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[ AND MOTECULES

fars - Ayoms and Molecuies, is one of the elective courses for the students of

~—

v s cdacerned with composition, characterisation and transformation of
‘- ioundation Conrse in Science and Technology, we have discussed the
rocts of the deveiopiners of chemnistry and other sciences in detail. The
muli-dimensional development of wodesn chemistry began in the [ate eighteenth

century. This was largely due te this contributions of Lavoisier in quantitative
experimentatica, The stupendous growth of chemical facts has led to the emergence
of five aistinet wanches of chemisiry. You must be familiar with the following
branches of chemistry from your suuwiv of the subject so far.

R AT

-y _'._ [
linicrinal for

i) Physicaich
of the mans

wy s The study of the physical principles governing the situcture
and its chemica! transformations.

]

- i) dsorganic chzzaisiey ;- The chemistry of all the elements and of all their
compeurids except the hydrocarbons and their derivatives.

i) Orparde chernisiry © The chemisiry of hydrocarbons and their derivatjves:
iv) Bicchemistyy : The chemisiry of living systems, both plant and animal.

v) Anziyticsd chermistiy : The study of the qualituiive and the quantitative
identification of subsiances.

»

he frontiers of these vranches are not well-defined. Chemistry is, even today,
andergoing further “csit divisions”. New branches, such as pharmaceutical chemistry
agricultural chemistry and textile chemistry are emerging as a result of explosive
growth of various aspects of the discipiine. These diffcrent branches of chemistry deal
with.the Macroscopic nature of matier. But, in this course, we will describe the
characteristics of matter at the microscopic level. This knowledge will help you to see
the connecting link between the different branches of chemistry.

#eipre untelding the main features of this course, iet us see what atoms and
wolecules are. An atom has been defined as the smallest particle of an element that
"4 ke part in a chemical reaction. Atoms combine to form molecules. While
oigcules can exist independently, atoras cannot, in general. '

1ock 1 of this course, we discuss the funcamsntal concepts regarding atontic and
tecular structure. We start with the historical ideas about the atom, and build the
wpto ihe modern times. We explain the basic concepts of modern atomic theory,
Atend them to show how atoms combine to form molecules. In Block 2 you will -
study the structural features of the molecunles, using physical methods such as dipole
moment, magnetic susceptibility and optical rotation. We also discuss some of the

L]

main branches of spectroscopy and their use in Structure determination, In eight units .

of this course, we discugs the electronic arrangement of the atoms and molecules with °
respeci to their structure and characteristics. Finally, in the last unit, we talk about
the composition and characteristics of atomic nuclei,

Broad Objectives

After studying this course, ¥ou should be able to:

& discuss the relationship of this course with other branches of chemistry,

explain the fundamenial concepts of atomic and molecular structure and the

contributicn of various scientisis in the development of ihese concepts,

» explain the importance of physical methods in identifying the structure of simple
malecules, and - - .

2 explain the salient featurss regarding the constiiution of aiomic nuciei and
radioactiviiv,

@

4 Jegree Pregramme in Science. it is a pre-requisite for other eiective -
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BLOCK 1_STRUCTURE OF MATTERI

Modermn chemistry is built upon the atomic theory as the foundation. Knowledge of
the structure of atom is essential for an understanding of the formation of molecules.
In Unit 1 we discuss tiie evolution of atomic theory upto the early twentieth century
and its application to atomic spectra. In Unit 2 we take up the wave mechanical
theory of atorn and the arrangement of the electrons around the nucleus of the atom.

The stage is now set to study the linkage of atoms in the formation of molecules. In
Unit 3 we deal with the theories of Kossel and Lewis in explaining the fonic and the
covalent lmkages We describe the VSEPR theory and use it in explaining the shapes
of molecules. In Unit 4 we discuss the valence bond theory in detail to explain the
covalent linkages in molecules. We also discuss the main features of resonance and
hybridisation in the light of molecular parameters such as bond length and bond
angle. In Unit 5 we deal with the molecular orbital theory as another profile of
covalent lmkage The materials in the last two units would be par‘t:cularly helpful in
understanding the structure and reactivity pattern discussed in inorganic and organic
chemistry courses, '

- Objectives

After reading this block, you should be abié to:

® state various theories regarding the arrangement of electrons, protons, and
neutrons inside the atom, _

© explain the importance of Schrédinger equation in predicting the shapes of atomic
orbitals,

® write the electron configuration of elements using Pauli's principle and Hund’s rule,

¢ discuss the salient features of ionic and covalent linkages,

e describe the main aspects of resonance and hybridisation, and

® explain bonding in simple molecules using molecular orbital theory.

Study Guide

We have tried to present this course in a qualitative way. To the extent possible, the

sharp mathematical bends have been flattened and kept at a low-key to enable you

to understand this topic, which though difficult, is pivotal to the understanding of

chemistry. It assumes, an elementary knowledge of algebra trigonometry and

- calculus which you may have studied at the school level. Try the derivations and

numericals when you come across them. The SI units have been used for various

physical quantities. Before trying to work out a numerical, substitute the SI units for

the physical quantities in the equation and check whether the two sides of the _

equation match. As an aid, the table of SI units of various physical quantities, the

’

table of physical constants and the logarithmic tables are included at the end of this -

block along with Greek alphabets.

This block may require 22 hours of study time and 2 hours for doing the assignments.
On an average, each of the five units may need 4 to 5 hours. You need not worry if -
you take more time, since this time-frame is not quite rigid and depends on your own-
pace of learning. To facilitate learning, many figures, diagrams and marginal remarks
have been given in ail these units, Many solved problerms are also included in the
text. We advise you to study them carefully. We have given many self-assessment
questions (SAQs) and terminal questions in ¢ach unit. After each major concept, -
SAQs have been placed within the text along with space for wri.ing the answer; the
terminal questions are given at the end of the unit. Although the outlines of the
answers are given for each question at the end of the unit, it is worth solving the
questions yourself rather than looking for the answers straight away. The pleasure,
you get in solvmg the SAQs and the terminal questlons yourself, is the reward for
. the pains taken in studymg a udiit,

For your benefit, some of the abbreviations used in’ this block are given below:
Fig. X.Y — Figure number Y of Unit X~

Sec. X.Y — Section number Y of Unit X

Eq. X.Y — Equation number Y of Unit X

If you wish to go deeper into some aspects, you may refer to the _boo'ks I'sted for
further reading at the end of this block.

]




UNIT 1 OLD QUANTUM THEORY

Structure
1.1  Introduction
Objectives

1.2 Discovery of Sub-atomic Particles
1.3  Earlier Atom Models
1.4 Light as Electromagnetic Wave

1.5  Failures of Classical Physics
Black Body Radiation .
Heat Capacity Variation
Photoelectric Effect
Atomic Spectra

Planck’s Quantum Theory, Black Body Radiation
and Heat Capacity Variation ' '
Einstein’s Theory of Photoelectric Effect

Bohr Atom Model .

Calculation of Radius of Orbits

Energy of an Electron in an Orbit

Atomic Spectra and Bohr’s Theory

Critical Analysis of Bohr’s Theory
Refinements in the Atomic Spectra Theory
Summary :

Terminal Questions

Answers

—
f=a

i e i e i O B0

e T T R R S R S ey
[= R R N S N ]

1.1 INTRODUCTION

The ideps of classical mechanics developed by Gallleo Kepler and Newton, when
applied to atomic and molecular systems were found to be inadequate. Need was felt
for a theory to describe, correlate and predict the behaviour of the sub-atomic
partictes. The quantum theory, proposed by Mayx Planck and applied by Einstein and
Bohr to explain different aspects of behaviour of matter, is an important milestone
in the formulation of the modern concept of atom.

Ir i unit, we will study how black body radiation, heat capacity variation,

phc toelectric effect and atomic spectra of hydrogen can be explained on the baS|s of ¢
theories proposed by Max Planck, Einstein and Bohr. They based their theories cn
the postulate that all interactions between matter and radiation occur in terms of
definite packets of energy, known as quarita. Their ideas, when extended further, led

to the evolution of wave mechanics, which shows the dual nature of inatter and energy.

Objectives

After studying this unit, you should be able to :

& describe the discovery of electron, proton and neutron,
explain the atom models of Thomson and Rutherford,
list the wave parameters of light,
describe the shortcomings of classical physics,

- state Planck’s theory and explain its application to black body radiation and heat
capacity variation,
define photoelectric effect and explain it in the light of Einstein’s thecry,

® list Bohr’s postulates and derive an expression useful in calculatmg the radius of
the hydrogen atom, :

¢ explain the atomic spectra of hydrogen in the light of Bohr’s theory,

® analyse critically the advantages and limitations of Bohr's theory, and

® stete the refinements in the atomic spectra theory.

1.2 DISCOVERY OF SUB-ATOMIC PARTICLES

“I'ie atomic theory cf the Greek philosophers, Leucippus and Democretus (400 B.C.)
held that continued subdivision of matter would ultimately yield atoms which would

LA




Struciure of Matler

Cathode rays arc a stieam of
negatively charged particles,
known as clectrons.

Muss of the electron

=9.109 x 0" kg

Charge of the electron
= —1.602 x 107 C

The unit for charge of the electron
iscoulomb, C,

Charge of the proton is cqual in
magnitude but opposite in sign to
thiat of the clectron,

not be further divided. The word ‘atom’ is derived from the Greek WOTU., aiomos,

which means “uncut” or indivisible. Dalton (1808) based his atemic theory on the
ideas of Democretus and was able to explain the laws of chemical combination,
Toward the end of nineteenth century, it began to appear that the atom iiself might

‘be composed of even smaller particles. This discovery was brought about by

experiments with clectricity.

Attempts to pass a high voltage clectric current through guscs under reduced pressure
led to Julius Plucker’s discovery (1859) of cathode rays, Fig. 1.1. The cathode ravs
stream from the negative electrode, which is called the cathade. These rays consis
of negatively charged particles which travel in straight lines, The cathode rays wive

-off flashies of light, when they strike a screen coated with substances like Zine

sulphide,.'Thgi picture tubes in television sets and computer monitors, function on this

principle.
Cathode é“"’

Anode

i

Fig. 1.1: Deflection of cathode rays tewards a positive plate in an
electrostatic ficld proving their negative charpe.

The particles in cathode rays were later called clectrons, as suggesied by Stoney. The
determination of charge to mass ratio of electrons by Thomson {1547} confirned rhe
fact that the electrons, which originate from the metal of which the cathode i
constituted, are the same no matter what metal is employed as the cathode. In ot
words, electrons are fundamenial particles of all types of matter.

If one or more electrons are removed from a neutral atom or molecule, the residual

. entity is-positively charged. During the formation of cathode rays in an eleciric

discharge tube. one or more electrons are remioved from each of the atoms, and (i
positive particles so produced, move toward the negative electrode. If this elect ..
has holes in jt, the positve ions pass through them. as shown in Fig. 1.2,

Cathol rays

D ——k 7 P

Arode -— +\ Positive rays
(-] .

‘lT Cathode
To vacuum (=)

Fig. 1.2: Positive rays.

These streams of positive ions, called positive rays, were {irst observied by Goldstein
(1886). The charge to mass ratios of positive ions depend on the nature of gases taken
in the discharge tube. For example, charge to mass ratios for the positive rays
obtained from hydrogen and neon are not the same. You can compare tins fact with
the earlier statement that the charge to mass ratio value of electrons is the same
irrespective of the nature of gases kept in the discharge tube.

The positive particles produced, when hydrogen is taken in the discharge tutic, arc
cailed protons in accordance with the suggestion of Rutherford (1920). In Cireek
‘protes’ means first. The protons, like electrens are assumed to be constivicn . o il
atoms. The proton has positive charge. aithough equal i magnitucs oot
eleciron.




In the same year, Rutherford suggested that therc might exist particles which he
catled neutrons, having a mass equivalent to a proton but without charge. Chadwick
(1932) discovered neutrons during his experiments on the bombardment of beryllium
vy a — particles. The properties of electron; proton and neutron are summarised in
Table'1.1. Although other sub-atomic particles have also been identified, atomic
-structure is adequately explained on the basis of the number of electrons, protons
and r=utrons in an atom. '

Table 1.1: Sub-atomic Particles

Particle Massikg Charge/C
Electron : 9.109 x 10~ - 1.602 x 107**
Proton 1.673 x 1077 4+ 1,602 x 171"
Necutron 1.675 x 107 —

Along with discoveries of sub-atomic particles, various theories were put forward to
explain the structure of the atom.

1.3 EARLIER ATOM MODELS

As mentioned in the last section, Dalton proposed a theory that atom is indivisible.
But the discovery of sub-atomic particles like clectron, led to a revision of this theory.
Thomson (1904) proposed a medel for the atomic structure, known as “plum
pudding” model, which is pictorially described in Fig. 1.3. He considered an atom to
be a uniform sphere of positive electricity of about 107 ¢m radius, with the electrons
embedded in such a way as to give the most stable electrostatic arrangement.

This model was not able to explain the observation of Geiger and Marsden (1909)
regarding the scattering of the a-particles directed towards thin gold foil. Some were
deflected frow iheir straight-line patif anid a few recoiled back toward their source
(Fig. 1.4}. A uniform sphere of positive charge. would mean only a gradual deflection
of the a-particic, but not scatiering as it orogressed through the foil.

Atoms in meta| foi
Nucleus oif

Scattered and particles

‘anticle source

Slit ZD:let:ll::r soreen

{a)
vy - Deflection
Fig. 1.4: (a) Geiger and Marsden’s « - particle experiment: :

(b} Deflection of « - particles by nuclei of metal foil. Red lines show the path of a-rays defle-ted,
while black lincs indicate the path of those not deflecied.

Rut_h'erford (1911), on the basis of the a-ray scattering expeniment, suggested that
posttive charge and mass of the atom are concentrated in a space which is very much

smaller than that occupied by the atom as a whole. He suggested an atomic model,

knox_vn as nuclear mode! which coasisted of a nucleus at the centre and negative
particles surrourding it. The nucleus accounted for rass and positive charge. To
support the fact that the clectrons did not fall into a nucleus as a result of electrostatic
attraction, Rutherford found it necessary to postulate rapid rotation of the electrons
about the nucleus just as pluncis o round the sun. This analogy is misleading, since
according to clissical clectromagnetie 'heory, an elegtron in orbit is subject to
continual acceleration owards the cenire and the accelerated clectric charge must
emit radiation. The conscquent loss of energy, shovld bring the electron d-wn in a
spiral'path to the nucleus - that is the collapse of the atom, '

Oid Quantem Theory

a - particles are helium nuclei or
helium atoms which have lost

theer electzons.

Fig. 1.3: Thomson's “'plum
pudding' madel for the ntom.

Themson compared atom to a
pudding with partially dried
grapes in it,

‘Rutherford, on observing the

recoil of some a - particles from
thin gold foil, exclaimed "It was
quite the most incredible event
that has cver happenad to me in
my life. [t was almost as il you
fired a 15inch shell into a picce of
tissue paper and it came back and
hit you™.

If u nucleus of an atom weve the
size of a tennis ball, the atom
would have a diameter of over
one milc.

Eraest Rutherierd
i871.5937

.
-




Structure of Matter

_ A waveisa travelling disturbuuce
that transports energy.

Electromagnztic theory of light
depicts progagation of light
through space, as oscillating
electric and magnetic fields; these
ficlds are mutually perpendicwar
and also perpendicular to the
direction of:propagation of light.
Further, the encrgy of a wave
depends on the square of its
amplitude.

. Tis pronounced as “nu bar’,
1 = 1072 em™

-, ‘The-maximum displacement of a
medium- from its equilibrium

position is the amplitude of the
wave.

Within two years, Niels Bohr suggested a better theory of the atom. Before studying
Bohr’s theory, let us analyse. the wave properties of light and the rcason for the failure
of classical physics in describing the properties of sub-atomic particles Ii':c electrons..

SAQ1

“What is tte essential difference between the atomic models proposed hy Thomson

and Rutherford'?

................................................................................................................
..........................................................................................

1.4 LIGHT AS ELECTROMAGNETIC WAVE |

A beam of light has oscillating.electric and magnetic fields associated with it. It is
characterised by the properties such as frequency, wavelength and wave number. We
can understand ali these propertres byconsidering, in general, a wave propagating in
one dimension only (Fig. 1.5) along ABCDEFGHL.....

B Wavelength- (1) ~ °F o .

' . .
\ c L

Amplitude - D

Fig. 1.5: Wave propagation,

Wavelength A (Greek: lambda) is the distance between two successive crests or
troughs. The length BF or DH.in Fig 1.5 is equal to the wavelength and it is expressed
in the unit, metre {m). The frequency is the number of waves per sccond. It is:

.represented by the Greek letter » (nu). Its unit is hertz {Hz). In fact, onc hertz is

egual to second™ (s™). Wavelength and frequency are rclated by the expression (1.1)
where ¢ is the velocity of the light wave in the medium.
A=E L1

v
In vacuum, ¢ = 2.998 x 10°® m s”%, and we use this value for ¢ in our calculatiops.
From the above expression, we understand that wavelength is inversely proportional
to frequency

1

The reciprocal of frequency is the period of oscrliauon T = <. Itindicates the time

for one oscillation. Similarly the reciprocal of wavelength is the wave number (#:nu

tilde). Wave number is related to frequency and wavelength as per Eq. 1.2.
ﬁ=%f% -(12)

The SI unit of #is m™ nltheugh most of the literature values are in cm™'. The peak

height (KB or MF) or trough depth (LD or NH) is called the amplitude of the wave.

In section 1.6, we shall see how energy of a light wave is related to its frequency and

Wavelength The electromagnetic’ spectrum describes the range of values of frequency

-and wavelength in the electromagnetle radiation. The characteristics of

electromagnetlc spectrum are given in Table 1.2.

N




_ Table 1.2: Characteristlcs of Electromagnetic Spectrum

o . Wavelen Wave Number Frequency - Energy
Description l?.m'sgeguI o oem™ , Hz k3 mol™
, 3%10Pm 3.33 % 10°° ‘ 10° . 39x10®
Radio waves
l 0.30m 0.0333 10° 3.98 x 1074
Microwave
0.0006 m 166 4.98 x 10" . 0.191
(600 pm) | .
Far infrared . : '
: 30 pm 333 1% 3.98
Near infrared - ‘ ) ,
0.8 pm 1.25 x 10* 375 % 107 © 1498
(800 nm) .
Visible
: [ 400 nm 2.5x10* -7.5 x 10" 299.2
{Ultraviolet
: [ 150 nm 6.66 % 10° 19,98 % 10™ 795
Vacuum '
Lultraviolet ‘
i . [ 5am 2 x 10° 610" 2.30 x 10°
X-rays and
gamma-rays . °
' ’ [ 10%nm 10" 3x 10 1.19 x 10°

At one end of the spectrum, there are X-rays and gamma-rays with low wavelength and
high frequency; at the other end, we find radio waves and microwaves with high

_ wavelength and low frequency. In Table 1.3 you can find the wavelength values of

ultraviolet and visible light of different colours.

Teble 1.3; Expanded Ultraviolet—Visible Reglon

Colour Wavelength/nm
Ultraviolet 200
Violet 410

" Indigo . 430
Blue 470
Green 520
Yellow : 570
‘Orange 620
Red 710

It is seen that violet light has lower wavelength than. the light of the red colour..
Let us calculate A and ¥ values for a light having v, 10ls Hz. According to the
Eq.1.1,A =

- 2.998 x 10° _ 2.998 X 107 m

1015
= 299.8 nm.
usingBq. 1.2,5 = X
¢ 1015
2,998 x 108

= 3.336 x 10°m™!
= 3.336 x 10* cm™.

You can verify Egs. 1.1 and 1.2 by substituting A, »and ¥ values for vanous reglons,
given in Table 1.2.

Using the above ideas, attempt the following SAQ.

SAQ 2
a) Calculate the frequf-nc,j of yeliow light, A = 560 nm.

0ld Quantum Theory

1 millimetre
= Limm = 10' m

| mlcromelre

= lpm=10"m
| nanometre
=lam=10"m
1 picometre
=1lpm=10"m
1 Angstrom unit

=1A=10"n
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b) In VIBGYOR, relate the frequency of different colours.

1.5 FAILURES OF CLASSICAL PHYSICS

The laws of motion put forward by Newton are the pillays of classical mechanics. Till
1900, it was thought that these classical concepts and laws hold good both for celestial
bodies like planets and sub-atomic entities like electrons. Is this assumption quite
acceptable? Is it advisable to use a lorry weigh-bridge to find the weight of a safety
pin? Before trying to see whether classical machanics is applicable to sub-atomic
system, we have to be familiar with importar assumptions of classical mechanics, viz.,

i) No restriction on the value that a dynamic variable (e.g. energy, momentum etc.)
can have. ' '

i)’ No limit to the accuracy.with which one or more of the dynamic variables of a
system can be measured except the limit imposed by the precision of the
measuring instruments. '

iii) No restriction on the number of dynamic variables that can be accurately
measured at the same timé, '

Added to classical mechanics, other tools in the bag of classical physics were
thermodynamics, optics and electromagnetic theory. A number of experiments done
in the latter half of\nineteenth century and the first two decades of the present-century
gave results totally at variance with the predictions of classical physics. Let us now
consider four specific cases given below, which indicated the inadequacy of classical
physics: )

i) black body radiation ii) heat capacity variation

iii) photoelectric effect - " iv) atomic spectra

As a first case, we shall take up black body radiation.

1.5.1 Black Body Radiation

. Black body radiation is the radiation emitted by a non-reflecting solid body. A perfect

black body is ore which absorbs all the radiation falling on it. Experimentally, a
hollow body, blackened on the inside and with a small opening, is considered a typical
black body: Any radiation that enters through the smali opening is reflected
repeatedly from the walis until all of the energy eventually becomes absorbed

(Fig. 1.6a). A black body is both a good absorber and radiator of energy. Of the
various types of bodies heated to particular temperature, only black body, radiates
the maximum amount of engrgy. It radiates the same amount of energy as it absorbs.

- 120 |
2
= 100}
g .
"6 L
= 80 1449K
L 60F : .
B
2 40t 1259K
"a .
S .
& 20t 1095K ™
. 904K
i A 1 ol 1 A
012 3
Wavelength /10-m
@® ' ®)

L]

Fig, 1.6 (a) Black body radiation. The walls reflect and absorb light, entering the cavity;
{b) Distribution of energy in black body radia!inn.

;o




The main aspects’of black body radiation which emerge from experimental 6 {uemmum Theory
observations, are:

i)- At shorter wavelength region, that is at higher freqﬁency region, intensity of
radiation is low. ’

if) At every temperature, there is a wévelength at which energy radiated is
maximum. This wavelength is called A, value of that temperature. |

iif) At higher temperatures, thére is increased intensity of radiation in the shorter
wavelength region. :

These facts are pictorially represented in Fig. 1.6 (bj.

A piece of iron, say 2t 375 K, is-hot for the hand to touch but no visible radiation,
i.e., shorter wavelength radiation, is emitted by the metal. However, with increase
of temperature, it becomes progressively dull red, bright red, orange, yellow and
white hoi. In general, as temperature is-increased, the radiation ~aitted, contains
more of shorter wavelength region, whether it is from black body or an iron piece.

In contrast to the above experimental fact, the classical theory predicts that the black
body ought to radiate over the whole wavelength region including visible region even
.at room temperature. As temperature is increased, the radiation emitied should get”
uniformly more intense. In other words, an iron piece zven at room temperature,
should radiate a little in the visible range.

When the evidence of eyes and fingers does not fit the predictions of the classical

theory, it is time for this theoty to be modified. In section 1.6, we shall see how

quantum thecry successfully explains the experimental facts regarding black body
radiation.

1.5.2 Heat Capacity Variation®

- The second drawback of classical physics is its inadequacy in explaining heat capacity
variation with temperature, Dutong and Petit, based on experimental evidencs thep
available, proposed that the molar heat capacity at constant volume for metals must
be equal to 24.93 I mol™ K irrespective of temperature. Molar heat capacity is the o -
quantity of heat required to raise the temperature of one mole of a substance through ;‘s;’; d";’f?;gu‘il':‘:;’:m‘,‘i ,
one degree kelvin. Anyhow, the experiments performed at low temperatures reveal l2w. SemTTEEE
significant deviation from Dulong and Petit law. All metals are found to have molar
heat capacities lower than 24.93 I mol~* K~! at low temperatures and the values appear
to approach zero as temperature chosen is near absolute zero. In Section 1.6, we shall
see how quantum theory explains heat capacity variation with temperature.

1.5.3 Photoelectric Effect

Let us now take up the third major setback to classical theory. The emission of
electrons when metals are irradiated with ultraviolet light is known as photoelectrig
etfet. This was observed by Hertz in 1887. The electrons, so emitted, are knows as
photoelectrons, to differentiate them from the electrons remaining inside the metai
atoms. The main feature of this phenomenon is that a minimum. frequency of light,
known as threshold frequency ( Yp), is required to emit photoelectrons. If the
frequency of the incident light is less than this value, then photoelectrons are not
eraitted. The value of v, isa characteristic of the metallic surface used. Increasing
the frequency of the light beyond threshold frequency value, only increases the
velocity of the photoelectrons, These observations could not be explained by the
nineteenth century view of light as wave phenomenon. In section 1.7, we shall see
how Einstein’s theory éxplains the experimental facts concerning photoeleciric effect.

1.5.4 Atomic Spectra

The fourth front, where again classical theory failed, is the atomic specira. Leat us Atomic absorption specteascopy
first understand what atomic spectrum is. When gases or vapours of a chemical is wsed for ideniification of

. substance are heated in an electric arc or bunsen flame, light is emitted. If a'tay of  eclements ir tare quantitics i
this light is passed through a prism, a line spectyurm is produced (Fig. 1.7). substance.

This spectrum consists of a limited number of coloured Lines, each of which _
corresponds to different wavelength of light. The line spectrum of eack element is 11
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In the casc of atoms, only
electronic transitions are possible
and therefore, the spectrum is
very simple consisting of
electronic spectral lines, In the
case of molecules, on the other
hand, besides electronic’ ]
transitions, transitions between
rotational and vibrational energy
levels are also possible and
therefore molecular spectrum is

lPhotographic plate

Line spectrum

.Fig. 1.7: Apparutus for atomic specira.

unique. On careful examination, it was found that in the atomic spectra of elements,
spectral lines occur discretely at lower frequencies followed by a continuous spectrum -
at very high frequencies. An examination of a part of the spectrum of hydrogen as
in Fig. 1.8a, indicates the presence of three groups of lines. One of them is in the

visible region, and it was discovered by Balmer in 1885 (Fig. 1.8b). This series, known

as Balmer series, has a mathematical relationship as shown by Eq. 1.3.

;ﬂ;‘;‘:";‘:ﬁﬁ; :;:;:s :l:::se High frequency region Lyman section Low [requency region
and looks like & band (called band . ) ‘
spectra). n, w I 4 3 : 2
. T L
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\} _
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.
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Fig. 1.8: (=) Atomic spectra of hydrogen. Only a few discrete lines followed by a continoum in the three

serles shown, Note the spacing Ay decreases as frequency increases in each series; that is,

In each series, 4%, > 4F; > A%, .
)] Dism:le Lines followed by a contlnuum in Balmer serles Reproduced from the actual spectrum




= R (L - 2) -(1.3)

n thls equation, Risa constant now known as Rydberg constant, having a value of
1.097 x 10’ m™ and n'is a whole number having values 3, 4 etc.

You can see in Fig. 1.8b that the Balmer series consists of a series of spectral lines
in which the distance of separation or spacing between the lines decreases, as.the
frequency increases. At very high frequencies, the Spectral lines, converge to give a
continuous spectrum or continuum. The other two series known as Lyman and
Paschen series, with a similar pattern, oceur in the far ultraviolet and infrared regions,
respectively.

Further work by Rydberg showed that the lines in the atomic spectra of the alkali

" metals could be classified into a number of spectral series, each of which could be
descnbed by a relationship of the following type:
- R .

V= P =

..(1.4)

(n - dy? (

In this relation, » is an integer and d is a constant. The Rydberg constant, R, was

shown to have the same value as mentioned above for all the elements and for the
- first time indicated a c6mmon link between the spectra of different elements.

Ritz (1908) showed experimentally that in any spectrum, it was possible to set up
charts of quantities called terms, having dimensions of cm™, such that the wave
numbers of the observed spectral lines could be written as the difference of two terms.
- This is-known as Ritz combination principle and in case of hydrogen, new spectra}
series were predicted for which the frequencies were given by:

- 1 ‘

7= R (L 1y - ‘ (1.5
n : oo

Here m and n are integers and-m is constant for a given series. This principle applies

to two other series as well, namely, Lyman series and Paschen seriés.

Classical physics failed in its attempts to account for the appearance of various
spectral series, each of which bas discrete spectral lines at lower frequencies and a
continuous spectra at higher frequencies. On the basis of classical physics, the atomic
sp-ctra was assumed to be consisting of a continuous band throughout. We shall see
in section 1.11 as to how Bohr was partly successful in explaining the above
observations.

1.5 PLANCK'S QUANTUM THEORY, BLACK BODY
RADIATION AND HEAT CAPACITY VARIATION

The Quantum Theory, proposed by Max Planck in 1900, is the result of the realisation
that the failure of classical physics is due to the wrong assumption that the energy of
the system may take any arbitrary value. He suggested a detailed model for the
processes taking place at the cavity walls. He considered the black body to consist of
oscillators of molecular dimensions, each with a fundamental vibration frequency v,
and that each oscillator could emit energy only by a specified amount, known as
quanta, but not continuously. His assumptions are given below: '

i) An oscillator cannot have any energy, but only energies given by Eq. 1.6.
E.= nhv = ne ' ...{1.6)

In this expression, v-is the freanncy of emitted radiation, while # is a constant.
and pn is an integer. Preseatly A is called Planck’s constant and n is known as
quantum number. One quantum of energy, ¢, is equal to the product k. Planck
evaluated the value of the constant 4 as 6.626 x 107 s. So Eq. 1.6 asserts that
the oscillator. energy is quantised. It is interesting to know that # is related to
angular 1- omentum, which is equal to linear momentum (mass X velocnty)
mulup'lec' by length

ii) The oscillators do not radiate energy contmuously but oniy in quanta These
quanta of energy: are, emitted when an oscillator changes from one quantised
energy state to another. Thus, if the oscillator goes from the level n+1 to n, we
get from Eq. 1.6, the amount of energy radiated as,

AE = Ey ~ E, = (n+1}hv — nhv = hs (1)

Old Quuniurs Treory

€, epsilon, stands for one
quantum of energy, fv.

Unit of k=1 s
= kg m s

=k = (kg ms_ ) m
= ( mt of mass X unit of
veloc:ty) x unit of length

= (Unit of lincar
momentum) X unit of
length

nit of angular

momentum

h is also known as action
constant; later in Unit 2,
we shall see how  relates
wave and particle aspects
of sub-atomic particles.
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- Latus now see in a qualitative way how Planck’s theory is useful in explalmng black
" body radiation.. The number of oscillators possessmg sufficient energy e, otherwise

' term, <~%*7, known as Boltzmann factor. Here T is the temperature and k, the
: Boltzmann constant The intensity of radiation is proportionai to the osc1llator
'populatlon at a particular energy level. Hence the intensity of radiation is -

‘proportional to the quantity, e **T, The term ¢~"**7 is in fact equal to

‘region is low (Fig. 1.6b).

in the denominator of the exponential term, when T increases, e""*7 decreases.

. explain the An,, value at each temperature.

_ properties of matter,

~ {rom the electromagnetic radiation. If the frequency » of the photon is greater than

Also an oscillator neither absorbs nor emlts energy as long as it remains in the sere
quantised state.

known as oscillator population at that energy level, is proportional to the exponential

proportional to ¢~</4T Using Eq. 1.6, we can say that the intensity of radiation is
1
e kT
and hence is a fraction. As vincreases, the value of the fraction ¢ **7 and also the
population of the oscillators decrease. It is something like decreasmg the percentage
of successful students at an examination by increasing the minimum pass marks! This
means, the intensity of radiation of higher frequency region or sherter wavelength

The intensity of radiation is increased, once the tamperature is increased Since T'is

Hence, increase of temperature increases the value of 1/e*"*T and the intensity of
radiation. That is, more radiation of even shorter wavelengths will be emitted at i
higher temperatures (Fig. 1.6b). Planck, using a mathematical approach, was able to

Apart from explaining the black body radiation, Planck’s theory is useful in
calculating the energy of oscillators from tae frequency values. The values of energy
are given in Table 1.2 in kJ mol™ as per Eq 1.6 for each constituent of
electromagnetic radiation, assuming that » is numerically equal to Avogadro number.

A ray of light having frequency v can be considered as a stream of particles, each
one having energy hv. These particles are now known as photons. This means that
if a ray carries anenergy E into some region, then the number of photons n, arriving
is E/hv.

E

hy

Planck’s theory was extended by Einstein to explain heat capacity variation with
temperature. Energy was considered to be taken up by the vibrations of particles.
Einstein assumed that each atom could vibrate about its equilibrium position with a
single.frequency ». He derived an expression to calculate the heat capacity and used

it successfully to explain the decrease of heat capacity at low temperatures. The
physical reason for this success is that at low temperatures only a few oscillators
possess enough energy to begin oscillating. At higher temperatures, energy is
available for all the oscillators to become active and the heat capacity approaches its
classical value as predicted by Dulong and Petit law. The essence of Einstein’s theory
of heat capamtles is that quantisation must_ be introduced in order to explain thermat

ie. n =

Using the above Ldeas try the followmg SAQ

SAQ 3 :
A yellow bulb generates 2.80 x 10 photons with A =
energy generated.

560 nm. Calculate the total

1.7 EINSTEIN'S THEORY OF PHOTOELECTRIC
BFFECT

Applying the photon concept to the photoelectric effect, Einstein proposed that an
electron at the surface of the metal gains an energy 4 v by the absorption of a photon

the minimum v° - v,. called threshold frequency which js characteristic of a
particular metal, then the emission of photoelectron occurs. The difference, hv — Ay,




,

is transformed as the kinetic energy of the photoelectron which is equal to my?/2. In ) Oid Quantuc: Theory

conformity wnth the prmc:ple of conservation of energy, Einstein's theory can be
stated as: - '

hv = hup = my?2 © , ' (1.8)
In this cxpressmn v and v, are the photon and threshold frequencies, respectively
while -and v are the mass and velocity of the photoelectron. If v < uy, then mi?/2
is negative which is meaningless. That is, photoelectron emission does not take place
when v Is less than v;. Usmg Eq. 1 8, you try the followmg SAQ,
SAQ 4
Calculate the frequency of the radiation required to eject photoe[ectrons ata veloc:tv

of 9 X 10° m s™" from sodium metai surface, having a threshold frequency of
4.61 x 10M Hz (mass of the photoelectron = 9.109 x 107! kg),

...............................................................................................................

1.8 BOHR ATOM MODEL

The quantum theory was applied by the Danish phyéicist, Niels Boﬁr (1913) to

explain the spectrum of hydrogen atom. He suggested an atom model which is an
improvement over Rutherford model described in section 1.3.
Bohr based his theory on the following postnlates:

i} An electron can exist only in orbits of definite angular momentum and energy.
Each orbit is known as a statmnary state,

i) The electron does not radiate enezgy when it is in an allowed orbit.

iii) While in an orbit, the angular momentum of the electron, mvr, is an integral
multiple of A/27 units. .
myvr = gh o ..(1.9)
Where m and v stand for the mass and velocity of the electron, r is the orb:t radius

and rn is an integer called principal quantum number. The orblts are called
K,L,M,N, ..... depending on the values of #, viz., 1, 2, 3, 4, ..... At the time -

Niels Bohr

this view was proposed, there was no reason for the quantisation of angular 1B85-1962

" momentum. Anyhow, in sectjon 1.6 you saw, how 4 has: the units of angular
momentum.

iv) Each spectral line is produced by a single electron. When an electron jumps from
one orbit to another, radiation of a definite frequency is emitted or absorbed -
giving rise to a definite spectral line. The frequency of the spectral line is related
to the difference in energy, A E, between initial and final levels, as per the
equation:

AE = hy = hey : _ - (1,10
Using the above postulates, he was able to calculate the radius of different orbits in

hydrogen atom, the energy of the electron in its orbits and the frequency of the
'spectral-lines.

1.9 ] CALCULATION OF RADIUSI OF ORBITS

Bohr atom model considers an electron of charge —e and mass m revolving round the
nuclets of charge + Ze with velocity v.in a stationary orbit of radius r (Fig. 1.9). The

nuclear charge is taken as + Ze since The nucleus is assumed to contain Z protons and
each proton has charge +e. Nucleus

For attaining mechanical stability, the electrostati¢ force of attraction, f,, between Fig- 1.9 : Bohr model for the

the ele_ctrqn and the m.JcleL}s must be equal to the centrifugal force, f,, which is mtass m moves with the
operating in the opposite direction. - velocity v In an orbit

hydrogen atom. An electron of

ie., f.=—f - . R 6 ¢ 11) with radlus r from the nucleus. 1§

v

o P towr

ST
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€, is pronounced as
“epsilon zero™.

Unitof : f, = Unit of

—Ze'_’_ cmandZ are
haregr
unitless,
Unitof £, =
CZ

RGhErr

The radius of the {irst orbit
in hydrogen atom is cailed
Bohr radius, a;.

.16

Note'the negative sign in Eq. 1.11 winch indicates that one type of force opposes the

other. The electrical force of attraction, f,, is proportional directly to the product 9f
charges, —e and Ze, and inversely to the square of the distance of separation, r*
between the-nucleus and the electron. '

(-e) (+2Ze) . -
Jaa 57—
Le. f. = ——Ze? - N ¢ #
<. fa G _ . (1.12)

Here (4zr€0)'IIis a proportionality constant in SI units, The term, €, is the

permittivity in vacuum, and it is equal to 8.854 X 10"2C?*N""m™. The terms e and

r have coulomb (C) and metre {m) units, respectively while Z.is unitiess.

m

The centrifugal force, f. = -

. (1.13)

Substituting Eq. 1.12 and Eq. 1.13 in Eq. 1.11.
~Ze? —mv?
4me,r? T

_ _Ze? ' ;
my = are,r e(1.14)

Rearranging Eq. 1.9, we cin write, v = 2;}r;w

n?h?
472mir?
Muitiplying both sides by m,
i = R -
47 2mr® _
Substituting Eq. 1.14 in Eq. 1.15 we get,
Ze? _ _ nih?

hY
dreyr Az imr?

Squaring both sides, v* =.

e (1.15)

2 2
n< e h
r = n

....{1.16).
rmZe* ( )

Eq. 1.16 is usefu! in calculating the radius of the orbits with different n values. As
an iltustration, we calculate the radius of the first Bohr orbit (r,) for hydrogen atom
(n=1, Z=1). _

12 % 8.854 % 10-12x (6.626 x 10-39)°

3.142 x 9.109 x 10=¥x 1 x (1.602 x 107"y’

r =

= 53-x 1072 m = 53 pm (rounded to whole number)

Using this value in Eq. 1.16, a general expression for the radius of the different orbits
of hydrogen atom is given below: -

r= 53n"pm : e (LT)
From Ea, i.17, you can infer that radius of a particular orbit in hydrogen atom is -

proportivnal o the square of its principal quantum number value. This is iflustrated
in Fig. 1,10,

Fig. 1.10 : The radius of the orbits in hydrogen atora is proportional lo r? values, First three orbits only

shown; ry r ry i ry = 1:d:9.




The unit, plcomctre (pm), is quite, convepient in describing the rad:us of the orblts Old Quantum Theory
in atoms.

SAQ 5 -
Calculate the radius of the sccond orbit in hydrogen atom,

...............................................................................................................
..............................................................................................................

1.10  ENERGY OF AN ELECTRON IN AN ORBIT ‘;

The total energy, E,,, of an-e:ectron in ath orbit is given by the sum of its potential
energy (P.E.) and kinetic energy- (K E), ie.. ‘- o
E, = P.E. + K.E. . | L

The potential energy of the electron is defined as the work necessary to take the
electron to infinity from its equilibrium distance r, with respect to the nucleus Since
the coulmbic force (fa) between the clectron and nucleus s - Ze /4 mesr? as per Eq.
1.12, potential energy is calculated as follows:

Jfr fu'dr

Ll

P.E.

-7

Ze 5" dr ’ . . } T
r dmegr- ;

"7ezj dr

dre,

= -ZeZ[__l_’ .
47'EO L r| .

- ~Ze? . y = mV
F.E. Tre,r ; also, K.E.—' -

The negative sign indicates that work must be done on the electron to remove it to
infinity.

So substituting the values of P.E. and K.E. in Eq. 1.18, we get,
E = mv: _ Ze?

2 An€gr -+ (1.19)
sz _ Zg- .
FromEg. 1. 14, = S?TGDP‘ ...{1.20)
Substituting Eq. 1.20 in Eq. 1.19,
E = Ze? _ Ze
" SJTEOF 47?60"
_ _~Zeg2
= Ber — ..(1.21)
Substituting for r from Eq. 1.16, .
E = _Ze* _mmZe?
87€y  pleyh?
= —Z2e'm ‘ ' L (1.22)
Bef hin? ’

The negative sign in this expression denotes the fact that theré is attraction between
the nucleus and the electron; so work must be done to move it to a distance greater
- than the equilibrium distance r from the nucleus.

Substituting the valuesrof e, m, €, and & in Eq. 1.22, the energy of the electron in
the nth orbit of hydrogen atom is obtained as, 17
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~-12 % (1.602 x 10-19)* % 9.109 x 10-31

EH =
"8 X (8.854 x 10712 x (6.626 x 10’ x n?
_ —2.178 x 10-18
E, = 8 ] : o (123)

You must remember that Z = 1 for hydrogen atom. In the first orbit, n = 1 the
energy of the electron, is equal to —2.178 x 107'* J. Since E, is related to n® in
Eq. 1.22, the increase in energy with the value of 1 is, as shown, in Table 1.4.

Table 1.4; Energy varlatlon with r values

u E _ ~2118%107 E,—E.,

J at J
1 ~2.178 % 1071® _ -
2 o —5.445% 1077 1.634 % 1071
3 ~2.42 % 107 3.025 x 107°
4 ~1.361 x 107'° 1.059 x 107"
5 -8.712'x 107%° 4.898 x 107°

The successive differences in energy values in Table 1.4 are obtained to show how
successive energy levels become closer. So energy levels are distinctly discrete at lower
n values. As n becomes sufficiently large, the energy levels differ only slightly. This is
called convergence of the energy evels. This principle will be helpful to you in
understanding the atomic spectra of hydrogen described in the next section. But
before proceeding to the next section, why don’t you try the following SAQ?

SAQ 6
What is the energy value of an electron if n = :x:" _

...............................................................................................................
...............................................................................................................

...............................................................................................................

1.11 ATOMIC SPECTRA AND BOHR’S THEORY

Bohr's theory is useful in calculating the frequencies of spectral lines in the atomic
spectra of hydrogen. Let us assume that £,.and E, represent the energies at the inner
and outer gquantum number values 7, and . respectively. Using Eq. 1.22 we can
write,

E, = ~ZZeim - 1 (124
: 8eZh? 2 129
= ~Z%%m . _1 . {1.25
BeZh2  n2 (-2

P o=

The amount of energy emitted when an electron jumps from an outer level 11, to an
inner level ny is given by.

Ez—E — ~Z%e*m 1 _ 1 1 )

‘ 8eZh? " n?
Representing this quantity as A E,
AE = Z2im (1 1, ~.(1.26)

272 2 2/
Besh n; n;

Substituting Eq. 1.10 in Eq. 1.26, it is possible to get the wave numbers of spectral
lines as given by the expression, o

AE _ Z2%m 1 _ 1 )

(127
he  geZhde  n? 1.27)

2




—%”l is called Rydberg constant for hydrogen atom. It is equal to . Oid Qrentam Yheory
€t h3c .

1.097 x '107m“1, and is denoted by the symbol R,,. Equation for hydrogen atom can
be written as .

The term

= Ry (—--L) . | o (1.28)
nj n; ) )

You can see that Eq. 1.28 is similar in form to Egs. 1.3, 1.4 or 1.5 given in section 1.5.4. In
the above derivation, it has been assumed that the nucleus is fixed-at the centre of the orbits.
ir. fact, nucleus and the électrons are both rotating about the common centre of mass.
Anyhow, by using Eq. 1.28, we can calculate the frequencies of the spectral lines in
Lyman, Balmer, Paschen, Brackett and Pfund series although at the time Bohr
formulated his theory, only Balmer and Paschen series were known. For these five
series in the atomic hydrogen spectra, the values of n; and n, are given in Table 1.5,

Table 1.5: Atomic Hydrogen Spectral Series

~

Name of the se;'les : . ny F: 1 Region
Lyman : ' 1 2,3,4,.. Ultraviolzt
Balmer 2 345.. Visible - -
Paschen 3 4,5,6,.. ’ Infrared
Brackett . 4 5.6.7,. Infrared
Pfund 5 6.7.8... - Infrared

A ciagrammatic representation of spectral transitions among the different energy
levels is given in Fig. 1.11.

AVEVRLLLARA LA A AN TR Pfund sen'_es

5 i 1.~ T a Brackett series
3 ; l -Paschen series
Balmer series 7 Violet ' Red
2 —~ P
AN

d000 5000 6030 7000
1 l

N10

Iomisation energy
1312 KJ mol

1': L

Lyman series

Fig. 1.11: Spectral transitions among, different energy levels. Note, for Balmer, series, the corresponding
spectral lines are shown. ) 19




Note that the spacing between two successive levels becomes smaller, as n increases:
We have mentioned about the converging nature of energy levels in section 1.10 also.
Experimentaily it has been found that within a particular series, for example, Lyman
series, the lines in the spectrum of atomic hydrogen are discrete at lower frequencies
and they converge as the frequency increases. Each successive line becomes closer to
the previous one. This is quite evident from the spacings of the first four lines in
Lyman series, as entered in the last column of Table 1.6.

Table 1.6: Wave Number Values in Lyman Series -

Number of o= 1097 x 107 (o - L) Spacing
the spectral m mn m n, : (By = Fpalm™
line (&)

1 1 2 8.228 x 10° -

2 1 3 9.751 x 10 1.523 x 108

3 1. 4 1.028 x 10° 5.29 % 10°

4 1 5 1.053 x 107 2.5 % 10°

As Eq. 1.26 predicts, each series of lines converges towards a limit beyond which the
spectrum.is continuous. At this point, electron responsible for the spectral line has
been excited into an orbit of such high energy (n, = =) that it has effectively escaped
from the influence of the nucleus. In other words, the atom has lost its electron and
formed a positive ion: ‘ '

H(g) ——— H™(g) + e~ .
The energy-iifference between the ground state of the atom, and the excited
state that corresponds to convergence limit of the spectral lines, n, = =, is called the

{onisation energy of the atoin. Note that ionisation energies refer to the remcval of an

electron in the gas pl_fase. We will study more atout ionisation energies in section 1.12
and in Unit 3. L '

Thus, Bohr's theory can explain the appégrance of discrete spectral lines at lower
frequencies and a continuous spectra at higher frequencies in'the atomic spectra.of
hydrogen. In the light of what you have studied above, answer the following SAQ.

SAQ 77
Wihat is the reason for the increase in the spectral frequency as ny increases?

1,12 CRITICAL ANALYSIS OF BOHR’S THEORY

Let us examine how the theoretical model of Bohr is able 10 explain some of the .
features given below:

" @ atomic spectra of hydrogen

o Rydberg constant value
@ ionisation enerpy of hydrogen
@ prediction of new elements

Boht's theory is successful as an atom model to the extent that its findings arc
consistent with atomic spectra of hydrogen. The agreement between the theoretical
and experimental values of spectral frequéncies is a testimony to the validity of this
theory. Again, the value of Rydberg constant, calculated according to Bohr's theory,
is in"agrecment with the experimental value. lonisation energy, which is defined as
the energy necessary to remove an electron from a gaseous atom in its outermost level
to infinite distance (n, = =), can be calculated using Eq. 1.28. For hydrogen atom.
ny = 1 and hence its ionisation energy in wave.number unitis,

5= Ry (L = L) = R, = 1.097 x 10" m™
12 = L




For the purposes of chemica calculations, ionisation ener%y is defined as the energy Gld Quuatum ¥heory:
required to remove one mole of electrons, i.e., 6.022 x 10° electrons, from one mole
atoms of hydrogen in the ground state. Hence, ionisation energy

= 6.022 x 10 i ¢ 5 J mol™ _

= 6.022 x 10% X 6.626 x 107 x 2.998 x 10® x 1.097 x 107 J mol™
= 1.312 x 10°J mol™

= 1312 x 10 J mol™

= 1312 kJ mol™.

Thus Bohr’s theory offers a method of calculating ionisation energy of hydrogen and
this principle has been extended to other elements in calculating their ionisation
energies.

"From spectral studies, Bohr constructed a theoretical periodic chart which agreed
with Mendeleev’s chart. On the basis of atomic spectra, Bohr was able to predict that
the element with Z = 72, has properties similar to titanium (Z = 22), and zirconium
(Z = 40), and this element was later discovered and named hafnium,

Limltatlons of Bohr's Theary

 According to Bohr's theory, angular momentum of this electrpn can never be zero.
However, later on, wave mechanics (Unit 2) shows that in this n = 1 state, electron ’
has zero angular momentum.

The hype}finc structure in the atomic spectra-of hydrogen is not well explained by

. : . . The splitting of spectral
Bohr’s theory. Also, Bohr’s theory is not able to explain the spectra of multi-electron o P lne O speett

lines in the atomic spectra

atoms. Further this theory does not explain how molecules are formed from atoms. is called hyperfine struciure.
It dogs not recognise the wave properties of electrons. Just like glectromagnetic It is caused by the spin apguiar
radiation, -the electron also has both particle and wave aspects. Using the crystal momentum of the electrons

and the coupling of the spin to

spacings in a nickel crystal as a diffraction grating, it is possible to obtain diffraction the orbital angular momentur.

patterns that could be understood in terms of wave motion of the electron. But Bohr's
theory has not provided any explanation for this phenomenon According to Bohif's'
theory, electron moves in-orbits known as stationary siates. The ;ath'of this orbit (or
its trajectory) can be known ouly if we know simultaneously botii the position and
the velocity of electron. It, therefcr=, assumes the accurate and simultancous
determination of both position and velocityof the electron. But this assumption is
not in conformity with the wave nature of electron. In the next unit, we shall see,
how theori=s were developed by Heisenberg and Schrédinger, to explain the wave H
characteristics of electrons.

1.13 REFINEMENTS IN THE ATOMIC SPECTRA
THEORY

Sommerfeld (1916) modified Bohr’s theory and tried to interpret the fine structure
in the atomic spectra of hydrogen as due to elliptical path of the electron. He
introduced another quantum number, known as azimuathal quantum number, which
was by later modifications represented as ‘' and shown to have values 0,1,....(n~1)
where n is the principal quantum number. Thus if n = 2, then / can have '
values 0 and 1.

The splitting of spectral lines when atoms are placed in a strong magnetic field, known
as Zeeman effect, could also be partially explained by introducing magnetic quantam

number (m;) describing the allowed orientations of electron orbits in space. It was
shown that for each value of [, m; can have (2/ + 1) valuces namely from +/{ to —{.
Hence if I = 1, m, can have three values, +1, 0 and —1. You will sée in the next
unit, an alternate way of arriving at the quantum numbers n, / and.m;.

SAQ 8
W) 1w = 3. wh.e are the possible values of 17
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Structure of Matter b) I l — 2, what are the values of ml?

..........................................................................................................

..........................................................................................................

1.14 SUMMARY

In this unit, we have focused our attention on the developments leading to Bohr atom
_model. The instances and reasons for the faiture of classical physics are given. Using
quantum theory, Planck, Einstein and Bohr explained black body radiation, heat
capacity variation, photoelectric effect and atomic spectra of hydrogen. But each of
the above theories had limited success, No doubt these theories rejected the classical
concept of the arbitrary energy values for an atomic system. But with regard to other
major cracks in the classical theory; namely simultaneous and precise determination
of position and momentum, no-remedy has been suggested. This loophole was
plugged by de Broglie, Heisenberg and Schrédinger and we shall study in the next
unit about their concepts, collectively known as Wave Mechanics. Since wave
mechanics is based on new quantum postulates, the theories proposed by Planck,
Einstein and Bohr are collectively called Old Quantum Theory. -

1.15 TERMINAL QUESTIQNS

1) Explain the significaﬁce of a-ray scattering expériment.

2) In what way is the analogy Setween an atom and solar system contradicting
classical electromagnetic theory?

3) Fora tight of wavelength 300 nm, calculate frequency, wave number, cueigy per
quantum and energy per molé. .

4) Specify three major theoreticdl routes used for explaining atomic structure.

5) For the following statements, mark T for correct statements and F for false ones.
a) The cathode rays carry positive charge.
b) Neutrons were discovered when beryllium was bombarded by a-particles.
¢). The frequency of X-rays is less than that of microwaves. :
d) The unit for wave number is m™. _
e) The threshoid frequency is the same for all the mgtals.

6) Explain the two main reasons for the failure of classi®l mechanics.
7) a) Explain the salient features of black body radiation. .

'b) Inwhat way, classical theory is inadequate in explaining black body radiation?
8} a) Define photoelectric effect. ‘

b) State the mathematical form of Einstein's theory of photaoelectric effect.

) Calculate the wavelength of the light required to eject a photocelectron from
cagsium metal with a kinetic energy of 2.0 x 107 J (, for caesium is
4.55 x 10" Hz).

10) State Ritz combination principle,
11) What do you think is the most novel idea among Bohr's pastulates?

12) Derive an expression relating radius of the atom to the mass, charge and orbit
number of the electron.

13) Calculate the radius of the third orbit in hydrogen atom, using Boht's theory.

14) Derive an expression useful in calculating the energy of an electron tn nth orbit
of hydrogen atom. '

" 15) What are the energy values of the clectron in the third and fourth orbits of
hydrogen atom? *
16) a)} From the expression, R,, = ZZelm  gind the value of R,

8651130

22 ) | b) What is the value of R,, in cm™?




17) Caleulate the wave numbers of the first two lines in Balmer series.
18) Explain the limitations of Bohr’s theory.

‘1.16 ANSWERS

SAQs
1) Thomson proposed that electrons are distributed within a sphere of positive
electricity whereas Rutherford thought that the electrons move aronnd a central
positively charged nucleus.

D) =L ZIMRIP 4, = 535 107 He
A~ 560" 1070

b) w, < v, < "’\"/"f Ve < My <0y <y, RGN
: Wikt iy

) E = nhy = —-—”}:C

2.80 X 1020 X 6.626 X 10-9 x 2998 X 108y . ny 37

' 560 x 107° .
4y = (fr vy + mv72)
h - )
(6.626 % 10°% x 4.61 x 10M) + b x 9109 x 10731 % (9 2 105Y)

= A iz
6G.626 x 10 '
= 1.02 x 10" Hz. .
5)ry = 5307 pm =353 x 22 pm = 212 pm.
6) E. = .
7) The electron in an outer erbit has higher energy than while in an inner orbit,

l.e., as na increases, £s-also increases. Since K| remains constant, the specttal
frequency increases with increase of n.

8) a) .= 0, 1and2
b}y my = +2, +1, 0, -1, —-2.
Terminal Questions
1} This experiment was utilised by Rutherford to formuiatc nuclear atom model.
2) According to classical theory, an electron being a charged particle, as it moves, .
must gradually lose its energy and fatl into the nucleus.
3) »o= 9.993% 10 Hz; 5 = 3.333 x 10°m™!
€ = 6.621 x 107" J; E = 398.8 kI mol™",
4) Classical mechanics, old quantum theory and wave mechanics.
5 a)F by T F d)T e)F
6) 1) Energy can have any arbitrary value,
ii} Simultaneous fixation of position and momentum is possible.

Ti

7) ) i} At shorter wavelength region, intensity of radiation is low,
it) As temperature increases, the intensity of radiation in the shorter
wavelength region also increases.
b) Classical theory suggested that black body must radlate over the whole
wavelength region.

8) a) Emission of phatoelectrons when a metal is irradiatcd with uitraviolet light.
b) hv — hy, = M2,

1l

hv, + mv/2
[(6.626 x 10-34x455x1014)+20x10‘911
A 396.1 nm.

10) The wavelength of each spectral line could be written as difference between twe
terms.

9) e

Old Gaavitgarsy 0 .-
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‘Structure of Matler t1] Quantisation of angular momentum.

12) By balancing the force of attraction with centrifugal force, the equation can be
derved. The final expression is,

n-€,h-

e

¥ =

13) ry = Yry = 477 pm.

14) Total energy of the electron is calculated by adding its kinetic energy and
potential energy terms. The final expression is

= “Z%‘m
" Re2n’h?
15) —2.42 x 107°3; —1.361 x 107°J.
16) a) substitution of the values of the various parameters gives
Ry, =.1097x 10'm™, =~ |
b) 1.097 x 10° cm™.
17) 1.524 x 10% m™; 2.057 x 10°m™".

18) Bohr's theory cannot explain the hyperfine structure in the atomic spectra of
hydrogen or the atomiz spectra of multi-electron elements. It cannot explain the
formation of molecules from -atoms. It does not take into account the wave
property of electron.




UNIT 2 '_WAVE MECHANICS

Structure .
2.1 Introduction
Objectives :

2.2 The Nature of Radiation and Matter
2.3 Heisenberg Uncertainty Principle
2.4 The Schrodinger Equation
Nature and Physical Significance of  and ?
2.5  Applications of Schrédinger Equation
The Particle in a One-Dimensional Box
The Particle in a Three-Dimensional Box
2.6  Hydrogen and Hydrogen-like Atoms
Angular Dependence of the Wave Function and Shapes of the Orbitals
Energy States of the Hydrogen-like Atoms :

2.7 Electron Configuration of Multi-electron Atoms
2.8 Summary

2.9  Terminal Questions

2.10  Answers

2.1 INTRODUCTICN

In Unit 1, you have studied about the Bohr model of atom. Bohr model was
successful in explaining the atomic spectra of one-electron atom, namely, hydrogen.
But it failed in case of multi-electron atoms, even for the simplest case of helium
atom. Even in the case of hydrogen atom, Bohr’s theory could not explain the finer
details of the atomic spectrum such as the intensities of spectral lines and the spectra
that arise when magnetic field is appliec to.the system. In this unit we will study how
the Bohr's theory was modified on the suggestion of de Broglie (1924) who said that
if light, although usually regarde as a wave, sometimes could act like a particle, then
electrons, although usually regarded as particles, sometimes could act like waves.
Shortly after de Broglie's suggestion of dual behaviour of matter, quantum mechanics
was founded simuitaneously and independently by Schrodinger and Heisenberg.
Schrédinger (1926), reasoning that electronic motions could be treated as waves,
developed Wave Mechanics and the principal mathematical formulation of
Schrédinger is a partial differential equation known as Schrédinger equation.
Heisenberg (1925) independently used the properties of matrices to get the same
results as Schrodinger obtainedrand his formulation is known as Matrix Mechanics.
In this unit we shall be dealing mainly with the Schrédinger’s formulation.

You will also learn the applications of Schrédinger equation to simple systems
including hydrogen-like atoms and study the shapes of various orbitals and the
electron configurafion of simple systems, i.e., the filling of electrons in the various
available orbitals according to certain principles, namely Pauli’s exclusion principle
and Hund’s rule etc.

Objectives

After studying this urit, you should be able to :

¢ explain the dual nature of radiation and matter,-

® compute de Broglie wavelength of a given system,

state Heisenberg uncertainty principle,

explain the terms used in Schrodinger equation,

define the terms, eigenfunction and eigenvalues;

describe the meaning of ¢ and ¢?,

rewrite Schrddinger equation for simple systems like particle in a one-dimensional
bbx and particle in a three-dimensional box, .

apply Schrédinger equation to hydrogen atom and describe various atomic energy
levels, , '

® summarise quantum numbers and shapes of orbitals, and -

.predict the electron configuration of multi-electron atoms with the help of vatious
principles. 25

w T
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Lou_is de Broglie

2.2 THE NATURE OF RADIATION AND MATTER

It had been assumed that matter is composed of particles like atoms and mclecules
or more correctly, electrons and nuclei; and it is distinct from radiation which is the
transmission of energy by wave motion. However, the experiments conducted during
the years 1887-1927 demonstrated that the boundary between matter with its’
particle-like behaviour and radiation with its wave-like behaviour, is not as rigid as
it was supposed to be. These observations implied that matter and radiation can
possess both particle and wave aspects; the behaviour depends upon the nature of
the experiment. For example, the phenomenon of diffraction and interference can be

+ understood if the wave naturc of radiation is assumed. However, the photoelectric
“effect is explainable only in terms of the particle nature of radiation. Thus, it was

concluded that radiation has dual nature. In 1924, de Broglie reasoned that a similar
relation should hold for material particles also. Thus, every particle is associated with
a wave whose wavelength, A, is given by the equation’

A=A ' | 20

where /: is Planck’s constant and p is the momentum of the particle.

For a particle of mass m, and velocity v, momentum p can be expressed as

p = mv ' | C(22)
‘ Substituting the value of p from Eq. 2.2 into Eq. 2.1, we gel‘
e ) | _ B |

Waves, which are associated with rnaterral pamcles and which obey Eq 2.3, are
called matter waves. Since, electron is also a material particlé, let us apply the above
ideas to electron. When an electron moves in a circular orbit round the nucleus, the
circurnference of the orbit is given by 27r. Now, if the wave associated with it is
extended round the circle as shown in Fig. 2.1, it can be continually in phase only
when the circumference of the circle is equal to integral multiple of the wavelength,

Mismatch

(a)
Fig. 2.1 : (a) In phase and (b) out of phase waves.

ie.nA =27 wheren = 123,.... o 24)

Substituting the value of A from Eq. 2.3 into Eq. 2.4, we obtain
nho_ - |
o = 277 _- o ...(2.5)
After rearranging Eq. 2.5, we get,
_gh_ = mvr ' ....{2.6)

Since mvr is the angular-momentum, it cen be concluded that only those circular
orbits are permitted for which the angular momentum it an integral multiple of h/Z -4

.




units. This is the same idea which Bohr postulated earlier intui itively (Unit 1, section
1.8). The de Broglie’s idea was experimentally verified by Davnsson and Germer in-
- 1927 who observed the reflection of an electron beam from the metal surface,
supporting its wave nature. Similar support was provided by Thomson and Reid in
. 1928 who photographed the diffraction rings produced when the electrons passed
through a very thin metal foil (Fig. 2.2). wr

b}

@ (

Fig. 2. 2 Diffraction of waves by aluminium foil (a) X- rays of wavelength 71 pm nnd {b) Electrons of
waselength 50 pm. The similarity of these two pauerns is a ptrong evidence for the wave |
pruperliea of pnrhcles

In both the cases, the experimental results fitted well with Eq. 2.1. Having-
understood that the electron can behave as a wave, let us now calculate the de Broglie
wavelengtn associated with an electron having a velocity of 2.19 % 12° m 5™, using
Eqg. 2.3.

A o= h
mv

Lt 6626102 =312 % 10" m
(9.109 x 13 k) (2.19 x 10° m s7%)

Now, let us calculate the de Broglie wavelength associated with a bullet of mass
2.2 x 107 kg moving with a velocity of 30 m 5!

A = h' o 6.626 x 10+*Js  _ { x 107% m
my (2.2 10 kg) (30 m 571)

Yau can tompare the two wavelengths and see how the mass of the system affen,ts
the de Broglie wavelength associated with it.

You can also conclude from Eq. 2.3 that de Broglie wavelength at a given velocity is
inversely related to its mass. That is, for particles of larger mass, A becomes smaller
and hence, macroscopic bodies of large m have too small a A to be measured.

Experimentally, A can be measured using diffraction phenomenon.

SAQ1 :
Why is not the wave nature of matter apparent in our dally observations?

2.3 HEISENBERG UNCERTAINTY PRINCIPLE

In the last section, you have studied about the dual nature of electrons. Let us now
. see if we can say something on the leeation of an electron, We define the location of
any particle of macroscoplc size, by the terms position and velocity. When we try 1o
determine the position of a moving clectron by focusing light on it or perturbing it
with photons, this will result in a change in its momentum. Thus, increasing certainty
in its position would decrease the certziaty in its momentum. Heisenberg, thus. statzd

Wave Mechanics

Electron microscope operates on

the principle of electron

diffraction; using this instrument

observed.

. particles of molecular size can be
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that it is impossible to make, simultaneously, the determination of the exact position
of a particle and its momentum. The uncertainties in the determination of these two
quantities vary inversely, so that if one is determined fairly accurately, the other must
be correspondingly less accurate. In the case of an electron, the product of the
uncertainty of position and the uncertainty of momentum is equal to &, i.e., the
Planck’s constant. Thus,

AP, - Ax = h (2.7
It needs to be noted that in the above equation, both-momentum and position are
along the same axis and not along different axes. It means that it is impossible to
measure simultaneously botk the momentum p, and positiop x along x-axis, although
one can always measure p, (momentum along y-axis) and x (position along x-axis),
simultaneously and accurately.

This limitation applies cqually well to other combinations of variables like velocity,
energy, time, angular momentum etc. Thus, we can also say that

AE- At = h .(2.8)

. Tt is interesting to note that for each pair of variables to which Heisenberg uncertainty

principle applies, the product has'the same dimensions as Planck’s constant,

Thus, in view of the uncertainty principle, Bohr’s model having definite orbits needs

_ some modification because we are not able to locate the electron precisely. The best

we can do is that only the probability of finding an electron in a particular region of
space can be predicted at a given time. . :

The difficulties of explaining certain facts with the help of classical mechanics as
studied in Unit 1 led Schrédinger to develop a new approach towards the atomic
structure which is known as wave mechanics. You will now study this approach in
detail. : :

2.4 THE SCHRODINGER EQUATION

¢ chrédinger argued that if an electron (or any other particle) has wave-like
--roperties, then it must be described by a wave function. This wave function is
.presented by the Greek letter, @ (psi) and it denotes the amplitude of the wave at

: given point. Schrodinger expressed the wave propertics of an electron in the form
« f an equation which is known as Schrddinger equation. Schridinger equation is the

¥ {indamental equation of wave mechanics and it ray be obtaineﬂlin the following way.

¢_'onsider the equation of wave motion in one direction, say x-dircction only, which
van be writlen as

_ 2 2 .
Py Ay P AT 2.9)
o A dx* A

This equation is applicable to all particles including electrons and protons.

Total energy E of a moving particle may be considered as a sum of its potential
energy, V and its kinetic energy. Thus,

E=PE. +KE. orKE. =E-PE =E-V o (2.10)

The kinetic energy of a particle of mass »1 moving with momentum p is'given by

2

L - (21D

From Eq. 2.1, p can be writtcii as p = #/A; hence Eq. 2.11 can be written as

KE =—2 = E-\
A(2m)
32 h? ¢




Substituting thc'abqve value of A% in Eq. 2.9, one pets

Y G Arm
E-V)y =
o T ETV
.or
Ty, 872m
+ E- = 0
3+ A (B ~(2.13)
Eq. 2.13 is the well-known Schrodmger equation in one dimension: In three
dimensions, it may be written.in the following way
Fy Py PY . 8r’m -
+ + + (E-V)y =
iy a7 h -{2.14)
Alternatively, it can also be written as
V2 + Bhﬂ (E-VYp = 0 (2.15)

R .
(D 52

where V-zis
ax?  ay* ez

and is known as Laplacian cperator.

Eq. 2.15 is custornarily written in the following form

[ LR v V] W o=

872m

Ey

" Defining the Hamiltonian operator H s,

+ V

—hZ2. 2
H=-2"_ vy (217
87%m - @47
Eq. 2.16 becomes
Hy=Ey ..(2.18)

which is the abbreviated form of Schrodinger equation.

2.4.1 Nature and Physical Significance of  and ¢*

. The wave function ¢ can be regarded as an amplitude function for a wave. Similar
to the amplitude, the wave function can take positive values in some region of space
and negative values in the other regions. You will see later in Unit 5 how the nature
of y affects the formation of a bond between the atoms, e.g., only the wave functions
of same phase will lead to the bonding combination.

‘The Schrédinger equation can be solved using various trial wave functions. The
particular values of  which yield satisfactory solutions of the above equation arc
called eigenfunctions and the corresponding energy values are called eigenvalues, for
the system under consideration. For any particular physical situation under -
consideration, i must be finite, single-valued and centinuous; then only the wave
function is said to be well behaved, for example, in Fig. 2.3(a), the wave function
shown is not well behaved because it is not finite. Similarly, the wave function shown
in Fig. 2.3(b) is not single-valued for a particular value of x. It has three values of

at points p+9q and r. Again, the wave function shown in Fig. 2.3(c) is not well behaved
because it is not continuous. Now, you compare the above wave functions with the
one shown in Fig. 2.3(d). You can see that this-wave function is single-valued,
continuous and finite. So it is a well behaved wave function.

(2.16)

Wave Mechanlcs

An opzratar is a mathematical
commu.nd that telis one w Jo
something on whit fullows the
command. Thus in the expression

e - .’_., .
J2.9¢ s an operator telling,

“one to take the square reot of

what tallows, in this case 2.
Likewisc. in the expressior
d (x2+5x)
T
dfdx is an operator telling one to

take the derivative with respect to
x of what [ollows, that is .t~ + 5x.

24
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Fig. 2.3 : Pictorial representation of wave functions; the curves (a), (b} and (c) correspond to functions which
are not well behaved. The curve (d) represents a well behaved function which is single-valued,
continuous and finite.

Similar to the wave theory of light in which the square of the amplltude repre:ents

the intensity of hght the square of the wave function ¢, i.e. , & is proportional to

the probability of finding an electron in the given region of space.

Since we presume that ¢ is proportional to the probability of finding an electron in
a given region of space and not equal to the probability; the wave function ¢ has to

- be multiplied by a constant N so that its square becomes, _
'-'___(Nqb) = N%y? - (219

When an electron is confined in a particular region of space dr, the probability of

*locating the =lectron in this region can be obtained by integration, as shown in the

following expression “This integral quantity has to be equal to unity. Hence,

[Ngrar = N¥ydr = T L(2.20)
Now this probzbility indicates the certainty of finding the electron in the given region.
Here, N is called the normalisation constant and it ensures that the probability of
finding the electron is equal to unity and not just proportional to it. Herc onwards
we will deal with normalised functions only.

Concept of J*
Sometimes ¢ is a complex function. Since the probability of finding the particie has
to be a real quantity, in such cases, the above normalisation condition represented by

"N qu ydr —1 does not yxeld real values. In these cases, normallsatlon condition

_isgiven by N* f gyt dr = 1 where * is the complex conjugate of yrand is obtained

by replacing i (square root of —1) in ¢ by —{. This ensures that ¢u* is a real number.




.For example if ‘ ‘ . Wave Mechanlcs
¢ = e, then

P = e - e = 2 : _ (2.2
which is a complex quantlty But .

l,!}!,ll* = e" . e""-‘x = e =1 ) . (222)
which is a real quantity . '

SAQ 2

Explain the meaning of ll:z.

...............................................................................................................
...............................................................................................................

2.5 APPLICATIONS OF SCHRODINGER EQUATION

You are now familiar with Schridinger equation. Let us now apply Schrédinger
equation to some simple systems and see what inforrnation can be derived from its
solution. In all the cases the following steps are involved:

a) Since the Hamiltonian operator is H for the system, the correspondmg d
Schrédinger equation is

Hy=E ,

b) The Schrddingér equation is solved for the system. Its solution gives wave
functions. As already mentioned, only those wave functions are acceptable which
are well behaved, i.e., which are single-valued, c¢dntinuous and finite. Such

solutions are called elgenfunctlons and the correspondmg energy values are calied .
eigenvalues. .

c) According to quanlum mechamcs all the information about the system is
contained in its wave function and it prowdes a recipe for calculating the values-
of dynamlc variables (posmon momentum, energy etc.) of a particle.

Ini"this section we shall study the applications of Schrodmger cquat:on to simple
systems like particle in a one-dimensional box and particte in a three-dimensional
box. :

2.5.1 The Particle in a One-Dimensiona! Box

Let us consider a particle (say an electron) of mass 71, moving only in one direction
(say x-axis) and assume that its movement is restricted between the walls of the box,
i.e., from x = 0 and x = 4. This distance, a, can be taken as the length of the bOX.  Panicle in one-dimensional box is

Thls restriction can be et if we say that the potennal energy inside the box is zero. a figurative way of applying
But outside the box and at walls of the box, the potential energy increases to infinity,  quantum restriction to its energy
(Flg 2 4) ' . . values.
. ™
Vx= 0 V*=0 Vx'__ 00
* !
0 . X-— a

Fig. 2.4 : Particle in ' one-dimenslonal box ' 31
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Let us now see what happens when the particle travels the distance, a. Since the
potential energy outside the box is infinity, it cannot go out of the box and hence it
bourices back after striking the wall. This situation is similar to the vibration of a
guitar string fixed at the two ends, (Fig. 2.5). :

(b)
pulled
a - | back at
I‘/’”__\J centre
b ' IT
c r,-«, ‘jl
d= i
b 1
N ‘
e )
f — ' -
£ L\ . | Successive .
h S | b stages of ©
] : ; I vibration
j "
: T
k l 1
| |
l — I

Fig. 2.5 (;:) A standing wave in a guitar string, (b) First overtone (exclted state) of a
gulter string and {c) Clrcular standing wave on 8 closed loop, the fifth overtone,
with ten nodes.

Let us now write the Schrodinger equation for such a system. Eq. 2.13 now becomes,

pw r 0 . .(2.23)

since potential energy inside the box is zero.

Eq. 2.23 can be simplified to

ER :
U 4oty =0 - (2.24)
ox* :
where, o = 87Zm E
. h?
The general solution of Eq. 2.24 is
W, = Asin ax + 3cosox 2...(2.25)

Let us analyse the solution given by Eq. 2.24 in the light of restrictions we imposed
in the beginning. We mentioned that outside the box the potential energy is infinitely
high and hence there is a zero probability of finding the particle outside the box. It
foilows that :,bz must be zero for x < 0 and x > a; so also must be the . To avoid
discontinuity, we take ¢ = 0 at walls also. Mathematically, it can be stated that

¥ = 0, if x = 0 and x = 4. Substituting these values in Eq. 2.25, we get,




* When x =‘0

0 = Asinal + Bcos ad .(2.26)
0= A{0)+ B(l){because cos 0 = 1} '
or B =90 :
Putting B = 0 in Eq. 2.25, we get, :
¥, = A sin ax . (22D
When x = a, we can write :
0 = Asin aa . - wee(2.28)

The right hand side of Eq. 2.28 can be zero only when either A = Oorsinaa = 0.

If A is zero, then ¢ will be zero at all points in the box which is impossible because
particle has to be somewhere in the box. The second possibility that sin aa is zero,
is valid only when aa is any integral multipie of 7, i.e.,

ag = nw . . C ee(2.29)

thena = LI | : o r(2.30)

Substituting the value of a from Eq. 2.30 into Eq. 2.27, we get,

Y, = Asin BZE : L e

The value of the constant A was determined to be V2/a. (See Appendix for the
derivation of A = V2/a).

Thus, the wave function y, can be written by substituting the value of A in
Eq. 2.31 as, :

b= + & sin-BIX ; ! | (2.32)

Now, to determine the enezgy of the particle, let us go back to Eq. 2.24 where we
assumed,

o ---;!2

Also, you know from Eq. 2.30 thata = ZZ. Substituting the value of a from

Egq. 2.30 into the above equation, we get,

np _ 87@m o ;
=2 E - (2.39)
or 2k nih? - - . (234)

- 8_?"2"!. 22 8ma?:

You can conclude from Eq. 2.34 that a particle moving between the two pointsof a
given axis can have energy values governed by the value of n, whereas a perfectly
free partitle can have any value of energy. Thus thé particle’in one-dimensional box
can take up only discrete energy values. In other words, you can say that energy is
quantised because 7 can have only integral values. Here n has the samé significance

as that of the principal quantum number of Bohr's theory. The éne-gy value E can -

be determined by substituting n as 1,2.3..... and the values of otiier quantities (i.e.,
k, manda). You can see that the energy values for various values of n are as given
below: e ' :

n=l E; - -2 . : ..(2.35)
: 8ma? .
u 1 2; .Ez = 4h2 . ) } ant -(2:36)

8ma?

Wave Mecharics
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Node is a point of zéro amplitude,

Greater the number of nodes,
smaller the wavelength, higher lhe
frequency and the energy.:

1

, QhZ ,
n=3; Ei= N ..{2.37)
7 ma? o ‘

From Eq. 2.35, one seeé that the particle can never have zero energy. The minimum
K2
~ 8ma?
Its origin can be expiamed in two ways. Firstly, the um,ertamty principle requires a
particle to possess kmetxc energy if it is-confined to a finite reglon Since the location
of the particle is not completely indefinite, its momentum cannot be precisely zero.
Alternatively, if energy has to be zero,’it-shall be so, only if n = 0 in Eq. 2.35, But
for n = 0, the-wave function ¢, also becomes equal to zero inside the box (for all
values of x). This is impossible since the particle has to be some where inside the box.

possible energy it can have is 7(for‘n =1}, which is known as zero pniillt energy.

Comparing E,, E, and E; (Eqs. 2.35 - 2.37), you can judge that the second energy

Jeve! is four times higher as compared to the first energy level and the third energy

level ic nine times higher as compared to the first enerpy level. The wave function ¢
and probablllty dens:tles l,fl forn = 1,2 and 3 are shown in Fig. 2.6. The point at
which the wave function is equal tc zero, is called a node, In general, the greater the
n:mber of nodes for a- given wave function, the higher will be its energy. You can
see the probability density pictorially depicted by dots in the right side blocks in
Fig. 2.6.

"‘l’n

; F 1 11"n2 I
| . il
E = (nh)?/ 8ma? [
! i
| i
1
! |
| ' '
! ;
i i
1 '
| 1
} P
| b
. i ¥ :
- L b
A —okz ), ' | BT
n=3E,=%?/ 8ma? \/ :
1) ' 4‘22
" Node .
n=2-E; = 4h? / 8ma?
o o2~ _
n=1E, = h?/8ma2 ~ . AN 5555 N
'E=0 0 ' 0
{a) o ‘ (O

Flg. 2.6 : (a} Varlation of ¢ with n, (b) Probability denslfy Wasa fum;ttnn.of p and
(c) Piciorial representation of probabllity density.




As shown in Fig. 2.6, the distribution of the particle in a box, as determined by c,b )
is not uniform. At low quantum numbers, theré s an apparent repulsion from the

walls of the box with the particle preferring to remain away from the walls. For n=1
state, § is maximum at the centre of the box. At higher quantum numbers, the

distribution becomes more uniform. This reflects the classical resu]t that a particle .-
bouncing between the walls, star.ds on an average equal time at all ihe pomts It
means that at high value of quantum number, quantum mechamcs yields results
similar to those obtained by classical mechanics. This is true in general for all systems
and is also known as correspondence princ:ple

SAQ3
Calculate the first threc cnergy levels of an cleciron confined to a one- dlmensmml
box of len},th 16 m.

............................................................................................................

2.5.2 The Particle in a Three-Dlmensmnal Box

Let us now extend the arguments we studied in the last sectionto a pamcle confmed
to a three-dimensional box. Consider a parnr'le in rhe box s‘hown in Fig. 2.7.

The potential energy outsic'e the box is infinite, but it is zero evErywhere inside’ the
box. The dimensions of the box are a, b and ¢ in th= &, y and z dll‘CCllO!lS, A
respectively. The Schrodmger equation for this cystem cdn be writtén assuming that
the wave function ¢ is a function of the three coordinates x, y and z and it can be
separated into the respective components as,. ' :

Wy = Y by ¥ o | T 238y
where 1, represents the wave function which depends only on the variable x, -
Similarly, we can mterpret for yy;, and ¢,. Thus, the Schrodinger equauon is

(P

PR a‘fz) Uity ¥ + 3:"2'" E v:by ¥ =0 T @3m)

Rearranging Eq. 2.39, we get,
azw, S P

bl 2 e Sy Sf’" E¢,¢,w, =0 l.(240)
Dividing by ¢, ¢, ¢, we obtain,
2 . 2 - a2 . ’
1 1Y 18 8ﬂ2m - .
1 2% 1 %% 1 + E=20 ....(2.41)_
"b._r 6x2 d’y r"\:. ' "bz 322 kz

Note that each of the first three terms in the above equation is a functlon of brie
variable only and E ¢an also be expressed as, -

E=E+E+E _ T (242)
where E,, E, and E, are the components of energy in the respectwe axes. So we can
writz,

‘92'-”x+.1 Py, - Py

N S+ S U4 8:2"1 (E +E + E,) ;‘.“(2.43).

D 2. -
U gx* %oyt YU a2 b
) 0;(4_ 624"".4__‘ 872m E_;) + (_ "b)’ + Sﬂm Ey)

¥y ax? h? % ay ~h? A
2 . o
YRR 87im )'_ L I PP
+ E.]=0 - (2,44
('Ih:_ 522 - -h* k _ ( )

Wave Mechanics

V=w Vel

Ve

Fig. 2.7 : Thres-dicvensional box,
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- The equalify.in Eq. 2.44 is valid only when each of the three terms individually is

‘equal to zero. Thus, we can write three equations with the variables separated as,

1 2% e 8 ©°m _.
b ax? e E, =0 7 ' -e-(2:452) -
1L 9% 8 7m ‘
L + E =0 ....(2.45b)
"by 3}'2‘ h® y .
2 ' . ..
1 @ W, 8772 _ :
-E = + .._.Ziﬂ E, =0 ....(2.45¢)

Each of these equations can be solved separately, similar to Eq. 2.24 to yield solutions
of the type shown in Eq. 2.32.

g = J2 sin 2 ... (2.462)
W= /2 sin 22 IR v.(2.46D)

andy, = /2 sin 222 . ...(2.86¢)

' Subsﬁtuting Yic, ¥y, Y, from Eq. 2.46(2a—) into Eq. 2.38, we get,

) . n_mx g .. n . h.m2
d:_,,, = */_%- sin —%; \/%T sin —%ﬂ—y- \/%_ sin —%

= \/E sirll n‘aﬂ sin ‘nybn.'y sin n‘: z - | | ...(2.47)
Similarly, the values for the enqugy components can be \a;rritten as,
E, = 8’351’;22 ' ....(2.482)
B = :3112 ....(2.48b)
E, = ;:; : ....(2.48¢)

Substituting E,; E, and E, from Eq..2.48(2), (b) and (c) into Eq. 2.42, we get the

~ -total energy E as,
£ mk
8ma®  8mb*  8mc®
3 .
. L .(2.49)
m \az b?. Cz , '

When tke bex is cubic, you can say that a = & = c and,

E=-f_m+n+ ) , (250

- 8ina ) '
You can arrive at the lowest energy level when n, = n, = n_=1,i.c., 111. The next
higher energy state is 211, 121 or 112 which represents the three states of equal
energy. Such equal energy states are called degenerate levels,




2.6 HYDROGEN AND HYDROGEN-LIKE ATOMS

In the preceding discussion we described the general principles of wave mechanics
and its applications to some problems. Now, we take up the application of wave

- mechanics for the investigation of the structure of hydrogen and hydrogen-like atoms.
By hydrogen-like atoms we mean any species having one electron. For example,
He*, Li%*, Be®* etc. are called hydrogen-like atoms. These species differ from
hydrogen atom in their nuclear charge. Also these have an overall charge
+1, +2, 43 etc., whereas hydrogen atom itself is neutral. We have seen in the last
unit that the success of the old quantum theory of Bohr was due to its ability to
explain the structure of hydrogen atom. Schrédinger equation also was applied to

hydrogen atom first and its success provided a convincing proof of the theory of wave
mechanics. : . :

In the hydrogen-like atoms, we have an electron moving in the force field of the
nucleus. There is coulomb attraction between a fixed nucleus of charge Ze and
 mass M and a moving electron of charge e and mass m. The potential energy of this

system is given by

= 222 (2.5
V= Zre,r | (2.51)
and the reduced _niass', M, of the 'éleqtron is given by Eq..2.52 '
2= m P M ET mr M ..(2.52)
The Schrédinger wave equation for hydrogen atom thus becomes, '
2, ., 87 (p. 2% Yy =i ' @
V- 5 (E + 4?760’_)1[: 0 . (253)

-

The only successful attempts to find solutions of the wave equation have been those

in which position of the electron is given in polar coordinates. The spherical polar
coordinates, r, 8 and ¢ are associated with rectangular cartesian coordinates.x, y, z
by the relations (see Fig. 2.8 also): '
x=rsin f cos ¢ )
y=rsin 0 sin ¢

z=rcos#

. (2.54)

Fig. 2.8 : Transformstion of cartes_lnn to spherieal polar coordinates.

. Schrédinger 2quation (Eq. 2.53) for hydrogen atom can be expressed in spherical
polar coordinates r, 6 and ¢ as, '

i._a.(rzﬂ‘i . 1
P2 ar

Py 1 3 i O
0 - -+ [
6r] . r%sin®®  a¢®  rising 90 (sin & 30 )

87 gy _Ze2y = g . (2.55)

* h2 dmeyr

Wave Mecharkcs

In atom, the nucleus is very heavy
as compared to an electron. If we
have a single clectron and a single
proton (1836 times heavier than
electron) exerting force on cach
other, then centre of gravity of
whole system will move, with .
uniform velocity in a straight line
with each particle rotating about
the common centre of gravity.
The centre of gravity divides the
vector joining nucleus and
electron in the ratio of 1:1836
{ratio of mass of clectron to
proton) so that the nucleus

exccutes only.a very slight motion

and we can almost treat it as being
fixed and the clectron as moving
about a fixed centre of attraction
at the nucleus. This becomes an
exact method of handling the
probtem of electronic rotation,
provided we assign 1o the electron
so czlled ‘reduced mass’, x,
slightly different from its true
mass.
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4 has &3 many possible values os
the vaiwe of n,
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Accordmgly, the posmon of the electron in sphencal polar coordinates is shown in
Fig. 2. 9

Fig. 2.9 : Position coordinates of the electron

We write the wave function for the Eq. 2.55 as,
¥er.0.6) = Ry B Prg) ‘ -(2.56)
where R(,) is a function of r only, Bw) is a function of ¢ only arid Ppyis a function

of p.only. Then Eq. 2.55 can be separated into three differential equations with the

separation of variables r, § and '¢. The solutions for these differential equations are
characterised by three quantum numbers; n, ! and m,. To be a well behaved function,

a function must be continuous, finite and single-valued; these boundary conditions
or the restrictions will not be met unless :t, { and my; are integers. Also [ is zero or
any positive integer less than n whereas m, can take the values +/ to —! through 0.
The various values of n; ! and m; are,

n =121734,.
=0,12, .. (n -1
m = +.l ..... +2, +1,0, -1, =2, .... =1l

You can realise that n, [ and m, are exactly the same as the principal, azimuthal and
magnetic quantum numbers, respectively, mentioned in the last unit. Thus, the wave
function, r_.!l,,,,,,,, for any electron can be given by substituting the values of the three
quantum numbers n, / and m,. When n=1, /=0, m,=0. Wi, DECOMES ).

Various combinations of / and m, for values of # upto 4 are given in Table 2.1,

Table 2.1: Possible Values of Jand my,

a I m; arbital
representation
1 0 0 ‘ 15
One Value R
2 0 0 ' 2
o +1,0, -1 _2p
Two Values -
T3 ¢ ‘ 0 . s
1 : 41,0, -1 Ip
2 . +2,.+1.0,-1,-2 3d
- Three Valucs : ‘
4 0 0 45
| 1 +1,0,-1 dp
2 - +2,+1,0, -1, -2 ' 44
3 +3, 42, +1,0, =1, -2, -3 4f
Four Values ;




The various values of [ are designated by the letters s, p, d, f, g.... as given below: . Wave Machonles
valuesof! 0 1 2 3 4 - .

leters . s p d f g

The letters s,p,d,f denote the :ritial letters of the words sharp, principal, diffuse and
fundamental which were originally used to describe the lines in spectra. After f,
alphabetical order follows. ‘

Thus, we can summarise various energy levels with their notations as,

Value of n 1 2 3 4

Value of/ o . 01 o 1 2 ] o1 2 3

Notation 1s 25 2p Is 3p 3d 4s 4p 4d 4f
.

The notation in the last line denotes the combination of 4
and /. Thus, we can list the various quantum numbers as:

1) The principr'zl quantum number n, denotes the major energy level.

2) The azimuthal quantum number [, denotes the. angular momentum and shape of
the orbital. It can also be understood as the sublevel of the major level, n, When
[ = 0, the orbital is an s orbital and is spherical in shape. If I = 1, the orbital is
desigrate as p orbital. Similarly, the orbitals having { = 2 and f = 3 are termed
- as J aud f orbitals, respectively. : '

3} The magnetic quantum number, m,; determines the possible quantised
orientations of the angular momentum and of the orbital, in space.

4) There is a fourth quantum number, known as sp'n quantum number, m,, which
arises from the spectral evidence that any elec*ron moving around the nucleus will
spin or rotate about its own axis also. It will then behave like a small magnet.
This spinning of the electron affects the angular momentum and hence the energy.
The spinning can be clockwise or anticlockwise leading to two values of mg,i.e., .
m; can be +'/2 or —'/2.depending upon thé direction of the spin. -

-For a hydrogen-like atom, the total wave function is the product of the radial function;
namely R,y ar.d thz two angular functions 6oy and P4,. The expressions for the
radial and ang»lar components forn = 1 ton = 3 are given below in the Table 2.2.

Table 2.2: The Hydrogen-Like Wave Functions

Orbital
Desig- | | 1 | my R od
natlon : :
: oz 1\
1s 1 0 0 "(Tﬂ) &7 (—4--;’_—) .
- n . 2
2s 210 o _1_(_32_) (2-q)evn (4—;)
A
' I zV? . 3\
2 2|1 0| —(-+— e . (—) cos d
P R ( “o) q an
. 32 1
2p, 2|1 1|1 (—Z) qge™n (—-l-) sin@cos ¢
2VE a, 4z
L { zZV? ., ' ( 3 )"2. -
2 2111 }——]—= e~ —— | sinfsing¢
Pr 2V6 ( "0) ! W
) . AT - ’ 12
3s alo]o 2 (-l ) (27~ 18g + 2¢%)en { 41—)
' 8.v31 % . 39




Structure of Motter

The term “radial probability
density’ is usually applied to the
probability divided by 4 times
the thickness of the shell,

40

Orbitsal ‘
Desig- n|t|m R (21 )
nation
. 4 {_zV*? - ..i n
3p; 3|14 0 v ( "o,) (6-q)ge~n (4‘7) cos @
4 _f(z¥® —ap 3 V2.
3p. 311 1 |——— (—-—) (6~g)ge™ 5 : (—4—) sin @ cos ¢
: 81vE \ % 7
B, |3 (1] (—é) (6-q)ge™" () smosins
y a 4z ’
’1V6
' 372 . . 12 .
4. |3{2]0 \4/_ (_az_) glein : (%) (3cos* 0-1)
. 81v30 ¢ . ‘ .
o 2
3d,, 3|21 \4/_ (—-aé) e n . (—:‘5?) sin @ cos dcos ¢
81VvV30 e . e,
4 -
: n o T
M, 3 (2] \4/___ (TZ) gte I (—%) sin 6 cos fAsin ¢
. 81v30 4 -
y . T \az ] wo
3dups |32} 2 \4/_ ( —az-) glemn . ( Tlﬁ.ﬁ?) . sin" fcds 24
- . Biv3D o i
2 | an '
3d, |3]|2]|-2 -—4\/-_-— ( -EZ-) gre (T?F) sin? @sin 2¢p
81v30 ¢

Here Z is nuclear charge and g = Zr/ag; ap is Bohr radius and r is the distance of the
electron from the nucleus. ) ’
' 2

Alsd,ap =
Vo mpe

= 53 pm. This is similar to Eq. 1. 16 (Unit 1); the only difference

is that here m is replaced by z and Z =1f{or hydrogen The term a, was denoted as

. :Bohr radlus in Unit 1, Section 1.9,

" The radial wave functions Ry,) are plotted in Fig. 2. 10(a) for various combmanons of

n,l and m;. The radial distribution function Dy, indicates the electron distribution

.orthe probability of finding an electronin a spherical shell between rand r + dr. If
_ris the distance of the electron from the nucleus, the volume between the two shells
"is given by 4 7r%.dr and the probability of finding the electron between this volume

element can be given by,

D(,.)dr = 47772!1(2(1" - ) . . (2 57)

‘Figure 2.10(b) shows the probablhty densities for finding an electron for various

values of n n and+. Note that in case of 1s state, the probability of finding.an electron

" is maximum in the sphencal shell which hias a radius a,, which in turn is the sameas

* - predicied by Bobr for the first orbit. Similarly you can.compare the probability
. dcnsxty of the electron in 2s orbital. The maximum- now is shifted away trom the
“nucleus i.e., the electron in the 2s orbital will have its probable location farther away

from the nucleus as compared to the 15 electron. But you can see that the smalt hump

indicates that although small, there is still finite probability of finding the 25 electron

near the nucleus also.

1
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Fig. 2.10 : () Electronic radial wave function R{r) for the hydrogen atom {b) Radiai probabllity density
for Mnding an eleciron at a distance between r and r + dr,

SAQ4
Calculate the reduced mass of an electrom.
mass of proton, M = 1.673 x 10" kg; mass of electron, m = 9.109 X 107 kg. -

2.6.1 Angular Dependence of the Wave Function and Shapes of Orbitals -

The wave functions for single electron as obtained in the previous section are often
termed as atomic orbitals. The shapes of these atomic orbitals depend on the angles

8 and ¢, which in other words determine the geometry or the spatial distribution of
the orbitals. This angular dependence is represented by spherical polar coordinates

Waie Machanic
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Structure of Matter

If a crest of a wave is assumed to
have positive amplitude, its trough
can be considered to have Regative

amplitude. The positive and

negative srgns for ¢ valyes are
inheremt  in  their solution
conlammg Ingonometnc functions
_Ilke sin 8, sin ¢, cos G and cos ¢,

. characteristics of 3p and 34 orbitals. In the absence of any electric or magnetic field,

0 and ¢ and is given in the fast column of Table 2.2 as ©d term. You can see that for
1s orbital it is just 31 : this means that the s orbital is independent of the angles 6
7
and ¢. Thus, whatever be the values of 8 and ¢, the angular portion of the wave
function i is, constant Hence,'rt is spherically symmetrical (Fig. 2:11). The orientations
of the p orbitals can be. calculated by considering the magnitudes and signs of the
trigonometric functions. Thus for 2p, orbital, as per Table 2.2, the 8® term contains
cos 8, which according to the relations-given in Eq. 2.54 implies that this Orbital is
directed along the z direction. Similarly according to Eq. 2.54 the wave function for
p, orbital contains sin 8 sin ¢ term. and hence will correspond to the orbital having
maximum electron density along y directionl. The wave function for Px. CONtaining
sin 8cos ¢ term, indicates that the orbital points to the x direction. Similarly we can
conclude that 25 and 3s orbitals are spherically symmetrical because they do not
involve @and ¢ terms in their angular functions. Also we can interpret the directional

the electrons in the three p. orbltals will have the same energy, which depends on the -
value of n. Hence, the three p. orbltals are termed as triply degenerate. But, when

the magnetic field. is applled “the electrons in the p orbital in the direction of the
field shows different energy and m, the magnetic quantum number comes into picture.
.z

. Fig. 2,11 : 5 and p orbitals

Similarly, the angular dependence of d orbitals can be visualised. There are five d
orbitals and these are shown in Fig. 2.12. The + and - signs refer to the symmetry of

z z

Fig. 2.12 : Five d orbitals. The indicaled signs are those of the wave functions. These sipns are indicated
because they wil' be of interest iater when we discuss molecular orbitals. The prohabllity density Is,

of course, always positive.




wave function and you should not contuse then with the electrical charges. You will
understand the importance of these signs in the bonding of orhitals dvring the
formation of the molecules in sec. 5.2 of Unit 5 on mol~cular orbitus Lie ITY,

Similarly, the seven f orbitals can be représented as shown in Fig. 2.13,

z

e

fxfr’—r’) Fruiay - : Lty
Fig. 2,13 ; Shapes of yeven [ orbitaly,..

In the light of ‘above discussion, answer the following SAQs. ‘

54Q 5
State tHe four quantum numbers and their significance.

......................................................................

2.6.2 Energy States of the Hydrogen-like Atoms

The solution of the chrédinger equation for hydrogen atom, i.e. Eq. 2.53, yields the
expression for energy F, as .

E = —Z's ' : .(2.58)
8¢, ki n? :

wheren =123, ... 7

As M, the mass of the nugleus, is very large compared to that of an electron, 4 can

he replacsd hy m. “Yence the energy sxpressian hecomes,

E = _Z%2%m L L(2.59)
Re 2n2 .

which is identical to the energy expression (Eq. 1.22) obtained from the Bohr's
theory. Since this expression does not involve / and i, the levels given by a certain K%
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value of n are degenerate. The value of n? gives the degeneracy of the n'™ energy
tevel. For example, when n=1, there 1s only one energy level and this corresponds
to 1s level, When n=2, degeneracy is n*=2*=4 and hence the 25 and three 2p orbitals
are-degenerate. Similarly n=3 gives a n? value of 9. This corresponds to ninc
degenerate states which can be represented by 3s, three 3p and five 34 orbitals.

57 ELECTRON CONFIGURATION OF
MULTI-ELECTRON ATOMS

The multi-electron systems can be considered as the extension of hydrogen atom. But
it is not easy to solve-the Schrodinger equation for suchi systems. Hence, various
approximations have to be made and the energy values obtained are also not exact.
These energy values can be arranged, as shown in Fig. 2.14, You can sce that there
is degeneracy among the sub-lcvels of a particular energy level in the casc of hydrogen
atom. But such degeneracy is lifted in the case of multi-electron atoms.

Hydrogen-]ike atoms Multi-clectron- atoms
| 6h

v 6g. : ‘
6s 6 64 6 68 6h ﬁ e
v ] 6d . -
. %‘ _ 5d
5g 5f 6s - ~4f

-

5s Sp 54 Sf

45  4p
3s 3b
2p
.25 2p :
- 2s
1s

Fig. 2.14 : Splitting of orbital degeneracy in multi-electron atoms.
Thus, the energy levels so obtained can be arranged according to increasing energy
as given in the following sequence: ’

[s < 25 < 2p < 35 < 3p < 45 < 3d < dp < 55 < 4d < 5p < b5 < 4f < 5d < 6p
<T7s<5f<6d... '

“This sequence is obtained’on the basis of Bohr-Bury rule accordin g to which the energy
of the orbital is determined by {n + I). The orbitals are arranged in the order of

- intreasing n+1 values and when n+! is same for some of the orbitals, then the one .

with smaller n will have lower energy. You can easily understand this ey taking the .
example of 3p and 45 orbitals. Both of them have n+{=4.3p orpital has n=3 and
]=1whereas 4s orbital has 1 =4 and /=0; hence, due to lower a-value 3p orbital will '
be lower in erergy than 4s orbital. S
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When we try to fill up various orbitals according to the number of available electrons,

certain rules are to be followed. Let us first study these rules. Then we will discuss

the filling of electrons in the orbitals in the llght of the guidelines provided by these
rules, .

1) The aufbau principle. In German, the word aufbau stands for ‘building up’. It
states that the orbitals will be filled up abcording to the increasing order of energy,
i.e., the electfons will be filled from lower energy orbitals to the hlgher energy
orbitals. -

2) Hund's rule says that in a given energy level, the number of unpaired electrons is
maximum, i.e.. the electrons will fil] the available orbitals first singly and then the
pairing of electrons will start. This is s0 since there will be repulsion between the
two electrons occupying thg same orbital. Hence, if orbitals of equivalent energy
are available, the electrons prefer occupying the orbitals singly. If two electrons
share the same orbital, for example 1s level, their spins remain antiparailel.

3) Pauli’s exclusion principle. You have studied earlier that each electron can be
defined by. a set of four quantum numbers: n, /, m; and m,. Pauli’s exclusion
principle states that no two electrons in an atom can-have the same set of four

- quarnitum numbers. Since a1, ! and m, are the same for a particular orbital, two
electrons occupying it must have different spin quantum numbers. In other words,
the two electrons shouid have opposite spins, if they are to occupy the same

. orbital. So, you can calculate the maximum number of electrons whch 0ccupy the
various orbitals with the help of the Pauh s exclusmn prmcnple.. '

n T . m; m, . No. of . ‘Orbita} Total electrons in a
. . ’ : electrons designation particular n level
n=1 0 0 =112 2 15 :
n=2 0 0 +12 2 2 |
] +1 SR 2 . ,
.0 12 2 6 : 2p 8
: =i =12 2 / '
n=3 0 0 +172 2 3]
A 112 2 ) ]
0 x1/2 236 3p
-1 +12° 2
2 +2,  xu2 2 e [ 13
+1 *172 2 .
' S0 1R 2310 " 3d
-1 ®12 ' 2
‘ -2 - 2 R X
n=4 0 i *112 2 : 4J
‘ ! +1 *172 21 - :
! 0 x112 2% 4p
-1 112 "2 ‘
L2 2 w2 2 '
w1 - x=m2 2|
0 2 20 ad\ 2
-1 xR 2|
=2 £112 2)
3 +3 xR 2)
+2 0 Em2 2
. +1 172 2 : ‘
0 . =B 25 Y,
-1 - %12 2 S
: -2 112 2 : T
-3 oz 2) S

Thus an s orbital can accommodate a maximam of 2 eleclrons /i orbltal 6 eiectrons,
d orbltal 10 electrons and f orbital 14 electrons.

Ware Mechanies

Wollgang Paull
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Structure of Matier . Let us take some examples and study the electron configurations; here the superscript
indicates the number of electrons occupying that particular orbital,

1s
H - rl.sl 4

1s
He - 1s5° 1

‘1s 2s
Li - 15225 4, 4

The lowest energy orbital is 1s. So the electron in hydrogen atom has the
configuration 1s'. Helium having two electrons has the configuration 1s? because the
1s orbital can hold two electrons, provided the two electrons have opposite spins.
The third electron in case of lithium is in the next higher level, i.e., 25 orbital.
Similarly, the fourth electron in case of berylium is in 2s orbital,

The next element,_boron, has five electrons and its configura-tion can be written as
s - 25 . 2p
15%25% 2p? 1 1 1

because 2p orbital is the next higher energy level.

The next element, carbon, has six electrons. InConformity with Hund's rule which
says that there should be a maximum number of unpaired electrons, the carbon has
the configuration,

Is 25 ' 2p
1s*2s*2p; 2p, A AR KEE
i.e both the electrons in the 2p orbitals occupy the p orbitals singly and remain

unpaired.
Similarly, in case of nitrogen (7 electron system), the configuration is

’ s 25 - 2p?
1s*25%2p° 11 |4 11111

with all the three electrons in 2p level remaining unpaired. Then, we have oxXygen
having eight electrons which can be represented as

152 25 2p*
152257 2p* 1, 1 11 (1

Now since 2p orbitals contain four electrons, they can be filled as 2p2 2p]. 2p!.

Similarly, in case of fluorine ha\;ing nine electrons, the electron configuration is,

1s? 252 2p°
1s25%2p° VI (44
Then, we have neon (10 electrons) which has the configuration
. 152 2s? 2p®
15%25% 2p° 1 1 12N 2R"

. with all the orbitals completely filled. You will learn in Inorganic Chemistry course
that the elements having completely or exactly half-filled orbitals have more stable
configuration as compared to those which have partially-filled orbitals. You can casily’
remember the sequence of filling of energy levels, using the diagram given in

ol Fig. 2.15. ' o :




Fig. 2.15 : Sequence of filling of various orbltals.

Based upon the above sequence of filling of various orbitals, it is possible to write

the electron configuration of any given element provided its atomic number is known. -

Table 2.3 gives the electron configliration of all the elements. Certain anomalies are
marked by asterisks (*) and are explained at the bottom of the table. You will learn -
more about these elements, i.e., their electron configuration and its relationship to
various periodic properties in Inorganic Chemistry course. '

Table 2.3 : Electron Conflguration of Elements

Shell K L M 1- N 0 -.p Q
Orbital 1'ls| 25 2p | 35 3p 3d 4s 4p 4d 4f 5s 8p 5d 57 6s6p 6d 6f | 75 Tp
Ele- | At. |
ment | No.

H | 141

He 2|2

Lj (2] 1

Be 412 2

B 512 21

< 6121 2 2

N 112123

o ! 8224

F [ 9l2)]2s

Ne w2 2 s .

Na {2 2 s 1

Mg |12]2] 26| 2

Al 13121 26 21 ’
Si 14121 2 6 22

P 1512} 2 6 23

S )2 2 6 2 4

Cl 17 12 26 25 .
Ar 118|226 |26

Wave Mechanles
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Shel |K{ L M N - o P 0
Orbital |1ls| 25 2p 35 3p 3d 45 4p 44 4f SsSp‘SaTSf 6s6p 6d6f | 7s1p
Ele- | At ’
| ment | No.
Re [ 7502|2626 10)] 26101 26 5
Os | 76[2|126fz6 10 |26 101426 ¢ 2
Ir 7722626102610 14| 26 7 2
“Pe|78|2[26[2610 26101426 9. 1
Tdrau | 79226261026 1014 2 6 10 1
Hg (802126 | 26 10|26 10 14 2 6 10 2
YET | sz 262610 2610 14 2610 2 1
BIPb | 8212262610 (261014 2610 2 02
Bi 83[212 6| 2610261014 26 10 2 3
Po [‘8[2{26 |26 10 |261 14| 26 10 2 4
At 182262610 |26 1014 26 10 2 5
Rn [ 8[2{2 6|26 10| 26 10 14 2 610 2 6
Frrols7|2|26 2610261014 26 10 2 6 1
Ra | 88(2|2 6] 2610|2610 14| 26 10 2 6 -2
Ac {89212 6 [v26 10 {26 10141 2 6 10 2 61 2
Th [ 90f2]2 6| 2610 }2610 14| 2610 1| 2 61 2
Pa | 91|2]2 6|26 10| 2610 14| 2610 -2 2 6 1 2
U 92212 61| 26102610 14 2610 3|2 61 2
Np | 93t2(2 6|26 10|26 1014.] 261 4| 2 61 2
Wiew |oal2| 262610 2610014 261 5| 2 61 2
Blam [ 9512 2 6 [ 2 6 10 | 26 10 14 | 2 6 10 6| 2 6 1 2
Cm ;961212 6] 2610|2610 14 [-261:0 7| 2 61 2
Bk | 97226 |26 102610 14| 2610 8| 2 61 2
Cf 19812126 |2610['261014| 2610 9| 2 61 2.
Es | 99/2;2 6|26 10 |26101M| 261010 2 61 12
Fm (100122 6 |.26 10 |26 10 14 | 2 6 10-11] .2 6 1 2
Md (10122 6|26 10 |26 10 14| 26 1012!.2 61 2
No [102{2|2 6|26 10| 2610 14| 261 13} 2 6 i 2
L 103|212 6§26 10 |2610 14| 261011@4| 2 61 2

* Asaresult of inter-electronic repulsions, the electrons differing slightly in their.energies have a preference
Lo enter into those orbitals which thereby get either completely filled or just half-filld. This explains the
anomalous configurations of Cr, Cu, M, Ag, Pd,"Au, ete. . ;

“** Anomalous configurations of Nb, Ru, Rh and Pt can be explained on the basis of nucleus-electron and
electron-electron forces. ‘

Based on their electron configuration, the various elements can be arranged in the
form of the periodic tablé as shown in Table 24, -

These elements are classified into various blocks according to the filling of the
electrons in the various orbitals, €.g., when the s orbitals are being filled, the
elements constitute the s block. Similarly, p, d and f block elements can be..
interpreted. The various groups are numbered according to beth the old and the new
conventions of numbering, Numbering the groups from 1 to 18 has been recently -
adopted by IUPAC. )

SAQ 7 .

Write electron configuration of P and Ca and indicate the block of the periodic table,
in which they occur.

Wave Mechanlcs
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2.8 SUMMARY

We have learnt in this unit about the wave nature of the electrons in the light of de
Broglie's ideas. Then we studied the Heisenberg uncertainty principle and observed
that both these concepts are applicable to sub-atomic particies only. We then shifted-

our attention to Schr8dinger wave equation and studied its applications to various '

simple systems, e.g., particle in a one-dimensional box, particle in a three-dimensional .

box and hydrogen atom. In case of hydrogen atom, we studied in detail about the
solutions of the Schrédinger equation in terms of cartesian and polar coordinates, We

- extended these ideas to predict the shapes of various orbitals. . mally, we learnt about

the filling of electrons in these orbitals in the light of various principles like aufbau
principle, Hund’s rule and Pauli’s exclusion principle. :

2.9 TERMINAL QUESTIONS

1) Caiculate the de Broglie wavelength associated with abody of mass 1 kg lmoving
" with a velocity 1500 m s7. ) : '

2) An electron has a speed of 300 m s measurable accurately upto 0.01%. With
what maximusi accuracy, can you determine its position? (m = 9.109 x 107 kg).

3) Calculate the degeneracy of the first three enérgy levels for hydrogen atom.
4) Which of the following cor‘ﬁbinati'nns of quémtum numbers are al]qwed:

' n I m m
a) 3 2° 1 -0
b) 2 0 0 -12
. €) 7 2 =2 1r )
d) 30093 2 - T T
5) Write the electron configuration for the following: elements:
_ Si, S, Cl,Ar. . : . . ’
6) Write electron configurationlfor the following ions:

H, Li*, 0%, Na* and Mg** :

2.10 ANSWERS -

- Self-Assessment Questions o o o

l') In our daily life, we come across the macroseopic objects having large mass; hence,
A associated with them is very small and cannot be measured. So we do not
recognise de Broglie waves in our daily life. ’ o

2) ¢ gives the probability of finding an electron in a given region of space and when
W? approaches unity, the probability approaches certainty of finding the electron -
in that particular region. - B ‘ :

3, E, = % _ 12X (6.626:x 10-4)° = 6.024 X 10721,

8ma® ° 8§ x 9.109 x 107 x (10°%)

E, =42 _ 941w 10y,
8ma? '
Ey = 2R _ 540 %1077, ‘ . 5
.-8ma® T

4) 9.10510 x 107" kg,
5) The four qﬁantum numbers are _ _
' a) Principal quantum numbet, n which gives the major energy level. .
b) Azimuthal quantum number, I which gives th.e angular momentum and shape
of the orbital. ’

_Weve Mechanics

'L. Bohr atom model calculatés

energy of hydrogen siom on .
tlectrostatic considerztjons. .
Schriddinger calculates the same
based on amplitude variation in
wave motion and 'de Broglie
relationship.
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' Berwctare of Mutter

¢) Magnetic quantﬁm number, my, which gives the orientation of the angular
momentum.
d), Spin quantum number, m;, which gives the spin of the electron.
6) The term degenerate orbitals signify that the orbitals in quéstion have same values,
of energies.

7 Electron conﬁguranon of P (At No. 15) and Ca {At. Np. 20) are,
P = 1s225%2p®3s%3p° p block
Ca.= 1;2 25%2p® 352 3p° 45 s block

Terminal Quesﬁons

—_h

1) Usea my
_ -6.626 x 10-*Js
- 1kg% 1500 m s

4.417 x 10" m

i

2) Use Ap-Ax=h

i.e. Ap=m - Av. Calculate first Av.

Hence, Ax =—— = 2,427 x 10 m
S omelv .

' 3).n2 = 1 for first level,

n? = 22 = 4 for the szcond energy level and
n® =3 =9 for the third energy level.
$So, the degeneracies ave 1, 4 and 9, respectively.

4) a) Not allowed because m, cannot be 0.,
b) allowed.
c) allowed
~d) Not allowed because / cannot be ncgatwe

5) Si 152 2s% 2p 3s* 3p®
S 1s%2s? ,2p 3s% 3p*
Cl 1s®2s* 2p° 352 3p°
Ar 152 25* 2p8 3s% 3p®

6) H 15?

Lt 157

o 152257 2p°
Na*' 1s%2s%2p°
Mg2+ lsz 25‘2 2[-76

APPENDIX | ’ )

Value of A in one-dimensipnal box

Let us now determine the value of the constant A appearing in Eq. 2.31. To do this,
we assume that the probability of locating the article inside the box should be equal
to unity. This can be ensured by integrating “dx within the limits x = 0 andx = a.

foqﬁdx=1

Substituting ¢ from Eq. 2.31,

IA251n —&1{ x-de=1 (A1)

' From the fundamental rules of tngonometry, we can write

cos29-1—23m8




orsin®g = = (1 — cos 26) Wove Mechnlcs

So, we can vrite Eq. A.1 as

IJAZ %(l—cosz ——x) dx =1
(3
ANEE 1 2nr
orA[J;-fdx'chosaxdx]l
? dx 1 [ 2nm
OTAZ[LT*TLCOS —a—x dx]=1

Butfcosaxdx = Snex .

a
Then,

. 2ngx
A2 S U ey =1
2 2nw
, - a - do

A"{ 4 - 4;'”'[551'1 2nzg _ o]}: 1

o

n‘d

Az{-g-—m[o O]]_

" (because, sin 2nr = 0)
2 =

ie A (‘%) =1

AT

2
) a
o4 = /2
crd = J;
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UNIT3 ELECTRONIC THEGRY OF
VALENCY o

Structure

3.1 Introduction
Objectives

3.2 Basic Concepts .
Effective Nuclear Charge
Tonisation Energy
Eiectron Affinity
Electronegativity

" 33 Electrovalent or Ionic Bond

" Properties of Ionic Compounds
Ionic Radii -~ ;
" Lattice Energy

3.4 Covalent Bond

Characteristics of Covalent Molecules
Bond Enthalpy Co
Bond Lengths and Cavalent Radii

3.5 Bond Polarity .

3.6  Valence Shell Electron Pair Repulsion (VSEPR) Theory

3.7 Prediction of Shapes of Molecules and Ions Using VSEPR Theory
3.8 Summary . 7 . .

3.9  Terminal Questions’ :

3.10 Answers '

‘3.1 INTRODUCTION

In Units 1 and 2, some coricepts regarding atomic structure have been discussed in
detail. These ideas naturally lead you to think as to why, the atonss of only a few
elements combine among themselves or with those of others, to form stable
structures, called molecules, Hydrogen gas, for example, consists of H, molecules, -
each of which is made up of two atoms of hydrogen. In contrast to this, the He,
molecule is not formed by the combination of two atoms of hélium.. You may like to
know the nature of attractive forces, known as chemical bonds, that are responsible
for the stability of some structures. Such an analysis can also help you in correlating
the physical and chemical characteristics of molecules to the type of bonding available
in them. - L

Many attempts were made in the past to explain the formation of stable molecules. On
the basis of electrolysis experiments, Berzelius (1812) concluded that some elements

. have a positive electric charge and some a negative charge and that the attraction

between these opposite charges holds the elements together. This dualistic theory was
proposed before the discovery of electrons and protons. But Cannizzaro (1860) ‘
showed that the elements like oxygen, hydrogen etc., are diatomic. This fact could not
be explained by the dualistic theory of Berzelius. In 1852, Frankland proposed the
theory that ¢lements have a definite capacity for combining to which the name
valence, was given later. It was for Kossel and Lewis (1916) to put forward theories of
electrovalent and covalent compounds, respectively. '

In this unit, we shall study the theories of Kossel and Lewis. The properties of ionic
compounds, the importance of the ratio of ionic radii in deciding the crystal geometry
and the significance of lattice energy are also discussed, We shall explain some of the
characteristics associatéd with the covalent molecules, such as bond enthalpy and
covalent radii. Finally we shall discuss, the relationship between the number of

. electron pairs around the central aiom and the shape of the molecules.

Objectives .
After studying this ;.mit, you should be able to :

¢ define the terms such-as effective nuclear charge, ionisation ei)ergy, electron
“affinity, electronegativity and utilise them.in predicting bond character,




® define ionic bond énd list the proper{ies of ionic compounds-,
# explain the role of ionic radii i in decndmg crystal geometry,

@ calculate lattice energy and explam 1ts importance in dec:dmg stmch:ometr"
stability and solubility of a crystal,

® define covalent bond and compare the pmpertnes of covalent compounds with those
" of ionic compounds, .

e correlate bond enthalpy and bond stabxl:ty,
® explain the importance’ of covalent radii in estimating bond length, and

¢ explain the shapes of molecules and ions based on VSEPR theory.

3.2 BASIC CONCEPTS

el

Atoms can combne with each other in different ways to form-a large variety of
molecules. Really speaking the description of chemical bonds between atomsiin a
molecule is essentially the description of electron distribution around nuclei of the
atoms in a molecule. There ate three main types of bonding in molecules. One of them
is ionic bonding and it arises when one or more valence electrons are transferred from
one atom to another, resuiting in the formation of positively and negatively charged
ions.

The second type of arrangement that holds atoms together in a molecule is knowhn as
covalent bond. In this case, the bond results from the mutual sharing of electrons
between atoms of the samé or different elements. The formation of H; molecule is a
case of covalent bond formation. Third type of bonding is coordinate bond and it
arises when both the shared electrons are provided by one atom only, known as the
donor. A coordinate bond differs from the covalent bond only in the mode of
formation. Once a coordinate bond is formed, there is no way to distinguish it from
the covalent bond. The salient features of the three types of bonds described at-ove are
listed in Table 3.1. '

Tabled.1: Bnndin'g in Molecules

Bonding (ype Type of electrontc interaction Examples

Electrovalent or Transfer of electron(s) from one alem to another . Na*Clm,

ionic bond K*Cl~, Gs*Cl”

Covalent bond Equal contribution and sharing of electrons between H,;, F,,CH,
atoms

Coordinate bond Contribution of électrons by one atom and sharing (CH,),NO, NH?
by both the bonding atoms

One would like to know the factors on which the tendency of an atom tc ‘-ansfer or

s-are one or more of its electrons depends; There are various factors such as effective -

. nuclear charge, ionisation energy, electron affinity and ~lectronegativity which
determine the above tendency. We shall explain the salient features of these factors
before going into the details of chemical bonding. -

‘- 3.2.1 Effective Nuclear Charge

The hold the nucleus has over an electron in a particular level is decreased by other

elec'rons in the same and lower levels. In an atom with atomic number Z, the effect

of nuclear charge is not felt uniformly by the electrons in the various orbitals. The

extent to which other electrons decrease the nuclear charge over a partlcular electron

is given by screening constant, §. Hence the effective nuclear charge, Z*, is given by
" the equation,- .

#r=z-5 - S G.1)
It is possible to calculate Z* from the values'of Z and S. It is observed that there is a

steady increase in Z* across the elements in a penod The values of effective nuclear

-charge felt by electrons in the- valence shell of some elements are given in Table 3.2.

The outermost shell in an stom is
czlled the valence shell. The

" electyons in this shell are called

valence electrons.
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Structure of Matter

Strecning constant for a particular
electron tells you how much the
other electrons in the same and

lower levels decrease the nuclear

charge due to Z protons in the
atom

- Tonisation energy, in electron
volt (ev), is known as mmsauon
potential,

1ev = 96.5 ki mol™!

In a chemical veaction, g stands
for gascous state, ! for liquid state
and s for solid state.

Erergy required to form a
dipositive ion in the gaseous state
is the sum of first and second
ionisation energies. -

gL

Table 3.2 : Effective Nuclear Charge Felt

by Valence Shell Electrons
H - ' He
1 : : 1.7
Li Be B c N o} F Ne
1.3 1.95 2.6 325 3.9 455 52 5.85
Na Mg AL si P s e Ar
2.2 2.85 35 4.15 48 5.45 6.1 6.75

The high value for the effective nuclear charge felt by an electron signifies that the
nucleus exhibits more attraction towards such an electron and hence more energy is
needed in removing that electron from the atom. From effective nuclear charge values
given in Table 3.2, you can infer thatine loss of valence shell electron is more difficult
for Ar than for Na. That is, formation of Na* is easier than the formation of Ar*. Any
how values of Z* alone are not sufficient to make generalisation regarding cation or
positively charged lon formation. You shall study about other factors concerning
cation formation, in section 3.2.2. Before that, try the following SAQ.

SAQ1

Justify the fact that Li* ion formation is easier than that of Ne*

3.2.2 lonisation Energy

Ionisation energy is defined as the amount of energy to be supplied, to remove the most
loosely bound electron, from an isolated gaseous atom of an element in its lowest

energy state. The uni‘.for ionisation ‘energy is kJ mol-! and we use the symbol I for
representing ionisation energy of an element.

For an element X, the formation of singly charged cation can be represented by the

_following equation :

X(g) — X'(g) + e
The energy required for the above process, I{X}, is called first ionisation enefgy of X,

In the case of multielectron atoms, more than one electron can be removed; that is,
second, third and higher ionisation energies are also possible.

It is also observed that the second ionisation energy is larger than the first ionisation

energy, since during the second ionisation, the electron is to be removed from a
positively charged ion against forces of attraction. Normally ionisation energy means
first ionisation energy only. In Table 3.3, the ienisation energy values of some.
elements are given. The values with * mark indicate second ionisation energies.

Table 3.3: Ionisation Energy Values in kJ mol™
H _ 0

. He
132 ‘ - 2372
-Li Be . B - C N O F Ne
520 500 800 . 1086 1403 1314 1681 208!
1757 ) ,
Na Mg Al Si P . s c . Ar
495 . T8 577 787 1060 1000 1255 1520
1450° - :
X ' o . Br CKr -
418 _ ‘ _ : 1142 1350
-Rb ' e I Xe
403 ‘ , . 1007 . 1170
Cs Lo . Rn
374 _ 1037

In the last scerion, in Tablc 3.2, we studied that effective nuclear charge increases
along the elements of a period. We would expect ionisation energy also to ingrease
accordingly. But a scrutiny of first ionisation energies of second period elements




shows that:the values incrgase from. hthtumthbrerylltumt decrease for-boron, increase;
Hp to nitrogen, again decrease in oxvgen and finally increase up;:to.neon, Fig: 3.1, ~At
the outset this seems difficult to understand. But youcan correlatethe dcpendence of
ionisation energy on electron conf:guratlon as dtscussed below :

Tonisation cnergy/k) mol*

e i Atomicnumber
Fig. 3.1 : lonisatlon energy of second perlorl elemeuts. -omiy the orlﬂtal involved ln ionlsnﬁon'lndluted

o) The electrons in np orbitals are in higher energy level than those in ns level. Hence
it is easier-to remove np electron than ns electron. Thus boron needs lower
|omsauon energy than berylhum

i) The haif ﬁlled and fully filled orbrtals are more stable than part.lally ﬁlled orbrtals.

Thus nitrogen, with exactly half-filled p orbrtals is morg ctable than L oxygen, wrth
partially filled orbitals.

Hence, ionisation energy of mtrogen is larger th.an that of oxygen. For the same

reason, neon with fully filled orbltals has larger ionisation energy than fluorine with
partially filled orbitals.

Within a group, the ionisation energy decreases as atomic number increases. It is 50
since, increasing the energy level and increasing the average distance from the
nucleus cause reduction of attraction between nucleus and the electron. With this
background, you can understand the decrease in ionisation energtes of group 1
elements, from- hydrogen fo caesrum as shown in Table 3. 3

The high ionisation energies of noble gases mdtcate the greatest stabrhty of n.s‘znp
configuration (except in the case of helium having, 157 configuration) known, in ..
general, as neble gas conﬁguranorr Youwill soon see that attainment of noble gas
conflguration is one of the guiding factors in bond formation. When e.ements of group
1 (excepthydrogan) lose theirsingle ns' electron, their configuration bzcomes that of

the preceding noble gas. Hencc jonisation energy is low for alkalr metals and they
form cations =asily,

Ionisation energies can be measured experimentally. In Unit 1, section 1.12, you have

studicd how ionisation energy of hydrogen can be determined from k= atomic spectra
of hydrogen.

-3.2.3 Electron Affimty

1n the last section, we studied about tomsatron energies whlch h'll us. about catron
formmg tendency of elements. Now we turn our attention to electron afflmty values

of elements which inform ws about_ the abrlrty of élemerits to form negatively charged

ions, known as anions. The energy change assoclated with the gain of an electron by a
neut: 2] gaseous atom is defined as elcctron aﬂ'lmty of an elemmt. It is expressed in

Ne
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lonisation energy valuzs of
clernents are useful in deciding
their electron configuration
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Since the removal of an tlectron
from an atom or ion needs energy,
Iis always positive. The electron’
sddition may be energy
demanding or reledsing, hence E,
may be positive or negative.’

Electron affinity values indicate
anion-forming capacity of an
" element. Bom-Haber cycle is
" used for determining electron
- affinity values of elements.
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k¥ moli™! and is represented by’ the symbol EA For an elemdnt X the formatlon of X

can be represented as,

X(g) +e”—X (g
Energy change = first electron afﬁmty of X E,_(x)

The electron affinity. value defined above is, in fact, first electron affinity of an
element. The second electron affinity is the energy change assocrated with the
formation of X% jon from X~ ion. : E

X“(g) + e~ — X" (g)

Energy change = Electron afﬁmty of X~ = Second electron affinity of X = Ea(X")

‘The electron affinity values of halogens are large and negative indicating that a large

amount of energy is evolved in the formation of halide ion from halogen. For example
thé electron affinities of chlorine and bromine are — 348 and -325 kJ mol ™!,
respectively. This is due to the follovnng factors

i) The addition of an electron to a halogen produces the stable noble gas
configuratcn. For example, compare the electron conﬁguratron of chloride ion
with that of argon. ‘

CI™  15°25%2p%3s%3p%  Ar 15225'22;363523,0

'ii) The sffective nuclear charge of halogens is fairly h]gh (Table 3.2). Therefore.

halogens have a rather strong attraction for electrons The ¢ase of formation of
halide jons, especially chlonde explams thelr abundant occurrence in ores.

The formation of oxlde and sulphlde ions’is mterestmg since their first electron
affinities are negative. That is, addition of first electron results in release of energy.
Biit the second electron affinities.are. positive, which means, the addition of second
electron is an energy demanding process. This is understandable since addluon of an
electron to- O (g) or $7 {g) must evercome. repulsion between like.charges. -

-0 - S
- First'electron: affimty/(kJ mol™y o4 ”—'2'00
Second electron affinity/(kJ mo.’ ') ¥ 70] + 56‘5

The energy required for the formatlon ot' 02“(g) ion from oxygen atom can be
calculated as follows '

' Flrst electron o

Ofg) + ¢~ — O(g) . ;.i;i,l_ kjime;l—,g |
. S affmltyofoxygen ) _ o
0°(g) +.& = O ()., . Secondeleciron .. . = 4701KImol
) affmllyofoxygen e
Adding both, .. B . J IR
O(g) + 2e g 02“(3) “Total energy forthe” * = '_:5{-56'0‘ka ‘n'iol"’_:""';'

"-'forrnatlon of Oz‘(g)

Su'mlarly, the transt‘onnauon S(g) + .‘Ze — §2 (g) requ:res a total energv of (— 200 —I‘-
565 =) + 365 kJ mol~". " These values indicate that the reaction, Ofg) + 2¢~ — 0> (g)
orS: (&) + 2> 5% (g)is energetlcallyunfavourable ‘Even then, many metalhc ox:des
and sulphrdes occur natrvely as ores We shall explam thlS it sectlon 3 3 3 EEREEE

Electron afﬁnlty of carbon is —122 kJ mol"l whrle that of mtrogcn is +9 kJ mol o
Explain. : . LT 7 ,

3.24 Elec'troneQativitv

The use 6f values of i mmsat:on energles and electron affmmes to express the tendency
of isolated atoms to lose or gain electrons is somewhat cumbersome in  practice. To

: reduce this drfftculty, Linus Pauling and ‘Robert Mulliken, using the concept of

el.ectronegatw:ty, develop:d empirical expressmns for the attract:on of bondmg
electrons to each of the two bonded atoms. .




“

‘Electronegativity is the attraction of an atom for bonding electrons in a chemical -
bond. It can be defined as a measure of the tendency of an atom to attract the : .
electrons whith bind it to another atorh. In a molecule containing two different atoms,

* one may have more attraction-for the shared electrons, and that atom is said to be
‘more electronegative. For example, in the molecule hydrogen fluoride; fluorine is

- more electronegative than hydrogen. Hence the shared electron pair is attracted by
fluorine to a greatér extent. In the case of moleculés composed of two identical atoms
like H,, F; etc., the shared pair is pulled equally by both the atoms, since theré is no
difference in el vstronegativity. :

There are different scales for electronegati.vity like Pauling scale, Allred and Rochow
scale etc. The electronegativity values of some elements are given in Table 3.4 on
Pauling scale. Eleotronegatwrty is represented by the symbol X (chl) Itis expressed as
a number only ' . :

Table 3.4 : Electronegativities of Elements in Paoling Scate ... ' =

H
Li. : . Be. . . 'B . . C..:. N .0 @ - LF .o
Ll 15 L0200 ., 285 30, 35, . 40 -
Na . . Mg Al oS Pt g e e
0.9. - LR P20 . o280 30
0.8 - 1.0
" Rb S L
0.8 Lo
Cs Ba

.7 . 0._9 -
From Table 3.4, you cari understand that electronegatwrty mcreases from lef‘t to right
alonga penod and decreases in.a group ffém top to bott im.in thep F!'lOdlc table. It is
seen that oxygen groug elements and halogens have highé electro-regatmhes than:
alkali and alkaline earth metals. Caesium is the least electronegatwe element while
fluorine is the- most electronegatwe :

Electronegatmty has’ proved to be an extremely useful conéept in the esttmatton of
molecular pr0pert|es such as ionic character of bonds, dipole moments;:bond -
dissociation energies, covalent radii etc. We shall soon define electrovalent and
covalent bondlng on the basls of eleetronegatryrty values of atorns.‘

Lot

33 ELECTROVALENT.OR IONIC BOND. ...

...-‘,
fid ‘u

Before trying to understand ionic bondrng usmg basnc concepts let us know how 1t was
formulated originally. Kossel pointed out that the ions are formed by the loss of ga:n
“of electrons:and that they’ would be stable; if t‘1ev atfain noble gas ‘electron - "
configuration, ns?Ap% ‘A reaction bétween sodium and chlorine results in the
formation of scdium ions and chloride ions both types being Hield together by
electrostatic attraction. In this process one mole electrons are transferred from one
mole 2toms of sodium to one mole atoms of chlorine. The resulting. Na* and Cl” ions
. have stable inert gas conflguratlons T

Na(2.8,1) + Cl (2,8,7) =i’

~. + CI7(2,8,8) i
Electron
conﬁguratlon
-,-raotlargon

‘Bieetron
configuration ;-
of neon

Compounds like potassium chlonde magnesrum oxide, ca.l n_r ﬂuonde and caesium
chloride are also formed similarly. -In‘all.these compounds the posmve and negative

ions are held together by strong electrostattc attractton known ‘as ionic bonds

From what you have studied in sections 3.2.2 and 3, 2. 3 you can infer that aikali and
alkaline earth elements, which have low ionisation energies, can combme with -
halogens, which have large negative electron affinity values. forming ior’ Ucompounds
Even oxides and sulphides of metals are known-to have'jonic character to a large

extent, although second electron affinity-values for oxygen and-sulphur are; positive. ..

Blectionic Theory of Valozsy

Electronegativity is not a directly
measurable quantity butitis a
concept that a chemist Gaes
frequently on an intuitive basis.

In ionic bonding, there is
complete transfer of one or more
electrons from onc atom to

" another.

Low ionisation energy for the
metal and high, negative elect
affinity for the nonmetal favor
ionic bonding.

-

-
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) electronegatnvxty between two elements is, {nore than e
compounds which are. largely ionic mcharaeter., A 7 ’qlecule has Iarge
e—*valent characte .-.The dlffe;ence ‘!“ electronega kvnty values A X, for same Aonic-

_,.‘:compounds are gwen below T ~

- Ax(NaCl) = x(C) - x(Na)

A (CsCl) = x (Cl), ~ x(CS)
A‘x(KBf)"-_T-_;.- 5 g :

“Yonic substances exlst a8 charged part:cles W

q
: charged particles form an array or a three-dimensional crystal lattice, as shown for

; . sodium chloride crystal:in Fig:3,2:(a): - Xeray-analysisof sodiuth chloride crystal has
&Mﬁmef;: ::ﬂ and established the presence of Na* and CI” ions. In ionic crystal lattice, each ion is
equilateral triangle. attracted by szveral ions of 0pp051te charge In sodium chloride crystal, each folly
) is surrounded octahedrally by sixNa* ions arid vice versé, Fig. 3.2 (b). In this context

P 30'

gt : . -
?o!; :,a ,i,"’a‘-‘;“;;mﬁ:ﬁg a  itisapttopoint out that 2 molecale of NaCl'does not exist as such. The formula‘of an
" Na* jon prefer an octahedral ionic substance is the lowest ratio of the component ions-and can be:determined from
arrangement, since, then the the charges of the respéctive ions. Thus in sodium chloride crystal. electrical neutrahty
' :ﬁi’:’:ﬁ“‘“’““ like chargesis g mamtamed if Na* and Cl~ ions are present in the ratio 1:1. ‘ ..

Na*

" .I,-

Arran o R T
Fig.3.2:(a) gement of Na*(0) and CI-(#) ions n sodium chloride cryslal Note, the central CI- ion is
. surrounded by six Na* jons, as s indicated by red lines. (b) Octahedral t

. - ions around a CI"jon. . tﬂﬂgﬂmen of six Na*

We shall next take up some charactenstlcé f lomc compoun'
3. 3 1 Properue's of Iomc Compounds

Iomc compounds cgnduct electnelty when melted or in; solutlon Bul in; ‘iﬂ]ld state
: they are generally msulators due to very low mobllltj of the ions. The migration of .
ions towards | electrodes exp!ams thelr eonductmg,capaclty The ionic compqunds are
usually solub,le in solvents like Walel.. e i oo I P

Cy .

'«ﬁ'c . Fig. 3.3: Sduﬂnno!‘mionku'yﬂalhmr @andehdlulehnsh'omtheaysul.the@mdsfor
- ) water. Enclased srea shows the undissolved solid.




. However, for the purposes of defi rung crystal Yne shapc catiofis 4nd anions are”
- assumed to be'spherical, incompressible'and having a sharply defined surface. Radlus

. assume that the-ions-A* and B~ are isoelectronic.

‘ understandmgthe lmportance of ionic radu : o

CoCTapgre AR RUTRT L o s = (3.2)

In Fig. 3.3, we see that positive : and negative jons,of an jonic substance are surrounded Electrontc Theory of Valency
by a sheath of water molecules in such a way tﬁat oxygen the negatwe epd qf Water.

ar ion. This tvpe of solutc-solvent interaction is called: :on-dlpole interaction.and it

reduces the force of attraction between the cation and-anién:: Solvents like watér: are

called polar solvents.

T TR ot Lo - e e Y el T
ORI L i m s o diad FLAIEDES U F A S A M e T

In Fig.:3.2 (a),:you: have seen altcmatmg layers of structure: contalmngsodmm ions
and chloride ions, one around the other. Due to strong electrostatic forces operating
in ionic compounds, higher energy is requ:red to overcome. such elecrostat:c forces.
Hence melting and’ bo:hng points of jonic subtances are- hlgh Thé slab:bsat:on an’
ionic crystal lattice attains due to electrostatic forces, is usually described in terms of

lattice energy about which: weiwill: study in: a'detarlcd way in sectlon 3 3.5 aftcr Lol

SAQ 3,

3 3 2 Yonic Radu !

The gcometncal arrangemﬂnf of ic ions m a crystal lattlce depends on the l-elatrvc stzes _
of cation and .anion which are thcoretrcally referred to in terms of ionic radii. The :
principles of quantum mechanics do not allow ass:gnmg deﬁmtc sizé to an atom or ion.

of an ion then becomes the radms of such a sphencal charge Flg 3 4.

‘Using X-ray d:tfractnon methods a large number of ionic crystals have been studred
and their interionic distances determined. For an ionic substance, AB, the interionic
distance, a,p, is assumed ¢t be equal to the sum 'of the ionic'radii, (ra+ "+ rB )

It has been erpﬂr-mentally found that for a pair of jons hawng same electron
configuration; known as. lsoeleclromc_ pair; there is an mverse_rglathnshlp bety®en
effective nuclear charge felt by an outermost.electron of an ion and its radius.. Let-us

I =R 7 () e S - (33) fa-+ Fas
At S Ze _ " Fig. 3.4. ; Hard sphere mode!;
Z3+ and Zy - Effectwe nuclear charge val:es felt by an electron in the radii of cation and anlon.

outerrnost shell of cation and amon
ra+ and  rg- ,-— Radrus values of cation and amon

The above equauon has beeri used by Pailing in estxmatmg mdwrdual mmr- radu and
some of the values are given in Table 3. 5 For your easy rdemlﬁcatlon lsoelectromc
ions are- grouped together ‘ . :

_Table 3.5 : Tonic Radil Values

Number of électrons Anlonlcradll* Cationlc radil

fathefon . (pm) . _ (pm)
2 R ULt 60,
Be*. 31 .
55 (AR D SR <" SLEI TSRS ' AR SRS
- R OO 140 RSS R Mglf 68, .-
_ AP* . 50
18 a8 LK1
, s s . o e
Si3 - B 188 oot K . Rb*. -148-- . |-
540 1 o1 26 T ot e 61
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.‘ . Larger si

‘Nalyis responsible fot the

“Structure of Matter

of Gs*, compared wd

cr.n NaCl and CsCl

A tetrahedron kas fyur faces and

four comers, erch face + 'mg an
equllateral t.n._ng]e .
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In an 1soelectron1c system of iens, , the anion with largest charge has tne largest radn
value whrle the catron wrth the largest chargr has the smallest radu

Thus Yo~ > rg=. > rNa+ >‘ gt > Tad# . TWO Tactors responsrble for ll"IIS trend amo;m
isoelectronic ions are as follows : o

t) The effective nuclear charge felt by the valence electrons is more for the cation’ ,

than for:the:anion: Dug te greater attractron from the nueleus, cation is smaller
than the- amon* FRER :

u) In a hrghly charged amon mterelectromc repulsron is partly decreased by rncrease
- _' rn srze

'I'he ratto of catromc radrus to anionic, radrus is useful in- determmmg crystal geometry
Based on principles of geometry and X-ray. diffraction. experrments the relationship
among radius ratio, coordination number and crystal shape is given in Table 3.6. The
terms r + ‘and rg- refer to cationic and anionic radius, respectively. -

Coordination number is the greatest number of oppositely charged ions surroundmg a
partrcular ion. In'Fig: 3.2, you see'that each-Cl™ ion is surrounded octahedrally by six
~Na® ions and vice-versa. It means coordmatton number for this system is six.

. Table 3.6 : Radius Ratfo and Crystal Geornetrv

Coordination]| Shape " Limiting valueof =~ ‘Exésnple
number radius ratio ]
(ra+irg-) £
g 0,185 20:225
4 GG
6:.;‘.

Let us see whether we get. the same;conclusron by usmg Tables 3 5 and 3 6

TN

; rN,+ 5 — 95 pm rc,— —:‘ 181 -pm
rNa+Irq- —-95/181 0 525

*. Hence in sodium chloride crystal each ion is octahedrally surrounded by six ions of
opposite charge, as per. Table 3.6. :

“To'illustrate. tetrahedral.and cubrcal types crystal structures of ZnS and CsCl are _
. given in Figs. 3:5and 3.6, respectwely R TU P L S

Fig 3.5 Tetruhedral structure; zlnc aulphlde ‘ Flg 3 6 : Cublc strudure.caeslum chloride

(zlnc blemle)

But radtus ratio need not be overemphasrsed since other factors such as lattrce energy
and pressure also play a role in determmmg the crystal shape

3.3.3 La.ttrce Energy

In the last section, we saw, how i in-an ionic crystal the geometrrcal shape depends on
radius ratio. In this section, we focus our attention on lattrce energy which is an
important factor in lattice formation and stability.




In Table 3.3, thefirst and second ionisation’ energies of magnesrum are gwen as.738 -
arid 1450 kJ'mol~'. The suinof these two values, that is 2188 kJ mol™!; is'the energy’
required to form Mg?* ion.-In section 3, 2 3, it has-been calculated that the formation
of 0%~ jori needs'560 kJ mol ™. This enérgy is rieeded for the formation'of both Mg?* -
and 0% ions. Yét solid’ magresiim oxide'is- actually formed along with‘the: lrberatron
of heat and light, when a-magnesium wire is ignited. The tnterestmg feature in the

-formation of magnesium oxide is that energy liberated in the lattice artangement’ of
magnesium oxide crystal, known as jts lattice energy, is more than fhe energy required -

" for the formation of Mg?* and O jons. The arrangemerit of positive and negative.
ions alternately in a three-dimensional lattice is a atabrhsmg structisral featurc due to.
strong electrostattc attractlon

Before defmmg lattice energy of a crystal it'is better we know the- slgmﬁcance ‘of -
enthalpy change in a reaction. Heat ¢hange accomparnying'a reaction at constant
pressure is reprﬂsented as.enthalpy change and is represented by the symlao AH Iti is '
expressed. in kJ mol ™! units. As you know, in exqthcrmtc reagtions, heat is.evolved
and AH is negative; in endothermic reactions, heat is absorbed and AH is posltwe :
_You may recollect that a reaction is feasible if the change in free energy, AG, is '
negattve ‘Using the values of chanige in enthalpy, AH, and thé change in entrOpy,
AS, the value of AGH is calculated from the followrng equatron KA

AG AH - TAS

In this expressnon Tis the temperature For the type of reactions drscussed in thrs umt
it is assumed that exothermic reactions are feasible. It is allowed smce the entropy
_ change is. too small for such réactions.” : :

Lattice energy, & Hj,,, i§ the energy re'eased when one mole-of an'iogic compoundrs
formed from its constituent gaseous i ons. Remember, lattice energy is different from;
‘the ‘enthalpy of formation, A Hy, of the ionic compound in that the’ AHI refers to the:
‘enérgy involved-in the formation of the-ionie compound from.its elements. Lattice _
-energy and enthalpy of formation of sodium chloride are the heat changes
accompanymg the reactions reprcsented below : :

Na*(g) + Cl7{g) —. . NaCl(s) Heatchange = Lattice energy of
‘ NaCl = AH,,(NaCl) .

Na(s) + -Clz(g) —»  NaCl(s) - Heat change = Enthalpy of fonnation
of NaCl = A H{NaCl)

The formatton of a stable crystal from the elements or ions is exothermrc hence the
values of A H;and AH,,, for such a crystal are negatwe Let us now study about the
methods of determining lattice energy

Calculatlon of Lattlce Energy

Two of the important methods for obtaining lattice energy values of crystals are based
on electrostatic model and Born-Haber cycle. The electrostatic model is a theoretical
approach and it is based on the assumption that the bond is wholly ionic in the: crystal

T tis p0551ble to derive Eq 3.4, on the basis of electrostatrc model.

—4 -7
—1.389 x IOa AZ+Z (ﬂ 1) kJ mOl — e (3.4)

Lattice energy =

In this equatron A and n are known as Madelung constant and Born constant,
respectively and for each crystalline shape, their values are available in literature. The
quantities @,-Z*, Z" are characteristic of a particular compound; a .= interauclear
distance, which is equal to the sum of ionic radii; Z* and Z~ = positive mtegers
representing the positive and negative charges on the jons. For example in NaCl
crystal, Z* = Z7 = 1 and in CaF; crystal, Z* = 2and Z~ = 1. Let us calculaté the -
lattice energy vaiue of NaCl crystal using Eq. 3.4. The literature values of A, a and n
for NaCl crystal are given below ! . - .

.a=276pm; A=1748; n=9.1

7 E X "1‘ ~4 .2 P .‘ -

—-1.289 x 10 >il];_;748 X 1-x 8.1 = ~783 xJ mol 1
276 x 107 x 9.1 ‘

The seéond"method, Born-Haber cycle,-ic a thermochemical method of calculating
lattice energy and'it is based on Hess’ law of heat summation which states that the heat

Lattice energy of NaCl =

Electrodle Theery of'anncy

For en ionic cryatal to be formed,

“itg lattice encrgy and enthalpy of

formation must be negative,




change in-a xeaction is same;, whether it takes.place in one,or.in many steps: In Table
3,7+ the formation.of so¢im chloride erystal is.depicted in two waysifitst through five,.
stages; (i) through (v); and.the second directly: by the reaction befw=_n sold sodium..

. and gasepus chlotine namely through.(vi); Accerding to Hess daw; the heat.change; . -

heat.changs

for the steps.(i) through-(v) is:equal to.

either way is equal./That is; total
/ tice energy of sodium chloride using.data,in ..

the-heat change in (vi)s Let s calculate lat

Name of the reaction

i)

. Reaction |

Syblimstionsi ..
- id PG T .

Tonisation
“eniergyof *-°
rriRogdiam. o

e, T

T TAH
“ dissdclation 1 2

i) Dissociation of
chlorine - T T
{one mole of
atoms resulls
... fromhalfa _ .
“ ‘moleof -
. DAl 0T ghlofng)
iv) Formation of chloride Electroniaffi-~ " "E4{CIy - = '
. jonsingaseousstate. - .. . nityof chlarine-
V) Formationofsolid . . Na'(g)+ Cl(g), | .. Laticeenergy
" "'sodium chloride from < —NaCi(s} ~ <" of sodium :
" paséousions <, STt ehioride v it it Mo T e

Cl(g) + e~ = Cl7(g)

(BHig  Tobe calcilated

vi) Formationofsolid - ., Na(s) +% Clig)~>
sodium chloride from -
the elements [()) +. NaCl(S_)
(i) + @)+ + V] o s e e

. Heatofforma-. AHc. .. .,=411
., tionofsedium - 7 7 U
chloride "~ -

aH, = AH,+.I(Na)‘+.'-_%AHd + E(C)+ AHyg

DMy = BH=[5HF 1N +3 A+ EQCD]

& 411 — (108 +495 + 121 = 348) K mol™! | T
= —787 kJ mol™’ R
It is usual to express the above tabular cotumn in a dyt_:liq way as given in Fig. 3.7.

7 Na(s) + 5 Chlg) - A s NCIE)

H,

l% AH, -

EAC)

"'TE'.HIM ‘ ) o

. -; C;(g) + .N-af'.(g)_ ' .' ,.:

cigr—= —
. . HNE) .

Na(g)
 Fig. 3.7 ; Born — Haber cycle for sodium chloride.

You can see that there is fair agreement betweén the Jattice énergy values derived-
from the two methods discussed above.-A still better agreement between the valuesis
possible if some refinenents suggested for electrostatic model are taken into account. -
A large disparity betwsen the'values frori the two methods suggests that bonding in
the crystal is not whely ionic¢ and some covalent character may also be present. Thus
for cuprous bromide, the electrostatic model gives'a value of —882 kJ mot™* whereas
Bom-Haber cycle value is =956 kJ miol~!. Poor agreement hints at low ionic character
of cuprous bremide. R o C '
_ Lattice energy calculations help us in predicting the stability and stoichiometry of
compounds. Let us assume.that we want to find the stoichiometric formula for
magnesium chioride. We suggest three tentativé formulae, MgCl, MgCl, and MgCls,
: and corresponding to each formula, lattice energy is calculated using Eq. 3.4. These
lattice energy values are then usedin Born-Haber cycles designed individually for the

y




three formulae and the enthalpies of formation of magnesium chloride corresponding ‘Blectronlc Theory of Vadiricy
to the thrée formulae are ¢alcukated. Of the different stoichiometrjc formulae ' '
available, we can choose the one giving rise to largest negative value for the enthalpy

“of formauon it is so since a large negative enthalpy value corresponds to a stabie
structure. Thus, of the various suggested formulae for magnesium chloride, Mg€l, is
acceptable since it corresponds to the largest negative enthalpy of formatlon as given
below :

MgCl - 130 kJ mol™!

MgCl, — 642 kI mol™!

MgCl, +3909 kJ mol™!
Lattice energy values play an. important role in deciding the solublllty of ionic solids.
_ Higher lattice energy value means, necessity of larger energy to break the crystal

lattice. Thus alkali metal chlorides are more soluble than alkaline earth chlorides sirice
for the latter class, lattice energy values, given in kJ mol ™!, are high.

NaCl -787 MgCl, -2525
KCi  -718 CaCl, =-2253
SAQ 4
- Write down Born-Habe:i ycle for BaCl, formation.

R R N R e R N R T T T T T T

3.4 COVALENTBOND .

In the previous sections, we discussed ionic bonds, which are formed by the complete I 2 Sovalent bond. th bond '

transfer of electrons from one atom to another. Another type of bonding, called ra c‘f"":.em nd, the b “‘.Ebe
Le d it is defined as equal sharing of one or pait gl electrons 1s supposed to

covalent bond, was proposed by Lewis and it i q B contributed and shared-equally,

fiore electron pairs between atoms involved in the bond formation. The bonding

pair(s) of electrons must also be contributed equally by bonding atoms. Elements

having a difference of less than 1.7 in electronegativity form bonds, which are

predommantly covalent in character.

By sharing one or more eléctron pairs, a non-metal atom other than hydrogen can
acquire an octet of electrons and attain stable inert gas configuration. This is familiarly
known as octet rule. The number of bonding electron pairs decides the number of
bonds in a molecule. Examples of molecules having single, double and triple bonds
are givenin Table 3.8. A smgle bonding pair leads to a single bond; s:rmlarly two and
three bonding pairs lead to double and triple bonds, respecuvely

A pair of electrons which belongs to one atom only is called a lone or unshared or H: Cl = Lo
nonbonding pair. For example, hydrogen chloride, as represented in Table 3.8, has P‘“‘
one bonding pair and three lone pairs. A lone pair is not directly involved in bonding
but it has a role in deciding the shape of molecules. We shall study this in section 3.6. Bonding
’ - pair
Table 3.8 : Examples of covalent cgmpounds

Namt of the Lewis eleciron dot " Structure Bond type
compound formula '

1) Hydrogen H'H. H-H Single

2) Hydrogen chioride H:Cl: H-CI: Single

3) Ammonia H-'l_\.':H . H—if’-—H Single




v

Structure of Matter - 4) _Carbon dioxide OCO v . '6=C=6‘ Double
H H H
' ‘€, “e=C '
5) Ethylene . H "t H P \ Double and Single
H ‘H ‘ .
16) Nitrogen NN N=N . Trple
7) Acetylee H:C':'EC:H H—(.:E:C—H Triple and Single

A special type of covalent bonding known as coordinate or dative bond is formed, if
the shared electron pair has originated from one atom only. If atom A donates an
tn u coordinate bond. the electron pair for the bonding between A and B, then the molecule can be represented
1.y~ding pair originates from one . 2§ A — B. With formal chargeson A and B, itcan be represented using covalent bond
of the tao linked atoms. as, AT - B".

If the electrons for bonding between A and B come only from A, it has a formal
positive charge and B has a formal negative charge. Formal charge on an atom can be
calculated as per the follcwing equation:

Ferrazel chacge = Number civaiengg | = number of bonds - ‘number of electrons
electrons oo present as lone pairs
- SN X))

For example, in trimethyl amine oxide, the shared pair between nitrogen and oxygen
originates from nitrogen. Hence for nitrogen and oxygen, formal charges can be
calculated using Eq. 3.5. You should bear in mind that nitrogen and oxygen have five I
and six valence electrons, respectively.
‘Formal charge on nitrogen =35 — 4-0=+1
“r;rmal charge on oxygen = 6—-1-6=-1

+ "ence, with formal,charges, the structure is,

NC_ on | | e
d N ' l
4K | NC —/;Fe;: CN HC N* o
NC CN B 3 ‘ o
Potassium fe=: >z japid :
otassiuvm I¢ yaguie CH3
H : -
' | ' The formation of coordinate bond is possible only between an atom or ion with alone
pair of electrons in the valence shell and an atom or ion that needs a pair of electrons
H——N:+H" to acquire a more stable electron configuration. There is a separatc class of

compounds, known as coordination complexes, where a central rmetal ion is
coordinated to lone pair containing groups or molecules, known as ligands” A typical
example for a coordination complex is potassium ferrocyanide. In this complex.
cyanide groups are ligands, which utilise their lone pair electrons o link to the empty

'+ d orhitals of Fe?+ ion.: ,

The difference berween the coordinate bond and .covalenthond is in the mode of
formation; that is, whether each atom contributes one electron or one atom
contributes both. Once a bond is established, covalent bonds are indistinguishable
\-H from the coordinate bond since electrons are identical regardless of their source. For S
- ' -example; ammonium ion is formed when an ammonia molecule combines with H*
__t. ion, using the lone pair electrons of nitrogen. That is, a coordinate bond is formed -
between nitrogen and H* ion. Butonce ammonium ion is formed, all the four M — H

66 bonds are equal.
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in phosphorus oxychloride, calculate the format charges on phosphorus and oxygen. _ ot

.................. i |

.................................... Cl P — 0

3.4.1 Characteristics of Covalent Molecules C ' I

Co : - :Cl:
By and large, the properties of covalent molecules are opposite to those of ionic . .
substances. Thus many organic compounds, which are largely covalent, possess low ° Phosphorus oxychloride
meltng and boiling points, This is due to the fact that the forces of attraction between .
covalent molg:ecul_es,_ kn.own as van der Waals forces, are weal_(er than the e!ectrostatic ‘ Ailan der Waals forces account for
forces operating in ionic substancesAVan der Waals forces arise due to rapid the fiquid or solid forms of
fluctuations of electron clouds in covalent molecules. molecules such as dry ice {solid

: . . . carbon dioxide) or icdine.
Secondly, covalent malecules dissolve mostly in nonpolar solvents like benzene,

carbon tetrachloride etc., but not in polar solvents like water, The nonpolar solvents 'S;“’:::’:' :‘:;::;;i:iﬁz‘]i:::':l‘é:“
have, more or less, symmetric charge distribution throughout the molecule. Hence with cov:I ent bonds have sh apes.
there is no preferred arrangement of covalent solvent molecules around covalent

solute molecules. For example, toluene is a covalent compound and, it forms solutions
with benzene in all proportions, but not so with water. It is so because bonding is
covalent, both in toluene and in benzene. As you have seen earlier, water molecule,
although covalent, has some polar character due to difference in electronegativity
between oxygen and hydrogen. Thus dissolution proceeds well, if the solute and
solvent molecules have similar type of bonding. A generalisation regarding solubility
is — “like dissolves the like”. Is it not like saying, *birds of the same feather flock
together™? ‘

Thirdly, covalently bonded molecules do not conduct electricity. But caution must be
exercised in generalising the behaviour of covalently linked substances. A wide

 disparity in characteristics i$ evident if we compare graphite and diamorid, Figs. 3.8 and
3.9. )

-

Fig. 3.3 : Diamond _,__ Fig. 3.9 : Graphite

-~

Diamond is a noncenductor cfelectricity sinée all the four valence electrons of carbon
are firmly held in bond formation with our different arbon atoms. But in graphite,
.each carbon ".ses three of its electrons in bond formation with three different
neighbours. The-fourth electron of each carbon atom is known as P, elzctron; the p,
ciactrons are paired into a system of - bonds. The electrons are relatively labile and
‘this accounts for electrical conduction of graphite.

3.4.2 Bond Enthalp‘y

Bond dissociation enthalpy and covalent radii are some aspects of molecules, arising
out of covalent linkage. Bond dissociatiorn enthalpy is the energy required for - 67
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Iodine is often used as a catalyst in
organic reactions. Its low bond
enthaply favours easy breakage of
I-I bond. The bond enthaply for

C-1 also is not high. Hence, both -

formation and breakage of C-I
bond is smooth.

Rond enthalpy values are us. iin
cziculating enthalpies of reactions.

Number of bonds between two

atoms is known as bond order. As

bond order increases, bond length
© decreases.

-
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breaking a bond, For example, for hydrogen molecule, bond dissociation cnthaipy, is
the enthalpy change for the rcactlon

Hi(g) — H(g) + Hg), Enthalpy change = 436 k] mo]‘
This telis us that the energy required to dissociate one mole of hydrogen is 436 kJ.

By convention, mean bond dissociation enthalpy or simply bond enthalpy, E, is
calculated as the average of energy values required to dissociate a particular bond by
considering a series of similar compounds. Thus bond enthalpy for O-H bond,
obtained from water and similar compounds, such as methanol, ethanol etc., has been

found to be 463 kJ moi~!. The bond enthalpies of some bonds calculated smﬂarly are
given in Table 3.9,

Table 3.9 : Bond Enthalpy (E) Values in kJ mol™'

Rond E Bond E Bond E
H—H 436 C—F - 484 C=C 813
O—H 463- c— 338 N—N ., 163
C—H 412 C—EBr 276 NN 409
F—F 155 "l 238 Na:N 945
C—Cl 242 c—C 348 " 0--0 146

- Br—Br 193 c=C 612 0=0 497
I—I 151 C=CP 518

a — inalkenes

b — inaromatic compounds.

substaiice. In this section, we study the relationship between borid length and covalent

* obtained by studies in alkenes and alkynes, respectively. Some covalent radii are gwen

A stronger tond hds larger bond enthalpy value. This means that a bond having a
large bond enthalpy value is more difficult to be broken. The inspection of Table 3.9
indicates that C=C is stronger than C=Cbond and C=Cbond in turn is stronger than
C—Cbond. It isto be borne in mind thet when a covalent bond is formed, energy is
released, which is equal in magnitude to bond enthalpy value. Thus in the formation i
of hydrogen molecule from hydrogen atoms, energy to the tune of 436 kJ mol™' is
releaséd. For the dissociation of hydrogen, which is.the reverse of formation, energy
of the order of 436 kJ mo!™" is required.

3.4.3 Bond Lengths and Covalent Radii

In section 3.3.2, we saw how ionic radii are related to intericnic distance in an fonic

radii in covalently linked molecules. Bond length of a covalent bond is the distance
between the nuclei of two covalently bonded atoms and it can be measured by '
diffraction using X-rays or electron or neutron. Half the bond length between
like-atoms joined by a single covalent bond is known as the single bond covalent radius
of the atom concerned. Values for double and triple bond covalent radii are obtained
in a similar way. The bond distance in hydrogen molecule is 74 pm and so single bond
covalent radius of hydrogen is 37 prh. The C—C bond distance of 154 pm, in diamond

is taken as standard value for C—C bond iength and half its value, 77 pm is the single
bond covalent radius of carbon. Multiple bond radii, like C=C and C=C, ar¢

in Table 3.10.

Table 3.10 : Covalent Radit

Type Element Value (pm)
Single bond radii H 37
C 77
N , 74
F 72
. ci 99
’ Br 114
1 133
Double bond radii .« 67 -
ch 69.5
1 N 65
Triple bond radii C 0 -
N 35 .

a — in aikenes;

b — in aromatic compounds.




"It is interesting to find that in many covalently linkéd molecules, the bond distance is Electronic Theory of Valency
equal te the sum of the covalent radii of the two elements involved in bond formation. '

Let us cite an example for this. From Table 3.10 covalent radii of chlorine and

bromine are 99 and 114 pm, respéctively._ Hence the calculated bond distance in

Cl—Br is (99 + 114 =) 213 pm and it agrees well with the experimental bond length of

Cl-Br, viz., 214 pm. Although Table 3.10 is generally useful in calculating bond

lengths in covalent compounds, caution must be exercised when the molecule has

appreciable ionic character or the atoms connected are in different hybridisation states

or the molecule has resonance structures. You will study about this particular aspect

in a detailed way in the next unit. Using the above principles attempt the §>'towing

SAQ 6
Calculate the bond length in the following molecules :
(a) N, (b) Cl, () ICL.

3.5 BOND POLARITY

The bonding in most compounds is intermediate between purely ionic 'c}nd purely Internuclear distance for a polar
covalent. The-extent of ionic character in a covalent bond is calied ‘polarity of abond’.  molecule is different from the sum
Polarity in a bond, taking HCI as an example, can be shown by writing the bond as of covalent radii,

4—__-9 - . . .
either H* — CI* oras H = Cl. In this molecute, hydrogen is at the positive end and
chlorine at the negative end of dipole. Polarity is measured in terms of dipole moment
and you will study about this in Block I1, Unit 6.

A covalent bond, with some ionic character, has electrical charges associated with it. . C
Such charges render the bond more liabie to be attacked by other charged atoms or Small cation, large anion and

. . . . . large charge on either of the ions
groups thereby, affecting their chemical reactivity. For example, alkyl halides are — are some. of the factors which
more reactive than alkanes. It is so, since C—X bond in alkyl halides has more polarity  favour jarge covalent character.

than C—H bond in alkanes. :

3.6 VALENCE SHELL ELECTRON PAIR REPULSION
(VSEPR) THEORY |

So far we studied about so:ne theories of bonding. Our next concern is to explain the
shape of molecules in relation to the number of shared and lone electron pairs around
the central atoms. Electron pair repulsion theory of Gillespie sums up the factors
deciding the shapes of molecules in the fotlowing four rules : -

i) The preferred arrangement of a given number of electron pairs of an atom is that
which maximises their distance apart, and thereby minimises the mutual
repulsion. Because of their negative charge, the pairs of electrons surrounding an
atom are mutually repuisive and orient themselves as far apart as possible. The
geometrical arrangement of electron pairs around a central atom varies depending
on the number of electron pairs around it. Thus, two electron pairs around a
central atom prefer a linear arrangement. Three electron pairs prefer a planar
triangular arrangement; similarly four, five and six electron pairs prefer
tetrahedral, trigonal bipyramidal and octahedral arrangements, respectively, The
relationship between the numberof electron pairs and their geometrical
arrangement around a central atom is given in Table 3.11,

It is worth mentioning that in trigonal bipyramidal arrangement, f.here are two
types of bonding, namely equatarial (e) and axial (a). The t?qua:onal — equatorial
angle of separation is 120° while axial — equatorial angle is 90°.

This rulé is useful only in predicting the gedmetrical arrangements of electron
pairs. Anyhow, the shape of the molecule depends on the arrangement of
surrounding ators around the central atom. In the next rule, we shal} see h_ow the
shape of a molec:le can be determined based on the nmber of bonding pairs and
lone pairs of electrons around the central atom.




Structure of Matter _ : Table 3,15 ; Geometrical Arrangement of Electron Pairs

Molecule Number of ) Predicted geometry example
electron pairs . .

-

- 180°

L AN, )

AX, _ 2 _ Lineal}'_ . . HeCl,
.

./A\IZO"
L7 N\

99

AX, 3 Triangular ptanar BF;

AX, 4 -

CH;,
AX_-, 5 PCI‘
I
] r
AX, 6 ) Octahedral _ SF,

if) According to t"e second rule, a lone pair of electrons occupies more spacc than a

g bord pair. This is due to the fact that a lone pair is loosely held, being under the
influence of only one nucleus, while a bonding pair is held tightly by two nuclei.
The mutual repulsion varies as follows: lone pair — lone pair > lone pair —
bonding pair > bonding pair — bonding pair. Using this rule, we can predict the
shapes of molecules. The bonding pairs define the shape of the molecule,
although bond angle values depend on the number of both the bonding pairs and
lone pairs around the central atom. '

Thus, a central atom with two bonding pairs, but with no lone pairs, adopts a
linear shape in which the two electron pairs are as far apart a$ possible. Mércuric
chloride (Fig. 3.10) and beryllium chloride are examples of this type.

In Table 3.11, you have studied that if a*central atom has three electron pairs,
these pairs assume a triangular planar configuration. The shape of the malecule is_
also triangular planar, if all the three pairs are of bonding type. For example,
boron trifluoride molecule is triangular and planar (Fig. 3.11a}, with a bond angle
_ of 120°, since this arrangement provides greatest separation between three
electron pairs. Jons like CO3- and NO3 also have triangular planar arrangement. -

If the central atom has two bonding pairs and one lone pair, then the molecule is

angular. For example, in stannous chloride, Fig. 3.11b, the three clectron pairs

octupy & planar triangular configuration. But its shape is decided by the position
70 . of the two bond pairs only and hence the miolecule is angular, The bond angle in




Sx;Clz is 95°, which is less than 120° expected of a triangular aﬁangement of X
electron pairs. This is due to the fact that two Sn—Cl bonds are forced closer * -

together due to more space occupied by the lone pair of tin. Other examples of
- this type are NO3 and CINO.

F
Q—Hg—Cl | B . Sn
FMF - M
180°- 1200 F a”’ s N

Mercurle Chioride — linear a) Boron trifluoride— b) Stannous chloride—
- three bonding palrs; planar two bonding palrs and one

h-iangu!ar loae palr; angular
Fig. 3.11 : Shapes of malecules with three electron palrs
around central atom.

Fig. 3.10 : Shape of malecule
with two bonding palrs
ground central atom,

Let us now examine the shapes of molecules with four electron pairs-around a
central atom. As per Table 3.11, four pairs of electrons prefer a tetrahedral
arrangement around a central atom. Thus, if all the four are bonding pairs, the

shape is tetrahedral as in the case of CH, molecule (Fig. 3. 123) NH7Y and BF; ions.

But if there are three bond pairs and one lone pair, the shape is trigonal pyramldal
- It is so since one of the corners of the tetrahedron is occupied by a lone pair. Some
typlcal examples for this type are NH; (Fig. 3.12b), and PF;.

If there are two bonding palrs and two lone pairs occupying the four, corners of the
tetrahedron, then the shape of the molecule is angular, as in the case of H;O
‘molecule (Fig. 3.12¢), NH3 and ICI3 ions.

a) Methane—{our bonding
pairs; tetrahedral

b) Ammonle—tbree
bonding pairs and one lone
pair; trigonel pyramidal

¢) Water—two bonding
pairs and two lone pairs;
angular

F.lg. 3.12 : Shapes of molecules with four electron palrs around the central atom.

The single lone pair on nitrogen of ammonia and two lone pairs on oxygen of
water occupy more space than the bonding pairs; hence the bonding pairs are
compressed resultmg in a bond angle reduction in ammonia and water from the
tetrahedral angle of 109° 28,

Similarly the shapes of molecules with five or six electron pairs around the central
atom can be explained. The shapes of such molecules and ions are described in
Figs. 3.13a — d and Figs. 3.4 a — c.
¥

C"““l’\ & \’ /> %//

a) Phosphorus pentechio- b} Sulphur tetrafluuride— ¢ Chilorine triflupride— @) Xenan difluaride=—two
ride—flve bonding palrs; four bonding palrs and one three bonding pairs and bondlng pairs and three
trigonal bipyramlidal lone palr; see-saw shaped  two lone pairs; T-shaped lone pairs; linear,

Flg. 3.13 : Shapes of molecules with five electron pairs around the central atom. Lone palrs, If present,
occupy equatoriel positions.

Electronlt Theory of Valency

See-saw shape of SF, molecule
can be understood, if seen in
terms of children’s see-saw in
parks.

F-—-——8§ —F

F F

T-shape of CIF, ¢an be

reeagnised, if viewed as follnws:

' I

Al
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a) Sulphur hexafluo-
ride—eix bonding pairs;
octahedral .

¢} Xenon tetrafluoride—
four bonding palrs and two
lone palrs; square planar

"b) lodine pentaffuoride—
five bonding pairs and one
lone pair; square pyramid

Fig. 3.14 : Shapes of molecules with slx electron palrs.

A summary of the applications of this rule is gi\;en in Table 3.12 and justification
for inclusion of groups like CO?r and NOJ havmg multiple bonds is discussed in
rule (iii).

Table 3.12 : Number of Electron Palrs In the Valence Shell of the Central Atom, and Shape of Molecule

or lon.
’ ! No. of Electron Pairs
fLotal Bond Lone

pairs . palrs Shape Examples
2 2 0 linear ' "HgCl,, BeCl,
3 3 0 triangular planar BF,, BCl;, COY.NO3
3 2 1 angular : $nCl;. NO7. CINO
4 4 0 tetrahedral CH,, BF;.NH;
4 « 3 1 trigonal-pyramidal NH:. PF,
4 2 2 angular- H,0.ICI%, NHT
5 5 0 trigonal hipyramida]_ " PCl, 8nCl3
5 4 'l | see-saw | TeCl,, IF%, SF,
5 3 2 T-shaped CIF,.BrF,
5 2 3 linear . XeF,, ICI;
6 6 0 actahedral SF.. PF7, "
6 5 1 square pyramidal TF.. SbFE-
6 4 2 square planar BrF;. XcF,

i)

In a trigona! bipyramid structure, the lone pairs prefer more spacious equatorial
positions. Thus SF,, Fig. 3.13b, has see-saw shape, with the lone pair occupying
an equatorial position of the trigonal bipyramid. Similarly CIF,, Fig. 3.13c, is
T-shaped with two lone pairs occupying two equatorial positions of trigonal
bipyramid; while XeF,, Fig. 3.13d, is linear with three lone pairs occupying three
equatorial positions.

In case of octahedral geometry, a lone pair of eléctrons can occupy any of the six
positions since all of them are equivalent. But if there are two lone pairs, they
oriént themselves as far apart as possible, that is, at an ahgle of 180°. Thus IFj,
Fig. 3.14b, and XeF,! Fig. 3.14c, with one and two lone pairs, around the central
atom have square pyramidal and square planar structurc. respectively. You can
understand other examiples given in Table 3.12 in the light of above discussion.

Third rule states that multiple bonds also act as a single shared pair of electrons,
in deciding the shape of molccules. The only difference is that the three electron
pairs of a triple bond occupy more space than two electron pairs of a double bond

“which, in turn occupy more space than the single electron pair of a single bond.

" We shall illustrate this rule, taking three examples.-Carbon dioxide, for exampie,

has tv;o double bonds around carbon and these are equal to two “effective™
shared pairs only according to this rule. Since a central atom with two electron
pairs prefers a linear arrangement, carbon dioxide, like HgCl,is linear, Fig. 3.15a.

In COF,, there arc three effective electron pairs around the central atom and thie -
molecule has triangular shape, like BF;, Fig. 3.15b. Anyhow, in BF,, all the bond
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T
180° F 100 F /Lg_,,)\
Cl Cl
0
126"( I .
O=—=(C==0 S
S .
/ 108°\ / \ B
O . 0
‘ Fig. 3.15
8) Linear due to two b) Triangular due to three <) Angular due to three
Heffective'” electron palra teffective’’ bonding palrs effective’’ electron palrs
In COy; compared with two In COF;, compared with In SO;, one of them being a
electron pairs in HgCl; three electron pairs In BF, lene pair; compared with
' three electron palrs In
$nCly..

angtes are equal whereas in COF,, the bond angles are different. The two electron

. ' . AN
pairs in C=0O occupy more space.and compress the F F angle.

An inspection of Fig. 3.15c brings out the similarity in shape between SO, and
SnCl;: You can uriderstand the formal charges on sulphur and oxygen by
mdicatmg lone pair electrons around oxygen atoms .md using Eq. 3.5.

The forrth rule is that. the bond pa1r size and also the bond angle decrease with
increasing electronegativity of the atoms connected to the central atom. You
compare the bond angles in Cl,CO with those of F,CO given above. The reason
for the lower valug of the angle between the two C—F bonds than that between
*.the two C—Cl bonds, is the higher electronegativity of fluorine than chlorine.

In the next section, we shall sce how VSEPR theory, can be used to- predict the
shapes of molecules

3.7 PREDICTION OF SHAPES OF MOLECULES ANb
IONS USING VSEPR THEORY '

In using VSEPR theory’to predict the shape of a molecule or ion, first its Lewis
structure has to be drawn. The Lewis structure of a moiecule or ion is written assuming
that it js formed by linking individual atoms through single or multiple bonds by
pairing up the unpaited electrons on the constituent atoms. For example, suiphur
hexafluoride is assumed to bé formed by the pairing of the unpalrcd electrons of
sulphur and fluorine atoms.

F:
5 + 6-F " r——r BN
:_F“:

The steps involved in arriving at Lewis structure of a moleculc or ion are explained
with illustrations below:

Step 1': Determine the totai number cfwlenc# electrons tn the m olcculr, orion. Thcre
arc three types 1o be considered. '

Typei) Foranevtral molecule, the total mumber ol valense electrons is equal to the
sum of vzlence electrons on each atom, By valencs elecirons of an atom, we
mean the numbey of electrons in the outer meost shell. We apply this rule to
cateulate the number of valence eleetrens in CiEF; and §F;.

|| 124° 300
C

a5 g
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; . "~ T(one Ci) © -6 (one S)
21 (three F) 42 (stx F)
Number of valence electrons 28 _ 48 .

Typeii) For apositive ion, the total number of valence electrons is equal to the sum
of the valence electrons of each atom minus the number of positive charges
on the ion. The positive charge is to be subtracted since one ¢electron is lost
for each positive charge. We apply this rule to calculate the valence
electrons in NH7 ion. i

5 (one N)
4 . (four H)
-1 (unit positive charge)
Number of valence electrons 8

Typeiii) Forsa negative ion, total number of vilence electrons is equal to the sum of
the valence electrons of each atom plus the number of negativé charges on
the jon. For arttaining a unit negative charge,.an atom has to galn an
slectron, To calculate the valence electrons in ClO7 ions, the following rule
is applied. :

7 (one CI)
18 (three O)
1 (unit negative charge)
Number of valence electrons 26
Step 2 : Draw a skeleton structure of a molecule or an ion showing the arrangement of
«toms and connect the central atom: io others through a single bond. As a rule, the less
" electronegative element is often the central atom. For example, in CIF;, chlorine is
less electronegative than fluctine, and chlorine is the central atom in this molecule. Of
course, you will not expect hydrogen to be the central atom in its compounds.
*  Calcuiate, the total number of electrons for the skeleton structure. You must bear in
mind that two electrons are required for each bond.
s — + . )
T F ¥
H~——N-—H F-—=Cl F F— 38§ F
Skelstan siucture ‘ . / \
I P ot
* Numbe= of honds 3 4 3 b
Eleci-na required for 6 8 6 12
skeletIn structure . , o

Step 3 ; Calculate the number of electrons which are in excess of that required for a

single honded structure. This is equal to the difference between the answers abtained

in step 1 and step 2.

= =3+
T F\ /F
H=—N=—H F & F F-——“/S\ F
Elsctrons in | F F
excess for a - H | F

4

singla bond
RiTueture

ClE,

8-8=0




Since NH7 ion has only four bond pairs of electrons, we consider it further in step 5 Bectronie Tocory of Valeacy
only. ' ' L :

Step 4 ; Distribute the excess electrons obtained in the last step to each atom, except

hydrogen, such that each atom has eight electrons if possible. If there are too few

electrons to give eight electrons to each atom, convert single bonds to multiple bonds,

where possible. Remember, the ability to form multiple bonds is limited almost

exclusively to bonds between carbon, nitrogen, oxygen, sulphur and phosphorus.

r—— . : —— LR . [N ) ) -
-0 F: : R :F:
I L ) . i l - tF— 8§ —F: Distribution of excess
WCl=—0: - *Cl F: S . clectrons facilitating eight
| l / \ elcetrons for each atom.
O: I ‘F:
20 electrops distributed as+ Of the 22 electrons 20 3% elec1r1.ms distributed as 3
H} lone pairs, No balance. electrans, as ten lone pairs, lone pairs per each fluorine
. ‘are just sufficlent to give _ atom. No balence!
cight electron structure to
each atom, Two electrons
yet remain to be '
accommodated,

Hence, cxcept in the case of CIF;, we have accounted for the valence electrons of
other molecules or ions.

Step 5 : Any balance of electrons remaining in step 4, after providing eight electron
structure to all elements, except hydrogen must be assigned to the central atom.
However, note that the outer atoms contain a maximum of eight electrons in their
valence shells. Thus, in C]F;, two 2lectrons remaining after assigning eight electron -,
structure to cach atom, ar2 assigned to chlonne atom which is the central atom.
Hence, the structure of CIF3 is :

i . e,
‘F: ' ‘ . B -
The elements of third and higher periods can accommodate more than cight electrons '
due to availability of empty d orbitals. But Lewis formula with more than eight F: : F:

electrons for an atom of the first or second period is almost certainly incorrect and
should be re-examined. Also, you must remember that some elements like boron may
have fewer than eight electrons in their valence shells when they function as centrai
atoms, For example, in the Lewis formula for BF;, boron has only six electrons around it,

Having arrived at the Lewis structure of a molecule or an ion you can predict its shape,
by counting the number of bond pairs and lone pairs around. the central atonr and by
matching this with the entries in Table 3.12. You must consider a double or triple bond
as a single bond pair only as per rule (iii) stated in the last section. -

[C105)" INHJY CIF, SF
Bond pairs around the 3 4 3 6
central at~m '
Lonc pairs around the 1 0 2 0 .
central atom . i R . '
Shape:” "
- AN
\ /H\ \
/< Fy
H'"" - F Ci F Fw 7.__8‘7 - F
g
\ / | :
/
: F
- — L — e

" Trigonal Pyramidal Tetrahedral T-Shaped Octahedral 75
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There are other approaches for relatmg the shape of a molecule to its electronic
arrangement We shall study in Unit 4, one such method namely, hybridisation to
arrive at the shape of molecules.

SAQ 7.

Derive Lewis formula and then apply VSEPR theory to predict the shape of followmg
‘(if AsF; (ii) SO5~ (i) CO%". :
3.8 SUMMARY i

" In this unit, we have explained some of the basic concepts of molecular structure. You

have learnt the follgwing aspects of chemical bonding :
e Kossel's theory of ionic bonding,
¢ Lewis theory of covalency,

# characteristics of ionic compounds with speclal reference to ionic radu and Jattice
“ENergy, : :

@ characteristics of covalent compounds such as bond enthalpy and covalent radii, and

& VSEPR theory and its use in the prediction of shapes of molecules and ions.

3.9 TERMINAL QUESTIONS

1) Which of the following pairs has higher ionisation energy" Justlfy your-prediction
(a) Kor Rb (b) Sior CL.

2} Why are the electron affinities of noble gases positive?

3) How do you define an ionic compound, based on the concepts of ionisation
energy, ¢lectron affinity and electronegativity?

4) Arrange the following fonr compounds in the increasing order of stability :
CF,, Cl;, CBry, nd CCl,.

5} How can you predict the geometry of ibn_ic crystals?

T

6) Test the validity of the following statements by markmg‘T for true and “F" for

false

i)  Covalent compounds are by and Iarge soluble in nonpolar
solvents

ii) = Craphite pwes its electno.conductlon to the availability
~ of melectrons

" jii) Multlple bonds lead to larger bond length and lower
- bond enthalpy :

iv) Th_e anionic radius of iodine is smaller than its covalent
‘ radius :

v} Shape of H;O" ion s trigonal pyramidal

O O Ej O 1

7 Explain the reason for the following ; w

i) PClyis formed easily but not NCI

i) Z{,+ is ditferent from Z§,

. iiii) Zonic radius of H™ion is greater than that of F~ ion.




8) Calculate the lattice-ener'gy of magnesium chloride using the-fgllowing-energy . Edectronlc Theory of Valency
* values given in kJ mol ™. ' T ' : '
AHMg) = 150; I(Mg) = 738; I(Mg") = 1450; AH,(Cly) = 242;
E,(Cl)'= = 348; AH, = —602 .

9) Predict the shapes of the following ions :

(a)BeF; (0)BFi (O)TF; (d)IBr; (c) GeF3

3,10 ANSWERS

Self Assessment.Questions.

1) Z* values increase along a period; that is Z§, > Z};, Hence, formation of Li* is .
easier than that of Ne*.

2) Carbon by accepting an electron becomes C~ jon and attains stable half-filled P

configuration; nitrogen is in stable p® configuration as such, but on adding an
electron, it becomes partially filled and attains less stabie p* configuration.

3 Benzene is a nonpolar solvent and cannot favourably orient itself arourd the
cations and anions just as water can do.

4} Born-Haber cycle for BaCl, formation :

Ba(s) + Cla(g) — AH; > BaCly(s)
JAH, 2E (Cl AAHE .~ -
AH, 2CI(g). 2 2CI~(g) +Ba" (g)

i(Ba) + KBa™)

Ba(g)
5) FormelchargeonP=5-4—-0=+1
Formal chargeon O =6—1~6=—1]

" 6) ay, = 110 pm; ag, = 198 pm; ajq = 232 pm. Ty : _ A i
N L |

; trigonal bipyramidal

i
; tetrahedral -
i) - - | |
0: N ' | :
//’ ; triangular planar” E
O'K -
o |
B B vl
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~ Terminal Questions

_ 1) (a) X(K) > I(Rb); since the 4s electron of K, being nearer to the nucleus is more

difficult to remove than the 5s electron of Rb.

- (b} KC1) > I(Si); effective nuclear charge on the valence electrons is hlghcr for
chlorine than for silicon. :

2) Anelectronisaddedtoa system whlch is already stable due to fully filled or bitals.
The added electron has to go to (n+1)s orbital.

3) Anelement of low I value, combines with an elermient of high negatwe E 4 value,
to form an ionic compound “Two elements, differing in electronegativity by more
‘than 1.7 form an ioni¢ compound,

4) The stab;llty increases in the following order :
CI, < CBr, < CCl, < CF,; this conc!usmn is based on bond enthmpy values
of C — X bonds.

5) Using radius ratio, ionic crystal geometry can be predicted:

—_

6 MT G)T @F MF T

R Nitrogen atom has only four orbitals in the valence level, 2s and 2p; therefore.
. - it can form a maximum of four bonds. But phosphoris atom, having nine-
~ orbitals in the valence level namely, 35, 3p and 3d, can form five bonds with
five chlorine atoms.

11) The screening constant value for the outer most electrons is less for Na* than
for Na.

i) E.ffectlve nuclear charge on the valence electrons of H jon isless than that for
F~ ion.
8) Use Born-Haber cycle for calculation of lattice energy; lattice energ) of
MgCl, = —-2524 kJ mol™L. :

9) a)tddangular = b) tetrahedral c) square planar  d) linear
- €) trigonal pyramidal,
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UNIT 4  VALENCE BOND THEORY

Structure

4.1 Introduction
. Objectives A
4.2 The Origin of Valence Bond and Molecular Orbital Theories
4.3 Principles of Valence Bond Theory '
4.4 Valence Bond Theory of Hydrogen Molecule
4.5  Resonance or Electron Delocalisation -
* 4.6 Valence Bond Description of Some More Molecules
4.7  Hybridisation of Orbitals
4.8 Valence Bond Description of Benzene
4.9  Summary :
4.16  Terminal Questions
4.11 Answers

4.1 INTRODUCTION

In Unit 3, covalent bond formation was explained on the basis of Lewis theory. For

, the same purpose, two quantum mechanical approaches namely valence bond theory
and molecuizr orbital theory are available. These two theories seck to describe the
structure of molecules, their shape and their energy. Valence bond method, proposed
by Heitler and London (1927), is based on the assumption that a motecule is formed
by the interaction of valence electrons and that atoms in a molecule maintain their
individuality so far as the'inner electrons are concerned. Molecular orbital theory,
developed by Hund, Mulliken and Hiickel (1930) considers the entire molecule as a
new unit with all the electrous moving under the influence of all the nuclei and alt the
other electrons. Molecular orbital theory will be discussed in Unit 5; here we
concentrate on valence bond theory.,

In this unit, we shall explain the main principies of valence bond approach and apply
the same to describé the structural aspects of hydrogen and other simple molecules.
The concepts, resonance and hybridisation, are explained as developments in the
evolution of valence bond theory. In Unit 3, shapes of some molecules were derived
by using VSEPR theory. Itis interesting to see how same conclusions are arrived at in
a different way using hybridisation concept. ' o

Objectives

After studying this unit, you should be able 10 :

¢ cxplain the principles of valence bond method and apply the same 1o derive the
structure of hydrogen melecule.

@ list and illustrate the rules of resonance,
® cxplain the term hybridisation and list jts tvpes,

@ cxplain the structures of methane, ethane, ethylens and acetylene using
bybridisation theory. and - :

@ apply valence bond theory to explain the structure of benzene.

A )

4.2 THE ORIGIN OF VALENCE BOND AND
MOLECULAR ORBITAL THEORIES

The two approaches, valence bond theory and molecular orbital theory, arise by the
different ways of arriving at the solution of the Schrédinger equation for the
molecules. The Schrédinger equation {Eq. 4.1) can be written for the molecules as in
the case of atoms.

Hiji = Eyr L @D

Here H is the Hamiltonian operator for the system and £ is the energy of the systemn.
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The exact solution of Eq. 4.1 in the case of any molecule is impossible. Even for the '

simplest molecule hydrogen, H has the form,

SR s oo @ Z i Ze o e o Ze _ZaZy ]
H=_—__-2__|Vi+ V5| - La jLb 4 La &b _Tatb_
8mm [ ! . -2] 41reo( i Tl ry Poa R ra )

where 1 and 2 denote the tWo electrons and 4 and b the two ‘nuclei. R is the -

internuclear distance, r,ydistance between electron 1 and nucleus a efc.; r is the
interelectronic distance between the electrons 1 and 2. :

In the above H, the kinetic encrgy of nuclei has not been considered as they, being too
massive relative to electrons, are assumed to be stationary. This is known as Born
Oppenheimer Approximation. The solution of Eq. 4.11s impossible due to the
presence of 1/r;; term in the Hamiltonian H. Therefore, one has to solve Eq. 4.1 by an
approximate method. : ' -

Two types of mathematical approacﬁes are used to solve the Eq. 4.1. These
approaches differ in the manner of choosing . Once ¢ is constructed, the average
energy E of the molecule can be calculated using the equation,

£ o Jut Hudr | e (4.2)

J¢* g dr

Also E is calculated as a function of the internuclear distance R. In Eq. 4.2, ¢ is the
complex conjugate of the wave function, .

In one of the approaches, known as Valence Bond (VB) method, approximate wave
functions are constructed from those of the separate atoms. This approach is, in 4
sense, the quantum mechanical description of the Lewis concept of electron pair
bond; hence thie name—valence bond method. In the second approach, the molecular
orbital (MO) method, the approximate wave functions are constructed from the
molecular orbitals which in turn are constructed'from the atomic orbitals of the
constituent atoms. The electrons of the molecule are then assigned to these molecular
orbitals on the basis of Aufbau principle. In this unit, we take up the study of valence
bond approach and its application to simple molecules. We shall study the details of
the molecular orbital theory in Unit 5. o

‘

43 PRINCIPLES OF VALENCE BOND THEORY

‘The main steps used in valence bond method, in arriving at the structure of a
molecule, are given below :

- i) Molecular wave function for the combining electrons is formed as a product of

wave functions of electrons of the constituent atoms. For example, if the wave
functions for 1s electron on each of the two hydrogen atoms are y4-and ¥, then
the molecular wave function ¢ is given by,

lfl=.¢p\- ¥ - . {4.3)

In other words the constituent atoms retain their identity whé,n they combine to
‘form a molecule. ' : :

ii} Various trial functions { are designed, depending on the assumptions regarding
molecule formation. Setting up different trial functions, indicates our attémpts to '
describe the structure of molecule in different ways, taking into account various
factors such as effective nuclear charge, resonance, indistinguishability of bonding
electrouns etc. : '

ity Each trial function is fitted into an appropriate Schrodinger cquation (Eq. 4.2)
and tite energy values, £, arc obtained as a function of interatomic distance, R.

) E vs R diagrams, known as encrgy diagrains, are drawn for cach trial function
- (Fig. 4.1). The curves with minima represent stabilising features for molecute
formation. The difference between the total enérgy of the two isolaied atoms and
the energy corresponding to minima of the curve, gives the bond energy,
calcalated according o a particular trial function. The value of R at the minima
point is the equilibrium interatomic distance or bond distance.




. r
These steps arc repeated for various trial functions. That trial function, for which’ " Vadence Bond Theory
calculated bond energy and bond distance values, agree closely with experimental '
values, is taken as the correct one, and the structural features assumed in designing
such a trial function, are also considered valid.

In .the next section, the above procedure is applied to determine the structural features
-of hydrogen molecule. Before we take that up, you can try the following SAQ.

SAQ 1

W_hat are the deciding factors in choosing a particuiar trial function for a molecule?
Give the answer in three lines.

4.4 VALENCE BOND THEORY OF HYDROGEN - "

MOLECULE

In this section, we will apply the principles of valence bond theory, discussed in the
last section, to the case of H; molecule.

We shall begin with two hydrogen atoms far apart so that ne appreciable interaction
between them occurs. Let us assume that the total energy of these two hydtogen atoms
is represented by the point L in Fig. 4.1. Arbitrarily this has been placed on the zero
of the scale. Although the two hydrogen atoms are identical, for the sike of
convenience, we may label the electrons as 1 and 2 and the nuclei as A and B; the
orbital wave functions of the two electrons 1 and 2 contained in two hydrogen atoms
A and B would then be given by ¥, (1) and ¥(2), respectively. Using Eqg. 4.3, the triak
molecular wave function for the hydrogen molecule (in reality a system of two
separated H atoms) can be written as, :

¥ = Wa(1).¥a(2)

Using the above wave function in Eq. 4.2, the energy E of the system comprising two
identical hydrogen atoms can be calculated as a function of the internuclear distance
. R. From the values of E and R, energy diagram 4.1a is drawn. The energy difference
between L (total energy of the two isolated hydrogen atoms) and the minima of the
curve 4.1a, gives the calculated bond energy of 24 kJ mol™'. The equilibrium
interatomic distance is calculated to be 90 pm. But the actual bond energy and

interatomic distance for hydrogen molecule are 436 k] mol ™ and 74 om, respectively. Al the equilibrium interatomic
' distance ry, a molecule has a stable
(¢} existence. At interatomic distance
greater than or less than ry, it is
less.stable.

(d)

e T

"R )
Fig. 4.1 : Theoretical energy curves (a—c, ¢ Tor hydrogen molecule compared with the experimental
curve (d),

This means that the assumption.used in trial fur :tion y that electron | resides on
hydrogen atom A and clectron 2 resides on hydrogen atom B is not acceptable. 81

HES
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A refined wave function, ., is then designed Wthh allows for either of the electrons
16 reside on either of the hydrogen atoms. Also it is assumed that the two electrons are
shared equally since the atoms are identical. This trial function is called ¥y to denoie
covalent bonding.

= ya(1). ¥e(2) + ¥a(2). va(1) T - (4.4)
This trial function Yior 15 tried in Eq. (4.2) in place of yand energy values at different
R values are obtained. The bond energy and bond distance, according to this
calculation are 303 kJ mo!~* and 86.9 pm, respectively. The E vs R curve is shown in
Fig. 4.1(b) This trial function again requires further refmement.

A wave function ys, is then designed keeping in mind the following features :

i) The two electrons mutually shield one another from the nuclear charge. Hence,
the effectwe nuclear charge value Z* must be used, instead of Z = 1.

if) Hydrogen molecule can be given covalent structure (I) and ionic structures (Il and
TI) as shown below :
a H:H H:H" TH:W

1 H 1L

The wave frnction corresponding to ionic forms is given by, '

Yo = Va1 ¥a2) + ¥n(1)- V5D | .o (4.5)

The first term in the right hand side denotes a situation, when both the electrons are
on hydrogen atom A, and the second term, when the two electrons are on hydrogen
atom B. The structures (I~ III) are called canonical or resonating structures and the
actual structure is the resonance hybrid of all these three structures. You will study
more about res2nance in the next section. This rmxmg of ionic and covalent forms is
called ionic - covalent resonance. :

A contbined wave funcuon s is formed using ., and a,b,n,, as follows :
'J"Z = Cl (CZ 'J’cov + CJ l\llficm) . (46)

In this equation. C,, C, and C, are constants depending on how much of the ionic wave
function is mixed with the covalent wave function. When the wave function . is used
in Eq. 4.2, and energy values calculated for various values of R, curve of the type
4.1(c) is obtained. The bond energy and bond distance values, according to this
calculation, are found to be 388 kJ mol™' and 74.9 pm, respectively. Thus the addition
of new terms to the trial function, brings the bond energy and bond distance values
closer to experimental values. The resonance structures (I - I11) seem to describe the
structure of hydrogen molecule mich better than covalent structure 1) alone. In
Table 4.1, a summary of bond energy and bond distance values, obl.uned for trial
functions mentioned above. is given.

Table 4.1 : Bond Energy and Bond Distance For Various Trial Functions of Hydrogen Molecule

Trial Funetion L Enerpy Distance Curve
Type Significance (kJ mol™) {pm) representing trigl
function
oy A system of two isolatcd H w4 %0 Cdta

dtoms; two electrons are
distinguishuble

Yoo Covalent structure and a0 _ 86.9 4.1b
indistinguishable electrons :

¢ Effective nuclear churge and 188 74.9 - 4.1c
ionic-covalent resonance \
recopgnised

Experimental curve 436 74 4.1d

A trial function, combining as much as 100 terms, has been found to yield bond energy
and bond distance’ values almost equal to experimental values. The enecrgy diagram
corresponding to experimental values is given I Fig. 4. i(d)

Valence bond theory throws light on the fact that no bond is 100% ionic or 100%
covalent. It is further inferred that the election density distribution is symmetrical




. about the axis passing through the nuclei, Fig. 4.2. Such bonds, thh symmetrical Valence Bond Theory
electron density about :ntcrnuclear axis, are called o bonds. ‘

Fig. 4.2 : o bond in hydrogen melecule.

In constructing atomic wave functions such as ¢4 (1), #y (2), etc., the spins of
combining electrons have been assumed to be opposite, Hence hydrogen molecule
formation can-also be considered as a process of spin pairing. On the other hand. if the

two H atoms approach in sucha way that the spins are in the same direction, then the

net force of interaction is strongly repulsive. As two hydrogen atoms having same spin
value approach each other. the energy of the system inzreases. This situation is

indicated by the curve 4.1 (e). Try the following SAQ, to see if you have understood the
ideas developed above.

SAQ2 -

Explain the fact that for H; molecule, covalent structure is more important than icaic
structures. (Hint : Use the bond energy values).

4,5 RESONANCE OR ELECTRON DELOCALISATION

‘Sornatimes the properties of a molecule or ion are not adequately represented by a
single "_ewis structure. In the last section, we saw how the structure of hy<drogen could
not.be represented by one of the three structures (I), (II) and (II1) alone and had to
be conce.ved on the basis of contribution from all the three. Such structures are known
ug resonance structures. They differ in the arrangement of electrons, keeping the
atomic ar-angement the same.

Let-us take another example: say sulptur dioxide.

/\' /\

The charges rcpresented arg forma] charges, whlch you studled in section 3.4 of Unit.
3. Accordirg to the above structure, the two sulphur-oxygen bonds must be of ¢
dificrent tynes, one being a-single bond and the ether a double bond. But in sulphur
diox*de molecule, both the bonds are of same length. So in 1ae case of this molecule
also. two or more valence bond ctructures such as (IV) and (V), have to be used to
depict the molezule. The molecule is said to be a resonance hybrid of the structures
(1V) and (V), which are in turn ¥nown as resonating or canonical structures.

.8 5.
, Y AN N\
0 O: - 0 O
v Ty
The actual structure of sulphur leXIde do=zs not correspond to elther of theresonance :
rtructures alone; but it is intermediate between these twe »2sonance structures. There
is only one type of sulphur dioxide molecule and it ca: :2ve. only one structure. The
clectrons do not flip within the molecule; i.e., ‘or no moment of time, the molecute
has any one resonance siructure. The two resonance structures nf sulphur dioxide are

equivalent. But ia some cases, like hy“rogen chloridz, all the resonance structures )
may not be equivalent. _ 83
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A 7 bond is formed by the lateral
{sideways) overlup of wtomic
orbitals. The electrons giving risc
i bondawre called 7 electrons

Double bond in alkenes is said to

¢ localised since its location is
fixed hetweer two particular
cirbon atoms.

The pereentige cantribution cach
resonating structure makes to the
resonapce hybrid indicales how
fur the characteristics of thy
moleeule ire explained by
particulin structure.

The heat of hydrogenation is the
quantity of heat evolved or
ibsorbed when one mole of an
unsaturated compoundd adds on
hydrogen.

.- - - .
4—=—b+H:CI!‘<——-—> H: Cl: _ i

H:Cl:
VI : YII VIII

The ionic - resonanee structures, having lower bond order vfi.. 1nan covalent

. structures, are of less importance. Thus, ionic structures (VII) and (VIII) of hydrogen

chloride having zero bond order are of less importance than covalent structure (VD)
having bond'order value of one. This is due to the involvement of o electrons which is
rarely significant in resonance structures. Resonance structures in majority of cases,
involve variable distribution of # electrons. Hence, resonance is also known as
delocalisation of = electrons.

Localisation of 7 electrons means fixing 7 electrons betwcen two particular atoms, as
in ethylene.

H\ ,H
C=C
4 \

» . H H
Ethylene

Compounds like benzehe and naphthalene have a delocalised 7 electron structure
which means 7 electrons-are not fixed between any two particular carbon atoms.

[
Benzene - Naphthalene

7 electron delocalised over all the carbon atoms.

Some structures may be of lower energy than others and hence make major
contribution to the hybrid. The rescnance forms must be evaluated to determine their
importance and relative contribution to the resonance hybrid. The percentage
contribution, that each resonance structure makes to the resonance hybrid, is derived
by the solution of Schradinger equation, set up for the molecule.

The stabilisation, a molecule or ion attains, due te contributing resonance structures,

is described in terms of resonance energy. A substance that has a considerable
resonance energy is said to be resonance stabilised. As an illustration, let us calculate
resonance energy for benzene. The resonance energy for benzene is the difference
betweer: the heat of hydrogenation calculated for a structure with three localised
double bonds and the experimental value. The heat of hydrogenation for the iocalised
structure of benzene is calculated on the assumption that the three double bonds of
benzene add on hydrogen like three molecules of cyclohexene. That is, the calculated
heat of hydrogenation of benzene is thrice the heat of hydrogenation of cyclohexene

(363 kJ}). But the experimentaliy determined heat of hydrogenation of benzene is 200 .

kJ mol-',

3 + M, ., 3 v 363K

+« 209 kJ

+ 3H;, ey

The difference between the calculated and the experimemal values of heat <f
hydrogenation for benzene is (363 — 209 =) 154 kI mol~'. Thus, the resonance enzigy
of benzene is 154 k] mol™!. Compared to this, the resonance energy of naphthalene is
315 kI mol~', Hence, naphthalene has greater resonance stability than benzene.

Let us now see the rules that are useful in deciding the relative lmportance of
resonance structures of 2 molecule or ion.

1) The resonance forms of a given species differ in the arrangement of electr ors, and
not in the arrangement of nuclei. .

Thus for carbon dioxide, havmg the arrangement of atoms as OCO the structure,
OO0C, is not a resonance structure.




2) In case resonance structures have charge separation, two atoms that are bonded Valence Bond Throry
together should not have format charges with the same sign, Thus, of the three
* structures for FNO,, structure (XI) is not a resonance structure, since it suffers .
from electrostatic repulsion from adjacent positive charges.

NT N NT
F/ ,}\6: — :if/”\(')';"‘_—”:i:'/, \'df
:9: B & 05

5

5.4 ' X ‘ X1

3) The structures without formal charges are more important than those with forma)
charges. For benzene, the resonance structures of Kekule (XII and XIII) and -

~ Dewar types (XIV~-XVI) which do not have formal charges are more important

than the ionic structures (XVII and XVIII).

A A N " '
Fi B F B . , - - +
“— — -— — — ——
E C E C : -
3 Y . - )
o LI —_

) . [ | B
Kekule structures Dewar structures lonic structures

XIt ' X ' XIv xv $441 XVIi Xvin

4) While giving formal charges, the more electronegative atom should carry a formal
negative charge and the less electronegative atom should carry a formal positive
charge. Thus, of the resonance structures of hydrogen chloride, structure (VIII) is
less important since the more electronegative atom chlorine has a formal positive
charge. : ‘

5) The resonance forms of a molecule or ion have usually the same number of shared

electrons. Of the three structures (XIX - XXI) for cyanate ion, (XXI) is less

important as a resonance structure, since it has only three shared pairs. The other

two structures (XIX) ani (XX have four shared pairs each.

- o - - + e

:Q-—-—CEH:-——-—»:O’:C:—.N:«-———»:O-—C:N ‘
XIX o XX ‘ _ xxi x

6) Resonance hybrid is said to be stabilised if two or more of its resonating structures

are energetically ec: ivalent. The two Kekule structures of benzene which are

equivalent are largeiy responsible for its considerable resonance energy and

" resonance stabilisation.
Ivomers have individaal existencee:

7) Delocalisation of electrons in an unsaturated system is maximum when the FesORIing structires do nat hives

molecule is coplanar,
P Diffraetion is the bending of light

‘Benzene, a resonance stabilised molecule, has been found to be a planar molecule rays aver the edges of an objear.
with equal electron density around six carbon atoms, as per X-ray diffraction [The .d‘"r“c."""l,"_'l’f'"'?’“ N
studies. On the other hand, bicyclohexadiene, an isomer of benzene, is not much :,‘llt'";(u:‘l,‘:,ﬂi:tt;::; ,:,:;Pni","n the

resonance stabilised due to its nonplanarity. ' . location of utomic sites.

Ll—=3
Bicyclohexadiene Very minor

8) The compounds of third and higher period elements can have resonance structures
involving d orbitals whereas those of second period elements do not have. The
compounds of phosphorus and sulphur, for example, exhibit resonance structures
involving d orbitals. These two elements in their compounds can expand their
outer shells to more than eight electrons. This behaviour is not expected of
compounds of second period elements such as nitrogen due to nonavailability of
orbitals. ‘

Trimethylamine oxi-'«, for example has only a single structure while
trimethylphosphine - 'xide has two resonance structures. L
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CH,
H.C—N—0O"
CH,

Trimethylamine oxide; resonance structures not possible.

CH, c|H3 )
H,C — P*——0:"«—=H,C — P==0:

CH, CH,
Trhnelhylphospilhe oxide

Similarly, dimethylsulphoné has the following resonance structures :

"'O (Ijl (“)
HC l“ CH, < . HC— §——CH, «+—— H,C— S —CH,
| | | B
O 0: O
h Dimethyllslulphone

Using the above rules, attempt the following SAQ

SAQ 3

Write the resonance structures of nitrate ion. (Hint : Start with Lewis structure of
NQ7 ion).

4.6 VALENCE BOND DESCRIPTION OF & "ME MOliE
MOLECULES '

Valence bond method can be applied to describe the structure of many covalent
motecules. According to valence bond method, whenever we have two atorits, each
with at least one unpaired electron, they may unite to form a bond in which these two
electrons are paired. In order to arrive at the structure of a molecule, various trial
functions are designed, as was done in the case of hydrogen molecule, till a satisfactory
irial function, which can explain the properties of the molecule, such as bond encrgy
and bond length, is obtained. The structural features corresponding to the acceptable
trial function are taken into account while describing the actual molecular structure. -

i | .
The resonance structures of some molécules, obtained using the above procedure, are _
given in Table 4.2,

Fable 4.2 : Valence Bond Structures of Some Molecules

Molecule  Electron configuratien Unpaired electrons =~ Resonance structures -
of the combining atorns )
15 2n 47 22,29.19,! - oo . + - S
Cl, . . Cl 15" 25* 2p° 35° 3p; 3p; 3p, 3p,e]leclr0n1n each Ccl:ql: Cl:Cl:
. chlorine atom v e T
—_— I -_" +
Cl: Qe




Nz N 1.!' 2.3" 2pl 2 2 zph 2Pyv 2Pz EIGCI}és o . . iy .
Py o in each nitrogen atom 'Y ** N NN
- 4
N::N
' .- + -
co C 152 2¢2 2P1 2p, 2p.and2pyelecirons  ( Ci: O e—e C 1O
O 1s% 25* 2p% 2p| 2p; of carbon and 2p, and .
2p, electrons of .
oxygen :
. ' — e +
C:0: -
HCI Hls . : 1s' electron of e to T
: Cl 1s% 25% 2p® 35 % 3pl 3pi 3p; hydrogenand 3p, - H:Cl: «— H: C_l :
electron of chlorine B I '
— e +
H: -Cl:
(v N
VI isof little importance
since chlorine has higher
electronegativity.

Based on the above prmcnples we would be tempted to give the following structures
for oxygen molecule :

+ +

OO-—*OO*—+OO

But these structures do not explain the expeﬁmentally known paramagnetic character
of oxygen. Let us see if molecular orbital theory, which we are going to study in next
unit, is able to explam this pehaviour of oxygen.

In the next section, we shall see hybridisation of orbitals which is another aspect of
valence bond taeory. Using the above principles, attempt the following SAQ.

8aQ4
Explain valence bond structures of fluorine molecule.

4.7 HYBRIDISATION OF ORBITALS

Principles of valence bond theory used so far in describing the structure of molecules,
are not sufficient to explain the structure of methane. The electron configuration of
carbon in the ground state is 1s* 2s* 2p; 2p). The concepts of valence bond approach -
enunciated above predict the pairing of two unpaired electrons in 7p, and 2p, orbitals
of carbon with 1s electron of each of the two hydrogen atoms to form CH, molecule.
But CH, is not a stable molecule. The simplest stable hydrocarbon is methane, CH,.
How are we to exglain this?

To reconcile the valence bond theory with experimental evidence, Pauling devised a
model in which one of the 2s electrons of carbon atom is promoted to the empty 2p,
orbital. The 2s and three 2p orbitals of carbon atom are mixed to form four equivalent
orbitals, known as sp® hybrid orbitals. The axes of sp® orbitalsare oriented in space,
toward the corners of a regular tetrahedron. That is, the angle between any two orbital
axes is 109°28’ [Fig. 4.3(a}]. The process of mixing two or more orbitals of different
energies to give an equal number of new hybrid orbitals of Jower energy is known as
hybridisati~n. Anyhow, it should be remembered that hybridisation is a mathematical
concept. The promotion of electrons to higher levels and mixing of orbitals are both
‘mental construction which are veeful in thinking about bond formation.

Valence Bond Thenry
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. and two-third p character.

Fig. 4.3

The most accéptable trial function for methane indicates that the hybrid orbital has
one-fourth s character and three-fourth p character. The four unpaired electrons in
the four sp? hybrid orbitals of carbon, combine with 1s electron of each of the four
hydrogen atoms, to form four o bonds. The energy liberated i in the formation of four

C-H bonds is more than that reqmred for:

1) the promotion of 2s electron to 2p, orbital.
ii) m1xmg s and p orbitais.
iii) keeping the four unpaited electrons free from mutual or orbital spin interactions.

Methane is tetrahedral in shape, Fig. 4.3b, with a bond.angle of 109°28'. In scction 3.6
of last unit, we derived the same conclusion based on VSEPR theory In ethane,
(Fig. 4.3c), and in other higher alkanes also, carbon atoms are in sp® hybridised state.
The C-G.bond length in ethane has been found to be 154 pm The covalent radius for
sp hybndlsea carbon is 77 pm. , >

Let us now focus our attention on the structure of ethylene. One of the 2selectrons in
each of the two carbon atoms is promoted to the empty 2p, level as before. The 25, 2p,
and 2py orbitals are hybridised to yield three sp Zhybrid orbitals (Fig. 4.4a). The 2p,
orbital is not used for hybridisation. Each sp? hybrid orbital has one-third s character

Fl

a) Diagram illustrating the three trigonal sp* Y Structure of cthylene,
hybrid orbitals of the carbon atom (shown in
" grey colour), which lie in the same plane and the.
one unhybridised p orbital (ohDWI’I in red colour),
which is perpendlcular to the plane.

Each of the.two carbon atoms in ethylene forms three g bonds, two a bonds being
formed with two hydrogén atoms and one o bond witlithe other carbon atom. The
fourth bond, a 7 bond, is formed by the lateral overlap of the 2p, orbitals of the two
carbon atoms. Ethylene therefore, has a double bond between, the two carbon atoms
[Fig. 4.4(b}], one being a o bond and the other a = bond, the latter being
perpendicular to the plane of the molecule. Tke C=C bond length is 134 pm which is
less then C—C bond length'in ethane. The covalent radius for sp” hybridised double
bonded carbon is 67 pm. The bond angle in ethylene and other sp? hybridised systems
is approxiimately 120° and the molecule is said to have trigonal shape. That is, the |

orbitals around each carbon atom are directed towards the vertices of a triangle. On _

the basis of VSEPR thesry also, the same conclusion can be obtained. The structural
aspects around the double bonded carbon atoms in other alkenes also are similar to
those in ethylene. In compounds like formaldehyde and acetaldoxime, double bonded
carbon atom is in sp? hybridised state.




In the next section, you will see as to how sp? hybridisation concept is used in
combination with resonance to explain the structure of benzene.

In acetylene; the carbon atoms are in sp hybridised state. Again one of 2s electrens is
promoted to empty 2p,level in each of the two carbon atoms. The mixing of 2s orbital
and 2p,orbital produces two sp hybrid orbitals with their axes arranged in a linear
fashion [Fig. 4.5(a)]. Each sp hybrid orbital has 50% s character and 50% p character.
The two sp hybrid orbitals of each of the carbon atoms form two o bonds, one between
each carbon and a hydrogen and another between the two carbon atoms. The two 2p,
and 2p, orbitals of each carbon atom, which are not.used in hybridisation, combine to
give two 7 bonds, which are perpendicular to each other and also to the plane of the
molecule. The two 7 bonds are represented as a cylindrical envelope around the two
carbon atoms. Thus, in acetylene, there is a triple bond between the two carbon
atoms, Fig. 4.5(b). The bond angle is 180° and the molecule is linear; VSEPR theory,
also could be used to get the same conclusion. The C=C length is 120 pm and the
covalent radius for s hybridised triple bonded carbon is 60 pm.

]:'I):.45

i
a) Diagram of the two linear sp hy brid urmtals
of the carbun atom, which lie in a straight line
ishown in prey colour) and the two unh\ hr\dn\ed
p orhitals (shiwn in red colour).

hy structure of aceiylene,

-

You can see that amorng sp*, sp? and sp hybridised carbon atoms, covalent radius is the
highest for sp* and least for sp hybridised state; s character is the highest for sp and’
least for sp*. Increase of s character in the hybridised carbon atom causes a decrease
in its covalent radius since 5 electrons are more tightly held than p electrons. It is worth
remembering that in section 3.4.3 of the previous unit, we have mentioned that the
bond length decreases as bond order increases. From Table 4.3, you can have a

comparative account of ethane, ethylenc and acetylene with respect to structural
features.

Table 4.3 : Comparison of Ethane, Ethylenc and Acetylene

Nameof  Hybridi- Structure Tghm Tvpe of bonds | Bond Carbon-carbon bond
the sation for each Angle Bond type Bond kengih/pm
Compound {ype . carbon atom -
Ethane st H HErewa- 14 o bonds 128" Singlebond 154
~ =7 | bedral
H— C—=C—H
< ~
H H
Ethylene  sp* H H| Tri- 3obonds . | 120° Doublebond 134 .
: N Vs gonal |& T 7bond
C=C
< ~
H H
Acctylene sp H — C =C — H] Linear| 2ebonds 180° Triplebond 120
& 2 rbonds

Carbon-carbon bond Ienglhs given in Table 4.3 correspond to single, double and triple

bonds formed by sp?, sp* and sp carpon ?toms respectively. But single bond can occur

between any two smnlarly or d:ss:m;gg‘r Mybndlmd carbon atoms. Similarly double
bonds of the type sp* — .sp SPE-

given below :

Valence Bond Theory |

Wherever carbon atom is attached
to four other atoms, it is sp®
hybridised. When itis atteched to
three other atoms it is sp? other
atoms, it is sp hybridised.

A substance, whith releases H*
ion more readily than another, is
said 1o be more acidic. Since s
character is the highest for

sp h);hn'discd carbon (50%) and
Icast for sp* hybridised carbon
{25%), C-H bond in acetylenc is
the most acidic, that in ethylenc is
less acidic and that in ethane is the
least acidic. The greater 5
character results in the bond

- electrons of C-H bond being

pulled strongly towards carbon
atom, thereby releasing H more
casily.
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'H,C—CH,

H,C— CH=CH, H,C =C=CH,
U N 9 ' ' s
HsC—C=CH H,C =CH—CH=CH,
sp? sp sp sp sp? s sp? ' '

Carbon-carbon bondilengthé depend both on bond type and hybridisation state of
linked carbon atoms, as given in Table 4.4. =

Table 4.4 : Hybridisation States, Bond Types and Bond Lengths

Hybridisation is not limited to s and p orbitals only but may, in general, involve the
mixing of other types of orbitals aiso, provided energy difference is not much. Hybrid
orbitals involving d orbitals occur quite commonly among the heavier elements and
are particularly important in complexes of the transition elements. Although hybrid
orbitals are generally equivalent, in some cases nonequivalent hybrid orbitals also
occur. Thus, in dsp® hybridisation, whether it is trigonial bipyramid or square pyramid,
two types of bonds, axial (a) and equatorial (e) are seen. Under VSEPR theory of the
previous unit, vou studied that two types of bonds, axial and equatorial are present in
amolecule ha¥ing a total of five eléctron pairs around the central atom. In Table 4.5,
hybridisations involving d orbitals are given.

Table 4.5 : Hybrldlsations Involving d Orbitals *

Bondtype | (Bond le.ngth)l;l;m Bond type (Bond length)/pm | Bond type (Bond length)/pm
c-¢ | c=C c-H

3p® - sp’ 154 sp* - sp? ' 134 Cypr-H 111+,

sp* - sp? . 150, spt—sp 131 C,—-H 110

sp*—sp v 146 5p=5p 128 1c,—H ' 108

spt = sp? 148 ' ‘ '

sp*-sp 143 €=aC.

sp—sp 138 sp—sp 120

" {Type Orbitals used * Geometry Hybrid orbltals Example
: : ) equivalent (E} or
nonequivalent (N)
AdspPor | 5.pxpyPe Octahedral E SF,, [Fe(CN)*
FP3d2 d2,dga. g ' _
dsplor | S,y Py Pu Trigonal N PF;, PCly
sp’d da bipyramid '
&pi or 5y Pas Py Ps Square pyramid N IFs
pld dx? -y )
dsp? 52 Pos Py Square planar E 1Cu (NH)L 2
da_yp . !
st - 5\ d,,,, dy,; dy Tetrahedral . - E CrO¥and MnO;
’ (both s and'sp®
possible)

The structure of many of the coordination complexes and of molecules Jike
phosphorus pentachloride and sulphur hexafluoride can be explained using
hybridisation theory. Earlier you studied in Unit 3, based on VSEPR theory, that
sulphur hexafluoride is octahedral in shape. We can arrive at this conclusion using the
concept of hybridisation also. For sulphur, the ground state confi guration is 15% 2s* 2p°
3s%3¢2 3p) 3pl. The 3s and 3p, electrons are unpaired, excited to 3d,2 and 3da _ 2
orbitals and the six orbitals, namely, 3s, 3py, 3py, 3Pz, 3d.2_y2and 3dpare hybridised
to obtain six orbitals of sp’d® type. Each of these six orbitals has an unpaired electron.
Pairing of these six unpaired electrons with the 2p, electron in each of the six fluorine
atoms gives rise to sulphur hexafluoride molecule. This is diagrammatically illustrated

below :




)

(G — w Promotion _1_ _1_.‘ _———— —
round | 1 1 ' . 1 .
state) 3p - : 1 E
(15 252 35 , 3
2% not .
~ shown) Hybridisation
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Fig. 4.6: sp*d® hybridisation in sulphur atom; six unpaired electrons available for pairing with 2p, electrons
of six Ruorine atoms.

Fig. 4.7 : Mruciure of sulphur hexafluoride.
The orbitals of sp’d” type have lobes directed to the vertices of an octahedron. In other
~words, sulphur hexafluoride is-octahedral, Fig. 4.7.

Using the above ideas, why don't you try the following SAQ?

SAQS -
Explain the type of hybridisation in phosphorus pentachloride.

4.8. VALENCE BOND DESCRIPTION OF BENZENE

The valence bond picture of benzene can be explained using the two concepts,
hybridisation and resonance. Each of the six carbon atoms in benzene is in sp*
hybridised state, forming three bonds, two to adjacent carbon atoms and one to a
hydrogen atom. Because sp?® orbitals are planar, all the six-carbon and six hydrogen
atoms are in the same plane and the bond angles are 120°. Each carbon atom has still
an unpaired electron in the 2p, orbital. The next question is to see how these six 2p,
electrons pair up. The valence bond description of pairing of 2p, electrons can be
understood first by considering Kekule structures and then Dewar and ionic structures.

Even among the two Kekule structures, the overall wave function js formed for only
the first Kekule, structure (XII), to start with. If the carbon atoms are labeled A, B,
C, ... F and the electrons, 1,2, ....6. then wave function for one 7 bond is ¥, (1)-
Ve () + Ya(2)¥s(1) because formally it is like an isolated hydrogen molecule. For
. second wbond, the wave function is ¥ (3) ¥p (4) + ¥ (4)- ¥p (3 and for the third,
it is Vg (5) Wi (6) + ¥ (6) W (5). The overall wave function for the first Kekule
structure is ' '

, 4:{‘:3 ={a (1). ¢ @) + ¥a @) ¥ (D} (4 (3). ¥ 74) + 4»(4) %(3)1
(e (5). ¥ (6) + i (6) g (5)) | (47)

The overall wave function is obtained as the product of the mdependent wave
functions as per the principle explained in section 4.3. The expression in Eq. 4.7 may

o1




Structure of Matier

Resonance. hybrid of henzene is
said to have around 80%
contribution from Kekule
structures and 20% contribution
fram Dewar structures. This
means properties of benzene are
better explained by Kekule
structures than by Dewar
structures,
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look complicated but it can be analysed in the same way as for the hydrogen molecule.
‘As it stands, Eq. 4.7 does not permit any = electron density between carben-atoms B

As a next step, another‘wave function y&3 is formed, for the second Kekule
structure, where the mbond formation is assumed between carbon atoms B and C, D

and C,DandE, and F and A. This structure implies that two sets of bond lengths, 148
pm and 134 pm, must exi e for sp hybndlsed single bonded carbon atoms and
other for double bonded ones. xperlmentally determined carbon-carbon bond
lengths are all equal, viz., 139.7 pm Hence, the above trial function needs to be
improved.

and E and F and A (XIII). Mixing these two wave functions for Kekule structures,
wave function ¥ is written as,

YWe + U3 f , ...(4.8)

From energy considerations, it can be shown that even ¢ needs to be improved.
Further refinements are possible, if we take into account the following features :

i) Bonding may occur between non-neighbouring atoms and a better description is
obtained by considering Dewar structures (XIV — XVI), However, Dewar
structures imply the presence of diagonal C—C bonds having bond distance value
of 280 pm. This is larger than even the C—C bond length in alkanes. These
diagonal bonds are weak rendering small cortribution of Dewar forms to the
resonance hybrid.

if) Asin the case of hydrogen molecule, we should allow ionic — covalent mixing,
taking into account structures of the Kind (XVII) and (XVIII). Actually there are .
many such ionic structures. Anyhow, ionic structures (XVII) and (X VII1), are less
important than covalent structures,.(XII - XVI), as per rule (3) stated in section -
4.5, .

Although inclusion of more terms in the trial function gives a better deseription of the
structure of benzene, the treatment becomes much more complicated. In spite of all

the mathematical complexity, valence bond theory leads to the following facts

regarding benzene structure : : r

i)  All carbon-carbon bond lengths are equal to 139.7 pm which is in between single
-and double bond lengths. This means double honds are not localised between any
two carbon atoms. i.¢,, benzene h'v; a delocalised ar clectron structure.

ii} The actual structure of benzene is aresonance huhrid of the structures of the e

(X1 - XVIII). .

ili) The resonance stabilisation energy, has been found to be 154 kJ mal

~.iv) It predicts a planar hexagonal structure with a bond angle of 120°.

From the above discussion we can inferthat the  electrons are not localised between

- particular pairs of carbon atoms. The six 7 electrons are delocalised over all the
¢ carbon atoms. Summing up all the above structural features, a delocalised 7 clectron

structure of benzene can be written as :

Inner circle denotes symmetrical dlstnbutlon of m electron dcns:ty over all the six
carbon atoms.

" Using the above ideas, try to answer the following SAQ.

SAQ 6

Between cthyiene and benzence, suggest two structural .1spcc1u. of similarity and  {

- dissimilarity.
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4.9 SUMMARY

In this unit, we have described the development of valence bond theory and its
applications to simple molecules. The concepts of resonance and hybridisation have
also been explained. Using the principles of valence bond theory, the structures of
methane, ethylene, acetylene and benzene are discussed. In the next unit, you

will study the structure of molecules like hydrogen, oxygen and carbon monoxide in
the light of molecular orbital theory, -

4.10 TERMINAL QUESTIONS

1) What are the essential steps involved in arriving at the structure of a molecule
using valence bond theory? .

2) Identify the type of hybridisation for each of the carbon atoms.
i)  HC—CH==CH,

C=CH

0
iii) I
H,C —C — OH

3) Explain the shape of CCl, molecule on the basis of VSEPR and ﬁybridisation
theories.

4) For the Tollowing statements, mark T for correct statements and F for false ones.
o) Electrons in a hydrogen molecule are distinguishable -~ I

.h)  More terms in the trial functlon lead to a more acceptabie |
bond energy value

¢} Homonuciear molecules like N+, O, etc: do not have ionic
terms in their valence bond structures

d)  Carbon atom.incarbonate ion. is in sp” hybridised state

¢) Covalent radius of carbon increases with increase of s
character in different hybridisation states e

5) Explain the structure of mercuric chloride on the basis of hybridisation theory.

6) Differentiate the fc)llowmg isomers on the basis of theoretical carbon-carbon bond
lengths :

H,C - CH, - CH = CH, H,C - CH'= CH - CH;
| —Butene _ 2 - Butene

N Carbon'dioxide is linear as per VSEPR theory.'Explain the type of hybridisati_on
in the carbon atom of this molecule, in keeping with its linear structure. -

4.11° ANSWERS

 Self Assnssment Questions : .

1) That triai function, for which bond energy crd bond length values are closest to _
experimental values, is accepted as the correct one. : 93




Structuref Maiter o 2) By assuming a covalent strucihrc with indistinguishable clectrens, the bond energy
is improved from a value of 24 kJ mol™" to 303 kI mol ™. But this value is improved
to only 388 kJ mol ™1 by taking inta account the screening cffect of the clectron and
the possibility of ionic and covalent structures. ’-lenu; covalent structure hag
greater importance than other faciors,

3) Lewis structure for nitrate ion is

el
/HJ‘.
A -
0y (}f
The resonance struciur:s aye '
0: o e n
ilxlf' — T!' “— | NS
W———g 3 —
. - S
AN A WA )
o] O 0 G 0 ()

_4) The 2p, electrons in the two fluorine atoms get paired to give ffuorine molccule.
The following resonance structures are possible : .

- . oo P

r : rc-—-ucp[- F‘ﬁ—-——"l' LF

5)

P . T 3y -~ ——  Prowmation __1..... — i —
{Ground state) 111 T 11 1 . W
(1s%2s%2p® 1 3. o T
not shown) T o " : -

Hybndisation .

,i 1 1 1 1 j;l:‘:,}.—gd—w jd..: -..57:

spid

< ' g The five unpaired electrons i the sp*d hybrid orbitals pair up with {ive unpaircd -

. electrons, one from each of the five chlorine atoans.

6) Similgrities :
i) Both have sp* hybridised carbon atoms.

- if) Both have bond angle of 120_“._

DlSSlmilaﬂtIC'i :
i) Carbon- carbon bond lengths ate different in the two molecules.

. .it) Ethylene has localised 1 electrons while benzene has a delocalised m electron
structure.

Terminal Questions . , .

1) Molecular wave functions are formed and E vs & curves ate drawn. The wave
function giving E and R values, agreeing closely with experimental bond energy
and bond distance, is taken as the acceptable wave function. The structural
features assumed in arriving at the wave function are assumed (0. be correet.

2) i) H,C ~ CH = CH,

spt sp sp? _ g .
i XN C=CH ;all the carbon atoms of benzene ring are sp* hybridiécd.
sp sp

- %4 Z
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iii) HyC—C—0OH

o' st
3) Tetrahedral on the basis of both the concepts.
) @F T ©@F @@T (eF
5) sp hybridisation; its structure is linear.

n

- 6) The bond lengths are given in Table 4.4,

CH; — CH; ~ CH = CH, . Cy— C, 134 pm;
7 G- Cyi54pm.

CH;—CH=CH-CHy G- G150 pm;
4 3 2 1 . Cy—C3 134 pm;

Cj, - C4 150 pm.
h 7) Carbon atom is sp hybridised. ' n

LI




UNIT 5 MOLECULAR ORBITAL THEORY .

. Structure'
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5.2 Molecular Orbital Theory
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5.6 Summary
5.7 Terminal Questions
5.8 Answers

5.1 INTRODUCTION

You have learnt in Units 1 and 2 the basic concepts of atomic structure and you know
that the electrons occupy different orbitals namely s, p, d, and f, depending upon
their energy. These orbitals are filled up in accordance with various rules like Pauli's
exclusion principle, qufbau principle and Hund's rule. Let us now extend these ideas
to molecules and try to understand the molecular structure on the basis of formation
of molecular orbitals, When we talk about molecules, we know that molecules are
made of atorhs and in a molecule, the constituent atoms are held together by forces
of attraction. In ionic compounds, these fcrees of attraction are electrostatic in
rature. In case of covalent molecules, the atoms share the electron pairs. Tn'the last
unit, the formation of covalent linkage has been explained on the basis of valence
bond theory. You will now study an alternative approach for the formation of
molecules which is called Molecular Orbital Theory. Here you will learn how
electrons are assigned into various molecular orbitals in homonuclear and
heteronuclear diatomic molecules.

Cbjectives '

. After studying this unit, you should be able to :

® state the principles of molecular orbital theory and linear ccmbination of atomic
orbitals,

o define bonding, antibonding and nonbonding orbitals,

® jliustrate the various combinations of s and p orbitals with diagrams,

® write the various molecular orbitals in a homonuclear diatomic molecule 1ccordmg
to the increasing order of energy and draw their energy level diagram,

® state the molecular orbital configuration for simple homonuclear diatomic
molecules, and ' '

® predict the electron configuration for simple heteronuclear diatomic molecules.

5.2 MOLECULAR ORBITAL THEORY

A molecule is defined as a stable combination of two or more atoms. By stable
corbination, we mean that when two atoms form a molécule, the encrgy of the new
entity is less than the sum of the energies of the isolated atoms. In case the atoms
constituting a moleculé¢ are identical, they form the homonuclear molecules and
examples are molecules of various elements, like H,, N and O,. In other cascs..
when the atoms constituting a molecule arc of different elements, they form
heteronuclear molecules; examples being the molecules of compounds, like HCI and
H;0. Molecules of varying complexities exist in nature including the simple ones likc
CO,, 80O,, CH,, NH; and the complex polyatomic molecules like proteins and 7
carbohydrates. Whatever be the nature of molecules, they are built up from the atoms
according to certain basic laws. In the last unit you have already read about the
valence bond approach. Let us now study the molecular orbital theory which also
deals with the formation of the molecules from the atoms from a different angle.




Consider a system in which the nuclef are in their equilibrium positions and the Molccular Orbital Theory
electrons occupy the molecular orbitals. These molecular orbitals are similar to
atomic orbitals. The procedure for constructing the molecular orbitals is given below :

1) The molecular orbital will be polynuclear, i.c., it will be associated with all the
‘nuclei present in the molecule and'the wave function for the molecular orbital will
have the same significance that it has for the atom, i.e., ¢ dr is proportional to
the prohability of finding the electron in 2 given volume dr. Ea¢h electron is placed
in a molecular energy level or orbital which is determined by the sets of various
_Quantum numbers.

2)Each molecular wave function corresponds to a definite energy value and the sum
of the individual energies of electrons in the molecular rbitals, after correction for
interaction, represents the total energy of the molecule. :

. 3) The electrons occupy the available moelecular orbitals one at a time; the lowest
energy molecular orbital being filled first. In assigning configuration to the
electrons, the aufbau principle and Hund’s rule ar. applied. Also, according to the
Pauli's exclusion principle, each molecular orbital can accommodate a maximum
of two electrons, provided their spins are opposite.

We can write Schrddinger equation for molecules also, as in case of atoms. Again,
the exact solutions cannot be obtained and some approximations are to be made.
There are two approximation methods, one is linear combination of atomic orbitals
or the LCAQ method and the other is United Atom method. We will study only the
LCAO method.

5.2.1 LCAQ Method

Consider two atoms A and B having atomic orbitals of similar energy and described
by the wave functions ¢, and i, respectively. When these atoms form a bond, the
electrons of the atoms occupy molecular orbitals. These molecular orbitals can be
written using linear combination of atomic orbitals. The number of molecular orbitals
produced is always equal to the sum of the rumber of atomic orbitals involved.
tence, we can write the mzlecular orbitais as

sy = Wa + Yig - - (8.1)

Vi = o — . {(5.2)

where 'g* stands for gerade (even) and ‘u’ for ungerade (odd). The letters g and u
refer to the symmetry of the orbitals about its centre. If the sign of the wave function
yis unchanged when the 9-%ital is reflected about its centre (i.e., axes x, y and zare
replaced by -.x. —y and —z). it is called gerade. If ycu recall the types of atomic orbitals
. from Unit 2 {Fig. 2.11), vou will agree that s orbita; is symmetrical about}:_tsﬁ_centre;
hence it will be gerade. Similarlv, an ungerade orbital is one which changes sign on
reflection abou: the centre; for example, each p orbital having lobes with different
signs (Fig. 2.11, Unit 2) is ungerade. Can you guess about the d orbitals? Yes, they
are ull gerade: - . '
Let us assign a positive sign for Y. Then, Y may be positive or negative. Wave
functions of the samre sign represent the waves that are in phase and such waves
combine by constructive interference-to give a wave, whose ar_l_lphtude is the_ sum
of ¥, and ¢y at every point (Fig. 5.1a). Similarly, wave fun-tions of ODDO?C 5]';8“
represent the out of phase waves which on combination i cancel gach other by

destructive interferenc: (Fig. 5.1b). | o ,
Wave | / \//

\// _ /\.\
WA
I "f;z:) \-/7 b

. Fig..5.1 : Superposition of Waves (a) Constructive interference (b) Destructive interferente,

-
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When ¢, and ¢p having same symmeiry combine, the resulting molecular orbital
would be i, leading to aii increased electron density in between the nuckei. This is
called the bonding molecuing orbital and it is Jower in energy th... .- atormic orbitals

Y, and yp. Conversely, i,; will result when ¢, and 4, liaving different symmetry.. |

combine, resulting in zero electron density in between the nuclei. This type of

molecular orbital is known as the antibonding molecolar evbital and it is higher in

energy, as compareéd to the atomic ortitals ¢, and . We can represent these ideas
pictorially using Fig. 5.2. :

A
Atomie Molecular Atomic
_orbitals otbitals " orbitals
wiu}
N\,
. AN
@ ¢(A) 3 ¥ (B)
e A i 7
w | /
atom A A‘ ) atom B
ute)

Fig. 5.2 : Energy levels of niomiic and molecular orbitals.

The energy of the bonding molecular orbital i, is lower than that of the constituen?
1oiric orbitals by an amount A, known as the stabilisation energy. Similarly the
enzrey of the antibonding molecular orbital is higher by the same amount A, as
comparcd 1o the parent atomic orbitals. Let us now study how the various
combinudons of 5 and p atomic orbitals yield different type of molecular orbitals.

5 - § Combination of Orbitals

Consider the case of hydrogen molecule ion, H. This ion exists and can be detected
spectroscopically when hydrogea is subjected to electrical discharge under reduced
pressure. It has a bond length of 106 pm and a bond energy of 269.5k] mol™'. Here,
there are two protens and one electron; Y, and Y in this case are two 1s. orbitals.
Their linear combination will produce two molecular orbitals: one bonding and the
other antibonding. The single electron in the ground state occupies the bonding
orbital. You can visualise the shape of molecular orbitals formed by the combination
of two 1s orbitals as shown in Fig. 5.3.

Alomic orbitals IMolecular orbitals

T /"_4'.“\ o overtap
R < bonding orbital

10
-®

s —— | E 9 6 E ’ 7? overlap '
@ O ) antrigonding orbital
s 5

wu) H
Fig, 5,3 : 55 combination of atomic orbitals.

Ve represent the molecular orbitals formed from the 1s orbitals as o 1y end o* 1y
The former is a bonding orbital and the latter. an antibonding orbital. One typical
feature of ¢ orbitals is-that they are symmetrical about the molecular axis. The
electron probabihty dénsity graphs for bonding and antibonding com' s are
given in Fig. 5.4, '
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Fig, 8.4 ; (@) Individnal cléct_rm: densitics of 2toms A ard B and bonding orbital showing increased electron
density between the aioms A and B,

(b) Antibonding orbital showing decreased clectron dersity between !h:e atoms A and B,

s ~ p Combination of Orbitals

Next let us study the molecular erbitals obtained by the combination of 5 and p atomic
atomic orbitals. There are three cquivalent p orbiials for a given principal quantum
number, namely p,, p, and p,. An s orbital may combine with a p orbital, provided
that the lobes of the p orbital are pointing along the axis joining the huclei. Let us
first consider the § — p, combination. When the lobes of 5 and p, orbltals have the
same sign, the molecular orbital produced is bonding molecular orbital, whereas the
antibonding molecular orbital results when the lobes are of opposite sign (Fig. 5.5).
The other combinations, i.e., combination of s orbital with py and P: orbitals will be
discussed later.
Atomic orbitals

Malecular orbitals

o overiap
bonding orbital

%

s P, ' we)

N o* overlap -

\J\‘J antibonding orbital

<D

s ) 2, - )

Uin, 5.5 ; s-p, comnization of atomic orbitals,

.- You have already studicc i Unit 2 th. - and - signs of the orbitals refer to the
symmeztry of the wave fuiction and his @ othing to do with the electrical charges ;

because the electron cloud is always negadvely charged.

Note that the combination of s and p, atomic orbitals is also leading to & type of
molecular orbitals, as they are symmetric about the internuclear axis.

— p Combingiion of Orbiiais

As the two lobes of a p orbital are of oppositessign, the combination of two p, orbitals,
which have lobes pointing along the axis joining the nuclei, lead to o bonding as well
as o* antibonding orbitais depending on the nature of the signs of the wave functions,
Fig. 5.05.

Atomic orbitals Molecular orbitals

So¥a's o i
¥ig) |

2 b,
m/\\ £ \f\ - = .+ o overla;
UL/ \_/k/ @ (}O aniibondinglogbital e 'c
#Hu) .

v

Y

Fig

ia

5.5 : p. - p, combinations of aiomic orbitals. ) . B
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s—s5, s—-peand p,—p,
combinations lead 10 sigma bond
formation whereas p, - p, and
Pr— P combinations lead to pi |
bond formation.
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Lerus now focus our attention on the combination of two p orbitals which have their
lobes perpendicular to the axis joining the nuclei. Lateral overlap ¢ these orbitals
will result in the  bonding and #* antibonding molecular orh*~'s. Both p, and p.
orbitals form mand #* orbitals in the above fashion. In Fig. 5.7, the p - p combination
using p, orbitals is depicted. Similarly, you can draw the mand =~ orbitals using p.
orbitals. You are already familiar (Unit 4) with compounds like ethylene, acetylene
and benzene which contain 7 bonds. '

Atomic orbitals Molecular orbitals

7 overlap
bonding orbital

>

P, P, wu)
° ‘ @ Q x*overlap
—_—" @ @ antibonding orbital
P, P, wig) ‘

Fig. 5.7 : p, -~ p, combination giving pf bonding.

Similarly, a p orbital can overlap with a d orbital giving bonding and antibonding
combinations. The d — d combination of orbitals is also possible and it produces 8
bonding and 8* antibonding orbitals.

Upto this stage, you have learnt about two types of molecular orbitals viz. bonding
and antibonding. There is a third category called nonbonding molecular orbitals which
can be understood when we consider the combination of an 5 - p, ors—p,atomic
orbitals as shown in Fig. 5.8.

(£ o —

= s

s $
P, Py

Fig. 5.8 : s and p, combination of atomic orbitals leading to nonbonding situation;
s-p, combination s also similer.

In this type, any stabilisation from overlaping of + and + parts of atomic orbitals is
cancelled by the equal amount of overiaping betwsen + and ~ parts of atomic
orbitals. This evidently_indicates that there is no net change in energy and hence no
bonding occurs. Thus, this situation is called nonbonding combination of orbitals.

After studying various combinations of atomic orbitels, let us now sum up the rules
governing the linear combination of the orbitals.

Rules for Linear Combination of Atomic Orbitals

1) The constituent atomic orbitals mut be of similar energy, i.c., combination of 1s
and 2s or 1s and 2p orbitals will not give any effective combination in casc of
homonuclear diatomic molecules because they arc of different energy. However.

* such combinations may be possible in heteronuclear molccules, since the cnergies
of the orbitals of atoms A and B may become comparable in such cases. ¢.g., HF
molecule. .

2) The atoms must be close enough to give effective overlap, i.c., the ~zal
_ distribution functions R,y must be similar at this distance. You arc already famihar
with the radial distribution functions, discussed in Unit 2.

3) In order to produce bonding and antibonding molecular orbitals, cither the
symmetry of the two atomic orbitals must remain unchanged (as in the case.of
P, — p, combination) when rotated about the internuciear axis. or both atomic




orbitals must change symmetry in an identical manner ‘45 i the case of p,— p, or Modecular Orbits Theory
p. - p.combinations). For example, in Fig. 5.6 when p, orbitals are rotated along

the internuclear axis, no change in their symmetry is observed, hence the bonding

and antibonding molecular orbitals are produced as given in Fig. 5.6. But in the

case of p, - p, combination of orbitals leading to = bonding, if the p, orbitals (Fig.

5.7) are rotated about the internuclear axis, the atomic orbitals obtained after

rotation will yield the molecular orbital as shown in Fig. 5.9 (a). Similarly the

rotation for second possibility will yield the antibonding orbitals for the other

combination, Fig. 5.9 (b). '

Atomic orbitals ] Molecutar orbitals
. . ,.CDA 7 overlap
v " bonding orbital
®) <5
P.f pv . W(U)
(a)
° ° Q_ ] @ 7 overlap -
—_— @' '@ antibonding orbital
P B, (b #ig)

Fig. 5.9 : p, ~ p, combination after rotation of p, orbitals around the internuclear axis glving :
{a) 7 bonding orbital (b) »* antibonding orbltal.

SAQ 1

Assume that you are starting with two p, orbitals. Show the type of molceular orbitals -
formed under the hypothetical situation when only one of the two p, atomic orbitals
changes symmetry, on rotation, about the internuclear axis.

Various molecular orbitals have different energies and are represented by the four
quantum numbers similar to atomic orbitals. The principal quantum number, # and
the subsidiary or azimuthal quantum number, / are retained from the atomic orbitals
and have the same significance here also. But the magnetic quantum number, 7, is
replaced by a new quantum number, A. In case of diatomic molecules, the internuclear

axis is taken as the reference axis and the quantisation of angular momentum in

.units is represented with respect to this axis similar to the case of atoms. A can take
same values for molecules as m; has for the atoms, i.e., A = i..-2,-1,0,1,2,... 1
When ) = 0, orbitals are symmetrical about the internuclear axis and hence are called
o orbitals. When A = = 1, orhitals are known as = orbitals. Similarly, A = £2,
represents the -8 orbitals. The spin quantum number, s, is similar to that for the
atomic orbitals and can take the vaiues + 1/2.

The order of energy of molecular orbitals has been determined froin the spectroscopic
data. For homonuclear diatomic molecules the order of increasing energy is

2P, { T*2p, o*2

ols, a*ls, o2s, 025, 02p,, { 2p. "'f'ZPn P

The energy level diagram for homonuclear diatomic molecules is shown, in Fig. 5.10.

Here, the encrgies of the n2p,, and n2p, orbitals are the same nd hence they are called

degenerate orbitals. Similarly, #*2p, and #*2p, orbitals constitute another set of

degenerate orbitals. The energies of o2p, and 72p./r2p. orbitals are very closc to one

another; in some cases, the above order is reversed, i.e., #2p, or #2p, orbitals are

lower in energy than a2p, orbital. ' 101
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Alomic Molecular . Alomic
nrl:?itals Energy orbitals Energy orbitals
$ ’l—a_q'r\‘._ A
! \
l’ \
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Three 2p, | (/ \’ 2p, Three
degenerale : : degenerate °
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Fig. 8.10 ; Energy pattern for komonucleur diatomic molecules; although three 2p orbitals are degenerate, torr

i the sake of ciarity, p, has been shown slightly above p, and p, orbitals, :
SAQ 2
Fill in the blanks using appropriate words:

1) In case of ¢ overlap, the lobes of atomic orbitals point ...l
the internuclear axis whereas for « overlap, the lobes are
to the line joining the nuclei.

ii) In contrast to o orbitals, 7 orbitals have both ] and W
along the internuclear axis.

SAQ 3

Classify the following molecular orbitals as gerade or ungerade :

i) w7 bonding orbital
ii) o bonding orbital
itt) o* antibonding orbital
iv) «* antibonding orbital

5.3 HOMONUCLEAR DIATOMIC MOLECULES

By now, you are familiar with many details of the LCAQ method. Let us apply these
ideas to some simple homenuclear diatomic molecules, i.e., the molecules containing
both the atoms of the same nuclei.

I-l';molecular ion — As studied before, it has only one filectron, SO you can write its
molecular orbital configuration as ols'. This means, HY, ion has one electron in & Is
bonding orbital.

H; molecule -~ Each hydrogen atom contributes one electron. So the two electrons go
to the lower energy ols bonding orbital and the electron configuration can be written
as ols?. The bond energy of H, is 436 kJ mol-! and bond length is 74 pm. On

comparing these data with those of H' given in section 5.2.1, you will realise that

. placement of an additional electron in the bonding ols orbital of the H; molecule has

resulted in a more stable arrangement; hence. the bond energy of H, is more and
+

bond length is less than those of H7 ion. t




‘He? lon — Since He} has thize electrons, the configuration is ols?,

™

o*ls!. Here, one

" electron is in antibonding orbital and it reduces-the borid strength. The bond energy

in this case is 238 kI mol™! and the internuclear distance is 108 pm.

He, - Theoretically, each He atom contributes two electrons giving a-total of four
electrons which can be accommodated into the orbitals as ols?, o*is*.

Since both the. bonding and antibonding orbitals are equaliy fllled there is no net
decrease in energy as compared to the helium atoms and hence He, does not exist
under ordinary conditions.

We can introduce a term bond order here. As you know the two bonding electrons
constitute a bond; the bond order is given as one half the difference between the
number of bonding electrons (N,) and the number of antibonding electrons (Np), i.e,

Bond Order = Y2 (N, - N,)

For He,, Ny, and N, are both equal to two; hence bond order = 12 (2-2) = 0, i.e.,
there is no bond between the two He atoms and He, does not exist. However, He,
is detected in dlscharge tubes and {s formed there due to the promotion of two
electrons from o*ls level to o2s level. Thus, it has a configuration

als?, o2s%
which corresponds to higher energy than that.of two normal uncombined helium
atoms. But it appears to be more stable than two separate excited atoms.

Li; — Each lithium atom has two eiectrons in its inner 15 orbital and one in the outer
2s orbital, making a total of six electrons in Li, which can be arranged as

ols?, o*ls?, o2s°

The filled ols and o*ls molecular orbitals do not contribute to the bonding as
explained in the case of He;. The electrons in these orbitals could be collectively
represented as KK and hence the configuration of Li, is KK, o2s*. Here, bonding

occurs due to the filling of o2s orbital and Lis has been found to exist in the vapour
state.

Be, — Combination of four electrons from each Be atom leads to eight electrons in

Be, molecule which can be arranged as ols?, o*Is?, 025%,6°2%, or KK, 025%, c*2s.
Again, the effect of bonding and antibonding 2s levels would cancel each other, so
there is no net stabilisation and the molecule would not be expected to be stable.

B; — B, molecule hzs a total of ten electrons and the moelecular orbital configuration is

2 | 11'2p,

'\ m2p}
Note that the #2p orbitals here are lower in energy than o2p, orbital. Since 72p, and
w2p, are - dégenerate, they are singly occupied in accordance with the Hund’s rute.

Here, the stabilisation occurs due to the filling of #2p orbitals and B, molecule iz
known to exist. '

als?, o*1s?, 0'252 o"2s*,

C; molecule — It has 12 electrors, each carbon atom contributing six electrons to the
molecule. So filling of molecular orbitals can be represented as,

X 11-2p§
’ 1'r2p3

Here again, as in the case of B,, the #2p orbitals are lower in energy as compared

to o2p, orbital which is in contrast to the general order of filling of electrons in
molecular orbitals according to the sequence given before.

ols?, o*ls?, o25°, o*2s

N, molecule — Im the nitrogen molecule, there are fourieen electrons arranged in the
moleculur orbitals as,

. 2 _2

2 *1.2 2 A~ 2 2 TPy
Assuming that the inner orbitals do not participate in bonding, stabilisation will be
produced by filling six electrons in the bonding 02p,, #2p, and 72p, orbitals. Hence,
the bond order will be Y2 (N, = N} = t2 (6 -0) = 3.

Molocaiar Wmi Tosory

A utronger bond has higher
bond energy and lower bond
length.

In case of B, and C;, o2p, is of
higher encrgy as compared to ihe
w2p, and 72p, orbitals due to the
repulsion among 25 and 2p,
orbitals as they tend to cccupy the
same region of spece. This effect
decreases for the higher elements
and in O, and F, o2p, orbital is
of lower energy than 72p, and
2p, orbitals,
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Poramagnetic substances are
those which have unpaired
clectron spins and they have a
1¢ndency to be drawn into a
msagnetic ficld.
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O, — Each oxygen atom has eight electrons, making a total of sixteen electrons for

"the molecule, which can occupy the molecular orbitals as

‘ 2 2 ¢2 2
ds?, oI, s, o*2s?, op | "y [T Py
T*2p;

The 7*2p, and =" 2p, orbitals are singly occupied according to the Hund’s rule. Since
the two unpaired electrons have paraliel spins, oxygen is paramagnetic in nature.

- Bond order in oxygen molecule i$ two because there are six electrons in G2p, and #2p

bonding orbitals and two electrons in the #* antibonding orbitals.

F,— Flﬁorine molecule has a total of eighteen electrons and the filling of molecular
orbitals can be. represented as,

1‘.-2p3 1r"2p§
os?, oI5, 025", 027, azpf[wng,._{ s

'I_'hé inner shell is nonbonding and the filled bonding a2s, 72p,, =2p. orbitals arc
cancelled by their corresponding antibonding orbitals. This leaves only filled o2p,
orbital to contribute for bonding. Since there are two electrons in thg: bonding o2p,

orbital, bond order is one.

In Unit 3, sections 3.4.2 and 3.4.3, we have indicated that as the bond order increases,
bond length decreases and bond energy increases; the same principle has again becn
stressed in section 4.7 of Unit 4, Molecular orbital theory predicts bond orders of
fluorine, oxygen and nitrogen as 1, 2 and 3, respectively. You can see from Table 5.1
that this prediction is in keeping with the bond length and bond energy values of the
molecules. . ,

Table 5.1 : Bond Length, Bond Energy and Bopd Order

Molecule - - Bondorder o Experimentzl Values
© asper M.O. Bond Length Bond Energy |
theory - {pm) (kJ mol™)
F, ' 1 144 155
0, ' 2 121 17
N, 3 [10 PEN
SAQ 4

Calculate the bond order for the foilowing :
a) HY b)Y H, and c¢) Hej.

SAQ §
Which of the following is paramagnetic and why?
a) 0, b).O% :

5.4 HETEkONUCLEAR DIATOMIC MOLECULES

The principles which apply to the homonuclear molecules are valid for heteronucicar
molecules also. You may recollect that heteronuclear molecules contain two different
nuclei. To form the molecular orbitals, the atomic orbitals must have

1) similar energies
2) charge clouds that overlap as much as possible, and
3) the same symmetyy properties with respect to the internuclear axis. .

. Let us consider HF molecule. The electron configuration of the constituent atoms are

H 1
F  L%2%9p°




The inner 1s and 2s electrons of fluorine do not participate in bonding since they are
much lower in energy as compared to the 1s orbital of hydrogen. The effective
overlap is possible between 1s orbital of hydrogen and only 2p, orbital of fluorine
because the 2p, orbital points along the internuclear axis. This leads to the bonding
and antibonding molecular orbitals as shown earlier in Fig. 5.5 for 5 — p, combination
-of orbitals. The other possibilities, i.e., s ~ p, and 5 - p, combinations will lead to the
nonbonding situation as was shown earlier in Fig. 5.8. Thus, we can write the
configuration of ten available electrons in HF molecule as,

gls?, o*ls?, 2s%, o*2s%, a'2p,,2

As the electrons in the inner ols and ¢”1s orbitals do not participate in bonding and

02s orbital is cancelled by the filling of o* 25 orbital; the two electrons in the bonding
o2p, orbital lead to the bond order of one.

Bond Order = 2 (N, - N,)
=1 (2-0)=1.

Let us next consider CO molécule. Carbon and oxygen atoms supply six and eight
electrons, respectively, making a total of fourteen electrons which can be arranged as

2
2Py, .

ds?, o*Is?. 0282, 0*2s%, { gt OO0
. z

Again, the inner electrons do not contribute to bonding and o2s° orbital is cancelled
by o*2s*. We are now left with six electrons in the bonding o2p,, 72p, and 72p,

orbitals. This leads to a bond order of 3. Here, due to different electronegetivities of
carbon and oxygen, the constituent atomic orbitals are of different energies, i.c., the

2s atomic orbital of oxygen is lower in energy than the analogous carbon orbital,
Fig. 5.11. ' '

Carbon atom ‘ Molecular Oxygen 'atcfr;:
atomic orbitals  Energy orbitals Encrgy atomic orbitals
4 / a*2p, .—\\ )
! i
! !
‘l! }“'ZP

- I -
4 /s x2p, N
degeggmztg . 2, d ’ \\ \
orbitals | 2P,.2p, ='o:_—_-(\ \! :1 ] | 2p, Three
N\ / 1 degenerate

2p,.2p, | orbitals

¥ 25
2 - - | l N
s l , I? < \

N —>-_4| 2s
as
a*ls
\
N Is
cls
X, > X,

(4] C

Fig. 5.11 : Molecular orbitals for. o_gzbnﬁ monoxide.

Note that th= bonding #2p orbitals of Carbon monoxide are lower in energy than the
o2p, orbial, :

In case of NO molecule nitrogen has seven electrons and oxygen has eight electrons.
So, the NO molecule has a total of fifteen electrons for which the molecular orbital

Molecular Orbita) Theory
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configuration can be given as. '
_ w2p? (72}
2 ¥ Y
as?, 1%, 2%, 0257, oflp, { w22k [ o’
The energy pattern for this molecule is shown in Fig. 5.12.
Atomic orbitals Molecular ' Atoiitic otbitels
of nitrogen Energy orbitals Energy,, of oxygen

4 =5

Three
degenerate
orbitals

2p, . - \
2p,.2p,

[ A 1/::.

\
N " n
. 2 ree
— Z p,z | degenerate
\ F 2P,.28, | orbitals

2 —1——1;—-(" L-zsli N . ,
\ q | ,x._ﬂ'_t_' 2
als :

Is —+—-b-—<‘ *isy -
a. Y

Flg. 5.12 : Energy pattern for NO molecule,

SAQ 6
a) Calculate the bond order of NO molecule.

5.5 COMPARISON OF VALENCE BOND AND

MOLECULAR ORBITAL THEORIES

- You have studied in the last unit about the valence bond theory-and you are now

familiar with the molecular orbital approach also. Let us now compare these two
approaches. The principles which govern the filling of orbitals in both the theories

_are same, i.e., Hund’s rule and aufbau principle. The valence bond theory retains
_ the individuality of the atoms but the bonding is described in terms of the pairing of -

unpaired electrons. The molecular orbital theory states. that molecular orbitals are
formed by the linear combination of atomic orbitals. These molecular orbitals ard
similar to the atomic orbitals but they encompass all the nuclei and hencg are - '
polycentric in nature, Thus, according to this.approach the atoms do not retain their

individuality and all the nuclei are assumed to behave as a single unit around which




the clectrons are present in molecular orbitals. This approach uses the linear Melecular Orbltal Theory
. combination of atomic orbitals or the LCAO method, whereas the valence bond “The molecular orbital
approach utilises the resonance and hybridisation concepts to explain the structures treatment gives an equal

of molecules. However, unlike the valence bond theory, the molecular orbital theory weightage 10 the ionic and
expiains the paramagnetic character of oxygen molecule on the basis of the presence covalent structures, whereas

of two unpaired electrons. in valence bond treatment,
the contribution of ionic and

covalent structures is not
equal.

5.6 SUMMARY

You have learnt in this unit about the molecular orbital theory which involves the
linear combination of atomic orbitals to give molecular orbitals. You studied about
various combinations of s and p atomic orbitals to yield bonding, antibonding and
nonbonding orbitals. Then a description was given regarding the energies of these
molecular orbitals and their filling. These ideas were applied to various simple
homonuclear and heteronuclear diatomic molecules and electron configurations were
assigned to them. The electron configurations were used to calculate the bond order
and comparative stability in some cases. Finally, we compared the valence bond
approach which you studied in the previous unit, with the molecular orbital theory.

5.7 TERMINAL QUESTIONS

1} Draw p, - 4,, bonding and antibofxding molecular orbitals,

2) a) Define bond order.
b) Calculate the bond order for the following :
i) Hel* iy Li;
iii) B, iv) C;
3) Arrange the follpwing in increasing order of stability : O,, 03, 037, 0.
_ 4) Write molecular orbital configuration of Na,.

5) Discuss the molecular orbitals of the HCI molecule, considering that the Is, 25, 2p
and 3s atomic orbitals of chlorine are of lower energy as compared to Is atomic
orbital of hydrogen.

5.8 ANSWERS . | *

Self Assessment Quescions

])_ Atomic orbitals
° Rotation of one of
. the & orbitals
: . about the
interrv:lear axis.
P 3 :

¥

@ x* overlap
@ antibonding orbital

g

When only one p, orbital changes sign on rotation as shown in figure, the resultant
combination will lead to the antibondirg situation.

~

2) i) along, perpendicular

i) Zero
3} i) Ungerade ii) Gerade
iii) Ungerade iv) Ungerade

4y ()i (B 1 (c) V2

O, has two unpaired electrons

2 2 02 1
5) 0; - ols?, o*Is?, @257, 2%, 0'2}')?'{ P} [ TPy

m2p3’| m2pl’
and hence, paramagnetic. Similarly. ' 107
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w2pl [ w*2p;

OF - ols?, o*Is?, o2s?, o*2s, UZpE{ w2p?, | wi2p? » O% has no vapaired electron
' z

“and hence, not paramagetic,
6) a) 2.5

b) Paramagnetic due to one unpaired electron”in m*2p, level.

Terminal Questions

1)

Alomic orbitals

Molecular orbitals

r overlap
bonding orbital

antibonding orbiial

2 @ 7+ averlap
G1-)

P, d‘y ’ wig)

2) (a‘ k is half the difference of number of electrons occupying bonding and
.antibonding orbitals.

Py @1 Gy 1 Gyl (iv)y 2
3) 03 < 0; <0, < 03,
Ca'culate first the bond order which is as follows :

0,~-2,0%-2.5 03 -1.5 0,5 -4
and then arrange according to increasing de order.

4) Nay : KK, LL, 0352

5) Out of the three available 3p orbitals of chlorine, the combination of 3p, dr 3p,
orbital with Ls orbital of hydrogen will lead to the nonbonding situation. Hence,
effective overlap is possible only with 3p, orbital. Here, all the atomic orbitals ot
chlorine except 3p, will retain their original atomic orbital status and electrons in
3s, 3p, and 3p, orbitals will be regarded as nonbonding lone pairs. The
combination of Is and 3p, atomic orbitals will give a bonding orbital which is .
occupied by the two electrons; and the corresponding antibonding orbital is
empty. Hence, bond order is one in HCI according to molecular orbital theory.

i
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Table of S1 Units

) ! Physical quantity Name of the Unit Symbo!
Length, Wavelength _metre
Area © metre? 2
Volume metre? o
Mass | kilogram kg
Time second s
Density kilogram metre™ kgm™
R Velocity metre second™! ms™
Acceleration metre second ™ ms?
Force newton N=kgms?
Work, Energy joule T =kgm?s?
=Nm
Frequency hertz Hz =g
' Tempéralurc kelvin K
_ Amount of a substance mole _ mol
Electric charge coulomb C :
Electric poéential_difference‘ volt . v
Dipole moment. couloemb’metre Cm
Table of Physical Constants
‘T Physical Constant - . Symbol | Value
Speed of light in vacuum o 2998 x 108 ms™ o
Permittivity of free space €@ 8.854 x 102 N'm?
- 1ame, 8.988 x 10° Nm?C?
Charge of the prot.on € 1.602 % 107 C
Charge of the electron - — -1.602 x 1% C
Planck’s constant R 6.626 X 107415
Mass of the electron - .m 9.109 < 10 kg
Avogadro constant - N, 6.022 x 10" mol”'
Universal gas constant R 8.314 JK! mot™
Boltzmann constant k 1381 x 102 J K
Greek Alphabets ‘ )
A a Alpha M- v Nu
B B Béta = £ Xi
r ¥ Gamma 0 o Omiqén
A 5 Delta. 1 B
E . € ]:.'_.ps-_ildn P ' #.  Rho
z ! Zeta | $ - o ' Sigina
“H 7 Eta T -r Tau .
e 6 Theta Y v " Upsilon
i i fota ¢ ¢ Phi.
Kappa X X Chi
A A Lambda ¥ P Psi
M ° Mu [H @ Omega
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Long Fbrm of Periodic Table

1 2 3 4 15 6 7 8 9 Ju ] u] 2] v |w] 5] wf 17 IF
IA A | mBfiveB | VB | VIB| VIIB VIIIE 1B | 1B} mwaA [IVA] VA | VIA| VIIA [viIA
I {s-block) p-block clements
1 ' 2
H He
j.008 4.003
3 4 s ) o6 7 8 9 10
Li Be B C N o] F Ne
6,941} 9.012 10.81 | 12.01 | 14.01] 16.00 | 19.00 | 20.18
11 12 | d—vmm———v——o d-block clements > | 13 14 15 167 17 | 18
Ne | Mg Al Si P s Cl Ar
2200 24.531 26.98 | 23.00 | 30.97] 32.06 | 35.45 £39.95
| 200 at | 2] 3|2 Jas | 2| o] w30 fa | 32| 3| s} |
K Ca | S| Ti v | o« {Mal Fe| Co] Ni | cu | Zn | Ga | Ge | As{ Sc | Br | Kr
30.10] 40.08 | 44.90 | 47.90§ 50.94 | 52.00 | 54.94 | 55.85 | 58.93 | 58.71 | 63.54 |65.37 | £9.72 [ 72.59 | 74.92 78.96 | 79.91 | 83.80
I _
37 38 39 4 | 41 42 43 44 | 45 46 47 48 49 50 51 s2 | 53 54
Rb | sr Y Zr | Nb [ Mo | Tc { Ru | Ru | Pd | Ag | Cd | In | Sn | Sb | Te I Xe
85.47] 87.62 | 88.91 | 91.22 ] 92.21 |95.94 |98.91 J101.67]102.91] 106.6 {107.871112.40 }114.82 |118.691 121.75] 127260 | 126,90 |131.30
55 56 57 72 73| ™ 75 % |.77 18 79 | 80 81 82 83 84 | 85 86
Cs Ba La* HE | Ta w Re Os Ir Pt Au Hp T Pb Bi Po At Rn
132.91) 137.24 [138.91|178.49 180.95 |183.85 | 186.2 | 190.2 | 172.2 | 195.09{197.97{200.59 |204.37 [207.19| 208 98] 210 | 210 | 222
47 88 g9 | 104 | 105 |16 {107 | 108 | 109
! Fr Ra |Ac*® {Ung | Unp |Unh Uns {Uno | Une
223 | 226.03 R27.03
& F-block elements >
58 59 6 | 61 62 | 63 64 65 66 67 68 69 70 | 7
. anthamdes  — Ce Pr Nd Pm | Sm Eu Gd Th Dy Ho Er Tm Yb Tu
140.12| 140.91 | 144.24] 146.92 |150.35 | 151.96 [157.25 | 158.92| 162.50}164.93 | 167.26 | 16897173 93 |1~
%0 91 92 03 94 | 95 96 | 97 98 99 | 10 | o | o102} wd
™ Actinides - Th | Pa U Np [ Pu { Am | Cm | Bk Ccr Es Fm | Md [ No Lr
232,041 231.04 1238.03 ] 237.05 | 239.05 | 241.04 {247.07] 249.08] 251,08 | 254.09 | 257.10| 258.10] 255 | 287 )
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}..___,___ M
. differences _
61 2 i 4 5 6 7 8 Y T3 I456789
16 00DO 0043 0085 0128 0170 0212 0253 0294 0334 0374 4 8 .12 17 21 25 29 33 37-
11 0414 0453 0492 0531 0569 0507 0645 0682 0719 0755 4 8 11 35 1923 2% 30 M
2 0792 (B28 0864 0899 0934 0959 1004 1038 1072 1106 3 7 1034172124283
{3 1139 1173 1206 1239 1271 1303 1335 1367 1399 143¢ 3 6-1013 16 19 23 26 29
DI 1481 1492 1523 1553 1584 1614 1643 1673 1702 1732 3 6 9 12 15 18 21 24 27
15 1761 1790 1318 1847 (875 1903 193! 1959 1987 2014 3 6 8 1114172022735
T16 2041 2068 2095 2122 2148 2175 2201 2227 2253 2279 3 05 8 1113 36 18 20 4
172304 2330 2355 2380 2405 2430 2455 2480 2504 2520 2 § 7 10 12 15 17 20 22
16 2553 2577 2601 2625 2628 2672 2695 2718 2742 2165 2 5 1 912 14 16 19 2|
19 2788 2810 2833 2856 2878 2900 2923 2045 2967 2089 2 4 7 9 1113 1618 20
20 I0L0 3032 2054 3075 309 3118 3136 3160 318! 3201 2 4 6 § 11 13 15 17 19
23222 3243 0263 3284 3304 3324 3345 3365 305 3404 2 4 6 B8 10 12 14 16 18
A2 3424 3444 3463 3483 3502 3522 3541 3550 3579 3598 2 4 6 B 10 12 14 15 17
23 3617 3636 3655 3674 3692 3711 3729 3747 3766 3784 2 4 6 7 9 11 13 15 17
24 3802 3820 383R 3836 3874 3892 3009 3927 3945 3962 2 4 5 7 04112 14 16‘
25 3979 3957 4014 Q031 4048 4065 4082 4039 4116 4133 2 3 5 7 91012 i4 15
25 4150 4166 "4183 4200 4214 4232 4249 4265 4281 4298 Z 3 5 T 870 11 13 15
27 4314 4330 4346 4352 4378 4393 4409 4425 4440 4456 2 32 5 o 8 % I 13 14
28 M7 4457 4502 45IS 4533 4343 4564 4579 4594 4609 2 1 5 6 8 © 1112 15
4624 4630 4654 4669 4683 4698 4713 4728 4742 4757 L 3 4. 6 79101213
24770 4TB0 4800 4814 4829 4343 4857 4671 4886 4900 1 3 4 & 7 9101113
A1 4914 4928 4042 4YSS 4060 4933 4997 SO11 Su24 SO38 1 3 4 6 7 810 11 12
325051 5065 5079 5092 5105 5110 5132 5145 5180 S172 § 3 4 57891112
33 5185 S198 5211 3224 5237 5250 3263 5275 5289 5302 1 3 4 5 6 8 91012
35 35315 5326 5340 5353 5366 5378 5391 5403 5406 5428 1 ;-4 36 8910101
35 5441 5453 5465 5478 5490 5502 5514 5527 §539 5551 1 2 4 5 6 7 91011
36 5563 5575 5587 SS09 5611 5523 5635 5647 S658 5670 1 2 4 5.6 7 §10 11
370682 5694 5705 5717 5729 570 S752 5763 S775 S784 123 5678 910
38 5798 s8B9 5821 5832 5843 3855 58665 5877 5883 5899 1 2 3 5 § 7 8 910
39 59f1 5922 5933 5944 5955 5966 5977 5988 5999 6010 1 23 4578910
40 6021 G031 6042 603 6064 6075 6085 6096 6107 6117 1 2 3 4 5 6 8 910
416128 6138 6149 6160 6170 6180 6191 6201 6212 6222 1 2 3 4 56 7 8 9
42 6232 5243 6253 6263 6274 6284 6294 6304 6314 6325 1 Y 4 56 780
43 6335 6345 6355 6355 6375 6385 6395 6405 6415 €425 1 3 4561789
A 0435 6444 5454 A6 64d G4B4 6493 6303 6513 6522 ' 7 a 5§67 8 ¢
45 6532 6542° 6551 6551 6571 6580 6590 6599 6600 eniy 1 2°3 4 5678y
4 6623 6637 66i6 6656 6665 6675 6684 6593 6702 4712 b 2 345677 &
47 6721 673G 6739 6749 6738 6767 &776 6785 6794 %03 | 2 34556 74
48 6BI2 0821 GBID 6220 6345 6857 6866 6875 6884 w3 ! 2 1445675
4 6902 6911 6920 69I8 6937 6946 OS5 6064 6572 941 1 i 4456 7R¢
S0 6990 6998 7007 701G 7024 033 7042 . 7050 7059 7067 ! 2 3 3 4 5.6 7 8
51 7076 7084 7G93 7i01 7110 7118 7126 TI35 7143 7152 1 2 3 3 4 56 7 8
52 7160 7168 7177 7185 7153 7202 7210 218 76 /S 1 2 2 3 4 56 771
53 7243 7251 7259 7267 7275 7284 7292 7300 7308 T36. I 2 2 3 4 566 7
S 7324 7332 7340 738 7156 7364 7373 7380 7388 122 34566 7
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Antilogarithms
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Structure of Matusr
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diffcr-cngcs

o 1 2 3 4 § 71 8 9 7715 6 79
S0 3162 3170 3177 3184 3193 3199 3206 3214 3221 308 1 1 25 4.4 5 6 7,
S1 3236 3243 3251 3258 3266 .3273. 3281 3289 3296 3304 [ 2 23 4 5 56 7
2 3311 3319 3327 3334 3342 3350 3357 3365 3373 3381 [ 223 4 5 5 67
53 3368 3396 3404 3412 3420 3428 3436 3443 3451 3450 1 2 23 4 5 6 67
54 M6T 375 3483 3491 3499 3508 3516 3524 3532 3540 1 2 23 4 5 6 6 7
85 3548 3556 3505 3573 3581 3589 3597 3606 614 3622 1 2 23 4 5 6 7 7
56 3631 3639 3648 3656 3664 3673 J6B1 3690 3690 3707 1 2 3 3 4 5 6.7 8
57 3715 3734 373 AL 370 3758 3767 377673784 D793 1 2 3 3 4 5 6 7 ¥
58 3802 3811 3819 3828 3837 J8d6 3855 3864 3873 382 1 2 3 4 4 5 6 73
59 3800 3899 3908 3917 3926 3936 3945 3954 3963 3972 1 2°3 4 5 5 6 7 8
60 3981 3090 3099 4009 4018 4027 4036 4046 4055 4064 1 2 3 4 5 6 6 ) 8
61 4074 4083 4093 4102 4111 4121 4130 4140 4150 4159 1 2 3 4 5 6 7 89
€2 4160 4178 4188 4198 4207 4217 4227 4236 4246 42561 2 3 4 5 6 7 8 9
&3 4266 4276 4285 4205 4305 4215 4325 4335 45 4355 1 2 3 4 5§ 7 B9
64 4365 4375 4385 4395 4406 4416 4426 M35 A6 MST 1 2 34 5 6.7 8 9
66 M6 4477 4487 4495 4508 4519 4529 4539 4S50 4560 1 2 34 5 6 7 B9
65 4ST1 4581 4592 4603 4613 4624 4634 4645 4656 4667 1 2 3.4 5 6 7 910
67 4677 4688 4609 471D 4721 4732 4742 4753 4764 4775 1 2 3 4 57 8 910
68 4786 4797 4808 4819 4831° 4842 4853 4854 4875 4887 [ 2 3 4 6 7 8 Y I
69 4898 4000 4920 4932 4943 4955 4966 4977 4989 S00O 1 2 3 576 7 ¥ 910
70 5012 5023 5035 SO47 S058 5070~ 5082 5093 5105 S117 1.2 4 5 6 7 8 91l
A 5129 S140 5152 Sled 5176 S188 5200 212 5224 5236 1 2 4 56 7 81071l
71 5248 5260 5272 5284 5297 5309 5321 5333 5346 5358 1 2 4 576 7 S1011
73 5370 S383 5305 5408 S420 5433 5445 5458 S470 5483 1 3 4 56 8 9101l
74 5495 S50 5521 5534 S546 5559 5572 5583 5598 5610 13 4 5 6 8 91012
T5 S623 563 SEA9 S662 SGTS 5689 ST02 SIS 578 571 13 4 5 7 8 91012
76 5754 $768 S781 S794 S80S 5821 5034 Sg48 5861 5875 -1 3 4 5 7 8 91l i2
77 5888 S902 SO16 5920 $943 5087 S970 5984 5998 602 1 3 4 5°7 B1OLII2-
78 6026 6039 6053 6067 BOS1 6095 6109 6124 6138 6l 1 3 4 6 7 8101113
9 6166 6180 6104 6209 6223 6237 6252 6266 G281 6205 1 3 4 § T 9L
B0 6310 6324 6330 6353 6363 6393 6397 6412 6427 62 1 3 4 6 7 910121
B . 6457 €71 6486 6501 6516 6531 6366 G361 6577 6552 2.3 5 6°F H111214
W 6607 6622 €537 6653 6668 6603 6699 €714 6730 67452 3 3 % 8 9111214
‘W3 6761 €776 6792 6808 6323 6839 6855 6871 6887 6902 23 5 6 8 ¢ 11134
84 018 6934 6950 6966 6982 6998 7015 7031 7047 7083 2735 6 810131315
85 7070 7086 Titz 7120 7145 Ti6Y 7178 719 721 7228 2 3 5 7 £101213 15
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‘87 7413 7430 7447 7464 7482 7499 7516 7534 7551 7568 2 3 5.7 90121416
‘58 7535 7603 7621 7638 7656 7674 7691 TR TI2T 75 -2 4 5 7 911121416
‘s9 7762 7780 7798 786 79347 7852 7870 7889 7807 925 2 4 5 7 9111314136
60 7943 7962 7980 7998 .8017 8035 8054 8072 8091 8110 2 4 6 7 91131517
‘01 Bi28 8147 8166 8185 8204 B222 8241 B260 8279 8299 2 4 6 & 911131517
‘93§38 8337 B3S6 8375 8395 -8414 8433 BAS3 B4T2 8492 2 4 & S 101214317
93 8511 853} 8SS1 8570 BS90 8610 BS30 8650 8670 8690 2 4 6 8 101214 16 18
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BLOCK 2 STRUCTURE OF MATTER- i

In Block 1. we st'*rted with the ideas of Democritus and Dalton that matier is composed of
tiny indivisible particles, called atoms; we then described the development of the theories of
aioms and molecules up to the recent times. In this block, which starts with Unil 6, we
shall describe some of the physical methods which a chernist uses to determine the structure
of molecules and also present some degree of validity of the models of bonding discussed in
Biock 1.

The physical methods commenly used for investigation of chemical structure are as follows :
i} Methods based on electrical, magnetic and optical propetties

ii) Spectroscopic methods

iii) Mass spectrometry

iv) Diffraction methods (using X rays.lelectron and neutron).

Of the above, we ke up only methods (i) and (ii) in this block. The diffraction methods
will be taken up in the physical chemistry course and mass spectrometry in the course on
spectroscopy along with a detailed account of all the spectroscopic methads.

In Unit 6, we dirzuss methods of deriving structural information based on electrical.
magnetic and eptical properties of matter. We explain how the electrical charges and
magnetic moments of the molecules respond to the applied electrical and magnetic fields.
The study of such responses can provide valuable information about the st .:tire of
molecules. The interaction of some types of molecules with plane polaris=d light has also
been discussed.

In Block 1, we described atomic spectroscopy and showed how the frequency of the light
absorbed or emitted by an atom is rzlated to the energy difference between the quantum levels
of the atom. Spectroscopy is now widely used for the study of the energy levels of the
molecules; this particular branch s called molecular spectroscopy. We shall study in Units 7
and 8, how microwave, infrared, ultraviolet and visible spectra can be used io obtain
inforration regarding bond length, moment of inertia, force constant and aspects of
molecular structure..-

In Unit9, we discuss some aspects of nucTéar chemistry, such as nuclear reactions,
radioactive decay series, nuclear energy, uses of radioisotopes and biological effects of
radiation. Thiis discussion combined with what we'trave said about the electronic arrangement
in atoms in Units 1 and 2, gives us a complete perspective of the atomic siructure.

In short, we describe the structural feazures »f atoms and molecules along with elementary
aspects of some physical metheds usefu in verifying the same.

After studying this block . you should be able to :

e explain the importance of electrical, magnetic and optical characteristics in assigning
structure to moleciiles,

e describe the principles of microwave and infrared spectra with reference to the calculation
of bond length and force constant;

o  state and explain Beer-Lambert law,

e discuss the importance of ultraviolet and visible spectroscbpy in the study of conjugated
molecules, and '

e explain the main aspects of nuclear chemistry.
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6.1 INTRODUCTION

The molecules do not move with identity cards, although for our convenience, we would like
them to ! However, the molecules don't feel shy to “send” a coded message indicating their
building plan and architecture (i:e., bond length, bond angle drd spatial zrrangement), ifa
proper situation is created, By situation, we mean exposing the moleculas 1p an eVLy
source such as electric fizld, magnetic field or electromagnetic radiation (i.2., light). The
choice regarding the energy type and its intensity depends on the nature and the capacity of
the molecule. to interact, In this unit, we discuss three of physical characteristics of the
molecules. namely, dipole moment, magnelic susceptibility and specific rotation as an index
for the ability of the molecules to interact with electric field, magnetic field and (plane
polarised) light, respectively. These three parameters are studied to understand their
apphcanon in obtaining information regarding molecular structure.

In the next two units, we will take up the spectroscopic methods for unravelling the
structure of the molecules, The idea of dipole moment of molecules is necessary. to
understand spectroscopic transitions.

The development of the theories regarding dipole moment and magnetic susceptibility is
based on the analogy between the behaviour of an electric dipole in an electric field and a
magnetic dipole in a magnetic field. In order to help you understand this treatment without
breaking the continuity in the unit, electric and magnetic parameters along with 81 units are
explained in the Appendix. You are advised to get familiarised with these
parameters and the SI units before going through this unit.

Objectives

After studying this unit, you should be abie to: -

define a polar and a nonpolar molecule,

define and explain the term dielectric constant,

explain the term dipole moment agd describe its expgrimental determination,

calculate the percentage ionic chaszcter in polar molecuies,

estimate the bond angle in simple polar molecules,

explain three types of magnetic behaviour of substances.

correlate the paramagnetic molar susceptibility of a substance to the electron

_ configuration, -

o compare the experimental and lheoremal molar dizmagnetic suse:ptibility values of a.
substance. as a test for the structure assigned. and

e calculate the specific rolation of an optically active substaice,

e 9 20 9 % 0
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Polarity in a chemical bond is due to
the difference in electronegativity

between the atoms forming the boad,

B+H___Fa-

The unit for capacitance is farad (F).
1F=1Cv-!

6.2 POLAR AND NONPOLAR MOLECULES

In Unit 3, you studied the theories of bonding in detail. In homonuclear diatomic molecutes,
like hydrogen or chlorine, the electrons are shared equally between the two atoms. But when
the bonding atoms in 2 molecule are different, the electrons are not shared equally. The
centres of positive and negative charges do not coincide in such a molecule. For example, in
hydrogen halides, the halogen arom, being more electronegative than hydrogen, pulls the
bonding pair to a greater extent. Thus, the bond is said to have partial ionic character;
hydrogen and fluorine in hydrogen fluoride, for example, have partial positive and negative
charges (poles), respectively.

Hence ths molecules like HF and HC! are called polar molecules. In contrast to this,
hydrogen and chlorine molecules are called nonpolar molecules. We will define polar and
nonpolar molecules based on an electrical property, called dipole moment in Sec. 6.6.1. li is
better to introduce the property of matter called diclectric constant in order to help you
understand the dipole moment concept.

6.3 DIELECTRIC CONSTANT

The polar and nonpolar molecules are collectively known as dielectrics or insulators, since
these materials have low elecrical conductivity in comparison to that of a metal. Compared
to the strength of an electric fiéld in vacoum, it is less in the presence of a di¢lectric. The
electric field is reduced when a dielectric is used, due to the ‘polarisation’ of the molecules of
the dielectric. The term polarisation refers to the disturbance in the positive and negative
charge locations. You will study in Sec. 6.5 regarding three types of polarisation.

The ratio of the electric field sirength in vacuum to that in a dielectric medium is calted the
dielectric ccrstant or the relative permittivily { €, ) of the latter. it is also definid as the ratio
of the capacitanse “C) of a’capacitor filled with a dielectric to the capacitance ( Cy ). when the
capacitor is evacuatad.

< :
e,—cg _ ...{6.1)

It is a dimensionless quantity. The dielectric constant for vacuum (also known as free space)
is unity. The dielectric constant of air is also nearly unity. Its actual value is 1.00054. The
dielectric constant of a substance depends on the temperature, and if an alternating =lectric
field is used, on the frequency of the field. Table 6.1 lists £, values for some common
substances. *

Table 6.1 : Dielectric Constant ( € ) Values at 298 K

Dielectric €,

Benzenc 2.3 .
CHCl, 47

CH,0H 326

Nitrobenzene 349

Water 78.3

HCN 107.0

Acetone ' 20.7

The knowledge of dielectric constant helps in selecting suitable solvents for dissolving
compounds. In Unit 3, you have studied that ionic compounds are more soluble in water

" than in benzene. This is so since solvents with high dielectric constant, like water, decrease

the interionic forces of atiraction as compared 1o solvents like benzene.

We will see in Sec. 6.5.2 how dielectric constant measurements are useful in dipole moment
celeulations.




SAQ 1 ' Moleentar Properties
The capacitance of a capacitor in vacuum is 8.9x 10-12 F. When.the capacitor is filled with |

a dieleciric, the capacitance is 80.1 X l‘_O"" F. Calculate the dielectric constant of the

dielectric material, (Hint : Use Eq. 6.1). '
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§4 DIPOLE MOMENT - AN EXPLANATION

Let us consider the general case of a chemical bond, constituted by two atoms of different
eleci.rpnegativity. An electric dipole results with charges +¢ and —g (say) separated by the
interatomic distance r (Fig. 6.1).

& S
4 _ 4
| (t——9
. +—>
u=gqr i

Fig. 6.1 : Representation of s dipole.

A vectdr quantity, by name, electric dipole moment or simply dipole moment, can be
associated with such a system. Dipole moment is represented by the letter 2, and is given by

H=gr ' {6.2)

Tt is diagrammatically represented by an arvow pointing from the positive to négativc pole.
The SI unit is C m. If a negative charge equivalent to that of an electron (of magnitude

. 1.602 x 10-1% C ) is separated from a positive charge of equal magnitude at a distance of
10-'Y m, then dipole moment would be

o= 1602 X 107 (Cyx 1% 10710 ()

= 1602x10°Cm P
In literature, the dipole moment values are piven in debye (D) uni's.
iD=3336x100Cm ‘

In the next section, we siudy how dipole moment is estirnated for polar molecules. You try
the foliowing SAQ. using Eq.6.2. It would help you in understanding Sec. 6.6.2.

SAQ 2

The dipole moment and the bond distance in hydrogcn chloride are 3 57 x 109 C m and
127.5 pra. Calculate the magnitude of charge on hydrogen and chlorine atoms. Compare the
result with the charge on the eleciron.

............................................................................................................................

6.5 DETERMINATION OF DIPOLE MOMENT

When a polar molecule is subjected to an efectric field. the positive and negalive charge

distribution in the molecute is disturbed which is known as polarisation. Polamanon isa

threcfold disturbance caused by an elegtric field in a molgcule. This disturbance is in the

alignment of dipoles. electronic distriution and in the nuclear skeicton. Let us study this in - .
derait.
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Application ol foree brings about o
lincar motion, But torque is applicd
o bring about circular motion. In

opening a door or a serew, vou apply.

not force, but torque.

Polarisability, a,. of a molecule
speaks of its "willingness™ 1o get its
electron cloud deformed by an applied
clectric field;

Distortion polarisation measures the
disfurbance in the electranic
distribution in the molecutes whereas
vibrationa) polarisatior indicaies the
dislocation of the nuchei.

The unit of to1al nolar polarisaticn
is m? mol-!,
. -

6.5.1 Molar Polarisation .

The polarisation so caused is quantified in terms of molar polarisation ( Py, ) which is the
polarisation for one mole of a substance. Let us consrder the three types of polmsauon
individually.

i) Orientation Polarisation

In the absence of an electric field, due to thermal motions,the molecular dipoles are generally
randomly distributed. But the application of an electric field causes the molecular dipales 1o
orient along the field direction. For this reason. this type of polarisation is called

. orientation polarisation. In other words. the alignment of the dipoles is due to the rotating

force, known as torque, czused by the electric field. The degree of this alignment would
depend upon the strength of the electric field. Also the alignment is affected adversely by an
increase in temperature, since it disrupts the orderly arrangement of dipoles. The expression
for orientation polarisation, P,. for one mole (called molar orientation polarisation) is
riven by,

Nay?

Py= ——— ‘ -

(6.3
Yeo kT (6.3)

Here N, a1, ;. kand T siand for Avogadro number, dipole moment of the molecules
constituting the dielectric material, permittivity of vacuum, Boltzmann constant and
temperature, reqpecuveiy

it) Distorticn Polarisation

This is due to the distortion of the electronic charge cloud in a molecule caused by
the applied electric field. This polarisation is independent of temperature. Its value depends
on the strength of an applied field in distorting the electron cloud of the molecule. The
ability of a molecule to undergo distortion of its electronic distribution is called
polarisability (v, ). If 2 molecule contains large-atoms with electrons fairly distant from the
nucleus, the nuclear control is less, the electron distribution is flabbier and the polarisability
is greater. For one mole of the substance, the expressmn for distortion polarisation (P ) is
given by

N«
Pp=—% (6.4
e,

iii} Vibrational Polarisation
This is caused by the deformation of the nuclear skeleton of the molecule by the
electric field. Its value depends on the vibrational polarisability (&), which is a measure of

the extent to which nuclei can be deformed. Again, the vibrational polar:sauon for one mole
(P,) is given by,

..(6.5)

"The total molar polarisation (Py 3 of a substance is the sum of P,, P, and P,,. Thus,

we have,
Na

MT3 e,

u?

3T
This equatien is useful in the calcutation of dipole momert.

6.5.2 Experimental Method

For measurement of dipole moment of a substance, we find the dielectric constant of its
vapour (if the substance is volatile or it exists as a gas). The dipole momen* of a nonvolatile
substance (as well as volatile) can be determined by meaqurmb the dielectric constant of its

P

(¢, + o, . ) .(6.6)

~ solutions in a sunable solvent.

For Gases and Vapours: To calculate the dipole moment of gases and vapours, first
their dielectric constant (€, ) values are measured at different tentperat :res. Then, at each

" temperature, total molar polarisation is calculated from the relationship,
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...(6.7)

M=

€, +20p

Here M- and p stand for molecular mass (in kg mol-!) and density (in kg m), respectively.
Then P, is plotted against 1/T, which should yield a straight line as per Eq. 6.6. The slope

-

Al
€qk

| k
Hence, j = ‘\[ 9—6"——;—@‘1 . {6.8)
. ' A :

The slope of P\, against /T plot ‘i's to be substituted in Bg. 6.8 to calculate the dipole
moment of polar molecules in gas phase. i

of this straight line is equal to

For Solids and Liquids: In case of solid or liquid substances. molar polarisation values
are obtained by an indirect method. This method is based on the assumption that a dilute
solution is equivalent to a gas as far as freedom of orientation of the dipoles is concerned.
The substance under investigation is io be dissolved in an excess of solvent to have its dilute
solution. The molar polarisation of the solvent must be known. The dielectric constant of
the solution is to be experimentally détermined; by using Eq.6.7. the molar polarisation of
the solution has to be found out from which the molar polarisation of the substance can be
calculated, afier substracting the molar polarisation contributed by the solvent. This has to
be repeated for a few temperatures and from the slope of the plot Py, against I/T. the dipole
moment of the substance in solid or liquid phase can be calculated.

Having studied the method of finding out-the dipole moment of molecules. et us now take -
up some of its applications. Before that. attempt the following SAQ.

sAQ 3 , :
Using Eq. 6.3. show thdt molar orientation polarisation has the unit. m* mol-!

.............................................................................................................................

............................................................................................................................

66 APPLICATIONS OF DIPOLE MOMENT STUDIES

P,,/m? mol™'

First let us see how dipole moment studies help us redefine polar and nonpolar molecules.

6.6.1 Poiar and Nonpolar Molecules Redefined

In Sec. 6.2, we defined polar and nonpolar molecules based on electronegativity. Now let us 7 —
define them in a different way. In Fig. 6.2, the Py; Vs 1/T curvesa, band ¢ are drawn for . T/K™
CH,Cl, HCI and-CCl, molecules, respectively.

- o . - Fig. 6.2 : Py, against 1T
You can see that total molar polarisation (Py, ) increases with /T for CH,Cl and HCI (as P,E, for CH";CIg(a,' HCl b) .

shown by the rising curves a and b). That is. for CH,Cl and HCL. P,, against 1/T curves and CCly {c).
have a finite, positive slope. Such a-behaviour is characteristic of polar molecules.
. Since the polar molecuies have a finite positive slope for 1he plot, P agaipst'}/T, these
molecules have a finite dipole moment value too, as per Eq.6.8. But, for CCl,, the molar
polarisation is constant atall lemperatures (as shown by the curve ¢ which is parallel 1o
. x - axis, denoting zere slope value), and such molecules are nonpolar.

In other words, for potar molecules, the molar polarisation increases with decrease in

temperature: for nonpolar molecules, the molar polarisation does not depend on temperature. )
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A polar malecule has a permanem
dipole momeant and for a nonpolar
moiccule, .= 0. ’

II'at equal distances from a particulir
puint in the structure of a substance,
you find identical groups in apposite
direciions. the structure is said to
have centre of symmetry. Erhylene
molecule has 4 centre of symmetry,
In its structure. atoms which are
identical and.equidistant from the
centfe arg shown using the same
solour,

H . o

ethylene

Ethylene: centee of symrelny
indivated as a dot in the middle of the
double bond,

6.6.2 Percentage Ionic Character

In the Jast sub-section, we defined polar and nonpolar molecules based on dipole moment
values, [t is interesting to see how percentage ionic character of a polar molecule can be ‘
calculated using dipole moment values, Before reading further, if you have not iried SAQ 2
so far. it is worth doing it before proceeding with this section. Consider for example, HC}
molecule, for which the observed dipole moment (. .. ) is 3.57 % 107 C m. Bur, if it
were 100% ionic, the bonding electron pair shouid have compietely moved to chiorine, Then
there should be a negative charge (of miagnitude 1,602 x 1017 C} on chlorine and an equal
positive charge on hydrogen, both being separated by the bond distance of 127.5 pm, (Look
al your answer tor SAQ 2 for Lhe actual charge on hydrogen and chlorine in hydrogen
chloride molecule.) For this situation, dipole moment can be calculated using Eq. 6.2 and
represented as y ‘

caleulaled *

Hegenued = 1602 10°1% (C) x 127.5 3 10712 (m)

2042 % 100 Cm

We can estimate the % ionic character using the relationship,

N Habserved x 100
lonic character =———————= ¢,

‘ucnlcula[ed

6.9}

3.57 % 10-* (Cm) x 100
2042 x 10730 (C m)

Hence, ionic character in HCl = % =17.5%

6.6.3 Siructure Elucidation

So far we have dealt only with diatomic molecules. For polyatomic molecules, different
bonds have different dipole moments. It must be borne in mind that the dipole moment is a
vector quantity and it is the vector sum of the bond moments. By bond moment, we mean
the moment associated with a chemical bond. Again, the absence of a permanent dipole

ihe individual bond moments add vectorially to zero. In the case of a molecule with a
centre of symmetry, dipole moment is zero. The dipole moment studies are
felpful in defining the shape of a molecule. Let us itlustrate these principles using simple
molecules. '

momen! in 4 molecule may be due to the fact that either all the bonds present are nonpolar or

Per'haps you are curious to know how we would look like, if our body were to have a centre
of symmelry. Look at the following figures. each having a centre of symmetry (with two |
: heads and no legs!). Of course, these figures depict one of the possible models.

Are you not happy that our body does not have a centre of symmetry (atleast after sceing
-their serious faces, although in royal dress) ?




i) Carbon monoxide

It is interesting 1o note that it has a dipole moment of 4 x'10-3' Cm only. whereas the

_ individual C = O bond moment is 7.67 x 10-* C m. The observed dipole moment of carbon
menoxide can be explained only if it has a structure, C = O where oxygen donates a bonding

pair te form a co-ordinate bond with carbon. The bond moment of this co-ordinate bond acts
-in a direction opposite to that of the C = O bond moment, thus rcsultmg inalow dlpcle

moment value of 4 x 1073 Cm:

ii} Let us next take up the structure of carbon dioxide. As said earlier, C = O bond moment
(p.c )is 7.67 X 10-¥ C m. But the dipole moment of carbon dioxide (y \ is zero. It

lmphes that thetwo C =0 bond moments nullify each other, actmg in opposnte directions.
Again, using the parallelogram law of bond moments (discussed in 1he Appendix), the bond
angle 8. can be calculated as follows :

P, _, a
-1 ...(6.10)
24 ., .

[0(C m)?

2(7.67 x 10-® (Cm)J? -

cos 0 =

= .—1 . ¢
@ - -bos“(—l):lSO’

That i is, carbon dioxide molecule is linear. It is worth noting that this molecule has a centre
.of syminetry and evidently its dipole moment is zero.

-iii) Let us now study the structure of water. The bond morrent, g y and the dipole moment
thy ,0 8¢ reported 10 be 3. 02 X 100 Cmand 6.14 x 100 Cm, respectively.

‘Ag.-.in using the parallelogram law of bond moments, we can calculate the bond anéle 8.
- Mo

cos @ = ; -1
2y

' 2
[6.14 x 10-30 (C m):|

wsf = . = -1
2 x [s.oz x 1030 (C m):|
= -0.2520
8 = cos (~0.2520) = 104° 36°

The above conclusions. mgardmg the shapes of carbon dioxide and water are in keepmg with
the predchIons of VSEPR theory (dlscussed in Unit 3).

iv) Again based on VSEPR theory, it was mqnuoned in Unit 3 that boron mﬂuonde (with
three bond pairs) has a planar triangular structure, whereas ammonia (with three bond-pairs
and one lone pair) has a trigonal pyramidal structure. Based on these structures and the vector
addition of moments, boron wifluoride must have zero dipole moment whereas ammonia
rmust have a finite dipole moment. The experimental dipole moment value<for boron
trifluoride and ammonia are zero and 4.871 x 10-° C m, respectively. This proves the
validity of the shapes of these molecules assig.ed on the basis-of VSZPR theory.

We shall study in the next unit how the presence of dipole moment in a-molecule is a key
" factor for absorption in the microwave region. '
SAQ 4
Is it wue to say that the dipole moment of sulphur dioxide is zero? (Hmt Use VSEPR
theory of sulphur dioxide d1scussed in Unit 3).

...........................................................................................................................

O=—-“C=-"O

Carbon dioxide

in the structure of COz. the carbon
aton is at the centre of symmetry.

11




Swucure of Mater-t 6,7 MAGNETIC PROPERTIES OF MATTER

The electnca] properties of matter arise due to the static distribution of electric charges
whereas the magnetic properties.are due to the electric currents. It was reported by Oersted

* that a magnetic field exists around a current-carrying wire. This is true for moving elecironic
and nuclear charges-too, We intend studying the magnetic behaviour as related to the eleciren
configuration of atoms, molecules and ioris. ‘

The I - The number of magnetic lines of force passing through a unit area of a material is called its
unit-of magnetic induction
(BparB)is n-.slam magnetic induction. For vacuum or free space, the magnetic induction is represented by
1T=INA"'m B, whilt for all other materials, it is represented as B. Based on the magnetic behaviour, the
. substances may be broadly classified into the following types: (i) paramagnetic

(ii) diamagretic and (iii) ferromagnetic. For a paramagnetic material, the number of magnetic
lines of force passing through it are more than those passing through free space, i.¢., B is
greater than Bo- For a diamagnetic substance, B is less than B, and for a ferromagnetic
material, 8 is far greater than B,,. For paramagnetic and dtamagncnc substances, the
magnetic behaviour is. pictorially represented in Fig. 6.3. You may note that as compared to
free space, the lines of force are more inside a paramaghetic material and less inside a
diamagnetic material.

. ' pZZooaTTion
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Fig. 6.3 : Magnetic lines of force: {(8) in free space,

{b) In paramagnetic substance and (c) in dlamagnetic substance, \

The differences in magnetic behaviour of substances arise on account of the values for their
magnetic susceptibility. Three types of magnetic characteristics along with the range of
susceptibility values are given in Table 6.2. It should be understood that the

susceptibility (x) measures the ease of magnetisation of a material. It is a dlmensmnless

quantity.
Table 6.2 : Magnetlc Characteristics of Materlais
Type Magnetic Induction Susceptibllity

‘ : (B) . (x)
Parmmagnetic . B>B - small positive value
Diamagnetic B < By A small negative value
Ferromagnetic - - B >>B, , large positive value

’ 1

' The magnetic properties of a chemical substance are better studied in terms of its molar
magnetic susceptibility (),,) which is given by,
M

= = | - (6.11)
Mo

where y, M and p refer to the magnetic susceptibility, molecular mass (kg mol~!') and
density (kg m-3), respectively. Evidently, x, has the unit, m* mol-!. Susceptibility
measurements are made using Gouy balance. The expenmemally measured susceptibility of a
paramagnetic substance gives the sum of paramagnetic and diamagnetic suscepub:lmes but
as the latter is small i 1n comparison with the former, it can be neglected.

Since we want 10 study the magnetic characteristics of a substance in relauon 1o structure,

" 12 we consider the behaviour of paramagnetic and diamagnetic substances only.




6.8 PARAMAGNETISM

A species with one or more unpaired electrons shows paramagnetic behaviour. In
paramagnetic materials, the-individual atoms or molecules or ions have a net magnetic
moment because of the spin and orbital motion of electrons. Usually the contribution due to
spin is more important than that from the orbital motion,

F

The magnetic moments of the individual atoms in 2 paramagnetic bulk are oriented
randomly due to thermal motions. Hence under normal congditions such a material does not
have any net magnetic moment over its bulk. But when it is subjected to an external
magnetic field, the individual magnetic dipoles experience a torque. The magnitude of this
torque is given by the prcduct of magnetic induction (B) and the magnetic moment
(m). This helps in aligning the magnetic moment.of the molecules or ions in the direction
of the external magnetic field. Further this results in a net magnetisation of the sample in
the dll’BCItOﬂ of the magnetic field. Note that such an alignment of the magnetic moments of
pa.ramagnetlc substances in a magnetic field is similar to the alignment of the dipoie
moments of polar molecules in an electric field.

If the torque Brm, is less than the thermal energy kT (whéré k is Boltzmann constant, equal
to 1.381 x 10-2 Y X-1), then it is possible to derive the relationship between- the molar
paramagnetic susceptibility and ternperature as given by,

Ny m? ,
A = Eﬁ;— _ - L . (6.12)
in this'expression, Hq stands for the perineability of free space and it-is-equa'l to’
41t x 107 T m A~!. N, stands for Avogadro constant.
Eq. 6.12 implies that the molar magnen'c susceptibility of a paramagnetic material is -
inversely proportional to its temperature, This is known as Carie’s law and it can be
indicated by Lhe relationship,
A 1T ...(6.13)

The magnetic moments are usually expressed in A m? (squivalentto J T-'} units. In the case
of atoms, molecules and ions, unit of magnetic moment is Bohr magneton (i ).

< 6.14
= g m ...(6.14)
In this expression, e ard m, stand for the charge and mass of the electron, respectively.

_ 1602 x 19719 (C) x 6.626 x 10-* (J 5)
4 x3.142 x 9.109 x 1031 (kg)
=974 x 104 EL8
kg
but 1J =1kgm?s2and
1C=1As " . ‘ .
12 g2
Hence, i, =9.274 x 10724 A—Skgﬁ
=9274x 10 Am? | .
The magnetic moment due to n unpalre:d e]ectrons is given by the expression,
"Jn (n +2) T ..(6.15)

In this equation, the magneuc moment due to electron spin’ a.lonc is considered, smce the
_orval contribution i is much less

Molecular Properties:

Magnetic moment is 8 measuse of the
magnetic strength of a substance, The
unit of magnetic moment is A m? ot

JIT

Note that m. (italicised) stands for
magnetic moment, while m (Roman)
is used as a symbol for the unit,
metre.

The terms, T and Brr, mfer to
thermal and magnetic energies; why
don’t you substitus the relevant
urits in the two tlerms, ET and B,
and convince yourself that these two
have units of energy?

Based on the magnetic properties,
there ere iwo spectroscopic tethods
for stractural elucidation - one is
nuclesr magnetic resonance,
which depends on the magnetic
characteristics of some nuclei and
another is electron spin
resonance based on the magnetic
behaviour of edd-electron species.
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Strueture of Matter-Il In Table 6.3, the magnetic moment values in fip and A m? units are given for differemt
values of 5. You can-verify the entries in column 2 of this Table by assigning values

1,2.3 ..;etc., to n in Eq. 6.15.

Tahle 6.3 : Magnetic Moment (m ) Values for lefercnl a Yaloes - -

Number of unpaired {Magnetic moment) . (Magnetic moment)
electrons (&)
Hn 102 A m
1 1.732 1.606
2 2828 - 2.623
1 3873 . 3.592
4 - 4,499 4.543
5 5916 I 5.486

Tt is-more useful to combine Eqs. 6.12 and 6:15, to get,

o o Balan (0 +2)ul
M- 3kT

- (6.16)

Itis interesting to see how Eq. 6.16 can be used to predict the number of unpaired electrons
in a molecule or ion. In Unit 5, you have studied the structure of oxygen molecule on the
basis of molecular orbital theory. The support for this theory, regarding the presence of two
unpaired electrons, came trom the magnetic susceptibility studies.

]
Degenerate orbirals kave same . The magnetic susceptibility measurements help us in the study of complex compounds. For
gy example, in the case of complex compounds formed from metal ions with & &, df and &
Two arrangements for g 4 .configurations, two types of electron arrangements are possible for the metal ions. This is
configuration : die to the fact that in the presence of some ligands, the five degenerate 4 orbitals are split
4 j I /] I 4 j *into sets of three and two orbitals, which are no more degenerate. For example, for a metal
L - ion with &* configuration, the two arrangements (i) and (i) correspond to high spin and low
D i‘;":;fed electrons: spin values, respectively. The electron cenfiguration of the melal ion (such as (i) or i)y
m =489 iy < highet spin depends on factors such as the nature of the ligand. Tt is possible to decide whether {i) or (ii)
1414 " J ~ is comect by experimentally determining ), and then calculating n using Eq. 6.16. In Block
ji) 2 unpaired electrons: 4 of Inorganic Chemistry course, you will study in detail, the applications of magnetic
m = 2.828 pr,; lower spin value . susceptibility:in elucidating the structure of metal complexes.
6.9 DIAMAGNETISM - n

For » diamagnetic substance, the net magnetic moment over each atom is zero, in the
ahsence of an exfernal magnetic field. This is possible, if the various contributions to the
magnetic moment from all the electrons in the atom balance out completely. All

: diamagnetic atoms or molecules or ions have even number of electrons, although the
converse is not true (as in the case of oxygen). The electron spins in dismagnetic
materials are paired. (Remember the last two statements, while answering SAQ 5.)

Diamagnetism arises due to the fact that the applied magnetic field causes a cliange in the
velocity of the electrons moving about their nuclei. The applied field induces a magnetic
field in the substance, which opposes the applied magnetic field; hence diamagnetic
susceptibility is negative. . ‘

"The diamagnetic susceptibility is independent of temperatire. Pascal showed that the molar

14 . diamagnetic susceptibility can be calculated from atomic and bond contrioutions. Table 6.4




presents some data for atomic and bond contributions. Note the difference in C=0 group
susceptibility values, between a ketone and an ester. That is, the susceptibility value of a
structural unit depends on its environment. Such a property, which depends on its
environment and is also additive, is called an additive and constitutive property, To sum up,
the diamagnetic molar susceptibility value is the sum of the susceptibility values of the
constituent units, WhICh agam depend on their stiucture,

Table 6.4 : Atomic and Bond Contr:bu.tions to Molar Dlamagnetic Suscep!lbility,
18" x . /m* mol™!
H -293 Coa -20.1
C 600 Br -30.6
0" (R-OH,R-OR) T 461 - c=C +5.5
O (ketone ) +1.73 . C=N +8.2
O (C=0 inester, =336 .N_=N .4;! 9
acid efc.)
N (open chain) -55; . ¢=C 108
N(ring) - 461 ' c=c-c=C 106
N (amines) ~1.54 ~ Benzene ring 14
'F ' =15 | ° '
. J

" The conteibution *u molar diamagnetic susceptibility of C-O bond is same, imrespective of ils environment.

) .
To illustrate this, let us calculate ¥, for berizoic acid using Table 6.4. The molecular
formula for benzoic acicf,is 'CﬁHsCOOH. That is, it has 7 carbon atoms, 6 hydrogen atoms,
one benzene ring, one C=0 bond and one C-O bond. Adding all these contributions.

7C = T7(-600x1012) = -4200x10-'2 m? mol~!

6 H = 6(~293x1072) = -1758x10°?7 m?mol!

1 CO = 1(-461x1012) = —461x 1012 . m3 mol-t *

{same as R-OQH ) ' '

i C=0 = 1 (-3.36%1071?) = -336x10r!? m? mol-!

1 benzene =  [(-14x10?) =  -14x10% m?mol!

ring .

—68.95x 10012 -m3 mol!

It is close to the observed value of —70 3% 1012 3 mol-,

Beforte procezding further, why don't you consolidate your gain of knowledge regandmg
. diamagnetism, by snlving the following SAQ?

SAQ 5 .
The magnetic suscepnblhty measuraments show that hypophosphonc acid is diamagnetic.
Its empirical formula is H, ,PO,. Pizk out its molecular formula from tae following (Hints:

Examine the sum of the valence cizctrons in each “ormula; also use the fast two statements
of the first para in this section) :

) iii) HP;0,

D H,PO, i) H,P,0,

Molecular .Prosevties

\C/O.\H

Benzoic acid
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A nicol prism consists of 1wo pieces
of ransparent caleite (calecivm .
carbonale) which togetber form a
parallelogram, ILis a Jevize for
producing plané polarised Jight.

B8

Fig, 6.5 : Quarly crystals
having mlrror im-ge
relationship.

Quartz is the most stabic crystalline:
form of silica.
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6.10 OPTICAL ACTIVITY

In the last section, you have learneabout the behaviour of molecules in the magnetic field.

Let us now see how the molecules interact with light. Ordinary light may be considered as
an electromagnetic vibration of a range of different wavelengths, vibrating in many different
planes at right angles to the direction of propagation of light. The electromagnetic radiation
comprises of oscillating electric and magnetic fields directed perpendicularly to each other and
also to the direction of propagation of light, as shown-in Fig. 6.4.
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Fig: 6.4 : Oscillating electric and magnetic fieldy in light.

Monochromatic light can be defined as that consisting of distinct wavelength; but its clectric
and magnetic fields, still vibrate in infinite number of planes. When monochromatic light is
passed through a nicol prism, the outcoming light vibrates in only one of these possible
planes. Such a type of light is called plane polarised light. Any material which rotates
the plane of the polarised light is said to be optically active. If a substance rotates the plane
of polarised light to the right, it is called dextrerotatory (Latin: dexter, right); if the
rotation is to the left, the substance is laevorotatory (Latin: laevus, left).

It was observed that the quartz crystals which have the odd faces inclined in a particular
direction, rotate the piane of the polarised light in one and the same direction, whereas the
mirror image crystals (Fig. 6.5), whose odd faces are inclined in the opposite direction, rotate
the plane of the polarised light in the opposite dlrecuon

Substances like quartz and sodium chlorate are ophcally active only in the sohd state. The
ability of these substances to rotate the plane polarised light is related to the fact that the
atoms or molecules in the crystal are arranged in the form of either a right-handed or a left-
handed spiral. Since this structure disappears on melting, the liquid shows no optical
activity. There is a second variety of optically active substances in which the optical activity
is due to a particular arrangement of atoms and groups within the molecule. Hence these
substances exhibit optical activity in solid, liquid, gas or in solution phase. Since the opticat
activity of this class of compounds is related to molecular structure, we shall consider this in
detail.




It was pointed out by Le Bel and van't Hoff that in organic comi:ounds. the tetrahedrai
carbon atom would explain the existence of mirror image isomers. Such isomers are called
enantiomers and are shown in Fig. 6.6 as I and IL. : ' '

Melecular Progerties

mirror plane

Fig. 6.6 : Mirror image relationship bLetween enantiomers.

A carbon atom attached to four different groups is called a chiral carbon atom. If only one
chiral carbon atom is present, the molecule can be expected to have two optically active H—C*~0H. = H=C'=O0OH
enantiomers, one being dextro and.the other, laevo. Note that in the structure of lactic acid
(TIT) and in other optically active compounds, the chiral carbon is indicated by an asterik(*)
mark. An equal mixture of dextro and laevo isomers is optically inactive and is called a 11
racemic mixture. It is possible to separate the enantiomers from the racemic mixture.

If in a compound, more than one chiral carbon atoms are present, then the mirror image
isomers are called enantiomers and those; which do.not have a mirror image relationship. as
calted diastereomers. For example, of the four isomers of 2, 3-dich|orepen'thne. IV and V as
also VI and VI are two pairs of enantiomers, But the pairs, IV and Vior V and VIl are

diastereomers.
mirror plane mirror plane
CH; : CH;. -~ CH,’ CH, 7
Co 1. A ) . !
H»C*=Cl Cl=C*=~H He Cram(C] CI—(.i"'H
. v
C1™~C*=H ‘ He=Cr=_: H= Cr== Cl Cl™ C*==t{ _
f ! 1 1
CHs C;Hs. CoHs CoHls -
v v A . Vil
- OOR
It is interesting to note that, if in a molecule, there are two or more chiral carbon atoms, and H—C*=OH
if one half of the molecule is a mirror image of the other half, then it would be optically DR PR
inactive. Such an isomer is called a meso isomer and a familiar example is meso-lartaric acid H—C3—0H
(VIID). You will note that above and below the dotted line in this structure, there is an
identica! arrangement. In such a case, optical rotation by one part of a molecule ix cancelled COOH
by that of the other part. ‘ )
" VI

Chiral groupings other than a chiral carbon unit can also cause optical activity. Some such
optically active compounds are substituted phosphine oxide. (IX) and substituted silane (X)

each of which has two enantiomers, N
(|3H , CHs
CGHS : C3H1
IX X

Many co-ordination complexes, having ligands such as elhylenediamiﬁe (en), have optical
. +
activity and the enantiomers have been isolated. An e‘xal_nple is CO (en) 3 (XD. 7
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mirror plane

X1
The optical rotation is caused by the individual molecules. The amount of rolation depends
on how many moiecules the light encounters in passing through the tube. The extent of
rotation can.be represented by stating the specific rotation [ J, which can be defined as the
number of degrees of rotation observed when a 1-decimetre tube is used and the conceniration
of the solution is | kg dm=. Thus, '

t Observed rotatioh (degree)

o
[ ]'1 length {dm) X concentration (kg dm'3)

The specific rotation depends on the tempamture (¢) and the wavelength (2. ) of the light us=d
for measurement. Thus [a] p, indicates that the rotation is measured at 20°C with the D line
of sodium having A = 589.3 nm.

. f

611 SUMMARY

In this unit, you have studied the interaction of maticr with the electric field, magnetic fietd
and elecuomégnetic radiation. The contents of this unit can be summarised as {ollows:

o The difference in electronegativity betw=en the atoms forming a covalent bond causes
polarity.

e The electric field strength decreases due 1o 4 dielectric material and the extent of decrease
is related to its dielectric constant.

e Dipole moment is a measure of the polarity of the bond; it is related to the dieleciric
constart and molar polarisation of the substance.

Dipole moment serves as a support for YSEPR predictions.

‘Broadly speaking, there are three types of magnetic materials, namely. paramagnetic,
diamagnetic and ferromagnetic.

e  Paramagnetic molar susceptibility of a substance is related to the number of unpaired
electrons present in.its structural unit.

Diamagne® molar susceptibility is an additive and constitutive property.
Optical activity of a substance is related to its structure.

612 TERMINAL QUESTIONS

1) Calculate the dipole moment of sedium chloride molecule at an internuclear separation
of 500 pm,

(Hini: Assume g = 1.602 x 1372 C).

2y The dlelecmc constant of carbon teirachloride is 2.238 at 293 K. lts densny is
1.595 x 103 kg m-3.

i) Calculate its molar poiarisation.

iiy If its molar polarisation does not vary with temperature an its vibrational
polarisation is negligible, what is its polarisation due to?




3) Whatisthe pr..du.ted magnetic moment of Mn** jon in Hg units (Assume hlgh spin
stalg)? .

4)  Which of the following can exhibitoptieal activity?

‘ CH,
CH, |
i Cl— C—NH,
Br— C—Cl CH;~— CH,— Br
I—ll - Cl_ cI:—NHz
CH,
D) : (i) (iii)
6.13 ANSWERS
Self-Assessment Questions ‘
. L e 801 xX 10°12(F) |
) Dielectric constant of the material is given by the ratio,~————~———= it is equal

B.9 % 10-12 (F)
0 9. . . :

2 The charge on chlm:ine or hydrogen (g )= u/r

= 3.57 x 103 (C m)
127.5 X 10712 (m)

= 28% (0D C

Compared 1o the magnitude of the charge of an electron (1.602 X 10-19 C), the negative -

charge on chlorine of HCl is less; indicating that charge separation in HCl is not
complete. See Sub-section 6.6.2 also.

3) Theunitsof N, 1, €, kand T are mol~!, Cm, C? m=2 N-!, J K~ and K, respectively.
Substituting oniy the relevant units in Eq.-6.3, we get,

, mol-! Gl
Unit of P, OmiNTKIEK
_ N y

mol-lmé  moltmé . _
NTJ T N-iNm |- LI=iNm]
= mPmol! °
4) Not true; since SO, is angular, it has finite dipole moment value.

5)  Sum of the valence electrons for H,PC, can be calculated, knowing that valence

electrons per hydrogen, phosphorus and oxygen atom are 1, 5and 6, respccnvelv Sum
of the-valence electrons for H,PO,

= (2xl)+(lx5)+(3x6)
=2+5+18
= 25

Similarly, sum of the valence electrons for H, P O, and H,P,O, are 50 and 75,

respectively. Since hypophosphoric acid is dlamagnet.c. it must have even number of
electrons. Hence, the possible formula is H,P,0,.

Terminal Questions

N p=q.r=1602x%10"(C)x 500 x 1012 (m)
= 8.010x 10-2® C m.

2) i) Its molecular mass is 0.154 kg mot-!

Molecular Proparties
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e, -1 ?-_l _ (2.238 - 1) 0.154 (kg mol!)
e, +2 p (2238+2) 1595x%10%(kg m?)

Py =

2.820 x 10-5 m? mol-L.

ii)  Since the molar polarisation of carbon tetrachloride does not vary with

: temperature, it is non-polar; its dipole moment and orientation polarisation are
zero. Since its vibrational polarisation is also negligible, its molar polarisation is
only due to distortion polarisation.

3) The electron configuration of Mn?* is 152 252 2p% 3s? 3p® 34, Since it is in a high spin
state, all the five 3d electrons have their spins unpaired. Hence using Table 6.3,
m =35.916 fy.

4) Structure (i) alone can exhibit optical activity. The structure (ii) has no chiral centre, and
in structure (iii), one half of the molecule is a mirror image of the other and hence (i)
and (iii) are optically inactive,

Appendix
It is our aim to explain some of the useful terms in understanding the electrical and magnetic
properties of matter. Firstly let us study some of the parameters and principles required for

understanding the concepts of dielectric constant and dipole moment (described in sections
6.3 - 6.6).

Quantity of charge: The quantity of electric charge ( 4 ) has the vnit, coulomb (C). A
coulomb is the amount of charge transported in a second (s) through a cross-section of wire
that has a steady current of one ampere (A). '

»

1C=1A3%

Coulomb’s law: This law deals with electrostatic force, which is a force operating
between stationary charges. This law states that the electrostatic force (F ) between two
charges (g, and g, ) is directly proportional to the product of the two charges and inversely
proportional to the square of the distance (d? ) between the charges.

. G149
Fa idT'

In this relationship, the value of the proportionality constant has been found to be equal to

1/47e , where €, is the permittivity of vacuum.

1 q, 92
Hence, F =——4x T EALD)

€4

“The SI units of force, charge and distance are newton (N), coutomb (C) and metre (m},
respectivcly. Therefore, €, has the unit, C2 N-! m~Z The value of € is equal to
. 8. 854 x 1012 C2 N-! m~2. Permittivity is a measure of the degree 1o which a medium can

resist the flow of charge and permit the establishment of a stéady electric field.

Potential Difference (V) :

The increase in electric potential energy (or work w required to take from a point io arother
point) per unit charge (g ) is called the potential difference (V) between the two given
points.

W

v =2 AA2)
q .

The units for electrical energy, charge and potential difference are joule (J), coulomb (C) and
volt (V), respectively.

Hence. | volt = 1 joule/] coulomb ' (A

You must bear in mind thut V (italicised) stands for the potential difference,

while V (Xoman) is used as 2 syrabol for volt.




Electric Field (E) Molecular Prapartes’

An eleciric charge experiences a force in the presence of another charge, the magnitude of
which can be calculated using Coulomb’s law. This force has a region under its influence.
The space surrounding a charge within wiich it exerts a perceptible force is called the .
electric field. The intensity of the electric field (E) is defined as the electric force (F)
acting on a small test charge divided bv the magnitude of the test charge (g).

ie.,, E=Flg - < Le(AA)

The SI unit for an electric field is the unit of force, divided by the unit of charge; that is,.
N C-1. Electric field can also be defined as the patential difference (V) between two points
divided by the distance of separation (d).

E =v/id ...(A.5)
Hence, the electric field also has the unit V m-!;

The two units, V m~! and N C-! are identical as shown below:

1 joule = 1 volt coulomb = 1 newton metre
(electrical energy) {mechanical energy)

ie,1J=1VC=1Nm
oo lVm!i=1NC ...{A6)

Dielectric .

A dielectric or an insulator is a material having electrical conductivity much lower in
comparison to that of a metal. In a dielectric material, an electric field can be sustained with
a minimum dissipation of power.

Capacitance

A capacitor is an arrangement of one or more pairs of conductors, separated by a dielectric,
and between which an electric field can be produced. Two metal plates separated by a
non-conducting material constitute a capacitor. Let +4 and — be the charges on the two
plates of the capacitor. Assume that the area of each plat= is 4, while the potential difference
and the distance between the plates are V and d, respectively.

The electric field (E,) between the evacuated piates is found to be proportional to Lhé quantity
q fA, known as the density of the charge. X

g .
Eg=ky _ AAT)
The proportionality constant k, has been found to be equal to (1/€,), €, being the
permittivity of the vacuum. '

1 g .
Hence, Ey=— 4 ...(A8)
ED A

This equation is valid if there is a vacbum between the plates in the capacitor.

If the gap between the plates is filled by a dielectric material without altering the charges on
the plates, then the electric field (E) i_;,

q
E = ——— ..(A9)
€,€,A .
where. € is the relative permittivity or dielectric constant of the material.
Using Eqgs. A.5 and A.9 we can write,
g ==252% j‘_’A LV .(A.10)

The tenn—g’—jLA can be renresented by the letter C. Hence Eq. A.10 can be written as,

g=CV : CLXALD : A
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'm] CIN-I -l =

22

4 £,6,A
orC = v = d ...FA.IZ)
The term C is the capacitance of the capacitur which consists of two metal plates and a
dielectric material between them. It is the capacity 10 store charge. e capacitance depends
on the shape, size and the relative positions of the conductors and on the dielectric constant
of the dielectric material in which the conducters are immersed. The SI unit of capacitance is
the farad (F), named in honour of Faraday. Since the farad is too large a unit for ordinary use,
smaller units, microfarad (UF = 10¢ F) and picofirad (gF = 10712 F) are used commonly.
Substituting the units in Eq. A.12 we can see that the unit F is equal to C VL. (Again,
you wmust bear in mind fhat C (italicised) is used as a symbol to denote the
capacitance 'of a dielectric material, while c (Roman) denotes couiomb, the
unit of electr:c charge.)

" Forthe vacuum, the dielectric constant, £, is equal to 1; therefore, capzcitance (C;) in

vacuum as per Eq, A.12 is,

€54
r : : | <(A13)

C0=

Eq. A.13 is applicable .o air too, since &, for air is almost equal to T (1 e. 1.0D054); it is not
much different from that of the vacuum.

You can see that the ratio of the -..apacnance values, C and C,, in the dielectric material and
air, respectively gives the dieleciric constant of the material. Using Eqs. A.12 and A.13,

e,= CIC, (A 14)

A.ltemauvely dielectric constant of a material can also be gleﬁned as the ratio of the electric
field in the vacuum to that in the given material.

The dielectric constant is a dimensionless  quantity. Let us illustrate the calculationt of the
dieiectric constant of mica using the above equations. Let us assume that the capacitor has
two metal plates of area 0.01 m? separated by adistance of 0.01 m.

The cepacitance of the r-filled capacitor,
~ . €4 A-
Co =~

- 8.854 X 10712 {C2 N-! m-2) x 0.01 (m2)
o 0.21 (m)

8.854 x 1072 CIN-' m-!

8.854 x 10-12F
8.854 pF

- The capacitance of the capacitor {C ) filled with mica is found to be 47.81 pF. The dielectric

constant of raica is,

: e, _C _41381x 10-12 {F)
Co T 8.854 % 1012 (F) -
= 54
Vectors and Scalars

A scalar quantity has only magnitude but no direction. Typlcal scalar quantities are mass,
volume, density and speed. Some physical quantities like velocity, acceleration and force are
fully described only when magnitude and direction are mentioned and such physical guantities
are called vectors. A vector has numerical and geometric properties. A vector is denoted by
using bold face letter(s). Thus A denotes that if is a vector quantity, whereas A means it is
scalar.

In this unit, electrical quantities like electric field strength, molar polarisation. dipole

moment, and the magnetic quantities such as magnetic induction, magnetic field intensity

-and magnetisation are all vector quantiiies; but our discussion is restricted to their
.magnitudes only and hence we have used scalar notation for the above quantities. Let us see




how the dipole moment of a substance can be calculated from the bond moments using
vector algebra. Even with an elementary knowledge of trigonomeiry, you can understand the
following discussion on the dipole moment. ’

Dipole Moement _ . _
Dipole moment is a feasure of the polarity of a molecute. The dipole moment of a
substance is the vector sum of its bond moments. For a simple tristomic molecule like H,O

or.CQ,, the dipole moment can be calculated using tee perallelogram method of
addition of vectors. As per this method, when two bond moment vectors are represented by
the adjacent sides of a parallelogram, the diagonal centaining the two sides represents the
dipole moment of the molecule in magnitude and directien.

Let us consider the general case of a triatomic molecule, XYZ, where the element Y is more
electronegative than the elements X and Z. Let the bond moments for the two bonds, XY and -
ZY be j, and 44, (being the two Isides of a parallelogram (XYZD)). Let these bond moments

be inclined at an angle @ (Fig.A.I). That is, the bond angle is 8. The dipole moment, g of
this molecule XYZ is the resultant DY (dirgonal of the parallelogram) of the two bond
moments and is equal to i, + i, )

Hénce. H=DY =, +H,
Let 4i,, p1, and pi represent the magnitude of the vectors 4§, pt, and J1, respectively.

We can derive an equation relating the bond angle to the magnitudes of the bond moments
and the dipole moment of the molecule XYZ, as described below: .o

From D, draw a perpendicular to meet XY extended up to E.
 From Fig. A.1, £ DXE= £ ZYX = £ &

In the right angled A DYE,
DY? =DE?+EY?
=DE? + (EX + XY)*

=DE? + EX? + 2EX.XY + X¥?2
=DX2+2.DXcos XY + XY?

DX * cos &
and DE? + EX? = DX?
DY? = ZY?+2ZY .XY cos 8+ XY?
{DX = ZY ; opposite sides of a parallelogram]
e, =2+l +2 0,4, c05 8
DY = g ]

. zY = u, j
Land XY = i
H— W02+ )

24y Ky
Let us use Eq. A.15.to calculate the bond angle in water and carbon dioxide.

Socos @ = {A.15)

For water: it = [, = ity .. = The O-H bond moment
H=lhy o= Dipole moment of water
Hence, using Eq. A.15, cos 8 = M
il
Fap
W

i.e., cos = -1

Maolecular Propertics
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Fig. A.2 : Magnetic field
Mnes directe. from north pole
to south pcle.

Torque is the rotational effect or-a

* force. The unit of torque is Nmor k.

For carbon dioxide : 4, = &, = t_ = The C=0 bond moment and
K=o, = Dipole moment of carbon dioxide

Hence, cos 0= 2 = 3
Weo 2.0

These expressions are used in Sub-sec. 6.6.3.

So far, we have discussed the terms concerning electrical properties of matter. Now let us
study some of the parameters and terms used in describing magnetic properties of matter. An

_elementary knowledge of the magnetic characteristics of matter is essential; especially, the

study of the effect of an applied magnetic field on the electrons revolving in the orbits is
made easier, once we understand the effect of an applied magnetic field on a cumrent-catrying
coil. We make use of the parameters, magnetic moment and susceptibility in Secs. 6.7 -
6.9. To understand these two, we require to know a few more quantities and the first one is
the magnetic field. o '

Magnetic Field

The force field surroumding a magnet is calied a magnetic field. It is usual to represent a
magnetic field surrounding a magnet by imaginary field lmes (Fig. A.2). Iron filings sprayed
around a magnet are often used to indicate the magnetic field lines. They align themiselves
along the field lines. ’ '

Magnetic Induction (B)

If a charge moves perpendicularly to the magnetlc field, it cxpenenccs a force. The direction
of the force is always perpendicular to the velocity of the charge and to the direction of the
field, The magnitude of the force (F) is proportional to the charge (g}, its velocity (v) and
another quantity, 8, which is a rneasure of the strength of the magnetic field.

‘F=qvB : T . (A.16)

The narameter B is often called magnetic induction.

Rearranging Eq. A.16

B =Flgv . ’ (AT

The ST unit of magnetic induction is tesla (T) in honour of the American inventor Tesla; a

- tesla is that magnetic field which produces a force of 1 newton on a charge of 1 coulomb

moving at 1 metre per second perpendicular to the field. Substituting the units of B, F, ¢ and
vin Eq. A.17, we get,

1T=1N(Cms)"
=] N(Asmsi)!
IT=INATm! . : : L(AIB)

A0

Magnetic Moment (m)
We are aware that current is a flow of charges Hence we can expect the magnenc field to
exert a force on a current-carrying wire. The maximum magnetic force is.seen, if the current-

_carTying wire is p-rpendicular to the field. A current-carrying loop is more commeonly in use

rather than a wire in.a magnetic field. Such a loop does not experience any net linear force,
but it experiences a torque. If a current-carrying-loop having a surface area A, number of
turns N -and current / is placed in a field of magnetic induction B, then the torque (1)
experienced by this loop, when it is placed perpendicular to the field is given by,

T=INAB
=mB ‘ .{A.19)

The produc-t IN A is called the magnetic moment () of the coil and evidently its unit 1s
A m2 (since N does not have a unit). Using Eq. A.19, m can be given the unit J T-! also.

" Magnetic moment is a measure of the magnetic strength of the coil. Let us illustrate. the

calculation of magnetic moment for a rectangular coil which is 0.1 m long, 0.05 m wide,
contains 100-turns of wire and has /=20 A, ‘

o~ 2o .t —ll. | R -




m=INA [ -Areaofa rectangplar coil, A = length of the coil x its width]
=20 (A) % 100 % 0.1 (m) x 0.05 (m)
=10 Am’

The effect of the external magnetic field on any current-carrying coil is to rotate the coil so
as to align the magnetic dipole parallel to the external magnetic field. This behaviour is
similar to that of an electric dipole placed in an external electric field, where the electric
dipole experiences a torque. By analogy, a current loop is called a magnetic dipole.

Magnetic Field Around & Wire

Oersted discovered that a current-carrying wire has a magnetic field around it. A helical coil
of wire with a large number of turns carrying a current is called a solenoid. Ari
electromagnet, a magnet energised by an electric current, consists of a solenoid with or

without magnetic material in its core. If a solenoid (in vacuum or air) of length / having N
totai number of turns carries a current I, then magnenc induction B, is given by,

Mo NI ) ‘ - .
B, =7 . A . ...(A.20)

Here y4, is the permeability of free space or air and is equal to 41t X 107 Tm A~ The’
* presence of magnetic material inside the solenoid increases the field by several hundred times.
The equatxon for magnetic induction when lhe solenond has magnetic material msnde is,

I
B 4“—[— . (A21)
where 4 is the permeability of the ¢ore material and it has the same units as Uy, namely,
T nr A-L. The permeability of a substance indicates its tendency to allow the magnetic
-lines of force to pass through it, as compared Io.that of a non-magneti¢ substance like air.

That is, the permeability of magnetic materials is much higher than the permeability of air
or free space,

Magnetisation (M)

The effect of the external magnetic field is to produce a net magnenc moment in the bulk of
the matter aleng the direction of the field; this effect is similar to that of the induc=d electric
polarisation for a dielectric placed in an external electric field. The degree of megnetic
polarisation in matter is specified by magnetisation (M) which is defined as the magnetic
moment induced in unit volume of the medium, that is. '

_ Totai magnetic moment in the bulk
- Volume of the bulk -

" The unit of M is A m~! since magnetic moment an< volume have A m? and m? units,
‘Tespectively, The magnetisation is also known s the surface curreni per unit length of the
cylinder.

Magnetic Field Intensity (H) . :
The magnetic field strength (H), also known as field mtensny, is equal to the ratio of
magnetic induction to the permeability of the material inside the solenoid.

H =By, _ L _ . {A22)
=B | . (A23)

Eq. A. 22 s applicable when the solenoid is in a vacuum or in the air and Eq. A.23 is for a
situation when there is 2 magnetic material inside the solenoid. For a coil magnetised by

- passing current / and having N turns thhm a Iength i, the magnetlc field intensity is deﬁned
by the relationship,

H =£;—! i : (A.24)

The unit of H is A m~!. The valve of depends only on the magmtude of the current passed
and the number of tums in unit length (N/)) but is mdepcndenl of the core material.

A cument-carrying wirc expericncing
a torgue in the presence of a magnetic

field has wide applications in

motors and gaivanomeler.

clecirical appliances such as electric
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‘The total magnetic induction, B, in a solenoid due to the passage of the current is the sum of

its induction in free space (B,) and that due to the matter inside the solenoid, the latter being "

given by the product i, M.
Hence B = B, + fty M | : - .(A.25)
Using Eq. A.22, we get, B = pH + M =y, (H+M) - L {A26)

Magnetic Suosceptibility (x)
The ease with which a substance can be magnetised is measured by a quantlty cailed its
magnetic susceptibility (¥ ). It is defined as the ratio of magnetisation to the field intensity.

x=M/H ' - (A27)

" The susceptibility is much larger for magnetic substances than for non-magnetic substances.

The susceptibility of soft iron is greater than that of steel, nickel and cobalt. As seen from

Eq. A.27, % is a unitless quantity sinec M and / have the same units. Usmg Eqgs. A.26 and
A.27, we can write,

8 =, (H+xH)
=1 (14 2)H
oré =uH _ _ ‘. - - ...(A.28)
w_her;,u:po(l-i-z) ¢ (A29)

You may recall that 4 is the permeability: of the medium and-it is defined by the Eq. A.21.
Since in a vacuum, there is no magnetisation (M =0), ¥ is zeto and # = . This justifies -
the term “permeability of free space” for i The permeability of air is nearly the same as
that of 14;. Hence the magnetic effects in vacuum and air are practically the same.
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71 INTRODUCTION

_In Unit 6, we studied the correlation between some of the molecular poperties and molecular
_ structure, Preseatly, we take up the study of molecular spectra with a view. to obtain more
direct information about molecular structure. It is worth recollecting thatm Unit 1, we have
seen how atomic spectra are useful in the understanding of the electronic-arrangement in

atems. The transitions of the electrons between the various energy levels of the atom result
" in emission or absorption of electmmagneuc radlaucms Corresponding to energy difference
between the levels, the spectral lines occur in differént regions, and this, gives rise to atomic ,
spectra, Just as atpmic spectra give information about the structure of the atom, molecular
spectra give information regarding the molecular structure. We may define molecular - -
spectroscopy as the study of the interaction of electromagnetic radiation with molecules.

In this unit, first of all we explain different types of energy levels in molecules and the
conditions under which transitions occur among these levels. Then we describe various types
of absorption spectra and general features of a spectrometer used in obtaining absorption
spectra. We then explain how rotational spectra can be used 1o calculate simple molecular
parameters like bond length and moment of inertia. In the next unit, we shall study now
infrared, visible and uitraviolet spectra can be used to obtain some more molecular

parameters.
Objectives
After studying this unit, you should be able to :

define different types of energy levels in molecules,
state various types of molecular spectra,
explain the reason for the difference irl the intensity of spectral lines,
describe the general features of an absorption spectrometer,
. state the pre-requisite for exhibiting rotational spectra,
explain the theory of rotational spectra, and
calculate the parameters like bond length antl moment of inertia of a heteronuclear
diatomic molecule using microwave tpectra.

? 000 /G0

72 .ENERGY- LEVELS IN MOLECULES

‘We have already discussed in Unit 1 the energy changes in an atom, accompanying the -
transfer of electrons from lower energy leve!s to high energy levels and vice versa. The
electronic transitions in an atomn are due to ahg)rpuon or emission of electomagnetic
radiation. W'= have farther stated that electronic ransitions in an atom are quantised and the
* resulting line emission spectra correlate with the difference between the electronic energy
levels.

27
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Molecular enesgies in increasing onder
of their magnitude : £ <E '
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There are more possibilities for transition between various energy levels in the polyatomic
molecules than those in indjvidual atoms. The total energy of a melecule is the sum of four
different types of energy, viz., translational, rotational, vibrational and electronic. Therefore,
absorption or emission of energy (electromagnetic radiation) may cause changes in some or
all of these types of energy, and molecular spectra provide a method of measuring these
changes. Before going into further dzr1ails of molecular energy changes, their measurements
and interpretation, let us first define the energy types present in molecules: -

Transtaiional Energy (£, }is congerned with the overall movement of the molecules
along the three axes. It is significant.only in gaSes and to a lesser extent for liquids. In
solids, translational energy is minimum. ’

Rotational Energy (E,, ) involves the spinning of molecules about the axes passing
through their centre of gravity (see Fig. 7.1 a).

Vibrational Energy (E,;,) is associated with vibrations within a molecule such as the
stretching or the bending of bonds (see Fig. 7.1 b, c and d ). In stretching type, the bond
length varies but in bending typ'e, bond angle varies. .

Electronic Energy (£,,,..) involves changes in the distribution of electrons by the
promotion of electrons to higher levels on absorption of energy. Thls is similar to electronic

energy changes in atoms. o
- | N Y

(b (c) ‘ ' (d)

Fig. 7.1 : Rotation end vibralion within molecules: (z) shows rolition about two
different axes; (b), (¢), and (d) show vibrations. (b} and (c) are referred to as
stretching and (d) as bending.

Now, if E is the energy of a molecule, it can be expressed as the sum of transtational,
rotational, vibrational and electronic contributions.

‘_E'=Euans+Eml+Evib +Ee‘lcr: ! (1.1

The u'anslationa.l'encrgy levels of a.rolecule ir a container are so close that they can be
considered as continuous. The other three forms of energy are considered to be quantised in a
manner similar to the electronic energy in atoms. The magnitude of the various forms of
energy and the difference between ad_]acem levels vary considerably. Calculations indicate that .
the difference between the energy levels for electronic energy change is about 100 to 104 kJ
mol™!, for vibrational energy changes, itis generally between ! and 100 kJ mol-!, and for
rotational changes, it is between 0.01 and 1 kJ mol-!. On the other hand, at room
temperature, the average translational energy of gas molecule is about 10-2!.J molecule™!.

We may use two different conventions to illustrate molecular energies further, The first
shows & plot of energy of the molecule versus interatomic distance, as illustrated in Fig. 7.2.
This figure shows how the energy of the molecule changes with the mteratomlc distance.

First excited

Rotational levels

Internuclear distance (r)

—

Fig. 7.2 :

Representative plot for the potenua: cnerpy of a diatomic molecﬁle."-

) E

Vibrational levels { : electronic state 2
|
3 .
[~

.k N

. .

Ground )
- | clectronic state E,
. = H
Vibrational levels {\:-_-; ]
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The two curves represent the ground and the first excited electronic state or electronic energy

level. The individual, narrow lines indicate the allowed quantum vibrational and rotational
levels. The molecule can reside in any one of the quantised rotational, vibrational and -

" eléctronic energy levels that are indicated in this figure. A diagram such as this is usvally

used only for diatomic molecules because, for polyatomic molecules, there are too many

different interatomic distances to-be represented. ’

The second convention is to represent the energies of molecules as exemplified in Fig. 7.3.
We show comparative spacing of energy levels of different types of energy. It is ¢clear that
électronic levels are much more widely spaced than vibrational levels, which in turn are more
widely spaced than rotational levels.

b . B .
1 7 : , ==—l0 rb- Rotational Levels
— 10 5 |3
First excited E =10 5 o 5
electronic state 2 | === () 5. | .0 ;
! ==3 0
——— i\ 0
0
m Amp—
s,
=10 -
——-10 5 0 " v
Ground E —_— e 2 Vibrationsl
'l —11 5 0 levels
electronic state 5 1
===l ' 0
0

»

Fig. 7.3 : Diagrammaltic représcnlation of possible quantised energy levels and energy
changes within a molecule.

As in the atomic spectra, quantised energy changes within a molecule are associated with the
emission or absorption of electromagnetic radiation and these can be detected in the form of
spectra using an instrument, known as spectrometer. The energy changes in a molecula

are specified in terms of frequency (v), wavelength (A) and wave number (V) as per Eq. 7.2.
Energy change (AE )= hv = he & = hcV ' D
where h is the Planck's constant and ¢ is the velocity of light.

You can find a list of vnits normally used in representing these quantities in Table 7.1. We
use these quantities to express the position of a line or band in the absorption or emission
spectrum. - '

Table 7.1 : Parameters Commonly Used for Representing Wavelength, Frequency and
- Wave Number

Parameter Symbaol Unit
- Wavelengti A am(10-m)
Frequency . ) | v Hzors!
Wave number _ v m™ (or more
commonly cm")

Further, the choice of the unit of a particular quantity depends on how far it can be expressed
~ as a convenient small number. For example, ‘nm’ unit for wavelength is chosen to represent
absorplions in ultraviolet and visible regions of electromagnetic spectrum since values of
wavelength in this region lie between 200 — 800 nm. We have already discussed

elecromagnetic spectrum and its regions in Unit 1. : o -Z? .

Molecular Speciroscopy-l
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Spectra can be recorded in two-ways.
+ The first methed is to depict

protographically the areas of greater
. an] lesser exposure indicafing the
light intersity at éach wa relengih or
wave number or frequenicy {See
spectrum &f N, in Fig. 7.4, The
other method is to plot a graph vith
Aorvor Vinihex-axjsand .
absorbance/ transmitrance in, the y -
axis. (See the spectrum of benzene
given in Fig. 7.5). ’
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You should try the following SAQ to be convinced tha: ¥ , v or AE values are not quite
convenient in expressing absorptions in ultraviolet region.

SAQ 1! ) _

The absorption in wltraviolet and visible regions in wavelength units correspond to
200 - 800 nrn. Calgulate the following corresponding to 4 =200 nm :

a)  AE (in kJ mol-1)

by v )

o
<I

7.3 TYPES OF MOLECULAR SPECTRA .

As you know, the molecules can exist in specific molecular energy. levels. The rotational,
vibrational and electronic energies are quantised in a manner similar te quantisation of
electronic energy of an atom. As a result, specira from even simple molecules exhibit large
number of lines. To illustrate this, the emission spectrum of N, in the ultraviolet region is
given in Fig. 7.4, :

300 nm

U

353.67 nm

1

() 357.89 nm

Fig. 7.4 : Spectra of nitrogen molecule’ : (a) bands of 'N,'at'!ow resolution; (b) bands of
N. resolved into individoal jines corresponding to transitions between rotational-’
vibrational sublevels of the electroric states. - ’

In this case, unlike atomic spectra; ‘molecular spectra appear as bands at low resolution (see
Fig. 7.4a). At high resolution, one finds that instead of the bands, the.spectrum is composed
of sharp lines. These lines arise from the presence of vibrational and rotational energy, levels.
Since there are many such levels, a large number of individual lines are possibie for a single
electronic transition. Such a high resolution spectrum is shown in Fig. 7.4b. This figure can
give you an idea as to how complex the whole spectrum would look, with many elecironic
energy transitions, interspersed with vibrational and rotational changes.

In solid or in liquid phase, even at high resolution, these individua] lines aré broad and are
known as unresolved bands. All the spectra that we use for analysis of condensed media
(liquids and solids) have bands due to large number of unresolved spectral transitions. This is
illustrated in Fig. 7.5. Notice that thé absorption bands are more sharp for benzene vapour
rather than for its solution in'ethanol, '
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Mamo 240 . 2500 260 C mam 240 250 260

& o (®)
Fig. 7.5 : Absorption spectrum of benzene in .ultraviolet regién : (u) bebasme vapour ;
() henzene- in ethanol, :

Now we will consider molecular spectra in uetall Depending en the method ef obtrining
molecular specira, it can be classified into three types viz.,

- iy Emission spectra

ii} Absorption spectra

iii) Spectra through scatiering, such as, Raman specira.

Let us study each of these types in a brief manner. ) -

i)  Emission Specfra ' »

Molecules give emission spectra when subjected to intense heat or electric discharge. By this
process, the molecules obtain the necessary energy to become excited. On returning to their .
lower energy state, molecules may emit radiation. Such emission is the result of a transition
of a molecule from an excited state to orie of lower energy, usvally the ground state. This
excess energy is emitted as a photon and the corresponding frequency is recorded as the
emission spectrum. If the transition is from upper energy level £, to lower energy level

E,. the frequency (v ) of the emission spectrum is given by,

BB _AE '
veT e (1.3)

As an illustration, a portion of the emission spectrum of N, molecule is given in Fig. 7.4.
The different speciral series in the atomic specira of hydrogen discussed in Unit 1 are
examples for atomic emission spectra.

it)  Abserption. Spectra

When a substance is irradiated with electromagnetic radiation, the cnergy of the incident
photons may be transferred to the molecules, raising them from the ground state to an .
excited state. This process is known as sbsorption and the resultant spectrum is known as
absorption spectrum. Energy absorption occurs only when the energy difference between
the ground state and higher energy level is exactly matched by the energy of the incident
electromagnetic radiation. The frequency of the absorption spectrum is also gwen by the

Eq. 7.3,

The difference between emission and absorption spectra is that in emission specira, the
molecule passes on from higher energy level to lower energy level ; in abscrption spectra, it
is raised from lower energy level to higher energy level. The energy absorbed, AE, by a-
molecule may bring about changes in one or more of its energy levels such as rotational,
vibrational and electronic.

In an absorption spectrum, it car be seen that molecule absorbs some of the wavelengths (or  Retationship between absorbance and
frequencies or wave numbers) of electromagnetic.radiation while the rest of it is transmitted. :c":]ﬂ;:_“"“ can be cxpressed by
We can plot either absorbance (A) or percent transmittance (%7 vs. wavelength or R

frequency or wave number to get the absorption spectrura. The plot of absorbance (A) vs.
wavelength or frequency or wave number is illusirated in Fig. 7.6a. In this figure you can
see that lwo maxima occur, corresponding to the points (i) and (ii), denoling intense
absorpuons at the con‘espondmg wavelengths, frequencies and wave numbers. If the ) 3]

=log( == %T )-2 -log (%7
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abso mptions are to bé represented as % transmittance (%T) vs. wavelength or frequency or
Wéav e number, -the plot will look like Fig.7.6b. Minima appear in Fig. 7.6b corresponding

t'o the maxima of Fig.7.6a. We will discuss absorbance and transmittance in detail inUnit 8.
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Alaser is a device that produces an
intense beam of monochromatic
coherz~+"ight. A laser beam remains

a narro'w pencil of light even after ;-

travelting a long distance. The word

*laser” stands for light amplification
by the stimulated emissin of '
radiation.

v
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32

{a) . . (b)
Fig. 7.6 : Presentation of absorption spectral data,

iii) Raman Spectra

. Besidés the above two types of spectra, another variéty is also observed. When a substance is

irradiated with electromagnetic radiation, some of the radiation may be scattered as shown in
Fig. 7.7.

Transmitted

radiation

A

Scattered '
l_] sample

radiation

‘ Spectrometer
Al | ' Y| — -

Raman spectra ' ’ A

Incident

radiation

Fig. 7.7; Origin ¢f Raman Spectra_in scattered light.

The scattered radiation shows some lines of higher and some of lowet frequency than that of
incident radiation. This arises because incident radiation can lose energy in exciting the
molecules or can alternatively gain energy from molecules already excited. The resulting
spectrum so obtained is known as Raman Spectrum. The lines of lower frequency are
called Stokes lines; those of higher frequency are known as anti Stokes lines, The
experimental method of obtaining Raman spectra is different because the lines are very weak;
but the use of lasers for the incident radiation hus made the technique easier and of wider
application.

Absorption spectra are studied extensively in order 1o elucidate the structure of molecules.
We shall concentrate only on absorption spectroscopy in this and the next unit. The
molecular spectra are more complicated than atomic spectra; they range over wider regions of
the electromagnetic spectrum and their interpretation is often more difficult. We divide
absorption spectra into different types on the basis of the radiation absorbed. In this and the ‘
next unit, we are concerned with three.types of molecular absorption specira as given below:

Microwave Spectra: Region of electromagnetic spectrum (3 X 10'% 10 3 x 10!2 Hz or |
em! 10 100 cm™') is concerned with the energy change of retational levels which are of the
order of 0.01 to 1 kJ mol"!, Microwave radiation does rot affect vibrational and electronic
energy levels as it changes only the rotational energy and the resulting molecular spectra is
called rotational spectra. The principles and the information given by rotational spectra
will be dealt in sections 7.6 to 7.8. ‘




Infrared Spectra: Eleciromagnetic radiation in the infrared region of 1he spectrum

(3% 1010 3 x 10" Hz or 100 cm™! ro 10° em=Y) results in changes of the vibrational
energy of molecules. The energy change required lor molecular vibrations is of the order of |
lo 100 kJ mal~', and changes in vibrational energy levels are accompanied by transitions
belween rotational levels 100, So. in a vibrational spectrum, each fine is accompanied by the
rotitivnd fine structures. Such o specirum is evidently known as vibrational-rotational
spectrum, If we do not consider the rotational fine structure. absorption spectrum is called
vibrational spectrum.

Ultraviolet and Visible Spectra: Electromapnetic radiation in the ultraviolet and
visible regions (3 x 1014 =3 x 10! Hz a7 1000 - 10 nm) of the spectrum results in changes
in the electronic structure of motecules. The energy change observed in this region is of the
order of 100 - 1% kJ mol-!. This type of absorption spectra is also called electronic
spectra. The vibrationat und rolational transitions also accompary ¢lectronic transitions
and these transitions appear as broad band absorption spectra. In practice, the region
2(0)-R(H) nm is generally used by chemists to observe electronic spectra..In Table 7.2, we
sunmrise the types of absorption spectra and information available from each type. -

Table 7.2: Types of Absorplion Speclr'u and the Information Obtained from these

Y

Radiation ubyorbed Effect on phe molecule

Information deduced
. . .

Microwiave

vz dx - 3% 10 He
Vo= - 10 em!
A=lem Q.00 em

£ =000 - 1 k) mai!

* Calculation of bond
length, bond angle, elc,

Change in rolational energy
leveis of the molecule

Infrined

v dx 1 ax 10 He
Vo= - 10 em!?

A =001 ¢cm - XK nm
E =1 - 10K mol!

Uiraviolet and Yisible
voEix 1 L3k 100 He
=t - 100 eml

A = 1000am - 10 nm

E = 100 =107 &3 mal”!

Change in the vibrational and¥
-

rolational energy levels in

the molecule -

. Change in electronic energy

levels within the molecule.
Vibrational and rotational
transitions are also brought
about: but their resolutionis
not possible in solid and
liquid stales.

Delection of functional
groups in compounds,
calculation of force

- constant. bond length and
bond angle. cte., and in
quantitalive analysis.

In qualitative and -~
quantitalive analysis.

You try 'the following SAQ. which is based on the above dischssion._

SAQ 2

Indicate the type of energy change brought about, when a gaseous-molecule is exposed to the
following radiation. Write your answer in the space provided.

a)  Infrared

b)  Ultraviolet
¢) Microwave .

d) Visible

Maolecular Spectroscopy-l
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A'high frequency radiz valve js called
aklystron valve which zan'be jumed
1o emit monochromatic radiation over
a limited range of frequency in the
mMICrowave region.

The fourteen elements from Celo Lu

- are known 1s rare earth clements!
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74 THE INTENSITY OF SPECTRAL LINES OR

BANDS -

In the previous section, we have discussed the origin of spectral lines or bands in a spectrum.
Now, in this section we are going'to focus our attention on the factors which are responsible

for the number and intensities of spectral lines or bands.

The number and the intensities of lines or bands which may appear in a spectrum are
determined by the factors such-as population of the energy levels and quantum mcchamcal

selection rules.

The number of molecules present at each energy level is known as the population of that
energy level. A large population at a particular level indicates that a large number of
molecules may undergo a particular transition giving rise to an intense absorption band.

Quantum mechanical selection rules help us in deciding whether a particular transition is
allowed or not. Again, the molecules, undergoing a transition which is permitted by the
selection rules, give rise 1o an inlense absorption line or a band. Forbidden transitions are
those which are not permitted by the selection rules and give rise to weak absorption pattern.
In our study of molecular spectroscopy, we will not go into the detailed reasoning for
intensity pattern of spectral transitions; instead we will pay more attention to the
applications of different types of spectra. Beforé taking up the details of the microwave

spectra, let ys first consider some features of an absorption spectrometer.

7.5 GENERAL FEATURES OF ABSORPTION
SPECTROMETER |

“Let us now study the instruments used for obtaining molecular spectra. The instrument
whith we use to record the spectra of molecules, is called a spectrometer. The exact design

' cf the $astrzment varies according 1o the spectral region being examined. But the basic
féitures of sii spectrometers are :,smllar A generalised schematic represem.auon is shown in

- Fig. 7.8.
source of analysing detector,
characteristic device or reccer,
radiation . monochromaltor integrator
@ ® ()

The essential features of an absorption spectrometer are fairly simple. It consists of a
suitable source of electromagnetic radiation, a system to analyse the radiation or a
monochromator and an appropriate detector to detect the intensity of the radiation absorbed.
Depending on the technique, the sample may be positioned between' (a) and (b) or between
(b} and (c). These features are summansed in Table '7 3 for the different spectral types.

The finak absorption spectrum is displayed either on a video screen or, more generally,
recorded on & chart paper. In this manner, we can measure the extent to which a substance -
absorbs radiation at each wavelength (or frequency or wave numbert).

Fig. 1.8 : Schemalic layout of spectrometer.

Table 7.3 : General Features of Absorption Spectrometer

Uliraviolet Visible Infrared Microwave
Hydrogen, 1. Tungsl':_n Electrically Klystron
Source discharge- ~ | filamiet heated rod valve
lamp lamp of rare
(@) earth oxides
System System of mirfors and'rotating System of Frequency
of . grating to select appropriate mirrorsand varied
Analysis wavelength. rotating grating clectronically
(b) ‘




Sample Generally diliite solutions but Gases, liquids Gases or Motecular Spectuoscap -1
- gases can be used. Quartz cef! dilute sclurions, Vapours
usedin ultraviolet region. solids ground with
KBr and pressed
into discs.
Delector Photographic device or Heat sensor - Crystal
(c) morc generally, a or photo deleclor
photomultiplier lube. conductivity for radio
device. frequencies

With this background, we take up the study of microwave spectra in this_unit. We shall
study infrared, visible and ultraviolet spectra in thg next unit. '

7.6 REQUISITE FOR MICROWAVE ABSORPTION

We have mentioned earlier that absorption in the microwave rcgidn of electromagnetic

spectrum can cause transition of the absorbing molecule from one rotational level to another.

Therefore, the microwave spectra is also known as rotational spectra. The condition for a

molecule to exhibil rotational spectra is that a molecule must possess permanent dipole Maiecules Ui have i dipoie

moment. When a molecule having permanent dipole moment rotates, it generates an electric 1‘“’:‘::""1‘“'}'!‘“"1";" :;l:‘\‘t ':;'L'::;:i'r"

field which can interact with the electric component of the microwave radiation. During this "f:“k.','n' s :m_ we shall Comsded
interaction, energy can-be absorbed or emitted and thus the rotation of the molecule gives only the specirs ol malecnfes whily
rise to a specirum. If molecules do ot have permanent dipole moment, interaction is not”- have permanient dipole monenr,

+ quile prominent and these molecules are said o be "microwave inactive” . Examples of ‘ :
microwave inactive molecules are H,, Cl,, ¢tc. On the other hand, the molecules like HCI,
CH,Cl, etc., which possess permanent dipole moment are “microwave active".

Let us now see how microwave spectra can bé-utijised 1o derive information regarding bond
. length. Before.tha:, answer the following SAQ. .

SAQ 3
Which of the lollowing molecules can absorb in the microwave region? Write YES or NO in
the spuce given. '

a CO [T e et et re et r e e et arrn e

B) TS0, e vt S e,
¢t N, [ETICRR ..........................................................................
G Cly e
el HCL e e —— e e, -

7.7 THEORY OF ROTAT;ONAL SPECTRA

We huve afready mentioned that rotational energy, like other forms of molecular energy, is
quantised. The permitted energy values (energy levels) may be calculated for any molecule by
solving the Schradinger equation for the molecule. For simple molecules, the derivations
involved-are somewhat simple while for larce systems, it is more complicated and requires

. gross approximations. We are not concerned with tedious derivations of the axpressions like
Eq. 7.4, but we will only apply the same to simple cases such as heteropuclear diatomic
‘molecules. For such a system, the rotational erergy levels, as obtained by solving the

- Schrédinger equation, are given by the expression,

)

h . )
E., =ggi J Y+ 1) (7.4) -
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Struzture’ of- Matter11
The unit of £
= Unitof g/ (/+ 1)
315
=
kg m-
Note that J (ilalicised) stands for the
rotational quantum number wheneas J
“{roman) stands for the encrgy unit,
joule, Here J stands for the cnergy
- nit, joule only. Also the rotational
quanium number / is a mere aumber
- without a unit.

Hence, the unit of
I3t
Eml = g m?
Lis?
==y
kg m*
_ Ikgm? s st
- kg m*
;1 I=1kgmis?)
=J

36

. . m " ’
- [=ml —2 r2+m2 —t— 12
o my+m, m, +m;

where, :

h = Planck’s constant (6.626-_x‘ 10734 J 5),

I = Moment of inerli?(kg Y,

J = Rotarional quﬁm_ﬁrh number which has values 0, 1.2, 3. etc. It is dimensioniess.

By the application of -impie mechanics, we can define moment of inertia. Consider a
diatomic molecule AB; in-which atomic masses of the atoms A and B are m, and mi,,
respectively. Suppose tha: these two atoms are joiped by a rigid bond of length » . Let the
two atoms A and B be st distances r| and r,, respectively, from the centre of gravity G of the
molecule about which the molecule rotates end-over as shown'in Fig, 7.9.

r

y

h o
H B
m, -m

Fig. 7.9 : Simpte model for rotational- motion of a diatomic molecule,

2 \

It is evident that the bond length » must be equal to the sum of r, and r,.
rer . . ' ...{1.5)
In this case, the moment of inertia, /, about the axis of rotation is defined by.
I =mr2 + myr,? < (7.6)
Since G is the centre of gravity, moments m,r, and m,r,, must be équal.
ie. myry =myr, 41T
On rearTanging this expression, we get,

n_m '

o m

using the characteristics of proportions, we can Yite.

T Ml

.(r1+r2)=(m1+—m2) ' -

ik,

. m
(m,y + my)

. ms
n (?'|""'z)=(m1 +~mz) r LT

Similarly, rearranging Eq.7.7 as,

R

1 -

- ——
rz--(m1 + m,_)(r‘ +ry}= (nt, + my) r . (T

‘On subsfiluting Eqgs. 7.8 and 7.9 in Eq. 7.6, we obtain the following expression,

..(7.16)




Rearranging. we get. -

M,

s 12 a4 10 )
m,+m,) = '
2 2 7 my # my)

_(ml + m,)?

=pr? Al

where U is the reduced mass of the diatomic mo!ecule and its value is p = m iy f(m +m.).
The unit of reduced mass is kg, Eq. 7.1} defines the moment of inertia in terms of atomic
misses and bond length.

Now consider again Eq, 7.4. which expresses the allowed energies in joules we, however,
generally express rotational energies, in lerms of wave number. Since £ = he'v, Eq..7.4 can
be writlen as:

A

L h
872 The

V= JUI+ 1

h
-t L(7.12)

where ¢ is the velocity of light expressed in m s~! and the unit of wave number is remprocal
meter or mi.

Further, we generally write B for & /B /¢ ; so, El].'i. 12 can be expressed as,
v=BJ{J+1) .(7.13)

where B i is cal]ed the rofational constant. The literature values for B are in cm~! umit.
You can convert the values in em unit into m~! unit, if you remember the relationship,
Imt= (IO‘ cm)! = 10~ cm! ) .

We shall illustrate this conversion in Sec. 7.8.
From Eq. 7.13, by using integral values 0, 1, 2.3, 4, 5, etc. for J we can shgw the allowed*

rotational energy levels diagrammaticaily, as in Fig. 7.10.

Rotational quantum Allowed rotational cnergy

number (J} valug in & unit
5 308
4, 208
3— 128
2 68
1 2B
0 0

Fig. 7.10 : The allowed rotational energy levels of & rigid diatomic molecule.

In order to predict the rotational spectrum, we now need to consider the difference between
the rotational energy levels. The energy difference between two levels will be given by,

AE,M:E,,-E,_:%-"(Jw1)-8—21—J('J+1) (7.14)

where J = lower quantum number, J = higher quantum number.

When a molecule moves from one energy level to anothcr AE gives the amount of energy
absorbed or emitted. This energy is detected by the spectrometer in the form of spectral+lines,
Since, we prefer mentioning the rotational transitions in wave number units, we can rewrite
Eqg. 7.14 as, ' :

Molecular Spectrasenpy-1

Unitof v= ummr8 h J(J+n

= __!<_
kg mim s
Remember, the rotalional quantum
number, . has no unit,
is

Unitof v = =T
kg m’s

kg m¥s? s
T kgm' !

=m
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= _AEml-_ h: — ty Pr ' }
Vinp = SEpips VO HN-TURT

B g on '
=g VU H-J(J+ I
=B '+ =T (J+1)]
= 8milc ) o

When J = 0 and J= 1, Eq. 7.15 becomes :

. .I.('i. 15)

B

oy =BII(1+1)-0/0+1)]=28

Thus, for J =0 teJ’ = 1 transiiion, an absorption line will appear at 28. If the molecute is
raised from J = | toJ’ = 2 level by the absorption of more energy in the microwave region,
then the wave number corresponding to this transition is given by,

Vi, =B+ -1 (1+D]
=48

Tt means that corresponding to the transition, J = 1 to J’ =2.an absorption line will appear
at 4B. Tn general, when the molecule is raised from the level JtoJ + 1, the wave number for
the transition is, ‘

Y, =B+ DUFD-TU+1)]
=B+ +2-J)
T’J-}J+I=ZB_(J+.” ---(7.16)

From Eq. 7.16. it is clear that siepwise, raising of rotational energy results in an absorption
spectrun: cansisting of lines at 23, 4B, 6B. etc. The allowed energy transitions, the general
patiern of rotational spectrum: and rotational lines in the absorption spectrum of hydrogen
chloride are shown in Fig. 7.11.

Rotational energy Encrgy transition
n

- (in terms of B}
5 — 308
K ] 1
!
4 208 -
128
2 6B
) B () T
0 0 _ -
J—=Jy 01 =2 223 34 45
] | ‘ l
(b) s 1B 4B 68 8B 08

() vem™ J\ _ '\\__ N

21.18 42.36 63.54 84.72 105.51

Fig. 7.1} : Rotationat spectrum: {a) Altowed rotational Irapsitions:  (B) rotational lines in
the absorplien spectrum : (ci rotztional spectrum of hydrogen chloride.




Note a ebnstant difference of 28 between adjacent lines ; this value. 28, is called rotational
spacing, In the case of the spectra of '"H¥C| molecuie. the’ rolational spacing is equal to
2118 nv? or 2118 em-!, It is issumed here that the molecule is rigid. Such a-system is also
called rigid rotator.

Selection rule for rofational spectra :

““In the above discussion. we have not considered the sequence of transitions../ =0 — /=2,
J =2 F =4, cic. We considered transitions’ only to the immediate neighbouring energy
Tevel, It can be shown using quantum mechanics that only those transitions are possible in
which IL!‘I.IIH_L‘\ by one unit. all other transitions being spectroscopically forbidden. Sucha
result is called selection rule. Therefore, for rigid dmtomsc rotater, selection e is;

A =4+ ' ) ‘ .

For absorption speetra, A =+ [; s:mllarly for emmlon AJ=-I. Thal is, the, allowcd
transition for absorption is.// = J + 1.

So far, we have discussed the theory of microwave spectra. In the next section, we shall
consider the application of rotationat spectra taking HCl molecule, as an example.

78 ROTATIONAL SPECTRA OF HCl MOLECULE

The rotational spectra of HCI moleéule is shown in Fig. 7.11c. Let us now .Jpply Ey. 7.16
to this spectrum to calculate the rotational constant, moment of eru.: and bond length of
the molecule.

The first line comesponding to/ = 010 /' = | appears in the rotational spectrum of HCI at
2118 em ! Hence. from Eq.7.16.

Vo, =2118em '=28cm!

or B = 10.59 ¢cm . Since the literature values of 8 are given inem !, whereas we use SI
units throughout, it is belter 1o convert 8 also into 1 units..

R =105 m!? Colem'=10Fm 'y

h

o A, . = '8 ;:.. "
Sl ) h /Rr-B

Since, B =

substiinting the v .tluc\ of o B and e,

60.026 x 107 (J 5)
HHCh = S ...hi_._..
N x 31427 x 1039 (m ' ) o ‘m)‘sxlﬂ‘( N

= 2.040 X I()'”-kﬂ m ' -

Since llu. muineni ol inertia of HCL is knows, v can o t]LU]d[L ils borad length using the
steps described below ‘

s m.
t=pr-=— o
. My o+

1,008 x IO_ .
Mitss of un-H atomy =———~ Kg
. 6022 % 10°F

3545 x I()
Mass of a Cl wom =~ —— = - ke
6.022 x 107!

Thus, the reduced mass.

. ) 35.45 A ' a7,
Sy LOOR ey x 33AStke) M0 o0 ke
(ml +) (I 008 + ‘5 A5 (k) 6.022 % 10 ’

)
~
1l

f \/ 2.646 x 107 kg m” } .
1.627 % l()“' (Kgj

127.5 pm. . ’

H

Moalecular Spectriscapy -]
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From the above discussion, it follows that rotational spectra can be used 0 calculate simple
molecular parameters such as moment of inertia and bond length. Besides this, we can also
obtam information regardmv molecular symmetry and bond angle. .

To test your understanding of the above discussion, try the folowing SAQ.
fAQ 4

The lowest wave number absorption line in the rolauonal spectrum of 'H'"*Fis at
41.11 cm™. Answer the followmg guestions.

a) What is the value cf the lowest frequency of absorption in the rotational spcclrum of
HF? .

b) Which are the two energy levels involved in *his transition?

c) What is the value of the rotational constant (B) for HF?

d Calculate the moment of inertia for HF molecule.

e} Calculate ihe bond length of HF molecule.

79 SUMMARY

- Int this unit, we have briefly described the principles of molecular speéu'oscopy with special

reference to retational spectra. We are summarising below what we have studied so-far :

e . Molecules have différent types of qua. tized energy ; €.g., rotational, vibrational and
electromic. '

¢ Molezular spectra are more complex than atomic spectra ; the former can be classified
into taree types on the basis of the method to obtain them, namely. emission spectra,
absorption spectra and Raman spectra, :

s Difierent regions of electrdmagnetic radiations are used for different types of absorption

spectra.

o The condition for a molecule to cthlt rolauonal spectra is that it must possess
permanent dipol¢ moment.

e The rotational spectra of a diatomic molecule is a series of equally spaced lines of wave
numbers 28, 4B, 6B, etc. The wave numbers of the hne can be used to providesaccurate
vaiue of‘ boir? Iength

7.10- TERMINAL QUESTIONS

1. Calculate AE, vand v for visible radiatiomo; wavelength 800 nm.

2. CO absorbs electromagnetic ra(diation at about 6.4 X 10" Hz.
2) In which region of the electromagnetic spectrum does this frequency he”

b) Which type of mplecular energy is likely 1o be affected?

"3, What is the selection rule for the microwave absorpnon spectra?

Complete the Table given below:

Rotational quantum _Encrgy Energy

number ‘ transition
o - .
l i
Z,
3

4
5

5. The bond length of '"H*Br molecule is 141 pm. Calculate the wa¥e numbers in cm™! for
the. following rotational transitions : ' |

J=0J0=1;
J=1—J=2;and
J=2J=3.




7.1 ANSWERS | .

7 ?.AQZ) To calcul#te the énergy per mole, multiply kc/A by Avogadro constant (V)
Thus, AE = Nohe
A
_ 6.022 x 10™ (mol~!) x 6.626 x 107" (J 5) x 2.998 x 10° (m s°1)
- ' 200 x 107° (m)
= 5.9'81 X 10° T mol! ’
= 598.1 kJ mao[;!
b) V=f— = 292?:;2 11(();(;:::)4) =1.499 x 10" s or Hz -
9 VTR T
=5x10*cm”
2. Radiation | Molecular energy changes
a). Infrared Vibrational und rotational
b) Ultraviolet  Electronic, vibrational and rotational
¢) Microwave . Rotational ) )
d) Visible _ Eléctronic, vibrational and rotational

3. 3 Yes b) Yes ¢} No d) No e) Yes
4. & First convert the unit of ¥ into.m™' ; then substitute this vaiue in the equation,
v =vc. \

Hence, v=1.232x 10" Hz.

b) ‘The lowest frequency absorption arises due to ttie transition from J = 0 level to
J=11evel. -

¢ 2B=41.11cm, therefore B = 20.56 cm™!
. = 2056 m~!

d - Since B =_87r:lc . s

o 6.626 x 107 (J 5)
T8mBe T 8 x (3.142)° x 2056 (m”') x 2.998 x 108 (m 571)

{

!

=1363 %107 kg m?

e} To calculate the bond length of HF molecule, first calculate reduced mass, L ;

My X Mg 107
= % k
H (my+ mg) © 6.022x 107 8
1 %.19 -4 ‘
X x 10 kg

T (1 +19) x 6.022 x 107
= 1.578 x 107 kg '

From Eq. T.i'l. bond length can be calculated as follows:

f! R _
ro= — :
u : . 41

Molecuiar Spectrescopy-1-




Structure of Matter-1§ . . —V 1__3_@3 w 1047 (kg m2) . ' ' _\ .- |
' ' 1.578 x 107 (kg) ' . _

= 9294 pm

Terminal Questions ‘
. AE=149.5kImol™' v=3.748 x 10" Hz;

-

¥ =125%10°m = .25 x 10* cm™

2. a) Infrared
b) Vibrational and rotational.
3. AJ=x%l. | )
4. I Rotational quantum . Energy - Energy transition
number :

0 . 0
L - =010 /51,28
) o pu =110 J=248
3 ' . 1om 1 =2 to J=3,68
4 - 208 J=31p /=488
5 308 J='=4.10J==5.IOB

5. UseEg. 7.11 *n calculate the moment of inertia.
I =12
mH'mBr 10-3

= kg (Atomic mass of hydrogen is‘l and that of
B+ mg, “5.002% 100 & ¢ ydrogen Is 1. !

bremine is 80) i ‘
= 1.640x 107 kg
I =pr=1.640 % 107 (kg) x (141 x 10792 (m)?

=3.260 x 107 kg m?
Once [ is known, we can calculate B u‘ng the equation,

h
‘Sﬂzlc

B =

_ 6.626 x 107 (J 5)
B x (3.142)° x 3.260 x 107" (kg m?) x 2.998 x 10° (m s")

=858.4 m!
=8.584 cm™!
: For_the transition S =0toJ =}, v=2B=17.17 cm‘.‘l',
For the transition J = 1 /=2, Vv =4B = 34.34 cm

For the transition J = 2 to J'= 3, V= 68 = 51.50 .
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8.1 INTRODUCTION

In the previous unit, we have explained the different types of energy levels in a molecule.
We also discussed how the transition between energy levels is responsible for the different
types of absorption spectra. Later we discussed the rotational spectra in detail and used the
same to calculate the moment of inertia and bond length for a diatomic molecule.

In-this unit, firstly we study infrared spectra of diatornic molecules. Then we talk about the
infrared spectra of polyatomic molecules. We discuss the applications of infrared spectra in
the characterisation of group frequencies. We also take up ultraviolet and visible spectra in
detail. We then explain how electrenic spectra are useful in the identificatior of
chromophores ina molecule. Finally we discuss applications of ultraviolet dnd visible
spectra for guantitative analysis.

Objectives
After studying this unit, you should be able 1o:

describe the condition for absorption of infrared radiation,

explain the infrared spectra of diatomic molecules,

calculate the force constant of simple diatomic molecules from their infrared spectra,
state the number of vibrational modes for the polyatomic molecules,

identify some specific functional groups present in organic compounds on the basis of
infrared spectra, '

explain the significance of Anp,, and € values of a compound,

e  state different types of electronic transitions in a melecute, and

e describe simple applications of ultraviolet and visibie spectra in qualitative and
quantitative analysis.

@ o 9 v 0

8.2 REQUISITE FOR INFRARED ABSORPTION

In the previous unit, we dealt with the rigid rotator model for the diatomic molecule.
assuming that the bond is inflexible. The atoms in a molecule actually do not remain in
fixed positions but vibrate about some mean positions, We have already noted that the
absorption of infrared radiation by a molecule increases its vibrational energy. From the
study of infrared absorption specirum. we can, therefore, derive information about the
spacings of the allowed vibratiorial energies. As in rotation spectra, all types of molecules
cannot mteract with infrared radiaiion. On!ymlose molecules which show change in dipole

U3
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roment during @ vibration can exhibit infrared spectra: Homonuclear diatomic molecules

such as O, . N, or Cl, do not show change in dipole mement during vibration; there fore.

" they do not exhibit infrared specira.

You are aware that the infrared radiation absorbed by a gaseous molecuie changes both the
vibrational and the rotational energies of the molecuie. This further adds to the complexity of
infrared spectrum. We first consider the diatomic molecule undergoing vibrational and
rolational energy changes simultaneously, and then we focus our attention on the group
frequencies of polyatomic moiecules. ' '

%3 INFRARED SPECTRA OF DIATOMIC
MOLECULES -

Let us consider in detail. the absorption spectrum of gaseous hydrogen chloride, as a typical
example of a diatomic molecule. Figure 8.1 shows the absorption spectrum of gaseous
hydrogen chioride in the wave number region 2600-3100 cm~!, The most important features
to note are the regular spacings of about 20 cm-! between adjacent lines and the fact that the
spectrum is centred at about 2890 cm™'. ‘ C

3000 2500 2800 : 700 2600

Sem™ 3100
v T Y T - T T
&
o
=
o
H-lo &
[=]
L
3
<

Fig. 8.1 : Infrared spectrum 12600-3100 em~l) of gaseous hydrogen chloride.

The spectra of hydrogen chloride mdlecule can be understood in terms of vibrational and
rolational transitions. Youtare aware that energy needed for rotational transition is less than
that for vibrational transition. The numerous vibrational tfansitions accompanied by the.
rotational transitions are responsible for the multiple lines in its infrared spez:ram as shown

in Fig. 8.1. This is explained in more detail in the next section.

84 THEORY OF INFRARED ABSORPTION
SPECTRA ~

"The quantum theory predicts that only certain vibrational energies (E,,,) are allowed. These

Zero point energy significs thal a
molecule must akways vibrate and can -
neverbe at rést. This is a significant
wave-mechanical resull which has
been amply borne out by exgeriment.

values are govefncd by the expression:

E\:ib = (v + %,) hvg . _ (8.1}

where °' is the.vibrational quantum number, with possible values of 0, 1, 2. etc’and Vg is
the fundamental frequency. ' o '

The lowest two energy levels, v=0and v =1, will have Ey ;*alues of 1/2 hvy and 3/2hvg.
respectively, so that the difference between them (i.e.. “he.energy of the v = 0- v=]|
transition) is hi/n . The appropriate frequency of the electromagnetic radiation associated with
this energy change is the fundahental frequency (Vg). 1t should also be noted that even in the
ground v:brational state. the molecule has the vibrational energy, 1/2 Avy . This is called the

zero point energy. :
When a molecule has rotational and vibrational changes simulténeousl)?, the total energy '
associated with these changes is the sum of the rotational and vibrational energies. i.e.,
h.!.
8 1

Eu+ Eq 7= (-U +’;_ Y v+ JJ+1) . ‘ - : (82




Allowed energy levels are illustrated in Fig.8.2. Note that the vibrational energy levels are Molecular S_Ptﬂl'omﬁy - Ir E
" much more widely spaced than the rotational energy levels. '

Transitions {(Av=41) R

Energy levels
X Al=+1 Al=-1

(vibration-rotation)

J
4 )
o3 '1i $
=l 2/ } Y
E.,,-br.312hv‘, . ‘ h
' ' T 'y
|t
-—-qu --NP
. 11t =3¢
?‘? c.jm«lm '_t,_j.m*' i
“ I
- .
3:
=0 T SR
Eqp=112hv, 1 ’

Fig. £.2 : Vibrajjonal energy levels witk rotational sublevels for a diatomic molecule.

Whep a molecuie absorbs energy in the ir.frared region of electromagnetic spectrum, it can
chzage its vibrational and rotz+*onal levels and these energy changes account for the features -
of a typical spectrum (Fig. 8.1). The infrared absorption spectrum in the gas phase is much
complicated due to the rotational fine structure (Fig. 8.3 a). We can avoid this complicaiion
by taking the spectrum for liquid (Fig. 8.3 b) or solid samples. For such cases, the rotational
fine structure becrmes buried and a broad peak is observed for a vibrational energy change.
The interpretation of the infrared spectra is thus made simple even for polyatomic molecules.

%T
%T

240 2ig0 2100 : 00 2240 218 ' 2100 2020

Tiom™ O ' Vem™ W)
Fig. 8.3 : The spectra of CO (a) in the gas phase (b} in CCI4 _ solution. ]

Now, we corsider the theoretical basis of vibration spectira. It is simpler to understand the
vibration of 2 diatomic molecule by classical mechanics than by quantum mechanics. If
molecule undergoes only vibrational motion, we can explain the origin and changes in‘

. vibrations; spectra using the ideas of the harmonic oscillator model, illustrated in
Fig. 8.4. According io this model, each chemical bond acts like a spring; it connects two
atoms of maSses, /2, and m,, undergoing simple harmonic motion.

‘Such a system obeys Hooke's law; that is, when the massés are stretched or compressed
away from the resting position, the restoring force is proportional to the extent of -
displacement {Ax)} from that position, Algebraically stated,

Restoring force = -k Arx - (8.3 _ 45
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To raise the molecutes from the state
Uto'state v + |, the energy required
is given by, 1

Eyou + 1=(0 + 1+ 5)hv,

1
= (V43 hvy = hvy

Fig. 8.4 : Ball and spring representation of a Hiatomic molecule.

where k is the proportionality constant known as force constant; it is the restoring force
per unit displacement from the resting position. The negative sign in Eq. 8.2 indicates that
the restoring force tends to pull the spring back to its original position. When the spring is
compressed, it exerts a force to expand; when it'is stretched, it exerts a force to pull back.

A set of masses that are connected by the spring, naturally tends to settle into a specific
motion, when disturbed. The masses vibrate with a frequency that depends on the masses and
the strength of the spring. Such vibrations, which occur at characteristic
frequencies, are what we measure in infrared spectra. For the simple harmonic
motion of the spring, it can be shown that the frequency of oscillation, v, is given by,

= L. E__L.\,k(m,-i-mz) | V .
V= 5% V u 2 . omm .(8.4)

" where 1 is the reduced mass (bemg egudl to

(—-'+m—)- ) and k is the force constant of the
m,

spring: Similarly, the behaviour of chemical bonds can be mterpreted interms of 3
fundamental frequency, v, given by Eq, 8.5.

\h 23 52 A\ , ...{8.5)

where i is ﬂlc reduced mass of the two connected atoms, and by analogy, £ is the force

_constant of the bond. The energy of a classical oscillator is equal to 1 kxlor 2niu vie

(From Eq. 8.5, k = 47%pv,?); and hence can be varied continuously. But it can be shown that
the energy of quantum mechanical oscillator is (v + 1/2) hvp, withv, having the same value
as obtained for a classical oscillator. Now, on substituting the value of fundamentat
frequency from Eq. 8.5 in Eq. 8,1, we can get,

] k

Eyp=(u+3)o2 " - ...(8.6)
’I'he allowed vibrational energies for a dlatoxmc molecule, as given by Eq. 8.6 are shown
schematically in Fig. 8.5, where energy is plotted agamst internuciear distance. This
represenlauon contains information both about the energy levels and the energy changes that
occur during the vibration, The energy levels are seen 1o be equally spaced with a spacing of

hfz:ﬂ/—u or more simply, hvy. The selection rule for a harmonic vibrational transition, as
per the solution of Schrddinger equation, is Av =11, This'means that the increase or
decrease in the vibrational quantum number is by one unit onty. That is, a molecule can
absorb energy and get excited to the next higher vibrational level or emit a part of its energy
to be transferred to the next lower vibrational level. Also the selection rule Av = £] indicates
that the energy d:fference between two vibrational levels involved in a transition would

_ always be equal to the spacing (/#vp), and we would accordingly expect all lines in the

spectrum to fall in the same place (see the diagram at the foot of Fig, 8.5)

Thus, for an idzal harmonic oscillator, the spectral absorplion must occur exactly at the
vibration frequency calculated from Eq, 8.6.
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Fig. 8.5 : The altowed. vibrational energy levels and the transitions between them.

[0 express the positidn of & spectral band in wave number (n!) unit, Eq. 8.7 is to be used.

_ Eg o1 Jfx . _

o= Mk _ ) — =

v="2 = (v + . +..(8.7
e 2 ) Y- u 8.7 .

The literature-values of the pesition of the spectral bands are in cm-! units. Since

1m? = 107 cm'fl. ¥ can be obtained in cm™! \nit as per the equation,

_ 1, 107 ,k . -
v= (v+ 5) 5 = : +.(8.8)
27 2mc u

Using Ec . 8.7 or Eq.' 8.8, you can construct an énergy level diagram from vibrational
spectrum; alternatively, you can draw conclusions about the spectrum from an energy level

In reality, the miolecules do not exhibit the simple harmonic motion exactly. That is, th
resulting vibrational motion is anharmoniec in nature and the mathematical calcvlation of
the vibrational energy leveis is necessarily more complex. The corresponding curve is
modified in the manner shown in Fig. 8.6. We observe in this diagram that the spacing of
the vibrational energy levels become closer with increasing energy (or increasing vibrational

quantum number) due to the anharmonic nature of the vibration.

Energy

Intornuciear distance (7)

Fig. 8.6 : The eorrgy of a distomic molecule uld.ergoilg anharmosic vibration. Compare this
curve with the dotted curve of a barmonic osciliator.
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Energy levels are nix equatly spaced
in the anharmonic oscillators,

" overtone is not cxactly twice the

fundamental band.

‘\l kgmr’ m !
. lkg

= JFES-IWH-L

‘fundamental band.
V c
~ b
t
B
viem™! : .
Fig. 8.7 : Infrared spectrum of a dintomic molecule in -sofution: (x) fundamental band;

'Usmg the above d.lscussmfl we can calculate the fundamental ﬁ'equency {vy) or the force

.. forca onstant value of 480 N m~1. We can calculate its fundamental frequency, once its

" It is worth recollecting that the spectrum of hydrogen chloride given in Fig. 8.1 is centered

The selection rules for all _.c transitions in an anharmonic oscillater may be given as,
Av =11, 32, 43, ...

The transition in which

i) v=0tov = I, gives fundamental band;

i) v=0to v = 2, gives first overtone;

iii) v=0tov = 3, gives secorid overtone.

A typical vibrational spectrum with two overtones is shown in Fig. 8.7. Note the decreased
intensity (as shown by lower value for % T') of the overtones as compared to the

(b) first overtons; (c) secord overtone.

cansiant (k), if one of them is known for a simple diatomic molecute. The value of force
constant indicates the strength of the bond. For example, hydrogen chloride ( H”Cl) has a

reduced mass is known.
s 1x 35, i0?
Reduced mdss of 'H¥Cl= — 22— = — x .
s of HCl= G, v m) ~(1+35) “6022x 105 8
g = 1615 x 107kg,

Now, substituting the value of reduced mass and force con.;ztam in Eq. 8.5,

o =L Jg_ 1 ,\/ 480 (N m-1)
28 Ny 2x3.142 Y 1.615% 1077 (kg
= 8.676x 10°Hz '

v _ 8676210 (s
c 2998 x 10°(m s_l)

2,894 % 10° m-!

2.894 % 10° em!
2894 cm™L.

¢olmt =102 em)

around 2890 cm™'. Now let us focus our attention on the significance of the force constant.
Again consider the model given in fig. 8.4. Notice the way the frequency changgs with &
and the masses. m, and m,. If the spring is stiffer, which means & becomes larger, then the

frequency rises and the vibration is faster. Conversely. if the spring is weaker, & is reduced.
and the frequency falls.

What happens if either of the masses is decreased and the same spring is retained? In that
case, the value of  decreases. Therefore, 1/1 becomes larger, and as can be seen from Eg.
8.5, the fundamental frequency will rise. So decrease in mass yields the same effect as




increase in the strength of the spring, and vice versa. Based on this analogy, we can
generalise that the vibrational fundamental frequency is higher for,

i) stronger chemical bonds
i) bonding between lighter atcms

The clause (i} suggests that we might expect the frequency to incréase with bond order
among C-C, C=C and C= C groups and among C-N, C=N and C'z N groups. The trend
expected from this simple model is indeed observed experimentally as seen’in Table 8 1

Table 8.1 : Varlation of Vibrational Wave Number Values with Bond Order

Group Wave number/cm™ Group Wave nﬁmbcrlcm"
c-C ) 900 ‘C-N 1200 -
Cc=C 1650 C=N ) 1650

cmc . 2050 cmN _ 2100

As per clause (ii) and the earlier discussion, we expect the frequency to-decrease with increase
in the vibrating masses. To understand this, consider the case of 'HCI (which we shall
represent as HCl in the following dlscu'as:on) and 2HCI (DCI). In case of HCI, the
vibrational band, is centred at 2890 cm* and in case of DCY, it is centred at 2090 cm-!.. The
force serstant, is the same for HCI and DCL.

According to Eq. 8.5, v, (I-ICl)/v0 (DCD) should be related mverselyto the square root of the
ratio of their reduced masses.

v (HCD) _ 4 (DCL
v (DCD). U (HCD

Assume that the atomic masses of hydrogen, deuterium and cilorine are 1,2 and 35,
respectively,

V(HC) _, [ 2% 35 10-3(kg) o (L 35)* 6.022 x 1023
2+ 35) 6.022x 1022~ "35x 1 10-3(kg)
. = 1.395.
We can calculate the ratio v, (HCI) / V(D) also from the above mentmned experimental VO
values of the two moIecules given above
Vo (HCh 2890 (cm™)
v, (DCl) 2090 (emY)

= 1.383,

It is interesting to note that the vﬂﬁ&c of the ratio, VD(HCI)]vo (DC), obiained by boih the
methads are nearly the same. To test your understanding of the above discussion, try the
following SAQ.

SAQ 1 ,
Calculate the force constant for carbon monoxide, if this compound absorbs at 2.143 x 108
m! and its reduced mass is 1.139 x 1026 kg.

.....................................................................................................................

.............................................
...............................................................................

85 INFRARED SPECTRA OF POLYATOMIC
MOLECULES

So far, we h2ve discussed the infrared spectra of simple diatomic molecules. Now, let us
consider lhe vibrational specira of polyatomic molecules.

Molesular Speclroacopy - I
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During a strelching vibration, bond-

length varies; in 2 bending vibration.

bond angle varies. Bending requires’
less energy than sirerching.

50

For polyatomic molecules, there are sevbral possible ways in which the bonds can vibrate,
These are cailed the vibr'ational modes and each vibration has an asscciated fundamental
frequency (v,). For example the fundamental modes for the linear molecule CO, are
illustrated in Fig. 8.8. Of these, v, (the symmetric stretching mode) does not involve a
dlpole moment change and is “inactive™ in the infrared region, there being no corresponding
absorption of energy. However, absorption peaks are observed at v, (2349 cm™!) and v,

(667 em~*) because these modes of vibration involve dipole moment change. These are called
asymmetric stretching (v,) and.bending (v;) modes. We notice that Jess energy is-
involved in bending than in stretching,; this is because, it is easier to bend a spring than to
stretch. In symmetric stretching, both the bonds a and b are shortened or elongated to the
same extent simultaneously. In asymmetric stretching, one of the bonds (a.or b}, is
shortened, while the other is elongated.

tp——

o

f

}:'ig. 8.8 : Vibrational modes for carben din;;xidc.

“The complexity of infrared spectra for molecules is increased as we progress from diatomic 1o
triatomic and polyatomic molecules, because of the increase in the number of possible
vibrations, For a nonlinear molecule with n atoms, the number of vibrational modes is
(3n-6). 50 that methane theoreucalky possesses 9. and ethane has 18. On the olher hand, for °
a linear molecule. the number of vibrationai modes is 3#-5. Actual number of observed
vibration bands for a molecule is generally different from that calculated, because overtone
and combination of overtones may increase the number of vibration bands or some other
phenomenon may reduce the number of vibrations. In spite of these complications, it is
often possible to obtain useful information about the structure of complex molecules from.
the infrared spectra, details of Wthh we discuss in the following section. Before that try the

followmg SAQ.

SAQ 2 :
How m.my normal modes of vibration do you expect for the following compounds ?

_(Hint : Using the materiats in Units 3 and 4, find out whether a structure is linear or not.)

2) CO, b) SO, c) CHCI

86 GROUP FREQUENCIES - -

We have slaled earlier that for po]yammlc molecules, infrared spectra is complex. So, it may
not be easy to assign mode forevery vibrational ‘band. In such a case. the most important
information we gel is the recognition of group frequencies. To under stand group
frequencies. let us consider the organic compounds.




100+

SCc—H (Aromatic)

- %T

w000 3600 3000 2800 2400 2000 1400 1600 L0 a0 jom  goo
) iem™*
Fig. 8.9 : Infrared spectrum of acetophenone, {(CH,COCH ).

Organic compounds show spectra in which many bands are spread over the wide scan-range
" (4000600 cm™"). Each band is associated with a particular vibration (ora combination of
these). The complexity of the spectra, as iifustrated i Fig. 8.9, reflects the large number of

vibrations, which deperid on the structure of the molecule. Fortunately, we can, to a certain '

extent,-associate some absorptions with stretching or bending vibrations characteristic of
particular functional groups in a molecule; for €xample, the absorptions at 3050 and 1700
¢m-! in the spectrum of acetophenone are typical of the stretching modes of -C-H (aromatic)
and €=0 groups,.respectively. These frequencies are called group frequencies. In this
way, the infrated spectra allow recognition of the types of functional groups present in
organic molecules. A list of some characteristic group frequencies is given in Table 8.2.

Tai:le 8.2 : Characteristic Group Frequencies

Group (Bond Stretching Group (Bona Stretching
vibration)lem=! vibration)em=!
. i
=2C-H 3300 : -C=0 1700
! ' Lo
=C—H 3020 - _(I:"N" - 1150
i .
- ?"‘H 2960 —C=N 2100
-C=C— 2050
' | 1
-C-H 3680 (gos) —C=C- 1650
3400 (tiquid)
' - . }
~N-H 3350 . C-c- 900
SAQ 3

Match each absorption band with the functional group.

Functional group

Wave number/cm!
| )

3  —C=0 . 2050
b) --II\T—H 3400
) = (:3.—H 1700
d),' —C=C-~ 3350
e) —C-H 3020

87 APPLICATIONS OF INFRARED SPECTRA

.The usefulnzss of infrared spectra lies not only in the caltulalions of the molecular
parameters for small molecules, but also, for the characterisation of orgaric molecules. We

Molecular Spectroscopy - 11
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‘The group frequencies remain

_constant from molecule (o molecule . |

because of the following reasons :

i) The force constant fora
panticular bond is constanl.

ii) The reduced mass is also nearly

* conslant in big molecules, For

cxample, in case of hydrocarbons
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Structure of Matter-11 are considering some examples to iliustrate further the importance of infrared spectra in
identifying the structure of organic compounds:

Example 1: Pent-1-ene, CH, (CH,),CH = CH,
The infrared spectrum of this compound is given in Fig. 8.10.

1007
4
o
2
] ~
=C-H| | _cu se=c
0 L l
3600 2500 2000 1800 1600 . 1dgp 1200 100D 800 &00
viem™' _
Fig. 8.10 : Infraved 'speclrum of Pent-l-ene.
‘ I
The bands appearing at 3080 cm~!, 2950 cm~! and 1640 cm~' are due to = C-H.
| i i- ) .
—C- H and -C= C- stretching, respectively.
Exsmple 2: 1-Butanol, CH, CH,CH, CH,0OH '
100 4 '
-~
W
-0-H
P 1 L - T 1 L] T T BB ¥ T T
3600 3200 2800 2400 2000 1800 1600 1400 1200 tOO-D 800 650 -
viem™
H ' Fig. §.11 : Infrared spectruimn of 1-butznol,

the presence of the O-H group in the molecule. This is due to the stretching of the O—H
group. Broadening of the band suggests intermolecular hydrogen bonding. Here, -
intermelecular hydrogen bonding arises between hydrogen of the hydroxyl group of one
molecule with the oxygen of thie hydroxyl group of another molecule.

Example 3: Diethylamine (C,H,),NH

P ao\l—f,xo \R In Fig. 8.11, the infrared spectrum of I-butanol is given. Broad band at 3400 cr-! indicates

Ii ermolecular hydrogen bording
il alcohol molecules.

100 4

%T

3000 250 2000 1800 1600 1400 1200 1000 80D &0
V/em™! '

53 Fig. 8.12: Infrared spectrum of diethylamine.




The infrared spectra of diethylamine is given in Fig. 8.12. As in the case of alcohols, amines
. have a broad band, although at lower wave number region (3350 em™'); it is due to N-H
stretching. The broadening suggests that the hydrogen atom takes past in intermolecular

|
~ hydrogen bonding of the type -N-H Ilq_

100§ - ~—

" %T

h >c='0-

LT e T I Y T . T )

vlem ™t

Fig. 8.13 : Infrared apecirum of ethyl.acelate,

As an example of carbonyl compounds:. the infrared spectrum of ethy! acetate is shown in
Fig. 8.13. Note the intense band around 1700 cm! which is characteristic of C=0 stretching.
A=wong the carbony] compounds such as acids, esters, ketones and a]dehydes. this is one of
the promninent bands. .

Finally, infrared spectra may also be employed for rapid quaniitative analysis of a mixture of
compounds. The infrared spectra are widely used i in pollution detection and in milk analysis,
etc. But the quantitative results obtained from infrared spectra are not as accurate as in the
cage of ultraviolet and visible.spectra which we will discuss in Section 8.11.

Try the following SAQ before prozecding o the ReXt section.

SAQ 4
From the infrared spectrum given in Fig. 8.14, identify the possxble functional groups
corresponding to the peaks indicated by the arrows.

o —
-
2
0. T T C] T B 1 T L ?
4000 600 2500 2000 1800 1604 1400 1200 1000 OO oW
wem™
Fig. 3.14 : lnfrared spectrum of the compound mentioned in SAQ 4.

88 MAIN FEATURES OF ULTRAVIOLET AND
VISIBLE SPECTRA

We have already stated in Unit 7 that the absorpuon of rad:aum in the ultraviolet and visible
regions of the elect.romagr*etxc spectrum results in transitions between electronic energy
levels, Therefore, visible and ultraviolet spectra are also known as electronic spectra. The
energy changes are relatively large, corresponding to 100- 10% kJ mol-!- This corresponds to
wavelength range of 200-400 nm (ultraviolet region of electromagnetic spectrum) and 400-
750 nm (visible region of electromagnenc spectrum). All molecules can undergo electrcnic

Molecular Spectroscopy - II

C,H;s

Intermoiecular hydrogen banding
in dicthylamine,
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Structure -of ‘Matter-11 transitions, but in some cases absorptions occur below 200 nm where atmospheric
absorption necessitates the use of vacuum instrumentation.

_The large energy changes involved in electronic transitions cause simuitaneous change in
rotational and vibrational energies also, as E,_. > E,;; > E, .. For this reason, the spectra of

simple molecules in the gaseous statg coruam narrow absorption peaks where each peak is
representing a transition from a particular combination of vibrational and rotational levels in
the electronic ground state to a different combination in the excited state. The allowed energy

levels are shown in Fig. 8.15.

“‘3 E—
—r———
b u=2 ==
. "
- o =
g E; v=0 ==
2
-3
K-l
5
-]
3
3
(=]
s
£
.3
.
% "-;’., 1 N “
-5 v=2 —_—
A 2T90m B v=l =
n=rmw’ g . E,. vl Sl - 10,101, etc.

Fig. 8.15 : Allowed energy levels in ultraviolet and “visible region.

Such vibrational and rotational fine structure lines are not usualty observed if the spectrum is
tun in solution because of physical interactions between solute and solvent molecules,
causing collisional broadening of the lines. The resulting overlapping bands coalesce to give

Mnm  one or more broad band envelopes (see Fig. 8.16).
Fig. 8.i6 : Efecronic In some cases, however, vibrational fine structures are visible as in the case of spectrum of

sbsorption apectrum of & .00 (see Fig, 8.17) around A = 255 nm.
solution of acetone
(CH,),C=9 in hexane.

h
Nnm

Fig. 8.17 : Electronic abserption spectrum of . solution of benzene In hexame. -
W

Bands ubserved in ultraviolet and visible spectra are usually characterised by two parameters :

) i) ).m“ Value : The value of the wavelength at which absorption maximum oceurs is

‘ _ called A, value. From Figs. 8.16 and 8.17, you can understand that Amay values are
different for different molecules. For example, ).,,,,x tor acetone is 279 nm, whereas for

54 benzene, it'is 255 nm.




i) € Value: The extent of absorption, for a given concentration of a compound at any ' Molecular Spectroscopy —
given wavelength is defined by molar absorptivity or molar extinction coefficient which is a
. indicated as ‘€ * value. It is related to the height of the absorption band. We shall define it

precisely in Section 8.11. The parameters, A, (the position) and £ (the extent of
absorption) are characteristic properties of a molecule. The parameters depend on the structure
and concentration of the molecules in solution. Therefore, we extensively-use ultraviolet and
visible spectra in characterisation and also in quantitative detection. Now, the origin of the
absorption bands is d:scussed in the following section.

8.&5 ELECTRONIC TRANSITIONS

According to molecular orbital theory, which we discussed in Unit 5, the interaction of

~ atomic orbitals leads to the formation of bonding and antibonding molecular orbitals.
Depending on the nature of the overlapping atomic otbitals, bonding melecular orbitals may
be of ¢ type, the electron density being concentrated along the internuclear axis, or of the
type where the electron density is concentrated above and below the internuclear axis.
Electron density probability contours for electrons occupying ¢ and 7 (bonding), & * and
z * (antibonding) orbitals are shown in Fig. 8.18a. The relative energies of these orbitals
and that of nonbonding orbital n, are given in Fig. 8.18b.

T . a* Vacant
anti-bonding
. ‘ , " orbitals
E o - .F .b ll: .b
o ' o . Tttt Filles
. - = REF non-bonding
o ‘ . n orbital
> N/ qe
[ ] [ ]
. - ) Energy 51 *
— ' ’ "] Fitlea
. ) w* ille
i : ’ bonding
orbitals
-0
(a) )
Fig. B.18: Shnpes and relative energies of molecular orbitals : (a) Boqdlng and antlbonding
orbifals, (b) Relative energies of orbitals and possible transitions between (hem. ot
Whén excitation takes place, an electron from one of the filied orbitals (¢, zorn ), gets
excited to one of the vacant antibonding orbitals (¢ * or # %). Since various excitations are
possible, there are various absorptions, correspondmg to these transitions :
a——nr* 0'—>o*,:r-—>7r* T 0%, n-—+.1r"'andn—>0‘*
As expected, the o electrons require a high energy for excitation to o * level. The order of
decreasing energy for the absorptions i isas follows : _ *

O30 >0 R*~To6*> |t = 7% ~n -2 T*¥>n— g

Of all the possible transitions, the Iast three account for absorptions in the region 200 — 800
nm, while others demand much higher energy. This then explains why only molecules with
n or welectrons give rise to characteristic spectra in the region 200 — 800 nm, whereas
alkanes, for example, absorb in the region below 200 nm. It is observed in the case of
organic molecules that the part of the molecule having » or & electrons. is essentially
"responsible for this absorption; these fragments are called chromophores. If iwo or more
chromophores having & electrens are separated by a single bord in between, the « ystem iy
said to be conjugated. For example, 1, 3-butadienc, benzene and crolonaldehyde are
conjugated molecules. It has been found that for the conjugated molecules, A, values are

somewhat larger. It is also reported that as conjugation length increases, A_, also increases. 55
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CH,=CH-CH=CHy '
1, 3 - Butadiene.
H

i
CH;CH=CH-C=0;
Crolonaldehyde -

While studying the A_ _ values of
benzene, butadiens and .
crotonaldehyde, from Table 8.3, you
must remember thet for conjugated

- molecules, as nimber of & bonds
increases the possible number of

T —R* trans. .qps aiso increases. In
Table 8.3, A, values characteristic
of benzene, butatiene and
crotonaldehyde e given.
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This is evident from Table 8.3, where A, and £ values for 7 — 7 * transitions of a few
chromophores are given. Note that A,,,, value of benzene is larger than that of butadiene,
which in turn, is larger than that of ethylene. Again, J.mu value of crotonaldehyde is larger
than that of acetone or ethylene. :

Table 8.3 : n-» n” Absorption Characteristics of Some Typical C—hromophorel'and
Co Conjugated Chromophores

Chromophore Example A wax /mM & /m? moi-!:
1 R ‘ .
—C=C— Ethylene 165 ‘ 1560
I : -
—C=0 Acttone 188 . 90
" Bamme 255 o2
i | I '
—C=C—C=C— ‘Butadiene 1y ‘ 2100 ,
N : . . y
“C=C— C=0 Crownaldchyde m 1600

The positions (A,,;,,) and exﬁnctioﬁ cdefficients (&) of the absprpt.ion bands are sensitive to -
the substituents close to the chro_moph'oré. and also to the solvents used,
Try the following SAQs to check your understanding regarding ultraviolet and visible

"SAQ 5 - . -

Identify the type of absorptions, 7 — 7 * , n = ™ or n — ¢ * among the follbwing
compounds :

~ Compound Apna/nm Transition involved
)  CH,OCH, T S
b  CH,SH 228 e,
¢ - CH,=CH-CH=CH, ' 21T e
9 CH,=CH, 165 ooeveererereesssese s |
SAQ 6. | '

Which  will have greater A, 7 Reason out your answer.

. CH,;~CH=CH, or CH,-CH=CH—CH=CH-CH,

...............................................................................................................................

8.10 APPLICATIONS OF ULTRAVIOLET AND
VISIBLE SPECTRA - -

Electronic absorption spectra are useful in the characterisation of organic and inorganic
compounds which show absorption in ultraviolet and visible regions of the electromagnetic
spectrum. The transjtion metal complexes are often highly coloured and absorb in the visible
region, : - " -

Also it is possible to estimate quantitatively the compounds absorbing.in the ultraviolet and
visible regions. This estimation is based on Beer-Lambert law, In the next section, we shall
discuss this in detail. o ‘ L | :

8.11 QUANTITATIVE ANALYSIS

It is known to us that when light is passed through a sample as the absorbing medium, the
intensity of the transmitted light is less than that of the incident light. This idea is expressed
mathematically by Beer-Lambert law and it is useful in the quantitative estimation of

- compounds. . -




. 811.1 Beer-Lambert Law . _ |

Beer-Lambert law is actually & combined form of Lambert's law and Beer's law.

We shall first take up Lambert’s law. ‘

" Lambert’s Law . .
This law states that when a monochromatic beam of light is passed through a homogeneous
medium absorbing this light, the absorption at each infinitesimally small section is
proportional to the intensity of the incident light and the thickness of the layer. We can

- explain this using Fig. 8.19 given below : -

: ; ‘
i P '
, S
) ) b
o M 1 . X . o
. . l s T .
e s B T '._:x' _--r-{ SRR - };
YA SRR N WV SN IR A
- / .. 77
¢’ I’ .
o . .
) N
P 4 ‘l .
T Vi '
«dx
— >
x

Fig. 8.1 : Dlustration of Lambert's Law.

Let us consider that the light enters the sample with the intenisity 1,. When it goes out of the
sample, the intensity of transmitted light is I. Somewhere in the sample, let us consider a
sthall section of thickness dx. The light here enters with intensity 7 and goes out with
intensity / - df . The change in intensity, o

I—di~1 =l o ' C .89

According to this law, this should be proportional to the thickness dx and the intensity / at
" that part, i.e., o

~dl = kldx
or ~p=kdr ' : ...(8.10)

where k is the proportionality constant. Now we can integrate it, knowing that the intensity
varies from /, 10 /, and the thickness of the sample varies from O to x . .

£

Then we have,
"d[ *
)Tk
'o ‘ D -
or
Il = kx
Iy .
or
i =e ks
dy
ll =l°e —+x ...(8.]])
'Thc'intensity of light absorbed by the sample,
o =.’t;f’:=’0“’u¢'h
=l (I-e) .. (8.12)

Here k' is the proportionality constant. It is obvious that larger the value of £, greater is the

absorplion.
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if x g of a substance is present in

t dm? of a solution, then the
solution is said to have x ppm {x
parts per million) of the. suhslan..e
But if x pg is presentin 1 dm3 of a
solution, then the concentration of
the solution is referred to as.x ppb (x
parts per billion).

1mg=10“3g
fug=1
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Beer’s Law

Beer extended Lambert’s law to solutions. According to this law, the value of K Q. 8. l.’!.
is proportional to the concentration of the soluiion. ) .

k=kc ‘ ..(R.13)

where &’ is another proportionality constant and ¢ is the concentration of the solution. In the
combined form, these laws are known as Beer-Lambert law, It can be written by subsmunon
of Eq. 8.13 in Eq. 8.11.

I = Ioe"‘"

= ]0 10 =Kex2.303

=107 - ' ...(8.14)

-

where a =7 ’;03 is known as the absorption coefficient or extinction coefficient of the

solute.

1
where the term log fo/f; is cdmmonly called the absorbance and given the symbol A.
Thus, Eq. 8.15 becomes, . ‘

Also, log —=am l _ ..(§.15)

A. =dacx : ' T L(8.16)

-Eq. 8.14 and Eq. 8.15 are termed as mathematical statements of Beer-Lambert law.

8.11.2 Molar Extinction Coefficient

The numerical value of the extinction coefficient, a, depends on the units used for expressing

' the concentration of the absorbing solution. Concentration units such as molality, parts per

million (ppm) (which is milligram per dm?), grams per IOO cm?, elc. are often used.

However, a different cymbol € (epsilon), is used in place of g when the concemrauon is
expressed as mol m=. Eq. 8.16 may then be written as.

A =ecx
A
or e = (BT

if x and ¢ are in units m and mol m™2, then £ is in m* mol! and is desgribed as the molar
decadic absorptivity or molar extinction coefficient. The £ e\}fuc is characteristic
of a particular compound at a given wavelength. Usually for the wavelength of maximum
absorbance (A, molar decadic absorplivity, £, is most commonly expressed as £q,,, Some
typical values for £y, of organic compounds are aiready listed in Table 8.3,

Using Eq. 8.17 we can calculate € for a compound, if x and ¢ are known, and if 4 is

experimentally determined. It is important to realise that, once £ has beer determined, it is
possible to estimate the concentration, ¢;, of a solution of unknown concentration by

‘measuring its absorbance, A,, using the same cell. This behaviour is the basis of the

quantitative application of Beer-Lambert law. Therefore,

A f
C"=x_:'s ...(8.18)

We generally make measurements in cells of 1 cm thickness: for a compound, £ is constant
for a particular wavelength In such a condition, Beer-Lambert law may be written -

Aecc

Hence, by measuring the values of A for different concentration values of the soltion of a
substance in the same cell and plotting the curve A vs. ¢, a straight line will be obtained and
this would pass through the origin as evident from Fig. 8.20. This calibration line may
then be used to determine unknown concentration of a solution of the seme material in the
same solvent, after measurement of the absorbance. For example, for a solution of
absorbance, A; , the concentration ¢; is given by the interpolation of the curve in Fig. 8.20.




Quantitative measurements based on Beer-Lambert law are eansivély used for ultraviolet Mclecular Spectroscopy - II
.Aand visible spectra and less in the case of infrared spectra. The reason is that £ valug for the

molecules are larger in the ultraviolet and visible regions, whereas it is smaller in the
infrared region.

A
L

R e

2]
Ryl

Fig. 8.20 : A cnllbrnlion line showing the relationship between absorbrnce and
concentralion. . .

8.11.3 Deviation From Beer-Lambert Law

As mentioned earlier, when Beer-Lambert law is obeyed, calibration plot will be obtained as :

a-straight line passing through the origin. If there are deviations from Beer-Lambert law, the :
calibration plot will curve ¢ither upward (positive deviation) or downward (negative

deviation) as iidicated by OP and OR, represented in Fig. 8.21. The ideal curve is represented

by OQ. The reasons for such deviations ar- hoth instrume. fa] a.nd chemical. To avoid

deviation, we gcnerally prefer dllute sojutions.
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Fig. 8.21 ; Deviation from Beer-Lembert Law,
Why don’t you try the following SAQ to test your “grip" of Beer-Lambert lav.?
SAQ 7

An organic compound has A_ = 400 nm. The absorbance of ils solution
{¢ =132 mg cm?) was found to be 0.465. If a est solution of this coinpound gave an
absorbance  of 0.501, calculate its contentration. (Do not change the cnnc.enlrdllo 1 units.)

‘812 SUMMARY

In this unit we have described the mfrared ultraviolet and vmbtc spectra. We are
summarising below what:we have studied so far :

5¢
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e Vibrational transitions are active in the infrared region of electromagnetic spectrum. We
observe vibrational band only if a particular vibration produces a change in dipole
moment.

¢ Functional groups in orgamc compounds can be identified on the basis of charactcnsnc
group ﬁ'equenmes

@ Electronic transitions are observed in the ultraviolet and. visible region ; they are
generally due to the transitions involving electrons of &, xorn orbitals.

s  Beer-Lambert law relates absorbance with concentration and the thickness of the sample
through which the l!ght travels.

8.13 TERMINAL QUESTIONS

1. Calculate the frequency of O—H band, if the force constant and reduced mass of the atom
pair are 770 N m~! and 1.563 x 107" kg, respectively.

2. How many normal vibrational modes are possible for ethane and benzene ?

3. Characteristic group.frequencies (in cm"‘) and functional groups are given below. Match’

. the pairs. _ ) ,

1

) 1650 ) —C-C—
3 .

i) 2100 . ) —-C'.—H
to

it} 2960 ) ¢ —C=C~

v) 9900 o . d —~CuN

4. Of each pair of transitions, which would require radiation of lesser energy ?

a) n—n:*orx—) m*inCH,-C=N
b)) Sl:relchmg o rotational transition in ICI
¢) mo>w*orN=0 stretching in CH3—N 0

. S v
.4 €=C- st:.,tcluug or —C = C-- stretching.

5. For each of the folle wing n. lecules indicate the possible ¢ :ctronic excitaions ;
2) CH,CH,CH, b) CH,CH=CH,
o CH.Zh=0 d CH,-CH=CH-CH=CH-"H,

6. Stue Beer-Lambert law, '

7. Compound X cxhlbuts molar extinction coefﬁclem of 245 m* mol-' at 450 nm. What
concentration of X in 4 solution will cause a 25% decrease in the intensity of 450 nm
radiation, when the solution is placed iii 2 0.01 m absorption cell ?-

‘814 ANSWERS . - -

Self-assessment Questions
1. The force constant can be calculated using the equation,

y S A ’L
T 2mc u

This can be rearranged as,
k=4mct v
=4x3, 1427 % [2.998 x 10° (m s7))% % [2.143 x 10° (m™)P2 % 1.139 % 107 { (kg)
= 1857 (kg m? 572) (m~2)
= 1857 (kg m s ) (m™)
= 1857 Nm! { 1kgms2=1N}
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CO, : linear;(3x3-5)=4
8O, : Nonlinear; (3x3-6)=

CHCI, : Nonlinear; {3 x5-6)=9

3. Functional group

I
—C=0

|
—N-H

[
=C-~-H

—C=C -
-O-H

The expected modes of vibration are :

Wave number/cm—

1700

3350

020
2050

3400

4. This infrared spectrum has peaks at 3300, 2100 and 1640 em~!, indicating the presence
P

of &C-H, ~C=C - and — C=C— groups. (In fact, this is the infrared spectrum of

I-methoxy-but-1-en—3-yne).

b

5. a)n—ao*b)n-—>d*c)n—'nr*d):r-+z*.

6. CH,~CH=CH-CH=CH-CH; will have higher 1

conjugation.

max than CH,~CH=CH, because of

7. According 10 Beer-Lambert law, A = ¢ . If A, and A, are the absorbance values of a
substance in solutions of cbncenlrations.-c, and c,, then A =< and A, = ¢,

l’] _iz-
* 4 G
A =0.465, €= 132 mg cmi3

A,=0.501, c, =7 mg cm?

A, 0.501
~ -3
CZ_CIA] =132 (mg cm )x0465
=142 mg ¢m-*.
Terminal Questions
l. k=770Nm"'

i =1563x10% kg

v =1 A /L,
2 Nup

- 770 (N m-4

1
T2x3.142 \/ 1.563 x 107"(kg)

=1LHT7x 10" Hz

- v
Vo=
)

=3.726 x 10" m"!

=372 et

2. Ethane has3x 8 - 6,=
normal wbral;on modes.

3. (e Gdd @b (va

| 8 normal vibration modes; benzcne has 3x12-6=30

Molecular Speciroscopy — Il
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4, ayn—x*_ - b)rowational ¢) N=0 siretching d) — C= C— streiching.
5 Aoc-o* b)_nan‘.:r-——)q*andaaq* S gn—=R*on-> ok,
Ton%, T o*ad o—> ¥ Q- z* 7> c*ad o0t

6. As given in Sec. 8.11.

If the intensity of the incjdeﬁl light () is assumed to-be 100%, then the intensity of the
light wansmitted (/,) after passing through the solution of concentration c is 75% (since
there is 25% reduction in the intensity).

Lo fo_100
S AR 1
According to Beer-Lambert law,

' ‘logﬁ"=£cx
1, "€
g= 245 m? mol”!

x=107m

= Tmoim?

log Iy /i
£x

c =

- Ioﬁ 100/75
T 245 (m? mol-!) x10-2 (m)

=0.0510 mol m=,
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UNIT9 NUCLEAR CHEMISTRY -

Structure

9.1 Introductiot,
Objectives
9.2 Early Devslopments in Nuclear Chemistry
9.3 Nugle:r Structure and Stabﬂlty
£ .on.¢ Nucleus .
Nuclear Size -
Emding Energy
Nut zar Stability
9.4 Nuclear Reactions
Writing Fquation. for Huclcar Reactions
Radicaclive Decay
Kinteirrs of Radioactive Dezay
Natural Radiocactivity
" Nuclenr Transformution
Fission
Fusion
9.5 Apphcations of Nuclear Chemistry
Atom Bomb
Nucleur Reactors
Tracers-
Radioactive Daling
Other Applications
9 6 Biological Effects of Radiation
5.7 Summary ‘ .
9.8 Termina! Questions
9.9 Answers

9.1 INTRODUCTION

InB’2zk 1, we studied the arrangement of electrons i» atoms and molecules in detail, In
Uniis 6. 7 and 8 of this block, the application of physical methods in determining the
structure o7 molecules is discussed. While studying the structure of molecules using physical
methods, importatice was given to ¢lectroric arrangement around the constituent aoms, as
chemical reactivity depends mainly or the electron configuration of tHe elements. In
chemical reactions, valence electrons are lent, borrowed or shared between combining atoms.
The atomic nucleus remains unchanged. In nuclear reactions on the other hand, the nucleus
of an aiom of one element is changed into the nucleus of an atom of another element. The
energy changes accompanying nuclear reactions are much larger as compared to chemical
reactions. The vast amount of energy trapped in atomic nucless, which is released during
nuclear transformations ¢an be used for the bettermeni of the society or for its total
~ destruction. Nuclear chemistry deals with differcnt types of nuclear reacnons their rates and
the cnergy changes accompanying them,

In this umt, we will explain nuclear structure and its influence on nuclear reactions. After
describing atomic nucleus and binding energy, we will discuss nuclear stability in terms of
the number of protons and neutrons in a nucleus. Next, we will discuss various types of
radio2tive decay by which nuclei spontaneously emit particles and radiation. Then we will
discuss transmutation reactions which can be used to produce new clements. We will
conclude by describing the role of nuclear chemistry in power generation, archaeological
dating and warfare.

Objectives
After studymg this unit, you should be able to.

define the terms, isotope, 1sobar and JSOtOIlB
explain the terms, mass defect and binding energy, .
describe various types of radioaclive decay and calculate radioactive decay .onsmnt.
explain the principle of artificial transmutation, -
_compare riclear fissicn and fusion reactions ar * state their utility,
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@  describe the role of nuclear chcnusn'y in warfare, power gencmnon. dating, medicines
and study of reaction mechartisim, and
o  smite the harmful effects of radiation.

92 EARLY DEVELOPMENTS IN NUCLEAR

CHEMISTRY

Studies in nuclear chclilistry began with the accidental detection of the emission of energy

" from a uranium sait. In 1896 in France, Becquerel found that uranium compounds emitted

some highly energetic rays which penetrated the protective black paper covering and affected
the photographic plates. Marie Curie suggested the name “radloocllvlty" for this
spontgneous emission of radiation.

Over the next few years after this discovery, Marie Curie.and her husband, Pierie Curig,
discovered two more radioact've elements, polonium (named after *Poland’ the country from
which Marie Curie ongmally hailed) and radium (which means ray giver). In 1903, the
Curies shared the Nobel Prize in Physics with Henri Becquerel for their discoveries.
Meanwhile in England, Rutherford, from the study of radicactive materials, identified two
main types of radiation, which he called alpha (a) rays and beta () rays. His experitnents
aiso showed that these two types of nuclear radiations are accompanied by the emission of
particles from the nucleus. From the deflection in the electric field, Rutherford was able to
show that ¢ rays are helium nuclei and Srays are stream of electrons.

 Viltard demonstrated the existence of a third type of radiation, which is not associated with

particle emission. This radiation was called gamma radiation or 7 rays.-Gamma rays are
electromagnetic radiation, somewhat like X rays in character, but have higher energies and
shorter wavelengths An expenmental setup that distinguishes these three types of radiation
is shown in Fig. 9. 1.

Chargedplates

M— Thick lead block

———Long narrow bore

/ ——Radioactive substance - -

Fig. 9.1: The behaviour of @, and y radiations in an electric field:

You can see that when a beam of nuclear radiation is passed between electric or magnetic
poles, it is split into three separate beams. Two beams called & and S rays, bend:towards
negzlive and positive plates, respectively. The third beam called yrays, is unaffected:by the
eletric poles and passes along its path without any deflection. Thus the positive, negative

. and neutral characteristics of &, f and y rays, respectively are brought out clearly,

' Alpha rays, beta rays and gamma rays are emitted by the namrélly-occurﬁng radioactive

substances, Apart from these three radiations, there are also two more types of particies
called positrons and neutrons which are emitted by man-made radioactive elements. The
symbols and properties of these five types of radiations are given in Table 9.1,




Table 9.1: Characteristics of Common Types of Radioactive Radiations

Name ° Symnhols ! Idemtity Charge  Relative Penelrli'lng Ionization
: . mass {u) power gl‘l‘ec!
Alpha rays. ornlpha o, ;He. He*  Helium nuclets 2+ 4.00150 Low High
pa.mclu ’
Betaraysofbeta A A, _Te  Electron I-. 0000585 Low&  Moderse
particles o Moderatg
Gamma rays %oy High energy electro- 0 0 Very High  VeryLow
. magnatic radiation
Positron OBt %  Pusitively 1+ 0000585  Low Moderate
N . charged electron :
Neutron n ln Neutral 0 1.00867 . High Nore

93 NUCLEAR STRUCTURE AND STABILITY

We have stated earlier that nuclearchemistry is concerned with changes in the nuclei of
atoms, You are naturaily interested to know the different aspects of nuclear chemistry like .
natural radioactivity, artificial transmutation and tracer techniques. Before analysing these
aspects we begin with a brief review of the nucleus.

9.3.1 Atemic Nucleus

In Unit 1,you have seen that atomic nucleus is composed of protons and reutrons. These .
fundamenta] particles are cailed nucleons. The number of protons in the nucleus i§ called. -
its atomic number (Z). Sum of the numbge- of protons and neutrons is called mass
number.(A). In the notation that has beer developed io describe atomic nucléi, we write the
mass number (A).as a super-cript and the atomic number (Z) as a, subscript to the left of the

symbol of the element X, such as z X ’
Examples : lH. I;N. g0, etc.

Different atomic species with the same number of protons but different number of neutrons
are said to be isotopes of the same chemical element, Thus, 1,;"50. %O and ’gO represent

‘three isotopes of oxygen. In other words, isotopes are atoms which have same nuclear charge

but different mass number. The word isotopes is generally used when two or more different
nuclear species are discussed. But when we are talking about a single nuclear species with a
given value of A and Z, the crm nuclide is preferred. Thus, we can say that the two
isotopes of c'(ygen. s() and 30 are individually called nuclides.

Isobars are nuc'ides with the same A4 but differens Z; 55U, zggsﬂp and $3Pu are isobars.

Isotones are nuchdes with the same number of neutrons but with different Z. For example,
c.C. 7N' and 30 are isotones, since each nucleus contains eight neutrons,

So far we have considered fundamental particles of the nucleus and classified the nuclides on
the basis ~f Z and A values of the nuclei. Now let us see how these particles affect the size

of nucleus. Then we shall study the forces which are responsible for packing these particles

closely together. Before that, try to'answer the following SAQs using the ideas discussed .
above.

L]
SAQ 1 -
Indicate the number of neutrons and proions in each of the followmg nuclides: 3L1.
SiPu and 134pt,

.........................................................................................................................

Nuclear Chiemistry

The constituents of the nuclous ace

collectively called nucleons. -
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Neutrdn scattering is preferned,
because a neutron is unchanged. I+
experiences na conlomb repulsion
when it approaches a nucleus and it
reaches nearer to the nuclear surface.

Forces of attraction between nucieons
. &re very strong at short disiances but
decrease rapidly as distance increases.

b) By, 2, 52 : ,

SAQ 2 . . 3 . "
We are giving below some nuclides. You name them as isotopes or isobars or isolones.

Write your answer in the space g given below

L
DU, NN

32, 33 34
& 165165 165

& 30si. 15P 165
9.3 2 Nuclear Slze

The first mdlcanons of Lbe size of the nucleus were obtained from Rutherford‘s o particle
scattering experiment, which we discussed in Unit 1, From this experiment, Rutherford

* concluded that-alinost the whole mass of the atom is concentrated in the nucleus, which is

quite small compared to the size of the whole atom. He postulated nucleus as.a sphere
Rutherford also calculated the radius of the nucleus and atom to be of the order of 107

107% m, respectively. More accurate information has now been obtained from expenments
on the scattering of neutrons. The results can be summarised by the equation,

'R=rdA'iB

- where R is the radius of the nucleus, A its mass number and }-0 the proportionality constant.

The numerical value of ry is approximately about 1.3 x 107"°m. Thus, yeu see that nuclear
radivs, B is directly proportional 1o the cube root of A.

9.3.3 Binding Energy

You know that atomic nucleus consists of protons and reutrons, which are positively
charged and neutral, respectively. Is it not interesting to note that protons are confined within
the small dimeusions of the nucleus, in spite of mutual repulsion ? This suggests that there
must be some attractive forces operating in the nuslens which must be stronger than the
repulsive forces among the protons.

Yukawa (1935) suggested that a rapid exchange of nuclear particles calied # mesons results
in.an attractive force between nucleons in a manner analogous to the sharing of electrons
between nuclei in covalent bonds. The closely packed protons and neutrons rapidly exchange
7 mesons, which may be 7, #~ or #” and have a mass of about 275 times that of the
electron.

Some of the exchange processes are given below:

e ” =
pPepn.p wp A wn
zt 4 nt

Where symbols, n and p stands for neutron and proton, respectively.

Stability of nuclei can be viewed from energy considerations also. Careful measurements of
relative atomic masses stow that their values are slightly less than the sum of the masses of
the nucleons. This difference is called mass defeet (Am). -

Am = sum of the mass of nucleons (or calcutated mass) —measured nuclear mass ..(8.D)
The energy equivalent of mass defect is called binding energy (AE). It can be regarded as
the amount of energy liberated when nucieons are brought together in the nucieus: Binding
energy can also be defined as the amount of energy needed to break a given nucleus into its
constituent nucleons. We can find the magnitude of the binding energy from the mass defect
using Einstein equation;

AE = Amc? "..(9.2)




where AE is the binding energy. Am is the mass defect and ¢ is the speed of light, A Nuciear Chemistry
convenient unit of energy to use on the-nuciear scalc is the million electron volt,
MeV, the magnitude of which is approximately equal to 1.602 x 10" J. The unit of mass 51 Unit of energy is J (joule). but in

is atomic mass unit (u), which is exactly one-twelfth the mass of a carbon atom. nuclear chemistry., we customarily
- ) use MeV (million clectren vol) asa
. - .
1 Atomic mass unit (u) = 1.661 x 10 7 kg ..(9.3)  unitof nuclear energy.

Let us illustrate the calculation of mass defect and binding energy taking helium nucleus, as
an example. The measured mass of helium nucleus is 4.00150 u. The calculated mass of
helium nucleus is given by adding the relative masses of two protons and two neutrons.

Mass of two protons = 2 x1.00728u = 201456y
Mass of two neutrons = 2 X 1.00867 u = 2.01734 u
- calculated mass of helium nucleus = 4.03190u

Using Eq. 9.1, the mass defect of helium nucleus is,
Am = 403190 u - 4.00i50 u
=10.03040 u.

To calculate the binding energy of hehum nucleus, mass defect is to be calculated in kg.
Using Eq. 92, - i .

Mass desct of helium in kg = 0.03040 X 1.661 x 107" kg = 5.04944 x 102 kg,

Substitutirg t'is value in Eq. 9.2, the binding energy of a siﬁgle helium nucleus is,

AE = 504944 x 10(kg) x [2.998 x 10%m s} ' hu = 931.9 MeV muclous”!
= 4.53844 x 1072 kg mis-?- ' = 1.493 x 10710 J nucleus=H-
_12 ' : - T .= 8.090 % 10°0%J moi™!
=4.53844 x 1077 (o1I=tkgmis?
In MeV umls
453844 x 1072 ) x 1 (MeV)
1.602 x 107" (3)

=283 MeV. (-1 MeV = 1.602 % 107 3)

What we have calculated so far is the binding energy of a single helium nucleus.

The binding energy in nuclear structure has the same significance as bond energy (discussed
in Unit 3) in molecular structure. The binding energy is the energy evolved during the
formation of a nucleus from the constituent nucleons; the bond energy is the energy evelved
in the formation of a bond from the constituent atoms. High bond energy values signify the
stability of chemical bonds whereas high binding energy values point out the stability of
nuclei. A comparison of a nuclear reaction with a chemical reaction based on the relative
amounts of binding energy and bond energy values can clearly indicate the importance of
nuclear reactions in the energy sector which is again discussed in Section 9.5.

We can compare the relative amounts of binding energy and bond énergy, once we get

binding energy in molar quantities as we do for bond energy. To obtain binding energy of

one mole nuclei of helium, for example, we have to multiply the value obtained above, by
~Avogadro number (6.022 % 1023) The binding energy of one mole nuclei of helium

=6.022 x 10% x 4.53844 x 1072 T mol™
= é.733 % 10°k3 mol™

_From Table 3.9 of Unit 3, we note that the chemical bond anérgy'values roughly range Bond cnergy is 4 measure of the
bet\»een 100 950 kJ mol~, Thus, it is evidzat that nuclear binding energxes are at least stabilily of & bond in a molecule:

binding energy is a measure of the
10° - 107 times large' than the chemmal bond energics. stability of a nucleus in a aiom,

Among the nr clides, the binding energy values are more readily compared as binding energy
per nucleon, which is obtained by dividing the binding energy of a nucleus by the number of
nucleons in that nucleus. Since helium nucleus contains 4 nucleons (2 protons and 2 67




Structere of Matter-I1

&
g .
L1 N
b .
HIVARE=
[ L Fission
m /Fu;ion )

I

]

|
e 56 250

Mass aumber

Fig. 9.3: Regions in which
fusion and fission are
theoretically possible.

Both fusion and fission are .
exothenmic reaciions, in which mass
is converted into energy.

neutrons), the binding energy per nucleon for this nuclide is 1.13461 x 10712
In Fig. 9.2, binding energy per nucleon is plotted against mass number for some nuclides.
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Fig. 9.2 : Plot of binding energy per nucleon versus mass number.

Al the beginning of the curve, the binding energy per nucleon rises rapidly. This means that
an increase in the number of nucieons causes them to be held together more strongly. The
curve reaches a maximum around iron, cobalt and nickel. These nuclei are the most stable
ones. After the maximum is reached, the curve falls off gradually, showing that the heavier
nuclei are not as stable as the intermediate ones. This variation in average binding energy is
responsible for the lighter nuclei undergoing fusion reaction and heavier nuclei unde.rgomg
fission reaction, see Fig. 9.3. We will discuss the fission and fusion reactions in deta:l in .
sub-sections 9.4.6 and 9.4.7, respectively.

¢
SAQ 3 )
Using the data given below, calculate the binding energy per nuclgqn in J and in MeV for

6o
4Li.

Mass of proton = 1.00728 u; Mass of neutron = 1.00867 u; Actual atomic mass of
*Li=6.01348 u;

-9.3.4 Nuclear Stability
A number of factors contsibute towards the stability of a nucleus. A major factor is the

nuclear composition, i.¢., number of protons and neutrons. The relationship between nuclear
stability and nuclear composition can be conveniently represented through a plot of the
number of protons versus the number of neutrons (Fig. 9.4). This disgram shows that the
stable isotopes fall into a narrow band, which is called the band of stability. It also
indicates that in general the lighter stable nuclei have equal number of protons and neutrons.
Heavier stable nuclei, however, have sli htly more neutrons than protons. For example g O

20
nuclide has 8 neutrons and 8 protons; ‘g Pb has 125 neutrons and 82 protons, In the 2& Pb
nuclide, the neutron to proton ratio (a/p) is approximately equal to 1.5.

We can understand why the ratio of neutrons to protons increases with atomic number in
order to have nuclear stability if we consider that as the number of protons in the nucleus
increases, there must be more and more neutrons present to help overcome the strong
repulsive forces among the protons.Experimentally it is observed that the stable nuclides end

" atZ=83, i.e. there is an upperlimit to the number of protons tat can exist in a stable nucleus.

Relative stability of a nucleus can be'predlcted from its location relative to the band of
stability: The isotopes that fall to the left or to the right of the band of stability have

- funstable nuclei and are radioactive. Note that all isotopes with atomic numbers above 83 are

Jor7.08 MeV..




radioactive. Radioactive nuclei change spontanecusly to other nuclei that fall either in or Nuclear Cbenzistry
closer to the band of stability. The exact nature of these changes to give more stable nuclei
will be discussed in subsequent sections.

Spontaneous fission

100

70 ®

Electron capture or
60 A* positron emigsion

(p—n)

P~ decay or electron emission ( —p)

Numiwer of protons—+

501

+Stable isotope
-One-elcctron decay:
- dccay
B* decay
~ Electron capture
*Alpha-particle emission
+ Alpha and one-electron decays
oSpontancous fissior -

.

0 10 20 30 4 S e 7. 8 90 100 110 120 130 140 150 160

Number of neutrons—

Fig. 9.4: The number of protons as a function of the number of neutrons for the stable
\ nuclej.

Another factor, alse has a major effect on the stability. The nuclei with even number of
protons and neutrons are apparently more stable than those containing an odd number of

these particles. For example, of the known stable nuclides 157 are ¢ven-even, 52 are even-
odd, 50 are odd-even and only 5 are odd-odd.

Protons Fven . Even 0Odd _ - Odd
Neutrons Even - 04 Even Odd
Stable nuclei 157 52 : 50 5

An analogy can be made between the pairing of electrons and the pairing of nucleons. Just as

increased stability is associated with pairs of electrons of opposite spin, increased stability is
associated with pairs of like nucizons.

Nuclei with certain “magic numbers” of protons or neutrons seem to be espec:ally stable.
- Stability is assocmtcd with 2, 8, 20, 28, 50, 82 and 126 of either protons or neutrons. For

example, the %He nucleus, with two’ protons and two neutrons, is exceptionally stable. So

are the 80 nucleus {eight pro;ons eight neufrons) and the 2(,Ca nucleus (20 protons,
20 neutrons),

_The nuclear shell model was developed in 1949 to explain the existence of magic numbers.

_ These numbers may have a significance similar to that of the total numbers of electrons in
.the noble gases: 2, 10, 18, 3€, 54, 86.

Before proceedmg further, answer the followmg SAQ.

SAQ 4

Among the nuclei given be!ow mark YES for those falling within the band of stabjlity and
NO for the rest. Make use of Fig. 9.4.

o N - L]
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similar to chemical reactions, ail
types of nuclear reactions are
accompanied by either the absorption
of encrgy (¢ndoergic reaction) or
release of energy {exocrgic reaclion).
The amount of energy absorbed or
released in a nuclear reaction is
generaily called @ value of nuclear
reaction (as Aff in chemical
reactions). J value is calculatad from
the change in mass between the
rezctants ang the products of the
nuclear reaclions, similar 1o the
binding cnergy calculation.

@ value = change in mass x ¢*J
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94 NUCLEAR REACTIONS

In this section, we describe reactions of nuclei that cause changes in their atomic numbers,
mass numbers and energy states. Such reactions are cal!ed nuclear reactions. Nuclear
reactions are of the following types: ‘

13- spontaneous decay of naturalty occurnng or amﬁc:ally produced radloactwe rincle;
2) fission of unstable heavy nuclei
3)  tusion of light nuclei -

4)  ‘nuclear reactions by bomba.rdment of nuclex with oiher nuclei or with other fast
movmg parucles . !

Before gomg into details of the nuclear reactions, we would like to give you some idea about
the way, equations for nuclear reactions are generally written.

9.4.1 Writing Equations for Nuclear Reactions

“Eguation for nuclear reaction has to be written in such a way that both sides are balanced

with respect 10 mass number and atomic number. That is, the sum of the mass numbers of
the reactants must be equal to the sum of the mass numbers of the products; similarly, the
sum of the atomic numbers of the reactants must be equal to that of the products. If the
atomnic number and the mass number of all but one of the particies in a nuclear reaction are
Knowa, the remaining pamcle can be identified by balancing the equation. Consider the
fo’]owmg example!

The reaction of an ¢ particle with magnesium (ngg) produces a proton ({H ) and a nuclide
of another element. Let us identify the nuclide produced.

The nuclear reaction may be written as,

121 g+ He—-—-——;-" X+ . 5

where A is thie mass number and Z is the atomic number of the new nuclide, X.

Since, the sum of the mass numbers of the reactants must be équai to the sum of the mass
numbers of the products. 25 + 4 = A +1, or A = 28. Similarly, by balancing the atomic
numbers, we can write, 12 + 2 = Z+ | and s0, Z = 13. The element with atomic number 13

is aluminium. Thus, the product is "lzfjAl.

Let us see whether you can work out the following SAQ using the above principle.

SAQ 5 -

Complete the following nuclear equatichs:

a) ]JSI IZSxe +7

b) % Bk —— > iHe+? | v

c) zésUﬂgC -_ 2.f;'i;°"Cf+?
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9.4.2 Radioactive Decay

We have already defined radioactivity as the spontaneous ernission of radiation from the
unstable nuclei. Radioactivity is also known as radioactive decay. The unsteble nucieus is
often called the parenf nuclide and the nucleus, that results from the decay, is called the
daugliter nuclide. The daughter nuclide may be stable or it may decay further.

Seine simple rules for predicting the occurrence and nature of radioactivity can be formulated Radioactivity iS the iern nsed to
by referring to the stability band of Fig. 9.4. Unstable nuclei decay in such a fushion so as describe the spontancous emissicn of
10 yicld daughter nuclei which are closer to the band of stability than the parent nuclide. radiation from an unsiable uieus.
Different types of radioactive decay are given below:

i) adecay; The loss of an & particle by a radioactive nuclide, known as & decay, occurs

primarily in heavy nuclei (A>200; Z >83). Loss of an @ particle gives a daughter nuclide Radiation
with a mass number that is 4 units smaller and an atomic number that is 2 units smaller as /\S\gf
compared to the paren: nuclide. Consequently, the daughter nuclide has a larger neutron to _

proton ratio than the pirent nuclide and if the parent ruclide hes below the band of stability, :

the daughter nuclide will liz closer to the band. A typical o decay can be represented by an Parent nuclide
equation such as, (unstable)

23 . 228
‘-‘UL“E wRa + "He Radiation

nip = 1.57 nfp =159

if) B decay: A nuclide with large neutron to proton ratio (one that lics above the band of
stability) can reduce’ this ratio by electron emission or 8 decay. In this transfonnation, a Daughter auclide
neutron $plits into a proton and an electron, with the emission of jatter, (unstable)

| .
T —————3 'IH +_0|,e Q

Thus, electron emission does not charge the mass number of the nuclide bul increases the

number of proton(s) end decreases the number of neutron(s). An example is the decay of
6C (o] 7N .

. (stable)
fC >N S . :

Daughter fuclide
nip =133 nip = ' ' N

i) % decay: Certain anificially produced nuclides in which the neuiron 1o proten ratio is E“CTgﬁmi“l‘:: d:)';“!; nadivactive

low, i, e » nuclides which lie below the band of siability, decay by the emission of a pesitron peay because the procucts ar more
stable than the reactants.

(5" or+|e) During the course of 3* decay, a proton is converted into a neutron with the

emission of a positron. The neutron to _Drolon ratio increases and the daughter nuclide lies

closer to the band of stability than the parent nuclide. Decay of ';'JC o ]_éB is an example of

f.e decay.
:',IC —'"—-"—%- !;B +'P;E'
nip = 0, 83 nip=12 -

iv) Electron Capture: A proton is converted inlo a neutron when one of the orbital The elecirons are capiured from 15 (K .
clectrons in an atom is captured by the nucleus. This capture is called K electron capture and’ ,:Ez:::’u‘:;b““l" (being ncarcs! 0 the
it leads 10 a decrease in atdmic number by one unit. o

H+ fe i
An example for this Lype is the decay of zBe 10 }Li
}Be + .‘.’,e —_— ;Li

nip = ().TSK ———— > fp = 1.33 7
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Electron capture has the same eftect on the nucleus as that ¢f positron emission. It increases

the neutron to proton ratio and like positron decay, electron capture occurs when the neutron
to proton ratio is low. '

v) -y ray emission: A daughter nuclide is not always produced in its ground state; it
may be formed in an excited state and then it may decay to its ground state with the emission
of yrays. Fig. 9.5 illustrates three different ways by which zjgu may be transforrmed

into z:gTh. Two paths give excited states of the 2;? Ta nuclide, which decay into the ground

state by emission of yrays,

JJ]U' 2% B
. 473 MeVa
15%
4.733 MeV
83% - IMeVa
4,816 MeV o

—— 0.103 MeV vy
1 0.043 MeV .
“*Th

Fig. 9.5: The decay of 2932311 to 1920 h.

Note that there is no change of mass number or atomic number during emission of the

7 rays. The v ray emission i3 observed only Wwhen a nuclear reaction produces a daughter
nuclide in an excited stat2.

‘The radipactive decay processes so far discussed are summarised in Table 9.2.

Tabje 9.2: Radioactive Decay Processes

Process Nuclear Condition Emitted radiation Change in
A z N =a-Z
o decay Heavv nuclei ;He (o particles) —4 -2 -2
. 0 :
B . dewy feutron 10 proton _1¢ (electrons) 0 + -1
ratio ton high
B doay ~ neulonto prolon -1(-)1" (positron) ‘ 0 -1 +i
ratio too low
Electron neutron (o proton none 0 -1 +1
capture ratio {oo low
¥ emission excited nuclear state ¥ rays 0 ' 0 0

.a— Here N represents change in number of neutrons.
See if you can do the folldwi_ng SAQ.
" SAQ 6 ' .

For each of the nuclear conditions given below, indicate the type of radioactive decay which
you expect : ‘
a) neutroit lo proton ratio too low

“b) neutron to proton ratio too high

¢) heavy nuclei




9.4.3 Kinetics of Radioactive Decay - ) Nuclezr Chemlisiry_

Like chemical reactions, nuclear reactions also proceed at certain specific rates. The rate
depends on the nature of the nuclide. The radioactive decay follows first order kinetics. This
means that the total number of nuclei that decay in a given time interval is proportional to
the total number of nuclei initially present. If the number of nuclei at a particular time is N,
and if the change in this number is dN during a time 4r, then the rate of decay is proportional
to N and can be represented by, ’

% o< N which means

= : |
= kN .-.(9.4)

The left hand side of the above expression represents rate of nuclear decay; the negative sign ~ The number of nuclei that decay ina °
indicates that as time proceeds, the number of remaining nuclei decreases. The constant kis' UMt ime is proportional to the tolaf
the first order decay constant. To be able to calculate the number of nuclei remaining after a rumber of nuclei present.

: particular time interval £, Eq. 9.4 is integrated, assuming that at the start of radioactive decay

{r = 0, the number of nuclei is Ny, and after time 1, it is equal to N,.

N

!
aNy Ikdt *In’ stands for logarithm 1o the base &
N~ 0 and 'leg’ stands for logarithm to the
i . ' - base 10, To convert the former irito
N ’ latier, the following formula is used.
orl =kt- ) a(9.5) Inx=2303 logx.

N,

On changing the Jogarithmic base to 10, we get,
-2mﬂ%-m ' ' : e (9.6)

which is the rate equation for a first order reacti.

An important property of radioactive decay, like any other first order reaction, is that the
time required for 50% of a particular material to decay is constant. This time interval is .
denoted as the half-life period, or 1 It is mdependent of the amount of lhe matenal
mken initially.

At ha Nt = NJZ. Using this expression in Eq. 9.6,

' . ne half-life period of a radioacti
2.303log ﬁlg‘}i =kt ne e period of a radioactive
o

isolope is the time in which the
. ) . number of radicactive nuclei decreases
2.303l0g2 = k¢, . , byhalf.
0.693
OFtip=="p (9.7}

If either the half-life period or the first order rate constant is known, the other can be
calculated. You can rrake use of Tabte 9.3 to calculate the amount of the radnoact:ve material
left after different number of half-life periods.

Table 9.3: Re-cu_ml Amounts After Different Time Intervals -

Number of Fractien: .Of.rat.“l.llt'.'li\'e maierial

half-lite period(s) ' remzining
0 I 1
1 - : S 12
2 o 4
3 1%

4 B e
5 : 1732
n (%)“ .
' 73
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Cosmic rays are a nawral source of
ionising radiation. Cosmic says are
atoinic panicles felectrons, ncutrons
posiuons, protons, ¢ particles and
other heavier nuclei} moving at
almost the speed of light, The
original source of cosmic rays
appears 10 have becr. huge explusive
rzactions in our galoxy.

Fajans — Soddy — Russell
summarised @ and f decay in the
form of Group Displacemsnt
Law. This law states that whenever a
parent nucleus emils an a parnicle,

its atomic numbcr is decreased by
two units and the new ¢leinent is
shifted 1wo positiors to its left in the
Periodic Table from that of 1he parent
element. On the otner hasd, when thy
parent nucleus emits a 5 pasticie, the
atomic nuraber is increased by ona
and hence the product is shiited one
plece 10 its tight in the Pericdic
Tadle.

Py
ey o
uryy
"IP‘ )
“Th
H‘JAc
MRa
Fr
YRa

BAL

Number of pratons

¥po
by

Erb

SAQ7
Calculate the rate constant for the radicactive disintegration of 2.,Co an isotope used in

cancer treatment. [t decays with a half-life of 5.26 year to produce §3 Ni.

9.4.4 Natural Radioactivity

The radioactive nuclides that occur nalurally on earth can be divided into three categories, The
first category of nuclides, of which | C is an important member, are formed by the action of

cosmic rays. For' example, the formation of ! C from N can be explained as foliows-
4 1 . i4 I
7N+0n——-——————>6C+1H e (9.8)

A sccond group consists of nuclides with half-life périods of the magnitude of the life of the
earth. The examples are, 3.‘,Rb Up=5%x10"y), "LI‘h (t,p = 1.39 X 10" y) and ZSSU

(=713 % 10% ¥). The symbol ‘y’ stands for the unit year.

The third category of radioactive nuclides have shorter half-life periods. they are formed by
the radioactive decay of the long lived nuclides. Such decay process resulis in what is called a
radioactive family, or serics. Three radioactive series are found in nature. In Table 9.4, we
summarise the starting and ending nuclei in these three series.

Table 9.4: Natural Radioactive Decay Series

Parent Half}-_Ll[e End producf ’ Name

2 .

"9328U o asixao’ 23026 Pb Uranium series

235(:) 733 x 108 207 Pb Aclinium serics

92 32 &

2935 Th - , 1.39 x 10 28028 Pb ' Thorium serics )

To illustrate the multiple stages in thc radioactive series, uranium and actinium series have
been ahown in Fig. 9.6. '

myy Bay My

Actinium series

!lﬂpo ZIIPD

Uranium Series

74 y

C 100 125 127 129 131 . 18 1 130 141 143 145

Number of neutrons

Fig. 9.6: Uj:n.n,lln.u'r;h.l-and etiliinm series.
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In the next sub-section. we shall define nuclear transformation and study its different types. - Nuclear Chemistry

€ 4.2 Nuclear Transformation

A nuclear transformation is a nuclear reaction in which a bombardmg particle: causesa
nucleus of an element to change into a nuclens of another element. It is also known as
transmutation reaction. The first such nuclear transformation was carried out by
Rutherford (1919). He prepared oxygen from nitrogen by bombardment with apamcles
Tiris reactitn can be represented as,

,];} . 4}-[3 1870 + :H ...(9.9) Alchlcmisls tried in vain (o transmutc
2 . : lead into gold.
Types of Nuclear Transformation The nucleus of deuterium is known .

as deutron and is represented as 2H.
Nuclear reactions have been initiated using electrons, neutrons and by a series of positively
charged particles with low masses, such as protons, deutrons and & particles. The , i
f high 1 has al d bl h y h partictes led to the discovery of
development of hig energy acce erators as also made it possible 10 use heavy nuclei wit neutrons by Chadwick in 1932,
- positive charges, such as | B "C 0 or even heavier nuclides as bombarding pamcles. S8c + dHe——-C+ lp

The bombardment of beryllium by &

Accelerators are ernployed 10 impart the required velocity to the bombarding positive
particles o have successful reaction with a given nucleus, avercoming mutual repuision.
The emission in nuclear rezetions includes X rays, neutrons, protons and different nuclides.

There is a simple nptauon for representing a nuclear reaction. The symbols of the
bombarding particle and of the emitied particle are placed in parentheses between the symbols
of the reactant and the product nuclei. For cxample, the reaction in which nitrogen is
transformed into oxygen by bombardment with & particles is represented as,

"N (a. p} l;O'

The corresponding equauon is given by Eq. 9.9. Examples of the more common type of
transformation varieties are listed in Tabie 9.5, The symbols used in this Table include » for
neutron, p for proton, 4 for deutron, & for 2!pha particle, and yfor gamma rays.

Table 9.5: Types of Nuclear Transformation

- Type K Example Representation
(xn) 7 Ras+ 4 — IEBr + fn s @m B
(%p) Wras §te  —> YHag + |H 01 (ap) 1P ag
®.m Ju. +]n  — B +n i @ ]Be
o1 YN +jn — Fo +y UN e §o
pay 9Be +lH — fLi + 3 B (poa) §U
e e 3w —> Be +ls e an B
@n e in — Y« b . W wn P
(n ) | ' Poo w0 — $co +y #Co (ay g?’c::
(v.p) fiscehn > S+ lu $55 ) $ca
0" YRR - VI VG £ A A ey ¥

There are many transformauon reactions in which the product nucleus is unstable and hence
decays spontaneousty like naturally occurring radioactive nuclides. We call this process of
artificial production of radioactive substances as artificial radioactivity. The first such nuclide
qgs produced by the (o, n) reaction: .

Al + He—-——>3°P+
75
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The product. ?EP decays by positron emission.

0
P—-~4.~ 14S|++le -

Nuclear transformation reactions have also been used to prepare elements that are not found
on earth. Synthesis of transuranium elzments with atomic numbers greater than 92, are the
exampies of such nuclear reactions. A list containing such bombardment reactions and the
elements produced is.shown in Table 9.6. Attempls to prepare heavier elements continue

* even loday.

Table 9.6: The Reactions Involved in the Preparation of the Transuranium Elements

Name Symbot Momi'; Reacti@n .
Number
Nepturiom ) Np 93 %SU + 6:1 . 2;‘39 Np + _01 e
Plutonium P 94 e —>  HPme G
Amesicium - Am 95 &0Pa+ —  Pam+ Qe
fwum: Cm % Bpoerdre > Fomeba o
Berkcllum Bk | o1 Wam+4 He Yiek+2dn
Californium - o 08 Wemsdne —  Werehn
| “Binseinum - Bs T Wusrshn  -—  FPE+740
romiom . Fmo 100  Brusishn —  REEm+s e
. Mer.tdelcvium . Md - 101 . 2959355 + éHc — 71‘3? Md + 6?:
Nobelium No 102 Bem+ 2 —>  HaNowa)n
Lawrencium Ls LI 2QSBGCI‘ +dB — 25-7, Le+d dn
Unnitguadium Ung Cas Wees2c — Blungealn
Unnilpcm'ium Unp 105 %@CH '—f N - ) — %8? Unp + 4.6 "
Unnithexium Unh 106. Weoefder s Rlumeafn
Wei+ Qo —

%S%Unh+4 [ljn

By now, you are familiar with some of the nuclear transformations. In most of these
reactions, we have to bombard the atoms with high-velocity particles. It is worthwhile to
know some prmcnples of Lransmutatlon reactions.

In sub-section 9.3. 3, we have memmned that nuclear forces are powerful at short ranges.
Therefore, for the nuclear transformation of a nucleus, it is necessary that the bombarding
particle should come close 1o a nucleus 50 that it comes under its nuclear force and is “fused”

_ with it. Generally, this fusion forms an unstable intermediate nuclear particle that ejects

some other particles like & or § or neutrons during the formation of the new element. To
understand more clearly, let us first take neutron bombardment which is a very effective
means to bring about a nuclear change. Unlike positively charged particles which are repelled
by the positive nucleus of an atom, the uncharged neutron does not require a high velocity in
order 10 come close to a nucleus. Indeed a slow moving neutron passing close to a nucleus
has a greater chance of beiug attracted mto the nucleus than does a high speed neutron which
might just pass by it.” : .

Now consider the bombardment by positive pal'thl“S Expenments md1cate that highly
charged positive nuclei repel incoming slow positive particles thereby preventing effective

.- collision with these nuclei. Caiculations show that an alpha particle needs 27 MeV of energy

in order to push it close enough.to a nucleus like radon so that short range nuclear forces
~ beceme effective and a radium nucleus can be formed (see F:g 9.7).
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Fig 9.7: If an alpha particle has enough energy to overcome the coulombic rcpulsmn of a
nucleus, it can peneirale close enough to the positive nucleus to come under the effective

control of the powerful short rahge nuclear attraction and to join the nucleus.
i e

946Fuss:on - B ',7 N '

The kind of nuclear reaction most often in the news is nuclear fission. Nuclear fLSSlGn is
the process by which a large nucleus breaks into two or more nuclei of medium size. The
fission process begins when a slow moving neutron hits an atom of a fissionable nuclide —

one that has a tendency to split apart. The only naturally occurring fissionabie, nuclide is
29325U. There are many ways by which-235U can break apart. One of them is,

15U + n —-——%WBB +2

2 5

Energy evolved during this process is 1.9 x 1010 kJ mol-".

Kr + 3 0”

All the fission reactions of “35U have three common charactensucs

e each reaction produces one nuclide with mass number near 90-95 and another with a
mass number near 135-'40. (see Fig. 9.8),

@ each reaction generaies a large amourt of energy, and

» each reaction produces more than one neutron.

The production of excess neutrons allows the fission process o be self-sustaining. This

means that the neutrons formed in the fission process initiate additional fission reactions, as
we can see in Fig. 9.9. Such reactions are called chain reactions.

We have already explained in sub-saction 9.3.3 why a fission reaction is accompanied by the
release of a large amount of energy. A fission reaction results in the formation of nuclei
having larger average binding energy than the original nucleus. Now,'if we know the average
bmdmg energy of l,he reactant and the producl nuclei, we can c.alculate the energy releascd

durmg the fission reaction for example ‘the average mndmg energy of 2 92 U is around 7.6
MeV/nucleon, whereas for the products of fission, ' 56 "Baand ? 36 2 Kr, the same is around 8.5

MeV/nucleon This means that while’ the formation of uranium nucleus from its nucleons
can release 235 x 7.6 MeV of energy. the formation of nuclei of prodycts of fission can

release about (141 x 8.5 + 92 x 8.5) MeV of energy. Hence the energy released by the
f1551on is,

aAE = (141 X 8.5+92x8.3)-235x 7.6 MeV
=(1198.5 + 782)— 1786 MeV
= 194.5 MeV.

Depending on the binding energy of the product and the reactant nuclei, the energy of fission
varies. As 1 practical average value, 200 MeV per fission is used. -

Nuclear Chcmis!rly

~

In nuclear fission. a heavy nucleus of

an atom splits into (wo or more
“smaller nuclei, whigh are more
tightly bound than the parent
nucleus. The fission process is
a¢companicd by the evolution of
cnormous amounts of energy,

10 NK': I:WB:I

.l.'!ISI.l .

ot
2 107!
c
O b
R
iz
10-3
10—+
60 100- 140
Mass number
Fig 9.8 : The percentage of

nuclides of different mass
numbers formed by the fission

of uranium zgi U. The mosl

common fission produces one
nucleus with a mass of about
95 and anuther of about 138,
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Fig. 9.9 : A nuclear chaln reaciion. When 2 nucleus undergaes ﬂll\on. two or three netitrors
aTE produced that are capable of reacting with other nuclel. If a critical mess of flsstonable
nuclcl is present, a chain reactlon will occur,

“We also arrive at the fission energy from a different considération. In fact, the value of mass

loss in nuclear fission comes to around 0.22 u per uraniurn atom. Using Egs. 9.2 and 9.3,
AE =022 % 1.661 x 10~ kg x (2998 x 10° ms™')’

=3288% 107 ]

3284 x 107" x ! MeV
= 1.602 x 107123
= 205 MeV. '

The fission energy calculated above is per uranium atom. In molar quanhues. lhc fisswn
energy is,

AE =3.284 % 107 x 6,022 x 107 § mol”’

{~ 1 MeV = 1.602x 107 J}

=1978 % 10" Fmol™

Although 2932 is the only naturally occurring fissionable nuclide, others can be hynlh_esise_d.

One such is 29329 Pu, produced by the reaction of 293;0. quite an abundant isotope of utanium,

with a neutron. At the first instance, 2932 is formed which, in turn, decays in two steps to

239
form ‘g4 Pu.

238 1 239

92 +011———-—-————>-92U




23 » 239 0 ) ' ' i
92v > g3Np +,¢, f”-_: = 23.5 minute d Nuclear Chemistry

23 19 0 :
939Np————‘-—> 94PU # -6 hip = 2.35 day N

oo 23§, L 239 '
Like 9;U nuclide, 94 Pu can also supply large amounts of energy through nuclear fission.

-

21 29 : B80% of the world"s thorium is bocated
Another synthelic fissionable nuclide is .jj‘U, formed from ‘g Th which is also rather in India as monazite sand on the sea
) ’ coas; of Kcrala state.

abundant.
0
232 233 1€ 233
0Th+0 .—goTh i >9|Pa——>1U

A chain reaction as indicated in Fig. 9.9 is possible only if each of the fission reaction gives
rise to another fission reaction. The minimum mass of fissionable material needed for such a
process is known as critical mass. :

The actual critical mass depends on several factors including the purity of the fissionable
material, the shape of the fissioning material, the presence and absence of a casing to reflect
nieutrons etc. Fission reaction generates enormous amounts of energy which can be used in
atom bombs or in nuclear reactors. Details of the applications of nuclear energy will be
discussed in sub-section 9.5.1.

9.4.7 Fusion

The process in which two small nuclides come together to form one large,more stable
nuclide is called nuclear fusion. This is the opposite of fission process. Some cxamples of
fusion reactions are: : -

1H+]H"‘_"‘_——-)- ;He"‘:}n

T+ ——— 5 2%

4 \H > JHe+2 D¢

Our principal source of energy is the sun. The solar energy is produced by the fusion of four  Everyday about 6.3 x 10'8 kI of
hydrogen nuclei into a helium nucleus. Like fission reaction, fusion reaction is also energy from the sun reaches the .
accompanied by liberation of large amounts of energy. Fusion reactions have a much higher surface of the carth.
encrgy/mass ratio than fission reaction, because greater propartion of mass of the reactants

is converted into energy. We can calculate the energy changes in a fusion reaction from the -

mass defect and binding energy methods, similar to the fission reaction. For example, let us

consider the mass defect method for the following fission reaction:

Hafli— s 2%
The calculations mdlcate that the mass defect in this case is 0.0243 u. We can obtain the
energy change for this reaction from Eq. 9.2.
AE = 0.0243 % 1.661 X 1077 (kg) x (2.998 x 10° (m s7))?

=36278 x107°1 -
This energy change is for the formation of 2 nuclides of ;_He; ;“or I mole of ht;,liurn it would
be

3.6278 x 1072 () % 6.022 x 10* (mol™)
2 .

= 1.0923 % 10" J mol™!

AE =

Although fusion reactions are highly exotherm:c they require high activation eri¢rgy because

two positively charged particles must come together. The electrostatic repulsion must be

overcome before the particles can get close enough to be fused together. The high activation

energy needed for this process causes serious problems. It has-been estimated that a 79 -
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temperature of at least several million kelvin is necessary to supply the energy necded
thermally to start a fusion reaction. '

Such a high temperature can be obtained from only fission reaction. Thus, we can fuse
deuterium and tritium in a fission bomb. This typical process is used in hydrogen bomb.

2.3 4., 1
Halt————— > JHexgn

Such a bomb is several times more powerful than a fission bomb.

So far we have discussed the micleus and the nuclear reactions. In the next section, we wili
discuss the applications of nuclear chemistry.

9.5 APPLICATIONS OF NUCLEAR CHEMISTRY

You have studied that fission reactions can release a large amount of energy. This energy cain

. be used in an atom bomb or for the production of electricity by means of a nuclear reactor.
The nuclear reactor controls the fission process. Apart from this, it has been reatised that
radioactive isotopes of common elements are uniquely valuable. A radioactive atom acts as a
Jabel or tag: it can be added at one point in a reaction and followed thereafier, to unravel the
complex course of chemical reactions, Radioisotopes have also.given us a means of
accurately dating past events, both historical and geological. Nuclear chemistry helps us even
in developing theories regarding the origin and the evolution of the universe. Now we will
take up these applications of nuclear chemistry in detail.

-=9.5.1 Atofn Bomb

It is. of course. ironical to project atom bomb as an application of nuclear chemistry. It is,
however, a historical fact that the nuclear energy was first used, as a military weapon.

“An atem bomb copsists of two sections, each containing U or 239Pu. Bach section is
below the critical mass; the bwo are kept separately from each other. The sum of the two
. pieces. however, exceeds the critical mass. Just béfore the explosion, the two pieces are
brought together by the force of conventional explosive, The weapon dropped on Hiroshima,
Yapan, pear the énd of World War I, was a 25 U fission bomb of this type. You are perhaps
curious to have an estimate of the.energy that devastated Hiroshima. Work out the following

" SAQto find it out.

. SAQ 8 N
* The loss of mass about 0.22 u per 3 U atom occurs in its fission reaction. Calculate the

amount of energy released in kJ during the bomb explosion of Hiroshima in World War I1.
Remember. 0.45 kg of 3 U was used and 1 u= 1.661 x 177 kg.

9.5.2 Nuclear Reactors

In a nuclear reactor, fission reaction takes place but ata conuolled rate, slow enough to
avoid an exrlosion but fast enough to produce usable heat. Fission reactions are controlled
by the use of control rods made of materials such as cadmium or boron which absorb
neutrons and thus prohibit the chain from progressing too tapidly (see Fig. 9.10) and also
by the slowing down of energetic neutrons.-As said earlier, slow moving neutron has a
greater chance of being attracted Into the uc’cus than a high speed ‘(high energy) neutron.
1n the case of neutron reactors, a moderator .3 incorporated in the design to slow the
neutrons emitted on fission so that they are more readily captured by another fissionable
nucléus. Different. moderators as heavy water, water, graphite and berylliurfi-are commonly
‘used. The moderator qualities decrease in the order D20 C> Be > HpO0. .




The large quantity of energy generated in the controlled nuclear reaction appears primarily as Nuclear Cher:istry
heat, and hence: nl-.lclear'reactors? must be co?lfad. Omne of lhg main applications of the released Encrgy produced by 1 kgof
therma] energy is in the production of electricity. The heat removed from the reactor is used uranium or by 2.5 x 10 kg of
lo convert water to steam, which is then used to um steam turbines that generate coal of best quality or by 20
electricity (Fig. 9.11). ‘ kilotonines of TNT (2. 4, 6-

o , trinitrotoluene) =§.4x10'%),
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Fig. 9.11: Schematic diagram of a nuclear ’ Fig. 9.10: Schematic diagram
electric "generaling station, ‘ -of a fission reactor..

Like petroleum and coal, there is only a limited supply of the fissionable 3;25 U and the

nuclear reacto.s would face a somewbat uncertain future if it is not possible to generate other .
fissionable iscopes. In a breeder reactor some of *he control rods are replaced with rods

.23 : . . .
conaining o, U. Some of the neutrons produced in the fission reaction of 2§'ZSU are absorbed

by 29318U and give the nuclide 293:U, which changes to fissionable nuclide 2;ﬁ‘g}’-’u as shown

“earlier in sub-section 9.4.6. Breeder reactors have the useful property that they produce more
fissionable isotopes then they consume. Besides uranium, thorium can also be used as

.. . 233 . . .
control rods in breeder reactors to produce fissionable ¢ U- India has very rich deposits of the
thorium ore, monazite.

Certain implications of the use of nuclear energy, however, must be considered. Nuclear At present, worldwide, £14 nuclear
p gy .

fission reactors, in general, have the undesirable effect of producing highly radioactive by- plants are operating in 26 countries,
: . . . generating 298,000 megawatts of.
products — some with ex*remely long half-lives, that are very difficult to dispose of safely.

. . ! ’ LT . clectricity, accounting for 16% of the
Furthermore, the disasters in the power generating reactors, in the three mile island in - world’s total generaling capacity.

Pennsylvania, U.S.A (1979) and Chernobyl, U.S.5.R (1986) pose a question to the safety of
nuclear reactors. Tharefore, increased use of nuclear power will require intensified efforts to
avoid accidents.

Nuclear physicists are trying to find & Way to develop fusion reactor. Deuterium is the
principal fuel preposed for power generation through fusion. You will he surprised to know
that even if enly a small fraction of all the deuterium present in the oceans could be separated
and recovered, the energy that could be supplied by fusion reaction is hundreds of thousands
of times larger than al! the energy contained in all the fossil fuels in the world. Still another
advantage is that fusion reactions are relatively clear, in the sense that the products are
-generally not radioactive; so the waste disposal problem posed by fission reactors is avoided.

Despite these advantages, there are some major technical obstaclés that must be overcome

before fusion energy becomes a commercial reality. One of them is that the fusion reaction

has high activation energy as mentionzd earlier: Recen-ly, high energy lasers aré being

developed to provide the necessary activation energy. An equally important problem is the

lack of a suitable container for conducting a fusion reaction at a temperature of several

million degrees kelvin (10® K). At this tempersture, all reaction molecules dissociate into

atoms, and the atoms ionise, forming a state of matter called plasma. One approach, that 81
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is being tested, is 1o suspend the reactants in the form of plasma of the mass of ions in a
strong magnetic field (2 magnetic bottle).

9.5.3 Tracers

One of the chemical applications of nuclear chemistry is the study of reaction mechanisms
wherein the radioactive isotopes are used as tracers. The radioactive isotopes can be “traced”
by using a detection device known as Geiger Muller counter and hence this method is
known as tracer or labelling technigue. Thus, by tagging a molecule with a radicisotope, its

* fate in chemical or biochemical change can be traced. For example, the several steps and

intermediates occurring during the buildup of glucese from carbon dioxide in photosynthesis
were uncovered by Calvin by using carbon dioxide containing label'ed carbon isetope, '; C.

We use a ~tar 1o indicate radioactive isotope.

. . . . * -
6'102 + 6“20. ———3 C6H,206 + 602

- Besides radioisotopes, sometimes the less abundantly occurring stable isotopes are also used

as.{racers, e.g. 2R, 180. In such cases the detection of the isotope is done by inass P

specuoméujr. We can predict the correct mechanism of a reaction using such tracers. For
example, consider the formation of ester from alcohel and acid.
CH,-C-OH + C, H,CH ———3CH;-C-0-CH, + H,0

There is 2 question about the source of oxygen atom of the- water molecules produced. Does
it come from the hydroxyl group of the alcoho! or from: that of the acid ? This question can
be answered by canrying out the reaction with alcohol or acid containing labeiled oxygen ‘:0_.-

in the hydroxyl group. It is seen that if the alcohol is labelled with 133 0, all the labelled ',{‘ 0.

becomes,irgcorporatéd into ester. It is clear, therefore, that the reaction involves the removal
of the OH group from the acid and the H from the al-.chol.

o
. il : H IHs
(H, -C ¥+ H-0-CHg ———>CH;~C-0-C;H + H,0

hY

R.adio‘zicﬁve tracers such as 3,25P and ﬂs have been particularly useful in studying biochemical
reactions. '

A number of medical diagnostic procedures emplo;, tracers. The rates of some body functions
are determined by detecting the rate of passage 0° a tracer, as in the measurement of blood

flow throughi the heart by following blood serum labelled with l%'l. Several tracers tend 1o
become accumulated in specific organs. Take for example, ‘33'1 in the thyroid and 1:,'Tl in the

heart; detection of their radiation from the normal and diseased tissues can aid in locating
disorders. In Table 9.7 we are giving the list of tracers. which are commonly used for the
purpose of medical diagnosis.

Table 9.7 : Tracers and their application in medical dlagnosis

Tracers Application
:Cr. chromium blood volume, red bload cell Tife time
5 . - .
yFe, iron iron fumover
1) . '
45T, strontivm bone scan
9, . - -
« 16> technelium ) brain scan
1, indine : hysoid functi
53 iodine . ihyiot unct.u_n
H A ;

- g hu, 7oke - liver sgan




9.5.4 Radioactive Datilig . - Nuclear Chewnistry

An estimate of the age of materials can be had by measuring the activity of radioactive
isotopes present in them. Such a technique is known as dating and now we take up two
illustrations for this lechnique.

Age of Minerals

{i is quite interesting to calculate the probable age of the earti based on the activity of
radioactive isotopes in the minerals. An assumption is made that the carth must be at least
as old as the rocks and minerals in its crust. One method is to measure the relative amounts
of '93 U and :Pb in the rock. For the decay of ? U 10 az %pb the half-life period is

4.51x 10° year Suppose that we want to calculate the age of a rock that contains
277 %107 kg of ° Pb for every 1.667 x 107 kg of & U

First we assume that all the '& Pb resulted from the decay of ; U. Then, the weight of 2:28U
that has changed to zgf’!’b_ is, -

238
206

The weight of % @ *Pb originally present

2x2.77 % 107 kg = 32x10t kg

(1.667x 107 +3.2%x 107 kg
'1.987 x 107 kg

The age oF the rock (i.e., the earth) is equal to the nme required for the decay of 1.987 x
10 kg of 2 U to 1.667 x107 kg. Since t, 5 for 0le is 4.51 x '0°vear, its decay constant

can be calculated vsing Eq. 9.7.

_ 0.69.’; = 1.54%107° year-!
4.51 x 10" year -

Using this k value in Eq. 9.6, the age of the rock can be calculated.

Initial amount of U in the rock

No

1.987 x 107 kg o .

Z
u

238, . .
, = Amount of "5 U in the rock at present

1.667 x 107 kg

2303 | 1.987x 10 (kg)
t °Bl667x 107 (kg)

~
il

1.54 % 107 year! =

P =114 x10° year.

Hence, the age cf the earth is also equal 10 1.14 % 10° year, since it is assumed to be equal to

the time required for the decay of mU from 1,987 x 107 kg to 1.667 x 107 kg, as given
above.

Age of the Organic Materials

An interesting method of dating ancient objects of organic source is based on the fact that the
preserved object, if not too old, contains a measurable amount of radioactive C. In
atmosphere, :C is formed by the reaction of cosmic neutrons with nitrogen.

Wl e M ]
N+ gt —— [ C+ |H

The raaioact.vc 'C formed by the above process is eventually incorporaied into the carbon

dioxide of the air. 4 constant concentration, amounting to About one atomn of éC 13 every
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W12 . PN
Let the 6C!hc ratio values in livinp

and dead urganic malerials be # and
ra. respectively.

Then the age of the dead organic
matertal.

2,301 x 5720 n

= 0693 lop '-_;ycu:

[31] . .
»C0 is produced in a neclear reactor.

t2 I P . . - . . .
1077 atems of [C is established in atmaosphene carbon dioxide. A living plant, taking in

- 1402 . . . .
carbon dioxide, hax the same (C/C ratio. as the plant-eating animals or human heings.

When a plant or an .lmm U dics. the intake of mdmuuwc carbon stops. Consequently the

“radicactive decay of hC takes place and the ratio, C/ “C drops.

M5 N+ Ue (rya = 5720 year)

‘By measuring the ratio ¥C /12C in the organic material and comparing it to that of the
’ living cells, one can eslimate the time at whieh the plant or animal (the source of the

orl.amc material) died. .

As un illustration, let us calculate the ge of a piece of wood for which the ratio ¥C/2C is

"0.4 t;mes that of a living plant. Since 7,,, = 5720 year, the value of &. using Eq. 9.7 is.
12 g £q

0.693

=20 a2 = ver -
5720 year - 212X 107 yer

N=0an, oL a5
since N— =2

Substituting these values in Eq. 9.6,

2 N
ko= I.2~lEx-lO"year1= 2.303. log —
- t N,
2
= = 303 log 2.5
t
= 230 5 0.3979

2.303 x 0.3979
t = year
1.212x 10

= 7564 year.

It means that the wood belonged to a tree which was alive before 7504 vears. Try the
following SAQ yourself, to check your understanding of the calcubutions given above

SAQ 9
A 1iny piece of organic material taken from the sca was found 0 have | C/,‘C ratio 0 198

times that in a plant living today. The half-life period of ,,C is 5720 year. Estimal¢ the age.

of that piece.

9.5.5  Other Applications

Apart from the above mentioned applications. nuctear chemistry is also used in the fields of
medicine and agriculture. We have already seen sorne diagnostic uses of radioactive isotopes
in sukt-section 9.5.3. !

The high energy radiation given off by radium was used for many years in the trcatment of
cancer. Nowadays, i‘; Co which is cheaper than radium and gives off even more powerful
radiation. is used for this purpose. Cerlain types of cancer can be treated mlcnmlly with
radicactive jsotopes.

By using ‘,i P isotopes as tracers, we can predict at what time during the growth of the plani.
phosphatic fertiliser is needed. The Green Revolution of ouy country was essentially due to.,




——

lmpmved quality of seeds and one of the contributing factors was sced protection through
radiation with v rays. However, excess doses are lethal.

9.6 .BIOLOGICAL EFFECTS OF RADIATION

So far we have discussed some applications of nuclear chemlsuy Casual use of rad:ousolopes
has harmful side effects. “There is always the danger of exposure of radiation from radioactive
substances. Here we will discuss how lhese radiations are harmful to us.

Like Xrays, the higher energy radiation emitted by radloacuve nuclides has great penetrating
power. When such a radiation is absorbediby molecules, it can result in the breakage of
covalent bonds. The large amount of water in living cells makes this molecule a likely target
for attack by radiation. Water molecules are known to undergo dissociation into hydroxyl
radicals and hydrogen radicals on absorpuon of radiation- (denoted by the energy term, #v),

H,0 v > HO+H

The extremely energetic hydroxyl radicals can react with many of the molecules in the living
celis, disrupting bonds in them. The potential biological effects of these radiation-induced
bond Tuptures were not apprec:aled by early workers in the nuclear field. This resulted in
some serious health problems, some of which proved-fatz!, If bonds are/ broken in molecules
that govern genetic pattern, mutations can result, so that future generation may have.features
differert from parents. Thus, concern must be raised about any situation Ieadmg to higher
levels of radiation. ‘

The etiect of radiation on biological cells also include changes that modlfy the immediate

* reproduction of these cells. Cells may be kilied or may become modified so that they become
maligrant, reproducing wildly, in a cancerous manner. Radiation is used to control tumors
but also may cause noncancer cells to become malignant, Clearly, we must exercise

- judgment regarding exposure to all radiation, sunlight and X rays included, balancing benefits
against potential dangers. . But, we can minimise the danger of radiation by proper precautions
and safety measures in much the same way as the danger accompanying the use of chemicals
in the chemisiry laboratory is minimised.

97 SUMMARY

* -

In this unit, we first explained briefly the different features of atomic nucleus. We noted ihat
the atomic nucleus contains 1wo kinds of particles, positively charged protons and
electr.cally neutral neutrons, We defined isotopes, isobars and isotones on thz basis of mass
number and atomic number. After that, we defined binding energy and mass defect, and
explained how nuclear binding energies are much: larger than the chemical bond energies, We
mentioned that the stability of nuclei is dependent on #/p ratio. Then we described different
types of nuclear decay.

‘We discussed the kinetics of radicactive decay and we described different types of
transmutation reactions and their utility in the preparation of new elemerits. Different
features of fission-and fusion reactions were aiso explained. Finally, the applications of
nuciear chemistry in different fields were discussed.

98 TERMINAL QUESTIONS’

1. Calcuiate the energy in kJ mol™! liberated in the following fusion reaction:

iH+3H >4 He

The accurate atomic masses of 3 He and 4 He are 2014 192 and 4.002 6034 u,
. Tespectively and 1 u=1.661 x 10-7 kg.

2. Comrnent on the stability of each of the followmg nuchdes and also predict the mode of
decay, if any.

27
9 Mg b Ha

1

c) % Bi; A Pre

Nuclear Chiemistry

Aowell-known example of the
careless kundling of radioactive
substinees resoliing in many deaths
was provided by Swiss workers
whaose occupation was painting
radium dial waiches. Tt was their
praclice to sharpen the tips of their
brushes by licking tlrem and as a
result, over a period of time they
accumuiated considerable amounts of
radium in their bodies which led (o
Cancer, :
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