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Y.S. JAGAN MOHAN REDDY  poee MiNISTER AMARAVATI

ANDHRA PRADESH

MESSAGE

from the academic year 2021 - 212,

Education i= a real asset which cannot be stolen by anyone and 1t is the
foundation on which children build their future. As the world has become a
global village, children will have to compete with the world as they grow up.
For this there is every need for good books and good education.

Cur government has brought in many changes in the education system and
more are to come. The government has been taking care te provide education
to the poor and nesdy through various measures, like developing infrastructure,
upgrading the skills of teachers, providing incentives te the children and parents
to ﬁ_u.rsue education. Nutatious muid-day meal and converting Anganwadis into
pre-primary schools with Englicsh as medium of instruchion are the steps taken
to initiate children into education froma young age. Besides introducing CBSE
syllabus and Telugu as & compulsory subject, the government has taken up
numercus innovative programmes,

The revival of the Akademi also took place during the tenure of our
governmentas it was neglected after the State was bifurcated. The Akademi,
which was started on August 6, 1968 in the undivided state of Andhra Pradesh,
was printing text books, works of popular writers and books for competative
exams and personality development.

Qur sovernment has decided to make available all kinds of books required
for students and employees through Akademi, with headguarters at Tirupat.

I extend my best wishes to the Akademi and hope it will regain its past

glory.

(Y.S. Jagan Mohan Reddy)




Dr. Nandamuri Lakshmiparvathi
MA MPhul PhD

Charrperson {Cabinet Minister Rank)

Telugu and SanskrnAkader A P

Me':s's;g_e. of Chairperson, Telu_g_u and Sanskrit Akademi, A.P.

In accordance with the svllabus developed by the Board of Intermediate, State Council
for Higher Education, SCERT etc., we design high quality Text books by recruiting efficient
Professors, departmentheadsand faculty members trom vanous Universifies and Collegss
aswritersand editors. We are taking steps to printthe required number of these bocks in
a timely manner and distribute through the Akademi’s Regional Centers present across
the Andhra Pradesh.

In addition to text boaks, we strive to keep monographs, dictionaries, dialect texts,
queshion banks, contact texts, popular texts, essays, linsuistics texts, school level dictionaries,
glossaries, efc., updated and printed and made available to students from time fo time.

For competitive examinations conducted by the Andhra Pradesh Public Service
Commission and for Enfrance exantinabons cenducted by various Universiies, the contents
of the Akademi publications are taken as standard. Se, I want all the students and
Empleyees to make use of Akademi books of high standards for their golden future,

Congratulations and best wishes to all of you.

ﬁMma’ /=T

(Nandamuri Lakshmiparvathi)



J. SYAMALA RAO, A5,

Principal Secretary to Government

Higher Education Department
Govemment of Andhra Pradesh

MESSAGE

I Congratulate Telugu and Sanskrit Akademi for taking up the mitiabive of
printing-and distributing textbooks in both Telugu and English media within a
shortspan of establishing Telugu and Sanskrit Akademi.

Number of students of Andhra Pradesh-are competing of Nabional Level
tor admissions into Medicine and Engineering courses. In order to help these
students Telugu and Sanskrit Akademi consultation with NCERT redesigned
their Textbooks to suit the requirement of National Level Examinations in a
lucid language.

As the content in Telugu and Sanskrit Akademi books is highly informative
and authentic, printed in mulh-color on high quality paper and will be made
available to the students in a ime bound manner. I hope all the students n
Andhra Pradesh will utilize the Akadems textbooks for better understanding
cf the subjects to compete of state and national levels.

(st

(J. Syvamala Rao)
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THE CONSTITUTION OF INDIA
PREAMBLE

WE, THE PEOPLE OF INDIA, having solemnly

‘ resolved to constitute India into a [SOVEREIGN

SOCIALIST SECULAR DEMOCRATIC REPUBLIC]
and to secure to all its citizens:

JUSTICE, social, economic and political;

LIBERTY of thought, expression, belief, faith and
worship:

EQUALITY of status and of opportunity: and to

promote among themall

FRATERNITY assuring the dignity of the

individual and the [unity and integrity of the

Nation]:

IN OUR CONSTITUENT ASSEMBLY this
twenty-sixth day of November, 1949 do HEREBY
ADOPT, ENACTAND GIVE TO OURSELVES THIS

CONSTITUTION.
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Foreword

The Government of India vewed fo remove the educational disparities and adopt a
common core curriculum across the country especially at the Intermediate level. Ever
since the Government of Andhra Pradesh and the Board of Intermediate Education (BIE)
swung into action with the task of evolving a revised syllabus in all the Science subjects
on par with that of COBSE, approved by NCERT, ifs chief intention being enabling the
students from Andhra Pradesh to prepare for the National Level Commeon Entrance
tests like NEET, ISEET efc for adnussion info Institutions of professional courses mour
Country,

For the first time BIE AP has decided to prepare the Science textbooks. Accordingly
an Academic Review Committes was constitubed with fhe Commissioner of Intermediate
Education, AP as Chairman and the Secretary, BIE AP; the Pirector SCERT and the
Director Telupgu Akademi as members. The Mational and State Level Educational
luminanes were mvolved in the textbook preparation, who did it with meticulous care.
The textbooks are printed on the lines of NCERT mamtaining National Level Standards.

The Education Department of Government of Andhra Pradesh has taken a decision
to publish and to supply all the text bocks with free of cost for the students of all
Government and Aided Jumor Colleges of newly formed state of Andhra Pradezh.

We express our sincere gratitude to the Director, NCERT for according permission
to adopt its syllab: and curriculum of Science textbooks. We have been permitted to
make use of their textbooks which will be of great advantage to our student community.
I also express my gratibiude to the Chairman, BIE and the honorable Minister for HRD
and Vice Chairman, BIE and Secretary (SE) for their dedicated sincere guidance and
help.

I sincerely hope that the assorted methods of innovation that are adopted in the
preparation of these textbooks will be of great help and guidance to the students.

I wholeheartedly appreciate the sincere endeavors of the Taﬂa_qcrk Development
Commuttee which has accomplished this noble task

Constructive suggestions are solicited for the improvement of this textbook from the
students, teachers and general public in the subjects concerned so that next editton will
be revised duly incorporating these suggestions.

1t 15 very much commendable that Intermediate text books are being printed for the
first time by the Akademi from the 2021-22 academic year.

Sri. V. Ramakrishna LRS.
Dhrector
Teluen and Sanskrt Akadems,
Andhra Pradesh



Preface

In view of the recent guidelines of Central Government to have s common national
curriculum which would enable children to face Nationwide commen entrance tests affer 42,
the Board of Intermediate Educabon, Andhra Pradesh has thoroughly revisaed the syllabiof
all science subjects. Itis further proposed to adopt NCERT Text Book with suitable changes
wherever necessary for the academic year 2012-13. Accordingly the NCERT Text Book of
Class-XIhas been thoroughly modified to suit the mtermediate syllabus proposed by the Board
of Intermediate. '

The Text Book in its present form comprises of Thirteen Chapters. Chapter-1 deals
with Atomic structure, quantum mechanical model of'an atom and electronic configuration.
Chapter-2 deals with Classification of elements and the periodicity n properties. Chapter-3
discusses Chennical bonding and miolecular struchire encompassing the various bonding theories
and the relative meritsand demerts.

Chapter-4 covers a discussion of States of matter relating to gases and liguids, namely
Kinetic theory of gases; iquefaction of gases alongwith properties of liquids, vapour pressure,
surface tension and vizcosity.

Chapter-3 presents concepts relatine to Stoichiometry, equivalent weight, mole, oxidation
mumiberiand Redox reachons.

Chapter-6 deals with Thermodynamics 1%, 2 and 3 laws along with enthalpy calculation
and criteria for spontaneity.

Chapter-7 gives a discussion on Chemical equilibrium, law of mass action, Gibbs free
energyaleng with concept of equilibrium, acids & bases, solubility, and commen ion affect.

Chapter-8 and 9 present Chemistry of Hydrogen and its compounds and the s- black
elements and their compounds.

Chapter-10and 11 deal with Elements of Group-13and elements of Group-14.1.e. boron
family and carbon family.

Chapter-12 discusses environmental concepts relating to chemistry highlishtine typesof
pollutioniand strategies to control environmental pollution.

Chapter-13 grves some basic principles and techniques of Organic chemistry, discussion
of hydrocarbons including aromatic hydrocarbons.

Some chapters like Acids and bases, Chemical equilibrium and Thermodynamics have
been mcluded. to suit the requirements of the proposed first mtermedsate syllabus of Board of
Intermediate Education. Eachchapter hasa good number of examples and solved numerical
problems. Atthe end of each chapter, questions covering very short. short and long answers
have been provided. The content of each chapfer is designed to stimulate the readers and
generate fascination for the subject

We hope this book will be highly helpful for Intermediate students appearing for National
level common entrance examinations. In a book of this complex nature, though we tried our
best with utmost care, there may still be some occasional errors. We will be glad te rechify
them in fuhire editions of the book and constructive criticism in this regard will be taken up
for further improvement of quality of teaching-and learning,

EDITORIAL BOARD



B el

e

A R T
e

]

W LA LR T T
F I O T = T R R

L
oo oo

ATOMIC STRUCTURE

Suib- atomic particlas

Atomic models- Rutherford's miclear model of atom

Developmients to the Bohe's model of stom

‘Bohr's modal for hvdrogen stom

Towards quaniom miechanical model of the gfom

Cuantum mechamical model of an atom. Impottant features of guantum
mischamical maodel of atom-orbitals and quantom mmmbers-shapes of atomic
orbitalsenergies of orbatals-fillme of orbifals m atoms, Aufbau primcinle;
Pault's exclusion principle and Hund's role of maximum mulbnhcity-
Electromic configurabions of atoms-Stability of half filled and completsly
filled orbitals

CLASSIFICATION OF EEFMFNTS AND FERIODICITY IN PROPERTIES
Weed to classify elements

Cenesic of periodic classification

Modermn periedic las and present form of the periodic table

Nomenclature of Slemente with stomic mumber greater thanldd

Electronic confisuration of elememis and the pénodic table

Electronic contisaration and fvpes of elenients 5,5 4 and £ blocks

Trends: in physical properties-periodic trends im chemical properties-
Periodic trends and chemical reactivity

CHEAECAL BONDING AND MOLECUT AR STRUCTURE

Eacsel — Lewis approach to chencal bondins

Tomic or electrovalent bond

Bond Parameters

The Valence Shell Electron Pair Repulsion (VSEFR) theory

Valence bond theory

Hybridisation

Coordinate bond

Molsculsr orbital theory -bondine in some homonuclear diatomic molecule:

Hydrogen honding

4. STATES OF MATTER: GASES AND LIQUIDS

413
472
43
24
43
1
47
45
49

110

Intermelecular forces

Thermal snerzy

Intsrmolecular forces Vs Thermal interactions

The gEseOus siate

The gas laws

Ideal gac equation

Graham = {aw of diffusion — Dalton's law of parhal pressyres
Hmetic molecular theory of gasec

Eanetic gas squation of &n id=sl ges (no denvation} Deduction of gas
laws from kinelic gas squation

Cristribution of meolecular speeds — rms, average and most
probable cpeede kinetic enargy of gas molecules

Behavioiir of r2al zases — deviation from ided] zac behavionr -
compressibility factor Vs pressurs didsrams of real saset
Luguefaction of zases ' '

Liguid =tate - properties of liquids interms of inter molecalar
interachons - vapour pressure, viscosity and surtace b_a'frisiﬁn
{Cualitative idea anly, o mathematical dervation)

Contents

ey

'ﬁuﬁmhmk

114



[RTRTSTRNAT]
b e

o1
IJ!

M
i

I i

L= = = L = R R
'y

=D
=

L
(]
[

e |
a2

o o
[T

(#3
e Ry

b S AL | :.|

b ba

|
I

o B =) BT
IV PSS R

STOICHIONETRY

Some basic concepts

LEaws of chemical combinations, Gay Lussar'siaw of
Gaseous volumes, Dalton's stomic theary, Avozadre law
Atomic and melscolar masses- mele concept and molar mass
concept of equivalent waizht .
Percentage composition of compounds and calculations of
empircal and molecular formulas of comppunds
Stoichiometry amd stoichiometric calmulations

slethods of expressing concentrations of solutions

Redox reactions

Cxadation numbez concept

Types of redox reactons

Balancmg of redox reactions - sadation number
methed-half reacHon (fon=lechon) method

Redox reactions m Gtrimetry

THEEMODY N AMICS
Applications-work-enthalprextensive and infensive
propertiesheat capacity

Meazurement of U and T Calorimetry

Enthalpy chanes, ‘tH of reaciions

Enthalpiss for different types of reachions

Spontanerty

Gibbs Enezey change and eguilibrium

Abselute entropy and the third law of thermoedynamics.

CHEMICAT EQUITTERITM AND ACIDS-BASES

Equilibrium in phyvsical process

Equilibrinm m chemical process - dvmamis equilibrinm

Eaw of chemical eqmbibrivim - 15w of macs acton and eguilibrinm constant
Homogensous eguilthris; squilibrinm conctant

in gaseous systems, relationship befwveen Ep and Ke

Heterogensous Tia

Applications of equilibrium constant

Reiationship hetwesn equilibrinm comsant ‘B

reaction Quotient 'Q° and Gibbs enargy 'G

Tactors affecting eguilibria -Le-chatelier’s principle

applicatton tomdusinal synthesis of ammroms and solphur tnosade
Tonic equilibrium 1 solptons

Agmds. bazes and-salts—Arrhenms, Bronsted-Lowry and

Lewis-concepis. of acide and bases

Ioniczbon of scids and bases

Baffer calutione

Solubility ‘2guilibris of sparincly soluble zaits

Soluhihty product constantcommon ion effect on salubility of fonie salts

HYDROGEN AND IIS COMPOUNDS

Position of hydrogen in the periodi- tabla

Dihvdrogen-occurance and lsotopes

Preparation of dihydrozen

Properties of dihvdrogen

Hydrides: Ionic, covaient. and non-stiochiometric hydrdes

142150

e S

152

i

isi

1483
183

193-225

152

85

200
201
207
22
}l;."
ns

II6-278

By
=0
32
33

259
42

247

245

.ais
51

253

278253

i
prisi
251

283



56

=)

09

93D

Water. Phivsical properties; stracture of water, ice
chemical properties of water, hard and =oft water
temiporary and permanent hardness of water
Hrdrogen percaide Preparation; physical propertiss;
structure and ¢hemical properties; shorage and uzes
Hzavy watss

Hydregen as a fuel

s-BLOCK ELEMENTS (ALKAITANDAIKALINE FARTH METALS)

Group L Elements

Alkali metals; Electronic configurabions; atomic and jomic radii;
ionization enthalpy; hydration enthalpy; physical properties;
chemucs] properhies; uses

General charactenstics of the compounds of the alkali

metals: oxides; halides; salis of oy acids

Anomalous properties of Hithinm

Same important compounde of sodinm: Sodium carbonate;
sodiom chloride; codium hyvdroside; sodium hydrogen carbonate
Biological importance of sodium and potassium

Group £ Elements

Alkaline earth-slamente; Electronic confisuration;

tonization enthalpy: hrvdration enthalpy, phvsical properties;
chemical propertas; usas '

Gensral charactenstics of compounds of the Alkabine

earth metale osides, hrdrosddes, halides, calts of oxyacids
(carbonstes, sulphates snd nitrates]

Anomalous bshaviour of beryvilium; ft= dlasonal relationchip with alumimm
Some important compounds of calcimm

Biclogical importence of calcmm and magnesinm

p-ELOCK ELEMENTS GROUTP 13 | BOEDN FAMILY]

General mircducton - Electronic configuration,

atomuc radi scm=aton enthalpy, electro negativity;

phveical ‘& chemical properties

Imporiant trends and anomatous properties of boron

Same ‘impertant compoundes of boron - boray, orthe boric acid diborans:
Ueen of boron aluminiim:and their compoands

p-BLOCK FLEMENTS - GROUP 14 | CARBON FAMILY)

Ceneral introduction - Elechronic confisuration, ‘atomic rediv
ionization snthalpy, slecho niegativity; phyzical & chemical properties
Tmportant trends and anomalouis prapertiss of carbon

Allotropes of carbon

U=zes of carbon

Some important compounde of carbom and silicon - carbonmonoeade,
carbon dioxide, silica, =iticones, silicates and zeolites

ENVIRONMENTAL CHEMISTHEY

Cefimtion-of terms Afr, Water and Soil Pollubions
Environmmental pollution

Almespheric pollution

Acid-rain: Parbiculate pellutants

Stratgspheric polloton

g

2

#

335
=, 17

J11-323
315

36
316
318

311333

an

2T

3343531

333

VR
2l
]

IE.‘n i



126
2y
128
125

131
132
133
134
135
136
b5 5
138
136
1310

b % 5 |
15332

513

1314

1315

Water pollution M43
Soil Pollution- Festicides, inductrial wactes

Stistegies to contral emvironmental peliotion

Gre=n chenishy

ORGANIC CHEMIETRY-SOME BASIC PRINCIPLES

ANP IECANICGUES

General introduchion 351
Tetravalency of Carbore shepes of erganic compounds:

Structural representations of oreganic compounds

Clacsification of orsanic compoursds

Nomenclature of organic compounds.

Izomeriom

Fundaments] concepte n organic reachion mechanisms

AMethods of purification of orzamic compounds

Qualtstive-clementsl snalvsis of crganile compounds

Quantitatve slemenial anaiveis of organie cmpm:ﬁds
HYDRCCARBONS

Claszification of hydrocarbons

Alkanes - Nomenclatire, Isomerism (stroctural and

conformations of sthane enly)

preparation of alkanes -propertizs of alkanes

Alkenes Nomenclaturs, structure of sthane,

jsomeriem (stroctural and eeomietricall-methods of

preparation of alkenes-propertics of alkenss

Alkynes - Nomenclature and isomensm, structare of acetylens
methods of preparation of acstylensphysica]

properies and chenucal reactions of alkynes

Aromatic Hydrocarbens; MNomenclature and-tsomerism

stractore of benzene, resonance and aromaticiiv-preparation of benzens
phyvsical and chemical properuss of benzene-divective nflusncs of
funciienal groups in mono substituted benzene Carcinegenicity and tosdcity

Apendices (I-V])

335
352
337
355
366

373

381
3583

4153433



ATOMIC STRUCTURE
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The rich diversity of chemical behaviour of different elements
can be traced to the differences in the internal structure of
atoms of these elements.

The existence of atoms has been proposad sinee the time of
carly Indian and Greek philosophers (400 B.C.) who were
of the view that atoms are the lundamental building blocks
of matter. According to them, the continued subdivisions
of martter would uliimately yield atoms which would not
be further divisible. The word atom’ has been derived from
the Greek word "a-tonie’ which means uneut-able’ or ‘non-
divisible’. These eartier ideas were mere speculaiions and
there was no way Lo lest them experimentally. These ideas
revnained dormant for a very long time and were revived
again by scienlisis in the nineleenth cenlury.

The atomle theary of matter was first proposed on a firm
sclentific basis by John Dalton, a British school teacherin
1808, His theory, called Dalton’s atomic theory, regarded
the atom as the ultimste particle of matter.

In this chapier we start with the experimental
observations made by scienlists lowards the end ol
nineteenth and beginning of twendeth century. These
established that atoms ean be lurther divided into sub-
atomic parilcles, Le., electrons, protons and neutrons—
a copeept very differemt [rom that of Dalton. The major
problems belore the scientists at thai time were:

* {0 account for the stability of atoan after the discovery
of sub-atomic particles,

¢ 0 compare the behaviour of one element from other
in terms of both physical and chemical properties,

s {oexplain the [orpation of different kinds of molecules



by the combination of different atoms and,

o tounderstand the origin and natare of the
characteristies of electromagnetic
radiation absorbed or emitiad by atoms,

1.1 SUB-ATOMIT PARTICLES

Dalton’s atomic theory was able to explain the
law of conservaiion of mass, law of consiant
composition and law ol multiple proportion
very suceesshully. However, il [ziled (o explain
the resulls of many esperiments, for example,
it was known that subsiances lllic glass or
ebonite when rubbed with silk or fur generate
electricity. Many different kinds of sub-atomic
particles were discovered inn the twentieth
centry. However, in this section we will talk
aboutonly two particles, namely eleciron and
Protomn,

1.1.1 Discovery of Electron

In 1830, Michael Faraday showed thar if
eleciricity is passed through a solulion of an
electrolyte, chemical reactons ocourred at the
electrodes, which resulied in the liberation
and deposition of matier at thie elecirodes, He
formulaied certain laws which you will study
in second year. These resulis suggested the
particulate nature of eleciricily.

An insight into the stracture of atom was
obtained from the experiments on clectrical
discharge (hrough gases. Before we discuss
these resulis we need to keep in mind a basic
rule regarding the behaviour of charged
particles : "Lilkke charges repel sach other and
unlke eliarges alizact cach other”.

It1 mid 1850s many scientists mainly
Faraday began to study elecirical discharge in
partially evacunted tubes. known as eathode
ray discharge tubes. Il is depicted in
Fig. 1.1(2). A cathode rav tubeis made of glass
conlaining twe (hin pieces of metal, called
electrodes, sealed in it The elecirical discharge
Lthrough 1the gases could be observed only al
veary low pressures and al very high voltages.
The pressure ol dilferent gases could be
adjusted by evaruation. When sullicienily high
voltage is applied across Lhe electrodes, current
siaris llowing through a sirenm of parlicles
maving in the tube from the negative electrode
[cathode] to the positive elecirode (anode).
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These were called cathode rays or cathode
ray particles, The Qow ol curreni irom cathode
o anode was further checked by making a hole
in the anode and ceating the tube behind anode
with phosphorescent maierinl zine sulplide.
When these ravs, afier possing (through anode,
strike the zine sulphide coating, a bright spoi
on the coating is developed(same 1hing
happens in a television set) [Fig. 1.1(b]].

The resulis of these experiments are
summarised below.
il The cathode rays start from cathode and
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Fig. 1.1(b) A cathode roy discharge wube witl
perforated cndde

move towiards the anode.

(i) These rays themselves are notvisible but
their behaviour can be ohserved with the
help of vertain kind of materials
(uorescent or phosphorescent) which
glow when hit by thern. Television plcture
tubes are cathode ray tubes and
television pictures resull due to
fluorescence on the television screen
coated with certain [luorescent or
phesphorescent marerials.

{itl} In the absence of electrical or magnetic
field, these rays travel in straight lines
(Fig. 1.2},
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fiv) In the presence of elecrical or magnetic
field, the behaviour of cathode rays is
similar (o that expected [rom negalively
clrarged particles. suggesting ihal the
cathode rave consist of negatively
charged particles, ealled electrons.

fvi The characteristics of cathode rays
lelectrons) do not depend upon the
mwaterial of electrodes and the naure ol
the gas present in the cathode ray tube.
Thus, we can conclude that electrons are
basic constituents of all the atoms.

1.1.2 Churge to Mass Ratio of Electron

In 1897, British physieist J.J. Thomson
measured the ratio of eleclrical charge (¢ o
the mass of eleciron (m) by using cathode
ray tube and applying eleemrical and magnetic
field perpendicular to each other as well as to
the path of electrons (Fig. 1.2). Thomson
argued that the amount of deviation of the
particles [rom thelr path in the presence of
£lectrical or magnetic field depends upor:

(il  the magmtude of the negative charge on
the particle, greater Lthe magnitude of the
charge on the parlicle, greaier is the
interaction with the electric or magnetic
field and thus grearter s the deflection.

(il the mass of the pardele — lighter the
particle, greater the deflecion.
(i) the strength of the electrical or magnetic

Annde

Cathode

3

field —rhe deflection of electrons from its
original path Increases with the Increase
in the vallage 2cross the elecirodes; ar the
strength of e magnetic Geld.

When only electric field is applied, the
electrans deviate from their path and hit the
cathode ray tube at point A. Similarly when
only magnetic feld is applied. eleciron sirikes
the cathode ray tube al poinl C. By carefully
balancing the elecirical and magnetic lield
sirength, it is possible o bring back the
clectran o the path followed as inihe absence
of eleviric or magnetic field and they hit the
screen at point B. By carrying out accurate
mezsurements on the amount of dellections
observed by the electrons en the electric Held
strength or mragnetic feld strength, Thomson
was able to determine the value of ¢/ m, as:

€

o = 1758820 x 10" C kg
£

(1.1)

Where m, is the mass of the eleciron in kg
and e is the magnitude of the charge on the
elecwron in coulombs (C]. Since electrons
are negatively eharged, the eharge on eleetron
is —e.

1.1.3 Charge on the Electron

R.A Milllkan (1868-1953) devised a merthod
known as oil drop experiment (1906-14). to
deterimine the charge on the electrons. He [ound

- &

3
i)

A

+ B

/
Fluoresoenl soreen

Magtiet

Fig. 1.2 The apparalus (o determine (Fie charge o' the mass ratio of electron
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that the charge on the eleciron to be
— 1.6 % 1072 C. The present accepred value of
electrieal charge is - 1.6022 x 10~*C. The
mass of the electron [mJ was determined by
combiring these results with Thomson's value
of e/ m, ratio.

e 1.6022x107C
M = efm, 1.758820 x 10°C kg '
- 9.1094x10 kg (1.2

1.1.4 Discovery of Prolons and Neuntrons

Electrical discharge carried out in the modified

cathode ray tube led to the discovery of

particles carrving positive charge, also known
ns canal rays. The characieristcs of these
pesitively charged particles are listed below.

)  unlike cathode rays, the nature of
pesitively charged particles depends
upon the nature of gas present in the
cathode ray tube. These are simply the
positively charged gascous ions.

{it/ The charge to mass ratio of the parucles
is found to' depend on the gas from which
these originate.

{{if) Some of the posidvely charged particles
carry a multiple of the fundamental unit
of elecirical charge.

(ivy The behaviour of these pardcles in the
magnetic ar elecirical feld is opposite to
thai observed [or eleciron or cathiode Tays.

The smallest and Hghtest positive ion was
obtained from hydrogen gas and was called
proton. This positvely charged particle was
characterised in 1919, Later, a need was [t
for the presence ol elecirically nentral particle
as oue of the cousttuents of atom. These
particles were discovered by Chadwick (1932)
by bombarding a thin sheet of beryllium by
p-particles, when electrically neutral particles
having a mass slightly greater than that of
the protons were emitied. He named these
particles as meutrons. The important
properiies of these lindamental pariicles are
given in Table 1.1,

1.2 ATOMIC MODELS

Observations obtained from the experiments
mentioned in the previous sections have
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Millikan's Oil Drop Method
In this methiod, oll droplets in the form of
misl, produced by the atomiser, ywere allowed
to sfifer through a tiny hale in the upperplate
of elecirical condenser. The downward motdon
of these droplets was viewed through the
tclnscnpe equipped with a micrometer eve

piece. By measuring the mate of fall of these
dmpletmhﬁmkmnwainblntummthe
mass of oil droplets.The air inside the
clismber was ionized by passing & beam of
H-rays (hrough it The clectrical charge an
these oil droplets was acquired by collisions
with gaseous lons. The fall of these nhurgbd
oll droplets can be retarded, accelerared or
ets and the polarity and sorength
of the voltage applied to the plaie. By carsfully
measuring the effects of electrical .ﬂlﬂd
sirengih on the motion of ol droplets,
Millikan coneluded that the magnitude of
electrical chasge, g, on the droplets is always
an fniegral multiple of the eectrical r.ha;-gn;
e that s, g= ne, wheren=1, 2. 3.,

— Chasged siate |+].

Charged plate | -} 0t despie
Fig. 1.3 The Millikeart nﬂdmp apparatus. for
mesuring charge ‘e’ n chamber; the
forces acting on ell drop are:
gmu!mﬂunat slecirostalle die o
elmﬁﬁeldﬂndn lﬂsmuﬁdmgjamﬂ
‘iolwen the ofl drop (s rmoving,

suggested that Dalion's Indivisible atom is
composed of sub-atomic parileles carrying
positive and negaiive charges. Dilferent aiomic
tmodels were proposed (o explain the
digirfbutions ol these chirged pariicles in an
atom. Although some of (hese models were not
able to explain the stability of atoms, two of
these models, proposed by J. J. Thomson and
Ermnmest Rulheriord are discussed below.
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Tahle 1.1 Properties of Fundamental Particles

Name | Symbol | Absolute | Relative | Mass/kg Mass/u | Approx.
charge /C charge mass /1
Electron e 1.6022x10 " 1| ga0e39x10° | 0.00054 0
Proton D +1,6022%¢10 1 | 1s72eaxi6™ | 100727 1
Neutron n 0 0 1.67498%10 | 1.00867 1

1.2.1 Thomson Model of Atom

. d. Thomson, in 1895, proposed thatan atom
possesses a spherical shape ([radius
approximately 1079 m) in which the positve
charge is uniformly distributed. The electrons
are embedded into it in such a manner as
give Lthe most stable electrostatic arrangement
(Fig. 1.4}, Many diflerent names are glven (o
this model, for example, plum pudding, raisin
pudding or watermelon. This model can be
visualised as a pudding or watermelon of
posltive charge with plums or seeds (electrons)
embedded into it An important feature of this
model s that the mass of the aton (8 assumecl
lo be uniformly distributed over the ntom.

Postitve sphere

N

= Elecizon

Fig.1l.4 Thomson model of atom

Although this model was able lo explain the
overall neutrality of the atom, bul was nol
consistent with the resulis of later experimenis.
Thomson was awarded Nobel] Prize for physics
in 1906, for his thearetical and experimental
investigations on the conduction of eleciricity

by gases.

In the later half of the nineteenth century
different kinds of rays were discovered,
besides those mentioned earlier. Wilhalm
Rientgen (1845-1923) i 1895 showed

thal when electrons strike a malerial in
ihe cathode ray (ubes, produce rays
which can cause fluorescence in the
fuorescent materials placed outside the
cathode ray tubes. Since Rbentgen did not
know the nature of the radlation, he
named them X-rays and the name is still
carried on. [t was noticed that X-rays are
produced effectively when elecirons strike
ihe dense meral anode, called target.
These are not deflected by the electric and
magnetic fields and have a very high
penetrating power through the matter
and that is the reason that these rays are
used to study the fnterior of the objects.
These rays are of yery short wavelengths
(~0.1 nm) and possess electro-magnetic
character (Section 1.3.1].

Henri Becqueral (1852-1908)
ohserved that there are certain ¢lements
which emil radiztion on thelr own and
uamed this phenomenon as
radioactivity 2nd the elemenis known as
radioactive elements, This field was
developed by Marie Curie, Piere Curie,
Rutherford and Fredrick Soddy. It was
observed that three kinds of rays l.e.. o,
f- and y-rays are emltied. Rutherford
found that e-rays consist of high energy
particles carrying two units of positive
charge and four units of atomie mass. He
concluded (hal a- particles are helivon
ruclel as when o- particles combined with
two electrons yielded helium gas. [f-rays
ure negatively charged particles similar 10
electrons. The y-rays are high energy




nature and do aot consist of particles. As
regards penelraling power, a-particles
possess the least, followed by fi-rays (100
times that of g-partleles) and y-rays (1000
times of that g-particles).

1.2.2 Rutherford's Nuclear Model of Atom

Rutherford and his students (Hans Gelger and
Ernest Marsden} bombarded very thin gold
foil with a-particles. Rutherford's famous
w-particle scattering experiment is
represented in Fig. 1.5, A stream of high energy
rr—particles fromn a radioactive source was
directed at a thin foll (thickness - 100 nm) of
gold melal. The thin gold foll had a circular
Morescent zine sulphide screen around it.

= f

alphiz particled e plate

Guld fail

Phstagni e plate
A. Rutherford's sealtering experiment

Beam of

u-pﬂrif_‘ies

Thin gold foll

rs:: (O I

_(J_;

— > » Deflected

_T_,_uf_t o-particle

F‘L
4£*) Diellected
q - particle

Drelected o - pacticle

B. Schematic mislecular view of the gold foll

Fig.1.5  Schemabie vient of Rutherford 's seoflering
experiment. Whan a beam of alpha i)
particles is “shot™ at a thin gold foll. most
of aepariicles pass tuough withour much
effecl. Some, however, are deflected,
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Whenever g-particles struck the screen, a tiny
flash of light was produced art that peint

The resulis of scattering experiment were
quite unexpected. According to Thomson
moedel of atom, the mass of each gold anom in
the foll should have been spread evenly over
ihe eniire atom, and & particles had enough
energy lo pass directly through such a
uniform distribution of mass. It was expected
thal the particles would slow down and
change directions only by & small angles as
they passed through the foil. It was observed
that -

(i most of the a- particles passed through
the gold foil undeflected.

[{] & small fracdon of the a-particles was
deflected by small angles.

(i) a very few o— partieles [-1 in 20,000)
bounced back, l.e., were deflected by
nearly 1807

On the basis ol these observations,
Rutherford drew the [ollowing conclusions
regarding the struciure of atom :

(il Moslof the space in the atom is empiy as
most of the e-particles passed through
the foil undeflecied.

fiil A few positively charged o particles were
doflected. The defllecdon must be due o
enormous repulsive force showing that
the posilive charge of the atom is nol
spread threugliowr the atom as Thomson
had presumed. The positive charge has
to be concentrated in a very small volume
that repelled and deflected the positvely
charged o particles.

[iii} Caleunlntons by Butherford showed that
the volume occupied hy the ouecleus is
negligibly small as compared 1o the total
volume of the atom. The radiug ol the alom
s aboul 108 m, while that of nucleus is
10 m. One can appreciate this
dilfererice in size by realising that if a
ericket ball represenis a nucleus, then the
radius of atom would be abour 5 km.

On the basis of above observations and
conclusions, Rutherford proposed the nuclesr
maodel of atom (after the discovery of protons).
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According to this model :

{ft The posltive charge and ruost of the mass
of the atom was densely concentrated in
exiremely small region. This very small
portion of the atom was called nucleus
by Futherford.

(il The nucleus is surrounded by elecrans
that move around the nucleus with a very
high speed i circular paths called orbits.
Thus, Rutherford’s model of atom
resembles the solar system in which the
nucleus plays the role of sun and the
clectrons play the role of revolving planets.

i} Electrons and the oucleus are held
iogether by clecirnstatic forces of
atiraction.

1.2.3 Atomic Number and Mass Number

The presence of posirve charge on the nucleus
is due (o the prolons in the nucleus. As
established earlier, the charge on the proton
is equal but opposite 1o that of electron. The
number of protons present in the nuecleus Is
equal to atomic mumber (Z). For example, the
number of protons in the hydrogen nucicus
is 1, in sodium nucleus it is 11, therefore their
atemic numbers are 1 and 11 respectively. In
order 1o keep the elecirical neutrality. the
mmmber of electrons in an alom Is equal to the
number of protons (atomic number, Z). For
example, number of elecirons In hydrogen
atom and sodium atom are 1 and 11
respectvely.

Atomic number (Z) = number of protons in

the nucleus of an atom

= number of electrons

in a nentral atom [1.5)

While the positive charge of the nucleus is
due to protons, the mass of the nucleusis due
0 protons and neutrons. As discussed earlier
protons and neutrons present in the nucleus
are collectively known as nucleons, The total
number of nuelecns Is termed as mass
number (A) of the atom.

mass number (A) = number of protons (Z)
+ number of neutrons (n) [1.4)

1.2.4 lsobars and lsotopes

The composition of any aiom can be
represented by using the normal element
symbaol (X) with super-seript an the left hand
side as the aomlc mass number (A) and
subseript {Z] on the lefi band side as ihe
atemic number (Le., 5 X

Isobars are the atoms with same mass
number butr different atomic numbers for
example, 1;' C and I:N . On the other hand,
atoms with identical atomic puwmber bul
different atomic mass numbers are knawii
as Isotopes. In othier words (according 1o
equation 1.4), It Is evident that difference
between the isatopes is due o the presence
of different mamber of neutrons present in
the nuecleus. For example, considering ol
hydrogen atom again, 99.955% of hydrogen
atoms contain only one proton, This isolope
fs called protium( H), Rest of the percentage
of hydrogen atom contains two other isotopes,
the one containing 1 proton and 1 neutron is
called deuterium (;D, 0.015%) and the other
one passesnmgal proton and 2 newirons s
called tritium (, T). The latierisolope Is [ound
in {race amounls on [he earth. Dilher
examples of commonly occuring isotopes are:
carban atoms contgining 6, 7 and 8 neutrens
besides 6 protons (ZC, 2C, *C): chlorine
atoms containing 18 and 20 neutrons besides
17 protons (ZCl, 5C1).

Lastly an important point to mention
regarding isotopes is that chemical properties
of atoms are controlled by the number of
electrons. which are determinecd by the
number of protons in he nucleus. Number of
nzutrons present o the nucleus have very
little effect an the chemical properties of an
clement. Therefore, all the isotopes of a given
element show same chemical behaviour.

Problem 1.1

Caleulate the number of protons,
neutrons and electrons in ZBr.
Solution o .

In this case, 5 Br. Z=35.A= 80, spedies
Is neuteal



Number of protons = rnimber of sleetrons’
=7FZ=35

Number of neutrons = 80 - 35 = 45,
{equation 1.4)

Problem 1.2

The mumber of electrons, protons and
neutrons in 4 species are equal to 18, 16
and 16 respectively. Assign the proper
syimbol to the species.

Solutio

The atomic mumber Is equal to
number of protons = 16. The element is
sulphur (S].

Atomic mass number = number of
protons + number of neutrons

=16+ 16 =32

Species 1s mot neutral as fhe number of
protons is not equal to elecoons. If is
anion (negatively charged] with charge
equal 10 excess electrons = 18 = 16 = 2.
Symbol js 25>

Note : Before using the notation 2 X . find
oui whether the species is a neuntral
atom, a cation or an anion. If if is a
meulral atom. equation (1.3)4s valid, i.e.,
nurnber of protons = number of elecrons
= atomic number. Il the speeies is an jon,
determine whethér the number of
protons are larger (cation, pesitive lon)
or smaller (anion, negative ton) than the
number of electrons. Number of neittrons
Is always given by A-Z, whether the
species is neutral ar lon.

1.2.5 Dawbacks of Rutherford Model

Rutherford muclear model of an atom is like a
small scale solar system with the nucleus
playing the role of the massive sun and the
electrons heing similar to the lighter planets.
Further, the coulombie foree (kg g,/ where
q, and q, are lhe charges, ris (he distance of
separation of the charges and k is the
proporuenality constant) between electron and
the muclens. This is mathematically similar to
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the gravitational [oree [ ) where m,

and m, are the masses, ris the distance of

separation of the masses and G is the
gravitational constant. When classical
mechanies® 8 applied to the solar system,
it shews that the planets deseribe well-defined
orbits around the sun. The theory can also
calculate precisely the planerary orbis and
these are in agreement with the experimenial
measurementis. The similarity between the
solar system and nuclear model suggests
that electrons should move around the nucleus
in well delined orbits. However. wher a body
is moving in an orbil, it undergues acesleration
[even il the body is moving with a constant
spead in an orbit, il is accelerated because of
changing direction), So an electron in the
nuclear model describing planet ke orhits is
under aceceleration. According to the
clectromnagnede theory of Maxwell, charged
particles when accelerated should emit
electromagnetie radiation (This feature does
not exist for planeis sinee they are uncharged).
Therefore, an elecron in an orbit will enmit
radiation, the energy carried by radiaton
comes from electronic motion, The arbit will
thus continue to shrink. Caleulations shew
that 1t should take an electron only 10° s to
spiral into the nucleus. But this is not
happening. Thus. the Rutherford model
cannol explain the siabiliiy of an atom.
Il the motion of an electron is desoribed vn the
basis of the classical mechaulcs and
electromagnetic theory, you may ask that
since the motion of elecirons in orbils is
leading 1o ihe Instability of the atom, then
why not consider clectrons a8 stationary
arovard the nuelews. IT the electrons 'were
stadomary, electrostatie atiraction between
the dense nucleus and the electrons would pull
the elecoons towards the nueleus o form a
miniature verslon of Thomson's model of atom.

Another =erlous drawback of the
Rutherford model is thal it says nothing about
ihe electronic soucture of atoms Le., how the

* Eiassical mechaniles 5 o thearetical Science based on Newton's lmus of motion. It specifies the lawuis of maoten of

macraseope ohjects,
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electrons are distributed around the nucleus
and whar are the energies of these electrons.

1.3 DEVELOPMENTS LEAIMNG TO THE
BOHR'S MODEL OF ATOM

Historically, resulis observed from the studies
of interactions of radiadons with matter have
provided immense informadon regarding the
structure of atoms and molecules. Neils Bohir
utilised these results o improve upon the
madel proposed by Rulherford. Twa
developmentis played a major role in the
formuladon of Baln's model of atom. These
WETED

{1l Dual character of the electromagnetic
radiation which means thal radiations
poasess both wave like and partele like
propertics, and '

(i) Experimental resulls regarding atomic
specira which can be explained only by
assuming dquantlzed (Sectlon 1.4)
clectronic energy levels in atoms.

1.3.1 Wave Nature of Electromagnetic
Radiation

James Maxwell (1870) was the first to give a
comprehensive explanaillon about the
interaction between the charged badies and
the behaviour of elecirieal and magnetic Aelds
on macroscopic level. He suggesied that when
elecirically charged particle moves under
accelaration, allernating electrical and
magnetic fields are produced and wansmitied.,
These fields are wansmitied I the form of
weves called electromagnetic waves or
electromagnetic radiations.

Light is the {orm of radiation known from
early days and speculelion aboul its nature
dates back to remote anecient tmes. In earlier
days [Newton) ightwas supposed to be made
ol particles (corpuscules). It was only in the
19th century the wave nature of light was
established. '

Maxwell was again the firat to reveal that
light waves are associated with oscillating
electric and magnetic characters (Fig. 1.6).
Allhough slectromagnslic wave molion is
complex in nature, we will consider here only
a few simple properties.

(i) The oscillating eleetric and magnetic fields
produced by oscillating charged particles
are perpendicular to each other and both
are perpendicular to the dirccion of
propagation of the wave. Simplified
piciure of electromagnetic wave is shown
in Fig. 1.6.

fiil Unlike sound waves or waler waves,
eleciwrotnagnetie waves do not require
medinm and can move i vacuun.

(lii) It is now well established that there are
many types of electromagnetic

radiations. which differ from one another
in wavelength {or frequency). These
constitute what is called electromagnetic

Fig. 1.6The eleciric and magnetic fteld components
of an electromagnetic wave. These
cornponents have the same woavelengihe

frequency, speed and ampliude, it they
wibrede in e mutually perperndicudar
planes,

spectrum [Fig. 1.7). Dillerent regions ol
the specinum are identified by different
names. Some examples are: radio
frequency region arourid 10%Hz, used for
broadeasting; microwave region around
10" Hz used for radar; infrared region
around 10¥ Hz used for heating;
ultravielet reglon around 10%Hz a
comparent of sun's radiaton. The small
portion around 10'" Hz, (s what s
ordinarily called visible Hght. Il is only
this part which our eves can see (or
detect). Special instnuments are reguired
o detect non-visible radiadon.

fiv] Different kinds of units are used to
represent electromagnetic radiation.
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These radiations are characterised by the
propertles. namely. frequency (v ) and
wavelengih [A).

The SI unit for [requency (v ) is hertz
(Hz, s7), after Hetarich Hertz: [Uis defined as
the number of waves that pass a given point
in one second.

Wavelength should have the units of
lenwth snd as vou know that the SIunits of
length is meter (m). Since clectromagnetic
radiation consists of different kinds of waves
of much smaller wavelengths, smaller uniis
are used. Fig.1.7 shows various types of
electro-magnetic radiations which differ from
one another in wavelengihs and frequencles.

In vaceum all wpes of elecromagnetle
radiations, regardless of wavelength, travel at
the same speed, l.e., 3.0x 10fm s (2.997025
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wavelengths per unil length. lis unlis are
reciprocal of wavelength unit, Le., mrt, However
commonly used umt is ot not SIunit).

The Vividh Bharati station of All India
Racllo, Delhi, broadeasts on a frequency
of 1.868 kHz (kilo hertz). Calenlate the
wavelength of the clectromagnetic
radiation emitted by transmitter. Which
parl of the eleciromagnetic spectrum
does it belong to? '

Solution

The wavelength, A, iut:qualfnefv where
¢ s the speed of eleciror radiation
in vacunm and v is {he frequency.
Substituting the given vahies, we have

S
* 108 m 57, to be precise). This is called speed 3-"_;
of light and is given the symheol ‘¢’. The _ .
frequencey (v), wavelength (3) and veloeiiy of light 3.00 x10°ms™"
[c} are relaied by the equation (1.5]. = 1368 kHz

E= A (1.5) 3.00x10°ms"

The other commonly used guanlity = 135-'3: i-bﬂéd
specially in spectroscopy, is the wavenumberx a1g 31]1 o
(V). It is defined as the number of =t
10 1 i 1Fl‘ﬂ' 10" ‘1?"‘ 1|tl“ w* et TID‘ 1?’ 10"
|' ViHz)
{a) .
Yrays X rays I.Ni IR Microwave Fi 'j Lang radio waves
I I ] H 1 fr 1 T I f 1 A(m)
w* 10" 10* 1w™ 10 iw0f 1wt 1wt 10 10 1wt 10
Visible spac:trurn B
i
E{} E 700 750
Waviglenath (nanomelers)

Fig. 1.7 (o) The spectrum of electromagnetic radioton, (B Visible spectrom, The visible region is only

a small part of the enfine speciruam .
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Ve

This is & characterisiic radiowave
Problem 1.4

The wavelength range of the visible
specirum extends from vielel (400 i)
to red (750 nm),
wavelengths in frequencies (Hz),
(lnmr= 107 m)

Solution

E&mg equation 1,5, frequency of violet

t

Express these

Lo 3.00x10"ms
A 400210%m

Frequency of red light

_e aunxm’m

= 4.00 x 10" Hz
=% 750x10%m *

The rangde of visible specitnumn is from
4.0 x 104 {0 7.5 x 10" Hz in terms of
frequency umits.

Problem 1.5

Calenlate (a) wavenumber and (b)
frequency of yellow radiation having
wavelength 5800 A

Solution
(a) Caleulation of wavemmmber (¥)

A =5800A =5800 x 10 cm
= 5800 x10 ¥ m

1
5800x107" m
=1.724%105m™
=1,724%10*em™

= 1_
=3

1l

(b) Calewlation of the frequency (v

v-E- 3%10° ms*
A BB00x10™ m

=5.172x1 UM:E_L

1.3.2 Particle Nature of Electromagnetic
Radiation: Planck's Quantum
Theory
Some ol (he experimenial phenomenon such
as diflraction® and interference* can be
explained by the wave mature of the
cleciromagnetic radiadon. However, following
are some of the observations which could not
be explained with the help of even the
electromagentic theory ol 1911 century
physics (knovwn as classical physicsh:
(1]  the nature of emlssion of radiadon from
hot bodies Ex: [black -body radiation)

fif} ejection of electrons from metal surface
when radiation sirikes it {photoelectric
cifeet)

(iii} wariation of heat capacity of solids as a

funetion of temperaiure

fiv) line speectra of atoms with special

reference to hydrogen.

It s aoteworthy that the first conereie
explanation [or the phenomenon of the black
body radiadon was given by Max Planck in
1900. This phenomenon is given below:

When solids are heated they emit radiaton
over a wide range of wavelengihs. For example,
wher an iron rod s heated in a Aumace, it first
turns to dull red and then progressively
becomes more and moere red as the
ternperature itereases. As this is heated
harther. ihe radiation emiitied becomes
white and then becomes blue as ilie
lemperature becomes very high. In terms of
frequency, it means that the requency ol
ernitied radiation goes from a lower frequency
to a higher frequency as the temperamre
increases, The red eclour lies in the lower
frequency Tegion while blue colour belongs
to the higher [regquency reglon of the

Diffraction s the bending of werpe around an ebsracke.

Iriterfiranice & he conbinieton of e wooes of (he sarie or different fréquencies 1o give o wave wihese distributisn ol
eech potnl (n space 15 fhw algebrain or weotor sum of disturbances gr thee potnf resulfing from each (nterfering weun.
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clectromagnetic spectrum. The deal body,
which emits and absorbs radiations of all
[frequencies. is called a black body and the
radiafion emitited by such a body is called
black body radiation. The exacl frequency
disiribution of the emitied radiation (i.e.,
intensity versus fregqueéncy curve of the
radiation) from a black body depends only on
its temperalure. Al a given temperature,
intensity of radiation emitted increases with
decrease of wavelengih, reaches a maximum
value ar & given wavelength and then stars
decreasing with f[urther decrease of
wavelength, as shown in Fig. 1.8.

The above experimental resulis cannot be
explained satisfaciorlly on the basls of the
wave theory of light. Planck suggesied that
atoms and malecules could emit {or absarb)
energy only in discrete quantities and not in a
continuous manner, a beliel popular at that

T=T;

L
i
g 1
il

i | i |
1000 2000 3000
e WINCECTIE RN (L]

Fig. 1.8 Wawclength-intensity relationship

time. Planck gave the name guantum to the
smallest quantity of energy that can be emitied
or absorbed in the form of electromagnetic
radiation. The energy (E) of a guantum of
radiation is proportional to iis requency (v)
and s expressed by equation (1.6).
E=hv (1.6]
The proportionality constant, “h is known
as Planck's constant and has the value
G.626x109¢J 5,

CHEMISTRY

With this theory, Planck was able o explain
the distribution of intensity of the radiation
froma black body as o function of requency or
wavelenglh at dilferent ieniperatures.

Photoelectric Effect

In 1887, H. Herz performed a very interesting

experiment in: which electrons (or electric

current) were ejected when certain metals (for
example potassium, mibidhum, caesium ele.)
were expozed o a beam of light as shown in

Fig.1.9. The phenomencn is called

Photoelectric effect. The resulis observed in

this experimenit were:

il The electrons are ejected from the clean
metal surface as soon as the beam of
light atrikes the surface, Le., there is no
time lag belween the striking of light
beam and the ejection ol electrons om

the metal surface,
Light

Cralgctar
"

Melal zufece

Fig.1.9 Equipment for siudying the photedlectric
effeer. Light of ¢ particular freqieney strikes
a clean metal surface nside o oacuum
chayiber Electrons are cjected from the
meial and gre couried by a deotesior thot
measires thetr keinelle energu.

Max Plancle

(1858 - 1947)

Meax Plandk, a German phjsicist,
receiyed liis PhD in theoretical
phusies from the Untuersity of
Munich in 1879, In 1588, he was
-appotnled Director of the nsdtiee
of Theoretical Physics ot the
Uriversity af Beflin. Plancle was alvarded the
Nobél Prize (n Physics (n 1918 for lits quantum
theary. Plafick alse made significant eontributions.
in thermodynaiiics and other areas of phissics.
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i) The number of electrons ejected is
proportional to ithe intensity or
brightness of light.

{iiil For each metal, there is a characleristic
minimum frequency, v, (also known as
threshold frequency) below which
photoelectric effect is not observed. At a
frequency v >v ,, the ejected electrons
come out with certain kinetic energy. The
kinetic energies of these elecirons
iervase with ihe increase ol [requency
ol the light used.

All the above results could not be
explained on the basis of laws of classical
physics. According to latter, the energy
content of the beam ol Hght depends upon
the brightness of the light, In other words,
number of clecirims ejected and kinetic energy
associated with them should depend on the
brightness of light. [t has been observed that
Lthough the nuwmber of electrons ejected does
depend upon the brightmess of Hght, the
kinetic energy of the ejected elecirons does not.
For example, red light [v= (4.3 10 4.6) x 10"
Hz| of any brightness (intensity] may shine on
a piece of potassium melal for hours but no
photoelecirons are cjecied. But, as seon as even
a very weak yellow light [v= 5.1-5.2 x 10%
Hz] shines on the porassium metal, the
photoelectric effect is observed. The threshold
frequeney (v ) for potassinmmetal is 5.0x<104 He,

Einstein [1905) was able (o explain Lhe
photoeleciric effect using Planek’s quantum

Alhert Einsteln. &8 German
borri American phijsicist, is
regareded by many as ene of
thie fwo great physicists the
wortd hes known (the other
i Isaac Newton!, His three
rescarch papers for spectal
relativity. Brownlan motion
arél the photoelectrin effect)  Albert Eimstein
thich he published in 1905, ~ 3579 - 1955)
wiile he weas employed as @ echnidal
nEsisiant irl a Swiss patent office in Berne
hove profoundly influenced the development
of phusies. He recetved the Nobel Prize in
Physics (n 182] for his explanaiton of the
photoelaotric effect.
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theory of electromagnetic radiaton as a
siarting point,

Shinirig a beam of light on to a metal
surface can, therefore, be viewed as shooting
a beam of particles, the photons. When &
photon of sufficlent energy strikes an elecron
in the atom of the metal, it wansfers its energy
instantaneously to the electron during the
collision and the elociron is gjected without
any vime lag or delay. Greater the energy
possessed by the photon. greater will be
iransfer of energy to the elzciron and greater
the kinelic energy af the ejected electron. In
gther words, kinetle energy of the sjected
eleciron is proporiional 1o the requency of
the electromagnetie radiation. Since the
siriking photon has energy equal to hv and
the minimum energy required to cject the
clectron is hy, (also called work function, Wy;
Table 1.2), then the dilference in energy
(hv— hy,) Is transferred as the kinetic energy
of the photoeleciron. Following the
comservation of energy principle, the kinetic
snergy ol lhe gjecled electron is given by the
equalion 1.7.

h :h-.r‘,r-:—%m,p!‘.r2 (L.7)
where m_ is the mass of the electron and v is
the welocily associated with (he ejected
clectron. Lastly, @ more intense beam of light
consists of larger number of photons,
consequently the number of electrons efected
iz alse larger as compared lo thal in an
experiment in which a beam ol weaker
intensity of light is employed.

Dual Behaviour of Electromagnetic
Radiation

The particle nature of light posed a
dilemme [or sclentisis. On the one hand. it
could explain the black body radiation and
photoelecirie effecl satisfactorily bul on the
other hand, it was not consistent with the
known wave behaviour of light which could
accoutt lor the phenomena ol imterference and
diffraction. The only way to resolve the
dilemma was to accepl the idea that light
possesses hoih partiele and wave-like
properties, ie., light has dual behaviour,

Depending on the experiment, we find that
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Table 1.2 Valnes of Work Function (W) for a Few Metals

Metal Li Na K Mg Cu Ag
W, /eV 2.43 2.3 2:25 a7 4.8 4.3

light behaves either as a wave or as a siream 4.969%10" 193

ol particles. Whenever radiation interacts with e

matter, it displays particle like properties in Number “fphmﬁ emiried

contrast to the wave lke properties 100Jdst _ 4

(lterference and diffracdon), which it exhibits ZTo80R10 % 2012%10%s

when it propagates. This concepi was totally '

alien to the way the scientists thought about Problem 1.8

maiter and radiation and IC ook them a long
tlime o become convineed of lts valldify. i
tiuns oul, as you shall see laier, that some
microscopic particles like electrons also
exhibit this wave-particle duality.

Problem 1.6

Caleulate energy of ont mole of photons

of radiation whose frequency is 5 %10'

Solution

Energy (E} of one photon is given by the

expression

E=hy

h=6626x10"05s

veBxl10™ st (given)

E={6.626x10"J 5) x (5x10"s)

=3.313 %10

Encrgy of one mole of photons

= (3,318 %10 J) = (6.022 x 10® mol )

= 199.51 kJ mol™

Problem 1.7

A 100 watt bull emits monochromatic

light of wavelength 400 nm. Caleulate the

the bulb.

Solution

Power of the bulb = 100 watl
=100Js’

Energy of one photon E=hv=he/d

_ 6.626x10M Jsx3x10* ms
40010 *m

When eleciromagnetic radlation of
wavelength 300 nim falls on the surface
of sodium, electrons are emitted with a
Kinetic energy of 1.68 x10% mol™, What
is the minimum eoergy needed 1o remove
an elecoron from sodium? What is the
maximum wavel that will cause a

photoeleetron to be emitted 7
Solution
The energy (E] of a 300 nm photon is
glven by
hw=he/h
_ 6.626x10* Jsx3.0x10°m s’
- 300210 *m
= 6.626 x 10°J
The energy of one mole of photons
= 6.626 x10™ J % 6.022 510 mal
=599 > 10" J mol"

The minimum energy nceded to remove
one mole of electrans from sodium

=-[399-lﬁa] 107 J moal™
=237 % 10" J mel™

The miniminm Cnergy for one eleciron
2.31x10°J mol'?

= 5.022 102 elecirons mol *
=3.84x10"%

This corresponds to the wavelength

hie
A= —
E
_6 B26x107%] sx3.0x10*m s

3.84 1027
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= 517 nim
[This mrmmlda-tu_g;m hﬂm
Problem 1.9
The threnhnld frequency v, for a meial Is
7.0x10% 5. Caleulate the kinetic energy
of an electron emitted when radiation of
frequency v=1.0 %10 s hiis the metal.
Solution
According to Einstein's equation
Kinetic energy = 1 my’=h(v— v,
= (6626 610 J 5) (1L.Ox 10% s

-7.0 xlﬂff s')
= [6.626 x10™ J s) (10.0 x10" 5™
. - 7.0 x10%s7)

= (6.626 x107°*J s} % (3.0 x10"s7)
= 1.988 x10"*J

1.3.3 Bvidence for the guantized®
Electronic Energy Levels: Atomic
spectra

The speed of light depends upon the nature
of the medium through whicl it passes. As a
result, the beam of light is deviated or
refracted from its original path as it passes from
one medivm o another: [ is observed that
when a ray of white light 1= passed through a
prism, the wave with shorter wavelength bends
more than the one with a longer wavelength.
Sinece ordinary white light consists of waves
with all the wavelengths in the visible range, a
ray of while light is spread out into a series of
coloured bands called spectrum. The light of
red colour which has longest wavelength is
deviated the least while the vielet light, which
has shortest wavelengih is deviated the mosL.
The spectrum of white light, that we con see,
ranges from violet at 7.50 = 101 Hz to red at
4x10* He, Such a specirum is called
continuous spectrum. Conlinuous becouse
violel merges inlo blue, blue into green and so
on. A similar spectnum is produced when a
rainbow [orims in the sky. Remember that

i3

visible light is just a small portion of the
electromagnetic radiation (Fig.1.7). When
clecromagnetic radiation interaets with matier,
atoms and molecules may absorb energy and
reach to a higher enecgy staie, With higher
energy, these are inn an unstable state. For
returming to their normal (more stable, lower
energy stales) energy siate, the atoms and
molecules emit radiations in varlous regions
of the electromagnetic spectmum.

Emission and Absorption Spectra

The specinum of radlation emitted by a
substance that has absorbed energy is called
an emission spectrum. Aloms, molecules or
ivns that have absorbed radiation are said to
be “excited”. To produce an emission
specirum, energy is suppled to a sampie by
heating it or irradiating it and (he wavelength
{or frequency) of the radiation emitted, as the
sample gives up the absorbed energy, 1%
recorded,

An absorption spectrum is like the
photographic negative of an smission
specirum. A continuum of radiation is passed
thrauigh a sample which absorbs radiation of
certain wavelengths, The missing wavelength
which corresponds o the radlation absorbed
by the matier, leave dark spaces in the bright
CONUNUIOUS SPecTrii.

The study of emission or absorpiion
spectra is referred o as spectroscopy. The
specirum of the visible light, as discussed
above, was corminuous as all wavelengihs (red
to violet] of the visible light are represented In
the specira. The emission spectra of atoms in
the gas phase, on the other hand, do not show
a continuous spread of wavelengih from red
toviolet, rather they emit light only at specific
wavelengihs with dark spaces between them.
Such specira are called line spectra or atomic
spectra because the emilled radialion is
tdentified by the appearance of bright lines in
the specira (Fig, 1.10)

Line emission spectra are of great interest
in the study of electronic siructure. Each

* The resiriction. of vy praperty {0 discrete volues 15 eolled qriontfzotion.
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element has a unlgque line emission specirum,
The charactenstic lines in atomic spectra can
be used in chemical analysis to identify
mnknown aloms in the same way as  [nger
prints are used (o idenilly people. The exact
matching ol lines of the emission spectrum of
the atoms of a knovn elanent with the lines
from an unknown sample quickly establishes
the identiity of the latter, German chemist,
Robert Bunsen (181 1-1899) was one ol the first
invesdgators to use line spectra to {dently
elements.

Elements like rubiditum (Rb), caesium [Cs)
thallium (11}, ndium (In), gallhun (Ga) and
acandium (5S¢} were discovered when their
minerals were analysed by spectroscopic
melthods. The element helivm (He) was
discovered in the sun by speclroscopic method.
Line Spectrum of Hydrogen
When an elecirie discharge is passed through
gaseous hydrogen, the [T, moleciiles dissociate
and the energetically excited hydrogen atoms
are produced. These emil eleciromagnetic

Enciled
aample

lal

C
() w.@ 8“; Prigm

AnureE

Prmm
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radlatlon of discrete frequencies. The
hydrogen spectimum consists of several series
of lines named after their discoverers. Balmer
showed in 1885 on the basis of experimental
observations that il spectral lines are

‘expressed in terms of wavenumber [V ], then

the visible lines of the hydrogen spectrum obey
the following fo laa ' 1
'1-; = lﬂg'.ﬁ?? —a

F

2 (1.8)

) 1
where nis an integer equal to or greater than
AL, n=345..)

The series of lines deseribed by lhis
[ormula are called the Balmer serles. The
Baltner series of lines are the only lines in the
hydrogen spectrum which appearin the visible
region of the electromagnetie spectrum. The
Swedish spectroscopist, Johannes Rydberg,
noled thal all series of lines in the hydrogen
specorum could be described by the following
expression

Fllmyor
dalatlor
Increasing waveengin
—_—
FIi Efiasion dpcinm
Btaeiir
Increasing wavaiesgih
_
Abmaiplion apectun

Fig. 1.10 (a) Atomic emission. The light emifted by a sample of excited hydrogen atoms for any other
etement) con be passed through a prism ond sepoaraded indo ceriain discrele wavelengths, Thus an emission
speatrian, twhich is a photographic recorgling of the separaled wavelengths s called as line spectruom. Any
sumple of reasonabile size confoalrs anendgrmous number of atoms. Althowgh o single aedom can be i only
ane exclied state at a time. the collection of atoms contalns all possible exclted siates. The liaht emitted as
these atorns fall to lower energy states is responsible for fhe spectrum, (b) Atomie absorption. When
wwrliil e Tiglit (s prssedd through uneyciled clomie hydrogen and then through a sl and prisny, e transmitled
light is lacking in intensity ai the same Wanetengrhs as are emitted in (o) The recorded abgarption speciriom
i5 vilso a line spectrum ard the photograpide negaitve of the emission specinim.
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) (1.8)

7 =109,677 [iﬂ—i] et
Ty I

where =1 2........
=+l 2o

The value 109,677 em' is called the
Rydberg constant for hydroger atom. The first
five series of lines that correspond to n =12
3. 4. 5 are known as Lvman, Balmer, Paschen.
Bracket and Plund series. respectively, Table
1.3 shows these series of transitions in the
hivdrogen specirum. Fig 1.11 shows ihe
Lyman, Balmer and Paschen series of
transitions (or hydrogen atom.

Of all the elements, hydrogen atom has
tlie simplest line spectrum. Line spectnum
becomes more and more complex for heavier
atonmt, There ape however cortaim [eatures wlilch
are common o all line spectra, i.e.,
(i} line spectrum of element & unique and
(ili there is regularity in the line spectam of
each element. The questions which arise are
Whart are the reasons for these similarides? Is
it samething to do with the slecronic stnicture
of atoms? These are the guestions need (o be
answered. We shall find later that the answers
to these questions provide the key in
understanding electronic struciure of these
elements.

1.4 BOHR'S MODEL FOR HYDROGEN
ATOM

Nells Bohr (1913) was the firsi to explain
quantitatively the general fealures of hydrogen
atom stiructire and {ts spectnun. Though ihe
theory is not ihe tnodern gquannun mecharices,
it ean stlll be used to rationalize many points
in the atomic struciure and specira. Bohr's
model for hydrogen atom is hased on the
following posmlates;

] The eleciron in the hydrogen atom can
move around the nucleus in a cireular
path of fixed radius and energy. These
paths are called orbits. stationary states
or allowed energy stales. These orbits are
arranged concentrically around the
nucleus.

Hl  The encrgy of an electron in the orbil does
ol change with time. However, the

17

electron will move from a lower stationary
state to a higher stationary state when
required amount of energy is absorbed by
the electron or enerdy is emitied when
cleciron moves from higher stationary
stale to lower stationary stale (equation
1.16). The energy change does not take
place in a continois manner,

Table 1.3 The Spectral Lines for Atomie

Hydrogen
Series n, n, | Spectral Region
Lyman 1 28l Ultravinlet
Balmer 9 b 2 HES Visible
Paschien 3 4.5 Infrared
Braskelt 4 58.... Inh=red
Pfuared 5 [y A Infraregl
T n==
P laz {Iinf
+-rwr E:Dﬂmaﬂe:iw ared)
Balmer ssries (viaibla))|
3 Y5 i
3t
===
E Lyman sares (wiraviohai)
]
FYYY rel

Fig. 1.11 Transitions af the electron in the
fydrogien atom (The diogram shows
the Lyman. Balmer and Paschen series
of fransttions)



18

iii) The frequency of radiafion absorbed or
emitted when transition occurs between
two statlonary states that differ in energy
by AE. 1s given by :

h h
Where E, and E, are the energies of the
lower and higher allowed energy states

respectvely. This expression 1s commeonly
Ikmown as Bohr's [requency rule.

(1.10)

vl wJust as linesar momentom is the product el
mass [ and linear velocity (v], angular
morpentum is the product of moment of
ineriia [} and angular velocity (w). For an
eleeiron of mass m, moving In a cireular
path of radiug raround the nucleus,

angular moementurm = [ % @

Sine ['= mkr‘-‘ ,and or=v/rwherevis
the linear veloejty,

angular mamennum = mLf = v/ =y

The angular momennim of an elecoron in
a given stationary state can be expressed
as in equation (1.11)

n=1223.....

m_yr=nmn i
D (1.11)

&

Thus an clectron can move only in those
orbitz for which its angular momentum is

Niels Bohr

1885-1962)

Ntels Bohr, a DPantsh
Physicist recelved his Ph.D,
Sfrom the Universicy of
Copernthagen in 1911, He
then spent & Yaeir with J.J.
Thomsen and Ernesi Ri.uhe.rj’ﬂrrl in England.
In 1913, he returned to Coperthagen where
he remained for the rest of his Ufe. In 193243
he was named Direcior of the Instiiuie of
theoreticel Phiysics. After first World War,
Bohr worked energetically for peeceful uses
of atomic energy. He recelued ke first Alnms
for Peace award in 1957, Bohr was awarded
the Nobel Prize in Phusics in 1822
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integral mulliple of h/2r that s why only

certatn fixed orbits are allowed.

The detalls regarding the derivation of
energies of the stadonary states used by Bohr,
are quite complicated and will be discussed in
higher classes. However. according o Bohr's
theory lor hydrogen alomm:

a] The stationary siates for eleciron are
numbered n=1,2.3.......... These inlegral
numbers (Section 1.6.2) are known as
Principal guantum numbers.

bl The radii of the stationary states are
expressed as :
r,=rd, (1.12)
whcre a, = 22,9 pm. Thus the radius of
the first siaunnary staie, called the Bohr
orbit, is 52.9 pro. Normally the electron
1 the hydrogen atom Is found In this
aorbit [that is n=1). As n increases the
value of rwill increase. In other words
the eleciron will be present away from
the nucleus,

¢l  The most imporiant property associated
with the electron, is the energy of iis
stationary state. It is given by the
expression.

1
Tl

where A, is 4 constant and ils value is
2.18<10°% J, The energy of the lowes| state,
also called as the ground state, is

n=123... (1.13)

1
E, = -2.18x10"'# Il_:] = —2.18x107# J. The

energdy of the stalionary stale lorn=2, willbe

1
B, =-2.18x107"8] | 27 }=-0.545x10"J, Fig.

1.11 depicts the energies of different stationary
states or energy levels of hydrogen atom. This
represcniation is called an energy level
diagram.

When the electron is free from the influence
of nucleus, the energy is taken as zero. The
electron in his situation is associated with the
slationary siate ol Prindpal Quanium ogumber
=n=veeand {3 called as lonized hydrogen alom.
When the eleciron is attracted by the nucleus
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atud is presend in orbit n, the energy is emitted
and its energy s lowered. That is the reason
for the presence of negatve aign in equaton

‘What does the negative electronic
energy (E ) for hydrogen autm mean?

The energy of the electron in a ‘hjrdrugen
alom has a negative sign for all possible
orbits (eq. 1.18). What does this negative
sign convey? This negative sign means that
ke energy of the electron in the atom is
lower than the energy of a free electron at
rest. A free clectron 2t rest is an electyon
that is infinitely far away fom the nuclens
and is-assigned the enorgy value of zero.
Mathematically. this corresponds:to
sotting n egual to infinity in the equation
(1.13) so that E.=0. Aﬂ-menlmmmgﬁa
closer to the nacleus (as n decreases), £
becomes langer in absolute value and more
and mere negative. The most negative
encrgy value is given by n=1 which
corresponds t the most stable arbit. We
cill this the ground state.

(1.13) and depicts its stahility relative to the
reference stale ol zero energy and n=-es=,

d) Baohr's theory can also be applied o the
lens eontaining only one electron, simiar
to that prescmr in hydrogen amom. For
example, He* Li**, Be* and so on. The
energies of the stationary stales associated
withi these kinds of ions (also known as
Invdrogen like species) are given by the
CXpression.

3
E,—-2.18x10"% _f;]..l
and radii biv he expression
_ 5290
- Z

where Zis Lthe atomic number and has values
2, 3 for the helivm and Hithinm atoms
respectively. From the above equations. it is
evident that the value of energy hecomes more
negative and that of radius becomes smaller
wiith inerease of Z. This means that eleciron
will be tighily bound to the nucleus.

¢l It is also possible to calculate the
velocides of electrons moving in these

(1.14)

(1.15)
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orbits. Although the precise equation is
not given here, qualitatively the mmagmiude
of velocity of eleciron increases with
Inerease of positive charge on the riueleus
and decreases with increase of principal
gquantum nurmber.

1.4.1 Explanation of Line Spectrum of
Hydrogen

Line specoum observed in case of hydrogen
atom, as ‘mentioned in secton 1.3.3, can be
explained quantitatively using Bohr's model.
According Lo assumption 2, radiation (ensrgy)
is absorbed if the electron moves from the lower
orbit to the higher orbit, whereas the radiation
(energy) 1s emitted if the eleciron moves from
higher orbit to lower orbit. The energy gap
between the two orbits is given by eguation
(1.16).

AE=E-E (1.16)
Combining equations (1.13) and (1.16)

Ry R
55:{_?5’ }_{_rfi["] (where n, and n,
stand for initial erbdt and nal orbits)
1 1 ; 1 1

(1.17)

The frequency (v ) associated with the

absorpton and emission of the photon can
be evaluated by using egquation (1.18)

__2}5:-:1{3**‘1 1 _E.
6.626x10 BJds|n? n? (1.18)
=3.20%10"| = - — [0z s
[fh ﬂf] .19}
and in terms of wavemumbers (7))
= ¥ Rtl _l
c he n_?‘ ﬂf [1.20)

B 3.29:»;19155"1{ 11 ]

3x10°ms™ \n® nf



=1.09677 %107 [n—la - % ]m'l (1.21)

In case of absorption spectrum, n,> n and
the term in the parenthesis is positive and
energy is absorbed. Ou the other hand in case
of emission spectrum n, > n,, A E is negative
and energy is released.

The expression (1. 17) is similar {o that
used by Rydberg (1.9) derived empirically
using the experimental data available at tha
tme. Further. each spectral line, whether in
absorption or €mission spoctrum, can be
associated to Lhe particular transiton in
hydrogen alom. In case ol large number ol
hydrogen atoms, different possible transitions
can be observed and thus leading to large
munber of spectral lines. The brighmess or
intensity of speciral lines depends upon the
number of photons of same wavelength or
frequency absorbed or emitted.

Problem 1.10

What are the frequency and wm-dmgth
of a photon emited during a transiton
from n = 5 state to the n= 2 state in the
Tovdrogen atom?

Solution

Stnee n = 5 and n,=2, this ransition gives
rise o a spectral line in the visible region
of the Balmer series. From equation (1.17)

il ]
AE = 2.18x10 J[EE 22]
=—4.658%10"7J
1t is an emission encrgy
The frequency of the photon (iaking
energy In terms of magnitude) {s given by

V=

h

_ 4.56x10™J
6.626x10 Js

=6,91x10" Hz

3.0x108ms’

_¢_30x10%ms’ _
A= T SoIxi0t 4 nm
Problem 1.11
Caleulate the energy associated with the
first orbil of He* . Whal is the radius of
this arbit?

Solution
' S
E, = mlﬂ“lg e atonT?

n
Forller, n=1.Z=2
(2.18310* J)(2*
E"l = .11
The radius of the arbit is given by
equation (1.15)
_(0.0529 nwin*
i z‘
Sieen=1,and Z=2

(0.0529 nm)1?
I, = 5

= =-8.72x10'%y

= (02645 mo

1.4.2 Limitations of Bohr's Model

Bohr's mode! of the hydrogen atomm was no

doubt an improvemeni over Rutherford’s
nuclear model, as it could account for the
stability and line spectra of hydrogen atom and
hydrogen like ions (for example, He®, Li**, Be*,
and so on). However. Bolir's mode]l was oo
simple to accourt for the following points.

i) It falls to account for the finer detalls
[doublet, that is two closely spaced lines)
of the hydrogen alom specimam observed
by using sophisticated spectroscopic
techniques, This model 1= alse unable 1o
cxplain the spectrum of atoms other than
hydrogen, for example, hielivn atormn which
possesses only two electrons. Further,
Baohr's theory was also unabie to explain
the splitting of spectral Hnes in the presence
of wagnetle field (Zeeman cffect) or an
elecirie Geld (Stark effect).

] 1L could motl explain the ability of atoms Lo
form melecules by chemical honeds,
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In ather werds, taking Into account the
poitts mendoned above, one needs a betier
theory which can explain the sallent features
of the stucture of complex atoms.

1.5 QUANTUM MECHANICAL
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Louis de Broglic (1892 - 1887)
Loui= e Broglie, a French
physicist, stideed history os an
pnddrgroduale i (e aorl
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enthalpy change when one mole of it
dissolves in a specified amount of solvent.
The enthalpy of solution at infinite diluiion is
the enthalpy change observed on dissolving
the substance in an infinite amount of solvent
when the interactions between the ions |or
soluie molecules) are negligible.

When an ionie componnd dissolves n a
solvent, the lons leave their ordered positons
on the erys@l lamdee, These are now maore frecin
solution. But selyation of these lons (hydration
in case solvent is waler] also occurs at the same
idme, This is shown diagrammetically, for an
iomic compound, AB (s)

£

aBl M aag s Blag
LI S o LS !
Al + B gl

The enthalpy of solution of AB{s), A_H®, in
waler s, therefore, determined by the selective
values of the lartire entha.lp}f,é.mmﬂa ard

enthalpy of hydration of fons, A, H* as

A = Ay H° + A, H®

For most of the fonic compounds, A_ H% is
positive and the dissociation process is
endothermic. Therefore the solubility of most
salls In water Increases with rise of
temperature, If the lattce enthalpy is very
high, the dissolution of the compound may not
take place at all. Why do many fluorides tend
lo be less soluble than the corresponding
chlerides? Estimates of (he magnitudes of
enthalpy changes may be made by using tables
of bend energies |enthalpies) and lattice
energies (enthalpies).

Enthalpy of dilution

1t Is known that enthalpy of solution is the
vrithalpy change assoclaicd with the addition
of a specified amount of solute for the specified
amount of solvent at a constant iemperainre

CHEMISTRY

and pressure. This argument can be applied
to any solvent with slight modification.
Enthalpy change for dissolvsing one mole of
gaseous hydrogen chloride in 10 mol of water
can be represented by the following equation.
For convenienice ws will use the symbol ag. for
water

HCI (g) +10H,0 — HCI {161,

AH = —69.01 k) mol™

Let us consider the following set of enthalpy
changes

(5—1) HCl (g)+25H,0 = HCI 4 o

AH = =72.03 & mol™
(8-2) HCl{g) +40H,0 = HCl 5y 6,

AH= —72.79 k] mot™
(S—3) HCI (g) 4= 1,0 — HCI

Targ)

A= ~74.85 kI mol”

The values ol AH show general dependence
of the enthalpy of solution on amourt of
solvent. As more and more solveit Is used, the
enthalpy of solution approaches a Hmiting
value. 1.e., the value in irfinite dilute solution.
For hydrochloric acid this value of AH is given
above in equation (S-3).

If we subtract the first equation (equation
8-1) from the second equation [equation S-2)
in the above set of equations, we abialn -
'.ﬂHM,,.],_h = ﬁHuw,tu = A
AH i =[~72.79 = (=72,033) k3 { mol =—0.76k1 / min]

This value (-0.76k.J /mol) of AH 18 enthalpy
of dilution. 1t i= the heal withdrawn by the
sourroundings from the system when
additional solvenl is added tothe solutdon. The
enthalpy of dilution of a soludorn is dependent
on the original concentration of the solution
and the amounl of solvent added.

Lattice Enthalpy

The lattice enthalpy of an lonic compound
is the enthalpy change which occurs when
one mole of an ionic compound dissociates
into its ions in gaseous state.
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Na‘Cl (s)— Na*(gl+Cl (g)
A H? =+788kImol !

Since il is impossible 10 determine lattice
enthalpies direetly by experitnent, we use an
indirect method where we consiruct an
enlhalpy change disgiam called o Born-Haber
Cycle [Fig. 6.9).

Letus now caleulate the latice enthalpy of
Na*ClHs) by following steps glven below :

1. Nafs) - Na(g) . sublimation of sodium

metal, A_, H® =108.4 kJ mol

2. Nalg) — Na™(g)+e'{g). the lonization of

sodium atoms, ionization enthalpy
AH®= 496 kJ mol

3 ﬁﬂlgEgl = Cllg), the dissoclation of

chilorine, the reaction enthalpy is hall the
bond dissociation enthalpy.

N[ 4 Clfg

12 fy YR _”'n

AgH

= b el mal

=]

"l & 120103
R

-4E B el el

i

AH
Y
Na'[jgh 01 fg)

v 4056 kol I
"
L

Nal) + 1/2014g
= Ay H

S

+108.4
£ l1|-I'J|-

AN
[s) &1 0200, o)

aH"

4112
kel 'mol”

S N
Nt (sl

Fig. 6.9 PEnthalpy diogrem for lattice enthalpy
af Nacl
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%ﬁmHg':lzlhj mol !

Clig)+ e '(g) = Cllg) electron gutned by
chlorine atoms. Thie eleciron gain enthalpy,
A H = =-348.6 kJ mol .

You have learnt about lonlzation enthalpy
and electron gain emthalpy in chaprer 2.
In fact. these terms have been taken from
thermodynamics. Earlier terms, ionization
energy and electron alfinity were in practice
in place of the above terms (sce ihe box for
Juerification).

Na’(g)+Cl [g] — Na Cl (s)
The sequernice of steps is shown in Fig. 6.9,
and is known as a Born-Haber cycle.

Nals] + f]g Cly(g) — NaClls): AH" =-411.2

Tonization Energy and Electron Affinity

Ionizadon energy and eleciron affintty are
defined ai absoluie gero. AT any other
temperature, heat capacities [or the
reactants and the products have to be
waken nto account, Enthalptes of reactions
for

Mg - Mg +e (for lonizasion)

Mg + & — Mg (for electron gain)
af. temperature, T is

AHNT) = AHT0) + ,'!'@CE&T

The value of C, for each speciés In the

ubove reactlon 18 5/2 R (G = 3/2R)

So, a,c“_ =+ 5/2 R (for lomizalion)
=-5/2 R (for electron gain)

merci{ure

AH® (londzation enthalpy)
= Ey [lonization energy) + 5/2 RT
AFH® [electron gain enthalpy]
=~ &( electron affinity) - 5/2 RT

The importance of the cyele is that. the sum
of the enthalpy changes round a cyele is
ZET0.

Applying Hess's Liw, wa del,
D17 =411.24+108.4 +121+ 496 -348.6

ﬁmHG :‘-'?8815.1
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for NaCl(s) — Na“(g)+Cl (g)

Internal energy is smaller by ZRT | because
An,_=2) and is equal to + 783 la) mol™.

Now we use the value of lattice enthalpy o
calculate enthalpy of solution from the

Expression,
A HP =N HO + AL HP

For one mole of NaCl{s],
lattice enthalpy = + 788 loJ mol’
and A, H® = - 784 kJ mol™( from the
' literature)
A H® = + 788 kJ mol ' - 784 kJ mol™
=+ 4 kJ mol!

The dissolution of NaCl{s| is accompantsd

by very little heat change.

6.6 SPONTANEITY

The first law of thermodymarales iells us about
the relationship between the heat absorbed
and the work performed on or by a system. It
puts no resiricions on the direction of heat
flow, However, the llow of heat is unidirectional
from higher temperatuoy (o lower lemperalure.
In fact, all naturally occurring processes
whether chemical or physical will tend to
procesd spontaneously in one direction ortdy.
For example, a gas expanding (o Hl the
avallable volume, burning earbon In dioxygen
giving carbon dloxide,

Bui heat will not flow from colder body to
warmer body on its own, the gas in a container
will not spontaneously coniract into one
comer or carbon dioxide will not form carbon
and dioxygen spontancously. These and many
other spontancously occurring changes show
unidirectional change. We may ask ‘what is the
driving [orce of spontanecusly ocourring
changes ? What determines the direction of a
spontancous change ? In this section, we shall
esiablish some criterlon for these processes
whether these will ke place or not.

Let us first understand what do we mean
by spontaneous reaclion or change 7 You may
think by yvour common observation that
sponianecus reacton is one which occurs
immediately when contact is made berween
the reactants. Take the case ol combination af
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hydrogen and oxygen. These gases may be
mifxed at room temperature and lelt for mariy
vears without observing any percepiible
change. Although the reactdon is taking place
betwean them, it is a1 an extremely slow rate.
It is still called spontlaneous reaction. So
spontaneity means ‘having the potential o
proceed without the assistance of externdal
agency’. [Towever, it does not tell about the rate
of the reaction or process. Another aspect of
spontanemis reaction or process, aswe see is
thal these cammol reverse their direction oen
thelr own, We may summarise it as follows:
A spontanepus process is an
irreversible process and may only be
reversed by some external agency.
{(a)] Is decrease in enthalpy a criterion for
spontaneity 7
I we examine the phenomenon like flow of
water down hill or fall of a stone on 1o the
ground, we find that there is a net decreasein
polentizl energy in the direclion of change. By
analogy, we may be tempted to state that a
chemical reaction s spentancous in a given
direction, because decrease (n energy has
iaken place, as in the case of exolhermie
reactions. For example:

2 NzIEJ +5 Hgigfr = NiLlg) :

A HE = - 46.1 kJ mol*
1
5 Hylg r‘12[g| HCl (@) :

&rHﬂ =-92:32 & mol!

i)+ 5 5 Ol —>Hﬁmu;

=—285.8 kJ mol!

The decrease in enlhalpg in passing [rom
reactanis 1o products may be shown for any
exothermic reaciion on an enthalpy diagram
as shown in Fig. 6.10(a).

Thus, the postulate that driving foree for a
chemieal reacton may be due to decrease in
energy sounds ‘reasonable’ as the basis of
evidence so far |

Now let us excamnine the following reactions:

i
- N, (g} + O,[g) — NO,lg);
A H® = +33.2 kJ ool
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A
Tota! enthalpy LF,
o rectanty A
il o
24 Wit fraat avnid
Tows enttuipy] 71 e
efprodts
Reactanis Produris "

Reagtion Coordmnie

Fig. 6.10 (a) Enthalpy diagram for exethermis
= ;

Clgraphite, s) +2 S1) — CS,[I;

A H® = +128.5 kJ mol*!

These reactions though endoihermic, are
spontaneous. The increase in enthalpy may
be represented on an enthalpy diagram as
shown in Fig. 6.100h).

s
Total mthaipy.) —————
o modyets B ~
dcH
H Net hedt pbsnrbed
i = Fraction
Tow evhaloyf. g1 TSR
ol beastamta &
Tiractants Froducts ©

Rzsction Coarbinzres

Fig. 6.10 (b) Enthalpy dingram for endothermic
reaciions

Therefore, it becomes obvious that
while decrease in enthalpy may be a
contributory factor for spontaneity, but it
iz mot true for all cases,

[b) Entropy and spontaneity

Then, what drives the spontaneous process in
a given direction ¥ Let us examine such a case
in which AH = 0 i.c.. there is no change in
enthalpy, but still the process is spontaneocus.

Let us consider diffusion of two gases into
cach other in a closed container which is
isolated from the surroundings as shown in
Fig. 6.11,
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L

Fig. 6.11 Diffusion of wo gases

The two gases, say, gas A and gas B are
represented by black dots and white dois
respectively and separated by a movable
partidon [Fig. 6.11 (a)]. When the partdtion is
withdrawn [Fig.6.11( b)]. the gases begin 10
diffuse irto each other and after a period of
time, diffusion will be complete when
homogeneous mbrture 1s formed.

Letus examine the process, Belore mking
out the partition, if we were to pick up the gas
malecules from left portion of the contamer.
we would be sure thai these will be molecules
ol gas A and similarly il we weére 1o pick up the
gas molecules from right pordon of the
container, we would be sure that these will be
malecules of gas B. But, if we were to pick up
molecules from container when partifion is
removed, we are not sure whether the
molecules picked are ol gas A or gas B. We say
that the system has become less prediciable
or more chaotle,

We may now formulate another postulaie:
in an isolated system, there is always a
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tendency for the systems’ energy te become
mare disordered or chaole and this could be
a criterion for spentaneous change !

Entropy

At this point, we introduce anotlier
thermodynamic function, entropy denoted as
5. The above mentioned disorder is the
manifestation of entropy. To form a
mental pieture, one can think of entropy
as a measure of the degree of randomness
or disorder in the system. The greater the
disorder in an isolated system, the higher
is the entropy. As lar as a chemical reaction
is concerned, this entropy change can be
antribured o rearrangernent of atoms or ions
from one pattern in the reactanits o another
(in the products). If the structure of the
products is very much disordered than that
of the reacizmis, there will be a resullant
Increase in entropy. The change in entropy
accompanying a chemlical reactdon may be
estimated gualitatively by a conslderadon of
the structures of the species taking part in the
reaction. Decrease of regularity in structure
would mean increase in entropy. For a given
substance, the crysialline solid state is the
state of lowest enropy (most ordered), The
gaseous state is stale of highest entropy.

Now lel us try to quantify entropy. One way
tw calenlate the degree of disorder or chaotic
distributien of energy among maolecules wounld
be through statistical method which is bevond
the scope of this ireatment. Other way would
be to relaie this process to the heat involved In
a process which would make cutropy a
thermadymamic concept. Enmropy, like any
other thermodynamic properiy such as
internal energy U and enthalpy H is a state
function and AS is independent of path.

Whenever heat {5 added 1o the system, it
increases moleenlar motlons causing
increased randommness in the system. Thus
heat (g) has randomising influence on the
systemn. Can we then equate AS with g ? Wait !
Experience suggests us that the distriburion
of heat also depends on the temperature at
which hear is added to the system. A system
al higher temiperature has greater randomness
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in It than one at lower temperature. Thus,
temperature is the measure of average
chaotic motion of particles in the system.
Heat added 1o a system al lower tempemnture
causges grealer randomness than when the
same quantity of heat is added to |t at higher
temnperature. This suggesis that the entropy
change is inversely proportional to the
temperature. AS is related with g and T lor a
reversible reaction as

_ Gres
AS= T 6.15)

The total entropy change ( AS_ ) [or the
system and surroundings ol a spontaneous
process is given by '

ASiiy =AS, i +AS,,; >0 (6.19)

When a system is in equilibrium. the
entropy Is meximum, and the change in
entropy, AS=0.

We can say that entropy for a spontancous
process increases 0ll it reaches maximum and
al equilibrinm the change in eniropy is zero.
Since enlropy is 4 siale properly, we can
caleulate the change in cutropy of a reversible
process by

qsy'!\.rﬁ.l
="

We find that both for reversible and
ireversible expansion for anideal gas, under
isothermal conditions, AU =10, but AS ., Le.,
AS_, +AS,, is not zero [or irreversible

process. Thus, AU does not discriminate
between reversible and hreversible process,
whereas AS does.

Problem 6.9
Predfct in which of the following, entropy
) A lguid erystallizes into a solid.

(i) Temperatire of a crystalline sclid is
raised fom O Ko 115G K
(iit) 2NaHCO, (s) — Na,CO, (s)+
CO, (g)+H,0(g)
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V) H.(g)—=2H(g)

Solution

il Aller freezinyg, the moleaules afiainan
ordered state and therefore, entropy
decreases.

i} At 0 K. the contituent particles are
static and entropy is minimum. If
lemperatureis ralsed (o 115 K, these
begin to miove and oscillate about
thelr equilibrium positons tn the
lattlce and system bécomes more
.di_énr'ﬁemd. therefore eniropy

il Rcﬂx:tanL NaHCO, is a solld and it
has low entropy. Amﬂng products
there are one solid and two gases.
Therefore, the prodilcis represent a
condition of higher entropy.

{iv) Here one molecule gives two atoms
Le,, number of particles Inercases
leading to more disordered state,
Two moles of H atoms have higher
entropy than one mole of dihydrogen
malecule.

Problem 6,10

For mddﬁtlon af iror,

4Fe (E} +30,(g)— 2Fc.0, (5)

entropy change is — 549.4 JK 'maol 'at
298 K. Inspile of negative eniropy change
of this reaction. why is the reaction
spontaneo)is?

(A, H=for this
~1648 = 107 J mal )
Solution

One decides the spontaneity ol a reaction
by considering

05, v0 (AS, #05,, ).For calenlating
AS, .. we have lo consider the heal

absorbed by (he surroundings which s
equal to—A 11%, At teoperature T, enoopy

change of the sm:mumimgﬂ is
'ﬂ.Sﬁ;ﬂ - 3:;16

reactian is

(et constant pressure |
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__;(—Iﬁ_&BﬂD’J‘Enﬁl"}
B 298K
=5530JK 'mol !

Thus, total entropy change for this
reacton

4,8, = B5A0UK *mol '+ (-549.4JK 'mol’)

=4980.6 JK ‘mol™’

This shows (hat the above reaction is
SPONIATICOUS.

G.6.(b)Entropy; spontaneity and second
Eaw gf Thermodynamics

We know thal lor an foslated syslem the
change in energy remains constant. Therefore,
increase in entropy in such systemns is the
natural direction of a spontancous change.
This. in facl is the seccond law of
thermodynamics. Like first law of
thermodynamics. second law can also be
stated in several ways. The second law of
thermodynamics explains why spontaneous
exothermic reactions are so common. In
exothermic reactions heal released by the
reacilon inereases the disorder of the
suwrroundings and overall entrapy change 1s
positive which makes the reaction

E]Jﬂﬂtﬂl‘]ﬂﬂﬂs.
Statements of the second law of
Thermodynamics

1. It 15 impessible 10 consoruect a machine
working in cycles which trausforms heal
from a lower temperature region to higher
Emperaire region without the Intervention
of any external agency. Such a machine
which transfers heat [om lower
temperanire o higher temperature on iis
own is called perpefial motion machine of
second kind. This is nol possible.

2. Heat can not flow from a cooler body to a
hotter body on {ts own.

3. Heat can not be coverted into work

compleiely without causing some
permanant changes in the system involved
or sownToundings,

4, All spontanecous processeés are
thermodynamically irrerversible and
entropy of the system inereases in all
SpOntaneous processes.
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B.6.[c)Gibbs enerygy and spontaneity

We have seen that for a system. it is the total
entropy change, AS = which decides the
spontaneity of the process. Bul most of the
chemical reactions fall into the category of elther
closed systerns or open systems, Therefore, for
maost of the chemical reacilons there are
changes in both enthalpy and entropy. [t is
clear [rom the discussion in previous scctions
that neither decrease in crhalpy nor increase
in enwopy alone can determine the direction
of spontarieous change for these systems.

For this purpese, Gibbs proposed a new
thermadynamic function called the Gibbs
energy or Gibbs [unction. G, as

G=H-T8 (.20)

Gibbs funedon, Gis an extensive property
and a state function.

The change in Gibbs energy for the svstem,
AG_, canbe wrillen as

AG, =AM, —TAS,_  — S, AT

Al consiant iemperanire. AT =0
£ AGy, = AH, ~TAS,,

Usually the subscript 'system’ Is dropped
and we simply write this equation as

AG=AH -TAS 6.21)

Thus, Gibbs eneérgy change = enthalpy
change — temperature x entropy change, and
is referred to as the Gibbs equation, one of the
mosl important eguationsin chemisizy. Here,
we haye considered both terms together for
spontaneily: energy (in terms of AH) and
eniropv [AS. a measure ol disarder) as
indicated earlier. Dimensionally il we analyse,
we find that AG has units of energy because,
both AT and the TAS are energy terms, since
TAS = (K) [(J/K} =J.

Now let us consider how A is related to

reaction spontancity.
We knioiv,
AS = &Sﬂ, + AS_
If the system is in thernmal equiliboum with
the surrounding, then the temperatire of the
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surrpunding Is same as that of the systemn
Also, increase in enthalpy of the surrounding
is equal to decrease in the enthalpy of the
sysiem.
Therefore, entropy change of surroundings,
AFf-... AH_,

AS. =S
EL¥ T T

AH
AS, = mswﬁ[—%]

Rearranging the above equation:

TAS,, = TAS,, ~AH,,

For spontaticous process, AS, . =0, 50
Tﬁﬁlw - &Hiwp 0]

= —{AH,, ~ TAS,,,)>0

Using equation 6.21, the above equalinn can
be written as

-AG =0
AG =[AH -TAS)< 0 (6.22)

AH is the enthalpy change of a reaction,
TAS_, is the energy which is not available to
do useful work. So AG is the nel energy
avallable to do uselul work and is thus a
measure of the ‘free energy’. For this reason, it
is also known as the free energy of the reaction.

AG gives a criteria for spontaneity at
constant pressure and temperature.

fll If AGis negative (< 0}, the process is
SPONTANCOUS.

[ii) IF AGi=s positve (= 0], the process is non
spoinitanecus. [excepl couplad reactions)

Note : If a reaction has a positive enthalpy
change and positve eniropy change, it can be
spontaneous when TAS is large cnough o
outweigh Al This can happern in two ways:
[a) The positve eniropy change of the sysiem
can be 'small’ in which case T mmst be large.
(b) The peosilve entropy change of the system
can be large’, In which case T may be small,
The [ommer 1s one of the reasons why reactions
are ofien carried out at high temperatmure,
Table 6.4 summarises the effect of tenperature
o1t spontaneily of reactions.
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6.7 GIBBS ENERGY CHANGE AND
EQUILIBRIUM

We have seen how a knowledge of the sign and

magnitude of the Glbbe energy change of a

chemical reacdon allows:

{ii Prediction of the spontaneity of the
chemical reaciion,

[{l) Predictien of the uselul work that could
be extracied from it

So far we have considered Gibbs energy
changes in irreversible reactions. Lel us now
examine the Gibbs energy changes in
reversible reactions.

‘Reversible” under sirict thermodynamile
sense Is a special way of carrying out a process
such thal sysiem is at all times In perfect
equilibrinm with its surroundings. When
applied (o a chemical reaction, the lermn
‘reversible’ indicates that a gliven reactlon can
proceed in either direction simultaneously, so
that a dynamic equilibrinm is set up. This
means that the reactions in both the directions
should proceed wilh a decrease in Gibbs
energy, which seems impossible. It 1s possible
only Il at equilibrivm the [ree energy ol the
sysiem is minimom. If it is not, the system
would spontaneously change to configuration
of lower free energy.

So, the eriterion for equilibrivum

A+B=C+D;: is
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Gibbs energy for a reacton in which all
reactants and products are in standard state,
A G is related to the equilibrinm constant of
the reaction as follows:

0 =AG*+RTInK

or AG" = -RTInkK
ar ,:;,r(:," =-2.3083RTeg K (6.23)
We also lmow thati

AG® =AH®-TAS®=—RTIK 6.24)

For strongly endothermic reactions, the
value of A H® may be large and posiive. In
such a case, value of K will be much smaller
than 1 and the reaction is unlikely to form
much product. In case of exothermic reactions,
AH® is large and negative, and A G° is likely
to be large and pegative wo. In suich cases, K
will be much larger than 1. We may expect
strongly exothermic reactions to hiave a large
K, and hence can go (o near completion. A G®
also depends upon A 57, Al the changes in the
entropy of reaction is also taken o aceount,
the value of K or extent of chemical reaction
will also be affected, depending upon whether
A S° is positive or negative.

Using equation (6.24),

() ltis possible to obtain an estimaie of AG®
from the measurement of AH® and AS®,
and then calculate K at any lemperature
for economic yields of the products,

AG=0 () I K is measured direcily in the laboratary,
value of AG® at ariy other temperatire can
be caleulated.

Table 6.4 Effect of Temperatire on Sponlancity of Reactions

A" A ST AGR Description®

- + - Reaction spontaneous al all emperatlore

- - - at low T') Reaction spontanecus at low temperature

- - +[at high T Reaction nonspontaneous at high temperaiure

- + + |at lowT') Reactlon nonspontancous at low temperatire

+ + —{at high T Reaction spontanecus at high temperaturs

. - + [atadl T) Heaction nonspontapnzons at all temperatares

* The farm o femperdiura and Righ tenigersiune afe relative. For a poarticndor redichicin, fdahe tenipermamiure could epen

TTET. raomy FH}EP'E‘J'DTIIH'E‘.
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Problem 6.11

Caleulate A G* for conversion of oxygen
to ozone, 3/20,(g) — 0,(g) at 298 K. I K,
for this mmﬂ-qianis 2.47 % 1099,

Solution

We know AG® = - 2,308 RT log K, and

R =8.314 JK! mgl!

Therefore, A GF =

- 2.303 (8314 J K* mol?)
% (298 K) (log 2.47 x 10079

— 155ﬂﬂﬂ Jmal?
= 163 kJ mol *.
Problem 6.12
Find out the value of equilibrium constant
for the following reaction al 298 K.
2NH, (g)+ CO, (&) = NH,CONH, (aq),

+H,0(1)
Standard Gibbs energy change. A G® at
the given lemperature is —13.6 kJ mol ©.
Solution

-AG®

We know, log K = 5ansRT

(~13.6 x10° J mel™)
~ 2.303(8.314 JK ' mol ™) (298K)
= 2.38
Hence K = aniilog 2,38 = 2.4 x 10%,
Problem 6.13

At 60'C, dinltrogen teivoxide is [ifiy
percent dissociated. Calculate the
standard free energy change at this
lemperaiure and &l one atmosphere.

Solution
NOJ8 —= 2NO,(8

Il N,O, is 50% dissociated. the mole
Et‘a.uﬂuul:-f both the substances is given

by

CHEMISTRY

R 1=10.5'_ = 2x05
8%~ 1405 ' ™ 1+05
Pu,i:.i‘ = ﬂ: % 1 atm. qu,
i
—x1]
1‘53 .
The equilibrivum constart ,I‘_(ﬂ is given by
2
s (N
™ Pyo. (1.5 (0.5)
= 1.333.1.11'1‘.

AGf=-RT'In K,

AGP=(- 8314 JK 'mol ) x (333 K0
x [2.303) = (0.1239)
=—763.8 KJmol*

6.8 Absolute Entropy and Third Law of
Thermodynamics

Molecules of 2 substance may move In a
siraight line in any directon, they may spin
like a top and the bonds in the molecules may
siretch and compress. These motlons of ihe
molecule are called transiational, rotalional
and vibratonal motion respectively. When
temperature of the system rises. these motions
become more vigorous and entropy increases.,
On the other hand when temperature is
lowered, the enopy decreases, The entropy
of any pure crystalline substance
approaches zero as the temperature
approaches absolute zero. This is called
third law of thermodynamics, This is =o
because there is perfect order in a c:n'sta_'l at
absolute zero. The statement is confined to
pure crystalline solids because theoreticnl
arguments and practical evidences have
shown that entropy of solutions and super
¢ooled liquids is noi zero al O K. The
importance of the third law lies in the fact that
it permits the calenladons of absohate values
of entrapy of pure substance from the thermal
data alone. For a pure substance, this can be
done by summing q_ /T increments from O K
to 208 K. Standard entropies can be used to
calculate standard entropy changes by o
Hess's law type of caleuladon.
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SUMMARY

Thermodynamics deals with energv changes in chemloal or physical processes and
enables us to study these changes quantitatively and to make useful predictions. For
these purposes, we divide the univierse inte the sysiem and the surrsundings, Chetnleal
pr physical processes Iedd Lo evolution or absorption of hest [g). parl of which may be
converted into work {w). These quantities are related throngh the first law of
thermodynamics via AL/ = g +w Al chenge in internal enetgy. depends on iniial and
final states only and is a state fmction, whereas g and w depend on the path and are
oot the state funetions, We follow sign conventions of q and w by giving the positive sizn
to these guantities when these are added (o the system. We can measure the transfer af
heat from one system to another which causes (he changs (n t=mpemture, The magnitude
of rise in temperature depends on the heat capacity () of a substance, Therefore, heat
absorbed or evolved 1s g = CAT. Work can be measured by w = -p AV in case of expansion
ol gases, Under reversible process, we can put g = p for Infinitesimal changes in' the
vehome making W S di. In thiisg condition. we ean use ghis equation. pVv = nRT.

Al constant volume, w = 0, then AU = g,, heat transfer al constant volume. Bul in
study of chewilcal reaciions, we usually have constant pressure. We define another state
furiction enthalpy. Enthalpy change, Al = AU + AnRT. can be found diréetly from the
hesl changes al constant pressure, AH = Gy

There are variebies of enthalpy changes. Changes of phase such as melting,
vaporization and sublimation usually orcur at consiant temperaiure and can be
characterized by enthalpy changes which are always positve. Enthalpy of formation,
combustion and other enthalpy changss can be ealoulated using Hess's law. Enthalpy
change [or chemical reactions can be delermined by

'-J".FH = EF {ai dIHﬁu!u:Ig} = 2‘, {bn ‘:\j Htu..:.r-nhu }

and in gaseous slale by
AH® = X bond enthalples of the renctants — L bond enthalpies of the products

Firat law of thermodynamics does not guide us about the direction of chenmcal
Teactions Le.. what is the driving force of a chemical renction. For isclated sysiems.
AlU= 0. We define another staie funciion, S, entropy [or this purpose. Entropy 15 a
meastire o disorder or randomness. For a spontaneous change, total entropy change s
positive, Therslore, for an isolaled system, All= 0, AS > 0, =0 entropy change distinguishes
a spontaneous change, while energy change does not. Entropy changes can be measured

by the equation AS = R?" for a reversible process. q—},@ Is mdependent of path.

Chemicsl reactions are gensrally carried al constant pressure. so we: deflse another
siate function Gibbs energy. G, which is related 1o entropy and enihalpy changes of the
aystem by the equation:

AG= AH-TAS

For a spontaneous change, 4G, < 0 and ar eguilibrium, AG_, = 0.

Standard Gibbs energy change is related to sgquilibrivm constant by

AG*=—-RTh K

E can be calculated from this equalion, if we know A G® which can be found fFom
AG® = H%—TA S°. Temperature is an important fnctor in the equarion. Many reactions

which are non-spontaneous at low temperature, are made spontanecous at high
temperature for syatems having positive entropy of reaction.

The Third law ol thermodynomics inlerms of absolule entropy of pure erysialline
subsiances has been skated.
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QUESTIONS

Very short answer type questions

6.

@

10.
11
12:

13,
14,

15.
16.

17.

18.

19.

EERBES

S8 6

What is the mlormation given by the term thermedynames 7
What is the relatdonship between the Jaws of thermodynamics and equilibrivm state 7
Define a system. Give an exmaple.

The wall is adigbatic and AU =W, ;. What do you understand about the heat and work
with respecl to the system 7

The system loses ' amount of hear though noworl is dene on the system, Whar type
of wall does the system have ?

Work is done by the system and 'q amount of heat is supplied to the system. What
type of system would it be ?

What is the workdone in the [ree expansion of ant ideal gas in reversible and frreversible
processes ?

From the equation All = g-p,, AV, if the volume i5s constanl what is the value of A 7
In isothermal free expansion of an ldeal gas find the value of ¢ and ALl

In isothermal irreversible change of ifdeal gas what is the value of g 7

It isothermal reversible change of an Ideal gas. whal is the valus of g 7

For an adigbalic chapnge in an ideal gas what is the telationship belween ils ATl and
W (adizbatic)

State the first law of the thermodynames,

Whiat are the slgn convenmtions af the work done an the sysiem and work done By the
syEtern ?

Volume (V) pressure (pl and Fermperanme (I are state funcdons. Is the statement moe 7

What are the heal (g} sign conventions when heat is iransferred from the smrroundings
to the system and that transferred from system (o the surrounding ?

Mo heal is absorbed by the system from the surmoundings, but work (w) is dene on the
system. Whal tvpe of wall does the svstem have 7

No work is done on the system, but heat (gl Is taken oul from the system by the
surroungdings, What type of wall does the system have 7

Work {s done by the system and heat (g) ls supplied to the system. What type of
gyatermn would it be 7

g=w=-F_ [v-v) s for frreversible ...... change:

g=-w=nRTIn {v,/v ) is for isothermal .......change.

What are the "AH sign conventons for exothermic and endothenmic reactions 7
What are intensive and extensive properties ?

tn the equation g = ¢ m AT. [ AT s change in lerraperature 'm' mass ol the
substanece, and 'q' Is heat required, what is "¢?

Give the equation thar ghves the relatonship berwreen AU and AL

What s the relationship betwesn C_ and €, 7

1g of graphite is bumt i a bomb calorimeler in execess of O, at 298K and 1 atm.
pressure according to the equation.
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hring the reaction the termperatore rises fom 298K 1o 209K, lleat capacity of the
bomb calorimerer 1s 20, TiaIK . What is the enthalpy chenge for the above reaction at
295K and 1 am 7

28, For the above eacton what is the infernal energy change, AU ?

29. Whatis A H for CHyy + 204 — COy +2H,0y interms of molar enthalpies of the
respective resctants and products 7

30. Enthalpy decrease Is not the ¢riterion lor epontaneity. Why ?

31. Is inerease of entropy the coterlon for spenteneity ? Why ?

32. Explain the relatonship berween Gibbs energy change and eguilibrivm oonstarn,

33. If we measure AH® and AS® it is possible to estimate A6’ s it ttue 7 why 7

3. Equilibbum constanl K is measured acourutely in the laboratory al glven temperature.
Is it possible (o calcuate AGT at any other lemperature ? How 7

35. Commeont on the hemmodvnamic stability of NO g Siven ihat
Elijﬂﬂ@ + ; Ogyy — NOyy: AH =90k mol

NOy + é Oy — NOy: AH' =74k ol !

36. Caleulate the entropy change in surrcundings when 1.00 mole of HL O, I formed under
standard conditions AH? = 286k Jmal

37. The equillbrium cdonstant for a reaction is 10, What will be the value of AGT? R =
834K 'mol!, T=300 K.

38. State the third law of thermodynanies.

Short answer type questions

38, What are open, elosed and iselaied svaiems 7 Give one example for each,

40, Define the stare lonetion and state vaniables. Give examples

4]1. "Infernal encrgy is a state funciion”. Explain.

42, "Work s not a state functon”. Explain.

43. What is heat ? Explain.

4. Denve the eguation for 'W " in {sothermal reversible process.

45. Two litres of an ideal gas ar a pressure of 10 atm expands isothermally into a vacuum
wunftil its total volume is 20 limres. How much heat is absorbed and how much work is
done I ihe expanzlon ? [Ans i g=-w= p,, [20-2)= D X 18} =10)

46, If the ideal gas given in the problem 45 expands against eonstant external pressure of
T atm what s the g value ? (Ans:g=-w=(1 X 18) = 18 Laun.

47. I the ideal gas given in (he problem 45 expands (o a nal volume of 10L conducted
reversibly what is g viane 7 [Ans : g =-w=2.303 X 20log 20/2 =46.06 L atm.

48, Explain the state fanclion ‘enthalpy, H'. Whal is the ralationship between AU and AH ?

49, Show thai AH = AT+ Ang, , RT
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50. IfWater vapour is assuined to be a perfect gas, molar enthapy change for vapourisaiion
of 1 mole of water at 1 bar and 100° C 1s 41 kJ mol " . Calculate the internal COETLy
change when

a) 1 mal of water is vapourised at | bar and 100" C

b) 1 mol of water liquid {s converted inta ice.

Explain exienslve and intensive properties.

Diefine heat capacity, Whai are C, and C,, ? Show thaxr C,- C,=R

Explain the determination of AU of o reacton caloriimetrically

Explain the determination of AH of a reaction calorimetrically.

What i= enthalpy of 2 reacdon ? Explain the siandard enthelpy of a reaction .
What is the standard enthalpy of lormation ? Explain it with exmaple.
Define and explain enthalpy of phase transformation.

Define and explain the standard enthalpy of fusion (Molar enthalpy of fusion)

Define and explain the standard enthalpy of vapoursation [Molar enthalpy of
vapourisationl

Define and explain the standard enthalpy of sublimation.
Define and explain the standard enthalpy of formation (AH')
State and explain the Hess's law of constant Heat syunmation.
Define and explain the enthalpy of combustion l.-i‘.rllﬂj
Define and explain enthalpy of atomisaron (A,H")
Define and explain the Band enthalpy (A, 1
What is the bond enthalpy of C-H bond of CH, ?
Define heat of solution (A, 1" and heat of dilutior.
65. Define lonlsadon enthalpy and electron affinity.
69, Expain the spontaneity of a process 7
70, Is decrease in enthalpy a crterion lor spantancity ? Explain.
71l. What is entropy 7 Explain with examples.
72. Isincrease in entropy o criterlon for spontaneity ? Explain.
73, Can AU and AS discriininste between frreversible and reversible processes ? Explain.
74, In'which ol Lhe [pllowing processes entropy inereases ?
al A Heauld evaporaies (o vapour.
b) Temperatare of 2 crysialline solld lowered rom 115K @ OK
cl Caﬂ@ml — Caly, +CO,, "
d) Clyy — 201,
75, For the oxidatlon of fron
AFey, + 30y — 2Fe, 0y, the entropy change is - 549,45 JK ™ mal ' ar 298K Though It
bas negalive entropy change the reaction s spontancous. Why 7
(AH® =-1648x10%J mol )

g2

R

]

2893

SgagpeER28
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76,  Which formulac tn the following.are correct ¢

2 AH —-AH,

al G=H-T5 h) AGys =AH,, -TAS., g AS = T-m: Tw
(AR _

d) A5 =ASW+% ¢ TAS,,, =TAS,, —AH,,

3
77. Calculate A (" for conversion of OXYEen 10 ozone E ﬂ';,i; —3 Uglg ; 6t 298K, Kp for the

the reaction is 2.43x10% ( .-j.rGB =163k mol ™)

State the second law of thermodimamies and explain it

State the third law of thermodynamics. What do vou understand by it ?

Explain "Entropy” concepl

Explain spontaneity of a process in terms of Gibbs eniergy.

The sign and magmnitude of Gibbs energy change of a chetnical process tells about iis
spontanaity and usefil work that conld be extracied from it. Explain.

B3, Ina process 701 J of heat is absorbed by 2 system and 394,07 of worlke s done by the
systent, What 1= Lhe change tn intemal energy for the process?

Ans 1 =+7011 w ==3941: AU = 3071

84. The reaciion of cvanamide (s), with l:limgygm was carried oul i1 a bomb calorimei=sr
and AU was found to be - 7427k mol " at 296K. Caloulate the enthalpy change for
the Teaction ai 208K,

: 3
NH,CNig +5 Ot — Naggy + COygy + 1,0y,

BEEIR

Ans:-741.5kImol’
85, Calculate the mumber of ki of heal necessary to rise the temperature of 60.0 g of
aluminium from 35'C 1o 55°C. Malar heat capacityol aluminimum is 24 J mol 5l
lAns : 1.09-kJ)
86, Calculate the enthalpy change on freezing of 1.0 mol of water atl0,0°C to ice at
=10.0°C, fi‘.ﬁqu 6.03 kJ mol ! at 0°C.
C.u [(ELOM] = ¥5.3 J mol* K

C, [H,0Ofs)] = 36.8 J mol" K

Ams: AH = = 6.:415k) mol "

&7. Enthalpy of combustien of carbon w €O, 15 -323.5 kI mal . Calculare the heat released
upon formation of 35.2 g of CO, from carbon and dioxygen gas.

Ans:-315k]1

EB. Enthalpies of formatien of CO(g), CO,(g). N,Olg) and N_O,(g) are -110, —393, 81 and
9.7 kJ mol™ respectively. Find the value of A H for the reaction:

N,0,lg) + 3C0(g) — N,O(g} + 3C0, (g
Ans: A H= —T778k]
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Giverni
N,ig) + 31, (g) — 2NH, (g) ; A H® =—92.4 kJ mol!
What is the standard enthalpy of formation of NH, gas?

Ans: AH= —46.2kJmol"
Calenlate the standard enthalpy of formation of CH CH{l) from the following data:

CH,OH (I +  O,(g) - CO,(g) + L0 : AH® =726 kI mot

Clgraphiie) + O,(g) — CO, (g ; AH® = -393 kJ mol !

1 : :
H_{gl + 3 O gl =T O : .-:~.JH' = 286 k] mel?.

Ans : -239%Jmnl

Caloilate the enthalpy change for the process
CCllg) — Clgl + 4 Clig
and caleulate bond enthalpy of C - Cl in CCl, (g
A HEICCL) = 30,5 KJ mol .
A (CCL) =-1356.5 k] mol™.
AJI®(C) = 715.0 kJ mol?, where A H"is enthalpy of atomisation
A_H® (C1,) = 242 kJ mol! '

Ans : 32TkJmol *
For an lsolated system, AU =0, what will be AS 7 Ans :AS =0
For the reacdon ai 298 K,
2A+B=C
AH = 400 kI mol™! and AS = 0.2 kT K mol*!

At what temnperature will the reaciion besome spontaneols considering AH and AS to
be constant over the temperature range.

Ans : 2000K
For the reaction,
2 Cllg) — CL[g), what are the signs of AH and AS?
Ans Al =—pe: AS =—1e
IFor the reaction
2 Alg + Blg) —2D)
AUR ==10.5 Jal and AS® = 44 .7 JKL,

Caleunlate AG® for the reaction, and prediet whether the reaction can occur
spontancously or not.

Ans : 0,164k nonsponianeous
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&, The equilibrium constant for a reaction is 10. What will be thevalue ol AGT?R=8.314
JE*molt, T =300 K
Ans ;-5 74dkImol?
87. State the first law of thermodynamies. Eaplain its mathemadcal notation.
95. State the 2nd law of thermodynamics in any two ways
99,  Explain Gibbs energy.
100, Explain the spontaneity of a reaction interms of Gibbs energy.
Long answer type gquestions
101, State and explain Hess's Law of constant heat summation. Give exinaple.
102, Explain the experiment to determiine the intemal energy change of a chemical reaction.
103, Explain the experment to determine the enthalpy change of a chemical reaction.
104

Explain the spontaneity of a reaction interms of enthalpy change, entropy change and
Gibb's energy change.



