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Structure of Atom
—Classical Mechanics

f small particles called atoms. He visualised the atom as

hard solid individual particleincapable of subdivision. At
the end of the nineteenth century there accumulated enough
experimental evidence to show that the atom is made of still
smaller particles. These subatomic particles are called the
fundamental particles. The number of subatomic particles now
known is very large. For us, the three most important are the
proton, neutron and electron. How these fundamental particles
go to make the internal structure of the atom, is a fascinating
story. The main landmarks in the evolution of atomic structure
are:

1896  J.J. Thomson'sdiscovery of the electron and the
proton

1909  Rutherford’s Nuclear Atom

1913  Mosley’s determination of Atomic Number
1913 Bohr Atom

1921  Bohr-Bury Scheme of Electronic Arrangement
1932  Chadwick’sdiscovery of the neutron.

\lhn Dalton (1805) considered that all matter was composed
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Rutherford (1909) - The Nucleus

Bohr (1913) - Energy levels

Schrédinger (1926) - Electron cloud model

W Atomic Model : Timeline

CATHODE RAYS - THE DISCOVERY OF ELECTRON

The knowledge about the electron was derived as aresult of the study of the electric discharge
in the dischar ge tube (J.J. Thomson, 1896). The discharge tube consists of a glass tube with metal
electrodesfused inthewalls (Fig. 1.1). Through aglass side-arm air can be drawn with apump. The
electrodes are connected to a source of high voltage (10,000 Volts) and the air partially evacuated.
The electric discharge passes between the el ectrodes and the residual gasin the tube beginsto glow.
If virtually all the gasis evacuated from within the tube, the glow is replaced by faintly luminous
‘rays’ which produce fluorescence on the glass at the end far from the cathode. The rays which
proceed from the cathode and move away from it at right anglesin straight lines are called
Cathode Rays.

To vacuum
pump
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Cathode rays

Fluorescence

Cathode

High
voltage e -

M Figure 1.1
Production of cathode rays.
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PROPERTIES OF CATHODE RAYS

1. They travel in straight lines away from the cathode and cast shadows of metallic objects
placed in their path.

2. Cathode rays cause mechanical motion of asmall pin-wheel placed in their path. Thus
they possess kinetic energy and must be material particles.

They produce fluorescence (aglow) when they strike the glasswall of the discharge tube.
They heat up ametal foil to incandescence which they impinge upon.
Cathode rays produce X-rays when they strike a metallic target.

Cathode raysare deflected by the electric aswell asthe magnetic fieldin away indicating
that they are streams of minute particles carrying negative charge.

©o o~ w

By counterbalancing the effect of magnetic and electric field on cathode rays. Thomson was
ableto work out the ratio of the charge and mass (e/m) of the cathode particle. In Sl unitsthe value
of e/m of cathode particlesis— 1.76 x 182 coulombs per gram. As aresult of several experiments,
Thomson showed that the value of e/m of the cathode particle was the same regardless of both the
gas and the metal of which the cathode was made. This proved that the particles making up the
cathoderayswereall identical and were constituent parts of the various atoms. Dutch Physicist H.A.
Lorentz named them Electrons.

Electrons are also obtained by the action of X-rays or ultraviolet light on metals and from
heated filaments. These are al so emitted as B-particles by radioactive substances. Thusit isconcluded
that electrons are a universal constituent of all atoms.

MEASUREMENT OF e/m FOR ELECTRONS

Theratio of charge to mass (e/m) for an electron was measured by J.J. Thomson (1897) using
the apparatus shownin Fig. 1.2.

Electrons produce a bright luminous spot at X on the fluorescent screen. Magnetic field is
applied first and causes the electrons to be deflected in acircular path while the spot is shiftedto Y.
Theradius of the circular path can be obtained from the dimensions of the apparatus, the current and
number of turnsin the coil of the el ectromagnet and the angle of deflection of the spot. An electrostatic
field of known strength isthen applied so asto bring back the spot toitsoriginal position. Then from
the strength of the electrostatic field and magnetic field, it is possible to calculate the vel ocity of the
electrons.

Electrostatic

field plate Fluorescent

/ / screen

Beam of
electrons

X
Y
Perforated E ted
vacuate
anode glass tube Electromagnet
M Figure 1.2

Measurement of e/m for electrons.
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Equating magnetic force on the el ectron beam to centrifugal force.

Be\/=#

where B = magneticfield strength
v = velocity of electrons
e = charge on the electron
m = mass of the electron
r = radius of the circular path of the electron in the magnetic field.
Thismeans

e \'
m B ..(1)

Thevalue of r isobtained from the dimensions of the tube and the displacement of the electron
spot on the fluorescent screen.

When the electrostatic field strength and magnetic field strength are counterbal anced,
Bev = Ee
where E isthe strength of the electrostatic field.

Thus vV = B ..(2)
If E and B are known, v can be calculated and on substitution in equation (1), we get the value
of e/m.

e__E
m  B?r
All the quantities on the right side of the equation can be determined experimentally. Using this
procedure, the ratio e/mworks out to be — 1.76 x 108 per gram.

or e/mfor the electron = —1.76 x 108 coulomb/g

DETERMINATION OF THE CHARGE ON AN ELECTRON

The absol ute value of the charge on an electron was measured by R.A. Milikan (1908) by what
isknown asthe Milikan’s Oil-drop Experiment. The apparatus used by himisshownin Fig. 1.3.
He sprayed oil dropletsfrom an atomizer into the apparatus. An oil droplet fallsthrough aholeinthe
upper plate. The air between the plates is then exposed to X-rays which gject electrons from air
molecul es. Some of these electrons are captured by the oil droplet and it acquires anegative charge.
When the plates are earthed, the dropl et falls under the influence of gravity.

He adjusted the strength of the electric field between the two charged plates so that aparticular
oil drop remained suspended, neither rising nor falling. At this point, the upward force due to the
negative charge on the drop, just equalled the weight of the drop. As the X-rays struck the air
molecules, electrons are produced. The drop captures one or more electrons and gets a negative
charge, Q. Thus,

Q =ne

wheren = number of electronsand e = charge of the electron. From measurement with different

drops, Milikan established that electron has the charge — 1.60 x 10~19 coulombs.
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M Figure 1.3
Milikan's apparatus for the Oil-drop experiment.
Mass of Electron
By using the Thomson's value of e/m and the Milikan’s value of e, the absolute mass of an
electron can be found.
e/m = —1.76 x 108 coulomb/g (Thomson)
e = —1.60 x 10~1° coulomb (Milikan)

e 1.60 x 107

e/m ~ 176x10°
hence m =9.1x10"28gor9.1x 103 kg
Mass of an Electron relative to H
Avogadro number, the number of atomsin one gram atom of any element is6.023 x 1022, From
this we can find the absolute mass of hydrogen atom.
Mass of 6.023 x 10 atoms of hydrogen = 1.008 g

1.008
Mass of a hydrogen atom = & -2~ 7 0% 9
= 167x10%g
But mass of electron = 9.1x10"%g

massof Hatom 167 x10°
massof electron ~ 9.1x 107
=1.835 x 10% = 1835
Thus an atom of hydrogen is 1835 times as heavy as an electron.

In other words, the mass of an electron is F135th of the mass of hydrogen atom.
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DEFINITION OF AN ELECTRON
Having known the charge and mass of an electron, it can be defined as:

An electron is a subatomic particle which bears charge —1.60 x 107'° coulomb and has
mass 9.1 x 10-28 g.

Alternatively, an electron may be defined as :
A particle which bears one unit negative char ge and mass 1/1835th of a hydrogen atom.
Since an electron has the smallest charge known, it was designated as unit charge by Thomson.

POSITIVE RAYS

In 1886 Eugen Goldstein used adischarge tube with aholein the cathode (Fig. 1.4). He observed
that while cathode rays were streaming away from the cathode, there were coloured rays produced
simultaneously which passed through the perforated cathode and caused aglow on the wall opposite
to the anode. Thomson studied these rays and showed that they consisted of particles carrying a
positive charge. He called them Positiverays.

Positive ray

«—(-) - I l
+ ~
—> —> — — |
Anode + + * + ~

—-) -
— | Perforated Fluorescent
cathode screen
M Figure 1.4

Production of Positive rays.

PROPERTIES OF POSITIVE RAYS

(1) They travel in astraight line in a direction opposite to the cathode.

(2) They are deflected by electric aswell as magnetic field in away indicating that they are
positively charged.

(3) The charge-to-mass ratio (e/m) of positive particles varies with the nature of the gas
placed in the discharge tube.

(4) They possess mass many times the mass of an electron.

(5) They causefluorescence in zinc sulphide.

How are Positive rays produced ?

When high-speed electrons (cathode rays) strike molecule of agas placed in the discharge tube,
they knock out one or more electrons from it. Thus a positive ion results

M+e — M* +2e

These positive ions pass through the perforated cathode and appear as positive rays. When
electric dischargeis passed through the gas under high el ectric pressure, its molecul es are dissociated
into atoms and the positive atoms (ions) constitute the positive rays.
Conclusionsfrom the study of Positiverays

From astudy of the properties of positive rays, Thomson and Aston (1913) concluded that atom
consists of at least two parts:
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(@) theelectrons; and
(b) apositive residue with which the mass of the atom is associated.

PROTONS
E. Goldstein (1886) discovered protonsin the discharge tube containing hydrogen.

H— H +e

proton
It was J.J. Thomson who studied their nature. He showed that :
(1) The actual mass of proton is 1.672 x 10~ ?* gram. On the relative scale, proton has
mass 1 atomic mass unit (amu).
(2) Theelectrical chargeof protonisequal in magnitudebut oppositetothat of theelectron.
Thus proton carries a charge +1.60 x 10~ coulombs or + 1 elementary charge unit.
Since proton was the lightest positive particle found in atomic beams in the discharge tube, it
wasthought to be aunit present in all other atoms. Protonswere also obtained in avariety of nuclear
reactions indicating further that all atoms contain protons.
Thus a proton is defined as a subatomic particle which has a mass of 1 amu and
charge + 1 elementary charge unit.
A proton isa subatomic particle which has one unit mass and one unit positive charge.

NEUTRONS

In 1932 Sir James Chadwick discovered the third subatomic particle. He directed a stream of
alphaparticles (‘Z‘He) at aberyllium target. He found that a new particle was gjected. It has almost
the same mass (1.674 x 1024 g) asthat of a proton and has no charge.

a-Particles
_— e o o o o o _yo\

Beryllium Neutrons Charge detector
indicates no charge

W Figure 1.5
a-Particles directed at beryllium sheet eject neutrons
whereby the electric charge detector remains unaffected.

Henamed it neutron. The assigned relative mass of aneutron isapproximately one atomic mass
unit (amu). Thus:

A neutron is a subatomic particle which has a mass almost equal to that of a proton and
has no charge.

Thereaction which occurred in Chadwick’s experiment isan example of artificial transmutation
where an atom of beryllium is converted to a carbon atom through the nuclear reaction.

sHe+ 2Be —— C+n
SUBATOMIC PARTICLES

We have hitherto studied the properties of the three principal fundamental particles of the atom,
namely the electron, proton, and neutron. These are summarised in Table 1.1.
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TABLE 1.1. CHARGE AND MASS OF ELECTRON, PROTON AND NEUTRON

Mass Charge
Particle Symbol I amu grams | I'Units Coloumbs !
Electron e L 9.1x10"%8 -1 —1.60x10°1°
1835 ' '
Proton p* 1 1.672 x 10~ +1 +1.60x10°19
Neutron nor n° 1 1.674 x 10~ 0 0

Nearly all of the ordinary chemica properties of matter can be examined in terms of atoms
consisting of electrons, protons and neutrons. Therefore for our discussion wewill assumethat atom
contains only these three principal subatomic particles.

Other Subatomic Particles

Besides electrons, protons and neutrons, many other subatomic particles such as mesons,
positrons, neutrinos and antiprotons have been discovered. A great deal of recent researchisproducing
alonglist of still other subatomic particleswith namesquarks, pionsand gluons. With each discovery,
the picture of atomic structure becomesincreasingly complex. Fortunately, thethree-particle (electron,
proton, neutron) picture of the atom still meets the needs of the chemists.

ALPHA PARTICLES

Alpha particles are shot out from radioactive elements with very high speed. For example, they
come from radium atoms at a speed of 1.5 x 107 m/sec. Rutherford identified them to be di-positive
helium ions, He?* or ‘Z‘He. Thus an alpha particle has 2+ charge and 4 amu mass.

o-Particles are also formed in the discharge tube that contains helium,

He —— He*" +2e”
It hastwicethe charge of a proton and about 4 timesits mass.

Conclusion
Though o-particleis not afundamental particle of the atom (or subatomic particle) but because

of itshigh energy (% mv? ) » Rutherford thought of firing them like bullets at atoms and thus obtain
information about the structure of the atom.

(1) He bombarded nitrogen and other light elements by a-particles when H* ions or
protons were produced. This showed the presence of protonsin atoms other than
hydrogen atom.

(2) Hegot a clue to the presence of a positive nucleus in the atom as a result of the
bombardment of thin foils of metals.

RUTHERFORD'S ATOMIC MODEL - THE NUCLEAR ATOM

Having known that atom contains el ectrons and a positiveion, Rutherford proceeded to perform
experiments to know as to how and where these were located in the atom. In 1909 Rutherford and
Marsden performed their historic Alpha Particle-Scattering Experiment, using the apparatus
illustratedin Fig. 1.6. They directed astream of very highly energetic a-particlesfrom aradioactive
source against athin gold foil provided with a circular fluorescent zinc sulphide screen around it.
Whenever an o-particle struck the screen, atiny flash of light was produced at that point.
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B Figure 1.6
Rutherford and Marsden's a-particle scattering experiment.

Rutherford and Marsden noticed that most of the a-particles passed straight through the gold
foil and thus produced aflash on the screen behind it. Thisindicated that gold atoms had a structure
with plenty of empty space. To their great astonishment, tiny flashes were al so seen on other portions
of the screen, sometimein front of the gold foil. This showed that gold atoms deflected or * scattered’
o-particlesthrough large angles so much so that some of these bounced back to the source. Based on
these observations, Rutherford proposed a model of the atom which isnamed after him. Thisisalso
called the Nuclear Atom. Accordingtoit :

-Particles el
* LT T . Undeflected
> = — . > particle
Large = — Y
deflection { . o / Nucleus
+ :/\‘ + =
+ :
Slightly
deflected
) particle
W Figure 1.7

How nuclear atom causes scattering of a-particles.

(1) Atom hasatiny dense central core or the nucleus which contains practically the
entiremass of theatom, leaving therest of the atom almost empty. The diameter of
the nucleus is about 103 cm as compared to that of the atom 10~8 cm. If the nucleus
were the size of afootball, the entire atom would have a diameter of about 5 miles. It
was thisempty space around the nucleus which allowed the o-particlesto passthrough
undeflected.

(2) Theentire positive charge of the atom islocated on the nucleus, while electrons
weredistributed in vacant space around it. It was due to the presence of the positive
charge on the nucleus that a-particle (He?*) were repelled by it and scattered in all
directions.

(3) Theelectrons were moving in orbits or closed circular paths around the nucleus
like planetsaround the sun.
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Rutherford's model of atom ; electrons Orbiting electron would radiate energy
orbiting around nucleus. and spiral into the nucleus.

Weakness of Rutherford Atomic Model

The assumption that electrons were orbiting around the nucleus was unfortunate. According to
the classical electromagnetic theory if a charged particle accelerates around an oppositely charged
particle, the former will radiate energy. If an electron radiates energy, its speed will decrease and it
will go into spiral motion, finally falling into the nucleus. This does not happen actually asthen the
atom would be unstable which it isnot. Thiswasthe chief weakness of Rutherford’sAtomic Model.

MOSLEY'S DETERMINATION OF ATOMIC NUMBER

The discovery that atom has a nucleus that carries a positive charge raised the question : What
is the magnitude of the positive charge? This question was answered by Henry Mosley in 1913.

Hitherto atomic number was designated as the ‘ position number’ of a particular element in the
Periodic Table. Mosley found that when cathode rays struck different elements used as anode targets
in the discharge tube, characteristic X-rayswere emitted. The wavelength of these X -rays decreases
in aregular manner in passing from one element to the next onein order in the Periodic Table.

Mosley plotted the atomic number against the square root of the frequency of the X-raysemitted
and obtained a straight line which indicated that atomic number was not a mere ‘ position number’
but afundamental property of the atom. He further made aremarkabl e suggestion that the wavelength
(or frequency) of the emitted X-rayswasrelated to the number of positive charges or protons inthe
nucleus. Thewavel ength changed regularly asthe element that came next in the Periodic Table had one
proton (one unit atomic mass) more than the previous one. Mosley calculated the number of units of
positive charge on the nuclei of several atoms and established that :

High voltage

/ Metal target

Evacuated tube X-rays

B Figure 1.10
Production of X-rays.
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Atomic Number of an element isequal tothenumber of protonsin the nucleusof theatom
of that element.

Since the atom as a whole is electrically neutral, the atomic number (Z) is aso equal to the
number of extranuclear electrons. Thus hydrogen (H) which occupiesfirst position in the Periodic
Table has atomic number 1. Thisimplies that it has a nucleus containing one proton (+ 1) and one
extranuclear electron (— 1).

Now the term Atomic Number is often referred to as the Proton Number.

Co, 27 ®

Fe, 26

Mn, 25 4

Cr, 24

V, 23 °

Atomic numbers

Ti, 22 °

Sc, 21 g

Ca, 20 .
0 10 11 12 13 14

JFrequency x 1078

W Figure 1.11

Mosley's plot of the square root of X-ray frequencies against
atomic number for the elements calcium through cobalt.

WHAT IS MASS NUMBER ?

Thetotal number of protons and neutronsin the nucleus of an atomis called the Mass Number,
A, of the atom.

In situations where it is unnecessary to differentiate between protons and neutrons, these
elementary particles are collectively referred to as nucleons. Thus mass number of an atom is
equal to thetotal number of nucleonsin the nucleus of an atom.

Obviously, the mass number of an atom isawhole number. Since electrons have practically no
mass, the entire atomic massis dueto protons and neutrons, each of which hasamassamost exactly
one unit. Therefore, the mass number of an atom can be obtained by rounding off the
experimental value of atomic mass(or atomic weight) to the nearest whole number. For example,
the atomic mass of sodium and fluorine obtained by experiment is 22.9898 and 26.9815 amu
respectively. Thus their mass numbers are 23 for sodium and 27 for fluorine.

Each different variety of atom, as determined by the composition of its nucleus, is caled a
nuclide.

COMPOSITION OF THE NUCLEUS

Knowing the atomic number (Z) and mass number (A) of an atom, we can tell the number of
protons and neutrons contained in the nucleus. By definition :
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Atomic Number, Z = Number of protons
Mass Number, A = Number of protons + Number of neutrons
.. The number of neutronsis given by the expression :
N=A-Z
SOLVED PROBLEM. Uranium has atomic number 92 and atomic weight 238.029. Give the
number of electrons, protons and neutrons in its atom.
SOLUTION
Atomic Number of uranium = 2
Number of electrons = R
and Number of protons = R
Number of neutrons (N) is given by the expression

N=A-Z
Mass Number (A) is obtained by rounding off the atomic weight
= 238.029=238

. N =238-92=146
Thusuranium atom has92 electr ons, 92 protonsand 146 neutrons.

The composition of nuclei of some atomsisgivenin Table 1.2.

TABLE 1.2. COMPOSITION OF THE NUCLEUS OF SOME ATOMS

Atom Mass Number (A) Atomic Number (Z) COMPOSITION
! Protons = Z Neutrons = A -2 !

Be 9 4 4 5

F 19 9 9 10

Na 23 1 1 12

Al 27 13 13 14

P 3l 15 15 16

S 45 2 21 24
Au 197 e e 118

QUANTUM THEORY AND BOHR ATOM

Rutherford model laid the foundation of the model picture of the atom. However it did not tell
anything asto the position of the electrons and how they were arranged around the nucleus.

Rutherford recognised that electrons were orbiting around the nucleus. But according to the
classical laws of Physics an electron moving in afield of force like that of nucleus, would give off
radiations and gradually collapse into the nucleus. Thus Rutherford model failed to explain why
electrons did not do so.

Neils Bohr, a brilliant Danish Physicist, pointed out that the old laws of physicsjust did not
work inthe submicroscopic world of the atom. He closely studied the behaviour of electrons, radiations
and atomic spectra. In 1913 Bohr proposed anew model of the atom based on the modern Quantum
theory of energy. With histheoretical model he was ableto explain asto why an orbiting electron did
not collapseinto the nucleus and how the atomic spectrawere caused by the radiations emitted when
electrons moved from one orbit to the other. Therefore to understand the Bohr theory of the atomic
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structure, it isfirst necessary to acquaint oursel ves with the nature of electromagnetic radiations and
the atomic spectra as al so the Quantum theory of energy.

Electromagnetic Radiations

Energy can be transmitted through space by el ectromagnetic radiations. Some forms of radiant
energy are radio waves, visible light, infrared light, ultraviolet light, X-rays and y-radiations.

Electromagnetic radiations are so named because they consist of waves which have electrical
and magnetic properties. An object sends out energy waves when its particles move up and down or
vibrate continuously. Such avibrating particle causes an intermittent disturbance which constitutes
awave. A wave conveys energy from the vibrating object to adistant place. Thewavetravelsat right
angle to the vibratory motion of the object.

Crest | Wave length
/ « ) >
Vibrating

source Energy

Trough

W Figure 1.12
lllustration of wave motion caused by a vibrating source.

Waves similar to el ectromagnetic waves are caused when a stone isthrown in a pond of water.
The stone makes the water molecul es vibrate up and down and transmit its energy aswaves on water
surface. These waves are seen travelling to the bank of the pond.

A wave may be produced by the actual displacement of particles of the medium as in case of
water or sound waves. However, electromagnetic waves are produced by aperiodic motion of charged
particles. Thus vibratory motion of electrons would cause awave train of oscillating electric field
and another of oscillating magnetic field. These el ectromagnetic wavestravel through empty space
with the speed or velocity of light.

Characteristics of Waves

A series of waves produced by avibrating object can be represented by awavy curve of thetype
shown in Fig. 1.12. The tops of the curve are called crests and the bottoms troughs. Waves are
characterised by the following properties:

Wavelength

The wavelength is defined as the distance between two successive crests or troughs of a
wave.

Wavelength is denoted by the Greek letter A (lambda). It is expressed in centimetres or metres
or in angstrom units. One angstrom, A, is equal to 108 cm. It is also expressed in nanometers
(Inm =10-°m). That is,

1A =108cm=10""m or lcm =108 Aand1m=100A
1nm=10°m
Frequency
Thefrequency isthe number of waves which pass a given point in one second.
Frequency is denoted by the letter v (nu) and is expressed in hertz (hz).

It is noteworthy that a wave of high frequency (b) hasa shorter wavelength, while awave of
low frequency (a) has a longer wavelength.
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Speed

The speed (or velocity) of awave isthe distance through which a particular wavetravels
in one second.

Speed is denoted by c and it is expressed in cm per second. If the speed of awaveis ¢ cm/sec,
it meansthat the distance travelled by the wave in one second isc cm. Speed isrelated to frequency
and wavelength by the expression

C=vVA

or Speed = Frequency x Wavelength

Thevarioustypes of electromagnetic radiations have different wavel engths and frequencies. As
evident from Fig. 1.13, all types of radiations travel with the same speed or velocity. This velocity

has been determined experimentally and it comes out to be 3 x 10 cm/sec = 186,000 miles per
second which is, in fact, the velocity of light.

_ 1 Second N
(@) < »
+“—>
24 cm
Frequency v = 5 waves/sec = 5 Hz
Wavelength % = 24 cm /wave
(b)
<+“—>
12cm
Frequency v = 10 waves/sec = 10 Hz
Wavelength A = 12 cm /wave
(c)
<+
6 cm
Frequency v = 20 waves/sec = 20 Hz
Wavelength A = 6 cm /wave
W Figure 1.13

Waves of different wavelengths and frequencies.
In all three cases; velocity =A x v =120 cm/sec.

Wave Number
Another quantity used to characterise radiation is the wave number. Thisisreciprocal of the
wavelength and is given the symbol v (nu bar). That is,
_ 1
Vo

The wave number isthe number of wavelengths per unit of length covered. Its units are cm
orm,
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SOLVED PROBLEM. The wavelength of aviolet light is 400 nm. Calculate its frequency and
wave number.

SOLUTION. We know that

frequency, v =
Herec=3.0x108msec® A =400nm=400x% 10-°m

c_30x 10°m sec™t
A 400 x 10°m

3 107 sec?

400

3000 101 et
400

=75x 10 sec !

1

A

>|o

VvV =

Also, wave number

<|
|

1
400x107° m
=25%105m™?

<|
|

SOLVED PROBLEM. The frequency of strong yellow line in the spectrum of sodium is
5.09 x 10™ sec~1, Calculate the wavelength of the light in nanometers.

c
SOLUTION. We know that wavelength, A = N

Here c=30x108msec?
v =5.09 x 10% sec™! (given)

3.0x10°m sec™?

Werelengh ® 509x10% "
_ 3000 10°m
5.09
=589 x10°m
=589 nm [ 1nm=10°m]
SPECTRA

A spectrum is an array of waves or particles spread out according to the increasing or
decreasing of some property. Anincrease in frequency or a decrease in wavelength represent an
increasein energy.

THE ELECTROMAGNETIC SPECTRUM

Electromagnetic radiations include a range of wavelengths and this array of wavelengths is
referred to as the Electromagnetic radiation spectrum or simply Electromagnetic spectrum. The
el ectromagnetic spectrum with marked wavelengthsis shownin Fig. 1.14.
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Electromagnetic spectrum. Wavelength boundaries
of each region are approximate.

CONTINUOUS SPECTRUM

Whitelight isradiant energy coming from the sun or from incandescent lamps. It iscomposed of
light wavesin the range 4000-8000 A . Each wave has a characteristic colour. When abeam of white
light is passed through a prism, different wavelengths are refracted (or bent) through different
angles. When received on a screen, these form a continuous series of colour bands : violet, indigo,
blue, green, yellow, orange and red (VIBGYOR). This series of bands that form a continuous
rainbow of colours, iscalled a Continuous Spectrum.
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The continuous spectrum of white light.
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The violet component of the spectrum has shorter wavel engths (4000 — 4250 A) and higher
frequencies. The red component has longer wavel engths (6500 — 7500 A) and lower frequencies.
The invisible region beyond the violet is called ultraviolet region and the one below the red is

called infrared region.

ATOMIC SPECTRA

When an element in the vapour or the gaseous stateis heated in aflame or adischarge tube, the
atoms are excited (energised) and emit light radiations of acharacteristic colour. The colour of light
produced indicates the wavel ength of the radiation emitted.

4000 4250 4900 5750 5850 6500 7500/&

Yellow

W Figure 1.16 o
Wavelength range of colour bands in A of continuous spectrum.

For example, a Bunsen burner flameis coloured yellow by sodium salts, red by strontium and
violet by potassium. In a discharge tube, neon glows orange-red, helium-pink, and so on. If we
examine the emitted light with a Spectroscope (adevicein which abeam of light is passed through
aprism and received on a photograph), the spectrum obtained on the photographic plate isfound to
consist of bright lines (Fig. 1.18). Such a spectrum in which each line represents a specific
wavelength of radiation emitted by the atomsisreferred to as the Line spectrum or Atomic
Emission spectrum of the element. The emission spectra of some elements are shown in Fig.
1.17. An individual line of these spectrais called a Spectral line.

Na

Li

3500 4000 4500 5000 5500 6000 6500 7000
o}
Wavelength, A

W Figure 1.17
Emission spectra of K, Na, Li and H.

When white light composed of all visible wavelengths, is passed through the cool vapour of an
element, certain wavelengths may be absorbed. These absorbed wavel engths are thusfound missing
in the transmitted light. The spectrum obtained in thisway consists of aseriesof dark lineswhichis
referred to asthe Atomic Absor ption spectrum or simply Absor ption spectr um. The wavelengths
of thedark linesare exactly the same asthose of bright linesin the emission spectrum. The absorption
spectrum of an element is the reverse of emission spectrum of the element.

Atomic spectral linesare emitted or absorbed not only inthe visibleregion of the electromagnetic
spectrum but also in theinfrared region (IR spectra) or in the ultraviolet region (UV spectra).
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Since the atomic spectra are produced by emission or absorption of energy depending on the
internal structure of the atom, each element has its own characteristic spectrum. Today spectral
analysis has become a powerful method for the detection of elementseven though present in extremely
small amounts. The most important conseguence of the discovery of spectral lines of hydrogen and
other elementswasthat it led to our present knowledge of atomic structure.

ATOMIC SPECTRUM OF HYDROGEN

The emission line spectrum of hydrogen can be obtained by passing electric discharge through
the gas contained in adischarge tube at low pressure. The light radiation emitted is then examined
with the help of a spectroscope. The bright lines recorded on the photographic plate constitute the
atomic spectrum of hydrogen (Fig. 1.18).

In 1884 J.J. Balmer observed that there were four prominent coloured linesin the visible hydrogen
spectrum:

(1) ared line with awavelength of 6563 A.

(2) ablue-green line with awavelength 4861 A.

(3) ablue line with awavelength 4340 A.

(4) aviolet line with awavelength 4102 A.

Photographic
film

(o}
6563 A

o}
4861 A

o}
4340 A o
4102 A

Hydrogen
discharge tube

1)

Slit Lens

Glass prism

W Figure 1.18
The examination of the atomic spectrum of hydrogen with a spectroscope.
The above series of four lines in the visible spectrum of hydrogen was named as the Balmer
Series. By carefully studying the wavel engths of the observed lines, Balmer was able empirically to
give an equation which related the wavelengths (1) of the observed lines. The Balmer Equation is

1 1 1
- _R=-=
A (22 nzj

where Risaconstant called the Rydber g Constant which hasthevalue 109, 677 cm~tand n= 3, 4,
5,6 etc. Thatis, if we substitute the values of 3, 4, 5 and 6 for n, we get, respectively, the wavelength
of the four lines of the hydrogen spectrum.

Red Blue-green Blue  Violet

6563 4861 o 4340 4102
) Wavelength, & (A)
B Figure 1.19

Balmer series in the Hydrogen spectrum.
In addition to Balmer Series, four other spectral series were discovered in the infrared and
ultraviolet regions of the hydrogen spectrum. These bear the names of the discoverers. Thusin all
we have Five Spectral Seriesin the atomic spectrum of hydrogen :
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Name Region where located
(1) Lyman Series Ultraviolet
(2) Bamer Series Visible
(3) Paschen Series Infrared
(4) Brackett Series Infrared
(5) Pfund Series Infrared

Balmer equation had no theoretical basis at all. Nobody had any idea how it worked so
accurately in finding the wavel engths of the spectral lines of hydrogen atom. However, in 1913 Bohr
put forward histheory which immediately explained the observed hydrogen atom spectrum. Before
we can understand Bohr theory of the atomic structure, it is necessary to acquaint ourselveswith the
guantum theory of energy.

QUANTUM THEORY OF RADIATION

The wave theory of transmission of radiant energy appeared to imply that energy was emitted
(or absorbed) in continuous waves. In 1900 Max Planck studied the spectral lines obtained
from hot-body radiations at different temperatures. According to him, light radiation was produced
discontinuoudly by the molecul es of the hot body, each of which wasvibrating with aspecific frequency
which increased with temperature. Thus Planck proposed a new theory that a hot body radiates
energy not in continuous waves but in small units of waves. The ‘unit wave’ or ‘pulse of energy’ is
called Quantum (plural, quanta). In 1905 Albert Einstein showed that light radiations emitted by
‘excited’ atoms or molecules were also transmitted as particles or quanta of energy. These light
quanta are called photons.
The general Quantum Theory of Electromagnetic Radiation inits present form may be stated
as:
(1) When atomsor moleculesabsorb or emit radiant energy, they do soin separate‘units
of waves called quanta or photons. Thus light radiations obtained from energised or
‘excited atoms' consist of a stream of photons and not continuous waves.

Continuous
wave
Photons or
Quanta

Individual
photon

B Figure 1.20
A continuous wave and photons.
(2) Theenergy, E, of aquantum or photon is given by therelation
E =hv ..(1)
wherev isthe frequency of the emitted radiation, and h the Planck’s Constant. Thevalue
of h=6.62 x 10-27 erg sec. or 6.62 x 10~3* J sec.
We know that c, the velocity of radiation, is given by the equation
c=Av (2
Substituting the value of v from (2) in (1), we can write
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_he
T
Thusthe magnitude of a quantum or photon of energy isdirectly proportional to the
frequency of theradiant energy, or isinversely proportional to its wavelength, A.
(3) Anatom or molecule can emit (or absorb) either one quantum of energy (hv) or any
whole number multiple of thisunit.
Thus radiant energy can be emitted as hv, 2hv, 3hv, and so on, but never as 1.5 hv, 3.27 hv,
5.9 hv, or any other fractional value of hv i.e. nhv
Quantum theory provided admirably a basis for explaining the photoelectric effect, atomic
spectraand also helped in understanding the modern concepts of atomic and molecular structure.

SOLVED PROBLEM. Calculate the magnitude of the energy of the photon (or quantum)
associated with light of wavelength 6057.8 A. (A = 10-8 cm)

SOLUTION
(a) Calculation of Frequency :
3.0x10%cm sec™?
6057.8 x 10 8cm
= 4.952 x 10™ sec?

c
V=

(b) Calculation of Energy :
E = hv = (6.625 x 107?" erg sec) (4.952 x 10'4 sec™!)

=3.281 x 10 2 erg

PHOTOELECTRIC EFFECT

When abeam of light of sufficiently high frequency isallowed to strike a metal surfacein
vacuum, electronsareejected from themetal surface. Thisphenomenonisknown asPhotoelectric
effect and the gjected electrons Photoel ectrons. For example, when ultraviolet light shines on Cs
(or Li, Na, K, Rb) asin the apparatus shown in Fig 1.21, the photoelectric effect occurs.

Ultraviolet
light
Metal /
\l __ l
___.’ - _
> + e
& Stream of
electrons
Ammeter to
measure
current

<+«—c || <«

H Figure 1.21
Apparatus for measuring the photoelectric effect. When ultraviolet light

shines on the metal, the emitted electrons flow to the anode and the circuit
is completed. This current can be measured with the help of an ammeter.
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With the help of this photoel ectric apparatus the following observations can be made :

D
2

An increase in the intensity of incident light does not increase the energy of the
photoelectrons. It merely increasestheir rate of emission.

Thekinetic energy of the photoelectronsincreases linearly with the frequency of the
incident light (Fig. 1.22). If the frequency is decreased below a certain critical value
(Threshold frequency, v), no electrons are gjected at all.

The Classical Physics predictsthat the kinetic energy of the photoel ectrons should depend
on the intensity of light and not on the frequency. Thus it fails to explain the above
observations.

EINSTEIN'S EXPLANATION OF PHOTOELECTRIC EFFECT

In 1905 Albert Einstein, who was awarded Nobel Prizefor hiswork on photons, interpreted the
Photoel ectric effect by application of the Quantum theory of light.

(D)

2

A photon of incident light transmitsits energy (hv) to an electron inthe metal surfacewhich
escapeswith kinetic energy %mvz. Thegreater intensity of incident light merely implies
greater number of photons each of which releases one electron. Thisincreasesthe rate
of emission of electrons, whilethekinetic energy of individual photons remains unaffected.

A

Kinetic energy of photoelectrons
°

Vo
Frequency of incident light
W Figure 1.22

Kinetic energy of photoelectrons plotted
against frequency of incident light.

Inorder torelease an electron from the metal surface, theincident photon hasfirst to
overcometheattractive force exerted by the positiveion of the metal. The energy of a
photon (hv) is proportional to the frequency of incident light. The frequency which
provides enough energy just to release the electron from the metal surface, will be the
threshold frequency, v,,. For frequency lessthan v, no electrons will be emitted.

For higher frequenciesv > v, apart of the energy goesto loosen the electron and remaining for
imparting kinetic energy to the photoel ectron. Thus,

1
hv = hv, +Em’2 (1)
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Photon € Photoelectron

W Figure 1.23
It needs a photon(hv) to ejectan electronwithenergy ¥ mv?,
Where hv is the energy of the incoming photon, hv,, is the minimum energy for an electron to
escape from the metal, and %m\/2 is the kinetic energy of the photoelectron. hv, is constant for a
particular solid and is designated as W, the wor k function. Rearranging equation (1)

1
Emv2 =hv-W (2

Thisisthe equation for astraight line that was experimentally obtained in Fig. 1.22. Itsslopeis
equal to h, the Planck’s constant. The value of h thusfound came out to be the same aswas given by
Planck himself.

SOLVED PROBLEM. What isthe minimum energy that photons must possessin order to produce
photoelectric effect with platinum metal ? The threshold frequency for platinumis 1.3 x 10" sec™.

SOLUTION

Thethreshold frequency (v,) isthelowest frequency that photons may possessto produce the
photoel ectric effect. The energy corresponding to this frequency isthe minimum energy (E).
E = hv,
= (6.625 x 107%" erg sec) (1.3 x 10% sec™?)
=86x102erg

SOLVED PROBLEM. Calculate the kinetic energy of an electron emitted from a surface of
potassium metal (work function = 3.62 x 1012 erg) by light of wavelength 5.5 x 108 cm.

SOLUTION
v = % where ¢ = velocity of light (3.0 x 10°cm sec‘l)

For A =55x%x10"8cm

0 -1
V:£=3.Ox101 crgsec 55 107 st
A 55x10°cm

1

Em\/z =hv-W
= (6.6 x 10-%" erg sec) (5.5 x 107 sec!) —3.62 x 10712 erg
=3.63x 10 %erg—3.62x 102 erg

=3.63x 10 %erg
Thus the electron will be emitted with kinetic energy of 3.63 x 10-9 erg.
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COMPTON EFFECT

In 1923 A.H. Compton provided one more proof to the quantum theory or the photon theory. He
was awarded Nobel Prizein 1927 for his discovery of what is now called the Compton Effect. He
demonstrated that : When X-rays of wavelength A' struck a sample of graphite, an electron
was €jected and the X-rays scattered at an angle ® had longer wavelength A.

Explanation of Compton Effect

Compton said that it was like a ball hitting a stationary ball which is pushed away while the
energy of thestriking ball decreases. Thus he argued that light radiation (X-rays) consisted of particles
(photons), as a continuous wave could not have knocked out the electron. He visualised that a
photon of incident light struck a stationary electron in graphite and hence lost some ener gy
which resulted in the increase of wavelength. This process could not have occurred unless light
radiation consisted of particles or photons.

Scattered
o
Electron electron
at rest
Incident \
X-ray
A

Graphite

W Figure 1.24
Compton scattering of X-rays.
By assuming photon-electron collisionsto be perfectly elastic, Compton found that the shift in
wavelength, dA was given by the expression

dn = 2 g2 0/2
mC

where h is Planck’s constant, m the mass of an electron, ¢ the velocity of light and 6 the angle of
scattering. The expression shows that dA is independent of the nature of the substance and
wavelength of the incident radiation. Given the wavelength of a photon, one can calculate the
momentum of the electron gjected.

BOHR MODEL OF THE ATOM

Rutherford’s nuclear model simply stated that atom had a nucleus and the negative electrons
were present outside the nucleus. It did not say anything as to how and where those electrons were
arranged. It also could not explain why electrons did not fall into the nucleus due to electrostatic
attraction. In 1913 Niels Bohr proposed anew model of atom which explained some of these things
and al so the emission spectrum of hydrogen. Bohr’s theory was based on Planck’s quantum theory
and was built on the following postul ates.

Postulates of Bohr’s Theory

(1) Electronstravel around the nucleus in specific permitted circular orbitsand in no
others.
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Electronsin each orbit have a definite energy and are at afixed distance from the nucleus. The
orbits are given the letter designation n and each is numbered 1, 2, 3, etc. (or K, L, M, etc.) asthe
distance from the nucleusincreases.

(2) Whilein these specific orbits, an electron does not radiate (or lose) energy.

Therefore in each of these orbits the energy of an electron remains the samei.e. it neither loses
nor gains energy. Hence the specific orbits available to the electron in an atom are referred to as
stationary energy levels or ssmply energy levels.

(3) An electron can move from one energy level to another by quantum or photon jumps
only.

When an electron resides in the orbit which is lowest in energy (which is also closest to the
nucleus), the electron is said to be in the ground state. When an electron is supplied energy, it
absorbs one quantum or photon of energy and jumpsto ahigher energy level. The electron then has
potential energy and is said to be in an excited state.

Orbit numbers

4
Nucleus
S
> Electrons not
allowed between
Electrons 1 orbits
permitted in
circular orbits & o +
W Figure 1.25

Circular electron orbits or stationary energy levels in an atom.

The quantum or photon of energy absorbed or emitted is the difference between the lower and
higher energy levels of the atom

AE = By, — B, =hv (1)
where his Planck’s constant and v the frequency of a photon emitted or absorbed energy.

(4) Theangular momentum (mvr) of an electron orbiting around thenucleusisan integral
multiple of Planck’s constant divided by 2.

h
Angular momentum = mMvr = n2— (2
I

where m = mass of electron, v = velocity of the electron, r = radius of the orbit ; n=1, 2, 3, etc.,
and h = Planck’s constant.

By putting the values 1, 2, 3, etc., for n, we can have respectively the angular momentum

There can be no fractional value of h/2w. Thus the angular momentum is said to be quantized.
Theinteger nin equation (2) can be used to designate an orbit and a corresponding energy level nis
called the atom’s Principal quantum number.
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Photon emitted;
Energy decreased

Photon absorbed;
Energy increased
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W Figure 1.26
An electron absorbs a photon of light while it jumps from a lower to a higher energy
orbit and a photon is emitted while it returns to the original lower energy level.

Using the above postulates and some classical laws of Physics, Bohr was able to calculate the
radius of each orbit of the hydrogen atom, the energy associated with each orbit and the wavelength
of the radiation emitted in transitions between orbits. The wavelengths calculated by this method
were found to bein excellent agreement with those in the actual spectrum of hydrogen, whichwasa
big success for the Bohr model.

Calculation of radius of orbits mve A

Consider an electron of charge e revolving around a
nucleus of charge Ze, where Z is the atomic number and e
the charge on a proton. Let m be the mass of the electron, r v e Force of

the radius of the orbit and v the tangential velocity of the attraction
revolving electron.
The electrostatic force of attraction between the nucleus
and the electron (Coulomb’s law),
Zexe
= r 2
The centrifugal force acting on the electron
mv? .
= — B Figure 1.27
r Forces keeping electron in orbit.
Bohr assumed that these two opposing forces must be
balancing each other exactly to keep the electronin orbit. Thus,
2
For hydrogen Z = 1, therefore,
2
e
£ _ mv? (1)
r? r

Multiplying both sides by r

— =m? (2
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According to one of the postul ates of Bohr’stheory, angular momentum of therevolving el ectron
is given by the expression

_nh
mvr = o
nh
or V= o ..(3)

Substituting the value of v in equation (2),

5 2
e— =m nh
r 27 mr

2h2

Solving forr,

n
s .(4)

Since the value of h, mand e had been determined experimentally, substituting these valuesin
(4), we have
r =n?x0.529 x 108 cm ..(5)
where nisthe principal quantum number and hence the number of the orbit.
When n = 1, the equation (5) becomes
r =0.529 x 108 cm =0, ...(6)
This last quantity, o, called the first Bohr radius was taken by Bohr to be the radius of the
hydrogen atom in the ground state. Thisvalueisreasonably consistent with other information onthe
size of atoms. Whenn =2, 3, 4 etc., the value of the second and third orbits of hydrogen comprising
the electron in the excited state can be calculated.

SOLVED PROBLEM. Calculatethefirst five Bohr radii.

SOLUTION
The equation (5) may be written as
r =n?x0.529x 108 cm

n=1;r =12x0.529 x 10-8=0.529 x 10-8 cm
nN=2;r =22x0529x108=212x10"8cm
nN=3;r =32x0529x108=4.76x 108 cm
nN=4;r =42x0529x 10°8=8.46 x 108 cm
nN=5;r =52x0529x108=13.2x 10" 8cm

Energy of electron in each orbit
For hydrogen atom, the energy of the revolving electron, E is the sum of its kinetic energy

2
1 2 €
[Em\/ J and potential energy (_ TJ

E = %mv -— (7
From equation (1)

mv2 =

q|mN

Substituting the value of mv2in (7)
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2 2
I
2r r
2
€
or = o ..(8)

Substituting the value of r from equation (4) in (8)

e  4rn® me

E= - —x—
2 n’h?
27?2 me?
- 2R ..(9)
Substituting the values of m, e, and hiin (9),
-2179x 107
E = —: erg/atom ..(10)
n
_ -18
or E= 2.1792>< 10 J per atom
n
—-2.17 x 10"® x 6.02 x 107
or E = > J per mole
n
or E = Lg'ls kJ per mole
n
or E=— 3123'3 kcal per mole
n

By using proper integer for n (quantum or orbit number), we can get the energy for each orbit.

SOLVED PROBLEM. Calculate the five lowest energy levels of the hydrogen atom.

SOLUTION
From equation (10)

— 2179 x 10 erg/atom

n2

Therefore the energy associated with the first five energy levels (or orbits) is:

E =

n=1: E, = %;1011 =-2.179 x 10 erg/atom or —1311.8 kJmol !
n=2; E, = %;1011 =—0.5448 x 10 erg/atom or —327.9 kdmol~*
n=3: E, = %;1011 =-0.2421x 10" erg/atom or —147.5 kI mol ~*
n=4: E, = %;10_11 =-0.1362 x 10! erg/atom or —82.0 kamol 1
n=5: E, = %;10_11 =—0.08716 x 10 erg/atom or — 52.44 kJmol !
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Significance of Negative Value of Energy

The energy of an electron at infinity is arbitrarily assumed to be zero. This state is called
zero-energy state. When an el ectron moves and comes under the influence of nucleus, it does some
work and spendsits energy in thisprocess. Thusthe energy of the electron decreasesand it becomes
lessthan zeroi.e. it acquires anegative value.

Bohr’s Explanation of Hydrogen Spectrum

The solitary electron in hydrogen atom at ordinary temperature residesin the first orbit (n = 1)
and isin the lowest energy state (ground state). When energy is supplied to hydrogen gas in the
dischargetube, the electron movesto higher energy levelsviz, 2, 3,4, 5, 6, 7, etc., depending on the
quantity of energy absorbed. From these high energy levels, the electron returns by jumpsto one or
other lower energy level. In doing so the electron emitsthe excess energy as aphoton. Thisgivesan
excellent explanation of the various spectral series of hydrogen.

Lyman series is obtained when the electron returns to the ground statei.e., n = 1 from higher
energy levels (n, = 2, 3, 4, 5, etc.). Similarly, Balmer, Paschen, Brackett and Pfund series are
produced when the electron returns to the second, third, fourth and fifth energy levels respectively
asshowninFig. 1.28.
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H Figure 1.28
Hydrogen spectral series on a Bohr atom energy diagram.

TABLE 1.3. SPECTRAL SERIES OF HYDROGEN

Series n, n, Region Wavelength A ()
Lyman 1 2,3,4,5, etc. ultraviol et 920-1200
Balmer 2 3, 4,5, 6, etc. visible 4000-6500
Paschen 3 4,5, 6,7, etc. infrared 9500-18750
Brackett 4 56,7 infrared 19450-40500
Pfund 5 6,7 infrared 37800-75000
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W Figure 1.29
Explanation of spectral lines of hydrogen in visible region.

Value of Rydberg's constant isthe same asin the original empirical Balmer’s equation
According to equation (1), the energy of the electron in orbit n, (lower) and n, (higher) is

E = 2n% me?
noTo nlh2
212 me*

SRR T

The difference of energy between the levelsn, and n, is:

n’me* | 1 1
AE = En2 - Enl =2 [E _”_51 (1)
According to Planck’s equation
AE = hv :% (2
where A iswavelength of photon and c is velocity of light. From equation (1) and (2), we can write
hc _ 2r%¢'m| 1 1
LT W
1 _2r%¢'m| 1 1
or I8 h’c |n® nd

|
py)
—
.P,\,||—\
|
N3N|'—‘
[

(3

where R is Rydberg constant. The value of R can be calculated as the value of e, m, h and c are
known. It comes out to be 109,679 cm~* and agrees closely with the value of Rydberg constant inthe
original empirical Balmer’s equation (109,677 cm~1).
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Calculation of wavelengths of the spectral lines of Hydrogen in the visible region

These lines constitute the Balmer series when n; = 2. Now the equation (3) above can be
written as

= 109679 {i - i}

2> n
Thus the wavel engths of the photons emitted as the electron returns from energy levels 6, 5, 4
and 3 were calculated by Bohr. The calculated values corresponded exactly to the values of

wavelengths of the spectral lines already known. Thiswas, in fact, agreat success of the Bohr atom.

>R

SOLVED PROBLEM. Find the wavelength in A of the linein Balmer seriesthat is associated
with drop of the electron from the fourth orbit. The value of Rydberg constant is 109,676 cm~L.

SOLUTION
The wavelengths of linesin Balmer series are given by

1 1 1
- —Rl=-—=
}\’ (22 nzj

where A = wavelength, R (Rydberg constant) = 109,676 cm™1; n = 4.

1 _ 100676 (i _ ij — 109676 (Ej
A 22 3 36
_ 109676 x >
36
=0 6561x105 cm
109676 x 5

AinA = 6.561 x 105 x 108 = 6561 A
. Wavelength of the spectral lineis 6561 A

SHORTCOMINGS OF THE BOHR ATOM

(1) Thegreat success of the Bohr theory wasin its ability to predict linesin the hydrogen
atom spectrum. But it was spectacularly unsuccessful for every other atom containing
mor e than one electron.

(2) Weno longer believe in well-defined electron orbits as was assumed by Bohr. In
fact, in view of modern advances, like dual nature of matter, uncertainty principle, any
mechanical model of the atom stands rejected.

(3) Bohr’smodel of electronic structure could not account for the ability of atomsto
form moleculesthrough chemical bonds. Today we only accept Bohr’sviewsregarding
guantization as nobody has explained atomic spectra without numerical quantization
and no longer attempted description of atoms on classical mechanics.

(4) Bohr’stheory could not explain the effect of magneticfield (Zeeman effect) and el ectric
field (Stark effect) on the spectra of atoms.

SOMMERFELD'S MODIFICATION OF BOHR ATOM

When spectra were examined with spectrometers, each line was found to consist of several
closely packed lines. The existence of these multiple spectral lines could not be explained on the
basis of Bohr’s theory. Sommerfeld modified Bohr’s theory as follows. Bohr considered electron
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orbitsascircular but Sommerfeld postulated the presence of elliptic orbitsalso. An ellipsehasa
major and minor axis. A circleisaspecial case of an ellipse with equal major and minor axis. The
angular momentum of an electron moving in an elliptic orbit is also supposed to be quantized. Thus
only adefinite set of valuesis permissible. It isfurther assumed that the angular momentum can be
an integral part of h/2m units, where h is Planck’s constant. Or that,

kh
angular momentum = o

where k is called the azimuthal quantum number, whereas the quantum number used in Bohr’s
theory is called the principal quantum number. The two quantum numbers n and k are related by
the expression :

n length of major axis

k length of minor axis

n=3, k=3
n=3,k=2

n=3, k=1

®
Nucleus

H Figure 1.30
Sommerfeld orbits in hydrogen atom.

The values of k for agiven valueof narek=n—-1, n—2, n—3 and so on. A series of elliptic
orbits with different eccentricities result for the different values of k. When n =k, the orbit will be
circular. In other words k will have n possible values (n to 1) for a given value of n. However,
calculations based on wave mechanics have shown that this is incorrect and the Sommerfeld’s
modification of Bohr atom fell through.

ELECTRON ARRANGEMENT IN ORBITS

Having known that planetary electronsnumerically equal to the atomic number are revolving about
the atomic nucleusin closed orbits, the question arises asto how they are arranged in these orhits.

Langmuir Scheme

We areindebted to Langmuir for putting forward the first elaborate scheme of the arrangement
of extranuclear electronsin 1919. His fundamental conception isthat the inert gases possess the
most stableelectron configuration and, therefore, contain completeelectron or bits. Since helium
has two planetary electrons, thefirst orbit is considered fully saturated with 2 electrons. In the next
inert gas neon, we have 10 planetary electrons and since 2 electrons would fully saturate the first
orhit the remaining 8 will form the next stable orbit. Argon with atomic number 18 will similarly
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have the similar arrangement 2, 8, 8. Proceeding in this manner the successive orbitswould contain
2,8, 8, 18, 32 electrons. Langmuir’s scheme although quite correct for the first few elements, failed
to explain the behaviour of higher elements.

Bohr-Bury Scheme

In 1921, Bury put forward amodification of Langmuir schemewhichisin better agreement with
the physical and chemical properties of certain elements. At about the same time as Bury developed
his scheme on chemical grounds, Bohr (1921) published independently an almost identical scheme of
the arrangement of extra-nuclear electrons. He based his conclusions on a study of the emission
spectraof the elements. Bohr-Bury scheme as it may be called, can be summarised asfollows:

8p+
8n

Beryllium Carbon Oxygen
Z=4 Z=6 Z=8
A=9 A=12 A=16
Neon Sodium Magnesium
Z=10 Z=11 Z=12
A=20 A=23 A=24

Aluminium Silicon Chlorine
Z=13 Z=14 Z=17
A=27 A=28 A=35

W Figure 1.31

Representation of some atomic models and their
electron configuration elucidating Bohr-Bury theory.
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Rulel. Themaximum number of electronswhich each orbit can containis2 x n2, wherenisthe
number of orbit.

Thefirst orbit cancontain2x 12=2; second 2 x 22=8; third 2 x 32=18: fourth 2 x 42 =32,
and so on.

Rule2. Themaximum number of electronsin the outer most orbit is 8 and in the next-to-the
outermost 18.

Rule 3. Itisnot necessary for an orbit to becompleted beforeanother commencesto befor med.
In fact, a new orbit beginswhen the outermost or bit attains 8 electrons.

Rule 4. Theoutermost orbit cannot have morethan 2 electronsand next-to-outer most cannot
have morethan eight solong asthenext inner orbit, in each case, hasnot received the
maximum electronsasrequired by rule (1).

According to Bohr-Bury scheme the configuration of theinert gasesis given in the table below :

TABLE 1.4. ELECTRON CONFIGURATION OF INERT GASES

Atomic Electron Orbits
Inert Gas Number '1st(K) 2nd(L) 3rd(M) 4th(N) 5th(0)  Gth(P)'

Helium (He) 2 2 - - - - -
Neon (Ne) 10 2 8 - - - -
Argon (Ar) 18 2 8 8 - - -
Krypton (Kr) 36 2 8 18 8 - -
Xenon (Xe) 54 2 8 18 18 8 -
Radon (Rn) 86 2 8 18 32 18 8

A complete statement of the electron configuration of elements elucidating the various
postulates of Bohr-Bury schemeis given in the table on page 31 for ready reference.

ZEEMAN EFFECT

In 1896 Zeeman discovered that spectral linesare
split up into components when the source emitting
linesis placed in a strong magnetic field. It is called
the Zeeman effect after the name of the discoverer. The
apparatus used to observe Zeeman effect isshownin the
Fig. 1.32.

It consists of electromagnets capable of producing
strong magnetic field with pole pieces through which J:I-%-.
holes have been made lengthwise. Let adischargetube pom || o
or sodium vapour lamp emitting radiations be placed
between the pole pieces. When the spectral lines are
viewed axially through the hole in the pole piecesi.e.,
parallel tothe magneticfield, thelineisfound to split up
into two components, one having shorter wavelength
(higher frequency) and the other having higher M Figure 1.32
wavelength (shorter frequency) than that of the original Zeeman effect.
spectral line, which is no longer observable. The two

Discharge Electromagnet

tube \
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linesare symmetrically situated around the position of the original line and the changein wavelength
istermed the Zeeman shift (denoted as dA). When viewed in adirection perpendicular to the applied
field the lines split up into three, the central one having the same wavelength and frequency as that
of the original line and the other two occupying the same position as observed earlier.

In order to explain Zeeman effect, let us consider motion of an electron in a particular orbit
corresponding toits permitted angular momentum. The motion of the electronin an orbit isequivalent
to a current in aloop of wire. If a current carrying loop of wire be placed in a magnetic field, it
experiences a torque, and energy of the system depends upon the orientation of the loop with
respect to magnetic field. The correct values of the energies are obtained if the components of the
angular momentum of the electron along the direction of the magnetic field are restricted to the
value

h
= Mmx —
2n

wherem=0, + 1, + 2, ... and so on. Corresponding to these values of m, agiven line splitsinto as
many lines. Hence for each frequency of aradiation emitted by the atom in the absence of magnetic
field, there are several possiblefrequenciesin the presence of it. Thisis, infact, the cause of Zeeman
Effect.

Na Na
D, Line D, Line

No
magnetic
field

Weak
magnetic
field

MW Figure 1.33
Splitting of the D2 and D; lines in the sodium spectrum
by a weak magnetic field (lllustration of Zeeman effect).

The shiftin thefrequency dA for each of the component linesisgiven by Lorentz' stheoretically
derived equation as

2

H
Zeeman shiftdh = %
4mmc
where H is the strength of magnetic field, e the electronic charge, m the mass of electron, c the
velocity of light and A the wavelength of the original line in the absence of magnetic field. The
equation can also be written as
e _ 4ncdh

m  HA?
Thevalidity of the above equation can be tested experimentally by observing the Zeeman shift di for
agiven light source of known A (say D-line of sodium) for amagnetic field of known strength H and
calculating the value of e/mfor the above equation. Lorentz found that the e/m of the el ectronsfound
by this method comes out to be the same as by any other method.
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EXAMINATION QUESTIONS

1

10.

1.
12.
13.

14.

Define or explain the following terms :

(@) Neutrons (b) Nucleons
(c) Atomic number (d) Mass Number
(e) Photoelectric effect (f) Threshold energy

Give an account of the experiment which led Rutherford to conclude that every atom has a positively
charged nucleus which occupiesavery small volume. What were the drawbacks of Rutherford’s nuclear
model of the atom? How did Bohr rectify the drawbacks of Rutherford model?

(a) Statethepostulatesof Bohr’stheory of the hydrogen atom. Derive an expression for the nth orbit of
ahydrogen atom. Derive an expression for the radius of any orbit in the atom.

(b) Calculatethe energy of transitioninvolving n, = 6 to n, = 3in ahydrogen atom, given that Rydberg
constant R = 109737.32 cm™ and h = 6.63 x 1034 J sec.

Answer. (b) 1.818 x 10712 J
(a) DiscussBohr’smodel of an atom. Show how it successfully explainsthe spectraof hydrogen atom.

(b) Calculate the velocity of the electron in the first Bohr’s orbit. (h = 6.625 x 10727 erg sec;
r = 0.529A; m=9.109 x1028 g)

Answer. (b) 2.189 x 10% cm sec?
(@) Explain Mosley’s contribution towards the structure of the atom.

(b) Givethe defects of Rutherford’s model of atom. What suggestions were given by Bohr to remove
these defects?

Calculate the radius of the third orbit of hydrogen atom. (h = 6.625 x 1027 erg sec; r = 0.529A;
m=9.109 x102 g; e= 4.8 x 1010 esv)

Answer. (b) 4.763 x 108

Calculate the wavelength of the first line in Balmer series of hydrogen spectrum. (R = 109677 cm )
Answer. 1215 A

(a) How does Bohr’stheory explain the spectrum of hydrogen atom?

(b) Calculate the wavelength associated with an electron moving with avelocity of 1 x 108 cm sec™l.
Mass of an electron=9.1 x 108 g

Answer. (b) 7.28 x 108 cm

A line at 434 nm in Balmer series of spectrum corresponds to atransition of an electron from the nth to
2nd Bohr orbit. What is the value of n?

Answer. n=5

(a) Explain Rutherford's atomic model. What are its limitations?

(b) State and explain Ritz combination principle.

(c) Calculatetheradius of third orbit of hydrogen atom. (h = 6.625 x 1027 erg sec; m= 9.1091x10%g;
e=4.8x 10 esu)

(d) Calculate the wavelength of first line in Bamer series of hydrogen spectrum. (R = Rydberg's
constant = 109677 cm™)

Answer. (c) 4.763 x 108 cm (d) 1215 A

Describe various seriesin hydrogen spectrum and calcul ate energy levels of hydrogen atom.

Write Rutherford’s experiment of scattering of o-particles and give the drawbacks of atomic model.

Write noteson :

(@) Meritsand demerits of Bohr’s theory (b) Assumptions of Bohr’s atomic model

Based on Bohr’s calculations, establish the energy expression of the rotating electron in hydrogen like
atomic species.
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Givean account of Bohr’stheory of atomic structure and show how it explainsthe occurrence of spectral
lines in the atomic spectra of hydrogen.

The electron energy in hydrogen atom is given by E = —21.7 x 101%/n? ergs. Calculate the energy
required to remove an electron completely from the n = 2 orbit. What is the longest wavelength (in cm)
of light that can be used to cause this transition?

Answer. —5.42 x 102 erg; 3.67 x 10° cm

Inahydrogen atom, an electron jumpsfrom 3rd orbit to first orbit. Find out the frequency and wavelength
of the spectral line.

Answer. 1025.6 A (Agra BSc, 2000)
The energy of the electron in the second and third orbits of the hydrogen atom is —5.42x1012 erg and
—2.41 x 102 erg respectively. Cal cul ate the wavel ength of the emitted radiation when the electron drops
from third to second orbit.

Answer. 6600 A (Kolkata BSc, 2000)

Calculate the wavelength in A of the photon that is emitted when an electron in Bohr orbit n = 2 returns
to the orbit n = 1 in the hydrogen atom. The ionisation potential in the ground state of hydrogen atom is
2.17 x 10 erg per atom.

Answer. 1220 A (Osmania BSc, 2000)

What transition in the hydrogen spectrum would have the same wavelength as the Bamer transition
n=4ton=2of He" transition?

Answer. n=2ton=1 (Baroda Bsc, 2001)

(a) State postulates of Bohr’s theory of an atom and derive an expression for radius of Bohr orbit of
hydrogen atom.

(b) Giveany four limitations of Bohr’s theory of an atom. (Nagpur BSc, 2002)

Describe Rutherford’s model of the atom. How was it improved by Bohr? (Arunachal BSc, 2002)
Atomic hydrogen is excited to the 4th energy level from the ground state. Determine

(a) thenumber of lines emitted and

(b) the shortest wavelength present in the emission spectrum. (R, = 109677 cn?)

Answer. (a) 3; (b) 97255A (Mdyasagar BSc, 2002)
Razdi us of the first Bohr orbit of H-atom is 0.529 A. Find the radii of the first and second Bohr orbit of
Li%*ion.

Answer. (a) 0.1763 A; (b) 0.7053 A (Vidyasagar BSc, 2002)

If the energy difference between the ground state of an atom and its excited stateis 4.4 x 101° J, what is
the wavelength of the photon required to produce this transition?

Answer. 4517 x 107 m (Madras BSc, 2003)

Calculate the wavelength and energy of radiations emitted for the electronic transition from infinity (o<)
to stationary state of the hydrogen atom. (R = 1.09678 x 10’ m™; h = 6.625 x 10~3* Joule sec and
€=2.9979 x 108 m sec?) (Gulbarga BSc, 2003)

Answer. 9.11 x 108 m; 217.9 x 1023 kJ

The energy transition in hydrogen atom occurs from n=3to n = 2 energy level. (R=1.097 x 10’ m).
(a) Calculate the wavelength of the emitted electron.

(b) Will this electron be visible?
(¢) Which spectrum series does this photon belong to? (Jadavpur BSc, 2003)

Calculate the energy emitted when electrons of 1.0 g of hydrogen undergo transition giving the spectral
line of lowest energy in the visible region of its atomic spectrum (R=1.1x 10’ m%; c=3x 108 msec?;
h=6.62 x 10 Jsec)

Answer. 182.5kJ (Panjab BSc, 2004)
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In hydrogen atom the energy of the electron in first Bohr's orbit is — 1312 x 10° Jmol™. What is the
energy required for the excitation of second Bohr's orbit ? (Burdwan B, 2005)
Answer. 9.84 x 10° Jmol™

Calculate the wavelength in A of the photon that is emitted when an electron in Bohr orbit n =2
returnsto the orbit n = 1 in the hydrogen atom. The ionisation potential in the ground state of hydrogen

atom is 2.17 x 107 erg per atom. (Kalayani BSc, 2005)
Answer. 1220 A

A line at 434 nm in Balmer series of spectrum corresponds to atransition of an electron from the nth to
2nd Bohr orbit. What isthe value of n ? (Gulbarga BSc, 2006)

Answer.n =5

The energy transition in hydrogen atom occurs fromn = 3to n = 2 energy level. (R=1.097 x 10" m?).
(i) Calculate the wavelength of the emitted electron (ii) Will this electron be visible ? (iii) Which
spectrum series does this photon belong to ? (Vikram BSc, 2006)
Answer. 6564 A ; Yes: Balmer series

The energy of the electron in the second and third Bohr orbits of the hydrogen atom is—5.42 x 102 erg
and — 2.41 x 10722 erg respectively. Cal culate the wavelength of the emitted radiation when the electron
drops from third to second orbit. (Calicut B, 2006)
Answer. 6600 A

MULTIPLE CHOICE QUESTIONS

Cathode rays are deflected by

(a) electricfield only (b) magnetic field only

(c) electric and magnetic field (d) none of these

Answer. (c)

The e/mvalue for the particles constituting cathode rays is the same regardless of

(a) the gaspresent in cathode rays tube (b) the metal of which cathode was made
(c) both of these (d) none of these

Answer. (c)

The charge to massratio (e/m) of positive particles
(a) varieswith the nature of gasin discharge tube
(b) isindependent of the gasin discharge tube

(c) isconstant

(d) none of the above

Answer. (a)

A sub atomic particle which has one unit mass and one unit positive charge is known as

(@) hydrogen atom (b) neutron

(c) electron (d) proton

Answer. (d)

Atomic number of an element is equal to the number of in the nucleus of the atom.
(a) neutrons (b) protons

(c) both the neutrons and protons (d) electrons

Answer. (b)

The mass number of an atom is equal to the number of in the nucleus of an atom

(a) protons (b) neutrons
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(c) electrons (d) nucleons

Answer. (d)

If Z isthenumber of proton and A the number of nucleons, then the number of neutronsisan atomisgiven
by

(@ A+z by A-Z
(o0 Zz-A (d) none of these
Answer. (b)

The mass number and atomic number of Phosphorus atom are 31 and 15 respectively. The number of
neutrons in the nucleusis

(@ 15 (b) 16

(o 31 (d) 46

Answer. (b)

In a sodium atom (atomic number = 11 and mass number = 23), the number of neutronsis
(a) equal to the number of protons (b) lessthan the number of protons

(c) greater than the number of protons (d) none of these

Answer. (c)

Which of the following is not correct for electromagnetic waves?

(a) thewavelength isthe distance between two successive crests

(b) thefrequency isthe number of waves which pass a given point in one second

(c) thevelocity of awaveisthe distance covered by the particular wave in one second
(d) all electromagnetic waves have equal wavelengths

Answer. (d)
Which of the following relationsis not correct?
_ 1

(@ c=Axv (b) V=;

_ 1
© v=y (d A=c=v
Answer. (b)
The unit in which wave number is measured
(a) hertz (b) sect
(c) nanometer (d) cm?
Answer. (d)
In the spectrum of hydrogen atom, the serieswhich fallsin ultraviolet regionis
(a) Lymanseries (b) Bamer series
(c) Paschen series (d) Brackett series
Answer. (a)
The Balmer series in the spectrum of hydrogen atom fallsin
(a) ultraviolet region (b) visibleregion
(c) infrared region (d) none of these
Answer. (b)
The energy of aphoton is given by the relation

hv hc

E=— E=—

@ E=7 (b .
hxc AXxC

E= E=
© » C) .
Answer. (b)

When a beam of light of sufficiently high frequency is allowed to strike a metal surface in vacuum,
electrons are gjected from the metal surface. This phenomenon is called

(a) Black body radiation (b) Photoelectric effect

(c) Zeeman effect (d) Stark effect

Answer. (b)
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In photoelectric effect, the kinetic energy of the photoelectrons increases linearly with the

(a) wavelength of theincident light (b) freguency of theincident light
(c) velocity of theincident light (d) none of these
Answer. (b)

Thekinetic energy of the photoel ectrons emitted from the metal surface isgiven by therelation (v, isthe
threshold frequency and v is the frequency of incident light)

(@ Yamv?=hv-hy, (b) Yamv2=hv+hy,
(©) Yamv¥=hv (d) Yamv2=hy,
Answer. (a)

In Bohr’s model of atom, the angular momentum of an electron orbiting around the nucleusis given by
therelation

h h
(a) mvr:a (b) mvr:a
n? h? nh
(0 mvrs= i (d) mvr:ﬂ
Answer. (b)
The radius of first orbit in hydrogen atom according to Bohr’s Model is given by the relation
__ _h
@ " me ®) T me
h? h?
© " rme @ = me’
Answer. (a)
The radius of first orbit in hydrogen atom is 0.529 A. The radius of second orhit is given by
(@ ¥%x0529A (o) 2x0529A
(€ 4x0529A (d) 8x0529A
Answer. (c)

The energy of an electron in the first orbit in hydrogen atom is —313.6/n? kcal mol—L. The energy of the
electronin 3rd orbit is given by the relation

-313.6 _ -313.6 ,
(8) Ey=— kcal mol ! b E=— kcal mol ™t
(© E,= 3;3'6 keal mol ™ (d) E,= -313.6x3 kca mol™*
Answer. (c)
Lyman series is obtained when the electrons from higher energy levels return to
(a) 1storbit (b) 2nd orbit
() 3rdorhit (d) 4th orbit
Answer. (a)
A linein Pfund series is obtained when an electron from higher energy levels returnsto
(a) 1storbit (b) 3rd orbit
(c) 5th orbit (d) 6th orbit
Answer. ()
The energy of an electron in Bohr’s atom as we move away from the nucleus
(@) remainsthe same (b) decreases
(c) increases (d) sometimesincreases, sometimes decreases
Answer. (c)
When an electron drops from a higher energy level to alower energy level, then
(a) theenergy isabsorbed (b) theenergy isreleased
(c) thenuclear charge increases (d) thenuclear charge decreases

Answer. (b)
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The spectrum of hydrogen atom is similar to that of

(@ H*ion (b) He"ion

(¢) Li*ion (d) Na“ion

Answer. (b)

If risthe radius of first orhit, the radius of nth orbit of hydrogen atom will be
(@ n?r (o) nr

(© nir (d) r/n

Answer. (a)

Theratio of radii of second and first orbit of hydrogen atom according to Bohr’s model is
(@ 21 (b) 1.2

(o 41 (d 14

Answer. ()

The spectrum of helium is expected to be similar to that of

(8 H-atom (b) Liatom

(c) Li*ion (d) Na“ion

Answer. (c)

Electromagnetic radiations with minimumwavelengthis

(a) ultraviolet

(¢) infrared

Answer. (b)

Which of thefollowing statementsisfalse?

(b) X-rays
(d) radiowaves

41

(a) electronstravel around the nucleusin specific permitted circular orbits
(b) an electron does not lose energy aslong asit movesin its specified orbits
(c) anelectron can jump from one energy level to another by absorbing or losing energy

38.

34.

35.

36.

37.

38.

(d) theangular momentum of an electron is not quantised

Answer. (d)
The idea of stationary orbits wasfirst given by
(@) Rutherford

() NielsBohr (d) Max Planck
Answer. (c)

The maximum number of electrons that can be accommodated in an orbit is
(@ 2n (b) n?

() 2n? (d 2n+1

Answer. (c)

The maximum number of electronsisthe outermost orbit is

@ 2 (b) 8

(c) 18 (d 32

Answer. (b)

(b) JJ Thomson

When the source emitting lines is placed in a strong magnetic field the spectral lines are split into its

components. This effect is called
(@) Compton effect
() Rydberg effect

Answer. (b)

The number of electrons in the outermost shell of Potassium (at. no. 19) is

@ 1 (b) 2

(c 8 (d 9

Answer. (a)

An atom of silicon with atomic number 14 has the following number of electronsin the outermost shell
@ 1 (b) 2

(c) 4 (d 8

Answer. (c)

(b) Zeeman effect
(d) Photoelectric effect
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Inert gases possess the most stable electronic configuration as they contain

(a) fully filled outermost shell (b) half filled outermost shell

(c) two electronsin the outermost shell (d) eight electronsin the outermost shell
Answer. (d)

The effect of electric field on the spectra of atomsiscalled

(@) Compton effect (b) Photoelectric effect

(c) Stark effect (d) Zeeman effect

Answer. (c)

Which one of the following species has the same number of electrons as an atom of Neon?
(a) O+ (o) Na

(© Mg (d K*

Answer. (a)

The energy of an electron in the first Bohr orbit for hydrogen is

() 13.6eVv (b) -13.6eV

() 136eVv (d) -1.36eV

Answer. (b)

The energy of hydrogen atom in its ground state is—13.6 €V. The energy of the level corresponding to
n=3is

(@) —4.53eV (b) —2265eV

(c0 —151lev (d) none of these

Answer. (c)

E, =-1311.8 kI mol=. If the value of E is—52.44 kJmol=, to which value ‘n’ corresponds?
@@ 2 (b) 3

© 4 d 5

Answer. (d)

The spectral lineliesin the Lyman series. It corresponds to the radiation emitted by an electron jumping
from higher energy satesto

(a) first energy state (b) second energy state
(c) third energy state (d) fifth energy state
Answer. (a)

The ground state of an atom corresponds to a state of

(@) maximum energy (b)  minimum energy
(c) zeroenergy (d) negativeenergy
Answer. (b)

Balmer seriesin the spectrum of hydrogen atom liesin

(a) ultraviolet region (b) visibleregion

(c) infrared region (d) none of these
Answer. (b)

The spectrum of H-atom is expected to be similar to that of

(@ Li* (b) Na*

(c) Het (d K*

Answer. (c)

An atom of Calcium (at. no. 20) contains electronsin the third energy level.
@ 2 (b) 8

() 10 (d) 18

Answer. (b)

Out of thefollowing pairs of elementswhich has the same number of electronsin the outer most energy
level?

(@) helium and lithium (b) boron and carbon

(c) carbon and nitrogen (d) lithium and hydrogen

Answer. (d)
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WAVE MECHANICAL CONCEPT OF ATOM

Bohr, undoubtedly, gave the first quantitative successful
model of the atom. But now it has been superseded completely
by the modern Wave Mechanical Theory. The new theory rejects
the view that electrons move in closed orbits, as was visualised
by Bohr. The Wave mechanical theory gave amajor breakthrough
by suggesting that the electron motion is of a complex nature
best described by its wave properties and probabilities.

Whilethe classical ‘ mechanical theory’ of matter considered
matter to be made of discrete particles (atoms, electrons, protons
etc.), another theory called the ‘Wave theory’ was necessary to
interpret the nature of radiationslike X-raysand light. According
to the wave theory, radiations as X-rays and light, consisted of
continuous collection of waves travelling in space.

The wave nature of light, however, failed completely to
explain the photoel ectric effect i.e. the emission of electron from
metal surfaces by the action of light. In their attempt to find a
plausible explanation of radiations from heated bodies as also
the photoel ectric effect, Planck and Einstein (1905) proposed that
energy radiations, including those of heat and light, are emitted

43
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discontinuously as little ‘bursts’, quanta, or photons. This view is directly opposed to the wave
theory of light and it gives particle-like propertiesto waves. According toit, light exhibitsboth a
waveand a particlenature, under suitable conditions. Thistheory which appliestoal radiations, is
oftenreferred to asthe‘ Wave M echanical Theory’.

With Planck’s contention of light having wave and particle nature, the distinction between
particlesand wavesbecamevery hazy. In 1924 L ouisde Broglie advanced acomplimentary hypothesis
for material particles. Accordingtoit, thedual character-the wave and particle-may not be confined
to radiations alone but should be extended to matter as well. In other words, matter al so possessed
particleaswell aswave character. Thisgave birth to the Wave mechanical theory of matter’. This
theory postulatesthat electrons, protonsand even atoms, when in motion, possessed wave properties
and could also be associated with other characteristics of waves such aswavel ength, wave-amplitude
and frequency. The new quantum mechanics, which takesinto account the particulate and wave
natureof matter, istermed the Wave mechanics.

de BROGLIE'S EQUATION

deBroglie had arrived at hishypothesiswith the help of Planck’s Quantum Theory and Einstein’'s
Theory of Relativity. He derived arelationship between the magnitude of the wavel ength associated
with themass‘'m’ of amoving body and its velocity. According to Planck, the photon energy ‘E’ is
given by the equation
E=hv (i)
where his Planck’s constant and v the frequency of radiation. By applying Einstein’s mass-energy
relationship, the energy associated with photon of mass‘m’ is given as
E=mc? (i)
where cisthevelocity of radiation
Comparing equations (i) and (i)

c C
me2 =hv=h= vov=—
by A
or mc = h
=5 (i)
or mass x velocity = _h
wavelength
t = —
or momentum (p) wavelength
or momentum o« ——————
wavelength

Theequation (iii) iscalled de Broglie' sequation and may be putinwordsas: Themomentum
of aparticlein motion isinver sely proportional to wavelength, Planck’sconstant ‘h’ being the
constant of proportionality.

Thewavelength of waves associated with amoving material particle (matter waves) iscalled de
Broglie’'swavelength. ThedeBroglie' sequationistruefor all particles, but itisonly with very small
particles, such aselectrons, that the wave-like aspect is of any significance. Large particlesin motion
though possess wavelength, but it is not measurable or observable. Let us, for instance consider de
Broglie's wavelengths associated with two bodies and compare their values.

(a) For alargemass

L et us consider a stone of mass 100 g moving with avelocity of 1000 cm/sec. Thede Broglie's
wavelength A will be given asfollows:
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_ 6.6256 x 10 L. h
~ 100 x 1000 momentum
= 6.6256%x 10732¢cm

Thisistoo small to be measurable by any instrument and hence no significance.
(b) For asmall mass

Let usnow consider an electronin ahydrogen atom. It hasamass=9.1091 x 10~ g and moves
with avelocity 2.188 x 10-8 cm/sec. The de Broglie' swavelength A isgiven as

6.6256 x 1072’
A= 28 8
9.1091x 10" x 2.188 x 10
=3.32x108cm

Thisvalue is quite comparable to the wavel ength of X-rays and hence detectable.

Itis, therefore, reasonableto expect from the above discussion that ever ythingin natur e possesses
both thepropertiesof particles(or discreteunits) and alsothe propertiesof waves(or continuity).
The properties of large objects are best described by considering the particulate aspect while

properties of wavesare utilized in describing the essential characteristics of extremely small objects
beyond the realm of our perception, such as electrons.

THE WAVE NATURE OF ELECTRON

de Broglie'srevolutionary suggestion that moving electrons had waves of definite wavelength
associated with them, was put to the acid test by Davison and Germer (1927). They demonstrated the
physical reality of the wave nature of electrons by showing that a beam of electrons could also be
diffracted by crystals just like light or X-rays. They observed that the diffraction patterns thus
obtained were just similar to those in case of X-rays. It was possible that electrons by their passage
through crystals may produce secondary X-rays, which would show diffraction effects on the
screen. Thomson ruled out this possibility, showing that the electron beam as it emerged from the
crystals, underwent deflection in the electric field towards the positively charged plate.

Davison and Ger mer sExperiment

Intheir actual experiment, Davison and Germer studied the scattering of slow moving electrons
by reflection from the surface of nickel crystal. They obtained electrons from a heated filament and
passed the stream of electrons through charged plates kept at a potential difference of V esu. Dueto
the electric field of strength V x e acting on the electron of charge e, the el ectrons emerge out with a

uniform velocity v units. The kinetic energy %m\/2 acquired by an electron due to the electric field
shall be equal to the electrical force. Thus,

imv? =ve

or vV = ,|—
m

Multiplying by m on both sides,

mv=m /ﬁe =/2mVe ()

m

But according to de Broglie'srelationship
h ..
nm = — (i)

Y
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Comparing (i) and (ii)

h
X = J2mve
h h?
A

- J2mve 1\ 2mve
Substituting for h = 6.6256 x 10~2” erg-sec, m=9.1091 x 10-28 g, e= 4.803 x 10-1° esu, and

changing V esu to V volts by using the conversion factor % x 1072, we have

2
(6.6256 x 10—27) x 0.33 x 1072
"\ 291001 x 102 x 4.803 x 107° V volts

= 10 108em= [0 & (iii)
V volts V volts

If apotential difference of 150 volts be applied, the wavelength of electrons emerging out is
L =1A.Similarly if apotential difference of 1500 voltsbe created, the el ectrons coming out shall have
awavelength 0.1 A. Itisclear, therefore, that electrons of different wavelengths can be obtained by
changing the potential drop. These wavelengths are comparable with those of X-rays and can
undergo diffraction.

it Chasgad

+ plab=s Mickel CrysiE
| Accelarated

- = alectong r"'f
_-. — " ;
i
Hiated | y
filarmant ’(/

Elpatron
datectar
M Figure 2.1

Schematic representation of the apparatus
used by Davison and Germer.

The electrons when they fall upon the nickel crystal, get diffracted. Electrons of a definite
wavelength get diffracted along definite directions. The electron detector measures the angle of
diffraction (say 6) on the graduated circular scale. According to Bragg's diffraction equation, the
wavelength A of the diffracted radiation isgiven by A = d sin 6, whered isaconstant (= 2.15 for Ni
crystal) and 6 the angle of diffraction. By substituting the experimental value of 6 in Bragg's
equation (A = d sin 0), the wavelength of electrons may be determined. This wavelength would be
found to agree with the value of A, as obtained from equation (iii).

Since diffraction is a property exclusively of wave motion, Davison and Germer’s ‘electron
diffraction’ experiment established beyond doubt the wave nature of electrons. We have described
earlier in this chapter that electrons behave like particles and cause mechanical motion in apaddle
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wheel placed in their path in the discharge tube. This proves, therefore, that electrons not only
behavelike particles’ inmotion but also have ‘ wave properties’ associated with them. It isnot easy
at this stage to obtain a pictorial idea of this new conception of the motion of an electron. But the
application of de Broglie's equation to Bohr’s theory produces an important result. The quantum
restriction of Bohr’stheory for an electronin motioninthecircular orbit isthat the angular momentum
(mvr) isanintegral multiple (n) of h/2wt. That is,

h

mr = nz—n ...Bohr Theory
Onrearranging, we get
h
2nr = N—
mv

h
Putting the value of ™ from equation (i), we have

h
2nr = nh ( A :_j

M Figure 2.2
de Broglie's wave accommodated in Bohr's orbits.
For these two wave trains the value of n is different.

Now the electron wave of wavelength A can be accommodated in Bohr’s orbit only if the
circumference of the orbit, 2nr, isan integral multiple of its wavelength. Thus de Brogli€'s idea of
standing electron waves stands vindicated. However, if the circumferenceis bigger, or smaller than
ni, thewavetrain will go out of phase and the destructive interference of waves causes radiation of
energy.

SOLVED PROBLEM. Cadlculate the wavelength of an electron having kinetic energy equal to
4.55x 1072 J. (h=6.6 x 10~ kg m? sec-* and mass of electron=9.1 x 1031 kg).

SOLUTION

1
Kinetic energy of an electron 2

E mv
= 4.55x 10-% J(given)
= 4.55x 10-®kgm? sec2
2x 455x10°%
m
2% 455 x10°% kg m? sec?

9.1x 107 kg
= 1x108m2sec2

or V2 =

<
R
|

or
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1x108msec?!

or \Y

We know by (de Broglie equation)

mxv
6.6 x 1034 kg m? sec!
= (9.1>< 10" kg) x (1>< 10° m sec™?)

=725%x10"m
= 7.25%x 10 7% 10°nm
=725nm

SOLVED PROBLEM. Calculate the wavelength of an o particle having mass 6.6 x 10-27 kg
moving with aspeed of 10° cm sec™? (h=6.6 x 10-3* kg m? sec™1)

SOLUTION. We know A= L
mv
Given h =6.6x103kgm?sec?
m = 6.6x10~%"kg
v = 1x10°cmsec?
=1x10°¥msec?

(de Broglie equation)

On substitution, we get

6.6 x 103 kg m? sec!
T 6.6x10% kgx10° msect
1x101°m

HEISENBERG'S UNCERTAINTY PRINCIPLE

One of the most important consequences of the dual nature of matter isthe uncertainty principle
developed by Werner Heisenberg in 1927. This principleisan important feature of wave mechanics
and discusses the relationship between a pair of conjugate properties (those properties that are
independent) of a substance. According to the uncertainty principle, it is impossible to know
simultaneously both the conjugate properties accurately. For example, the position and momentum
of amoving particle are interdependent and thus conjugate properties also. Both the position and
the momentum of the particle at any instant cannot be determined with absol ute exactness or certainty.
If the momentum (or velocity) be measured very accurately, a measurement of the position of the
particle correspondingly becomes less precise. On the other hand if position is determined with
accuracy or precision, the momentum becomes|ess accurately known or uncertain. Thus cer tainty of
determination of oneproperty introducesuncertainty of deter mination of theother. The uncertainty
in measurement of position, Ax, and the uncertainty of determination of momentum, Ap (or Amv), are
related by Heisenberg's relationship as

AXXApPp =2 5=

or Axxmszz—

where his Planck’s constant.

It may be pointed out here that there exists a clear difference between the behaviour of large
objectslike astone and small particles such as electrons. The uncertainty product isnegligiblein
caseof largeobjects.
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For amoving ball of iron weighing 500 g, the uncertainty expression assumesthe form

Ax><mAv2L
21

or AX x Av 2

2ntm
-27
> 6625x107 o o0 ergsecg™
2 x 3.14 x 500
whichisvery small and thus negligible. Thereforefor large objects, the uncertainty of measurementsis
practicaly nil.

But for an electron of massm=9.109 x 10-28 g, the product of the uncertainty of measurements
isquitelarge as

AX x Av >

2rm

6.625 x 1072’
 2x3.14x9.109x 102

This value is large enough in comparison with the size of the electron and is thus in no way
negligible. If position is known quite accurately i.e., Ax is very small, the uncertainty regarding
velocity Av becomesimmensely large and vice versa. It istherefore very clear that the uncertainty
principleisonly important in considering measur ementsof small particlescomprisingan atomic
system.

~03egsecg

Physical Concept of Uncertainty Principle

The physical concept of uncertainty f, Phatan
principle becomesillustrated by considering Eleciron changes
an attempt to measure the position and FricETIL. &1 W

: H ) ingtant aof colisicn
momentum of an electron movingin Bohr’s

orhit. To locate the position of the electron,

we should devise an instrument

‘supermicroscope’ to see the electron. A

substanceis said to be seen only if it could

reflect light or any other radiation fromits

surface. Because the size of the electron is

too small, its position at any instant may be Mzl
determined by a supermicroscope M Figure2.3

employing light of very small wavelength The momentgm of the el_ectron char_lges W_h_en
(such as X-raysor y-rays). A photon of such a photon of light strikes it, so does its position.
aradiation of small A, has a great energy

and therefore has quite large momentum. As one such photon strikes the electron and isreflected, it
instantly changes the momentum of electron. Now the momentum gets changed and becomes more
uncertain as the position of the electron is being determined (Fig. 2.3). Thusit isimpossible to
determinethe exact position of an electron moving with a definite velocity (or possessing definite
energy). It appears clear that the Bohr’s picture of an electron as moving in an orbit with fixed
velocity (or energy) is completely untenable.

Asitisimpossible to know the position and the velocity of any one electron on account of its
small size, the best we can do isto speak of the probability or relative chance of finding an electron
with aprobablevelocity. Theold classical concept of Bohr hasnow been discarded in favour of the
probability approach.
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SOLVED PROBLEM. Calculate the uncertainty in position of an electron if the uncertainty in
velocity is5.7 x 10° msec L.
SOLUTION. According to Heisenberg's uncertainty principle

AX X A h
X = —
X P 4
h
or AXXMAV = —
4
_h
or Ax = 4nm x Av
Here Av = 57%x10°msec?

h =6.6x103kgm? sec?
m=9.1x10"3kg
On substitution we get
6.6 x 10 kg m? sec*
4x314x(91x 10" kg) (5.7 x10° m sec™)

AX

6.6x10° o
4x314%x91x5.7
h— =1x1019m

SOLVED PROBLEM. The uncertainty in the position and velocity of aparticle are 10-° m and
5.27 x 10~2*m sec™ ! respectively. Cal cul ate the mass of the particle.

h
SOLUTION. Weknow AX x Ap = I
h
or AXXMAV = —
4
_h
o M= 47 x AX x Av
Here h =6.6x103kgm?sec?

Ax = 1x101°m
Av =5.27%x10 % msec?
Substituting the values, we get
6.6 x 10** kg m? sec*
m =
4x314x% (1 x 10710 m) (5.27 x 10 m wc’l)

= 0.10kg
- =100 g

SCHRODINGER'S WAVE EQUATION

In order to provide sense and meaning to the probability approach, Schrodinger derived an
equation known after hisname as Schr ddinger'sWave Equation. Calculation of the probability of
finding the electron at various points in an atom was the main problem before Schrédinger. His
equation isthekeynote of wave mechanicsand isbased upon theidea of theelectron as‘ standing
wave' around thenucleus. The equation for the standing wave* , comparable with that of astretched
string is

* For the derivation of equation for a‘standing wave' in a stretched string, the reader may refer to a
book on Physics (Sound).
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. X
Y = A sin 2x x (a)

wherey (pronounced as sigh) isamathematical function representing the amplitude of wave (called
wave function) X, the displacement in a given direction, and A, the wavelength and A is a constant.
By differentiating equation (a) twice with respect to x, we get

(:j_\lf = A% CoS 27 % (1)
X
and Py T Gnon X @
dX2 - 7\12 7\‘ wea
. X
But Asin 275 I = w
dz\y 4n?
— = - (3
dx? 2z ¥ ®

The K.E. of the particle of massmand velocity v isgiven by therelation
1 o, 1mA?

= —NV =
KE > > m (4
According to Brogli€'s equation
h
A=
mv
h2
or A=
m?v2
h2
or mv: = —
Substituting the value of m? v2, we have
K E — l X h_2 (5)
ul - 2 mz wew
From equation (3), we have
B 41t2\|/
2= d’y (6)
dx®
Substituting the value of A2 in equation (5)
_ 1. dv
KE = 2m 4n?y dx?
B h?  d?y
8r’my  dx?
Thetotal energy E of aparticle isthe sum of kinetic energy and the potential energy
i.e, E =K.E.+PE.
or KE =E-PE
. d¥y
T 8rPmy dx?
d? 8n°m
or =¥ T E-PE)y

dx?2 ~ h?
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d?y  8r’m
o 1
Thisis Schrodinger’s equation in one dimension. It need be generalised for a particle whose
motion is described by three space coordinates x, y and z. Thus,

(E-PE)y =0

2 2 2 2
d\2y+d\2y+d\2u+81t2m
dx dy dz h
Thisequationiscalled the Schr 6dinger’sWave Equation. Thefirst threetermson the left-hand
side are represented by Ay (pronounced as del-square sigh).

(E-PE)y=0

8n°m
h2

Ay o+ (E-PE)y =0

A?isknown asL aplacian Operator.

The Schrédinger’s wave equation is a second degree differential equation. It has several
solutions. Some of these are imaginary and are not valid. If the potential energy term is known, the
total energy E and the corresponding wave function y can be evaluated.

Thewavefunctionisawaysfinite, single valued and continuous. It is zero at infinite distance.
Solutions that meet these requirements are only possible if E is given certain characteristic values
called Eigen-values. Corresponding to these values of E, we have several characteristic values of
wavefunction y and are called Eigen-functions. Asthe eigen-values correspond very nearly to the
energy values associated with different Bohr-orbits, the Bohr’smodel may be considered asadirect
consequence of wave mechanical approach.

Significance of y and y?

In Schrédinger’swave equation y representsthe amplitude of the spherical wave. According to
the theory of propagation of light and sound waves, the square of the amplitude of the wave is
proportiona to theintensity of the sound or light. A similar concept, modified to meet the requirement
of uncertainty principle, has been devel oped for the physical interpretation of wave functiony. This
may be stated asthe probability of finding an electron in an extremely small volume around a point.
Itisproportional to the square of the function y? at that point. If wave function y isimaginary, yy*
becomesareal quantity where y* isacomplex conjugate of . Thisquantity representsthe probability
w2 as a function of x, y and z coordinates of the system, and it varies from one space region to
another. Thus the probability of finding the electron in different regionsis different. Thisisin
agreement with the uncertainty principle and gave a death blow to Bohr’s concept.

In Schrodinger’ sWave Equation, the symbol y representstheamplitude of the spherical wave.
For hydrogen atom, Schrddinger’s Wave Equation gives the wave function of the electron (with
energy =—2.18 x 107! ergs) situated at adistance‘r’,
y =Ce-Cyr
where C, and C, are constants. The square of the amplitude y? is proportional to the density of the
wave. Thewave of energy or the cloud of negative chargeisdenser in somepartsthanin others.
Max Born interpreted the wave equations on the basis of probabilities. Even if an electron be
considered asaparticlein motion around the nucleus, the wave equation may beinterpreted in terms
of probability or relative chance of finding the electron at any given distance from the nucleus. The
space characteristic of an electron is best described in terms of distribution function given by
D = 4ur?y?
Thenumerical valueof ‘D’ denotesthe probability or chance of finding the electronin ashell of
radiusr and thicknessdr, or of volume 4nr? dr. Substituting for y we have,

— 2 2
D = 4nr<(C e-C,r)
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The probability of finding theelectronisclearly afunction of ‘r’. Whenr =0or « , the probability
function D becomes equal to zero. In other words, thereisno probability of finding the electron at the
nucleus or at infinity. However, it is possible to choose avalue of r such that there is 90-95 percent
chance of finding the electron at this distance. For the hydrogen atom, this distance is equal to
0.53 x 10-8 cm or 0.53 A. If the probability distribution be plotted against the distance r from the
nucleus, the curve obtained is shown in Fig. 2.4. The probability distribution is maximum at the
distance 0.53 A and spherically symmetrical. Thisdistance correspondsto Bohr’sfirst radiusa,. The
graph can be interpreted as representing a contour that encloses a high-percentage of charge.

When the el ectron getsexcited and it israised from nto higher energy levels(say n=2or n=3),
the solution of wave equation gives sets of value of y? which give different shapes to the space
distribution of the electron.

CHARGE CLOUD CONCEPT AND ORBITALS

The Charge Cloud Concept finds its birth from wave mechanical theory of the atom. The wave
equation for agiven electron, on solving gives athree-dimensional arrangement of points where it
can possibly lie. There are regions where the chances of finding the electron are relatively greater.
Such regions are expressed in terms of ‘cloud of negative charge’. We need not know the specific
location of the electrons in space but are concerned with the negative charge density regions.
Electronsin atomsare assumed to be vibrating in space, moving haphazardly but at the sametimeare
constrained to liein regions of highest probability for most of thetime. The char ge cloud concept
simply describesthehigh probability region.

Thethree-dimensional region within which thereishigher probability that an electron having
acertain energy will befound, iscalled an orbital.

An orbital is the most probable space in which the electron spends most of its time while in
constant motion. In other words, it isthe spatial description of the motion of an electron corresponding
toaparticular energy level. Theenergy of electron in an atomic or bital isalwaysthe same.

053A
—>

Electron density

(b)

0 0.5 1.0 15 2.0
[0}
Distance from nucleus (A)
B Figure 2.4 @
Shows the probability distribution of electron cloud :

(a) gives the graphical representation while
(b) depicts cross-section of the cloud.

Each energy level correspondsto athree-dimensional el ectron wave which envel opesthe nucleus.
This wave possesses a definite ‘size’, ‘shape’ and ‘orientation’ and thus can be represented
pictorially.

QUANTUM NUMBERS
Bohr’s electronic energy shellsor levels, designated as Principal Quantum Numbers‘n’, could
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hardly explain the hydrogen spectrum adequately. Spectraof other elementsthat are quite complex,
also remained unexplained by this concept. Many single lines of the spectraare found to consist of
anumber of closely related lines when studied with the help of sophisticated instruments of high
resolving power. Also the spectral lines split up when the source of radiation isplaced in amagnetic
field (Zeeman Effect) orinanelectrica field (Sark Effect).

To explain these facts, it is necessary to increase the number of ‘possible orbits' where an
electron can be said to exist within an atom. In other words, it is necessary to allow more possible
energy changes within an atom (or alarger number of energy states) to account for the existence of
alarger number of such observed spectral lines. Wave mechanics makes a provision for three more
states of an electron in addition to the one proposed by Bohr. Like the energy states of Bohr,
designated by n=1, 2, 3..., these states are also identified by numbers and specify the position and
energy of theelectron. Thustherearein all four such identification numberscalled quantum numbers
which fully describe an electron in an atom. Each one of these refersto aparticular character.

Principal Quantum Number ‘n’

Thisquantum number denotestheprincipal shell towhich theelectron belongs. Thisisalso
referred toasmajor energy level. It representsthe average size of the electron cloud i.e., the average
distance of the electron from the nucleus. This is, therefore, the main factor that determines the
values of nucleus-€lectron attraction, or the energy of the electron. In our earlier discussion, we have
found that the energy of the electron and its distance from the nucleus for hydrogen atom are given

by

313.3
E, =~ -z kcals
and r, = 05292 A

where nisthe principa quantum number of the shell.

The principal quantum number ‘n’ can have non-zero, positive, integral valuesn =1, 2, 3...
increasing by integral numbers to infinity. Although the quantum number ‘n’ may theoretically
assume any integral valuefrom 1to « , only valuesfrom 1 to 7 have so far been established for the
atoms of the known elementsin their ground states. In a polyelectron atom or ion, the electron that
has a higher principal quantum number is at a higher energy level. An electron with n = 1 has the
lowest energy and is bound most firmly to the nucleus.

The letters K, L, M, N, O, P and Q are also used to designate the energy levels or shells of
electronswithanvalueof 1, 2, 3,4, 5, 6, 7 respectively. Thereisalimited number of electronsin an
atom which can have the same principal quantum number and isgiven by 2n2, wherenisthe principal
guantum number concerned. Thus,

Principal quantum number (n =) 1 2 3 4
L etter designation K L M N
Maximum number of electrons (2n% =) 2 8 18 74

Azimuthal Quantum number ‘I’

Thisisalso called secondary or subsidiary quantum number. It definesthe spatial distribution of
the electron cloud about the nucleus and describes the angular momentum of the electron. In other
words, thequantum number | definesthe shape of the orbital occupied by the electron and the
angular momentum of theelectron. Itisfor thisreasonthat ‘I' issometimesreferred to asorbital or
angular quantum number. For any given value of the principal quantum number n, the azimuthal
guantum number | may have all integral values from 0 to n — 1, each of which refers to an Energy
sublevel or Sub-shell. The total number of such possible sublevels in each principal level is
numerically equal totheprincipal quantum number of thelevel under consider ation. Thesesublevels
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arealso symbolised by letterss, p, d, f etc. For example, for principal quantum number n=1, theonly
possiblevaluefor lis0Qi.e., thereisonly one possible subshell i.e. s-subshell (n=1,1=0). Forn=2,
there aretwo possiblevaluesof |, | =0and1 =2-1=1.

This means that there are two subshells in the second energy shell with n = 2. These subshells
are designated as 2sand 2p. Similarly, when n= 3, | can havethreevaluesi.e. 0, 1 and 2. Thusthere
arethree subshellsin third energy shell with designations 3s, 3p and 3d respectively. For n =4, there
arefour possiblevalues of azimuthal quantum number | (=0, 1, 2, and 3) each representing adifferent
sublevel. In other words, the fourth energy level consists of four subshells which are designated as
4s, 4p, 4d and 4f. Thusfor different values of principal quantum numberswe have

n=1 n=2 n=3 n=4 n=>5
[=0(19) [=0(29) [=0(39) [=0(49) [=0(59)
1=1(2p) 1=1(3p) 1=1(4p) 1 =1(5p)
[=1(3d) [ =2(4d) [ =2 (5d)
[ =3(4f) I =3(5f)
I =5(59)

For a given value of principal quantum number the order of increasing energy for different
subshells is
s<p<d<f (exceptforH atom)

Magnetic Quantum Number ‘nm’

Thisquantum number has been proposed to account for the splitting up of spectral lines
(Zeeman Effect). An application of astrong magnetic field to an atom reveal sthat electronswith the
samevalues of principal quantum number ‘n’ and of azimuthal quantum number ‘I’, may still differin
their behaviour. They must, therefore, be differentiated by introducing a new quantum number, the
magnetic quantum number m. Thisisalso called Orientation Quantum Number becauseit givesthe
orientation or distribution of the electron cloud. For each value of the azimuthal quantum number ‘I’
the magnetic quantum number m, may assume all theintegral values between + | to—1 through zero
i.e,+1,(+1=1),..0.., (=1 +1),—1. Thereforefor each value of | therewill be (2 + 1) valuesof m. Thus
when| =0, m=0and no other value. Thismeansthat for each valueof principal quantum number ‘n’,
thereisonly oneorientation for | =0(sorbital) or thereisonly onesorbital. For sorbital, therebeing
only one orientation, it must be spherically symmetrical about the nucleus. Thereisonly onespherically
symmetrical orbital for each value of n whose radius depends upon the value of n.

/Node

1s Orbital 2s Orbital

B Figure 2.5
Spherical s orbitals, symmetrically
disposed about the nucleus.

For | = 1 (p orbital), the magnetic quantum number mwill havethreevalues: + 1, 0and —1; so
there are three orientations for p orbitals. These three types of p orbitals differ only in the value of
magnetic quantum number and are designated as p,, Py P, depending upon the axis of orientation.
The subscripts x, y and z refer to the coordinate axes. In the absence of amagnetic field, these three
p orbitalsare equivalent in energy and are said to bethree-fold degenerateor triply degenerate*. In

*Different orbitals of equivalent energy are called degenerate orbitals and are grouped together.
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presence of an external magnetic field the relative energies of the three p orbitals vary depending
upon their orientation or magnetic quantum number. This probably accounts for the existence of
more spectral lines under theinfluence of an external magnetic field. The p orbital are of dumb-bell
shape consisting of two lobes. The two lobes of a p orbital extend outwards and away from the
nucleus along the axial line. Thus the two lobes of a p orbital may be separated by a plane that
contains the nucleus and is perpendicular to the corresponding axis. Such planeis called a nodal
plane. Thereisnolikelihood of finding theelectron on thisplane. For ap, orbital, theyzplaneisthe
nodal plane. The shapes and orientations of the p orbitalsare givenin Fig. 2.6.

B,

&

M Figure 2.6
Shapes and orientation of s, p and d orbitals.

For | =2 (d orbital), the magnetic quantum number arefive(2x2+1); +2,+1,0,—1,—2. Thus
there are five possible orientations for d orbitals which are equivalent in energy so long as the atom
isnot under theinfluence of amagneticfield and are said to befive-fold degener ate (Different orbitals
of equivalent energy are called degenerate orbitals and are grouped together). Thefive d orbitals are
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designated asdxy, dyZ d,, dxziyz ’dzz . These orbitals have complex geometrical shapesascompared to
p orbitals. The conventional boundary surfaces or shapes of five d, orbitals are shown in Fig. 2.6.
The shape of the d, orbitalsis different from others.

When | = 3 (f orbital) the magnetic quantum number mcan have seven (2 x 3+ 1) valuesas + 3,
+2,+1,0,—1,—2and— 3. These seven orientations give rise to a set of seven-fold degenerate
orbitals. These seven orbitals possess very complicated shapes and orientation in space. The
shapes of s, p and d orbitals only are of interest to chemists.

Spin Quantum Number ‘S

Thisquantum number hasbeen introduced to account for thespin of electronsabout their own
axis. Sincean electron can spin clockwise or anticlockwise (in two opposite directions), there aretwo
possible values of sthat are equal and opposite. As quantum numbers can differ only by unity from
each other, there are two values givento s; + % and —% depending upon whether the electron
spinsin one direction or the other. These spins are also designated by arrows pointing upwards and
downward as{T. Two electronswith the samesign of the spin quantum number saresaid to have
parallel spins while those having opposite signs of the spin quantum numbers are said to have
oppositespin or antiparallel spin or paired-up spin.

Magnetic
field \
P s NPt N LT .
| ENCERRNY W/ SR | > EPCAERNY P/ N S
F 2 salay L Y R | AT o
Lo (U ;o ) "
1 ’ * . l ’ . 1)
I . [) v . 1 1 H
) ) H N 1 L) 1
+1 ) Vo 1i i C :
= H —L
240 0 P 2% H
kY A . I kY LY ’ v
", S K N ETE J
___________ ’ ~ ACTRS ’
"""""""""""" Sen -"’ "~---¢"
W Figure 2.7

Clockwise and anticlockwise spins of electrons about their
own axis produce opposite magnetic fields.

Since aspinning charge is associated with a magnetic field, an electron must have a magnetic
moment associated with it.

The permitted values for each of these quantum numbers are given in the Table 2.1.
SOLVED PROBLEM. Listall possiblevaluesof | and mforn=2.

SOLUTION. Here, the principal quantum number n = 2. The azimuthal quantum number can
have only two values. These are 0 and 1

When =0 m=0
and =1 m=+1,0,—-1

SOLVED PROBLEM. Which of the following sets of quantum numbers are not allowable and
why?

€)] n=2 =2 m=0 S=+

(b) n=3 =1 m=0 S=-—
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© n= =1 m=+1 s=+1

(d) n= =0 m=-1 s=0

© n= =2 m+2 s=-1
SOLUTION

(@ Notallowableas! cannot have value equal to 2 whenn= 2.

(b) Allowable

() Notalowableas! cannot havevalue equal to L whenn=1
(d) Not allowable as s cannot have value equal to 0.
(e Allowable

SOLVED PROBLEM. What designation are given to the orbitals having

@ n=2 =1
(b) n=1 =0
(@) n=3 =2
(d n=4 =3
SOLUTION
@ whenn=2 and 1=1 the orbital is2p
(b) whenn=1 and p=0 theorbital is1s
(@) whenn=3 and 1=2 the orbital is3d
(d) whenn=4 and 1=3 theorbital is4f

PAULI'S EXCLUSION PRINCIPLE

Thenature of an electron, its position and energy, isfully implied only by mentioning the values
of four quantum numbers ascribed to it. Each electron is, therefore, fully characterised by a set of
four quantum numbers‘n’ —giving the size of electron orbital, | —its shape, and m—the orientation
or disposition of the orbital and sthe spin of the electron. Electrons having the same value of n, the
principal quantum number, are said to belong to the same major energy level. However, the energies
possessed by these electrons may yet be different owing to the different values of other quantum
numbers assigned to them. In fact, the major energy levelsare made of sublevels, given by thevalue
of azimuthal quantum number ‘I’. A particular energy sublevel may be designated by s, p, d and f.
Within each energy level, the various sublevelshave slightly different energieswhich increasein the
same order as the value of the azimuthal quantum number |. Therefore, for the major energy level
n=4, which hasan sorbital (I =0), porbitals(I =1), d orbitals (I = 2) and f orbitals (I = 3), the energy
increasesin the order s< p < d <f. An electron with the principal quantum number n and azimuthal
guantum number | has alwayslesser energy than that of an electron with principal quantum number
(n+ 1) and the same azimuthal quantum number | i.e., the energy of a3sorbital islessthan that of 4s
orbital and energy of 4p orbitalsisaways more than the energy of 3p orbitals, and so on. The other
two quantum numbers namely magnetic and spin quantum numbers determine the maximum
number of electronsthat can be accommodated in orbitalsof asublevel. Itis, therefore, the assignment
of the four quantum numbers to the electrons which ultimately count to determine its energy and
location in space within an atom.
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TABLE 2.1. QUANTUM NUMBERS AND ELECTRON ACCOMMODATION

Principal Azimuthal Magnetic Quantum Spin Quantum Number of
Q-number n Q-number / Number m Number s Electrons
accommodated
1 _1
1 K 0 S 0 + 21T % 2
1 _1
2 L 0 S 0 ar 51735 2 o
1 _1
p +1,0,-1 +5, 7% 6
1 _1
3 M 0 S 0 +§, ) 2
1 p +1,0,-1 s Tt 6 ; 18
2 d +2,+1,0,-1,-2, o =2 10
1 _1
4 N 0 S 0 +2, -2 2
1 p + 1! 01 _1 +%| _% 6
K74
2 d +2,+1,0,-1 -2 o =2 10
3 f  +3+2+10-1,-2-3 +3,-3 14

Wolfgang Pauli put forward an ingenious principle which controls the assignment of values of
four quantum numbers of an electron. It applies certain restrictions on the values of electronsin an
atom and hencethename‘exclusion principle’. Itisstated as: Notwo electronsin an atom can have
thesameset of four identical quantum numbers.

Even if two electrons have the same values for n, | and m, they must have different values of s.
Thusevery electron in an atom differsfrom every other electronin total energy and, therefore, there
can be asmany electronsin ashell asthere are possible arrangements of different quantum numbers.
The arrangements of electrons using permitted quantum numbersn, |, mand saregiveninthe Table
2.1. Let usfind out the maximum number of electrons that can be accommodated in an orbital. We
have seen that the first shell (n = 1) hasonly one orbital i.e.,, 1s. The possible arrangements for the
guantum numbers are only two in accordance with Pauli’sexclusion principle.

n I m S
1 0 0 +3 (1st electron)
1 0 0 —2 (2nd electron)

It follows, therefore, that a maximum of two electrons can be accommodated in an orbital and
they must possess opposite spins.

Consider the second shell (n = 2), there being four orbitals, one s orbital (I = 0) and three p
orbitals (I = 1), the possible number of electrons having different set of quantum numbers can be as
follows:

Two €electrons accommodated in 2s
orbital (I =0)
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2 1 +1 +% Sx electronsin al thethree 2p orbitals (I = 1), two
9 1 +1 1 eIectronseachianX(m:+1),2py(m:—1)and
2 2p,(m=0) orhitals.
2 1 -1 +%
2 1 -1 -2
2 1 0 +3
1
2 1 0 —=

The total number of electrons that can be accommodated in second shell isequal to 2 + 6 = 8.
Similarly it can be shown that the maximum number of electronsin thethird and fourth shellsisequal
to 18 and 32 respectively. On the basis of the above direction and the Table 2.1 it follows that s
sublevel may contain upto two electrons, p sublevel upto six, d sublevel upto ten and f sublevel may
have upto fourteen electrons. Each sublevel can accommodate at the most twice the number of
available orbitals at that sublevel.

Pauli’ sexclusion principleisof immensevaluein telling the maximum number of electrons
accommodated in any shell.

ENERGY DISTRIBUTION AND ORBITALS

In our earlier discussion we have seen that the energy of an electron is determined by the first
two quantum numbers n and I, while the other two specify the orientation of the electron orbital in
space and the spin. As we discuss the distribution of energy of the orbitals, the following two cases
may arise:
(a) Hydrogen and Hydr ogen-likeatoms

Hydrogen isthe simplest of all atoms since thereisonly one electroninit. Thissingle electron
isexpected normally to be present in thelowest energy staten= 1. Thevaluesof | and m are both zero
and spin quantum numbers can be either +% or —%. When it absorbs energy, it may jump to higher
energy levels given by n or a subshell thereon (represented by | values). The spectral study of
hydrogen has revealed that its spectral lines correspond to the major energy levels only. Thus the
energy value of an electron having aparticular quantum isfixed, irrespective of the orbital to which
it may belong. In other words, the energy associated with electronsin s, p, d and f orbitals of a
particular principal quantum number is the same. For example, the energy level of 3s, 3p and 3d
orbitalsisequal (Fig. 2.8).
(b) Polyelectron atoms

Let usfirst consider atwo electron atom. The second electron which may differ from the first
electronin spin only, isalso accommodated in the 1sorbital, thereby completing the K shell. Unlike
hydrogen, where thereis no such completed shell, the energies of the subsequent electrons coming
in various levels and sublevels will be affected. Thusiit is this completed K shell that affects the
energy of the electrons occupying subsequent energy levels. For atoms having more than two
electrons, the nuclear charge is shielded from the outer electrons by the two K shell electrons. The
effect of the completed K shell of electronsisto make the energy level of any orbital in aprincipal
level n dependent upon the value of orbital quantum number |. The dependence of energy of orbitals
of ashellonl (I=0o0rs, | =1or petc.) isbecause of thefact that sorbital electrons (I = 0), for example,
penetrate near the nucleus and are, therefore, less effectively shielded from the nuclear charge. The
s electrons (I = 0) being less shielded are drawn inwards and possess lesser energy than p orbital
(I =1) electrons. The same argument can be extended for other values of |. Thuswithin each energy
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level ‘n’, the various sublevels (different | values orbitals) exhibit slightly different energies. The
orbitalsat aprincipal level n get split up and come to possess different energies, which increasein
the same order as the various values of |. Thus for a particular principal level, the energy of the
sublevelsisintheorder s<p<d<f.

B ———

A
n=4 ) 4d
4p
B 3d
n—3.= 4s
3
5 p
8 3s
o
2 n=2 2p
‘a
©
o 2s
o
k=
n=1 1s
Main shell Sub shell
M Figure 2.8

Energy level schemes of Hydrogen atom.

The energy levels of 3s, 3p and 3d orbitals are different even though they belong to the same
shell n=3. However, it may benoted that the ener gy of electronsin the sameorbital isthe same.
Thusall 3d orbitals(3d, , 3d,,, 3d,,, 3d,:3d,._:) or 4porbitals (4p,, 4p,, 4p,) areat thesamelevel of
energy, irrespective of their orientation. It is also noteworthy from the above diagram that the order
of increase of energy values of various orbital s approximately follows the sequence given below :

1s<2s<2p<3s<3p<4s<3d<4p<5s<4d<5p<6s<4f<5d
Itis, therefore, clear that the 3d orbital electrons belonging to alower shell (n = 3) possess more
energy than 4s orbital electrons which belong to higher shell (n = 4). The 3d orbitalslie at a higher
energy level than 4sorbital.

DISTRIBUTION OF ELECTRONS IN ORBITALS

In passing along the periodic table of the elements from one element to the other, we find that
one electron is added every time to the next atom. Where should the incoming electron go? The
answer is provided by the possible values of the quantum numbers that can be assigned to the
electron in accordance with Pauli’s exclusion principle—prohibiting an orbital to accommodate two
electrons with the same set of quantum numbers.

Onthebasis of magnetic measurements, which also help to determine the el ectronic configuration
of elements, Hund put forward another empirical rule, popularly known after his name as Hund’s
Rule of Maximum Multiplicity. It statesthat : Electronsaredistributed among theorbitalsof a
subshell in such away asto givethemaximum number of unpair ed electr onsand havethe same
direction of spin.
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Energy level scheme of polyelectron atoms.

Thus the orbitals available at a subshell are first filled singly before they begin to pair. The
following illustration shows the order of filling of electronsin the orbitals of n=1and n = 2 shells.
Theorhitalsare shown by circlesand the order of filling for thefirst ten electronsisindicated by the
numbers entered in them.

n=2

0
0 m=+1 m=0 m=-1
5 6 i

v w 8 9 10
1s 2s

2py 2p, 2p,

|
m

W

B Figure 2.10
Order of filling of electrons in orbitals of
n=1andn =2shells.

Itisalso clear from theillustration that no two electronsin an orbital have the same values of all
four quantum numbers. In fact, three are identical while the fourth quantum number i.e., the spin
quantum number isinvariably different. The electronsin the p orbitals are arranged and accommodated
such that they have all obtained one electron first (5thin 2p,, 6thin 2py, 7thin 2p,) and now they
begin to pair up getting the 8th, 9th and 10th electrons respectively.
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SCHEMATIC REPRESENTATION OF ELECTRON CONFIGURATION

We have seen above that to define completely the state of an atom it is obligatory to refer to all
the four quantum numbers (n, |, mand s) of every electronin it. Since asimultaneous representation
of al quantum numbers of each electron in a single symbolic notation seems quite difficult, it is
customary to take into account the first two quantum numbers only while the other two can be
inferred indirectly. The general symbolic notation employed for the purposeisnl?wherethe numerical
valueof n=1, 2, 3 etc., representsthe principal quantum number, the letter designate of | (sfor | =0,
p for | = 1 and so on) stands for the orbital and the superscript a gives the number of electronsin the
orbital. Thus 3s? indicatesthat two electrons are present in thefirst subshell s (I = 0) of thethird shell
(n=3). For instance, the distribution of seven electrons (of N atom) may be schematically represented
as 1s% 2s?, 2p® or more elaborately as 1s%; 2%, 2pt, 2p}, 2p.. By using the various designates of
orbitalsat asublevel suchas2p,, 2py etc., thethird quantu?in number misalsoindicated (e.g., 2p, , for
m=+1, 2py for m=0and 2p,for m=-1). Spin quantum numbersareindirectly inferred. Whenever
there are two electrons in an orbital, one of these has +% and the other —% astheir spin quantum
number.

It is a common practice to denote an orbital by a horizontal line or a circle or square and an
electron by an arrow over it. Thedirection of thearrow indicatesthe spin, an upward arrow representing
a clockwise spin while the downward arrow stands for the anticlockwise direction of spin. When
there are more than one orbitalsin asubshell (degener ate or bitals), they are shown by an equivalent
number of horizontal lines at the same energy level. Let us now describe the electron configuration
of first ten elements.

(8 Hydrogenand Helium

These have one and two €electrons respectively which are accommodated in 1s orbital while
othersremain vacant. The lone electron of hydrogen isfilled in 1s orbital and for helium the second
electron would also goin 1sorbital, sinceit could accommodate another el ectron with opposite spin.

4 2D oomm e — 20 oomm o —
§ 2S === 2S
[}
c
w
1s = = 4
Hydrogen Helium
W Figure 2.11

Electron configuration of Hydrogen and Helium.

(b) Lithiumand Beryllium
These havethree and four el ectronsrespectively. Thethird electron of Li entersin the 2sorbital
and the fourth electron of Be also entersin the same orbital, but has an opposite direction of spin.

4+ 2p e e — 20 o s —

>

> 2s 2s

5 = H

c

w

Lithium Beryllium
B Figure 2.12

Electron configuration of Lithium and Beryllium.
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(c) Boronand Carbon
These atoms have five and six electrons respectively. 1sand 2s orbitals being completely filled

with four electrons, the fifth electron of boron would go in one of the 2p orbitals say 2p,. The sixth
electron in carbon would prefer to be accommodated in another vacant 2p orbital say (2py) rather
than going to 2p, orbital (Hund’s rule). The two unpaired electrons shall have similar spins as

indicated.

1o —— 20 e e
g 2s * 2s *
L
1s * 1s *
Boron Carbon
M Figure 2.13

Electron configuration of Boron and Carbon.
(d) Nitrogen and Oxygen
These atoms have seven and eight electrons respectively. After six electrons have been
accommodated as above, thereis avacant 2p, orbital which will be the seat of the seventh electron
possessing the same direction of spin. The eighth electron of the next element oxygenwill go to pair

up with the 2p, electron and has an antiparallel spin as shown below.

1ot » 4 4 4
P 2s 2s
Boet #
1s % 1s %
Nitrogen Oxygen
B Figure 2.14

Electron configuration of Nitrogen and Oxygen.

(e) Fluorineand Neon
These atoms possess nine and ten electrons respectively which go to complete the other 2p

orbitalsasshowninFig. 2.15.

AT T w4 4
?; 2s * 2s *
I
1s * 1s *
Fluorine Neon
M Figure 2.15

Electron configuration of Fluorine and Neon.
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GROUND-STATE ELECTRON CONFIGURATION OF ELEMENTS

So far we have considered the electron configuration of simple atoms. For complicated atoms
which may contain many electrons and have many energy levelsor orbitals, the ‘building up’ process
for the electronsis governed by the following rules :

Rulel. Each eectron shell can hold amaximum of 2n2 electronswheren istheshell number.

Rule2. These electronsare accommodated in s, p, d and f orbitals, the maximum number of
electronsin each typeof orbitalsbeing deter mined by itselectron-holding capacity (for
s=2,p=6,d=10and f = 14).

Rule3. Intheground stateof an atom, the electronstend to occupy theavailableorbitalsin the
increasing or der of energies, theorbitalsof lower energy beingfilled first. Thisiscalled
“building up principle’ or Aufbau Principle (Aufbau is a German expression meaning
building up or construction). Lower energy orbitalsare, therefore, better seatsfor electrons
and better seats are occupied first. Fig 2.9 shows the energy level scheme of orbitals and
this order can conveniently be remembered by the simple device given below.

R

B Figure 2.16
Aufbau order of orbitals for feeding in electrons.

Theincreasing order of energy of various orbitalsisasfollows:

1s<25<2p<3s<3p<4s<3d<4p<bs.....

The energy of an orbital is determined by the sum of principal quantum number (n) and the
azimuthal quantum number (I). Thisruleiscalled (n +1) rule. There aretwo partsof thisrule:

(8 Theorbitalswiththelower value of (n+1) haslower energy than the orbital s of higher
(n+1)value.

(b) When two orbitals have same (n + ) value, the orbital with lower value of n has lower
energy. For example, let uscomparethe (n +1) value for 3d and 4sorbitals.

For 3d orbital n=3,1 =2andn+|=5andfor 4sorbital n=4,1 =0andn+1=4.

Therefore, 4sorbital isfilled before 3d orbital. Similarly, for 4p and 5sorbitals, the (n + 1) values
are(4+1) and (5 + 0) respectively. Inthis case 4p orbital haslesser value of n and henceit haslower
energy than 5d orbital andisfilled first.

Itis, therefore, clear from abovethat 4sorbital would befilled before 3d orbitals (belonging to a
lower shell i.e., third) arefilled because the latter have higher energy than the former.

Rule4. Any orbital may haveoneor two electronsat themost. Two electrons can occupy the same
orbital only if they have opposite spins (Pauli’s exclusion principle€).

Rule5. When several orbitalsof equal energy (degenerate orbitals) areavailable, electrons
prefer to occupy separ ateorbitalsrather than getting paired in thesameorbital. Such
electrons tend to have same spins (Hund’s rule).
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Actual electron configuration of atomsof all elementsof the periodictableisgivenin Table2.3.
We find that these configurations are by and large the same as predicted by the Aufbau procedure.
However, there are quite afew elements which exhibit slight variations from the standard pattern.
Some anomalies are tabled below showing only the concerned orbitals.

TABLE 2.2. ANOMALOUS ELECTRON CONFIGURATION OF SOME ELEMENTS

Expected Actual
Element At. No. Configuration Configuration
Cr 24 4d* 4s? 3d° 4st
Cu 29 3d° 4s? 3d10 4st
Mo 42 4d* 52 4d° 5st
Pd 46 408 52 4010 550
Ag 47 4d° 552 4d10 5st
Pt 78 5d8 6s? 5d° 6s!
Au 79 5d° 6s? 5d10 6st
4 Element Electron configuration Z Element Electron configuration
1 H 1st 21 Sc [Ar]3d4s?
2 He 152 2 Ti [Ar]3d24s?
3 Li [He]2st 23 \Y [Ar]3d34s?
4 Be [He]2s? 24 Cr [Ar]3d>4s!
5 B [He] 2s22pt 25 Mn [Ar]3d°4s?
6 @ [He] 2s?2p? 26 Fe [Ar]3d®4s?
7 N [He]2s?2p? 27 Co [Ar]3d74s?
8 o) [He]2s22p? 28 Ni [Ar]3d84s?
9 F [He] 2s22p°® 29 Cu [Ar]3d04st
10 Ne [He] 2s22p® 30 Zn [Ar]3d104s?
11 Na [Ne]3st 31 Ga [Ar]3d104s24pt
12 Mg [Ne]3s? 32 Ge [Ar]3d'%4s%4p?
13 Al [Ne]3s?3pt 33 As [Ar]3d1%4s?4p3
14 S [Ne]3s?3p? 34 Se [Ar]3d%4s?4p*
15 P [Ne]3s23p? 35 Br [Ar]3d104s24p®
16 S [Ne]3s23p* 36 Kr [Ar]3d104s24p®
17 cl [Ne]3s23p® 37 Rb [Kr]5st
18 Ar [Ne]3s?3p® 38 Sr [Kr]5s?
19 K [Ar]4s! 39 % [Kr]4d!5s?

20 Ca [Ar]4s? 40 Zr [Kr]4d?5s?
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4 Element Electron configuration Z Element Electron configuration
41 Nb [Kr]4d*5st 73 Ta [X e]4f 14503652
42 Mo [Kr]4d55st 74 w [X €] 4f 14504652
43 Tc [Kr]4d®5s? 75 Re [X e]4f 145d56s?
44 Ru [Kr]4d’5st 76 Os [Xe]4f 145d86s?
45 Rh [Kr]4d85st 77 Ir [X€e]4f 145d76s2
46 Pd [Kr]4d10 78 Pt [X ] 4f 145d96s
47 Ag [Kr]4d05st 79 Au [X e]4f 195d10%6s!
48 Cd [Kr]4d105s? 80 Hg [Xe]4f 145d19%6s?
49 In [Kr]4d195s?5pt 81 T1 [Xe]4f 145d1065%6pt
50 Sn [Kr]4d1958?5p? 82 Pb [Xe]4f 145d1065%6p?
51 Sb [Kr]4d195525p3 83 Bi [X e]4f 145d106526p°3
52 Te [Kr]4d195s25p4 84 Po [X e]4f 145d106526p*
53 I [Kr] 4d105s25p> 85 At [X e]4f 145d106526p°
54 Xe [Kr] 4d'05s?5p% 86 Rn [Xe]4f 14501065268
55 Cs [Xe]6st 87 Fr [RN]7st
56 Ba [Xe]6s? 83 Ra [Rn]7s?
57 La [X€]5d16s? 89 Ac [Rn]6017s?
58 Ce [X €] 4f 1501682 %0 Th [Rn] 6272
59 Pr [X €] 4f 362 01 Pa [Rn]5f 26017
60 Nd [X€]4f 4652 %) U [Rn]5f 36017
61 Pm [Xe]4f 562 93 Np [Rn]5f 46017
62 Sm [X €] 4f 665 % Pu [Rn] 5f 672
63 Eu [X €] 4f 7652 95 Am [RN]5f 772
64 Gd [X€]4f 7501682 % am [Rn]5f 76d17s2
65 Tb [X€]4f 962 97 Bk [Rn]5f 972
66 Dy [Xe]4f 10652 98 Cf [Rn]5f 107s?
67 Ho [Xe]4f 116s? 99 Es [Rn]5f 117s?
68 Er [X €] 4f 12652 100 Fm [Rn]5f 12752
69 Tm [X €] 4f 1362 101 Md [Rn]5f 13752
70 Yb [X €] 4f 1462 102 No [Rn]5f 14752
71 Lu [Xe]4f 145d16s2 103 Lr [Rn]5f 146d17s?
72 Hf [Xe]4f 14502652 104 Rf [Rn]5f 14602752

Note : The symbol in brackets indicates the electron core of the Noble gas.
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We find from the table that irregularities involve the placing of one or two electrons from ns
orhital in (n—1) d orbitals. Thereisvery little energy difference between such sand d orbital s so that
thereisvery littleto choose from energy point of view. The deviationsoccur when d level orbitalsare
either amost full (e.g., Cu, Pd, Ag, Pt and Au) or half-full (Cr and Mo). The explanation for this
deviation liesinthe superior stability of completely filled or al half-filled orbital sthan nearly filled or
nearly half-filled orbitals. Thus d® and d1° configurations are much more stable than d* or d® or d°.
Spectroscopic data and magnetic properties of elements justify the statement that half-filled and
completely filled subshellscontributetothe stability.

IONISATION ENERGY

The process of removing an electron from an isolated atom to form a positive ion is called
ionisation. Energy will berequired to remove an el ectron from the atom against the force of attraction
of the nucleus.

Theionisation ener gy (1 E) of an element isdefined astheener gy needed toremoveasingle
electron from an atom of theelement in thegaseousstate. That is,

M(g)+IE — M*(g)+e

Since one, two or more electrons may be removed from the same atom, one after the other, we
have as many ionisation energies of the element.

The First ionisation energy (I1E,), is the energy needed to remove the first electron from the
gaseous atom M to form M* ion.

The Second ionisation ener gy (IE,), isthe energy needed to remove asecond €l ectron, fromthe
gaseous M* ion to form M?* ion.

Higher ionisation energies can be defined in the same way. We can depict the first, second and
third ionisation energies in the form of equationsas:

M(g)+I1E, —> M*(g)+e
M*(g)+IE, — M* (g)+e

M* () +1E;, — M¥*(g)+e

| onisation energies are sometimes called | onisation potentials. lonisation energiesare usually
expressed in electron volts (eV) per atom, or in kilojoules per mole of atoms (kJ mol-1). For
conversion, 1eV atom—!=96.48 kJmol~L.

MEASUREMENT OF IONISATION ENERGIES

The amount of energy required to detach an electron from an atom can be measured by supplying
the required energy asthermal energy, electrical energy, or radiant energy. Thusionisation energies
can be determined from the spectrum of the element or by any of the two methods detailed bel ow.
(1) TheElectrical method

Theapparatusused isshownin Fig. 2.17. The electrically heated tungsten wire emits electrons.
The grid can be charged positively to different voltages which we read with a voltmeter. The plate
oppositethe grid hasasmall negative charge. When the potential to thegrid is zero, no current flows
between the grid and the plate. However if we give sufficient potential to the grid, the electrons
emitted by the tungsten wire are accel erated towards the grid, pass through it and ionise the atoms
between grid and plate. The electron gjected by each atom is attracted to grid and positive ion is
attracted to plate. A current thus passes between grid and plate which is shown up by an ammeter.
Theminimum grid voltagethat just producesacurrent iscalled ionization potential.
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Heated
tungsten Grid Plate
wire
+
<+«— €
Electron | —
stream ® —» J
Partially

evacuated @

B Figure 2.17 Ammeter
Measurement of lonisation energy.
If V betheionization potential, the ionization energy (IE) iscalculated as:
IE =V x charge of electron x Avogadro No
= Vx1.60x10-1°x 6,02 x 10%
= Vx96.3kJmol~?
(2) Photo-ionisation Method

The gaseous atoms are introduced into a chamber containing two electrically charged plates
(Fig. 2.18). Asneutral atoms, they do not conduct el ectricity and no current flows between the plates.
When radiant energy (hv) is supplied to the gaseous atoms, ionisation will occur and electric current
will flow. The frequency of the radiation used is gradually increased. The minimum frequency
necessary to cause ionisation of the gaseous atoms, as shown by the flow of an electric current is
noted. From this frequency the ionisation energy is calculated.

+
)

hv AN~~~

@

Gas —» )
W Figure 2.18 \oltage source

Measurement of ionisation energy
by photo-ionisation method.

Order of Successivelonisation Ener gies
The second ionisation energy (I E,) islarger than thefirst ionisation energy (I E,) becauseitis
more difficult to detach an electron from a+ ve ion than a neutral atom. The third ionisation energy
(I Ey) isdtill larger asthethird electron hasto be detached from a2 +ion. Thusin general successive
ionisation energies increase in magnitude. That is,
IE,<IE,<IE;<IE, andsoon.
For illustration, thefirst four ionisation energies for sodium and magnesium are listed below:
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TABLE 2.4. IONISATION ENERGIES IN KILO JOULE PER MOLE (KJ mol-")

IE, IE, IE, IE,
Sodium 500 4600 6900 9500
Magnesium 740 1500 7700 10500

Principal Trendsin lonisation Energies
A graph of thefirst ionisation energies against atomic number (Z) for thefirst 18 elements of the
Periodic TableisshowninFig. 2.19.
The important trends as illustrated by the graph are:
(1) lonisation energiesincreaseacrossaperiod. e.g., LitoNe.
(2 lonisation energiesdecreasedown agroup e.g., Li, Na, K.
(3) Thereareregular discontinuitiesintheincreasetrend acrossaperiod e.g., BetoB, and
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Graph showing the variation of first ionisation
energies with increase of atomic number.
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IncreaseacrossaPeriod

As we pass from left to right in a period, the first ionisation energy shows a steady increase.
Thusin Period 2from Li to N, we have

Li Be B © N
| E, (kImol-1) 525 906 805 100 1400
Explanation

The outer-shell electronsin the elements of the same period are arranged in the same shell. For
example, the build up of electronsin Period 2 from Li to B isshownin Fig. 2.20.

[v9)

200 @ L))
ST // /]
- 1

Shleldmg electrons

W Figure 2.20
Build up of atoms of elements for Li, Be, B.

Moving from Li to B, the positive charge on the nucleusincreases whereas the distance between
the nucleus and val ence el ectrons decreases. Therefore more energy isrequired to remove an electron
aswe go from left to right in the Period. Since the number of screening el ectrons remains the same,
they do not upset the increase trend.

Decreasedown aGroup

Inthe elements of avertical Group of the Periodic table, the number of outer shell electronsisthe
same. But the following changes are noted from top to bottom.

() Theprincipal quantum number n containing thevalenceelectronsincreases.
(2 Thenuclear charge(At. No.) increases.
(3 Thenumber of electronsin theinner shells(shielding electrons) incr eases.

The net result of these changes is that the first ionisation energies down a group record a
progressive decrease. Thusfor Group |A we have

Li Na K Ro Cs
I E; (kImol—1) 525 500 424 408 332

L et usexplain the above decrease trend by taking example of lithium and sodium. They havethe
atomic structures.

Core Core
—c
n\:\1 n=\2 n=1 n=2 n=3

2e 1€

/ / 2e 8¢€¢ 1€
I_'_I I_'_I
Shielding Shielding
electrons electrons
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Lithium and sodium both have one outer-shell electron. The number of shielding electronsin
sodium is 10 while in lithium it is 2. If we assume that the inner shell electrons provide hundred
percent screening, the core charge attracting the outer-shell electron would be :

Nuclear Shielding Corechargeattracting
charge electrons outer -shell electron
Li 3 2 3—-2=+1
Na 11 2,8 11-10=+1

Thusthe same net charge (+ 1) attracts the outer-shell electronsto the core. But the distance of
the outer electron from the nucleusis greater in Na (n = 3) thanin Li (n=1). Therefore the force of
attraction between the outer electron and the corewill belessin Nathanin Li. That explainsthelower
| E of Nacompared to Li. By the same line of argument, the decrease trend in | E from element to
element while going down a Group can bejustified.

Regular Discontinuities

As aready discussed, the first ionisation energies increase across a period. But this increase
trend is upset at the third and sixth element in a period. As clear from graph in Fig. 2.19, there are
breaks at B and O which occupy thethird and fifth positions respectively in the 2nd period. Thel E;
of B islessthan that of Beand thel E, of O islessthan that of N.

Explanation
(a) Theelectronic configuration of Beand B are:
Be 12 2¢° B 15?282 2pt

The 2p orbital electron of B isalready higher in energy than the 2s orbital electron. Thereforethe
removal of electron from B requires|essenergy andits| E, islower.

(b) Theelectronic configurationof Nand Ois:

N 1s?28? 2p° @) 1s? 2¢? 2p*

The 2p orbitals may be represented as
A A A Al A A
A el O 9% =™ =

Whenever two electrons occupy aparticular orbital, they repel each other. Asaresultitiseasier
to remove one of the paired 2p electronsfrom O than it isto remove an unpaired electron from N atom.
Thus| E, of Oislower than that of N.

ELECTRON AFFINITY
A neutral atom can accept an electron to form negativeion. Inthisprocess, in general, energy is
released.
Electron affinity (EA) of an element istheamount of ener gy r eleased when an electronisadded
toagaseousatom toform an anion.
X(g

The energy involved in the addition of the first electron is called first-electron affinity; the
energy involved in the addition of a second electronis called second-electron affinity; and so on.
Thus,

)+e‘ — X(‘g)+EA

X+e —— X +EA
X" +e —> X¥ 4 EA,
The electron affinity of an element measures the ease with which it forms an anion in the gas
phase.



74 2 PHYSICAL CHEMISTRY

Electron affinities are difficult to measure and accurate values are not known for all elements.
They are expressed in kJmol—1.
Trends in Electron Affinities

Thefactorsthat determine the magnitude and sign of electron affinitiesare similar to those used
to explain ionisation energies of elements. In fact, the electron affinity of a neutral atom may be
thought of simply as equivalent to the ionisation energy of the singly charged negative ion of the
atom.

AT+IE — A+€
A+e — A" +EA

Thefirst-electron affinities of elementsin the Periodic table are expected to show trends anal ogous
to those of ionisation energies.
(a) Increaseacrossa Period

Thevalues of electron affinitiesfor Period 2 arelisted below.

Be B @ N (0] F Ne
—240 23 123 000 142 323 —29k Jmol—

Aswe proceed from left to right, the general trend istheincrease of electron affinities. Be, N and
Neare exceptions.

Explanation

Elements having relatively stable electronic configurationsfind it difficult to accept an electron
readily. The atom of Be has the configuration 1s? 2s%. The 1s subshell is completely filled and,
therefore, the electron being added must go to a subshell of considerably higher energy. This gives
riseto negative electron affinity for Be.

Theatomof N (15 25%,2p}, 2y, 2p} ) hashalf-filled 2p subshells, acondiition of extrastability.
Therefore the el ectron affinity of N would be less than expected.

Theelectron affinity of Neonislow becauseit hasastable outer-shell octet. Itsatom showslittle
tendency to start a new shell.

(b) Decreasedown aGroup
Thevaluesof electron affinitiesfor halogens (Group V1) are given below.
F Cl Br I
3326 39 3247 2%6 kJmolt

The electron affinities show a general decrease from top to bottom. This is so because the
valence shell isprogressively farther from the nucleus. The valuefor fluorine, however, isout of line
asit hasasmaller atomic size than that of chlorine.

(c) Second electron affinity negative
The second electron affinity of an element is always negative. Thisis on account of repulsion
between the electron being added and the already negatively charged atom. For example,

S+ —s & EA =—194k Jmol-1

ELECTRONEGATIVITY

InamoleculeA — B the electronsforming the covalent bond are attracted by atom A aswell asby
B. Thisattractionismeasured in terms of what we call electronegativity, EN. It may bedefined as:

The attraction exerted by an atom on the electron pair bonding it to another atom
by a covalent bond.
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EN of A / Shared electrons
et
EN of B

Itisevident that an atom of high electronegativity will attract the shared electron pair away from
oneof lower electronegativity. Thustheformer atom will acquire apartial negative chargewhilethe
other atom will get apartial positive charge.

Electronegativity Values

Using measured values of bond energies, Pauling devised a set of electronegativity values. He
allotted a value of 4 to the most electronegative atom, namely fluorine, and assigned values to the
atoms of other elements.

Trend in Electronegativities

The variations in electronegativities of elements in the Periodic table are similar to those of
ionisation energies and electron affinities.
(1) Increaseacrossa Period

The values of electronegativities increase as we pass from left to right in a Period. Thus for
Period 2 we have

Li Be B © N (0] F
10 15 20 25 30 35 40
This is so because the attraction of bonding electrons by an atom increases with increase of

nuclear charge (At. No.) and decrease of atomic radius. Both these factors operate as we move to
therightin aPeriod.

(2) Decreasedown aGroup
The electronegativities of elements decrease from top to bottomin a Group. Thusfor Group VI
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we have
F Cl Br I
40 30 28 25
Thedecreasetrend isexplained by more shielding electronsand larger atomic radiusaswetravel
down aGroup.
Importance of Electronegativity

The electronegativities of elements are widely used throughout the study of Chemistry. Their
usefulnesswill be discussed at appropriate places. Theimportant applications of electronegativities
arelisted below.

() Inpredictingthepolarity of aparticular bond. The polarity of abond, inturn, showsthe
way how the bond would break when attacked by an organic reagent.

(2 Inpredictingthedegreeof ioniccharacter of acovalent bond.
(3 Inpredicting of inductiveeffectsin organic chemistry.
(4) Inunderstanding the shapesof molecules.

EXAMINATION QUESTIONS

1. Defineor explainthefollowing terms:

(@) Planck’s constant (b) deBroglieequation

(c) Heisenberg's uncertainty principle (d) Schrédinger’swaveequation
(e) Principal quantum number () Azimutha quantum number
(g) Magnetic quantum number (h) Zeeman effect

(i)  Spin quantum number () Pauli’sexclusionprinciple
(k) Aufbau principle () Hund'srule

2. What do you mean by the ‘ionization potential’ of an element? Why the first ionization potential of an
element islessthan the second i oni zati on potential ? How does theionization potential of an element vary
with atomic volume?

3. (a) What doyou understand by the dual character of matter? Derive de Brogli€'s equation. How wasiit
verified?
(b) A particlehaving awavelength 6.6 x 10* cmismoving with avelocity of 10° cm sec™. Find the mass
of the particle. Planck’s constant = 6.62 x 10727 erg sec.
Answer. (b) 1.003 x 1029 g
4. (a) State and discuss Heisenberg's uncertainty principle.
(b) Draw energy level diagram valid for hydrogen and multi-el ectron atoms.
(c) Write Schrédinger wave equation.
5. Discussthefollowing :
(8 Hund'sRule of Maximum multiplicity.
(b) Pauli’sExclusion Principle.
6. What isthe wavelength associated with a particle of mass 0.1 g moving with a speed of 1 x 10° cm sec?
(h=6.6 x 10?7 erg sec)
Answer. 6.6 x 1031 cm

7. StatePauli’sexclusion principle. Based on this principle show that the maximum number of electronsthat
can be accommodated in an orbit is 8 when n = 20.

8. Thevelocity of aball being bowled by Kapil Dev is 25 m sec™t. Calculate the wavel ength of the matter-
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wave associated with the ball. Derive the equation you used. Weight of cricket ball = 158.5 g and
h=6.625 x 10%" erg sec.
Answer. 1.67 x 1032 cm

Calculate the de Broglie wavelength for a ball of 200 g mass moving with a velocity
3 x 10 cm sec! and an electron moving with the same vel ocity. What do these values indicate?

Answer. 1.04 x 103 cm; 2.4239 x 10 cm
(a) Describethe Davison and Germer experiment for the verification of wave nature of electrons.

(b) If an eectron is accelerated by 100 volts, calculate the de Broglie wavelength associated with it. Also
calculatethe velocity acquired by theelectron (Massof dectron=9.1x 108g; h=6.62 x 102" erg sec).

Answer. (b) 1.2247 A; 5.940 x 108 cm sec?

State Pauli’s exclusion principle and show that the maximum number of electronsin agiven shell is 2n?
where nisthe principal quantum number of the shell.

Derive Schrédinger wave equation for the wave mechanical model of an atom and discussits application
to hydrogen atom. What is the significance of y and y2in it?

What are three quantum numbers used to describe an orbital ? What property of an orbital isdescribed by
each quantum number? Specify the rule that governs the values of each quantum number.

What are quantum numbers? Mention all values of different quantum numberswhenn = 2.

(&) Which other particles besides electron show particle-wave duality? Give two examples.

(b) Calculate the wavelength of aparticle of mass 1.5 g moving with avelocity of 250 m sec™.
Answer. (b) 1.766 x 1031 cm

(a) Writeanote on Heisenberg's uncertainty principle. How this principle goes against Bohr’stheory?

(b) What isionisation energy? What are the factors which affect the ionisation energy of an element?
How ionisation energy changes among the elementsin agroup and in a period?

Write short notes on :

(a) Pauli’sexclusionprinciple (b) Uncertainty principle

(c) Photoelectric effect (d) Aufbau principle

Calculate the momentum of a particle which hasade Broglie’'swavelength of 0.1 nm.
Answer. 6.6 x 102*kg m? sect

The kinetic energy of an electron is 4.55 x 102 J. Calculate its wavelength (h = 6.6 x 10-3* kg m?
sec’!; mass of electron=9.1 x 1031 kg).

Answer. 7.25x 10 m

Thekinetic energy of asubatomic particleis5.60 x 1025 J, Calcul ate the frequency of the particle wave
(Planck’s Constant h = 6.6 x 1073* kg m? sec™?)

Answer. 1.696 x 10° sec!

Calculate the wavelength associated with an electron moving with a velocity of 1 x 108 cm sec™.
(mass of the electron = 9.1 x 1028 g).

Answer. 7.28 x 108 cm

Calculate the uncertainty in the velocity of abullet of mass 10 g whose position at timet is known with
uncertainty equal to 1.0 x 10 m.

Answer. 5.628 x 1028 msec? (Panjab BSc, 2000)
Calculate the uncertainty in the velocity of an electron if the uncertainty in positionis 1 x 10719 m,
Answer. 5.76 x 10° msec! (Madras BSc, 2000)
Calculate the uncertainty in the position of a particle when the uncertainty in the momentum is

(8 1x107"kgmsectand (b) zero

Answer. (a) 5.72x 1028 m; (b) o (Delhi B, 2001)

Explain Heisenberg's uncertainty principle. How does it influence the concept of the electron ?
(Lucknow BSc, 2001)
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What are postulates of Quantum Mechanics? (MD Rohtak BSc, 2002)
Write Schrodinger’ swave equation for asingle electron atom. (Nagpur B, 2002)
(a) DeducedeBroglie'srelation for amatter wave and explain thetermsinvolvediniit.
(b) Draw and explain the angular probability distribution curve for 1s electron. (Mizoram BSc, 2002)
(@) What isthesignificance of the wave function, ‘' ?
(b) State and explain Heisenberg's uncertainty principle. (Mizoram B, 2002)
Givewave mechanical interpretation of an atomic orbital . Discussqualitatively the probability distribution
curvesof s, pand d orbitals and hence draw the contour diagrams of all the 2p, 3p and 3d orbitalson x, y
and z axis, showing the sign of wave functions. (Guru Nanak Dev BSc, 2002)
Describe the shapes of sand p orbitals on the basis of quantum mechanical concept.
(Mizoram B, 2002)
A moving ball weighing 200 g is to be located within 0.2 A. What is the uncertainty in the velocity?
Comment on your result. (Given h = 6.626 x 10-3* Joule sec)
Answer. 165.5 x 104 msect (Lucknow BSc, 2002)
Calculate de Broglie' swavelength of axenon atom moving with avelocity of 2.4 x 102 msecL. (Atomic
weight of xenonis 2.2 x 1025 kg)
Answer. 30 A (Arunachal BSc, 2002)
(a) GivedeBroglie'srelation for aparticle of mass, m, moving with avelocity, v.
(b) Calculate the uncertainty in velocity of acricket ball of mass 150 g if the uncertainty in positionis
1A. (h=6.63 x 103* J sec)
Answer. (b) 3.516 x 10 msec? (Arunachal BSc, 2002)
An electron has aspeed of 3.0 x 10* cm sec! accurate to 0.01%. Find out the uncertainty in the position
of the electron. (h = 6.625 x 102" erg sec, m=9.11 x 1028 g)
Answer. 17.582 x 1072 A (Vidyasagar BSc, 2002)
(a) Discuss probability distribution curves for s and p orbitals.
(b) Discussthefollowing :
(i) Wave nature of an electron
(i) Significance of wavefunction (Jammu B, 2002)
(a) Writethe electronic configuration of the elements with atomic numbers : 10, 20, 29, 49 and 63
(b) Write Hund's rule of maximum multiplicity.
() What do you understand by wave function? (Jammu B, 2002)
(a) Giveradial probability distribution curvesfor 2p and 3p orbitals and give their characteristics.
(b) Draw energy level diagram for amulti-electron atom.
() Writethe ground state electronic configuration for Ce (Z = 58) and Sn (Z = 50).
(Punjabi BSc, 2002)
State Schrédinger’s wave equation. How this equation led to quantisation of energy?
(Nagpur B, 2003)
Calculate uncertainty in momentum of electron, if uncertainty in position is 108 m
(h=6.624x10"3* J sec) (Nagpur BSc, 2003)
Answer. 5.27 x 1027
(a) Whatis'Effective Nuclear Charge' ?What relation doesit have with ‘ shielding’ phenomenon?
(b) Giventhat thefirst I.E. of Al islessthan that of Mg. What about the second I.E. of Al compared to

that of Mg? Why? (Delhi B, 2003)
Calculate the energy of aphoton of wavelength 400 nm. (h=6.62 x 10734 Jsec.)
Answer. 0.04967 x 1077 Joule (Sambalpur BSc, 2003)

The wavelength of blue light is 480 nm. Calculate the frequency and wavelength of the light.
(c=3x10® msec?)

Answer. 6.25x 10 secand 1.6 x 1075 m? (Sambalpur BSc, 2003)
The uncertainty in the momentum of aparticleisfound to be 2.5 x 10716 g cm™. What is the uncertainty
initsposition? (h = 6.626 x 1027 erg sec)

Answer. 2110 x 107 A (Sambalpur BSc, 2003)
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Determine the wavelength of a cricket ball having a mass 4.0 x 102 kg and velocity 30 m sec.
(h=6.624 x 107** J sec)

Answer. 552 x 1024 A (Nagpur BSc, 2003)
Calculate uncertainty in momentum of electron, if uncertainty in position is 106 m.

(h=6.624 x 1034 Jsec)

Answer. 0.527 x 1028 Ns (Nagpur BSc, 2003)

Calculate de Broglie wavelength associated with a ball weighing 150 g thrown with a velocity of
3x103cmsec?. (h=6.625 x 10?7 erg sec)

Answer. 0.0147 x 1030 cm (Sambalpur BSc, 2004)
Calculate the de Broglie wavelength of an electron moving with avelocity of 6 x 10° m sec™™.
Answer. 1.456 x 108m (Punjabi BSc, 2004)

Calculate the uncertainty in position of an electron if uncertainty in velocity is 5.7 x 10° m sec™.
(h=16.6 x 103* kg m? sec!; mass of electron =9 x 1031 kg)

Answer. 1071°m (Agra B, 2004)
A body moving with a speed of 100 m sec! has awavelength of 5 x 10-3¢ m. Cal cul ate the mass of the
body. (h=6.6 x 103* kg m? sec™h)

Answer. 1.32 kg (Panjab BSc, 2004)

Calculate the uncertainty in momentum of an electron if uncertainty in its position is approximately
100 pm. (5.0 x 1012 m).

Answer. 5.27 x 105 kg msec? (Delhi B, 2004)
Calculate the wavel ength associated with an electron moving with avelocity of 1x 10° cm sec™. (mass of
the electron = 9.1 x 107%g). (Delhi Bc, 2005)

Answer. 7.28x 108 cm
Calculate the de Broglie wavelength of an electron moving with avelocity of 6 x 10° msec™.

Answer. 1.456 x 10¥m (Tripura BSc, 2005)
A body moving with aspeed of 100 m sec™ has awavelength of 5 x 106 m. Calculate the mass of the
body. (h = 6.6 x 1073 kg m? sec™?). (Banaras BSc, 2006)
Answer. 1.32 kg

Calculate the uncertainty in momentum of an electron if uncertainty inits position isapproximately 100
pm. (5.0 x 102 m). (Sambalpur BSc, 2006)

Answer. 5.27 x 10 kg m sec?

Calculate the uncertainty in the velocity of abullet weighing 10 g whose position is known with an
accuracy of £ 0.1 nm. (Panjab B, 2006)

Answer. 0.527 x 10" m sec™*

MULTIPLE CHOICE QUESTIONS

1

According to de Brogli€'s equation, the momentum of a particle in motion is proportional to
wavelength.

(a) inversely (b) directly

(c) isnot (d) none of these

Answer. (a)

The wavelength of large objectsis of no significance asitistoo to be measurable.

(@ smal (b) large

() heavy (d) none of these

Answer. (a)
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3. deBroglieequationis

(@ A=h/mv (b) A=mv/h

hv
(© A=hmv (d) 7»=F
Answer. (a)

4. “ltisimpossibleto determine simultaneously the position and velocity with accuracy of asmall particle
like electron”. This statement is

(a) Heisenberg's uncertainty principle (b) deBroglieprinciple
() Planck’slaw (d) Aufbau’'s principle
Answer. (a)

5. Therelation Axx Ap = 4L represents
T

(a) deBroglieequation (b) Heisenberg'suncertainty principle
(c) Schrodinger’swave equation (d) Pauli’sexclusion principle
Answer. (b)

6. In Schrédinger’s wave equation, the symbol y represents the
(a) wavelength of the spherical wave (b) amplitude of the spherical wave
(c) frequency of the spherical wave (d) none of these
Answer. (b)

7. Theenergy of electronin an atomic orbital isaways
(a) different (b) zero
(o) infinite (d) same
Answer. (d)

8. Anorbital isthe space around the nucleus where the probability of finding electronis
(a) aways zero (b)  maximum
() minimum (d) awaysinfinite
Answer. (b)

9. ThePrincipa quantum number ‘n’ represents
(a) averagesizeof theelectron cloud
(b) averageenergy of theelectron
(c) averagedistance of the electron from the nucleus
(d) all of theabove

Answer. (d)
10. ThePrincipa quantum number isrelated to the
(a) orbital angular momentum (b) size and shape of the orbital
(c) orientation of the orbital (d) averagesizeof theorbital
Answer. (d)
11.  The quantum number that defines the shape of the orbital occupied by the electron is
(@) principa quantum number (b) azimuthal quantum number
() magnetic quantum number (d) spin quantum number
Answer. (b)
12.  Theangular momentum of the electron is defined by the quantum number that is denoted as
@ n (b) ¢
(© m (d s
Answer. (b)
13. Thetotal number of sublevelsin each principal level isequal to
(a) spin quantum number (b) magnetic quantum number
(c) azimutha quantum number (d) principal quantum number
Answer. (d)
14.  The quantum number which accounts for the splitting up of spectral lines (Zeeman effect) is
(a) principal quantum number (b) azimuthal quantum number
() magnetic quantum number (d) spin quantum number

Answer. (c)



15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

STRUCTURE OF ATOM—WAVE MECHANICAL APPROACH 81

For agiven value of principal quantum number the order of increasing energy for different subshellsis

(@ s<p<d<f (b) p<d<f<s

(o) d<f<p<s (d f<d<p<s

Answer. (a)

Thep,, Py and p, orbitals are called degenerate orbitals asthey have

(a) equa energy (b) same orientation in space

() samesize (d) none of these

Answer. (a)

A nodal plane separatesthe two lobes of ap-orbital. Thereis likelihood of finding the electron
on this plane.

(& no (b) every

(c) either of these (d) none of these

Answer. (a)

Thetotal values of magnetic quantum number for agiven value of azimuthal quantum number is
@ 2¢ (b) 2¢ +1

(0 2/-1 (d 2¢-2

Answer. (b)

“No two electronsin an atom can have same set of four identical quantum numbers’. It is the statement
of

(8 Aufbau principle (b) Hund'srule

(¢) Pauli’sexclusionprinciple (d) none of these
Answer. ()

The orbital withn=3and / =2is

(@ 3s (b)) 3p

(¢ 3d (d 3f

Answer. ()

4s orbital haslesser energy than 3d orbital becauseit has

(a) greatervalueof n (b) lesservalueof ¢
(c) lesservalueof n+/ (d ¢=0

Answer. ()

The maximum number of electronsthat can be accommodated in f-subshell is
(@ 5 by 7

(¢ 10 (d 14

Answer. (d)

The energy associated with electronsin s, p, d and f orbitals of aparticular principal quantum number in
hydrogen atomisin the order

(@ s=p=d=f (b) s<p<d<f
(0 p<d<f<s (d f<d<p<s
Answer. (a)

For a multi-electron atom, the energy associated with electronsis s, p, d and f orbitals of a particular
quantum number isin the order

(@ s=p=d=f (b) s<p<d<f

(00 p<d<f<s (d) d<f<s<p

Answer. (b)

Thetwo electronsin thefirst shell will differ in the values for

(@& n (b) ¢

(© m (d) s

Answer. (d)

Which one of the following sets of quantum numbersis not allowed?
n f m s

@ 1 0 1 %
b 2 1 0 +%
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o 2 1 =2 +¥
d 2 1 +2 0

Answer. (d)
Which of thefollowing isincorrect for 3d orbital?
n f  m s
@ 3 0 0 +1
by 3 1 0 +Y2
© 3 2 0 +Y2
d 3 1 2 +Y2
Answer. (d)
The value of azimuthal quantum number for last electron of N-atom is
(@ o (b) 1
(© 2 (d 3
Answer. (b)
The maximum number of electronsin asubshell isgiven by the equation
(@ r (b) 2n?
(0 27-1 (d 2¢+1
Answer. (d)
Out of thefollowing, which isthe correct set of quantum numbersfor the outermost electron of potassium
atom (Z = 19)?
n £ m S
@ 4 3 2 e
by 4 2 0 s
o 4 1 0 +14
d 4 o0 0 s
Answer. (d)
The number of unpaired electronsin oxygen atom is
(@ 1 (b) 2
(© 3 (d 4
Answer. (b)
The number of unpaired electronsin chromium atom (Z = 24) is
(@ 1 (b) 2
(© 3 (d 6
Answer . (d)
In nitrogen atom there are three unpaired electrons. These are having direction of spin.
(a) same (b) different
(o) smilar (d) none of these
Answer. (a)
The maximum number of electronsthat can be accommodated in's, p, d and f orbitalsis
(@) 1,2, 3and 4 respectively (b) 1,2, 4and 8 respectively
(©) 2,4,6and 8 respectively (d) 2,6, 10 and 14 respectively
Answer. (d)
The sum of al quantum numbers of the electron of hydrogen atomis
(a -2 by 1
(© 32 (d +1/2
Answer. ()
The sum of al quantum numbers of the last electron in lithium atom is
(@ 32 by 2
(c) 52 (d 3
Answer. ()
The value of azimuthal quantum number for the electrons present in 5s-orbital is
@ O by 1
(© 2 (d 5

Answer. (a)
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According to Pauli’s exclusion principle two electrons can occupy the same orbital only if they have
direction of spin.

(a) different (b) same

(o) similar (d) none of these

Answer. (a)

Inthe ground state of an atom, the electronstend to occupy the available orbitalsinthe order of

energies.

(@) increasing (b) decreasing

(o any (d) none of these

Answer. (a)

Amongst 3d, 4sand 4p orbitals, the order of increasing energiesis

(@ 3d<4p<i4s (b) 4s<4p<3d

() 4p<4s<3d (d) 3d<4s<dp

Answer.. (d)

While comparing the energies of two orbitals we compare their (n + ¢ ) values the orbital with
(n+¢) valuewill have energy.

(a) lower, lower (b) higher, lower

(c) lower, higher (d) none of these

Answer. (a)

When two orbitalshave the same (n + ¢ ) value, the orbital with lower value of haslower energy.

(a) principal quantum number (b) azimuthal quantum number

(¢) magnetic quantum number (d) spin quantum number

Answer. (a)

After filling the 4p-orbitals, an electron will enter in

(@ 4d (b) 4f

() 5s (d) 3d

Answer. ()

If the electronic configuration of nitrogen (at no = 7) iswritten as 1s* 2s? 2p? ZpS}, it would violate

(a) Aufbau principle (b) Pauli’sexclusionprinciple

() Hund'srule of maximum multiplicity (d) none of these

Answer. ()

The outermost electronic configuration of manganese (at. no. = 25) is

(@ 3d°4¢ (o) 3d®4st

(0 3d"4< (d) 3d®4¢

Answer . (a)

The subshell, which does not exist, has the quantum numbers

(@ n=2 (=0 (b) n=2 /(=1

(0 n=2 (=2 (d n=3 /=0

Answer. (c)

The ground state electronic configuration of carbon atom has pairs and unpaired

electrons

@ 22 by 1,2

(© 21 (d 2,3

Answer . (a)

Two electrons occupying the same orbital have different

(a) principa quantum number (b) azimutha quantum number

() magnetic quantum number (d) spin quantum number

Answer . (d)

If thevalue of azimuthal quantum number is2, therewill be valuesfor magnetic quantum number.

@ 2 (b) 3

(c 4 (d 5

Answer. (d)
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The energy needed to remove a single electron (most loosely bound) from an isolated gaseous atom is
caled

(a) ionisationenergy (b) electron affinity

(c) Kkineticenergy (d) electronegativity

Answer. (a)

Generally speaking, theionisation energiesincrease when we move

(@) from left torightinthe periodic table (b) from top to bottom in a group
(¢) fromright to left in the periodic table (d) none of these

Answer . (a)

Theionisation energy of Boron (Z = 5) islesser than that of Beryllium (Z = 4). It is because
(@) Behasanincomplete 2s orbital

(b) Behastwo pairs of electrons

(¢) 2porbita isaready higher in energy than 2s orbital

(d) none of the above

Answer. (c)

A neutral atom can accept an electron to form an anion. This process involves
(a) lossof energy (b) gainof energy

(¢) nochangeinenergy (d) none of these

Answer . (a)

Electron affinity isexpressed in

(& gmol? (o) kJmol™

(© cdg? (d kgt

Answer . (b)

When we move from left to right across a period, the electron affinity in general
(a) remainsthesame (b) decreases

(¢) increases (d) becomeszero
Answer. (c)

The attraction exerted by an atom on the electron pair bonding it to another atom by covalent bond is
caled

(a) ionisationenergy (b) electron affinity
(c) electronegativity (d) none of these
Answer. (c)

The most electronegative element in the periodic tableis

(@) ceasium (b) chlorine

(¢) fluorine (d) barium

Answer. (c)

The values of electronegativities aswe move from left to right in a period.
(@) increase (b) decrease

(¢) remainthesame (d) none of these
Answer . (a)

The electron affinities from top to bottom in a group

(a) increase (b) decrease

() remainthesame (d) none of these
Answer . (b)

The second electron affinity of an element isaways

(a) zero (b) positive

(c) negative (d) infinity

Answer. (c)
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electronic configuration. However, they differ in respect of physical properties which depend on
atomic mass.

SYMBOLIC REPRESENTATION OF ISOTOPES

In denoting particular isotopes of an element, the following notation has been internationally
adopted. Thesymbol of theelement iswritten with atomic massat thehead and atomic number at
thebottom. Alternatively, the name of the element isfollowed by the atomic masswith ahyphen (-)
in between. Thustheisotopes of carbon (atomic number 6) having atomic masses 12 and 14 may be
written as

2C or C or Carbon-12
“C or YC or Carbon-14

12C or Carbon-12 reads‘ carbon twelve’ , meaning isotope of carbon with amass of approximately
12 amu.

IDENTIFICATION OF ISOTOPES

The positive rays produced in a discharge tube consist of nuclei of atoms. The deflection of
positive rays in an electric and magnetic field is proportional to e/m, the charge on the particle
divided by itsmass. The nuclei obtained from an element consisting of amixture of isotopeswill have
the same positive charge and, therefore, their deflection will be inversely proportional to their
masses. Thuswith asuitable application of electric and magnetic field, we can identify the isotopes
present in agiven element.

(1) Aston’sMass Spectrograph

In 1919 FW. Aston developed an instrument known as the Mass Spectrograph which can
accurately sort out the positive ions of different isotopes of an element and determine their masses
(Fig.3.2).

In this apparatus abeam of positive rays obtained from agaseous element in the discharge tube,
isrendered into afine ribbon by passing through slits S, and S,,. Thefine beam consisting of positive
ions of the various isotopes of the element is then sent between the electrostatically charged plates
P, and P,. Here the beam of positive ions is deflected down toward the negative plate. The slow
moving ions of the sameisotope are deflected more than the faster ones which causes a broadening
of the beam. Also, the heavier particles are deflected more (being slower) than the lighter ones and
this brings about a separation of the variousisotopes. The broadened beam of ionsisthen subjected
to amagnetic field (shown by dashed circle) at right anglesto the plane of the charged platesand is
thus sent in adirection opposite to that caused by the electrostatic field, slower particles again being
deflected most. By adjustment of thetwo fields all ions of the same mass come to focus on the same
point on the photographic plate where a sharp line is obtained. Thus each line recorded on the
photographic plate shows the existence of separate isotope. Further, the intensity of the line in
comparison with the lines of other isotopes, gives the relative abundance of this particular isotope.

The mass of aparticle corresponding to aline produced on the photographic plate is determined
by comparing with astandard line produced by aparticle of known mass (say, O* = 16). For example,
the examination of a sample of neon and chlorine by Aston’s Mass Spectrograph showed that they
weremade of Ne-20, Ne-22 and CI-35, CI-37 respectively. Theintensities of their lines showed that the
relative abundance was

ONe : ®Ne as 9:1
Bcl - ¥cl s 3:1
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B Original aparatus

Photographes ——
Sy

8 §; Py ﬁ" (,dﬁ
positve | | — &
" = st et
ays | | / =T e
b with ; i ..i
differant &fm = | i
B Figure 3.1 Ii.t.ugn;h:
Aston's Mass Spectrograph. faale

Thus Aston’s Mass spectrograph not only helped in identifying the isotopes present in an
element but also helped in determining the average atomic mass of agiven element.

Neon Chlorine

1|8 2|O 2|2 2|4 2|6 2|8 3|O 3;2 3|4 3|6 3|8

W Figure 3.2
Mass spectrographs of Neon and Chlorine.

SOLVED PROBLEM. A Sample of neon is found to consist of ©Ne, ?!Ne and ?Ne in the
following percentages:

2ONe 2092
2INe 026
2Ne 882

Calculate the atomic mass of neon.
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SOLUTION

masses of individual isotopes. Thus:
20x0.9092 = 1818
21x0.0026 = 0.055
22x0.0882 = 1A
2018
| Theatomic mass of neonis 20.18.

(2) Dempster’sM ass Spectrograph

lon accelerating

potential

+ —
Gas or | i I J
vapour : lon beam!

T
Electron — |
beam
Electron gun
M Figure 3.3

Dempster's Mass Spectrograph.

Inthisapparatus (Fig. 3.3) aslow stream of
gas or vapour of the sample under examination
ispassed in between two perforated plates. Here
it is bombarded by high-energy electrons shot
out from an electron gun. The gas atoms are
thus stripped of an electron and are converted
to mono-positiveions (atom—e=ion*). When
a potential of 500 to 2000 volts is applied
between the perforated accelerating plates, the
positive ions are strongly attracted to the
negative plate. The beam of positive ions
moving with accelerated speed then enters the
magnetic field at right anglestoits path and is
thus made to movein acircular path.

If V is the potential applied across the
accelerating plates and e the charge on each
positive particle, theelectrical energy is\e. This
is imparted to the particles as kinetic energy,
1/2mv2. Thus,

The atomic mass of an ordinary isotopic mixture is the average of the determined atomic

Strong magnet

- Slit plate
lon collector
Electrometer
100 A
90.20%
90 -
80 -
T 70 A
60 -
X
o 50 A
(&)
3
= 40 -
c
2 30 -
<
20 A
8.82%
10 0.257%
20 21 22
Mass —»
B Figure 3.4

A computer-plotted graph showing relative
abundances of the three isotopes of
neon against mass number.
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Ve = %m\/2 (1)
Inthe magnetic field of strength H, the magnetic force on the particle Hev, exactly balancesthe
centrifugal force, mv/r, r being the radius of the circular path. Thus,

mv?

= Hev -2

Eliminating v between (1) and (2), we have

o
T\ HZ%
m_ H%?

e oy (3
e, being the unit electrical charge, and r (depending on particular apparatus) are constant. If during
an experiment magnetic field H iskept the same, from (3) it follows that

or

1
moc —
\%

Thus by adjusting the accel erating potential (V), particles of mass m can be madeto fall on the
collector plate. Each ion sets up a minute electric current which passes to the electrometer. The
strength of thecurrent thusmeasur ed, givesther elativeabundance of the particles of massm.
Similarly, the particles of the other isotopes having different masses are madeto fall on the collector
and current strength measured. The current strength in each case givesthe rel ative abundance of the
individual isotopes. By comparing the current strengthswith an experiment performed with C-12ion,
the mass numbers of the various isotopes can be determined.

In the modern mass spectrographs, each ion strikes a detector, theion current is amplified and
fed to a recorder. The recorder makes a graph showing relative abundance plotted against mass
number. A computer-plotted graph of neon isotopesis shown in Fig. 3.4.

SEPARATION OF ISOTOPES

Sinceisotopes have exactly similar chemical properties, their separation by chemical meansis
out of question. Their differencein thosephysical propertieswhich depend on themassof theatom
hasbeen utilised to effect their separ ation. The methods commonly employed for the purposeare:
(1) GaseousDiffusion

Therate of diffusion of agasisinversely proportional to the square root of the molecular weight
(Graham's Law of Diffusion).

Rete of Diffusion o |—— ~
Molecular weight

Thus when a mixture of two gaseous isotopes is allowed to diffuse through a porous partition,
thelighter isotope passesthrough morerapidly than theheavier one. Theisotopesof neon (*Ne,
2Ne) and oxygen (160, 180) were separated by this method. The mixture of gaseous isotopes is
passed through a porous tube sealed in an outer jacket (see Fig. 3.5). Thelighter isotopes passes into
thejacket, whiletheresidual gasbecomesricher inthe heavier isotope. In actual practicea cascade of
many ‘ Diffusion units is used to achieve an appreciable separation. This process has been recently
used for the separation of the gaseous fluorides Z2°UF, and 3UF,. It provides aprocedure for effective
separation of theisotopes of uranium, namely, U-238 and U-235 (needed for atomic energy).
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Porous tube

Oute; jacket

7

&
< <

180

16 18
O+ "0
160

Gas richer in Mixture of
heavy isotope gaseous
isotopes

Gas richer in

16,
W Figure 3.5 o

A unit of the 'diffusion cascade' for the
separation of gaseous isotopes (160,180).

(2) Thermal Diffusion

A long vertical tube with an electrical heated wire
running downitsaxisisused. When amixture of gaseous
isotopesisintroduced into thetube, thelighter particles
diffusemorerapidly tothecentral hot region. Herethey
are carried upwards by convection currents. The heavier
particles, on the other hand, travel to the cooler inner
surface of the tube and sink to the bottom. Thus the
lighter isotope collects at the top and the heavier one at
the bottom. The isotopes of chlorine CI-35 and CI-37,
have been separated by this process. The fluorides of
uranium have also been separated by thermal diffusion.
(3) Digtillation

Thelighter isotopewill bedistilled over first, leaving
the heavier one behind. The isotopes of mercury were
separated by this method. The frozen mercury from the
cooled surfaceisremoved, melted and evaporated under
vacuum again. The whole process is repeated several
times to separate the isotopes of mercury.
(4) Ultracentrifuge

The mixture of isotopes is rotated in a high speed
centrifuge. The heavier isotope is concentrated at the
periphery. The separation depends essentially on the
molecular mass and not its square root, causing better
separation. The gaseous fluorides of U-235 and U-238
have been separated by this method.

(5) Electromagnetic Separation

l light isotope

Cylindrical

tube —™—

Light isotope
rises

Heavy isotope
sinks

Electrically
heated wire

Mixture of
isotopes

+ ---J e me-me-ememmnas

M Figure 3.6
Separation of isotopes by
thermal diffusion.

Thismethod usesthe principle of the Mass Spectrograph (Dempster). For example, the beam of
ions of the isotopes of neon (Ne-20, Ne-21, Ne-22) as obtained in the mass spectrograph, is then
passed between the poles of amagnet. Thedifferent isotopesar edeflected to different extentsand

arecollected in cooled chambersplaced in appropriate

positions. Although the quantities obtained

by this method are very small indeed, the separation is complete.
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(6) Fractional Electrolysis Vacuum

Here the principleisthat the rates of liberation of pﬂp
the isotopes of an element at an electrode during
electrolysisaredifferent. Thisis so becausetheions of Hot bath
the heavier isotope move slower, while those of the (40-50)
lighter isotope movefaster totheoppositeelectrode. Liquid air

Urey (1931) separated the two isotopes of _
hydrogen, H-1 and H-2, by the electrolysis of acidified is'(;{ggfas
water. H-1 (protium) isliberated fivetimesasrapidly as
H-2 (deuterium) at the cathode. The residual water
becomesricher in heavy water or deuterium oxide2H,O B Figure 3.7
or D,Owhichupon further electrolysisyieldsgasricher The separation of the isotopes of
in deuterium. mercury by vacuum distillation.

(7) Laser Separation
A laser isavery fine beam of electromagnetic radiation which consists of photons corresponding

to asingle wavelength, frequency or energy. All the wavesin the beam arein phase with all troughs
and peaks moving through space together.

Mercury

+
Me ions |

M Figure 3.8
Separation of isotopes of Neon by using the
principle of the Dempster's Mass Spectrograph.

In recent years, the development of lasers has been used for the separation of isotopes. If the
laser light is of the appropriate wavelength, one isotope will absorb the energy, while another
isotopewill not. Thedlight differencein absor ption spectra of thetwo isotopesthusproduced has
been used to separ atethe mor e ener geticisotopefrom theother.

The laser method has been used successfully for the separation of isotopes of chlorine and
sulphur. Potentially, laser isotope separation of uranium is 1000 times more efficient than gaseous
diffusion separation.

EXAMPLES OF ISOTOPES

Sinceisotopes of an el ement have the same atomic number, each of these contains equal number
of protons. They have different atomic masses which is accounted for by the different number of
neutrons present in the nucleus. Thus the isotopes of an element ar e characterised by different
number of neutronsin thenucleus.
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The atomic structure of an isotope with atomic number Z and mass number A (atomic massin
amu) can be given asfollows:
() Thenumber of extranuclear electrons=Z
(2 Thenumber of protonsin the nucleus=Z
(3 Themass number Aisequal to the total number of protons (Z) and neutrons (N) in the
nucleus. That is,

1 Proton
+1 Neutron

l

| sotopesof Hydrogen
Therearethreeisotopesof hydrogen : protium
(}H). deuterium (2HorD), and tritium

(fH or T). Protiumisby far the most abundant in

natural hydrogen, deuterium about 0.015% and
tritium only one out of 10,000,000 hydrogen atoms.

Structure

The atomic number of the three isotopes of
hydrogen is 1, while their mass numbers are :
protium 1, deuterium 2, and tritium 3. Thereforeeach  m Two isotopes of hydrogen
of the threeisotopes has one extranuclear electron
and one proton in the nucleus. The nucleus of protium is made of one proton only, while the number
of neutrons (A—Z) present indeuteriumis2—1=1, andintritium 3—1= 2. The structure of the three
isotopes of hydrogen can be pictorially represented as :

e e e
1y 2y 3

| sotopesof Neon
Neon has been found to consist of three isotopes : 2)Ne, Z2Ne and ZNe. Their percentage

abundance is
ZON e 21N e 22N e
90.92% 0.257% 8.82%
Structure

The atomic number of the three isotopes of neonis 10, while their mass numbersare 20, 21 and
22 respectively. Therefore each of these isotopes has ten extranuclear electrons and ten protonsin
the nucleus. The number of neutrons (A—Z) are: °Ne, 20—10=10; ?’Ne, 21 -10=11; ?’Ne, 22
—10=12. The atomic structure of the isotopes of neon can, therefore, be represented pictorialy as:

Oe Oe Oe

20 21 22
1oNe 1oNe 1oNe
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| sotopes of Oxygen

Oxygen hasthreeisotopes: *20, *0 and ‘20. These are found with the relative abundances of
99.759, 0.037 and 0.204 respectively.

Structure

The atomic number of the above three isotopes of oxygen is8 while their mass numbersare 16,
17 and 18. Therefore each isotope has 8 extranuclear electrons and 8 protons in the nucleus. The
number of neutrons (A —Z) in the threeisotopesis:

16 16 —8 =8 neutrons
179 17 -8 =9 neutrons
180 18 —8 =10 neutrons

The complete atomic structure of the isotopes of oxygen can be pictorially represented as:

8 p+ - 8 p+ - 8 p+ -
160 174 18,

| sotopesof Chlorine
Chlorineisamixtureof two isotopes: 2 Cl and 3/Cl. Their percentage abundanceis 75.53 and
24.47 respectively.

Structure

The atomic number of thetwo isotopes of chlorineis 17 whiletheir mass numbersare 35 and 37.
Therefore each isotopes has 17 extranuclear electrons and 17 protonsin the nucleus. The number of
neutrons (A — Z) in these isotopesis:

35 35—17 = 18 neutrons

sCl 37-17=20neutrons
The atomic structure of the isotopes of chlorine can be pictorially represented as :

7e 7e

35C| 37C|

| sotopesof Uranium
There are three isotopes of uranium :

238 235 234
92U’ 92U and 92U
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Natural uranium consists almost entirely of 238U, with about 0.72% of 235U and 0.006% of 234U.
Theseisotopes are particularly important in atomic energy.

Structure

The atomic number of the three isotopes of uranium is 92 and their mass numbers are 238, 235
and 234. Thus each isotope has 92 extranuclear electrons and 92 protons. The number of neutrons
(A—=2) intheseisotopesis:

238 238 —92 = 146 neutrons
235 235—92 = 143 neutrons
231y 234 —92 = 142 neutrons

The atomic structure of the three isotopes of uranium may be represented as:

+
92p") goe- 92e™ 92e”
146 n

238U 235U 234U

Almost every element in nature exists asamixture of isotopes. Theisotopes of the elementswith
atomic numbers1to 10, and their structureislisted in Table 3.1. It may be noted that some elements
e.g., fluorine, aremonoisotopic. Thesearefound in nature only asasingleisotope. About 20 elements
are monoisotopic.

ISOTOPES OF CARBON
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| sotopes of an element are atoms of the element that have different numbers of neutrons
in their nuclei. Carbon has three naturally occurring isotopes. The isotopes of carbon are
carbon-12, which constitutes 98.89 of all carbon atoms and serves as the standard for the
atomic mass scale; carbon-13, which isthe only magnetic isotope, making it very important
for structural studies of compounds containing carbon; and carbon-14, which is produced by
cosmic rays bombarding the atmosphere. Carbon-14 is radioactive, with a half-life of 5760
years. Theamount of carbon-14 remaining in historical artifacts can be used to estimate their

age.
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ISOTOPIC EFFECTS

Although in many respects the chemistry of the isotopes of an element is the same, there are
significant differences between them due to difference in masses. Thus the physical properties of
the compounds of each isotope of an element are distinctly different from those of others. Similarly,
reaction rates of theindividual isotopes are also different.

TABLE 3.1. THE NATURALLY OCCURRING ISOTOPES OF ELEMENTS WITH ATOMIC NUMBERS 1 TO 10

Isotope Atomic No. Mass No. Protons Neutrons Electronic configuration
2 (A) (=2 (=A-2)

Hydrogen—1 1 1 1 0 1 1st

Hydrogen—2 1 2 1 1 1 1st

Hydrogen-3 1 3 1 2 1 1st

Helium-3 2 3 2 1 2 1s?

Helium-4 2 4 2 2 2 152

Lithium-6 3 6 3 3 2,1 12 2st
Lithium-7 3 7 3 4 2,1 12 2st
Beryllium-9 4 9 4 5 2,2 1?2 2¢2
Boron-10 5 10 5 5 2,3 12 282 2pt
Boron-11 5 n 5 6 2,3 12 282 2pt
Carbon-12 6 12 6 6 2,4 12 282 2p?
Carbon-13 6 13 6 7 2,4 12 282 2p?
Carbon-14 6 14 6 8 2,4 12 282 2p?
Nitrogen—13 7 13 7 6 2,5 12 282 2pd
Nitrogen—14 7 14 7 7 2,5 12 282 2pd
Nitrogen-16 7 16 7 9 2,5 12 282 2pd
Oxygen-16 8 16 8 8 2,6 12 282 2pt
Oxygen-17 8 17 8 9 2,6 12 282 2pt
Oxygen-18 8 18 8 10 2,6 1?2 282 2pt
Fluorine-19 9 19 9 10 2,7 12 282 2p°
Neon—20 10 2 10 10 2,8 12 282 2pf
Neon—21 10 2 10 1 2,8 12 282 2pf
Neon—22 10 2 10 12 2,8 12 282 2pf

Thedifferencesin isotopesdueto massdiffer encesareter med | sotopic Effects.
Theisotopic effects show up clearly in theisotopes of hydrogen iH and 12H (D). Thedifferences

in the physical properties of water from ordinary hydrogen iH and heavy hydrogen D arelisted in
Table3.2.

TABLE 3.2. PHYSICAL PROPERTIES OF H,0 AND D,0

H,0 D,0
Molecular weight 1802 2003
Density at 0°C, gcm™3 1.000 1105
Meélting point, 0°C 0.00 382

Boiling point, 0°C 100.00 101.42




96 3 PHYSICAL CHEMISTRY

The isotopic effects are also exhibited by the difference in the reaction rates of the two
isotopes of hydrogen. Under similar conditions, the reaction of the heavy isotopes with chlorine
is about six times slower than that of light isotope.

Cl(@+D,(g) — DCl(g)+D(g) S OWER

Cl(g9+H,(g) —— HCI(g)+H(9) FASTER

This difference in reaction rates is explained by the fact that the covalent bond formed by
deuteriumisdlightly stronger than the corresponding bond with ordinary hydrogen. Hence areaction
that breaks a deuterium covalent bond is slower than the same reaction involving bond to light
hydrogen.

Thereare several useful applications of isotopic effects. One method of separation of isotopes of
hydrogen depends on the fact that the electrolysis of heavy water (D,O) isslower than the electrolysis
of normal water. Pure heavy water is a valuable by-product of the electrolysis of water, since large
guantities are required in nuclear reactors to moderate the rate of the uranium fission reaction.

WHAT ARE ISOBARS?

Theatomswhich havethesamemassnumber but different atomicnumbersarecalled isobars.
| sobars

The word isobar meaning ‘equally heavy’ is taken from the Greek isos = equal, and barys =

heavy. For example, 2 Ar, %K, and #Ca areisobaric atoms. Similarly, ‘g U, ‘g5 Np, and 5, Pu are
isobars.
Structure

Since isobars have the same mass number, the number of protons plus neutrons in the nucleus
in each of theseis equal. The number of protons being given by atomic number (Z), the number of
neutronsis, therefore, (A —Z) where A isthe mass number. The number of extranuclear electronsis

equal to (2). Thus the atomic structure of the isobars ;9 Ar, ;0K and 50Ca is shown below :

@e @e @e
8Ar 19 O

WHAT ARE ISOTONES?

Atomswhich havedifferent atomic number and differ ent atomic massesbut thesamenumber
of neutronsarecalled | sotones.

Examplesof isotones
() *%C, BN and ‘SO areisotones since each contains eight neutrons.

6 pJr - - 8 pJr -
14 15 16
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@ 2si, 3P and s areisotones. Each contains sixteen neutrons.

4e 5e Ge
32
1GS

3OSi Slp
14 15
I sotonesar edifferent elementshaving entir ely different atomic structur e. They have different
physical and chemical properties.
Some other examples of isotonesare :

5 : 6

SLi and .Be
5 6y
>He and sLi

6 7y 8
oHe ;Li and ;Be

EXAMINATION QUESTIONS

1. Defineor explainthefollowing terms:
(a) Isotopes (b) Rateof diffusion
(c) Isobars (d) Isotones

2. (@) What are isotopes and isobars? Illustrate your answer with suitable examples.
(b) Discuss the construction and working of Dempster’s mass spectrograph.

3. How is Aston's mass spectrograph used to detect the presence of an isotope? Describe briefly two
methods of separation of isotopes.

4. What are Isotopes and Isobars? Discuss the method by which isotopes can be separated from one
another.

5. (a) What do you understand by isotopes and isobars?

(b) Describe the working of Dempster’s Mass Spectrograph.

Write three isotopes of hydrogen and draw their structure.

Discuss the construction, working and advantages of Aston’s Mass Spectrograph.
Describe the construction, working and the use of Dempster’s Mass Spectrograph.
Give the principle of the diffusion method for the separation of isotopes.

10. Magnesium has naturally occurring isotopes with the following masses and abundances.

© oo

Iszotogtﬁe1 Atomic mass (amu) Fractional abundance
1M 925 23.985 0.7870
1oMg 24.986 0.1013
Mg 25.983 01117

Calculate the atomic mass of magnesium.
Answer. 24.31 amu
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Calculate the fractional abundances for the two naturally occurring isotopes of copper. The masses of
isotopes are 62.9298 and 64.9278 amu. The atomic mass of copper is 63.546 amu.

Answer. 0.692; 0.308 (Delhi B, 2000)
Calculate the atomic mass of boron, B, from the following data:
Isotope Atomic mass (amu) Fractional abundance
5B10 10.013 0.1978
;B! 11.009 0.8022
Answer. 10.8119 amu (Bundelkhand BSc, 2001)

Naturally occurring boron consists of two isotopes whose atomic masses are 10.01 and 11.01. The
atomic mass of naturally occurring boron is 10.81. Calculate the percentage of each isotope in natural
boron.

Answer. Percentage of isotope with atomic mass 10.01 = 20 (Dibrugarh BSc, 2002)
Percentage of isotope with atomic mass 11.01 = 80

Describe in brief any two methods of separation of isotopes. (Arunachal BSc, 2003)
Discuss the detection and separation of isotopes. (Madras BSc, 2003)
What areisotones and nuclear isomerism? Give examples. (Kerala BSc, 2003)
Define the terms : Isotope and | sobar. Give one example of each. (Kerala BSc, 2004)

(@) How are nuclear masses determined with a mass spectrometer? Explain.
(b) Calculate the relative atomic mass of an element which consists of the following isotopes with the

indicated relative abundance.
Isotope I sotopic mass Natural abundance
1 28.0 92.0
2 29.0 5.0
3 30.0 30 (Baroda BSc, 2005)

Answer. (b) 28.11

Silver hastwo naturally occurring isotopes with atomic masses 106.91 and 108.90 amu. The atomic mass
of silver is 107.87 amu. Calculate the fractional abundances for these two isotopes.

Answer. 0.518; 0.482 (North Eastern Hill BSc, 2006)

MULTIPLE CHOICE QUESTIONS

1

3.

The atoms of an element which have the same number of protons and different number of neutrons are
caled

(a) isotopes (b) isobars
(c) isotones (d) isomers
Answer. (a)
I sotopes of an element have atomic number but mass numbers.
(a) same, same (b) different, same
(c) same, different (d) different, different
Answer. ()

occupy the same place in the periodic table.
(a) isobars (b) isotopes
(c) isotones (d) none of these
Answer. (b)
| sotopes have chemical properties.

() same (b) similar
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(o) different (d) none of these

Answer. (b)

The electronic configuration of isotopes of an element is

(a) same (b) similar

(o) different (d) none of these

Answer. (a)

The physical properties of the isotopes which depend on the of the atoms are used to separate
them.

(a) electronicconfiguration (b) mass

(c) velocity (d) valenceelectrons
Answer. (b)

The mass number Ais given by (Z isatomic number and N is number of neutrons)
(& A=Z-N (b) A=Z+N

(©0 A=N-Z (d) A=2(Z+N)

Answer. (b)

An atom of contains no neutrons.

(a) hydrogen (b) deuterium

(c) tritium (d) none of these

Answer. (a)

The difference between the number of neutrons and the protons is positive for
(a) hydrogen atom (b) deuterium atom

(c) tritium atom (d) none of these

Answer. ()

An element with atomic number equal to one, exists in three isotopes namely ;H?, ;H? and ;H3. Which
out of these has only one electron in its outermost shell.

(@ H! (b) H?
(© H3 (d) all thethree
Answer. (d)

In which isotope of oxygen out of 06, 017 and O8 there are equal number of protons, electrons and
neutrons.

(a) 016 (b) o017

(o 018 (d) noneof these

Answer. (a)

Which isotope of chlorine out of ;,CI3 and ;,CI3” has greater number of neutrons than the protons?
(@ 17CI35 (b) 17CI37

(¢) neither of the two (d) both

Answer. (d)

The reaction rates of theindividual isotopes are

(a) thesame (b) different

() sometimesthe same, sometimesdifferent  (d) none of these

Answer. (b)

The atoms which have the same mass number but different atomic numbers are called
(a) isobars (b) isotopes

(c) isotones (d) isomers

Answer. (a)

Which istrue about the isobars?

(a) they have same mass number and same atomic number

(b) they have same mass number and different atomic number

(c) they have different mass number and same atomic number

(d) they have different mass number and different atomic number
Answer. (b)

Which of the following statements holds good for J9Ar , 19K and 33Ca

(@) they have equal number of protons and electrons
(b) they have equal number of protons and neutrons taken together
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(c) they have egqua number of neutronsin their respective nuclei
(d) none of the above

Answer. (b)
17. Atomswhich have different atomic numbers, different mass numbers but the same number of neutrons
arecalled
(a) isotopes (b) isobars
(c) isotones (d) isomers
Answer. ()
18.  Which of the following statement istrue for 4C, SN and 0.
(a) they have equal number of protons (b) they have equal number of electrons
(c) they have equal number of neutrons (d) they have equal mass number
Answer. ()
19.  Which of the following pairs represents i sotones?
(@ ;H'end ;H? (b) 3Ar and K
(© %cand %0 (d) 2Ne and ZNa
Answer. (c)
20.  Which of the following pairs represents isobars?
(@ o and O (b) K and fCa
(© %N and 30 (@ U and U
Answer. (b)
21. Anisotoneof %§C is
(@ ‘50 (b ‘c
(© %O (d) %N
Answer. (a)
22. Which of thefollowing isisoelectronic with ClI=1?
(@) S* (b) P>
(© K* (d) Al
Answer. (d)

23. Two nuclei A and B are isotonic with mass numbers 15 and 16 respectively. If A contains 7 protons,
then the number of protonsin B would be

@ 7 (b) 8
© 9 (dy 10
Answer. (b)

24.  SGe isisotonic with
(@ #Ge (b) HAs
(© HGe (d %%As
Answer. (d)

25.  Which of thefollowing atoms contains the largest number of neutrons?
(@ 2%3Bi (b) *%Bi
© %po (d) Z%aPb
Answer. (a)

26.  The number of neutrons present in 23 Np is
(@ 93 (b) 146
(©) 239 (d) 332
Answer. (b)

27.  Which of the following properties of the element is awhole number?
(a) atomicmass (b) aomicvolume
(c) atomicradius (d) atomic number

Answer. (d)



28.

29.

30.

31.

32.

38.

34.

35.

36.

37.

38.

39.

ISOTOPES, ISOBARS AND ISOTONES 101

Which of the following isfalse about 60 and 130 ?

(a) both have eight protons (b) both have eight electrons

(c) both have eight neutrons (d) they have different rates of diffusion
Answer. ()

Wheat is the relationship between ZZAI1% and ZNa* ?

(a) they are isotopes (b) they areisobars

(c) they areisotones (d) they areisoelectronic
Answer. (d)

2/Na and Mg arerelated to each other as

(a) isotopes (b) isobars

(c) isotones (d) isoelectronic

Answer. (b)

Then/p ratio for *30 isthe same asfor

(@ %C (b) N

(c) both (d) none of these

Answer. ()

In the nucleus of ngr , the difference between the number of neutrons and protonsis
@ 4 (b) 18

(o 22 (d) 40

Answer. (a)

Amongst the three isotopes of Neon - 3Ne, ZNe and 3 Ne the nucleus with lowest n/p ratio is
@ %Ne (b) HNe

© %Ne (d) all of these

Answer. ()

The number of neutronsis greatest in

(@ ZpU (b) 25U

© %u @ %

Answer. (d)

Calcium atom and Ca2* ions have

(@) thesame number of electrons (b) the same number of neutrons
(c) different number of protons (d) different number of neutrons
Answer. (b)

The set of isoelectronic speciesis

(@ Na" NeMg* (b) Na* Mg?+ AI3*

(©) Na"K*Ne (d) NeCl-Na

Answer. (b)

Anatom of ¢Kr contains

(a) 36 protons, 36 electrons and 36 neutrons  (b) 94 protons, 94 electrons and 94 neutrons
(c) 36 protons, 58 electrons and 36 neutrons  (d) 36 protons, 36 electrons and 58 neutrons
Answer. (d)

In 2B, then/p ratio is

(@ 10 (b) 125

(¢ 150 (d 20

Answer. (a)

Thenuclei ¢,Te!30, ., Xe'30 and ;Ba' are isobars as they have

(a) different number of protons (b) different number of neutrons
() samemassnumber (d) different mass number

Answer. ()
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40. Isotones have different physical and chemical properties asthey have

(8) same number of neutrons (b) different number of protons (or electrons)
() samemass numbers (d) different mass numbers
Answer. (b)
41.  Anelement M has an atomic mass 19 and atomic humber 9, itsion is represented by
(@ M* (b) M2+
(© M- (d M2~
Answer. (c)
42. Thenuclei, which are not identical but have the same number of nucleons, are called
(a) isotopes (b) isobars
(c) isotones (d) isoelectronic
Answer. (b)
43.  Which of thefollowing areisotopes?
(@ 17p+18nand 17p+20n (b) 19p+20n and 20p+21n
(¢ 18p+20n and 19p+21n (d 20p+20n and 19p+22n
Answer. (a)
44.  In which of the species the number of neutronsis equal to the number of electrons?
(a) 6ClZ (b) 7N 15
(© 8017 (d) 9|:19
Answer. (a)
45. Thetriad of nuclel that isisotonicis
(8) 4HYand H2 and ,H3 (0) %U, ZBU ad BU
(© 92Ar, 9K and $5ca (d %c, N and 0
Answer. (d)
46.  2Mg?* isisoelectronic with
(@ #Na (b) Al
(© fiNa' (@ Mg
Answer. (c)
47.  Inthenucleus of ,,M0% the number of nucleonsis
(a) 42 (b) 54
(c) 96 (d) 138
Answer. ()

48.  Theatomic mass of an element is not awhole number because
() nucleons are present in the nucleus
(b) the number of protonsis different from the neutrons
(c) of the presence of isobars
(d) of the presence of isotopes

Answer. (d)

49.  ggRa?3® contains neutronsin its nucleus.
(a) 88 (b) 236
© 148 (d) 324
Answer. ()

50. An element has atomic number 20. Its cation has 2 units positive charge. The number of electrons and
protons in its cation are
(@) 18eand20p (b) 20eand18p
(c) 20eand20p (d 18eand18p
Answer. (a)
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Nuclear Chemistry

achemical reaction, atoms of the reactants combine by

arearrangement of extranuclear electrons but the nuclei
of the atoms remain unchanged. In a nuclear reaction, on the
other hand, it is the nucleus of the atom which isinvolved. The
number of protons or neutronsin the nucleus changesto form a
new element. A study of thenuclear changesin atomsistermed
Nuclear Chemistry.

RADIOACTIVITY

A number of elements such as uranium and radium are
unstable. Their atomic nucleus breaks of its own accord to form
a smaller atomic nucleus of another element. The protons and
neutronsin the unstabl e nucleus regroup to give the new nucleus.
This causes the release of excess particles and energy from the
original nucleus, which we call radiation. The elements whose
atomic nucleus emits radiation are said to be radioactive. The
spontaneous breaking down of the unstable atoms is termed
radioactivedisintegration or radioactive decay.

Thedisintegration or decay of unstableatomsaccompanied
by emission of radiation iscalled Radioactivity.

Q nuclear reactionisdifferent from achemical reaction. In

103
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TYPES OF RADIATIONS

The radioactive radiations are of three types. These were sorted out by Rutherford (1902) by
passing them between two oppositely charged plates (Fig. 4.1). The one bending towardsthe negative
plate carried positive charge and were named o (alpha) rays. Those bending towards the positive
plate and carrying negative charge were called 3 (beta) rays. The third type of radiation, being
uncharged, passed straight through the el ectric field and were named y (gamma) rays. o, p andy rays
could be easily detected asthey cause luminescence on the zinc sul phide screen placed in their path.

Zinc sulphide
screen
o - Rays
Radioactive

material —

> > > v - Rays
+

B - Rays

M Figure 4.1
Detection of o, B and y-Rays.

PROPERTIES OF RADIATIONS

Alpha (o), beta (B) and gamma () rays differ from each other in nature and properties. There
chief properties are: (a) Velocity; (b) Penetrating power; (c) lonisation.
ALPHA RAYS

(1) Nature. They consist of streamsof c-particles. By measur ement of their m, Rutherford
showed that they have a mass of 4 amu and charge of +2. They are helium nuclei and may be
represented as 5a, or 3He.

(2) Velocity. a-particles are gjected from radioactive nuclei with very high velocity, about
one-tenth that of light.

(3) Penetrating power. Because of their charge and relatively large size, o-particles have
very little power of penetration through matter. They are stopped by asheet of paper, 0.01 mm thick
aluminiumfoil or afew centimetresof air.

(4) lonisation. They causeintenseionisation of agasthrough which they pass. On account of
their high velocity and attraction for electrons, a-particles break away electronsfrom gas molecules
and convert them to positive ions.

BETA RAYS

(1) Nature. They are streams of B-particles emitted by the nucleus. From their deflection
electric and magnetic fields, Becquerel showed that B-particlesareidentical with electrons. They
have very small mass (1/1827 amu) and charge of — 1. A B-particleis symbolized as_iﬁ or _2&

(2) Velocity. They travel about 10 timesfaster than a-particles. Their velocity is about the
same as of light.
(3) Penetrating power. B-Particles are 100 times more penetrating in comparison to o-

particles. This is so because they have higher velocity and negligible mass. -particles can be
stopped by about 1 cm thick sheet of aluminium or 1 m of air.
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Radiation /vPositive jon
AAAAANANAA~P
(o, B, 7)

atom
Electron
Ion
CI2 lon
Bond
/ breaks
Radiation
(o, B, 1) Atom
&
Chlorlne Electron
) molecule
M Figure 4.2

Radiation energy knocks electrons out of atoms or molecules.
This produces positive ions. Bond breaking often occurs in
unstable molecular ions.
(4) lonisation. Theionisation produced by -particlesin agasisabout one-hundredth of that of
a-particles. Though the velocity of B-particlesis higher but the mass being smaller, their kinetic
energy is much less than a-particles. Hence they are poor ionisers.

GAMMA RAYS

(1) Nature. Unlike o and B-rays, they do not consist of particles of matter. y-Raysareaform of
electromagnetic radiation of shorter wavelength than X-rays. They could be thought of as
high-energy photons released by the nucleus during o~ or -emissions. They have no mass or
charge and may be symbolized as 8y .

(2) Velocity. Likeall formsof electromagnetic radiation, y-raystravel with thevelocity of light.

(3) lonising power. Their ionising power is very weak in comparison to o.- and f3-particles.
A y-photon displaces an electron of the gas molecule to yield a positive ion. Since the chances of
photon-electron collisions are small, y-rays are weak ionisers.

1em Thick Gem Thick

Fap Al uminism Lead

Adpha_ e f_l:!
(£ 13 <
4]

1 1

Bala ﬂ B ik
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M Figure 4.3

Penetrating powers of alpha, beta and gamma rays.
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(4) Penetrating power. Because of their high velocity and non-material nature, y-raysare most
penetrating. They cannot be stopped even by a5 cm thick sheet of |ead or several metresthick layer
of concrete.

TABLE 4.1. COMPARISON OF PROPERTIES OF o, 3 AND y-RAYS

Property o-rays B-rays y-rays
Nature heliumnuclei §He fast electrons _(ie electromagnetic radiation
Velocity one-tenth of velocity of light velocity of light ~ velocity of light
Penetrating Power low moderate high
Stopped by paper or 0.01 mm thick 1cmof duminium several cmthick lead/

a uminium sheet concrete layer

DETECTION AND MEASUREMENT OF RADIOACTIVITY

Theradioactive radiation can be detected and measured by anumber of methods. Theimportant
ones used in modern practice are listed bel ow.

(1) Cloud Chamber

Thistechnique (Fig. 4.4) isused for detecting radioactivity. The chamber contains air saturated
with water vapour. When the piston islowered suddenly, the gas expands and is supercooled. Asan
o.- or B-particle passes through the gas, ions are created along its path. These ions provide nuclei
upon which droplets of water condense. The trail or cloud thus produced marks the track of the
particle. Thetrack can be seen through the window above and immediately photographed. Similarly,
o- or B-particlesform atrail of bubblesasthey passthrough liquid hydrogen. The bubble chamber
method gives better photographs of the particle tracks.

\ .
_‘ J—’ / Window

A — Radioactive
// substance

____—Camera

—— Dust-free air and
water vapour

____——Piston

B Figure 4.4
Principle of Cloud Chamber.

(2) lonisation Chamber

Thisisthe simplest device used to measure the strength of radiation. An ionisation chamber is
fitted with two metal plates separated by air. When radiation passes through this chamber, it knocks
electrons from gas molecul es and positive ions are formed. The electrons migrate to the anode and
positive ions to the cathode.

Thusasmall current passes between the plates. This current can be measured with an ammeter,
and gives the strength of radiation that passes through the ionisation chamber. In an ionisation
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chamber called Dosimeter, thetotal amount of el ectric charge passing between the platesin agiven

time is measured. This is proportional to the total amount of radiation that has gone through the
chamber.

o Radiation
lonisation

chamber

5o,
GOPTN

~

Air

_ m @ Positive ion @ Electron
| &/

Ammeter

Battery‘

M Figure 4.5
An lonisation chamber used to measure
the strength of radiation.

(3) Geiger-Muller Counter

Thisdevice (Fig. 4.6) isused for detecting and measuring the rate of emission of - or 3-particles.
It consists of a cylindrical metal tube (cathode) and a central wire (anode). The tube isfilled with
argon gas at reduced pressure (0.1 atm). A potential difference of about 1000 voltsisapplied across

the electrodes. When an a- or -particle enters the tube through the mica window, it ionises the
argon atoms along its path.

+ —
Ar —» Ar +e

| ol Insulator
neoming
n:-dl:t'.lnn-'-.“" + i .-f'f’
W [ N g Ao B
e —
window | g Arnplifier
b ——* and
Ciourrder
M Figure 4.6

Geiger-Muller Counter. LE0E Y
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The argon ions (Ar*) are drawn to the cathode and electrons to anode. Thus for afraction of a
second, apulse of electrical current flows between the el ectrodes and completes the circuit around.
Each electrical pulsemarkstheentry of onea- or 3-particleintothetubeandisrecorded in an
automatic counter. The number of such pulsesregistered by aradioactive material per minute, gives
the intensity of its radioactivity.

(4) <cintillation Counter

Rutherford used a spinthariscope (Fig. 4.7) for the detection and counting of o-particles. The
radi oactive substance mounted on thetip of thewire emitted o-particles. Each particle on striking the
zinc sulphide screen produced a flash of light. These flashes of light (scintillations) could be seen
through the eye-piece. With this device it was possible to count a-particles from 50 to 200 per
second.

Zinc sulphide Radioactive
screen substance
\ / ;
(“) LI / I:II ) }
E | +—oe | %
Wire Eye piece
W Figure 4.7

Spinthariscope.

A modern scintillation counter also works on the above principle and is widely used for the
measurement of a- or B-particles. Instead of the zinc sulphide screen, acrystal of sodium iodide with
alittlethalliumiodideisemployed. The sample of the radioactive substance contained in asmall vial,
isplacedina‘well’ cutinto thecrystal. Theradiation from the sample hit the crystal wall and produce
scintillations. Thesefall on aphotoelectric cell which producesapulseof electric current for each
flash of light. Thisis recorded in a mechanical counter. Such a scintillation counter can measure
radiation upto amillion per second.

(5) Film Badges
A film badge consists of a photographic film encased in a plastic holder. When exposed to

radiation, they darken the grains of silver in photographic film. The film is developed and viewed
under a powerful microscope.

As - or B-particles pass through the film, they leave atrack of black particles. These particles
can be counted. In thisway the type of radiation and itsintensity can be known. However, y-radiation
darken the photographic film uniformly. The amount of darkening tellsthe quantity of radiation.

A film badgeisan important deviceto monitor theextent of exposur e of per sonsworkinginthe
vicinity of radiation. The badge-film is developed periodically to see if any significant dose of
radiation has been absorbed by the wearer.

TYPES OF RADIOACTIVE DECAY

According to thetheory put forward by Rutherford and Soddy (1903), radioactivity isanuclear
property. The nucleus of a radioactive atom is unstable. It undergoes decay or disintegration by
spontaneous emission of an a.- or B-particle. Thisresultsin the change of proton-neutron composition
of the nucleusto form amore stable nucleus. Theoriginal nucleusiscalled the parent nucleusand
theproduct iscalled thedaughter nucleus.
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As evident from above, there are two chief types of decay:
(1) o-decay (@ B-decay
o-Decay
When a radioactive nucleus decays by the emission of an o.-particle (o-emission) from the
nucleus, the processistermed o.-decay. An alphaparticle hasfour units of atomic massand two units

of positive charge. If Z be the atomic number and M the atomic mass of the parent nucleus, the
daughter nucleus will have

atomicmass = M -4
atomicnumber = Z-2
Thusan a-emission reducestheatomic massby 4 and atomic number by 2.
For example, Radium decays by o.-emission to form anew element Radon,

ZRa - fu = FRn
(parent) (daughter)

B-Decay
When aradioactive nucleus decays by -particle emission (-emission), it iscalled 3-decay.

A free 3-particle or electron does not exist as such in the nucleus. It is produced by the conversion
of aneutron to a proton at the moment of emission.

A~

Neutron=p + €

Thisresultsin the increase of one positive charge on the nucleus. The loss of a3-particle from
the nucleus does not alter its atomic mass. For a parent nucleus with atomic mass M and atomic
number Z, the daughter nucleus will have

atomicmass = M
atomicnumber = Z+1
Thusa -emission increasestheatomic number by 1 with no changein atomic mass.
An example of B-decay isthe conversion of lead-214 to bismuth-214,

%o - % = B
(parent) (daughter)

Itisnoteworthy that af3-emission resultsin the production of anisobar. Thus, §;4Pb and 281;;‘ Bi

areisobaric asthey have the same mass number 214 but different atomic numbers (82 and 83).

Onea-emission and two B-emissionsyield an isotope. Let usconsider thefollowing series of
changes.

218 o | 214 B . 2l4p; B . 214
81 PO —— g Pb 83 B 84 PO

(parent) (isotope)

The parent element 28148 Po emitsan a-particle and subsequently two -particles, resulting in the

formation of 2812 Po which is an isotope of the parent. Both the parent and the end-product have the
same atomic number 84 but different mass numbers (218 and 214).
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SOLVED PROBLEM 1. How many o and B particlesare emitted in passing down from %2 Th to
= Pb.

SOLUTION. Let abethenumber of o particlesand b be the number of § particlesemitted during
the radioactive transformation. It can be represented as

232 208 4 0
o Th—— 5 Pb+asHe+be;

Comparing the mass numbers, we get
2R =208+4xa+hx0
or da = 232-208=24
or a==6
Comparing the atomic numbers, we get
D =82+2xa+b(-1)
Substituting the value of a, we get
PV =82+2x6-b
or b =94-90
or b=4
. Thus the number of o particles emitted = 6 and the number of 3 particles emitted = 4
SOLVED PROBLEM 2. %5 Pb isaf-emitter and % Ra isan a-emitter. What will bethe atomic

masses and atomic numbers of daughter elements of these radioactive elements ? Predict the
position of daughter elementsin the periodic table.

SOLUTION. (3) %9Pb undergoes B-decay i.e.

2 Se i

Comparing the atomic masses, we have
210 =0+b
or b =210
and comparing the atomic numbers, we get
82 =-1+a or a=83
Thus the daughter element will have the same atomic mass 210 and its atomic number will
be 83. It will occupy one position right to the parent element.

(b) %2Ra undergoes o decay i.e.
ZRa—— 3He + X
Comparing the atomic masses, we get
26 =4+b or b=232
and comparing the atomic number, we get
8 =2+a o a=86

Thusthe daughter element will have atomic mass 232 and its atomic number will be 86. It will
occupy two positionsto theleft of the parent element.
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THE GROUP DISPLACEMENT LAW

The position number of an element in a Group of the Periodic Table corresponds to its atomic
number. If the atomic number of agiven element ischanged, its Group al so changes accordingly. We
know that an oi-emission decreases the atomic number of the parent element by 2 and a B-emission
increasesthe atomic number by 1. Thus: in an o-emission, the parent element will bedisplaced toa
Group two placestotheleft and in ap-emission, it will bedisplaced toaGroup oneplacetotheright.

Thisiscalled the Group Displacement L aw. It wasfirst stated by Fajansand Soddy (1913) and
is often named after them as ‘ Fajans-Soddy Group Displacement Law’ .

GROUPS IN PERIODIC TABLE

IV B V B VI B

Pa

o
P a

Th

B Figure 4.8
lllustration of Group Displacement Law.

RADIOACTIVE DISINTEGRATION SERIES

A radioactive element disintegrates by the emission of an .- or B- particle from the nucleus to
form a new ‘daughter element’. This again disintegrates to give another ‘daughter element’. The
process of disintegration and formation of a new element continues till a non-radioactive stable
element isthe product.

The whole series of elements starting with the parent radioactive element to the stable
end-product iscalled a Radioactive Disintegration Series.

Sometime, itisreferred to asaRadioactive Decay Seriesor simply Radioactive Series. All the
natural radioactive elements belong to one of the three series:
() TheUranium Series
(@ TheThorium Series
(3 TheActinium Series
TheUranium Series

It commences with the parent element uranium-238 and terminates with the stable element
lead-206. It derivesits name from uranium-238 which isthe prominent member of the seriesand has
thelongest half-life. The Uranium seriesisillustrated in Fig. 4.9.

TheThorium Series

It beginswith the parent element thorium-232 and endswith lead-208 whichisstable. Thisseries
getsits namefrom the prominent member thorium-232.

TheActinium Series

It starts with the radioactive element uranium-235. The end-product is the stable element
lead-207. Thisseriesderivesits namefrom the prominent member actinium-227.
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THE URANIUM DISINTEGRATION SERIES

NUCLIDE PARTICLE PRODUCED HALF-LIFE
Uranium-238 (% U) o 451 x 10°years
l
Thorium- 234 (% Th) B 24.1 days
l
Protactinium-234 ( 293;‘ Pa) B 6.75 hours
{
Uranium-234 (%' U) o 2.48 x 10°years
{
Thorium-230 (39 Th) o 8.0x 10%years
{
Radium-226 (%2 Ra) o 1.62 x 103years
l
Radon-222 (%2Rn) o 3.82days
l
Polonium-218 ( 2&? Po) o 3.1 minutes
l
Lead-214 (%, Pb) B 26.8 minutes
{
Bismuth-214 ( %5 Bi) B 19.7 minutes
{
Polonium-214 ( %4 Po ) o 1.6 x 10~ second
d
Lead-210(%2Pb) B 20.4years
l
Bismuth-210 ( %5 Bi) B 5.0days
l
Polonium-210 ( %2 Po ) o 138.4 days
{
Lead-206 (%5 Pb) — Stable

W Figure 4.9.
The Uranium Series.

TheNeptunium Series

This series consists of elements which do not occur naturally. It commences with
neptunium-237 and terminates at bismuth-200. It derives its name from the prominent member
neptunium-237.
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223
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THE ACTINIUM SERIES

RATE OF RADIOACTIVE DECAY

The decay of aradioactive isotope takes place by disintegration of the atomic nucleus. It is not
influenced by any external conditions. Thereforetherate of decay is characteristic of an isotope and
depends only on the number of atoms present. If N be the number of undecayed atoms of an isotope
present in a sample of the isotope, at timet,

_ON N
dt
dN
" %N (3
or m @

dN
where 4 meanstherate of decreasein the number of radioactive atomsin the sample; and A isthe

proportionality factor. This is known as the decay constant or disintegration constant. Putting
dt = 1inequation (1) we have
_ON
N

Thusdecay constant may bedefined asthe proportion of atomsof an isotope decaying per
second.

UNITS OF RADIOACTIVITY

The standard unit of radioactivity (i.e. rate of disintegration) isCurie(c). A curieisaquantity of
radioactive material decaying at the samerateas 1 g of Radium (3.7 x 100 dps). Rutherford isamore
recent unit.

A -2

1 Rutherford = 108 dps
TheS.l. unitisBecquerel
1Bq = 1dps
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A

X
S
9 x
@ = fen----

2
= Half-life

t+ Time
M Figure 4.10

Decay curve of aradioactive
isotope of mass x.

HALF-LIFE

Thehalf-lifeor half-life period of aradioactiveisotopeisthetimerequired for one-half of the
isotopetodecay. Or, it may bedefined asthetimefor theradioactivity of an isotopetobereduced to
half of itsoriginal value. Half-life period is characteristic of aradioactive element. For example, the
half-life of radium is 1620 years. Thismeansthat 1g of radium will bereduced to 0.5 gin 1620 years
andto 0.25 g in further 1620 years; and so on. Some other radioactive elements may have half-life of
afraction of asecond and for othersit may be millions of years. Theunit of half-lifeperiodistime™1.

Parent Daughter
isotope isotope
(Blue) (Grey)
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Number of half-lives

THE ACTIVITY OF A RADIOACTIVE SUBSTANCE
Itisdefined astherateof decay or thenumber of disintegrationsper unit time. The activity of
asampleisdenoted by A. It isgiven by the expression :
A dN _

=—=AN
dt
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The unit of activity isthe curie (Ci) which istherate of decay of 3.7 x 10'° disintegrations per
second. The Sl unit of activity isbecquer el (Bq) which isdefined as one disintegration per second.

The activity of a radioactive sample is usually determined experimentally with the help of a
Geiger-Muller counter.
CALCULATION OF HALE-LIFE
From equation (1) we can write
dN

——=\dt
N
Onintegration,
_[ON _ kjdt
N
or —InN = At + X (constant) (3

If N, isthe number of atomsattimet=0, X =—InN,
Substituting the value of Xin (3)

—InN =At-InN,
N
Using ordinary logs,
N
2.303log | 2| =
Q(Nj =t (4

Athalf-lifetime(t, ), N= 2N,

N
2.303|og[ﬁ} = 2.303log 2=11,,

2o
or 068 =Aty,

0.693
or ty, = B ..(5

Thevalue of A can befound experimentally by finding the number of disintegrations per second
with the help of aGeiger-Muller counter. Hence, half-life of the isotope concerned can be cal cul ated
by using therelation (5).

- SOLVED PROBLEM 1. Calculate the half-life of radium-226if 1 g of it emits 3.7 x 100 alpha
particles per second.

SOLUTION
Rate of decay = Rate of emission of o.-particles
We know that
dN 0
e AN = 3.7 x 10'° per second ()
6.023 x 107

The number of atoms of radium present (N) in 1g of sample, = %6

0.693

tl/ 2

From equation (5) stated earlier ) =




116 4 PHYSICAL CHEMISTRY

Substituting the value of A and N in equation (1) above

23
dN _ 0693 6.023x10° . o
dt ty, 226

0.693 x 6.023 x 10%
3.7 x 10 x 226 x 60 x 60 x 24 x 365
= 1583 years

Hence byo=

SOLVED PROBLEM 2. Calculate thedisintegration constant of cobalt 60if itshalf-lifeto produce
nickel —60is5.2 years.

SOLUTION
From equation (5) stated earlier t,,, = ﬁ
0.693
or A= t
1/2
Substituting the value of t,,, we have A = g =013 yr™

SOLVED PROBLEM 3. The half-life period of radon is 3.825 days. Calculate the activity of
radon. (atomic weight of radon = 222)

SOLUTION
We know that
dN = AN -2
where dN is the number of atoms disintegrating per second, A is the decay constant and N is
the number of atomsin the sample of radon.
Calculation of A:

- 0.693 0.693

= = 2.096 x10 % sect
t,,  3.825x 24 x 60 x 60

Calculation of N
From expression (1) above
NoON_ 37 10"
A 2096x107°
Mass of 6.02 x 102 atoms of radon = 222 g

=1.7653 x 10'® atoms

Ls x 1.7653 x 10'°
6

Mass of 1.7653 x 106 atoms of radon = 5
2 x 10
= 651x106g

By definition, the activity of radon isits massin gramswhich gives 3.7 x 10% disintegrations
per second. Therefore activity of radon =6.51 x 10-8 g curie.

CALCULATION OF SAMPLE LEFT AFTER TIME T
It followsfrom equation (4) stated earlier that

log Noj_ At
N 2.303
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Knowing thevalue of A, theratio of N,/N can be cal cul ated. If the amount of the sample present
to start with is given, the amount left after lapse of timet can be cal cul ated.

SOLVED PROBLEM 1. Cobalt-60 disintegratesto give nickel-60. Calcul ate the fraction and the
percentage of the sample that remains after 15 years. The disintegration constant of cobalt-60 is
0.13yr 1L,

SOLUTION
No At (0.13yr ")(5yr)
‘N 2303 2303

% = antilog 0.847 = 7.031

log =0.847

Thefraction remaining isthe amount at timet divided by theinitial amount.

N_ 1 _omn
N, 7.031

Hencethe fraction remaining after 15 yearsis0.14 or 14 per cent of that present originally.

SOLVED PROBLEM 2. How much timewould it take for asample of cobalt-60 to disintegrate to
the extent that only 2.0 per cent remains ? The disintegration constant A is0.13 yr1.

SOLUTION
N_2 4o
N, 100
Ne 1
No__2 _g
or N 002

From equation (4) stated earlier

Iog[mj— At
N ) 2303

-1
log50 = w
2.303
or t= 2.303 IOQ_?O — 30 years
0.13 yr

SOLVED PROBLEM 3. A sampleof radioactive 13 | gavewith aGeiger counter 3150 counts per
minute at a certain time and 3055 counts per unit exactly after one hour later. Calculate the half life
period of 133,

t
SOLUTION. HereN,=3150; N=3055; El = lhour.

We know A= 0.693 and A = 2308 log No
' t N
2
0.693 2.303I Ny 2.303I 3150

or

tyo t 9N 1 Y35

or ty, = 22.63 years
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AVERAGE LIFE

In aradioactive substance, some atoms decay earlier and others survive longer. The statistical
aver ageof thelivesof all atomspresent at any timeiscalled theAveragelife. It isdenoted by the
symbol T and has been shown to be reciprocal of decay constant, A.

T=—

A
Theaveragelife of aradioactive element isrelated to its half-life by the expression :

Average life = 1.44 x Half-life
or T =144x%t,,
Theaveragelifeisoften used to expresstherate of disintegration of aradioactive element. The
averagelifeof radiumis 2400 years.

RADIOACTIVE EQUILIBRIUM

Let a radioactive substance A decay to give another radioactive substance B which decays to
form substance C. If A, and A are the decay constants for the two changes, we can write

A—ta, B _te,y C
Therate of disintegration of Aisalsotherate of formation of B. When the rate of disintegration
of A (or formation of B) is equal to the rate of disintegration of B, the amount of B does not change

with lapse of time. Then the radioactive equilibrium is said to be established between the substance
A and the substance B. At this stage

dt dt
where N, and N, are atoms of A and B present at the equilibrium.
N Y
NB 7‘A
But Aoty
Na _ by of B

Thusthe atoms of A and B are present in theratio of their half-lives.
Theradioactive equilibrium differsfromachemical equilibriuminthatitisirreversible.

RADIOACTIVE DATING

The age of an old piece of wood can be determined by radioactive dating technique. The
atmosphere contains radioactive carbon dioxide, 14CO,, and ordinary carbon dioxide, 2CO,, in a
fixed ratio. A plant while alive takes up both types of carbon dioxide and converts them to carbon-14
and carbon-12 photosynthesis. Thus a living plant contains radioactive carbon-14 and stable
carbon-12 in afixed ratio. When the plant dies, the uptake of carbon from the atmosphere stops. Now
onward, carbon-12 remains unchanged but carbon-14 decays by beta-emission.

“ec — YN+ 9 (Haf-life=5730yr)
(radioactive)
2C —— No change
(stable)
Asaresult, ¥C/*2C decreaseswith lapse of time.
Therefore the concentration of carbon-14 declines with time. The concentration of carbon-14
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can be measured by counting radioactivity. Knowing the concentration of carbon-14 in a given
sample of old wood and that in aliving plant, the age of the sample can be calcul ated.

SOLVED PROBLEM. The amount of carbon-14in apiece of wood isfound to be one-sixth of its
amount in afresh piece of wood. Cal culate the age of old piece of wood.
SOLUTION
Calculation of Decay constant :
Thehalf-life of carbon-14 =5730years
- 0.693 _ 0.693
ty,  5730yr
Calculation of Age of Wood :
From expression (4) on page 89 t =1log ico x 2.303
C A
or . Iogi N 2.303 x 5730
1/6 0.693
2.303 x 5730
=logbx ——
0.693
_0.7782 x 2.303 x 5730
- 0.693
| =14818.5 years

In anew method for determining the age of old wood (or fossil) the measurement of radioactivity
isavoided. Theratio 1C/12C isfound with the hel p of amass spectrometer in the old wood and fresh
wood from aliving plant. It is assumed that the ratio 2*C/12C in the fresh wood today is the same as
it was at the time of death of the plant.

Lettheratiointhefresh plantatt =0 be

14 CO
e, (1)
Let theratio in the old piece of wood at timet be
14Ct
e, =Yy (2
14 12
Dividing (1) by (2) % x 142 - §
The concentration of carbon-12 does not change with time and 12C,, = 12C,
“Cy x 1
Therefore 1 C = ; = W

wheretheratio in the old wood is y/x timestheratio in the living plant.
Knowing the value of y/x, the value of t can be found from the expression

4c, 2303
X —

14 Ct }\‘

t=log
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SOLVED PROBLEM. A bone taken from agarbage pile buried under ahill-side had 1*C/*2C ratio
0.477 timestheratio in aliving plant or animal. What was the date when the animal was buried?

SOLUTION
Half-lifeof carbon-14is5730years
.- 0.693 _ 0.693
ty,  5730yr
Substituting values in the expression

= log G, 2303
14 Ct }\‘
~log 10 “ 2.303 x 5730 — 61x10°
0.477 0.693
=6100yr
Theanimal wasburied 6100 years ago.

NUCLEAR REACTIONS

In achemical reaction there is merely arearrangement of extranuclear electrons. The atomic
nucleus remainsintact. A nuclear reaction involves achange in the composition of the nucleus. The
number of protons and neutronsin the nucleusis altered. The product is a new nucleus of another
atom with adifferent atomic number and/or mass number. Thus,

A nuclear reaction isonewhich proceedswith achangein thecomposition of thenucleussoas
toproducean atom of anew element.

The conversion of one element to another by anuclear changeis called transmutation.

We have already considered the nuclear reactions of radioactive nuclei, producing new isotopes.
Herewewill consider such reactions caused by artificial means.

DIFFERENCES BETWEEN NUCLEAR REACTIONS AND CHEMICAL REACTIONS

Nuclear Reactions

Chemical Reactions

1. Proceed by redistribution of nuclear particles. Proceed by the rearrangement of extra-
nuclear electrons.
2. Oneelement may be converted into another. No new element can be produced.
3. Often accompanied by release or absorp- Accompanied by release or absorption of
tion of enormous amount of energy. relatively small amount of energy.
4. Rate of reaction is unaffected by external Rate of reaction isinfluenced by external

factors such as concentration, temperature,
pressure and catalyst.

NUCLEAR FISSION REACTIONS

factors.

Inthesereactionsan atomic nucleusisbroken or fissioned intotwo or mor efragments. This
is accomplished by bombarding an atom by alpha particles (3He), neutrons (§n), protons (1H),
deutrons (12H ), etc. All the positively charged particles are accelerated to high kinetic energies by a

device such as a cyclotron. This does not apply to neutrons which are electrically neutral. The
projectile enters the nucleus and produces an unstable ‘compound nucleus’. It decomposes
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instantaneously to give the products. For example, 2N when struck by an a-particlefirst formsan
intermediate unstable compound nucleus, $F, which at once cleavesto form stables /0.

IH
_o
.-‘__"\-\.x _,.'-""fd-
u-Panica Fligs o o
aHe — L N |— ;F | ——=| IO
Unisiable
H compaund nucss
B Figure 4.11
Mechanism of a Nuclear fission reaction.
Other examplesare,
n
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Representation of some Nuclear Fission reactions.
Unstable compound nucleus is not shown.

Nuclear fission reactions are classified according to the projectile used and the particle that is
emitted. In Fig. 4.12 the type of the reaction has been stated.

Itisnoteworthy that neutronsar eparticularly useful asprojectile. Sir James Chadwick obtained
these by bombarding beryllium-9 with a-particles. Being electrically neutral, neutrons pierce the
positive nucleus easily.

NUCLEAR FUSION REACTIONS

Thesereactionstakeplaceby combination or fusion of two small nuclei intoalarger nucleus.
At extremely high temperaturesthekinetic energy of these nuclei overweighstheelectrical repulsions
between them. Thusthey coal esce to give an unstable mass which decomposesto give astable large
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nucleus and asmall particle as proton, neutron, positron, etc. For example:
(1) Two hydrogen nuclei, 2H , fuse to produce a deuterium nucleus, 2H .

. | Posian
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(20 Deuteriumnucleus, 2H , and tritium nucleus, 3H , combineto give helium nucleus, 4He
with the expulsion of aneutron.
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DIFFERENCES BETWEEN NUCLEAR FISSION AND NUCLEAR FUSION

Nuclear Fission Nuclear Fusion

1. A bigger (heavier nucleussplitsinto smaller 1. Lighter nuclei fuse together to form the

(lighter) nuclel. heavier nucleus.

2. It does not require high temperature. 2. Extremely high temperature is required

for fusion to take place.

3. A chain reaction setsin. 3. Itisnot achain reaction.

4. 1t can be controlled and energy released 4. It cannot be controlled and energy re-
can be used for peaceful purposes. leased cannot be used properly.

5. The products of the reaction are radioac- 5. Theproductsof afusionreaction arenon-
tivein nature. radioactivein nature.

6. Attheend of thereaction nuclear wasteis ~ 6. No nuclear waste is left at the end of
|eft behind. fusion reaction.

NUCLEAR EQUATIONS

Similar to a chemical reaction, nuclear reactions can be represented by equations. These
equationsinvolving thenuclei of thereactantsand productsar ecalled nuclear equations. The
nuclear reactions occur by redistribution of protons and neutrons present in the reactants so as to
form the products. Thus the total number of protons and neutrons in the reactants and productsis
the same. Obviously, the sum of the mass numbersand atomic numberson thetwo sides of the
equation must beequal.

If the mass numbers and atomic numbers of all but one of the atoms or particles in a nuclear
reaction are known, the unknown particle can beidentified.



NUCLEAR CHEMISTRY 123

HowtowriteaNuclear equation?

() Writethe symbols of the nuclei and particlesincluding the mass numbers (superscripts)
and atomic numbers (subscripts) on the left (reactants) and right (products) of the arrow.

(@ Balance the equation so that the sum of the mass numbers and atomic numbers of the
particles (including the unknown) on the two sides of the equation are equal. Thus find
the atomic number and mass number of the unknown atom, if any.

(3 Thenlook at the periodic table and identify the unknown atom whose atomic number is
disclosed by the balanced equation.

Examplesof Nuclear equations
(a) Disintegration of radium-236 by emission of an alphaparticle (5He),
2Ra—— 22Rn + JHe
Mass Nos: Reactants= 236 ; Products= 232+ 4 =236
Atomic Nos:: Reactants=88;; Products=86+2=88
(b) Disintegration of phosphorus-32 by emission of abetaparticle ( _(ie ),
f?, P—b> _ge + féS
Mass Nos : Reactants=32; Products: 0+32=32
Atomic Nos : Reactants=15; Products: 16—1=15
(¢) Fission of argon-40 by bombardment with aproton %H ,
ngr + %H —> ng + %)n
Mass Nos: Reactants=40+1=41; Products=40+1=41
Atomic Nos:: Reactants=18+1=19; Products=19+0=19
(d) Fission of uranium-235 by absorption of aneutron (3n),

U + 5n —— 2iBa+ 22Kr + 35n

MassNo: Reactants =235 + 1 = 236; Products= 141+ 92 + 3=236
Atomic Nos : Reactants=92 + 0=92; Products=56+36+0=92
(6 Fusion of lithium-7and proton, 1H,
fLi+H —— 23He
Mass Nos: Reactants=7+1=8; Products=2x4=8
Atomic Nos : Reactants=3+1=4; Products=2x2=4

SOLVED PROBLEM 1. Write the nuclear equation for the change that occurs in radium-226
when it emits an alphaparticle.

SOLUTION

Sepl Write the symbol of the parent atom with its mass humber and atomic number (from
periodic table) on the left-hand side of the equation.

Ra—>
Sep2 Write the symbol for the alpha particle on the right-hand side of the equation.

226 4
eg Ra ——> SHe + ?
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Sep3 Complete the equation by writing the symbol of an isotope that has an atomic number
88 — 2 = 86 and mass number 226 —4 = 222. As shown by the periodic table, theisotope
with atomic number 86 isradon, Rn. Thus,

Ra——> sHe + %22Rn

Sep 4 Check that the mass numbers and atomic numbers on the two sides of the equation are
bal anced.

Mass Nos:: 226 = 4+222
Atomic Nos : &8 =2+86

SOLVED PROBLEM 2. Cobalt—60 decays by emission of a beta particle. Predict the atomic
number, mass number, and name of theisotope formed.

SOLUTION
Sepl Wiritethe symbol of the cobalt with mass number and atomic number (from the periodic
table) on the left-hand side of the equation.
®Co—
Sep 2 If the unknown product isotope is X with mass number M and atomic number A, the
nuclear equation may be written as
Pco— MX + Je
Sep 3 Since the sum of mass numbers and atomic numbers are equal on the two sides of the
eguation,
M = 60
A=27+1=28
Sep 4 Consult the periodic table and find the el ement whose atomic number is28. Thisisnickel,
Ni. Therefore, the complete equation for the decay of cobalt-60is

60 60N : 0
57C0 —— »Ni + Ze
I

- SOLVED PROBLEM 3. Complete the nuclear equation

28U + 3He—— 2+ 5N

SOLUTION
L et the unknown atom be X with mass number M and atomic number A.

We can write the above nuclear equation as

U + sHe—— WX + in

But the sum of mass humbers on the two sides of the equation is equal. Thus,

238+4 =M+1
or, M =242-1=241
Also R2+2 =A+0
or A=A

Find the isotope of atomic number 94 from the periodic table. It is plutonium, Pu. Thus the
completed nuclear equation is

238 4 241 1
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ARTIFICIAL RADIOACTIVITY

Many stable nuclei when bombarded with high speed particles produce unstable nuclei that are
radioactive. The radioactivity produced in this manner by artificial means is known as artificial
radioactivity orinduced radioactivity. Theartificial isotopes disintegrate in adefinite fashion and
have specific half-life. For example, aluminium-27 when bombarded with a neutron emits an alpha
particle and forms sodium-24 which isradioactive. It disintegrates spontaneously by emission of a

betaparticle _2e) and the product is magnesium-24. Sodium-24 has half-life of 24 hours.
tn+ ZAl — Z'Na+ 3He
radioactive
ZNa— ZMg + Se

NUCLEAR ISOMERISM

Sometimes o, and B-decays may produce a pair of nuclei that have the same number of protons
and neutrons but different radioactive properties.

A pair of nuclei having samenumber of protonsand neutronsbut different half-livesarecalled
nuclear isomers. The phenomenoniscalled nuclear isomerism.

Exampleof Nuclear isomerism

Uranium-Z and Uranium-X, constitute apair of nuclear isomers. Both nuclei contain 91 protons
and 143 neutrons, and are isotopes. They exhibit B-ray activity with half-lives 6.7 hr and 1.14 min
respectively.

Explanation

The a- or B-decay of aradionuclidefirst leavesit in an excited state. Thisisthen converted into
the ground state nucleus. The excited and the ground state nuclei thus produced are called nuclear
isomers. The nuclear isomers may beisotopic or isobaric.

ENERGY RELEASED IN NUCLEAR REACTIONS

Einstein’ sEquation Relating M assand Ener gy

According to Albert Einstein, mass can be converted into energy and vice versa. His famous
equation relating mass and energy is
E =mc? (1)
where E = energy ; m=massand c = velocity of light. In nuclear reactions, achangein mass, Am,
isaccompanied by release of energy, AE. Thus equation (1) may be written as
AE = Amc? (2
If we substitute the value 3.00 x 10 cm/sec for the velocity of light, the equation (2) directly
gives the relation between the energy change in ergs and the mass change in grams.
AE (inergs) = 9.00 x 10%° x Am(ingrams) NE)
Making use of the conversion factor 1 erg=2.39 x 10~ ! kcal, we can expressthe energy change
ink cals.

-11
AE =9.00x10%erg x 222107 Am
lerg
or AE (inkcal) = 2.15x 10 x Am(in grams) (4

Very often, in a nuclear reaction, the mass of the productsis less than that of the reactants. The
mass difference is converted into energy. Therefore by using equation (4), we can calculate the
amount of energy released in a particular reaction. For example, in the equation
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i+ IH —>  JHe + 3He +  energy
7.160 10078 4.0026 4.0026
grams grams grams grams

The atomic mass difference between the reactants and products is 0.0186 gram. Using
equation (4)
AE =215x109x Am
= 2.15x10°x 0.0186
= 4.0x 10®k calories
MASS DEFECT
We know that atomic nucleus consists of protons and neutrons; collectively known as nucleons.
It is found that the measured mass of nucleus is always less than the sum of the masses of the

individual protons and neutrons which make it up. Let us take the example of helium, 42He. It

consists of two protons and two neutrons. Its mass may be calculated as:
mass of the protons = 2x 1.00815
mass of the neutrons = 2x1.00899
4.03428
However, the experimental mass of the helium nucleusisonly 4.00388. Thisislessby 0.03040 amu
than that calculated above. Thisis called the mass defect of helium nucleus.
Thedifferencebetween the experimental and calculated masses of thenucleusiscalled the
Massdefect or Massdeficit.
(experimental mass of nucleus) — (mass of protons + mass of neutrons) = mass defect

NUCLEAR BINDING ENERGY

Atomic nucleus is made of protons and neutrons
closely packed in asmall volume. Although there exist
intensive repulsive forces between the component +
protons, the nucleus is not split apart. This is so + —x— Total energy of
because the nucleons are bound to one another by individual nucleons
very powerful forces. The energy that binds the Individual
nucleonstogether inthenucleusiscalled the Nuclear nucleons

binding energy. Binding energy

When anucleusisformed fromindividual protons
and neutrons, there occurs a loss of mass (mass
defect). According to Einstein’stheory, it isthismass
defect which is converted into binding energy. Hence v Enerav of *He
binding ener gy isthe ener gy equivalent of the mass 0w — nﬂéeus
defect. The various nuclei have different binding
energies.

4He Nucleus

Binding energy isameasure of theforcethat holds ™ Figure 4.13
the nucleons together. Hence an energy equivalent to Anucleus has alower energy and a
the binding energy isrequired to disrupt anucleusinto smaller mass than free nucleons.
its constituent protons and neutrons. Since the nuclear
energy is of an extremely high order, it is not easy to fission a nucleus.

Calculation of Binding Energy

The binding energy of a nucleus can be calculated from its mass defect by using Einstein’s
equation, AE = Amx c2,
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SOLVED PROBLEM. What isthe binding energy for £'B nucleusif its mass defect is 0.08181
amu?
SOLUTION
AE = Amx ¢? ....Einstein’s equation
Here, Am = 0.08181g/mole
c = 3x10%cm/sec
Substituting values in Einstein’s equation,
AE = (0.08181 g/mole) (3 x 10 cm/sec)?
= 7.4x 10 erggmole
No. of nuclei inonemoleis6.02 x 1023 (Avogadro’s Law).

.. Binding energy for 1518 nucleus, AE, may be expressed as

7.4 x 10"

= 1P 1.2 x 10~* ergg/nucleus

Binding ener gy per nucleon

It can be calculated by dividing the total binding energy by the sum of the number of protons
and neutrons present in the nucleus.

Binding energy of nucleus
No. of protons + No. of neutrons

By plotting the binding energy per nucleon against the mass number, we get the graph shownin
Fig. 4.14 Thisshowstherelative stahility of the variousnuclei. Thegreater thebinding ener gy per
nucleon themor e stableisthenucleus. Thusthe nuclei of about 60 atomic mass having maximum
energy per nucleon are most stable e.g., %Fe. The nuclei that are heavier or lighter than this have
lower binding energies per nucleon and are less stable. Thus 23°U undergoesfission into lighter and
more stableisotopes as 1¥Baand **Kr with the release of energy. Similarly two or morelighter nuclei
(3H, 3H) with lower binding energy per nucleon combine or fuse together into a heavier and more
stable nucleus. Thisis also accompanied by release of energy.

Binding energy per nucleon =

V' s
56Fe
q
94 235
S “He “ N
(] N
S |° Fission
= <
Z .9
— %)
8 Iy
? LN
(O]
c
I
o [#3H
=
2 P
m
1 1 1 1 1 :
50 100 150 200 250
Mass Number
W Figure 4.14

A curve of binding energy per nucleon versus mass number.
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Equivalenceof amu and Energy

1
Since 1 amu isexactly equal to — th of the mass of C'? atom, therefore

12

1 amu :%x Mass of C* atom

1—12 x gram atomic massof C2

Avagadro's Number

_L, 12

12 6.02x10%
1.66x 10~%*g
I’TEZ
1.66 x 1024 g x (3x 1010)2
= 1.494x 10 3erg
_ 1494 x 1073 cal

4184 x 10’
= 0.356x 10 ¢4l

1.494 x 1072
=— joule
10

=1.494x 10710

_1.494x107%°
1.602x107%°
= 931.5x 108ev
= 931.5Mev
Thus lamu = 931.5Mev

Also

m m
I

or E

[+ 1cal =4.184 % 107 erq]

[ - joule=10"erg]

[~ 1eV=1602x10"19]

SOLVED PROBLEM. Calculate the binding energy per nucleon (in Mev) in Heatom He which
has amass of 4.00260 amu. Mass of an electron = 1.008655 amu and mass of 1 hydrogen atom =

1.007825 mass.

SOLUTION. In Helium atom there are 2 electrons, 2 protons and 2 neutrons.

Mass of 2p + 2e = 2 x massof 1 H atom
= 2x1.007825amu
= 2.01565amu
and Mass of 2 neutrons = 2x 1.008665amu
Mass of He atom = 2.01565+2.01733
= 4.03298amu
Actual mass of the atom = 4.0026 amu (given)
Mass defect = 4.0328—4.00260
= 0.03038 amu
Binding Energy = 0.03038 x 931.5Mev
= 28.298 Mev

[*- 1amu=931.5Mev]
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Binding energy per nucleon

_ Binding Energy
" No. of Nucleons

= @ =7.0745 Mev

NEUTRON-PROTON RATIO AND NUCLEAR STABILITY

Nuclei are composed of protons and neutrons. The protons would tend to fly apart due to
repulsive forces between them. But the neutrons in some way hold the protons together within the

nucleus.

nucleus.

The stability of a nucleus seemsto depend on the neutr on-to-proton ratio (n/p) in the
Fig. 4.15 shows the neutron-to-proton ratios for all known stable elements. Each point on

the graph indicates the number of protonsand neutronsin aparticular stable nucleus. Itisclear from
the graph that :

@

@
©)

@

Thelower eements(up toZ =20), thestablenuclel haveabout equal number of protonsand
neutronsi.e,n/p=1.

For higher elementstobestable, theremust bemoreneutronsthan protonsi.e.,, n/p > 1.
The shaded portion in Fig. 4.15 representstheregion or belt of stability. The element
whose n/p ratios lie inside the belt are stable.

A nucleuswhosen/p liesaboveor below thestability belt isradioactiveor unstableon
account of unfavourable n/pratio. It emits - or 3- particles so asto moveinto the stability
range.

140 - Stability Belt

-Emission
120 - ¢

T:’ 100 -| P-Emission / np=1
<
o \
S 80
z
° 60
[}
Qo
S 40
z

20 7

0 | T T T T T >
20 40 60 80 100 120
Number of Protons (p)
B Figure 4.15

Neutron-proton ratios of stable nuclei.

(a) A nucleusthat isabove the stability belt emits a 3-particle whereby a neutron is converted
to proton. Thus n/p decreases and the nucleus becomes more stable or enters the stability belt. For

example,

14 14 0
sC——> 7N+ _p

n/p 133 10
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(b) A nucleuswhose n/p liesbelow the stability belt emits an a-particle and loses 2 protons and
2 neutrons. Thisresultsin anet increase of n/p and the new nucleus may enter the stability belt. For
example,

BU —— 23 Th + 50

n/p 1.565 160

Theradioactive nuclei continueto emit o.- or B-particles, one after the other, till astable nucleus
is the end-product.

NUCLEAR FISSION PROCESS

In 1939, Hahn and Stassmann discovered that a heavy atomic nucleus as of uranium-235 upon
bombardment by aneutron splitsapart into two or more nuclei. U-235 first absorbs aneutron to form
an unstable ‘compound nucleus'. The excited ‘ compound nucleus’ then divides into two daughter
nuclei with the release of neutrons and large amount of energy.

Thesplitting of aheavy nucleusintotwo or moresmaller nuclei istermed nuclear fission.

Thesmaller nuclel formed asaresult of fission are called fission products. The process of fission
is always accompanied by the gjection of two or more neutrons and liberation of vast energy.

A given large nucleus can fission in many waysforming avariety of products. Thusthefission
of U-235 occursin about 35 ways. Two of these are given below in the form of equations.

22U + jn —— 'TBa+ 3Kr+ 35n + energy

22U + sn —— %Mo + 'Bsn+ 24n + energy

In these fission reactions, the mass of the productsis less than the mass of the reactant. A loss
of mass of about 0.2 amu per uranium atom occurs. Thismassis converted into afantastic quantity
of energy whichis2.5 million times of that produced by equivalent amount of coal.

E‘Kr
"
'-.} 'n
a3 af
'%Ba
Mewutran (n) =
)
|
= Fiaslon | _
__:: e —_— - — s
Maulron g T Encemous
=35 fee emergy felessed
U270 L= ]
junstatie)
B Figure 4.16 Fission |'.\.n_'g:ll.r.-.|:.'
Illustration of fission process. T T ey T Liger
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CHARACTERISTICS OF NUCLEAR FISSION

(1) Upon capturing a neutron, a heavy nucleus cleaves into two or more nuclei.

(2 Two or more neutrons are produced by fission of each nucleus.

(3) Vast quantities of energy are produced as aresult of conversion of small massinto energy.
(4) All the fission products are radioactive, giving off beta and gamma radiations.

NUCLEAR CHAIN REACTION

We know that U-235 nucleus when hit by a neutron undergoes the reaction,

U + 5n —> 2Ba+ 3eKr + 35n

Each of the three neutrons produced in the reaction strikes another U-235 nucleus, thus causing
nine subsequent reactions. These ninereactions, in turn, further give rise to twenty seven reactions.
This process of propagation of the reaction by multiplication in threes at each fission, isreferred to
asachain reaction. Heavy unstableisotopes, in general, exhibit achain reaction by release of two or
three neutrons at each fission. It may be defined as:

afission reaction wheretheneutronsfrom apreviousstep continueto propagateand r epeat the
reaction.

A chain reaction continues till most of the original nuclei in the given sample are fissioned.
However, it may be noted that not al the neutronsrel eased in the reaction are used up in propagating
the chain reaction. Some of these are lost to the surroundings. Thus for a chain reaction to occur,
the sampl e of the fissionable material should be large enough to capture the neutron internally.
If the sampleistoo small, most neutrons will escape fromits surface, thereby breaking the chain.
Theminimum massof fissionablematerial required to sustain achain reaction iscalled critical
mass. The critical mass variesfor each reaction. For U-235 fission reaction it is about 10 kg.

As dready stated, even a single fission reaction produces a large amount of energy. A chain
reaction that consists of innumerable fission reactions will, therefore, generate many times greater
energy.

NUCLEAR ENERGY

A heavy isotope as uranium-235 (or plutonium-
239) can undergo nuclear chain reaction yielding
vast amounts of energy. The energy released by
thefission of nuclel iscalled nuclear fission ener gy
or nuclear energy. Sometimes, it is incorrectly
referred to asatomic ener gy.

The fission of U-235 or Pu-239 occurs
instantaneously, producing incomprehensible
quantities of energy intheform of heat and radiation.
If the reaction isuncontrolled, it isaccompanied by
explosiveviolence and can be used in atomic bombs.
However, when controlled in areactor, thefission of
U-235 is harnessed to produce el ectricity.
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Illustration showing how U-235 fission chain reaction is propagated
and multiplied. The products'3? Ba and 3¢ Kr are not shown.
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FIRST CHAIN REACTION

The first controlled nuclear fission chain reaction, directed by Italian-born American
physicist Enrico Fermi, is captured herein apainting of the event, which took place under the

sports stadium at the University of Chicago in December 1942. The event wasthe forerunner
of all nuclear reactors.

o

Wasl i b ! Wasl
snergy | SN | enargy | ﬁﬁr]
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O— (320 —(w)20 —(m

Nautran \‘: O il =

| iea | 'pa
W Figure 4.18 ; ! :
Chain reaction of Uranium-235 producing energy.

THE ATOMIC BOMB

A bomb which workson theprinciple of afast nuclear chain reaction isreferred toasthe
atomic bomb. A design of such abomb isshown in Fig. 4.19. It contains two subcritical masses of
fissionable material, 235U or 239Pu. It has amass of trinitrotoluenein aseparate pocket. When TNT is
detonated, it drives one mass of 235U into the other. A supercritical mass of the fissionable material is
obtained. As a result of the instantaneous chain reaction, the bomb explodes with the release of
tremendous heat energy. Temper aturedeveloped in an atomic bomb isbelieved tobe 10 million °C
(temper atur e of thesun). Besides many radionuclei and heat, deadly gammaraysarereleased.
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TNT Subcritical
explosive 235U masses
charge
..
sttt —»
i

M Figure 4.19
A design used in atomic bombs to bring
together two subcritical masses of 2.

These play havoc with lifeand environment. If the bomb explodes near the ground, it raisestons
of dust into the air. Theradioactive material adhering to dust known asfall out. It spreads over wide
areas and is alingering source of radioactive hazard for long periods.

LITTLE BOY AND FAT MAN

m The First Atomic Bomhs

Little Boy wasthefirst nuclear weapon used in warfare. It exploded approximately 1,800
feet over Hiroshima, Japan, on the morning of August 6, 1945, with aforce equal to 13,000
tonsof TNT. Immediate deathswere between 70,000 to 130,000.

Fat Man was the second nuclear weapon used in warfare. Dropped on Nagasaki, Japan,
on August 9, 1945, Fat Man devastated more than two square miles of the city and caused
approximately 45,000 immediate deaths.

While Little Boy was a uranium gun-type device, Fat Man was a more complicated and
powerful plutonium implosion weapon that exploded with aforce equal to 20 kilotonsof TNT.
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NUCLEAR REACTOR

It has been possibleto control fission of U-235 so that energy isreleased slowly at ausablerate.
Controlled fissioniscarried out in aspecially designed plant called anuclear power reactor or
simply nuclear reactor. The chief components of anuclear reactor are:

(1) U-235 fuel rods which constitute the ‘fuel core’. The fission of U-235 produces heat
energy and neutrons that start the chain reaction.

(2) Moderator which slows down or moderates the neutrons. The most commonly used
moderator is ordinary water. Graphite rods are sometimes used. Neutrons slow down by
losing energy due to collisions with atoms/molecul es of the moderator.

/

. ) -

Fast Slow
neutron neutron

Moderator

Y

M Figure 4.20
Moderator slows down a fast neutron.

(3) Control rodswhich control the rate of fission of U-235. These are made of boron-10 or
cadmium, that absorbs some of the slowed neutrons.

UB+gn ——ILi + sHe
Thus the chain reaction is prevented from going too fast.
(4) Coolant which coolsthefuel core by removing heat produced by fission. Water used in the
reactor serves both as moderator and coolant. Heavy water (D,0) is even more efficient
than light water.

(5) Concrete shield which protects the operating personnel and environments from destruction
in case of leakage of radiation.

Turbine
Movable generator
Boron-10 Coolant Steam _
control rods »
Water
(320°C)
U-235
fuel rods Water
from sea
Steel Coolant &
shield - "‘
Water (280 C) Pump
Concrete
shield Coolant water
and moderator
W Figure 4.21

A light-water reactor producing electricity.

Light-water Nuclear power plant

Most commercia power plantstoday are’ light-water reactors'. Inthistype of reactor, U-235 fuel
rods are submerged in water. Here, water acts as coolant and moderator. The control rods of boron-
10 areinserted or removed automatically from spacesin between the fuel rods.
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The heat emitted by fission of U-235 in the fuel core is absorbed by the coolant. The heated
coolant (water at 300°C) then goes to the exchanger. Here the coolant transfers heat to sea water
which is converted into steam. The steam then turns the turbines, generating electricity. A reactor
oncestarted can continuetofunction and supply power for generations.

About 15 per cent of consumable electricity in U.S.A. today is provided by light water reactors.
India’'s first nuclear plant went into operation in 1960 at Tarapur near Mumbai. Another plant has
been set up at Narora in Uttar Pradesh. While such nuclear power plants will be a boon for our
country, they could pose a serious danger to environments. In May 1986, the |eakage of radioactive
material from the Chernoby! nuclear plant in USSR played havoc with life and property around.

Disposal of reactor waste posesanother hazard. The productsof fission e.g., Ba-139 and Kr-92,
are themselves radioactive. They emit dangerous radiation for several hundred years. The wasteis
packed in concrete barrel swhich are buried deep in the earth or dumped in the sea. But the fear isthat
any leakage and corrosion of the storage vessels may eventually contaminate the water supplies.

Breeder Reactor

We have seen that uranium-235 isused asareactor fuel for producing electricity. But our limited
supplies of uranium-235 are predicted to last only for another fifty years. However, nonfissionable
uranium-238 isabout 100 times more plentiful in nature. Thisisused asasource of energy inthe so-
called breeder reactors which can supply energy to the world for 5,000 years or more.

Here the uranium-235 core is covered with alayer or ‘blanket’ of uranium-238. The neutrons
released by the core are absorbed by the blanket of uranium-238. Thisisthen converted to fissionable
plutonium-239. It undergoes a chain reaction, producing more neutrons and energy.

SU+n—— SoPu+2 %

S Pu+ on —— PSr + z¢'Ba+ 35n
The above reaction sequence produces three neutrons and consumes only two. The excess
neutron goesto convert more uranium to plutonium-239. Thusthereactor producesor ‘breeds' its
own fuel and henceitsname. Several breeder reactorsare now functioning in Europe. However, there
is opposition to these reactors because the plutonium so obtained can be used in the dreaded H-
bomb.

NUCLEAR FUSION PROCESS

This process is opposite of nuclear fission. Nuclear fusion may be defined as : the processin
which two light-weight nuclel combineor fusetoform asingleheavier nucleus.

W Enormous I
/ energy on
/a
Vel
In
Fusion ‘ 0
e sHe R — 3 He
@ Unstable
mass
I\
100 million °C
M Figure 4.22

Illustration of fusion of two deuterium (EH) nuclei to form a single nucleus
of helium (%He) with the release of a neutron and enormous energy.
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For example, two nuclel of deuterium ( f H ) undergo nuclear fusion to yield aheavier nucleus of
helium-3. Thisfusion reaction takes place at atemperature of about 100 million °C. The abovefusion
reaction may be stated in the form of an equation as:

2 2H —— 3He + §n + energy
Sincefusion reactions occur at extremely high temperatures, these are a so called ther monuclear
reactions.
Inafusion reaction, themassof thereactingnuclel isgreater than that of thenucleusfor med.

The differential mass is manifested in the great amount of energy released in the reaction. For
example,

H + JH —— 3He + energy
301495 1.00782 4,00260
amu amu amu
Thetotal mass of thereactantsis4.02277 amu whichis0.02017 amu greater than the mass of the
product. The massthat lost is covered into lot of energy. A pair of reacting nuclei induces fusion of
another pair of nuclei. In thisway fantastic amounts of energy are generated. Thisisthe basis of the
H-bomb or Hydr ogen bomb.

How Fusion occur s?

L et us explain the mechanism of fusion by taking the example of the fusion of deuterium (fH )
cited above. At extremely high temperatures, 100 million °C or more, atoms do not exist as such. At
these temperatures, deuterium atoms are completely stripped of orbital electrons. Thus results a
system containing positive nuclei and electrons, called plasma. In this state, the high kinetic energy
of the nuclei can overcome el ectrostatic repul sions between them. The nuclei collidewith such great
forcethat they mergeor fuseto formlarger nuclei. (Fig. 4.23)

Fused nuclei
i
L 1 L)
+ +
.~ + + . / .
+ ‘ . +(+)
. + i
+ +
o + . + + . +
fH Atoms Plasm% Fusion o
100,000 C 100,000,000 C

B Figure 4.23
Mechanism of fusion of ZH.

SOLAR ENERGY

Theenergy released by the sun resultsfrom a series of nuclear fusion reactions. The overall
reaction consists of the fusion of four hydrogen nuclei (protons) to form helium nucleus. One
mechanism suggested for the processis:

H+H—2H+ %
2H+ 1H — 3He

SH+1H —— JHe+ Je

Overdl 41H —— 4He + 2% (positrons)
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Thefusion reactionsin the sun take place at exceedingly
high temper atur es-greater than 40 million °C. Every second the
sun loses 4.3 x 10° kg (4, 20,000 tons) of mass by the fusion
reactions. This massis converted to energy. But the total mass of
thesunisso great that itsloss of massisimperceptible. It ishoped
that the sun will continue to pour energy on the earth for billions of
years.

HYDROGEN BOMB OR H-BOMB

This deadly device makes use of the nuclear fusion of the
isotopesof hydrogen. It consistsof asmall plutonium fission bomb
with acontainer of isotopes of hydrogen. While the exact reaction
used isastrictly guarded military secret, afusion reaction between H-2 and H-3 may bethe possible
source of the tremendous energy released.

5 3 4 1 tremendous
tH+iH— SHe+gn+

The*fusion bomb’ producesthe high temperature required for nuclear fusion and triggersthe H-bomb.
The explosion of such abomb is much more powerful than that of afission bomb or atomic bomb.
Fortunately, the H-bombs have been tested and not used in actual warfare. If they are ever used, it
may mean the end of civilisation on earth.

FUSION AS A SOURCE OF ENERGY IN 21st CENTURY

Almost likely that the world’s energy sourcein the twenty-first century will be afusion reactor.
Asindicated by the trends of research, it will be based on the reactions as:

2H + 2H —— 3He + in + energy
2H + 3H —— 3He + in + energy
A fusion reactor thus developed will be any time superior to a fission reactor for generating
electricity.
1. Thefusion fuel, deuterium (12H ), can be obtained in abundance from heavy water present
in seawater. The supplies of U-235 needed for afission reactor arelimited.
2. A fusion reaction produces considerably greater energy per gram of fuel than a fission
reaction.
3. Theproductsof fusion (gHe, ‘21He) arenot radioactive. Thus, therewill be no problem of
waste disposal.
So far, it has not been possibleto set up afusion reactor. The chief difficulty isthat the reactant
nuclei must be heated to very high temperatures. A mixture of deuterium and tritium nuclei, for
example, requires 30 million °C beforethey can fuse. So far no substanceisknown which can makea

container that could with stand such high temperatures. However, scientists are making efforts to
effect fusion at alower temperature with the help of laser beams.

EXAMINATION QUESTIONS

1. Defineor explain thefollowing terms:
(a) Radioactivity (b) Radioactive substances
() Radioactive Decay (d) Halflifeperiod
() Radioactiveequilibrium (f) Group displacement law
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(g9) Nuclear reactions (h) Nuclear fission reactions

(i) Nuclear fusion reactions () Mass defect

(k) Binding energy

(a) What isgroup displacement law of radioactivity? How doesit throw light on theideaof radioactive
isotopes?

(b) Radium hasatomic number 226 and ahalf-life of 1600 years. Cal cul ate the number of disintegrations
produced per second from one gram of radium.

Answer. (b) 3.652 x 1010 atoms

(a) Derive an expression for the decay constant for disintegration of aradioactive substance.

(b) The activity of a radioactive isotope reduces by 25% after 100 minutes. Calculate the decay
constant and half-life period.

Answer. (b) 0.01386 min~L; 50.007 min

Explain what you understand by the term Radioactive Dating. How the age of earth was determined ?

How many o and {3 particles will be emitted by an element zfle in changing to a stable isotope

of 2¥B?

Answer. 3a; 4

(a) Stateand explain the group displacement law in radioactivity.

(b) Calculate the decay constant for 198Ag, if its half-life is 2.31 minutes.

Answer. (b) 0.3 minute?

(a) Writethesignificance of half-life period of aradioactive substance.

(b) Thehalf-life of 232Th is 1.4 x 1010 years. Calculate its disintegration constant.

Answer. (b) 4.95 x 1011 year?

Complete the following nuclear reactions:

(i) B0 - %e+? (i) ZBu - 2Th+?

(i) 25U — '@Ba+?+5n (iv) “BU+?2->7HU

Answer. (i) N; (i) SHe (i) 2Kr; (iv) gn

(@) Defineradioactivity. Discuss the liquid drop model for nuclear structure.

(b) Completethefollowing nuclear reactions:

(i) 2C+3iM > 2+ jHe (i) A+ on— 2Na+?

(i) ¥N+?—>1C+ jHe

Answer. (b) (i) '2B; (i) 5He; (iii) TH

(@) Explainwhat is meant by radioactive equilibrium. How doesit differ from chemical equilibrium?

(b) A radioactive substance having half-life of 3.8 days, emitted initially 7 x 10% alpha particles per
second. In what time will its rate of emission reducesto 2 x 10% alpha particles per second?

Answer. (b) 6.870 days

Show how C-14 is used for radio-carbon dating. A freshly cut piece of plant gives 20.4 counts per
minute per gram. A piece of wood antique gives 12.18 counts per minute per gram. What isthe agein
years of antique? It is assumed that the radioactivity is entirely due to C-14. The half life period of
C-14is 5760 years.

Answer. 4287.43 years
Calculate the rate of disintegration of one gram of 232Th if its decay constant is 1.58 x 10718 sec2,
Answer. 4.0998 x 103 dps

(@) Calculatethe massdefect, binding energy and the binding energy per nucleon of 3He which hasan
isotopic mass of 4.0026 amu (}H = 1.0081 amu; }H = 1.0089 amu)

(b) With the help of adiagram discuss the salient features of a nuclear power reactor.
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(c) Explainthe principle, construction and working of cyclotron.

Answer. (a) 0.0314 amu; 29.249 Mev; 7.312275 Mev

Write short notes on

(a) Radioactiveseries (b) Nuclear Fission

(c) Tracer Technique (d) Geiger-Muller counter

(a) What do you mean by Tracer Technique? Write different applications of Tracer-Techniques.

(b) Themassnumber and atomic number of aradioactive element Actinium are 227 and 89 respectively.
Calculate the number of o and B particles emitted, if the mass number and atomic number of the
new element Lead are 207 and 82 respectively.

Answer. (b) 50 and 3

g4P0?10 decayswith alphato 5,Pb?% with ahalf life of 138.4 days. If 1.0 g of Po?X¥isplaced in asealed

tube, how much helium will accumulate in 69.2 days? Express the answer in cm3 at STP.

Answer. 31.248 cm?3

(@) What isgroup displacement law in radioactivity? What is binding energy and how it isrelated to
Mass number of the nucleus?

(b) A radioactiveisotope hashalf-life of 20 days. What isthe amount of isotope | eft over after 40 days
if theinitial amount is5 g?

Answer. (b) 1.25¢g

(a) Defineradioactive constant and derive the relation between decay constant and number of particles
left at timet.

(b) Half-life period of thoriumis 24.5 minutes. How much thorium would be left after 30 minutesiif
theinitial amount of thorium is one gram?

Answer. (b) 0.429 g

Calculate the number of A and B particles emitted in the conversion of Thorium, o;Th?32, to Lead,

Szpbzoe_

Answer. 6 oo and 4 3 (Delhi BSc, 2000)

A sample of U238 (half life= 4.5 x 10° years) oreisfound to contain 23.8 g of U238 and 20.6 g of Ph206,

Calculate the age of the ore.

Answer. 4.50 x 10° years (Bundelkhand BSc, 2000)
The half life of Cobalt-60 is 5.26 years. Calculate the percentage activity after eight years.
Answer. 34.87% (Nagpur BSc, 2000)

Calculate thetimerequired for aradioactive sampleto |ose one-third of the atoms of its parent | sotope.
The half lifeis 33 min.

Answer. 19.31 min (Bhopal Bsc, 2000)
An old wooden article shows 2.0 counts per minute per gram. A fresh sample of wood shows 15.2
counts per minute per gram. Calculate the age of the wooden article. (t,,, of C14 = 5760 years)
Answer. 1686.6 years (Gulbarga BSc, 2000)
The mass number and atomic number of a radioactive element Actinium are 227 and 89 respectively.
Calculate the number of o and § particles emitted if the mass number and atomic number of the new
element Lead are 207 and 82 respectively.

Answer. 5o and 3 3 (Calicut BSc, 2000)
Calculate the age of the tooth in which C14 activity is 20% of the activity found at the present time
(t¥ for C14 = 5580 years)

Answer. 12961.4 years (Delhi B, 2001)
A piece of wood recovered in excavation has 30% as much 6Cl“ asafresh wood today. Calculatethe age
of excavated piece assuming half life period of ;C14 as 5700 years.

Answer. 9908 years (Madurai BSc, 2001)
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The activity of aradioactive samplefallsto 85% of theinitial valuein four years. What isthe half life
of the sample? Calculate the time by which activity will fall by 85%.

Answer. 17.05 years; 46.735 years (Mysore BSc, 2001)

Write short notes on

(a) Carbondating (b) Nuclear reaction (Lucknow BSc, 2001)
Derive an expression for the disintegration constant of a radioactive element and show that decay of

the element isexponential. (Lucknow BSc, 2001)

(a) Writeanote on Nuclear Fission and Nuclear Fusion.
(b) What are nuclear reactions? How are they classified? Explain with examples.
(HS Gaur BSc, 2002)
(@) What is Group displacement law? Explain with examples.
(b) How doesdiscovery of isotopes help in explaining fractional atomic weight of elements? Mention

some applications of radioactivity. (Arunachal B, 2002)
Write notes on
(@ Nuclear Fusion (b) Nuclear Binding Energy
(c) Tracers and their applications (Mizoram Bc, 2002)
Define binding energy of anucleus. Explain with the help of binding energy curve, the stahility of the
nuclei. (Nagpur B, 2002)

() Givethedetailsof the application of C14isotopein carbon dating. How the age of an old wooden
sampleisdetermined?

(b) Therateof disintegration of an old wooden sample was found 25% as compared to afresh identical
sample. Find out the age of the old sample. (Half life of C14 = 5760 years)

Answer. (b) 11525 years (Bundelkhand BSc, 2002)

(@ How many o and -particles are emitted for the transformation

Z2Th > 28pb
(b) What isanuclide? Mention different kinds of nuclides with suitable examples.
() What isanuclear reactor? Describe its main parts briefly. (Sambal pur BSc, 2003)

(a) Calculatethe (i) MassDefect (i) Binding energy per nucleon of ;C12. (Given C12 = 12.0038 amu;
H1 = 1.0081 amu; n! = 1.0089 amu)

(b) What isartificial radioactivity? Give two examples. (Goa B, 2003)
(a) Discussthe stability of nucleus under the following heads:

(i) binding energy per nucleon

(i) neutron-proton ratio and odd-even rule
(b) What isthe difference between Fission and Fusion reactions?

(c) How do two isotopes of elements differ in the number of nucleons. (Aligarh B, 2003)
(8) What isgroup displacement law of radioactivity? How doesit throw light on theideaof radioactive
isotopes?
(b) The half-life of radioactive isotopeis 47.2 sec. Calculate N/N,, left after one hour.
Answer. (b) 1.12 x 10723 (Arunachal BSc, 2003)
Give the postulates of theory of radioactive emissions. (Arunachal BSc, 2003)
Write short notes on :
(@) Mass defect (b) Packingfraction
() Nuclear Fission (d) Halflifeperiod (Arunachal B, 2003)
(@) What isgroup displacement law of radioactivity? How doesit throw light on theideaof radioactive
isotopes?
(b) Explain:
(i) Radioactivedating (i) Averagelife

(iii) Radioactiveequilibria (Arunachal B, 2003)
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Explain:
(@) Why 15A1?7 isstable while ;5A1%4 is radioactive in nature?
(b) Theatomic weight of lithium isvariable while in other members of group | it isfixed.
(Delhi BSc, 2003)

Calculate the half life and average life period of a radioactive element if its decay constant is
7.37 x 103 hour .

Answer. 0.0261 sec; 0.0376 sec (Sambal pur BSc, 2003)

92U?38 undergoes aseries of changes emitting o and B particlesand finally g,Pb?% isformed. Calculate
the number of o and 8 particles which must have been ejected during the series.

Answer. 8. and 6 3 (Panjab BSc, 2004)

Radioisotope 15P~°’2 has ahalf life of 15 days. Calculate the timein which the radioactivity of its 1 mg
quantity will fall to 10% of theinitial value.

Answer. 49.84 days (Osmania BSc, 2004)

An old wooden article shows 2.0 counts per minute per gram. A fresh sample of wood shows 15.2
counts per minute per gram. Calculate the age of the wooden article (t,, of C4 = 5460 years)

Answer. 16861 years (Banaras BSc, 2004)

Explain the difference between Nuclear Fission and Nuclear Fusion. (Agra BSc, 2005)

(@) Writebriefly on nuclear fission and nuclear fusion.

(b) A radioactive isotope has half-life period of 20 days. What is the amount of the isotope left over
after 40 daysif theinitial concentrationis’5 g?

Answer. (b) 1.25¢g (Delhi BSc, 2005)

(a) Discussthe stahility of nucleus in terms of neutron-proton ratio and binding energy.

(b) 2gof radioactive element degraded to 0.5 g in 60 hours. In what timewill it be reduced to 10% of
itsorigina amount?

Answer. (b) 4.56 hours (Mysore Bsc, 2006)

MULTIPLE CHOICE QUESTIONS

1

Which is the correct symbol for an alpha particle?

(8) 5He (b) &n

© e @ P

Answer. (a)

Of the following, which isthe most damaging when ingested?

(a) betaemitters (b) aphaemitters

() gammaemitters (d) all of these
Answer. (b)

An aphaparticleis

(a) anelectron (b) one neutron and one proton
(¢) two protons and two neutrons (d) an X-ray emission
Answer. (c)

By what type of decay process might 224Pb convert to 214Bi?

(@) betadecay (b) aphadecay

(c) gammadecay (d) electron capture

Answer. (a)
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The curieis ameasure of the

(a) lethal threshold for radiation exposure

(b) number of alpha particles emitted by exactly 1 g of aradioactive substance
() number of disintegrations per second of a radioactive substance

(d) total energy absorbed by an object exposed to a radioactive source

Answer. (c)

Of the following processes, which one does not change the atomic number?
(8 gammaemission (b) aphaemission

(c) positron emission (d) betaemission
Answer. (a)

Which of these nuclidesis most likely to be radioactive?

@ 73 ® I

© 157 ) 233 m

Answer. (d)

The beta particle consists of

(a) high-energy rays (b) 1 neutron

(¢) 2 neutrons and 2 protons (d) 1lelectron

Answer. (d)

Lab coats and gloves provide shielding from

(a) apharadiation (b) aphaand betaradiation
(c) alpha, beta, and gammaradiation (d) gammaradiation
Answer. (b)

When an alphaparticleisreleased in nuclear decay, the mass number of the nucleus undergoing decay
(a) staysthe same (b) increaseshby 4

(c) decreaseshby 4 (d) decreaseshy 2
Answer. (c)

Which one of the following processes could not result in the conversion of strontium to rubidium?
(@) gammaemission (b) proton emission

(c) electron capture (d) positron emission
Answer. (a)

Alphadecay of 226Rawill yield which of the following nuclides?

(a) 222Rn (b) 230ThH

(© 222, (d) 222ThH

Answer. (a)

In a Geiger-Mller counter, one “count” is directly dueto

(a) asecondary electron (b) aprimary electron
() many electrons and ions (d) abetaparticle
Answer. (c)

gLi decays to gBe. Wheat type of decay is this?

(a) positron emission (b) beta
© yray (d) alpha
Answer. (b)

rays consist of He nuclei, while rays are electromagnetic radiation.
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(a) beta, alpha (b) apha, beta
(c) apha, gamma (d) gamma, beta
Answer. (c)

16.  Which type of radioactive decay resultsin an increase in atomic number?
(a) positron emission (b) aphaemission
() gammaemission (d) betaemission
Answer. (d)

17.  When 249Cf is bombarded with 19B, 257L_r is formed. What other particle(s) is/are produced?
(8 e (b) g
© e @ P
Answer. (b)

18.  Which combination of the number of protons and the number of neutrons is most common among the
naturally occurring non-radioactive nuclides?

(a) even protons; even neutrons (b) odd protons; even neutrons
(c) even protons; odd neutrons (d) odd protons; odd neutrons
Answer. (a)

19.  Which form of radioactivity is most penetrating?
(a) aphaparticles (b) betaparticles
(¢) neutrons (d) gammarays
Answer. (d)

20. In electron capture,
(a) gammaraysare emitted (b) aneutronisformed
(c) apositron is formed (d) anaphaparticleisemitted
Answer. (b)

21. The spontaneous transformation of one nuclide into others occurs only if
(a) the processisendothermic
(b) the process results in a neutron/proton ratio of 1:0 in the products
(c) sufficient energy can be absorbed from the surroundings to drive the process
(d) the combined mass of the products is less than the mass of the original nuclide

Answer. (d)
22.  What particle isreleased when Ga-75 decaysto Ge-75?
(@) neutron (b) beta
() gamma (d) apha
Answer. (b)
23.  What particleis missing in the following bombardment reaction? Al27 + 2= 1n + p30
(@) neutron (b) beta
(c) proton (d) apha
Answer. (d)
24.  What would be the immediate product of neutron absorption by 107Ag?
(a) 107pq (b) 1091y
(© 108¢q (d) 108Ag
Answer. (d)

25.  When anuclide undergoes beta decay,
(a) theatomic number remains unchanged and the mass humber increases by one
(b) the mass number remains unchanged and the atomic number decreases by one
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(c) themassnumber remains unchanged and the atomic number increases by one
(d) theatomic number remains unchanged and the mass number decreases by one
Answer. (c)

The half-life of 32P, whichisused asalabel on red blood cellsto determine blood volume, is 14.3 days.
How many days are required for the activity of a sample of 32P to drop to 5.00% of its initial level?

(a) 26.8 days (b) 42.8 days
(c) 61.8 days (d) 0.209 days
Answer. (c)

The half-life of Sulfur-35is88 days. If 8.0 g of Sulfur-35 exists on day one, what fraction will remain
after 264 days?

(@) 05g (b) 4.0g
(© 0Og (d) 109
Answer. (d)

When Xenon-123 emits agammaray, what is the product?

12 12

(8 Zxe (DR
© 'gre @ ks
Answer. (a)

The cloth shroud from around a mummy is found to have a 14C activity of 8.9 disintegrations per
minute per gram of carbon as compared with living organisms that undergo 15.2 disintegrations per
minute per gram of carbon. From the half-life for 14C decay, 5.73 x 103 yr, calculate the age of the
shroud.

(@ 9.3x105yr (b) 4.4x103yr
(0 65x105yr (d) 1.92x 103 yr
Answer. (b)

1987y has a half-life of 2.70 days. Assuming you start with a 10.0 mg sample of 1%8Au, how much will
remain after 10.0 days?

(@) 0.246mg (b) 130mg
(o) 0.768mg (d) 9.44mg
Answer. (c)

The half-life for the beta decay of 233Pais 27.4 days. How many days must pass to reduce a 5.00 g
sample of 233Pato 0.625 g?

(@) 109.6 days (b) 54.8 days
(o) 82.2 days (d) 27.4 days
Answer. (c)

The half-life of tritium (Hydrogen-3) is12.3 yr. If 48.0 mg of tritium isreleased from a nuclear power
plant during the course of an accident, what mass of this nuclide will remain after 49.2 yr?

(@ 6.0mg (b) 3.0mg

(o) 24.0mg (d) 12.0mg

Answer. (b)

How old is afossil bone whose 14C content is 15.0 percent that of living bone?
(@) 25400 yr (b) 15600 yr

(o) 380yr (d) 6810 yr

Answer. (b)

lodine-131 has ahalf-life of 8 days. How many gramsof 1-131in a4.0 g sampleremain after 24 days?
(@ 20g (b) 1.0g
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(o) 0.50g (d 0.09
Answer. (c)
35. The half-life of 4°Cais 165 days. After 1.0 year, what percentage of the original sample of 4°Ca
remains?
(@) 10.9 percent (b) 99.6 percent
() 2.16 percent (d) 21.6 percent
Answer. (d)
36. What particle is produced when Phosphorus-29 decays to silicon-29?
(a) positron (b) beta
() gamma (d) apha
Answer. (a)
37. The bombardment of which isotope by a neutron produces 1%8Au and proton?
(&) G () *33Ho
© 'aeH (@ 9P
Answer. (c)

38. Complete and balance the following nuclear equation by sel ecting the missing particle.

ZMg + ’H — 3He ?

(@ 32 (b) 2Na
(© 2 @ 2Ne
Answer. (b)

39. What isthe product of beta decay of 1gng ?

(@ 323rb () 2%u
© 'ged (@ %m
Answer. (a)

40.  Which of thefollowing isthe nuclear equation for bismuth-214 undergoing beta decay?
@ 2Bi > % + Z'Po b 2*Bi > % + 2%b
© &'Bi > + Z'Po @ Z'Bi > + Z'Pb
Answer. (a)

41. When Zinc-73 decays by beta emission, the product of decay is
@ g0u (0 Zou
© Lca (d) 42zn
Answer. (c)

42. When %AI is bombarded by an alpha particle, the products are a proton and another nuclide. What is
the other nuclide?

(@ 3 (b 37Mg
© 1S @ P

Answer. (c)
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The nucleus of an atom of radioactive I-131 used in thyroid imaging contains

(a) 53 protons and 75 neutrons (b) 53 protons and 78 neutrons
(c) 53 electrons and 78 neutrons (d) 53 neutrons and 78 protons
Answer. (b)

Wheat is the product of the alpha decay of Rn-220?

(a) Po-216 (b) Rn-220

(o) Rn-216 (d) Ra224

Answer. (a)

A short-time exposure to a radiation dose of 100 to 200 rems will result in what health effect?
(a) death of half the exposed population within 30 days after exposure

(b) thereareno detectableclinical effects

(¢) nauseaand marked decreasein whiteblood cells

(d) aslight temporary decrease in white blood cell counts

Answer. (c)

When anuclide undergoes el ectron capture,

(@) the mass number remains unchanged and the atomic number decreases by one
(b) the atomic number remains unchanged and the mass number increases by one
(¢) the massnumber remains unchanged the atomic number increases by one

(d) the atomic number remains unchanged and the mass number decreases by one
Answer. (a)

Wheat nuclide forms as a result of the positron emission of 1$N ?

@ X ) BN
© @ o
Answer. (c)

Zg%T h undergoes aseries of alphaand betaemissionsresulting in thefinal stable product, Zgng .How
many alphaand beta emissions occur in this series?

(@) 4apha, 6 beta (b) 8alpha, 6 beta
() 12alpha, 4 beta (d) 6apha, 4 beta
Answer. (d)

Wheat is the product formed from 207Po by positron emission?

(a) 203pp (b) 207B;j

(© 208t (d) 206p;

Answer. (b)

Which of the following statements about the biological effects of radiation isfalse?
(a) Radiation can causeleukemia

(b) lonizing radiation is more dangerousthan non-ionising radiation

() Radon isabsorbed through the skin

(d) Radon isharmful because it decaysto polonium

Answer. (c)

When a 235U nucleusis struck by athermal neutron, fission occurs with the release of neutrons. If the
fission fragments are 90Sr and 144X e, how many neutrons are rel eased?

(@ 3 (b) 4
(© 1 d 2
Answer. (d)

What other product occurs when Ac-222 releases an alpha particle?
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(a) Db-218 (b) Ra218
() Fr-218 (d) Ac-218
Answer. (c)

Complete and balance the following nuclear equation by selecting the missing particle:

252 10 1
Bt + Y8 3ln?

@ 103" ) Todr

(© ZgaNp () Z3Np

Answer. (b)

Thenuclide Iron-56 has amass defect of 0.52840 amu. What isthe binding energy per nucleonin Mev?
(@) 8.81 Mev (b) 9.79 x 10717 Mev

() 8.81x 103 Mev (d) 494 Mev

Answer. (a)

The mass defect for 12C is 0.0990, meaning that six protons and six neutrons have a mass that is
0.0990 amu more than the mass of the 12C nucleus. What is the binding energy of the 12C nucleus per
nucleoninkJ?

(@ 1.23x1015kJ (b) 1.23x12012kJ
(0 4.11x1024kJ (d) 1.48 x 1074 kJ
Answer. (a)

The combustion of one mol of graphite releases 393.5 kJ of energy. What is the mass change that
accompanies the loss of this energy?

(@) 4.372x1012kg (b) 3.542 x 1022 kg
(0 1.312x103kg (d) none of these
Answer. (a)

Plutonium-239 is produced from 238U in breeder reactor. This might involve
(a) neutron absorption followed by emission of two positrons

(b) alpha particle absorption followed by emission of three protons

(c) proton absorption followed by positron emission

(d) neutron absorption followed by emission of two beta particles

Answer. (d)

Wheat particle is produced when Plutonium-242 decays to Uranium-238?
(8 gamma (b) apha

(¢) positron (d) beta

Answer. (b)

Inaliving organism, the 14C concentration

(@) remains approximately constant

(b) continually increases

(c) continually decreases

(d) variesunpredictably during the lifetime of the organism
Answer. (a)

Which equation represents al pha emission from 196po?

@ PO = SPPb + SHe () §PPo + sHe — 2Pb
© 2P0 — 2PRn + jHe d £°Po + sHe — 2PRn

Answer. (a)



61.

62.

63.

64.

65.

66.

67.

68.

69.
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Hydrogen burning
(a) isthereaction sequence that is proposed to take place in normal stars

(b) requires very large kinetic energy in the colliding nuclei in order to overcome huge activation
energies associated with electrostatic repulsion

(c) resultsinthe conversion of hydrogen nuclei to helium nuclei
(d) all of above

Answer. (d)

The energy produced by the Sun involves which of the following nuclei?
(@ Pu (b) Li

(0 U (d H

Answer. (d)

From a kinetics standpoint, the radioactive decay of radium is a -order process, and the
primary reactionsin nuclear fusion in the sun are -order processes.
(&) first, first (b) first, third

(d) first, second (d) second, second
Answer. (c)

Radiation is used in cancer treatment to

(a) destroy cancer causing substances (b) relievepain

(c) obtainimages of the diseased region (d) destroy cancer cells
Answer. (d)

Theamount of fissionable material large enough to maintain the chain reactionin nuclear fissioniscalled
the

(8 moderator (b) critical mass

() massdefect (d) nuclear binding energy
Answer. (b)

Food irradiation is used to

(a) precook food (b) kill insects

(c) kill micro-organisms (d) increasenutrient value
Answer. (c)

The radioisotopes used for diagnosisin nuclear medicine

(a) haveshort half lives (b) travel rapidly through tissue
(c) areusualy gammaemitters (d) all of these

Answer. (d)

The purpose of a moderator in anuclear reactor is

(a) to prevent corrosion of the core components

(b) to slow the fission neutrons so that they can be captured to sustain the chain reaction
(c) to cool the core to prevent melt down

(d) to dissolve the fission products for disposal

Answer. (b)

Fission reactions can be run continuously to generate el ectric power commercially because
(a) thereactors generate more readily fissionable fuel than they consume

(b) more neutrons are produced in the fission reactions than are consumed

(c) supercritical neutrons split into protons and electrons

(d) the different isotopes of uranium interconvert under reaction conditions to form the necessary
Uranium-235

Answer. (b)
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70.

71.

72.

73.

74.

A cyclotronis used to get

(a) energeticions (b) positrons

(c) magneticfields (d) neutrons

Answer. (a)

The reaction of H3 and H2 to form He?* and a neutron is an example of

(a) afission reaction (b) afusionreaction

(c) both fission and fusion reactions (d) neither afission or fusion reaction
Answer. (b)

Nuclear fusion

(a) takesplacein the sun (b) useslargenuclides

(¢) isusedin atomic bombs (d) takesplacein afusion reactor
Answer. (a)

Usually, the largest dose of radiation that a person getsisfrom

(a) cigarettes (b) natura background radiation

() medical X-rays (d) nuclear power plants

Answer. (b)

A moderator in anuclear reactor servesto

(a) accelerate neutrons (b) diminishthenuclear binding energy
(c) provide fissionable isotopes (d) slow neutrons

Answer. (d)
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TERMS AND DEFINITIONS

Chemical Bond

Molecules of chemical substances are made of two or more
atoms joined together by some force, acting between them. This
force which resultsfrom theinteraction between the various atoms
that go to form a stable molecule, is referred to as a Chemical
Bond.

A chemical bond isdefined asafor cethat actsbetween twoor
mor eatomsto hold them together asa stablemolecule.

Aswewill study later, there are three different types of bonds
recognised by chemists:

(1) lonicor Electrovalent bond
(2 Covaent bond
(3) Coordinate covalent bond

There is a fourth type of bond, namely, the metallic bond
which wewill consider later inthis chapter.

Definition of Valence

The term valence (or valency) is often used to state the
potential or capacity of an element to combinewith other elements.

151
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At onetime, it was useful to define valence of an element as: the number of hydrogen atoms or twice
the number of oxygen atomswith which that element could combinein abinary compound (containing
two different elementsonly).

In hydrogen chloride (HCI), one atom of chlorineis combined with one atom of hydrogen and the
valenceof chlorineis 1. In magnesium oxide (MgO), since one atom of magnesium holds one atom of
oxygen, the valence of magnesiumis?2.

By the above definition, wewould assign avalence of 2 to sulphur inH,S, but 4 to sulphur in SO,
Some elements have fractional valence in certain compounds, while there are elements that have
variable valencies. The concept of valence as a mere number could not explain these facts. This
concept, in fact, was very confusing and has lost all value.

As aready stated, there are three different type of bonds that are known to join atoms in
molecules. Although no precise definition of valence is possible, we can say that : Valence isthe
number of bondsformed by an atom inamolecule.

ValenceElectrons

The electrons in the outer energy level of an atom are the ones that can take part in chemical
bonding. These electrons are, therefore, referred to as the valence electrons.

Theelectronic configuration of Nais2, 8, 1 and that of Cl is2, 8, 7. Thus sodium has onevalence
electronand chlorine 7. Itisimportant to remember that for an A group element of theperiodictable
(H, O, K, F,Al etc.) thegroup number isequal tothenumber of valenceelectrons.

Bondingand Non-bonding Electrons

Thevalenceelectronsactually involved in bond for mation ar e called bonding electrons. The
remaining valence el ectrons till availablefor bond formation arereferred to as non-bonding el ectrons.
Thus:

r Bonding electrons
Lclich:
t t Nonbonding
electrons
L ewisSymbolsof Elements
A Lewissymbol of an element consists of an element’s symbol and surrounding dotsto represent
the number of valence electrons. In this notation, the symbol of an element representsthe nucleus

plustheinner normally filled levels(or shells) of theatom. For illustration, the symbol Nastandsfor
the nucleus of sodium atom plus 2, 8 electronsin theinner two levels.

==, Valence
> " R | .
A e S et -
S s T e Y
[l L A ) ' Lol e L —
(t1 @1y @ ry=r
._.1 'i B . .I..' . o -.-
—a— ——

=

B Figure 5.1

The Lewis symbol Na represents the nucleus and the electrons arranged
in the inner two levels as 2, 8, minus the valence electrons.
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To represent aLewis symbol for an element, write down the symbol of the element and surround
the symbol with anumber of dots (or crosses) equal to the number of valence electrons. The position
of dots around the symbol is not really of any significance. The bonding electrons are shown at
appropriate positions, while therest of the electrons are generally given in pairs. The Lewis symbols
for hydrogen, chlorine, oxygen and sulphur may be written as:

H- :Cl- 0- ‘S~
Thegtructural formulaeof compoundsbuilt by union of L ewissymbolsfor thecomponent atoms,
arereferred toasElectron-dot formulas, or Electron-dot structuresor Lewisstructures. For this

purpose, the valence electrons actually involved in bond formation may be shown by crosses (x) or
dots () for the sake of distinction.

Now we will proceed to discuss the common types of chemical bondsin the light of the electronic
theory of valence.

ELECTRONIC THEORY OF VALENCE

AsBohr put forward his model of the atom so electronic configuration of elements was known.
GN. Lewisand W. Kossel, working independently, used thisknowledgeto explain ‘why atomsjoined
toform molecules'. They visualised that noble gas atoms had a stabl e el ectronic configuration, while
atomsof all other elements has unstabl e or incomplete electronic configuration. In 1916, they gavethe
electronictheory of valence. It statesthat : | n chemical bond for mation, atomsinter act by losing,
gaining, or sharing of electronsso asto acquirea stablenoblegasconfiguration. Each noble gas,
except helium, hasavalence shell of eight electrons (Table5.1).

TABLE 5.1. ELECTRONIC CONFIGURATION OF NOBLE GASES

Noble gas At. No. Electrons in principal shells
He 2 2
Ne 10 2,8
Ar 18 2,8,8
Kr ] 2,8,18,8
Xe 54 2,8,18,18,8
Rn & 2,8,18,32,18,8

While atoms of noble gases possess a stable outer shell of eight electrons or octet, atoms of
most other elements have incomplete octets. They may have less than 8 electrons or in excess.
Thus, the electronic theory or valence could well be named asthe Octet theory of Valence. It may
be stated as: Atomsinteract by electron-transfer or electron-sharing, so asto achievethestable
outer shell of eight electrons.

Thetendency for atomsto have eight electronsin the outer shell isalso known asthe Octet Rule
or the Rule of Eight. Since helium has two electrons in the outer shell, for hydrogen and lithium,
having one and three (2, 1) electronsrespectively, it isthe Rule of two which will apply. We will see
later in this chapter that there are quite afew exceptions to the rule of eight in covalent compounds.

IONIC BOND

This type of bond is established by transfer of an electron from one atom to another. Let us
consider ageneral case when an atom A has one electron in the valence shell and another atom B has
seven electrons. A has one electron in excess and B has one electron short than the stable octet.
Therefore, Atransfersan electron to B and in thistransaction both the atoms acquire a stabl e el ectron-
octet. The resulting positive ion (cation) and negative ion (anion) are held together by electrostatic
attraction.
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LINUS CARL PAULING

Linus Pauling won the Nobel Prize in Chemistry in 1954 for his work on chemical bonding.
He also received the Nobel Peace Prize in 1962 for his campaign against nuclear testing.

Linus Carl Pauling (February 28, 1901 —August 19, 1994) was an American quantum chemist
and biochemist. Pauling is widely regarded as the premier chemist of the twentieth century. He
pioneered the application of quantum mechanicsto chemistry and in 1954 was awarded the Nobel
Prize in chemistry for hiswork describing the nature of chemical bonds. He also made important
contributions to crystal and protein structure determination, and was one of the founders of
molecular biology. He came near to discovering the “double helix,” the ultrastructure of DNA,
when Watson and Crick made the discovery in 1953.

Pauling received the Nobel Peace Prizein 1962 for his campaign against above-ground nuclear
testing, and is the only person to win two unshared Nobel prizes. Later in life, he became an
advocate for greatly increased consumption of vitamin C and other nutrients. He generalized his
ideas to define orthomolecular medicine, which is still regarded as unorthodox by conventional
medicine. He popularized his concepts, analyses, research and insights in several successful but
controversial books centered around vitamin C and orthomolecular medicine.

x/—\ o . i} - . . _
A + .B: — A+ B or A + B
(1 valence (7 Valence Cation Anion
electron) electrons) Electrovalent

/bond
_ P _
A+ B > Q—a o AB

Theelectrostatic attr action between thecation (+) and anion () produced by electr on-transfer
congtitutesan lonicor Electrovalent bond.

The compounds containing such abond arereferred to asl onic or Electrovalent Compounds.

CONDITIONS FOR FORMATION OF IONIC BOND
The conditions favourable for the formation of an ionic bond are :
(D Number of valenceelectrons

The atom A should possess 1, 2 or 3 valence electrons, while the atom B should have 5, 6 or 7
valenceelectrons. Theelementsof group 1A, 1A and 1A satisfy this condition for atom A and those
of groupsVA, VIA, and VIIA satisfy this condition for atom B.
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(2 Netloweringof Energy

To form a stable ionic compound, there must be a net lowering of the energy. In other words
energy must be released as aresult of the electron transfer and formation of ionic compound by the
following steps:

(@ Theremoval of electron from atom A (A — e — A*) requires input of energy, which isthe

ionization energy (IE). It should be low.

(b) Theaddition of an electronto B (B + e — B ™) releases energy, which isthe electron affinity

of B (EA). It should be high.

(¢) Theelectrostatic attraction between A* and B ~in the solid compound rel eases energy, which

isthe electrical energy. It should also be high.

If the energy released in steps (b) and (c) is greater than the energy consumed in step (a), the
overall process of electron transfer and formation of ionic compound resultsin anet release of energy.
Therefore, ionisation of A will occur and the ionic bond will be formed. For example, in case of
formation of sodium chloride (NaCl), we have

Na - e — Na* - 119kcal
Cl + e — Cl- + 85kca
Na™ + cl- — Na'Cl™ + 187 kcal

Thenet energy releasedis 187 + 85—119 =153 kcal. Sincethe overall processresultsin alowering
of energy, theionic bond between Naand Cl will beformed.

(3 Electronegativity differenceof Aand B

Fromtheline of argument used in (2), we can say that atoms A and B if they have greatly different
electronegativities, only then they will form an ionic bond. In fact, a difference of 2 or more is
necessary for the formation of anionic bond between atoms A and B. Thus Na has el ectronegativity
0.9, while Cl has 3.0. Sincethedifferenceis(3.0—0.9) =2.1, Naand Cl will form anionic bond.

FACTORS GOVERNING THE FORMATION OF IONIC BOND
(2) lonisation Energy

The ionisation energy of the metal atom which looses electron(s) should be low so that the
formation of +vely charged ion iseasier. Lower the ionisation energy greater will be the tendency
of the metal atom of change into cation and hence greater will be the ease of formation of ionic
bond. That is why alkali metals and alkaline earth metals form ionic bonds easily. Out of these
two, alkali metals form ionic bonds easily as compared to akaline earth metals. In a group the
ionisation energy decreases as we move down the group and therefore, the tendency to form
ionic bond increases in a group downward. Due to this reason Csis the most el ectropositive atom
among thealkali metals.
(2) Electron Affinity

The atom which accepts the el ectron and changesinto anion should have high electron affinity.
Higher the electron affinity more is the energy released and stable will be the anion formed. The
elementsof group VI A and V11 A have, in general, higher electron affinity and have high tendency to
form ionic bonds. Out of these two, the elements of group VII A (halogens) are more prone to the
formation of ionic bond than the elements of group VI A. In moving down a group the electron
affinity decreases and, therefore, the tendency to form ionic bond also decreases.
(3) LatticeEnergy

After the formation of cations and anions separately, they combine to form ionic compound.
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AT + B —* B +  Lattice energy

Inthisprocess, energy isreleased. Itiscalled Lattice Energy. It may be defined as* the amount of
ener gy released when one mole of an ionic compound is formed from its cations and anions.”

Greater thelattice energy, greater the strength of ionic bond. The value of lattice energy depends
upon the following two factors:

(a) Sizeof theions

In order to have the greater force of attraction between the cations and anions their size should
be small astheforce of attractionisinversely proportional to the square of the distance between them.

(b) Chargeonlons

Greater the charge on ions greater will be the force of attraction between them and, therefore,
greater will be the strength of the ionic bond.

Necessary for the formation of anionic bond between atoms A and B. Thus Nahas electronegativity
0.9, whileCl has 3.0. Sincethedifferenceis(3.0—0.9) = 2.1, Naand Cl will form anionic bond.
SOME EXAMPLES OF IONIC COMPOUNDS

Herewewill discusstheformation of L ewisfor mulaor Electron dot for mulaof somebinary ionic
compounds, for illustration.
Sodium Chloride, NaCl

A simple sodium chloride molecule is formed from an atom of sodium (Na) and one atom of
chlorine(Cl). Na(2, 8, 1) hasonevaence electron, while Cl (2, 8, 7) has seven. Natransfersitsvalence
electron to Cl, and both achieve stable el ectron octet. ThusNagivesNa" and Cl givesCl~ion, and the
two are joined by an ionic bond.

"ﬁl’ s.
1 [y -
4 4 -Q‘r

Na* + .Cl: —» Nat + |: ICl: } or Na‘tcr
Sodium
2,8,1 2,8,7 2,8 2,8,8 chloride

lonic Compounds Exist asCrystals. The (+) and (—) ions attract each other with electrostatic
force that extendsin all directions. This means that ions will be bonded to a number of oppositely
charged ions around them. Therefore in solid state, single ionic molecules do not exist as such.
Rather many (+) and (-) ionsare arranged systematically in an aternating cation-anion pattern called
thecrystal lattice. The crystal lattice of NaCl isshownin Fig. 5.2. It will be noticed that herealarge
number of Na* and Cl-ionsare arranged in an orderly fashion so asto form acubic crystal. Each Na*
ion issurrounded by 6 Cl~ionsand each Cl~ionissurrounded by 6 Na* ions. This makes a network
of Na* and Cl~ionswhich aretightly held together by electrostatic forces between them.
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Although discrete molecules Na*Cl~do not exist in the solid form of ionic compounds, independent
molecules do exist in the vapour form of such compounds.

B Figure 5.2
lonic crystal of Sodium Chloride.

Magnesium Chloride, Mg?*CI; (MgCl,)

Magnesium (Mg) has two valence electrons, while chlorine (Cl) has seven. The magnesium
atom transfersits two electrons, one to each chlorine atom, and thus all the three atoms achieve the
stable octet. Inthisway Mg atom givesMg?* ion and thetwo Cl atomsgive 2CI1—, forming M g2+ Clé‘

(or MgCl,).

/\-. L MgZ++ Cl_ + Cl_

Mg: + .Cl:  + Cl:

2,8,2 2,8,7 2,8,7 2,8 2,8,8 2,8,8

2+ _ 2+ 1-
oo Mg + 2cI —> Mg~ 4+ 2cl or Mg cI,

Calcium Oxide, Ca?*02- (Ca0)

Calcium (Ca) hastwo valence electrons, while oxygen (O) has six. Calcium atom transfersitstwo
valence electrons to the same oxygen atom. Thus both Ca and O achieve the stable electron-octet,
forming Ca2* and O ions. Thusis obtained the molecul e of cal cium oxide, Ca?* 0.
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(x:xa/\

. 2+ 2- 2+_ 2-

+ O ——Ca + O or CaoO

Calcium

2,8,8,2 2,6 2,8,8 2,8 oxide

. . - 3+ 2 -
Aluminium Oxide, Al5;°03" (Al,0,)

Herethe auminium atom (Al) hasthree electronsin thevaence shell (2, 8, 3), while oxygen hassix
(2, 6). Two atomsof aluminium transfer their six el ectronsto three oxygen atoms. Thus arethe electron-
octets of thetwo Al atoms and three O atoms achieved. Thetwo Al atoms deprived of three electrons
each, give 2A13* ions, whilethe three O atoms having gained two electrons each give 307" ions. In this

way, weget AlI3*03™ or ALO,.

CHARACTERISTICS OF IONIC COMPOUNDS

Theionic compounds are made of (+) and (-) ionsheld by electrostatic forcesin acrystal lattice.
Eachionissurrounded by the oppositeionsin alternate positionsin adefinite order in all directions.
This explains the common properties of ionic compounds.

Al A
X —-_____‘II. X--.2—
, — > 0" - + 0
Al A

\“mﬂh* 6: xb:}

or 2AI+ 30 — 2AM+ 30”7 or 2ALOF
Aluminium
oxide

(1) Solidsat Room Temperature

On account of strong electrostatic forces between the opposite ions, these ions are locked in
their alotted positionsin the crystal lattice. Sincethey lack the freedom of movement characteristic of
theliquid state, they are solids at room temperature.

(2) High Melting Paints
lonic compounds have high melting points (or boiling points). Since the (+) and (-) ions are
tightly held in their positions in the lattice, only at high temperature do the ions acquire sufficient

kinetic energy to overcome their attractive forces and attain the freedom of movement asin aliquid.
Thus ionic compounds need heating to high temperatures before melting.

(3) Hardandbrittle

The crystals of ionic substances are hard and brittle. Their hardness is due to the strong
electrostatic forces which hold each ion in its all otted position.

These crystals are made of layers of (+) and (-) ionsin alternate positions so that the opposite
ionsinthevarious parallel layerslie over each other. When external forceisapplied to alayer of ions
(Fig. 5.3), with respect to the next, even adlight shift bringsthelikeionsin front of each other. The (+)
and (-) ionsin the two layersthus repel each other and fall apart. The crystal cleaves here.
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Elgcincad repuisions
causs cleavage

(&l {b)
M Figure 5.3
(@) Two layers of (+) and () ions in a crystal. (b) When force is applied to one layer
it slips over the other so that similar ions come above one another and electrical
repulsions between them cause cleavage of the crystal.

(4) Solublein water

When acrystal of anionic substanceis placed in water, the polar water molecul es detach the (+)
and (-) ions from the crystal lattice by their electrostatic pull. These ions then get surrounded by
water molecules and can lead an independent existence and are thus dissolved in water. By the same
reason, non-polar solvents like benzene (C,H,) and hexane (C;H,,) will not dissolve ionic
compounds.

Electrical H H
attraction H \ / H
&+ ,
- N Y
- 5/ —ouaton /0 & 0\
Cl N \ H o H
5 H 7N
+
Na® | Cl B+ H H
cl”  Na' &+
- i W A
Y e
CIEF., o} - H_ H
- \““. H/ % [ -
T Olvaf; I
NaCl &+ o &
crystal O—H H—O0
M Figure 5.4

Solvation of NaCl in water.

(5) Conductorsof electricity

Solid ionic compounds are poor conductors of electricity because the ions are fixed rigidly in
their positions. In the molten state and in water solutions, ions are rendered freeto move about. Thus
molten ionic compounds or their aqueous sol utions conduct acurrent when placed in an electrolytic
cdl.

(6) Donot exhibit isomerism

Theionic bond involving el ectrostatic lines of force between oppositeions, isnon-rigid and non-
directional. Theionic compounds, therefore, areincapabl e of exhibiting stereoisomerism.

(7) lonicreactionsarefast
lonic compounds give reactions between ions and these are very fast.
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COVALENT BOND

Theelectron transfer theory could not explain the bonding in moleculessuch asH,, O,, Cl,, etc.,
and in organic molecules, that had no ions. It was G.N. Lewis who suggested that two atoms could
achieve stable 2 or 8 electronsin the outer shell by sharing el ectrons between them. L et us consider
a general case where an atom A has one valence electron and another atom B has seven valence
electrons. As they approach each other, each atom contributes one electron and the resulting
electron pair fills the outer shell of both the atoms. Thus A acquires stable 2 electrons and B, 8
electronsin the outer shell.

Sharad

glessbron pair
Covalont bond

¢

ax ¥ B —_— Alp oF A—0

]

The shared pair is indicated by a dash () between the two bonded atoms. A shared pair of
electrons constitutesa Covalent bond or Electron-pair bond.

Infact, the positive nuclei of atoms A and B are pulled towards each other by the attraction of the
shared electron pair. At the same time, the nuclel of two atoms also repel each other as do the two
electrons. It is the net attractive force between the shared electrons and the nuclei that holds the
atoms together. Thus an alternative definition of a covalent bond would be :

Theattractiveforcebetween atomscreated by sharing of an electron-pair.
The compounds containing acovalent bond are called covalent compounds.

CONDITIONS FOR FORMATION OF COVALENT BOND

The conditions favourable for the formation of covalent bonds are:
(1) Number of valenceelectrons

Each of theatoms A and B should have 5, 6 or 7 valence el ectrons so that both achieve the stable
octet by sharing 3, 2 or 1 electron-pair. H has one electron in the valence shell and attainsduplet. The
non-metals of groups VA, VIA and V1A respectively satisfy this condition.
(2) Equal eectronegativity

The atom A will not transfer electrons to B if both have equal electronegativity, and hence
electron sharing will take place. This can be strictly possible only if both the atoms are of the same
element.
(3) Equal sharing of electrons

The atoms A and B should have equal (or nearly equal) electron affinity so that they attract the
bonding electron pair equally. Thusequal sharing of electronswill form anonpolar covalent bond. Of
course, precisely equal sharing of electronswill not ordinarily occur except when atoms A and B are
atoms of the same element, for no two elements have exactly the same el ectron affinity.

SOME EXAMPLES OF COVALENT COMPOUNDS

The construction of Lewis structures of simple covalent compounds will be discussed.
Hydrogen, H,

Hydrogen moleculeis made of two H atoms, each having one valence el ectron. Each contributes

an electron to the shared pair and both atoms acquire stable helium configuration. Thus stable H,
moleculeresults.
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Shared
electron pair

A"
H *H Hi%* H H H
x \j — or —

Chlorine, (:I2

Each Cl atom (2, 8, 7) has seven valence electrons. The two Cl atoms achieve a stable electron
octet by sharing a pair of electrons.

Shared

/ electron pair

XX = XX -
xClx : —  [Clix Cl: or I
IRVE: al ¢ c

Cl
Chlorine
28,7 28,7

Water, HZO

Oxygen atom (2, 6) has six valence electrons and can achieve the stable octet by sharing two
electrons, one with each H atom. Thus Lewis structure of water can be written as:

Sharing electrons Unshared _
electron pair

X X X X

X X
H- YO« *H —— HIOIH o H—O—H

X X X X

Water

Ammonia, NH3

Nitrogen atom (2, 5) has five valence electrons and can achieve the octet by sharing three
electrons, one each with three H atoms. This givesthe following Lewis structure for ammonia:

Sharing electrons Unshared
/ electron pair
X X X X X X
H- XNy *H —» HINIH or H— N—-H
X Xm
=H H
H
Ammonia

Methane, CH4

Carbon atom (2, 4) has four electrons in the valence shell. It can achieve the stable octet by
sharing these electronswith four H atoms, one with each H atom. Thusthe L ewis structure of methane
can bewritten as:

Sharing

|:| % electrons H ||'|

X

Methane
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EXAMPLES OF MULTIPLE COVALENT COMPOUNDS

In many molecules, wefind that in order to satisfy the octet, it becomes necessary for two atoms
to share two or three pairs of electrons between the same two atoms. The sharing of two pairs of
electronsisknown asaDoublebond and the sharing of three pairs of electronsaTriplebond. Let us
consider some examples of compounds containing these multiple covalent bondsin their molecules.

Oxygen, 0,
The conventional Lewis structure of oxygen is written by sharing of two pairs of electrons
between two O atoms (2, 6). In thisway both the O atoms achieve the octet.

Sharing electrons Double bond
X X M- [ X X = X X / '
0% .0 — X0%:0: or 0=—=0-:
Oxygen

2,8,6 2,8,6 2,8,8 2,8,8

The above structure of oxygenimpliesthat all the electronsin oxygen, O,, are paired whereby the
molecule should be diamagnetic. However, experiment showsthat O, is paramagnetic with two unpaired
electrons. This could be explained by the structure.

:0——o0:
Although writing Lewis structures work very well in explaining the bonding in most simple

molecules, it should be kept in mind that it is simply the representation of atheory. In this case, the
theory just doesn’t work.

Nitrogen, N,

Thetwo atomsof nitrogen (2, 5), each having five electronsin the valence shell, achieve the octet
by sharing three electron pairs between them.

X
X

X X

N x + =N. — > N x = N-. or N=N
X * Nitrogen
(3 Electrons shared

by each N atom)
Carbon Dioxide, CO,

Carbon (2, 4) has four valence electrons. It shares two electrons with each O atom (having six
valence electrons). Thus the C atom and both the O atoms achieve their octet.

. 0. + Cf +:0: —8» 0:HCxO: or O=C=—=0
Carbon dioxide

CHARACTERISTICS OF COVALENT COMPOUNDS

Whilethe atomsin acovalent moleculearefirmly held by the shared el ectron pair, the individual
molecules are attracted to each other by weak van der Waals forces. Thus the molecules can be
separated easily as not much energy is required to overcome the intermolecular attractions. This
explains the general properties of covalent compounds.
(1) Gases, liquidsor solidsat room temperature

The covaent compounds are often gases, liquidsor relatively soft solidsunder ordinary conditions.
Thisis so because of the weak intermolecular forces between the molecules.
(2) Low melting pointsand boiling points

Covalent compounds have generally low melting points (or boiling points). The molecules are
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held together in the solid crystal lattice by weak forces. On application of heat, the molecules are
readily pulled out and these then acquire kinetic energy for free movement asin aliquid. For the same
reason, the liquid molecul esare easily obtained in the gaseous form which explains|ow boiling points
of covalent liquids.

(3) Neither hard nor brittle

Whiletheionic compoundsare hard and brittle, covalent compounds are neither hard nor brittle.
Thereareweak forces holding the moleculesin the solid crystal lattice. A molecular layer inthe crystal
easily dlipsrelative to other adjacent layers and there are no ‘forces of repulsion’ like thoseinionic
compounds. Thusthe crystals are easily broken and there is no sharp cleavage between the layerson
application of external force.

(4) Solublein organic solvents

In general, covalent compounds dissolve readily in nonpolar organic solvents (benzene, ether).
Thekinetic energy of the solvent molecules easily overcomes the weak intermolecular forces.

Covalent compounds are insoluble in water. Some of them (al cohols, amines) dissolve in water
due to hydrogen-bonding.

(5) Non-conductor sof electricity

Sincethereareno (+) or (-) ionsin covalent molecul es, the coval ent compoundsin the molten or
solution form are incapabl e of conducting electricity.

(6) Exhibit |somerism
Covalent bonds are rigid and directional, the atoms being held together by shared electron pair

and not by electrical lines of force. This affords opportunity for various spatial arrangements and
covalent compounds exhibit stereoi somerism.

(7) Molecular reactions

The covalent compounds give reactions where the molecule as a whole undergoes a change.
Sincethere are no strong electrical forcesto speed up the reaction between mol ecul es, these reactions
areslow.

CO-ORDINATE COVALENT BOND

In anormal covalent bond, each of the two bonded atoms contributes one electron to make the
shared pair. In some cases, acovalent bond isformed when both the electrons are supplied entirely by
oneatom. Such abondiscalled co-or dinate covalent or dativebond. It may be defined as: a covalent
bond in which both electrons of the shared pair come from one of the two atoms (or ions). The
compounds containing acoordinate bond are called coor dinate compounds.

If an atom A has an unshared pair of electrons (lone pair) and another atom B is short of two
electrons than the stable number, coordinate bond is formed. A donates the lone pair to B which
accepts it. Thus both A and B achieve the stable 2 or 8 electrons, the lone pair being held in
common.

Coordinata
| covalert band
ATY 4 * B —» a2 or A—»E
Donoe ACCRpLor sinm
2 Coaordinala
#bam with & bt &hoet of eompound

laa pair 2 alacirons
Theatom Awhich donatesthelone pair is called thedonor, while B which acceptsit theacceptor.
The bond thus established is indicated by an arrow pointing from A to B. Although the arrow head
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indicatesthe origin of the electrons, once the coordinate bond isformed it isin no way different from
an ordinary covalent bond.

Themoleculeor ion that containsthedonor atom iscalled theligand.

SOME EXAMPLES OF COORDINATE COMPOUNDS OR IONS

L ewis structures of some common molecules or ions containing a coordinate covalent bond are
listed below.

Ammonium ion, NH,

In ammonia molecule, the central N atom islinked to three H atoms and yet N has an unshared
pair of electrons. The H* ion furnished by an acid has no electron to contribute and can accept apair
of electronsloaned by N atom. Thus, NH, donates its unshared electronsto H* forming ammonium

1on.
+

H H H
|~ ., |
H—l|\l: + H — H—N—/H or H—l|\l—H

Hydrogen
) ion H H
Ammonia Ammonium ion

molecule
(N has a lone pair)

All the N-H bondsin NH} are identical, once the coordinate bond N—H™ is established.

Hydronium ion, H,0*

The oxygen atom in water moleculeisattached to two H atoms by two covalent bonds. Thereare
still two unshared pairs of electrons with the O atom. The O atom donates one of these pairs of
electronsto H* ion and the hydronium ion is thus formed.

+
H—O0:” + *yt — % |H—O—H| or HO

H H
Hydronium ion
Fluoroborate ion,BF,

Itisformed when aboron trifluoride molecule (BF;) sharesapair of €lectrons supplied by fluoride
ion (F).

F F
| X N .- _
F—I|3 + ‘F: e F—B<—F or BF,
F Fluoride F
ion
Boron Fluoroborate
trifluoride ion

(B acts as Acceptor)

Addition compound of NH, with BCI,

TheN atom of ammoniamolecule (NH,) haslone pair while B atomin borontrichloride (BCl,) is
short of two electrons than stable octet. An addition compound is formed as the N atom donates its
lone pair to B atom of BCl,.
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H Cl H Cl

H—IL:/T‘ ||3—C| — H—l|\l —> B—cCl

| | |
H

Cl H Cl
(N is Donor) (B is Acceptor) Addition compound

Nitromethane, CH,NO,

TheLewisstructure of nitromethaneis shown below. Herethe N atom hasfive valence el ectrons,
three of which are used in forming acovalent bond with C atom and two coval ent bondswith O atom.
TheN atom is still left with two unshared electrons which are donated to another O atom.

0’ 0
H CN or H—(|_‘,—N/
Ho-Or ||4 Mo

Nitromethane

Sulphur dioxide, SO,, and Sulphur trioxide, SO,

Sulphur achieves its octet by forming two covalent bonds with one O atom, giving SO. The S
atom in SO hastwo lone pairs, one of which is shared with asecond O atom to form sul phur dioxide,
SO,. The Satomin SO, still has one lone pair which it donates to athird O atom forming the sul phur
trioxide (SO;) molecule.

0:5Sk or O0=S—>0
Sulphur dioxide
(0]

o=s/—>o\+‘o: —>» 0=—S—>0

Sulphur trioxide

Aluminium Chloride, ALCI,

Aluminium atom has three valence electrons which it shares with three Cl atoms, forming three
covalent bonds. Thusthe Al atom acquiressix electronsinitsouter shell. Now Cl atom hasthreelone
pairs, one of which is donated to the Al atom of another moleculeAlCl,. Thusboth Al atoms achieve
octet and stable AlCl results.

C\\AI/CI\\AI /CI
CI/ \ CI/ \CI

Sulphate ion, sni'
Sulphur has six valence electrons (2, 8, 6) and achieves the octet by gaining two electrons from
metal atoms (say two Na atoms). The four pairs of electrons around the S atom are then donated to

four oxygen atoms each of which has six electrons. Thus the Lewis structure for soi— ion may be
writtenas:
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2- e 2-
10:S:0: or 0¢—S—0
O
S gains two electrons Sulphate ion

from metal atoms and
completes octet

Ozone, (]3

Oxygen moleculeis made of two oxygen atomsjoined by two covalent bonds. Each O atomin O,
has two unshared pairs of electrons. When one pair of these is donated to athird O atom which has
only six electrons, acoordinate bond isformed. Thusthe L ewis structure of ozone may berepresented
as:

0=0r 7 + MA03: 5 0=—0->0

Oxygen Ozone
(2 Atoms of O)

Carbon Monoxide, CO

Carbon atom has four valence electrons while oxygen atom has six. By forming two covalent
bonds between them, O atom achieves octet but C atom has only six electrons. Therefore O donates
an unshared pair of electron to C, and a coordinate covalent bond is established between the two
atoms. Lewis structure of CO may bewritten as:

v

'c: + 0 —» C:l0 —» c=o
COMPARISON OF IONIC AND COVALENT BONDS
lonicBond Covalent Bond

1. Formedby transfer of electronsfromametal 1. Formed by sharing of electrons between

to anon-metal atom. nonmetal atoms.

2. Consists of electrostatic force between (+) 2. Consists of a shared pair of electrons
and (-) ions. between atoms.

3. Non-rigidand non-directional; cannotcause 3. Rigid and directional : causes
isomerism. stereoi somerism.

Propertiesof Compounds Propertiesof Compounds

1. Solidsat room temperature. 1. Gases, liquids or soft solids.

2. Highmelting and boiling points. 2. Low melting and boiling points.

3. Hardand brittle. 3. Soft, much readily broken

4. Soluble in water but insoluble in organic 4. Insoluble in water but soluble in organic
solvents. solvents.

5. Conductors of electricity 5. Non-conductors of electricity.

6. Undergo ionic reactionswhich arefast. 6. Undergo molecular reactionswhich areslow.
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POLAR COVALENT BONDS

Inthe H, or Cl, molecule, the two electrons constituting the covalent bond are equally shared by
thetwo identical nuclei. Dueto even distribution of (+) and (-) charge, the two bonded atomsremain
electrically neutral. Such abondiscalled nonpolar covalent bond. However, when two different atoms
arejoined by acovaent bond asin HCI, the electron pair is not shared equally.

Nonpolar covalent Polar covalent
bond bond
Cl——————ClI H——FCl
Bonding pair (:) Bonding pair (:)
equally shared unequally shared

Due to a greater attraction of one nucleus (Cl) for the electrons, the shared pair is displaced
towardsit. This makes one end of the bond partially positive (8+) and the other partially negative (5-).
3 5 —“—
H+— Cl or H————-ClI

A covalent bond in which electronsar eshar ed unequally and thebonded atomsacquireapartial
positiveand negativechar ge, iscalled apolar covalent bond.

A molecule having partia positive and negative charge separated by a distance is commonly
referred to as a Dipole (two poles). The dipole of a bond isindicated by an arrow from positive to
negative end with a crossed tail as shown abovein HCI molecule.

Since two atoms of different elements do not have exactly the same attraction for electronsin a
bond, all bonds between unlike atoms are polar to some extent. The amount of polarity of abond is
determined by the difference of electronegativity (or tendency to attract el ectrons) of the two bonded
atoms. Thegreater thedifferenceof electronegativity between two atoms, greater thepolarity. A
graph showing the % ageionic character and differencein electronegativity between thetwo atomsis
showninFig.5.5.

Monpolar covebard honding Palar covalent bonding fonic bonding
[Electrons ane sharad Electrons are sharad Electrans ara
aqually unagually transfamad

s w.a) o o)

= InCradsand ionic chatacter
_"'_'-“'--'m--ﬁ-\-.urruu-/
Leifarance in | |

Electronegaliving ! !
o ! 4 1.7

Asamatter of fact, if thisdifferenceisaround 1.9 and 2.9, the bond is generally ionic, meaning
that one atom has gained complete control of the electron pair in the bond.

The percentage ionic character of a bond can be calculated by using the equation
%ageionic character = 16 [X, —Xg] +3.5[X, —X;]?
This equation was given by Hannay and Smith.
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A
100% lonic
100
character
80 [~
o}
S
o]
© 60
S 50% lonic
o
= character
S a0
S
20—
0 | | | | | | | >
0 05 10 15 20 25 30 35
Difference in electronegativity
M Figure 5.5

Graph between % ionic character and
difference in electronegativity.

SOLVED PROBLEM. Calculate the percentage ionic character of C-Cl bond in CCl, if the
electronegativitiesof C and Cl are 3.5 and 3.0 respectively.
SOLUTION
%ageionic character = 16 [X, —Xg] +3.5[X, +X]?
GiveX,=3.5and X = 30
%ageionic character = 16(3.5-3.0)+3.5(3.5-3.0)2
=8.0+0.875
= 8.875%

Examples of Polar Covalent Bonds

Water molecule (H,O) contains two O-H covalent bonds. The electronegativity of O is 3.5 and
that of H is 2.1. Thus both the bonds are polar and water has a polar molecule.

o+

H

Polar covalent — ‘

,5_‘ bond .

SO N

S5—
o+ o+ o+ o+

H H

Water H Ammonia H

In ammoniamolecule, there are three N—H bonds. The electronegativity of N is 3.0 and that of H
is2.1. Thereforeall the N-H bonds are polar and ammoniahas apolar molecule.

Theelectronegativity of fluorine (F) is4.0 and that of H is2.1. Thedifference of electronegativities
being very great, the molecule H—F has astrong dipole.
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HYDROGEN BONDING (H-Bonding)
When hydrogen (H) iscovalently bonded to ahighly electronegativeatom X (O, N, F), the shared
electron pair is pulled so close to X that a strong dipole resullts.
5 8+ —
X—H or X—H
Dipole
Since the shared pair is removed farthest from H atom, its nucleus (the proton) is practically
exposed. The H atom at the positive end of apolar bond nearly stripped of its surrounding el ectrons,
exerts a strong electrostatic attraction on the lone pair of electrons around X in a nearby molecule.
Thus:

Electrostatic

5— 5+ 5~ 5+ 5— &+ 5~ 5+
X—H + X——H — X—H X—H
~~—
Hydrogen

/ bond
or X H X H

Theelectrostatic attraction between an H atom covalently bonded to a highly electr onegative
atom X and alone pair of electronsof X in another molecule, is called Hydrogen Bonding.
Hydrogen bond is represented by a dashed or dotted line.

POINTS TO REMEMBER

(1) Only O, N and F which have very high electronegativity and small atomic size, are
capableof forming hydrogen bonds.

(2) Hydrogen bondislonger and much weaker than anormal covalent bond. Hydrogen bond
energy islessthan 10 kcal/mole, while that of covalent bond isabout 120 kcal/mole.

(3 Hydrogen bonding resultsin long chains or clusters of alarge number of ‘ associated’
mol eculeslike many tiny magnets.

(4) Likeacovalent bond, hydrogen bond hasapreferred bondingdirection. Thisisattributed
to the fact that hydrogen bonding occurs through p orbitals which contain the lone pair
of electronson X atom. Thisimpliesthat the atoms X—H---X will bein astraight line.

CONDITIONS FOR HYDROGEN BONDING

The necessary conditions for the formation of hydrogen bonding are
(1) High eectronegativity of atom bonded to hydrogen

The molecule must contain an atom of high electronegativity such as F, O or N bonded to
hydrogen atom by a covalent bond. The examples are HF, H,O and NH,,.
(2) Small sizeof Electronegativeatom

The electronegative atom attached to H-atom by a covalent bond should be quite small. Smaller
the size of the atom, greater will be the attraction for the bonded electron pair. In other words, the
polarity of the bond between H atom and electronegative atom should be high. This results in the
formation of stronger hydrogen bonding. For example, N and Cl both have 3.0 el ectronegativity. But
hydrogen bonding iseffectivein NH, incomparisontothat in HCI. Itisdueto smaller sizeof N atom
than Cl atom.
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EXAMPLES OF HYDROGEN-BONDED COMPOUNDS

When hydrogen bonding occurs between different molecules of the same compound asin HF,
H,O and NH,, itis called Intermolecular hydrogen bonding. If the hydrogen bonding takes place
within single molecule asin 2-nitrophenal, it isreferred to as I ntramolecular hydrogen bonding. We
will consider examples of both types.

Hydrogen Fluoride, HF

The molecule of HF contains the strongest polar bond, the electronegativity of F being the
highest of all elements. Therefore, hydrogen fluoride crystals contain infinitely long chains of H-F
moleculesin which H is covalently bonded to one F and hydrogen bonded to another F. The chains
possess a zig-zag structure which occurs through p orbitals containing the lone electron pair on F
atom.

Hydrogen bond

& 5 8+ 6- &+ &
H—— F e H—— F s H—— Foeeeree

Hydrogen fluoride molecules

Water, H,0

In H,O molecule, two hydrogen atoms are covaently bonded to the highly electronegative O
atom. Here each H atom can hydrogen bond to the O atom of another molecule, thus forming large
chains or clusters of water molecules.

Hydrogen
5 bond
&+ .. . . .-
H—20: H—C|): -------- H—C|): -------- H— O
Hé+ H H H
Water Liquid water

molecule

F

Each O atom still has an unshared electron pair which leads to hydrogen bonding with other water
molecules. Thusliquid water, infact, ismade of clusters of alarge number of molecules.
Ammonia, NH,

In NH, molecules, there are three H atoms covalently bonded to the highly electronegative N
atom. Each H atom can hydrogen bond to N atom of other molecules.
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Hydrogen bond

5+
H H H H
o+ | B— | | |
. H—N:

H— |\|l: H— ||\l: --------- H—I|\l. --------- | ---------
Ho+ H H H
Ammonia
molecule

|- L L= o " ) J‘-._
2-Nitrophenol

Here hydrogen bonding takes place within the moleculeitself as O—H and N—H bonds are a part
of the same one molecule.

Oy, - tucrogen
e

i

8]

TYPES OF HYDROGEN-BONDING
Hydrogen bonding is of two types :

(1) Intermolecular Hydrogen bonding
Thistype of hydrogen bonding isformed between two different molecules of the same or different

substances e.g. hydrogen bonding in HF, H,O, NH, etc. Itisshown in thefollowing diagram (Fig. 5.6).

/ Hydrogen bond

H— F-: H— F - H—F
Hydrogen fluoride molecule

Hydrogen bond

Hydrogen
/ bond T / T T
au : =u . : H_N: .........

Water molecule Ammonia molecule

W Figure 5.6
Intermolecular hydrogen bonding in HF, H,O and NHs.
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This type of hydrogen bonding results in the formation of associated molecules. Generally
speaking, the substances with intermolecular hydrogen bonding have high melting points, boiling
points, viscosity, surface tension etc.

(2) Intramolecular Hydrogen bonding

Thistype of hydrogen bonding isformed between the hydrogen atom and the el ectronegative atom
present within the same molecule. It resultsin the cyclisation of the molecule. Molecules exist asdiscrete
units and not in associated form. Hence intramolecular hydrogen bonding has no effect on physical
properties like melting point, boiling point, viscosity, surface tension, solubility etc. For example
intramolecular hydrogen bonding existsin o-nitrophenol, 2-nitrobenzoic acid etc. as shown below :

Hydrogan
borud

£- Nitrolenzolc aold

M Figure 5.7
Intramolecular hydrogen bonding.

CHARACTERISTICS OF HYDROGEN-BONDED COMPOUNDS
(1) Abnormally high boiling and melting points

The compoundsin which moleculesarejoined to one another by hydrogen bonds, have unusually
high boiling and melting points. Thisis because here relatively more energy isrequired to separate
the molecules as they enter the gaseous state or the liquid state. Thusthe hydrides of fluorine (HF),
oxygen (H,0) and nitrogen (NH,) have abnormally high boiling and melting points compared to
other hydrides of the same group which form no hydrogen bonds. In Fig. 5.8 are shown the boiling
points and melting points of the hydrides of VIA group elements plotted against molecular weights.

It will be noticed that there is atrend of decrease of boiling and melting points with decrease of
molecular weight fromH,Teto H,S. But thereisasharpincreasein case of water (H,0), althoughit has
the smallest molecular weight. The reason isthat the molecules of water are‘ associated’ by hydrogen
bonds between them, while H, Te, H,Se and H,S exist as single mol ecul es since they areincapable of
forming hydrogen bonds.
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A
o H,O
100 ~ °
Boiling MeI_tlr:g
O oints points H.Te
o p 2
o H,Se °
Sl o /o
© 07 e H,S
'q__) ° H2Te
° H,Se
H,S
0
-100
T T >
0 60 120
Molecular weights
M Figure 5.8

Boiling and melting point curves of the hydrides of VIA group showing abrupt
increase for water (H20) although it has the lowest molecular weight.

(2) High solubilitiesof some covalent compounds

The unexpectedly high solubilities of some compounds containing O, N and F, such asNH, and
CH,OH in certain hydrogen containing solvents are due to hydrogen bonding. For example, anmonia
(NH,) and methanol (CH,OH) are highly solublein water asthey form hydrogen bonds.

H Hydrogen bond H Hydrogen bond

H— I|\|: -------- H— C|) H C|: C|): --------- H—— (|)
H H H H
Ammonia Water Methanol Water

(3) Threedimensional crystal lattice

Asalready stated, hydrogen bondsaredirectional and pretty strongtoform threedimensional
crystal lattice. For example, inanicecrystal thewater molecules (H,0) are held together in atetrahedral
network and have the same crystal lattice as of diamond. Thisis so because the O atom in water has
two covalent bonds and can form two hydrogen bonds. These are distributed in space like the four
covalent bonds of carbon. Thetetrahedral structural unitsare linked to other units through hydrogen
bonds as shownin Fig. 5.6.

Sincethereisenough empty spaceinitsopen lattice structureiceislighter than water, while most
other solids are heavier than the liquid form.
Water asan Interesting Liquid

Waeter is very interesting solvent with unusual properties. It dissolves many ionic compounds
and polar organic compounds. It has high heat of vaporisation, high heat of fusion, high specific heat

with melting point 273 K and boiling point 373 K. Its structure as shown aboveisvery interesting as
it explainsmany properties:
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(1) lce(solid)islighter than water (Liquid)

The structure of water is tetrahedral in nature. Each oxygen atom is linked to two H-atoms by
covalent bonds and other two H-atoms by hydrogen bonding. In this solid state (1ce), thistetrahedral
structure is packed resulting in open cage like structure with anumber of vacant space. Hencein this
structure the volume increases for agiven mass of liquid water resulting in lesser density. Dueto this
reason ice floats on water.

(2) Maximum density of water at 277 K (4°C)

On melting ice, the hydrogen bonds break and water molecules occupy the vacant spaces. This
results in decrease in volume and increase in density (d = m/v). Hence density of water keeps on
increasing when water is heated. This continues upto 277 K (4°C). Above this temperature water
mol ecules start moving away from one another due to increase in kinetic energy. Dueto thisvolume
increases again and density starts decreasing. This behaviour of water is shown in the fig. 5.9.

A

] > gy

Density

l l l Ly l l l L
273 274 275 276 277 278 279 280 281 282
Temperature (K)

B Figure 5.9
A plot of density versus temperature (water).

EXCEPTIONS TO THE OCTET RULE

For atimeit wasbelieved that all compounds obeyed the Octet rule or the Rule of eight. However,
it gradually became apparent that quite a few molecules had non-octet structures. Atomsin these
molecules could have number of electronsin the valence shell short of the octet or in excess of the
octet. Someimportant examplesare:

(1) Four or six electronsaround the central atom

A stablemoleculeasof beryllium chloride, BeCl,,, containsan atom with four electronsinitsouter
shell.

Be Cl.

xBex + 2 "CI. — .Cl
(4 Electrons about Be)

The compound boron trifluoride, BF,, hasthe Lewis structure :

.Cl.

B« + 3°Clf —» Cl— B——CI'

(6 Electrons about B)
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The boron atom has only six electronsin its outer shell.
Beryllium chloride and boron trifluoride arereferred to as el ectr on-deficient compounds.

(2) Seven electronsaround thecentral atom

Thereareanumber of relatively stable compoundsin which the central atom has seven electrons
inthevalenceshell. A simple exampleischlorinedioxide, CIO,.

.0 + Cl: + O: —» O — Cl— O:
Chlorine dioxide

The chlorine atom in ClO, has seven electronsin its outer shell.

Methyl radical (CH,) hasan odd electron and isvery short lived. When two methyl freeradicals
collide, they form an ethane molecule (C,H,) to satisfy the octet of each carbon atom. Any specieswith
an unpaired electroniscalled afreeradical.

2H— C|: _—> H— C|: — C|Z —H
H H H
(C has 7 electrons) Ethane

(3) Ten or moreeectronsaround thecentral atom

Non-metallic elements of the third and higher periods can react with el ectronegative elementsto
form structuresin which the central atom has 10, 12 or even more electrons. Thetypical examplesare
PCl and Sk

¢l Ll =
(10 Electrons about P) (12 Electrons about S)

The molecules with more than an octet of electronsare called super octet structures.

InelementsC, N, O and F the octet ruleis strictly obeyed because only four orbitalsare available
(one 2s and three 2p) for bonding. In the elements Pand S, however, 3s, 3p, and 3d orbitals of their
atoms may be involved in the covalent bonds they form. Whenever an atom in a molecule has more
than eight electronsinitsvalence shell, it issaid to have an expanded octet.

VARIABLE VALENCE

Some elements can display two or more valences in their compounds. The transition metals
belong to this class of elements. The Electronic Structure of some of these metalsis given below :
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TABLE 5.2. ELECTRONIC STRUCTURE OF THE TWO OUTERMOST SHELLS OF

SOME TRANSITION METALS

Sc 3d14s? Ag 4d105g!
Cr 3d%4s! La 5d16s2
Mn 3d%4s? Os 5d66s2
Fe 3d64s? Ir 5d76s2
Co 3d74s? Pt 5d96s2
Cu 3d104s! Au 5d1%6s!

Most of the transition metals have one or two outer-shell electrons and they form monoval ent or
bivalent positive ions. But because some of the d electrons are close in energy to the
outermost electrons, these can also participate in chemical bond formation. Thus transition metals
can form ions with variable valence. For example, copper can form Cul* and Cu?* ions and iron can
form Fe?* and Fe** ions.

The complete electronic configuration of aniron atomis

Fe = 15? 25 2pf 3¢” 3pf 4% 3d°
It can form Fe?* by losing two 4s el ectrons,
Fe?t = 1% 2% 2p® 3s? 3p 3d°
When iron loses two 4s electrons and one of the three 3d electrons, if forms Fe** ion
Fe3* = 1% 2% 2pf 3¢? 3pf 3d®
Copper form Cul* and Cu?* ions by losing one4s el ectron, and one4s and 3d el ectron respectively
Cu = 18 2<% 2pb 3% 3pb 3d™ 4s!
Cul* = 1% 252 2p6 3¢? 3p® 3d°
Cu?t = 1s? 2<% 2pb 3% 3pf 3d°

It may be noted that the structures of Fe2*, Fe3*, Cul*, Cu?*, Cr*, etc., are not isoel ectronic with
any of the noble gases, and hence the d electrons being unstable are available for bond formation.
(The atoms and ions that have the same number of electrons are said to be | soelectr onic).

METALLIC BONDING

The valence bonds that hold the atoms in a metal crystal together are not ionic, nor are they
simply covalent in nature. lonic bonding is obviously impossible here since all the atomswould tend
to give electrons but none are willing to accept them. Ordinary covalent bonding isalso ruled out as,
for exampl e, sodium atom with only one outer-shell electron could not be expected to form covalent
bondswith 8 nearest neighbouring atomsinitscrystal. Thepeculiar typeof bondingwhich holdsthe
atomstogether in metal crystal iscalled theMetallic Bonding.

Many theories have been proposed to explain the metallic bonding. Here we will discuss the
simplest of these: The Electron SeaModel.
THE ELECTRON SEA MODEL

Metal atoms are characterised by :

(1) Low ionization energies which imply that the valence electrons in metal atoms can easily be
separated.
(2) A number of vacant electron orbitalsin their outermost shell. For example, the magnesium atom

with the electron configuration 1s? 2s? 2p® 3s? 3p° has three vacant 3p orbitalsin its outer electron
shell.
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Thereisconsiderable overlapping of vacant orbitalson one atom with similar orbital s of adjacent
atoms, throughout the metal crystal. Thusit is possible for an electron to be delocalized and move
freely inthe vacant molecular orbital encompassing the entire metal crystal. The del ocalized electrons
no longer belong to individual metal atoms but rather to the crystal asawhole.

Asaresult of the delocalization of valence electrons, the positive metal ions that are produced,
remain fixed in the crystal lattice while the delocalized electrons are free to move about in the vacant
space in between. The metal is thus pictured as a network or lattice of positive ions of the metal
immersedina‘seaof electrons’ or ‘gasof electrons’ . Thisrelatively smplemodel of metallic bonding
isreferred to asthe Electron Seamodel or the Electron Gasmodel (Fig. 5.10.)
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R
2 e B0 € '?;'ﬁ_ﬁjj&”—"-
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‘r.-"""'ﬂ mlsclrons
B + 4 @ + 1 B | &
e Maiiz on

M Figure 5.10
The Electron Sea model of metallic bonding.

A metallic bond is the el ectrostatic force of attraction that the neighbour positive metallic ions
have for the delocalized el ectrons.

o

Thedectron seamode of metallicbonding explainsfairly well themost char acteristic physical
propertiesof metals.

(1) Luster or Reflectivity. Thedelocalized mobile electrons of the ' electron sea’ account for this
property. Light energy isabsorbed by these electronswhich jumpinto higher energy levelsand return
immediately to theground level. In doing so, the el ectrons emit el ectromagnetic radiation (light) of the
same frequency. Since the radiated energy is of same frequency as the incident light, we seeit asa
reflection of theoriginal light.

(2) Electric Conductivity. Another characteristic of metalsisthat they are good conductors of
electricity. According to the electron sea model, the mobile electrons are free to move through the
vacant space between metal ions. When electric voltage is applied at the two ends of ametal wire, it
causes the electrons to be displaced in a given direction. The best conductors are the metals which
attract their outer el ectronstheleast (Iow ionization energy) and thus allow them the greatest freedom
of movement.
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M Figure 5.11
Electrical conductivity by flow of electrons
based on Electron Sea model.

(3) Heat Conductivity. If ametal isheated at one end, the heat is carried to the other end. The
mobile electrons in the area of the ‘electron sea’ around one end of the metal easily absorb heat
energy and increase their vibrational motion. They collide with adjacent electrons and transfer the
added energy to them. Thus the mobility of the electrons allows heat transfer to the other end
(Fig.5.12).

Heat
ener + + Ct +
Y @ V V
e e” e e
M Figure 5.12

Heat conduction through a metal.

(4) Ductility and Malleability. The ductility and malleability of metals can also be explained by
the electron seamodel. In metalsthe positive ions are surrounded by the sea of electronsthat ‘ flows'
around them. If one layer of metal ions is forced across another, say by hammering, the internal
structure remains essentially unchanged (Fig. 5.13). The sea of electrons adjusts positions rapidly
and the crystal latticeis restored. This allows metals to be ductile and malleable. However, in ionic
crystals of saltse.g., sodium chloride, displacement of onelayer of ionswith respect to another brings
like charged ions near to each other. The strong repulsive forces set up between them can cause the
ionic crystalsto cleave or shatter. Thusionic crystalsarebrittle.

e” e” e e
G OO W V v
e” e” e” e” e” e”
+ + + + + +
W oG W O G
e” e” e” e” e” e”
Before After

B Figure 5.13
When force is applied to the upper layer of cations it slips
to the right without changing the environments.
illustration of malleability and ductility.
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(5) Electron Emission. When enough heat energy isapplied to ametal to overcometheattraction
between the positive metal ionsand an outer electron, the electron is emitted from the metallic atom.
When the frequency and, therefore, the energy of the light that strikes the metal is great enough to
overcome the attractive forces, the electron escapes from the metal with aresultant decrease in the
energy of theincident photon (Photoelectric effect).

GEOMETRIES OF MOLECULES

So far we have depicted molecules by Lewis structures in the flat plane of paper. But all
moleculescontaining threeor moreatomsar ethree-dimensional. The shape of aparticular molecule
isdetermined by the specific arrangement of atomsin it and the bond angles. Molecular shapes may
belinear, bent (or angular), trigonal planar, pyramidal or tetrahedral.

The shapes of molecules can be determined in the laboratory by modern methods such as X-ray
and electron diffraction techniques. Molecular shapes are important because they are helpful in the
investigation of molecular polarity, molecular symmetry or asymmetry. Physical and chemical properties
of compounds depend on these factors. V SEPR theory throws light on the three dimensional shapes
of molecules.

VSEPR THEORY

The Lewisstructure of amoleculetells usthe number of pairs of electronsin the valence shell of
the central atom. These electron pairs are subject to electrostatic attractions between them. On this
basis, R.G.Gillespie (1970) proposed atheory called the Valence-Shell Electron Pair Repulsion or
VSEPR (pronounced as‘Vesper') theory. It statesthat : The electron pairs (both lone pairsand
shared pairs, surrounding thecentral atom will bearranged in spaceasfar apart aspossibleto
minimisetheelectrostatic repulsion between them.

A
*

o
90° . 120" . . 180 .
Central
atom
Two electron Two electron Two electron
pairs at 90° pairs at 120° pairs at 180°
M Figure 5.14

Arrangement of two electron pairs on circle at 90°, 120° and at 180°.
Placement of electron pairs at 180° puts them the farthest apart,
thereby minimising the electrostatic repulsion.

Let us consider the simplest case of an atom with two electron pairs. We wish to place the
electron pairs on the surface of a sphere such that they will be as far apart as possible so as to
minimise repulsion between them. Fig. 5.14 illustratesit by showing some possi bl e placements of the
two electron pairs. The arrangement in which the electron pair-central atom-electron pair anglesis
180°, makesthe electron pairsfarthest apart. Thisarrangement iscalled linear becausetheelectron
pairsand thecentral atom arein astraight line.

V SEPR theory issimple but remarkably powerful model for predicting molecular geometriesand
bond angles. While working out the shapes of molecules from thistheory, it must be remembered :

(1) Multiple bonds behave as a single electron-pair bond for the purpose of VSEPR. They
represent a single group of electrons.
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(2) Order of repulsionsbetween lone pair and lone pair (Ip-1p), lone pair and bonding pair (Ip-

bp), and bonding pair and bonding pair (bp-bp) is
Ip—Ip>>Ip—bp>bp-bp

When amoleculehaslone pairsof eectrons, thebonding electron pair sar epushed closer and
thusthebond angleisdecreased.

Now we proceed to work out the shapes of some common molecules with the help of VSEPR
theory.
(1) Linear Molecules

(@) Beryllium chloride, BeCl,,. It hasthe Lewisstructure

Repel one o
| | another 180
(—\ _‘ -

Cl: Be : ClI Cl—Be——U°Cl
Lewis structure VSEPR Model
M Figure 5.15

Geometry of BeCl, molecule.

The central atom Be has two bonding electron pairs and no unshared electron. According to
V SEPR theory, the bonding pairs will occupy positions on opposite sides of Be forming an angle of
180°. Anangleof 180°givesastraight line. Therefore, BeCl, moleculeislinear. Ingeneral, all molecules
asA-B-A which haveonly two bondsand nounshared electronsarelinear.

(b) Carbon dioxide, CO,,. It hasthestructure

Counts the same 1800
| as single bond m
0O=—C=—7=0 0O—C—0o0 0—C—70 m
Lewis structure Modified VSEPR Model

structure
W Figure 5.16
Geometry of CO, molecule.

The central C atom has no unshared el ectron. We know that a double bond countsthe sasme asa
singlebondinVSEPR model. Thus CO, isalinear molecule.

Similarly, it can be shown that hydrogen cyanide (H —C = N) and acetylene (H—-C=C—H) are
linear molecules.

CC® C4C .

Hydrogen cyanide hoatviene

(2) Trigonal Planar M olecules

(@) Borontrifluoride, BF,. ItsLewisstructure shown that the central atom B has three bonding
electron pairs and no unshared electrons. VV SEPR theory says that the three bonding electron pairs
will be asfar apart as possible. This can be so if these electron pairs are directed to the corners of an
equilateral triangle. ThusV SEPR mode! of BF; molecule hasthree F atomsat the cornersof thetriangle
with B atom at its centre. All the four atoms (three F and one B) lie in the same plane. Therefore, the
shape of such amoleculeiscalledtrigonal planar. Thebond angleis 120°.
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F Equilateral
/ triangle
/|: L
F—B
\F /
Lewis formula E E E L.

VSEPR Model

M Figure 5.17

Geometry of BFz molecule.

(b) Sulphur trioxide, SO,. Inthe Lewisstructure of SO, the central Satomisjoined withtwo O
atoms by covalent bonds. The third O atomisjoined with S by a double bond. But adouble bond is
counted as a single electron pair for the purpose of VSEPR model. Therefore, in effect, S has three
electron pairsaround it. Thuslike BF;, SO, hastrigonal planar geometry.

Counted as Surrounded by
single electron pair 3 electron pairs (0]
| / /O N
o=s{_ 0—— S 2\
7 o
Lewis structure Modified VSEPR Model
structure (trigonal, planar)
W Figure 5.18

Geometry of SO3 molecule.

(3) Tetrahedral Molecules

(@) Methane, CH,. Lewisstructure of methane shows that the central C atom has four bonding
electron pairs. These electron pairs repel each other and are thus directed to the four corners of a
regular tetrahedron. A regular tetrahedron isasolid figurewith four faceswhich areequilateral triangles.

All bond anglesare 109.5°.

Tetrahedron

Has four
H  electron pairs

i 2
s e .

H

H
Lewis structure o
Electron pairs directed VSEPR Model
to the corners of a (tetrahedral)

tetrahedron
W Figure 5.19
Geometry of CH4 molecule.
Similarly, CCl, in which the central C atomis bonded to four other atoms by covalent bonds has
tetrahedral shape.
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(b) Ammoniumion, NH} , and Sulphateion, SO~ . TheN atomin NH; and Satomin SO2~
have four electron pairs in the valence shell. These are directed to the corners of a tetrahedron for
maximum separation from each other. Thus both NH;; and sof; have tetrahedral shape.

H 0
o] o]
1095, 41 10954 49
N\ S\
H \ H 0 \ 0
H 0

+
2-
VSEPR Model of NH,, VSEPR Model of SO
B Figure 5.20 )
+ -
Geometry of NH, ion and SO, ion.

(4) Pyramidal Molecules

(@ Ammonia molecule. The Lewis structure of NH, shows that the central N atom has three
bonding electrons and one lone electron pair. The VSEPR theory says that these electron pairs are
directed to the corners of atetrahedron. Thus we predict that H-N—H bond angle should be 109.5°.
But the shape of amoleculeis determined by the arrangement of atoms and not the unshared electrons.
Thus, if wesee only at the atoms, we can visualise NH, molecule asapyramid with the N atom located
at the apex and H atoms at the three corners of the triangular base.

AccordingtoVSEPR theory, alonepair exertsgreater repulsion on thebonding electron pairs
than thebonding pair sdo on each other. Asaresult, the bonds of NH, molecule are pushed slightly
closer. This explains why the observed bond angle H-N-H is found to be 107.3° instead of 109.5°
predicted from tetrahedral geometry.

/ Lone pair i

Pyramid

! &S SHH H 7.3 H
Lewis formula
H H
Pyramidal shape Pyramidal shape with
of NH3

bond angle decreased
H o
B Figure 5.21 to 107.3

Geometry of NH3 molecule.

All moleculesin which the N atom isjoined to three other atoms by covalent bonds, have
pyramidal shape. For example, aminesRNH,, R,NH and R;N have pyramidal shape.
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More o
repulsion H
p -

N

[ N
/ /{
109.50 /H 107.30

Less

repulsion
Tetrahedral geometry The bond angle decreases
predicts H—N—H because of greater repulsion
angle of 109.5° of lone electron pair

W Figure 5.22
Why the angle H—N—H in NH3 molecule is 107.3°
while the tetrahedral angle is 109.5°?
(b) Phosphorustrichloride, PCl,. Thestructural formulaindicates that the central phosphorus
atom has three bonding €lectron pairs and one lone electron pair. Thus, like NH, it has pyramidal
shape and the observed bond angle Cl-P-Cl is 100°.

s >
Cl

Cl
Lewis formula Pyramidal PCl; molecule

M Figure 5.23
Geometry of PClz molecule.

(5) Bentor Angular Molecules

(@ Water, H,0. In the structural formula of H,O, the O atom is bonded to two H atoms by
covalent bonds and has two lone pairs. Thus O is surrounded by two bonding el ectron pairs and two

A

Has 4
/ electron pairs .
H— O—H oK
H H 105 H
Predicted _
bond angle Bent molecule of H,O with
109.5° H observed bond angle 105°

M Figure 5.24
Geometry of H,O molecule.

unshared electron pairs. VSEPR theory says that in order to secure maximum separation between
them, the four electron pairs are directed to the corners of atetrahedron. If welook at the three atoms
(and ignorethe unshared pairs), the atoms HOH liein the same plane and the predicted bond angleis
109.5°. But with two unshared pairsrepelling the bonding pairs, the bond angleis compressed to 105°,
the experimental value. Thus the H,O molecule is flat and bent at an angle at the O atom. Such a
moleculeiscalled abent moleculeor angular molecule.
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(b) Sulphur dioxide, SO,. The Lewisstructure of SO, is given below. The S atom is bonded to
one O by a double bond and to the other O by a single bond. It has an unshared electron pair. In
V SEPR model adouble bond is counted as asingle electron pair. That way, the Satom is surrounded
by three electron pairs, two bonding pairs and one unshared pair. For maximum separation the three
electron pairs are directed to the corners of an equilateral triangle. The predicted bond angleis 120°.
But with the unshared electron pair repelling the bonding electron pairs, the bond angle is actually
reduced somewhat. Thus SO, has a planar bent molecule with the observed bond angle 119.5°.

0=S—0 s
Lewis structure m /')\
o o 0
VSEPR Model Bent molecule of SO,
B Figure 5.25 with bond angle 119.5°

Geometry of SO, molecule.

SUMMARY : SHAPES OF MOLECULES

» 2 o 0
00 060 ¢ :

Methane (CH,) Ammonia (NH,) Water (H,0) Hydrogen fluoride (HF)

The directional nature of covalent bonds is shown in the diagrams of molecules above. The
shape of the methane molecule is tetrahedral because the four bonding pairs of electrons repel each
other equally, and the equilibrium position of al four bonding electron pairs is tetrahedral.

HOW TO WORK OUT THE SHAPE OF A MOLECULE

It is possible to work out the shape of asmall molecule that has a formula XY by applying afew
simple rules. We will use ammonia as an example to illustrate the idea.

Rulel First find the number of bonding pairs of electrons in the molecule. The number of bonding
pairs of electrons in the molecule NH, can be seen in the formula. There must be three
bonding pairs of electrons holding the three hydrogens onto the nitrogen.

Rule2  Find the number of valence electrons (electrons in the outer energy level) on an atom of
the central atom (The one of which there is only one.) Nitrogen is in group V, so the
nitrogen has five electrons in the outer energy level.

Rule3  Find the number of lone pairs on the central atom by subtracting the
number of bonding pairs (3) from the valence electrons (5) to find the
number of electrons (2) that will make up lone pairs of electrons.

Divide this number by 2 to find the number of lone pairs, 2/2 = 1. 28
Rule 4  Distribute all the electron pairs around the central atom and learn the
angles they will make from molecules with no lone pairs.
Rule5 Learn that the repulsion between lone pairs of electrons is greater .)
than the repulsion between bonding pairs, and subtract 2° from the n A

bond angles for every lone pair. X u y
Rule6 Learn the names of the shapes. The shapes are named from the O O
position of the atoms and not the position of the orbitals.
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TABLE OF SHAPES

Formula BeCl, BCI CH NH H.0

Beryllium BOI’(;] Meth;ne Amm03nia Wazter

chloride trichloride
Bonding Pairs 2 3 4 3 2
Valence Electrons 2 3 4 5 6
LonePairs 0 0 0 1 2
ﬁ;%ﬁ:ﬁﬂ?m 180° 120° 1005° 107 105°
Name of shape Linear Trigond Tetrahedral Trigona Bent

Planar Pyramid
9 9 o
“ Q 6

\ ( )
9 o O 090 o%0 O

Thereisone moreruleto learn, and it concerns the shape of polyatomic ions.

Rule2(a) If the molecule is an ion, e.g. ammonium (NH;), subtract 1 from the number of valence
electronsfor every + charge on theion and add 1 to the valence number for every - charge,
then proceed as before.

SOME MORE EXAMPLES

Formula NH; PCI, SF, XeF, ICl,
Bonding Pairs 4 5 6 4 3

Valence Electrons 5 5 6 8 7

Rule2(a) 5-1=4

LonePairs 0 0 0 2 2

Angles between
bonding pairs

Name of shape Tetrahedral ~ Trigona Octahedron Square T shape
Bipyrimid
o ) ») " )
49 2,50 D250 -
«) ) . 4 D ) D D 3 ) .
°0 o ») . 9

109.5° 90° & 120° KO° GO° €XO°

o
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EXAMINATION QUESTIONS

1

10.

12.

13.

14.

15.

16.
17.

18.

Define or explain the following terms :

(a) Octet rule (b) lonic bond

() Covaent bond (d) Co-ordinate covalent bond
(e) Polar covalent bond (f) Hydrogen bonding

(g) Intermolecular H-bonding (h) Intramolecular H-bonding

(i) VSEPR theory
(a) Compare the properties of ionic and covalent compounds.
(b) State whether the following compounds are ionic or covalent.
(i) AlCl, (i) HgF,
(@) Draw the structure of NaCl crystal and give the co-ordination number of Na'.
(b) Which of the two is more covalent and why in the following pairs
(i) AgClandAdgl (i) LiClandKCl
In methane, ammoniaand water molecule the bond angleis decreasing. Explain giving reasons.

(@) Explainthe formation of covalent bond between two atoms of chlorinein achlorine molecule on
the basis of octet rule.

(b) Define (i) lonic bond; (ii) Co-ordinate bond; and (iii) Metallic bond
(@) What do you understand by ‘ Stable configuration’? What are the ways by which an atom can
attain stable configuration?
(b) Write the electronic configuration of any two of the following compounds :
(i) Phosphorus pentachloride
(i) Sulphuricacid
(i)  Lithiumfluoride
Wheat type of bonds do you expect in the following cases? Give reasons :
(i) betweenavery small cation and alarge anion.
(ii) between atomshaving avery large differencein electronegativities,
(iii)  between atoms of the same element.
Explain qualitatively the valence bond theory with reference to Hydrogen molecule.
Comparethe properties of ionic and covalent compounds. Givetwo examples of each type of compounds.
Indicate the type of bonding that exists in the following solids :
(i) lce (i) Naphthalene
(iii) Diamond (iv) Potassium chloride
Write Lewis dot formulae of : (a) HOCI (b) BF, (c) NH,*.

Show the formation of aco-ordinate bond in ozone molecule and discuss briefly the electron gas model
of the metallic bond and how it explains the electrical conductivity of metals.

What is electronegativity? How is the concept of electronegativity used to predict the bond types
between hetero atoms?

Account for the variation of bond angles between the pairs (i) H,0 and H,S (104.5° and 92°) and
(if) H,O and OF, (104.5° and 101.1°).
Describethe structures of water, ammoniaand methane moleculesin terms of the electron pair repulsion
theory. Explain why the bond angles are different in the three molecules.
What is a co-ordinate covalent bond? How doesit differ from a normal covalent bond?
Discuss the shape of the following molecules on the basis of VSEPR theory :
NH, CH, PCl,
Explain the formation of NH, molecule if no hybridization of s and p-orbitals of nitrogen is assumed.
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Give diagrammatic representation al so.

Explain:

(@ Thestructure of H, molecule according to V.B. theory.
(b) lonic bond and Metallic bond.

Two elements X and Y occur in the same period and their atoms have two and seven valence electrons
respectively. Write down the el ectronic structure of the most probable compound between X and Y. Will
the bond between X and Y be predominantly ionic or covalent?

Answer. XY,; lonic

Using VSEPR theory, identify the type of hybridisation and draw the structure of OF,. What are the
oxidation states of O and F?

Account for : The experimentally found N——F bond length in NF; is greater than the sum of single
covalent radii of N and F.

Which of the following compounds contain bonds that are predominantly ionic in character :
MgO, Ca,P,, AICl;, Mg,Si and CsF.

Answer. CsF, Mg,Si and MgO

Classify the bondsin the following asionic, polar covalent or covalent : (a) HCl (b) NaCl and (c) NCl,.
Answer. HCI - Polar covalent, NaCl - lonic and NClI,; - Covalent

Predict the geometry of the following molecules using V SEPR theory.

(@ cdal, (o) AICI,

(0 Hse

Answer. (a)Tetrahedral (b) Trigonal planar (c) Bent

Predict the geometry of the following ions having V SEPR model.

(@ H,0* (o) NO,

(9 Clo,

Answer. (a) Pyramidal (b) Bent (c) Bent

Calculate the percentageionic character of C—Cl bondin CCl,, if the electronegativities of C and Cl are
3.5 and 3.0 respectively.

Answer. 8.875%

The experimentally determined dipole moment, m, of KF is 2.87 x 10-2° coulomb meter. The distance,

d, separating the centers of chargein aKF dipoleis2.66 x 10-3 m. Calcul ate the percent ionic character

of KF.

Answer. 67.4%

The dipole moment of KCl is 3.336 x 102° coulomb meter which indicates that it is highly polar

molecule. The interionic distance between K* and Cl-in this moleculeis 2.6 x 107° m. Calculate the

dipole moment of KCI moleculeif there were opposite charges of one fundamental unit localised at each

nucleus. Cal cul ate the percentage ionic character of KCI.

Answer. 80%

What ismeant by anionic bond? What are the conditions necessary for the formation of anionic bond?
(Agra Bc, 2000)

Describe the basic ideas of the VSEPR theory. Explain the application of the theory for predicting the

shapes of the molecules, BCI,;, NH,, H,O and SF. (Delhi BSc, 2001)

(8) What are electrovalent compounds? Discuss various factors which affect the formation of these
compounds.

(b) What do you understand by hydrogen bonds? Classify them with examples. Explain why water
has abnormally high boiling point. (Baroda B, 2002)

Why bond angles of H,O and NH, are 104.5° and 107° respectively although central atoms are sp®

hybridized. (Aligarh Bsc, 2002)

Define Lattice energy. Discuss the factors on which it depends.
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35.

36.

37.

38.

39.

40.

(8) Why melting and boiling points of ionic compounds are usually higher than covalent compounds?
(b) Discussthe geometry and shape of PF; molecule.
() Write ashort note on hydrogen bonding. (Arunachal BSc, 2003)

Each of the concepts of covalency and electrovalency relatesto an idealised state of chemical bonding
which often does not exist in real compounds. Discuss how far this statement is valid and give two
exampleswith suitable explanation of caseswhere such non-ideality infact arises.  (Delhi BSc, 2003)

Strength of hydrogen bond in H—Fismorethanin H,O but still HF isagasand H,O isaliquid at room

temperature. Explain. (Delhi BSc, 2004)

(@) Thebond angle #\HNH in ammoniais 107° while bond angle /HOH in water is about 104°.
Why?

(b) A covalent bond isstronger than ametallic bond. Why? (Sambal pur BSc, 2004)

Explainintermolecular and intramolecular hydrogen bonding with one examplefor each.

(Agra B<c, 2005)
Based on metallic bond, explain why metalsare:
(a) good conductors of electricity (b) malleableand ductile
(¢) havingcharacteristic lustre (Mysore BSc, 2006)

MULTIPLE CHOICE QUESTIONS

Thevalency of an element is

(a) thecombining capacity of one atom of it

(b) the number of bonds formed by its one atom

(¢) the number of hydrogen atoms that combine with one atom of it
(d) alltheabove

Answer. (d)

The octet ruleis

(a) thetendency of atomsto have eight electronsin the outermost shell
(b) thetendency of atoms to have eight pairs of electronsin the valency shell
(c) thetendency of the molecule to have atotal of eight electrons

(d) thetendency of atomsto have eight non-bonding electrons

Answer. (a)

Anionic bond isformed between

(a) two metal atoms (b) two non-metal atoms

() onemeta atom and onenon-metal atom  (d) onemetal atom and one metalloid atom
Answer. (c)

Factors governing the formation of anionic bond are

(a) low ionisation energy of metal and high electron affinity of non-metal atom

(b) highionisation energy of metal and high electron affinity of non-metal atom

(c) low ionisation energy of metal atom and low electron affinity of non-metal atom

(d) highionisation energy of metal and low electron affinity of non-metal atom

Answer. (a)

The lattice energy is the amount of energy that

(a) isreleased when one cation combines with one anion

(b) isreleased when one mole of cations combine with one mole of anions

(c) isreleased when one mole of anionic compound isformed fromits cations and anions
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(d) isabsorbed when one mole of anionic compound isformed from its cation and anions
Answer. (c)

The most favourable conditions for the formation of an ionic compound is
(a) low chargeonions, small cation and small anion

(b) highchargeonions, large cation and large anion

(c) highchargeonions, small cation and large anion

(d) low chargeonions, large cation and small anion

Answer. (c)

lonic compounds are generally

(a) solids having large melting points and good conductors of electricity

(b) gases having low melting points and poor conductors of electricity

(c) solids having low melting points and good conductors of electricity

(d) solids having high melting points and bad conductors of electricity
Answer. (a)

A covalent bond involves

(a) sharing of electrons between ametal and anon-metal atom

(b) sharing of electrons between two metal atoms

(c) sharing of electrons between two atoms having similar electronegativity
(d) sharing of electrons between two atoms having alarge differencein electronegativity
Answer. (c)

Thetotal number of electron pairsin anitrogen moleculeis
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Answer. (d)

The covalent compounds are solublein

(a) all acids (b) al bases (c) al solvents (d) non-polar solvents
Answer. (d)

The compounds which contain both ionic and covalent bonds are

(@ CHCl,andCCl,  (b) KClandAICl, () KCNandNaOH  (d) H,and CH,

Answer. (c)

A co-ordinate bond is formed by

(a) complete transfer of electrons

(b) sharing of electrons contributed by both the atoms

(c) sharing of electrons contributed by one atom only

(d) none of these

Answer. (c)

The types of bonds present in sulphuric acid molecules are
(@) only covaent (b) ionicandcovalent

(¢) co-ordinateand covalent (d) co-ordinate, covalent andionic
Answer. (d)

The common feature among the species O,, SO,%, H,O* and AICl, isthat

(a) they contain only ionic bonds (b) they contain only covalent bonds

(c) they contain co-ordinate bond (d) they contain covalent and ionic bonds
Answer. (c)

The species CO, CN~and N, are

(a) isoelectronic  (b) having co-ordinate bond

(c) havinglow bond energies (d) bhaving polar bonds
Answer. (a)
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The polarity of a covalent bond is due to

(a) lesser electronegativity difference between two atoms

(b) greater electronegativity difference between two atoms

(c) lesser bond energy

(d) greater bond energy

Answer. (b)

A CO, molecule contains two polar bonds but the net dipole moment is zero. It is because
(@) themoleculehassymmetrical linear geometry

(b) themoleculeisnon-linear

(c) theelectronegativity difference between the two atomsistoo large
(d) the electronegativity difference between the two atomsistoo small
Answer. (a)

Among BeF,, BF;, NH, and CCl ,, the molecule with net dipole moment is

(@) BeF, (o) BF, (© NH, (dy ca,
Answer. (c)

The common feature among the molecules HF, H,0, HCI and NH, is

(a) intramolecular H-bonding (b) intermolecular H-bonding

(c) that they contain no polar bonds (d) that their dipole moment is zero
Answer. (b)

Methanol is soluble in water due to

(a) covaent bond nature (b) ionic bond nature

(c) hydrogen bonding (d) its poisonous nature

Answer. (c)

Among H,0, H,S, H,Seand H,Te, the substance with highest boiling point is
(@ H,0O; dueto hydrogen bonding

(b) H,S, duetolargesize of Satom

(9 H,Se; duetolargeelectronegativity difference

(d) H,Te; dueto largest size of Te atom

Answer. (a)

Inicecrystal, the H,O molecules are held together in a

(a) planar structure (b) linear structure
(c) tetrahedral three dimensional structure (d) none of these
Answer. (c)

The density of ice (solid) is lesser than that of water (liquid) because it has
(a) open cage like structure with no empty spaces

(b) open cage like structure with large empty spaces

(¢) intermolecular H-bonding

(d) intramolecular H-bonding

Answer. (b)

The density of water is maximum at

(8 273K (b) 277K () 281K (d) 285K

Answer. (b)

Among BeCl,, CHCI,, CCl, and PCl,, the octet ruleis not observed in

(@ BeCl,only (o) PCIgonly (9 BeCl,andPCl;  (d) CHCl;andCCl,
Answer. (c)

An example of electron deficient compound among BF;, CF,, PF; and Sk is

(@) BF, (b) CF, (0 PFg (d) Sk

Answer. (a)
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The transition metals show variable valency because of

(a) theavailability of vacant d-orbitals (b) their tendency to form complex ions
(c) their ability to form coloured ions (d) none of these

Answer. (a)

The electrical conductivity of metalsisdueto

(a) mobile protons is the nucleus (b) mobile nucleusin the nucleus

(c) mobile electronsin outer vacant spaces (d) none of these

Answer. (c)

According to VSEPR theory,

(a) thelone pairsonly decide the structure of the molecule

(b) the bond pairs only decide the structure of the molecule

(c) thelone pairs and bond pairs both decide the structure of the molecule
(d) none of these

Answer. (c)
In which of the following, the central atom is surrounded by four electron pairs
(@ H,0 (b) NH, (© CH, (d) All
Answer. (d)

The molecule among CCl,,, PCI;, SF, and NH, that does not contain lone pairs of electrons around the
central atomis

(@ ccl, (b) PCl, (9 SF, (d) NH,
Answer. (a)

Which of the following are isostructrual

(@ SO,andCO, (b) SO, andH,0 (© BClyand CHCI, (d) NHzandCH,
Answer. (b)

The molecular shapes of H,0O, NH, and CH,, are

(&) similar with 2, 1 and O lone pairs of electrons respectively

(b) similar with 0, 1 and 2 lone pairs of electrons respectively

(c) different with O, 1 and 2 lone pairs of electrons respectively

(d) different with 2, 1 and O lone pairs of electrons respectively

Answer. (d)

The molecule of NH, is

(a) tetrahedral with bond angle 109° 28 (b) pyramidal with bond angle 107° 20/
(c) trigonal with bond angle 120° (d) linear with bond angle 180°

Answer. (b)

TheNH,* and SO,% ions have

(a) tetrahedral geometry (b) triangular geometry

(c) pyramidal geometry (d) square planar geometry

Answer. (a)

Whichisincorrect?

(a) all moleculeswith polar bonds have dipole moment

(b) all moleculeswith polar bonds may or may not have dipole moment

(c) thegreater the differencein electronegativity between two atoms, greater is the polarity
(d) if the electronegativity difference between two atomsis greater than 1.7, the bond will beionic
Answer. (a)

The favourable conditions for the formation of H-bonding are

(a) high electronegativity and small size of the atom bonded to H—atom

(b) low electronegativity and large size of the atom bonded to H—atom

(c) high electronegativity and large size of the atom bonded to H—atom
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(d) low electronegativity and small size of the atom bonded to H-atom

Answer. (a)

The strength of hydrogen bonding liesin between

(a) covalentandionicbond (b) metallic and covalent bond

(¢) vander Waal’s and covalent bond (d) metalicandionic bond

Answer. (d)

Thebond anglesin atrigonal bipyramid moleculesare

(@) 90° (b) 120° (c) 109.5° (d) 120°,90°
Answer. (d)

CO, has zero dipole moment whereas H,O has a dipole moment. It is because
(@ H,Oislinear while CO, isabent molecule

(b) of intermolecular H-bonding in H,O molecules

() CO,islinear while H,0O isabent molecule

(d) CO,isagaswhileH,Oisaliquid at room temperature

Answer. (c)

Which of the following does not obey the octet rule?

(@ PClg (o) H,O (© NH, (d ca,
Answer. (a)

The total number of electrons that take part in forming bondsin O, is

(@ 2 by 4 (0 6 (d 8

Answer. (d)

COisisoelectronic with

(@ CH, (b) CN- (9 O, (d O,

Answer. (b)

CO, isisostructural with

(@ H,0 (b) NO, (9 HS (d C,H,
Answer. (d)

In abond between two atoms X and Y, the shared electron pair does not lie in the centre. The bond is
(@) singlebond  (b) non-polar bond () polar bond (d) co-ordinate bond
Answer. (c)

The maximum number of Hydrogen bonds formed by awater moleculeis

@ 1 by 2 (o 3 (d 4

Answer. (b)

Out of the following, intramolecular Hydrogen bonding existsin

(a) water (o) H,S (¢) 2-nitrophenol (d) 4-nitrophenol
Answer. (c)

In acompound, hydrogen bonding exists but thereis no effect on physical propertieslike m. pt., b. pt.
etc. It shows the presence of

(@) weak van der Waal’sforces (b) intramolecular hydrogen bonding
(c) intermolecular hydrogen bonding (d) resonanceinthemolecule
Answer. (b)

Which one of the following is the most polar

(@ H—F (b) H—CI (¢ H—Br (d H—I

Answer. (a)
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Chemical Bonding
— Orbital Theory

ith a knowledge of the electronic structure of atoms
Wand their orbitals as background, we now proceed to

discuss the behaviour of atoms when their ‘atomic
orbitals’ interact to form chemical bonds.

Free atoms have a random motion and possess energies.
Farther the atoms are more will be the energy of the system,
giving it lesser stability. Two or more atoms unite to form a
molecul e because in doing so the energy of the systemislowered
and thusthe‘molecule’ becomes stablein comparison to separate
atoms. I n other wor ds, astablechemical union or bond between
two (or more) atomscomesinto existenceonly if theenergy is
lowered when theatomscomein closeproximity.

By the term ‘energy’ here, we mean the sum of the kinetic
and potential energies. The kinetic energy of atoms finds its
origin in the unabated motion of the electrons. The potential
energy of asystem in which atomsA and B approach each other
can be due to

(@) Electron-electron repulsions
(b) Nucleus-nucleus repulsions
(¢©) Nucleus-electron attractions.
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