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CHAPTER 2. MOLECULAR PHYSICS AND 

THERMODYNAMICS 

Molecular physics. Basic concepts. Basics of kinetic theory of gases 

 

While studying the 

section "mechanics" we 

considered the body 

models in the form of 

material points, or 

absolutely solids. We 

were not interested in 

the structure of bodies 

and the interaction of 

molecules among 

themselves. 

Molecular physics is a section that studies physical 

properties and aggregation states of substances 

depending on their molecular structure and the forces of 

interaction between molecules.  

1. All bodies consist of small particles - molecules or 

atoms. 

2. Atoms and molecules in the bodies are in a 

continuous chaotic motion. 

3. Between atoms and molecules there are forces of 

attraction and repulsion. 

It is based on three major provisions of the molecular-kinetic 

theory: 



The simplest kinetic model is based on the assumptions that: 

(1) the gas is composed of a large number of identical molecules moving in random directions, 

separated by distances that are large in comparison with their size;  

(2) the molecules undergo perfectly elastic collisions (no energy loss) with each other and with 

the walls of the container, but otherwise they do not interact;  

(3) the transfer of kinetic energy between molecules is heat.  

The nature of interatomic interaction is 

electromagnetic and is related to the presence of 

charged moving particles in atoms.  

The forces of interaction of molecules are called 

molecular forces.  

At great distances, these are the forces of 

attraction, and the small ones are the forces of 

repulsion (Fig. ).  

Fr is the resulting force, F1r is a repulsion, F2r is the 

attraction force. 



Kinetic model describes a perfect gas and is 

a reasonable approximation to a real gas, 

particularly in the limit of extreme dilution 

and high temperature. Such a simplified 

description, however, is not sufficiently 

precise to account for the behaviour of 

gases at high densities. 

Based on the kinetic theory, pressure on the 

container walls can be quantitatively 

attributed to random collisions of molecules 

the average energy of which depends upon 

the gas temperature. The gas pressure can 

therefore be related directly to temperature 

and density. Many other gross properties of 

the gas can be derived, such as viscosity, 

thermal and electrical 

conduction, diffusion, heat capacity, and 

mobility. In order to explain observed 

deviations from perfect gas behaviour, such 

as condensation, the assumptions must be 

appropriately modified. 

Diffusion, process resulting from random 

motion of molecules by which there is a net 

flow of matter from a region of high 

concentration to a region of low 

concentration. A familiar example is the 

perfume of a flower that quickly permeates 

the still air of a room. 

Heat capacity, ratio of heat absorbed by a material to the temperature change. It is usually 

expressed as calories per degree in terms of the actual amount of material being considered, 

most commonly a mole (the molecular weight in grams). The heat capacity in calories per 

gram is called specific heat. The definition of the calorie is based on the specific heat of 

water, defined as one calorie per degree Celsius. 



Characteristics of molecules 
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Modern methods allow accurately determine the mass of molecules and atoms. 

For example, the mass of the hydrogen atom is 1,673 × 10-27 kg, the Carbon atom 

is 1,994 × 10-26 kg, the oxygen molecule is 5,310 × 10-26 kg, and etc. Such numbers 

are inconvenient, therefore, in molecular physics and chemistry, the relative 

atomic mass units are used. 

The atomic mass, also referred to as the relative atomic mass, is the ratio of the 

average mass of a chemical element's atom to some standard.  

Since 1961, the standard unit of atomic mass has been one-twelfth the atomic 

mass of the isotope carbon-12. An isotope is one of two or more species of atoms 

of the same chemical element that has different atomic mass numbers (protons + 

neutrons). The atomic weight of the helium is 4.002602, which reflects the typical 

ratio of natural abundances of its isotopes. (You can find all of r.a.m in Periodic 

table) 

The mass of the molecule (atomic), expressed in r.a.m., is called the relative molecular 

(atomic) mass - Mr.  

Nuclear and molecular masses for most substances are close to integers and in 

practical calculations are rounded off. 

https://en.wikipedia.org/wiki/Periodic_table_(large_cells)
https://en.wikipedia.org/wiki/Periodic_table_(large_cells)
https://en.wikipedia.org/wiki/Periodic_table_(large_cells)


Molecular concentration is the number of molecules of a particular component per unit 

volume. Since the number of molecules in a litre or even a cubic centimetre is 

enormous, it has become common practice to use what are called molar, rather than 

molecular, quantities. A mole is the gram-molecular weight of a substance and, 

therefore, also A ogadro’s u er of ole ules 6.  × 1023). It is usually designated by 

the letter M. 
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A ogadro’s number, number of units in one mole of any substance. The units may 

be electrons, atoms, ions, or molecules, depending on the nature of the substance and the 

character of the reaction (if any). 

NA = 6,02·1023  

M = m0NA ,m0 - mass of one atom (molecule) 

A ogadro’s la , a statement that under the same conditions of temperature and pressure, 

equal volumes of different gases contain an equal number of molecules. This empirical relation 

can be derived from the kinetic theory of gases under the assumption of a perfect (ideal) gas. 

The law is approximately valid for real gases at sufficiently low pressures and high temperatures. 



Between the molar mass of the substance M and the relative weight 

of its molecules, Mr, there is a simple numerical relation: 

M [kg/mol] = 10-3·M
r   о  M [kg/kmol] = M

r
. 

The a ou t of su sta e ν is expressed in terms of the number of particles of N or, due to the 

mass of the obvious relation: 

The idea of the size of atoms and molecules can be obtained from such simple 

considerations.  

Water (H2O) weighing 1 g, which is 1/18 moles (M = 18 g / mol), takes V = 1 sm3 and 

o tai s N ≈ 3·1022  molecules.  

Consequently, one molecule has the volume V0 = V/N ≈ · -26 m3 .  

Since in the liquids the molecules are placed close to each other, the transverse size of the 

molecule can be estimated as 
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https://www.britannica.com/science/gas-state-of-matter


Perfect (ideal) gas 

Perfect gas, also called ideal gas, is a gas that conforms to, in a physical 

behavior, to a particular, idealized relationship between pressure, 

volume, and temperature called general gas law.  

For the ideal gases, Avogadro's law is fair. 

One mole of an arbitrary substance contains the Avogadro number of 

NА = 6,023×1023 mol-1. On the basis of Avogadro's law, one mole of ideal 

gas under normal conditions (pressure Ро =760mm of mercury = 

1,015×105 Pa; temperature То = 7 , 5 К) occupies the same volume 

V =22,4×10-3 m3/mol. 

Dalton's law (also called Dalton's law of partial pressures) states that in 

a mixture of non-reacting gases, the total pressure exerted is equal to 

the sum of the partial pressures of the individual gases 

Р = Р1 + Р2 + ... + Рn  



Thermal equilibrium and temperature 

The substance molecules are always in a state of chaotic motion 

The concept of temperature has evolved from the common concepts of hot and cold. The 

scientific definition of temperature explains more than our senses of hot and cold. As you may 

have already learned, many physical quantities are defined solely in terms of how they are 

observed or measured, that is, they are defined operationally. The temperature is operationally 

defined as the quantity of what we measure with a thermometer. As we will see in detail in a 

later chapter on the kinetic theory of gases, the temperature is proportional to the average 

kinetic energy of translation, a fact that provides a more physical definition. Differences in 

temperature maintain the transfer of heat or heat transfer throughout the universe. Heat 

transfer is the movement of energy from one place or material to another as a result of a 

difference in temperature.  

There are two ways to look at temperature:  

(1) the small scale action of individual air molecules;  

(2) the large-scale action of the gas as a whole. 

The two scales differ only in the choice of the zero point. Therefore, the 

ice-point temperature on the Kelvin scale, 273.15 K, corresponds to 0.008C, and the 

Kelvin-scale steam point, 373.15 K, is equivalent to 100.008C. 



Thermal Equilibrium 

An important concept related to temperature is thermal equilibrium. Two objects are in thermal 

equilibrium if they are in close contact that allows either to gain energy from the other, but 

nevertheless, no net energy is transferred between them. Even when not in contact, they are in 

thermal equilibrium if, when they are placed in contact, no net energy is transferred between 

them. If two objects remain in contact for a long time, they typically come to equilibrium. In 

other words, two objects in thermal equilibrium do not exchange energy. 

Zeroth law of thermodynamics 

If objects A and B are separately in thermal equilibrium with a third 

object C, then A and B are in thermal equilibrium with each other. 

Thermodynamics, science of the relationship between heat, work, temperature, 

and energy. In broad terms, thermodynamics deals with the transfer of energy from 

one place to another and from one form to another. The key concept is that heat is a 

form of energy corresponding to a definite amount of mechanical work. 



Now suppose an ideal gas is confined to a cylindrical container whose 

volume can be varied by means of a movable piston as in Figure. If we 

assume the cylinder does not leak, the mass (or the number of moles) 

of the gas remains constant. For such a system, experiments provide 

the following information: 

• Whe  the gas is kept at a o sta t te perature, its pressure is 
inversely proportional 

to the olu e. This eha ior is des ri ed histori ally as Boyle’s la .  

• Whe  the pressure of the gas is kept o sta t, the olu e is dire tly 
proportional to the temperature. (This behavior is described historically 

as Charles’s la .  

• When the volume of the gas is kept constant, the pressure is directly 

proportional to the temperature. (This behavior is described historically 

as Gay–Lussa ’s law.) 

These observations are summarized by the equation of state for an ideal gas: 

PV = ν RT 

R is called the universal gas constant R = 8.314 J/mol K 



The ideal gas law is often expressed in terms of the total number of molecules N. 

where kB is Boltz a ’s o sta t, hi h has the alue 

The temperature is associated with the chaotic motion of molecules so that the body with a 

higher temperature has a greater average kinetic energy of the molecules. In molecular-kinetic 

theory, it is proved that this connection is universal and is expressed by the formula: 

Where       - the average kinetic energy of translational thermal motion of one molecule, k - a 

universal constant, called Boltzmann's constant, T - absolute temperature. This ratio reveals the 

content of absolute zero temperature: 

T = 0 K - the temperature is absolute zero, at which stops the thermal motion of particles of 

matter. 



Degrees of freedom of the molecule 

The number of degrees of freedom of a mechanical system is the number of independent 

quantities by which the position of the system can be set. 

A monatomic gas has three translational 

degrees of freedom i = 3, since three 

coordinates (x, y, z) are sufficient to 

describe the position of such a gas in 

space. 

Rigid connection is called a relationship 

in which the distance between atoms is 

not changed. 

Diatomic molecules with a rigid 

connection (N2, O2, H2) have 3 

translational degrees of freedom and 2 

rotational degrees of freedom:  

i = itr + irot = 3 + 2 = 5. 

Translational degrees of freedom associated with the movement of the molecule as a whole 

in space, rotational - to turn the molecule as a whole. 



A triatomic molecule with a rigid bond has 6 degrees of freedom i=itr +irot=3 + 3=6 

If the connection between the atoms is not hard, then added the vibrational degrees of 

freedom. For a nonlinear molecule ivib = 3N - 6, where N is the number of atoms in the 

molecule. 

SO!!! The average kinetic energy of molecule 



Gases can be studied by considering the small scale action of the individual. We can directly 

measure, or sense, the scale of action of the gas. But to study the action of the molecules, 

we must use a theoretical model. The model, called the kinetic theory of gases, assumes 

that the molecules are very small relative to the distance between molecules. The molecules 

are in constant, random motion and often collide with each other and with the walls of any 

container. 

For KTG, the gas pressure on the walls of the vessel is due 

to absolutely elastic impacts of the molecules. Each 

molecule transmits a linear momentum to the wall, and 

therefore acts on the wall with a certain force. Since the 

motion of molecules is chaotic, it can be argued that 

molecules are equally likely to move in all directions, hence 

the projections of velocity on any axis are the same 

vx=vy=vz 

The velocity of any molecule can be expressed as follows: 



The pressure on all the walls of the vessel will be the same, however, due to the chaotic 

motion of gas molecules (Pascal's law). 

Then for N molecules pressure on the wall: 

n = concentration of gas molecules (number of molecules per unit volume) 

- the average kinetic energy of the translational motion of one molecule of gas 

So, 

The basic equation of KTG 

 

 

Equation of the state of the system 



Mendeleev-Clapeyron equation 

p - pressure 

V - bulk (volume) 

T - temperature  

ν - amount of substance  

R - ideal gas constant 

PV = ν RT= 

combined gas law 

constm 

An isobaric process occurs at constant pressure. An example would be to have a movable piston 

in a cylinder, so that the pressure inside the cylinder is always at atmospheric pressure, although 

it is separated from the atmosphere. In other words, the system is dynamically connected by a 

movable boundary to a constant-pressure reservoir. 

 

An isochoric process is the one in which the volume is kept constant, with the result that the 

mechanical PV work done by the system will be null. On the other hand, work can be done 

isochorically on the system, for example by a shaft that drives a rotary paddle located inside the 

system.  



An isothermal process occurs at a constant temperature. An example would be a closed 

system immersed in and thermally connected with a large constant-temperature bath. Energy 

gained by the system, through work done on it, is lost to the bath, so that its temperature 

remains constant. 

 

An adiabatic process is a process in which there is no matter or heat transfer, because a 

thermally insulating wall separates the system from its surroundings. For the process to be 

natural, either (a) work must be done on the system at a finite rate, so that the internal energy 

of the system increases; the entropy of the system increases even though it is thermally 

insulated; or (b) the system must do work on the surroundings, which then suffer increase of 

entropy, as well as gaining energy from the system. 

 

An isentropic process is customarily defined as an idealized quasi-static reversible adiabatic 

process, of transfer of energy as work. Otherwise, for a constant-entropy process, if work is 

done irreversibly, heat transfer is necessary, so that the process is not adiabatic, and an 

accurate artificial control mechanism is necessary; such is therefore not an ordinary natural 

thermodynamic process. 




