volume of the system; and
3) chemical equilibrium requiring constant compositions and masses of all substances in the system.

The Zeroth Law of thermodynamics is concerned with the properties of the system in thermal
equilibrium. The statement of the law is as follows: “If system 1 is separately in thermal equilibrium with
system 2 and system 3, then systems 2 and 3 must also be in thermal equilibrium with each other”. The
concept of empirical temperature (7)' follows directly from this law. If we have equalities 7; = T, and 7; =
T’; we know that 7, = T;. This is the main criterion of thermal equilibrium - the equality of temperatures of
the contacting systems. The general conditions for thermodynamic equilibrium as functions of the state of
the system will be presented below.

If the system passes through a continuous series of equilibrium states, it is said that we have the
thermodynamic equilibrium process.

During this process a deviation of the system from mechanical, thermal and chemical
equilibrium should be infinitely small. Hence, such process should be extremely slow.

Thermodynamically reversible process is the equilibrium process, admitting a possibility for the
system to return to its initial state without changes in its surroundings. The process, which does not allow
for such a possibility is said to be a thermodynamic irreversible process.

Thermodynamic equilibrium and, especially, thermodynamic reversibility are theoretical models
of high importance. Many processes are described very well with these models. In some other cases,
theory of equilibrium and reversible processes facilitates investigation of real systems.

In particular, processes proceeding in a system which is in the state of chemical equilibrium are
almoust reversible. This is extremely important, because the laws and methods of equilibrium
thermodynamics and reversible processes are valid for their investigations. Classical thermodynamics
considers only equilibrium systems. Consequently, the terms “thermodynamic system” and
“thermodynamic property” concern equilibrium systems.

Thermodynamics considers spontaneous or initiated processes for which both the initial and final
states are thermodynamic equilibrium states. But the intermediate states should not necessarily be
equilibrium ones. :

If thermodynamic calculations show that the system is in equilibrium relative to the processes of
interest but, at the same time, another process occurs in it, then, given infinitesimal velocity of the latter,

! Thermodynamic definition of temperature and corresponding interpretation are given in sections 1.4.1
and 1.4.2.
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we can assume the system to be near to equilibrium. Consequently, the laws and equations describing
thermodynamic equilibrium are applicable to it.

For example, gaseous mixture of hydrogen and oxygen in any ratio at room temperature and
atmospheric pressure can be regarded to be nearly equilibrium, if the formation of water under these
conditions without catalyst proceeds with infinitesimal velocity.

Thermodynamic Parameters and Functions of the System

The properties of the system are interconnected, because all of them are determined by nature of
the system.

The minimal number of the properties chosen as independent variables, which are necessary and
sufficient for the description of all other properties, are referred to as thermodynamic parameters of the
system. All other properties of the system are called the functions.

Temperature, pressure, volume, entropy' and mole number or molar ratio of components (in the
case of solution) are usual parameters of the system.

If a thermodynamic function is defined uniquely by thermodynamic parameters of the system,
then it is said to be a function of state.

Mathematically it means that the differential of the function of state is a total differential. For
example, in the case of only two parameters of state (x and y, ideal gas) for any function of state Z the

equation (1.1) is true:
dz =(£j + (%) dy 1.1
ax )Y ay) < '

The linear integral of such a function over any closed curve is equal to zero, §dZ =0. Hence, the change

of the function of state in any process does not depend on its path and is defined only by the initial and
final states of the system.

One of such functions is the internal energy of the system (U). It is the total energy of different
kinds of motion and interaction of all types of particles in the system. The energy of motion of the system
and its macroscopic bodies as a whole, as well as their potential energy in a force field are not included to
the internal energy.

Motion energy of all kinds of particles (kinetic energy) is the positive part of internal energy, and
energy of all kinds of particles interactions (potential energy) is a negative quantity in internal energy. It
means that the internal energy of system is increased (system adsorbs energy) by increasing of motion
energy of particles (an increase of amplitude of atoms’ and molecules’ vibrations, a growth of velocity of
molecule translation , an increasing of electron level excitation and others), and it is decreased (system
gives energy back) by the increasing of energy of interaction (a formation of chemical bonds, an increase
of intermolecular interactions, in particular, condensation of vapor or crystallization of liquid).

Usually, the thermodynamic processes are carried out at the constancy of certain parameters of
system, that is reflected in their terms:

Isothermal process occurs at constant temperature, 7 = const.

Isobaric process - at constant pressure - p = const.

Isohoric process - at the constant volume of system, J'= const.

Isoentropic process occurs at the constant entropy of system, S = const.

Adiabatic process is process with absence of heat exchange between system and surroundings, g = 0.
Isobaric-isothermal - process occurs at p = const, 7 = const.

Isohoric-isothermal - at V,T = const.

Isobaric-isoentropic - at p,S = const.

Isohoric-isoentropic - at V,.S = const.

! Thermodynamic function (parameter) entropy (S) will be introduced and defined in section 1.3.
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Thermodynamic Terms and Designations

In thermodynamics any change of function of state and parameters during a process are
expressed as a difference of their values after (state 2) and before (state 1) the process takes a place. So,
for example, change of the internal energy of system, its temperature, and volume are expressed
accordingly:

AU= U2—- U AT =Ty~ T1; AV =V 17.
Consequently, if the internal energy of system is increased during the process, then AU <0, efc.

If the system gives energy back in the form of heat (g), then g is a negative value. If the system
gets energy in the form of heat, then ¢ is a positive amount. However, if the system makes a work (4)
against the external force by using internal energy, which may be compensated by heat adsorption (it
occurs, for example, at expansion of gas in thermostat), then the value 4 is considered to be positive. If the
external force makes a work on the system (it transfers the energy to the system in the form of a work),
then 4 is a negative value. By the other words, the change of internal energy of system AU during the
process, and the change of its energy in the forms of heat (¢) and work (4), are referred to as energy, heat
and work of this process.

In thermodynamics the designations of parameters concerning to functions are written down near
the last ones. So, temperature is written in round brackets near the function, and pressure - as the
superscripted index to the right of it. If the function of its change are related to pure compound, then the
formula of this compound is following the brackets with temperature. The phase state of compound at the
given T and p is shown in brackets following its chemical formula as the subscripted index. After the
symbol “A“ there is the designation of process as the subscripted index. For example, Ao H (298)NH;(g)
- means the value of the enthalpy of solution of gaseous ammonia at the pressure 1 atm. = 101.325 kPa
and temperature 298K (“°“ means standard thermodynamic pressure; “soln” is related to the process of

€6 9

solution; “g” means gaseous state).

1.1.2. The First Law of Thermodynamics. Thermochemical Calculations.

As early as 1755, the French Academy of Sciences, having considered on abundance of projects
on perpetual motion machine (Perpetuum Mobile) all of which proved to be unsound, announced that
projects of a machine performing work without expending energy on it would no longer be considered.
But almost 100 years later it was proved rigorously, that such a machine is unrealistic.

In 1842-1855, Mayer, Joule and Helmholtz on the basis of their experimental results discovered
the principle of quantitative equivalence of heat and work. In the middle of the nineteenth century the law
of conservation of energy was formulated: “The internal energy of an isolated system is constant. Under
various processes, the energy passing from one system to another, can convert from one kind to another,
but in strictly equivalent amounts”.

Before the international system of measures was introduced into practice (SI, 1960) the energy of
an electric current had been measured in “Joules” (J), the energy transferred in the form of heat, in
calories (cal), and the energy converted to mechanical work was measured in kilogram{force}meters
(kg{f}-m). Joule (1842) found a mechanical equivalent of heat - the amount of work equivalent to a unit of
heat. Its refined modern value is:

1 cal = 0.4268 kg{f}-m.
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of pure substances, calculation of enthalpies of substances, and also calculation of entropy and Gibbs
function, except for their values at 0K, by temperature dependence of heat capacity [18, 20, 21].
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