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1.1 INTRODUCTION

The ideas of classical mechanics developed by €aaliKepler and Newton,
when applied to atomic and molecular systems wewed to be inadequate.
Need was felt for a theory to describe, correlate predict the behaviour of
the sub-atomic particles. The quantum theory, peddy Max Planck and
applied by Einstein and Bohr to explain differespects of behaviour of
matter, is an important milestone in the formulataj the modern concept of
atom.

In this unit, we will study how black body radiatioheat capacity variation,
photoelectric effect and atomic spectra of hydrogan be explained on the
basis of theories proposed by Max Planck, EinstathBohr. They based their
theories on the postulate that all interactionsvbeth matter and radiation
occur in terms of definite packets of energy, knasquanta. Their ideas,
when extended further, led to the evolution of wavechanics, which shows
the dual nature of matter and energy.
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Objectives

After studying this unit, you should be able to:

. describe the discovery of electron, proton andnoeyit

. explain the atom models of Thomson and Rutherford,

. list the wave parameters of light,

. describe the shortcomings of classical physics,

. state Planck’s theory and explain its applicatoblack body radiation
and heat capacity variation,

. define photoelectric effect and explain it in tight of Einstein's
theory,

. list Bohr's postulates and derive an expressiofulisecalculating the
radius of the hydrogen atom.

. explain the atomic spectra of hydrogen in the ligfhBohr's theory,

. analyse critically the advantages and limitatiohBahr's theory, and

. state the refinements in the atomic spectra theory.

1.2 DISCOVERY OF SUB-ATOMIC PARTICLES

The atomic theory of the Greek philosophers, Leuaegpand Democretus (400
B.C) held that continued subdivision of matter webultimately yield atoms
which would not be further divided. The wolatom' is derived from the
Greek wordatomoswhich means "uncut” or indivisible. Dalton (180&sed
his atomic theory on the ideas of Democretus anglatde to explain the laws
of chemical combination. Toward the end of nineteesentury, it began to
appear that the atom itself might be composed ehemaller particles. This
discovery was brought about by experiments witbtalsty.

Cathode rays are a stream of negatively chargdttiear known as electrons.
Mass of the electron = 9.109 x ¥tkg
Charge of the electron = 1.602 xfaC

The unit for charge of the electron is coulomb, C.

Attempts to pass a high voltage electric currendbugh gases under reduced
pressure led to Julius Plucker's discovery (185%athode rays Fig. 1.1.
The cathode rays stream from the negative electradiéch is called the
cathode These rays consist of negatively charged pastiglaich travel in
straight lines. The cathode rays give off flashédight, when they strike a
screen coated with substances like zinc sulphidee Picture tubes in
television sets and computer monitors, functionhos principle.
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Cathode

Fig. 1.1: Deflection of Cathode Rays towards a Pdisie plate in an
Electrostatic Field proving their Negative Charge.

The particles in cathode rays were later calledtelas, as suggested by
Stoney. The determination of charge to mass rdtielectrons by Thomson

(1897) confirmed the fact that the electrons, whudlginate from the metal of

which the cathode is constituted, are the same attemwhat metal is

employed as the cathode. In other words, electamafundamental particles
of all types of matter.

If one or more electrons are removed from a newttai or molecule, the
residual entity is positively charged. During tleenfiation of cathode rays in
an electric discharge tube, one or more electromseamoved from each of the
atoms, and the positive particles so produced, moward the negative
electrode. If this electrode has holes in it, thsifive ions pass through them,
as shown in Fig. 1.2.

Cathode rays

Anode/ P
 ———u

(+)

,Positive rays

* Cathode
Tovacuum (=)

Fig. 1.2: Positive rays.

These streams of positive ions, called positivesrayere first observed by
Goldstein (1886). The charge to mass ratios oftpesions depends on the
nature of gases taken in the discharge tube. Fompbe, charge to mass ratios
for the positive rays obtained from hydrogen andmare not the same. You
can compare this fact with the earlier statemeat the charge to mass ratio
value of electrons is the same irrespective ofrthtire of gases kept in the
discharge tube. Charge of the proton is equal ignmade but opposite in sign
to that of the electron.

The positive particles produced, when hydrogeaken in the discharge tube,
are called protons in accordance with the suggestidRutherford (1920). In
Greek 'prates' means first. The protons, like electrons are asdutoebe
constituents of all atoms. The proton has positkarge, although equal in
magnitude to that of the electron.

In the same year, Rutherford suggested that thegbtraxist particles which
he called neutrons, having a mass equivalent pyagon but without charge.
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Chadwick (1932) discovered neutrons during his erpmts on the
bombardment of beryllium by - particles. The properties of electron, proton
and neutron are summarised in Table 1.1. Althoubkrcsub-atomic particles
have also been identified, atomic structure is adegy explained on the basis
of the number of electrons, protons and neutromsiatom.

Table 1.1: Sub-atomic Particles

Particle Mass/kg Charge/C
Electron 9.109 x 10™ -1.602 x 107
Proton 1.673 x 1G' +1.602 x 10°
Neutron 1.675 x 10°

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

1.3 EARLIER ATOM MODELS

As mentioned in the last section, Dalton proposetheory that atom is
indivisible. But the discovery of sub-atomic paeg like electron, led to a
revision of this theory. Thomson (1904) proposedadel for the atomic
structure, known as "plum pudding” model, whictpistorially described in
Fig. 1.3. He considered an atom to be a unifornespbf positive electricity
of about 1¢ cm radius, with the electrons embedded in suctapas to give
the most stable electrostatic arrangement.

a - particles are helium nuclei or helium atoms kHi@ave lost their electrons.

Fig. 1.3: Thomson's "plum pudding” model for the atom.

This model was not able to explain the observatbiGeiger and Marsden
(1909) regarding the scattering of the a-partidescted towards thin gold
foil. Some were deflected from their straight-lip&th and a few recoiled back
toward their source (Fig. 1.4). A uniform spherepafsitive charge would
mean only a gradual deflection of the a-particlat hot scattering as it
progressed through the foil.
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Nuclous Atoms in metal foil

25

.
Jarticle source P
Slit

éDetector screen

(2)

Recait
(h) Deflection

Fig. 1.4: (1) Geioer and Marsden’s o « particle experiment-

Fig. 1.4: (a) Geiger and Marsden'si-particle experiment:
(b) Deflection of a-particles by nuclei of metal foil. Curved lines sbw the path ofa-rays
deflected, while straight lines indicate the path fothose not deflected.

Rutherford (1911), on the basis of tti@ay scattering experiment, suggested
that positive charge and mass of the atom are otrated in a space which is
very much smaller than that occupied by the atom &bole. He suggested an
atomic model, known as nuclear model which condistea nucleus at the
centre and negative particles surrounding it. Theleus accounted for mass
and positive charge. To support the fact that teet®ns did not fall into a
nucleus as a result of electrostatic attractiorth®tiord found it necessary to
postulate rapid rotation of the electrons aboutrtheleus just as planets go
round the sun. This analogy is misleading sinceomieg to classical
electromagnetic theory, an electron in orbit isjscito continual acceleration
towards the centre and the accelerated electrigelaust emit radiation. The
consequent loss of energy should bring the eleaiamn in a spiral path to
the nucleus - that is the collapse of the atom.

Thomson compared atom to a pudding with partialigdigrapes in it.
Rutherford, on observing the recoil of somparticles from thin gold foil, exclaimed "It
was quite the most incredible event that has eappéned to me in my life. It was almoft
as if you fired a 15 inch shell into a piece o$tis paper and it came back and hit you".

If a nucleus of an atom were the size of a tenalk the atom would have a
diameter of over one mile.
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Within two years, Niels Bohr suggested a betteothef the atom. Before
studying Bohr's theory, let us analyse the wavepgnttes of light and the
reason for the failure of classical physics in diéstg the properties of sub-
atomic particles like electrons.

SAQ 1

What is the essential difference between the atomaclels proposed by
Thomson and Rutherford?

1.4 LIGHT AS ELECTROMAGNETIC WAVE

A beam of light has oscillating electric and magnéelds associated with it.
It is characterised by the properties such as &eqy, wavelength and wave
number. We can understand all these propertiesohgidering, in general, a
wave propagating in one dimension only (Fig. 116hg ABCDEFGHI.....

A wave is a traveling disturbance that transportsgne

Electromagnetic theory of light depicts propagatadright through space, as oscillating
electric and magnetic fields; these fields are mlljuperpendicular and also perpendicular
to the direction of propagation of light. Furthéine energy of a wave depends on the
square of its amplitude.

e
-

I
Amplitude D

Fig. 1.5: Wave Propagation.
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Wavelengthh (Greek:lambda)is the distance between two successive crests
or troughs. The length BF or DH in Fig 1.5 is equaihe wavelength and it is
expressed in the unit, metre (m). The frequenchésnumber of waves per
second. It is represented by the Greek latténu). Its unit is hertz (Hz). In
fact, one hertz is equal to secdn@?). Wavelength and frequency are related
by the expression (1.1) whereis the velocity of the light wave in the
medium.

A=C
v

In vacuum,c = 2.998 x 18 m s, and we Use this value far in our
calculations. From the above expression, we uralgisthat wavelength is
inversely proportional to frequency.

v pronounced as "nu bar".

The reciprocal of frequency is the period of osatitin, T= 1. It indicates the

v
time for one oscillation. Similarly the reciprocal wavelength is the wave
number(v: nu tilde). Wave number is related to frequency aadelength as
per Eq. 1.2.

V=

1
A

o <

The maximum displacement of a medium from its elgiilm position is the amplitude of
the wave.

The Sl unit ofvis m* although most of the literature values are in‘cifhe
peak height (KB or MF) or trough depth (LD or NK)dalled the amplitude of
the wave. In section 1.6, we shall see how enefgylight wave is related to
its frequency and wavelength. The electromagneiectsum describes the
range of values of frequency and wavelength ineleetromagnetic radiation.
The characteristics of electromagnetic spectrungesen in Table 1.2.

Table 1.2: Characteristics of Electromagnetic Speaotm

o Wavelength Wave Number Frequency Energy
Description Range om? Hz kJ mol™
Radio waves 3x10° 3.33x 1¢P 10° 3.98 x 10°
Microwave 0.30m 0.0333 10 3.98 x 10

Far infrared 0.0006 m

(600um) 16.6 4.98 x 18 0.191
Near infrared 30um 333 188 3.98
Visible 80 um 4

(800 nm) 1.25 x 10 3.75x 10 149.8
Ultraviolet 400 nm 25x1b 7.5 x 16* 299.2




CHM 201 GENERAL CHEMISTRY
150 nm 6.66 x 10 19.98 x 16 795

Vacuum 5nm 2% 16 6 x 10° 2.39 x 10

ultraviolet

X-rays and 10 nm 16 3x 16 1.19x 16

gamma-rays

At one end of the Spectrum, there are X-rays amuingarays with low
wavelength and high frequency; at the other endfimeé radio waves and
microwaves with high wavelength and low frequenicyTable 1.3 you can
find the wavelength values of ultraviolet and visibght of different colours"

Table 1.3: Expanded Ultraviolet—Visible Region

Colour | Wavelength/nm
Ultraviolet 200
Violet 410
Indigo 430
Blue 470
Green 520
Yellow 570
Orange 620
Red 710

It is seen that violet light has lower wavelendtart the light of the red colour.
Let us calculaté andv values for a light having v, ¥0Hz. According to the
Eqg.1.1A=c

%

2.998 x 1 = 2.998 x 10m

= 2.998 X 16 nm.
using Eq. 1.2y =
= 18
2.998 x 16
= 3.336 x 16m
= 3.336 x 1bcm.

You can verify Egs. 1.1 and 1.2 by substitutingy andv values for various
regions, given in Table 1.2.

Using the above ideas, attempt the following SAQ.
SAQ2

a) Calculate the frequency of yellow light, = 560.n
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1 millimetre
=1mm=1Gm
1 micrometre
=1um=10°m
1 nanometre
=1nm=10m
1 picometre
=1pm=10?m
1 Angstrom unit
=1A=10"m

Calculation of energy in Table 1.2 is done using Eg is done using Eq. 1.6 given in sec
1.6, wheren is equal to Avogadro number (6.022 ¥30

b) In VIBGYOR, relate the frequencies of different colours

1.5 FAILURES OF CLASSICAL PHYSICS

The laws of motion put forward by Newton are thdlaps of classical
mechanics. Till 1900, it was thought that thesessitaal concepts and laws
hold good both for celestial bodies like planetsl @nb-atomic entities like
electrons. Is this assumption quite acceptalde®? advisable to use a lorry
weigh-bridge to find the weight of a safety pin?Before trying to see
whether classical mechanics is applicable to sabat system, we have to be
familiar with important assumptions of classicalamanics, viz,

)] No restriction on the value that a dynamic Jalea(e.g. energy,
momentum etc.) can have.

i) No limit to the accuracy with which one or mocé the dynamic
variables of a system can be measured exceptrtiteiniposed by the
precision of the measuring instruments.

iii) No restriction on the number of dynamic vdnes that can be
accurately measured at the same time.

Added to classical mechanics, other tools in thgp dfeclassical physics were
thermodynamics, optics and electromagnetic thedmyumber of experiments
done in the latter half of nineteenth century amel first two decades of the
present century gave results totally at variandé tiie predictions of classical
physics. Let us now consider four specific casgsrgbelow, which indicated
the inadequacy of classical physics:

i) black body radiation

i) heat capacity variation
iii) photoelectric effect

iv) atomic spectra

As a first case, we shall take up black body ramtat
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1.5.1 Black Body Radiation

Black body radiation is the radiation emitted biyam-reflecting solid bodyA
perfect black body is one which absorbs all the radtion falling on it.
Experimentally, a hollow body, blackened on theidasand with a small
opening, is considered a typical black body. Angiaaon that enters through
the small opening is reflected repeatedly fromwiadls until all of the energy
eventually becomes absorbed (Fig. 1.6a)black body is both a good
absorber and radiator of energy.Of the various types of bodies heated to
particular temperature, only black body radiates thaximum amount of
energy. It radiates the same amount of energyadssiirbs.

o 120F
8
5 100
3 .
; 80
S 60F
{ B
2 a0t 1259K
5]
’G .
. 904K
1 ) A i — .
O 2 3
Wavelength /10-6m
@ ®

Fig. 1.6: (a) Black body radiation. The walls reflet and absorb light, entering the cavity;
(b) Distribution of energy in black body radiation.

The main aspects of black body radiation which g@drom experimental
observations are:

i) At shorter wavelength region, which is at highHezquency region,
intensity of radiation is low.

i) At every temperature, there is a wavelengtiwvlich energy radiated is
maximum. This wavelength is called,4 value of that temperature.

iii) At higher temperatures, there is increasensity of radiation in the
shorter wavelength region.

These facts are pictorially represented in Fig.(th)6

A piece of iron, say at 375 K, is hot for the haodtouch but no visible
radiation, i.e., shorter wavelength radiation,nateed by the metal. However,

10



CHM 201 GENERAL CHEMISTRY

with increase of temperature, it becomes progregsigull red, bright red,
orange, yellow and white hot. In general, as teaupee is increased, the
radiation emitted, contains more of shorter wavgllerregion, whether it is
from black body or an iron piece.

In contrast to the above experimental fact, thesital theory predicts that the
black body ought to radiate over the whole wavelenggion including
visible region even at room temperature. As tentpegais-increased, the
radiation emitted should get uniformly more intenlseother words, an iron
piece even at room temperature should radiatdaihtthe visible range.

When the evidence of eyes and fingers does ndhditpredictions of the
classical theory, it is time for this theory to bwdified. In section 1.6, we
shall see how quantum theory successfully expl#iesexperimental facts
regarding black body radiation.

1.5.2 Heat Capacity Variation

The second drawback of classical physics is itdegaacy in explaining heat
capacity variation with temperature. Dulong andtPbased on experimental
evidence then available, proposed that the molat bapacity at constant
volume for metals must be equal to 24.93 J il irrespective of
temperature. Molar heat capacity is the quantithedt required to raise the
temperature of one mole of a substance throughdegese Kelvin. Anyhow,
the experiments performed at low temperatures tesigaificant deviation
from Dulong and Petit law. All metals are foundhave molar heat capacities
lower than 24.93 J molK™ at low temperatures and (lie values appear to
approach zero as temperature chosen is near abzed. In Section 1.6, we
shall see how quantum theory explains heat capaecégation with
temperature.

Atomic weight of elements was corrected using Dgland Petit law.

1.5.3 Photoelectric Effect

Let us now take up the third major setback to atassheory. The emission of
electrons when metals are irradiated with ultratiolight is known as
photoelectric effect. This was observed by HertZA&87. The electrons, so
emitted, are known as photoelectrons, to diffeegatthem from the electrons
remaining inside the metal atoms. The main featfitbis phenomenon is that
a minimum frequency of light, known a$reshold frequency (vo), is
required to emit photoelectrons. If the frequenéyhe incident light is less
than this value, then photoelectrons are not editiéhe value ofv is a
characteristic of the metallic surface used, irgirgathe frequency of the light
beyond threshold frequency value only increases ve#ocity of the
photoelectrons. These observations could not béieega by the nineteenth
century view of light as wave phenomenon. In sectic/, we shall see how
Einstein's theory explains the experimental faatscerning photoelectric
effect.

11
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1.5.4 Atomic Spectra

The fourth front, where again classical theoryefdjlis the atomic spectra. Let
us first understand what atomic spectrum is. Whaseg or vapours of a
chemical substance are heated in an electric afgsunsen flame, light is
emitted. If a ray of this light is passed througlpresm, aline spectrum is
produced (Fig. 1.7).

Atomic absorption spectroscopy is used for idecdiion of elements in trace quantities fin
a substance.

This spectrum consists of a limited number of coddulines, each of which
corresponds to different wavelength of light. Theel spectrum of each
element is unique. On careful examination, it waisnfl that in the atomic
spectra of elements, spectral lines occur disgretel lower frequencies
followed by a continuous spectrum at very high @ieacies. An examination
of a part of the spectrum of hydrogen as in Fi§alndicates the presence of
three groups of lines. One of them is in the vesilbégion, and it was
discovered by Balmer in 1885 (Fig. 1.8b). This egriknown as Balmer
series, has a mathematical relationship as shovégbi.3.

+ ) y Photographic plate

Line spectrum

Fig. 1.7: Apparatus for atomic spectra.

12
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In the case of atoms, only electronic transitiores@ossible and therefore, the spectrum is
very simple consisting of electronic spectral linksthe case of molecules, on the other
hand, besides electronic transitions, transitiogisvben rotational and vibrational energy
levels are also possible and therefore moleculactspm is relatively complex and has|a
large number of closely spaced lines and looksdikeand (called band spectra).

High frequency region . Lyman series Low frequency region
n, w S 4 ' 3 2
. r -y -
/ ATy A% : %
. ]
W | . s »
o 900 1000 - 1162 1200 1300  MI07°m
Continuum Balmer series

3000 4000 " 5000° 6000 7000  M107%m

Continuum Puschen series

“z\ w 1 6 5 : 4
: : :
] N
(]

A i [ 1

- 5 : . +10
6000 00.000 14,000 18.000 2o MO0Tm
High Low
frequency frequency
region . : _ region
av, av,
Continuum

ih

Fig. 1.8: (a) Atomic Spectra of Hydrogen. Only a dw discrete lines followed by a
continuum in the three series shown. Note the spawj Av decreases as
frequency increases in each series; that is, in daseries, Av;> AV, > Av,.

(b) Discrete lines followed by a continuum in Balmeseries. Reproduced from
the actual spectrum.

v=1 =R (%2 - —':L? ) .(1.3)

In this equationR is a constant, now known as Rydberg constant, Qa&in
value of 1.097 x 10m™ and n is a whole number having values 3, 4 etc.

You can see in Fig. 1.8b that the Balmer seriesists of a series of spectral
lines in which the distance of separation or spachetween the lines

13



CHM 201 GENERAL CHEMISTRY

decreases, as the frequency increases. At veryfleghiencies, the spectral
lines, converge to give a continuous spectamtontinuum. The other two
series known as Lyman and Paschen series, withilspattern, occur in the
far ultraviolet and infrared regions, respectively.

Further work by Rydberg showed that the lines i@ étomic spectra of the
alkali metals could be classified into a numberspéctral series, each of
which could be described by a relationship of thioWing type:

V= V- R
(n_a) ...(1.4)

In this relationn is an integer and is a constant. ThRydberg constant R,
was shown to have the same value as mentioned &oak the elements and
for the first time indicated a common link betwettye spectra of different
elements.

Ritz (1908) showed experimentally that in any speut it was possible to set
up charts of quantities called terms, having dirersof cm, such that the

wave numbers of the observed spectral lines coaildiiten as the difference
of two terms. This is known as Ritz combinationnpiple and in case of
hydrogen, new spectral series were predicted faclwthe frequencies were
given by:

- 1 1
v= R (m2 — ) (15)
Herem andn are integers anth is constant for a given series. This principle
applies to two other series as well, namely, Lyrsames and Paschen series.

Classical physics failed in its attempts to accdanthe appearance of various
spectral series, each of which has discrete spdictes at lower frequencies

and continuous spectra at higher frequencies. ©bakis of classical physics,
the atomic spectra were assumed to be consisting obntinuous band

throughout. We shall see in section 1.11 as to Botw was partly successful
in explaining the above observations.

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

The Quantum Theory, proposed by Max Planck in 1¢9@he result of the
realisation that the failure of classical physiEslue to the wrong assumption
that the energy of the system may take any arpitvalue. He suggested a
detailed model for the processes taking place at ¢hvity walls. He
considered the black body to consist of oscillatmirgnolecular dimensions,
each with a fundamental vibration frequengyand that each oscillator could
emit energy only by a specified amount, known asanta, but not
continuously. His assumptions are given below:
)] An oscillator cannot have any energy, but ontergies given by Eq.
1.6.

14
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E =nhv = ne....(1.6)

In this expressiory is the frequency of emitted radiation, whiles a
constant andh is an integer. Presentlyis called Planck’'s constant and
nis known agguantum number. One quantum of energy, e, is equal
to the produchv. Planck evaluated the value of the consteas 6.626

x 10°% s. So Eq. 1.6 asserts that the oscillator enisrgyantised. It

is interesting to know thdt is related to angular momentum, which is
equal to linear momentum (mass x velocity), mukiglby length.

i) The oscillators do not radiate energy contimslyg but only in quanta.
These quanta of energy are emitted when an ostilt&tanges from
one quantised energy state to another. Thus, ibskelator goes from
the leveln + 1to n, we get from Eq. 1.6, the amount of energy radiated
as,

Ae=E-E =(n+1)hv-nhv = hv . (17)

¢, epsilonstands for one quantum of energy,
Unitofh=Js

=kgms?.s

=kg ms* = (kgms") m
= (Unit of mass x unit of velocity) x unit of lergt
= (Unit of linear momentum) x unit of length
= Unit of angular momentum

h is also known asction constant;later in Unit 2, we shall see howrelates wave and
particle aspects of sub-atomic particles.

Also an oscillator neither absorbs nor emits enaglong as it remains in the
same quantized state.

Let us now see in a qualitative way how Planclkesti is useful in explaining
black body radiation. The number of oscillatorsgessing sufficient energy
otherwise known as oscillator population at thatrgg level, is proportional
to the exponential tern@*", and known as Boltzmann factor. Héfds the
temperature andk, the Boltzmann constant. The intensity of radratis
proportional to the oscillator population at a matar energy level. Hence the
intensity of radiation is proportional ®%". Using Eq. 1.6, we can say that
the intensity of radiation is proportional to theagtity, e“*". The terme®*T
is in fact equal to 1

EKT
and hence is a fraction. As increases, the valudefractione™"" andalso
the population of the oscillators decrease. ltosathing like decreasing the
percentage of successful students at an examindijorincreasing the
minimum pass marks! This means, the intensity dafiateon of higher
frequency region or shorter wavelength regionvs (Big. 1.6b).

€/KT

15
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The intensity of radiation is increased, once tbmpgerature is increased.
SinceT is in the denominator of the exponential term, miiéncreasese™ T
decreases. Hence, increase of temperature incréresealue of/e™*"and the
intensity of radiation. That is, more radiationesien shorter wavelengths will
be emitted at higher temperatures (Fig. 1.6b). dklansing a mathematical

approach, was able to explain thex value at each temperature.

Apart from explaining the black body radiation, iik's theory is useful in
calculating the energy of oscillators from the fregcy values. The values of
energy are given in Table 1.2 in kJ fhals per Eq. 1.6 for each constituent of
electromagnetic radiation, assuming that«is nurallyicequal to Avogadro
number.

A ray of light having frequency can be considered as a stream of particles,
each one having enerdy. These particles are now known @sotons.This
means that if a ray carries an enekjinto some region, then the number of
photonsn, arriving isE/hv.

i.e. n=E
hv

Planck's theory was extended by Einstein to expheiat capacity variation
with temperature. Energy was considered to be talperby the vibrations of
particles. Einstein assumed that each atom cobldt&- about its equilibrium
position with a single frequenoy He derived an expression to calculate the
heat capacity and used it successfully to explandecrease of heat capacity
at low temperatures. The physical reason for thiscasss is that at low
temperatures only a few oscillators possess enengigy to begin oscillating.
At higher temperatures, energy is available fortladl oscillators to become
active and the heat capacity approaches its cisgalue as predicted by
Dulong and Petit law. The essence of Einstein'srthef heat capacities is
that quantisation must be introduced in order tplar thermal properties of
matter.

Using the above ideas, try the following SAQ.
SAQ 3

A yellow bulb generates 2.80 x £@photons with A = 560 nm. Calculate the
total energy generated.

1.7 EINSTEIN'S THEORY OF PHOTOELECTRIC
EFFECT

Applying the photon concept to the photoelectrie@f Einstein proposed that
an electron at the surface of the metal gains anggi v by the absorption of

a photon from the electromagnetic radiation. If filegjuencyv of the photon

is greater than the minimum valwg, called threshold frequency which is
characteristic of a 14 particular metal, then timaission of photoelectron
occurs. The differencdy — hy, is transformed as the kinetic energy of the
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photoelectron which is equal t@ %2. In conformity with the principle of
conservation of energy, Einstein's theory can atedtas:

hv — hy = mv?/2 ... (1.8)

In this expressiony and vp are the photon and threshold frequencies,
respectively whilenand v are the mass and velocity of the photoelectfos

< vo, then mV#/2 is negative which is meaningless. That photoelectron
emission does not take place whenis less thanvy. Using Eq. 1.8, you try
the following SAQ.

SAQ 4
Calculate the frequency of the radiation requiredject photoelectrons at a

velocity of 9 x 16 ms' from sodium metal surface, having a threshold
frequency of 4.61 x Y@ Hz (mass of the photoelectron = 9.109 *1Kg).

1.8 BOHR ATOM MODEL

The quantum theory was applied by the Danish phsisidiels Bohr (1913) to
explain the spectrum of hydrogen atom. He suggesteatom model which is
an improvement over Rutherford model describeceatign 1.3.

Niels Bohr
1885-1962

Bohr based his theory on the following postulates:

i) An electron can exist only in orbits of defind@gular momentum and
energy. Each orbit is known asi@tionary state.

i) The electron does not radiate energy whesiit an allowed orbit.

i) While in an orbit, the angular momentum ottlelectronmvr, is an
integral multiple oh/2nunits.

mvr = nh
2 ... (1.9)
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Where m and v stand for the mass and velocity @flkctrony is the
orbit radius anch is an integer called principal quantum number.
The orbits are called K, L, M, N ... depending be values of, viz.,
1, 2, 3, 4 ... At the time this view was propostere was ho reason
for the quantisation of angular momentum. Anyhawsection 1.6 you
saw, howh has the units of angular momentum.

iv) Each spectral line is produced by a single tetec When an electron
jumps from one orbit to another, radiation of aimie frequency is
emitted or absorbed giving rise to a definite s@éctine. The
frequency of the spectral line is related to thi#edénce in energy,
AE, between initial and final levels, as per the e¢iqgua

AE= hv-htv ... (1.10)

Using the above postulates, he was able to caéculs radius of
different orbits in hydrogen atom, the energy of #lectron in its
orbits and the frequency of the spectral lines.

1.9 CALCULATION OF RADIUS OF ORBITS

Bohr atom model considers an electron of chamand masan revolving
round the nucleus of charg&e with velocity v in a stationary orbit of radius
r (Fig. 1.9). The nuclear charge is taken aZetsince the nucleus is assumed
to contain Z protons and each proton has chaege

For attaining mechanical stability, the electrastdbrce of attractionf,,
between the electron and the nucleus must be égtia¢ centrifugal forcd,
which is operating in theppositedirection.

i.e., fa = 'fc ....(1.11)

Nucleus

Fig. 1.9: Bohr model for the hydrogen atom. An eldcon of mass
m moves with the velocity v in an orbit with radiusr from the centre

Note the negative sign in Eq. 1.11 which indicatest one type of force
opposes the other. The electrical force of attacty, is proportional directly

to the product of charges andZe,and inversely to the square of the distance
of separation;?, between the nucleus and the electron.
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faa = (-€) 2(+Ze)
r
fa = 'Ez
Heo)r” e (1.12)

Here (4€ey)™ is a proportionality constant in Sl units. Thentem, is the
permittivity in vacuum, and it is equal to 8.854 X ¥G°Nr'm?. The terms
andr have coulomb (C) and metre (m) units, respectiwgiije Z is unitless.
The centrifugal forcef. =mV ... (1.13)
Substituting Eqg. 1.12 and Eq. 1.13in Eq. 1.11,

-Ze8 = mv ...(1.14)
460!’2 r

Rearranging Eq. 1.9, we can write, v =nh
g&mr

Squaring both sides?« _ n’h?
&°mr?

Multiplying both sides byn,

mv = _ n’n’
4r°mr ... (1.15)

Substituting Eqg. 1.14 in Eq. 1.15 we get,

my = n’h?
AnEor 4&°mr?

r = _n’gh®
T mZé ....(1.16)

Is pronounced as “epsilon zero”.
Unit of f, = unit of

-Z&  :wandZ are unitless.
(4neey)r?

Unit of f, = é =N

Eq. 1.16 is useful in calculating the radius of dhleits with differentn values.
As an illustration, we calculate the radius of ftiivst Bohr orbit (rj) for
hydrogen atomn(=1,Z=1).
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{ x 8.854 x 13°*x (6.626 x 102
3.142 x 9.109 x 18'x 1 x (1.602 x 13%?

r

53 x 13° m = 53 pm (rounded to whole number)

The radius of the first orbit in hydrogen atomadled Bohr radius, a

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

r= 53n°pm .. (1.17)
From Eqg. 1.17, you can infer thegdius of a particular orbit in hydrogen
atom is proportional to the square of its principalquantum number value.

This is illustrated in Fig. 1.10.

The unit, picometre (pm), is quite convenient irsa@ing the radius of the
orbits in atoms.

Fig. 1.10: The radius of theorbitsin hydrogen atom is proportional ton? values.
First three orbits only =1:4:9.

SAQS5

Calculate the radius of the second orbit in hydnoggm.

1.10 ENERGY OF AN ELECTRON IN AN ORBIT

The total energyE,, of an electron in nth orbit, is given by the sonits
potential energy (P. E.) and kinetic energy (K.Ee),

E, = P.E. +KE. .. (1.18)

20



CHM 201 GENERAL CHEMISTRY

The potential energy of the electron is definedh@swork necessary to take
the electron to infinity from its equilibrium distee r, with respect to the
nucleus. Since the coulmbic forck) (between the electron and nucleus is
-Z&/4rexr® as per Eq. 1.12, potential energy is calculatefolimsvs:

PE. = | f, dr

oo

-7 42
= j Zet_. 4y
r 4ﬂ'€0r2
- ‘Zezfan dr
are, 7, ”
=;Z_e_2_[_ir

4m€, r
r

- ~Ze?2 . _ mv?
P-E- - 4”eor ,alSO, K.E. - 7—

The negative sign indicates that work must be donéhe electron to remove
it to infinity.

So substituting the values of P.E. and K.E. inEf8, we get,

_mv 72 " ' ‘ _
E, = 0 - 2 | | C(L1)
m? . Ze -
From Eq. 1.14, 5 = Srer ..._.(1.20) \

Substituting Eqg. 1.20 in Eq. 1.19,

E = 282 _ Zez
n Bmer  4dmepr

_ ~Ze? ' C _
= rer .(1.21)

Substituting for r from Eq. 1.16,

E =L, mmZel
" Bre, - p2,p?

= Z%'m | . (1.22)
8€Zh?n? |
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The negative sign in this expression denotes thetfat there is attraction
between the nucleus and the electron; so work ipeigtone to move it to a
distance greater than the equilibrium distanfrem the nucleus.

Substituting the values &, m, € o andh in Eq. 1.22, the energy of the
electron in the nth orbit of hydrogen atom is ofeal as,

E, = - x (1.602 x 10%* x 9.109 x 18"
8 x (8.854 x 18)* x (6.626 x 10%? x n?
E, = -2.178 x 1t
n ....(1.23)

You must remember that Z = 1 for hydrogen atomthia first orbit,n=1
energy of the electron is equal to -2.178 X'30. SinceE,, is related tm? in
Eq. 1.22, the increase in energy with the valueisf as shown, in Table 1.4.

Table 1.4: Energy variation with it values

E — _2178% 10 E - E,
n ] . "z J
1 -2.178 x 10° -
2 -5.445 x 103° 1.634 x 10®
3 -2.42 x 10° 3.025 x 10
4 -1.361 x 10° 1.059X 10"
5 -8.712 x 10° 4.898 x 10%°

The successive differences in energy values inerall are obtained to show
how successive energy levels become closer. S@ehevels are distinctly
discrete at lowen values. Asn becomes sulfficiently large, the energy levels
differ only slightly. This is called convergence tife energy levels. This
principle will be helpful to you in understandinget atomic spectra of
hydrogen described in the next section. But befinaceeding to the next
section, why don't you try the following SAQ?

SAQ 6

What is the energy value of an electron # « ?
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1.11 ATOMIC SPECTRA AND BOHR'S THEORY

Bohr's theory is useful in calculating the frequesoof spectral lines in the
atomic spectra of hydrogen. Let us assume Haand E, represent the
energies at the inner and outer quantum numbeesallandn,, respectively.

Using Eqg. 1.22 we can write,

~Z%em 1 : .
E| = ¢ G124
'Tosent n? (124
-Z2¢%m 1
Ey = R ...(1.25
P sent (1.25)

The amount of energy emitted when an electron juirges an outer level41°
®inner leveln is given by,

‘Representing this quantity as AE,
AE = Zm (1 1, .(1.26)
8eht T ni o onl”

Substituting Eq. 1.10 in Eq. 1.26, it is possilbeget the wave numbers of
spectral lines as given by the expression,

AE _ Z2%¢*m 1 1
= e e (127
he " serc ni nl) (1.2

p =

The term Zze“zm3 is calledRydberg constant for hydrogen atom. It is equal to
8€o h°c

1.097 x 16m™ and is denoted by the symhRi. Equation for hydrogen atom

can be written as

b= Ry(—--L) . o(1.28)
' ny N . M\Q

You can see that Eq, 1.28 is similar in form to .Eh8, 1.4 or 1.5 given in
Subsec. 1.5.4. In the above derivation, it has lassamed that the nucleus is
fixed at the centre of the orbits. In fact, nucleusl the electrons are both
rotating about the common centre of mass. Anyhgwyding Eq. 1.28, we can
calculate the frequencies of the spectral linedyman, Balmer, Paschen,
Brackett and Pfund series although at the time Bolmulated his theory,
only Balmer and Paschen series were known. Foretlige series in the

atomic hydrogen spectra, the valuespdndn;, are given in Table 1.5.
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Table 1.5: Atomic Hydrogen Spectral Series

Name of the series Ny Ny Region
Lyman 1 2,3,4,.. Ultraviolet
Balmer 2 3,4,5... Visible
Paschen 3 4,5,6,.. Infrared
Brackett 4 5,6,7,.. Infrared
Pfund 5 6,7,8,.. Infrared

A diagrammatic representation of spectral transgi@among the different
energy levels is given in Fig. 1.11.

: T s Pfund series
H Brackett series
Paschen series

Mg
m.xxv-//
|
|

Balmer series Violet i Red

0 s o om
)] |

M10"m

Ionisation energy
1312 kKJ mol

1
* Lyman series

Fig. 1.11: Spectral Transitions among Different Enegy Levels. Note, for Balmer series,
the Corresponding Spectral Lines are shown.

Note that the spacing between two successiveddwetomes smaller, as n
increases. We have mentioned about the convergithgenof energy levels in

section 1.10 also. Experimentally it has been fotivat within a particular

series, for example, Lyman series, the lines in $pectrum of atomic

hydrogen are discrete at lower frequencies and ¢bayerge as the frequency
increases. Each successive line becomes closéretprevious one. This is
quite evident from the spacing of the first founels in Lyman series, as
entered in the last column of Table 1.6.
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Table 1.6: Wave Number Values In Lyman Series

Number of L:l = 1,097 X 107 (—12— —lz) Spacing
the spectral n n m n; n, (B = pg)m™
line (n)

1 ! 2 8.228 x 10° -

2 ! 3 9,751 x 10° 1.523 x 10

3 ! 4 1.028 x 107 5.29 x 10°

4 | 5 1.053 x 107 2.5 x 10°

As Eg. 1.26 predicts, each series of lines congetgeards a limit beyond
which the spectrum is continuous. At this poingcédon responsible for the
spectral line has been excited into an orbit ohsuigh energyn, = °°) that it
has effectively escaped from the influence of theleus. In other words, the
atom has lost its electron and formed a positive io

H(g) > Ha)+e

The energy difference between the ground stateydfdgen atom, and the
excited state that corresponds to convergence bimihe spectral lines), =
o, is called the lonisation energy of hydrogen atdwote that ionisation
energies refer to the removal of an electron ingas phase. We will study
more about ionisation energies in section 1.12iadhit 3.

Thus, Bohr's theory can explain the appearanceisafate spectral lines at
lower frequencies and continuous spectra at hiffleguencies in the atomic
spectra of hydrogen. In the light of what you hatadied above, answer the
following SAQ.

SAQ 7

What is the reason for the increase in the spefteqliency as, increases?

1.12 CRITICAL ANALYSIS OF BOHR'S THEORY

Let us examine how the theoretical model of Bohabte to explain some of
the features given below:

.  atomic spectra of hydrogen
. * Rydberg constant value
. * ionisation energy of hydrogen

* prediction of new elements
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Bohr's theory is successful as an atom model t@xtent that its findings are
consistent with atomic spectra of hydrogen. Theeagrent between the
theoretical and experimental values of spectrajUeacies is a testimony to
the validity of this theory. Again, the value of dberg constant, calculated
according to Bohr's theory, is in agreement witheélperimental value.

lonisation energy of hydrogen atom is defined as thinimum energy
necessary to remove the electron frbi' state to infinite distance {rF o)
leaving it without any kinetic energy and it candag¢culated using Eqg. 1.28
For hydrogen atom, the ionisation energy in theevawymber unit.

Ra(L - 1 R,=1.007x 16m*
1 002

For the purposes of chemical calculation, ionisatnergy of hydrogen may
be defined as the energy required to remove one ofatlectrons, i.e., 6.022
x 107 electrons from one mole hydrogen atoms in the mpostate. Hence,
ionisation energy

6.022 x 1& hcvImol?

6.022 x 1& x 6.626 x 13* x 2.998 x 16x 1.097 x 163 mol*
1.312 x 163 mol*

1312 x 16 J mot*

= 1312 kJ mot.

Thus Bohr's theory offers a method of calculatimgisation energy of
hydrogen and this principle has been extendedhter@ements in calculating
their ionisation energies.

From spectral studies, Bohr constructed a thealeperiodic chart which
agreed with Mendeleev's chart. On the basis of iatspectra, Bohr was able
to predict that the element with Z = 72, has proesrsimilar to titanium (Z =
22), and zirconium (Z = 40), and this element vedsrldiscovered and named
hafnium.

Limitations of Bohr's Theory

According to Bohr's theory, angular momentum of é¢ectron can never be
zero. However, Bohr on, wave mechanics (Unit 2wshthat inn = J state,
electron; has zero angular momentum.

The hyperfine structure in the atomic spectra afrbgen is not well explained
by Bohr's theory. Also, Bohr's theory is not abdeeixplain the spectra of
multi-electron atoms. Further this theory does exqilain how molecules are
formed from atoms. It does not recognise the wawpgrties of electrons. Just
like electromagnetic radiation, the electron alss both particle and wave
aspects. Using the crystal spacings in a nickedtahyas a diffraction grating, it
is possible to obtain diffraction patterns thatldolbe understood in terms of
wave motion of the electron. But Bohr's theory hast provided any

explanation for this phenomenon. According to Bolkieory, electron moves
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in orbits known as stationary states. The pathhtf orbit (or its trajectory)

can be known only if we know simultaneously botke ghosition and the
velocity of electron. It, therefore, assumes theueate and simultaneous
determination of both position and velocity of theectron. But this

assumption is not in conformity with the wave natof electron. In the next
unit, we shall see, how theories were developed Heisenberg and

Schradinger to explain the wave characteristiosledtrons.

The splitting of spectral lines in the atomic spads called hyperfine structure. It is
caused by the spin angular momentum of the elestaod the coupling of the spin to the
orbital angular momentum.

1.13 REFINEMENTS IN THE ATOMIC SPECTRA
THEORY

Sommerfeld (1916) modified Bohr's theory and triedinterpret the fine
structure in the atomic spectra of hydrogen as tduelliptical path of the
electron. He introduced another quantum number,wkn@s azimuthal
guantum number, which was by later modifications represented lasand
shown to have values 0,1,n:lj wheren is the principal quantum number.
Thus ifn = 2,thenl can have values 0 and 1.

The splitting of spectral lines when atoms are giat a strong magnetic
field, known asZeeman effect, could also be partially explained by
introducing magnetic quantum number (m) describing the allowed
orientations of electron orbits in space. It wasvah that for each value of
m, can havg2l + 1) values namely froml#o 4. Hence ifl = 1, m can have
three values, +1, 0 and -1. You will see in thetneit, an alternate way of
arriving at the quantum numbarsl andm,.

SAQ 8

a) If n = 3, what are the possible valued df

b) If | = 2, what are the values wf?

1.14 SUMMARY

In this unit, we have focused our attention on deeelopments leading to
Bohr atom model. The instances and reasons forfdtere of classical
physics are given. Using quantum theory, Planckstgin and Bohr explained
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black body radiation, heat capacity variation, pletactric effect and atomic
spectra of hydrogen. But each of the above thedraeklimited success. No
doubt these theories rejected the classical conekphe arbitrary energy
values for an atomic system. But with regard toeptmajor cracks in the
classical theory, namely simultaneous and preceterchination of position
and momentum, no remedy has been suggested. Dpisdlz was plugged by
de Broglie, Heisenberg and Schrédinger and we stadly in the next unit
about their concepts, collectively known A%sve Mechanics.Since wave

mechanics is based on new quantum postulates,hd@i¢s proposed by
Planck, Einstein and Bohr are collectively cal@d Quantum Theory.

1.15 TERMINAL QUESTIONS

1) Explain the significance of a- ray scatteringeriment.

2) In what way is the analogy between an atom aalhr system
contradicting classical electromagnetic theory?

3) For a light of wavelength 300 nm, calculategfrency, wave number,
energy per quantum and energy per mole.

4) Specify three major theoretical routes used dgplaining atomic
structure.

5) For the following statements, mark T for cotreatements and F for
false ones.

a) The cathode rays carry positive charge.

b) Neutrons were discovered when beryllium was lbented by a -
particles.

C) The frequency of X-rays is less than that afnowaves.

d) The unit for wave number is'

e) The threshold frequency is the same for alhtle¢als.

6) Explain-the two main reasons for the failurelafssical mechanics.

7) a) Explain the salient features of black bodyiation.
b) In what way, classical theory is inadequatexplaining black body

radiation?

8) a) Define photoelectric effect.

b) State the mathematical form of Einsteiméoty of photoelectric effect.

9) Calculate the wavelength of the light requitedject a photoelectron
from caesium metal with a kinetic energy of 2.0 &1 J (v, for
caesium is 4.55 x thHz).

10)  State Ritz combination principle.

11)  What do you think is the most novel idea amBogr's postulates?

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

13) Calculate the radius of the third orbit in lygen atom using Bohr's
theory.

14) Derive an expression useful in calculatingehergy of an electron in
nth orbit of hydrogen atom.

15)  What are the energy values of the electraherthird and fourth orbits
of hydrogen atom?

16) a) From the expressidR; = _Z%€’m find the value oR,.

8302h3c
b) What is the value & in cm*?
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17)  Calculate the wave numbers of the first twediim Balmer series.
18)  Explain the limitations of Bohr's theory.

1.16 ANSWERS

SAQs
1) Thomson proposed that electrons are distribmighlin a sphere of
positive electricity whereas Rutherford thoughtt tie electrons move

around a central positively charged nucleus.

2) a) v=-C = 2998x105 y, - 535 x 10" Hz.
A 560 x 10~

b) < vo< vy < v <y <y < vy,

3) E = nhy = #hc

— 2.80x100x6.626 x 1003 x2.998x 108 ; _ 99335 -
560 x 1077

P 1 +hmv2/2)l

(6.626 x 10734 x 4.61 x 1014) + % X 9.109 x 10-3! x (9 x 10%)%)
= . - ' Hz
6.626 X 10734 ‘

1.02 x 10' Hz.

5  r, =53npm=53xZpm =212 pm.
6) E. =0

7) The electron in an outer orbit has higher epeéhgin one in an inner
orbit, i.e., as xincreasesk; also increases. Sinég. remains constant,
the spectral frequency increases with increase.of

1 and 2,

8) a) 0,
+2,+1,0, -1, -2.

|
b) m

While working out problems, value afshould be used in metre unit.

Terminal Questions

1) This experiment was utilised by Rutherford donfulate nuclear atom
model.

2) According to classical theory, an electron gearcharged patrticle, as it
moves, must gradually lose its energy and fall theonucleus.
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3)

4)
5)

6)

7)

8)

9)

10)

11)

12)

13)

14)

15)

30

v=9.993x 16*Hz; v =3.333x16m%;

€=6.621 x 10°J; E =398.8 kJ moP
Classical mechanics, old quantum theory andevwaechanics.
aaF bT o¢F dT e)F

i) Energy can have any arbitrary value,
i) Simultaneous fixation of position and momentisypossible.

a)i) Atshorter wavelength region, intensifyradiation rs low.

i) As temperature increases, the intensity ofia@oh in the
shorter wavelength region also increases.

b) Classical theory suggested that black body madiate over
the whole wavelength region.

a) Emission of photoelectrons when a metatasliated with
ultraviolet light,

b)  hv-hy=m#2

hc = hvy + mV/2

A

= [(6.626 x 13*x 4.55 x 16% + 2.0 x 10" J
A =396.1 nm.

The wavelength of each spectral line could bi#tem as difference
between two terms.

Quantisation of angular momentum.

By balancing the force of attraction with eéngal force, the equation
can be derived. The final expression is,

n? €,h?

r = =
rmZe

B = Q1 = 477 pm.

Total energy of the electron is calculatedaldging its kinetic energy
and potential energy terms. The final expression is

E, = ~Z2%e'm

-2.42 x 10°7; -1.361 x 13°J.



CHM 201 GENERAL CHEMISTRY

16) a) Substitution of the values of the varioasmeters gives

Ry =1.097 x 16m™,
b) 1.097 x 1®0cm™.

17)  1.524 x 1O6m™; 2.057 x 16 m™.
18) Bohr's theory cannot explain the hyperfinaucttire in the atomic
spectra of hydrogen or the atomic spectra of naldéictron elements. It

cannot explain the formation of molecules from adofhdoes not take
into account the wave property of electron.
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UNIT 4 MOLECULAR PROPERTIES

Structure
4.1 Introduction
Objective

4.2 Polar and Non-polar molecules

4.3 Dielectric Constant

4.4  Dipole Moment — An explanation

4.5 Determination of Dipole Moment
Polar and Non polar Molecules Redefined.
Percentage lonic Character
Structure Elucidation

4.6  Applications of Dipole Moment Studies
Polar and Non polar Molecules Redefined.
Percentage lonic Character
Structure Elucidation

4.7 Magnetic Properties of Matter

4.8 Paramagnetism

4.9 Diamagnetism

4.10 Optical Activity

4.11 Summary

4,12 Terminal Questions

4.13 Answers
Appendix

4.1 INTRODUCTION

The molecules do not move with identity cards,altih for our convenience,

we would like them to! However, the molecules dde&l shy to "send" a

coded message indicating their building plan anchigcture (i.e., bond

length, bond angle and spatial arrangement), ifoggy situation is created.
By situation, we mean exposing the molecules temergy source such as
electric field, magnetic field or electromagnetadiation (i.e., light). The

choice regarding the energy type and its interdggends on the nature and
the capacity of the molecule to interact. In thrgtuwe will discuss three

physical characteristics of the molecules, nameigple moment, magnetic
susceptibility and specific rotation as an indextfe ability of the molecules

to interact with electric field, magnetic field ar(@lane polarised) light,

respectively. These three parameters are studiedurtderstand their

application in obtaining information regarding mai&r structure. The idea of
dipole moment of molecules is necessary to undmistapectroscopic

transitions.

The development of the theories regarding dipoleme@ and magnetic
susceptibility is based on the analogy betweenbiigaviour of an electric
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dipole in an electric field and a magnetic dipale@imagnetic field. In order to
help you understand this treatment without breakimegcontinuity in the unit,
electric and magnetic parameters along with Slsuaite explained in the
Appendix.You are advised to get familiarised with these-panaeters and
the Sl units before going through this unit.

Objectives
After studying this unit, you should be able to:

» define a polar and a nonpolar molecule,

» define and explain the term dielectric constant,

* explain the term dipole moment and describe its earental
determination,

» calculate the percentage ionic character in polaeoules,

» estimate the bond angle in simple polar molecules,

» explain three types of magnetic behaviour of sulzss,

» correlate the paramagnetic molar susceptibilityacsubstance to the
electron configuration,

« compare the experimental and theoretical molar dgratic
susceptibility values of a substance, as a teghfstructure assigned,
and

» calculate the specific rotation of an opticallyiaetsubstance.

Polarity in a chemical bond is due to the diffeent electronegativity between the atoms
forming the bond.

"H—F"

4.2 POLAR AND NONPOLAR MOLECULES

IN CHE 101 you studied the theories of bonding in detail. bmonuclear
diatomic molecules, like hydrogen or chlorine, ghectrons are shared equally
between the two atoms. But when the bonding atams& imolecule are
different, the electrons are not shared equallye Tantres of positive and
negative charges do not coincide in such a moleckte example, in
hydrogen halides, the halogen atom, being more treleegative than
hydrogen, pulls the bonding pair to a greater é@xfehus, the bond is said to
have partial ionic character, hydrogen and fluoiiménydrogen fluoride, for
example, have partial positive and negative chafjgeles), respectively.

Hence the molecules like HF and HCI are called polalecules. In contrast
to this, hydrogen and chlorine molecules are catledpolar molecules. We
will define polar and nonpolar molecules based aneéectrical property,
called dipole moment in Sec. 4.6.1. It is bettenrtivoduce the property of
matter called dielectric constant in order to hgtu understand the dipole
moment concept.
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4.3 DIELECTRIC CONSTANT

The polar and nonpolar molecules are collectivelpvin as dielectrics or
insulators, since these materials have low eladtriconductivity in
comparison to that of a metal. Compared to thengtheof an electric field in
vacuum, it is less in the presence of a dielecirie electric field is reduced
when a dielectric is used, due to the 'polarisatainthe molecules of the
dielectric. The term polarisation refers to thetutisance in the positive and
negative charge locations. You will study in Sécregarding three types of
polarisation.

The ratio of the electric field strength in vacutorthat in a dielectric medium
is called the dielectric constant or the relatieenpittivity ( &) of the latter. It
is also defined as the ratio of the capacitai@eof a capacitor filled with a
dielectric to the capacitanc&( ), when the capacitor is evacuated.

e =C

Co .. (42)

The unit for capacitance is farad (F). 1 F = 1'CV

It is a dimensionless quantity. The dielectric ¢ansfor vacuum (also known
as free space) is unity. The dielectric constandiofis also nearly unity. Its
actual value is 1.00054. The dielectric constara stibstance depends on the
temperature, and if an alternating electric fisldised, on the frequency of the
field. Table 6.1 list® values for some common substances. .

Table 4.1: Dielectric Constant (€, ) Values at 298 K

Dielectric er
Benzene 2.3
CHC} 4.7
CHOH 32.6
Nitrobenzene 34.9
Water 78.3
HCN 107.0
Acetone 20.7

The knowledge of dielectric constant helps in delgcsuitable solvents for
dissolving compounds. In Unit 3, you have studieat ionic compounds are
more soluble in water than in benzene. This isiBoessolvents with high
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dielectric constant, like water, decrease the ioméc forces of attraction as
compared to solvents like benzene.

We will see in Subsec. 4.5.2 how dielectric constaaasurements are useful
in dipole moment calculations.

SAQ1
The capacitance of a capacitor in vacuum is 8.9% E. When the capacitor

is filled with a dielectric, the capacitance is B 10'? F. Calculate the
dielectric constant of the dielectric material.rfdiUse Eq.4.1).

4.4 DIPOLE MOMENT - AN EXPLANATION

Let us consider the general case of a chemical,bmordstituted by two atoms
of different electronegativity. An electric dipalesults with chargesqg and-q
(say) separated by the interatomic distang&g. 4.1).

Fig. 6.1: Representation of a Dipole.

A vector quantity, by name, electric dipole momensimply dipole moment,
can be associated with such a system. Dipole momempresented by the
letterp., and is given by

It is diagrammatically represented by an arrow pogfrom the positive to
negative pole. The Sl unit is C m. If a negativarge equivalent to that of an
electron (of magnitude 1.602 x 10C) is separated from a positive charge of
equal magnitude at a distance of'1én, then dipole moment would be,

u 1.602 x 10°(C) x 1 x 10°(m)

16.02 x 1 C m

In literature, the dipole moment values are givedebye (D) units.
1D=3.336x18°Cm
In the next section, we study how dipole momenestimated for polar

molecules. You try the following SAQ, using Eq. 4l2would help you in
understanding Sec. 4.6.2.
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SAQ 2

The dipole moment and the bond distance in hydrotporide are 3.57 x 19
C m and 127.5 pm. Calculate the magnitude of chamgenydrogen and
chlorine atoms. Compare the result with the chargthe electron.

45 DETERMINATION OF DIPOLE MOMENT

When a polar molecule is subjected to an elecietd,f the positive and
negative charge distribution in the molecule igutlsed which is known as
polarisation. Polarisation is a threefold distudrmicaused by an electric field
in a molecule. This disturbance is in the alignmehtdipoles, electronic
distribution and in the nuclear skeleton. Let uglgtthis in detail.

4.5.1 Molar Polarisation

The polarisation so caused is quantified in termsnolar polarisation Ry,)
which is the polarisation for one mole of a subsgarbet us consider the three
types of polarisation individually.

i) Orientation Polarisation

In the absence of an electric field, due to thermatkions, the molecular
dipoles are generally randomly distributed. But #pplication of an electric
field causes the molecular dipolesaent along the field direction. For this
reason, this type of polarisation is called origota polarisation. In other
words, the alignment of the dipoles is due to tb&atmg force, known as
torque, caused by the electric field. The degree of thignahent would
depend upon the strength of the electric field.oAtlse alignment is affected
adversely by an increase in temperature, sinceidgtupts the orderly
arrangement of dipoles. The expression for oriemtgiolarisationPy, for one
mole (calledmolar orientation polarisation) is given by,

%ok T .. (4.3)

—

Application of force brings about a linear motidut torque is applied lo bring abod
circular motion. In opening a door or a screw, gpply, not force, but torque.

Here Na, u, €, k and T stand for Avogadro number, dipole moment of the
molecules constituting the dielectric material, rpgtivity of vacuum,
Boltzmann constant and temperature, respectively.
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i) Distortion Polarisation

This is due to thalistortion of the electronic charge cloudin a molecule
caused by the applied electric field. This poldisa is independent of
temperature. Its value depends on the strengtin ajpalied field in distorting
the electron cloud of the molecule. The ability afmolecule to undergo
distortion of its electronic distribution is calledolarisability (a). If a
molecule contains large atoms with electrons faglistant from the nucleus,
the nuclear control is less, the electron distrdyutis flabbier and the
polarisability is greater. For one mole of the dabse, the expression for
distortion polarisatioriPp) is given by

Po = Naae
Xo . (4.9)

Polarisability,oe, Of a molecule speaks of its "willingness" to gest electron cloud
deformed by an applied electric field.

iii) Vibrational Polarisation

This is caused by thgeformation of the nuclear skeletorof the molecule by
the electric field. Its value depends on the vibratl polarisability &), which
is a measure of the extent to which nuclei can bfrcthed. Again, the
vibrational polarisation for one mol®\| is given by,

Py= _Naay
*o ... (4.5)

Distortion polarisation measures the disturbancethi@ electronic distribution in the
molecules whereas vibrational polarisation indisdbe dislocation of the nuclei.

The total molar polarisation (Py) of a substance is the sumRy§ Pp andP..
Thus, we have,

P,= _Naay i

%0 (ae + a\/ +3kT) e (4.5)

This equation is useful in the calculation of dgpatoment
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The unit of total molar polarisation is*mol™.

4.5.2 Experimental Method

For measurement of dipole moment of a substancefimiethe dielectric
constant of its vapour (if the substance is vaatif it exists as a gas). The
dipole moment of a nonvolatile substance (as wsllvalatile) can be
determined by measuring the dielectric constantso$olutions in a suitable
solvent.

For Gases and Vapours:To calculate the dipole moment of gases and
vapours, first their dielectric constarg;( values are measured at different
temperatures. Then, at each temperature, totalrrpolarisation is calculated
from the relationship,

€ -1 M

e

PM—

€ *+2p o (A7)

HereM andp stand for molecular mass (in kg rtpland density (in kg i),
respectively. TheiRy is plotted against T/ which should yield a straight line
as per Eq. 4.6. The slope of this straight linegsal to NA?

%, k
Hence,

p= f9 €,k X slope
Ny '

The slope oPy against 1T plot is to be substituted in Eq.4.8 moment of pola
molecules in gas phase.

... (4.8)

For Solids and Liquids In case of solid or liquid substances, molar
polarisation values are obtained by an indirecthoet This method is based
on the assumption that a dilute solution is eqeivato a gas as far as freedom
of orientation of the dipoles is concerned. Thessaitice under investigation is
to be dissolved in an excess of solvent to haveliltde solution. The molar
polarisation of the solvent must be known. The atiglc constant of the
solution is to be experimentally determined; byngsiEq. 4.7, the molar
polarisation of the solution has to be found ouwinfr which the molar
polarisation of the substance can be calculatady atibtracting the molar
polarisation contributed by the solvent. This hasbe repeated for a few
temperatures and from the slope of the pRy, against 1T, the dipole.
moment of the substance in solid or liquid phaseleacalculated.

Having studied the method of finding out the dipamlement of molecules, let
us now take up some of its applications. Beford, tasempt the following
SAQ.

SAQ 3

Using Eq. 4.3, show that molar orientation polaisahas the unit, frmol*
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4.6  APPLICATIONS OF DIPOLE MOMENT STUDIES

First let us see how dipole moment studies helgedsfine polar and nonpolar
molecules.

ccl,

3 -
Py/m* mot~!

T-YK-!
Fig. 4.2: Py against 1T plot for CHCI (a), HCI (b) and CCl, (c)

4.6.1 Polar and Nonpolar Molecules Redefined

In Sec. 4.2, we defined polar and nonpolar moleculeased on
electronegativity. Now let us define them in a eiént way. In Fig. 4.2 the,

vs 1/T curves a, b and c are drawn for £ HCl and CCJ molecules,
respectively.

You can see that, total molar polarisatiofy Xcreases witi/T for CHzCl
and HCI (as shown by the rising curves a and bat 1¥) for CHCI and HCI,
Puw against 1T curves have dinite, positive slope. Such behaviour is
characteristic of polar molecules. Since the pofarlecules have a finite
positive slope for the ploBy against 1T, these molecules have a finite dipole
moment value too, as per Eq. 4.8. But, for £@he molar polarisation is
constant at all temperatures (as shown by the cumwaich is parallel tox -
axis, denoting zero slopalue),and such molecules are nonpolar.

In other words, for polar molecules, the molar pektion increases with

decrease in temperature; for nonpolar moleculesntblar polarisation does
not depend on temperature.
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4.6.2 Percentage lonic Character

A polar molecule has a permanent dipole moment fonda nonpolar
moleculeu = 0.

In the last sub-section, we defined polar and ntampmolecules based on
dipole moment values. It is interesting to see lp@ncentage ionic character
of a polar molecule can be calculated using dipotenent values. Before
reading further, if you have not tried SAQ 2 sqg fars worth doing it before
proceeding with this section. Consider for exampl€] molecule, for which
the observed dipole momemkgserve) is 3.57 x 16° C m. But, if it were 100%
ionic, the bonding electron pair should have comgbyemoved to chlorine.
Then there should be a negative charge (of magniluds02 x 18° C) on
chlorine and an equal positive charge on hydrogeth being separated by
the bond distance of 127.5 pm. (Look at your andaeSAQ 2 for the actual
charge on hydrogen and chlorine in hydrogen chéonablecule.) For this
situation, dipole moment can be calculated usingZgand represented as

Hcalculated

Ucalculated= 1.602 x 13° (C) x 127.5 x 18% (m)
=20.42 x 18°C (m)

If at equal distances from a particular point i tstructure of a substance, you fi||1d
identical groups in opposite directions, the suetis said to have centre of symmetry.
Ethylene molecule has a centre of symmetry. Istitscture, atoms which are identical and
equidistant from the centre are shown using theesaotour.

H\C= H
/

Ethylene: centre of symmetry indicated as a dethénmiddle of the double bond.

H H

We can estimate the % ionic character using treiosiship,

lonic character =gopservedX 100 %

Hcalculated

Hence, ionic character in HCl = 3.57 X3 m) x 100% = 17.5%
20.42 x 18°(C m)

4.6.3 Structure Elucidation

So far we have dealt only with diatomic moleculés: polyatomic molecules,
different bonds have different dipole moments. itstnbe borne in mind that
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the dipole moment is a vector quantity and it i8 tiector sum of the bond
moments. By bond moment, we mean the moment assdaiath a chemical
bond. Again, the absence of a permanent dipole mbimex molecule may be
due to the fact that either all the bonds presemthanpolar or the individual
bond moments add vectorially to zero. In the cdsenaolecule with a centre
of symmetry, dipole moment is zeroThe dipole moment studies are helpful
in defining the shape of a molecule. Let us illatrthese principles using
simple molecules.

Perhaps you are curious to know how we would ldké, lif our body were to have
centre of symmetry. Look at the following figuresich having a centre of symmetry (with
two heads and no legs!). Of course, these figuepgctione of the possible models.

13

Are you not happy that our body does not have &reafi symmetry (at least after seeing
their serious faces, although in royal dress) ?

i) Carbon monoxide

It is interesting to note that it has a dipole mamef 4 x 10** C m only,
whereas the individual C = O bond moment is 7.60% C m. The observed
dipole moment of carbon monoxide can be explaimdd ib it has a structure,
C = O where oxygen donates a bonding pair to forro-ardinate bond with
carbon. The bond moment of this co-ordinate bonsl iaca direction opposite
to that of the C = O bond moment, thus resultingitow dipole moment
value of 4 x 16* C m.

i) Let us next take up the structure of carblxide. As said earlier, C =
O bond momenti. - o) is 7.67 x 16° C m. But the dipole moment of carbon
dioxide {uco) is zero. It implies that the two C = O bond momsenullify
each other, acting in opposite directions. Agasing the parallelogram law of
bond moments (discussed in the Appendix), the bandle 9 can be
calculated as follows:
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12
o8 = —2e |
2.,
[0(Cm)]?

2{7.67 x 10-* (C m)]?
= -l

8 = cos(<1)= 180"
cos™ D) ... (4.10)

That is, carbon dioxide molecule is linear. It isrtth noting that this molecule
has a centre of symmetry and evidently its dipoben@nt is zero.

—t A+
:Q:C:—:Q:

Carbon dioxide |n the structure of CQthe carbon atom is at the centre of symmetry.

iii) Let us now study the structure of water. Thend momentuo. and
the dipole moment;.o are reported to be 5.02 x [8'C m and 6.14 x 18 C
m, respectively.

Again using the parallelogram law of bond momemis, can calculate the
bond angle.

#znzo
cos @ = P
2
2
[6.14x 10-%0 (C m)]
cos 8 = = -1

2 x [5.02 x 10730 (C m)]

-0.2520
0 = cos! (~0.2520) = 104° 36

The above conclusions regarding the shapes of oatioaide and water are in
keeping with the predictions of VSEPR theory (dgs®d in Unit 3).

iv) Again based on VSEPR theory, it was mentionadthat boron
trifluoride (with three bond pairs) has a planaarigular structure, whereas
ammonia (with three bond pairs and one lone paig) & trigonal pyramidal
structure. Based on these structures and the vadtiition of moments, boron
trifluoride must have zero dipole moment whereasmama must have a finite
dipole moment. The experimental dipole moment \&alioe boron trifluoride
and ammonia are zero and 4.871 X*4C@ m, respectively. This proves the
validity of the shapes of these molecules assigmedhe basis of VSEPR
theory.
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We shall study in the next unit how the presencealipble moment in a
molecule is a key factor for absorption in the roveave region.

SAQ 4

Is it true to say that the dipole moment of sulptiimxide is zero? (Hint: Use
VSEPR theory of sulphur dioxide discussed in CHE)10

4.7 MAGNETIC PROPERTIES OF MATTER

The electrical properties of matter arise due todtatic distribution of electric
charges whereas the magnetic properties are dhe &lectric currents. It was
reported by Oersted that a magnetic field existurgal a current-carrying
wire. This is true for moving electronic and nucleaarges too. We intend
studying the magnetic behaviour as related to thetren configuration of
atoms, molecules and ions.

The SI unit of magnetic induction {BrB)is tesla (T). 1 T=1 NAnT*

The number of magnetic lines of force passing tghoa unit area of a
material is called itanagnetic induction. For vacuum or free space, the
magnetic induction is represented By while for all other materials, it is
represented aB. Based on the magnetic behaviour, the substancesbmay
broadly classified into the following types: (i) rpanagnetic (i) diamagnetic
and (iii) ferromagnetic. For a paramagnetic maletiee numbers of magnetic
lines of force passing through it are more thars¢hpassing through free
space, i.eB is greater tham,. For a diamagnetic substan&is less tharBy
and for a ferromagnetic materid, is far greater tham,. For paramagnetic
and diamagnetic substances, the magnetic behasiquctorially represented
in Fig. 4.3 You may note that as compared to free space,rnbse bf force are
more inside a paramagnetic material and less irssdlamagnetic material.

(@) ) ©

Fig. 4.3: Magnetic lines of force:(a)in free space,
(b) in paramagnetic substance and (c) in diamagnetic bstance.

The differences in magnetic behaviour of substamce® on account of the
values for their magnetic susceptibility. Three eyp of magnetic
characteristics along with the range of suscefibialues are given in Table
4.2. It should be understood that gwesceptibility (%) measures the ease of
magnetisation of a material. It is a dimensiontpsantity.

Table 4.2: Magnetic Characteristics of Materials

Magnetic induction Susceptibility
Type
P (B) (X)
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Paramagnetic B>By small positive value
Diamagnetic B <By small negative value
Ferromagnetic B »BR large positive value

The magnetic properties of a chemical substancéetter studied in terms of
its molar magnetic susceptibility(x, which is given by,

XM:)JVI

P e (4.10)

where X, M and p refer to the magnetic susceptibility, molecular smaég
mol™) and density (kg i), respectively. Evidentlyx, has the unit, fhmol™.
Susceptibility measurements are made using Goayanbal The
experimentally measured susceptibility of a parame#ig substance gives the
sum of paramagnetic and diamagnetic susceptilsilibat as the latter is small
in comparison with the former, it can be neglected.

Since we want to study the magnetic characteristies substance in relation
to structure, we consider the behaviour of paramégrand diamagnetic
substances only.

4.8 PARAMAGNETISM

A species with one or more unpaired electrons shpawamagnetic behaviour.
In paramagnetic materials, the individual atomsnmiecules or ions have a
net magnetic moment because of the spin and orbitdlon of electrons.

Usually the contribution due to spin is more impattthan that from the
orbital motion.

The magnetic moments of the individual atoms inasamagnetic bulk are
oriented randomly due to thermal motions. Henceeurmbrmal conditions

such a material does not have any net magnetic momeer its bulk. But

when it is subjected to an external magnetic fieghd individual magnetic
dipoles experience a torque. The magnitude of tibigue is given by the
product ofmagnetic induction (B) and themagnetic moment(m). This helps

in aligning the magnetic moment of the moleculesoos in the direction of
the external magnetic field. Further this resultaimet magnetisation of the
sample in the direction of the magnetic field. Ntitat such an alignment of
the magnetic moments of paramagnetic substances nmagnetic field is

similar to the alignment of the dipole moments afiagp molecules in an
electric field.

—

Magnetic moment is a measure of the magnetic sinenfja substance. The unit
magnetic moment is A fror J T

Note thatm (italicised) stands for magnetic moment, while noifian) is used as a symbp
for the unit, metre.
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If the torqueBm, is less than the thermal enerky (wherek is Boltzmann
constant, equal to 1.381 x 10J K%, then it is possible to derive the
relationship between the molar paramagnetic sukiiytand temperature as
given by,

Yoy = Ko N, m?
M 3kT .. (4.12)

In this expressionyg stands for the permeability of free space ansl égual to
4n x 10’ T m A™. N, stands for Avogadro constant.

Eq. 412 implies that the molar magnetic susceptibilify ao paramagnetic
material is inversely proportional to its temperaturhis is known as Curie's
law and it can be indicated by the relationship,

Aoy & UT o (4.13)

The magnetic moments are usually expressed inAequivalent to J )
units. In the case of atoms, molecules and iong,airmagnetic moment is
Bohr magnetorfug).

eh
“4nm
[ -]

Ha

.. (4.14)

The termskT andBm, refer to thermal and magnetic energies; why damt y
substitute the relevant units in the two terrk$, and Bm, and convince
yourself that these two have units of energy?

In this expressione and m stand for the charge and mass of the electron,
respectively.

_ 1602 x 10712 (C) X 6.626 X 1034 (J 5)
- 4x3.142 x 9.109 x 10-3! (kg)

=0274x 1024 &1 8
kg

but 1J =1kgm?2s2and °
1C=1As

gm?s-2s
kg

Hence, Ug = 9274 x 10-24 Ask

=9.274 X 10724 A m?

The magnetic moment duenaunpaired electrons is given by the expression,
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m=NNn(n +2) Hp (415)

Number of unpaired electrons (n [(Magnetic moment) [(Magnetic moment)

Us 102 AmM?

Based on the magnetic properties, there are twetrgseopic methods for structur
elucidation - one is nuclear magnetic resonanceiclwhilepends on the magnetjc
characteristics of some nuclei and another is ®acspin resonance based on the
magnetic behaviour of odd-electron species.

4 TTOT O A=

4 4.899 4.543
5 5.916 5.486

In this equation, the magnetic moment due to edactspin alone is
considered, since the orbital contribution is mleds.

In Table 6.3, the magnetic moment valuestinand A nf units are given for
different values oh. You can verify the entries in column 2 of this Talbly
assigning values 1, 2, 3 ...etc.ntin EqQ. 4.15.

Table 4.3: Magnetic Moment(m) Values for Different n Values

It is more useful to combine Egs. 4.12 and 4.1%9etp

2
Ao = B Npon (n +2) Uy
M 3kT ' ... (6.16)
It is interesting to see how Eq. 4.16 can be usegrédict the number of
unpaired electrons in a molecule or ion. The supfasrthe presence of two
unpaired electrons came from the magnetic suscdiptaiudies.

The magnetic susceptibility measurements help uthenstudy of complex

compounds. For example, in the case of complex comgs formed from

metal ions withd*, o, d® and d’ configurations, two types of electron
arrangements are possible for the metal ions. iShisie to the fact that in the
presence of some ligands, the five degeneataigbitals are split into sets of
three and two orbitals, which are no more degeeeFair example, for a metal
ion with d* configuration, the two arrangements (i) and (iijrespond to high

spin and low spin values, respectively. The electronfiguration of the metal

ion (such as (i) or (ii)) depends on factors sulh@ nature of the ligand. It is
possible to decide whether (i) or (ii) is corregtdxperimentally determining

Xm and then calculating using Eq. 4.16. In CHE 221 you will study in detail
the applications of magnetic susceptibility in éliating the structure of metal
complexes.
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Degenerate orbitals have same
energy.

Two arrangements for d ¢
configuration :

111111 4

ok

i) 4 unpaired electrons:
m = 4,899 u ; higher spin

W11
ii) 2 unpaired electrons:
m = 2.828 yg; lower spin value

4.9 DIAMAGNETISM

For a diamagnetic substance, the net magnetic mooneneach atom is zero,
in the absence of an external magnetic field. Tipossible, if the various

contributions to the magnetic moment from all tHecgons in the atom

balance out completely. All diamagnetic atoms otemales or ions have even
number of electrons, although the converse is ngt (as in the case of
oxygen). The electron spins in diamagnetic mater@ae paired. (Remember
the last two statements, while answering SAQ 5.)

Diamagnetism arises due to the fact that the agphphagnetic field causes a
change in the velocity of the electrons moving dlibair nuclei. The applied
field induces a magnetic field in the substanceiciwlopposes the applied
magnetic field; hence diamagnetic susceptibilitpegative.

The diamagnetic susceptibility is independent ofigerature. Pascal showed
that the molar diamagnetic susceptibility can bleutated from atomic and
bond contributions. Table 4.4 presents some dataafomic and bond
contributions. Note the difference in C=0 groupceymibility values, between
a ketone and an ester. That is, the susceptibiblye of a structural unit
depends on its environment. Such a property, whigpends on its
environment and is also additive, is called an taggliand constitutive
property. To sum up, the diamagnetic molar susb#ipfivalue is the sum of
the susceptibility values of the constituent unithjch again depend on their
structure.
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Table 4.4 Atomic and Bond Contributions to Molar Diamagnetic
Susceptibility; 10 Xy/m* mol™

H -2.93 Cl -20.1
C -6.00 Br -30.6
O*( R-OH, R-OR) -4.61 Cc=C +5.5
O ( ketone) +1.73 C=N +8.2
gci(ge:tc_o) in ester. -3.36 N=N +1.9
N (open chain) -5.57 Cc=C +0.8
N (ring) -4.61 C=C-C=C +10.6
N ( amines) -1.54 Benzene ring -14
F -11.5

*The contribution to molar diamagnetic susceptibitf C-O bond is same, irrespective of its
environment.

To illustrate this, let us calculateyXfor benzoic acid using Table 4.4. The
molecular formula for benzoic acid isEsCOOH. That is, it has 7 carbon
atoms, 6 hydrogen atoms, one benzene ring, one @ and one C-O

bond. Adding all these contributions.

7C =7 (-6.00 x I¢) =-42.00 x 182 m mol*
6 H =6(-2.93x 1) =-17.58 x 16? m mol*
1C-0 =1(-461x18) =-4.61.00x 16 n? mol*
(same as R-OH)

1 C=0 =1(-3.36 x I¥) =-3.36 x 10? ni mol*
1 Benzene =1(-14x1 = -1.4x18° n mol*

-68.95 x 102 mmol-

O O
Y okat Ny

Benzoic acid

It is close to the observed value of -70.3 X4 mol ™.
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Before proceeding further, why don't you consokdgbur gain of knowledge
regarding diamagnetism, by solving the following@A

SAQ 5

The magnetic susceptibility measurements show higabphosphoric acid is
diamagnetic. Its empirical formula is;PIO;. Pick out its molecular formula
from the following (Hints: Examine the sum of thalence electrons in each
formula; also use the last two statements of tis¢ fiara in this section):

)] HoPO; i) HaP2Og i) HsP3Oq

410 OPTICAL ACTIVITY

In the last section, you have learnt about the \ieha of molecules in the
magnetic field. Let us now see how the moleculesract with light. Ordinary
light may be considered as an electromagnetic tidiraf a range of different
wavelengths, vibrating in many different planesigiit angles to the direction
of propagation of light. The electromagnetic radmatcomprises of oscillating
electric and magnetic fields directed perpendidyler each other and also to
the direction of propagation of light, as showrkig. A4.
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Fig. 4.4: Oscillating electric and magnetic fieldén light.

Monochromatic light can be defined as that consystf distinct wavelength;
but its electric and magnetic fields, still vibrateinfinite number of planes.
When monochromatic light is passed through a npe@m, the out coming
light vibrates in only one of these possible plargsch a type of light is called
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plane polarised light. Any material which rotates the plane of the potatis
light is said to be optically active. If a substanotates the plane of polarised
light to the right, it is calleddextrorotatory (Latin: dexter, right); if the
rotation is to the left, the substancdaisvorotatory (Latin: laevuseft).

It was observed that the quartz crystals which hageodd faces inclined in a

particular direction rotate the plane of the pdead light in one and the same
direction, whereas the mirror image crystals (Hi¢h), whose odd faces are
inclined in the opposite direction, rotate the plar the polarised light in the

opposite direction.

=

A nicol prism consists of two pieces of transparealcite (calcium carbonate) whic
together form a parallelogram. It is a device favducing plane polarised light.

Fig. 4.5: Quartz Crystals having Mirror Image Relationship.

Quartz is the most stable crystalline form of silic

Substances like quartz and sodium chlorate areajytiactive only in the
solid state. The ability of these substances tateahe plane polarised light is
related to the fact that the atoms or moleculgbéncrystal are arranged in the
form of either a right-handed or a left-handed apiSince this structure
disappears on melting, the liquid shows no optiaaivity. There is a second
variety of optically active substances in which tpgical activity is due to a
particular arrangement of atoms and groups withérholecule. Hence these
substances exhibit optical activity in solid, lidquigas or in solution phase.
Since the optical activity of this class of compdsiris related to molecular
structure, we shall consider this in detail.

It was pointed out by Le Bel and Van't Hoff thatarganic compounds, the
tetrahedral carbon atom would explain the existaramirror image isomers.
Such isomers are called enantiomers and are shotg.i4.6 as | and II.

mirror planc

Fig. 4.6: Mirror Image Relationship between Enanibmers.
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A carbon atom attached to four different groupsaided achiral carbon atom.
If only one chiral carbon atom is present, the male can be expected to
have two optically active enantiomers, one beingtrdeand the other, laevo.
Note that in the structure of lactic acid (lll) amd other optically active
compounds, the chiral carbon is indicated by aerist (*) mark. An equal
mixture of dextro and laevo isomers is opticallaaive and is called a
racemic mixture. It is possible to separate thenBomers from the racemic
mixture.

CH, ci:I{Z!

- &
H——%*——OH = H-(f"--tm

COOH COOH
IT1

If in a compound, more than one chiral carbon atamespresent, then the
mirror image isomers are called enantiomers andethahich do not have a
mirror image relationship, are called diastereomEos example, of the four
isomers of 2, 3-dichloropentane, IV and V as al$@M VII are two pairs of

enantiomers. But the pairs, IV and VI or V and ¥ié diastereomers.

mirror plane mirror plane
CH, CH, CH, | (i:H3
H —é"‘Ci Cl""Ci*"'.H H—é‘—'CI Cl"'C:*-"'H
Ci ""(;‘:l""H H“'(;‘*"‘ Cl ' H-—CEI’- Cl Cl"-(.!“'H
Cz”s | C,Hs. C,Hs - GyHs
v A% A4l VIl

It is interesting to note that, if in a moleculbgete are two or more chiral
carbon atoms, and if one half of the molecule miaor image of the other
half, then it would be optically inactive. Such momer is called a meso
isomer and a familiar example is meso-tartaric §¢idl). You will note that
above and below the dotted line in this structuresre is an identical
arrangement. In such a case, optical rotation by pan of a molecule is
cancelled by that of the other part.
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Vil

Chiral groupings other than a chiral carbon unit akso cause optical activity.
Some such optically active compounds are subdiitpteosphine oxide (IX)
and substituted silane (X), each of which has tnenédomers.

CH, C,H;
| l
CyHg— ll’ =0 @— CH, —Si— CH, ~—©— SO;H
CeHs CsH,
IX X

Many co-ordination complexes, having ligands suslethylenediamine (en),
have optical activity and the enantiomers have bselated. An example is
Co (en}** (XI).

mirrorplane

en

X1

The optical rotation is caused by the individuallecales. The amount of
rotation depends on how many molecules the ligldoenters in passing
through the tube. The extent of rotation can beaesgnted by stating the
specific rotation[a], which can be defined as the number of degrees of
rotation observed when a 1 decimetre tube is usddte concentration of the
solution is 1 kg drh Thus,
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[a]xt = Observed rotation (degree)
length (dm) x concentration (kg Jm

The specific rotation depends on the tempergtyir@nd the wavelength.) of
the light used for measurement. Thuz:]";[ indicates that the rotation is
measured at 20°C with the D line of sodium hawirg589.3 nm.

411 SUMMARY

In this unit, you have studied the interaction ddtrer with the electric field,
magnetic field and electromagnetic radiation. Thetents of this unit can be
summarised as follows:

. The difference in electronegativity between thenwoforming a
covalent bond causes polarity.

. The electric field strength decreases due to @cliet material and the
extent of decrease is related to its dielectricstamt.

. Dipole moment is a measure of the polarity of tbadj it is related to
the dielectric constant and molar polarisationhef substance.

. Dipole moment serves as a support for VSEPR piiedi&t

. Broadly speaking, there are three types of magmediterials, namely,
paramagnetic, diamagnetic and ferromagnetic.

. Paramagnetic molar susceptibility of a substanceelated to the
number of unpaired electrons present in its stratunit.

. Diamagnetic molar susceptibility is an additive andnstitutive
property.

. Optical activity of a substance is related to itscure.

4.12 TERMINAL QUESTIONS

1) Calculate the dipole moment of sodium chlorideleaule at an
internuclear separation of 500pm.
(Hint: Assumeg = 1.602 x 10° C).

2) The dielectric constant of carbon tetrachlonisl.238 at 293 K. Its
density is 1.595 x kg nt.

i) Calculate its molar polarisation.

i) If its molar polarisation does not vary withntperature and its
vibrational polarisation is negligible, what is ip®larisation
due to?

3) What is the predicted magnetic moment of “Mion in Mg units
(Assume high spin Molecular Properties state)?
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4) Which of the following can exhibit optical aatiy?

CH,
?Hg Cl—%C — NH,
Br— ?——0 CH;— CH,— Br |
! Ccl— (I:—NH2
CH,

(i) (ii) (iii)
4.13 ANSWERS
Self-Assessment Questions

1) Dielectric constant of the material is giventbg ratio,

80.1 x 10**(F) ;itis equal
8.9 x 10%(F)

2) The charge on chlorine or hydrogegn) =n /r

=3.57 x 10°°(C m)
127.5 x 104 (m)

=2.8x10°C

Compared to the magnitude of the charge of anreledtL.602 x 10
%C), the negative charge on chlorine of HCI is ldmsljcating that
charge separation in HCI is not complete. See ®abes 4.6.2 also.

3) The units oNa, x, €0, kandT are mott, C m, ¢ m? N?, J K! and K,
respectively. Substituting only the relevant umt&qg.4.3, we get,

. mol-! C? m?
Unitof P, = T2 NI TKTK
mol-' m* mol~!m* .
NT] T N'Nm L I=INm]
= m} mol!
4) Not true; since SQs angular, it has finite dipole moment value.
5) Sum of the valence electrons fopRD; can be calculated, knowing

that valence electrons per hydrogen, phosphorusoaygen atom are
1, 5 and 6, respectively. Sum of the valence aastfor HPO;

= (2x1)+ (@1 x5)+(3x6)
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2+5+18

= 25

Similarly, sum of the valence electrons fafPDs and HP;Og are 50
and 75, respectively. Since hypophosphoric acidlisnagnetic, it
must have even number of electrons. Hence, theljpedsrmula is
H4P206.

Terminal Questions

1)  u=q.r=1.602x 10* (C) x 500 x 102 (m)

= 8.010 x 1&Cm.

2) )] Its molecular mass is 0.154 kg Mol
Pu = €-1 M =(2.238-1) 0.154 (kg md)

€+2 P (2.238 +2)  1.595 x (kg mol%)

i) Since the molar polarisation of carbon tetracide does not
vary with temperature, it is non-polar; its dipasfeoment and
orientation polarisation are zero. Since its viiowl
polarisation is also negligible, its molar polatisa is only due
to distortion polarisation.

3) The electron configuration of Mhis Is? 2 2p° 3¢ 3p° 3. Since it is
in a high spin state, all the fi\gd electrons have their spins unpaired.
Hence using Table 4.8)= 5.916us.

4) Structure (i) alone can exhibit optical activifyhe structure (ii) has no
chiral centre, and in structure (iii), one halftoé molecule is a mirror
image of the other and hence (ii) and (iii) ardagily inactive.

Appendix

It is our aim to explain some of the useful termsinderstanding the electrical
and magnetic properties of matter. Firstly let wglg some of the parameters
and principles required for understanding the cptxef dielectric constant

and dipole moment (described in sections 4.3 -4.6).

Quantity of charge: The quantity of electric chargg)(has the unit, coulomb
(C). A coulomb is the amount of charge transponted second (s) through a
cross-section of wire that has a steady currenhefampere (A).

1C=1As
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Coulomb's law: This law deals with electrostatic force, which isfaace
operating between stationary charges. This lawest#tat the electrostatic
force (F) between two charge& and ¢f) is directly proportional to the
product of the two charges and inversely propodido the square of the
distance(d’) between the charges.

FahQ,
d2

In this relationship, the value of the proportiotyatonstant has been found to
be equal to I/4€, where€y is the permittivity of vacuum.

HenceF=_1 ..(A.1)
%€ d2

The Sl units of force, charge and distance are oeWt), coulomb (C) and
metre (m), respectively. Therefoms,has the unit, EN* m™. The value of ¢

is equal to 8. 854 x1¥ C* N m? Permittivity is a measure of the degree to
which a medium can resist the flow of charge amungiethe establishment of
a steady electric field.

Potential Difference(V)

The increase in electric potential energy (or warkequired to take from a
point to another point) per unit char(gp is called the potential differen¢¥)
between the two given points.

V =w .. (A.2)

o]

The units for electrical energy, charge and poatmdifference are joule (J),
coulomb (C) and volt (V), respectively.

Hence, 1 volt = 1 joule/1 coulomb ... (A.3)

You must bear in mind that V (italicised) stands for the potential
difference, whileV (Roman)is used as a symbol for volt.

Electric Field (E)

An electric charge experiences a force in the pres®f another charge, the
magnitude of which can be calculated using Coulertdw. This force has a
region under its influence. The space surroundirghage within which it
exerts a perceptible force is calléie electric field. The intensity of the
electric field (E) is defined as the electric ford€) acting on a small test
charge divided by the magnitude of the test ché&gye
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i.e.,E=F/q .. (A.4)

The Sl unit for an electric field is the unit ofrée, divided by the unit of
charge; that is, N & Electric field can also be defined as the pognti
difference(V) between two points divided by the distance of saspan (d).

E = V/d .. (A.5)
Hence, the electric field also has the unit ¥.m
The two units, V rit and N C' are identical as shown below:

1 joule = 1 volt coulomb = 1 newton met
(electrical energy) (mechaharzergy)

e, 1J= 1VC = 1Nm
OrlVm'= 1 NC! ...(A.6)

Dielectric

A dielectric or an insulator is a material havirlgotrical conductivity much
lower in comparison to that of a metal. In a digleanaterial, an electric field
can be sustained with a minimum dissipation of powe

Capacitance

A capacitor is an arrangement of one or more pdic®nductors, separated by
a dielectric, and between which an electric fiedth e produced. Two metal
plates separated by a non-conducting material itotesta capacitor. Letq
and-q be the charges on the two plates of the capadigssume that the area
of each plate i€\, while the potential difference and the distancevieen the
plates aré/ andd, respectively.

The electric field o) between the evacuated plates is found to be piopal
to the quantityg/A, known as the density of the charge.

Eo = kg
A . (A7)

The proportionality constar, has been found to be equal tody), €, being
the permittivity of the vacuum.

HenceEo=1 @ ... (A.8)
€ A

This equation is valid if there is a vacuum betwtenplates in the capacitor.
If the gap between the plates is filled by a digleanaterial without altering
the charges on the plates, then the electric {t€)ds,

Eo=_ 1 .. (A.9)
ereoA
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where€; is the relativepermittivity or dielectric constant of the material.
Using Eqgs. A.5 and A.9 we can write,

g= € €A.V
d
The termg, €9 A can be represented by the letieHence Eq. A. 10 can be
d
written as,
q=CV .. (A.11)
orC=gd = & €A
\% d .. (A.12)

The termC is the capacitance of the capacitor which consi§tévo metal
plates and a dielectric material between thens. thé capacity to store charge.
The capacitance depends on the shape, size amél#tige positions of the
conductors and on the dielectric constant of tleéedtric material in which the
conductors are immersed. The Sl unit of capacitetee farad (F), named in
honour of Faraday. Since the farad is too largaifar ordinary use, smaller
units, microfarad(uF = 10° F) and picofirad (pF = I8 F) are used
commonly. Substituting the units in Egq. A.12 we e that the unit F is
equal to C V. (Again, you must bear in mind thatC (italicised)is used as a
symbol to denote the capacitance of a dielectric rtexial, while C (Roman)
denotes coulomb, the unit of electric charge.)

For the vacuum, the dielectric constagytis equal to 1; therefore, capacitance
(Co) in vacuum as per Eq. A.12 is.

_ &4
Co= "y .. (A.13)

Eq. A.13 is applicable to air too, sincefer air is almost equal to 1 (i.e.
1.00054); it is not much different from that of trecuum.

You can see that the ratio of the capacitance safiand G, in the dielectric
material and air, respectively gives the dielectanstant of the material.
Using Eqgs. A.12 and A.13,

€, =CICy (A, 14)

Alternatively, dielectric constant of a materiahcalso be defined as the ratio
of the electric field in the vacuum to that in gieen material.

The dielectric constant is a dimensionless quantitgt us illustrate the
calculation of the dielectric constant of mica gsthe above equations. Let us
assume that the capacitor has two metal plateseaf @01 i separated by a
distance of 0.01 m.
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The capacitance of the air-filled capacitor,
€y A
d

8.854 x 10-12 (C2 N-' m~2) x 0.01 (m?)
0.01 (m) '

8.854 x 10012 C2 N~ m-!

Co

8.854 x 10-12 F
8.854 pF

]

The capacitance of the capacitor (C) filled wittcanis found to be 47.8 1 pF.
The dielectric constant of mica is,

C _ 47.81x10°'2(F)
TGy 8.854x 1072 (F)
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Vectors and Scalars

A scalar quantity has only magnitude but no dimtti Typical scalar
guantities are mass, volume, density and speede $drysical quantities like
velocity, acceleration and force are fully desadilmaly when magnitude and
direction are mentioned and such physical quastitiee called vectors. A
vector has numerical and geometric properties. &oreis denoted by using
bold face letter(s). Thus, A denotes that it iseator quantity, whereaé
means it is scalar.

In this unit, electrical quantities like electrieltl strength, molar polarisation,
dipole moment and the magnetic quantities such agnsgtic induction,
magnetic field intensity and magnetisation arevalttor quantities; but our
discussion is restricted to their magnitudes only hence we have used scalar
notation for the above quantities. Let us see hbev dipole moment of a
substance can be calculated from the bond momesitg wector algebra.
Even with an elementary knowledge of trigonomeyigtl can understand the
following discussion on the dipole moment.

Dipole Moment

Dipole moment is a measure of the polarity of aeuole. The dipole moment
of a substance is the vector sum of its bond mosnéfur a simple triatomic
molecule like HO or CQ, the dipole moment can be calculated using the
parallelogram method of addition of vectors. As tles method, when two
bond moment vectors are represented by the adjaixbrd of a parallelogram,
the diagonal containing the two sides represergsdipole moment of the
molecule in magnitude and direction.

Let us consider the general case of a triatomicemude, XYZ, where the

element Y is more electronegative than the elem¥nésmd Z. Let the bond
moments for the two bonds, XY and ZY feandu, (being the two sides of a
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parallelogram (XYZD)). Let these bond moments beimed at an angl®
(Fig.A.1). That is, the bond anglesThe dipole momeng, of this molecule
XYZ is the resultant DY (diagonal of the parallalagn) of the two bond
moments and is equal t@, + up

Henceu =DY = u1 + u

Let u1, uo and u repreaent.the magnitude of the vectpss u, and g,
respectively.

We can derive an equation relating the bond argldhé¢ magnitudes of the
bond moments and the dipole moment of the mole¥M&, as described
below:
From D, draw a perpendicular to meet XY extendetbup.
From Fig. A. 1, <DXE=<ZYX =9
In the right angled A DYE,
DY?=DE* + EY?
= DE + (EX + XYY
= DE + EX® + 2EX-XY + XY

= DX?+2.DXcosO. XY + XY

-D-)z=cosa

and DE? + EX? = DX2
DY? =ZY?+2ZY.XYcos0+XY
[DX = ZY; opposite sides of a parallelogram
DY =u
ZY =up

and XY =u;

H2 - ()2 + py?)
2uy My

. cos @ =

.. (A.15)
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Fig A.1: Dipole Vectors for the Bond Moments and tk Resultant
Moment of the Molecule XYZ.

Let us use Eq. A.15 to calculate the bond angleater and carbon dioxide.
For wateru; = u> = pio.n= The O-H bond moment

1 = un.0 = Dipole moment of water

Using Eq. A.15
pE - (2 + py?)
cos 8 =
2up iy

i.e. cosf = H2H20 -1
2
B on

For carbon dioxide: w1 =2 = pic=o = The C=0 bond moment and
U = lco, = Dipole moment of carbon dioxide

Ilgoz - 2pé, ~ l’éoz |

2 = 2
2U¢.0 2 Heg

Hence, cos 8=

These expressions are used in Sub-sec. 6.6.3.

So far, we have discussed the terms concerningrieiqroperties of matter.
Now let us study some of the parameters and tersesl un describing
magnetic properties of matter. An elementary kndgée of the magnetic
characteristics of matter is essential; especi#iiy, study of the effect of an
applied magnetic field on the electrons revolvinghe orbits is made easier,
once we understand the effect of an applied magretid on a current-
carrying coil. We make use of the parameters, magn@oment and
susceptibility in Secs. 6.7 -6.9. To understandé¢h®vo, we require to know a
few more quantities and the first one is the magrietid.
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Magnetic Field

The force field surrounding a magnet is called gme#c field. It is usual to
represent a magnetic field surrounding a magnetnlaginary field lines (Fig.
A.2). Iron filings sprayed around a magnet are roftesed to indicate the
magnetic field lines. They align themselves aldmgfteld lines.

Fig. A.2: Magnetic Field Lines directed from North Pole to South Pole.

Magnetic Induction (B)

If a charge moves perpendicularly to the magnéid fit experiences a force.
The direction of the force is always perpendictdathe velocity of the charge
and to the direction of the field. The magnitudetaf force(F) is proportional
to the charg€q), its velocity (v) and another quantit$, which is a measure
of the strength of the magnetic field.

F=qvB ... (A.16)

The parameteB is often called magnetic induction.
Rearranging Eq. A. 16,

B=F/qv o (A17)

The SI unit of magnetic induction is tesla (T) ionlour of the American
inventor Tesla; a tesla is that magnetic field whproduces a force of 1
newton on a charge of 1 coulomb moving at 1 metrespcond perpendicular
to the field. Substituting the units Bf F, gand v in Eq. A.17, we get,

1T = 1N (Cm3d)?
= INAsmd?
1T = 1INA'm? ... (A.18)

Torque is the rotational effect or a force. The vfitorque is N m or J.

Magnetic Moment (m)

We are aware that current is a flow of charges.ddemwe can expect the
magnetic field to exert a force on a current-cagywire. The maximum

magnetic force is seen, if the current-carryingewis perpendicular to the
field. A current-carrying loop is more commonlyuse rather than a wire in a
magnetic field. Such a loop does not experience retylinear force, but it
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experiences a torque. If a current-carrying loopirta a surface ared,
number of turndN and current is placed in a field of magnetic inducti@)
then the torquert] experienced by this loop, when it is placed perprdalr to
the field is given by,

T =INAB

The product N Ais called the magnetic momem) of the coil and evidently

its unit is A nf (since /V does not have a unit). Using Eq. A. t9can be
given the unit J T also. Magnetic moment is a measure of the magnetic
strength of the coil. Let us illustrate the caltla of magnetic moment for a
rectangular coil which is 0.1 m long, 0.05 m widentains 100 turns of wire
and hag = 20 A.

m =1 N A [Area of a rectangular coif = length of the coll x its width]
=20 (A) x 100 x 0.1 (m) x 0.05 (m) =10 Am

The effect of the external magnetic field on anyrent-carrying coil is to

rotate the coil so as to align the magnetic dipméeallel to the external
magnetic field. This behaviour is similar to th&tan electric dipole placed in
an external electric field, where the electric dgpexperiences a torque. By
analogy, a current loop is called a magnetic dipole

A current-carrying wire experiencing a torque ie firesence of a magnetic field has wide
applications in electrical appliances such as eentotors and galvanometer.

Magnetic Field Around a Wire

Oersted discovered that a current-carrying wireghasagnetic field around it.
A helical coil of wire with a large number of turnarrying a current is called
a solenoid. An electromagnet, a magnet energisedrb\electric current,
consists of a solenoid with or without magnetic enal in its core. If a
solenoid (in vacuum or air) of lengthhavingN total number of turns carries a
currentl, then magnetic inductioBy is given by,

Bo=xON |
| ... (A.20)

Herepuo is the permeability of free space or air and isaétpi 4t x 107 TmA™,
The presence of magnetic material inside the saleimareases the field by
several hundred times. The equation for magnetiaation when the solenoid
has magnetic material inside is.

B =uNI
| (A.21)

whereu is the permeability of the core material and & lae same units a3,
namely, T m Al. The permeability of a substance indicates its tendency to
allow the magnetic lines of force to pass througltas compared to that of a
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non-magnetic substance like air. That is, the peabiigy of magnetic
materials is much higher than the permeabilityiobafree space.

Magnetisation (M)

The effect of the external magnetic field is toquoe a net magnetic moment
in the bulk of the matter along the direction o field; this effect is similar to
that of the induced electric polarisation for alelgric placed in an external
electric field. The degree of magnetic polarisatiormatter is specified by
magnetisatior(M) which is defined as the magnetic moment inducednii
volume of the medium, that is.

M = Total magnetic moment in the bulk
Volume of the bulk

The unit of M is A n since magnetic moment and volume have 2amd n?
units, respectively. The magnetisation is also kmas the surface current per
unit length of the cylinder.

Magnetic Field Intensity (H)

The magnetic field strength (W), also known asffigitensity, is equal to the
ratio of magnetic induction to the permeability e material inside the
solenoid.

H = By/io - (A22)

=B/u .. (A.23)
Eq. A.22 is applicable when the solenoid is in awan or in the air and Eq.
A.23 is for a situation when there is a magneticdamal inside the solenoid.
For a coil magnetised by passing curdestd havingN turns within a length /,
the magnetic field intensity is defined by the tielaship,

H= NI

I .. (A.24)
The unit ofH is A m*. The value oH depends only on the magnitude of the
current passed and the number of turns in unittheidyl) but is independent
of the core material.
The total magnetic inductioB, in a solenoid due to the passage of the current
is the sum of its induction in free spa@p ) and that due to the matter inside
the solenoid, the latter being given by the progugadil.
HenceB = By + o M ... (A.25)

Using Eq. A.22, we geB = ugH + uoM = uo (H + M) ... (A.26)
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Magnetic Susceptibility )

The ease with which a substance can be magnetiseddsured by a quantity,
called its magnetic susceptibilifX). It is defined as the ratio of magnetisation
to the field intensity.

X=M/H ..(A.27)

The susceptibility is much larger for magnetic sabses than for non-
magnetic substances. The susceptibility of soft isogreater than that of steel,
nickel and cobalt. As seen from Eq. A.27, % is aless quantity sincé and

H have the same units. Using Egs. A.26 and A.27,amenrite,

B =fiy (H+xH)

=po(1+2)H :
orB = uH ...(A.28)
where 1 = 1, (1+ %) (A29)

You may recall that: is the permeability of the medium and it is defirsd
the Eg. A.21. Since in a vacuum, there is no masgten(M = 0), X is zero

andu = po. This justifies the term "permeability of free spader . The
permeability of air is nearly the same as thggpHence the magnetic effects
in vacuum and air are practically the same.
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