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Block - 1

ATOMIC STRUCTURE

Matter is made up of tiny particles called molecules. The simplest part of a
substance is atom. Molecules have independent existence while atoms may or may not
have independent existence. Molecules may be monoatomic {ex: sodium, potassium,
calcium etc.), diatomic (O,, H,, N,, Cl, etc) or polyatomic (CO,, SO,, NH, etc). All
elementary gases are diatomic in nature except inert gases (te, Ne, Ar, K1, Xe, Rn).
Atoms of the same'element are similar while atoms of different elements are dissimilar.
Atoms combine in a simple whole number ratio to form compounds.

Atoms are indivisible during chemical reactions. But under-special experimental
conditions they divide into three main particles called subatomic particles viz; electron,
proton and neutron. The discovery of these, their properties and arrangement in an atom
are discussed in this Block.
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AIMS AND OBJECTIVES

The purpose of this unit is 10 describe about the model of the atom developed by Rutherford for the

structure of the atom. By the end of this unit you will be able 1o understand that

® An atom is made up of the fundamental particles - electron, proton and neutron.

® The number of particles of each type in an atom depends on-atomic number and atomic mass of
the atom.

o Every atom has a specific arrangement of the fundamental particles in it.

® -ray scattering experiment of Rutherford.

® The concept of nucleus and the arrangement of electrons around the nucleus.

® The inadequacy of the model (o explain some important experimental facts,

® The need for a new look at the atomic model suggested by Rutherford.

1.2 INTRODUCTION

L What are the fundamental particles called subatomic particles?

2. How many particles of each type are present in an atom?

3. How are they arranged in an atom?
The answers to the above questions are the basis for the earlier views on the modern structurc of

the atom. '

1.3 DISCOVERY OF ELECTRON, PROTON AND NEUTRON

A gasatlow pressure was confined in a discharge tube and subjected to a high potential. As a result
of this, cathode rays are produced and these travel away from the cathode at right angles to it. The cathode
rays are invisible to the naked eye but cause fluorescence when they impinge on a glass surface, They cast



sharp shadows of opaque objects, rotate a paddle wheel kept in their path and are deflected by magnetic

and electric ficlds. These indicate that cathode rays are made up of negatively charged material particles_
travelling in straight lines. J.J. Thomson produced cathode rays by taking different gases or vapours in

the discharge tube and found that the charge to mass (e/m) ratio of the cathode ray particle remains the same

for all these substances. Thus the fundamental particle constituting the cathode raysis found to be universal

constitaent of all forms of matter and it is named efectron. It has an electric charge equal t0 -1 and mass

equal to 1/1840 amu (negligible mass).

The discovery of electron as a subatomic particle led for the search of its counterpart positive
particle since atom is neutral. The positive rays (stream of positive particles) are later identified in the
discharge tube experiment using a perfect cathode. It was established that the charge to mass ratio (e/n)
of a positive ray particle is not constant for different substances. ‘The lightest positive ray particle is
obtained when hydrogen gas (the lightest atoms) was used in the discharge tube. This is named ‘proton
and the electric charge on the proton is found equal o +1 and-mass equal to I amu.

The assumption that an atom is made up of an equal number of electrons and protons only was not
in agreement with certain known facts. So Rutherford proposed in'1920 that there must exist another
fundamental particle with charge zero and mass 1 amu. In 1932 Chadwick obtained a stream of neutral
particles by bombarding light elements like boron or beryllium with a-rays. The particle carried a mass
- of 1 amu. This pariicle is called neutron.

Check your progress - 1

How do you establish that an atom is made up of electrons, protens and neutrons ?

14 THOMSON'S MODEL OF THE ATOM

Thus by the beginning of 20th century it was established that electrons, protons (in equal
niuinbers)

1.1 Thomson's model of atom




and neutrons are present in an atom, The arrangement of these subatomic particles in an atom is pictured
by atomic models. J.J. Thomson, a leading scientist of the period proposed one such model. According
to him, the negatively chargrd electrons are embedded in a sphere of positive electrification. Thus an atom
may be visualised as a 'watc  melon’ in which the "sceds” represent electrons and the fibrous material the
massive protons. But this model lacked experimental proof anid so it was not acceptable,

1.5 RUTHERFORD'S MODEL OF THE ATOM

E. Rutherford, an eminent scientist suggested an alternatc model based on experiménlal work,
Naturally, Rutherford model of an atom was found to be superior. To understand Rutherford model, first,
fet us look at his experiment. Before describing his experiment, we will discuss a simplc experience that
you can visualise easily. : '

Suppose you sit in a room with a toy gun and iry to shoot at the wall with a fairly large number,
say_lOOO, of glass marbles using it. In the first irial, you hit the wall with the 1000 marbles one after another.

How many of them will pass through the wall and reach the other side? ..eeicininns
None! ' .

Reason: A wall is a solid obstruction throigh which a material particle like a glass marble can not
pass through, :

As the next trial, try to shoot the marbles at the wal! fitted with a window or fitted with iron bars
oragrll.

What happens?

' Those marbles whese path lies in between the bars, pass through without changing their path. And
those which hit the bars are deflected from their paths through various angles. Occassionatly, a marble
which encouunters a head-on-collision with the bar is returned in the same path or is scattered through a
large angle.

1.5.1 Rutherford's o-ray Scattering Experiment

Now let us consider the famous experiment conducted by Rutherford. He used  o-ray particles
as projectiles (marbles) and a thin gold foil as the target {wall with grill). _
_ A radioactive substance like polonium kept in alead box acts as the source of o-particles. A narrow
beam of o-particles escapes through a snmall hole and impinge on the thin gold foil kept in their path.
Each o-particle has a mass of 4 amu and an electrical charge of +2. A flucrescent screen is sctup
at a distance around the fold. When an o-particle hits the screen, a flash of light (called scintillation} can
be seen. Thas the path taken by an o-particle can be observed.

1.2 o-ray scaltering experiment
1, Radioactive substance 2. Slit 3. Goid Foil 4. Fluorescent screcn 5. Deflected a-rays 5




1.5.2 Observations and conclusions drawn by Rutherford

(iyMostof the ox-particles passed almost straight through the foil and hit the fluorescent screen. This
indicates that these e-particles did not cncounter any obstruction in their passage through the metal foil.
Remember! the metal foil is made up of atoms and if the atoms are solid throughout their volame, every
o-particle aimed at them would have bounced back {like the marbles striking the solid wall). But here most
of the a-particles which arc material particles passed through gold foil undeflected. This indicates that
most of the space in atom is empty.

(i1) A few o-particlcs are scattercd through various angles as in the figure 1.2, Occassionally an o
particle was deflected through a very large angle. We know that like charges repel and this must have been
the cause for the deflection of an a-particle, So the positively charged o-particle must have encountered
a collision with another positively charged region in the atom. The fact that the number of scattered o~
particles is small indicates that this region is small but massive. That means there exists a small region
inan atom where all its mass and positive charge are concentrated. Unless it is highly massive and strongly
positive, it can't scailer a-particles through large angles. This smatl region which is possibly at the centre
of the atom is called its nucleus. The electrons which are negatively charged are outside the nucleus,

Check your progress«2

What is the experimental proof that an atom has mostly an empty space?

1.6 DRAWBACKS IN RUTHERFORD MODEL

The nuclear atom of Rutherford model explained the experimental facts of the scattering of -
particles. But this model was not in agreement with a number of experiments dealing with electric charges.
It is known that like charges repel and unlike charges attract each other. As a result of this attraction, the
oppositely charged bodies must move towards each other and finally come in contact or merge together.
Then their electric charges are neutralised, In the Rutherford model negatively charged electrons and a
strong positively charged nucleus are present. If in this process all the elecirons merge with the nucleus,
thenucleusisno longer positively charged. And thenitcould not be able to scatter ¢-particles. But nucleus
does scatter a-particles as is evidenced in Rutherford's experiment. There is no doubt about it. To explain
this established fact we must assume that somehow electrons do not fall into the nucleus in spite of the
electrostatic attraction of the clectrons by the nucleus.

What is that unseen force which prevents the electrons from falling into the nucleus even though
they are attracted by the nucleus? ‘

1.6.1 Rutherford's suggestion

Rutherford came forward with a new idea. An electron revolves round the nucleus (Fig. 1.3) asa
planct revolves round the sun. This is the essence of the so called planetary model. The centifugal force
thus developed by the electron, balances the nu¢lear attraction. The electron is thus prevented from falling
into the nucleus. But this suggestion does not stand to logical reasoning. When a charged body moves
changing its direction it is accelerated. According o classical electromagnetic theory, an accelerating
electric charge must lose some of its energy. It is obvious an accelerating electric charge must emit
radiation continuously. The electron would then trace a spiral path and finally merge with the nucleus (Fig
1.4} . .




Fig. 1.3 Rutherford's Model of atom Fig. 1.4 Continuous emission of radiation and spiral
' path of electron

As a consequence of the continuous emission of radiation by an electron, the spectrum obtained
from an atom must be a continuous spectrum. But it is an established fact that the spectra of the atoms are

line spectra. So Rutherford model of an atom fails to explain the origin of line spectra. Thus it becomes

necessary to modify the atomic model suggested by Rutherford. The Bohr model of atom which replaced
the Rutherford model successfully explains most of the experimental phenomena,

1.7 SUMMARY

In this unit we briefly studied about (i} discovery of electron, proton and neutrons, (i} Thompsons
model of the atom, Rutherford's modcl of the atom (iii) An experiment by Rutherford's which has clearly
dealt about o-ray scatiering was also studied in this unit (iv} certain observations drawn by Rutherd has
been studied, like positive charge in the centre of the atom is called nucleus, (v) The electrons which are
negatively charged are outside the nucleus. (vi} Finally we read in this unit drawbacks of Rutherford moded
and suggestions made by him.

1.8 MODEL EXAMINATION QUESTIONS

L Answer the following in 10 lines
1.. What are cathode rays? Describe their properties.
2. DescribeRutherford's model of the atom,

II.  Answer the following in 30 lines
1. How do the atomic spectra point out the drawbacks of Rutherford model?
2, Discuss critically the drawbacks of Rutherford model.

1.9 MODEL ANSWERS TO CHECK YOUR PROGRESS

1 Any gasinadischarge tube experiment was found torelease negatively charged rays called cathode

rays that move a paddie wheel. This establishes the presence of electrons in an atom. Neutrality of
- an atom suggests the presence of protons. As the atomic mass is more than the mass of the
constitutent protons and electrons, neutrons also should be present in any atom,

2 Deflection of very few o-particles inRutherford's Gold Foil is the experimental proof thatan atom
has mostly empty space. :

Author: 8.V, Appa Rao
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2.1 AIMS AND OBJECTIVES

The aim of this unit is to describe ifi brief the quantum theory of radiation and make you to
understand the natare and behaviour of the different regions in the electromagnetic spectrum, After
coinpleting this unit you must able to understand:

» Corpuscular theory

. Wave theory of light

s Wave characteristics

. Black body radiation

. Planck’s quantum theory

] Quantum theory and atomic structure

2.2 INTRODUCTION

With the help of asmall lens, focus bright sun'srays on to a piece of paper or cotton. After sometime -
the papers or cotton becomes very hot and finally bums into a flame. These observations suggest that rays .
(light) travelling from the sun are reaching the paper or cotton and increasing the thermal energy of the
“ object{paper or cotton) as indicated by thé rise in temperature of the object. When the temperature reaches
the ignition temperature of the object, the paper or cotton bu:%mto a flame, It will also be observed that
therays cast well defined shadows of the opaque. Objects placed in the path of the rays. These observations




make you conclude that sun's rays (a form of light) travels through space in straight lincs. The fact that these

. rays are increasing the energy (thermat) of paper or cotton, when the former falls continuousty for some
time on the latter suggests that light is a form of energy. It is also evident that the light is travelling from
sun to the cotton. Then the question is, what is it that travels and carries energy with it.

Check Your Progress - 1

What is the nature of light?

2.3 CORPUSCULAR THEORY OF LIGHT

According to Newton, light is composed of minute particles or corpuscles. The streams of these
corpuscular sort out from the light source and travel in all dircctions in straight lines. This concept
eventhough could explain the observations recorded in Fig. 3.1, could not successfully explain al
phenomena of diffraction and intereference of light. It also could not explain why the velocity of light
varies with the medium in which it travels. For example velocity of light in water is less than the velocity
in air, :

24 WAVE THEORY OF LIGHT

Hugens proposed this wave theory of light. According to this theory light is considered as electro-
magnetic radiation and is assumed to travel in the form of waves in all dircctions. The theory zauld
successfully explain the phenomena of difflraction and interefercnce.

2.5 CHARACTERISTICS OF WAVE

You are familiar with different types of waves. One such type are the water waves, Yu oond on
~ araised tankbund and look at the surface of the moving watcr below. You observe water waves. The
experience is similar when you look at the ocean from a mountain clif f nearby. The waves reach the shore
at regular intervals and the catire wave motion 1s very systematic and follows a rythm. Water waves
repeatedly dash agasinst tankbund or the sea shore. In due course there is erosion of tankbund or the sea
shore. This is similar to burning of paper or cotton by sun's rays focussed on them. This suggests that water
waves to carry energy with them. Itis thus cvident that light waves or walcr waves carry energy with them.,
A wave possesses the following characteristics.

i} Wavepossess energy and carries it during propogation.
© ii) Wave posscss characteristic dimensions represented by wavcelength,
iii) Wave propogation occurs with characteristic frequency.
iv) Wave moves with characteristic velocily.
‘Some of these characteristics of a wave are depicted schematically in Ggure 2.1
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Fig 2.1 Characteristics of wave C C,=Crests; T, T,= Troughs; A= Amplitude
2.5.1.Wave Length ()

Itis the distance between any two successive crests (C, & C,) or troughs (T, & T,) of the wave
and is represented by (Lamda). The points of maximum are called crests and the points of minimum
are named troughs. The wave-length is measured in Angstroms, A° (1A°= 10%cm) orin nanometers, nm
(nm = 10%cin).

2.5.2.Wave Frequency (v)

The number of waves that travel past a given point in one second is calicd the wave frequency, It
is designated by the letter v (nue) and is expressed in cycles per second,

2.5.3 Velocity (c)

The distance travelled by a wave in one second is called its velocity. It is desi gnated by the letter
'c"and is expressed in centimeters per scc. the velocity of light in air is 3x10M° cm, per second. Al forms
of Light (ultra violet, visible or infrared) travel with the same velocity. But they differ from one another
in their wave length or {requency or caergy,

2.5.4 Wave number ( D)

Frequency of light is very often expressed in termis of wave number, This is designated by the
symbol (ue bar). Itis defined as the n wmber of waves (or wavelength) per ccnr._imetre, wave number thus
is the reciprocal of wavelength expressed in centimeters,

v =1/

But frequency of tight ( v ) is related to the velocity (c) and wavelngth ) by the cquation
v=c/h

Thercfore we can writcv=c¢ v

26 BLACK BODY RADIATION

When a radiation is incident on the surface ol a body there are three possibilities. A part of the
radiant encrgy is reflected, some of it is absorbed and yet another position is transmittcd. All the incident
cnergy is thus not absorbed, because ordinary bodics arc not perfect absorbers of radiation, But a
blackbody behaves in a different way. By definition a blackbody is onc which is a perfect absorber of
energy or radiation and which retaing any encrgy that strikes it. An ideal example for a black body is a




bollow metallic sphere w1th small hole made into it and blackened inside. Any radiation that enters lhc .
sphere through the hole falls on the black surface and mostofitisabsorbed. Any part of it which is reflected
is again incident on the inne+ biack surface. Thisrepeats itself till all the energy is absorbed {inally. A black
body is notonly a perfect a ssorber er radiant energy but also a perfect radiator. It is in thermal equilibrium

. with its surroundings. The energy radiated by a heated perfect black body is maximum.compared to other
bodies heated to the same temperature. The energy is not emitted with a single frequency. It is also not
uniformly distributed atall wavelengths. For each temperature the energy radiated is maximurm ata certain
wavelength (Fig. 2.2). The position of this maximum shifts towards lower wavelength with increase of
temperature. The phenomerion of biack body radiation could not be explained on the basis of classical
“theory of continucus emission of radiation. '

T

1> T, 72 Tz

ENERGY

WAVE LENGTH

Fig 2.2 Specteral . distribution of radiation from a Black body at various tumpcralurcs

27 PLANCK'S QUANTUM THEORY

To explain the phenomenon of black body radiation, Planck proposed the quanium theory of
radiation. This states that black bodics radiate encrgy not continuously, but discontinucusly in energy
packets called 'quanta’. The energy E associated each quantum for a radiation of particular frequency is
given by the relation.

E=hv
Whe.re h' is universal constant called Planck s constant

h=6.63 X 10?7 erg sec.
' Check Your Progress - 2

How do you explain black body radiation?

11
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Fig. 3.1 Spectrum of white light
1. Filament lamp 2.85lit3 . Lens - 4. White light beam 5. Glass Prism 6. Screen

Each colour correspands te a light radiation or a band of radiations with specific characteristics,
The array of colours can be caught on a white screen or recorded on a photographic film, All the seven
colours in the form of bands can be seen when the white light coming from the sun or emitted by an electric
bulb (filament tamp) is passed tirough the glass prism. There are no gaps in between the colour bands and
the bands are continuous. Such:a speetrum is called continuous

3.3 LINESPECTRA _
| ' :

In the cxperiment diSCribcd in-3.1 the source of light is a tungsten filament electric bulb and the
filament is made incandescent at high temperatures. Similar to incandescent tungsten filament many
mctals or their compounds emit light when they are made incandescent by raising their temperature to high
values. For example we can introduce sodium chloride into a bunsen flame and raise its temperature to high
values. The salt at this high temperature imparts a bright yellow colour is characteristic of the light emited
by sodium chloride when raised to high temperatures. The yellow light when passed through a glass prism
issplit into two distinct yellow lines scparated by a dark space (Fig. 3.1). This system of two distinct yellow
lines separated by dark space is duc to the light emitted by sodium at high temperatures and is called sodium

-spectrum. Such a specirum consisting of distinct lines separated by dark spaces (or gaps) is calted a line

spectrum. Each line has specific characteristics. Note the difference between this spectrum and the

“spectrum obtained from sun rays (solar spectrum) mentioncd above in figure 3.1. The latter contains

continuous bands in contrast to the distinct lines in the former.

Fig. 3.2 Line Spectrum of sodium atom

1. Bunsen Flame containing NaCl 2. Slit 3. Lens 4. Glass prism 5. Screen




Check _Yohr.Progt"a;s -1
What is meant by the term 'line spectrum'? -

‘34 HYDROGEN SPECTRUM

We can repeat the experiments described in 3.1 or 3.2 with some changes. The tungston filament
- lamp (electric bulb) or bunsen flame containing sodium chloride can be replaced by a hydrogen lamp
‘which contains hydrogen gas raised to high temperatures and acts as a source of hy_dro_gcn atoms, .

-

-

e
T W

Fig. 3.3 (a) Hydrogen Spectrum
1. Hydrogen lamp 2.8lit 3.Lens 4.Quartz prism 3. Screen

When an electric current is passed through hydrogen gas at low pressures in the hydrogen lamp,
red light is emitted by the hot hydrogen atems. The light when passed through a prism made up of quartz,
splits into a series of sharp but distinct lines {Fig. 3.3 [a]) Each line is distinct by characteristic propertics.
The array of these lines is called hydrogen spectrum. Based on the magnitude of energy associated with
light responsible for the appearence of each of the lines. The lines are grouped into different regions and
are called ultraviolet, visible and infrared regions. Like hydrogen atom, atoms of other elements also
exhibit line spectra. However the simplest line spectrum is given by atomic hydrogen. Because of its
simplicity and the characteristic pattern, the hydrogen spectrum atiracted the attention of many scientists.
Does the spectrum of hydrogen atom depend on the structure of hydrogen atom? Do the lines in the
spectrum provide ¢lues to the structure of the atom? are some of the questions worrying the many scientists.

Yourecollect the problem "Atoms do not collapse even though the positively charged nucleus attracts the
. electronsrevolving around it and even a moving charged body is expected to lose continuously its energy”.

Many scientists believed that explanation for the line spectrum of hydrogen leads to a proper
understanding of the structure of hydrogen atom. Therefore scientisis began searching for simple
mathematical relationships if any existing, to explain the position of lines in the spectrum, In 1883, Balmer
proposed a simple mathematical equation to express typical characteristic namely the frequency of the
lines in the visible region of the hydrogen spectrum, The series of lines in this visible region is thercfore
regarded as Balmer series. The frequency ( v ) of the lines (or the wave number v), is expressed by the
equation.

v = 109677 (1/22- 1/n%)

Where 'n’ is an integer equal to or greater than 3ien =3,456,.cees

Br. BRAOU Acc. Nog &) 464
LiBRARY Class Nof Ci’, E
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The wave number 7, of the spectral lines are thus calculated from the emperical equation. The
equation is in agreement with the experimental facts. The excellent agreement between the wave numbers
calculated and the experimentally determined values surprised the scientists,

The series of lines which lie in the ultraviolet region is known as Lyman series.
These wave numbers of these lines are expressed by the equation
v = 109677 ( 1/n%,- 1/n%)

Covers all the observed spectral lines of the hydrogen atom.

n, and o are integers and n, >n,. The constant 109677 (3. 289 x 10'5%) is characteristic of the
hydrogen atom 1s called Rydberg canstant 1t has the units cm (reciprocal cm). For a given spectral series
n, remain$ constant while n, varies for line to line in any series. The different equations pfoposed o
represent the various series are given below.

Lyman series in the ultraviolet region n,=1,0,=234, s
Balmer series in the visible region n,=2,n, =345, .......

Paschen series in the infrared reglon n,= 3 n,=4,56, 7 ...............
Brackett series in the infrared region n, = 4,n = = 5,6,7,8, ccoerrererrens
Pfund series in the infrared regionn, = 5 n, -&

The above equations are purely emperical. But the experimental data satisfactorly fitted into these
equations, Itis therefore evident that a satisfactory modet of hydrogen atom should provide arational basis
for these emperical equations.

Check Your Progress - 2

How do you calculate the wave length of the first line of the Balmer series?

3.4.1 Bohr's model of hydrogen atom

In 1913, Niels Bohr proposed a model for hydrogen atom to explain the observations mentioned
above. He showed a way out of the dilemma posed by Rutherford model. For example he not only
explained why atoms do not collapse but also succeeded in explaining the origin of the line spectra. The
atomic model proposed explained quite well the line spectra of elements. Hydrogen atom contains one
¢leciron and a nucleus that consists of a single proton, Bohr thus retained the nuclear model of the atom
proposed by Rutherford because it was based on experiment. He also agreed that the negatively charged
electron revolves round the nucleus. But he took the bold step by applying Planck's quantum theory to the
eleciron revolving round the nucleus. The electron of the hydrogen atom can existonly in certain spherical
orbits. These are also called energy levels or shells. These shells are arranged concentrically around the
nucleus. He also envisaged that the electon in the atom has certain specified energies and angular
momenta. In other words Bohr thus proposed the concept of stationary orbits. There will be no change
in the energy of the electron moving in such orbits (Stationary orbits). The angular momentum (mur) of
electron is given by mur = n, h/2r. (Cm = mass of electron, v = vilocity of electron, r = radius of orbt).

Where ' is an integer 1,2,3 etc 'n' is called Principal quantum number. 'h' is Planck’s constant. |




This condition leads us toinclude that the enérgy of an electron can have only certain discrete values
but not continuous values. It can be shown that the permitted energy values (or levels) are given by the
equation

E,_ = 2r’me*/n’h?

Substituting the numerical values for , m,, ¢ and b, in the above equation, it can be rewritten as

E, =-(2.179 X 10* /o’ - :

Wheren= 1,23 ¢tc, .

The radius of the circular orbit is given by the equation : 1 = 0*h%/4n? me?

3.4.2 Bohr's postulates

i The concept of ‘nucleus’ possesing the pasitive charge and practically all mass of the atom
concentrated at the centre given in Ruraerford’s model of atom is re@ined.

ii)y  Theelectronsrevolveround the nucleus with high speedsin specified orbits each associated
with a definite energy. Each of these orbits as mentioned earlier is called stationary orbitor
stationary state, because the energy of the electron in this orbit is constant as long as it
remains in this orbit, In otherwords, with nucleus at the centre and with increasing radius,
a series of concentric spherical surfaces (orbits) are proposed. They are numbered as
n=1234 ........ Starting from the one nearest to the nucleus (Fig. 3.4 (a). 'n'is called
the principal quantum number. They are also named as shells or quantum levels and
designated as K.LLMN ............ orbits or shells. The electron cannot have an energy that
would place it between the permissable orbits.

fii)  When an electron jumps from an outer orbit into an inner orbit energy is radiated by the
atom. This emitted energy manifests itself in the form of a spectral line in the atomic
spectrum,

AE=E,-E=hv

E, = Energy of inner orbit

E, = Energy of onter orbit :
v = frequency of the spectral line in the atomic spectrum.
h = Planck’s constant. '

iv)  The angular momentum of electron moving round the nucleus is quantized and govemed
by the equation.

mur =n. hf2x

m = mass of electron

u = Velocity of electron
1 = radius of the orhit

3.4.3 Explanation of hydrogen spectrum

Bohr's model of hydrogen atom successfully explains as to why atoms donot collapse even though
the revolving electron is expected to lose energy continuously. The lowest possible quanium state for the
electron 1o occupy is n = 1 quantum state. So long as the electron revolves round the nucleus in any
specified orbit, there is no change in the energy or angular momentum of the electron so the question of
an electron losing energy during its motion (as required by electrodynamics) and hence falling into the
nucleus and consequential collapse of the atom does not arise. :

Bohr attributes the lines in the hydrogen, spectrum 10 the possible electronic transitions and the
energy changes accompanying them (Fig. 3.4 a &b}
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Fig. 3.4, (b) Electron wzanstions in hydrogen atom

The electronic transitions in the hydrogen atom and the cérresponding speciral lines (or series of
lines) is shown in figure 3.4 (b). The clectronic transitions ton=1 (Lyman series) release more energy than.
18 those (o n=2 (Balmer scries). Thercfore the wavclengths of the lines of the Lyman series are shoiter than




those of Balmer series and the lines of the Lyman series accur in the ultraviolet region (high energy or low
wavelength region). On the other hand the lines of the Paschen series which represents transitions to n=3
level occur low energy or longer wavelength. The Paschen series therefore appears in the infrared region
(low energy region),

~ The Bohr theory is thus successfully in interpreting the spectum of hydrogen. It however fails to
explain the spectra of atoms that contain more than one electron.

35 SUMMARY

In this unit we have studied about
i) The charactedristic features of a continuous spectrum and a line spectrum.

ii)  Thelines in the hydrogen spectrum and the mathematical expressions, relations the wave number
of the radiation with Rydberg constant.

iii)  The different spectral series in the hydrogen spectrum.
iv). The Bohr model of hydrogen atom as an acceptable atomic model.

V) The Jogical explanation of the oﬁgin. of line spectra given by Bohr atomic model,

3.6 MODEL EXAMINATION QUESTIONS.

L Answer the following in 10 lines.
1. State Bohr's Postulates.
2. How does Bohr's theory explain the origin of atomic spectrum of hydrogen?
3. What is principal quantum number? and what does it denote?
II.  Answer the following in 30 Lines.
1. How do atomic spectra arise? How are these theoritically explained?

2. Discuss critically Bohr's model of the atos:,

3,7 MODEL ANSWERS TO CHECK YOUR PROGRESS

i When energy is supplied to atoms their electrons to g0 higher energy states. Definite quania of
energy will be emitted by these electrons when they come back to their original orbits. Thisenergy
will effect a photographic plate & called line spectram. Atomic spectrum is called line spectrum.

2 v = 109677 (1/22- 1/3%) Balmer's formula
1= 109677 X 5/36
1/A = 36/548385 = 6.564 X 10°° cms.
2 = 6564 A (visible region)

Author: S.V. APPA RAO
Revised by: Prof. S. Brahmaji Rao. 19




UNIT - 4 : QUANTUM NUMBERS -
Conténts | |

4,1  Aims and objectives

42  Introduction

4.3  Principal quantum number

4.4  Azimathal quantum numnber

4.5  Magnetic quantum number

46  Spin quantum number

47  Pauli's exclusion Principle

48  Summary _

4.9  Model examinaticn question

" 4,10  Model Answers 1o check your progress

4.1 AIMS AND OBJECTIVES

This unit is to make you understand the significance of the quantum numbers and use them in
identifying an electron with reference to its energy and position in an atom. By the end of this unit you
must be able to understand: _ ;

. Limitations of Bohr's theory,
. Inadequacy of the principal quantum number, 'n"to completely describe the energy of electron.

. Azimuthal quantum number T, and explaining the energy sublevels in atoms.

. Magnetic quantum number,'m’ and its significance.
. Spin of an electron and spin quantum number 's',
. Pauli's exclusion principle

42 INTRODUCTION

The emission of spectra of hydrogen was successfully explained by Bohr. But Bohr's theory could
not explain the occurence of fine structures in the spectrum. Introduction of quantum mechanics to
hydrogen and other atoms yields different quantum numbers known as Principal quantam number,
Azimuthal quantum number, Magnetic quantum number and Spin quantum number.

4.3 PRINCIPAL QUANTUM NUMBER 'n'-

Bohr's theory of hydrogen atom enables us to calculate the radius and energy associated with each
possible orbitin the hydrogen atom. The basic principle of Bohr's theory is that only specified energy levels
are possible for electrons in atoms. These encrgy levels are numbered starting with the lowestas 1, the next
one as 2, the next higer as 3 etc., The number of the energy level denoted by 'n' is called the principal
quantum number. The encrgies calculated from Bohr's theory were in good agreement with the
experime—tal values. Also Bohr's theory could successfully explain the origin of the series of lines ix
hydrogen spectrum. So far the theory was a tremendous success, Quantum megchanics deals with the swdy
of laws of motion that govern the behaviour of small particles such as electrons. An important consequence
of the application of quantum mechanics o the motion of electrons in an atom is that the maximum number




of electrons in any shell (energy level) is limited to 2n2. This means that the first shell contains a maximum
of 2 x 12=2 electrons. The second shell has a maximum of 2 x 2*= 8 electrons and so on. There is an implied
suggestion in Bohr's theory hat all the electrons’in a given shell are of the same energy. This may not be
true always, :

Check Your Progress - 1

What does principal ;quantum number signify? -

44 AZIMUTHAL QUANTUM NUMBER'I'.

. The experimental basis for Bohr's theory was the presence of lincs in the emission spectrum of
hydrogen. Each line in'the spectrum corresponds to an emitted radiation characterised by ifs frequericy and
wave length. However, a few years later, spectroscopes of high resolving power were used to study the
hydrogen spectrum., Thisrevealed that a line in the hydrogen spectrum was not asingle line but acollection
of groups of very fine lines. This phenomenon points out that afi the electrons in a given shell need not
necessarity be of the same energy. Bohr's theory was incapable of explaining the presence of these finer
lines. In view of this, Bohr's mnodel has been slightly modified by Sommerfeld. The laticr proposed that
the orbits are elliptical but not circular as envisaged by Bohr. This predicts that the encrgy of electrons in

. the same orbit (shell) differs from electron 10, electron, Az.imm.;;al quantym number k' has beenintroduced _

to explam the fact. Although Sommerfeld's azimuthial quanfuss number is modified and designated as 1.
Eachenergy level thus actually consists of acertain numbcr ef energy sub levels closely bunched together.
Technically we describe this by saying that a main shell (main energy level) is composed of one or more
sub shells more energy sub levels. The encrgy difference between the various sub levels in a given main
level may not be too high but it is significant. The number of sub levels in any main level is cqual fo its

principal quantum number, "', Thus K shell consists of only one energy level. The L shell (n =2) consists '

of two encrgy sub levels. This amounts to saying that all the electrons in the second shell do not possess
the same energy, They fall into two groups. One group has an energy slightly higher than the other group.
Similarly the M shell (n = 3) has three energy sub levels and so on. Tlie sub shells or sub levels as they
are often called can be distinguished:from one anéther by:various notations.
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Fig. 4.1 Main encrgy and sub energy levels-

21



22

Tt was stated earlier that the electron in a hydrogen atom has an angular momentum which is also

'quantised. The quantised values of angular momentum can be specified in terms of another quantum

number besides 'n'. This is the azimuthal guantym number T It is also called angular momentom quantum
number, It may be interesting to note that this quantum number T isa device to distinguish the various sub .
levels in a main level. The permitted values of 'I' are again positive and integral. They re 0,12, ....cvncerreen
(n-1). For exampl.e L' shell (n = 2) has twa sub shells denoted by 1=0, 1=1, 1=2. The sub shell with 1=0
represents the lowest energy sub shell. Thenext higherenergy subshell is represented by 1=1 subshell i=2,
ropresents the next higher. The energy level diagram (fig. 4.1) must now be redrawn to accomnodate the
sub levels (sub shells). _ : § B

The main levels are indicated by the leters KL, M N etc., comesponding to the principal quantum
number n = 1,2,3,4 etc. The sub levels are marked by the azimuthal quantum numbers 1=0,1,2,3. It is
significant that the (1=2) sub level in n=3 level has a higher energy than the 1=0O'sub level in n=4 level.
Thus there is the possibility of overlapping of the sub levels at times!

45 MAGNETIC QUANTUM NUMBER 'm'

An electron has an angular momentum and thus revolves round the atomic nucleus. In doing so,
it behaves like an electric current circulating in a logp of wire. As a result of this, the electron in motion
produces a magnetic field. The observed magnetism is also quantised and this is denoted by the third
quantum number called magnetic quantum number, ‘m'. Naturally we expect the values of ‘m’ to depend
on the value of 7', The possible values of m aré -1.......... 10 cvesrsens +1

4.6 SPIN QUANTUM NUMBER 's'

Besides this, an electron spins on its own axis, This also contributes to the magnetic property of
the electron. It is expressed by the spin quantum number 's'. There are only two possible spins for an
electron, clockwise and anticlockwise. (Fig. 4.2)

Fig. 4.2 Electron spin

One of the spins is denoted by spin quantum number § = +1/2 and the other by s = -1/2.

Thus an electron has four quantum numbers n,},m, and s. Complete description of an electron in
terms of its energy and placement in the atom is possibic only when all the four quantum nurabers are
notified. '

4.7. PAULI'S EXCLUSION PRINCIPLE

To explain the observed experimental results in respect of spectra of atoms, Pauli enunciated a

principle called "no two electrons in an atom can have all the four quantum numbers the same. They must

diffor in aticast one of the four quantum numbers n,l,m, or s”, It is necessary to follow Pauli's principle
while assigning quantum numbers to various electrons in atom.




Check Your Progress -2

Write the significance of spin quantum number? '

SUMMARY

43.
In this unit we have studied about
i The inadeqguacies of Bohr's theory resulting in the application of quantum mechanics (o the study
of electron.
i)  Inability of Bohr model 1o explain the fine lines in hydrogen spectrum.
ili}  The consequent need to introduce Azimuthal quantum number.
iv) The rnagneiic quantum number and spin quantum number.
v)  Pauli's exclusion principle.
4.9 MODEL EXAMINATION QUESTIONS
| | Answer the folﬁwing in 10 lines.
1.  How are elections in an atom described in respect of the'r energics and position?
2. What are the reason for modifying Bohr'smodcl of the atom? What are these modifications?
I Answer the foflowing in 30 lines.
1, Discuss about the quantum numbers and their significance?
2 .How was hydrogen spectrum responsible for the introduction of quantum numbers?
410 MODEL ANSWERS TO CHECK YOUR PROGRESS
1 Principal quantum number signifies - |
8) main energy level to which an electron belongs.
b) energy of an electron
©) size of an orbital
2 ‘This quantum number indictes the spin of an electron i.e. clockwise or anticlockwisc spin.

These are also-indicated by +1/2 (or T) and -1/2 (or §).

Author: S.V. APPA RAQ
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UNIT - 5 : WAVE NATURE OF ELECTRON

Contents

5.1  Aims and objectives
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53 Wave n’a’xtufe of light -
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5.5 The uncertainty principle

3.6 Wav‘e nature of electron

5.7 Wave equation

58  Wave mechanics

59  Shapes of the Atomic orbitals
5.10 Summary

5.11 Model examination questions

5.12 Model answers to check your progress

5.1 . AIMS AND OBJECTIVES

This Unit mainly aims a¢ introducing the wve nature and particle nature of electron (dual nature)
and the consequential unceriainity in position and momentum of an electron simultaneously. The concept
of orbital model of an atom in place of Bohr's orbit and the drawbacks of the model are also discussed.
After completing this unit you shou!d understand: .

. Bohr's model broke with classical mechanics.

(] Jtis not possible to determine simultaneously the exact position andd velocity of an electron around

the nucleus in an atom.

. Modern theory of atomic structure is based on the wave nature of the electron.

. The wave length & of the waves associated with particulate motion is given by the equation A =
h/mv. T _

e  The special description of the motion of electron cailed 'orbital. .

. Orbitals have definite shapes and are designated as s,p.d and { orbitals.

52 INTRODUCTION

Asseen already, the Bohr's theory was suceesslul in éxplaining the spectrum of the hydrogen atom
and the spectra of hydrogen Jike atoms. But it failed to explain the observed energy levels in the case of
mgny electronsin atoms. Though Bohr's theory broke with classical mechanics inassuming thatelectrons
could occupy only orbils having a radius such that the angular momentum is equal to some integral




multiple of h/2r this was only of an adhoc nature. At that time this was assumed there was no justification,
Ancther unsatisfactory aspect of the theory was the atlempt to determine, simultancously, the cxact
position and the velocity of an electron around the nucleus in an atom. Itis now a well established fact that
such determination is impossible for microparticles such as electrons, The modern theory of atomic
structare is essentially based on the wave nature of the electron. This theory is more satisfactory than the
old classical theory in many ways, and is the result of the work of deBroglie, Schrodinger, Hlsenberg and
others. .

53 ‘WAVE NATURE OF LIGHT

Properties of light, such as interference, diffraction, are explained successfully by assuming il to
be made of waves. On the other hand the study of atomic spectra has established the fact that light is
emitted or absorbed in "quanta”, or descrete packets of energy, called "photons”. This fact supports
* particle nature of light. It isnow clearly established that light, or to be more general, any radiation hag duel
characteristics i.e, of waves and of particles, This means that some properties of light can be explained by
assuming it to be made of waves, whereas other properties are explained on the basis of the assumption
. that light is madc of particles (photons). Scientists say there is no contradiction in this.

' 54 DUAL CHARACTER OF LIGHT

The dual characteristics of light can be illustrated with the help of Planck's equation and Einstein's
eguation,

- According to Planck, the energy E of light (radiation) of fréquency v is given by
E=hv _ ' 8

Where 'h' is a universal constant, called Planck’s constani and has the units of ergsecond (h 6,625
X 107 erg. sec).

The Einstein equation for mass and energy eqmvalance of a photon is

E = mc? - )

Where "m’ is the mass of a photon and ‘¢’ is the velocity of light. Thus combining equations 1 and

2, wehave hy =mc? (3)
Wavelength, A is related to the frequency, by the equation

= ¢cfu or v=¢fA “)

Hence equation (3) can be writien as he/A = mc? or A = he/me?
Therefore A = h/mc or h/p &)

Where p = momentum = mc

Thus the wavelength A associated with photons of mass 'm' and velocity '¢’ (or momentum p = mc)
is given by equation (5). These relations clearly establish the dual nature of light. This was further
confirmed by Compton in his famous experiment on X-ray scattering,

These observations led deBroglie to argue that if radiation like light behaves both as waves as well
as particles, then it should be possible for matter (particles) 100 to exhibit the dual characteristics as particle
and waves. He thus suggested that an electron of mass 'm' and moving with a velocity "u’ should have a
waveléngth A given by equation (6)

A=Wmu S ®

Experimental confirmation of the wave nature of the electron was provided by Davisson and
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Germer by their work on the diffraction of glectron beams by crystal lattices. It is now a well recognised
concept that every form of matter has assoclated with it wave character. Biit in the case of large masses
the wave character is more or less totally masked, while it is quite perceptible in the realm of subatomic
systems like electroiis. Equation (6),known as the de Broglie equation, has an imporant Conseqence. From
this the existerice of stationary states, or the states of constant energy proposed by Bohr (against all known
laws at that time) follows naturally.

54 THE UNCERTAINTY PRINCIPLE

Oneimportant drawback of Bohr's theory was its atiempt (o determine simultaneously the position
as well as the momenium of an cleciron moving around the atomic nucleus. In 1927, Werner Heisenberg
showed that it is impossible to determine, simultaneously and accurately, the velocity or any related
properties (energy or momentum) of a particle, af well as its position. This statcment, known as
Heisenberg's Uncertainty principle, is one of the most fundamental principles of modern science.
According to this, any attempt at determining the exact position of a particle, will introduce a measure of
uncertainty about its velocity {or momentam) and vice versa, This uncertainty inacceracy is in no way
dependent on the accuracy of the measuring device or the method of measurement. It is simply inherent
in the very scheme of things in nature. Basically the inaccuracy is the result of the interaction, of the
particles under observation with the measuring device. In the case of a very small particle like the electron,
its interaction with energy, (of the measuring source) during the process of observing it, will produce a
perceptible changesin momentum. '

The meaning of all this is that any attempt to determine the exact location of an electron around the
nucleus in an atom will be futile exercise, as it will lead to considerable inaccuracy about the momentam
(or energy) of the eleciron. Rather this atiempt must be to determine the momenium (or energy) accuraiely
and 1o think in terms of the probability (in the case of positicn) of finding the electron in a volume of space
around the atomic nucleus. This is evidently sensible, because exact determination of energy changes in
physico-chemical processes is amatter of great importance. Thus we shift from the deterministic principle
to the probability principle, (in respect of position) which is the edifice of modern thought on atomic
structure,

The Uncertainty Principle may be expressed by the equation

Aqr Ap=h | 0

Where Ap is the uncertainty in momentum and Aq the uncertainty in position and b, is the Planck
constant. In any experiment in which p is determined accurately, Aq will be large (ie, the uncertainty
regarding position is large). Under these conditions the experiment is regarded as a particle experiment.
On the other hand in an experiment in which 'q is precise, then Ap is correspondingly large and the
uncertainty of momentum is high. Under these circumstances the observation is regarded as an experiment
in waves. This means that behaviour of an electron, proton or any other micro particle form of matter
cannot be explained by the concept of a particle and wave simultaneously.

Since p = mu or Ap = mau

equation (7) can be expressed as : Agx mAu=h

Agqx Au=him . (8)
For particles of large mass, (m is-verylarge) h/m will become very small and will be almost zero.

For such macroscopic particles there will be no uncertainty about either position or momentum. But for
subatomic particles like electrons, protons, etc, the uncertainty is relatively large since 'm' is small.




Check Your Progress - 1

Why it is not possible to determine accuratety the position and encrgy of an electron simultaneously?

5.6 WAVE NATURE OF ELECTRON

1t is now an accepted fact that the electron behaves as a wave too. 1 is only natural that a wave
equation should describe the motion of the electron. Schrodinger developed a wave equation to describe
the behaviour of electrons in atoms. The treatment is highly mathematical and need not be considered
here. But the results that follow from this mathematical treatment are highly interesting and describe with
considerable precision, the behaviour of electronsinatoms. Butalimilation nceds tobe mentioned. Precise
calculations have been possible only in the case of one clectron sydiem like the hydrogen atom, and of
hydrogen like atoms. Only approximate solations are available in the case of many electron systems. Even
then the conclusions are successfully used in the description of atomic structure.

57 WAVE EQUATION

The equation for wave motion has been developed by Schrodinger and is known as Schrodinger’s

wave equation, The equation (9) derived for the movement in the three principal mutually perpendicular
directions is given below, :

Swiox* + Pyidy? +8w/dzt =4rYAr &
li! ;\.\\fﬁ'c function and A = Wave length

Introducing de B‘:‘t}glie's relatonship A= h/mu into equalidn )] .
We have Sy/dx2  + &wyidy? + Swidz? =4n'miuih’ v S (10)

_ But kinetic energy 1/2 mu? = (E-U) where E = total energy and U = potential energy. Thercfore
equation (10) can be written as equation (11)

We have 8ydx® + Swyidy? + dyibz? = 8a’m/h’ (E-U) v (i

Schrodinger originally suggested that for an electron the value of y?* at any point could be
interpretted as the electrical charge density at that point. According to his view the electron has regarded
as cloud of electricity, the denisity of which varies from place to place. Born however proposed that y?
at any point is supposed o represent the probability of the electron being found at that point at a given
instant. In a sense, therefore the quantity y? is regarded as the wave mechanical equivalent of the electron
orbit in the classical theory. It is for this reason the electron wave function y is referred to as an orbital
or as an orbital wave function. The wave equation is useful to determine the probability of finding the
electron in the volume of space around the nucleus in the atom. '
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58. WAVE MECHANICS

This new treatment, known as wave mechanics, provides a basis for Bohr's assumptions regarding
the existence of Stazionary states or Energy levels. But in the place of the Bohr orbits describing the
motion of an electron around the atomic nucleus, we now have a picture describing the probability of
finding an-electron in a volume of space around the nucleuns. This Spatial description of the motion of an
electron is called an "orbital”.

Various types of atomic orbitals are possible. Each of them corresponds to a defnite set of
combination of the quantum numbers (Unit - 4). Orbitals can be classificd in accordance with values of
the principal quantum number, ' and the angular momentum quantum number, /. As discussed already,
I canhave value 0,1,2, etc. The orbital corresponding to { = (s called 's' electrons. The electrons in the
orbital for which [ =0 called 's' electrons. When n=1,{ can have only one value, zero, and the
corresponding orbital iscalledIs orbital. 1 indicates the values of Principal guantum numbern, and s’ gives
the value of 1 (which iszero). Whenn=2,"! "can have two possible values, zero and one. Once again, when
i '=0, the orbital is called the 's' orbital, but it is now designated as 2s orbital, as it corresponds the principal
quantum number 2(n=2). The other value of ! {when n=2) is one. The orbitals corresponding to ] =1"p'
orbitals cortespond (o the three values of the magnetic quantum number, 'm'. These are designated as '2p'
orbitals since the principal quantum number is 2 (n=2). When n=3, three values of { are possible. These
arc 0, 1 and 2. The orbitals corresponding to / =0 and 1 (n=3} are known,as usual, 3s and 3p orbitals. Those
corresponding 10! =2 are called 'd" orbitals and are designated "3d’ in the case of n=3, There are five '@’
orbitals {corresponding to five 'm’ values when! =2).

‘When the principal quantum numberis4({n=4), wehave on:'s', three 'p’, five 'd' and séven 'f’ orbitals
{correspondingto! =0,1,2 and 3 respectively), These orbitals are designated 45 4p,4d and 4 frespectively.

59. THE SHAPES OF THE ATOMIC ORBITALS

The modern treaiment of the problems of atomic structure is essenlially mathematical in character.

But for a chemist, more interested in molecuter shape and geomciry, a physical or pictorial mode] is
essential. Trrespective of the principal quantum number, all orbitals with ! =0, i.e, the ‘s’ orbitals are

-spherical in shape. The size of 's’ orbital depends on the value of n. The shapes of orbitals are shown in

figurc 5.1. The orbital corresponding to ! =1, i.¢, p orbitals has a shape which somewhat resembles a
dumbbell (Fig. 5.1). There are three 'p' orbitals. The three p orbitals are identicat in shape except for the
direction or orientation in space. They are dirccted along the three mutually perpendicular ¢o-ordinates.
For this reason they re known as p,p,, and p, orbitals to emphasise their directional character. The shape
of the orbitals plays a very 1mp0rtant role in determining molecular geometry.

Check Your Progress - 2

What is meant by ‘orbital"?

The 'd" and 'f orbitals are even more complex in shape. The approximate shapes of the 'd’ orbitals
are shown in the figure 5.1. There are five 'd’ orbitals, These are designed as dxy, dyz, dxz, clx - y?
and dz? ., It is not neccssary, at this stage, to discuss the 'f orbitals.




3d2 »
| Fig. 5.1 Shapes of orbitals

We now have the necessary background for discussing the arrangement of electrons in atoms. This
arrangement of electrons in atoms known as elecironic configuration of atoms, is discussed in unit 6,

5.10 SUMMARY

In This unit we have studied about
i) The failure of Bohr's atomic model to explain spectra of many cleclron systems.
: ._ ii) The contradiction of Bohr model with the established Heisenberg uncertainty principle.
| iif)  Dual character of light (radiation in general) leading to de Broglie relation between A and mu.

iv)  The wave mechanical model of atom.

v) The shapes of atomic orbitals,




5.11 EXAMINATIONS QUESTIONS:

L.~ Answer the folkiwihg in 10 I-ities.

1. Discussmeeuatnauuenf:gm

L frommamkmdﬁmstemequazm
3. ) Dl.scnss Heusenherg s Uncenamty prmclple
4. Bringout me relamm betweien the values of ': "and the sha]:es o orbllals
| W Answer the following in 30 lines.

1. Discuss the dual nature of elecu-on How 15 this useful to describe the mouon of electrons
in atoms?

2, Discuss about the orbital model of the atom.

5.12 MODEL ANSWERS TO CHECK YOUR PROGRESS

1 Energy and position of electron in the atom are conjugative properties. Determination of one
property accurately introduces uncertainty in the measurement of the other.

2 Orbital is electon cloud in an atom. Tt is the atmoic space where there iS maximum probability
of finding an electron. Orbital is proposed as a resnit of the wave nature of electrons.
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UNIT - 6 ELECTRONIC CONFIGURATION OF ATOMS
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65 Summary
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68  Glossary

6.1 AIMS & OBJECTIVES

In this unit we explain you the principles underlying the method of amiving at the electronic

configuration of atoms and iltustrate the same with suitable examples. 'When you have finished to read
this unit you should be able to understand that

e  The orbitals have definite encrgics associated with them.

. The relative order of the energies for each type of orbital is approximately as 1s< 2s<2p<3s< 3p<
4sr = 3d.

» ‘The guidelines and the rules involved in the filling up of atoms with electrons, is réferred 10 as
Aufbag principle. | |

e  Ekctronic configuration of different aloms

62 INTRODUCTION

In the 1ast unit we discussed about the wave nature of the electron. the definitive eleciron orbits
have boen replaced by the wave mechanical probability (orbitals) or determining the motion of the
electron. This should not be ‘construcd, however, to mean that the electron is ot a pasticle anymore nor
should be tnlked exclusively in terms of electron waves. What needs 10 be emphasised is that the electron
shows the propenties of boih a particle and a wave. That is, the behaviour of the eleciron in an atom can
be best described by treating it 8s a particle in some respects and as a wave in certain others. Exceptin
situstions where precise mathematical descriptions of electronic energies in aloms and molecules are
omd.mmaﬂlmed and will continue to be treated, aspmlclesm ordinary chemical

h“i:wdwwuhrsyswmandhwmwhcﬂmphysicalmcmmicm,pmiw
calculations of energy are of utmost importance, And in the context of the uncertainty principle we may.
be satisfied with only the probability of the charge of the election being found in a cenain region of spuce
sround tho stomic nucleus. This probability description may be regarded as the alomic orbital.
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The nuclear model of the atom is still the basis of all descriptions of the structure of the atom. The
atomic nucleus consists of pretofls and-icatrons, which together account,, almost entirely; for the mass of
the atom. Both protons and neutrons are particles of unit mass. While the proton carries unit positive
charge, the nentron is elecirically neutral; it carries no charge. The number of positive charges (i.e. the
protons) in the nucleus is called the "atomic number” of the element concerned. The positive charge of the
proton is exactly balanced by the negative charge of an elcsiron moving around the nucleus. Thus, in a
neutral atom, the number of protons (atomic number) is equal to the number of electrons outside the
nucleas. The atomic number is a characteristic a.nd fundamental property of an element. . -

The atom of each element has a build up (configuration), characteristic of the element. The manner
in which electrons are distributed in the various energy levels (or orbitals) is known as the electronic
configuration of the atom. According to the quantum theory, elegtrons in an-atom cannot hiave all possible
valuesof energy, butcan éxist only in certain discrete energy levels. With the helpofthe quantum numbers,
it is possible to get a clear jdea of the electronic conﬁguranon of the elements;

For each value of the principle quantum number, n, there wiil be a total of n? different orbitals. For
example when n=1, we have only ore orbital (1=0) and, as already discussed it is called the '8’ orbital (for -
n=1,1 =0 the orbilal concerned is the 'Is orbital). For n=2, there are 22 (4) four orbitals and one of them
is the '2s' orbital (n = 2,1 = (). The other three are the "2p orbitals (n = 2,1 = 1)-which ate directed along
the three coordinate axes.

Check Your Progress - 1

How is the number of electrons in atom inferred?

63 ORBITAL ENERGIES

Each atomic orbital possesses acharacteristic energy, whose valug can be calculated, For the hi'gﬁer atoms
the relative order of the energics for each type of orbital 's' approximately as follows L pme -
Is < 2s< 2p< 3s< 3p< 4s= 3d. i

L]
1
]
| I
i
"
e

Fig 6.1. The schematic diagram showing the energy levels of atomic orbitals.




Check Your Progress - 2

Which orbital of 3d and 4s has highcr e_hel.'g.y.

6.3.1  Aufbau Principle

With the help of the energy level diagram it is possible to write the electronic configuration of

elements. Certain guidelines have heen worked cut fof this purpose, and these are very helpful to arrive
at the conﬁgurauon These arc (i) Atoms in the lowest energy state are said to be in the Ground State
(i) The building up of the electronic configuration of the elements begins by adding electrons to the
appropriate orbitals, starting with the Iowest energy atomic orbital (Fig. 6.1). This proccdure is known
as the "Aufbaun" (building up) process.

6.3.2  Pauli's Exclusion Principle

Another important guideline is the onc known as 'Pauli's exclusion principle’, about which mention
has already been made (Unit-4). According to this principle ne two electrons in the same atom can have
all the four quantum numbers the same. Each atomic orbital can accommodate a maximum of two
electrons only. In terms of the exclusion principle, an orbital can have these electrons only if the two
electrons have Qpposite spins.

6.4 BUILDING UP OF ELECTRONIC CONFiGURATION

With these two guidelines, letus begin the processof deriving, the electronic configuration of a few

atoms, starting with the hydrogenatom. The atomic orbital of towest energy is the Is orbital. As mentioned
already, 1’ refers to the principal quantum number, (n=1). The simplest of all atoms, the hydrogen atom
(atomic number-1), has a nucleus which is simply a bare proton and an electron occupying the Is orbital.
Thus the configuration of the hydrogen would be IS,

Hols,

Next is the helium atom with atomic number, 2. The two electrons in the atom can both go into
the 1s orbital, provided they have opposite spins. Therefore the configuration of the helium atom would
be Is2,

He — 152

The third element, lithium, has an atomic number 3. The Is arbital can take in only two clectrons.
The third electron should, therefore, go into the orbital of next higher energy, ic., the 2s orbital.
Accordingly, the configuration of lithium could be 1s? 2s'. In a similar manner, the configuration of
beryllium (atomic number, 4) can be writtenas 1s2s2,

Li — 15?25t
Be — 15?25

Now the 2s orbital isalsofilled. The orbitals of next higher cnergy are the 2p orbitals, of which there
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are three, These three orbitals are of the same energy. Orbmlsafthesameemgymsmdtobc
*degenerate”. Since there are three such degenerate orbitals, the 'p " orbitals are said to possess athree-fold
degeneracy. Intheelement Boyon (atomic number, S)theﬁfthelecu'onwmﬂdgomtooneofme‘p orbitals.
Hence iis configuration would be ls’23‘2p‘

B - Is252p*

In the nexi element carbon (atomic number,6), two possibilities can arise. The fifth and sixth
electrons can go into the same 2p orbitals, such as 2p,, or they can go into separate (but degenerate) 2p
arbitals, such as 2p_and2p, . According to Hund's rule, the number of unpaired electrons in a given energy
levelis maximum. In OthchOI‘dS whenever degenerate orbitals are available, electrons first gointo totally
vacant orbitals. Pairing up commences only after each of the degenerate orbitals is half-filled. This is
because, as far as possible, negatively charged electrons tend to keep away from one another.  Thus, in
the ground state of carbon the two electrons in the p orbitals remain unpaired; they occupy separale p
orbitals. They are said to have ‘parellel spins’ (electrons which are paired, and occupy the same orbital
have 'antiparallel spins). The configuration of carbon can, therefore, be written as 1s?2s%2p 2p {oris®
252 2p%, with the understanding that the 2p electrons are in separate 2p orbitals). Likewise, in mtrogen
(atomic number, 7) the three 2p electrens are also unpaired. The configuration of nitrogen would be
1s%25%2p' 2p* 2p', (or 1s* 25% 2p°). '

_ C_—)is‘2522p112p‘,

N - 1s%2s%2p' 2p" 2p',

The next element Oxygen (atomic number 8) has eight electrons. The fifth, sixth and seventh -
elecirons occupy separate 2p orbitals (Remember that all electrons are identical, numbering them is only
amatter of convenience). The eighth electron would now pair up with ohe of the unpaired 2p electrons.
The configuration of oxygen can be written as 1s* 28> 2p®, 2p* 2p', {or 1s? 25* 2pY). Following, similar
procedure the configuration of the next two elements Fluorine (atomlc number, 9) and Neon (atomic
number, 10) can be written as follows

0 15?25 2p% ZPlr 2p', (15725 2pY)
F— 15?25 2p? 2p? 2p', (15 2¢? 2p%)

Ne— Is* 2¢*2p? 2p° 2p%, (is® 25 2p%)

In Neon, all orbitals corresponding to the principal quantum number 2 are completely filled. (just
as in helium atom, the single Is rbital corresponding to n=1 is completely filled). This makes the atoms
remarkably stable, and correspondingly remain unreactive in relation to other elements. This would be
true too of 'the other noble gas elements that follow,

Sodium (At.No. 11), the next element after neon, would have an electron in the 3s orbital. The
configuration would be 1s? 2s? 2p® 3s'. The configuration of the other elements follow in a natural way.
The following table shows the electronic configurations of the first 20 elements, starting with hydrogen.




6.4.1

Electronic Configuration of elements with atomic numbers ranging
from 1to 20

At No. Element | Configuration

1. H 1s!

2. He is?

3. Li 1522s!

4, Be 1s* 252

5. B 1s% 25* 2p!

6. C ' 1s* 25* 2p?

T N 1s2 2s% 2p?

8. o 152 252 2p*

9. F 152 2¢% 2p°

10. Ne 1s* 2¢* 2p®

11 Na 152752 2pf 35t

12 Mg 1s? 22 2p° 3s?

13. Al 1s? 252 2pf 352 3p!
14. Si 152 252 2p® 357 3p?
15. P 1s? 2s? 2p° 3s? 3p°
16. S 152 252 2p° 382 3p*
17, Cl 1s? 25% 2p© 352 3p®
18. Ar 152 252 2p° 3s? 3p®
1. K 15> 2s? 2p5 3s? 3p® 45!
20. Ca 152 252 2p® 352 3pS4s?

Note that in potassium (K) and calcium (Ca) it is the 4s orbital thal takes in the electrons, but not

the 3rd orbital. Calculations show that the 4s orbital is of a slightly lower energy than the 3d orbital.

With scandium (AtNo. 21), a new series of elements begins, in which the 3d orbitals get filled up.

As there are five 'd’ orbitals, there would be a total of 10 elements in which the 3d orbitals are occupied.
These 10 elements are known as the "transition ¢clements' (or rather the first transition series of elements).
They have properties characieristic of themselves,

The configuration of the transition elements, beginning with scandium (AtNo.21) and ending with

zinc (At No. 30) is given below.

1 6.4.2 Electronic configuration of atoms with atomic numbers ranging from 21to 30.
Atno Element Configuration
21, Sc 1s? 252 2p® 3s? 3p® 45% 3d!
22 Ti 152 252 2p° 3s? 3pS 4s? 3d?
23. A 1s% 252 2p® 352 3p€4s? 3d°
24, ce 152 2% 2p® 3s? 3p° 45! 3d°
25. Mn 1s2 252 2p° 3s? 3p® 4s? 3d° 35




ot 80 e s Bee | o 152252 2p8 392 3843 |
27. Co 157 252 2pS 342 3pSids? 3d2
28 1. NP - | 157267 2p8 362 3p° 452 38
20 T 15?267 2p5 362 3pS st 3d
30. Zn' 157 252 2p° 352 3p° 482 30

It should be noted that in the cdse of chromium (Cr) and copper, (Cu_)_ one of the 4s clectrons moves
into the 3d orbitals. This happens because of the additional stability imparted when the 'd' orbitals are
exactly half filled (i.e. contain § 'd’ electrons) or completely filled (i.¢. contain 10 'd’ electrons).

Following the general principles described above the electronic configuration of all the known
elements kave been derived. These configurations agree in most cases sausfactonly with the configura-
tions arrived at experimentally from spectroscopic studics.

6.5 SUMMARY:

In this Unit we have studied about :
i) The orbitals having definite energies associated with them.
i) The relative order of the éncrgies for each type of orbital -

it)  The Aulbau principle as the guidelines to be followed in filling up the atomic orbitals with
electrons.

iv)  The electronic configurations of the atoms,

6.6 MODEL EXAMINATION QUESTIONS:

I Answer the followingin 10 lines, -
1, Explain the meaning of 'Aufbau' Principle.
2. State and explain Pauli's exclusion principle,
3. State 'Hund's rule’ and bring out its 51 gnificance in arriving at electronic confi guration of atoms.
4. C.ommem critically on the conliguration of chromium and copper. |

5. Write the electronic configurations of atoms with atwmic numbers 2,10,18. What do these
signify?

II.  Answer the following in 30 lines,
1. Give a eritical account of the nature and cnergies of the different atomic orbitals.

2. Discuss critically with illustrations the "Aufbau’ principle of atoms.
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6.7 MODEL ANSWERS TO CHECK YOUR PROGRESS:

1 Number of electrous in an atom is inferred based on its atomic number. Atomic aumber of an alom
is equal to the number of electrons that it contains. It is also cqual to the number of protons present
in it. '

2 During the filling up of orbitals of an atom with electrons, encrgy of 4s orbital is less than the energy

of 3d orbital. But once these orbltals get ﬁlled with electrons encrgy of 4s orbital will be morc than

+--the energy of 3d orbltal

6.3 GLOSSARY

Angular momentum

amu (atomic mass unit)

Cathode rays

Corpuscle
Diffraction
Discharge tube
Fluorescent screen
Hydrogen like atom

Interference

Pobability distribution
function

Quantum

Spectrum

o-Tays

Momentum associated with the rotation of a body. It is'a vectorial
quantity like linear momentum. For a body of mass 'm' moving with

‘alinear velocity 'v' and having a position vector 't with respect tofixed

eoordinate origin the angular momentum is mvr,

Atomic mass unitis an érbitrari]y defined unit in terms of which the

-mass of an individual atom is expressed, Itis defined as 1/12 the mass

of carbon atom with mass number 12. Itis also known as Dalion.

A stream of electrons emiltted from the negatively charged electrode
or cathode when an electric discharge takes place in a discharge tube.

A minute particle. A particle of light in corpuscular theory of light.
The bending of light waves or other waves, into the region of the

" geometrical shadow of an obstacle.
An evacuated enclosure containing a gas at low pressure through

which current can flow when sufficient voliage is applied between

metal electrodes in the tube.

A-screen coated with special chemical substance called fluorescent
substance, enabling it to emit visible light when struck by high encrgy
radiations such as 7y -rays, X-rays or electron beams.

The ion having a single electron in the outer mostg orbit, Itrescmbles
hydrogen atom in structure. Li* and Be™ are examples.

The addition or combination of waves. If the crest of one wave meets
the trough of another of cqual amplitude, the wave is destroyed at that

‘point; conversely, superposition of one crest upon another leads lo an

increased effect.

'_A statical represcntation {through an expression  or graph) of the

chance of occurence of an event or a phenomenon. For example the
chance of an electron being found in the space around nuclcus in an
atom is given by the atomic orbital or clectron wave function,

The smallest unit or the indivisible amount of energy. The quantum
of light is referved to as Photon.

A serics of radiant cnergies arranged in order of wavclength or
frequency. Based on the frequency range or wavelength range, the
electromagnetic spectrum is divided into radio frequency, infrarcd,
visible, uliraviolet and X-ray regions.

The positively charged rays emanating from a radioactive clement. it
consists of fast mqving partictes, with mass number 4 and charge +2

(helium nuclei)
Author: M.D, SIDDHANTI
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 CHEMICAL BOND

What are Molecules?

Atoms combine to form motecules both of elements and compounds. Molecules are thusaggregate
of atoms, held together in such a way that each moleci-le behaves as if it were a single entity. We have
molccules of varying complexity, starting with simpl: diatomic molecules like hydrogen (FL), oxygen
{0,), chlorine (CL), hydrogen chloride (HCI) etc., a.1d ending with huge macro molecules comprising
thousands and thousands of atoms (proseins). We have, ofcourse, the ‘monoatomic' moleculesof the noble
gases - helium, neon, argon etc., which are, in effect, single aloms only. Each compound has distinct and
charactesistic properties, depending not only on the molecular composition of the compound, but also on

" the manner which the atoms are arranged. _

The atoms in a molecule are held together by forces which constitute the "Chemical Bond”. A
chemical reaction is a process in which one banding arrangement is replaced by another, Atoms can
combine with one another in a variety of ways Lo form, literally, thousands and thousands of compounds.

How do Atoms Combine?

Why and how do atoms combine to form chemical compounds?. In the formation of chemical
bonds, atoms follow the general pattern of behaviour of malerial systems, namely, one of acquiring a state
of lowest energy which, in turm, is associated wilh a state of maximum stability. When d pair of atoms
combine 10 form a bond, a certain amount of energy, characieristic of the bond formed, is released, and
the chemical species so formed relatively much more stable than the component atoms. This same amount
is 10 be supplied 10 break the particular bond. Formation and cleavage of chemical bonds and the energy
changes accompanying these processes are matters of particular interest to chemists. The present
discussion is, however, restricted only to qualitative aspects of bond formation.

: "The manner in which atoms combine and the type of bond that is formed depends on many factors.

Among these factors arc atomic size, nuclear charge and clectron distribution around the nucleus. These

- factorsevidently differ for atoms of different elements. Strictly, the bonding processisa very complex one.

In the main, the atoms of onc element differ from those of all other elements in the manner in which they

combine with atoms of other elements. Quantitative treatment sequires a mathematical background of a

high order. But for a basic, qualitative understanding, of bonding, we use simplified concepts, which
enable us to classify bonding processes into a few simple categories,

 Types of Chemical Bonds

Chemical'bmdscanbedevmdinmnuwdiﬂina(yp@-uwiopﬁcbmd, the covalent bond and
lliemelqiﬁcw._Bmi_lsll_uuldbeemphasisedl!mtmschssiﬁcaﬁohisanmbiuaIym,mmsinglem
canbe saidiobelong exclusively toeitheronetype or the other. Thisis more trucof firsttwotypesof bonds,
i.c., the jomic bond and the covalent bond. Yet the classification is extremely uscful for a basic

wnderstanding of the manner of formation of the chemical bond. -
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UNIT - 7-THE IONIC BOND

Contents: .
71 .' A.im.s-m_ld bbjectiﬁé- B
7.2 | Iﬂtrodﬁction .
73 - Fomlanon of ionic borid
14 .Ionic radios - |
: '?-.4.1 Ibnic radii.of ﬁf scjme.atoms
-7.4.2 - lonic radius and ctystal structure
7.4.3 lonic radius cation rcfra ard crystal shpape
7.5  Lattic encrgy
7.51 Born Haber cycle
| 7.6_. Prcperl.iés of ionic .compounds
7.7 Sﬁmmary
78 Model examination questions
79 Model answers to check your progress
71 AIMS AND OBJECTIVES

This unit aims to describe formation of ionic bond and to explain the different shapes of compounds

in the solid state (crystal} containing these-ionic bonds After completing this unit you will able to

understand that

. Why do atoms combine to give molecules?

. How do atoms combine to form ionic compounds?

. The size of the atom is altered by the addition or removal of electrons.

. Oppositely charged ions are held by electrostatic forces in ionic compounds,

. The co-ordination number of ionic solids and the geomctry of ionic crystal vary with the ratio of
the ionic radu .

. Lattice energy of an ionic compound is the energy required 40 separate one inole of its ions by
infinite distances.
Bom-Haber cycle relates lattice energy and other thermochemical quantities involved in the
formation of an ionic compound,

» Lattice energy of ionic sohds can be calculatcd using these thermo-chemical data with the help of

Bom-Haber cycle.
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72__INTRODUCTION

. The elements belonging to the Zero' group of the periodic table, the inert gases (also known as the
noble gases) are noted for their extreme lack of chemical reactivity. These elements are helium, neon,
argon, krypton and xenion, They do not normally show any iendency 10 react with other elements. Their
molecules, as mentioned already, are monoatomic, that, they contain only one atom. From their lack of
reactivity, we may conclude that these atoms are extremely stable,

An examination of the electronic configuration of the inert gases, reveals the fact that the atoms
of these gases contain an arrangement of eight electrons in their outermost shell. (The exception, of course,
is helium, which is having an atomic number 2, can have only one electronic sheil that can accommodate
a maximum of two electrons only). This fact, coupied with the lack of reactivity of these elements, led
to conclusion that an arrangement of eight electrons in the outermost shell (and two in the case of helium)
represents a very stable arrangement. Other elements react with one another 1o acquire this stable
configuration of electron 'octet. Though this yiew is no more entirely valid, it was the first meaningful
attempt to explain bond formation.

7.3 FORMATION OF IONIC BOND

How do atoms attain the electron ‘octet in their outermost shells? One way of explaining it is as
follows.

Consider, for instance, the sodium atom (atomic number 11) which has the electronic configuration

' 1s22s?2p53st, The first and second shells are full, but the third shell has only one electron. When sodium

reacts with other atems it would do so in such a way as to lose the single outerost electron and acquire
a configuration resembling the nearest inert gas atom, neon, which has the configuration 15*25°2pf. As
a result a sodium ion, Na*, is formed, having a net charge of +1.

Na— Na*+¢e
Now let us consider the chlorine - atom (atomic number 17). It has the electronic configuration

1s*2s5%2pf 352 3p°. Its outermost shell is short of one electron for the octet. If the chlorine atom werg to
gain an electron, the octer would be complete, and the chloride ion, CI, would have the configuration

~ resembling that of argon, the inert gas nearest to chiorine in the periodic table. The chloride ion has anet

charge of -1.
Cl+e—-CI-

When sodium and chlorine react with each other, the single outermost electron of the sodium atom -
is transferred to chlorine atom and the sodium ion Na* and the chiloride ion, CL, are produced. These two
oppositely charged ions attract each other and are held together. Since both sodium and chlorine atoms
acquire a stable inert gas configuration, such a process would tend to take place readily and sodium
chloride, Na* CI, is formed. Showing only the outermost (the valence) electrons, the process can be
indicated as follows. o :

Na+Cl— Na* Cl-

The bond formed thus, as a result of the electrostatic attraction between two oppositely charged
ions, is called "Ionic Bond", {also known orginally as electrovalent bond).
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Fig. 7.1 Electrostatic attraction,

Let us consider another example, - the formation of magnesium chioride. magnesium has the
configuration 1s?2s2p®3s? , with two more electrons than the nearest gas neon. By losing these two
electrons magnesium is changed to magnesium ion, Mg*™.

Mg — Mg* + 2¢e

_If these two electrons are transferred to two chlorine atoms, one to each, magnesium chioride can
be formed.

:(fi: :Cl:
Mg: + T Mgttt

:Cl: :Cl:~

Thus ionic bonds are formed as a result of electron transfer from one atom to another. The atom
losing the electron(s) is called electron donor and the atom gaining them is called electron acceptor.
Justify what sort of atoms can form ionic bonds? The elements immexdiately preceeding the inert gases
in the periodic table are the halogens (group VII). These are highly ‘clectronegative’, i.c., they have a
tendency to gain electrons rather readily. The elementsimmediately following the inert gasesare the alkali
metals (group 1) and the alkaline earth metals (group I). The atoms of these elements have a tendency
to Iose electrons rather readily and are thus called “electro positive™. Ionic bonds are formed when
electropositive elements react with clectronegative elements. Besides the halogen's oxygen, sulphur, and
nitrogen are highly electronegative. The halogen compounds of the alkali and alkalinc carth metals are
predominantly ionic in character.

7.4 IONIC RADIUS

The size of an atom is altered by the addition or removal of ¢lectrons. During these changes the
nuclear charge, however, remains unchanged. Hence, the change in the size resulting from the conversion
of an atom to an ion is atributable to the number of electrons added or removed. When as atom loses an
electron, a positive ion is formed. Now the positive charge of the nucleus is one unit more than the
electronic charge around it. As aresuli, the remaining clectrons are pulled inwards by the excess nuclear
charge-owing to the greater aitraction exerted by it. Hence, the posilive ion becomes smatler in size than
the neutral atom. Removal of a second electron would be even more difficult, as the second electron would
have pulled outagainstthe attraction of excess positive charge in the nucleus. Anda doubly charged cation

“would be smaller even than a single charged ion. The opposile would eccur when a ncutral atom is
converted (o a negative ion by the addition of one or more electrons. The efectrostatic force exerted by
the nucleus is now distributed over a larger number of electrons than in the neutral atom. Therefore, there
is an expansion of volume to accommodate the extra glectrons added.
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Two opposiicly charged ions approach each other as w result of the elecirostatic attraction between
them. But as they come closcr apd closer, the electrostatic attraction is countered by repulsive force. At
some point these two forces just balance each other. This distance is calied the "Interionic distance”, i.e.,
the distance beeween the nuclei of the two oppositely charged particles.

The 'radius’ of a given ion is not constant but varies with the number of ions of opposite charge
around it. By methods of X-ray analysis the distance between the centres of the two oppositely charged
ions can be cstimated. In crystals ions are so packed that we can assume that they are more or less spheres
of characteristic size. Hence we can assign "fonic radius” values of these ions, But it should be noted that
these ionic radii in a crystal. Thus the ionic radii of two oppositely charged ions are such that the sum of
these two radii is equal to the distance between two adjacent ions in contact with one another in the crystal.

X-ray measurements provide a method for finding the distance between two adjacent ions, as for
example, the distance between sodium iens and chloride fons in sodium chloride. But it is not possible
to determine from this, to say, what part of this distance is 10 be considered as the ionic radius of sodium,
and what part of this is the chloride ion. However, as a rule, posilive ions arc much smaller in size
compared to negative ions that surrouad them. Thus a smalt central cation may be considered as being
surrounded by four large anions, as indicated in Fig. 7.2.

Fig. 7.2._ Packing of anions and cation
Assuming that the anions are in contact with one another, it can be seen that the radius of the anion
is half the distance between the two anions. The radius of the cation is then obtained by substracting the
radius of the cation from the distance between the cation and anion. By this and other methods, the radii
of many ions have been estimated, The radii of some jons with the inert gas configurations are mentioned
below.

7.4.1 lonic radii of some atoms

Cation Radius (A)° Anion Radius(A)°
Li* 0.61 H- 1.54
Nat 0.94 F- 1.36
K 1.33 Ci- 1.81
Mg* 0.65 Br~ 1.95
Ca 0.9% I- 2.16
Ba* 1.35 o= 140
AP 0.50 8- 1.84

it should be noted that many cations, especially those with high positive charges do not exist as
simple ions, Because of their relatively small size, they are invariably associated with water molecules in
aqucous sotution, ¢wmg 1w the interaction between the cation and the dipole (water). This interaction




produces the phenomenon of "hydration”. Cations are invariably hydrated. In principle anions alsocoul d
be hydrated, but because of their larger size, they are hydrated, if at all, to an extremely small extent or
none at all.

Check Your Progress - 1

How ion size is related to its charge?

7.4.2  Tonic Radius and Crystal Structure

In an ionic soild, positive ions are surrounded by negative ions and vice versa. Most i:.organic
. crystals are exceedingly ionic in character, The sizes of the component ions are the important factors in
determining the structure of cryslals. In an ionic erystal each ion tends o surround itself with as many ions
of possible charges as possible. The number of nearest possible neighbours (i.e., ions of opposite charge)
is known as the co-ordination number of a given ion. The co-ordination number is mainly dependent on
the radii of the ions as well as the radius ratio of the two ions.

Considering ions to be rigid spheres it is possible to determine the structure of an ionic crystal
formed by two differentions. Mathematical calculations show that when the cation radius to anion radius,
rjr, is greater than 0.15, three antons would be in contact with a central calion,

Fig. 7.3  Packing of ions when the ionic ratio 15 0.15
The coordination number of the cation is 3

The 'followin'g table gives the co-ordination number and the geometry of an ionic crystal from a
knowledge of the r fr_ ratio.

Table 7.4.3 Ionic radius ratio r /r_and crystal shape

Ratio Co-ordination number Shape

0.155 3 Planar traingle
0.225 4 Teirahedral
0414 4 Square planar
0.414 6 _ Octahedral
0.732 8 Body-centred cubic




Tonic compounds are divided into three main groups AX, > AX, and AX, depending on therelative
numbers of posilive and negative ions. It is not possible here to present a detailed description of all the
three gmups. We shall discuss bricfly the first groyp of crystal structure, namely the AX group.

Three different crystal structures are possible for the AX group of ionic compounds. Each
: structuml arrangement is named after the most familiar formula AX and having the cesium chloride (CsCI)
sl:rucume and the four fold coordmauon is known as the zing sulphldc (ZnS) stmcturc The CsCl structure

NaCl

Fig.7.4  Arrangement of ions in a sodium chloride crystal

The compactness of any crystal structure depends greatly on the effective radii of the ions present.
At the same time; icns of the same type are kept scparated to the extent posdsibie by interspersing ions of
cpposite charge. Thus, in the crystal pattern of sodium chloride the sodium ions are found to be located
atthe cornersof acube, while another sodiumion is located at the centre of cach face. Suchacrystal pattern
isknown as face-cenired cubiclattice. Incestum chloride a different type of packing is to be found. This
is because the ionic radius ratio (0.93) in CsCl is different from that in NaCl (0.53). Around cach ion of
a particular sign, eight ions of opposite sign are arranged. This produces an arrangement known as body-
centred cubic lattice. The arrangement is showa in figure 7.3,
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Fig. 7.5 Arrangement of ions in a cesium chloride crystal

_ What we have discussed is only a very simplified and also a very small part of the structure of ionic
46 crystals. There are many other types of crystals, Actually there are seven different crystal systems.




7.5 LATTICE ENERGY

The crystal or lattice energy of an ionic compound is the energy required to separate one formula
weight (mole) or its ions by infinite distances. Itis also the energy released when the crystal (MX) lastice

of ionit: compound is formed from free gaseous cations and anions (of the compound) sepamred from

" each other by infinite distances.

Direct determination of lattice energy has been possible in the case b_f"otlly a few compounds. An
indirect method, whichrelates the lattice energy to other thermochemical gquantities, hasbeen devised, and

isknownthe Born-Haber Cycle. Incases where the en2rgy of formation of a crystalline compound (ionic)

from its constitutent elements is available, it may be sonsidered as the sum of the energies of the various -

intermediate steps involved in the formation of the compound. From such knowledge it is possible to
calculate theoretically the lattice energy of a crystal.

7.5.1 Born Haber Cycle

The formation of sodium chleride from sodium and chlorine may be taken as an example to
illustrate the principle of Born-Haber Cycle. The varicas steps, and the energy changes involved, may be
indicated as follows.

() Sublimation of sodium metal
Na (s} — Na )g); sublimation energy, S = 26.0 K.Cals/mole

i) Dissociation of molecular chlorine into atoms
Cl, (g) — 1/2 Cl, (g) ; Dissociation cnergy, 1/2 D. = 28.6 K.Cals/mole

(iii) Ionization of sodium atom .
Na (g) — Na* (g} + e7; ionization energy; I = 118.0 K.Cals/mole

(iv)  Electron affinity (E) of chlorine atom,
Cl(g) + e > Cl (g); E = -86.5 K.Cals/mole,

(v)  Lattice encrgy (U) of sodium chloride
Na* (g) + Cl (g) > Na'Cr (5)- U

(vi)  The heat of formation {AH) of sodium chloride from its constituent atoms;
Na(s) + 1/2Cl, (g) — Na* CI (s) AH=198.2 K.Cals/mole

This last head quantity, AH is the algebraic sum of the first five.
-AH=8+12D+1-E-U

From this, the lattice cnergy, U, can be obtained as:
U=8+12D+L-E + AH = 184.3 K.Cals/mole

The Bormn-Haber Cycle for ionic soild (MX) can be disgrammatically indicated as shown
mFig. 7.6

MX(s) “— vo M+ (g) + X ()
AHF (-} I+ E (-}
S +1/2D
Ms) + 1/2X,(g) N M(g) + X(g)

Fig 7.6 Born-Haber cycle

47
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Check Your Progress - 2

Mention the different steps in Born-Haber cycle.

7.6

PROPERTIES OF IONIC COMPOUNDS

In Tonic solids the component ions, are held together by strong eleclmstatic_forces; It would need

relatively large quantities of energy 10 tear these ions apart. Consequently ionic compounds have fairly
high melting points and boiling points. Ionic solids are hard and brittle and cleared only along certain
planes. They do not conduct eleciricity in the solid state, but when melted or dissolved in solvents like
water, they conduct electricity. This is because in the solid the jons are held rigidly in their equilibrium
positions, while in the molten state or in aqueous solution the crystal lattice breaks down and the ions are
free to move aboul. Thus when a potential is applied, they conduct electricity.

As a rule ionic compounds are soluble in polar solvents (eg., water} and are insoluble in non polar

solvents (eg., carbon tetrachloride).

SUMMARY

7.7
In this unit we have studied about

i) The formation of molecules by the combination of atoms

i) The manner in which atoms combine and the type of bond formed.

iii)  The formation of an ionic bond as a result of electron (8) ransfer from one atom to another,

iv)  Radius ratio of ions and the crystal shape

v} The face ceatred cubic lattice (Na Cl) and body centred cubic lattice (Cs CI).

vi)  Thelattice encrgy which is the energy released when the crystal lattice in ionic compound is formed
from its component ions in (he gaseous state,

vii)  Born-Haber ¢ycle which is a thermodynamic cycle of energy chang, s relating to sublimation,
dissociation, ionisation, clectron affinity, lattice energy and the heat of formation.

viii)  The properties of ionic conpounds.

7.8. MODEL EXAMINATION QUESTIONS:

I Answer the following in 10 lines each.

1 Explain the formation of ionic bond in terms of electron octet.




2 Describe briefly the packing of ions in crystal.
3 Write a concise account of Born-Haber cycle.
4 How are ionic radii determined?
1L Anéwer the following in 30 lines each.
1 Write critically about the nature and formation of ionic bond.
2 Discuss Born-Habcr cycle and describe its use in the elucidation of lattice energy.

3 Explain clearly the change in the shape of crystal with the change in the ratio of the radii
of the ions in the crystal.

7.9 MODEL ANSWERS TO CHECK YOUR PROGRESS

1 An atom and its ions possess the same number of protons bat they differ in the number of electrons,
More are the number of electrons in such a species bigger will be its size. Therefore a negative
ion is bigger than its atom, which in turn is bigger than its positive ion. '

2 These steps are -

a) Sublimation of electropositive element.
b) Ionisation.

c) Dissociation of electronegative element.
d)  Electron atfinity,

) Lattice enérgy of the ionic bond,

) Heat of formation of the ionic bond.

Author: M D, SIDDHANTI




UNIT - 8 : THE COVALENT BOND

Contents
8.1 Aims and objective
8.2 Introduction
8.3  Covalent bond formation
84  Co-ordinate covalent bond
8.5  Valence bond theory
8.5.1 Overlap of orbitals
8.5.2 Sigma and Pi bonds
86 Bond Lengths
8.6.1. Bond lengths of single bonds in some diatomic molecules.
8.6.2 PBond lengths of some bonds in different compounds.
8.7 Bond angles
8.7.1 HCH Bond angles in some molecules
8.8 Bond energics
89  Hybrid orbitals
8.9.1 Shapes and types of hybridisation
8.10 Summary
8.11 Model examination questions

8.12 Modcl answers to check your progress

8.1 AIMS AND OBJECTIVES

The purpose of this unit is to describe you in brief the mode of formation, the nature of

covalent bond and the shapes of molecules.

By the end of this unit you should be able to understand that

The bond fornted by mutual sharing of two electrons between two combining atoms is known
as covalent bond.

Homo-atomic molecules such as H,, CL, N, and heteroatomic molecules such as HCI, H,0,
NH, are some examples of molecules containing covalent bonds.

It is possible that both the electrons responsible for the covalent bond formation are donated
by one atom and accepted by the other atom is called co-ordinate covalent bond or simply co-
ordinate bond.

Basing on the type of overdap (end to end or lateral), the covalent bond formed is termed sigma
( o ) or pi (m) bond,

The extent of overlap can be taken as a measure of the strength of bond formed, & bond
involving greater overlap is a stronger bond than m bond involving lesser overlap.

The average distance between the nuclei of the two bonding atoms is known as the bond length

“or bond distance.

The angle of intersection between the lines drawn through the nucleus of an atom to the nuclei
of atoms bonded to it is called bond angle.




PREFACE

This course deals with the topics in Theoretical Chemistry and Physical
Chemistry include in the syllabus for the Second year of the B.Sc.course offered by the
Andhra Pradesh Open University. These topics cover the 'core area’ of Chemistry to be
studied in the Second Year of the Three Year Degree Course in Science. The syllabus
is for the sake of convenience divided into Blocks, each of which comprises a number
of Units. Each Block generally covers a specific area of the subject. The Units are "
prepared by specialists in accordance with a format so desi gned as to enable the student
read and understand them without much difficulty. Each Unit begins with a statement of
its aims and objectives and has at its end Model examination questions intended fo test
the student's comprehension of its subject matter. Generally technical terms with which
the student may not be familiar-are given at the end of each Block under the head,
Glossary if necessary. :

In the first section of the course dealin g with Theoretical Chemistry, itisa ttempted
to explain the basic theoretical principles underlying atomic structure, chemical bond
and molecular structure. It is hoped that this section will help the student to acquire the
necessary theoretical knowledge to understand the properties and behaviour of matter.

In the other section of the course, dealin g with Physical Chemistry, efforts are
made to describe the behaviour of matter inits gaseous and solution states. One of the
objectives of physical chemistry is to be able to ‘apply measurements of physical
properties to the elucidation of molecalar structure. Hence this aspect has been stressed
to the extent required. ' '

The University hopes that this course material will help the student to get ac-
quainted with the concepis and principles of chemistry in general and of Theoretical
Chemistry and Physical Chemj stry in particular. -
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UNIT - 3 : ATOMIC SPECTRA

Contents

3.1 Aims and objectives
32 Introduction
33 Line specira
34  Hydrogen spectrum
34.1 Bohr's model of hydrogen spectrum
34.2 Bohr's postalates
34.3. Explanation of hydrogen spectrum
35 Summary
3.6 Model examination questions
3.7.  Model answers 0 check Your progress

3.1 AIMS AND OBJECTIVES

To make you understand the behaviour of atoms in normal atom and excited states, the process of
arriving at it by Bohr. After completing this unit you will be able 1o understand;

] Origin and types of optical spectra

] Study of hydrogen spectrum

. Bohrs nuclear model of atom

. Quantization of energy of electrons in atoms
™ Introduction of principal quantum number
Explanation of hydrogen Spectrutn

3.2 INTRODUCTION

rainbow colours (violet, indigo, blue, green, yellow, orange, and red). If you paint cardboard disc with
these seven colowrs in the order mentioned and rotate the disc vigorously, you observe that these seven

resulting array of colours §een on a screen is called the spectrum. 13




14

Fig. 3.1 Spectrum of white light
1. Filamenti lamp 2.81it3 .Lens 4. White light beam 5. Glass Prism 6. Screen

Each colour correspands te a light cadiation or a band of radiations with specific characteristics.
The array of colours can be caught on & white screen or recorded on a photographic film. All the seven
colours in the form of bands can be seen when the white light coming from the sun or emnitted by an electric”
bulb (filament lamp) 18 passed thirough the glass prism. There are no gaps in between the colour bands and
the bands are continuous. Suchia spectrum is called continuous

3.3 LINE SPECTRA

| - . .

In the experiment discribed in 3.1 the source of light is a tungsten filament electric bulb and the
filament is made incandescep'l at high temperatures. Similar to incandescent tungsten filament many
metals or their compounds emit light when they are made incandescent by raising their temperature to high
values. Forexample wecan introduce sodium chloride into abunsen flame and raise its temperature to high
values. The saltat this high ferperature imparts a bright yellow colouris characteristic of the light emitted
by sodium chloride when raised tc high temperatures. The yellow light when passed through a glass prism
js splitinto two distinct yellow lines separated by adark space (Fig.3.1). Thigsystem oftwo distinct yellow
lines scparated by dark space is dué to the light emited by sodium at high temperanires and is called sodium
spectrum., Such a spectrum consisting of distinct lines separated by dark spaces (or gaps) is called a line
spectrum. Each line has specific characteristics. Note the difference between this spectrum and the

-~ spectrum obtained from sun rays {solar spectrm ) mentioned above in figure 3.1. The latter contains

continuous bands in contrast © the distinct lings in the former.

o

Fig. 3.2 Line Spectrum of sodium atom

1. Bunsen Flame containing NaCl 2. Skt 3.Lens 4. GClass prism 5. Screen




e  The enthalpy change that takes place when a molecule in gaseous state dlsscmates into atoms
" alonig a bond is called bond dissociatdon energy of that bond.

Bond energy is an average of bond dissociation encrglcs of all similar bonds in the molecule,

. Hybrid orbitals are formed by the combination of two or more atomic orbitals of similar
energy.

8.2 INTRODUCTION

In ionic compounds the bond between two combining atoms is formed as a result of wansfer
of electrons from one atom to another, Conseguently, we have two ions of opposite charges and the
two are then held 10gether by electrostatic attraction, It has already been pointed out that the elements
of the first and second groups of the periodic table, namely, the alkali and alkaline carih metals are
electropositive and can readily form positive ions. The halogens, on the other hand, are electronega-
tive and form negative ions by gaining electrons, So do, oxygen and sulphur. '

As we move to the centre of the periodic table, we find that it becomes increasingly difficult
for atoms to be converted to trivalent ions, whether positive or negative. For cations, extremely large
amounts of energy will be required {0 remove the third and subsequent elecrons. Likewise to add
a third or fourth extra-eleciron to an atom will be more or less impossiblé, as this would imply adding
these electrons against the extreme repulsion of the already existing excess negative charge. Another
aspect is that when two electronegative atoms react, ionic bonds cannot be formed as both the atoms
have a tendency to gain electrons.

8.3 COVALENT BOND FORMATION

How then does bonding occur in the instances mentioned above? 1In these and similar cases,
inert gas configuration may be attained by sharing elcctrons. Let us consider the formation of the

chlorine molecule, CL,, from a reaction between to chlorine atoms. Showing only the electrons in the

outerimost shells, the reaciton may be visualized as follows,
Cl . + . o -» o d : Cl :

Each chiorine atom has seven electrons in its outermost shell. Each’ atom can acquire the
elecron octet by sharing an elecoron with the other.

The formation of a more complex molecule like meihanc can be visualised as fellows |
.C. + 4H] - H:C:H

The carbon amrn has fnur elet:irons in its outermost shell and i is thus four short of the octet.
On the other hand each of the hydrogen atoms has only one electron in its shell and is one short of
the electron "duplet’ (resemblmg the configuration of the nearest inert gas, helium, which can have a
maximum of two electrons in its shell). Thaus, if each of the four hydrogen atoms shares its one
elecron with the carbon atom, each would acquire the duplet, and the carbon would, in tum, acquire
the octet. Thus a stable molecule can be formed.

A bond formed by mutual sharing of electrons between two combining atoms (each atom
contributing one electron) is known as a covalent bond. It was also called by G.N. Lewis as electron-
pair bond. Most organic compounds, and quite a few inorganic compounds are covalent in character.
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electrons of the combining atoms are no more associated with their original nuclei. Instead. there is
an equal chance of each ¢lectron being associated with either atom. In turn, each nucleus may be
associated with the two electrons. :

In addition to these factors, Pauli's exclusion principle also will be operative. The formation k
of a stable covalent bond will be favoured only if the two electrons involved in the bonding process
have opposite spins.

8.5.1 Overlap of Orbitals

_ A crude representation would be to describe the bonding process in terms of the ‘everlap’ of
the atomic orbitals. In the two separated hydrogen atoms, the respective elecrons will be in the 1
atomic orbitals, When the two hydrogen atoms approach &ach other, the two 1s atomic orbitals, having

. electrons with opposite spins, will tend to overlap and form the bond. The greater the overlap the
stronger is the bond. The overlap of the atomic orbitals would lead to a lowering of the energy of
the system, The overlap would be greatest at the optimum internuclear distance, and the molecule
would be most stable under these conditions. If the two electrons possess the ume spin, the energy
of the system would be far greater than the sum of the separate atoms. When such atoms approach
one another, there will be considerable repulsion which prevents the formation of a stable bond.

When the two atoms approach each other there will be an increase in the electronic charge
density when the overlapping of the atomic orbitals (containing electrons with opposite spins) takes
place. The charge density will be maximum at the point midway between the two nuclei, Thus has
the effect of reducing the repulsion between the nuclei as well as producing an atiraction of the nuclei
for the accumulated charge between them. Both these conditions favour the formation of a stable
bond. What we have attempled is a qualitative description of a theory which is basically
mathematical in concept and treatment. Nevertheless even this description provides a sufficient
understanding of the formation of the covalent bond. ; '

An important point needs to be mentioned. In order to produce effective overlap, the atomic
orbitals involved should have more or less the same energy. Of course, in the case of the hydrogen
molecules, the two atomic orbiials of both hydrogen atoms are identical in all respects, including
energy. So the formation of bond is easy. On the other hand, if we consider the formation of a
molecule from two different atoms. The same type may not be used. For example, in the case of the
HCI molecule, the 1s orbital of the chlorine atom has much smaller energy than 1s orbital of the
~hydrogen atom. In fact, it is found that the 2s, 2p or even the 3s orbitals are ruled out, as their
energies are far 100 low. The 3p orbitals are of comparable energy. Hence we can postulate the
combination of the 1s atomic orbital of hydrogen with one of the three 3p orbitals of chlorine.
Considering the electronic configuration of the chlorine atom, viz., 1s%, 2s%2p°, 3s% 3p°, 3p?, 3%,
3p',

Fig. 8.1 Formation of HCl

We can visualise the overlap of the hydrogen '1s' atomic orbital with one of the 3p orbitals of chlorine;
in this case we may choose the 3p, orbital, as it contains one electron only. The overlap will be

maximum if it takes place among the internucleus axis,
54 o :




8.5.2 Sigma ¢ and Pi = bonds

A bond thus formed, by the end to end overlap of atomic orbitals is known as 8 " ¢ bond.
This happens when two 3p orbitals of the chlorine atoms {one from each) overlap end on to end on,
as follows

- O~

Fig. 82  Formation of ¢ bond

Under certain conditions, two 'p' orbitals may overlap laterally las follows

~ Fig. 83 Formation of = bond

This lateral overlap leads to a comparatively weaker interaction and the bond so formed is
correspondingly weaker than a & bond. Such a bond formed by the lateral overlap of 'p' orbitals
known as a ‘T’ (pi) bond.

In many compounds more than one bond can be formed between two atoms. These are known
as ‘multiple’ bonds. In a multiple bond one is & bond and the rest & bonds. A w bond cannot be
formed before a o bond. It is always formed only aftera o bond is first formed.

8.6 BOND LENGTHS

We have already discussed that two atoms can form a stable bond when their nuclei are at
certain optimum distance from each other wnder the given conditions, such that their energy is
minimised and stability maximised. This well defined average distance between the nuclei of the two
bonding atoms is known as the bond length or bond distance. On the other hand, it has to be noted
that the atoms in a molecule are not static, They are always vibrating with respect 10 one another,
about their mean positions. As such it is rather difficult 10 talk of a single fixed distance between
any two atoms. Within this limitation, however, bond lengths can and have been determined and
found to be reasonably constant for a bond between two specific atoms. Most bond distances have
been obtained from X-ray data and molecular spectra. Experiments show that, by afd large, bond
lengths are independent of the molecule in which the particular bond occurs. From this it may be
concluded that bond Iengths (and, as indeed other properties of a bond) are largely determined by the
nature of the bonding atoms. Table 8.6, gives some data for bond lengths in a few diatomic mole-

cules.

b5
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Check Your Progress - 2

Explain the terms "bond length”, bond angle, and ‘bond energy’.

8.9 HYBRID ORBITALS

In many molecules the shape of the molecule and strength of the bonds could not be correctly
predicted from the nature of the pure atomic orbiwals involved in the bond formation, For
example, oxygen forms with hydrogen, water molecule in which one oxygen atom combines with two
hydrogen atoms. The electronic configuration of oxygen is 1s?, 2¢?, 2p*, 2p'y, 2p'z. From
this configuration it has o be inferred that the two 'p' orbitals (p,. p,} containing the unpai
electrons overlap with the 1s orbitals of the two hydrogen atoms. If this were to-be true the bond
angle in water is expected to be 90° since the two p-orbitlals are perpendicular to each other.
However the measured angle is about 105° In a similar way carbon with electronic configuration
1s%, 25%, 2p%, 2p'y, 2p°z, combines with four hydrogen atoms to give methane (CH,). Since there
are only two p -orbitals containing unpaired electrons carbon is expected to combine with
only two hydrogen atoms. So to account for its ability to combine with four hydrogens, it is
therefore to be assumed that the two electrons in 2s orbital get unpaired and one of these
will be promoted to empty p, orbiial before carbon combines with four hydrogen atoms. In
such an event, the four bonds formed are not expected to have the same strength since ong
bond is formed by the overlap of 1s orbital of hydrogen ion 2s orbital of carbon, while. the other-
three hydrogen atoms with the three p orbitals of carbon. But in methane all the four bonds are of
equal strength. Thercfore to account for correct bond strengths in the molecule and the shape of the
molecule a process of combination of atomic orbitals of different symmetries is envisaged before they
take part in the bond formation. This process is called hybridization. It must be noted that it is a
valuable concept in predicting and describing the shape of a molecule.

The combination may take place between two or three types of atomic orbitals and the number
of orbitals involved can vary from two to seven. However, the number of hybridized orbitals is
always equal to the number of atomic orbitals involved in the combination of hybridization, The type
of hybridization is named after the symmetry or spacial distribution of the hybridized orbitals formed.
It is also named on the basis of the type of atomic orbitals involved in the hybridization,

The number of outer atomic orbitals and commonly occuring shapes and types of hybridization
are summarized in table 8.9.1 . : '

Table 8.9.1 Shapes and Types of H_ybridiz_ation '

Number of atomic Shapes _ Hybridization
orbitals (symmelry) “(type of atomic orbitals)
2 Linear Sp
3 Plane triangle Sp?
4 Tetrahedron sp?
4 Square planar dsp*
5 Trigonal bipyramid | Sp*d
6 Octahedron - _ SpPdz
7 . Pentagenal bipyramid Sp*d?




The shapes of water molecule, ammonia molecale and methane molecule are predicted from
the nature of hybridized orbitals, involved in the bond formation as angular, pryramidal, and
tetrahedral. The shapes :re illustrated in figure 8.5.

Long shaded portion indicates lone pair, (hybridization is tetrahedral)

TETRA HEDRON

ANGULAR

Pl

The discussion prescribed in this section thus clearly signifies the importance of the hybrid
orbitals in the formationof covalgnt molecules.

8.10 SUMMARY

In this unit we have studied about

i) The bond formed by mutual sharing of a pair of electrons between iwo combining atoms
(covalent bond). :

i) Some specific examples of molecules having covalent bonds H,, CL, N,, HCL, H,0, NH,, CH,
eic. S

i) Homoatomic and heteroatomic molecules.

iv) A special case of a covalent bond where in the shared electron pair is contributed by one
“species (coordinate covalent bond). ' -

v) The two basic approaches (o the study, of chemical bonding  valence bond theory and the
mdlecular orbital ihcory.
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The valence bond theory which supposes that the combining atoms largely maintain their

identity and the bond arises due to interaction of the valence electrons of the combining atoms.

vii) The valene bend théory describes the bonding process in terms of the overlap of atomic
" orbitals.
viji) The bond formed by the end to end overlap of atomic orbitals; bond formed by lateral overlap
ef atomic orbitals. :
ix) The average distance between the nuclei of the two bonding atoms being termed as bond
x) lﬁ:ﬁ:lh ;mglc and bond energy and the other imporiant characl_;eristics of a bond.
xi)  The concept of hybridisation which is valuable in predictions and determining the shape of a
maolecule.
8.12 MODEL EXAl\ﬂNATIdN QUESTIONS
L Answer the following in 10 lines each.
1. Describe briefly the mode of formation of the chemical bonds in H,, HCI, NH, and NH,*
2. Nlustrate the formation of © and x bonds.
3. Give the sﬁapes of Sp, Sp*d? and Sp*d® hybrid orbitals,
4, Distinguish clearly between bond dissociation energy and bond energy,
I..  Answer the following in 30 lines each.
1. Discuss critically the formation of covalent bond.
2. Wrile a concise account of valence bond theory of covalent bond.
3. Discuss the concept of hybrid orbitals and their need to explain the shapes of molecules.
8.12 MODEL ANSWERS TQO CHECK YOUR PRGGRESS
1 They differ m their formation. Electron transfer between atoms results in ionic bond. Electron
sharing results in covalent bond, Ieonic bonding is non-directional whereas covalent bond is
directional.
2 Bond Length :- Equilbrium dista;]cc between the centres 05 the nuclei 6f bonded atoms is bond

length. _
Bond angle :- The angle made at the junction of two covalent bonds is bond angle.

Bond energy :- It is the average of the bond dissociation energies of identical bonds of a
substance,

Author: M.D, SIDDHANTI




UNIT -9 OTHER CHEMICAL BONDS

Loneis

9.1  Aims and objectives

9.2 Introducton

9.3  Electron deficient compounds
94  Bonding in diborane

9.5  Metallic bond
9.5.1 Free electron theory
952 Valence bond approack
953 Band theory or molecular orbital theory

9.6  The hydrogen bond
9.6.1 Energies of some hydrogen bonds formed by neutral molecules.
9.6.2 Nature of Hydrogen bond. :

9.63 M.P. and B.P. of hydrogen bonded substances
9.7  Summary
9.8. Model examination questions
9.9 Model answers to check vour progress |
9.10 Glossary

9.1 AIMS AND OBJECTIVES

We explain you in this unit the natre of bonds other than ioni¢ and covalent bonds present in some
compounds, metals and associated molecules.

. At the end of this unit you should be able w0 understand that

. The bonds present in electron deficient compounds, metals and associated molecules can not be
completely described by the concept of ionic bond or covalent bond,

. Diborane is a'tyﬁical example of electron deficient compound.
. The chemical bond presnt between the atoms in a solid metal is called metaliic bond.
. ‘Eleciron Sea’ theory and ‘band’ theory are introduced to explain the rature of metaliic bond,

* Water, liquid ammonia and lquid hydrogen fluoride show abnormal physical properties. These
are attributed to the presence of a special bond called hydrogen bond in these substances.

. Hydrogen atom bridges two electronagative elements through hydrogen bond.

] The hydrogen bond formed between two discrete molecules is caited intermolecular hydrogen
bond and the hydrogen bond formed within the same molecule is called intramolecular hydrogen
bond.

™ Hydrogen bond energy lies in the range 3 to 10 K.Cais/mole.

] Presence of hydrogen bond in molecules can be established by infrared spectroscop'y. 61
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two oxygen atoms as shown in figure §.4, The hydrogen bond formed in such an instance is known as
intramolectilar hydrogen bond, 1015 for (hig reason thatintramolecularly hydrogen bonded substances
{ortho} are more soluble in organic solvents and have lower meliing and boiling joints than their
inicrmolecularly hydrogen bonded isomers {mela and pata isomers).

Hydrogen bond is larger than the corresponding covalent bond. It is for this reason the hydrogen
bond is weaker than the corresponding covelant bond. The energy of hydrogen bond varies from about
3 K.Cats/mole to 10 K.Cals/mole depending on the two cleclronegative aloms between which the bond
is formed. Typical values of bond energy are present in table 9.6.1

Check Your Progress - 2

Distinguish between intramolecular and intermolecular hydrogen bonds.

Table 9.6.1 Energies of some hydrogen bonds formed by neutral molecules.

H.Bond K.Cals/mole
F-H.....0 10
F-H...F 6.8
O-H..O i 45-70
O-H..F ' 38
0-H.....8 40
N-H....N 35-60
N-H.....O ' - 4-60

9.6.2  Nature of Hydrogen Bond

Hydrogen atom w'h only onc stable orbitals (1s) containing one electron can form onty one
covalent bond and {urther according to Pauli's principle, a hydrogen atom cannot be associated with more
than (wo ¢lectrons. Itis therefore not possible for the hydrogen to form two covalent bonds with the two
electroncgative aioms. The experimental results also saggest that the two atoms between which hydrogen
bond is formed must be strongly electronegative. Thus the hydrogen bond is largely to be electrosiatic or
1onic in natare. The bondencrgy of hydrogen bond (3 to 10 K.Cals) is also very small compared to the
cxpected value for covalent bond. The difference between intramolecular hydrogen bonded compounds
and intermolecnlar hydrogen bonded compounds are illustrated by the melting and boiling points of the
isomers of hydroxy benzaldehyde presented in table 9,63

9.6.3 Melting and Boiling points of hydrogen bonded subste 'ces

Substance MNature of Meclting Boiling
hydrogen point poini
bond O C)
O-hydroxy benzaldehyde inter ' -7 . 126.3
L]
m-hydroxy benzaldehyde inter 106.7 240
p-hydroxy benzaldchyde inter 116 -




These differences in propertics are readiiy understood on the basis of ortho hydroxy benzaldehyde
acting as a discrele molecular unit due 10 intramolecular hydrogen bonding but meta and para isomers
hehaving as polymeric units,

)
O
-
I
=

o-hydroxybenzaidehyde

H—O
p-hydroxybenzaldehyde

Fig. 9.4.  Hydrogen bonding in ortho and para hydroxy benzaldehydc

From the brief discussion presented carlier, it is obvious thaia hydrogen bond can be presentin the
same molecute (hetween two adjacent groaps) or between two discrete molecules. The former is called
intramoleculas hydrogen bond and the Jatter intermolecular hydrogen bond as mentioned carlier. Incither
case, it is observed that hydrogen atom bridges the two electronegative elements (F, O, N). Hydrogen is
hound 0 one of these atoms by covalent bord (sodid line) and to the other atom by hvdrogen bond (broken
linc). The preseace ol hydrogen bond in a compound can be identificd by recording the infrared spectrom
of the compound. The vibrational frequency of O-H, or N-H, as the cage may be, 1s very much effected

“ithe hydrogen of the bond is involved in the hydrogen bond formation. The abnormal physical properties
of the compounds alse mdicate the presence of hydrogen bond. Hydrogen bond presc 1 in protein
molecules is known to play a vital and significant role in the biological processes.

9.7 SUMMARY

In this unit we ha}vc studied about

i) Thc.bonds present in electron deficient molccules such as diborane.

i) The metallic bond which satisfactorily explains the chéraclcristic properties of metals.

i) Thefreecleciron theory according to which the metal atoms are present as cations and form alattice
of rigid spheres; this is embedded in a sea of free valency cleclrons which could move in the

interstices.

iv)  The valeace bond approach which envisages a siructure involving delocatised bonds and the time
picture is a resonance hybrid of many possible bonding form.

v) The Band theory or molecukar orlsutdl lht.ory whu.h successfulty explains the high thf.,rmdl and
elecirical conductivity of inéiats, =

vi)  The intermolecular hydrogen bond and the intramoiccutar hydrogen borxl wiii cxaniples,




9.8.

MODEL EXAMINATION QUESTIONS

n.

Answer the following in 10 lines each.

1. Explain the bordling in diboranc,

2. Describe briefly the free clectron theory of metals?

3. How is valence bond theory inadequate to cxplain compictely the characieristic properties of
melals?

4. Give an account of the structures of liguid HF, liquid H,O with special reference to hydrogen .
bond.

Answer the following in 30 lines each.

1. Give aeritical account of the bonding in electron deficient molecules.

]

Discuss the different theories of meiallic hond.

3. Explains with examples the need to propose the concept of hydrogen bond

9.9

MODLE ANSWERS TO CHECK YOUR PROGRESS

I~

Boron and hydrogen atoms donate two electrons for bond formation, These two electrons bind
hydrogen atoms and two boron atoms. This is aspecial Lype of bond called 3 centered bond, Two
such bonds bind the two BH, units of diborane

Hydrogen bond present within the moleeule is cailed intramotecular hydrogen bond. eg:- O -
nitraphenol - Hydrogen bond present beiween the molecules is called intermolecular hydrogen
bond. eg:- ethnol.

9.10

GLOSSARY

Oclel

Anr outer electron conliguration of eight electrons found in the atoms of rare
gas elements (except helium). '

Valenice bond thoory : Theory of chemical bond invoking the participation or overlap of alomic

orbilals.

Valenee electrons Electrons in the outermost orbit of an alom,
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Block - 3

MOLECULAR STRUCTURE

The chemist hopes 10 answer the following questions in the case of any new compound that is
prepared.,

i. What are ils constitnent elecments? {Molecutar composition)

2. How many atoms of cach element arc bound in a molecuic of the compound? (Molecular
formula)

3. How arc these atoms arranged (bound) in the molecule? {Molecular structure) -

The first two questions coneern the study of the composition and molecular formula of the
compound and the third the structural formula of the compound. Itis quite possible that there can be more
than one compound with the same molecular formala, They are called ‘isomers’, These are distinguished
from onc ancther by their strucuiral formula. This means that the arrangement of atoms within the
molecule is an important aspect of every compound. The nature of 'bonding' between the atoms and the
related aspects such as bond length, bond angle and the shapc of the molecule are some of the structural
features which are of interest to any chemist.

The objective of this block is to explain how these structural aspects are established. the discussion
is limited to only a few physical mothods. The physical methods are used to determine some physical
properties of the compounds under investigation for the purpose of making out the molecelar structure.
The properties considered in this block are i} dipole moment and ii) molecular speciral characteristics.







UNIT-10 DIPOLE MOMENTS
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10.6 Summary
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10.8  Model answers to check your progress

10.1 AIMS AND OBJECTIVES

The purpose of this unit is to explain yon the meaning of dipole moment of a compound and to
enable you {0 use the values of dipole moment to arrive at the molecular structure.  After completing this
unit you must be able to understand that

. Molecules arc classified as polar and non-polar.
. Polarity of molecule is dependent on the symmetry and the polarity of bonds in the molecule.
. The dipols muzent iy o property of the polar molecute,
® The dipole moment is a vector quantity.
® The dipule momentof a molecule is a 'vector sum' of the individual bond momeats in the molecule.
. The dipole moments of molecuies provide an insight into the structure of melecules. |
'10.2 INTRODUCTION

A covalent bond is formed when two electrons are shared between (wo atoms of the same element
or between two atoms of different elements. This sharing of the electrons can take place in two ways.

Equal sharing of bonded electron pair

The electron pair is shared equally by two bonding atoms when the electronegativities of the two
atoms are equal. This is observed mostly in homodiatontic molecules (hydrogen and chlorine)

H:H ' Cl: A

T D S

Fig. 10.1 Equat sharing of bondcd clectron pair 71
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The bonded clectron pair in each molecule is equally attracted by the two nuclei of the bonding
aloms and lics at the centre of the inglecule. This means thatthe ciectron pair is shared by both the atoms
cqually. In the language of wave mechanics, it can be said that the probability of locating the electson pair
in the vicinity of any nuclous is the same. The molecule is symmetrical in the distribution of mass as well
aselectrical charge. Becanse of this uniform distribution, the molecule is symmetrical and the bond fomed
between the atoms is called non-polar covalent bond, the molecule is referred (o as non-polar. Thus
hydrogen and chlorine arc classilied as non-polar molecules.

Unequal sharing of bonded electron pair

The bonded electron pair can as welt be shared unequally between the bonding atoms when the
clectronegativitics of the two atoms widely differ. Heleroatomic molecules (HF and H_ 0O} are examples
ol such uncqual sharing, The bonded clectron pair is auracted more towards the nucleus of one atom than
(o that et the other. For example, the fluorine atom ifil HF and the oxygen atom in H,O cxert a greater pull
on the bonded pair than the hydrogen aiom. The bonded pair docs not lic at the centre of the line joining
the nuclei of the bonded atoms. In the first example (HF), the bonded pair is pulled nearer 1o the nucleus
of fluorine atom as it has a greater electronegivity than hydrogen.  As a result, the fluorine end of the
molccule acquires a partial ncgative charge (5-) and as a consequence a partial positive charge (8 +)
developes at the hydrogen end. '

Fig. 10.2 Unequal sharing of bonded clectron pair.

The two ends of HFEmolecule thus actas the two electrical poles of opposite charges. Itis, thercfore,
called a dipede. The moleculeds referred 1o as polar molecule. Similarly, ina waler molecule the oxygen
atum acquires a partial negative charge (8-) and the hydrogen atoms a partial (0+) positive charge, This
polarity in the imoiccule is inherently duc 1o the partial ionic character of the covaleatbond in the molecuie.
However, in the case of water molecules and such other polyatpmic molecules, not orly the polarity of the
honds but also the symmetry of the molecule (gcometrical shdpe) play a significant role. This aspect is
discussed in more detail in a later section of this unit. The examples (HF& H,0) tHlustrate the permanent
polar molecoles or permanent dipoles. But even non-polar molecules such as H, and Cl, under the
influence of a strong electric field can temporarily suffer deformation in their shape and become polar,
such a type of polarity is called ‘induced pelarity’ and the molecules manifes ‘ng it are called ‘induced
dipoles'. : '

10.3 DIPOLE MOMENT

The polarity of a molecule is expressed in terms of its dipole moment. a diatomic mdlecale such
as H-F or H-Cl as explained carlice, has partial positive and negative charges at the hydrogen and halogen
ends, respectively. These molecules can, therefore, be 1aken to be simple systems of Lwe point efectrical
charges {cqual} of opposile singns scparated by a rigid link or rod. The clectrical dipole moment is
expressed as the product of the magnitude of charge and the distance separating the charges.

5+O 505_




The dipole moment is represented by the symbol 1 (mu) and expressed by equation (1).
Dipole Moment L =ex d .........

e = charge

d = distancc separating the positive and negative charges,

Table 10.3.1 Dipole momeats of some simple molecules or bonds

...... (1)

The dipole moment is similar to waht is known as the ‘Moment of a force’ In Physics with which
you are familiar. The dipole moment is a vector quantity, it has magnitude as well as direction,

The dipole moment is the product of the elcctric charge and the distance separating the charges.
The electric charge is expressed in electrostatic units (esu) and is of the order of 109 ¢.s. units. The distance
(bond length) is expressed in centimetres (or an gstrom units, A® } and is of the order of 10* cm (or 1A®).
thus the dipole momeant is of the order 10 x 10% = 10-® electrostatic centimetres. This quantity is called
"Debye Unit' denoted by the symbel D and is used 1o express the magnitude of dipole moment.

1 Debye unit=D = 10™** e.s, cm.

The dipole moment is a vector quantity and, therefore, its magnitude as well as its direction have
to be indicated. For example, the dipole moment of HClis 1.03 D. The partial negative charge {6 ) ison
the chlorine atom and the partial positive charge (§*) is on the hydrogen atom. The direction is indicated
by an arrow mark from the positive end, to the negative end. Thus HCl is represented as H > CL Inthe
¢ase of the water molecule containing two polar bonds, the directions arerepresented in each case as shown
below Dipole moments of some simple molecules and some bonds are given in table 10.3.1

Molecule / Bond Dipole moment (D) Molecule / Bond Dipole moment (D)
HCN 2935 CH, o
HF 1.90 Cq, 0
HCI 1.03 O-H 1.6
HBr 0.78 N-H 1.3
Ht 0.38 C-Cl 1.5
H,0 1.85 C-Br 14
HS 1.10 C-1 1.2
o, 0 C-0 0.7
Cs, 0 C-H 0.4
CH,Cl 1.86 C-N 0.2
{ NH, 1.46 C=0 23




Check Your Progress - 1

How is dipole moment expressed?

10.4 EXPERIMENTAL DETERMINATION OF THE DIPOLE MOMENT

The dipole moment is usvally detormined for a substance in the vapour state or in the solution
condition and the methods used in this regard are discussed in this section.

10.4.1 Vapour-Temperature method

The dipole moment is determined by measuring the dielectric constant (D) and the. density (p) of
the vapour of the substance at different temperatures. If the substance decomposes on heating, the
observations are made under reduced pressures. The valuc of total polarization (P) of the molecule is

s . .  D-1 M
calculated with the equation  P= N YRR p veenne 12)
(where M = molecular weight of thé substance) and is plotted against I
_ T
A lincar plot will be obtained and the slope (b) of the plot is given by the equation:

b=t v (A )

‘Where N = Avogadro number
k = Boltzman constant
{L = Dipole moment

From the value of siope (b), the dipole moment () is calculated from the equation (3) mentioned
above. .

10.4.2 Dilute Solution method

The solution method is generally used in the case of substances which cannot be converted into their
vapours easily without their suffering decomposition. In this method the substance is dissolved in a non-
polar solvent and dielectric constants (D, and D, ) and the densities of the solvent and the dilute solution
(P, and P .} are measured. From the tespective vatues of dielectric constant and density, the molar
poldnzatmn of the solvent (P} and of the solution (Pl o} are calculated from the equations 4 and 5.

' Dl-l M1_
P= ool X e-is eeee (A}
D42 I
_ ]:)L2 -1 M, +x,M,
PL= i X et e )
Dl,?. + 2 P 12

The molar polarization (P,) of the substance is obtained from the v alues of P and P, , with Lhe help of the
cquation, (6.
74 : p:.clepf" X, Pz .. (6)
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In the equations (4, 5 & 6) given
D, and D, , represent dielectric constants of selvent and solution

M, and M ,, represent the molecular weights of solvent and substance and X, and x, represent the
molefractions of solvent and substance in the solution.

P, P, , molar polarizations and p, p,  densities of solvent and solution.

The P, values are plotted against x, and the value of P, corresponding to the dilute solution x,=
0) is obtained by extrapolation. The dipole moment of the substance is obtained from the value of P,at
X, = 0 by substituting the same in the equation (7)

u=00128V ®.PT (8)

Where T is temperature ana ¥, distortion polarization which is equal to the molar refraction for the D-line
approximately.

10.5 APPLICATIONS OF DIPOLE MOMENTS :
ELUCIDATION OF MOLECULAR STRUCTURE

The geometry of the molecule or the shape of the molecule can be established with the help of
dipolemoment data of the molecule. By comparison of the experimenially determined dipole momentand
theoretically anticipated value, structural information such as the molecular resonance and molecular
symmetry can be ascertained. In this section the use of dipole moment in this regard is discussed in brief
inrespect to diatomic, triatomic, and polyatomic molecules, besides disubstituted aromatic compounds.

10.5.1. Diatomic molecules

A diatomic molecule is linear or rod-like in shape. If it is 2 homodiatomic molecule like H,C,
N, etc., it will have only zero dipole moment as discussed earlier. In the case of heterodiatomic molecuies
such as HCL. HF it will have a measurable value. This as mentioned earlier, is due to the polarity of the

covalent bond between the atoms and hence polarity can be evaluated from the value of dielectric constant.

10.5.2 Triatomic molecules

Triatomic molecules are of utmost importance because there could be two possibilities concerning
the arrangement of atoms in such molecules. These are linearand non-linear (or bent) arrangements, For
example, a triatomic molecule like H,0 can have cither of the following two structures.

*H+— > ¢ + H H
&) - B

Fig. 10,3 Mble shapes ol wﬁLer molccule
{&) linear shape (b) bent shiape
Br. BRAOU Acc.Nof 2|4 64

- ] ' Lo
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Asmentioned earlier, the dipole moment of a molecule arises because of the polarity of the covalent
bond or bonds in the molecule and the observed net diploment is a vector sum of dipole moments of all
such individual bonds. The term *vector sum', stresses the importance of magnitude and direction.,
structure I (linear) the two OH bond moments are equal and unlike (direction wise) and are. actu!gkn a
straight line. Thus they cancel out each other and the net moment of the molecule would be ‘zero”. But
experiments show that the dipole moment of water is 1.84 D. This experimental value, therefore, rules
out structure 1 for water. Structure I (angular or bent) does not allow the two OH bond moments to
mutaally cancel out each other, Each OH bond moment is equal 1o 1.6 I and direction-wise they act at
an angle of less than 1800 (non-linear). The dipole moment of a molecule containing two polar bonds is
evaluated by adding: graphically or with the help of the equation. The value of Y calculated from the
experimental value of 105° D for H,Ois approximately 1.84 D. This shows that structure 11 (bent structure)
is acceptable for the water molecule. The carbondioxide (CO,) molecule has zero dipole moment. This
shows that thai molecule is symmetrical and hence linear. Similar is the structure of carbon-disulphide

(CS,). Sulphur dioxide, on the other hand, has a dipole moment of 1.6 D. This suggests that the molecule

is angular.

. [ i ]

(Q.} {3

Fig. 104 Shapesof a) carbondioxide b) carbondisulfide c) sulphur dioxide molecules
Check Your Progress - 2

What is the reason for water not having zero dipole mornent?

10.5.3 Tetraatmoic Molecules

The ammonia molecule (NH,) is an example of tetraatomic molecule. The important possxble
structures are traingular planar or traigonal pyramidal.
H

H

‘ _ .M '
Fig. 10.5 Shape of wiinynia molecule : (a) planar  (b) pyramidal

e




The ammonia molecule has a dipole moment of 1.46 D, This suggests that the molecule has
1o planar structure, since in a symmetrical traingular planar structure the vector sum of the dipole moments
of N-H bonds is 'zero’. This confirms that the ammonia molecule has a pyramidal structure (b). Boron
trichloride (BCL), on the o her hand, has a zero dipole moment. It suggests that BCL has a wriangutar planar
structure as shown below: : :

Fig. 10.6 Shapc of boron trichloride molecule.

10.5.4 Polyatomic molecules

Methane (CH,), chloroform (CHCL,) and carbontetrachloride (CCl,) arc some of the polyat-
omic molecules. The dipolc moments of these compounds are CH, — 0,CHC1, - 1.5 and CC1,— O.
The zero values suggest a symmetrical tetrahedral structure with carbon at the centre and hydrogen and
chlorine atoms at the four corners in the case of CH, and CCI,. In the case of methane, cach C - H bond
has a dipole moment of 0.4 D. Il the methane molccule is tetrahedral the bond moment of the four bonds
cancel out one another and leave zero dipole moment for methane. Similar arguments apply to CCIl,
molecule also. In fact, all molecules possessing a centre of symmerry are non-potar. F three of the
hydrogen atoms are replaced by chlorine atoms (CHC],) the resulting chloroform molecule loses its
symmetry and possesses a net dipole moment 1.15D. :

il
"

.

" Fig. 10.7 Shape of methane molecule

10.5.5 Disubstituted aromatic compounds

*1Itis convenient 10 consider the resultant moment of a functionst group in benzene compounds
rather than those of the individual bonds. The valuesderived for some important groups by J.W. Williams
from measurements in solution on the assumption that C- H linkage in benzene has no dipole moment and
that benzene ring is planar are given below:

NO, -CN OH o H CH, NH,
3.9 38  -17 45 0 +04 +1.5D

The sign preceeding the value indicates the direction in which the momentoperates (remember that
the moment is a vector quantity). Nitro group, strangely is electronegative and is presumably negatively
charged with respect to the benzene ring. The group moment s, therefore, given negative sign. For similar
reasons, methyl and amine groups have positive signs.

77
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UNIT-11 MOLECULAR SPECTRA
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11.1 AIMS AND OBJECTIVES

This unit is mainly to describe you the wave length and energies of different regions of the

electromagnetic spectrum and explain the different types of molccular spectra.

When you have finished this unit you must be able to understand that
There are apparently several different regions of electromagnetic spectrum

The regions are referred to y-ray, X-tay, ultraviolet, visible, infrared, microwave and radio wave
regions. '

The spectra exhibited by molecules are calted ‘molecular spectra’ and contain bands and not lines
{as in spectra exhibited by atoms)

Molecular spectra are broéi(ily classified as rofation (microwave), rofe.‘on-vibration (infrared)
and electronic {ultraviolet - visible) spectra,

The energy of molecules is gaantized just likg the energy of atoms.

Energy levels are referred to as electronic, vibrational and rotational depending upon the type of
transition.

The magnitude of energy involved inelectronic, vibrational and rotational transitions is 5.0,0.1and
0.005 electron volts respectively.




11.2 INTRODUCTION

Energy is absorbed oremitted by atoms in discreie amounts corresponding to the precise ransitions
-of electrons in the atoms. This is a fundamental postulate of the quantum theory (sce unit 2}, In asimilar
way the eriergy is absorbed or emitted by molecules also in guantc corresponding 1o the precise transitions
inthe molecules Itis possible 1o verify how this behaviour occurs, and to measure the amounts of energy

absorbed or emitted, since > energy change manifests itself as eleuromagneui, radiation of a precise
frequency.

It will be'seen in the next unit that molecules (or even atoms) absorb only certain frequencics bul
not all frequencies. In a similar way, the excited molecules emit energy of discrete frequencies belonging
to specific regions of electromagnetic spectrum.

11.3 Electromagnetic Spectrum

Visible light is just one of the possible forms of energy. It is a part of electromagnetic spectrum.
This electromagnetic spectrum is a manifestation of energy of different values. The ¢lectromagnetic
radiation is wave-like in nature. All forms of radiation are characterised by their frequency (and hence
wavelength) and their energy. Elecuromagnetic radiation consists of oscillating electric and magnetic
fields, which can be transmitted through space with a specific velocity. The velocity in vaccuum is 3 X
10'% cms/sec. But the wavelength or the frequency of the electromagnetic spectrum varies from region to
region in the spectrum. The velocity, wavelength and frequency or radiation are related by the equation
¢ = A where ¢ = velocity, A = wavelength, v = frequency. Ahasunits of length (normally mm or A®) and
v has units of reciprocal time (sec). :

Based on the apparent apprearence or some characteristic property (frequency or energy), the
different regions of the electromagnetic spectrum named are as radio waves, micro wavcs, infrared rays,
visible rays, ultra-violet rays, X-rays and o-rays. The complete range of these rays is referred to (as
mentioned earlier) as electromagnetic spectrnm. Each region is characterised by a specific energy or ..
frequency range. The electromagnetic spectrum is presented inFig. 11.1

WAVE LENGTH (CENTIMETERS)
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Fig. 11.1 Elecromagnetic spectrum

Check Your Progress - 1

Name the different regions of the electromagnetic spectrum.
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11.4 MOLECULAR SPECTROSCOPY

It is the study of the absorption or emission of electromagnetic radiation by molecules. When a
substance is subjected to the impact of glectromagnetic radiation, a part of it is absorbed, a part of it is
transimitied and yet another part is scattered. The intensity and the region of the radiation absorbed by
a substance depend on the chemical nature and the structure of the molecules of which the substarce is
composed. Therefore, useful information about the molecular structure of the substance can be obtained
from the examination of the intensity and the frequencies of the radiation absorbed or emitted by the
melecule. This type of examination or analysis is called absorption or emission spectral stady. An
absorption spectrum is obtained by placing the substance between the source of the radiation and the
measuring device called 'spectrometer’ and exposing it gradually to the different frequencies of electro-
magnetic radiation. In recording the absorption spectrum the percentage transmission at any specified
frequency of the incident radiation is plotted against the corresponding frequency (or wavelength). A
reading of cent per cent transmission means that all of the incident radiation is transmitted by the substance,
without any of it being absorbed. The frequency at which transmission is less than cent per cent is the onc
which is absorbed to greater or lesser extent. These absorptions are the responses of the molecule o the
impact of incident radiation. The spectra of molecules are called ‘band spectra’ to distinguish them from
the Tine spectra’ of atoms. Molecular spectra consist of bands while atomic spectra consists of lines.
However, a close examination of the bands in molecular spectra reveals that they consist of large number
of closely spaced lines. A molecule also (like an atom) can exist in a number of energy states. A change
from one particular state to another occurs when the molecule absorbs energy. A molecule in its lowest
energy state is said to be in the ground state. When a substance is exposed to electromagnetic radiation,
itislikely to absorb radiations belonging to certain regions (frequencies) of the electromagnetic spectrum
depending on the nature of the molecule. This absorption puts the molecules of that substance into higher,
energy states. Molecules in such higher energy states are called 'excited molecules’. These excited
molecules retum to the lower energy state or to the ground state and emit characteristic radiation. Finally,
it is the radiation of the origin of a particular frequency (or wavelength) or radiation absorbed {or emitted)
which provides detailed structural information about the molecules. This information in wrn is helpful
to the investigation of molecular structure. So let us examine the different types of ransitions with the
attendant energy changes that are likely to take place in the molecules of a substance when the substance
absorbs electromagnetic radiation. : : '

11.5 TYPES OF ABSORPTION : MOLECULAR SPECTRA

A molecule can store energy in different ways. Fijrst the electrons in molecules occupy molecular

“orbitals with precise energy (like those of atoms in atomic orbitals). The energy state of the molecule is

dictated by the total energy of the molecule. It will have a component to the translational motion, a
component due to the rotational motion about the centre of gravity of the molecule and a component due
to the vibrational motion of the atoms of the molecule against one another. A molecule is the basic
structural unit of matter containing two or more atoms bound by chemical bonds (covalent bonds).

11.5.1 Translational motion

A molecule like a particle moves through space. This is known as Translational motion’. A
molecule isfree 1o move in the three mutually perpendicular directions (x,y,and z axcs). It has thus three
degrees of freedom for its translational motion,

11.5.2 Rotational motion

A molecule can as well rotate about the three axes that pass through the centre of gravity of the
molecule and are mutually perpendicular. Thus molecules {non-linear) will have three degrees of freedom
for rotational motion, A linear molecule will have only rwo degrees of freedom as rotation on its own axis
is not possible, '




@)

N

Fig. 112 Types of molecular motion
(a) Translation (b} Vibration (c) Roiation

1_.1.5:3 Vibra_tional motion

A molecule is not a rigid body, sinca'the chemical bonds in molecules can stretch or bend. The
..mononrelanng to this stretching.pr bending is reférred 1o as vibration. There will be 3n-6 vibrational
. degrees of freedom toa molecu%on-lmear) composed of '’ atoms. The number of degrees of freedomi

for a linéar mole;mle however is m-S '

_ Check Your ProgreSs 2

C How 'ma_ny..\nbmnonal degrees arethm for agix -atom non-linear molecule?

#

Thmnolecule G0 (lﬂce ﬂnatom) lia; ele;tronsoccupymg mbualsof dlffcmt but deﬁmle energ;es e

“These grbllais are referwdrto as ‘mojecular orbitals’. The elecu-bhs in a molecule can undergomsmons- S
O 'from one mojecular orb:tal toanotherapd suk:h transuionsare called’ electromc transmons or electmmc- .

" . Loai

5 Dependmgmme env:ronmmt in; Wl'uch a moleculc mplaced 1t can have some or all types of
ce) 'mononsmcnuoqed above: Each ane of thi trarisitions at moﬁonsnmmfests in the formof alineora group -
- of lines in thomoleciilay spectrum, The“muiecuiarspé:cua are accordingly classifict as electronic specira
" (ultraviolet visible spec&a) vwrarm rotaaort spec;ra (infrared speet”ra) and" purc romnon specrra-_-'- o
.(mlcrowave spectma), - S . e S 83
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11.6 SUMMARY

ii)

iii)

In this unit we have studied about

The electromagnetic spectrum and its various regions.

The study of absorption of radiation by molecules; and the useful information about the molecular
structure of a substance obtained from the examination of the intensity and frequencies of the
radiation absorbed.

The types of absorption due to the energy state of the molecule.

The various components of the total energy of a molecule namely translational, rotational,
vibrational and the electronic motions.

MODEL EXAMINATION QUESTIONS

.

Answer the following in 10 lines each. _

1. Explain the difference between an atomic spectrum and a molecular spectrum.
2. Distingunish between an absorption spectrum and emission spectrum.

3. How is a spectrum représented?

Answer the following in 30 lines each.

1. Describe with a neat sketch the different regions of the electro-magnetic spectrum giving the
frequency range of each region.

11.8

MODEL ANSWERS TO CHECK YOUR PROGRESS

Different regions of the electromagnelic spectrum are :

(a) o—rays (b} X-rays (c)UV.rays (d) Visible rays
(e) Infrared rays () Micro waves (j) Radio waves

The vibrational degrees of freedom of a non-tingar molecule = 3n-6 {n = No. of atoms).

=(3X6)-6 =12

Author: 8.V. APPA RAO
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12.1

AIMS AND OBJECTIVES

The main purpose of this unit is to discuss the applications of molecular specira in the elucidation

of mole¢ular staicture.

By the end of this unit you will be able to understand:

Absorption spectroscopy is a useful tool to get to know the structural features of molecules.

Rotation, Vibration-rotation and electronic spectra provide information about bond lcngths bond-

strengths and the functional groups in Orgamc molecules.
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. P -.:ation spectra are exhibited by g_;olar molecules only. The spectraare called microwave spectra.
Rotational changes in the molecule manifest such spectra.

® Rotation quantum number (J) changes by one unit (A J = + 1} when molecule absorbs microwave
radiation,

¢ Vibration-rotation spectra are exhibited by molecules possessing oscillating dipole moments. The
spectra are referred to as infrared spectra . Vibrational and rotational changes in the molecule are
responsible for the spectra.

. Vibrational quantum number (v) changes by one Unit (A v = + 1 when the molecule absorbs

infrated radiation.

. Infrared spectroscopy helps to identify the functional groups and the strucwral featres of organic
molecules.

° Electronic spectraresult from electronic transitions in the molecules. The spectra are also referved

to as ultraviolet-visible spectra.

. The electronic transitions involved in the ultraviolet-visible absorptions arc
0o c* noo*, n—n*and gon*

The energies assoctated with these transitions are in the order.
6 ¢* >Ac* >non*>n ¥

12.2 INTRODUCTION

A good nember of physical methods are available for the elucidation of molecular structure.
Spectroscopy in general, and absorption spectroscopy in particular, is one such physical method which is
widely employed for the purpose of determining the molecular stiucture. "Molecular Structure' is quite a
complex term which covers several aspects (both qualitative and quantitative) of motecules, The term
‘Molecular Structure', however, in the present unit isused ina very restricted sense and is meant to establish
the bond lengths, bond strengths and bond angles of simple covalent molecules, besides the identification

* of the functional groups in organic molecules. The spectra considered here are rotation (micro-wave)

spectra, vibration-rotation (infratred) spectra and electronic spectra (ultraviolet-visible) in which the
mathematical analysis is deliberately simplified or omitted completely.

12.3 ROTATION SPECTRA (MICROWAVE SPECTRA)

12.3.1 Theoretical principles

A molecule exposed to clectromagnetic radiation absorbs microwave region of the radiation if it
isapopular molecule. A molecule such as HCI, HBr possessing permancnt dipole moment, interacts with

~ the oscillating electric Vield associated ‘with the electromagnetic radiation and exhibits a microwave

spectrum or rotation spectrum. Non-polar molecules like Hy, N, CO, will not absorb microwave
radiation and, therefore, the rotation spectrum cannot be recorded. Polar molecules absorbing the
microwave radiation undergo rotational changes subject to the condition that AT = +1 (where J = rotation
quantum nurmber), This suggests that transitions, J=0toJ=1,J=1w0J=210]=3,J=3t0] =4, etc,,
are only allowed when a polar molecuile absorbs the electromagnetic radiation in the microwave region,
These transitions are shown in figure 12,1, This condition is classified under the selection rule.
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Fig. 12.1  Allowed rotational transitions in diatomic molecules

The rotational energy-E, of a diatornic molecule in the gaseous state around an axis perpendicular
to the line joining the nuclei is given by cquation (48]
: WI{J+1)

! 8n? 1

S e (1)

1

Where 'T' is the moment of the inertia of the molecule about the axis of rotation, 'I' is the rotational
quantum number which may be zero or an integer, 1, 2, 3 eic., and 'h' is the Planck’s constant.

The energy (AE), absorbed in the iransition of the molecule from a lower rotational quanturmn state
{(I') to a upper rotational quantum state (J”) is given by equation (2)
z

E.-E, = -—-———h——m (" +ay-J(I'+1)} e (2}

8I 1

Where J” = Upper rotational quantum number and
J' = Lower rotational quantum number

The energy absorbed in the transitions

I 1, 1,52,1,53, J, 4 ... is, therefore, given by the equations 3, 4, 5 etc., respectively.

hz

T 1 E-E = ——————  [1(141)-00+1)] . (3
8wl :
hZ .
= ——— X2
3 |
h? |
1,52 E-E = . [2 @+1)-1(1+1) ] . @

8r% 1

87




hﬁ

= x 4
8w 1
1,-3 E-E, = [3 3+1)-2(2+1)] .. (5}
hz
= X 6
8n?1
According to quantum theory
E’-E = AE  =hcu w (6
(refer to unit 2). Equations 3, 4, 5 can therefore be written as
h? h?
hcv, = ——x 2o v,= ———— x 2 w {T)
8x21 8§n2 I
2 . h2 :
hcn2=———]l—.——~x4or v, = ——— X 4 . (8
8w 1 8nl
. hz h2
hcv, = ———— x 6ory, = —— x6 _ w )
8n* 1 8= 1
Where ¢ is velocity of light and v, , U, Vyare wave numbers. Equation (7, 8,9) can be represented
by the general equation (10)
hZ
= = x2m - (10}
8§21
Where 'm' is an integar 1,2, 3, eic., :
Euqation (10) is rewritten for convenience as equation (11)
v=B x 2m=2Bm .. (11)

Where B =h/8 TT2 I ¢ cm™ ane! 'm' is 1, 2, 3, etc., the wave number v (or frequency) of successive

lines in a rotational spectrum is thys aqual to 2B, 4B, 6B, etc., The spacing between any two successive

 lings is thercfore 2B. For a diatomic molecule of the type under consideration, I the moment of inertia is
given as equation (12)

S I=vr e (12)

Where v = reduced mass of the molecule; r = distancerhetween the atoms (bond distance).

Check your Progress - 1

 Write the expression for the rotational energy and explain the terms,
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12.3.2 Applications

A measure of the spacing (2B} between any two successive lines in the rotation spectrum, therefore,
makes it possible to determine B and hefice the moment of inertia I. The rotational spectra obtained for _
simple diatomic molecules hydrogen fluoride and carbon monoxide are presented in figures 12.2 (a) and

12.2 (b} respectively
Wavenumber fom™!
%0 20 1%0 9
56 0-=1

a

e 45 12
3-4 23

(@)

Fig. 12.2 (a) Rotational absorption spectrum of gaseous hydrogen fluoride.

P —————-

| .- 4T ’! l -J eavl
.\7 K

(b)

Fig. 12.2 (b) Rotational absorption spectrum of gaseous carbon monoxide.

From the spectrum for CO it is found that the spacing (2B) between any two successive lines is
7.6X 10" erg,

h h?
B= —— cm! or ——  eIgs.
8nt 1 8xrt1
2 h?
Therefore 2B=—"__ — =7.6x 107 ergs,
8m 1
I= 2h? N 2x (6.6 x 10772
82 x 7.6 x 1077 - 82 x 7.6 x 1077
= 145X 10% g.cm?
m xm 12x 16 _
= el = =1.14 x 103
-~ (m xm)N 28x62x 107

r=\{Yu =\145x 10%/1.14 X 10% = 1.13x10%cm = 113 A% - 89
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The bond distance ‘of carbon monoxide is, therefore, 1.13 A%, Thus it is possible to determine

moments of inertia and bond distancex of iotecules: sufficiently accurately with the help of the rotation
spectrum,

12.3.3 Limitatiom--of micrawavespectroscopy

1. Molecules ‘with;per:mmenttﬁpcle imoment can only be suited,

2. Molecule shoulﬂbe in its gaseous form smce rotanon energy equation E= h2f8 e IxJ (J+1) is
applicable in this state only.

R

124 VIBRATION - ROTATION SPECTRA (INFRARED SPECTRA)

124.1 Utility

Infrared spectroscopy has-ngw become an asset of almost mcpmparable value of afl chernists
interested in structural préblems in organic chemistry. Ttoffers great facility and certainty in establishing
the presence or abséfice of a large number of structural featurés in & thalecule. Moréover, the light in the
infrared region can cause the molecular vibrations of atomic groupinigs which are devoid of uséful
cheriifcal activity. Even though vibrational spectroscopy has become almost universal in its: apphcamm .
to carbon compounds, its also widely used for the dehennmauon of structure of i morganlc compounds

. -

12.4.2 Origin ofvihrational,spectra ' T o

The infrared spectra, as described carlier, arise duet.o\rlbranonalandrotanonal transmons that takc
place in & molecule whenithe molecule interacts with electromagnetic radiation and absotbs the rﬁdlanon
in the Infrated region. ‘Before we consider the vibrations in 2 molecule let us examme a sxmple model .g _
cons1sting of twgballs:of different masses connected by 2 light spring (Fig. 12.3) - Leeom e

o

Fig. 123 A simple model of a. harmomc oscillator -

If we stretch the spring and release ff. the ballgin the modet vibrate wi aconsiant frequency Thc
frequency of vibration isrelated®o the smength of thc spring and the masses 01 the balls as exprcss;gby

the following equation:
f=1m \[—m B w::
orv,=12x kfu s - ’ (13)

Whiere for v, = ’V’xbrauanal frequency; k = foree constant; L reduced mass of the system: Reduced
mass [t is equal to m; x m,/(m, + m,) x N. The system that obeys equation (13) is said to be in simple

* harmonic motion. The snergy of vibration can be expressed by the equation E = hv, fro 2 quantug theory.

This energy manifests.asa band in the vibration speetrum. However, certain modlfi

ns need to be
considered in ordet to describe the vibration of real molecules '




12.4.3 Vibration in a molecule

_In the case of vit -ating molecules only certain energies are allowed. This means that vibrational
encrgy is quantised and it can take only specified values. These are given by the equation (14).

E, = (v+12)hy, e (14)

Where 1, is vibrational quantum number and. v, the fundamental frequency. According to the
selection rule, the vibrational transitions take place in such a way that Av = + 1, V can take values 0, 1,
2, 3, etc., But now the guestion is, can all molecules absorb electromagnetic radiation (infrared
radiation) ? and induce transitions among the vibrational energy levels? It is deduced from quantum
theoretical principles that electromagnetic radiation can induce such vibrational fransitions which lead to
an oscillating dipole moment (change in dipole moment} of the molecule. This condition is called the
second selection rule. According to this condition nion-polar molecules like H, , O, are not expected to
be infrared active since their vibrations do not lead to change in dipole moment of the melecule. But this
does not mean that all non-polar molecules are infrared inactive. In the case of non-polar mclecules
containing more than two atorns, some bonds can attain temporary polarity during vibration ar.d produce
oscillating dipole moment. Such iolecules even though they are non-polar show infrared activity due to
the vibration of these bonds. For example, carbon dioxide, even though non-polar, has some infrared
active vibrations. The vibrational energy changes in the case of infrared active molecules, when the
molecule interacts with infrared radiation and absorbs the same. The change {A E) is calculated using the
equation 15, '

E, = (v+12)hv, w {15)

Where v = vibration quantum number; v, = fundamental frequency. For a vibrational transition
v=01t0v=1, the energy change is

E -E,=[(V,+12)+hv, - (V, + 112)hv,] . {16)
AE=hv, [(1+12)- (0 +172)] _ o (17)
AE=hy x1 e (18)
For a vibrattonal transition fromv, to v, .
E,-E = [(v,+12) hv, - (v, +12) hu,] . (19
AE=hy,[2+12)-(1+12)] .. {20)
AE=hvy, x 1 - Q1)

Thus it is seen that the energy change involved is the same whether the transition is from v, to'v,
or v, to v, etc., The spectrum contains the characteritic fundamental frequency (vy). Generally
transitions from v = 0 to v = 1 are indicated most in the spectrum since most of the molecules will be at
their lowest vibrational level (v = 0) rather than at higher levels (v =1, 2 etc.,). It should also be noted that
even in the ground vibrational state (v = O}, the molecule has vibrational energy.

E, = 0+12)hv, = 12hv,

This energy is called zero point energy. The total energy absorbed by amolecule in the infrared '

region is equal 10 the sum of the rotational and vibrational encrgies.
E .=E,+E_

E = (v+ 12)hv, +h¥8n2l x J{J+1) - (22)

A molecule at a vibrational energy ‘level can have any one of the possible rotational energy
transitions (Fig. 12.4a). For example a molecule at the energy level v=0,] = i can absorb energy and may
be promotedtov=1,T=2, orv=1,J=0. Thus the spectrum will consistof two scries of lines corresponding
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1o the two possible valuesof I. J inv =0 can changeto (J+1)inv=1or (J-1}inv = 1. These two series
will have increasing and decreasing energy (wave numbers) respectively (Fig. 12.4b).

J Energy B
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Fig. 12.4 (a) Possible rotational energy transitions.
Fig. 124 (b) Increasing and decreasing wave numbers.

12.4.4 Fundamental Vibrations

 Apolyatomic molecule having 'n' atoms hasa total of 3n degrees of freedom. Three of these are

translational degrees of freedom and three are rotational degrees of freedom (two in the case of linear

molecule). There will, therefore, be 3n-6 (or 3n-5 in the case of linear molecule) degrees of freedom for

vibrational motion. If all these vibrations are infrared active there will be 3n-6 (or 3n-5) fundamental

. absorption bands.. For example, in H,O vapour (n = 3) there will be three [ (3x3) -6 = 3] fundamentat

absorptionbands. In addition to these fundamental bands, the spectramay contain overtones, combination
bands and difference bands.

A tetraatomic molecule such as NH,; shall have 6 vibrational degrees (3x4-6 = 6) of freedom. A
penta atomic molecule such as methane CH, will have 9 vibrational degrees of freedom (3x5-6 =9). In
order for a vibration to result in the absorption of infrared radiation and to manifest itself as a bank (peak)
mn the spectrum that vibration must canse as stated earlier a change in the dipole moment of the molecule,
Fundamental vibrations are classified as stretching and bending vibrations. In a stretching vibration of
aband, the distance between the two atoms increases or decreases, but atoms remain in the same bond axis.

— dfpre—
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a) Fig. 12.5 Streiching vibrations
(@) Equilibrium (b} Compression (¢) Expansion

The stretching vibration in polyatomic molecules can be symmetric or asymmetric. For example
in (CO,) molecule there are two carbon-oxygen bonds. In a symmetric stretch, these two bonds increase
or decrease simultaneously.
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Fig. 12.6 Symmetric streiching
(a) Equilibrium  (b) Stretching (bond length decreases) (c) Stretching (bond length decreases)
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In an unsymmetric stretching, if one bond length increases, the other bond length decreases or

»

2} Fig. 127 Unsymmetric stretching
() Equilibrivm (b & ) Unsymmeiric stretchings

In bending (or deformation) vibrations of a bond, the position of the atoms changes relative to the
original bond axis. The bending vibrations are therefore, designated as scissoring, twisting, rocking and
wagging (based on the type of the motion). These are shown in Fig. 12.8.
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Fig. 12.8 Bending vibrations




125 APPLICATIONS

12.5.1 Calculation of force constant

As pointed out earlier v, = 1/2n vk/u  Therefore from the fundamental frequency v, , the force
constant k can be calculated. For example, HCl molecule gives absorption band at wave number (v,) 2890
cml. From this force constant £ can be calculated as follows.

=1pn Vi - (23)
v, = 1/2nc Vi : e (24)
RS V2V TR - 29)

k= n x 4n*c? _ _ e _(26)_
We have: |
k= (2890)2.)( 4 x(22/1? x (3: x 1019 x 1.008 x 35.36/(1.008 + 35.46) x 6.0 x 10°
K = 4.8 x 10° dynes/cm or 4.8 x l(‘)"N. rn1 (whcr'c:N =.I\.Ie.\ir.t6n)

Force constants detenmned by spectral memods are. presented m table 12.1 along with bond
enthalpies,

Table 12.5.2Force Constant and Bond Enthalpies

Molecule Force constant Bond enthalpy

Nm? K.J. mol*
HF ' O 9Trx1er 562
_HCI. _ o 48x102 _ S 431
HBr o S AAX 104 S 366
HI 3.2 x 10? 799

12.5.3 Deduction of the shape of molecule

From the number of fundamental vibrational peaks observed in an infrared spectrum of a
molecule, one can make out the shape of the molecule from amongst the possible shapes. The method
presented here to arrive at the shape from the study of the spectral characteristics is of course an over
simplificd one. For example, let us consider NO, molecule. It is a three atom molecule. The number of

- degrees of vibrational freedom is expected to be 3 [ (3x3) - 6 = 3 1 if it is a non-linear molecule and fo be
-4 [(3x3) - 5] ifitis a linear molecule. NO, is thus expected to show 3 infrared active absorption peaks




if it is anon-linear molecule and four peaksif it isa linear molecule. The molecule has practically exhibited
only three peaks (at 750, 1323 and 1616 cn) but not four peaks in its infrared spectrum. This suggests
~ that NO, is a bent molecule (i.e. non-linear molecule). Such arguments can be extended and applied to
even la.rger molecules. .

12.5.4 Identification of functional groups in organic molecules

Organic compounds show infrared spectra in which many peaks are spread over a wide frequency
range or wave number range (5000 to 650 cm™) commonly employed in infrared speciral studies. Each
peak is associated with a specific vibration (or a combination-or vibrations) of a functional group or of a
bond in the group. The frequency (wave number) with which a bond or a group vibrates is little affected
by the rest of the molecule. Therefore, the absorption at a frequency that is characteristic of a band or -
particular group can be taken as an indication of the presence of that group (or bond) in the compound.

Thus a particular group of atoms givesrise to a band or bands at characteristic frequencies. These

frequencies are the same for all compounds. This factenables the chemist to identify the functional groups
in organic molecules, The characteristic infrared frequencies are given in tahle 12.2

Table 12,6 The Characteristic infrared frequencies

Groups | Vibration tyﬁe Frequency cm™!
Alkyl (CH,, CH,, CH) © C-Hstreich 2960 2850
- C-Hbend 1460 - 1370
Alkanal (CHO) | C-Hstreich: 29002700
 Alkene (CH=CH,) C - H Stretch | 3095 - 3075
: | C-Hbend - 990 - 890
Alkyne (C =CH) C-H strotch = 3300 - 3270
Atene . C - Hstretch 3040 - 3010
C-Hbend 1300 - 1000
Alkanol (OH) O Hstretch 3650 - 3590
| 1200 - 1050
Aliphatic ketone (CO) C =0 stretch 1740 - 1700
Aliphatic alkanal (CHO) C =0 stretch 1740 - 1720
Aliphatic acid (COOH) C =0 Stretch 1725 - 1700
Aliphatic ester (COOE() C = O stretch 1750 - 1730
C-Ostreich 1300 - 1050
Aliphatic ether (R,0) C - O stroich 1150 - 1070

The spectra of some of typical molecules are presented in figures 12, 9 to12.11. The assignments
for unportant peaks are glven under each spectrum
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Fig. 12.10 Infrared spectrum of ethylilcohol (CH,CH OH)
1 O-Hsiretch (3300 cm™)
2 C- Hstretch (2900 cm )
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Fig. 12.11  Infrared spectrum of hexane CH, (CH,), CH,
1 C-H swetch (2900 cm ) '
2 C-Hbending (1460 cm™)

12.7 ELECTRONIC SPECTRA (ULTRAVIOLET-VISIBLE SPECTRA)

Moleculesabsorbing radiations in the ultraviolet or visible regions of the electromagnetic spectrum
undergo electronic transitions. The energy required for electronic transitions is much hgher than the
98 energy required fc: ibrational and rotational changes. Therefore, all elecironic transitions are accompa-




nied by vibrational and rotational transitions also. Consequently the electronic spectra (uliraviolet-visible
spectra) are more complex than the infrared spectra or the microwave spectra.

12.7.1 Types of Electronic Transitions

Electrons in molecules occupy molecular orbitals as electrons occupy atomic orbitals in atoms,
Molecular orbitals are formed by linear combination of atomic orbitals (LCAO). The molecular orbitals
are classified on the basis of their energy into bonding molecular orbitals (lower encrgy) and antibonding
molecular orbitats (higher energy). The orbitals accomimodating non-bonding electrons are called ron-
bonding molecular orbitals. The bonding moleculir orbitals are designated as ¢ (sigma) and 7 (pi}
orbitals depending on their symmetry (shape). The correspondin g antibonding orbilals are represented
as ¢ "andn". The non-bonding orbital is denoted by 'n'.

The molecules in the stable state will be in the ground state (Ey). It may have different V and J

quantum numbers. The molecule in the ground state (Ey) goes into the higher encrgy electronic state (E, )
on receiving sufficient energy from an external source. The rotational and vibrational energies are
quantised in the higher electronic state also. Thus it is possible for the electrons in the lower energy
molecular orbital to jump into higher energy molecular orbitals when a molecule absorbs sufficientenergy
in the form of ultraviolet-visible radiation. The electronic, vibrational and rotational encrgy levels are
represented schematically in figure 12.12

v=1
w=2

JIII !lll

¥=1

& _lt w0

I llll

J Oi2elg

Fig.12.12  Schematic representation of electronic, vibrational and rotational energy levels.

In general electrons in non-bonding (1) orbitals are least strongly bound in molecule. Electrons in
o, ITorbitals are more strongly bound and elecronsin o * orbitals are most sirongly held. There are six
types of electronic transitions theoretically possible as mentioned below: .

G- 6% -G6* n-c* o-7 n-n* and % - T*

A general schematic diagram of possible orbital energies is presented in figire 12.13,

However, guantum theory considerations-and energy considerations do not permit some of these
transitions to take place. The clectronic transitions thatare gencerally involved in the ubtravioict and visible
specira are of the following types:

G- 0%, n-0* n-n* andw-n*

a7




98

] [
Wl "
1

. ]
Wit

| 3

[

“Figure 12,13 A generally schematic diagram of possible cnergy transitions.

The cnergy required for G- o * tranitions is very high. Therefore, compounds having only single
and containing no lone pair electrons do not show absorptions in the ordinary ultraviolet region.
Compounds that contain non-bonding clectrons (as on oxygen, nitrogen, sulphur or hatogen aloms) are
capable of showing absorptions owing to n — ¢ ransitions 10 antibonding n” orbitals n.- % mem
transitions are also possible (or aldehydes angd ketones,

The relative cncrgies of electrons in different types of molecular orbitals shown schematically in
figure 12.13 show that the cnergy involved in the electronic transitions with the nature of transition. The
order of decreasing energy for the absorption is :

G-0%> oM ~- GE> w-w* ~n- g¥>n-n*
Check Your Progress- 2/

What are the different aliowed clecironic transitions in a mofecule?

12.7.2 Applications

Ultraviolel-visible spectra can be conveniently used 10 identify the functional groups and naturc
of organic compounds. Ethane (CH; - CH,) shows no absorption in the region since it has no 'n’ or It
electrons. Ethanol (CH, CH, OH) on the other hand exhibits absorption peak around wavelength ol
2000 A®. The absorption occurs due 10 n - I1* wansition of the non-bonded electrons of oxygen atom, The
wavelengihs corresponding to maximum zbsorption (A max) of some organic compounds are shown in
table 12.3. Thus stroctural informatior: of organic compounds can be obtained from the value of A max
of the compounds.




Table 12.7.3

Wavelengths of maximum ultraviolet-visible absor

ption (A max) of some

organic compounds

Compound Formula Amax (A) Transition type
Acetaldehyde CH, CHO 2910 -’
Acctone CH, COCH, 2765 -’
Nitromethane CH, NO, 2750 *
Benzene Cs H 1840 -1

2030 m-mn*

2550
Butadiene CH,=CH-CH=CH, 2170 R-m”

12.7.4 General conclusions

)] The absence of absorption peaks at wavelengths longer than 2000 A° usually means that there are
no conjugated groups, no carbonyl groups and no highly substituted carbon-carbon double bonds.”

ii) Intense absorption peaks in the region 2000 - 3000 A°® indjbate conjugation of at least two groups.

i)  Very weak absorption peaks in the region 2700 - 400 A°® signify presence of C=0,C=N,N=N
groups,

v)  Mediom intensity absorption peaks in the range 2000 - 2800 A°  with other peaks at
2500 - 3000 A° show substituted benzene ring.

128 SUMMARY
In this unit we have leém_t that

i Spectroscopy in general and absorption spccira In particular as a physical method to determine the
molecular structure.

i} The polar molecules which possess permanent dipole moment interact with the oscillating eleciric
field associated with microwave region and hence undergo rotational changes subject to certain
conditions.

iif} A measure of spacing between any iwo successive lines in the rotation specirum makes is possible
to determine moment of inertia.

iv)  Microwave spectroscopy has its limitations.

v) Infrared spectroscopy arises due to vibrational and rotational ransitions that take place in a
molecule and Infrared spectrum is extremely useful in establishing the presence or absence of many
structural features in a molecule.

vi) A polyatomic molecule having n atom has a total of 3n degrees of freedom leading to fundamenial
absorption bands; overtones, combination bands and difference bands.

vii)  Molecular spectra are useful in
a)  Calculating force constants and bond enthalpies
b} Deduction of the shape of a molecule _
¢} Identification of functional groups in organic molecules. ag
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vily  Elecironic spectra arise due to electronic transition and are observed in u.v. and visible reglons
These are accompained by v1brauonai and rotational changes.

ix)  uvand visible spectra can be used to identify functional groups and nature of organic compOuhds. _

12.9 MODEL EXAMINATION QUESTIONS

I Answer the following in 18 lines each,

1.

Derive the equation relatmg wave number {v) of rotational transition and mormesnt of inertia {I)

~ of a diatomic moiecule.

Explain how the bond length of a diatomic melécule is determined with the help of rotation
spectrum. '

Discuss the origin of vibrational specira. '

. Tltustrate the different types of vibrations in a molecule.

How is the shape of a polyatomic molecule inferred through the mspccuon of mfrared
spectrum? :

Give a schematic diagram for the sequence of cnerglcs of electronic (ranismissions.

II.  Answer the following in 30 lines each,

1.

4,

Give a critical account of the application of infrared spectroscopy in the elucidation of
molecular structure,

How are bond lengths and bond energles of molecules determined with the help of rotational
spectra? ' o

Discuss the application of the ultraviolet-visible spectea in the determination of molecular
structure.

Give an account of the theoretical principles underlying rotation and vibration-rotation spectia,

12.10 MODEL ANSWERS TO CHECK YOUR PROGRESS

Rotational encrgy E= B0+ DR
In the above equauon .
h = Planck’s constant, J = rotatlonal quantum number; I = moment of inertia.

2 In lhe range of 2000 10 8000 A° wavelcngth usuatly two types of electronic transitions take place.

There aren -7t "and n 77 transitions.

Author: S.V. APPA RAO
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9.1 AIMS AND OBJECTIVES

We explain you in this unit the nature of bonds other than ionic and covalent bonds presentin some
compounds, metals and associated molecules,

. At the end of this unit you should be able (o understand that

. The bonds present in electron deficient compounds, metals and associated molecules can not be
completely described by the concept of ionic bond or covalent bond,

] Diborane isa tyﬁicél example of electron deficient compound.
. The chemical bond presnt between the atoms in a solid metal is called meratlic bond.
» ‘Electron Sea’ theory and ‘band’ theory are introduced to explain the nature of meiallic bond,

® Water, liquid ammonis and liquid hydrogen fluoride show abnormal physical properties. These
are attributed to the presence of a special bond called hydrogen bond in these substances.

. Hydrogen atom bridges two electronagative elements through hydrogen bond.

™ The hydrogen bond formed between two discrete molecules is called intermolecular hydrogen
bond and the hydrogen bond formed within the same molecule is called intramoleculuar hydrogen
bond. :

. Hydrogen bond energy lies in the range 3 to 10 K.Cals/mole.

. Presence of hydrogen bond in molecules can be established by infrared spcctroscop'y. 61
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9.2 INTRODUCTION

In uni¢ 7 the nature and formation of ionic bond was discussed. Inunit 8 the covalent bond was
discussed at length. These two types of bonds are the most important types. Besides the above, itisquite
possible that certain chemical bonds of special type may exist. Infacl such special type of bonds do exist
and play a vital role in deciding the properties of substances. In this unit an auempt is made consider
thesge special types. )

9.3. ELECTRON DEFICIENT COMPOUNDS

The ioric and covalent bonds that are discussed in unvits 7 and 8 respectively are formed between
atoms which provide sufficient number of electrons to form such bonds. Most of the molecules we
considered till now have had number of electrons equal to or greater than ihe nuraber of atomic orbitals
of low energy present in the molecule. However, the compounds in which the number of jow atomic
energy orbitals exceeds the number of vatence electrons are called eleciron deficient compounds. Ina
molecule coniaining ' atoms, there must bé (n-1) covalent bonds if it is a linear molecule. For example
amolecule containing 4 aloms of carbon shall be required to have 3 covalent bonds.

¢-C¢-Cc-C

However, if the motecule is a eyclic one, the number of bonds i3 equal to the number of atoms
present in the molecule.
1
C—cC
4 | | 2
C - C
3

But thexe are many compounds known where the number of valence electrons available is much
less than the number required to form an open chain compound or a cyclic compound. Such compounds
arc called elecron deficient compounds. One typical example of eleciron deficient compound is diborane
(B,H,). You willlears aboutits stracture in detail in unit-5 of chemistry course-2. Letus discuss some
important aspects of thisrelovent 1o our subject of study.

9.4 BONDING IN DIBORANE

Boron with three valence clecirons can combine wilh three hydrogen atoms to form BH, on
considerations of the three possibic covalent boads. Bat it is unstable and docs not exist in appreciable
quansitics at room temperature, However its dimer i.¢., diborane (BH,), or (B H) is quite stable. In B H,
there are nve  boron atoms and s hydrogen atoms, Diborane thus has eight atoms. Those eight atoms
resquire 8 bonds (il cyclic) or 7 bonds (oif non-cyclic to form the stable molecule. B H, molecule provides
12 valence clectrons (six [2 x 3]) from the fwo boron atoms and six (6 x 1) from the six hydrogen atoms)
and these i2 electrons are sufficient to form only 6 covalent single bonds. Bui as mentioned earlier,

- B H, required at least 7 honds. Moreover it was obscrved experimentally that cut of 6 hydrogens present

in the molecule 4 hydrogens showed similar reactivity while other 2 behaved differently. Toaccount for
all these facts many suggestions have been made and differcnt structures were proposed {see unit-3, of
course -2}

" Omeof the important suggestions is relovent Lo the present discussion (electron deficient bond). [n
one of the structures proposed a pair of electrons is used to bind three atoms, Such abond involving only
o clecirons insiead of four electrons usually required to bind chemically 3 atoms (H-B-H) can be called




electron deficient bond. However inmolecularorbital concept the bond is called three centre bond. Many
similar examples are known for such electron deficient compounds. -

Check Your Progress - 1

How do you explain in the bond between two BH, units in diborane?

9.5 METALLIC BOND

Metals are characterized by specific properties such as sirength, ductility, malleability, lusture,
eiecirical conductivity and thermal conductivity. None of the bonding mechanisms discussed (units 7 and
8 ) are capable of explaining satisfactorily all the characteristic properties of metals. Further the physico-
chemical conditions required to be satisfied for the formation of ionic bond or covalent bond are also not
completely metl with in metallic structures as mentioned below. [n ionic bond formation, one atom
(eleciropositive) of the bond loses an electron to form positive ion and the other alom (electronegative)
gains it to form the negative ion. In the case of metals, this is not pessible te evoke the mechanism of jons
bonding to explair: the metallic structure. Similarly the electronegativity of meial aloms is very small. So
the tendency to form electronegativity of metal atom is very small. 8o the tendency to form covaleni bond
like that present in homoatomic molecules such as H, Ci,, N, will also be less. Hence different theories
have been proposed which are discussed briefty below,

9.5.1 Free Electron Theory

Drude regarded metals as a lattice with electrons moving through 1t in much the same way as
molecules of a gas are free to move. This idea was modified by Lorentz Jater, The melal atoms are present
as cations {positive tons} losing one or more ¢lectrons as the case may be. These cations form a lattice of
rigid spheres and the latier is embedded in a ga’s {or sea} of free valency clecirons, which could move in
the interstices. The tendency for the elements to become more metallic as we go down the right hand
groups in the periodic table justifies this idea to sore exient because the ionization energy becomes smalicr
in this direction. Since in this type of metalic stuciure every positive ion (metal ion) is attracted by all
the electrons, considerable cohesion cccurs within the solid. This cohesion is more than sufficient to over
come the repulsion between the positive ions. The existence within the metal ol a large number of free
electrons accounts very well indeed for its elecirical conductivity, It also explains satisfactorily the high
thermal conductivily of metals. Asmentioned carlier the sea of electrons wiihin the metal can be reated
as a gas. Hence the clectrons will be moving faster at a point where the mclal is hot than at a point where
itis cooler. The structure of metals (packing of metal atoms in solid metals} determined experimentatly
shows that ore atom of the metal is surrounded by 6, 8 or 12 other atoms of the metal depending on the
pattern of packing. This number ol nearcst neighbours is known as co-ordination number. In such an
event, it is obvicus (hat the number of valence elecizons available is much less than the number of bonds
cxpected. For example in sodium metal, each sodium atom is surrounded by eight other sodism atoms
(body centred cubic packing). If these eight atoms are bound tothe ceniral sodium atom by eight covalent
honds, 16 (8x2) electrons arc required. But the central sodium atom and the surrounding eight sodium

atoms together provide only 9 electrons since each sodium atom has only one valence electron in its outer
~ arbit, Thus sodium metal can also be taken as an electron deficient sysiem, Hence a bongd other than the
normal electron pair co-valent bond has to be evoked to exphain the bonding in the metal. The type of bond
present in metals is named as metallic bond. We shall discuss in brief some of the ideas proposcd by
different scientists to explain the nature of metallic bond or bonding inmetals. Since the electrons are
free to move through out the metal, the fast moving clectrons drift from hot point wwards the cooler part
of the metal carrying the heat energy. Thisexplains (he thermal conductivity. In asimilar way the electrical
conductivity under the influence of a potential difference can beexplained satislacloy.




9.5.2 Valence bond approach '

Let us consider a simple metal, like sodium, This has a body centred cubic structure with eight
nearest neighbours. Sodium atom has ong electron in its cater shell. This has to be shared with one of its
neighbours forming a two-electron covalent bond. The atom could equally will be bonded to any other
of its eight neighbours. Thus it is quite clear that the number of electrons available is not sufficient for the
central metat atom 10 bind all the neighbouring 8 atoms of the metal through covalent bonds, Toovercome
this difficulty a structure involving delocalized bonds is envisaged and the trae structure is considered to
be a resonance hybrid (a mixture of all the many possibie bonding forms}. In view of the large numbes
of resonance structures, the resonance energy will be large, hence the cohesive energy. However the
theory failed to cxplain meiallic character in the liguid stae.

- 9.5.3 Band theory or Molecular orbital theory

In a meial the large number of atomic orbitals ¢f a given type combine to give rise 1o a series of
molecular orbitals of closely spaced energies called an energy band. Due tolow degreesof orbital overlap
the band width for inner shell electrons is very small. The energy of the electrons in these bands is almost
the same as in isofated atoms. For the valence electrons, on the other hand, the energy range in a band
is relatively large. The width of different bands may lead to overlap of different bands also. The spacing
of these bands and the filling of the bands determine the elecirical conductivity of the metal. If the bands
are completcly empty and the bands are widely separated the substance will be aninsulator. A metal with
partially filled band will serve as a conductor, '

The number of molecular orbitats must by definition be equal to the number of constituent atomic
orbitals. In the case of sodiurn, since there is only one valence electron, and since a molecular orbital can
hold two electrons, it follows that one half of the molecular orbitals (bonding orbitals) only are filled. A
Little energy is sufficient to perturb an electron to an un-occupied molecular orbital, These orbitals extend
in three dimensions over all the aloms in the crystal. Electrons thus have a high degree of mobility, This
explains high electrical and thermal conductivity of mesals. The formation of bands, partial filling-up of
bands and overiapping of bands are diagramatically shown in figure 9.1

Malecular
orbitals

Empty
levels

’ | Goeuplod
levels

Fig. 9.: Metallic molecular orbitals (bands)

A more detailed discussion about the metatlic bond is presented in course-3 of chemistry.

9.6 THE HYDROGEN BOND

Physi(:al propertics such as vapour pressuse, surface tension, freczing point and boiling point of
&4 some liquids were found to have abnormal values. This abnormality has been attributed to the occurence
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of associated molecules in these liquids. Water is a typical example of such a liquid with abnormal
properties. Oxygen, sulphur, selenium and tellurium are all present in group VI of the periodic table, All
of them form hydrides of the type (H, X} with hydrogen. But.water, an hydride of oxygen (H,0) exhibits
abnormally high boiling point compared to the hydrides ( (H,S, H,Se, H,Te) of other elements (S, Se,
and Te) in group V1 of the periodic table. However the discrépancy is not observed in the compounds in
which the hydrogens are replaced by methyl groups (CH,). (CH,}),0, (CHB)E'S, (CH,),Se, (CH,),Te.
Hence, it suggests that the hydrogens of the hydride molecules are responsible for this abnormatity,

) l.CHsla.;fe
¢
E
2 HTe
g
2 _ H,Se
o
- 1007~ « {extrapolated)
1 I : 1
o 5 C Te

Fig. 9.2 Boiling points of hydridles and methyl substituted hydrides of oxygen,
sulphur, selenium and tellurium

In a similar way the hydride of fluorine (HF) and the hydride of nitrogen (NH,) possessed higher
boiling points than those of the hydrides of other elements in the respective (halogen and nitrogen) groups.
These abnormal properties are attributed to the existence of a class of associated molecular substances in
the liquid state of these hydrides. Lattimer and Rodebush in 1920 introduced the term hydrogen bond -
to describe the nature of association in the liquid state of water, and hydrogen fluoride.

They pointed out that a slightly acidic hydrogen and a non-bonding electron pair are essential to
form hydrogen bond. This requirementis met with in HF, H,O and NH, molecules and consequently they
are present as associated molecules in their liquid states. The association in the case of HF and H,O are
shown in Figure 9.3,

Fig. 93 Hydrogen bont in H,O and HF

The bond represented by dotted line isknownas hydrogen bond. Inthe examplescited it is cvident
that the hydrogen bond is present between two neighbouring molecules. Such wype of hydrogen bond
bctwee;n two-descrete molecules is called inter molecular hydrogen bond.

However hydrogen bond can as well form between two clectronegative elements present in the
same molecule provided the distance beiween the two atoms is favourable. Forexamplc organic molecules
with two functional groups in the neighbouring positions (ortho) containing electronegative elements can
form hydrogen bonds. Orpho hydroxy benzaldehyde, for example, can form hydrogen bond between the 65
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two oxygen atoms as shown in figure 9.4, The hyéirogcn bond formed in such an instance is known as
intramolecular hydrogen bond. Ttis for this reason (hat intramolecularly hydrogen bonded substances
{ortho} are mor¢ soluble in organic solvents and have lower melting and boiling points than their
intermolecularly hydrogen bonded isomers {mcla and para isomers).

Hydrogen bond is larger than the corresponding covalent bond. ILis for this reason the hydrogen
bond is weaker than the corresponding covelant bond. The energy of hydrogen bond varies from about
3 K.Cals/mole 10 10 K. Cals/mole depending on the two elecironegative aloms beiween which the bond
is formed. Typical vatues of bond energy are present in tablc 9.6.1

Check Your Progress - 2

Distinguish between intramolecutar and intermolecular hydrogen bonds.

Table 9.6.1 Energies of some hydrogen bonds formed by neutral molecules.

H.Bond _ K.Cals/mole
F-H...0 ' 10
F-H...F 6.8
O-H...O 45-7.0
O-H..F 38
O-1....8 4.0
N-H....N 35-60
N-H...O 4-6.0

9.6.2  Nature of Hydrogen Bond

Hydrogen atom wih only one stable orbisals (1s) comaining one electron can form only one
covalent bond and further according to Paul's principle, a hydrogen atom cannot be associated with more
than two electrons. It is therelore nol possible for the hydrogen to form two covalent bonds with the two
clectronegative atoms. The cxperimental results also suggest that the two atoms between which hydrogen
bond is formed must be strongly ¢lectroncgative. Thus the hydrogen bord is largety to be electrostatic or
ionic in nature. The bond energy of hydrogen bond (3 1 10 K.Cais) is also very small compared to the
expected valuc for covalenl bond. The difference between intramolecular hydrogen bonded cormpounds
and intermolecular hydrogen boaded compounds are illustrated by the meliing and boiling points of the
isomers of hydroxy benzaldehyde presented in table 9.6.3.

9.6.3 Melting and Boiling points of hydrogen bonded subst.. ‘ces

Substance Mature of Melting Boiling
hydrogen potnt paint
bond (O (°Cy
O-hydroxv benzaldehyde _ inter -7 126.5
. [ 3
m-hydroxy benzaldehyde inter 106.7 240
p-hydroxy benzaldehyde iater . ile ---




The amrng_nia .moleculc has a dipole moment of 1.46 D. This suggests that the molecule has
‘o planar struCI_JJre, since mn a symmetrical traingular planar structure the vector sum of the dipole moments
-of N-H bonds is ‘zero'. This confirms that the ammonia molecule has a pyramidal structure (b). Boron

trichloride {BCL), on the ¢ her hand, has a zero dipolc moment. It suggests that BCl, has a triangular planar

structure as shown below:

Fig, 10.6  Shapc of boron wichloride molecule,

10.5.4 Polyatomic molecules

Metharne (CH 4} chloroform (CHCL,) and carbontetrachioride {(CC) ) are some of the polyat-
omic molecules. The dipole moments of these compounds are CH, — O, CHCL— 1.5and CC1,— Q.
~The zero values suggest a symmetrical tetrahedral structure with carbon at the centre and hydrogen and
chlorinc atoms at the four corners in the case of CH, and CCl,. In the case of methane, each C - H bond
has a dipole moment of 0.4 D. If the methane molecule is tetrahedral the bond moment of the four bonds
cancel out one another and leave zero dipole moment for methane. Similar arguments apply 1o CCi,
-molecule also. In fact, all molecules possessing a centre of symme'ry are non-polar. If three of the
hydrogen atoms are replaced by chlorine atoms (CHCL) the resulting chloroform molecule loses its
symmetry and possesses a net dipole moment 1.15 D.

~ Fig. 10.7 Shape of methane molecule

10.5.5 Disubstituted aromatic compounds

It is convenient to consider the resultant moment of a functiontit group in benzene compounds
rather than thosc of the individual bonds. The values derived for some important groups by J.W. Williams
from mcasurements in solution on the assumption that C - H linkage in benzene has no dipole moment and
that benzene ring is planar are given below:’

NO, CN .  OH a H  CH, NH,
-39 38 1.7 15 0 04 - +15D

The sign preceeding the value indicaies the direction in which the moment operates (temember that
the moment is a vector quantity}. Nitro group, strangely is electroncgative and is presumably negatively
charged with respect to the benzene ring. The group moment is, therefore, given negative sign. Forsimilar
reasons, methyl and amine groups have positive signs.

77
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The dipolc moment of di-substituted benzene molecule can be evaluated by adding vectorially the
moments of the groups present in the substituted benzene. This is done graphically or by means of the
equation.

B = pl+ P+ 2 U 1, cos '

I, cos Ji, represents the group moments and "9’ the angle between the dipole vectors of the groups.
Since the benzene ring is flat, the angle is 60° for ortho groups, 120° for meta groups and 180° for para
groups. The position of group {ortho, meta or para) can be established if the dipole moment of the di-
substituted benzene and the group moments of the substituents are known with the help of the egnation
mentioned earlier, But in a number of instances the observed dipole moment differs apparently from the
value calculated from the individual group moments. This deviation is generally attributed to the struciural
changes such as loss in planarity of the molecule.

Dipole moment measurements help to distinguish between cis and trans isomers. The trans
isomer has generally a centre of symmetry and, consequently, is non-polar. The dipole moment is, ‘zero’
for the trans isomers. Cis forms have relatively large moments.

In a similar manner it is possible to distinguish between syn and ansi oximes. The former will have
large moments while the latter have negligible moments.

Thus dipole moments help considerably to arrive at useful information regarding the structure ol
molecules,

10.6 SUMMARY

In this anit we have studied about
i) The equatl sharing of bonded elettron pair between two atoms leading to non-polar molecules.
i)  The unequal sharing of bonded electron pair leading to polar molecules.
iti}  The dipole moment as a measure of the polarity of a molecule and its veciorial nature.

iv)  Theexperimental methods for the détermination of dipole moment; the vapour temperature method
and the dilute solution method.

v} Applications of dipole moment in the elucidation of molecular structure with specific examples of
di, tri, tetra and poly atomic molecules and also disubstituted atomic compounds.

10.7 MODEL EXAMINATION QUESTIONS.

I Answer the folloﬁ'ing in 10 limes each.
1 How is the dipole moment of disubstituted benzene calculated from the group moments?
2 How is dipole moment determined by vapour-temperature method.

3 Discuss the application of dipole moment data to distinguish cis and trans isomers.




H.  Answer the following in 30 lines each.
1 Describe in detail the dilute solution method io determine dipole moment of a polar solute,

2 Discuss the application of dipole moment values in the elucidation of geomelry ol polyatomic
molecules.

10.8 MODEL ANSWERS TO CHECK YOUR PROGRESS

1. Dipole moment () is expressed by the “ollowing equation.
' Hexd
e = charge and d = distance between the two poles of the molecule.
Dipole moment is expressed in Debye unils. (10"* c.5.u. cm. = 1 debye)

2, Since water is an angular molecule the individual OH bond moments do not cancel each other.
Therefore its dipole moment is not zero. -

Author: SV, APPA RAQ
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11.1 AIMS AND OBJECTIVES

~ This unit is mainly to describe you the wave length and energies of different regions of the
electromagnetic specirum and explain the different types of molecular spectra.

When you have finished this ynit you must be able to understand that
. There are apparentiy several different regions of electromagnetic spectrum

. The regidns are referred to y-ray, X-vay, ultraviolet, visible, infrared, microwave and radio wave
regions.

. The spectra exhibited by molecules are calted ‘molecular spectra’ and contain bands and not lines
(as in spectra exhibited by atoms)

s Molecular spectra are broéaly classified as rotation (microwave), rota.’on-vibration (infrared)
and electronic (ultraviolet - visible) spectra.

. The energy of molecules is g.antized just likg the energy of atoms.

. Energy levels are referred to as electmnic; vibrational and rotational depending upon the type of
transition.,

e  Themagnitudeof energyinvolvedinelectronic, vibrational and rotational transitions is 5.0,0.1 and
" 0.005 electron volis respectively.

80
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131 AIMS & OBJECTIVES

- At the end of this unit you will be able to understand tha -
. The intensity of absorbed radiation is expressed as absorbance or optical density.

. Absorbance depends on the concentration of the absorbing species and the path-iength of the cell
' containing the absorbing species. .

] The Laws that relate the intensity of transimitted light, the patit length and the concengration ofthe
absorbing species are lambert’s Law and Beer's Law,

. The laws are useful in the determination of the concentration of absorbing species in solution.

] A mixture containing two solutes also can be analysed for determining the concentration of the
mdividual solutes with the help of Beer's Law. .

13.2 INTRODUCTION

_ As pointed out in lesson 11, molecules absorb electromagnetic radiation when they are exposed to _
tis radiation. However, the region of the electromagnetic spectrum absorbed by any particular molecule 101
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15.2 INTRODUCTION

You are learnt in lesson-14 that some naturally occuring elements (e.g. ux:aniurr{, thorium) emit
characteristic radiations on their own without any external agency and this behaviour of the elements 15
called Radioactivity. 1tis further said that these radiations contain t1_1ree types of rays namely a!pha, beta
and gammarays. Theserays differin their properties inrespectof their elecmcal :_laturc, penetrating power
and ionizing power. But with little variations in the actual values, every rad;o‘iicnv? eflement produced tl}c
same three types of rays. This snggests that the process ir_wolved in tr!e'radloaqwny of any clement 18
basically the same. the process has been shown to be the spontaneous disintegration of t.he n_uc_!eus ott the
atoms of these elmeiits. This phenomenon of disintegration of radioactive elements 1is ascrﬂ_)ed to tpe
instability of the nucleus of the atoms of radioactive elements. Inan ¢lementary fashion, the instability
has been traced to the unfavourable ratio of protons 1o neutrons in the nuclei of the atoms.

15.3 RADIOACTIVE DISINTEGRATION

The early workers in radioactivity observed very interesting facts about the behaviour. of
compounds of radioactive elements in solution. These facts were useful to understand the com?lcx
phenomenon of radioactivity. H. Becquerel observed that a precipitate is formed when ammonium
hydroxide is added to a sclution containing 2 uranium compound and a ferric salt. But still the solution
contained some amount of uranium salt. It was noticed by him that the precipitate showed most of the
ariginal activity of uranium salt solution and that the liquid (containing stll uraninm) is inactive. This
observation shows that the most activity of uranium compound is not due to the element uranium but 1o
another specics as uranium-X. On standing for some months, uranium in solution gradually regained its
activity and the precipitate lost its activity. These two rcactions were found to accur with same rate. The
total activity of the system remains constant. These facts lead him 1o conclude that uranium continuously

producing the active product uranium-X and that this gradually decays and loses its activity.

15.3.1 Radioactive Disintegration - Theory

E. Rutherford and F. Seddy in 1903 proposed atheory 10 explain the phenomenon of radidactivity
as well as the observations described in section 15.2. This theory is known 4s theory of radicactive
disintegration.

The atoms of radioactive elements untike others undergo spontaneous disintegration with the
emission of alpha or beta partices. this disintegration results in the formation of a new element which is
quite different physically and some times chemically from the parcnt element. This new element may in
turm also be unstable and emit a particle (o or B) with the production of still another new element. there
may be a succession of this type of disintegrations or wansformations. The nature of the element {(atomic
mass and chemical properties) produced during the disintegration depends on 1he nature of the particl.
emitied. For cxample every emission of o particle means that the new element has an atomic mass 4 units
less than that of its parent. the emission.of  particle, on the other hand, involved no appreciable change
in atomic mass because of the negligible mass of a B particle. In spite of there being no apparent change
in atomic mass the chemical and physical properties of the new element are quite different from those of
its parent. Three radicactive disintegration serics, viz. the thorium scries, the actinium scries and the
uranium serics, have been identified. These will be cnsidered in detail in lesson - 16.

15.3.2 Radioactive Disintegration - Rate

The measurement of radicactivity from time to time of the new clement formed in a disintegration
process has rovealed that the rate of decay follows an exponential law.

I 'isthe activity atany time t' and I_the initial activity at zero lime, the decay can be represented

as &




It = Ioe -t

Where X isaconsian: called radiogctive constant. The activity may be 1aken 1o be proportional
[0 the number of atoms w hich have not yet disintegrated (or decayed). Ii, therefore, follows that

N=N e

Check Your Progress - 1
How is the mate of radig active desintegration ar any instant mathematically related to initial activiiy? -

15.3.3. Average Life of 2 Radioactive element

The life of any radioactive atom (the length of time during which it can exist before disintegrating)

can have all possible values from zero 1o infinity, However, the average life period for an aggregate of
a large number of atoms is of practical use,

The activity 1, is proportional tothe number of atoms ‘N’ which have not disinegrated, Hence, the
rate of disintcgra_tion of atoms ('dN/d) is proportional to the number of atoms at that instant. Thig can be
wriiten mathematically as, :

dN
R a N
de :
Or - el = AN e
dt

inserting value of 'N' from equation (2) into equation (3) we gel

dN
- = ANec» )

't'1s the expected life peirod. This can have any value from zero to mfinity. The period of average life
(T-tau) is, therefore, obtained by multiplying every possible life period (=0 10 1= ) by the number of
atoms (dN) having that expeciation of life and dividing the sum of products by the total number of atoms
(No) present at the beginning of the period. This can be mathematically represented as

diN
t= & e -




Table 16.3.3 Actinium Series

WRadioelement Corresponding | Symbol Radiution - Half-life
Element :
Actinouranium Uranium »y o 7.13x 10° yr
1
Uranium Y Thorium BiTh B 25.6hr
A
Protoactinium Protactinium 231Pa o 3143 x 104 yr
d
Actinium Actinivm 227Ac B and o 218 yr
0R.8% 12%
v .
Radicactiniu Thorium 227Th B 18.4 days
Actiniom K Francium 223Fr ! 21 min.
Actinium X Radium 223Ra o 11.7days
Ac Emanation " | Radon 219Rn o 3.92 sec
\ _ |
Actiniunt A Polonium 215Po ccand B 1.83 x 107 sec
- 100%] ~5 5 10
Aclinium B Lead 211Pb V] 36.1 min
_ Aslaﬁnc -218 Astatine | 215A1 v] ~10* sec
(—
M
Actinium C Bismuth 2i1Bi o and 2.16 min
P9.7% | 0.3%
Actinium C' Polonium 211P0 ¥4 0.52 sec
\’ ' _
Actiniom C" Thatliam 20771 p 4.8 min
Actinium D Lead 207Pb stable -
(End Product)

Check Your Progress - 1

How many radioactive disintegration series are identified and what are they?
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* You have learnt tLat a radioactive element disintigrates Sponiancously emitting an ¢ -particle or

B -particle or both. Emission of an ¢ -particle leads to loss of four uniys in the atomic mass while emission

of 3 - particle will not result in any change in the atomic mass of the daughter element. Since o - and -
FParticles are respec lively positive and negative charged particles, the daughter element produced duc to

The generalizatons regarding the displacement of the productof an clement in the periodic table are known
as group displacement lqw. Fg jans, Russel and Soddy independent ¥ proposed such generalisations,
which go by the name group displacement law. This law accounts for the fact that the large number of
radivactive elemcents can be fitted into the limited number of spaces in the prriodic table.

alwhen an o - particle is emitted in a radioactive disintegration, the product is

The taw states th
displaced by two places 1o the left in the periodic table, that is, the atomic number is two less than tha; of

its parent, but the emission of B-particle resuits in o displaciment of one place to the right, the atomic
nimber of the product being one greater than thay of its parent,

These generalisations are observed in tables 16.3.1 (o 16.3.3,

16.5 ISOTOPES

One consequence of the group displacement law Is that 2 daughier clement produced due 1o the
emission of one (- particle and two B -patticles successively, shall have the same position as that of the
parent element in the periodic table, But the atomic masses of the parent and daughter elements will not

Check Your Progress - 2

What is a radioactive isotope?
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16.6. SUMMARY

In this unit we have studied that:
i aradioactive element emits o, § or ¥ rayssoasto achieve stability. This can be done ina serics
of steps called radioactive disintegration serics.
it} in detail uranium series
Thorium series
Actinium series
i)  group displacement law’

iv)  the formation of isotopes.

167 MODEL EXAMINATION QUESTIONS

1. Answer the following in 10 lines each.

1. What information do you derive from half life of a radioactive element?
2. Discuss briefly group displacement law
3. How is the occurrence of isofopes cxplamcd by the radioactive disintegration process?

1IL. Answer the following in 30 lines each.

1. Give a detailed account of radioactive disintegration serics.
2. discuss the significance and utility of group displacement law.

16.8 MODEL ANSWERS TO CHECK YOUR PROGRESS

1 Four radioactive disintegration series are identified.

They arc

a) 4N series or Thorium series

b) 4N +1 series or Neptunium series

¢) 4N +2 series or Uranium series
d) 4N +3 series or Actinium serics

2 There are a number of non-radioactive or stable glements.,
eg..- Carbon, nitrogen. If an isotope of such elements is radioactive then it 18 called radioactive
isotope. eg: C,

16.9 GLOSSARY

Electroscope (gold leaf) . A simple device to detect ionizing radiation.
Penetrating power - The ability to travel through.
Range : . Thedistance traversed in air by the particle of aradioactive

ray from its source before the particle ceases 10 have any
appreciable power of producing ionisation.

Spontaneous disintegration, . A disintegration or a decay process taking place without
any external agency.

Author: Prof. S. BRAHMAII RAQ
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UNIT-17: GAS LAWS
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17.5 The equation of state

17.6  The gas constani, R
17.6.1 R in abselute units
17.6.2 R in joules
17.6.3 Rin calories
17.6.4 R in litre atmosphercs

17.7  Mixtures of gases - Daltons law of partial pressurcs

17.8  Diffusion of gases

17.9  Summary

17.10 Model examination questions

17.11 Model answers to check your progress

17.1 AIMS AND OBJECTIVES
The purpose of thisunitis 1o give you an account of the experimental laws describing the behaviour

of gases, v
At the end of this unit you will be able to understand that:

. ‘The gas laws are facts aimed at as a result of experimental observation. The four parameters
neecssary Lo explain gas behaviour are amount of gas, pressure, volume and temperature.

. Boyle's law describes ihe relation between the pressure and volume of a gas (at constant nunmber
of moles and temperature) '

. Charles’ Law describes the vol ume-temperature relationship of a gas (at constant number of moles
and pressure),

. Dalton's taw gives the relationship between the total pressure of a mixture of gases i terms of the
individual pressure of each constituent.

. Graham's Iaw describes the dilfusion of gases and the relationship between the rate of diffusion and
the molecular weight of a gus,

17.2

INTRODUCTION

The gascous state is characierised by the fact that it has neither a definite shape nor size. A gas

stmply occupies alf the space made available to i, A gas, unlike a liguid, has no surface at all. When we

speak of the volume ol a gas, what we mean is the volume of the container in which the £as permeales. -
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pressure of a dry gas when itis collected over water. The pressure of adry gas is obtained by substracting,
from (he atmospheric presstre at which the gas is collected, pressure of water vapour, at the lemperature
at which the gas is collected.

17.8 DIFFUSION OF GASES

Diffusion is a property by which a substance tends to spread throughout the space made available
to it. Diffusion is exhibited by solids, liquids and gases, but is most rapid in the case of gases. if two
jars, each containing & different gas, are kept mouth-to-mouth with one another, it is found soon that the
gascs would have spread throughout the two jars, This would bappen even il the jar containing the lighter
gas is placed at the bottom, indicating that di {Tusion occurs inspitc of gravity.

Thomas Graham (1827) proposed  law relating the rate of diffusion of a gas to its dersity. The

law, known as Graham's law of diffusion is stated as: “The rate of diffusion of gasis inversely proportional
to the square root of its density”. 1f 1 is the rate of diffusion of a gas and d its density, then,

r o (INd)
r = Constant/Vd . (19)

If r, and r, are the rates of diffusion of two gases under certain specific conditions, and d, and d,
are their densities respectively, then

rfr, = dNd, . | e (20}

The density of a gas is directly proportional to-its molecular weight. Hence equation 20 can be
written as o , :

rl’ir?. = "erNM1 : e (21)
Where M, and M, are the molecular weights of the gases.

From equations, 20 and 21 itis evident that a lighter gas {or one with less molecular weight) would
diffuse more rapidly than a heavier one {or one with great molecular weight). Conversely, the time of
diffusion of a given quantity of a lighter gas is proportionately lesser than that [or the samc quantity ol a
heavier gas under similar conditions. Thusift, and t, are the times of diffusions, under identical conditions,
of two gases of densities d, and d,, are moiecular weights M, and M, respentively, it follows thai

Lft, = \"dzl\fdl = M 2/\.’1\/_[1 . _ . (22

Diffusion studies, therefore provide a method of determination of molecutar weights of gases.

179 SUMMARY

In this unit we have studied that:.
iy The Bbylcg‘s law: _pressufc-yolﬁtne relation of a gas when i:ts mass and {emperalure are constant.
i)  Charles law: Volume-Temperature relation of a gas when its mass and pressure are constant.

iii)  The equation of state obtained by combining Boyle's law, Charles law and Avogadro's law. This
gives relationship between pressire, volume, temperature and number of moles of gas.




v} The universal gas constant, R and its valume in varius units.
v) Dalton’s law of partial pressures and its applications

vi)  Phenomenon of diffusion and Graham's law governingit,

17.10 MODEL EXAMINATION QUESTIONS

L Answer the following in 10 lines each.

1. State and explain Avagadro's law.

2. State and explain Dalton's law of partial pressures.-

3. How is rate of diffusion of a gas related to the density of gas? Give reasons for your answer.
I Answer the following in 30 lines each. |

L. Give aconcise account of the different experimental laws of gases.

2. Derive ideal gas equation.

17.11 MODEL ANSWERS TO CHECK YOUR PROGRESS

1 Absolute zero is the emperature at which the volume of an ideal gasbecomes zero. Théorelical
and experimental evidence indicates that it is the lowest temperature possibie. -273°C = 0K.

2 For one mole of anideal gas PV/Tis constant and it is called universal constant. Thisisindicated
by R called molar gas conwstant or first gas constant, R=0.0821 lit-atm deg" - mole™.

Author>M.D. SIDDHANT!
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UNIT - 18: KINETIC MOLECULAR THEORY

Contents :
18.1 Aims and objectives |
18.2 Introduction
18.3 The Kinetic theory of gases
- 18.4 Deduction of the gas laws from the kinetic equation
18.4.1 Boyles's Law
18.4.2 Charle's Law
18.43 Avagadro’s Law
18.4.4 Dalton’s Law of partial pressures
18.5 The mean free path
18.6 Distribution of molecular velocities
18.7 Collision diameter and collision numbers
18.8 Summary
18.9 Model cxaminalion'éluestions

18.10 Model Answers to check your progress |

18.1 AIMS AND OBJECTIVES

This unit aims to present you a theoretical model for an ideal gas and hence 10 derive an equation

of state explaining the gas behaviour.

By the end of this unit you should be able to understand that:

The Kinetic Theory of gases is a model, the postulates of which help in co-ordinating the various
laws of gas behaviour.

The mathematical expression derived from the postulates of the Kinetic theory, 18 known as.
‘Kinetic equation for gases'.

Mean free path is the distance that a molecule moves between Lwo successive collisions.

The molecules of a gas do not all move with the same velocities; instead there is 2 definite
distribution of velocities from very low to very high values.

The most probable velocity is the velocity possessed by majority of molecules in a gas than in any
other velocity. The average (or mean) velocity is the average of the velocities of all the molecules
in a gas.

The collision number is the number of collisions in unit volume per second. The collision diameger
is the closet distance of approach between the centres of two molecules taking part in a collision.




18.2 INTRODUCTION

The gas laws that have been described in unit 17 have been laid down as a result of experimental
investigation. Though arrived at as 4 result of observations of the behaviour of real gases, itis to be noted
that the Iaws, in their strictest sense, are postulated to be obeyed only by ideal gases. Itis evident that gases,
asthey exist, obey the laws only under very limited conditions, and deviate markedly from ideal behaviour

- under other conditions. There is an obvious need, therefore, to postulate a theory which provides a basis
for the experimental laws, : ' :

18_‘.-3' THE KINETIC THEORY OF GASES

This theory makes certain assumptions regarding the characteristics of an ideal gasand enables the

derivation of a mathematical expression, with the help of which the gas laws can be correlated. The
Kinetic theory of gases was the result of the work of many, chief among whom were D. Bernouilli (1738),
J.J. Waterston (1845), K.A. Kronig (1856), R. Clasius (1857) and others. Tt was presented in a
-mathematical form by J. Clerk Maxwell (1860) and L. Boltzmann (1868). It had been developed long
before the "molecule” was accepted into chemical terminology and the efectrical nature of matter was
clearly understood. The fundamental postulates of this theory are '

1. A gas consists of a large number of exiremely small, perfectly elastic particles, which may be

identified with chemical molecules, moving in all directions. :

2, Because of the continual movement the molecules of the gas they collide with each other and also -
with the walls of the container, _

3. These impacts of the gas molecules with the walls of the container are elastic and responsible for

the pressure exerted by the gas. When the same gas iskept in a vessel of smaller volume than the
original volume the molecules collide with the walls of the container more frequently. This results
in increased pressure of the gas.

4. When the temperature is increased keeping the volume constant, the molecules move more
vigorously. and the pressure increases. S

3. In an ideal gas the molecules exert no attraction upon ene another,

6. The molecules are assumed to be so small that theit actual volume is negligible in comparison with
the volume of the gas (whén we talk of the volume of a g2s, we mean the volume of the container
in which the gas is kept). '

With the help of these pbstwlates, we shall derive a simple expression for the pressure of an
ideal gas. ' '

Consider a cube of size 1 cm, containing a total of n molecules of a gas, each molecule having a
massm grams. In the gas the molecules are all in random motion, moving in all directions and with a wide
range of velocities. Let a given molecule have a velocity e cm per sec. This velocity may be resolved into
three components x, y and z, in three directions, mutually at right angles and parallel to the edges of the
cube. (Fig. 18.1). ' ' ' g

'Check Your Progress - 1
What do you know about kinetic molecular theory?
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Fig. 18.1  The resolution of molecular velocity.

In reality ¢ is not the velocity of any particular molecule, not is it the arithmetic mean of the
velocities of the molecules, since such a quantity can be zero, owing 1o.the fact that velocity i8 a-vector.
Instead ¢ is a quantity such that its square is the mean of the squares of the velocities of all the molecules

(the squares are always positive). In consequence ¢ 18 calied the root-mean-square velocity, of simply,
the r.m.s., velocity. Thus,

¢ = C,+C,L +Ch+ . +C oL n

The theory assumes that the impacts of the molecules on the walls of the container are all elastic.
This means that the velocities are the impact and rebound remain unchanged in magnitude. The sign is,
however, changed hecause of the change of direction.

Consider, for instance, the movement of a molecule in the x-direction, with its component
velocity x. Let the velocity component be x before the impact and -x after impact. Consequently the

“momentum before impacts is 'mx' and that after impact is ~mx" The change in momentum in the

x-direction is thus [mx -(-mx})] = Amx for each impact of a molecule with the wall of the container.

The size of cube is 1 cm. Hence, the number of impacts on the two walls prependicular to the.
x-direction will be x/1 per sec. Thus, the change of momentum per sec (in other words, the rate of change
of momentum) due to the impacts in the direction will be. '

2 mx X x/l,ie., 2mx3L

Like wise the rate of éhange of momentum due to impacts in the other two directions, y and Z,
will be : o : '

2myfl and 2mzYt respectively.

The total rate of change of momentum due to the impacts of a single molecule on all the six walls
of the cube will therefore be

2 mx?fi + 2 my¥l | + 2 mz?l =  Im(x*+ y? + z9).
= 2mc?/l ¢ = 2+ y 4zt

As there ar¢ " molecules in the cube, the total rate of change of momentum of the impacts of all

the 'n" molecules will be

2 mn ¢l




- From Newton's laws of motion, it follows that the rate of change of momentum is equal to the force
‘acting, thus, ’

Total force = 2 mn c¥l
But Pressure = Force/area
The total surface area of the cube is 6 X I2
He:nce, Pressure, P = 2mnc¥ X 6X 12
' P = 1/3. mn c¥1* = 1/3. mn ¢V, (since I* = V)
Thus PV = 1m¢B = 13mne R

- This equation, derived from the assumptions of the kinetic theory of gases is known as kinetic
equation of state for an ideal gas. Although the derivation is somewhat approximate, it has the advantage
of its simplicity. Besides, with the help of this theoretical equation it is possible to deduce the gas laws,
which, as mentioned already, are experimental laws. Thus a coordination between theory and experiment
is provided. '

Check Your Progress -2

Explain the concept r.m.s. , velocity 7

184 DEDUCTION OF THE GAS LAWS FROM THE KINETIC EQUATION
184.1 Boyle'ﬁ Law |

- The vélOcity of the molecules of a gas will increase with rise of temporature. _Ih fact, it has been
possible to show, on the basis of the kinetic theory that the temperature is proportional to the mean kinetic
energy of the molecuies in a gas. We have already derived the expression,

PV = RT
for one mole of an ideal gas,

And,-acco;‘ding to equation (1)
PV = Imnc3 =  1/3mnc?

If we now assume that 'n’ represents Avogadro number (N) of molecules, then this equation could
be rewritten as: ' _ ' ' :

PV = ImNc#3 = RT
The Kinetic energy, E,, of the molecules wilt be
| | Ek = 1/2 m N¢?
=2 32X ImNep
| But - ImNe3 = RT

-~ E = 3/2 RT per mole B e (2) 141
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I"hﬁs the kinetic energy of 1 mole of any ideal gas will be directly proportional to its abselute
temperature. Thisisanimportant and useful conclusion from the kinetic theory. Thisis alsoinagreement
with the theoretical conclusion drawn by J.C. Maxwell (1860) that the mean kinetic energies of the
molecules of all gases are the same at the same temperature.

At constant temperature, therefore, the kinetic energy 1/2 mc? wiil be a constant for every gas.
From equation (1) we find that for a definite quantity of any gas at constant temperature, the quantity 1/
3 mn ¢? will be constant. That is,

PV = 1/3 mnc? = Constant,

at constant, temperature,, This is in agreement with Boyle's Law.

18.4.3 Charles' Law
Consider once agaiﬁ the Kinetic equation
PV = 1/3 mnc?
= 23 X 1/2mn ¢?
The Kinetic energy, 1/2 mnc? is proportional to the absolute temperature T of the gas, Thus '

PV Constant X T

Oor vV

Constant/P X T.
If now pressure is kept constant, it follows that the volume of the gas is directly proportional to the
absolute temperature. This is Charles' Law, :

18.4.3 Avagadro's Law.

Far two gases 1 and 2 the Kinetic equation (2) can be written as,
PV, = 1/3mne?
and PV, = 1/3 mn.c,?

If both gases have the same pressure and occupy the same volume, then P, = P, and V, = V,,.
Therefore, : : _
1B3mac® = 173 rnznzcz2 _ 3

Also_, if the two gases are kept at the same témperature, the average kinetic energies of .tﬁeir
moleucles will also be the same, i.e., o
12me? = 12mg} | . @
Upon dividing equation (3) by equation (4), it immediately follows that, |
' n, = n, ' ' N )]

i.e., equat volumes of different gases at the same pressure and temperature contain e;quai number
of moleucles. This is Avogadro's law.

18.4.4 Dalton's Law of P_a'rtial Pressures

Suppose n, moleucles of a gas 1, each of mass m, and r.m.s. velocity ¢, occcupy avolume V. The
pressure, P,, of the gas is given by . :




p, = m,n ¢ 3V S e {6

If n, moleucles of gas 2. each of mass m and r.m.s, velocity €, occupy the same volume V, the
pressure p,, is given by '

P, = mueisv . (M

' By similar reasoning, we could write expressions for the pressures of different gasesoccupying the .
- same volume V., ' o

Now, if al! the gases occupy the same volume simultaneously, then the total pressure P will be
given by,

P =  mnc?3V+ m,n,c %3V + m,n.c 23V + e B

it

Or P P+, +p, + : e ()

- This equation represents Dalton's Law of partial pressures, and P1s Py Iy, €8C., will now represent
the partial pressures of the constituent gases in the mixture, The assumption, of course, is made, here that
the gases do not interact with each other and that they behave ideally. :

Thus, we find that from the simple postulates of the Kinetic theory, it is possible to derive an
expression - the kinetic equation from which in turn, the gas laws could be deduced, This represents an
elegant correlation between theory and experiment. '

- 18,5 The Mean Free Path.

diameter may be considered as the closet distance between the centres of two molecules which take part
in a collision. The mean free path, T’ of a molecule is given by the expression (10).

I =  12rn o&*x ¢ S o (10)
Where n is the number of molecules in unit volume of a gas -

One mole of a gas occupies a volume of 22400 cc at S.T.P. (i.e., 1 atmosphere pressure and 0° Q).
The number of molecules in one mole of a gas is approximately 6.0 X 10, Thus, n, the number of
molecules in unit volume (Iec)of the gaswould be 2.7 x 101, The diameters of gaseous molecuies are
approximately of the order of 2.0 X 10% cm. Using these values, we can calculate the value of the mean -
free path of a gas by means of equation 10. ' ' :

! 12x3.1416x2.7x 10%x (20X 1082

21X 10%5¢m.

Thus we find that between two successive collisions, the distance that molecules of a ga_s'

travel is indeed very short. The mean free- path is more or less the same for all gases under similar
conditions. :

~ Better values of mean free path are obtained from viscosity nieasurements, The expression,.
derived from the kinetic theory, is

TI .= IB- cdﬂ ’ | . . BERLE (11) . 143
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Where H]' (neta) is the coefficient of viscosity of the gas, 'c' its mean velocity, 'd' its density and
't its mean free path.

Decrease of pressure increases the mean free path of a gas molecule. The product of the pressure
and the mean free path is a constant. :

18.6 DISTRIBUTION OF MOLECULAR VELOCITIES.

In a gas all the molecules do not have the same velocity, owing to incessant collisions, .
there is a continual interchange of momentum between the molecules. Therefore, the velocities

_vary. This would be so, even if all the molecules, to begin with, start moving along parallel

lines with the same velocity. Because of gravitational and other forces, collision would take place and
eventually the (hypothetical) orderly movement will be replaced by the chaotic or random motion thatis.
tcharacteristic of the gaseous state.

J.C. Maxwell first calculated the manner in which the velocities of the molecules 1n a gas are
distributed over all possible values, right from zero 1o very high velocities. This he derived from
probability consideration. He expressed the results in the form of a mathematical expression. One form

of the law of distribution of molecular velocities is.

1/n . dnjdc = 4n (M/2r RTP e MR X 2

- Where 'M' is the moleculer weight of the gas, R' the gas constant and ‘T, the absolute
temperature and '¢’ is the base of natural logarithms. The left hand side of the equation gives the
fraction of the total number of molecules (n) possessing a particular velocity 'e'. At this stage,
however, it is sufficient to know that the molecules of a gas have all possible velocities, from very low 10

_ very high values and that it is possible to calculate what fraction of the motecule would have, that
-velocity (the law of distribution of molecular velocities). Using this law it is possible to
. calculate the fraction of the total number of molecules ‘possessing a particular velocity, from

known parameters such as the molecular weight of the gas under consideration, the gas constant R and
the absolute temperature T. '

A graphical representation of the results of Maxwell's law is sifwn below in figure 18:2

-1

3is

e

Fig. 18.2 Distribution of molecular velocities
T, = lower temperature T, = higher temperature




The general form of the curve is more or less-the same for all gases, but the actual curve is
determined by the molecular weight of the gas and the absolate temperature. In this curve the abscissa
(X-axis) represents the molecular velocities (c), while the ordinate (Y-axis) gives the fraction of the
molecules possessing the velocities indicated on the abseissa. The maximum of the curve gives the most
probable velocity (1), This is the velocity possessed by large number of moletules, it has been shown

that the most probable velocity, u, is given by the expressiomn,

B = 2RTM - ‘ ey

Where "M’ is the molecular weight of the gas end T its absolute temperature. |
. Another quantity, known as the mean (or av erage) velocity, ¢, is gi_vén by,
¢ = GG FC ..., ¢ /n __ . (13)
The mean velocity is given by the equation,
¢ = N8RT/VaM : _ e (14)
The root-mean-square velocity, described earlier is given by the equation, |
¢ =  V3RT/YM e (15)

Increase of temperature leads to an increase in molecular velocities and also to a wider distribution

- of velocities. But the important point to note is that the number of molecules with velocities higher than
the mean velocity is considerably increased, -

-

1

18.7 COLLISION DIAMETER AND COLLISION NUMBERS:

Mention has already been made, in Sec. 18.3, about collision diameter. During their random
movement in a gas, the molecules collide with one another. When two molecules approach each other,
apoint is reached, at which, the repulsion between the two molecules becomes large enough 10 make them
reverse their direction of motion. The closest distance of approach between the eentres of the two colliding
molecules is known as collision diameter { o) (Fig. 18.3).

. i i .
' .

|
o —J

Fig. 18.3  Collision diameter.

In the case of molecules which are infinitesimally small, as in ideal gases, there would be an
effective collision diameter, owing to their mutual repulsion. '

_ The collision n_uhlber, Z, may be defined as the number of collisions.in unit volume per second.
- This is given by the equation. :
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7z = 2m o*NIORT/YM o (16)

_ Where 'n' is the number of molecules of the gas in unit volume " ¢, the diameter collision and the
rest of the quantities have their usual significance. o

Calculations show that the number of collisions between molecules under ordinary COIIdltiDIlS is
of order of 107 per sec. per cc of gas. This quantity does not change greatly with temperature but increase
of pressure markedly increases the number of collisions.

188 SUMMARY

In this unit we have studied

i} Kmetlc molecular theory as an acceptable model to explain the behaviour of gases

ii) Posmlates of kinetic theory and derivation of kinetic equation of state PV = 1/3 mnc

iii) Deduction of various gas laws from kinetic equation.
Boyle's law, Charle's law, Avogadro's law

iv)  Maxwell's law of distribution of molecular velocities and most probable velocity

v) Collision diameter and collision number.

189 MODEL EXAMINATION QUESTIONS

L Answer the following in 10 lines each.

1 State the postulates of Kinetic molecular theory.
2 Derive any two gas laws from kinefic gas equation.

3 Give a concise account of lJaw of distribution of molecular velocities.
1. -Answer the following in 30 lines each.
1 State the postulates of kinetic molecular theory of gases and derive Kinetic gas equation.

2 State kinetic gas equation and deduce the gas laws from the same,

18.10 MODEL ANSWERS TO CHECK YOUR PROGRESS

1 Gas law indicate the rcgulanty in the behaviour of gases, but as to how this behaviour is
achieved by them is not indicated. Therefore certain assumptions are proposed for molecules
of the gases in the form of a theory called kinetic theory of gases. It explains as (o how the
regularity is achieved by gases

2 11 is the root of the average of the squares of the velocities of different molecules of gases. This
velocity is proposed in order to overcome the complexity in the derivation of equation of kinetic

theory of gases.:

Author: M.D. SIDDHANTI
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19.1 AIMS AND OBJECTIVES

The main purpose of this unitis to discuss the deviations of real gases from ideal behaviour to arrive
atan expression which takes into account the causes of deviation and fo show how the expression cxplains
behaviour of real gases.

When you have worked through the unit you should be able to understand that:

* The Kinetic theory is a model postulated essentially for ideal gases. But gases, are far from being
ideal, and show considerable deviations from tdeal behaviour,

Vander Waal's equation of state is,among the various equations developed to cxplain the behaviour
of real gases, by far the simplest question. It modifies the equation of stale for ideal gases by

of the molecules in real gascs. However, even this cquation is only of limited applicability,

19.2 INTRODUCTION

The gas laws like Boyle's law are emptrical laws. Kinetic moleeular theory was developed as an
acepiable model 1o explain the behaviour of gases. The gaslaws as deduced from kinetic equation of state
are not strictly obeyed by any gas. A gas under study deviates from ideal behaviour, For instance the
product (Px V) willnot be a consiant for a fixed mass of £as at constant lemperature at all pressures and
shows slight variations, We have to investigate the reasons for these deviations. ) 147
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19.3 DEVIATIONS OF REAL GASES FROM IDEAL BEHAVIOR

——

The gas laws, strictly, are obeyed intheirentirety only by whathavebeen termed ideal gases. These
ideal gases as we have emphasised already, are only hypothetical or 1m aginary. Gases, as they actually
exist, are far form being ideal. As such, these "real gases” show considerable deviation from ideal
behaviour. For instance the equation PV = RT, as derived fof onc mole of a gas, isobeycd 102 fair degree
of approximation at low pressurcs and moderately high iemperatures.

But once the pressure is increased oF the temperature lowered, a marked deviatin (rom ideal
behaviour becomes noticeable. Thiscan be secn from a consideration of the plot of product PV for a gas
at varions pressurcs and constant temperature. If Boyle's law were (0 be obeyed, as it should be by an
idealgas, the product PV shouldbe constant at various pressures. Consequently the plotof PV vs P should
be a straight line paralic] to the pressure axis as shown in the broken line in figure 19.1

But the experimental data collected for various gascs show that sach is not the case with almost
every gas. Fig. 19.1 also indicates the PV-P plots for hydrogen and nitrogen ai (°¢ and-for carbondioxide
at40°% (The plots are ali relative to the assumption (hat product PV is pnity ai 1 aimasphere), The figure
clearly indicate that real gases deviated considerably from ideal behaviour, this is no more so at hi gher
pressures.

From the figure it is cvident that hydrogen behaves in a mannct different from other gases. The
PV values for hydrogen increase contingously with pressure, wherc as for the other gascs there is decrease
to begin with, but later on there is an ingrease. helium and neon behave in a manner similar to hydrogen
atordinary temperatures. As the temperature is lowered, {he behaviour eventually corresponds to that of
nitrogen and carbondioxide. At sufficiently high temperature the pressure-volume curves become similar
to those for hydrogen and helinm at ordinary temperatures.

Pressure X Volume

200 400 600 200 1000

Pressure
Fig. 19.1  Variation of PV with pressure (P).

Thus temperature is an important factor in deciding the deviations of a gas from ideal behaviour.

Considerable deviations occur in the case of real gases, rom Charles's law as well as Avogadro's




law. A general observation is that the more casily liquifiable a gas is, the greater is the deviation from
ideal behaviour.

Atapressure of avout one atmosphere or less, and at a temperature not 6o close @ the point of
liquifaction, the deviation from ideal behaviour occurs only (6 2 small extent. Under these conditions, the
equation PV =RT canbe expected tohold, atfeast (o a fair degree of approximation. Butat higher pressures
and lowest temperatures, modifications to the equation are necessary. '

Check Your Progress- 1

How and why rcal gases differ from ideal gases?

19.4 CAUSE OF DEVIATION FROM IDEAL BEHAVIOUR -
VAN DER WALLS EQUATION

The gas laws, derived from the kinetic theory, and applicable to ideal gascs, are based on two
important assumptions. These ar2, that the.actual volume of the molecules is negligible in comparision
with the volumc of the gasas a wholc, that the molecules do not exert any attraction on one another. There
can be no doubt that these two assumplions are invalid so far as real gascs arc concerned. There is
considerablc evidence that the molecules do possess a volume wh ich, under certain conditions, constitues
anot inconsiderable part of the total volume of the gas.

The fact that gases can be tiquificd is a clear indication that the molccules in a gas do atiract one
another. Thecohesive forcesin aliquid have their origin in these attzactions between the molecules. These
altractions arc evidently present in gases t00. These two aspects concernin greal gases, whichare contrary
to the assumptions of the kinetic theory, are thus reasponsible for the deviation of real gases from ideal
behaviour. 11 is therofore necessary to take these two factors into consideration in order 1o make any
modifications to the ideat gas equation PV = RT, so that it may be in closer conformity to the behaviour
of real gascs.

194.1 Correction for internal pressure
Of the many attempts made in this direc- =

tion, asimple and elegant one was one propaoscd ///

by J.D. van der Walls (1873). His treatment of f

the problem was somewhat along the following é A

lines. Consider a molecule A in the interior of = 8 t

a gas (Fig. 19.2). ;f l/" '\.‘/'
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Fig. 19.2. Moleculesina gas contained in a vessel,
A.  Molecule ir the middle of the container

B. Molecule approaching the wall, 145
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In this condition it is surrounded by other moecules uniformly on all sides. Hence whalever are
the attractive influences to which this moelecule is subjocted, {hey mutually cancel out. Therelore there
will be no resultant force acting on the molecule. Butasthe molecule approaches the wall of the container,
there is a drastic change in the situation. The molecule (now represented by B) is no more surrounded by
other molecules uniformly. The surrounding molecules arc preseat on only threc sidcs of the molecule
under consideration.. Consequently the molecule experiences a force tending to pull it inwards into the
bulk of the gas. In other words, as this particular molecnic is about to strike the container wall and make
its contribution to the total pressure of the gas, it is pulled inwards by the surrounding molecules. Asa
result the actual pressure P, will be some what less than the ideal pressurc (That is, the pressure which it
might have exerted, had it not been subject to the attractions of the molec ales behind it). It therefore
becomes necessary to introduce a correction term taking into account these attractive forces.

The attractive force on a molecule that is about to hit the container wait will be proportional to the
aumber of moelcules per unit volume in the inlerior of the gas. And the nimber of molecules striking the
walls will also be proportional to this rumber. I we assumne this number to he v’ then total altractive force
on the molecules about to strike the container wall, will be proportional 10 n%. Assuming that the volume
of the mole of the gas is V, then ‘1’ will be inversely proportional to V. The atiractive force will then be
proportional to 1/VZ,

Thus the corrected pressure (or the ideal pressure) witl be equal to P+ a/V?, where "a' is a constant
and P is the real {observed) pressure of the gas. )

19.4.2, Correction for actual volume of gas

One more correction is necessary, and that is the volume correction to account forthe actual volume
of the molecules of the gas. This correction term ‘b’ isknown as the covelume. But, b’ is not equal o the
exact volume of the molecules as such. It has been shown to be four times the actual volume of the
molecutes.

Thus, the corrected (ideal) volume is-equal to {V-b). Hence, the product of the ideal pressure and
ideal volume for 1 mole of gas will be equal to RT.

@®+aNj(V-by = RT e (1)

This equation, known asthe van der Waals cquation is by far the simplest and bestknown cquations
of state for real gases.

19.4.3. van der Waals' constant

The constant 'a and b’ in equation 1 are usually referred to as van der Waals constants. The constant
'a' is a measure of the molecular attractions, and the constant 'b' is, as mentioned atready, a measure of the

Table 19.4.3 van der Waals constants

Gas - a b
(Litre?, atm. mole?) (litre. mole™)

Hydrogen 0.245 0.0266
Helinm 0.034 0.0237
Nitrogen 1.39 0.0391
Oxygen : 1.32 0.0318
Carbondioxide 3.60 0.0428
Sulphurdioxide 6.7 _ 0.056
Chlorine 5.5 ' 0.049
Ammonia 40 0.037




dissolved m some suitable non-absorbing solvent. The most common solvents used for determination in”
the ultraviolet region are alcohol, water and hexane, h-max may shift with the nature of solvent. However,
A max for non-polar compounds is generally the same in alcohol and hexane. Buthmax for polar compounds
is usuatly shiftcd.

- For measurement of absorbance (A}, the solution is placed in some suitable container which is
transparent to light (electromagnetic radiation) in the required region (visible or uliraviolet). The container
iscatled'optical cell' or‘cuvette’. Cells made of glass are useful for studies with visible light but not suitable -
for studies with ultraviolet light, since glass absorbs ultraviolet light. Hence, quartz cells are used for
studies with ultraviolet light. The mostcommonly used cells have 1.0 cm path length. The source of light
in the ultraviolet region (1800 - 4000 A% is'the hyd ogen discharge lamp. Tungsten filament lamp is
generally employed for the visible light (4000 - 800{; A%. The device or the instrument used to measure
absorbance at different wavelengths of light is called spectrophotometer. Most recording spectro-
photometers record automatically absorbance and wavelengm The graph.showing the absorbance at
J - different wavelengths is called the 'absorption curve' or 'absorption :-.pcctrurn A typical absorption curve
is shown in figure 13.1, : : .

1§
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Fiz. 13.1 Typical abserption curve
Check Your Progress - 2
What do you understand by A max ?

; -------
| 136 DETERMINATION OF CONCENTRATION
1 13.6.1 Simple Solution Analysis

The sotution of different concentrations of the compound are prepared and their absorbances (A)
aré measured al the wavelength of maximum absorbance (A max). The absorbance is plotied against .
_concentration. A linear curve passing through the origin is oblamed if Bccr s Law is obcycd Thls lincar 105




“curve is generally referred to as calibration curve. The absorbance of the solution of unknown
concentration is measured in a similar way and its concentration corresponding to this value is read from
the calibration curve (Fig. 13.2).

o e -

Fig. 13.2 Beer's law obedience or calibration curves

13.6.2 Mixture Analysis

The absorbance (A, and A,) of the two solutes (§, and S, present in the solution are addmve Af
there is no chemical reaction between the solutes. The wave lengths. (A, and A,) of maximum absorbance
of the two solutes are determined in two separate experiments. The absorbance (A, and A,) of the mixture
at each of these two wavelengths (A, and A,) is measured using a cell of path length lem and the results
are used to determine the concentrations (C, and C,) of the solutes in the mixture. The following
simultaneous equations can be written for thf: absorbance measured dt wavelength (A, and 2.). -

A{=glcy+Ex;
At A2

Al=e"cl +82C3 b
: Ay Aa (7)

[since 1 = 1 cm}

€1 €1and €2 €2 jre the molar extinction coefficients of the
At Az At N2

solutes T and 2 at the wavelengths ) 1 and )\ .

Equations 6 and 7 are solved and concentrations C, and G; obtained.

13.7 SUMMARY

In this unit we have studied

i) The quantitative relations between intensity of radiation absorbed and the concentration of the
106 absorbing substance and their important applications.
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1ii)

iv)

Grothuss-Draper Law: Light radiation absorbed by the reacting system alone is capable of
producing chemical change.

Fluorescence and phosphorescence.

Lambert-Beer Law : The absorbance ata given wave length by an absorbing species in the dissolved
state in a non absorbing solvent depends on the concentration of the species and the optical path
length of the cell.

Applications of Beer's Law namely simple solution analysis and mixture analysis.

13.8

MODEL EXAMINATION QUESTIONS

‘Answer the following in 10 lines each.

.. - 1. Derive the mathematical ‘equation for Beer's Law.

2, How arc absorbance (A), intensity of light transmitted (1,) and intensity of light incident (i,)
_.;;-_felawd‘? )

3 ‘Calculaté the value of ' e ‘fora substance whose absorbance (A)is 0 Ginits 10 %m solution. The
* . path length of the cell is 1 om.

Answer the following in 30 lines 'each

1. Discuss the apphcanfm of visible speclrophotometry in chemical analysis.

- 2. Explain how a bmary mixture containing copper and chrommm can be anatysed for determin-

mg the concentratmn of r.hc metals

3. What are the bas1c reqm:emcnts for the analysis ofadilute metal solution by spch‘pholometnc
method?

13.9

MODEL ANSWERS TO CHECK YOUR PROGRESS

Log 1/ is called absorbance or transmittarice, In the equation [, = intensity of incident
radiation and I = intensity of ransmitted radiation.

In the electronic transition of molecules by the absorption of radiation, the wavc length where
maximum amount of radiation is absorbed is called A max.

'13 10 GLOSSARY

Induccd dipotes - : . Symmetrical molecule such as chlorine, hydrogen which

suffer deformation under the influence of electric field and
exhibit temporary polarity.

Rotation quantum number : Rotation energy is quantized in the molecule. The number
" signifying this quantization.
Vibration quantum number : Vibration energy is quantized in the molecule. The number

signifying (his guantization,

Spectral assignments. : The atwibuting of absorption speciral peaks (o the rotational

or vibrational or elecironic transitions in the molecule.

Author: Prof. §. BRAIIMAJI RAO
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Block - 4

RADIOACTIVITY

You are all familiar with the name X-rays. These are widely and frequently used in hospitals for
detecting bone fractures, lung diseases, and other diagnostic purpose. These rays were discovered by
Rontgen in 1896. Soon after RontZen's announcement of his discovery of X-rays, the French Physicist
Henry Antonie Becquerel became interested in the subject. This interested Becgerel who was also a
physicist. He made a particular Edmond study of a luminiscent phenomenon known as fluorescence
exhibited by some chemical substances on exposure to sun light. Edmond Becquerel had used a pure
sample of a chemical called potassium uranyl sulphate in his fluorescence studies. Henry Becquerel was

in possession of this chemical and used the same in an attempt to discover the relation, if any, between
X-rays and the luminiscence exhibited by the uranium salt. For this purpose, Heary Becquerel placed a
thin crystal of the salt on a photographic plate wrapped in a black paper and exposed the whole thing to
sunlight. Tohis pleasant surprise and amazement, Becquerel on developing the photographic plate, found
that it was darkened. This fact was interpreted by Becquerel as being due to the emission of some type
of radiations by the uranium salt, which could penetrate the black paper and darken the photographic plate.
In the subsequent experiments, he could show that these radiations (rays) could pass through even thin
sheets of aluminium and copper and darken the photographic plate. H. Becquerel was also of the opinion
that uraninm salt had emitted the rays as a resalt of exposure to sun tight,

But owing to the force of circumstances (sun not shining continuously oni certain days) Becquerel
was forced to wind up the experiment and put the photographic plates alongwith the uranium salt back in
the drawer o f his table. There was no sun light for many days that followed. This disappointment at the
non-availability of sun light continued for a few days. In shecr frusiration he took the photographic plates

“out and developed them thinking that thére would be no darkening or at best nly a faiut darkening of the
plates. But to his great surprise Becquerel found thai there was darkening of the piate ot great intensity.
So he came to the conclusion that uranium salt emitted some=sert of rays-even without being exposed to
sunlight. He further discovered that these rays persisted for a lang time. All these observations took place
1896, when Henry Becquerel was inspired by the discovery of X-rays by Rontgen. This remarkable
phenomenon discovered in 1896 by Henry Becquere! was named Marie Curie in 1898 as radioactivity.







UNIT-14  DISCOVERY OF RADIOACTIVITY
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14.1 ATMS AND OBJECTIVES

In this unit we give you a brief historical amount of the discovery of radioactivity and to explain

the phenomenon of radioactivity.

After completing this unit you should be able to understand the following: '
The spontanecus emission of a certain kind of rays by compounds such as Uranium salis.
Many other elements such as Polonium, Radium, Thoriurm also exhibit radioactivity.

Rutherfod (1899) concluded that radioactive emanations consist of two types of rays called alpha
rays and beta rays. '

Shortly afterwards Curie (1900) discovered third type of rays called gamma rays,

The properties of alpha (cr) ,beta (B) and gamma (y) rays were established mainly by subjecting
the radiations to magnetic field.

a-rays are positively charged, B-rays are negatively charged and -rays are neutral.

o-rays consist of particles of charge (+2) and mass (4 units). They move with a velocity of't.he order
of 1.410 2.0 x 10° cm. per sec. The i6nizing power is great.

B-rays consist of rapidly moving negatively charged particles (electrons). They move with a
velocity of 2 x 10" cm. per sec. Their ionizing power is less than that of a-ray.

y-1ays consist of electro-magnetic radiations analogous 1o X-rays,

14.2 INTRODUCTION

Henry Becquerel had”discovered,that uranium salt emits radiations {even in the absence
of sun light) which are similar to X-rays in that they could penctrate materials opaque 1o ordinary
light (black paper, aluminium sheet or copper sheet) and affect a photographic plate. In his curiosity
to find out whether these rays would be able to produce ionization in air like X-rays, he
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conducted oxperiments with a gold-leaf electroscope.  The electroscope is a device 10
detect iomized, it becomes an clectrical conductor and permits the discharging of the charged
gold sheet. This makes the like charged gold sheet move apart (bcause of the  electrical
repulsion between them) or opposite charged gold sheets to come togeher. Becquerel observed
that uranium salt brought close to the charged gold leaf electroscope would cause the latter to discharge
which made him conclude that the rays from uranium salt could ionize the air in their vicinity.
Later experiments conducted by Becquerel revealed that this is not the exclusive. property of
potassium uranyl sulphate, but common to all uranium salts and even the metallic uranium, Soon
after Becquerel's discovery, many chemical elements such as thorium, polonium, and radium were
shown to exhibit radicactivity.

Systematicaliy following these early discoveries, investigators have shown that more than forty
elements in nature exhibit radioactivity in the elemental state or in the compound state. A large number
of elements ot found in nature but generated by special methods are also now known 10 show
radioactivity.

14.3 NATURE OF RADIQACTIVITY (PROPERTIES OF A,B AND P RAYS)

E. Rutherford in 1899 during his studies on the penetrating power of the radiations found that they
are made up of two types of rays. These rays were named by him as o-rays (alpha rays)and [ -rays (beta
rays). The former produce stronger ionization than the latter. Shortly afterwards in 1900 p. Curie found
that a part of the radiation was not deflected by amagnetic field. The rays in this partof the radiations were
shown to have exceptional penetrating power. Thus the rays differed in their properties from the eartier

rays. These rays were therefore called the y -rays (gamma rays). These y-rays are about 10 to 100 times
more penctrating than B -rays. These [3 -rays have a penetrating power about 100 times greater than that
of ¢-rays, Thus it was found that the radiations compose of three types of rays o, B and ¥ rays.

The radiations emanated by radioactive elements are subjected to magnetic field to establish the
nature of the rays (o, Bandy )

The experiment (as shown in figure 14.1) reveleaed that o rays were beﬁ_[ in the direction and f
rays in the opposite direction, while ¥ rays were not bent at all.
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Fig 14.] Radioactivity - alpha, beta and gamma rays,

From the direction of bending it is concluded that o rays are positively charged and  B-rays
negatively charged while y -rays are uncharged. The charge and mass of the particles constituting these
rays are determined experimentally. The penetrating ability and the ionizing power of the rays are
determined, by diflerent experiments, The data obtained in respect of charge, mass, peneirating ability
and ionizing power of the rays are given for each type of rays in section 14.2a to 14.2c.




Check Your Progress- 1

-What kind of rays, the radioactive radiationis consist of?

14.3.1 Alpha Rays

The direction of deflection of these rays in a magnetic field shows that they are positively charged.
The charge to mass ratio (¢/m) is determined by studying the deviation in their path as a result of the
superimposition of electric and magnetic fields. This ratio is found to be 4.813 x 10° e.m. units per gram.
The magnitude of the charge determined through a separate experimentis found tobe 9.3x 10 e.s.  units
which is twice the charge of an electron. These resulis indicate that o partides carry a positive charge
of two units and a mass of four units. From this it is concluded that a- particle is a helium nucleus
consisting of two neutrons and fwo protons firmly bound together. The initial velocity of the o-particle
determined from the deflection of a- rays in electric and magnetic fields is of the order of 1.4 t0 2.0 x 10°
cm per sec. that is, one-fifteenth to one-twentieth of the velocity of light. The initial velocity is releated
10 the range of the ¢~ particle in air. The range is the distance from its source traversed by the particle in
the air before it ceases to have any appreciable power of producing ionization. The initial velocity and the
- range of «- particle vary from element to element (Table 14.1) emitting the particle.

Table 14.1  Initial velocity and ian ge of a-particle

Radio ¢lements Velocity (cm/sec) Range (cm)
Uranium 1.39 x 10? 263
Radon 1.61 x 10° 412
Thorium 1.38 x 1Y 2.58

Since a-particles have an appreciable mass and move with high velocity, they have considerable.
kinetic energy. They, therefore, produce considerable jonization. The majority of the o-particles travel
in straight line through a thin sheet of metal. :

14_.3.2 Beta Rays

The direction of deflection of B-rays in a magnetic field shows that they carry a negative charge..
measurements in electric and magnetic fields indicate that the ratio of charge to mass is 1.77 x 107 e.m.
units per gram. This is almost identical with that obtained for electrons. This fact shows thay B-rays
consists of fast moving electrons. The velocity of B-rays also vary from element to elemeat. The velocity
approaches that of light, the average value being 2.0 x 10'® ¢m. per sec. The B-rays have considerable
penetrating power because of their high speeds. Because of negligible mass they do not move in a straight
line. Itis, therefore, not possible (0 mcasure-the range of B-particles. The mass makes tth -particles have
less ionizing power than B-particies.

14.3.3 Gamma Rays

The great penetrating power of y-rays and the failure of electric and magnetic fields to deflect
v-rays indicate that y-rays are similar to ¢lectromagnetic radiaions sach as x-rays. The wave length of
. yrays range between 10 and 10! cm, It was thought at one time that the emission of y-rays.occured
simultancously with that of aor y-particle, Now itis known that it 1akes place subsequent to the emission,
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Thus it may be seen that radioactive elements emit radiations consisting of ¢,  and ¥ -rays and o,
B rays are found to be consisting of positively and negatively charged particles respectively while ¥ -rays
are eleciromagnetic radiations. The velocities, penetrating abilities, and ionizing power vary from one
kind of rays to another. '

¥
Check Your Progress - 2

How the properties of ¢, B and 7y -rays are deterniined?

144 SUMMARY

In this unit we have studied: _
i The discovery of natural radioactivity by Henry Becquerel and later by Marie, Curie.
i) The types of radioactive emanations ¢, 3 and v -rays.
iify  The properties of a, f and v -rays.

14.5 MODEL EXAMINATION QUESTIONS

I, Answer the following in 10 lines each,
1. Describe briefly the discovery of Radioactivity.
2. Give a brief account of the nature of the radioactive radiations.

3. Describe the properties of a—rays.

II.  Answer the following in 30 lines each.
1. Give a critical account of the discovery dnd nature of radioactivity.

2. Déscribe in detail the proljerties of o, fandy -réys_. Discuss how these properties are established.

14.6 MODEL ANSWERS TO CHECK YOUR PROGRESS

L. 1. By applying electric field their change is being determined.
2. By allowing them to pass through metals their penetration capacity is measured. .
3. By allowing them to fall on ZnS Plate their tendency to develop luminosity is measured. -

I, Radioactive radiations possess three types of ré'ys. They are ¢, 3 and y -rays. c—rays.consist
of helium muclei, B-rays contain electrons #nd vy -rays are only electromagnetic waves.

114 : Author; Prof. S. BRAHMAJI RAO




UNIT-15: RADIOACTIVE DISINTEGRATION RATE
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15.1 AIMS AND OBJECTIVES

The aim of this unit is to explain you the process of radioactive disinlegration, the radipactive

equilibrium and to define the terms average life and half-life period of radio elements,

When you have finished this unit you must be able to know that :

Atoms of radio-active elements undergo spomaneous disintegration, with the emisson of & and p-

particles.

The atomic mass and properties ofnew species produced in the distintegration depend on the nature
of particle emiited.

Every emission of a-particle means that the new element (daughter element) has an atomic mass
4 units less than the parent element. '

The emission of B-ray involves no appreciable change in atomic mass because of the negligible
mass of B-particle.

The rate’of decay of radio-element follows an exponential law.

The activity at any instance (1) and the ativity at zero time (1) are related by the equation
I=I g#
t o

A is called radioactive consiant or decay constant and is characteristic of element responsible lor
the activity.

The reciprocal of A is referred to as the average life T (lau) of a radioactive clement.

The haif-life peirod (T) is the time that elapses for the radioactivily atany instant 1o decreasc 1o half
its value.

The half-life period (T) and radioactive constant (1) are related by the eguation T=0.693/4.
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15.2 INTRODUCTION

You are learnt in lesson-14 that some naturatly occuring elements (e.g. uranium, thorium) emit
characteristic radiations on their own without any external agency and this behaviour of the elements is
called Radioactivity. Itis further said that these radiations contain three types of rays namely alpha, beta
and gammarays. These rays differ in their properties in respect of their electrical nature, penetrating power
and ionizing power. But with little variations in the actual values, every radivactive element produced the
same three types of rays. This suggests that the process involved in the radioactivity of any element is
basically the same. the process has been shown to be the spontaneous disintegration of the nucleus of the
atoms of these elmerits. This phenomenon of disintegration of radioactive elements is ascribed to the
instability of the nucleus of the atoms of radioactive elements. In an elementary fashion, the instability
has been traced to the unfavourable ratio of protons to neutrons in the nuclet of the atoms.

15.3 RADIOACTIVE DISINTEGRATION

The early workers in radioactivity observed very interesting facts about the behaviour. of
compounds of radioactive elements in solution, These facts were useful to understand the complex
phenomenon of radioactivity. H. Becquerel observed that a precipitate is formed when ammonium
hydroxide is added to 2 solution containing a uraninm compound and a ferric salt. But still the solution
contained some amount of uranium salt. It was noticed by him that the precipitate showed most of the
original activity of uranium salt solution and that the liquid (containing still uranium) is inactive. This
observation shows that the most activity of uranium compound is not due to the element uranium but to
another species as uranium-X. On standing for some months, uranium in solution gradually regained its
activity and the precipitate lost its activity. These two rcactions were found to occur with same rate. The
total activity of the system remains constant. These facts lead him to conclude that uraniom continuously
preducing the active product uranium-X and that this gradually decays and loscs its activity.

15.3.1 Radioactive Disintegration - Theory

E. Rutherford andF. Seddy in 1903 proposed atheory to explain the phenomenon of radidactivity
as well as the observations described in section 152, This theory is known as theory of radioactive
disintegration.

The atoms of radioactive elements unlike others undergo spontaneous disintegration with the
emission of alpha or beta particles. this disintegration results in the formation of a new element which is
quite different physically and some timnes chemically from the parent element. This new element may in
turn also be unstable and emit a particle (or 3) with the production of still another new element. there
may be a succession of this type of disintegrations or transformations. The nature of the element (atomic
mass and chemical properties) produced during the disintegration depends on the nature of the particl.
emitted. For example every emission of & particle means that the new element has an atomic mass 4 units
less than that of its parent. the emissionof [§ particle, on the other hand, involved no appreciable change
in atomic mass because of the negligible mass of a B particle. In spite of there being no apparent change
in atomic mass the chemical and physical properties of the new element are quite different from those of
its parent. Three radioactive disintegration series, viz., the thoriwmn series, the actinium scrics and the
uranium series, have been identified. These will be cnsidered in detail m lesson - 16.

15.3.2 Radioactive Disintegration - Rate

The measurement of radieactivity from time to time of the new clement formed in a disintegration
process has revealed that the rate of decay follows an exponential law.

I£'7 "isthe activity atany time 't and [ the initial activity at zero time, the decay can be represented
s ¥




17.4 TEMPERATURE - VOLUME RELATIONSHIP OF A GAS

Charles’ Law

This law is sometimes referred to as Gay-Lussac's law also. Inits original form, the law states that
“at constant temperature the volume of a given mass gf a gas increases by the same fraction of its volume
at 0°C., for every one degree rise of temperature”.

If V,, is the volume of a given mass of a gas, then according to Gay - Lussac’s or Charles's law, the
volume, V , att% is given by V=V, (1 +ap), where o is a constant, which is the same for all gases (at least
at low pressures and high temperatures). The value of ¢ has been fonnd to be 0.00366 (or 1/273). This
value is the accepted one for an ‘ideal gas’.

 Thus, equation can be written as
V, =V, (1+1273) o (4)

From this equation it can be seen that the volume of an ideal gas should become zero at - 273° C.
This temperature is known as the "ahsolute zero". Theoretical and experimental evidence indicates that
this is the lowest possible temperature.

Addition of 273° to the Celsius tcmperature givés the absolute temperature khown as the Absolute
or Kelvin scale of temperature, in honour of Lord Kelvin (William Thomson).

According to moden notation, when temperature is mentioned in the absolute or Kelvin Scale, the
‘word "degree” is omitted. Thus, we should say 273 K and not 273°K. again 25°Cis 298°K (or 298 degrees
Kelvin). This point may be noted, :

-273% = 0K
0% = 273K
1% = @73+ K

It is the common practice to indicate the absolute temperature in capitéﬂ letter T.
Equation 4 can be reammanged as

V.=V X273 +1)/273

V.=V, X T273 Where T=(273 + 1)
This can be generalised as
V./v, = T/T, v (8)

Where V, and V, are the volumes of a given mass of gas at the absolute temperatures T,and T,
respectively (at constant pressure).

Thus,
ViIT = Constant vee (6)

Eqguation 6 provides an alternate statement of Charles's Law : "The volume of a given mass of gas
at constant pressure is directly proportional 1o the absolute temperature of the gas".

It should be noted that though theoretical deduction indicates that the volume of a gas should be

zero at the absolute zero (-273°C), all gases either turn to lignid or selid before this temperature is reached. -

Besides, it has also been shown that the law does not realty hold good at extremely low temperatures.

3
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Graphical relation between the volume and the absolute temperature of a gas indicates that slm%ght
lines are obtained when V is plottéd against T {at constant P). Thisis shown in figur: 17.2. These straight
lines are known as ‘isobars’, cut the abscissa at a point where the temperature is zero absolute.

Fig. 17.2 Volume-temperature refationship of an ideal gas.
1. atlow pressure 2. at high pressure (. normal pressure

Check Your Progress - 1

How do you define absolute 2e10?

17.5 THE EQUATION OF STATE

The equations representing Boyle's Law and Charles’ Law can be combined to give a relationship
between pressure, volume and temperatare of a gas.

Suppose a given mass of gas has a volume V at a pressure P, and iemperature T,. Keeping the -
temperature constant, let the pressure be changed from P, to P,. Then according to Boyle's Law,

P, V, = P, V,, where V, is the volume at the pressure P,.
Therefore, V, = P, VAP,

Let now, temperature be changed from T, to T, kecping the pressure consiant at P,. Then
according to Charles's Law. .

V[T, = VT,
Or PV/T, = P,V./T, _ _ : . e (8)
This generalised relationship will hold good under other conditions too, Thus;

PV /T, = P, VT, = PV, /T, ' 9




Or PV/T = Constan | e (10)

This equation is ¢ dled the "equation of state” for an ideal gas, and is arrived at by combining
Boyle's Law and Charles's Law,

Strictly, the constant in equation 10isa quantity which depends on the mass and nature of the gas.
But with the help of Avogadro's law,a commonality can beobtained. According to the law, equal volumes
of different gases under the same conditions of temperature and pressure, contain the same number of
molecules”. To put it in another way, this means that equal number of moles of different gases, at the
same (emperature and pressure, will occupy the sante volume. Thus, if we take one molc of every gas at
the same temperature and pressure (i.e., one Avogadro number of molecules, 6.02 x 107, of every gas),
they will all have the same volume. Hence, the constant in equation 10 will be same for every gas and will
be independent of the nature of the gas. For one mole of any gas PVi{ will be a universal constant. This
constant indicated by the symbol R, is known as the molar gas constant or simply, the "gas constant”.
Therefore, the general equation of state for any gas can be written as -

PVT = ROr PV. = RT | e (1)

It may be noted that V in equation 11 is the volume of one mole of a gas. For'n' moles of gasat.
the same temperature and pressure, the volume will be n times V: thus.

v = nV; wheme V isthe volume of n moles of gas, then,
PY = nRT we (12)

The discussion thus far hasbeen based on the assumption that gases obey Boyle's Law and Charles's
Law. But gases, as they cxist, obey these laws toa cerfain degree of approximation only, at relatively low
pressures, high temperatures. Real gases, as those existing in nature are called, cannot, therefore, be
regarded as obeying the gas laws implicitly under all conditions, We therefore postulate that such gases
as do strictlly obey the gas laws are called “ideal gases”. These ideal gases are, of necessity,
hypothetical or imaginery. Thus equations11 and 12 may be called ideal gas equations. This is just as
well, because a knowledge of the extent of deviation of real gases from ideal behaviour, under a given set
of conditions, will throw light on the imperfections that are characteristic of natural Systems.

17.6 THE GAS CONSTANT, R.

It is necessary now o consider the units in which gas constant, R, is expressed. This is of
considerable importance in dealing with many problems that arise in physical chemistry.

starting with equation 12, we see that
R =  PVAT N B | - e (13)
Thus the gas constant has_ the dimentions,
R° = ‘Pressure x Volume/degrees x moles '
= Force/area x Volumc/degrees x moles
=  Forcex (Iaﬂbxl:";c,vtfz)'z x (lcngth)’;‘dégrces x moles
= Force x lenglw_dcgrces.x mol_cs

= Encrgy/degrees x moles
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Which clearly shows that R has the dimension of en xgy. Degree!. molet. Let us evaluate R in
the various units that are commonly in use. The product of pressure and v« .ame, PV, has also the
dimensions of energy. The student may usefully work this out. Letus evaluate R in the various units that
are commonly in use. '

Check Your Progress - 2

What is gas constant R?

17.6.1 R in absolute units.

Consider one mole of an ideal gas, under standard conditions P = 1 atmosphere, V = 22 .4 lires
and T = 273 K. Converting to absolute Uniis

P = 1x13.6X980.1 dynes/sq.cm.
V =224x1000cc.

T=273K
Therefore
R = 13.6x980.1 x 22400/273 ergs degrees” mole?

nou

8.314 x 107 ergs, degree mole?
17.6.2 Rin joules
R = 8.314 Joules, degree mole” (sincel Joule = 107 ergs).

17.6.3 R in calories

One calory is equivalent to 4.184 Joules. Therefore 8.314 joules would be equivalent to 1.987
calories. Thus,

R = 1.987 Calories, degrees? mole?!

17.6.4 R in litre - atmospheres

R=PVAT 1x 22.4/1x273

0.0821 lit-atm. degree™ mole™.

These several units of R should be used under different conditions, depending on the actual units.
in which P'and V.are expressed. The student should get familiar with these various units of R and the actual
unit to be used under a specific set of conditions.

17.7 MIXTURE OF GASES : THE LAW OF PARTIAL PRESSURES

The relationship between the total pressure of a mixture of (nonreacting) gases and the pressures
of the individual constituents was given by John Dalton (1801). This rclationship is known as the law




of partial pressures. The partial pressure of each gas in a mixture of gases is the pressure which the gas
would exert if it had occupied the entire volume of the mixture at the same temperatuie,

According to Dalton’s law of partial pressures, the toral pressure of a mixture of gases is equal to
the sum of the partial pressures of the individual gases present in the mixure. Suppose a gaseous mixture
consists n, moles of constituent 1, n, moles of constituent 2, n, moles of constituent 3 and so on. Let the
mixture be placed in a vessel of volume V at a given temperature. If constituent 1 alone had occupied
the container, the pressure P, which it would excrt is the partial pressure of constituent 1. Likewise,
P,, P, are the partial pressures of constituents 2,3, respectively.

If P is th total pressure exerted by the mixture of afl the gases, then accordin g 0 Dalton's faw of
partial pressures. '

P

P +P,+P + ... e (14)

As with Boyle's law and Charles's Law, Dallon’s law of partial pressures is not strictly obeved by
real gases. It could be said that it is strictly applicable only 1o ideal gases. '

Assuming, for the present, that the gases behave ideally 10 a fair degree of approximation, if each
of the gases separately occupied the vessel, we could write. :

PV = n, RT

PV = n,RT

P,V = n, RT, and so on.

(151+p2+193+) x V. o= (n1.+ n,+n+) RT

According to the law of partial pressures,
P = P, +p,+p;+, and

n, the total number of moles in the mixture is given by

n = no+n,+n,+
Hence, PV = nRT . (15)
From this it follows that |
PV/pV =  nRTHRT ,Or
) = P (n /n) . v {16)
Similarly P, = p (n,/n) e (1T
P, = p@mm e (18)

Theratiosn,fn, n,/n, n,/n etc., are known as the mole fractions of éach of the constitutent gases. The
mole-fraction of a given constituent of a mixture is defined as the ratio of the number of moles of that
constituent to the total number of moles of all the constituents in the mixture. From equation 16, 17 and
18 we can calculate the partial pressure of any constituent of a mixture of gases from a knowledge of the
total pressure (at the same temperature) and the mole-fraction of the constifisent.

An mmportant application, among othérs, of the law of partial pressures is in caiculating the
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pressure of a dry gas when it is collected over water. The pressure of adry gas is obtained by substracting,
from the atmospheric presstire ai which the gas is collected, pressurc of water vapour, at the [cmperature
at which the gas is collected.

17.8 DIFFUSION OF GASES

Diftusion is a property by which a substance tends to spread throughout the space made available
to it. Diffusion is exhibited by solids, liguids and gases, but is most rapid in the case of gases. if two
jars, each containing a different gas, are kept mouth-to-mouth with one another, it is found soon that the
gases would have spread throughout the two jars. This would happen even if the jar contatning the lighter
gas is placed at the bottom, indicating that diffusion occurs inspite of gravity.

Thomas Graham (1827) proposed a law relaling the rate of diffusion of a gas to ils acnsity. The
law, known as Graham’s law of diffusion is stated as; “The rate of diffusion of gasisinversely proportional
to the square root of its density”. If ris the rate of diffusion of a gas and d its density, then,

o (INd)
r = Constant/Nd . L)

If r, and r, are the rates of diffusion of two gases under certain specilic conditions, and d, and d,
are their densities respectively, then

th, = NN, ' | . (20)

The density of a gas is directly proportional to-its molecular weight. Hence equation 20 can be
writlen as ’

nfr, = VMM S e 2D
Where M, and M, are the molecular weights of the gases. .

From equations, 20 and 21 it is evident that a lighter gas (or one With less molecular weight) would
diffuse more rapidly than a heavier one (or one with great molecular welghl) Conversely, the time of
diffusion of a given quantity of a lighter gas is proportionately lesser than that for the same quantity of a
heavier gas under similar conditions. Thus if ¢, and t, are the times of diffusions, under identical conditions,
of two gases of densities d, and d,, are molecular weights M, and M, respectively, it follows that

Ly = V4Nd = IMAM, ) o (2

Diffusion studies, therefore provide a method of determination of molecular weights of gases.

179 SUMMARY

In this unit we have studied thal
iy  TheBoyle's law: prcssure volume rclanon of agas when its mass and temperature are conslant
ii)  Charleslaw: "Volume_-Tempélfalure relation of a gas when its mass and pressure are constant,

iij)  The equation of state obtained by combming Boyle's law, Charles taw and Avogadre's law. This
gives relationship between pressure, volume, temperature and number of moles of gas.




Check Your Progress - 2

Explain the terms average life and half life of a radio active element?

15.5. RADIOACTIVE EQUILIBRUIM

A radioactive element disintegrates into another element (radivactive or non-radioactive). The
former element is called the ‘parent’ element and the element produced (the latter element) in the
disinteration process is called ‘daughier’ element. In nature the radioactive parens element sometimes has

. along average life and its decay product or daughter element is not separated from the parent. In such
instances a state of equilibrium called ‘secular equilibrium’is attained after a time. The dau ghter element
disintegrates as fast as it is being formed from its parent. The rate of disintegration of parent element (1)
isequalto A,N,. This quantity generally represents the rate of formation of the daughter element (2) also.
In a similar way, the rate of distintegration of the daughter element can be expressed at AN, In the
equilibrimn the rate of formation of daughter from the parent is equal to the rate of disintegration of
daughter itself,

Hence AN, - AN, e (12)

If the daughter element is disintegrating, itself becomes the parent of a another daughter element
(3). Hence an equilibriom AN, = A,N, exixts when the secular equilibrium is attained, Thus if there
are anumber of such successive disintegrations, the general condition for radioactive equalibriumis given
by '
AN, = AN, =N, =N, .. (13)

Where 1,2,3.4, etc. represent the radioactive species (elements). For any two elements 1 and 2, in the
equilibrium the equation can be written ag N /N, = constant, since A, and A, arc constants.

This shows that the ratio of amounts of any two members in a disintigration series will be a constant
in a radioactive secular equilibrium.

15.6 SUMMARY

In this unit we have studicd that;
i The radioactive disintegration follows an exponential law.
i, The rate of disintegration of atoms is proportional to the humber of atoms present at that instant.
.  The average life of a radioactive element is equal to reciprocal of decay constant.
iv.  Halflife period is obtained by multiplying average life with 0.693.
' Radioactive cquilibrium,

15.7 MODEL EXAMINATION QUESTIONS

I Answer the following in 10 lines each,

1. Explain the phenonenon of radivactive secular equilibrium with illustrations.

- ]




2. Derive the equation that relates average life and decay constant of a radioactive element.

II Answer the following in 30 lines each.

1. Give a critical account of radioactive disiniegration theory,

2. Explain the term 'secular equilibrinm' and derive an equalion relating average life and decay
constant.

15.8 MODEL ANSWERS TO CHECK YOUR PROGRESS

1. Radioactive disintegration is a first order process. Raie of radioactive desintegration at any instant is
related to initial activity (a) by the following equation.

dx

- of{a-x)
dt

dx .

- = K {asx)
de

2. Average life:- It (%) is the reciprocat of disintegration constant (K).
T=1/k

Half life: It (t'/,} is the time required for a radioactive efement to get reduced to half of the initial quantity.

Author: Prof. §. BRAHMAH RAO
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UNIT-16 _ RADIOACTIVE DISINTEGRATION SERIES

Contents

16.1 Aims and objectives
162 Introduction
16.3 Disintegration series
16.3.1 Uranium series
- 16.3.2 Therium series
16.3.3 Actinium series
- 164 Group 'displaccmem law.
16.5 Isotopes
16.6. 'Summary
1167 Model examination questions
168 Mode! answers to check your progress
169 Glossary

16.1 AIMS AND OBJECTIVES

This unit is to describe you the important radioactive disintegration series and to present the
numerical values of half life of the different elements in the serics.
By the end of this unit you should be able to understand that:
[ There are about 42 radioactive elements in the high atomic mass region.
®  Theseelements of high atomic mass at the end of periodic system fall mainy inl6 three distinet
series.
@ These series are known as thorium series, theuranium series and the actinium series.

. Thorium and uranium series are named after the longest lived elements of the series namely
thorium and uranium,

‘e The half lives are 1.4 x 10 and 4.5 x 1¢° years respectively,

The parent of actinium series is not actinium but much longer lived element called Actinouranium
(uranium - 235)

The half life of uranium - 235 is 7.1 x 10 years.
The last stable element of the series is fead.
Fajans, Soddy and Russel proposed group displacement law.

Group displacement Iaw leads to the concept of isotopes.

16.2 INTRODUCTION

In unit - 14, you learnt that radioactive elements undergo spontaneoys disintegration and e
process is generally referred to as radioactivity. In the process of radio active disintegration, the elament- 121
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gives o (alpha), B(beta) and y(gamma) - rays. Alpha rays consist of positive particles and alpha particle
is identified with helium nucleus (He +). It has a mass of 4 on the atomic mass scale and charge of +2.
B- rays consist of fast moving beta particles. A beta particle is identified with an electron. the mass of
electron on the atomic mass scale is negligible. Heuce in a radioactive disintegration process if an atorn
of element (parent) loses ¢ -particle, the product (daughter efement) will have an atomic mass which is
less by four units than that of the parent element. On the other hand, in thedisintegration accompanied by
the emission of beta particle, the parent and daughter will virinally have the same atomic masses.

16.3 DISINTEGRATION SERIES

. It has been observed that elements, uranium, thorium and actinium undergo spontaneous radioac-
tive disintegration giving rise to respective daughter elements. These daughter elements in turn are found
to exhibit similar phenomenon of producing the other radioactive elements. This process is found to
continee till a non-radioactive element is formed. In the three series mentioned, the last element is

identified to be lead. Generally the elements disintegrate in one way only. But few elements are found

10 be exceptions and disintegrating in two ways. One mode is accompanicd by o. - particle. Hence,
branched series will form in such cases. The three series are presented in tables 16.3.1,16.3.2 and 16.3.3.

Table 16.3.1 Uranium Series

Radioelement Cormresponding | Symbol Radiation Half-life
Element
Thorium Thorium 2BTh o 1.39 x 10*%yr
l S
. Mesothorium I Radivm *¥Ra B 6.7 yr
J
Mesothorium II Actinium TAe B 6.13 hr
l
Radiothorium Thorium BTh o 191 yr
Thorium X Radium BRa o | 3.64days
J
Th Emanation Radon Z0Rn o 52sec
4
Thorium A Polonidm MWpo o 0.16 sec
l' .
Thorium B Lead 22pp B 10.6 hr
-
Thorium C Bismuth HIpy Band o 60.5 min
1%
l
Thorium C' Polcitium 22pg B 3x 107 sec
d
Thopium C" - Thallium W8T B 3.1 min
d |
Thorium D Lead *pp stable -
(End Product)




Table 16.3.2 Thorium Series

(End Product)

Radioclerent  Corresponding | Symbol Radiation Half-life
Element
Uraniim I Uraniuym ) o 451 x10° yr
Uranium X, Thorium Z4Th B 24.1 days
Uranjjl'm X, * Protoactinium | 24pg B 1.18 min,
Uraniém I Uranfum = o 248 x 10 yr
Tontum Thorium B0Th o 8.0x 1P yr
Radiuﬁl Radium 25Ra o 1.62x 10 yr
| Ra Erianation Radon 2Ry o 3.82 day
Radium A Polonium 218pg o and 3 3.05 min,
99.98% |0.02%.
Radiumn B Lead 24pp | B - 26.8 min
‘ Astatine - 218 Astatine HM3AL o 2 sec
T | |
Radium € Bismuth negj Pand o 19.7 min.
Radium C . Polonium Mpg o :\1.6 x 10-4 sec
Radium C" Thallium 4 2Tl B 1,32 min.
Radium'D Lead 210ply B 19.4 yr
.Radil_:‘rLr; E Bismuth z10g) Band o 5.0 days
~100%{ 2 x 10%
| Radinm F L Polonium Hopg B 138.4 days
Thailivm - 206 Thallium Tl B 4.20 min,
Radium G Lead 2Ph élable
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Table 16.3.3 Actinium Series

WRadioelement Corresponding | Symbol Radiation © Half-life
Element '
Actinouranium Uranium =5y o 713 x 10° yr
4
Uraniom Y Therium Z1Th B 25.6 hr
4
Protoactinium Protactinium 231Pa o, 343 x 104 yr
s
Actininm Actinium 227Ac Band @ 21.8 yr
D3.8% 1.2%
Radioactinium Thorium 227Th B 18.4 days
,
Actinium K Franciam 223Fr B 21 min.
N |
3
Actinium X ' ~ Radium 223Ra o 11, 7days
Ac Emanation Radon 219Rn o 3.92 sec
d _
Aclifiual Polonium 215Po o and B 1.83 x 107 sec

1 00% ~3 ~ HD

Actinium B Lead 211Pb 4] 36.1 min

Astatine - 213 Astaine { 215At o ~10" sec
IActininm C Bismuth 2118Bi oand f 2.16 min
09.7% | 0.3%

S

£ Actinium C' Polonium 211Po o 0.52 sec
Actinium C” Thallium 207TI 3 4.8 min
Actinium D Lead 207Pb stable -
(End Product)

Check Your Progress - 1

How many radicactive disintegration serics are identificd and what arc they?




volume of the molecules. These quantities have been obtained in many ways. If the pressure is measured
in atmospheres and the volune in litres, then the units of 'a’ and b’ are litre? atom mole? and litres.
mole? respectively. Strictly speaking 'a’ and 'b' are not exactly constants, they do vary slighitly with
temperature. This fact makes thfe van der Waals equation one of limited applicability. Butto a fair degree
of approximation, '2' and b’ may be taken to be constants and to that extent they serve as a means for
correcting departures from ideal behaviour. The values of 'a’ and 'd’ for some gases are given below.

Check Your Progress - 2

State the units of constants used in van der Waals equation.

19.5 APPLICABILITY OF THE VAN DER WAALS EQUATION

Theagh not exact, the van der Waals equation is, nevertheless, a major advance in the atternpis to
explain the behaviour of real gases. We shall now consider the applicability of equation 1 under different
conditions. : '

19.5.1 Atlow pressures

The b’ term in cquation 1 may be ignored in comparison with V. Thus, the equation 1 is reduced to

(P+a/V)V =  RT . (D)
Or PV+aV = RT |
PV = RT-a/V ' . (3

PV istherefore less than RT at low pressures and decreases as the pressure increases (as V decreases
and so a/V becomes larger). This accounts for the dip in the curve for nitrogen and carbondioxide in figure

19.1. Thus at low pressures, the a/V? term, or the attraction term 1s relatively predominant.

19.5.2 At high pressures

At high pressures either the term a/VZ or the term 'b' should not be neglected. The equation 1 can be
rearranged as follows.

P+a/V)(V-b) = RT - :
Or P(V-b) + a/VYV-b)= RT e ()
P(V-b) + a(l/V-b/V2) = RT e (3)

At higher pressures the terms 1/V and b/V2being approximately of equal magnitude but of opposite
sign, may be neglected.

The above eguation becomes

PV-Pb = RT
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PV is now greater than RT and increases with pressure. The rise in the PV curve in figure 19.1,
after going through a minimum, can therefore be attributed to the b’ term i.c:, the term involving the volume
of the molecules. :

19.5.3 At extremely low pressures

V' will be relatively very large, so that both the ‘b’ term as well as the a/V? may be ignored. Under these
conditions equation 1 becomes PV = RT, which is the ideal gas equation. Thus, at extremely low
pressures, gases obey the ideal gas law. This is quite understandable; at extremely low pressures the
volume isrelatively so large that the actual volume of molecules will be only a negligible part of the total
value of the gas. Also, the molecules are so for apart that they practically do not attract one anether,

19.5.4 The exceptional behaviour of hydregen and helium

This is attributed to the extremely small value of 'a', i.¢., the molecular attraction term, in comparison with
the 'd' term, i.e., the volume of the molecyles. The result, is that even at low pressures; the ‘b’ term is
comparatively predominant so that the PV plot for hydrogen and helium shows no minimum but shows
a continual increase as the pressure is increased.

The van der Waalsequation provides a very satisfactory explanation for the behaviour of real gases,
but at a quantitative level, it is rather inadequate. One reason {or this is that the terms 'a' and 'b’ arc not
exactly constant; infact they do vary with temperature. Several attempts have been made 1o improve the
van der Waals equation. Actually, as many as about a hundred equations of staie have been preposed, but
none of them has the simplicity of the van der Waals equation. Infact; some of the equations are very
complex, involving a large number of empirical constants. Inspite of allitsinadequacies, the van der Waals
gquation may.be considered as a satisfactory means of accounting for the behaviour of real gases, and is
eminently suitable for a qualitative treatment of real gas behaviour,

19.6 SUMMARY

In this unit we have studied
i) The deviations of real gases from ideal behaviour
iil0  The causes of deviations from ideal behaviour, leading to vander Waals equation.

iii)  Van der Waals equation as a modfication of ideal gas equation, incorporting the correction terms
for pressure and volume,

iv)  Applicability of vander Waals cguation.

v) The exceptional behaviour of hydrogen and helium,

19.7 MODEL EXAMINATION QUESTIONS

1 Answer the following in 10 lines each.

1. Explain the deviation exerted by of nitrogen, hydrogen and carbondioxide gases from
Boyle's law with the help of a graph.

2. Explain the éxceptional behaviour of hydrogen and helium gases.

3. How correcticns were carried out regarding molecular aitractions and motecular volume in ideal
£as equation?




II.  Answer the following in 30 lines each.

1. Discass the causes of deviation of real gases from ideal behaviour in detail.

2. Explain applicability of van der Waals equation at high, low and extremely low pressares.

19.8 MODEL ANSWERS TO CHECK YOUR PROGRESS

1 Ideal gases obey the gas laws under all conditions of temperature and pressure but rgal gases
do not obey. Real gases do not obey the gas under all conditions in view of the existence of
intermaolecular atractions and volume occupied by them. -

2 a,b and R are the constants used in van der Waal's equation. Their units arc
a litre® - am - mole?
b litte - mole!
R litre - atom - deg? - molel

Author : MD_ SIDDHANTI




UNIT - 20 : CRITICAL PHENOMENA
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20.1 AIMS AND OBJECTIVES

This unit aims to discuss about the phenomenon of transition from the gascous state to the liguid
state and 1o study such phenomenon concerning gases and liquids.

By the end of this unit you should be able to understand that:

] Andrew's experiments on carbondioxide helped in removing the erroneous distinction between the
"liquefiable” gases and the so-called "permanent gases”, which it was once believed, could not be
lquefied at all.

. As the critical temperature approaches, the densities of the gas and liquid come closer and closer.

. At (or very near to) the critical temperature, the separation between the gas phase and liquid phase
disappears. -This establishes the concept of a continnal transition from the gas to the liquid state
(or vice versa). '

» A combination of the van der Waals constants and he P-V diagram leads to a complelely general
equation known as the "reduced equation of state”, which will be applicable 1o all substances.
This equation, in turn, establishes the Law of corresponding states.

® Expansion of a gas, under certain conditions, from a region of high to a region of low pressures,
leads to a lowering of temperature. This is the basis of the Joule-Thomson effect, which has a
major application in the liquefaction of gases. The Joule-Thomson effect also provides conclusive
154 evidence of the existence of intermolecular forces in gases.




20.2 INTRODUCTION

A liquid when heated attaing the gaseous state. Hence it is obvious that a gas on cooling and
compression should be converted into a liguid, However the liquefication of gascs nceds a careful study
because this can't be done under all conditions of tcmperature and pressure, Anatiempt is made hereunder
in finding those conditions.

20.3 THE CRITICAL PHENOMENA

ithas long been known that some gases could be liquefied asaresult of cooling, J.B. Von Helmont
was one of the earliest investigators (0 realise this in the early part of the seventeenth century,

But serious attempts on liquefaction began only in the beginning of nincleenth century, mainly by
Michael Faraday and others. By about the 1820's, number of gases like sulphur dioxide, ammonia,
chlorine, hydrogen chloride, hydrogen sulphide, carbon dioxide, nitrous oxide, cic., were successfully
Tiquefied by application of pressure. In Faraday's experiments very low temperatures werc obtained from
mixtures ofice and salt. M. Thoiler (1835), by using a mixture of $olid carbondioxide and other, wasable
t0 attain temperatures as low as —110°%. This enabled Faraday o liquefy gases such as cthylene,
phosphine, boron wiflucride, siticon tetrafluoride, etc. In facthe even succeeded insolidifying a few gases.

In view of these results it was concluded that cereain gases could not be liguified at ali. {under any
conditions of temperature and pressure). Such gascs were termed as 'permanent gases’. Bul later
experiments of Andrews showed that even so calied permanent gases are liquicfliable.

Check Your Progress - 1

Explain the term permanent gases.

Fig. 20.1 P-V isotherms of carbon dioxide.
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The primary conditions required for the liquefacti n of a gas, "permanent® or otherwisc, werc
discovered by T. Andrews {1869) as a result of his fanous experiments on the P-V-T relationship of
carbondioxide. He took a definite amount of carbon dioxide in 4 glass tbe kept ata constant temperature
and the volumes were measured at different pressures. P-V. pinis al.a number of tcmperatures were

obtained. These curves are shown in figure 20.1.

To begin with, at the lowest temperature used (13.1%), the carbon dioxide is all gas, as at P.
Increase of pressure resulis in a corresponding decrease in volume as is indicated by the portion PQ of
the isotherm. This, of course, is in accordance with Boyle's law. Butat the pressure corresponding to Q,
the gas begins to liguefy and the volume decreases rapidly as morc and more of the gas is chan ged o liquid
with considerably higher density.

At the poini R Hquefaction is complete and sicep nature of the curve RS indictes that the liguid is
more or less incompressible. There is, as a result, hardly any change in the volume as the pressure i
increased. The point to note is that the isotherm consists of three distinct parts. The part PQ of the curve
Tepresents gas only and the portion RS, liquid only. Butalon 2 QR liquidand gas are present together. Since
QR is paratle] to the abscissa (or the volume axis}, it means that the pressure romains constant when gas
and liquid coexist at equilibrium with each other. This pressure is the vapour pressure of the liguid at the
particular temperature, As the parameters of the system change trom Q to R, the amount of liquid
increases, while that of the gas decreases. At any point T on the plot, the ratio of tigquid 10 gas will be given
by RT to QT.

The isotherm at 21.5% is similar to the onc at 13.1 oC» With the differencc that the horizontal portion
along which liquefaction takes place is shorter. As the temperature is raised this part of the isotherm
becomes shorter and shorter, till ultimately, at 31.1%, there is o horizontal portion at alf, indicating that
there is no evidence of liquefaction. In fact, the isotherms are in conformity with Boyle's law, Andrews
found that at only temperature above 31 1%, carbondioxide could not be liquefied at all, irrespective of
the pressure applied. On the other hand, at or below 31,1%, a pressure of 73 aimospheres was found to -
be sufficient to canse Hquefaction.

Subsequently it has been found that every gas behaves in the same way as does carbon dioxide, ie.,
every gas has a characteristic temperature, above which it is impossible (o liquefy the gas, whalever is the
pressure applied. This temperature depends on the nature of the gas. Itnow becomes clear as 10 why the
so called permanent gascs could not be liquefied earlicr. They were not cooled sufficiently before
applytng pressure to bring about liquefaction,

20.4 CRITICAL CONSTANTS

The maximum temperature at which a gas can be liquelicd, and above which its liguid form cannot
exist is known as the critical temperature (T ). The pressure that is just necessary 10 liquety the gas at
1$ critical temperature, is called the criticall pressure P And the volume occupied by onc mole of the
substance at ils critical temperature and pressure is known as the critical volume (V). These three
together are known as the critical constants, The isotherm thal correspends (o-the critical iemporature
is known as the critical isotherm, In figure 20.1 the isotherm at 31.3% is the critical isotherm of
carbondioxide, as this temperature is its critical emperature, At the point C on the isotherm at the
lemperatare, the gas is said to be in ils critica! state: the pressure and the volume comresponding to its
critical values. A gascous substance which is below its critical lemperature is called Vapour. A vapour
can be condensed to a liquid by applying pressure alone,

20.5 DETERMINATION OF CRITICAL CONSTANTS.

By plotting P-V isotherms for any gas at a number of lemperatures, as Andrews did for carbon
dioxidc, it is possible to determine the critical constants, Butthis has not always been proved convenient.




Hence other methods have been used. A simple but elegant method is the one duc (o de la ‘Tour (1822
This was based on an observation made by him that when a liquid is heated in a closed container, thc,
surface of separation betw -en the liquid and vapour disappears at a particular temperature. On cooling £,
the twe layers reappear. Much later (1863) Andrews established that this occurs at the critical temperature
of the substances. In other words, this means that at critical temperature, the distinction between the liquid
and gaseous phases of substance disappears.

Instead the cntire space is filled by‘a homogeneous fluid which is neither a liquid nor a gas as is
normally understood. Once the temperature i« inwered, however, the surface of separation between the two
appears once again, Present evidence, both theoretical and experimental, suggests that for some liquids,
the liquid-vapour surface disappears over a certain range, rather than at a definite emperalure,

L. Cailletet and E. Mathias (1866) cstablished a rulz, according to which, the mean vatues of the
densities of liquid and its saturated vapour at the same temperature is a linear function of the
temperature. This is known as the law of the rectilinear diameter, According to this law.

P, = A+Bt

Where p, is the mean density of the liquid (p,) and that of the saturated vapour (p_} in equisbrium
with it at the temperature t and A and B are constants. p, and p, arc calied orthobaric densities.

Figure 20.2 shows the orthoboric densities of n-pentane plotied against the tlemperature.

Temparature

Drensity _
Fig. 20.2 Orthobaric densities of n-pentane.

PR is the plot of the densities of the saturated vapour and temperature while QR represents the plot
of the dengities of the liquid and temperature. RS represent the mean density plotted against the
temperdture: In accordance with equationl, RS is a straight line. The temperature corresponding to the
point R is the critical temperature, the density (S) at this temperature will be the critical density. The
reciprocal of this value gives the critical volume per gram of the substance.

The orthobaric densities are determined as follows. A definite mass of a given liquid is taken in
a graduated tube, which is then seated off. "The tube is heated 10 particular icmperature and the volume
of the liquid and vapour are read off from the graduations. If 'm"is the mass of the liquid, V, and V_ the
volumes of the liquid and vapour respectsively at any definile ilemperatwre, and p, andp,_ the correspond-
ing densities of liguid and vapour respectively then

m V,.p, + V,.p, ' e (2)

The measurements are carried out at the same temperature, but with a different masses of liguid.
We thus get lwo sets ot equations containing p, and p. these arc then calculaled.
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The critical constants for some substances are given in table 20.5.1

Table 20.5.1 Critical constants .
Substance Critical Criticat Critical
temperature (T ) pressure (P ) valume (V)
(in Kelvin scale) (in atmosphere) {ml per mole of substance)
Hydrogen 332 12.8 68
Nitrogen 126.0 335 90
Oxygen | 1543 497 74
Carbon dioxide 304.2 730 b5
Hydrogen chloride 32435 81.5 89
Ammenia 405.5 1123 72
Chlorine 417.1 76.1 124
Sulphur dioxide 430.3 776 125
Water 6473 217.7 57

A consideration of the data makes one point clear, namely, it is easily explained as © why the so
catled ‘permancnt gases', like hydrogen, nitrogen, oxygen, could not be liquefied at abowt room
temperalure by mere application of pressurc. Their critical temperatures arc all far below room
temperature (300 T)

We are uscd to think of waler as a liquid only. But above 647.3 K (i.c., above 374.3%) water cannot
existas aliquid, irrespective of the pressure applied. The knowledge of the critical phenomena makes this
point clear,

20.6 CONTINUITY OF STATE

Generally, the change from the liguid state to vapour (or vice-versa) takes place rather suddenly,
with the two states being clearly distinguishable from one another. This is evident, for example, from the
isotherm at 13.1°C in figure 20.1. But as the temperature is increased and reaches the critical vaiue the
densities of the liquid and saturated vapour come closcr and closer, and become identical as the critical
point. In other words, there is no difference between liquid and gas at the critical point. This fact is in
agreement with the obserbvation that at the critical point, the boundary between the liquid and gas phases
disappears. It would appear, therefore, that there is a gradual transition from liquid to vapour, becaase just
below or above the critical temperature, there would be practicatly no difference between liquid and
vapour. This gradual transition from liquid to vapour is known as Continuity of State.

A consideration of the P-V isotherms is helpful in bringing out the idea of coniinuity of states. For
wstance, consider the isotherm PQRS in figure 20.3. If the gas at P is compressed {the temperature being
below the critical temperature), there will be continuous transitions from gasto liguid along R whercboth
phases will exist together,




U
P

v
Fig. 203 Continuity ol state

‘Butil the volume is kept consiant and the temperature is increased from P 1o A then the pressure
will increase. Now the pressure is, in turn, kept constant and the temperature ts Jowered Ll the volume is
reduced to 8. We thus find that the substance which was totally gascous al P is now a hqoid a1 5. And
P and 5 are both on the same isotherm. Thus the transition from gas (o liquid has been brought abowt
without a discontinuily, The transition from gas to liguid 1akes place between A and S during which
compression oceurs, The substance is in the form of £as to the right of the critical sotherm TU, while it
18 liquid to the left. Actually, the change from gas 1o liquid occurs at Lhe point B. When the systen moves
from AtoS§, the temperature falls; hence the density of the gas increases. Atthepoint B liquelaction occurs.
But the change fromgas to liguid can be considered to be occurrin gina gradual maoner, Le., the transition
cmphasiscs the continuity of stites.

20.7 Relation between van der Waals constants and the critical constants.

The van der Waals cquation,
(P+a/VH(V-b) = RT

may be rearranged to read as

PVI-(RT+Pb)Vi+aV-ab = 0 o G

on dividing the cquation by P

V- (RT+Pb) V2 + aV/P-abP = 0 (3 b)
___________ e {3b

Thisis acubic equation in V, and so fora given value of a and b, would have throe roots. The three
roots may all be real, or, onc may be reat and the other two imaginary. From a theoretical consideration
of equatton (3) a plot of V against P, at any given constant wemperaure T, will give a curve as shown in
figurc 20.4,

In lower curve there arc three values of V for a given valuc of P, as at the points B, and . As (he
lemperatare 15 increased, another curve similar to first is obtained exeept that the three values of 'V are
closer together, Ataparticular lcmperaturc, aP-V curve represenied by upper curve is obtained, in which
the three roots of V arc identical. At stll higher lcmperatures, a curve is oblained, in which there is only
real value of V, the other two are imaginary,
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Fig. 204 Theoretical isotherms {calculated) from van der Waals og uation
If we compare the theoretical isotherms in figure 20.4 with the experimental ones obtained by
Andrews for carbondioxide as in figare 20.1, we find a closc similarity beiween the two. The only
difference is that the horizontal portions of the cxpertmental curves are replaced by the " ~" shaped
theoretical curves. The upper curve in figure 20.4 corresponds to the critical isotherm in figure 20.1.

~ These facts can be utilised to derive expressions for criticat constants in terms of van der Waals
constants, At the critical pointin figure 20.4, the values of V will be equal 10 the critical volume, V _, thus,

v-v) = o | | e
Or V-3V VE+3V2V-V}? = 0 e (5)
By substituting P_and T_for Pand T in equation 3(b) and rcarranging, we ob(_ain, |

Vi- VERT, +P D)P° + av/p - abP, = O | o ()
This equ.ar.ion'is identical with (5). Comparing the appropria[f_: coefficients, we have,

RT, + P b/P, )

3V, =
3V = ap, e (8)
Vi o= apP, . . )

If equation (9) is divided by (8), it turns out that

Vv = 3b e (10}

[

From (8) and (10) it follows 1hat

P = aﬂ?bz . (11)

Substituting (10) and (11) in equation (7} we get

T, =  8a27Rb __ e (12)

<

1680




Equations (10}, (11) and (12) thus express the critical constants of a substance in terms of ils"'(}_z_m
- der Waals constants and the gas constant R. These relations provide a method for testing the applicability

of the van der Waals equation by determing the critical constant of a gas from 'a’ and 'b', or vice-versa.

However, these calculations do not yield entirely satisfactory results, for ong thin g 'a and ‘D’ are strictly.

not constants; they vary some what with temperature, It is found that when the van der Waals constants
desired temperatures not too far from the critical points, are used, then fairly reliable results are obtained.

20.8 THE LAW OF CORRESPONDING STATES

The van der Waals equation can be modified by expressing the actual pressure, volume and
lemperature of a gas in terms of the respective critical constants, as follows,

P = 0P, V=¢V, T=oT e (13)
Then the van der Waals equation becomes

(RP+ap’V?) (0V_-b)=  ReT, e (14)
By substituting the values of the critical conslants given by equation 10, 11 and 12, we obtain

(ma/27b, + a/9°¢2b) (3pb-b) = 8a0/27b e (18}

(T +3/6)  Go-1) = 89 s

The terms m, ¢ and 6 are known as the reduced pressure, Volume and temperature,
respectively. Equation (16) is known as the van der Waals reduced equation of state.

- This equation docs not contain either R or the van der Waals constants 'a and 'b’ for any particutar
gas. Assuch il is perfectly general and is applicable 1o all subsiances.

Suppose we or more substances are at the same reduced pressure and reduced tem perature, then
it follows from equation (16) that they all should have the same reduced volume. Substances which have
the same reduced pressure, reduced volume and reduced tlemperature are said w be in corresponding
states, and cquation (16) may be regarded as an expression for the law of corresponding states, which
may be stated as follows.

"If two. or more substances are at the same reduced pressuare, and at the sgyme reduced
temperature, then they have the same reduced volume".

20.9 JOULE - THOMSON EFFECT

According to the kinetic theory of gases, an ideal gas is one in which the molecules do not have
JIntermolecular attractions.. But there is now considerable evidence to indicate that this postulate is invalid
for real gases. For one thing, if the moleculesin a gas do not atract one another, it is if gases could ever
be liguified at all. Liquids possess the characteristic property of cohesion, which is attributable 10 the
attractions between the molecules. Eviden tly these atlractions are present in gases 100, though their
magnitude may be obviousty of a lesser order. More convincin g evidence for the existence of attraction
between the molecules in gases was provided by the investigations of J.P. Joule and W, Thomson (Lord

Kelvin) carried out between 1852, and 1862. A tube, made of boxwood, was fitted with a porous plug

made of absorbent cotton or sifk, The tube was thermally insulated from its surroundings, and & stream
of gas at constant pressure was [orced ("throttied”) through the porous plug.
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_ Tt was found that there was a considerable drop in the temperature of the gas emerging, from the
plug, that is, the gas, after passing through the plug, was cooler than it was before. This change of

‘temperature is known as the Joule-Thomson Effect. This cooling elfect is explained as being due to the

work done in overcoming the attractions between the motecules. The energy required 1o overcome these
attractions is mobilised from the intcrnal energy of the gas itself, thus leading to a fall in temperatore.

Check Your Progress - 2

State Joule-Thomson cfiect.

It may be mentioned, that in addition 1o attractions, molccules also exerl forces of repulsion among
themelves. The fact that mofecules have a definite collision diameter is an indication of the existence of
these repulsions,. The coliision diameler may be regarded the distance at which the repulsive forces
between two molecules become so large that their direction of motion is reversed. Thesc repulsive forces
fall off mach more rapidly with distance than do the forces of atraction. Consequently, @ net attraction
exists between molecules when they are considerably apart from one another, and a repulsion when they
arc in very close proximify.

20.10 LIQUEFACTION OF GASES

The experimental work of Andrews oncarbon dioxide established the fact cvery gas must be cooled
to a characteristic critical temperature before it can be liqucficd. Many attempts were made 1o liquefy
gascs after this discovery.

20.10.1 Pictet's method

R.P. Pictet {1877) succeeded in liquefying oxygen, working on the following principle. Whena
readily liquefiable gas is allowed to evaporate, the heat of evaporation must be supplied o the liquid in
order thal it may evaporate. When this heat is not supplicd from outside, itis obtained [rom the ligquid iiscil,
This leads to falt in temperature, This method of cooling by evaporation is employed to preduce solid
carbon dioxide or "dryice" and also in refrigeration, both domestic and commercial-.

Pictet used this principle to liquefy oxygen. For example a temperature of 65°C was reached by
rapid evaporation of liquid sulphur dioxide. At this temperature carbon dioxide could be easily liquetied,
and by evaporating the liguid under reduced pressure a temperaturc as a low as - 130°C was reached. This
is sufficient to liqguefy compressed oxygen.

20.10.2  Linde and Hampson method

The principle that is widely employed to bring about a large scale liquefaction of gasés is the
Joule-Thompson effect. A gas initially at a high pressure (usvally of the order of 200-300 atmospheres)
is passed through porous partition (throttle), This leads to a fall in pressure to 40 atm (Linder) or 1 atm
(Hampson) and the gas is thus cooled. The cooled gas is used to further cool the incoming gas. By repeaied
passage of the cooled gas through the throttle, the gas is cooled sufficiently to be liquefied.

20.10.3  Debye method

This method works on the principle of adiabatic demagnetisation. A paramagnetic substance such
as rare earth salt was cooled and magnetised keeping it in a thermaily msulated container. The applied




magnetic field is hcnce removed under adiabatic conditions. This leads to a fall of temperature This facl
is cmployed in the hquefacuan of gases. ' -

' 20.11 .SUMMARY

In this unit wé' have stﬁdied

i} Andrew's experiments on carbon dioxide leading to isotherms.,

i)  The criticat phenomena and critical constants T, P, and V.

‘fii}  Determination of critical constants.

Civ) Continuity of state.

v} -Relation 'between vander Waals constants and critical constants.

vi)  The law of correspondmg statcs

vil)  Joule- 'I'homson effect

viii}  Liquefaction of gases and various n-i_ethdds employed for the purpose.

20.12 MODEL EXAMINATION QUESTIONS

1. Answer the following in 10 lines each, ' .

1.

Explain with a neat diagram the effect of temperature of the pressure-volume curves of
carbondioxide. :

. Discuss the principle underlying the determination of critical constants, _

2
3.
4
5

Deduce the equation for the law of corresponding states.

. Derive relation between van der Waals constant "a’ and the Critical constants.

. State ancl explain law of Corresponding States.

IL. - Answer the following in 30 lines each.

1.

Give a critical account of the meaning and determination of critical constants.

2. Explain the meaning of permanent gases with the help of critical phenomena.
3.
4
5

Derive reduced equation of states and discuss its significance.

. Derive the relaﬁonship between van der Waals constants and critical constants.

. Give a critical account of liquefaction gases.

20.13 MODEL ANSWERS TO CHECK YOUR PROGRESS

1 In the initial investigation of gases it was found that H,, N,, O, & CO could not be llquldﬁed at
- 110°C and high pressure. Therefore it was proposed that Lhese gases cannot be liquiefied and they
are permanent gases. But later on this assumption was found o be wrong.

2 The decrease of terhperamrc of a gas when it is passed from a region of higher pressure to a region
of lower pressure threugh a porous pot is called Joule-Thomson effect. This effcct proves the
existence of inter-moleuclar attractive forces in real gases.

Author: M.D. SIDDHANTI
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‘Block - 6

SOLUTIONS

What is a Solution

Take some water in a glass. It is clear and transparenl. Add a little of solid potassium
permanganate and stir with a glass rod.  Soon you observe that clear, transparent water in the
glass turns pink. This pink liquid is a solution of potassium permanganate in water. Everyone is
familiar with bottled soda {aerated water). This is a solution of carbondioxide in watcr. Similarly
when you add a little dark red coloared bromine liquid into clear colourless water, Thus a solution
- results when a solid, gas or a liquid is added to water. Of course it needed not ncccssanly be the
water 1o dissolve these substances in the solid, gas or liquid state. It can be any other liquid or.
even a solid or as a matter of fact a gas even. Thus in general a solution may be defined as a
homogeneous mixture containing a single phase of two or more components. A solution is called
binary if it contains iwo components only. In this block we shall discuss some impotant propertics
of such binary solutions. A mixture is said to be homogeneous generally il any parl or
portion of the mixture -exhibits the same physical and chemical propertics as the rest ol the
mixture. In a homogeneous mixwre, no surface of s,epdmnon between Lhe constiluent
components is noticed. There is no fundamental difference between the roles of the (wo
components in a solution. But for practical purposes, it is conveénienl 1o call the components
present in excess. The solvent and the other component the solute. The substance present
n small amounts is referred 1o as dissolved substance (solute). A homogeneous binary mixture’
{binary solution} results by thoroughly mixing two componenis in the gaseous, liquid or solid
state. For example carbondioxide (gas) dissolves in water giving a solution of gas in’ Liquid
(water). Alcohol (liquid) disolves in water giving a solution of liquid in liquid (water). In a
-similar way binary solutions are expected if a solute in-the gaseous, liquid or solid state is dissolved

- in a solvent in the gaseous, liquid or solid state. Different types of solutions are thus possible

depending on the physical states of the solute and the solvent.
Tybes of binary solutions

A binary solution resuits by mixing thoroughly and homogeneously two components.  The
possible types of sclutions are presented below:

Solute _ Solvent Solution
Gas Gas Alr

Any gas mixiure
Gas Liquid - Carbondioxide in water.

ammonig i waler
Gas : Solid Gydrogen in pallaadium metat
Liguid Gas - No true selution (mist}
Liquid : Liquid Alcohol-water mixture
Liquid Solid Mercury in gold '
Solid . Gas No true solution (Smoke)
Solid Liquid _ Salt Solution

S Sugar solution

Solid Solid Alloys

Copper in gold

Copper in silver.

Of the different types of solutions mentioned earlier the solutions of gases in liquids and
liquids in liquids are discussed in units 21 and 22 respectively.







UNIT-21  GASES IN LIQUIDS

Contents

21,17 Aims and objectives

21}2} . Introduction

213 _ belexminatjon of solubility

214  How the solubility of a gas is expressed?

~ 21.4.1 Absorption and solubility co-efficients

21.4.2 Values of absorption co-efficient of gases at 20°C.

21.5 Influence of temperature on the solubility of gas in a liquid.

-7 2151 fluence of temperature on absorption coefficient () of gases in watcr,
216 Henry's law '
21.7 Deviation of Henry's law

218 “Solubility of gases in aquous salt solutions
219 Summary | '
21.10 Model examination quesﬁons
21.11 Model answers 10 check your progress

211 AIMS AND OBJECTIVES

The main purposc of this unit is to describe you the phenomenocn of solubility of a gas ina liquid

and to discuss the influence of temperature and pressure on the -solubility.

After completing this unit you should be able to understand that :

Gases dissolve in water and in other licjuicls also. The solubility depends on the nature of gas as
well as on.the liquid {(solvent).

-Eaéily liqueﬁable gases dissolve 1o a great extent in water.

. Solubility canbe determmed by smplc methods involving the measurement of welghts. of solvem'

and of solution.

. Sol_ubility of gas.in liquid is ex;’:resﬁed by 'Absorption coefficient'.ar 'Solubility coelTicient’.

Increase of temperature decreases the solubility of a gas in a liquid.

e

- The mass of a gasdissolved by a given volume of solventi is proportional to1he prcs?urc of gas. This

is called Henry's Law

i

Solutes whichk form hydrates or undergo ionization or form complcxes shoyv deviations from
Henry's Law, : . :

. The solubility of a gas m salt solation i s les than in pure solvent (Wdlel’) This is known as

salting-out phenomenon

The influence of salt is independent of the naturc of gas.
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. The séltingout of an ion is larger, the smaller is its size and grcatcr is its charge.

. The decreasc in SOlllblllty of a gas in aqucous salt solutions is au:nbuted o the preferenual
orientation of water molecules around the dissolved substance.

21.2 INTODUCTION

Gases dissolve in liquids such as water o give soluuons of gascs in liquids. For example
carbondioxide dissolves in water to give a dilate solution of carbondioxide in water {carbonic. acxd) In
fact it is rather difficult, to obtain water devoid of dissolved carbondioxide. The solubility of a gas in a
liquid has a limit and definite nature. The solubility depends not only on the nature of gas and liquid but
also on the temperature and pressure. For water as solvent, ammeonia is the most sotuble gas. At(°C and
1 atm, pressure about 1300 ml. of ammonia gas dissotves in 1 ml. of water. On the otherhand helum -
dissolves to the extent of 0.01 ml. in t ml. of water at the same temperature and pressure. Gases that
chemically react with water are generatly more soluble than those which do not react with water. Gases

that are easily liqueficd dissolve to considerable extent in water. Ammonia and carbondioxide are eastly
liquefied compared to oxygen and hydrogen. Itis for this reason that ammonia or carbendioxide is more

soluble in water than oxygen or hydrogen. The binary system of ‘gas in liquid' follows the general rule
that "like dissolves like". For example gaseous hydrocarbons dissolve to a great extent in organic liquid
hydrocarbons like benzene, than in water. But this can not be considered as & general ruie since many
EXCEDUOIIS d"e known.

21.3 D’ETERMINATION OF SOLUBILITY

Various forms of apparatus have been used to measure the solubility of a gas in liquid. The principle

- underlying these measurements is generatly the same. A known volume of the gas at required tcmperatare

and pressure is allowed to pass into the tiquid (solvent) and the whole system is agitated in a suitable
manner until the liquid is saturated with the gas. The inilial volume of the gas and the volume of the residuaf -
gas {after saturation process is completed) are measured at the required temperature with the help of a gas
burette. The difference between the original volume and the final volume {(residual volume) after making
a correction for the vapour pressure of the solvent gives the volume of gas dissolved in the volume of the

liquid empluycd '

For highly soluble gases such as ammonia and hydrogenchloride in watc_r,"lhis method is not quite

suitable. Hence, an altemative proceduire basedon chemical analysis is used. A thin wailed 'glass bulb -
of capacity about 30 mi. wit a bent in-let at the bottom and an out-let at the 1op is weighed (W), The bulb
is filled to half its capacity with (he liquid (solvent). Later the gas whose solubility is o be deicfmined

" isbubbled through the liquid till the later is saturated. The ends of the in-letand out-let tubes arc then scaled

off by a flame. The bulb with the contents is finally weighed (W,). The difference in the final and initial
weights (W, - W » will be equal to the weight of the solution. The amount of the dissolved gas in the
solution is determmed by a suitable anafyucal methed. From the weight of soluuon and the weight of IhC
gas, its solubility is calculated.

21.4 HOW THE SOLUBILITY OF A GAS IS EXPRESSED?

21.4.1 Absorption and solubility coefficients

The solubility of a gas in liquid is expressed by Absorption coefficient (o) proposed by
R. Bunsen (1857) or Solublllty coefficient (B} suggesied by W. Ostwald (1888).




. The Absorption coﬁcrenr {0) is defined as rhe volume of gas reduced to 0°C and 1 aim. di ssolved
by unit volume of solvent at the temperature of the experiment under a partial pressure of gas at I atm.
1f 'v' is the volume of dissolved gasreduced to S.T.P., 'V'is thie volume of solvent, ' p is the partlal pressure
of gas in almosphere the absorption cocfficient (ct) is given by equation (1). : '

#

@ = . vVp | SR _(1') "

The solubility coeﬁ”:cwnt is defined as rhe volume of gas measured under the temperarure and
pressure which the gas dissolves, taken up by unit volume of the liquid. If the volume of gas dissolving
. ina volume 'V' of the liquid at the experimental iemperature T, and at the partial pressure p atm. of the
- gasis v "ml, the squblhty coeffieicnt (B} is gzven by equation (2) :

B = wv. ﬁ - @)

oand [ are related by the equation (3)

Bo=  a1en . R ¢ I
The Absorption coefficients of few gases at 20° C in water and in some orgamc llqmds are' _. .

gwen m Table 21.4.2.

Table 21.4.2 Absorption Coefficient (o) of gases at 20° C

Liquid Solvent L | N | o co, | “NH, | HCL
‘Water 0017 0015 | 0028 088 | 710 | a2
Alcohol 0.080 0.130 0143 | o0 | e | e
Benzene 0066 | . 0104 | 0163 | - | S

The solublhty of a gas in a liquid is mfluenccd toa measurable extent by the temperature and the
.pressure of the gas. These are discussed in secnons 21.5and21.6

Check Y_our Progress - 1 -

What i absorption coefficient?

21.5 INFLUENCE OF TEMPERATURE ON
THE SOLUBILITY OF GAS IN LIQUID

_ Increase of temperature will result generally in the decrease of solubility of a gas in ‘water, ThlS
fact makes it possible to readily expel a gas from its aqeuous solution by heating. The effect of temperature
on the concentration of the gas solution can be expressed by equation (4)

LgC/C, = - MHR3BR (/- Ty L@




- Where C; and C, are the concentrations of solution at T, and T,. AH is the differential heat of

solution of one mole of the gas in a saturated solution at T°K.
Equation (4) can be rewritten as equation (5) in terms of Bunsen absorption coefficient (o) .
lega, /o, = - AH/2303R (T, - YT e (5)

. Some volumes for the absorption coefficients of nitrogen, oxygen and carbondioxide at 0°C and
30° C in water are presented in Table 21.5.1,

Table 21.5.1 Influence of temperature on absorption coefficient (o) of gases in water

Gas o °C 30°C
'  Nitrogen ' 0.0235 - . 00134
Oxygen _ 0.0489 0 0.0261
* Carbondioxide 1.713 - 0.6650

As mentioned earlier the increase of temperature is generally accompanied by a decrease of
solubility of a gas. But some sparingly soluble gases such as hydroger and helium behave differently
especially in non-aqueous solvents. In water the solubility first decreases, passes through a minimum and
then increascs with increase of temperature.

21.6 INFLUENCE OF PRESSURE ON THE SOLUBILITY
- OF AGAS INLIQUID . - HENRY'S LAW

The quantitative relation between solubility of a gas in a liquid and the pressure was proposed by
W. Henry (1303). This relation is hence known as Henry's law. The law states that the mass of gas
dissolved by a given volume of solvent, ai consiant lemperaiure is proportional to the pressure of the gas
with which it is in equilibrum,

If 'm'’ is the mass of gas dissolved by unit volume of solvent at the equilibrium pressure 'p' _{heﬁ,

m o P B _ e {6)
o - . .
Or mp = kK K | ' e T
Where, K = Constani. |

The mass 'm' of gas dissolved per unit volume oi solvent is the concentration ol the gas in grams
per ml. This is also proportional 10 the concentration expressed in moles per litre of solvent or per litre
ol solution since there will not be considerable volume change. Further the pressure 'p' of the gas is
proportional to the concentration of the gas in moles per litre in gas phase. Hence cquation (7) can be.
writicn as : :

Concentration of gas in liguid phase;’Concemralioﬁ of gas in gas phaée: Constant e (8)
4 .

- The resulis obtained in the slf:ﬁy of the solubility of gascs in liquids showed that Henry's
faw is obeyed satisfactorily for gascs of low solubitity. Moreover the pressures should not be
100 high and emperatures should not be 100 low for the obedience of Henry's law. 1 is for
these rcasons, deviations are noticed at low temperatures and high pressures especially with casily

170 liquefiable gases.




21.7 DEVIATIONS FROM HENRY'S LAW

Deviations are gencrally encountered if there is depariure from idcal behaviour of the gas. Gases,
especially easily liquefiable gases generally show non-ideal behaviour at fow temperature and high
pressure. In addition (o the non-ideal behaviour of the gas, the other causes for the deviations are {a) the
molecular species in the gas and liquid phases arc not the same. (b) solute forms a compound with the
solvent and () solute undergoes ionization, Few instances, where deviations from Henry's law were
observed are briefly described below, ’

Ammonia shows deviations at low temperatures as well as at 100° C.  The deviation at higher
lemperatures is atributed to the accurrence of the folloing reaction.

NH, + HO — NH,” + OH:
. Carbondioxide exhibits deviations at low temperatures and high pressures. This isascribed mainly
Lo the compound formation between carbondioxide and water.
CO, + HO —_— H,CO,

Hydrogen chloride shows considerable deviations from Henry's law and this is attributed to the
strong ionization of hydrogen chloride at low concentzations.

HC! — H" + Ci-

21.8 SOLUBILITY OF GASES IN AQUEQUS SALT SOLUTIONS

Gases arc Icss soluble in aqueous solution of electrolyies than purc water. This is generally referred
to salting - out effect. The influence of a salt is independent of the nature of the gus. From study of the
influence of a number of salts, it is concluded that salting-out ef(cet islarger if the size of an ion is smaller
and greater the charge it carries. The solubility of a gas in pure water and in an aqucous solution of a salt
is cxpressed by equation {9), :

Log S/S¢ = KC _ (N
- Where C = Concentration of salt sclution, '

K = Constant for the given salt,

S = Solubility in salt solution,

S, = Solubility in pure water.

non-clectrolytes such as sugar are also found to reduce the solubility of a gas in agucous solution.

The decreasc in solubility of a gas in aqucous solutiong of electrolyics of non-elecirolytes is
generally atiributed to the preferential orientation of water molecules around those of the added substance
(salt or non-electrolyte). This phenomenon can be broadly referred 1o as hydration of the added ions or
non-glectrolyte. It 3s for this reason the gas solubility measurements are used to calculate the exient of
hydration (hydration number).

Check Your Progress - 2

Whar do you know. about salting out phenomenon ?
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21.9 SUMMARY

In this vrit we have studied
i) The determination of solubility of a gas iﬁ a liguid.
i1} Absorption coefficient and solubifity coefficient as measures of sulubility of gas.
i) Influence of temperature on the solubility of a gas in a liguid.
iv)  Henry's law : the influence of pressure on the solubitkity of a gas.
v) | Deviations from Henry's law.

vi)  Solubility of gases in aqueous salt solutions.

21.10 MODEL EXAMINATION QUESTIONS

L Answer each of the following in 10 lines,

1. Discuss the influence of pressure on the solubility of a gas in Ligquid.

b

How is solubility of a gas determined experimentally?

3 Explain with examples the reasons for departure from Henry's Law.

II.  Answer the following in 30 lines,

1 Give a critical account of Henry's law.

B

Discuss the influence of temperature on the solubility of a gas in a liguid.

3 Give a detailed account of the methods used to measure the solubility of a gas in a liquid.

21.11. MODEL ANSWERS TO CHECK YOUR PROGRESS

1 -Solubility of a gas in a liquid is expressed by absorption coefficient (¢). It is the volume of a

gas reduced to 0° C and T atm. Which dissolves in unit volume of the liquid partial pressurc
of the gas at 1 atm.

2 Gases are less soluble mn the aqueous solutions of clectrolytes than in pure water. This
generalisation is called salting out phenomenon.

Author : Dr. K. LAKSHMINARAYANA
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22.1. AIMS & OBJECTIVES

{ This unit describes the different types of binary liquid mixtures and to explain some important
propertics of such liquid mixtures.

At the end of this unit you must be able to understand that:

[ 3 A system of two liquids is calied binary liquid mixture. . . 173
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. These are classified as (a) completely miscible, (b) partially miscible and (¢) completely
immiscible liquid mixtures.

. The total vapour pressure composition curve of an ideal system of completely miscible system is
a horizontal line parailel to composition axis.

. A system in which the components exhibit a large difference in interral pressure, in polarity and
hydrocarbon chain length show deviations from ideal behavionr.

. Separation of the components of a liquid mixture by vapourisation ai the beiling point of the
mixture into its pure components is called fractional distzllation.

[ ] It is not always possible to separate a liquid mixture into its pure componenis by fractional
distillation.
» The liquid mix{ure which distilis out a mixture of constant composition at constant emperature at

any given pressure is called azeotrope.

222 INTRODUCTION

't was mentioned at the beginning of this unit that liquids too disselve in liquids giving binary
solutions. A system consisting of twe liquids is catied binary system of liguids. These sysiems arc also
called binary liquid mixtures. These are broadly classified into three types.

i Completely miscible fiquids.
2 Partially miscible liguids.

3 Completely immiscibie liquids.

22.2.1 Completely miscible liquids

Binary mixtures consisting of two liguids which are miscible with one another or sodubic i iother
at atl proportions of the components are called completely miscible liquids. For example ai ol
dissolves in water at all concentrations and like-wise water dissolves in alcohol at all concentrations.
Alcohol-water mixture thus ilustrates completely miscible pair of liguids. In such a mixture 15 not
possible to distinguish between sclute and solvend, since the iwo liguids arc mutually soluble in all

proportions.

22.2.2 Partially miscible liguids

Binary liquid mixtures consisting of liquids that exhibit complete miscibility in a limited range
of proportions of the components are referred to as partially miscible liquid mixtures. If alittle phenol,
{an organic liquid} is added towater atordinary temperatures, the former will dissolve completely in water.
But if the addition is continued, a point is reached when no further disselution of phenol takes place in
water. This consequently leads to the formation of two liquid layers. These layers correspond to a
satarated solution of phenol in water and a saturated solution of water in phenol respectively, These
two systems (layers) will be in cquilibrium with each other and are called conjugate solutions. Other
examples of organic liquids which form partially miscible mixtures with water are ether and aniline. It
is not always necessary (or one of the liquids o be water. For example aniline and hexane, carbondisul-
phide and methy! alcohol at ordinary temperatures form partially miscible Liquid pairs. At higher
temperatures, tguid sulpbur and liguid phosphorus also form partially miscible mixturcs with organic
liquids. : :




22.2.3 Completely immiscible liquids

Many examples of binary liquid mixtures are known where the two liquids exhibit no nuiscibility
or no mutual solubility in the entire range of composition of the mixture, For example carbondisulphide
is not miscible with water at any composition of the mixture. Such binary liquid mixtures are called
completely immiscible liquid pairs.

22.3 VAPOUR PRESSURE OF LIQUID

The molecules of a liquid like those of a gas will be in continual motion. Since liquid has an open
surface, some of the molecules will penetrate the surface and enter the space above the liquid. In aclosed
system the molecules will steadily accumulate in the space above the liquid. As the number of molecules
in this increases, the molecules show a tendency to return to the liquid phase. (Fig.22.1)

o o G20l

Le
;n 3 %
A Q o
») ] »
o6 ooc%g§ot > 2
050000900009353|
Looogooooooooooq

Fig. 22,1 ‘Liquid - vapour equilibrium.
1. wvapour 2. liguid.

Al each temperature, a condition of equilibrium will be attained, when the number of molecules
leaving the liquid, to enter the space above it is equal to the number retuming in a given time. The space
over the liquid is then said to be saturated with vapour of the liquid. The pressure exerted by the vapour
of the liquid is called vapour pressure of the liquidat that given tcmperature. This equilibrium pressure
or vapour pressure depends only on the temperature but not on the area of the liquid surface. The number
of molecules in unit volume of the liquid is greater than in the saturated vapour at equilibrium. This is
because only molecules possessing sufficient energy are able 1o vapourize. If n, and n, represeni the
number of melecules or molcs per unit volume of vapour and liquid respectively, i follows that.

njn, =  glAT : e (1)

Where L' is the mean potential energy difference per mole, 1, does not vary very much with
temperature, but n fn, increases. Therefore n increases with increase of temperature. This means that
vapour pressure increases with temperature. The above discussion indicates that at any temperature the
liquid is in equilibrium with its vapour.

224 PARTIAL VAPOUR PRESSURES OF LIQUIDS IN A
BINARY MIXTURE OF LIQUIDS

A mixture of two liquids A, B as mentioned earlier is referred (o as-a binary liguid mixture. The
vapour pressure exerted by a liquid in a liquid mixtare is known as pastial vapour pressure (p) of that
liquid. The total vapour pressure P’ of a liquid mixture is equal to the sum of the partial pressures (P, D)
of the component liguids.

175
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P = p +op, _ e (D

The partial vapour pressure of a liquid is proportional 1o its mole {fraction in the liguid mixture.

P, o X, U SUUTUUTUTTT RO 3
Of Py = POX, )
Py o X, USSR )
o p, = %X, T VTR (6)

Where p, & P, are partial vapour pressure, p,° p,° are vapour pressures of pure liquids and X,
and X, are mole fractlonq of the liquids in the mixture. The generalization is known as Racult's La“
A Izqmd mixture which obeys satisfactorily Raoult’s Law in respect of each liquid of the mixture at all
compaositions of the liquid mixture is called an ideal svstem.

22.5 APPLICATION OF RAOQULT'S LAW

22.5.1 Completely miscible liquids (Ideal systems)

If a mixture of two liquids A and B behaves ideally (i.c., obey Raoult's law} each of the liguid is
expected to obey Raoult's law. This means that the partial pressures p, and p,, of the constituents shalt obey
the equations 7, 8.

P, PO X, e (D

Py Py’ X, | -. - ®
Where X,,, X, are the mole fractions of the liquids A and B. |
The total vapour pressure P, the sum of the two partial pressures p,, p, Is given by eqﬁation.

P 4 S - X, + p% X e (9

B

The equations 7, 8 suggests that a plot between mole fraction and vapour pressure vields a straight
line of Raoult’s Law is obeyed.

The plot between vapour pressure and mole fraction for an ideal system is presented in Fig. 22.2.

A limited number of systems are known, which obey Raoult's law over the whole range of
concentrations and give straight line plots of vapou_r pressure against the composition expressed in mole
fractions. Few important examples are :

i) Ethylene dibromide and propylene dibromide at 85° C

ii)  Benzene and ethylene dichloride at 50°C

i)  N-Hexane and n-heptane at 30°C

iv)  Ethyl bromide and ethy! iodide at 30°C.
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Fig. 222" Vapour pressure vs comaposition : System obeying Raoult's law

A close mspection of the nature of the liguids in the mixtures mentioned above indicates that the
liquids are physically and chemically similar. The inter-molecular forces in such figuid mixmres
are identcal,

Further there will be very little difference in the environment in the pﬁre liguid and the mixture,
- These facts therefore suggest that a binary liguid system in which the constiment liquids show similar
intermotecular forces and environment, generally exhibits ideal behaviour. :

22.5.2 Systems with positive deviations

Many liguid mixmres are kiiown where measured vapour pressures are greater than those to be
expected from equations 7 and 8. However in some cases the deviations are small and in other cases they
arelarge. Some of the liquid pairs which exhibited positive déviations are carbon tetrachloride and heptane
at S0°C, ethylether and acetone at 30°C and heptane and ethyl alcohol at 50°C. The vapour pressure
composition (ideal and experimental) curve for mixtures of the kind under consideration are shown in

Fig.22.3. Thedotted curves indicate ideal behaviour, The solid curves indicate experimental curvesand

these approach the ideal ones the system approaches pure components. A, (solvent) tends to obey Raoult's

law when the concentration of B {solute) becomes very small. Similarly B, obey Raouit's law as the

concentration of A becomes small,
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I. Total vapour pressure curve; I and II1. Partial Vapour pressure curves
Fig.22.3  Positive deviations from Raoult's law.
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The total vapour pressure curve for an ideal system should be a horizontal fine. But the total vapour

- curve shows a maximam if the positive deviations arc large. This indicates 101} vapour pressurc of the

mixture is maximum for one particular compesition of mixture,

A system shows deviations fram ideal behaviour i the components of the mixture exhibit
the following

i} Large difference in internal pressure

i) Large difference in polarity

iiiy  Large difference in hydrocarbon chain length and
iv)  Association.

Apair of liquids which exhibits large positive deviations i.¢., the magnitude of the above mentioned
causes is great, there is a possibility that the component liquids may become incompletcly miscible as the
temperature is lowered. For examplc in the case of n-hepiane and ethylalcohol, the components scparate
into two layers as the temperature is diminished. Mixtures of water and isobutyl alcohol lusiraic large
positive deviations unlike mixtures of water and methyl alcohol. This cun be uaced (0 the long
hydrocarbon chain in butyl alcohol (CH; - CH, - CH, - CH, OH) unlike in methyl alcohot (CH, OH).

22.5.3 Systems with negative deviations.
In contrast to the examples mentioned in 22,5.2 liquid mixtures, pyridine-acetic acid, and

chlotoform - acetone exhibit vapour pressure lower than expected from Raoult’s equations. They thus
show ncgative deviations from Raoult's law (Fig. 22.4)
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1. Tota! Vapour pressure curve; [Tand IT Partial Vapour pressure curves
Fig. 224 Negative deviation from Raoult's law.

These deviations are atiributed to partial compound formation between the liquids, the iwo
molecules being bound by hydrogen bond. The experimental parlial vapour pressure cutve approaches
the ideal curves as the composition approaches pure component. This obscrvation is similar to that
observed in the systems with positive deviation.

22.6 EFFECT OF TEMPERATURE

A system of binary liquid mixture generally approaches ideal behaviour on increase of tempera-
wre. Lowering of temperature however leads to the increase of deviations. Changes in the form of the

vapour pressure curves are therefore expected with the change of temperatre. The mole fraction of a




constituent in the vapour of a liquid mixture at any tcmpcramre' is proportional to the partial vapour
pressure of that component. The composition of the vapour in equilbrium with any particular liquid
mixture cah therefore be fond at any temperature.

. D.P, Konowaloff (1881) proposed that the vapour is relatively richer in the component, if its
addition to the liquid mixture results in an increase of total vapour pressure. He made measurements of
the total vapour pressure of homogenous Tiquid mixtures could be divided into three types. This
classification is based on the fact whether the vapour pressures either increased regularly with the
composition or showed a maximum or 4 minimun,

327 DISTILLATION OF HOMOGENEOUS BINARY LIQUID MIXTURES

1 ' The separation of the volatile components from a homogeneous liquid mixture by raising the
temperature of the mixture to its boiling point is called distillation.
j For example it is possible to separate a mixture of acetone and benzene successively into acetone

(B.P. 56°C) and benzene (B.P. 80°C) by raising the temperature of the mixiure. As the temperature of the
mixturereaches the boiling pointof acetone it begins to separate outasits vapour, leaving behind the liquid
4 mixture richer in benzene. The process continues till all acetone is separated. The benzene, remaining
behind experiences arise in temperatures and is converted into its vapour as soon as the temperaure
reaches the boiling pointof benzene. This process of separation by rise of temperature is called fractional
distillation. The separation into pure components is possible only when the system satisfies the following
conditions. The boiling point of the mixture shall show a regular increase with increase in the percentage
of more volatile (lower boiling point) component in the mixture. The boiling point of a mixture,
] distilling freely, is the temperature at which the total vapour pressure is equal to that the
atmosphere. For ideal systems the boiling point of the mixture varies regularly with the composition of
the mixture. The process of separation of the components by raise of temperature at constant pressure {at
atmospheric pressure) is of generally greater interest than the separation carried out at constant
| temperature. The latter is called isothermal distiliation.

The experimental results conceming the boiling point and composition of the liquid-iquid
mixtures are best represented graphically. The boiling points are taken as ordinates and the compositions
as abscissae. In this method of representation two curves are obiained. One curve gives the composition
of the liquid and the other curve represents the composition of the vapour which is in equilbrium with the
liquid at the boiling point. The upper curve is called Vapour Curve and represents the vapour and the
lower curve is called Liquid Curve and represents the liquid. The vapour phase is retatively richer inthe
more volaatile component (i.e., lower beiling point component of the liquid mixture). The liquid phase
i _willbe richer intheless volatile component (the component with kigh boiling point). Three different types
! of curves were observed when experimental results were plotted. These are, type-1 where the  boiling

point rises steadily, type-2, where there is a minimum in boiling point, type-3 where there is a maximum
in boiling point, with change of composition from more volatiles to less volatile constituents.

22.7.1 Type-1: The boiling point increase regularly

. The boiling point - composition curves are shown in Fig. 22.5

The upper curve represent the composition of the vapour phase and the lower curve represents the
_composition of the liquid phase. The vapour confzing more A, the component with lower boiling point.
The mixtures belonging to this type are exemplified by carbondisulphide and benzene, benzene and
toluene, acetone and water, acetone and ether, chloroform and carbon tetrachloride, chloro benzene and
bromo benzene.
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Fig, 22,5 Liquid mixture with regularly increasing boiling point.

22.9.2 Type - 2: The boiling point exhibits minimum

The boiling point - composition ¢urves typical of this type are shown in fig 22.6.
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Fig.22.6  Liquid mixture wil;h' boiling point (minimum)

The upper carve represents the vapour curve and the lower curve represents the liquid curve. The
two curves meet ata point R whichrepresents thc composition of the liquid mixture with minimum boiling
point, The liquid and the vapour in equilibrium will have the same composition at this temperalure. The
liquid represented by this point R boils at constant temperature i.¢., distills over completely without change
in composition. Such systems which distill unchanged in composition have been called azeotropic
mixtures or azeotropes (Greek : (o boil unchanged} by J. Wade and R W.Merriman (1911), However
the compeosition and boiling point of such constant boiling mixtures may vary with pressure {see table
22.6.2.1)




Table 22.6.2.1 Compaosition and boiling point of constant boiling mixture at different pressures.

Ethyal Alcohol - Water

Pressurc (mm) Bailing Point (0° C) Composition (% Water)
200 37.6 5.79
300 46.8 .36
500 594 7.54
760 . 70.4 8.43
900 75.1 ' 880

Inthe case of liquid mixtures having 2 minimuny boiling point, it is therefore only possible to oblain
in pure form by fractional distillation, the liquid present in excess over the quantity corresponding to the
azeotropic mixture. The distillate tends wowards the mixtare of minimum boiling point. The azeotropic
mixture thus behaves as if it were a simple liquid in distillation. Some typical liquid mixiures which show
aminimum in their boiling points are ethyl alcohol-benzenc: methy! alcohol-chioroform and acetone-
carbontetrachlornide. '

Check Your Progress - 1

Explain the meaning of azcotrope.

22.7.3 The boiling point exhibits maximum

In this type also vapour composition curve is above that of the liquid composition curve. The 1wo
curves meet at the maximum point R. The liquid mixure corresponding to R is called here also (he
azcotropic mixture,

Boiling Temperature

HVE A _ 100% B
Composition
Fig. 227  Liguid mixture with boiling point maximum.
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The boiling point of the azeotropic mixture varie : with pressure. Typical values of boiling point
in respect of hydrochloric acid - water mixture are shown in Table 22.7.3.1.

Table 22.7.3.1 : Composition and boiling point of azeotrope of different pressures.

HC1 - H,0 mixture

Pressure Boiling Point Composition
(mm} 0 (% HCL)
400 - 92.08 2124
500 97.58 2092
600 102.21 _ 20.64
700 10642 2036
800 - 110.01 20.16

Asin the earlier casc, itis not possible to separate the liquid mixture by distillation inio the two pure
liquid components, It is only possible to obtain as a purc liquid, the constituent that is present in ¢xcess
of that required by the composition of the azcotropic mixture. Some typical azeotropic mixtures and the
compositions corresponding to the constant boiling point (maximum or minimum) are presented in Table
22.13.2.

Table 22.7.3.2: Some typical azeotropic mixtures.

Component Boiling Component Boiling Constant %, B
A Point Point Botling
°C _ B °C °)C
HO0 100 HC1 80 108.6 20.24
H,O 100 HNO, 86 120.5 68.0
H.0 100 HCOOH 1007 107.1 77.5
HO 100 C,H,OH 78.3 78.1 95.6
H.O 100 CH,CH,CH,OH 97.1 88.1 71.8

22.8 SEPERATION OF A LIQUID MIXTURE INTO
ITS PURE LIQUID COMPONENTS.

By raising the temperature of the mixture to its boiling point the separation can be effected if
certain conditions are satisficd. :

As mentioncd carlier, the conversion of the liquid into its vapour at its boiling point by raising the
ternperature of the liquid is called distiltation. It is thus possible to separate liquid mixture into its pure
components by a process of volatilization or vapourisation of the liquid mixture at the boiling point of the
mixture. This process of $eparation of 2 binary liquid mixture into ils components is called fractional
distiflation,

In fractional distillation, special types of long tubcs containing good number of condensation
surfaces, are used and these are called fractionating columns (Fig. 22.8).
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Fig. 22.8 Fractionating columns.

The liquid mixture is taken in a round bottomed flask fitied with a fractionaling column and
carefully heated. As the tempcrature reaches the boiling point of the mixture, the liquid is converted
rapidly into vapour. The vapour will be rich in that component which has a lower boiling point. The vapour
partially getcondensed into the liquid on the condensing surfaces asitreaches the surface. The condensate
then recedes into the flask. - The vapour escaping uncondensed will be richer in the morc volatile

component, while the vapour condensing into the liquid and receding into the flask will be richer ifq_"lhe‘ o

less volatile component.

Fig.22.9 Fractional distillation
1. Reflux condenser 2. Fractionaing column 3. Flask -
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The principle underlying the separation is explained with the help of boiling point - Composition
curve, .

22.8.1 The Principle underlying fractional distillation.

The boiling point-composition curves for a system consisting of liquids A and B, where the boiling
point of the mixture changes regularly with the composition of the mixture are presented in figure 22.10.
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Fig. 22.10 Distillation of binary liquid mixture : boiling point-composition curves
1. Condensation curve . 2. Boiling-point curve,

The upper curve represents the composition of the vapour phase in equilibrium with the liquid
phase. The lower curve represents the composition of the liquid phase. Itis obvious from the curves that
the vapour containsmore B which has the lower boiling point. Itis seen from the figitre that aliquid mixture
of composition represented by X' boiled at temperature "T", The composition of the first vapour formed
at this temperature is known by extra-polating the dotted horizontal line 1o cut the vapour curve at Y, This
extra-polated line joining the two points P and Y giving the percentage of the liquid and vapour in
equilibrium is called a tie line. The composition of the first vapour formed is thus given "Y' This will be
richer in B, the more volatile component, I this is condensed and reboiled, vapour of composition Z is
obtained. This vapour contains stitl higher percentage of the more volatite compenent B. The process of
condensation and reboiling is repeated until the vapour formed (distillate) is composed of pure component
B. In practice, the successive fractions will each cover a range of compositions. The vertical lines in
figure 22.10 represent only average compositions within these ranges. As mentioned earlier, the
automatic successive condensations and vapourisatons required.are achieved through the use of
fractionation column. The efficiency of the column depends on the number of equilbrium stages. Each
stage is called a theoretical plate,

22.9 PARTIALLY MISCIBLE LIQUIDS

22.5.1 Introduction

Water and alcohol are completely miscible with each other. The two liquids are mutually soluble
in each other in all propoertions. For example, alcohol is soluble in water in all proportions and water is
solublé in alcohol in all proportions. But water and mercury are completely immiscible with each other.
Water does not dissolve in mercury and similarly mercury does notdissolve in water. Besides these two
classes of liquid mixtures namely completely miscible with each other. For example, as mentioned earlier

184 if alittle phenol (an organic liquid) is added to water at room temperature, it will dissolve completely. That




is, phenol and water form at this low percentage of phenol, amiscible system. But if the addition of phenol
is continued, it will be observed, that dissolution of phenel ceases beyond a point. This i3 indicated by the
formation of two visible liquid Jayers. One of these layers is a saturated solution of phenol in water
and the other is a saturated solution of water in phenol. These two solutions in equilibrium with each
other are called conjugate sclutions. The other pairs of liquids which exhibit the phenomenon of partial
miscibility are ether-water, and aniline-water. But it is not necessary for one of the substances to be water.

Partially miscible or incompletely miscible systems are frequently obtained even with two organic liquids. -

For example, aniline and hexane, and carbondisulphide and mcthy alcohol are examples of partially
miscible pairs of organic liquids. An organic liquid and a molten liquid of inorganic substance can also
form a partialty miscible pair of liquids. Liquid sulphur or liquid phosphorus forms partially miscible
liquid pairs with some organic liquids.

22.9.2 Effect of temperature

The two layers in a partially miscible binary liquid system attain the same composition with raise
of temperature. This means that the mutual solubilities of the two components increase with increasing
temperature.  The typical composition - temperature curve for aniline - hexane system is shown in
Fig. 22,11,

The two layers becoine identical in composition at lemperature ‘t.. The two layers become actuaily
only one layer and the composition of which is represented by C. The temperature (1) at which the two
layers (conjugaile solutions) merge into a single layer of onc composition is called the critical solution
temperature. (D. 0. Masson 1861} or the consotute temperature (W.D. Bancroft. 1894) of the system.
Above this tlemperature the 1wo partially miscible liquids became miscible in all proportions. The
compositions lying outside this curve consist of one liquid layer only.

Temperatﬁre

Composition
Fig.22.11  The anilinc - hexane system.

In the example given above it is seen that, iwo partially miscible liquids become completely
miscible ata temperaturc above the room temperature. Such systems are referred to assystems with upper
critical solution temperature or upper consolute temperature. Many systems were later discovered
where the mutual solubilities of the two components decreased instead of increasing with increasing

.temperature. For example in cthyl ether and water system the mutual solubilities decreased with rise of
temperature. Butit was later discovered that the mutual sclubilities increased on lowering the tem perature.

It was observed that below a definite temperature the two Hquids became miscible in all proportions. The

solubility curve of such system is similar to that given in Fig. 22.11 but is inverted. The temperature below
which the two liquids are completely miscible at all proportions is called lower critical solution
temperature or lower consolute temperature.

In the case of some systems with lower consolute temperature it is found that the matual solubility
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. does not decrease indefinitely with rise of temperature. But the mutual'solubility is found to increase
again beyond a point with rise of temperature and in the process a temperature is reached above which the
two liquids are again completely miscible. The system will thus have a lower consolute temperature
and also upper consolute temperature., S '

Temperature

A s

C

Composition
Fig. 22.12  Ethyl ether-walcr system

The solubility curve illustrating such a system is a ctosed curve as shown in Fig. 22.13.
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Fig.22.13 Nicotine - water systcm

But all sysiems which exhibit lower consolute temperature may not exhibit upper consolute iemperature
too. Few tyical systems wheh possessed both lower upper consolute temperatures are given intable 22,9.3
186 .




Table 22.9.3 systems wiht lower and upper consolute temperatures,

Consolute temperatare (°C)
Syc.em
Lower Upper
Nicotine - Water 60.8 208
Methyl ethyl ketone - Water 6 133
B—Picoline - Water 49 153
Glycerol - mToluidine 6-7 120

Check Your Progress - 2

What is critical solution temperature?

22.10 EFFECT OF ADDED SUBSTANCES ON
CONSOLUTE TEMPERATURES

The mutual solubilities of the liquids are influenced by the added substance and depend on the
nature and quantity of the added material. '

If the added substance s solgble in only one of the ewo liquids, the mutal solubilities of the Ewo
liquids are décreased and the added substance raises the consolute temperature. For cxample addition of
potassium chloride to phenol - water system raises the consolute temperature considerably, This is
because potassium chloride is soluble in water but not in phenol. Similarly addition of napthalene (an
orgamc substance) to the system raises the consolute temperatare much more considerably. The rise
occurs in the value of consolute temperature because naphthalene is soluble in phenol but not in water.
Inasystem of alcohol-hydrocarbon, addition of trace of water produces a marked increase in the consolute
temperature because water is soluble in alcool but not in hydrocarbon. Determination of critical solution
femperature is therefore sometimes used as a method of testing the purily of hydrocarbon.

In contrast 1o the observations mentioned above, an added substance wheh is soluble in both the
liquids lowers the consolute temperature. For example, succinic acid (an organic acid) lowcred the
consolute temperature of phenol-water system since succinic acid is soluble both inpheno! and water.

Salts arc usually insoluble in organic lquids. so the consolute temperaturc of sytem consisting of
organic liquid and water is raised by the addition of salt to such system. This can be gencrally rcferred
to as salting out effect,

22.11 COMPLETELY MISCIBLE LIQUIDS

There are many pairs of liquids which do not show any muiual solubility at all, at room iemperature
or al temperatures higher or lower than room temperatures, Such pairs of liquids are called completel ¥
immiscible liquid pairs. For exampie, carbondisulphide and water arc immiscible at all proportions of
the components. '
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The total vapour pressure of such a system is the sun. of the independent vapoar pressures of the
two pure componénts of the system. The total pressure is independent of the relative aniounts ol the two
liguids. Each liquid exerts its- own vapour pressurc. Morcover, the number of ¢ach constituent in the
vapour is proportional to the vapour pressure of the molecules of pure Hquid at that temperatre. If p°A,
and p®B are the vapour pressure of pure liquid components A and B, the total vapour pressurc Pis given
by eugation {10).

P= p°A + P°B evenennes (10)

The number of molecules na and ns of A and B in the vapour arc proportional 10 vapour pressurcs {equaticn
1.

= e remeemeenes (11}

The weights Wa and WB of A and B in the vapour are obtained by multiplying na and nB by the respective
molecular weights Ma and Ms, therefore

..... = e = e (12)

The mixture wilt boil when the total vapour pressure, P is equal to the atmospheric pressure. since
the vapour pressure of each constituent is les than the total pressure, the boiling point of the mixture is Jess
than the boiling jpoint of cither constituent. Theboiling point also remains constant as tong as the two
liquids are present in the mixiure. ' '

This fact is utilised in steam distillation, a distillation process used to sepatatc high boiling organic
components from a natural source by passing steam through it

For example, chlorobenzene (an organic liguid) has a boiling point of 132°C. But when steam is
passed through a source containing it, the mixlure of water and chiorobenzene distitls over at about 90°C. -
the disstiltate contains nearly 70 percent of the organic liquid. '

22.12 NERNST DISTRIBUTION LAW

The distribution of a solute soluble in either of the liquids of a binary immiscible liqu:d-Tiquid
mixture follows certain definite conditions. The manner in which this distribution occurs is known as
distribution law.

If C, and C, are the concentrations of a solute at a given temperature in the liquid layers 1 and 2
of the binary system of immiscible liquids.

UL Constang (K} . (13)

The constant (K) is indcpendent of the total amount distributing. The law can be staled as : af
constant temperature a solute distributes itself between the two layers of a binary system of immiscible
liquids such that the ratio of its concentrations in the two layers is consiant and independent of the total
concentraton of the solute. This statementis known as distribution of tlaw ox partition law. The'K'iscalled
the distribution coefficient or partition coefficient. The law showed deviations in cases where the seluie
exhibited association or dissociation in one or both the liquid jaycrs..




22.13 APPLICATIONS OF DISTRIBUTION LAW

22.13.1 Study of chemical equilibrium

The law finds applicatien in the study of chemical cquilibium in solution. For example, the
equilibrium reaction (complex formation) between iodine (L) and lodide (1) canbe investigated by the
method of distribution, '

L+K = Kl OR L+ b o=l

The equilibrium constant K = et
[L1 {KI}

The equilibrium constant can be cvaluated by determining i distribution coeflicicnl of iodine between
watcr and-carbon tetrachloride and also distribution of lodine hetween polassium wdide solu.ion (K
solation) and carbontetrachloride. The procedure involves the determination of concentration of I, in
aqueous and organic layers when it is disiributed between (@) water and carbon etrachloride and (b
beween potassium iodide solution and carbontetrachloride. The calculations are described below,

Calcuolations

\

Tutal concentration of I, i water = C
2

I
m

Total concentration of KI in water

[}
@

Concentration of 1, m carbontetrachloide
Distribution cocfficient of L = K.
C‘]

(KL} = {C - =)

FrecjlL!

C/K

Cl
Cy-(C - —)

kY

Free [K1j

fr

Eauilibriun Constant = —
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22 13.2. Extraction of dissolved substances from aqueous solutions.

The separation of organic substance present in the dissolved statc from their agueous solutions is
generally referred to as 'extraction’. This is achieved by shaking the aqueous solution with an organic
liquid immiscible with water. The dissolved organic substance distributes itself between the solvents in
the process. Since organic substances are generally morce soluble in organic liquids than in water, the
concentration of the dissolved substance in organic liguid is greater than in water. This therefore helps
o extract the dissolved substance from the agueous solutions into the organic liquid. the process of
extraction can further be improved if salts are added io the aqueous solution. In the presence of salts, the
solubility of the organic compound in water is furtehr depressed due to salting-out phenomenon. The
efficiency of the extraction process increases if the extraction is carried out large rumber of times using
each time a small volume of the organic Liguid.

Let V' mi of agueous solution containing 'm’ gms of a dissolved substance be shaken repeatedly
with small portions (‘x’ mi) of an organic liquid which is immiscible with water. Lel'm," be the weight
of dissolved subsiance remaining in aqueous solution after first extraction (after shaking with first
portion). The concentration of the dissolved substance in aqueous solution is m /V gms per ml. The
concentration of the substance in organic liquid {extractant) is ‘{m=m }/x' gms per ml. The distribution
coefficient K will be given by.

_____ my - K e (15)
{m-m, )/x '
KV
M= m, e e (16)

Let 'm, gms remain in aqueous solution after second extraction (after shaking with second 'x'ml
portion), The distribution coefficient is given by

m
--E.I.Y.------m_ = K e (A7
(m,-m,)/x :
KV (18)
M., = [, ==—====m=meem e
2 'KV 4+.x
KV KY .
O m, = M. ---==r--=—- X e e (19)
KV +x KV +x
KV
Sincem, = m - -
KV +x
m, =m (KV/KV + x) e 200

The arguments can be extended further and (the equation 20 alter the nth extraction can be
written as
m_ = m (KV/KV + x)" - 2

An extraction is said to be efficient if m_ is as small as possible for a given volume (V) of
extracting liquid.

- Equation (21} indicates that m_will be small if n is large and x smali. Itis thus clear that itisalways
advantageous to increase the number (n) of extractions and decrease the volome (x), of the extraction liquid |
used inm each bawch of extraction,
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In this unit we have studied

Different types of binary liquid mixtures and their characteristics with examples.
Vapour pressure of 4 liquid as a characteristic propetty of the liquid.

Partial vapour pressures of liquids in a binax;y liquid mixture and Raoult's law.
Ideal solution is one which obey's Raoult's law. Discussion on Vapour pressure curves.
Non-ideal systems with positive deviations and the reasons for such a behavour.
Non-i.deal systems with negative deviations and the reasons for such a behaviour.
Effect of temperature on such systems. |

Distillation of homogeneous binary liquid Mixtures wherein

(@) Beiling point increases regularly

(b) Boilirg point exhibits minimum

{c} Boiling point exhibits maximum

Azeolropic mixtures

Principle underlying fractional distillation

partially miscible liquids with examples of systems having lower CST and upper CST and beta.

Disiribution law and partition coefficient.

Extraction of dissolved substances from agueous solutions.

22.15 MODEL EXAMINATION QUESTIONS

L

Answer the following in 10 lines each.

Give a short accoﬁnt of the effect of temperature on the behaviour of partially miscible liquids.
Explain the principle underlying fractional distillation.

What is meant by constant boiling mixture? While systems exhibit this phenomenon?

Discuss the application of distribution Jaw in the study of chemical equilbriun involving complex
formation,

Describe the process of steam distillation explaining the underlying principle.

The efficiency of solvent extraction increases with mcrcasc in the number of extractions
Substanmtc this statement.
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Answer the following in 30 lines each.

Give a detailed account of the different types and behaviour of binary liquid mixtures.
Explain clearly the process of distillation.(.nf binary liguid mixtures. |

Give a critical account Of c.onsolute temperatures.

State and explain distribution law. Discuss its application in solvent extraction.

22.16 MODEL ANSWERS TO CHECK YOUR PROGRESS

b3

At a particular temperature a liquid mixtare may have the same composition as its vapour in
equitibrium with it. Itcannotbe separated intoindividual components by fractional d stillation.
Such a liquid mixture is called azeotrope or azeotropic mixture. Ex:- 95% etharol.

In partially miscible liguid mixtures, one liquid mixes in the otber at a particular tem perature

or higher temperatures, in some cases at a particular temperature of Iower (ermperaturcs inall
proportions. Such temperature iscalled the critical solution temperatures of thatliguid mixture.

Author : Prof. 8, BRAHMAJI RAO
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COLLIGATIVE PROPERTIES

A solution is a homogeneous mixture constituting a single phase of two or more
components. Thereis no fundamental difference between the roles of these components.
The component present in small amounts is generally called solute and the one present
in higher amounts is referred to as solvent. The solution is referred to as aqueous
solution, if the solvent is water. The properties of solutions depend to a significant extent
on the concentration of chemical nature of the solute and solvent. The properties of a
system can be broadly classified as intensive and extensive. The properties that depend
on the nature of the substance but not on the quantity of the substance are called intensive
properties. For examplie density, refractive index, melting and boiling points are
intensive properties. Those properties that depend on quantity or concentration are
called exiensive properties. Volume and mass are such properties. The properties
depending on particies only deserve special mention in the case of dilute solutions,
These are Lowering of vapour pressure, Elevation of boiling point, Depression of
freezing point and the Osmotic pressure. These properties are ¢ function of number
of particles (molecules or ions) of solute in the solution rather than the chemical nature
of the particles. Such properties which depend on the number of solute particles are
called colligative properties. Inthe discussion of these properties, for convenience the
solute is assumed to be non-volatile. Substance that can be rapidly converted into its
vapour at room temperature can be called volatile substance.
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231 AIMS AND OBJECTIVES.

"The mainaim of this unitisto explain the meaning of lowering of vapour pressure of a liquid causced
by the substance dissolved in the liguid and 10 discuss its application in the determination of the molecular
weight of the dissolved substance.

When you have finished this Unit you should be able to undersiand that:

® The pressuric exerted by molecules of a liquid in the vapour phase, when a liquid and its vapour are
mn equitibrium is called vapour pressurc of the liquid.

e The vapour pressure (p) of a solution of a non-volatile solute dissolved in a sofvent is less than (5e
vapour pressure (p°) of the soiven.

@ The difference (p° - p) between the vapour pressure of solvent and solution is cailed lowerin 2 of
VAPOUT pressure.
™ The ratio vetween lowcering of vapour pressure and the vapour pressurc of solvent is calied

relative lowering of vapour pressure (° - 5ip%

. The relative lowering of vapour pressure of a dilute solution of non-volatile soluse is equal (o the
molefraction of the solute in the solation. This statement is catled "Raouit's Law'.

e The soiations which obey Raoult's Law are called ideal soiutions,

# Raoult's Law is useful (o determine the molecular weight of 2 gissolved subsiance.
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232 INTRODUCTION

The vapour pressure is a characteristic property of a given liquid and remains constant as long as
temperature is constant. A dynamic equilibrium exists betwcen the liquid and vapour phases. However
when a non-volatile solute is dissolved in a pure solvent, a solution is obtained. The vapour pressure of
the solution is less than the vapour pressure of the pure solvent. This is because a part of the surface area
of the liquid phase is occupied by solute molecules which are non-volatile. This property can be made
use of for determination of the molecular weight of the solunte. ’

23.3 VAPOUR PRESSURE OF A LIQUID

Liquids too like gases consist of molecules moving in a random fashion with a range of
velocities, Consequently, molecules with sufficient kinetic energy leave the liquid surface {liquid
phase) and enter the space above the liquid surface (vapour phase). Moleucles in the vapour phase soon
tend to retumn to the liquid and become a part of the liquid. At first there are large number of molecules
leaving the liquid surface each second than those returning o the liquid from the vapour phase. The
increase in the number of molecules in the vapour phase thus increases the pressure du¢ (o the molectles
accurmulated in the vapour phase. As a result the chance of a molecule in the vapour phase returning inio
the liquid phase increases. Soon the two processes balance each other. At this siage the pressurc due 10
molecules in the vapour phase stays constant at any particular temperature. This pressure is called the
vapour pressure of the liquid, The vapour pressure of a liquid at a given temperature is constant and

~ independent of the quantity or the volume of the liquid. The vapour pressures of some typical liquiids are
given in table 23.1

Table 23.1 Vapour pressures of some liquids at 30°C

Liguid Vapour Pressure (mm of Hg).
Water : : 31.82
. Ethyl alcohol 78.80

Acetc acid 20.60

Acetone ' 282.70

Ethyl acetate 118.70

Carbon tetrachloride 143.00

Chloroform 246.00
Chlorobenzene o 1545

Check Your Progress - 1

- How do you explain colligative properties?
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234 LOWERING OF VAPOUR PRESSURE BY DISSOLVED SUBSTANCE

L. Yon Babo (1847) measured the vapour pressure of solutions of diffcrent substances in water at
a number of temperatures, These results indicated that the vapour pressurc of a liquid containing a
dissolved substance in it is less than the vapour pressure of the pure liquid. For example the vapour
pressure of water containing sugar in the dissolved state in it s less than the vapour pressure of pure water,
It was also concluded from the results that for any given solution the decreasc of vapour pressure over that
of the pure solvent, is a constant fraction of the latier at any emperature.

For example if ‘p* is the vapour pressure of the pure solventand 'p', that of the solution, p*-piscalled
lowering of vapour pressure. The ratio (p°-p/p”) between the lowering of vapour pressure (p°-p) and the
vapour pressure of the pure solvent (p°) is known as relative lowering of vapour pressure. According
to Baba, this ratio is constant for a solution-of given concentration and is independent of the temperature
aL which it is measured. Inspite of extensive studies Babo could not discover any relationship between
the lowering of vapour pressure and the amount of dissolved substance ina liquid. But A. Willner (1856)
also working with solutions of salts in water concluded that the lowering of vapour Pressre was
proportional to the concentration of the solution, '

23.5 RAOULT'SLAW

The studies undertaken by F.M. Raoult (1887-88) on the measurcment of vapour pressure of
aqueous solutions of different concentrations not anly confirmed the results of Babo and Willner but
revealed significant trends., The results of these studies helped to putforih a gencralization of lundamental
importance. - Raoult carried out his siudies mostly on solutions of organic solutes in organic solvents,
Some of the solations investj gated werc nilrobenzene in cther, aniling in cther and benzaldchyde in ether,
These results equal 1o the molefraction of the solute, The above statement is kKnown as Raoult’s Taw,

It
...... . = e (D)

{Where i and n, ar¢ molccules of solvent and soluie. x, 1s mole fraction of solulc}.

By substracting unity from cach side of cquaion (1) and rearranging the cquation, we gel

po= Py
Atagiven Lempemluré the vapour pressure of purc solvent P’ is a constant.
PO X,
Thus we can conclude

The vapour pressure of sofvent in solution is directly proportional to the mole fraction of solvent,

This 1s another form of stating Raoult's law.




Check Your Progress - 2

What do you mean by relative lowering of vapour pressure ?

23.6 DETERMINATION OF MOLECULAR WEIGHT OF
DISSOLVED SUBSTANCE

The measurement on lowering of vapour pressure of dilute solutions can be uscd to determing the
molecular weight of the dissolved substance (solute). For this purpose Raoult's law is expressed
mathematically (equation 3) in terms of the molecular weights of solutc and solvent instcad of the mole
fractions.

_____ WM )
RS o O

Where W, W, are weights of solvent and solute and M, M, are molec ular weights of solvent
and solute.

For a dilute solution i, may be neglecied in comparison 1o 0, in the denominator of equation {1)
The equation (1) can therefore be rewntten as cqaation (4).

po-p D .
mree = - A e )
p n,
0. W W, x M

Or pp V _.NZ _____ = __}__)E-___l_- e 1
p° W /M, W, X M,

From equation 3 or 5, itis evident that the molecular weighi of the solute (M) can be delermined
provided, the vapour pressurc of the solvent (p%), the solution {p), the molecular wei ghtof thesolvent (M.}
are known for a scries of sotutions of known weighis of the solvent {W,) and the solute (W)

73.7 MEASUREMENT OF VAPOUR PRESSURE LOWERING

T view of the sinall value ol the relative lowering of vapour pressure and the consequent diffic ultics
encountered in the detcemination, special methods are generally utjlised for the purposc. These are (1)
Ditferential method (2) Air transpiration method and (3) Isopicstic method. -

23.7.1 Differential method

The method involves the use of an accurate diffcrential manometer. I the apparaws uscd by C.
Dieterici (1893), the saturated vapours of sol ution and solvent were exposed lo the two sides o [aihin glass
disc of 70 mm diameter and 0,08 mm thickness. The dillerence in pressure €auscs the disc 1o move. The
movement is magnified by a beam of light reflected from 4 mirror. The instrument was calibrated with
4 manometer of lower sensitivity. The apparatus devised by J.C.W, Frazer and B.F, Lovelace was
found to give betier results than Diclcrici apparatus. The apparatus is shown in Figure 23.1.




Fig. 231 Frazer and Lovelace apparatus.

Twobulbs P and Q connected by amovable mercury reservoir were attached 1o R. The glass points
A, A associated with mirror M were sealed into these bulbs P and Q. The pressure in the bulbs can be
equalised with the help of side tubes S and T. The mercury reservoir is adjusted with a fine screw such
that points A, A correspond exactly to their images in the mercury surfaces. This position corresponds to
zero reading of the manometer. The two bulbs arc respectively connected through the sidc wbes 1o the
solution and solvent respectively. Because of the difference in vapour pressure values, mercury levels
show a ditference. The apparatas i . :ilted and with the help of reservoir, the points A, A are made 10
coincide with their images. The exient of tilt measured by a beam of light reflecicd from M is 4 measure -
of the pressure difference in the two buibs.

23.7.2 Air transpiration method

In this method dry air was passed in succession through a set of bulbs containing the solution and
then through the butbs containing the purc solvent (water), The air-is finally allowed 10 pass into the
absorption tubes filled with calcium chloride. The dry air becomes saturated with walcr vapour (solveal
vapour) to a pressure 'p' (vapour pressure of solution) ag it passed through the lirst sct of bulbs containing
the solution. The pressure of the vapour carricd by the air (atready salurated with water vapour) will he
raised to p® (vapour pressure of pure solvend) as the dir coming out from first set of bulbs passed containing
the sobvent (water), As aresult of air carrying with it the vapour, the solution bulbs as well as the solvent
buibs suffer a loss in weight of the contents of these bulbs. The loss in weight (W) of the contents in the
first set of bulbs is proportional to 'p' while the loss (W) In the contents of sccond set of bulbs is
proportional to p®-p. However, the contents in the absnrplion tubes expericnce a gain in weight (W) since
the vapour carried by the air is absorbed by the contents of the tubes. These results can be writien as.

o p

Wz o pﬂ_p

W, o P

0 :
TR S " (6)
W, P° '

Thus the ratio (W_/W )} of the loss in weight experienced by the contents of the second set of bulbs
to the gain in weight expericnced by the contents of absorplion tubes is equal to the relative lowering of
vapour pressure (p,-pi/p’.
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Fig. 232 Air wanspiration method

A = Dry air, B = Bulbs containing solution, C = Bulbs containing solvent and
D = Absorption tubes having calcium chloride.

The ¢hief sources of error in the method are:
(1) The volume of air drawn through the two sets of bulbs may not be (he same.
(iiy  The process of saturation by bubbling may introduce some errors.

23.7.3 Isopiestic method

The solutions exerting the same vapour pressure are said to be isopiestic {these arc also referred
to as isotonic solutions). Vapour will distil from the solution of high vapour pressurc into solution of low
vapourpressure till equilibrinm is attained when these two solutions are kept side by side inaclosed space.
The concentrations of the two solutions after equilbrinm can be known by carrying out analysis of the
solutions in separaie experiments. Thercfore, if the vapour pressurc of one of the soluttons is known at
different concentrations, the vapour pressure of the other solutions can be calculaied. Soluson of
potassium chloride or mannitol is used for the caiibration because the vapour pressurcs of these solutions
are known accurately at different concentrations of the solutions. One of the drawbacks of the method is
the slowness with which the cquilibrinm is attained. Itis for this rcason that the concentration of potassium
chloride is fixed at a valuc where its vapour pressure is close to the vapour pressure of Lhe experimental
solution, ' :

238 SUMMARY

In this unit we have studied about

i) Lowering of vapour pressure and relative lowering of vapour pressure as a colligative property.
i) Raoult's law : Relative lowering of vapour pressurc of a solution is equat Lo mole fraction of soluie.
iii)  Determination of molecular weight of the solute by applying Raoult's jaw.,

iv)  Experimental method for determination of lowering of vapour pressure (special mention may be
made about air transpiration method.

239 EXAMINATION QUESTIONS

I.  Answer the fllowing in 10 lines each.

1. Derive the relationship between relative lowering of vapour pressure and the molecular weight of
solate for a dilute solution,




2 State and explain Raoult's law.

HO.  Answer the following in 30 lines each.

1 Discuss in detail explaining the underlying theoretica! principle, the inethod of determining
molecular weight of solute by measuring the relative lowering of vapour pressure.

2. Describe with a neat sketch, the differential method of determining the lowering of vapour
pressure of a solution.

3 Give a detailed account of air transpiration method of determining the molecular weight of a
dissolved substance.

23.10 MODEL ANSWERS TO CHECK YOUR PROGRESS

1 Those properties of solutions which are related by established equations and which depend only
on the number of the solute particles are colligative properties.

Ex: Elevation of boiling point depression of freezing point

2 The vapour pressure of a liquid decreases when a nonvolatile soluse is dissolved in it. The ratio
of the decrease of this vapour pressure and the vapour pressur of the pure solvent is called
reletive lowering of vapour pressure, :

i.e., Relativs iowering of vapour pressure = p/p®,

Author: Prof. §. BRAHMAJI RAQ
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24,1 AIMS AND OBJECT 2 ES

This unit mainly aims 1o discuss the eficci of non-volatie soluic on the boiling point or freszing
point of a liquid (solvent) and to describe the refation between this eficct and *he moiecular weight of th.
solute.

By the end of this unit you will be able o understans thag:

. The boiiing point of a tiquid is the temperature at which the vapour pressure of the tquid becomes
equal to the atmospheric pressure.

. The boiling point of a liquid is elevated if a non-volatile sotuie 15 dissolved in the liguit

ihe

LI

Ta

s The elevation in boiling point of a solution over the botding poing of the solvent is vaile
elevation of boiliag point (T ).

® The elevation of boiling pointis |
mioisl conventration of the soluuon !
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. The relationship between elevation of boiling point (A T ), molal elevation constant (K ) and
melality of the solution, is useful to determine the molecular weight of the dissolved substance
(solute).

. Some methods in use for such determination are (1) The Beckmann method, (2) The Landsberger
method and (3) The Cottrell method.

* The freezing point of a liquid is lowered when a solute is dissolved in it.

. The depression of freezing point, similar to elevation of boiling point, is independent of the nature
of solute but is dependent on the concentration of the solution for any given solvent.

. The molecular weight of a dissolved substance can be determined if the depression of freezing point
T, the molal depression constant (K, of the solvent and the molal concentration of the solution
are known.

. Some methods in use for such determination are 1) The Beckmann method and 2) the Rast methoed.

242 INTRODUCTION

In the previous unit we studied lowering of vapour pressurc as a colligative property. A logical
consequence of the lowering of vapour pressure will be the elvation of boiling point or depression of
freezing point of the solution. We will study in this unit, the elevation of boiling point or depressioa of
freezing point as a means to determine the molecular weight of a nonvolatile solute.

24.3 BOILING POINT OF A SOLUTION

The boiling point of a liquid is defined as the temperature at which the vapour pressure of the liquid
becomes equal to the atmospheric pressure. This applies equally well to a liquid solvent ora dilute solution
of solute in the solvent. You have learntin unit - 23, that the vapour pressurce of solution is less than that
of the pure solvent. The temperature at which the vapour pressure of a solution is equal to the atmospheric
pressure of a solution must therefore be higher than that for a solvent. This means that the boiling point
of a solution is higher than the boiling point of the solvent. It is therefore evident that the boiling point
of 4 liquid rises when a solute is dissolved in it. Studics of the elevation of boiling point produced by
dissolved substances were made by M, Faraday (1830) and others. '

24.4 RELATION BETWEEN RELATIVE LOWERING OF VAPOUR
PRESSURE AND ELEVATION OF BOILING POINT

The vapour pressure-temperature curves for the solvent and solution are presented in
figure 24.1. :

_ From the figure 24.1 it is seen that the boiling point of solution and solvent are T and T
respectively (the lemperatures at which the vapour pressures are respectively equal io the atmospheric
pressure). Therise in boiling point (T-T,) is given by the distance AB. The vapour pressure {p® of solvent
(vapour pressure at T,) is given by AT, and the vapour pressure (p) of solution at T is given by CT, The
lowering of vapour pressure (p°-p) is therefore equal to distance AC in the figure, AC can be taken
proportional o (p®-p)/p° since the vapour pressure of solvent is assumed to be 1 atmosphere. The vapour
pressure curves for a series of dilute solutions can be regarded paralle] in the region of boiling point. In
such an event, the ratio AB/AC can be constant for different solutions. This indicates that the elevation
of boiling point for a dilute solution is proportional to the relative lowering of vapour pressure (p%p).

203.



1 Atm.

e o e e Wy e e

Vapour Pressure

1
1
i
t
1
I
I
[]
H
¢
1
1
1
t
'

h_.3 - — e ————

T,
Temperature
Fig. 24.1 Vapour pressure-temperature curves for a solvent and a solution
1. solvent 2. solution.

From Raoult’s Law it is known that the relative lowering of vapour pressure is equal to the
molefraction of solute (see 23.3). This shows that for a dilute solution

AT « X,
AT, = K x, - @
. 0. W, M
For a dilute solution ——n  is ek (Sec equation S in 23.4)
1]
P W, M,
W?. Ml
T= K, oot e (@)
W, M, |

W./M, 1s the number of moles of solute dissolved in W, gms of solvent (molal concentration), K_
and M, being constant, it points out that A T, is proportional to the molal concentration. It also suggests
that the elevation of boiling point is independent of the nature of solute but proportional to the molal
concentration of the solution.

24.5 ELECATION OF BOILING POINT AND
CLAPEYRON-CLAUSIUS EQUATION

The mathematical relation between the vapour pressure (p) - the temperature (T) and latent heat of
evaporation (Le) of a liquid is kmown as Clapeyron - Clausius equation,

dlnp N Le. 3)
T - RT
Where p = vapour pressure of liquid

L = molar heat of evaporation of liquid
T = temperature
and R = gas constant

Equation (3) can be written in the integral form (equation 4) for the temperatures T and T,, the
204 boiling points of solution and solvent respectively assuming Le to be constant,
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n (@) Le/R (11, - 1/T)
:  Le/R(T-T/TT)

Le/R. AT/TT, | .- @

For dilute solutions, the boiling point of solvent (T) and the boiling point of solution (T) are not
very much different. Therefore T T, can be conveniently replaced by T 2. Equation (4) can therefore be
re-written as.

In{p/p®» = LeRAT/T? )
(p/p,) Can be replaced by x, (mole fraction of solvent) from Raoult's Law.
Therefore equation (5) is rewritten as

Inx = Le/R AT/T? . (6
But x, = 1-x, where x, - mole fraction of solute.

SIn(l-x) = Le/R AT/ T} e (D

For a dilute solution x, is small, and therefore 1-x, will be equal to (-x,). Therefore equation (7)
can be written as - : )

-x, = -Le¢R AT T2 . (8)
Or  x =  -Le/R AT/T?
' x, . R.T}? :
O ATe = - e e (9
Le
: W,. M,
x, can be written equal to  —--=--------
W, M,
AT = . LR WM
: Le W, M,
_. R oM W,
Le " W,
RT? 1 W
= i et - (10)
I WM

Where 1/ic = M /Le/1, isthe reciprocal of the latent heat of vaporization per gram of solvent. Right
hand side of the equation (10) is multiplied-by 1000 and devided by 1000 and equation (10} is rewrilten
as equation (11).

AT = eeee e 2 e (11}
® 1000 le W, M,
AT = Ke . m
RT} 1000. W,
WhereKe = -t andm = -t
1000 te WM,
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'K, is aconstant for a solvent and 'm' is the molality of the solution. The constantK_is calied molal
elevation constant or the ebullioscopic constant,

It is evident from equation (11} that for a dilute solution obeying Raoult's Law, the elevation of
hoiling point is propertional to the molality of the solution.

The equations mentioned earlier thus suggests that
(1)  The elevation in boiling point of a dilute solution is proportional to the molality of solution.

(2)  The proportionality constant Ke is independent of the nature of the solute and is dependent only
on the nature of solvent. The molal elevation constants for some typical solvents are presented in -
table 24.1,

Table 24.5.1 Molal elevation constants Ke for typical solvents

Solvent K,
Water 0.52
Methyl alcohol 0.80
Ethyl alcohol 1.20
Acetone ' 1.70
Benzene 270
Choloform 3.70
Carbon tetrachioride 500

Check Your Progress - 1

What is molal elevation constant?

24.6 DETERMINATION OF MOLECULAR WEIGHT

The molecular weight of non-volatile solute can be determined from the experimenialty deter-
mined value of A T, (the elevation of boiling point) for a dilute solution of known concentration of the
solute. The method is generally known as ebullioscopic methed.

24.6.1 The Principle of the method

A known weight (W,) of the solute whose molecular weight is to be determined, 1s dissolved in
aknown weight (W) of the solventand a dilute solution is prepared. Later the boiling point of the solution
or directly the elevation (A T,) of boiling point of the solution is determined experimentally. By
substituting the values of A T,, W, W, and K, in equation (12).

M, = K, O : - - 12




M, the molecular weight of solute is calculated

In the case of liquids, for which K_ is not known, it is determined in a separate experiment by
following a procedure similar to the one described above and using a solute of known molecular weight.
The experimental value A T_obtained in this experiment is substituted along with W, W,and M, in

equation (12) and K_is calculated.

Check Your Progress - 2

How is the molecular weight of a non-voelatile solute be determined by elevation of boiling point?

Experimental Procedures.

Three methods are in use for the purpose. These are (i) the Beckmann Method, (ii) the Landsberger

mcthod and (iii} the Cottrell method.

Fig. 24.2 Beckmann thermometer

24.6.1 The Beckmann method'.

E. Beckmann (1888) developed a special
thermometer which goes by his name to determine
accurately and directly the elevation of the boiling point.

The thermometer comtains a reservoir at
the top end and the bulb at other end unlike
thermometers usually cmployed. With the help
of this reservoir, it is possible to vary the
amouni of mercury in the thermometer bulb.
This provision for the adjustrnent of amount. of
mercury in the bulb, make it possible to use
the thermometer over a wide range of
temperature  from - 39% (o+250°C  with
sufficient accuracy (0.001%). The thermometer is shown in
figure 24.2.

Beckmann apparatus consists of a boiling
tube A with a thick platinum wire fused to the bottom,
and a side tube attached at the top as shown in figure
243 The experimental liquid is taken in the boiling

tube A and heated from the bottom. The platinum wire fused at the bottom, helps to conduct the heat
through it into the liquid in the bulb, This facilitates the bubble formation and avoids super heating. Ad-
dition of glass beads in the solution permits steady boiling. The boiling tube A is surrounded by a jacket
B made out of glass or porcelain with mica windows. Some times an indirect method of heating is adopted
as an additional precaution against superheating. An asbestos box with asbestos rings are used for the
purpose. Reflux condensers are attached to both A and B to minimise loss of liquid.
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Fig.24.3 Beckmann boiling point apparatus.
A - boilmgtube, B - Jacket,
T - Beckmann thermometer

24.6.2 The Landsberger method

In this method, the superheating is minimised or eliminated by adopfing the heating procedure
developed by J. Sakurai (1892). The solution is heated in this method by passing hot vapours of the
solvent generated separately from the boiling solvent. The apparatus introduced by W. Landsberger and-
immproved by J. Walker and J.S. Lumsden is shown in figure 24 .4,

‘Known amount of solvent is placed in Q which is placed inside a Jacket tube R and its temperature
raised by sending in the hot vapour of the solvent from P. The temperature of the solvent Q is read when
it is constant. Any excess of vapour passes out through a small hole on the right side of Q near the top and
then on the condenser S. A weighed amount of the solute is added to Q and the temperature of the solution
is raised to its boiling point by passing the hot vapour from P as is done earlier. The temperature is read
when it is constant and steady. From the measured boiling points of solvent and solution AT, W, W, in
equation (12} molecular weight is calculated.




Fig. 244 Landsberger's apparaws (modified).

24.6.2.3.2 The Cottrell method

F.G. Cottrell (1319} pointed out that the boiling points measured by placing the thermometer
directly in the liquid with the bulb at depth of 3 to 4 cm are approximately higher by 0.1°C than the bulb
is at the surface. To avoid ihis difficulty Cottrell improvised beiling point apparatus in which an
arrangement (pump) is provided to pump the boiling solution ¢ontinuously over 1o the bulb of the
thermomeler placed in the vapour phase above the surface of the liquid. The pump originally employed
by Cottrell consisted of a piece of glass tubing opened out at the Jower end into a funnel shape. The tube
was parlly in the boiling liquid and partly out of it. A stream of bubbles with entrapped liguid is boiling.
Thus, the liquid and its vapour will be in equilibrium with each other at the surface of the bulb. This helps
the thermometer bulb to register a steady temperature. A simple form of the apparatus is shown in
figure 24.5,

Fig.24.5 Cotreli's apparatus.

Tube P containing the boiling liquid (solvent or solution), The platinum wire Q séaled into the

209
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bottom of the tsbe helps to attain uniform boiling. The side tube R leads to acondenser, T isthermomcter,
The mantle S prevents the cold liquid (condensate) reaching the thermormeter. The pump A helps o push
the boiling liquid over to the surface of the thermometer bulb,

The procedure adopted for the determination is the same as the employed in the carlicr
determinations, '

24.7 DEPRESSION OF THE FREEZING POINT

F.M. Raoult obscrved that equimolar solutions of different substances of similar type lowered the
fréczing point of a given solvent to the same extent. The study of the freczing point of solution is
called Cryoscopy. :

24.8 FREEZING POINT AND VAPOUR PRESSURE

The relationship between vapour pressure and the freezing point of a pure solvent or solution is
represented in figure 24.6.

T T,
Fig. 246 Temperatre, freczing poinl and vapour pressure.

The vapour pressure curves for water and ice meet at P, Therefore temperature T, can be taken as
freezing point of water {solvent}, since water and ice arc in cquilibrium at this powst. Sumilarly the solutton
and ice curves meet at Q, Therefore T gives as freezing point of solution. QR (T,-T} s therefore equal 1o

~the lowering (A T of the freezing point. The distance PR is equal 1o the lowering of vapour pressure

(p%-p) at the freezing point of water (solvent}. The vapour pressure curves for a number of dilute selutions
arc parallel near the freezing point. Consequently QR/PR will be constant for dilute solutions. {ttherefore
follows for a dilute solution.

AT, = K.x

f |




24.9 DEPRESSION OF FREEZING POINT AND CLASIUS -
CLAPEYRON EQUATION

The vapour pressures of solid (p,) and solvent (P) are respectively related to molar heat of
sublimation (L,) and molar heat of evaporation of the liquid (L) by the equations (14, 15). These relations
are valid only if the vapour obeys ideal gas laws and its volume is large in comparison with that of solid
or liquid.

dinp, Ls :

e = v (14)
dr RT?

dinp, Le

........ = — v (15)
dT RT?

If o:1:-tion (14) is valid for a super cooled liquid, then equations, 14, 15 are applicable at the same
ternperature (T).

d In(p /p) L -L, L,

R = mmmeenn = e e (16)
dr RT? RT?

L = molar heat of fusion.

f

At the freezing point of the solution, the vapour pressure of the solid {ice) is cqual to that of the
solution (p,) with which it is in equilibrium.

Hence at freezing point of the solution

din(p/p) = L,
S —— we (A7)
dT RT?
Where p, is vapour pressure of solution. p,/p, is equal to x, if Raonlt's Law is applicable.
dinx L,
—— = — e (18)
dT RT?
Integration of equation 18, between temperatures T and T, gives equation 19.
Inx, = - LR [UT-1/T]
L, AT,
= - .. e s (19
R T?

When T T, is put equal io Toz' for a dilute solution, x, can be replaced by 1-x, and for a dilue
solution i.e., when x, is very small in 1-x, is approximately equal to -x,.

Therefore equation (19} can be written as

AT, = RTH, X x

2
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By multiplying by 1000 and dividing by 1000

RT,; 1000 W,
AT, =  cree e
1000 L, M, W,

= K, )

Where K, is called molal depression constant of freezing point, or Cryoscopic constant,
The molal freezing point depression constants for some typical liquids are given in Table 24.9.1

Table 24.9.1 Molal freezing point depression constants (K} of typical solvents

Solvents K,
Walter 1.86
Benzene 5.10
Napthalene 7.0
Cyclohexane 20.2
Camphor 40.0

2410 DETERMINATION OF MOLECULAR WEIGHT

The freezing point depression method is frequently employed for the determination of molccular
weights of dissolved non-volatile solutes. The equation employed for the purpose is.

1000 W,
M, = (K —oeee e 21)
AT, W,
Where K, = Molal freezing point depression constant
W, = Weight of solvent
W, = Weight of non-volatile solute
AT, = Depression in freezing point

Molecular weight of solute

and M,

The two important and popular methods are (i) Beckmann method and (i) Rast's Micro method.

24.10.1 The Beckmann method.

The form of apparatus used by Beckmann is shown in figure 24.7

The apparatus consists of a freezing tube P. A known weight (W) of the pure solvent is taken in
this tube and a pre-set Beckmann thermorneter T is placed in it, The freezing tube P with the thermometer
is placed inside a jacket tube Q through a rubber cone C. The whole set up is finally putin a vessel R
containing the freezing mixture. The temperature of the freezing mixture is maintained at a value which




is not more than 5°C below the freezing point
of solution. The liquid in P is first
allowed to freeze and the reading on the
pre-set’ Beckmann thermometer T is
noted. Tube P is next removed, warmed
slightly to melt the solid solvent and a
weighed amount of solute is added as
quickly as possible through the side tube
S provided. The contents of the tube are
well shaken to dissolve the solute
completely in the solvent. Thetube P with the
solution is replaced into QQ and the experiment
is repeated. Thercadingon  the thermometer
T is read again when thermometer registers
constantreading corresponding to the freezing
of the solution. The difference in the two
rcadimgs of thermometer gives AT, From
this value of AT, and W,, W, K, M, is
calculated. If K, is not known for the solvent
under study, it is determined in a separate
experiment by adopting a similar procedure
as described above with a solution of
known solute,

Fig. 24.7

apparatus,

24.10.2 Rast's Micro method.

This method is generally used for solations of solids in solid solvents like camphor or naphalene,
A tew milligrams of the solute are mixed with a known weight (10 times the weight of solute) of the solid
solvent and the whole mass is melted. The molten mass is allowed 10 solidify, After solidification the
mixture is finely ground in a clean mortor and transferred to 4 capillary tube (similar (o that used in the
melting point determination of organic substances).

24.11 SUMMARY

In this unit we have studied about
1) The relation between the lowering of vapour pressure and elevation of boiling point of a solution,
1) Elevation of boiling point and clapeyron - clausius equation. |
i} Fora dilute solution thé elevation of boiling point is proportional 10 the molality of solution,
iv)  Determination of molecular weight by measuring the elevation of boiling point.
v) Experimental methods for measuring AT,

vi)  Depression of freezing point as a means to determine molecular weight of solute on similar lines
as above

vii)  Experimental mcthods for determining AT, : 213




24.12 EXAMINATION QUESTIONS

L Answer the following in 10 lines each.

1. Derive the relation between elevation of boiling point and the molecular weight of the dissolved
substance.

2, Describe Beckmann method for the determination of molecular wei ght of a dissolved substance.

3. How is depression of freezing point useful in the determination of molecular weight of a dissolved
substance?

II.  Answer the following in 30 lines each,

1. What are colligative properties? Discuss critically how depression of freezing point is useful to
determine the molecular weight of dissolved substance.

2. Compare and contrast the different methods available for the detenniantion of molecular weight
of dissnlved substance by elevation of boiling point methad.

24.13 MCDEL ANSWERS TO CHECK YOUR PROGRESS

i Itisthe elevation in boiling point that is expected when one mole of a sotute is dissolved in 100
g of a solvent. Itis usually indicated by K..

2 Non-volatile solute is dissolved in a suitable solvent and the elevation in the boiling point is
experimentally determined. The values are substituted into the following equation and the
molecular weight of the solute is calculated.

1000 W,

M, = |
AT, W,

Author : Prof. §. BRAHMAJI RAO
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25.1 AIMS AND OBJECTIVES

This unit is to explain you the phenomenon of osmosis and osmotic pressure and 1o describe how
the osmotic pressure of a dilute solutions is used 10 determnine the molecular weight of a dissolved
substance.

After completing this unit you must be able to understand that:

[ The inflow of solvent from a dilute solution into a concenirated solution when the former is
separated from the latter by a semi permeable membrane is called Osmosis.

(] A membrane that allows through it the passage of solvent but not solute when the solutions of two
different concentrations are separated by it is called a semipermeable membrane,

e Animal bladdess, plantcells, animal cells and some synthetic chemical compounds such as copper
fermocyanide act as semipermeable membranes.

L Qsmotic pressure x is equal o the excess hydrostatic pressure developed at equilibrium on the 215




solution side when the solution is separated from a solvent or a dilute solution by semipermeable
membrane. '

. Osmotic pressure is experimentally determined by (a) Pfeffer's {b) Mores and Frazer (c) Berkeley
and Hartely (d) Plasmolytic and (&) Haemolytic methods.

® Osmotic pressure and the concentration of the solution arc rclated by the equation £ = CRT.

25.2 INTRODUCTION

Abbe Nollet (1748) obscrved that when a large flask filled with alcohol and its mouth tied with an
animal bladder is immersed in water, the bladder gradually becomes swollen and some times even bursts.
This was due (o the inflow of water through the biadder into alcohol. At the same time aicohol is not
passing through the bladder into water, The increased pressure in the flask caused by passage of water into
it is responsible for the swelling and subsequent bursiing of the bladder.

25.3 OSMOSIS

The inllow of water intc alcohol through the bladder was later named by R. Datrochet (1832) as
‘end-Qsmosis’, The bladder was named semipermeable membrane since it allowed only water o pass
through it but not the alcohol. In the later years, the prefix 'end’ in ‘end-osmosis’ was dropped and the
phenomenon was named as 'Osmaosis’ (Greek: push or impulse). The term was actually used (o describe
the spontaneous flow of water from'a dilute solution to concentrated solution when the two are separated
by a semipermeable membrane.

25.4 SEMIPERMEABLE MEMBRANE

Let us consider an arrangement in which a thisile funnel A ted with pig's bladder B partly filled
with a concentrated solution of sugar and placed in a beaker Dcontaining a dilute solution of sugar C or
pure water.

216 Fig. 25.1  Osmosis through animal membrane




The water in beaker flowed into the funnel through the bladder membrane. The process continued
till the excess hydrostatic pressure, the water caused, on the solution in the funnel pushed back the water
into the beaker. The backward flow of water was found to take place at the same rate as the inward flow
of water from the beaker into the funnel through the membrane. The inward flow is caused by osmosis
and the outward flow (backward flow) is caused by the excess hydrostatic pressure developed on the
solution in the funnel. This state is referred to as equilibrium state. The membrane (pig's bladder) which

allowed the flow of water only through it but not the sugar is called semipermeable memberane. The

membrane which permits solvent only, of the two components (solite & solvent) but not both to pass
throogh it is calted semipermeable membrane. Such membranes are of component of a binary solution
(solvent) to pass through it and prevent the membranes and plant cell membranes illustrate such
- semipermeable membranes. Copper-ferrocyanide, a chemical compound is an example for chemical
semipermeable membrane. It allows free passage of water of an aqueous solution but not the substance
dissolved in it. Prussian blue and calcium phosphate were other chemical compounds which served as
semipermeable membranes.

M. Traube thought that semipermeable membrane functions as a sieve retaining the large
molecules but allowing the passage of the smaller ones. But soon it was found that membranes with pores
many times larger in diameter than even the large molecules of the solute are able to prevent the passage

of the solute. M.L. Hermite and others soon conducted osmotic experiments using different types of -

membrancs and proposed that the semipermeability is due to the solubility of solvent and insolubility of
the solute in the membrane. The solubility here is meant surface solubifity or adsorption,

Check Your Progress - 1

What do you know about semipermeable membrane?

25.5 OSMOTIC PRESSURE (n)

Let us imagine that a diltute solution of a non-volatile solute or a pure solvent is separated from a
concentrated solution of the solute by a semipermeable membrane (see figure 25.1).

Since the membrane is permeabdle to solvent (water) only, it flows from dilute solution into
concentrated solution through the membrane due to osmosis. The inflow of solvent from dilute solution
into concentrated solution continues till the hydrostatic pressure developed on solution B as a result of
flow of wat-r {solvent) opposes further inward flow and equilibrium is astained. The hydrostatic pressure
that has developed at the equilibrium stage when a dilute solution is separated from a concentrated solution
by a semipermeable membrane is numerically equal to the osmotic pressure. It is therefore evident that
0sSmotic pressurc is responsible for the inflow of solvent (water) into the concentrated solution, while the
hydrostatic pressure developed on the solution side prevents this inward flow. As a result, when the
hydrostatic pressure is numerically cqual to the osmotic pressure, the inflow of solvent ceases. In view
of this the osmotic pressure is defined as the excess hydrostatic pressure which must be applied 10 a
concentrated solution to prevent the passage into it the solvent from the dilute solution when these two
solutions are separated by a semipermeable membrane.

25.6 MEASUREMENT OF OSMOTIC PRESSURE

Different methods were proposed for determining the osmotic pressure. These methods are
briefly outlined below.
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25.6.1 Pfeffer's method.

Pfeffer used a porcelain porous osmotic cell which contained in its pores the semipermeable
membrane deposited. The apparatus is shown in figure 25.2.

Fig. 25.2 Pfeffer's apparatus

The membrane cells are prepared from porous pots made of grained unglazed porcelain. The cells
are cleaned with distilled water and air is completely removed from the pores by evacuation, keeping the
pot immersed in water. The cells are later filled with three percent copper sulphate solution and placed
for several hours in another vessel containing the same solution. The cell is finally taken out from this
vessel, quickly rinsed with distilled water, dried, first with filier paper and finally by allowing it to stand
in the air. The dried cell is then filled with 3 percent potassium ferrocyapide solution and placed in the
vessel containing copper sulphate solution. In this process the two salts diffused from opposite directions

_into the pores and reacted to precipitate copper ferrocyanide in the form of a membrane. The cell is kept

in the copper sulphate solution for two days and finally is closed to enable excess pressurc Lo develop in
the interior. This is made possible due to the difference in gsmotic pressurc of the solutions. This treatment
increases the strength of the membrane. The membrane is further strengthened by filling the cell with
potassium nitrate and closing it for a day or two. Now the cell is ready for experimental solution and a
manometer is attached to it as shown in figure 25.2. The cell is finally closed with a rubber stopper and
a glass tube passing through it is sealed off. This prevents the entry of air into the cell. The entire sctup
is placed in a bath of constant temperature and the osmotic pressure is read from the manometer,

25.6..2 Mores and Frazer method

This method is an improvement over Pfeffer's method. The improvement is in the method of
preparation of the membrane (copper ferrocyanide). In this method, the membrane is prepared
electrolytically unlike by diffusion method in Pfeffer's method. Asin Pfeffer's experiment, the celi is
prepared from a porous pot made from a finely grained uniform clay without adding any binder. The pot
is washed thoroughly with water and filled with dilute sotution of copper sulphate. This is then placed in
an outer vessel containing a solution of potassium ferrocyanide. A copper electrode is placed in the pot
containing copper sulphate solution, arid a platinum electrode is placed in the outer vessel containing
potassium ferrocyanide.

The electrodes are connected 10 a battery to drive the copper and ferrocyanide ions from inside and




outside respectively. into the pores of the pot. Copper ferrocyanide is thus precipitated electrolytically in
the pores. The contents of the ccll are later emptied, the cell is washed with water and allowed to stand
in distilled water for sever i days. The cell is later filled with dilute solution of copper sulphate, placed
in the outer vessel contain. ag ferrocyanide and the process of electrysis is repeated. The cell contents are
finally emptied, the cell is washed and kept in distilled water for several days. These processes of
electrolysis and washing are repeated number of times to produce a membrane capable of withstanding
high pressures. The cell prepared in this way is used in the determination of osmotic pressure by a
procedure similar to the described Pfeffer's experiment,

Fig.25.3 Frazer's apparatus
P - osmotic cell, Q - side tube, R - bronze cylinder, S - manometer.

25.6.3 Berkeley and Hartely method

The method employs a procedure some what different from that employed in the methods described
in (1) and (2). In the earlier methods, the pressure developed on the solution due to inflow of solvent is
measured through a manomeler attached to the osmotic cell. However in the method of Berkeley and
Hartely, a gradually increasing exiernal pressure is applied to the solution and its value at which the catry
of solvent into the solution is just prevented is determined. The osmotic cell is an open ended porous tube
(P). The membrane is deposited as near the outside as possible. The tube is soaked in copper sulphate
solution and dried superficially. The ends of the tube are plugged and the tube is rotated in a sclution of
potassium ferrocyanide. The memebranc of copper ferrocyanide formed by this treatment is further
strengthened by electrolytic treatment. The tube is filled with the pure solvent and plugged with liquid-
tight joints. The tube is then fixed in a metal vessel Q containing the solution being studied. A hydrostatic
pressureis applied to the solution through the tube R, The direction of movementof the sofvent is observed
with the help of the capillary 'S' attached to osmotic cell,

Fig. 254 Berkeley and Hartely method.
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As a result of osmosis, solvent moves from P into (¢. Hence, the liquid level 1n S recedes. The
pressure applied through R is gradually increased till the movement of the solvent in § is reversed. The
pressure at which the movement is reversed is taken as the osmotic pressure of the solution.

25.6.4 Plasmolytic and Haemolytic methods

H. de Vries (1884) a botanist described an approximate method for comparing 0Smotic pressures
of different solutions. The method is known as plasmelytic method. A plant cell has iwo membranes
called plasma membrane and a vacuolar membrane. Both these membranes are selectively permeable.
These will allow the frec passage of water molecules but not solutes of high molecular weight. The ceil
wall made up of cellulose is however permeablé to both water and solutes. In ahealthy cell the waler enters
the celt through the cell wall and the plasma membrane and sets up pressure in the interior of the cell. As
aresult of this pressure the cytoplasm in the cell is forced against the cell wall. This is known as turgor.
Such a cell is called turgid cell (Figure 25.5).

Fig, 25.5  Turgid plant cell
l.celtwall 2. cytoplasm 3. plasmamembrane 4. vacuolar memrbane

A turgid cell when placed in a solution of osmotic pressure higher than that of the cell
sap (cytoplasm) allows water from the interior of the cell to pass outward. This resulis in the
loss of turgid condition, The cytoplasm will then shrink and detaches itself froen the wall.  This is
called plasmolysis.

Fig. 256 Plasmolysed piant ¢ell
1. cell wall 2. cytoplasm 3. plasma memrane

It is therefore possible to carry out the plasmolysis experiment with solutions whose osmotic




pressures are higher than that of the cell sap. A series of solutions of 2 given substance at different
coricentrations is therefere prepared and the plant cell is immersed in each of them. Plasmolysis is
observed with each of il ; solutions if the osmotic pressure of the solution is greater than the osmotic
pressure of the cell sap. The solution which just fails to bring out plasmolysis is said to have the same
osmotic tension as the cell sap. The solution is said to be isotonic (Greek : same tension) with the cell
sap. If the cell membranes are completely semipermeable, these isotonic solutions would have the same
osmotic pressure. In such an event isotonic solations are also called isoosmotic solutions.

A similar biclogical method was proposed later by H.J. Hamburger (1886) for the comparison
of osmotic pressures. This method involves the use of red blood corpuscles instead of plantcells. These
also have semipermaeable membrane but not possess a supporting cell wall. Hence these are relatively
fragile and easily reputured. If a small quantity of blood is added to a solution, osmosis occurs. Water
passes through the outer membrane into the corpuascles, This makes the cells distended and eventually
burst. Asaresult of this barsting, the red colouring matter (hamoglobin) escapes from the interior of the
cells and gives a red colour to the solution in which the blobd is suspended. The cells in such cases arc
said 0 be hemolysed or said to have undergone hemolysis. On the other hand, if blood is suspended in
a solution of high coneentration, water flows outwards from the interior of the corpuscles. These
corpuscles therefore will shrink andbecome crenated. The crenated particles collect at the bottom leaving
a colourless supernatant liquid. The red corpuscles method thus helps to compare the osmotic pressures
of different solutions.

Check your progress - 2

How do you explain isofonic solutions?

25.7 OSMOTIC PRESSURE AND VAPOUR PRESSURE

Let a solvent and a solution be separated at constant temperature by a semipermeable membrane.
Let the pressures exerted on the two liguids the solvent and solution to maintain the equilibrium be P,
and P respectively. The osmotic pressure (m) of the solution is given by (P-P,), since osmotic
pressure is defined as the excess pressure rcqmred o be applied on the solution to just prevent the
inflow of solvent into it.

Let the partial vapour pressures p° of pure solvent and solution be p° and p respectively. Since the
liquids and vapours are in equilibrium with each other, the following relation can be written for vapour
pressure (p° and p) and the pressures (p° and p) on the solvent and solution.

RTILp%P =  V (P-F) I ¢}
Where V lS the partial molar voiume of the solvent in the solution.
But by definition (P-P°) isegual tothe o_smoﬁc pressure (). Theréfore equation {1}canbe written
RTIn.p% = Vo : : e @

The above equation holds good only if the solvent vapour behaves ideally.

25.8 OSMOTIC PRESSURE AND CONCENTRATION

The relationship between vapour pressures of solvent in solution and of pure solvent in equilibrium
with it, and the osmotic pressure is shown in 25.5,

Rla.p% = =V | | . (3 221




Where p° and p are vapour pressures of pure solveat and solvent in solution respectively, T is
osmotic pressure of the solution and  V is the molar volume of the solvent in the solution. If Racult's law
is applicable to the system under consideration, equation (3) can be written as

n V= RTh.pY% = RTInx, e B
Where x, = mole fraction of solvent,
Equation (4) is written in terms of mole fraction of solute (1-3,} as

TV = RT In (1-x) | e (5)
If the solution is diluie x,, is small, hence In (1-x,) can be put equal 10 -x,, equation (5) reduces to

n V= RTx eer (6)

At the sam_e-limé X, can be expressed as n/n,, where n, and n, are moles of solvent and solute
respectively, Equation (6) reduces to

VvV = RT.n/n, . v (D)

n Vn, = nRT (8)
_ For every dilute solutionn, ¥ can be replaced by V, the volume of solvent associated with n, moles
1 of solute in the selution or the volume of the solution. Equation (8) is therefore rewritten as

nV =  n,RT : )

4 = n,/V.RT

"

[

C.RT v (10

Where C is the concentration of solution in moles per litre.

Prbhlem

Calculate the osmotic pressure at 27°C of 100 ml solution containing 1.8 gms of glucose
dissolved in it.

The concentration of glucose solution in moles per litre is calculated as follows:

100 ml solution contained 1.8 gm of glucose
1.8 X 1000 _
1000 ml solution contained =~ -————n--- = 18
' 100
i Molecular weight of glucose is 180
Concentration of glucose 18 A |

01m

Solution (moles/litre) N 180 - 10

252 Osmotic pressure is calculated from the equation, 1 = CRT




n = 0.1X0.0831X (273 +27)
s = 0.1 X0.0831 X 300
i = 2.493 atmospheres

25.9. DILUTE SOLUTIONS AND GAS LAWS

Pfeffer's measuremenis of osmotic pressurc of sucrose sclutions revealed very interesting results
mrespect of the relation between osmotic pressure and concentration of solution or the temperature of the
soluticn. The results relating 1o the effect of concentration on the osmotic pressure of sucrose solution are
presented in table 25.9.1.

Table 25.9.1 : Osmotic pressure of sucrose solution.,

‘Concentration (C) Osmotic Pressure (1) 7/C
(Grams / 100 gm. water) {mm of Hg)

1 535 535

2 1016 508

4 2082 521

6 3075 513

P . * .
It is observed from the results presented in the last column, that 7/C is almost constant.

The results obtained in the experiemtns conducted on the effect of temperature On osmolLic pressure
of one percent sucrose solution are presented in table 25.9.2.

Table 25.9.2 Influence of temperature on osmotic pressure

Temperature (T) Osmotic Pressure (r) /T
K (mm of Hg)

280.¢ 505 1.80

2869 525 1.83

2052 548 1.85

300.2 567 1.83

The results inthe last column in lable 25.9.2 show that ©/T is constant.
These results thus indicate that
n o C
o T

or naC'f
T = XCT

Where K is a constant. From the experimental results, constant X is found equal in magnitude to R, the
gas constant.

The attcution of J.H.van't Hoff who was studying the problem of equilibrium in gases was drawn
to the resutls of Pfeffer's expriments. From these results vant' Hoff concluded that the laws of osmotic 203
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pressure were similar to Boyle's and Charles’ laws. This implies that the osmotic pressure of a dilute
solution is similar to.gas pressure and can be treated equal to the pressure which would be exerted by the
same number of molecules of solute, if they existed as a gas occupying a volume equal to that of the
solution. The similarity between the behaviour of gases and dilute sotations led van't Hotf to suggest that
gas pressure and osmotic pressure have the same fundamental origin.

The impacts of gaseous molecules on the walis of the container are responsible for the gas pressure. -
In a similar way the impacts of molecules of dissolved substance on the scmlpcnncable membrane may
be responsible for the osmotm pressure,

25.10 DETERMINATION OF MOLECULAR

WEIGHT OF DISSOLVED SUBSTANCE

Mcasurement of osmotic pressure of a dilite solution makes possible the deterr.aation of
molecular weight of the dissolved substance, since van't Hoff's equation holds good for diluie solulions,
The concentration (C) of a solution can be expreqsed in terms of the weight of soluic and its molecular
v ight as follows. Let the molecular weight of sohite be M, and the weight of solute ina volume of V litres
of solution be W,,. the concentration 'C' is thus gwen by W/sz Hence Van't Hoff’s equation t = CRT
can be rearranged and written as

W2
= —————— RT [ (11)
MV
W, ]
Hencc MZ = —ee—awllan RT e (12)
Vv

Equation (12} indicates that M, can be calculaied from the weight of solute {W,) preScnt in the dissolved
statc in a solution of volume (V) and osmotic pressure of the solution ().

25, 10.1 Problem

Calculate the melecular weight of glucese, if the osmouc pressure at 270C of 1(K) miof its soiution
containing 0.9 grams of glucose is 1.245 atmospheres. '

Molecular weight is calculated by substituting the value of weight of glucose, \-(}]Ul"lL of solution
in litres, gas constant R in litre atnospheres and ternperature in the absolute scale in the ¢quation,

M. = [ comrmcccccccm—————- 3 = 180 gms.
2 ( 1.245 x 0.1 ) &

25.11. ISOTONIC SOLUTIONS

Two soluiions exhibiting the same osmotic pressure are called iso osmotic solutions. If the two
solutions have the same solute dissolved in the same selvent, they maintain the sime osmostic pressure
or tension as well as the numerical values of the osmotic pressure will be the same. However a solution
which just fails to bring about the plasmolysis is said to have the smae tension as the cell sap. Similarly
another solution which also just fails to bring about plasmolysis is said to possess the same tension as the
cell sap. Therefore the two solutions are referred 1o as isotonic solutions. But their absolulc osmotic
pressures may not be the same, since cell membrane may not be equally impermeable 1o the solutes of the
two solutions. For example bloixd is known to be isotonic with saline {solution of sodiumchieride}. But




the absolute osmotic pressure of blood may not be equal to the absoluic osmotic pressure of saline, The
isotonc nature of blood and saline is however attributed to the fact that either of them just fails to bring
out haemolysis with red corpuscle.

25.12. SUMMARY

In this unit we have stadied about

i)  Osmosis is the spontancous flow of water from a dilute solution to a more concentrated solution
when the two are separated by a semipermeable membrane.
ii)  Nature of a semipermeable membrane and its function
it) Osmotic pressure is the excess i}ydroslatic pressure which must be applicd on a concentrated
solution to present osmosis.
iv)  Experimental methods for the measurement of osmotic pressure and their comparitive merits.
v)  The laws of osmotic pressure and osmatic cquation.
vi)  Relation between osmotic pressure and vapour pressure
vii)  Vant Holf's theory of dilute solutions
viii) Measurement of OSMOtic pressure as a means 1o ﬁnd the molecular weight of solute.
ix}  Isotonic solutions.

W

25.13 MODEL EXAMINATION QUESTIONS

I Answer the following in 10 lines each.

1.

Mok

1 |

u)!\)

4.

Explain with a neat sketch the phenpmenon of osmosis.

Give the practical definition of the term osmotic pressure with the help of a schematic diagram,
Derive the relation between osmotic pressure and the vapour pressurc of a solution.

How is the osmotic cell prepared in Morse and Frazer method?

Caleulate the osmotic pressure of a solution containing 0.6 gms. of urea dissolved in 100 ml., of
the solution.

Explain the lerms haemolysis and plasmolysis.

Answer the following in 30 lines each.

Explain the terms osmosis, osmotic pressure and derive the relation between 0Smodic pressure and
the concentration of the solution.

Describe in detail one method for the determination of osmotic presure of a solution.

How is measurement of osmotic pressure useful in the determination of molecular weight ofa
dissolved substance?

"The osmotic pressurc of adilute solution is similar to the gas pressure”. Substantiate the statement.

7514 MODEL ANSWERS TO CHECK YOUR PROGRESS i

A membrane is said to be semipermeable if it allows to pass through it only the solvent molecules,
when it separatcs a solution from a solvent or two solutions of different conceniration.
eg :- Animal membrane or copper ferrocyanide laycr.

Solutions whose osmotic pressures are equal arc called isotonic solutions. Therefore they are also
called isoosmotic solutions. Their concentrations may be same or different,

Author : Prof. S, BRAHMAJI RAO 25
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UNIT - 26 : ABNORMAL BEHAVIOUR OF SOLUTIONS
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26.6  Vant Hoff's equation
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26.8  Numerical problems

269 Summary

26.10 Model examination questions
26.11 Modcl answers 10 check your DIOgress

26.1 AIMS AND OBJECTIVES

o T
Tius umit is mainly 10 explain you e reasons Yor the abnormal behaviour of cortain solutions in

respect of colligutive propertties.

Ai the end ofbisunit you should be ahie © enderstand tha
A solution is said tobe an ideai solution, if itobeys Raoult's Law in the ontire range of concelrations.
Solutions which show deviations in behaviour from Raoult's Law are said to be non-ideal solutions.

The behaviour in respect of colligative properties shown by non-tdeal solutions is catied abnormal
behaviour.

The abaormal behaviour is attributed to the association or dissociation of solute molecules, the
compound formation between the solute molecule and the solvent molecule and intermolecular
forces between different molecules in the solution.

To correct the caleulated osmotic pressure of sohutions showing abnormal behaviour, van't Hoft
introduced an orbitrary factor 'i' and revised the equation to 1t = i. CRT

The van't Hoffs factor 'i' is related to the experimemally determined colligative property and the
theoretically calculated property by the equalion
Experimental Value

Theorctical Value




. Factor "' can also be expressed in terms of molecular weight of solute as

Theor :tical molecular weight

i=
Expcrimental molecular weight

. Since the abnormality is due to association or dissociation of the solute ‘i’ can be writien in terms
of o, the degree of dissociation or gssociation,
1
l-a(l- —3
. 1+ (n-1) . n . -
i = T for disseciationand i= ; tor association

26.2 INTRODUCTION

In the preceeding three units we have scen how colligative properties help us to determic the
molecular weights of non-volatile solutes. All the while a tacit assumption is made that the solute exists
as normal specics in solution, However this may not be true always. The dissolved solute may dissociate
into ions as in the case of sodium chloride forming Na* and C1-ion. May be the solute molecules associate
to form dimer to trimer. The experimental data for these abnormal behavour of solutes may be used 10
estimate the extent of dissociation or association.

26.3 IDEAL SOLUTIONS

The resulis described in Units 23 to 25 indicate that colligative properties of solutions namely
lowering of vapour pressure, depression of freezing point, elevation of boiling point ard osmotic
pressure, can be conveniently used to determine molecular weight of the dissolved subsiance. But the
experimental results in this respect revealed that unsatisfactory results were obtained in specific instances.
such unsatisfactory behaviour is termed as abnormal behaviour. Solutions which exhibit such unsatis-
factory results are generally called non-ideal solutions or abnormal solutions, 1t was made clear in unit
23, that solutions which obey Raoult's law are called ideal solutions.

The solutions which mainly satisfy the following conditions are known to exhibit idcal behaviour.

1. The solution must be dilute.,
2. The solute shall be non-volatile,

There shall not be interactions between one molecule of solute and the another molecule of
the solute (i.¢. absence of intermolecular attraction between solute molecules) and similarly
there shall be no interaction between the molecules of the solvent (absence of intermolecu-
lar auraction between solvent molecules).

4, There shall be no interaction between molecules of solute and the molecules of solvent.
In general it can be stated that such solutions which obey Raoult's law or the other equations

obtained from it and the equations that relate the colligative properties and the molar composition of the
solution are called ideal solutions.

Butitis customary to define an ideal solution in terms ofRaouIt s law rather than in terms of other
equations of colligative properties.
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Check Your Progress - 1

What do you mean by abnormal behavour of solutions?

26.4 NON-IDEAL SOLUTIONS

It was observed, as mentioned in the earlier section, that the molecular weights of solutes
determined by methods based on the measurement of lowering of vapour pressure or other colligative
properties differcd greatly from the valyes expected from the molecular formulae of the solutes. This
suggests that there is an uncertamty about the nature of solute molecules to which the experimental results
tefer.

For cxample, the results obtained by Racult and Re-coura for the lowering of vapour pressure of
solutes in acetic acid solution near the boiling point were found o be very abnormal. In a similar way,
the molecular weights of electrolytic solutes determined by osmotic pressurc method were different from
those expected from the formula weighis of the soluies.

For cxample, it is expected that the osmotic pressurc of 0.1 m glucose soluticn should be equal to
the osmotic pressure of 0.1 m sucrose solution or 0.1 m sodium chloride solutin. The reason for the above
expcctation is that the osmotic pressure, being a colligative propeity shall depend only on the number of
melecules (or particles) of solute rather than on the nature of the solute. The number of solute particles
i a0.1 msolution of glucose, or sucrose orsodium chloride is expected to be the same, since the molarity
is the same. But the experimental values of 6smotic pressure indicate that the measured osmotic pressure
of 0.1 glucose solution and 0.1 m sucrose solution as cxpected, are same, but the osmotic pressure of (1.1
m sodium chloride is approximately twice that of 0.1 m glucose solution or 0.1 m sucrose solution. In -
a similar way, it was realised that the elevation observed in the boiling of benezene when benzene is
dissolved in it approximately half the value expected {rom the colligative cquations.

These experimental observations clearly suggest that in real sitnations the solutions exhibit
measurable deviations from the ideal behaviour.

26.5 REASONS FOR NON-IDEAL BEHAVIOUR

Two main reasons were attributéd for the. departure from ideal behaviour these are

1. The two constituents (solute and solvent) of the solution do not behave ideally at the given
concentration, They are incapable of forming an idcal system. The molecules of one COomponent,
effect the intermolecular forces of the other, This eventually brings a change in'the escaping
tendency of a molecule. The escaping tendency of a molecule may be taken roughly as a measure
of its vapour pressure. Thus the solution shows deviations from Raoult's law.

2, The molecylar species of the solute present in the solution may be different from the one expected
on the basis of the molecular formula. The solute molecule in the solution condition may undergo
dissociation or association. There can also be compound formation between the solute molecule.

- and the solvent melecule,




26.6 VAN'T HOFF'S EQUATION

It was obscrved that the osmotic pressure of salt solutions detcrmined experimentally is much
greater than what is calculated from the equation & = CRT.

To make corrcetion for such a deviation and to make the experimental valuc agree with calculated
value, the osomotic pressure equation is modified as w= i CRT. The letter 'i' is generally refcrred as van't
Hoff's factor. The factor '1' is the ratio between the observed {experimental} ‘osmotic pressure and
calenlated osmotic pressurc.,

T observed

7 calculated

Osmotic pressure observed

Osmotic pressure calculated

Osmotic pressurc and the other properties namely relative lowering of vapour pressure, elevation
of boiling point and depresson of freezing point, being colligative properties depend on the number of
solute particles instead on the chemical nature of the solute. As such van't Hoff's factor 'i' can be expressed
as
Colligative property observed {cxpermental)

Molecular weight observed (theoretical)

The above equation can be conveniently written in terms of molecularc weights of solute instead
of the colligative property of the solution.

Molecunlar weight anticipated (theoretical)

Molecular weight observed {experimental)

Check Your Progress - 2

Why do the solutions of electrolytes show higher colligative propertics?

26.7 VALUE OF '#'

The value of ‘i’ depends as mentioned earlier on the ratio of number of solute particles actually
present in the soluton to the number of particles anticipated from the molecular formula, The number of
-particles actually present may be greater or lesser than the number anticipated from the formula, since the
solute may undergo dissociation or association. For example electrolytes such as NaCl, KNO,, MgS0,,
CaCl, and K SO, undergo ionization in (see unit - 30) aqueous solutions to give the corresponding cations
and anions. In dilate sclutions if the electrolytes are assumed to be completely ionized NaCl, KN Q,, and
MgS0, are expected to yield two ions (particles) each,

NaCl gives . I Na* 141 (total 2 ions)
KNO, gives 1K* 1 NO, (total 2 ions)
MgSO, gives 1 Mg+ 150, (total 2 ions)
While K,SO, and CaCl, give three ions each.

KSO, gives 2K 150, (total 3 ions)
CaCl, gives Ca** 2Cr (total 3 ions)
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'I" value for thesc two categories is therefore 2 anc. 3 respectively,

No. of particles actually present

ie, i= :
No. of particles theoretically anticipated
(if no ionization)
. 2
i = 1 for NaCl, KNO,, MgSO,
i 3
i = e for CaCl,, K,SO,

: n
For an electrolyte giving after complete ionization 'n' particles, 1’ value is equal o T or n.

In case of solutions of higher concentration where the ionizaion is not complete and the value of
degree of ionization "o {see unit - 30) is very much les than one, the situation is quite different. Let us
consider a binary electrolyte such as NaCl. Let the degrce of ionization be o', then we have

The number of particles at equilibrium in such a situation is given as
NaCl ¢« Na' + Cr

l1-a | o o

The twotal number of partticlesis 1 -+ ¢+ o =1+ .

1l +o

1= e

1

In general for an electrolyte which gives 'n’ particles on complete ionization and whose degree of
ionization is ‘et', the number of particles at equilibrium is given as

undissociated electrolyte {cation + anion)
(1- 0w oo

The total number of particles is therefore equalto 1 - a+ not = (1 +(n-1)0)
i = (1 +(@m-Dea
Inasimilar way 'i' value can be evaluated for solutions where the solute exhibits association instead
of dissociation. In such situations the total number of particles will be less than what is anticipated from

the formala of the solute if there is no association.

‘For example if a molecule A undergoes association completely into a dimef, A,, the number of
molecules will be half instead of one.

A e 1R A,
Hence '’ value will be 12/1 i.e., half (122)

The magnitude of the measured osmotic pressure or any other colligative property will be half the
value expected from the corresponding theoretical equations.




As in the case of dissociation, the phenomencn of association may not be complete at a given
concentration and for a given solute. In such a situation the extent of asseciation is represented by ‘o the
degree of association. In such instances of partial dimerization 'I' can be calculated as shown below

in complete
A ey 12 A

association 2

At equilibrium the number of simple molecules is {1-t)
And the number of dimers is (0/2) .

Total number of molecules

= l-aa  + of2
= 1-a/2
1-a/2 ]
i = w = 1-at/2

In similar way, for a solute A exhibiting the phenomenon of association (partially), yielding a
polymer (A ), the eguilibrium can be wrilten as

nA ' A
Or A = A
n

If the degree of association is ‘o’ the number of particles present at equilibrium is given by,

Number of unassociated molecules = 1-c
Number of associated molecules = c/n
Totat number of molecules = I-oo + a/n

\ 1-o (1-1/m)
i 1-ox (1-1/n)
1 = | s—tsuemsssma=-

1

i = 1-ct (1-1/n)

It was alrcady mentioned that "i" factor is relaied 10 the experimentally determined value of
colligative property and theoretically calculated vatue of the property by the equation,

Experimental value
Theoretical value

Similarly 'i’ factor is related to experimentally determined value of the moleculuar weight of the
solute to the theoretically anticipated value from the molecular formula by the equation,

Theoretical molecular weight

Experimetnal molecular weight

These equations in tum are relaed 1o equations derived for 'i' in terms of a the degree of
dissociation or the degree of association.
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UNIT - 27 : REVERSIBLE REACTIONS
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27.1 AIMS AND OBJECTIVES

This unit aims to illustrate reversible nature of chemical reactions and express mathem atically the

relation between the concentrations of resultants and reactants when the reaction attaining cquilibrium

state.

By the end of this unit you will be able to understand that:

The reactions capable of taking place 10 measurable extent in the forward as well as backward
directions are called reversible reactions,

A reversibie reaction is said to have attained equitibrium state if the composition of the syslcm
remains constant with time at any given tempcralure

The rate of change in concentrations of the reactmg substances in a chemical reaction is known as
rate of a reaction,

The rate of a reaction is proportional to the product of the concentrations {active masses) of the
reacting substances. This generalization is known as law of mass action.

A reversible reaction is said to have anained equilibrium if the rate of forward reaction is equal to
the rate of backward (reverse) reaction,

The ratio of the rate constants of the forward (k) and reverse reactions (k,) 1s called equilibrium
constant (K).

The liguilibrium constant can be written as the ratio of the product of concentrations of resultants,
to the product of concentrations of the reactants at equilibrium.

The equilibrinm constant of a reaction is designated as K, or K depending on whether the
concentrations are expressed as partial pressures (for gaseous reacnom) or as molaritics for
regctions in sclution), .
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27. 2 INTRODUCTION

Nitrogen combines with hydrogen and gives ammonia,
N, + 3H, —  2ZNH, e (1)

It is observed that if this reaction is carried out in a closed vesscl, ammonia f ormed de:.ornposee
back into nitrogen and hydrogen to a measurable extent.

2NH, > N, + 3H, s (D)

The above observation suggests that the reaction between nitrogen and hydrogen under suitable
conditions takes palce in either direction. Such a reaction capable of taking place in the forward as well
as in the backward directions is referred to as reversible reaction and is represented as -

3H, + N, = 2NH S

In equation (3), the two arrows pointing out in the opposite directions indicase the reversmlc nature
of the reaction. Reversible reactions can as wcll occur in selution conditions.

: For éxample, the reaction between an alcohol and an organic acid 1o form an ester is an cxample
for reversible reaction in solution

C,HOH + CH, COOH & CH,COOCH, + HO e ()
alcohol acid ester water

Consider, for example the reaction betwecn sodium carbonate and calcium chioride to give rise (o
a precipitate of calcium carbonate and a solution of sodium chloride,

Na,CO, + CaCl, — CaCO, 4+ 2NaCl .. (3)

The reverse reaction namely the reaction between sodium chloride and calcium carbonate 10 give
back sodium carbonate and calcium chloride _ ~

2NaCl + CaCO, — Na,CO, + CaCl : e {6)

does not take place to any detectable extent under normal conditions. such reactions which take place in
one direction {forward-direction) only are called non-reversible reactions.

It was however observed that reacion (6) takes place to mcausrable extent if the concentration of

~ at least one of. the reacting substance (NaCl or CaCQ,) is taken in very high concentrations.

R

Cheque your POgl‘ESS 2

\\
What do you'mean by a reversible reaction?

.,

274 LAW QF MASS ACTION

Gnldberg and Waage postulated that for ahomogenous system (homogenous system is one where
the reactants and resultants are in the same physical siate) the driving force of a chemical reaction is




proportional to the active masses of the reacting substances. Ifitis assumed that the driving force is
equal to the rate of reaction and that the active mass is equivalent {o the concentration, the earlier mentioned
fact can be re-stated as law. The law is known as the law of mass action whlch can be stated in the
following form.

"The rate of a chemical reaction is proportional to the product of the active masses of the
reacting substances”,

Letus consider a reversible reaction in which the reactants A and B and the resultants C and D are
at equilibrium concentrations. The reaction is represented as,

A+RB = C+D we (7}

Then according to law of mass action, the rate of the forward reaciton (v, is proportional to the
product of molar concentrations of A and B If the proportionality constant is taken as k,, then the rate of
the forward reaction (v,) is given by equation (8). '.

v, = k.CaCs oo (8)

Where Ca and Cs arc the equilibrium molar concentrations of A and B respectively. similarly the
rafe of the backward reaction (v,) is proportional to Cc and Cp where Cc and Cp are the equilibrinm molar
concentradons of C and D. If the proportionality constant of the backward reacton is k,, the rate of the
backward rzaction (v,) is given by equation (9).

vV, = k.CcCo L o)
-Since the two rates are equal at cquilibrium, it follows
k. Ca.Cs = k.CcCp L (10)

The concentration terms are usually represented by square brackets [ ]. The equation 11 can
therefore be wrilten in the form

k. and k, are called rate constants or specific zates and the constant K is catled the equifibrium
constant. The reciprocal of the above constant is of course, also a constanstant but the convention
universally adopted in expressing the equilibrium constant is to put the concentration terms of the
resuitants (the right hand side components of the chemical equation) in the numerator and the
concentration terms of the reactants (left handside components in the denominator). The equation (11),
derived on the basis of the law of mass action, gives the condition of equilibrium for a reversible chemical
reaction, Theequation gives the relationship between the concentrations of the reactants and the resultants
at equilibrium irrespective of the initial concenrations of A and B or C and D.

The reaction A + B & C + D considered above, involved a single mole of each of the reactants and
the resultants. A general reaction involving more number of moles of reactants and resultants can be
represented as

an + bB + veoee . 2IL4+mM + . wee (12)
The equilibrium constant K for such a reaction is given by equation (13)

1. m
K _ Ly x MPP x .... 3
(AP x [BI® x ...
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In equation 13, the concentratien of each species is raised o the power by a number which
represents the number of moles of that substances taking part in the reaction at equilibrium.

27.5 FORMS OF EQUILIBRIUM CONSTANT - GASEOUS REACTIONS

If the reactants A, B - - - and the resultants L, M - - - of the general reaction mentioned earliez arc
gases showing ideal behaviour or approximately close behaviour to ideal gases, the equilibrium constant
"K' can be expressed in terms of the partial pressurcs, or in terms of the molar concentrations of the reactants
and resultants. The two alternate forms K and K are given by equations 14 and 15 respectively.

1 m
P X Py X

K = C _ e (19
P Pa X Py X .

K _ c!x C™ x C _ (15)
£ - C'x CBb X

Where p and C terms represent the equilibrium partial pressures and equilibriom molar
concentrations respectively.

It must be remembered that the equation 14 is valid for gases which show ideal behaviour. At
moderate pressures and relatively high' temperatures, the gases generally show deviations from ideal
behaviour.

27.6 RELATIONSHIP BETWEEN K, AND K,

A simple relationship between K, and K_in the case of gases exhibiting ideal behaviour can be
derived as shown below. : : :

The partial pressure Iii, of any gas in a mixture of ideal gases occupying a total volume V litres at
the temperature T is related to the number of moles n,, of the given gas by the equation 16 or 17.

]

pv n RT e (16)

O p (n/V)RT we (1)

Where R is the gas constant and V is the total volume in litres. The quantity nfV is equal 1o the
number of moles in unit volume in litres and this is the same as the molar concentration C,. Equation 17
can therefore be written as,

D, C,RT e (18)

WhereC, = n/V

If the equilibriam partial pressures in equation 14 are replaced by the corresponding CRT terms,
it is seen that

K = (CLRT} . (C,RT™ --- . _ e (19)
v (C,RT) . (C,RT) ---
C . GO - RT)™

S % gTTErT TR . (20)




X = LM .'(RT)G”"*'"] - {ath+ .. ) (21)
v Ca G
K, = KGRI (22

Where Anis [ (I+m+...) - (a+b+...)]

If the 1eaction is one in which the number of molecules of the reactants is equal to the number of
molecules of the resultants, An is equal to zero. For such a reaction K, and K, are equal. Forexample,
for the reaction,

H, + L = 2HI

Where An =0, KP =K_.RT?

Kp = K, e (23)

However for the reaction between nitrogen and hydrogen giving ammonia,

N, + 3H, == O2NH,

An is not equal to zero.

Therefore, Kp = K.RT @4
X, = K. . RT2

Or K = K .RT? ' . (2%
[ p )

The equilibrium constant K and K for the reaction

NO, = 2NO,
Are similarly related by equation (25)

K, = K, .RT®» = © K_RT e (25)

27.7 SUMMARY

In this unit we have studied -

i) Reversible reactions are those which can take place to a measurable extent in both forward and
backward direction. .

i)  Areversible reaction attains the state of equilibrium afier a certain time interval and thereafier the
composition of the system remains analiered, '

iii}  The dynamic nature of the equilibrium state and its significance.
iv)  Application of law of mass action to a system at its equilibrium state

v}  Equilibrium constant and its evaluation in various forms K and K.

vi)  Relation between K and K. 241
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2 HI
PH,.Pl,

. K_and K_are notequal for the reaction PCl; <=>PCl, + Cl,and K, = o2p/(1- o?), whcre ais degrec
of dissociation of PCL,.

. The formation of ester from acid and alcohol illustrates the homogeneous reaction in liquid phase.

] The reactions CaCO, == Ca0 + CO, and NH,HS == NH, +H,S exemplify the heterogeneous
reactions.

28.2 INTRODUCTION

Law of mass action can be applied to chemical reactions at equilibrium and obtain useful
information about the extent to which the reaction takes place under given experimental conditions and
10 study the influence of parameters such as pressure or concentration of the reactants or reseltants and the
temperature on the course of the reaction. Similar information could be obtained qualitatively by the
application of a principle of mobile equilibrium called Lechatelier Principle. These qualitative and
aspects of reversible reactions under different experimental conditions are discussed in this unit.

28.3 APPLICATIONS OF LAW OF MASS ACTION

Homogeneous gaseous revers;ble reactions can be considered under the two main headings, first
the reactions in which the number of molecules of reactants is the same as the number of molecules of the
resultants and second, the reactions in which these numbers are not equal.

The formation of hydrogen iodide from the elemfents hydrogen and iodine belongs 1o the first
category of homogencous reactions. The typical examples for the second categery are the dissociation of
phosphorus penta chloride into phosphorus trichloride and chlorine and the combination of nitrogen and '
hydrogen o give ammonia.

28.3.1 Formation of Hydrogen iodide from hydrogen and iodine

Let us first consider the combination of hydrogen and iodine to give hyerogen iodide.
H, + 1, = 2HI v (1)

Since the number (two) of molecules of reactants is equal to the number (two) of molecules of
fesultants, K and K will be identical. The equilibrium constant can be expressed in terms of partial
pressure or molar concentrations of the reactants and resultants.

Let us consider that a mixture of 'a' moles of hydrogen and 'b’ moles of iodine are taken in a closed
vessel of volume V' litres and kept at 450°C until equilibrium is attained. Let it be assumed that 'x’ moles
of hydrogen and 'x’ moles of iodine had combined at equilibrium to form 2x’ moles of hydrogen iodide.
The number of moles of unreacted hydrogen and iodine at equilibrium will be equat to (a-x) and (b-x)
respectively. There will however not be any change in the total number of moles and it will be equal to
a+b, Number of moles at equilibrium

H7{=-x) * 12(b-x)_ = 2HI{74) e (2

The partial pressures of the reactants hydrogen and iodine, and the resultant hydrogeniodide can
therefore be gxpressed as




P = Fmneaia P .3
H, (a+h) X )
L = 20, p o . (@
(@a+b)
2x
"PHI = e x P e (5)
(a+b)
Where PH,, PI,, PHI are partial pressures of H,, I, and HI and P pressure respectively,
Applying Jlaw of mass action to the equilibrii.lm, we have
. PHI)? '
K = il e ©®
PH, x PL, _
[2x/(a+b) x P]?
Or Kp = N
(a-x} p {b- X)
(atb) (a+b)
K 4x? ®
P @@-x) (b-x) 7

Since the total pressure does not appear in the final equation (8) itis evident that the equilibrium
constant is dependant of total pressure. The above equation is useful to calculate the amount of hydrogcn
iodide formed at any given temperature K and the initial concentrations are known.

If nH,, and nHI represent the number of moles of hydrogen, 10dmc and hydrogen iodide
respectively present at equilibrium and V (litres) is the volume of the systcm the respective molar
concentrations are writien as

Ca, = nH/V
C, = AV
Cu = n,/v
Substituting these values in equation (9) for equilibrium constant K, we have
2 .
K = L S _ : e ()
CuoxC,
n, HI
A\ A
K = N §11)]
nH, x al >
v v
n? HI
K = e wee (1D
nH, x nl, _

It is seen from equation 11, that V does not find a place in the final equation for the equilibrium
constant. The equilibrium constant KP (equation 6) can be written in terms of number of molecules or
moles as shown below:
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The partial pressure of hydrogen PH,

= nH/N x P
The partial pressure of iodine P, = /N x P
The partial pressure of hydrogeniodide P, = NHIN x P

Where N = total number of moles of the resultants and reactants and P is the total pressure at
equilibrium, '

nHI x P,
e
Therefore, K, = -»EZ-EF---- e o (12)
_ Pu, » P, nH, nl,
----- xP - x P
N N
n*HI . (13)
- nH, x nI;

From equations 11 and 13,itis cvident that K, and Kp are equal. Similar conclusion is drawn from
the equation K = K. RTAn.
Since An = 0 for the rcaction,

28.3.2 Discussion of Phosphorus Penta Chloride

This reaction illustrates an equilibrium process-in which there is a change in the number of
molecules from reactants 10 resultanis. The reaction is written as
PCl; == PCL + CL e (14)

The equilibrium constant K, in terms of partial pressures is expresscd as

K . -~ PPCLx pCl e (15)

thrc'pPCll, pCl, and pPCl, are partial pressures of phosphorus trichloride, chlorine and
phosphorus penta chloride respectively. '

Let us assume that when one mole of PC, is kept at dissociation temperature, a fraction '« of it
dissociates at equilibrium state, giving "o’ moles of PCL, and ‘o’ moles of Cl,.

Lo+ . (16)

Number of moles
at equilibrium (1 - ¢} ¢ o

The total number of moles = 1- oo+¢ +0 = 1+a. The partial pressurcs are therefore represented

as
pPCl; = l-o/l+a x P
pPCl, = wite x P
pCl, = ofl+a x P
- Where P is total pressure.




The equilibrium constant Kp can therefore be written as

K, &= pPCL x PCL - loflval x [o/l+ed x P, (17
PP, [ayilvel x P |
K, = oPAl-o? | . (18)

It is scen from equation (18) that the expression for K contains in it, the pressure term 'P'. This
suggests that the dissociation of PCI, is dependent on total pressuie.

28.4.4 Dissociation of nitrogen tetroxide

writen as
NO, = 2NQ, e (19)
at equilibrinm,

If the number of moles of N,O, and NO, are nN,O, and nNO, respectively and the total pressure
is P, the partizl presswre pN,O, and pNO, are wrilicn as

pNO, = DNO/N x P
PNO, = nNO/N x P

The equilibrium constant, I(p is, therefore expressed as

K = Lo 2 ... {20
P pN,O, _ 0)
N PP
K - NO/N x FI e (21)
P [WNO/N x P]
NO P
K = NON x o (22)
v nNO/N x N

Since equation (22) contains in it the pressure term P, it indicates that the djssociai.ion'ﬁ’qf N,O,
depends on the total pressure P, e

The equilibrium constant KP can be written in different form too, in terms of the degree of
dissociation of N O, at equilibrium as shown below:

Let'o’ be the fraction of one mole of N, O, dissociating at equilibrium, and ¢ be the NO, formed.

at equilibrium NO, - 2NO,
. (1-coy 2o

The total number of moles at equilibrium is given by 1-a+ 2ati.e., I+ot. The partial pressuers pN,O,
and pNO, are therefore written as:

PN.O,

(-a){1+o) X P

pNO, 20/(1+0x) X P

Nitrogen tetroxide (N, O,) on heating dissociates into nitrogen dioxide (NO,). The reaction can be
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Where P’ is total pressure. Therefore K is expressed as

Kp = EZ.N.,(_).Z
PN,O,
2 . .
_  [Rol+o x PP | 23
: [I-a/l4+cx x P} ' h
4a?
= . N X P ) C e (24)
(1+c) (1-00)
- da” « P (25)
= "'""Ei'.}iij""" x

28.3.4 Synthesis of ammonia

Ammonia is synthesised from its elements nitrogen and hydrogen. The reaction was first
investigated by Haber and later by Larson and Doldge. Butthe processis gencrally referred to as Haber's
synthesis of ammonia.

A mixture of one mole of nitrogen and three moles of hydrogen when subjected to optimum
temperature and pressure gives two moles of ammonia,

N, + 3H, = 2NH,

K, = -ofo2o | e (26)

Letthe reaction mixtureinitially contain one mole of nitrogen and three moles of hydrogen at a total
pressure of P, Letx molesof nitrogen combine with 3 x moles of hydrogen at equitibrium to give 2 x moles:
of ammonia. There will be (1-x}, 3(1-x) and 2x moles of mrrogen hydrogen and ammonia respectively

. at equilibrium.
at equilibrium E‘-x; 2(11{3) - §§H3
. : The total number of moles of the reactants and resultants at equilibrium therefore is equal to
(I-x}+3(01-x) +2x i 2., 4-2x.
! The partial pressures pN,, pH, and pNH, are therefore written as,
] pN, = (1-x)/4-2x) x P
| pH, =  (3-3)/@42x)x P
pNH, = (2x)/(4-2x) «x P
The equilibrium constant K is therefore written as
K, = PNH, )

248 pNz X p3H2




(2x/4-2x . p)?

= v (28)
(1-x/4-2x . P) x (3-3x/4-2x . Py
4x? (4-2x)* _
= e L v (29)
(1-x) (3-xp . P?
o 1exr . (2P 30)
T 27t P
If x is assumed small, in comparison to unity; equation 30 can be simplified and written as :
16x% . 22 64 x?
= meeceemeee = emeees we (31
X 27 P 27 p? GY
: Kp.27. P
Or x2 'R et e (32)
64

Equation (32) shows that ammonia formed (3x) at a given temperature is dis ectly proportional to
P2, The efficiency of the synthesis thus depends on total presure. o

284 HOMOGENEOUS EQUILIBRIA IN LIQUID SYSTEMS

. One of the most familiar instances of a reversible reaction in homogeneous liquid system is that

between ethyl alcohol and acetic acid to give ethylacetate, an ester. Berthelot and Gilles studied this
reaction and found that the reaction did not go to completion. But the proportion of acid converted into
ester increased as the amount of alcohol was increased. Only 66 percent of the acid was converted into
ester, when equimolar concentrations of alcohol and acid were taken initially. But the percentage of acid
converted intoester rose up to 88, when the concentrations of alcohol was inereased four fold. The reaction
can be written as '

CH, COOH + CHOH - CH, COOC/H; + HO
acid alcohol ester water
Let ‘a’ and b’ be the initial number of moles of acid and alcohol respectively. And if 'y’ is the number of
moles of ester formed at equilibrium, then an equivalent amount of water is also produced, {(a-y) and
(b-y)ymolesof acidand alcohol respectively therefore remain unreacted at equilibrium. It follows therefore
(4, COOH + CHOH = CH, COOC,H, + H0
At equilibrium (a-y) b-y) y y moles

If the total volume of the system is V' litres, the equilibzium concentrations are given by

e a-y)
Ceuyoo0H | = -
: (b - y)
Cc,n-,mg.l = T
y

Cenycooc 1y = Y




Cuo = e

The equilibrium constant Kc is written as

C,. XCuno
KC = I e

v v

Ko = e . (33)
@a-yy -y

Check your progress - 1

How do you explain homogeneous cquilibrium ?

28.5 HETEROGENEOUS EQUILIBRIA

A system is designated as heterogeneous if all the constituents of the system are not in the same
physical state. For example in the thermal dissociation of calcium carbonate into calcium oxide and
carbon dioxide, two compenents (calcium carbonate and calcium oxide) are solids and the third
component (carbondioxide) is gas. Hence, the thermal dissociation of CaCO, into CaO and CO, can be
cited as an example of heteregencous equilibrium system,

28.5.1 The thermal dissociation of calcium carbonate.

The system can de represented as
CaCO, (s) = CaO(s) + CO,(g

The letters 's" and 'g' the brackets indicate the phases (s=solid and g -+ gas) of the components of
the system. The active masses {concentrations or partial pressures) of solid components are regared as
constant. The equilibrium constant Kp for the system can be written as

K PCa0 x P'CO2
P PCaCO

PCa0 and PCaOCO, arc taken as constants and equal to each other since CaCO, and CaO are solids.

Tchrcfore Kp = PCO,

250 Since Kp is aconstant at a given temperature, the system exhibits a definite constant pressure of CO,. This




is called the equilibrium dissociation pressure. This conclusion is in agreement with the experimental
obscervation.

28.5.2 The thermal dissociation of ammonium hydrosulphide

The thermal dissociation of ammonium hydrosulphide (NH, HS) into ammonia (NH,) and
hydrogen sulphide (H,S) can be represented as

NH, HS(s) == NH,(® + HS (g

This reaction too illusirates a heterogeneous system involving onc solid (NH, HS) and 1wo gases
(NH, and H,S). The equilibrium constant Kp is writtcn as

PNH, x PH,S
K =

P

PNH,HS
= Pru, x Pi,S v (35
PNH,HS is taken as unity, sincc NH,IIS is a solid.
Since equivalent amounts of ammonia and hydrogen sulphide are produced Pxe; will be equal toPus
provided the reaction vessel docs not contain initially an excess of cither gas. The total pressure P s

therefore equat to the sum of these partial pressurcs.

P

PNH3 + P Ls

Therefore cach partial pressure is equal to p/2, hence

Ke Pxu, x Prs

2

P2 xp/2=p¥4 (36)

In the reversible reaction (1) the forward reaction PCly —  PCIL, + Cl, invelves an increase in
the number of molecules and the backward reaction

PCl; —» Cl, +PCl, involves a decrease in the number of moleculcs.

According to Le Chateticr principle, increase of cxternal pressure shall favour the reaction in the
direction in which there is decrease in the numbe of molecules. Therefore increase of pressure is expected
to favour the backward reaction i.e. formation of PCL. In a similar way the decrease of external pressure
shall favour the reaction in the dircction in which there is increase in number of motecules. That is, the
forward reaction namely the decomposition PCI, occurs. Same conclusions will be drawn from the
equation of the equilibrium constant (K) of the reaction.

K 2 e (sec equalion 18)

From the above equation it is evident, that increase of P (pressure) shall resull in the decrease of "o, ie.
the decrease of dissociation of PC, to keep (K,)constant. Inasimilar way decrcase of P (pressurc) shall
result in the increase of o, to keep Kp constant. Thus decrease of pressure favours dissociation of (c)of
PClL,. : -

5

(i) N, + 3H, = 2NH,
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In this reaction, the forward reaction '
N, +3H, -» 2NH;
involves a decrease in the number of molecules, while the

2NH, -» N, + 3H, involvesan increase in the number of molecules.

Tehrefore according to Le Chatelier principle increase of pressure shail favour the forward reaclion
since there is decrease in the namber of molecules in this direction, Ina similar way decrease of pressure
favours backward reaction since it involves an increasc in the number of molecules. Similar conclusions
are arrived at from the equation representing the eugilibrium constant Ke. '

»
64 x* -

K = ISR see equation 31
P 27 P* ( 4 )

Check Your Progress - 2

What is the effect of the increase of pressure on the gaseous dissociation of PCL?

28.6 LECHATELIER - BRAWN PRINCIPLE

A principle known as principle of mobile equilibrium is proposed by LeChatelier and Brawn
to explain and as well as to predict the effect of temperature or pressure on a system at equilibrium. This
is popularly known as Le Chatelier principle. this principle can be stated as

ffa change occurs inone of the factors, such as lemperature or pressure, under which a system is
in eugilibrium, the system lends or will tend to adjust itself in such a way as to annul the effect of the
change.

28.6.1 Effect of pressure on equilibrium processes

For example, if the pressure of a gaseous reaction at equilibrium is increased the reaction tends to
shift in the direction in which, there is decrease of pressurc (decrease in the number of molecules).
Similarly decrease of external pressure will favour the reaction in the direction in which there is increase
of pressure (i.e. the increase in the numbe of molecules).

28.6.2 Effect of temperature on equilibrium process

If the temperature of the reaction at equilibrium is increased, the reaction tends (o occur in the
direction in which heat is absorbed. On the oiher hand if the temperature is lowered the reaction tends to

shift in the direction in which there is liberation of heat.

28.7 APPLICATION OF LE CHATELIER PRINCIPLE

" In this section, the application of LeChatelier principle o gaseous homogenecus equilibrium
reactions will be considered. '




There will be no effect of presure on the reactions, where the number ol moleculcs of reactants is
equal to the number of molec ules of resultants. However in cases where thisisnot the situation, the eflect
of pressure on the reaction « an be predicted by the application of Le Chatelier principle.

Let the following reactions be considered for the purpose.

) PCl, = PCi+ClL

_—

iy N,+3H, = 2NH

28. 7.1 Effect of temperature

Le¢ Chatelier princile helps (o predict the effect of external temperature 00, on the reactions
involving heat changes.

Let us consider the reaction
H, + 1, == ZHI: AH = -3000Cals.

The forward reaction H, + L, — 2HI + heat, is an exothermic reaction, (cvolution of heat}, while the

" backward reaction 2HI — H, + 1, - heatis endothermic reaction {absorption of heat). According to

‘Le Chatelier principle, rise of external temperature shall favour such reaction where there is absorption
of heat (which helps to nullify the external cffect of increase of lemperature). Hence raise of lcmperature
favours the backward reaction namely the dissociation of HI into H, and L,. Ina similar way, decrease of
temperaturc shall favour the reaction involving evolution of heat. Lowering of temperature thus shall
favour the formation of HI from H, and I,.

Similar conclusions can be drawn in the case of reaction involved in the synthesis of ammonia i.c.
N, + H, —> 2NH, + heat. The forward reaction is exothermic reaction and hence rise of external
temperature favours the backward reaction i.e. de-composition of ammonia. Lowering of external
temperature shall in a similar fashion favours the forward reaction N, + H, — 2NH, involving evolution
of heat. '

28.8 NUMERICAL PROBLEMS

288.1° Problem- 1

At 50°C under a total.'pressurc of 260 mm of mercury, N,Q, is 65 percent dissociated into NO,.
Calculate its degree of dissociation at the same temperature but under a pressure of 91 .2 m,m. of mercury.

N.O, == 2NO

344 2
1-x 2x
Where x is the degree of dissociation.
The total number of moles = 1-x+2x,
PINO,
* PO,
NO2 2% P pNO, =P
PROZ= T P T
where P is the total pressure,
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. = St mmmmmes 3 smemsssee— e ——— e P 3 at
Kp T Y (equation 37)

As per the data in (he problem the degree of dissociation at 50° C

. 65
is === = (.65 mol. (x)

100
' 260
total pressure P = 260m.m. = --—-- atm.
760
4 (0.65)2 260
~ Kp = ___(_-__-__)___ X e = 1.0002  ( equation 37)
(0.35} (1.65) 760
. , 91.2
When ihe pressure is equal to 91.2 m.m. ic., 560 = (.12 aim,
the degree of dissociation X, s given by
(1.0002) Toax?
Kp = 0 R x (.12
(1.000) x) (14x))
1-x2 = 0.48x?
1 ;
1.48}(12. = ]_; x 2 = o T

! 148 7' 1216

' 1
% dissociation = ----s-- x 100 = §2.21
1.216

_ 28.8.2 Problem - 2

In amixturc of 1 part of N.and 3 parts of H, the mole percent of NH, was found to be 1.20 at 500°C and
apressure of 10 atmospheres. Calculate the value of K and the pressure at which the equilibrium mixure.
at this temperature contains 10.4 mole percent of NH,. '

N, +3H, = 2NH,
“
Let x be the mole fraction of NH, at equilibrium. And that 100x is the mole percent. the sum of
- the mole fraciions of N, and H, remairing at equilibrium is (1-x), and since thesc gases are in the ratio

of 1 to 3, it follows that,

1 3
X = —{I-%), X = e (1-x),
N, A (I-x) H p (1-x)

If P is the total pressure, the partial pressurcs are given as

X 1 ' -3
PNH, = - P, N, = —-{I-)P, m, = .. {1-x3P .
1 4 4
P2NH, (x P2
B PN, x p3H, 1 3 3

254 ' ';i- ( 1 -X)PX(z- (1~X) P)




P is 10 atm. and mole percent of ammonig is 1,20,

| sothat  x = 0012 and 1-x = 0988
(00120 x 10
] P | 3
(- x 0.988x 10) (-~ x 0.988 x 10)?
4 4
= 143 x 10°

It is now required to calculate P corresponding to a mole percent of 10.4 for ammonia, x=0.104 and
"1-x = 0.8%

(0.104 x P)?

K = 143 x10° =
P 1 3
( . x 0.896 X P) (--;1- x (.896 x P) 3

On simplification P = 105 atm.

28.8.3 Problem -3

At high temperature and under atmospheric pressure, carbon dioxide is 1.80 percent dissociated, the
rcaction being

co, = CO+',0,
or 200, & 200 + 0O,
Calculate the cquilibrium constant of the reaction using partial pressures {in atmospheres),

If the concentration of CO, is 1 mole and the degree of dissuciation is x then the number of moles of CO,,
CO and O, at cquilibrium are (1 - x), x, x/2 respectively.

X X
Total numberof moles = 1-x + x + = 1 + 2 moles

Z

If P, is the total pressure, then




X

X 2

____________ R, -
X P X -
QR — R —
| 2 2
B 1-x
2
I+ -
2
Eo e X
2+ xp 2+x)
- 1:x 2 -
(i) o
2+ x
P

(Z+x) (1-x¥

The given values of x and P are 0.018 and 1 atm.

{0.018Y
K = =2997 X 10-6
? 2018 x0.982 x 0.982
289 SUMMARY

i)

1ii)
v}

v)

In this unit we have studied

Application of law of mass action 0 homogeneous gaseous equilibria with
a) no change in the number of melecules

b) increase in the number of molecules

c) decrease in the number of molecules.

Evaluation of Kp and Kc in each of the above case with specific examples being taken for
consideration.

Homogeneous equilibria in liquid systems
Heterogeneous equilibria

Lechatlier principle and its application to various systems at equilibrium with detailed study, of
synthesis of ammonia. :

28.10 MODEL EXAMINATION QUESTIONS

I Answer the following in 10 lines each.

1.

State' Le Chatelier principle and explain its significance in the study of reversible reactions at
equilibrium,

Discuss the application of Le Chatelier principle to the synthetic reaction of ammonia.

What is the effect of temperature on the reaction.
250, + O, = 2SO, + Heat-

Discuss the application of law of mass action to the formation of ester from acid and alcohol.




IT Answer the following in 30 lines each.

1.

State and explain law of mass action. Discuss its application to homogeneous gaseous reactions,

2. State and explain Le Chatelier principle. Discoss its application o homogeneous gascous
reactions.

28.11 MODEL ANSWERS TO CHECK YOUR PROGRESS

: 1 An equilibrium process in which the reactants and products remain in one phase is known as
homogeneous equilibrium, '

1

eg:  2HI (g} == H,(g) + L (g
PCI (g) = PCLg) + CL(g)

2 According 1o Leachatfier's principle increase of pressure of an equilibrium process shifis the
position in the direction of decrease of volume. Therefore incrase of pressure decreases the
dissociation of PCI,,

Author ! Dr. K. LAKSHMINARAYANA







Block - 9

ACIDS AND BASES

You come across the words 'acid’ and 'base’ a number of times in day-10-day life as well as in chemistry.
Acids and bases arc among the most comon and most imporlant chemicals we find in a chemical
laboratory. Further, you come acorss acids and bascs very often in your homes. Lemon juice owes its
sour taste 10 citric acid, Similarly baking soda contains sodium hydrogen carbonate.

The word ‘acid’ comes (rom the latin word ‘acidus’ meanin g sour, sinée sour laste was one of the early
recogniscd characteristic properties of this class of substances. "Other distinctive propertics described by
Boyle are the high solvent power, ability to change the colour of some vegetable dyes and the capacity of
precipitating sulphur from its sofutions in alkalies. The first distinctive term introduced for substances
which possesscd properties opposing those of acids was base or alkali, This word 'alkali' is derived from
the Arabic words a/, quili meaning ‘ashes of plants’. The chicl characteristic property first esiablished for

-an alkali (basc) was its ability to destroy the action of an acid, Later the term 'base was introduced in place
of alkali and was used to describe certain substances such as heavy metal omdeq which reacted with acids
but dld NoOt possess lyprc*al propertics of akalies,







Theoretical molecular weight 9

Experimental molecular weight 137.5

- a(1-1/2)

1

= I-a(l-12)  for dimerization (n=2)

i = 1- 120 = 2-01/2
2-a/2 = 94/137.3
(2-0) 137.5 = 2X9%4
275-1375 o = 188
137.5 = 275°- 188 = 87
o = 87/137.5 = 0.633

The percentage association is 63.3%

26.9

SUMMARY

In this unit we have studied
That ideal solutions are those which obey Raoult's law

That non-ideal solutions do not obey Raoult's law: o ascertain the reasons for non-ideal |
behaviour,

Van't Hoff's factor "i" and Vant Hoff's equation

Application of Vant Hoff's factor to find out the extent of dissociation or association with
specific examples,

26.10 MODEL EXAMINATION QUESTIONS

'3

L

II.

Answer the following in 10 lines each,
Explain the term "abnormal behaviour” of a solution with special refcrence to colligative
propertics. Assign reasons for such a behaviour.

Derive the equation that relates the Van't Hoff's factor 'i* and the measured and calculated values
of colligative propertes.

A solution of Zn SO, prepared by dissolving 0.5811 gms of Zn8Q, in 1804 ml of water has frozen

- at - 0.053°C. Calculate the percentage ionization of ZnSO, assuming that molal depression

constant of water is 1.86.

Answer the following in 3¢ lines each,
Giveacritical account of the abnormal behaviour of electrolytes in respect of colligative properties.




2. Describe how measurement of colligative properties is useful to establish the associative or the
dissociative nature of the solute. Iltustrate your answer with specific examples.

3. Discuss how colligative propertics are useful in establishing the degree of association or dissocia-
tion of a solute in its solutions.

26.11 MODEL ANSWERS TO CHECK YOUR PROGRESS

1. Solutions of seme solutes either lower or higher colligative propertics than expected. This was |
found to be due to cither molecular dissociation or association of solutes. This behaviour of
“solutions is called abnormal behaviour.

2. Colligative propertics depend on the number of solute particles. Electrolytee undcrgo dissoriation
in solutions giving more number of solute particles. Therefore solutions ol electrolyts show
higher colligative properties.

Author: Dr. K. LAXMINARAYANA




Block - 8

CHEMICAL EQUILIBRIUM

In the reaction between nitrogen and hydrogen 1o give ammonia, it was observed that considerable
amounts of nitrogen and hydrogen were noticed even after a long interval of time. This suggests that this
reaction is not going to completion and that the forward reaction, namely combination of nitrogen and
hydrogen, as well as the reversc reaction, namely decomposition of ammonia are taking place.

In a reversible gaseous reaction taking place in a closed vessel, the resultants accumulated
regenerate evidently rcactants. For example in the reaction between nitrogen and hydrogen, the
accumulated resultant, ammonia, regenerates the resultants nitrogen and hydrogen. This implics that the
forward reaction docs not go to completion. In a similar way, a mixture of hydrogen and iodine vapour
when heated to a temperature of 450°C in a closcd vessel does not give completely hydrogen iodide. At
thistemperature, the hydrogen gas and iodine vapourreact to yicld hydrogen iodide in the forward reaction
but the latter decomposes back, to an appreciable extent into hydrogen and iodine. ’

H, + I, == 2WI

_ A reference can be made to a reversible reaction taking place in a liquid phase at ordinary

temperatures. It is the reaction between ethanol and acetic acid to form cthyl acetate aitd waler, If equi-

molecular amounts of the reactants are taken, the reaction apparenily ceases when only two thirds of the
initial amounts ol alcohol and acetic acid have been used up.

CH, COOH + CHOH = CH,COOCH, + H,0 T
acid alcohol ester . water '

If sufficient time is allowed, all revsible reactions reach a state of chemical cuilibrium, Iisa sl
in which no further change in composition of the system with ume can be deiccled, provided the
temperature is not altered. Under similar set of conditions, # can be shown that the same state of
equilibrium may be attained from either dircction for a given reversible reaction.. For example, at a
temperature of 450° C, the equilibrium mixture consists of 12 molecular percent of hydrogen, 12 molecular
percent of iodine vapour and 76 percent of hydrogen iodide, irrespective of whether the starting point is
hydrogen idoide or an equivalent mixture of hydrogen and iodine vapour.

Itshould not be considered that the state of chemical eqilibrium is a state where the reaction ceases
Or comes (0 & stop. The more reasonable explanation may be that the forward and reverse reactions are
taking place simultaneously at the same rate: when the system is at equilibrium. then it may be stated that
the system is in a statc of dynamic equilibrium.

Check Your Progress - 1

‘How do you state dynamic cquilibrium.







UNIT - 28 : APPLICATIONS OF LAW OF MASS ACTION
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28.1 AIMS AND OBJECTIVES

The aim of this unit is to apply law of mass action to different chemical reactions at cquilibrium
and (o state the qualitative principle called Lechatlier principle and to discuss its application to dilferent
chemical systems at equitibrium.

After completing this unit you should be able to understand that!

» Thereactions for convenience are classified as homogeneous and helerogencous for the application
of law of mass action.

. A reaction in which all the components (reactants and resubtants} of itarc inthe same physical st
is generally referred to as homogeneous systems. The systems with the components in diffcrent
physical states are called helcrogeneous, '

. The quantitative effect of concentration or pressure on the extent and direc tion of the reaction cun
be examined with the application of law of mass action on the reaction.

- For the reversible reaction H, + I, +> 2HI K and K_are equal in magnitude.

2
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: Hl
K, = Rl
PH, . Pi,

. K_and K_are not equal for the reaction PCl, s=PCl, + Cl, and K = a’p/(1- o), where o.is degree
of dissociation of PCl,. .

» The formation of ester from acid and alcohol illustrates the homogcneous reaction in liquid phase.

. The reactions CaCO, == CaO + CO, and NH HS = NH, + H,S exemplify the heterogeneous
reactions,

28.2 INTRODUCTION

Law of mass action can be applied to chemical reactions ai equilibrium and obtain useful
information about the extent to which the reaction takes place under given experimental conditions and
to study the in{luence of parameters such as pressure Or concentration of the reactants or resultants and the
temperature on the course of the reaction. Similar information could be obiaincd qualitatively by the
application of a principle of mobile equilibrium called Lechatelier Principle. These qualitative and
aspects of reversible reactions under different experimental conditions are discussed in this unit.

28.3 APPLICATIONS OF LAW OF MASS ACTION

Homogeneous gaseous reversible reactions can be considercd under the two main headings, first
the reactions in which the mumber of molecules of reactants is the same as the number of melecules of the
resultants and second, the reactions in which these humbers are not equal.

The formation of hydrogen iodide from the elements hydrogen and iodine belongs to the first
category of homogeneous reactions. The typical examples for the second category are the dissociation of
phosphorus penta chloride into phosphorus trichloride and chiorine and the combination of nitrogen and
hydrogen to give ammonia.

28.3.1 Formation of Hydrogen iodide from hydrogen and iodine

Let us first consider the combination of hydrogen and iodine to give hyerogen jodide.
H, + [, = 2HI e (D

Since the number {two) of molecules of reactants is equal to the number (two} of molecules of
resultants, K_ and K, will be identical. The equilibrium constant can be expressed in terms of partial
pressure or molar concentrations of the reactants and resultants, ’

Let us consider that a mixture of "a' moles of hydrogen and 'b' moles of iodine are taken in aclosed
vessel of volume 'V" litres and kept at 450°C until equilibrinm is attained. Letitbe assumed that 'x' moles
of hydrogen and "’ moles of iodine had combined at equilibrium to form "2x‘ moles of hydrogen iodide.
The number of moles of unreacted hydrogen and iodine at equilibrium will be equal to (a-x) and (b-x)
respectively. There will however not be any change in the total number of moles and it will be equal to
a+b. Number of moles at equilibrium

g * oo = gy | e ()

The partial pressures of the reactants hydrogen and iodine, and the resultant hydrogeniodide can
therefore be expressed as
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UNIT - 29 : CONCEPTS OF ACIDS AND BASES
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29.2  Introduction

29.3  Earlier concepiual definitions of acids and bases
29.4  Arrchenius concept of acids and bases

29.5 Bronsted-Lowry concept of acids and bases
296 Lewis concept of acids and bases

29.7 Summary

208 Model e.xamination guestions

29.9 Model answers to chock your progress

29.1, AIMS AND OBJECTIVES

This unit is to describe the conceptsclassical and modern proposed to explain the behaviour of acids

and bases.

When you have finished this unit you should be able to understand that;

An acid according to earlier views is a substance which is sour to taste, changes the colour of the
dye, litmus, from blue to red. '

A base or an alkali is 2 compound that tastes bitter, feels slippery and changes the colour ol Litmus
from red to blue.

By Arrhenius an acid was defined as a substance that when dissolved in water furnishes hydrogen
jon H*. Similarly a base is substance that could furnish the hydroxide ion, OH' in water.

JN.Bronsted and T.M. Lowry independently defines an acid is a substance that can donate a
proton. A base is a substance that can accept a proton.

The concept of conjugate pairs of acids and bases and the co-existence of acid-base reactions came
into existence as a.consequence of Bronsted-Lowry concept of acids and bases.

Lewis proposed the modern definition that is an acid is a substance which is capable of accepting
a pair of electrons. A base is similarly a substance capable of donating a pair of electrons.

29.2 INTRODUCTION

A definition used to classify or define something in terms of "what happens is called operational

definition. Suppose we come across a new compound and we want to classify it into an acid or base, we

261




262

carry out some simple experiments. From the experimen. ally observed properties, it is possible for us to
classify the substances. For example an'acid is a compound that dissolves in water 10 give a sclution that
reacts with metals such as Zinc or Magnesium liberating H,, changes the colour of the dye, litmus, from
blue to red, tasies sour,

Similarly, a base is a compound that dissolves in.water (0 give a solution that rcacts with an acid
to destroy or neutralises its properties, changes the colour of the dye, litenus from red to blue, tasics bitter
and [ecls slipping.

29.3 EARLIER CONCEPTUAL DEFINITIONS OF ACIDS AND BASES

it was Lavoisuer in 1787 who proposed the first important definition of acids. According to him
acids are those binary compounds containing oxygen. This definition of acids remained valid for nearly
a generation, when it was recognised that acids need to conlain oxygen. In 1787 Berthollet showed that
certain acids did not contain oxygen. In 1810 Davy produced the convincing proof that hydrochloric acid
contained no oxygen. He showed thatno particular elementary substance is responsible for the acidity of
asubstance. He further said that a peculiar arrangement of different clementary substances is responsible
for this acidity. Jt was proved later that this statement is also wrong.

But it was shown soon that acids 10 contain a particular substance namely hydrogen responsible
for the acidity. This early hydrogen theory may be stated as follows. All acids to contain hydrogen,
but all hydrogen substances are not acids. [t was stated that acids are those substances which contain
hydrogen that is replaced by metals. This concept of acids was in usc for nearly 50 years.

294 ARRHENI_US CONCEPT OF ACIDS AND BASES

Arrhenius proposed conceptual definitions of acids and bases as a part of his theory of.jonic
dissociation. He is the man who offercd the first or the earlicst modern approach to he acid-base concept,
eventhough it is modified substantially in recent years. ﬁ

According 10 Arrhenius, an acid is defined as a subsiance that when dissolved in water fﬁmishes
hydrogen ion, H*. Similarly, a base is a substdnce that when dissolved in water furnishes hydroxide ion,
OfF, ' 0

Arthenius concept of acids and bases could overcome a number of objections of the carlier
definitions of acids and bascs. The following are the important postatates of Arshenius theory.

1. Acids and bases are Tequired to be defined in terms of the aqueous solutions but not in terms of
substances in the undissolved state. Accordingly hydrochloric acid can not be treated as an acid.
Its solution in water alone can be considered as an acid.

2. An acid shall contain hydrogen that can separate out as hydrogen jons in solution.

This theory could not cxplain the acidic properties of NH,NO, disselved in liguid ammonia. Tt

" could not explain the basic charagter of an aqueous solution of ammonia, Similarly the theory had no

satislactory cxplanation for the acidity exhibited by certain salts dissolved in water. Another strong
objection to the Arrhenius concept of acids is the improbability of existence of abare proton {unhydrated)
in aqueous solutions, '

29.5 BRONSTED-- LOWRY CONCEPT OF ACIDS AND BASES

In 1923, the Danish chemist J.N. Bronsted and the English chemist T.M: Lowry, independently




proposed new concepinal definitions for acids and bases. According to these definitions an acid is a.
substance showing tendency to lose onre or more protons. That is an acid is a substance that can donaie
a proton. '

In a similar way a base is a compound showing a tendency to add proton to . 1n olher words a
base is a substance that can accepi a proton. '

Thus Bronsted - Lowry theory cnvisages in a reaction h tween an acid and a Base the formation
ol another base and an acid. _ .

These {undamental idcas are indicated B'y the I ollowing cquations:

Acid 1 == H* (Proton) +  Basc 1

Base 2 ==  H* (Proton) + Acid 2
The above twe cquations can be combined and ogether writlen as
Acid 1 + Base 2 -~ =  Acid 2 + Bage 1

Theacid-hasc reaction is thus cxpecled to1nvolve two acids and Lwn basecs and (these acids and bases
arc called conjugate pairs, '

N

in the preceeding equations Buse -1 is the conjugate basc of Acid 1 and similarly Acid 2
is the conjugate acid of Basc 2. Conscquently Acid 1 and Base 1 form a conjugate pair of Base 2
and Acid 2 likewise form the other conjugate pair. Bronsted - Lowry prowon donar concepl of
an acid therefore is illusurated by the Following equation,

HCI + HO = HO + . Cb

In the above reaction the acid HCI loses a proton o the solvent water, H O 1o form chioride 1on,
the conjugate base. Sum}arl) the basc waler, II L0 accepts 4 proton lrom the aud Lo form the conjugate
acid H,0",

Even ions can be classified as acids in this cencept if they can donate a proton. For example,
. ammonium ion NH_ - functions as acid in agueoss solution containing hy droxyl jons since it can lose a
proton in aqueous soluuons to OH-.

NH;™ + o — HO + NH,

However NH, ™ is a weak acid producing only few hydrogen ions. Any ron or motecule that accepts
a proton is called a hase.

The following examnples illustrate this clearly,
OH + IO = HO + .HzO'
Co} +  HO = HNCo/+ HO
NH, + H,O" = NH/ + H,O :

Thus according to Bronsted afl negative ions (anions) are classified as bast$ In aqueous solutions
hydroxide ion, chioride ion, acetate ion, and nitraite ion function as bases.

Even though Bronsled - Lowry concept of acids and bases is 4 much bmadcr concept than the ong
proposad by Arrhenius, these acidsand bases are stili defined in terms of the substances thémselves instead

»
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of their reactivity in agueous solution. Further, the conceptof Bronsted - Lowry recognises that acid-base
behaviour is neither restricted nor dependent upon any particular solvent. Even though this concept
possessed many advantages over the concept of Arrhenius, it is still handicapped by the unduc cmyphasis
placed upon proton exchange. Although a good number of acid-base reactions are characterized by
ransfer of protons, there are many reactions with acid-base characteristics in which no proton transfer is
involved. Bronsted concept could not explain satislactorily these non-protonic acid-basce reactions.

29.6 LEWIS CONCEPT OF ACIDS AND BASES

In 1923 Lewis proposed a new concept of acids and bascs. This concept was fonmulated on the
basis of clectronic theory of valency. Since it was notelaborated Gl 1938, Lewis concept was ignored lor

-along time, The theory provided much broader views than those of the carlier theories. Lewis atlempted

10 explain the acid-base character in terms of chemical bond formation involving sharing or transler of
electrons. A base is a substance that has a pair of electrons which it can donate 1o another me .ccule or
an atom fo form co-valent bond. An acid is a substance which can accepl an electron pair from an aiom
or molecule to form co-valent bond.

In other words it can be said that an acid is electron pair acceptor and a basc is an electron
pair donor in a process leading to co-valent bund formation.

The delinition of bases introduced by Lewis is almost similar to that of Bronsted - Lowry since
a molecule or an ion, which accepts protons docs so due to the presence of lone pairs of elcctrons. This
fact is illustrated by the reaction between a proton and ammonia.
+
i . !

H
Hr + H: N - H = H : N : H
H H J
In this ammonia is a proton acceptor and according to Bronsted is abase. Sinceilis donating alonc
pair of electrons to proton toform the ainmonium ion (NH, "), it is termed as a base ¢ven Lewis concept.
The two concepts thus appear identcal except in the wording of the definitions of the concepts,

Check Your Progress- 1

Write the modern definition of acids and bases?

In a similar way let us examine the definitions proposed by Bronsted - Lowry and Lewis for acids.
For convenicnce the substances classilicd as acids are divided into three types.

(1)  The first type includes those molecules where the central atom has an uncompleted octet of
¢lectrons. Typical examples are boron trifluoride and sulphur trioxide. Thercactions between these
acids and typrcal bases are given in the following examples.

FB + 'NH, —= FB € NH

3

0S + OH, == OS & OH

=

2




{2)  The second type includes heavy metal ions with incompletely filled stable orbitals. For cxample
silver and copper ions have sach orbitals,

Following are the typical examples of such acids.
Agt + 2 (NH,) = Ag (NH,),'
Cu* + 4 ((OH,) =— Cu (COH)”

(3)  Thethird type includes molecules containing double bonds {(except C = C). A typicat example is
carbon dioxide and its reaction with water can be represented as fol'ows :

cC + '‘OH, = 0,C « OH,

The Lewis concept of acids and bascs thus may be considered an improvement over carlier views
in as much as it recognises that the transfer of protons is only a particular form of acid-base behaviour.
Lewis concept allows even other substances that do not involve proton transfer, to be considered as acids
or bases. Thus Lewis concept appears superior to Bronsted - Lowry concepl.

Lewis concept however suffers [rom at least two disadvantages. 1. The strength of an acid has
naturaily to depend on the naturc of the base and similarly the sirenglh of abase has to depend on the nature
of the acid. Consequently it is imprerative to cxpress the strength of an acid relative 1o a base and simifarly
the strength of abase relative toar acid. 2. The conceptis broad based and suffers from many limitations.

Check your Progress - 2

What concept is taken into consideration to compare the strengths of acids?

29.7 SUMMARY

In this unit we have studied
i) Operational definilion of acids and bases.
H) Some earlicr conceptional definition of acids and bases.
iii)y  Arrehenius theory of acids and bases,

iv)  Bronsted and Lowry protonic concept of acids and bases as more broad bascd theory but with its
own limitations.

v} Lewis electronic concept of acids and bases as the most broad based theory.

29.8 MODEL EXAMINATION QUESTIONS

Answer the following in 1{} lines each,
Bring out clearly the drawbacks in the earlicr concepts of acids and bascs.

Comparc' and contrast the concepts of Bronsted-Lowry and Lewis for acids and bascs.

W =

How is the strength of an acid cxplained in each of the different theorics of acids.
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Answer the following in 30 lines each.

L.

1. Give a critical account of the earlier views on acids and bases. Point out the drawbacks of these
views.

2. Describe in detail with illustrations, the diffcrent concepts introduced to explain the behaviour of
acids and bases. :

3. Discuss with suitable examples, the modern views on acids and bascs. How arc these concepts abke
to overcome some of the drawbacks of the cazlier views? '

299 MODEL ANSWERS TO CHECK YOUR PROGRESS

1. Lewis concept is the modern onc to define acids and bases. Acid is a species (means an ion or
molecule or an atom) that accepts an electron pair. Base is a species thal donales clectron pair for
covalent formation.
Degrecof dissociation is taken into consideration to compare the sirengths of acids. Theacid which

undergoes more dissociation in water is a strong one.

Author - Dr K. LAKSHMINARAYANA




UNIT - 30 : IONIC EQUILIBRIUM

Contents
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30.3 Icnic equilibrium

304 Ionisation of weak acids
30.4.1  Problem
30.4.2  Problein

30.5 Summary

30.6 Model examination questions

30.7 Model answers to check your progress

30.1 AIMS AND OBJECTIVES

This unit is mainly to describe you the ionic equilibrinm that exists in solution when polar covalent
substance or ionic substance is dissolved in water and to discuss the application of law of mass action io
such an equilibrium.

‘At the end of this unit you must be able 1o understand that:

The process of splitting or dissociation of a polar co-valent molecule or an ionic substance in
agueous solntion into the positive and negative ions is called ionization,

The substances capable of undergoing ionization in water give rise to selutions, which conduct
electricity through them are called electrolytes.

Substances with low degree of ionization are called weak electrolytes and those with high degree
of ionization are named as strong electrolyes.

Theincomplete ionization results in the occurence of an equilibrium between the ionized parts (i.¢.,
ions) and the unionized part.

MA = M + A
Law of mass action ¢an be applied to the equilibrium and equilibrium constant K evaluated by the
equation, ' .

k = oA

The equilibrium constant is called ionization constant or dissociation constant.

The mathematical relation derived by the application of law of mass action to the ionic equilibrium
is popularly known as Ostwald's dilution Law.
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30.2 INTRODUCTION

One of the most puzzling questions faced by Arrhenius and other chemists was "why do some
substances exhibit acidic or basic properties to a greater degree than other subotances?” For example it
was realised experimentally that hydrochloric acid solution exhibited stronger acidic character than acefic
acid solution at the same concentration. Arrhenius tried to explain this observation in terms of the ability
of the acids to part with the protons when dissolved in water. The extent to which an acid makes available
the protons (H*) in the aqueous solution of the acid is roughly compared to the strength of the acid
character. This dissociation of acids into positively charged part (protons) and the negatively charged
counterpart (counter jons) is termed by him as ionization, Thus hydrochloric acid (HCI) and acetic acid

(CH, COOH) undergo ionization in water to different extents.
HC1 = B + _CI Tonization large
CHCOOH = E' + CH, COO Tonization small

Hence HCl is called strong acid and acetic acid iscalled weak acid. Here the 'strong’ and 'weak refer
to the degree of ionization but not to the concentration of these acid solutions.

From the facts mentioned above it is thus clear that there exists an equilibrium between the ions
and undissociated part of the acid in aqueous solutions of acids,

HA = H + A
Undissociated acid —= Proton + Anion of the acid
Similar equilibrium exists in aqueous solutions of polar covalent molecules and salts. But in the
case of salis, ions are known 10 exist in the salt even in the solid state. However these solid salts when
dissolved in water will be present partly as free ions and partly as ion pairs in the associated form. The
equilibrium existing in aqueous solutions of the polar covalent substances and the salts (ionic substances)
can be illustrated with the help of hydrochloric acid and sodium chloride.
HCl = H o+ Cr

Undissociated molecule

Na'Cl = Na* + Cl
ion pair ions
[Sotid] [In solution]

The progress of dissociation of the polar covalent molecule and ionic solid into the positive and
negative ions in aqueous solutions is referred 1o as ionization. The equilibrium that exists between the
ions and the undissociated molecule or ion pair is called equilibrium.

Check Your Progress -1

What do yon mean by ionisation?




30.3 TONIC EQUILIBRIUM

The equilibrium « an be written in the general form as
MA —= M 4 A
Where ‘M’ can be a metal or hydrogen. In the case of polar covalent substances MA represents
unionized molecule present in equilibrium with the ions. In a similar way in the case of salts, (ionic
substances), MA can be assumed to be an ion pair or undissociated partof the ionic substances, The above
mentioned ionization equilibrium exists in aqueous solution. Itis generally customary not toinclude water
(H,0Q) in the equilibrium reaction,
But it should not be mis-construed that ionization takes place in the absence of water,
~ Law of mass action can-be applied to the equilibrium.
MA = M+ A

And the equilibrium constant is written as

k = M IA]
[MA]

The equilibrium constant 'K’ is called ionization constant or sometimes referred to as dissociation
constant,

30.4 IONIZATION OF WEAK ACIDS

Organic acids such as acetic acid in general exhibit only partial ionization at moderate concentra-
tions. Such acids and substances which are ionized in aqueous solutions only partly are calied weak acids
‘or weak electrolytes, '

The ionization equilibrium of a week acid can be represented as
HA = H' =+ A

The degree of ionization at a concentration is designed as o (alpha) and is always less than unity.
It is observed that o indicates with dilution and the dilution where "o’ approaches unity is referred 10 as
infinite dilution. The equilibrium constant k, for the ionization of an acid can be written in terms of the
equilibrium concentrations of the ions and the undissociated acid by the application of law of mass action.

HA;‘-:‘H‘+‘_A'

The equilibrium constant K, or otherwise refecred as ionization constant or dissociation constant
¢an be expressed in terms of equilibrium concentrations as shown below, Let the initial concentration of
the acid be 'C' moles/flitre. Let 'a’ be the degree of ionization or dissociation at this concentration. At
equilibrium, the concentration of the undissociated acid is C(2 -o). Similarly the concentrations of the ions
at equilibrium are Ca and Co
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HA

C(l-o)

Co Co

Itis eipcrimentally proved that K for different concentrations of the acid is constant provided the

Check Your Progress - 2

How do you explain the degree of dissociation?

temperature is constant. The verbal statement of the above equation is known as dilution law. Since it
has been worked oot by Ostwald, it is more popularly known as Ostwald's dilution law. The strengths
of two acids can be comparing the values of their ionization or dissociation constants. The acid with higher
K, is stronger than the one with lower K .

30.4.1 Problem

Calculaie the dissociation constaht or ionization constant (K ) of an acid if the degree of ionization

of the acid at 0.1 m is 0.001.

The initial concentration of the acid=0.1m

Degree of ionization, o« = =

The ionic equilibrium is written as HA = H* +

At equilibrium

Ionization constant

K

K

C(1-o) =

k= i lal
' [HA]

= Ca?f(1-or)

0.1 X 10° X 10°

0.001 or 107

Ca

(1-10%)

Neglecting 10? in the denominator

K

K

0.1 X 10* X 10




30.4.2 Problem

If the degrees of ionization of acids A and Buare repectively 0.01 and 0.05 at 1 m concentrations,
compare their strengths.

0.01 X 0.01
For acid A, K o= e ~ 10
(1-0.01)
: 0.05 X 0.05
For acid B, K = ~ 25X 10°
(1-0.05)
Therefore B is stronger than A
30.5 SUMMARY
In this unit we have studied
i) Ionic equilibrium ie., the egnilibrium state in aqueocus solution which exists betwean the

undissocialed molecules of a solute and its ions.
ii) Evaluation of the ionisation:constant

i) Ionisation of weak acids (or bases) and Ostwald's dilation law.

30.6 MODEL EXAMINATION QUESTIONS

1 Answer the following in 10 lines each.

1. Write the jonization equilibrium for a weak acid and apply law of mass action 1o it.

2, Calculate degree of dissociation or ionization of 0.1 M acetic acid if its ionization constant is 1.8
X 107,

3. The degree of ionization of acid Ais 0.01 at 0.1 M congeniration, Similarly the degree of ionization

of acid B 15 0.02 a1 0.15 M concentration. ‘Compare the strengths of acids.

II.  Answer the following in 30 lines each,

1. State and explain Ostwald's dilution law. Discuss its significance in establishing the strength of
an acid.

2, What is meant by ionic equilibrium? Discuss the application of law of mass action to the
equilibrium.

30.7 MODEL ANSWERS TO CHECK YOUR PROGRESS

L Electrolyies on dissolving in polar solvents like water break into ions. Electrical conductivity
proves the presence of these ions. This process of separation of electrolytes into ions in solution
is known as ionisation.

IL Only a part of the weak .elecirolyte undergoes dissociation in water. Thus the fraction of the E
- electrolyte which undergoes dissociation in water is called degree of dissociation. It is indicated
by o.

Author: Dr. K LAKSHMINARAYANA 271
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Block - 10 :

OXIDATION - REDUCTION

Ithas been able 10 penetrate deeply into the structure of the matter by studying the common features
of chemical change. Matter is made up of atoms, which combinc and recombine in various ways 1o form
molecules, the characteristic of substances. Chemical reactions are visualised, described and explained
quantitatively by means of thesc atomic and the molecular models. The number of chemical reactions are
coundess. Surprisingly enough, however, most of them can be understood in terms of few simple types.
Actually, an understanding of what goes on when a candle burns in air and what happens when an acid
is alkalised, forms good basis for an understanding of the great proportion of the chermical reactions. The
burning of a candle is an example of what is called an oxidation - reduction rcaction, while the alkalising
of an acid is an example of the acid-base reaction,







UNIT-31: CLASSICAE AND MODERN GONCEPTS OF &

OXIDATION AND REDUCTION

Contents

31.1  Aims and objectives

31.3 Introduction

31.3  Oxidation

314  Reduction

32.5 Oxidation - reduction

31.6  Modern concept of oxidation - reduction
31.6.1 Oxidation process
31.6.2 Reduction process

31.7  Oxidation - reduction in terms of oxidation number

31.8 Suﬁ;mary

31.9 Model e#amination questions

31.10 Mode!l answers to check YOLUr progress

31.1 AIMS AND OBJECTIVES

This unit aims to understand the phenomenon of chemical oxidation and reduction in terms of
classical and modern definitions.

When you have worked through this unit you should be able to know that;
. Matter consists of generally molecules and the molecules are formed by combination of atoms.
° Chemical reactions are described and explained in terms of the atomic and molecular models,

. Burning of firewood and loss of metallic lustre when the latter is exposed to air, are examples of
oxidation in common day to day experience.

' A direct chemical union of element or elements in a substance with oxygen is calied oxidation.
. The compound that provides oxygen for an oxidation process is called an oxidant.

. The extraction of a metal from its oxide ore is a familiar example of reduction,

. Removal of oxygen from oxygen containing compound can be cglled reduction.

. In many instances removal of oxygen is effected through the addition of hydrogen, reduction can
therefore be defined as addition of hydrogen.
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. Addition of non metals such as oxygen, chlorine can be catled oxidation while addition of
hydrogen, metals etc., can be called reduction. :

'Y Removal of electron is called oxidation addition of electron is called reduction.

» The chemical compound formation is also expalained in terms of a concept called, oxidation
number.

31.2 INTRODUCTION

The burning of a piece of wood when placed in fire is a common example of chemical reaction. A
great deal of heat is given off and the flame consumes the material, leaving only a small quantity of ashes.
Similarly, when metals are heated in air, they iose their metallic character and are wransformed into
powdery substances of various colours. Thus iron is converted into red powder resembling iron rust. In
a similar way tin is transformed into a black powder. All these reactions axe examples of acid action
reactions. A combustible substance such as wood when burnt in oxygen or air, combines chemically with
oxygen. Thus the burning of a substance inoxygen or inair involves adirect chemical union of the element
or elements in the substance with oxygen. This point is further confirmed by the fact that the weight of
the product is the sum of the weights of the oxygen and the element or elements burning in it. Forexample,
when carbon burns in oxygen, it combines chemicatly with the oxygen 10 form carbondioxide. itcanbe
represented by the equation.

C o+ 0 - CO

2 2

Thus it can be shown that one mole of carbon atoms {12 gm) combines with one mole of oxygen
(32 gm) to give one mole of carbon dioxide (44 gm). :

Many non-metals and metals burn in oxygen, forming the corresponding oxides. For example,
sulphur, phosphorus, iron magnesium etc., burn in oxygen giving off a great deal of heat and forming the
corresponding oxygen compounds (oxides). Some of the metals rust forming essentially the oxides when
exposed to oxygen or air for long periods. Theprocesses can be represented by the following chemical
equations.

S + 0, - 2P0,
4P + 50, — . 2P0
4Fe + 30, — 2Fe 0,
- 2Mg + 0, - 2MgO
2Cn  + 0O - 2Cu0

31.3 OXIDATION

The name "Oxidation® was given by Lavoisier to the chemical union of a substance with the
oxygen and name “oxide"” to the compound that is formed in the process. Thus, when carbon burns in
oxygen to form carbon dioxide, it is said that carbon is oxidised to carbon dioxide.

The idea of oxidation can be exiended even to compounds. For example petrol or kerosene
(compounds of carbon and hydrogen) burns in oxygen, to form the oxide of carbon (CO, Yand the oxide
of hydrogen-(water). '

CH,+ 260, —— 17C0,  +  18HO.




" Many more examples of this type can be given. The processes involving buming elements or
" compounds in oxygen giving rise to the oxides are thus known as oxidations. In nature we ¢ome across
anumber of compounds f oxygen. For example, wateris an oxide of hydrogen, sand is an oxide of silicon,
rust is an oxide of iron. Good number of minerals are the oxides of the corresponding metals. hematite
is an oxide of iron. Pyrolusite is an oxide of manganese. The idea of oxidation can be extended 10 explain
other phenomena. For example, respiration of living things as well as the souring of wines involve
oxidation.

_The combination of oxygen with chemical elements namely oxidation can also take place when the
elements or substances containing these elements are made to react with compounds containing oxygen
instead with molecular oxygen. Such a compound containing oxygen is referred to as the oxidising agent.
Forexample, if a jetof hot hydrogen is introduced intoa flask of nitric oxide,. (NO) the hydrogen continues
to burn in nitric oxide, with a hot flame producing water and nitrogen gas.

2H, + 2NO s 2HO + N,

2

Another example isthe huming of magnesium ribbon in steam. If aribbon of magnesium is lighted
in air and then immersed in steam, the magnesium continues to burn vigorously, extracting the oxygen
from the steam, and forming magnesium oxide.

Check your Progress - 1

" Write about the chemical process involved in the burning of firewood?

314 REDUCTION

Phenomena at first sight seem to be uarelated to burning were known in nature. For centuries metais
nave been obtained from their ores by a process that was termed "reduction of an ore to the metal”, Since
many orcs are oxides (or complicated combinations of oxides), the process of reduction, is considered

‘merely as removal of oxygen from the ore. For exampie, iron ore is reduced to metallic iron by mixing
it with charcoal and heating to high temperatures. :

2Fe,0, + 3C - 4Fe + 3CO,

In thig reaction the carbon removes the oxygcn from the iron oxide leaving the metal free.
Reduction, thus is the opposite to oxidation. It could therefore be ¢alled deoxidation,

A number of the other substances can be used to reduce the ores to the respective metals. Hydrogen,
carbondioxide or even other metals may be quoted as examples.

Fe,0, + 3H, -— C2Fe '+  3HO .
Fe,0, + 3CO - 2Fe  + 3CO,
FeO, + 3Zn --— 2Fe + 3Zn0O
Fe,0, + 2481 - Fe +  ALD,
CuO + H, = Ca + HO0

In all these cases the oxide ore is reduced to the metal.
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An examination of the above reactions reveals that one thing is common to all reactions. Every
substance reducing the ore is removing oxygen from the ore. becanse of this, these substances are called
“reducing agents”. This shows that the reducing agents must be substances that have great affinity for
oxygen.

31.5 OXIDATION - REDUCTION

An inspection of the oxidation reactions and the reductions described earlier reveals atother
important relation namely that both these processes take place in every reaction. Consider the following
reaction:

2Fe, 0, + 3IC > 4Fe + 3C0,

In thisiron oxide (F,0,) is reduced to iron, but at the same time carbon is oxidised to carbon dioxide
(CO,). Itisclear that in all these reactions, there can be no reduction of an oxygen containing substance
unless at the same time another substance combines with oxygen and is itself oxidised. In other words,
oxidation and reduction take place simultancously. The concept of oxidation and reduction as the
chemical union and removal of oxygen respectively was extended to other elements showing chemical
behaviour similiar 1o that of oxygen,

A good example is chlorine. Itbehaves in many ways like oxygen. For example, a jet of hydrogen
litin the air and then injected into a bottle of chlorine continaes to burn in the chlorine with a hot pale-blue
flame, forming hydrogen chloride. When hydrogen burns in oxygen it forms water and when it burns in
chiorine, it forms hydrogen chioride. Not only the two phenomena are entirely similar but the chemical
cquations describing the phenomenon are also analogous. A comparison of the two equations emphasises
this similarity.

2H, + o, --— 2HO + heat
, + CL, --— 2HCI + heat

Apart from hydrogen, many other elements bum in chlorine, more vigorously than in oxygen
forming the corresponding chlorides. The examples are, the burning of copper and antimony, forming
copper chloride (CuCl,) and antimony chloride (SbCL ) respectively.

The simitarity of chlorine to oxygen is also observed in the reductionprocess. Justas oxygen can
be removed from oxides, chlorine also can be removed from chlorides by reducing agents, resulting jn the
production of the free metal in each case. When hydrogen is passed over heated copper chloride (CuCl),
hydrogen chloride is formed and the copper compound is reduced to the metal. It is similar to the reduction
of copper oxide, by hydrogen, to copper. The reactions mentioned below explain the similarities.

CuO + H = C + HO

CuCl, + H, - Cu + 2HCI

Because of these similarities in the chemical reactions of oxygen and chlorine, it may be concluded
that the processes are fundamentally similar. Accordingly, the term "reduction” can be applied to the
removal of either oxygen or chlorine. However, it may be oddif the same term 'oxdation’ is used for the
combination of an element with chlorine, but the two reactions are similar, The concept of oxidation can
be extended 10 other elements too apart from chlorine which behave like oxygen. Among these elements
are bromine, iodine, fluorine, sulphur and nitrogen. The chemical equations emphasise the similarity of
the reactions,

2Cu + o, - 2Cu0




Q. + L, — CuCl
Ca + Br, -—-—— CuBr,
Co + L o Cul,
Mg + F, - MgF,
Ce + S 3 CuS
IMg + N, — Mg, N,

There are many more elements besides those mentioned above which show reactions similar to
those of oxygen. All these reactions are therefore cailed "oxidation" reactions. -

Fromthe above reactions a generalisation can be made. Oxygen isanon-metal. The other elements
which behave like oxygen are also non-metals. Accordingly the concept of oxidation is extended to mean
chemical union with any non metal, The non metals as a class can therefore be called oxidising agents.

The extension of the concept of oxidation is further Justified by considering the reverse process -
that is the removal of non-metals from their compounds by reducing agents. Thus, hydrogen reduces a
large number of compounds of copper as shown by the following reactions o copper.

Cu0 + H -5 Ci + HO
- CuClL, + H - Cu + ZHCI
CuBr, + H @5 Cu + 2HBr
Cus + H -5 Cui + H,S

There are many other examplesinvolving other metals. Accordingly the term reduction is extended
to meanremoval of a non-metal from a compound. The concepts mentioned earlier regarding ‘oxidation’
and 'reduction’ may therefore be summarised as follows:

Oxidation is the union with oxygen or any other ronmetal. Reductior is the removal of
Oxygen or aity other non metal. Oxidising agent is Oxygen or any other non-metal,

31.6 MODERN CONCEPT OF OXIDATION - REDUCTION

It is found useful to extend the definition of oxidation to many reactions in which oxygen playsno -

part. Thus if, ina chemical reaction an element loses electrons, it has been oxidised. Ifan element gains
electrons, it will be reduced. Oxidation can therefore be referred to as process in which electrons are
removed from an atom or a group of atoms. Reduction is a process in which electrons are added
to an atom or a group of atoms. The following examples explain the new concepts.

31.6.1 Ogxidation Processes

Na - Na* +

Al ——— AP + 3¢
H -5 2B 4 2e
2 - CL, o+ 2e

31.6.2 Reduction Processes
2H + 2e - H
Cl2 + 2e -—— 2Cr
Fe* + e - §*
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In the above examples, the atoms, molecules and ions in (31.6.1) are oxidised and the atoms,
molecules and cations in (31.6.2) are reduced. The reactions in (31.6.1) are referred as oxidation half
reactions and those in (31.6.2) are referred as reduction half reactions. An oxidation-reduction reaction
is equal to the sum of the two half reactions namely the oxidation half reaction and reduction half reaction.

For example, consider the formation of sodium chioride when sodium metal is exposed to chlorine
gas. This reaction can be written as a sum of the following two half reactions.

2 Na e 2Na* + 2e  (oxidation)
CL+2 - 2Cr (reduction)
Ma + Cl, -—— 2Na* + 2Cl -—~— 2ZNaCl-

' Stammous chioride reduces mercuric chloride to mercurous chloride. This reaction can he splitinto
two half reactions. i.e., oxidation of stannous tin _(Sn’*) to stannic in (So*). In the second nialf reaction,
mercuric jon (Hg?) is reduced to mercurous ion (Heg,?). '

Sn‘z"" —— Sn4+ + 23_
2Hg™ + 2 - Hg?*
2

So* + 2Hg® -—— S+ Hg!

In the above example, mercuric chloride s called the oxidising agent and stannous chlorideiscalled
the reducing agent,

The combination of hydrogen and oxygen to produce water can be cited as another example for
oxidation-reduction reaction.

M, + O, - ZH,0

However in this process the iransfer of electrons is not so obvious as it is in other two reactions
mentioned. However, there is definite shift of elecirons from hydrogen towards oxygen. Itcan therefore
be said that the hydrogen has been oxidised and the oxygen reduced. Hence there isa need to have a method
to track this transfer of electrons. A convenient way to keep track of the shift of electrons is through the

~ use of a concept called oxidation numbers. Oxidation numbers, since they deal with outer electrons,

are closely related to valencies,
The fol!owing arbitrary rules will be helpful to understand the concept of oxidation number.

(1) The oxidation number, of an element in the uncombined state is O. This concept holds for
diatomic molecules, such as hydrogen, for polyatomic molecules like S,, anc. for mono-atomic molecules
such as inert gases.

(2) For ions consisting of a single atom (C, Ca**) the oxidation number of the element of that atom
is the charge on the ion. For example -1 for chlorine and +2 for calcium.

(3) Some elements exhibit the same oxidation number in jonic as well covalent compounds. For
example the alkali metals, always exhibit +1, the alkaline earth metals show always +2. Oxygen (concept
in peroxides H,O,) exhibits -2, hydrogen (except in hydrides with metals) shows +1, the halogens in binary
compounds with metals and hydrogen show -1. Sulphur in binary compounds with metals or hydrogen
exhibits -2, and carbon shows generally +4 or -4. :




(4) In aneuwral molecule, the sum of the oxidation number of all the atoms it contains is zero. For
example in H,O, the oxidation number of oxygen is -2 and the ox1dauon numbers of two hydrogens
84+2(2x1). :

(5) Incomplex ions containing more than one element, the sum of oxidation numbers of the atoms
in it is equal to the charge on the ion. For example in NO-, the oxidation number of nitrogen is +5 and
the sum of the oxidation numbers of three oxygen atoms is -6 (3 x-2). The charge of the ion is therefore
equal to +5-6 = -1. The rules mentioned above help to determine the oxidation number of an element in
amolecule or ion.

Check Your Progress- 2

Offer modern definitions to oxidation and reduction.

317 OXIDATION - REDUCTION CONCEPT IN TERMS OF
OXIDATION NUMBER

In checking the transfer of electrons in an oxidation - reduction reaction it is seen from the earlier
discussions that if the oxidation number of an element is decreased the element is said to be reduced.
Similarly ifitisincreased, the element is said to be oxidised. This can beexplatned by taking the example
of the formation of sodium chloride from its elements.

The reaction is written along with the oxidation numbers of the elements involved in the reaction.
ZNa® + C,? > 2Ne"CI?

The oxidation number of sodium is increased from 0 to +1 in the formauon of the sodmm 1on and
so it is oxidised.

Chiorine molecule suffers a change in the oxidation from O to -1 in the formation of chleride ion.
Chlorine is therefore said to be reduced.

31.8 SUMMARY

. In this unit we have studied
i) The traditional views of oxidation and reduction (i.e.,) oxidation is a process in which oxygen
{electronegative element) is added to or hydrogen (or electro positive element) is removed from
@ substance. Reduction is a process in which hydrogen (or electro positive element) is added to
or exygen (or electro negative element) is removed from a substance.
ii) Oxidation and reduction take place simultaneously.

iii) Two medern cencepts of oxidation and reduction;
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(a) Electronic concept .
Loss of Electrons in a process is termed oxidation
Gain of Electrons in a process is termed reduction.

()  Oxidation number concept :
The concept of oxidation number is a process in which oxidation number increase is called
oxidation. A process in which oxidation number decrease is cafled reduction.
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MODEL EXAMINATION QUESTIONS

II.

Answer the following in 10 jines each.

Explain clearly the old concept in respect of oxidation and reduction.
Give a concise account of the modern concepts of oxidation and reduction,
Answer the following in 30 lines each.

Discuss critically the oxidation and reduction reactions with special reference to the old concept
of these terms.

Explain the modern views on 'oxidation - reduction’ reactions with specific illustrations.

31.10 MODEL ANSWERS TO CHECK YOUR PROGRESS
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In the burning of firewood mosily carben and hydrogen of ccllulose combine with oxygen and
change into CO, and H,O respectively. Therefore it is the oxidation process that takes place in the
burning of firewood.

Increase of oxidation number i oxidation and the reverse process i.c., decrease of oxidation
number is reduction, Renual of electrons is oxidation and addition of clectrons in reduction.

Author - Dr. K. LAKSHMINARAYANA
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Do not copy the answer directly from any of the books.

As far as possible try 1o answer the queslions independently in your own words.

If it is necessary to quote from any source give the correct reference.

Use your own fooscap pages for writting the assignmeunt.

Leave sufficient margins for the comments of the evaluator.

Completion of this assignment normally should not take more than two hours time.
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SECTION - A

Answer the following in 30 lines.

1. Discuss critically the drawbacks of Rutherford model of atom.:

2 Write a concise account of valence bond théory of covalent bond.
3. What are quantum numbers 7 State and explain Pauli exclusion principle.
SECTION - B

Answer the following in 10 lines.

1. Explain with suitable examples, how ionic bond is formed?
2. Write the electronic configurations of sodium, chlorine, nitrogen, chromium and copper atoms.

3. ‘What are cathode rays? Describe their properties.
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SECTION - A
Answer the following in 30 lines,
How is infrarcd spectroscopy useful in the clucidation of molecular structure?

Give a detailed account of radioactive disintegration series.

State kinetic gas equation and deduce any four gasdaws from that equation,

SECTION - B
Answer the following in 10 Lines.
Distinguish between an absorption spectrum and emission.

Describe the properties of c:-rayé.

Explain the reasons for the deviations of real gases from idcal behavioyr,
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SECTION - A

Answer the following in 30 lines,

Explain clearly the process of distillatior of binary liquid mixtures.

Stae and explain law of mass action. Discuss its application to formation of ammonia from
nitrogen and hydrogen.

Explain the modern vicws on oxidation reduction reactions with specific illustrations.

SECTION - B

Answer the following in 10 lines.

Taking suitable examples, explain Lewis concept of acids and bases.

Explain with a neat sketch, the phenomenon of osmosis,

Write expressions for equilibrium constants KP and X_ for the reaction.
250, , + : O — 280,

How they are related?
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SECTION - A

Answer any three of the following in 30 lines.
3X 15=45.

State the drawbacks in Rutherford model of the atom, How are they set in Bohr's model ?
Describe the discovery and nature of radio activity,

Discuss the classical as well as modern concepts of oxidation and reduction with suitable
illustrations, '

Derive vander - Waals equation of state.
State law of mass action and apply the same to any three chemical equilibria.

Discussabout the formation and characteristics of ionic and covalentbonds with suitable examples.

SECTION - B

Answer any five of the following in 10 lines.
5X6=30

What are collegative properties? itlustrate the same with suitable examples.
Explain Lewis concepts of acids and bases with illustrations.

State and explain Raoult's léw.

Describe briefly Born Haber cycle.

Derive ideal gas 'equation.

Discuss the dual nature of li ght.

Define osmotic pressure, how is it determined experimentaliy?

State and explain Lechatelier's principle,

Give a detailed account of types and shapes of hybrid orbitals,

Describe briefly hydrogen bond formation and its applications.







