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FOREWORD

(New Edition - 2016)

The Council of Higher Secondary Education, Odisha has revised the Courses of Studies
in Chemistry for its examination, 2017 and onwards. It is really heartening to know that the
Chemistry - Vol-I isan exclusive textbook of CHSE and its new edition is being published by the
Odisha State Bureau of Text Book Preparation and Production, Bhubaneswar.

| acknowledge with thanks to the Board of Writers and Reviewers who have worked
hard inwriting the chapters of the book and setting new pattern of questionsas per the requirement
of the new syllabus of CHSE.

My special thanks due to Dr. Akhil Krishna Panigrahi, Dr. Gobinda Chandra Dash,
Dr. Hrushikesh Mohanty, Dr. Panchanan Goud, Dr Santosini Patra & Dr. Sakuntala Jena for
taking pain and strain of doing arduous work in preparing the book within the frame work of the
new syllabus of CHSE. | also takethisopportunity to convey my heartfelt thanksto Dr. Jibanananda
Kar who have gone through the proofs of the entire book before final printing. The new edition
of the book could see the light of the day in record time due to sincere effort of Sri Birgja Bhusan
Mohanty, Deputy Director of the Bureau.

My earnest gratitude is also due to the Commissioner Cum Secretary, Department of
Higher Education, Odisha and Chairman, Council of Higher Secondary Education, Odishain
entrusting the Bureau the task of publishing the book for Higher Secondary students of the state.

Improvement has no limit specially when one aims at excellence. The Bureau is always
alive to any constructive suggestions from the students as well as the teachers to make the book
more purposeful.

11.3.2016

Dr. Geetika Patnaik
Director
Odisha State Bureau of Text Book
Preparation and Production, Pustak Bhavan,
Bhubaneswar, Odisha



PREFACE

India is on the verge of a great leap into the global scientific and technological
advancement in the New Millennium. Our Universities and Council of Higher Secondary
Education have taken up the upgrading of science curriculum asachallenge. Society isbecoming
largely knowledge based. To prepare our young students to achieve the goal, Council of Higher
Secondary Education, Odisha has revised the syllabus of all science subjects and has taken up
the challenge to arm our students with advanced scientific education.

The biggest chalenge in the present times in the field of scientific education is the
preparation of textbooks suited to the needs of the students. Some of the most experienced,
learned and brilliant teachers of the State have made attempts towards fulfilling the national need
of providing agood textbook in Chemistry for +2 students. Asaresult thebook titled +2 Chemistry
has been prepared in accordance with the new syllabusof C.H.S.E. Odishawhichwill be effective
for the students who will be admitted in 2016 and onwards. Thisbook has many special features,
the salient ones of which may be enumerated as follows::

(i) Thetext book has been prepared keeping in view the type of questions set in the
+2 as well as entrance examinations.

(i)  The subject matter has been put in alucid manner and in asimple language to be
easily followed by the students.

(iif) Large numbers of numerical problems have been worked out.
(iv) Neat diagrams are given to provide suitable explanation of the texts.

(v) Largenumber of questions of very short answer type, short answer type, multiple
choice type and long answer type including questions of H. S. Examinations are
given in each chapter.

(vi) At the end of every chapter, summary of the topics dealt in the chapter is given
under Chapter at a glance.

The authors express their gratitude to the authorities of C.H.S.E. for accepting them as
the members of Board of Editors and to the ODISHA STATE BUREAU OF TEXTBOOK
PREPARATION AND PRODUCTION for publishing the book. The authors sincerely hope
that their endeavour would fulfil the need of students. There may be minor errors of omissions
and commissions in the book. The authors welcome constructive criticism and suggestions for
the improvement of the book.

Bhubaneswar Board of Writers
14.3.2016



Unit - |

Unit - 11
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Unit - 1V

COURSESOF STUDIESIN CHEMISTRY (THEORY)

FOR
HIGHER SECONDARY EXAMINATION
(Effective from 2016 Admission Batch)

FIRST YEAR
Some Basic Concepts of Chemistry

Genera Introduction : Importance and scope of chemistry.

Nature of matter, laws of chemical combination, Dalton's atomic theory: concept
of elements, atoms and molecules. Atomic and molecular masses. and equival ent
mass of elements, acid, base, salt, oxidants and reductants, mole concept and
molar mass, percentage composition, empirical and molecular formula, chemical
reactions, stoichiometry and cal cul ations based on stoichiometry.

Structure of Atom

Discovery of Electron, Proton and Neutron, atomic number, isotopes and isobars.
Thomson'smodel and itslimitations. Rutherford'smodel anditslimitations, Bohr's
relationship, Heisenberg uncertainity principle, concept of orbitals, quantum
numbers, shapeof s, pand d orbitals, rulesfor filling electronsin orbitals- Aufbau
principle, Pauli's exclusion principle and Hund's rule, electronic configuration of
atoms, stability of half filled and completely filled orbitals.

Classification of Elements and Periodicity in Properties

Significance of classification, brief history of the development of periodic table,
modern periodic law and the present form of periodic table, periodic trends in
propertiesof elements- atomicradii, ionicradii, inert gasradii. |onization enthal py,
electron gain enthalpy, electronegativity, valency and oxidation state,
Nomenclature of e ements with atomic number greater than 100.

Chemical Bonding and Molecular Structure

Valence eectrons, ionic bond, covalent bond; bond paramaters, Lewis structure,
polar character of covalent bond, covalent character of ionic bond, valence bond
theory, resonance, geometry of covalent molecules, VSEPR theory, concept of
hybridization, involving s, p and d orbitals and shapes of some simple molecules,
molecular orbital theory of homonuclear diatomic molecules (qualitative idea
only), hydrogen bond.



Unit -V

Unit - VI

Unit - VII

Unit - VIII :

Sate of Matter : Gasesand Liquids

Three states of matter, intermolecul ar interactions, types of bonding, melting and
boiling points, role of gaslawsin elucidating the concept of the molecule, Boyle's
law, Charle's law, Gay Lussac's law, Avogadro's law, ideal behaviour, empirical
derivation of gasequation. Avogadro's number, ideal gasequation, Deviation from
ideal behaviour, liquefaction of gases, critical temperature, kinetic energy and
molecular speeds (elementary idea). Liquid state: vapour pressure, viscocity and
surface tension (qualitave idea only, no mathematical derivations.)

Chemical Thermodynamics

Concept of System and types of systems, surroundings, work, heat, energy,
extensive and intensive properties, state functions.

First law of thermodynamics - internal energy and enthalpy, heat capacity and
specific heat, measurement of AU and AH, Hess'slaw of constant heat summation,
enthalpy of bond dissociation, combustion, formation, atomization, sublimation
phase trangition, ionization, solution and dilution. Second law of Thermodynamics
(brief introduction)

Introduction of entropy as astate function, Gibb's energy change for spontaneous
and non-spontaneous process, criteria for equilibrium.

Third law of thermodynamics (brief introduction)

Equilibrium

Equilibrium in physical and chemical processes, dynamic nature of equilibrium,
law of mass action, equilibrium constant, K , K, and K_and their relationship
factorsaffecting equilibrium. Le Chatelier's principle, ionic equilibrium-ionization
of acids and bases strong and weak electrolytes, degree of ionization, ionization
of poly basic acids, acid strength, concept of pH, Henderson Equation. hydrolysis
of salts (elementary idea), buffer solution, solubility product, common ion effect
(with illustrative examples), numerical problems.

Redox Reaction

Concept of oxidation and reduction, redox reactions, oxidation number, balancing
redox reactions, in terms of loss and gain of electrons and change in oxidation
number, applications of redox reactions.



Unit - I1X

Unit - X

Unit - XI

Unit - XI|

Hydrogen

Position of hydrogen in periodic table, occurrence, isotopes, preparation, properties
and uses of hydrogen, hydrides-ionic, covalent and interstitial; physical and
chemical properties of water, heavy water, hydrogen peroxide - preparation,
reactions and structure and use, hydrogen as afuel.

s-Block Elements (Alkali and Alkaline Earth Metals)
Group 1 and Group 2 Elements

General introduction, electronic configuration, occurrence, anomalous properties
of thefirst element of each group, diagonal relationship, trendsin the variation of
properties (such asionization enthal py, atomic and ionic radii), trendsin chemical
reactivity with oxygen, water, hydrogen and halogens, uses.

Preparation and Properties of some important Compounds:

Sodium Carbonate, Sodium Chloride, Sodium Hydroxide and Sodium
Hydrogencarbonate, Biological importance of Sodium and Potassium. Calcium
Oxide and Calcium Carbonate and their industrial uses, biological importance of
Magnesium and Calcium.

Some p-Block Elements
Generd Introduction to p-Block Elements

Group 13 Elements: Genera introduction, € ectronic configuration, occurrence,
variation of properties, oxidation states, trends in chemical reactivity, anomalous
properties of first element of the group, Boron-physical and chemical properties,
some important compounds, Borax, Boric acid Boron Hydrides, Aluminium:
Reactions with acids and akalis, uses.

Group 14 Elements: General introduction, electronic configuration, occurrence,
variation of properties, oxidation states, trendsin chemical reactivity, anomalous
behaviour of first elements. Carbon-catenation, allotropic forms, physical and
chemical properties, use of some important compouds: oxides. |mportant
compounds of Silicon and afew uses: Silicon Tetrachloride. Silicones, Silicates
and Zeolites, their uses.

Organic Chemistry - Some Basic Principles and Technique

Genera introduction, methods of purification, qualitative and quantitave analysis,
classification and IlUPAC nomenclature of organic compounds. Electronic



Unit - X111

Unit - X1V :

displacementsin acovalent bond: inductive effect, electromeric effect. resonance
and hyperconjugation, homolytic and heterolytic fission of a covalent bond free
radicals, carbocations, carbanions, el ectrophilesand nucleophiles, types of organic
reactions.

Hydrocarbons
Classification of Hydrocarbons
Aliphatic Hydrocarbons

Alkanes - Nomenclature, isomerism, conformation (ethane only), methods of
preparation, physical properties, chemical reactions including free radical
mechanism of halogenation, combustion and pyrolysis.

Alkenes- Nomenclature, structure of double bond (ethene) geometrical isomerism,
physical properties, methods of preparation, chemical reactions: addition of
hydrogen, halogen, water, hydrogen halides (M arkownikov'saddition and peroxide
effect), ozonolysis, oxidation, mechanism of electrophilic addition.

Alkynes - Nomenclature, structure of triple bond (ethyne), physical properties,
methods of preparation, chemical reactions:. acidic character of akynes, addition
reaction of - hydrogen, halogens, hydrogen halides and water.

Aromatic Hydrocarbons: Introduction, lUPAC nomenclature, benzene: resonance,
aromaticity chemical properties: mechanism of electrophilic substitution: nitration,
sulphonation, halogenation Friedel Craft's alkylation and acylation, directive
influence of functional group in monosubstituted benzene. Carcinogenicity and
toxicity.

Environmental Chemistry

Environmental pollution - air, water and soil polution, chemical reactions in
atmosphere, smog, major atmospheric pollutants, acid rain, ozone and itsreactions,
effectsof depletion of ozonelayer, green house effect and globa warming-pollution
due to industrial wastes, green chemistry as an alternative tool in reducing
pollution, strategies for controal of environmental pollution.
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[UNIT —1 |

SOME BASIC CONCEPTS OF CHEMISTRY

CHAPTER - 1
INTRODUCTION

Chemistry is one of the major disciplines of science. It deals with the study of the
composition, structure and properties of matter along with the changes involved in matter. In
other words, chemistry is defined as the science of matter and its transformations.

Chemistry has been further classified into following main different branches.

1.

Inorganic chemistry : It deals with the study of all the elements and their
compounds except the covalently bonded compounds of carbon.

Organic chemistry : It deals with the study of the carbon compounds derived
from living organisms, except oxides of carbon, carbides, carbonates and
bicarbonates. In other words, organic chemistry is defined as the study of
hydrocarbons and their derivatives.

Physical chemistry : It deals with the fundamenta principles governing various
chemical phenomena.

Analytical chemistry : It deals with the identification, separation and qualitative
determination of the composition of different substances.

Industrial chemistry : It deals with the chemistry involved in various chemical
industry.

Biochemistry : It deals with the study of chemical changes, which take place in
living organisms.

Nuclear chemistry : It deals with the study of structure and processes involved in
nuclei of atoms.

Polymer chemistry : It deals with the study of structure, synthesis and reactions
of macromolecules.

11 | IMPORTANT CONTRIBUTIONS OF CHEMISTRY : |

The present day chemistry is providing man with more comforts for a better, healthier
and happier life. It is of great importance in industry, medicines, synthetic fibres, food stuffs,
fertilizers and generation of power.

The important contributions of chemisty to the modern world are :

(i)

In foodstuff : Food enriched with vitamins helps us for the improvement of our
health. The modern methods of processing food and selection of diets have solved
malnutrition problem. The satisfactory production and protection of food grains
have been achieved by the application of chemical fertilizers and pesticides such
as D.D.T, Gammaxene etc.



(i)
(iii)

(iv)

v)

(vi)

+2 CHEMISTRY (VOL.- 1)

In housing : Chemica substances, like cement, paints, varnishes, plastic, metals
and their aloys are useful in building the modern house.

In medicine : A number of medicines like quinine, antibiotics, insulin, streptomycin
etc. have helped human beings in leading healthy life. Now radioactive isotopes
are used in diagnosis of diseases.

In industry : Chemical industries like steel, fertilizers, artificia fibres, synthetic
rubber, petrochemicals, cement etc. have helped us to achieve self sufficiency in
the respective fields.

In warfare : Powerful explosives like T.N.T, R.D.X and poisonous gases like
phosgene are the contributions of chemistry. Atom bomb and hydrogen bomb can
destroy the whole mankind. However, these are now used for peaceful purposes
like generation of power and utilisation in telecommunications.

Pollution control : The effluents are chemically treated before mixing with air and
water to prevent pollution.

Besides the above, chemistry will have awide range of applications in the 21st
century for modern living and better future.

1.2 [ UNITS OF MEASUREMENT
SYSTEM OF UNITS:

The system of units commonly used are : (1) French system or C.GS. System, (2)
British system or FP.S. System, (3) Metre-Kilogram Second or M.K.S. System (4) International
system of units or S.I.System.

1. C.GS. System : In this system the units of length, mass and time are centimetre,
gram and second respectively. The CGS System is widely used because its small
and large units are multiples of ten. However, now a days S.I. units are preferred.
The units in C.GS. system for expressing mass, volume and length are explained
in following table.

Units for mass, volume and length.
Physical(Quantity) | Kilo Hecto | Deca Deci Centi Milli
Mass (in gm) 1000 100 10 0.1 0.01 0.001
Volume (in litres) 1000 100 10 0.1 0.01 0.001(1ml)
Length (in metres) | 1000 100 10 0.1 0.01 0.001
(1cm)

2. F.PS. System : In this system the units of length, mass and time are foot, pound
and second respectively.

3. M.K.S. System : The unit of mass in this system is kilogram, the unit of length
is metre and the unit of time is second.

4. International System of Units (S.I.Units) : This is the recent version of the

metric system (M.K.S) and is supposed to be used throughout the world. This
system consists of seven fundamental units with the help of which the derived
units for al other possible quantities can be determined.
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(@ Fundamental Units : There are seven fundamental units.

Fundamental quantity and units

Physical quantity Unit Symbol
Length Metre m
Mass Kilogram Kg
Time Second S
Electric current Ampere A
Temperature Kelvin K
Luminous intensity Candela Cd
Amount of substance Mole mol

(b) Derived Units : There are many derived units. Only few of them which are mostly

useful in the study of chemistry are :

(i) Pressure It is defined as the force per unit area. Hence pressure is expressed in Ninv.
(i)  Volume : Volume of a solid is expressed in m?, whereas the volume of a liquid

is generally expressed in litres.

1litre=103m3
Names and Symbols for some S.I.derived units.

(cycles per second)

Physical quantity Symbol Units Special Symbol
name of for
S.I.Units S.I.Units

Area A m?

Density P Kg.m3

Force F Kg.m.S? Newton N

Pressure P Kg.m.S?2 Pascal Pa

Energy E Kg.m?.S?2 Joule J

Viscosity coefficient u Kg.m'S?

Surface tension r Kg.S?

Electric potential \Y Kg.m?.S?A Volt \Y

Electric resistance R Kg.m?.S2A~ Ohm

Electric change I — Coulomb C

Frequency L St Hertz Hz
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Multiples of SI Units: Knowledge of some units which are not S.I. Units but are commonly
used and arefractionsor multiplesof S.I.Unitsisuseful in variousfields of chemistry.
Such units and their relation with S.I.Units is described in the following table.

Some Units and their relation with S.I.Units

Physical quantity Unit Symbol Relation with S.I.Unit
Length Angstrom A° 10%m
Length Micron u 10°m
Length Picometre pm 10%2m
Force dyne dyne 10°N
Pressure bar bar 10°Nm?
Energy erg erg 1073
Area barn b 10%nv
Volume litre I 10°m? = 1dm?®

Temperature measurement :
Temperature is measured with the help of thermometre. Three scales are used for
measuring temperature.

(i) Centigrade scale : The thermometer with centigrade scale has a zero mark for the
temperature of ice at one atmospheric pressure. The mark 100°C indicates the
temperature of boiling water at one atmospheric pressure. The space between any
two consecutive divisions (representing 1°C) is further divided into 10 subdivisions.

(i) Fahrenheit scale: In this scale, the temperature of ice at one atmospheric pressure
has a mark 32°F while that of boiling water is 212°F.

Centigrade and Fahrenheit scales are related as follows.
F=2C+32
Example:  Convert 25°C into a temperature on Fahrenheit scale.
Solution : Temperature on centigrade scale = 25°C
Hence, temperature on Fahrenheit scale
2 x25+32
T7F

(iii) Absolute scale : It is aso known as Kelvin scale. On this scale, the temperature
of ice at one atmospheric pressure is 273°A or 273K. This scale is related to
centigrade scale in the following way;

Temperature on centigrade scale + 273
= Temperature on absolute or kelvin scale.
Hence, O°C = 273°A or 273 K.
and — 273°C = O°A or Absolute zero.
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1.3 |MATTER

Matter : Matter is defined as anything that has definite mass and that occupies space.

Examples : Water, air, gases, wood, solutions of salts etc. are examples of matter. All
these substances possess definite mass and occupy some space.

Classification of matter : Matter is classified into the following two categories.

1. Homogeneous matter : Matter that has uniform composition and identical properties
throughout the phase is called homogeneous matter. It consists of only one phase.

Examples : Water, sulphur, sugar, oxygen, copper etc.

2. Heterogeneous matter : Matter, which is made of two or more components, that
are physically distinct is called heterogeneous matter. It has neither uniform
composition nor identical properties. It consists of two or more number of phases.

Example : (i) Mixture of sat and sand.
(i) Mixture of water and benzene.
Elements, Compounds and Mixtures :

1. Element : An element is the simplest form of matter which can not be broken
down into still simpler form by any physical or chemical means.

Modern concept of element : According to the modern concept, an element can
be broken down into its ssimplest form called atom in which all the properties of
element are observed. For example, if a piece of iron is divided and subdivided
continuously a stage will be reached when further subdivision will not be possible.
The last portion will however exhibit all the properties of iron, that is, it will be
attracted by a magnet.

So far 116 e ements have been discovered.
Classification of eements :

Elements have been classified into the following three categories depending upon their
physical properties.

(i) Metals: All metals are solids except mercury, which is aliquid. Metals are good
conductors of heat and electricity and possess high melting and boiling points.

Examples : copper, silver, gold etc.

(i) Non-metals : Non-metals exist in al the three states of matter. They are bad
conductors.

Examples : Solid non-metal — Sulphur, iodine, carbon
Liquid non-metal — Bromine
Gaseous non-metal — Chlorine, oxygen, nitrogen etc.

(i) Metalloids : Elements which have the properties of metals as well as non-metals
are called semi-metals or metalloids.
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Example : Bismuth, arsenic, tin etc.

Compound : A compound may be defined as a substance formed by the chemical
union of two or more substancesin certain fixed proportion by mass. The compound
so formed differs entirely in properties from those of its constituents.

Example : Water, carbondioxide, sodium chloride etc.

A compound is always homogeneous and on decomposition it produces the
substances from which it is obtained.

Mixture : A mixture is formed by simply mixing two or more elements or
compounds in any proportion. Here, the properties of elements or compounds
forming the mixture do not change at al.

Mixture can be homogeneous or heterogeneous.
Examples of homogeneous mixture :

(i) Mixture of two miscible liquids (water and acohol)

(if) Mixture of a solid and a liquid (solution of any salt)

(iii) Mixture of two or more gases (air)

(iv) Mixture of two or more solids (stedl, brass etc.)
Examples of heterogeneous mixture :

(i) Gun powder is a mixture of nitre, sulphur and charcoa

(ii) Salt and sand

1.4 |[ATOMSAND MOLECULES: |

We know that matter is composed of very minute particles, called molecules. But it has
been found that, a molecule is not the ultimate particle but is made up of two or more
particles, caled atoms. So, an atom is the ultimate particle of an element while a
molecule is the ultimate particle of a compound.

Atom : An atom is defined as the smallest particle of an element which may or may not
have independent existence.

Example : (i) Atoms of copper, iron, silver etc. have independent existence.
(it) Atoms of hydrogen, oxygen etc. do not have independent existence.

However, now adays atom is not considered as indivisible, rather, it can be further
sub-divided into more simpler substances, called the fundamental particles. The
fundamental particles present in an atom are electron, proton and neutron.

Molecule : A molecule is defined as the smallest particle of an element or a compound
which has independent existence.
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(@)

(b)
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Molecules can be classified into two main types :

Homoatomic molecules : In this case, two or more atoms of the same element combine
to form molecules.

Examples :

(i) Monoatomic molecules : Monoatomic molecules contain single atoms of the same
element. Noble gas elements, He, Ne, Ar are monoatomic molecules.

(it) Diatomic molecules : Diatomic molecules contain two atoms of the same element.
Oxygen and nitrogen are diatomic molecules

(i) Triatomic molecules: Triatomic molecules contain three atoms of the same el ement.
Ozone (O,) is a triatomic molecule.

Heteroatomic molecules : In this case, two or more atoms of the different elements
combine to form molecules.

Examples: (i) Molecule of water (H,0)
(i) Molecule of sulphuric acid (H,SO,)

| STATES OF MATTER : |

Matter existsin any one of the three states, such as solid, liquid and gas, depending upon
temperature, pressure and its nature.

heat heat
Solid Liquid Gas
<« <«
cool cool

(i) Solid state :

Matter in the solid state has definite shape and volume.

Since solids are rigid and hard, they show very small change in volume by the
application of pressure and temperature. However, on strong heating, solid melts.
Solids also possess high densities due to the strong electrostatic force of attraction
between the atoms in a molecule.

Example : Silver, copper, sugar etc.
(i) Liquid state: Matter in the liquid state has definite volume but no definite shape.
It acquires the shape of the container in which it is kept.

By the application of pressure and temperature, the volume of the liquid changes
appreciably. The forces of attraction between the atoms here is comparatively less
than solid.

Examples : Water, acohol etc.

(ili) Gaseous state : Matter in the gaseous state has neither definite shape nor definite
volume. The gases occupy the entire available space and aso acquire the shape of
the vessal.
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Temperature and pressure have a marked effect on the volume of a gas. By the
application of pressure a gas can be compressed or expanded. They possess low
values of densities as compared to solids and liquids due to very weak forces of
attraction.

Distinction between solid, liquid and gaseous state
The main distinction between the three states of matter.

Property

Solid

Liquid

Gas

1.Sate of aggregation

The molecules are

1. The molecules are

1. Themoleculesare &

those in case of solids

closely packed. loosely packed a sufficient distance
apart.
2. Intermolecular forces | Theforcesof atractionare | 2. The forces of | 2. Very weak forces
maximum attraction are less than | of attraction.

3. Molecular motion

The molecules possess
vibratory motion.

3. Molecules have
translatory as well as
vibratory motion.

3. Molecules have
random motion. They
possess translatory,
vibratory and rotatory
motion.

4. Density

The density is high

4. The denisity is less
than those of solids

4. Very small value of
density.

5. Shape and volume

It has definite shape and
volume

5. It has definite volume
but no definite shape

5. It has neither
definite shape nor
definite volume.

6. Compressihility

Solids are | east

compressible

6. The compressibility
of liquids is more than
soilds.

6. Gases are highly
compressible.

7. Diffusion

Solids do not diffuse

7. Liquids have a small
tendency for diffusion.

7. Gases diffuse
easily.

16

Symbol is a chemical notation to represent the name of an element in an abbreviated
form. It also represents one atom of the element or one mole of the element. For example,
the symbol 'C' represents the element Carbon, 1 atom of carbon or 1 mole of carbon atoms.




INTRODUCTION

Elements and their symbols

Name Symbol Name Symbol
Argon Ar Hydrogen H
Aluminium Al Helium He
Arsenic As Holmium Ho
Antimony (Stibium) Sb Hafnium Hf
Adtatine At Hahnium Ha
Actinium Ac [ron (ferrum) Fe
Americium Am lodine I
Beryllium Be Indium In
Boron B [ridium Ir
Bromine Br Krypton Kr
Barium Ba Kurchatovium Ku
Bismuth Bi Lithium Li
Berkelium Bk Lanthanum La
Carbon C Lutetium Lu
Chlorine cl Lead Pb
Calcium Ca Lawrencium Lr
Chromium Cr Magnesium Mg
Cobalt Co Manganese Mn
Copper (Cuprum) Cu Molybdenum Mo
Cadmium Cd Mercury (Hydrargyrum) Hg
Cesium Cs Mendelevium Md
Cerium Ce Nitrogen N
Curium Cm Neon Ne
Cdifornium Cf Nickel Ni
Dysprosium Dy Niobium Nb
Europium Eu Neodymium Nd
Erbium Er Neptunium Np
Einsteinium Es Nobelium No
Fluorine F Oxygen O
Francium Fr Osmium Os
Fermium Fm Phosphorus P
Gallium Ga Potassium (Kalium) K
Germanium Ge Palladium Pd
Gold (Aurum) Au Praseodymium Pr
Gadolinium Gd Promethium Pm
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Name Symbol Name Symbol
Platinum Pt Titanium Ti
Polonium Po Technetium Tc
Protactinium Pa Tin (Stannum) Sn
Plutonium Pu Tellurium Te
Rubidium Rb Terbium Tb
Ruthenium Ru Thulium Tm
Rhodium Rh Tantalum Ta
Rhenium Re Tungsten (wolfram) W
Radon Rn Thallium Tl
Radium Ra Thorium Th
Sodium (Natrium) Na Uranium U
Silicon S Vanadium \
Sulphur S Xenon Xe
Scandium S Yttrium Y
Selenium Se Y tterbium Yb
Strontium Sr Zinc Zn
Silver (Argentum) Ag Zirconium Zr
Samarium Sm

As is evident from the symbols of different elements. the initial letter of the name of
the element in capital usualy represents the element. For example, H stands for hydrogen, C
stands for carbon, O stands for oxygen, etc.

The initial letter C above cannot represent the elements Chlorine, Calcium, Chromium,
Cobalt, Copper, Cadmium, etc. The initia letter C being used for carbon, for above elements,
the initial letter in capital along with a small letter from the name of the elements represents
the element. So the symbols Cl, Ca, Cr, Co, Cu, Cd are used respectively to represent them.

For some metals, the latin names of the elements (written in parentheses against names
of elements in table above) are used as symbol.

Certain elements have been named after the scientists, important laboratories, cities,
countries and planets. Given below is the list of elements whose symbols are derived from the
names of scientists, laboratories, etc.
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Elements after the names of Scientists, Laboratories etc.

11

Element Scientist Symbol
Curium Madam Curie Cm
Einsteinium Alfred Einstein Es
Fermium Enrico Fermi Fm
Mendelevium M endel ecf Md
Nobelium Alfred Nobel No
LABORATORY
Californium University of California Cf
CITY
Berkelium Berkeley Bk
COUNTRY
Americium America Am
Gadlium
Galia (old name of France) Ga
Germanium Germany Ge
Polonium Poland Po
PLANET
Uranium Uranus U
Neptunium Neptune Np
Plutonium Pluto Pu

1.7 |VALENCY

According to the old concept, Vaency of an element denotes the combining capacity of
its atoms to form compounds.

Hydrogen being the lightest element, its valency is chosen as one and the reference. The
valencies of other elements are compared with that of hydrogen.

For example, one atom of chlorine combines with one atom of hydrogen to form one
molecule of hydrogen chloride, HCI. So the valency of chlorine is one.

One atom of oxygen combines with two atoms of hydrogen to form one molecule of
water, H,O. Hence the valency of oxygen is two.

One atom of nitrogen combines with three atoms of hydrogen to form one molecule of
ammonia, NH,. Thus the valency of nitrogen is three.
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Valencies of some elements

Element Valency Element Valency
Hydrogen 1 Magnesium 2
Chlorine 1 Cacium 2
Sodium 1 Nitrogen 3
Potassium 1 Aluminium 3
Oxygen 2 Carbon 4

When elements have valencies 1, 2, 3, 4, 5, 6, etc. they are said to be monovalent or
univalent, divalent, trivalent, tetravalent, pentavalent, hexavalent respectively.

Thus, valency is a number that describes the combining capacity of an element. It does
not carry any plus or minus sign. Vaency is helpful in writing the formula of the compounds,
In any compound, the valency of an element is always a whole number.

Formulae of organic compounds cannot be written and explained on the basis of this
concept of valency.

The modern concept of valency is related to the number of electrons lost, gained or
shared with an atom of an element in order to attain the stable configuration of the nearest
inert gas element.

For example, in sodium chloride NaCl, sodium loses one electron to attain the stable
configuration of neon, Ne. Chlorine gains one electron and attains the stable configuration of
inert gas argon, Ar. Therefore, in sodium chloride valency of sodium is one and that of chlorine
is one. In hydrogen chloride HCI, hydrogen shares its only electron with one electron of
chlorine. After sharing hydrogen attains the stable configuration of inert gas helium, He and
chlorine attains the stable configuration of argon, Ar. Therefore the valency of hydrogen is one
and that of chlorine is one.

Variable valency
Certain elements having more than one valency are said to exhibit variable valencies.

Variable valencies of some e ements

Element Valency Element Valency
Arsenic 3,5 Manganese 2,3,4,6, 7
Antimony 35 Mercury 1,2
Chlorine 1,357 Nitrogen 1,2 34,5
Copper 1,2 Phosphorus 3,5
Cobalt 2,3 Platinum 2,4,6
Gold 1,3 Sulphur 2,4, 6
Iron 2,3 Tin 2,4
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While naming a particular compound the lower valency is referred to as—ous and higher
valency as—ic. The following metallic e ements combine with chlorine to form metal chlorides,
exhibiting their variable valencies.

Some metallic elements with variable valencies in their chlorides

Metal chloride Systematic name| Formula Valency of the metal
Ferrous chloride Iron (I1) chloride FeCl, 2
Ferric chloride [ron (I11) chloride FeCl, 3
Cuprous chloride Copper (1) chloride CuCl or Cu,Cl, 1
Cupric chloride Copper (Il)chloride CuCl, 2
Mercurous chloridg Mercury (1) chloride HgCl or Hg,Cl, 1
Mercuric chloride Mercury (II) chloride | HgCI, 2
Stannous chloride Tin (1) chloride SnCl, 2
Stannic chloride Tin (1V) chloride SnCl, 4

Non-metallic elements such as nitrogen, N exhibits variable valencies of 1, 2, 3, 4, 5in
its oxides like N,O, NO, N,O,, NO,, N,O, respectively.

273

1.8 [RADICALS|

A radical in the molecule of a compound behaves as a single unit with a cluster of
atoms. Radicals possess electrical charge.

A simpleradical contains one or more atoms of the same element. For example, oxide
O* and peroxide, O

Valencies of some simple radicals

Radical Valency Radical Valency
Hydrogen, H* 1 Chloride, Cl- 1
Sodium, Na* 1 Bromide, Br- 1
Potassium, K* 1 Oxide O* 2
Magnesium Mg 2 Sulphide S*- 2
Calcium Ca* 2 Nitride N* 3
Aluminium Al3* 3 Phosphide P 3
Hydride, H- 1 Carbide C*+ 4

A compound radical consists of two or more atoms of different elements. For example
ammonium NH,*, nitrate NO,", sulphate SO,*, phosphate PO, etc. When radicals contain
oxygen atoms, the suffixes, —ite and —ate are used. The names of radicals ending in 'ite
contains less number of oxygen atoms than radicals ending in —ate. For example, nitrite NO-
, and nitrate NO;.
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Valencies of some compound radicals

Radical Valency Radical Valency
Ammonium, NH?, 1 Manganate, MnO?% 2
Hydroxide, OH- 1 Chromate, CrO* 2
Carbonate, COZ- 2 Dichromate, Cr,0% 2
Bicarbonate HCO; 1 Arsenate, AsOZ 3
Bisulphide, HS 1 Arsenite, AsO} 3
Sulphite, SO 2 Antimonate, SbO* 3
Bisulphite, HSO; 1 Pyroantimonate, H,Sb,0 2
Nitrite, NO; 1 Borate, BO> 3
Nitrate, NO, 1 Metaborate, BO; 1
Sulphate, SO% 2 Meta aluminate, AlO; 1
Bisulphate, HSO, 1 Aluminate, AlO- 3
Phosphate, PO?- 3 Zincate, ZnO* 2
Phosphite, PO3- 3 Hypochlorite, CIO~ 1
Metaphosphate, PO; 1 Chlorite, CIO; 1
Pyrophosphate, P,O%- 4 Chlorate, CIO; 1
Molybdate, MoO:z 2 Perchlorate, CIO; 1
Permanganate, MnO; 1

Radical bearing one, two, three, four units of charges are called univalent, divalent,
trivalent, tetra or quadrivalent radicals respectively.

A salt has usually two parts or radicals. The electropositive part or basic radical is the
cation, where as the electronegative part or acid radical is the anion. For example in common
salt i.e. sodium chloride the basic radical is Na" and the acid radical is Cl-.

19 [FORMULA |

The formula of a compound represents the number of atoms of each element present
in one molecule of the compound. The formula of the compound sodium chloride is NaCl,
which means that one molecule of sodium chloride contains one atom of sodium and one atom
of chlorine. A chemical formula also states the name of a compound as in the case of symbols.

For some elements, the molecule of the element exists. In such case, the formula of
an element denotes the number of atoms occurring in one molecule of the element.

The formula H,, O,, P, etc, indicate that two atoms of hydrogen are present in a
molecule of the element hydrogen, three atoms of oxygen are present in a molecule of ozone,
four atoms of phosphorus are present in a molecule of phosphorus respectively.
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If we know the valency of each element in a compound we can easily write its formula.
The symbol of the positive part is written to the left hand side and the symbol of the negative
part to its right. The valency of each element is placed as subscript by the side of the symbol
of other element as shown below. Subscript 1 is not often written.

Example - 1

Solution :

Example - 2

Solution :

Example - 3

Solution :

Example - 4
Solution :

What is the formula of calcium chloride ?

The valency of calcium is 2 and that of chlorine is 1. Criss - crossing the
valency number and using them as subscripts, we have the formula :

Ca cl
>< - CcaCl,
1 2

What is the formula of sodium sulphide ?

The valency of sodium is 1. and that of sulphur is 2. Criss - Crossing the
valency number, we can write the formula :

Na S
= NaS
2 1
A compound consists of aluminium and oxygen. What is its formula ?

Aluminium has avalency number of 3. oxygen has a valency number of 2. Criss
- crossing the valency numbers and using them as subscript, we have the formula

Al >< o)
= Ale3

2 3

What is the formula of magnesium sulphide ?
Magnesium has a valency number of 2, and that of sulphur is 2. Therefore the
formula of magnesium sulphide is MgS as explained below :

Mg><s
= Mgzsz

2 2

Thisformulatells us that the ratio of magnesium to sulphur atomsis?2: 2. This
is, of course, is the same as a ratio of 1 : 1 and the formula becomes :

Mg,S, = MgS

Example - 5To write the formula of calcium carbonate.

Solution :

The valency number of calcium is 2 and that of carbonate radical is 2. Criss-
crossing the valency numbers, we write the formula :
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Ca (CO,)
>< = Ca,(CO,), = Ca(CO,), = CaCO,
2 2
Example - 6 What is the formula of ammonium phosphate ?

Solution : Ammonium has the valency Number 1 and that of phosphate radical is 3. Criss-
crossing the valency numbers the formula of the compound may be written :

(NH,) (PO,
= (NH,), (PO,), = (NH,);PO,

Correctness of a formula :
Since a compound contains two parts that is the basic and the acid part, the correctness
of its formula may be tested as follows.
(i)  The number of the basic part is multiplied with its valency.
(i) The number of the acid part is multiplied with its valency.
(iii) If both the values of the products are equal, then the formulais found to be correct.

Testing the correctness of a formula.

Formula No. of basic No. of acid Remark on
parts x valency parts x valency correctness.
CaCl, 1x2=2 2x1=2 correct
Na,PO, 2x1=2 1x3=3 wrong
Al(SO,), 2x3=6 3x2=6 correct.
(NH,),SO, 3x1=3 1x2=2 wrong
Mg(NO,), 1x2=2 2x1=2 correct

Structural formula :

Sometimes, the formulae of compounds are written graphically indicating how the
atoms in a molecule are linked with each other. The structural formula may aso be caled
as graphic formula. In a compound, atoms of elements present are assumed to possess one
or more bonds which are represented by small straight lines. A single bond is represented by
a small straight line. Two straight lines mean a double, bond three lines, a triple bond etc.
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Sructural or graphic formulae of some compounds

Compound Molecular formula  Sructural formula
Hydrogen chloride HCl H-Cl
H
|
Methane CH, H-C-H
I
H
Carbon dioxide CO, 0=C=0
H\ /H
Ethylene CH, _ C= %
H H
Hydrogen cyanide HCN H-C=N
Acetylene CH, H-C=C-H

1.10 [NAMING OF COMPOUNDS|

The way of naming is called nomenclature.

A binary compound contains only two elements. Out of the two elements, one may be
a metal and the other, a nonmetal or both may be non-metals.

The following sequence is followed to name a binary compound that contains a metal
and a nonmetal.

1.  The name of the metallic part is mentioned first.

2. The stem of the name of the second element i.e. the nonmetal ends with "ide".

3. If the binary compound contains metal of variable valency, the metal is followed by a
Roman numeral in bracket to indicate its valency state. In common method of naming,
the lower valency state of the metal is indicated by suffix " —ous" and its higher valency
state by suffix "—c".

4.  Although the metal hydroxides and ammonium chloride contain three e ements and they

are not binary compounds, they endin" —de", e.g, sodium hydroxide NaOH, ammonium
chloride NH,CI.

Name of some binary compounds containing metals of fixed valency states.

Formula Name of the Sem name of the second [ Name of the compound
first element (metal) [element ending with '—ide
NaCl Sodium Chlor + (—ide) Sodium chloride
KBr Potassium Brom +(—ide) Potassium bromide.
CaOo Calcium Ox + (—ide) Calcium oxide
MgS Magnesium Sulph +(—ide) Magnesium sulphide
AIN Aluminium Nitr + (—ide) Aluminium nitride.




18

+2 CHEMISTRY (VOL.- 1)

Name of some binary compounds containing metals of variable valency states.

Formula Valency of [ Conventional name Systematic name
the metal
PbCl, 2 Plumbous chloride Lead(l1) chloride
PbCl, 4 Plumbic chloride Lead (1V) chloride
As,S, 3 Arsenous sulphide Arsenic (I11) sulphide
As,S, 5 Arsenic sulphide Arsenic(V) sulphide
Sb,0, or Sb,O, 3 Antimonous oxide Antimony (I11) oxide
Sb,0, 5 Antimonic oxide Antimony (V) oxide
MnO 2 Manganous oxide Manganese (I1) oxide
Mn,O, 3 Manganic oxide Manganese (I11) oxide
AuCl 1 Aurous chloride Gold (1) chloride
AuCl, 3 Auric chloride Gold (111) chloride

In order to name a binary compound containing two nonmetals, number of each of the
atoms are indicated by Greek prefixes. The prefix hemi, mono, sesqui, di, tri, tetra etc are used
for %2, 1, 1%, 2, 3, 4 atoms respectively. The prefix "mono” is usually not mentioned when
naming the compound. There are some exceptions to the name of binary compounds such as

water H,0, am

monia NH,, etc.

Name of binary compounds composed of nonmetals.

Formula Name of first Greek prefix plus the Name of the
nonmetal with stem name of the second compound
Greek prefix nonmetal ending with '—ide'

BCl, Boron tri-chlor-ide Boron trichloride

CO, Carbon di-ox-ide Carbon dioxide

CdCl, Carbon tetra-chlor-ide Carbon tetrachloride

N.O Di-nitrogen oxide Dinitrogen oxide

N,O, Di-nitrogen tri-ox-ide Dinitrogen trioxide

N,O, Di-nitrogen penta-ox-ide Dinitrogen pentoxide

PCl, Phosphorus tri-chlor-ide Phosphorus trichloride

PCI, Phosphorus penta-chlor-ide Phosphorus pentachloride

SO, Sulphur di-ox-ide Sulphur dioxide

SO, Sulphur tri-ox-ide Sulphur trioxide
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The above procedure is followed to name binary compounds containing hydrogen and
nonmetals. Such a compound existing in gaseous or liquid state remains soluble in water and
the resulting aqueous solution is acidic in nature.

To name its acid the prefix hydro is used followed by the stem of the name of the non-
metal with the suffix "—c" and the word acid.

Name of some binary compounds of hydrogen and nonmetals

Formula Name of the compound Name of the compound
in the gaseous or liquid state in agueous state i.e. acid

HCl Hydrogen chloride Hydrochloric acid

HBr Hydrogen bromide Hydrobromic acid

H,S Hydrogen sulphide Hydrosulphuric acid

H,Se Hydrogen selenide Hydroselenic acid

Inorganic oxy-acids contain hydrogen, oxygen and another element, called a parent
element. The name of the oxy-acid is derived from the parent element ending in -ous or - ic.
The acid with less number of oxygen ends with -ous and the acid with more number of oxygen
ends with - ic. The oxy-acid in which the valency of the parent element is higher than the -
ic acid and contains one more oxygen is called per-ic acid. An oxy-acid containing the parent
element of lower valency than the -ous acid is called hypo -ous acid.

Name of some oxyacids and their sodium salts

Oxy-acid Sodium salt
HNO, Nitrous acid NaNO, Sodium nitrite
HNO, Nitric acid NaNO, Sodium nitrate
H,SO, Sulphurous acid Na,SO, Sodium sulphite
H,SO, Sulphuric acid Na,SO, Sodium sulphate
HOCI Hypochlorous acid NaOCl Sodium hypochlorite
HCIO, Chlorous acid NaClO, Sodium chlorite
HCIO, Chloric acid NaClO, Sodium chlorate
HCIO, Perchloric acid NaClO, Sodium perchlorate

The name of the salts is based upon the name of the acid form which it is derived. The
salt derived from the acid ending in —ous ends in —ite. A salt derived from an acid ending in
—ic, ends in —ate. The salt of a hypo —ous acid is named as a hypo —ite salt.
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1.11 |CHEMICAL EQUATION

A chemical equation states a chemical reaction represented by symbols and chemical
formulae.

When sulphur burnsin air it combines with oxygen in air to produce sulphur dioxide due
to the chemical combination of sulphur and oxygen.

S+0, = SO,
Reactants Products

The chemical substances on the left hand side and right hand side of an equation are
called reactants and products respectively. The above chemica equation also expresses that
one atom of sulphur reacts with one molecule of oxygen to form one molecule of sulphur
dioxide. Again the equation indicates that one mole of sulphur reacts with one mole of oxygen
to produce one mole of sulphur dioxide. On examining this equation we observe that the total
mass of the reactants is equal to the total mass of the products i.e the total mass is conserved
as per law of conservation of matter.

Let us look at another reaction. Magnesium burns in air to produce magnesium oxide
and is represented by the equation :

Mg+ O, > MgO : Skeleton equation
In this reaction there is loss of oxygen from the product side which is not in accordance
with law of conservation of matter. The equation is called a skeleton equation and needs to

be balanced. The equation would be balanced if we could place number 2 before MgO and
number 2 before Mg. Thus,

2 Mg + O, = 2MgO is a balanced equation.

A skeleton equation is balanced by placing numbers, also called coefficients before the
formulae of the substances in the reaction. In the left hand side there are two magnesium atoms
and two oxygen atoms and in the right hand side there are a'so same number of magnesium
and oxygen atoms.

In a balanced equation therefore, the number of atoms of different elements
appearing as reactants are equal to number of atoms of the same elements present as
products.

Let us look at one more example. The following chemica equation

N,(9) + 3H,(9) = 2NH,(g)

says that 1 mole of gaseous nitrogen combines with 3 moles of gaseous hydrogen to produce
2 moles of gaseous ammonia. This also says that 1 volume of gaseous nitrogen combines with
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3 volumes of gaseous hydrogen to form 2 volumes of gaseous ammonia. The equation may
be elaborately written as :

N,(g) + 3H,(g) = 2NH,(g), AH =—-92KJ

The reaction is a reversible one and represented by the sign = which indicates that
the reaction may proceed both in forward or reverse direction.The reversibility of a reaction
is represented by the sign =.

The above reaction evolves heat and we call it a exothermic reaction (the heat changes
I.e. AH has a —ve value). An endothermic reaction absorb heat and its AH value is +ve.

However, the heat changes (AH) in reactions are mentioned in a thermochemical equation
whenever necessary.

The gaseous, liquid, solid states and the agueous solution are given the symbol (g), (1),
(s) and (aqg) respectively For example the reaction of sodium chloride and silver nitrate is
represented as follows::

NaCl ., + AgNO, . = AgCl j + NaNO

3(aq) 3(aq)
In the laboratory carbon dioxide gas is prepared by the action of dilute hydrochloric
acid on calcium carbonate. The reaction is represented by the equation :

CaCO,, + 2HCl , = CaCl,, + CO,  + H,O

39 2(aq) 29) 20
When gas is evolved in areaction, a vertical arrow T is sometimes used. In areaction
when a precipitate is formed, a downward arrow V is often used.

The required conditions of temperature, pressure, catalyst etc, are often mentioned in

the equation as shown below.

200 atms.
Nz(g) + 3H2(g) 673 K, Fe catalyst 2NH3(g) T1 AH =—92 kJ

‘Mo promoter’

Limitations of a chemical equation

The conditions such as temperature, pressure and the catalyst those bring about a
chemical reaction are sometimes mentioned in the chemical equation.

The concentration of the reactants and products are never mentioned in an equation.
An equation cannot furnish informations about all experimental conditions required for the
reaction. The heat evolved or heat absorbed in areaction are not ordinarily stated. A chemical
eguation does not speak about the speed with which the reaction proceeds and also the time
needed for completion of the reaction.

Balancing of chemical equations

Any chemical equation must be written in the balanced form, since the number atoms
on the reactant side must be equal to the number of atoms on the product side due to conservation
of atoms. There are five different methods for balancing a chemical equation.
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@ Hit and trial method

(b) Partial equation method
(c) Algebraic method

(d) Oxidation number method
(e lon electron method

(a) Hit and trial method

Simple equations are balanced by hit and trial method. The following steps may be

employed to balance the equation in order to equalize atoms of each kind on both sides of the
skeleton equation.

(i) The skeleton equation be written to indicate the reactants and products.

(i) The biggest formula is selected and the different atoms present in it be balanced
with the same atoms on the other side.

(iii) Elementary gaseous reactants be written in atomic state, N, O etc. and they should
be balanced at last.

(iv) Atoms of elements which occur in maximum number of places be balanced then.

(v) The balanced equation in the atomic state is changed into the molecular form and
al the reactants and products are expressed in whole number multiples.

While balancing the equations, methods of addition, subtraction, multiplication
and division are used.

Example 1

Potassium chlorate when heated decomposes to potassium chloride and oxygen
gas is liberated.

Sep 1 Skeleton equation is written as
KCIO, _A , KCl + 0O,
Sep 2 Biggest formula here is KCIO, and it is balanced.
2KCIO, — 2KCl + 30, (Balanced equation)
Example 2
Iron pyrite burns in oxygen to produce ferric oxide and sulphur dioxide
Sepl FeS, +0,—> FeO, + SO, (Skeleton equation)
Sep 2  2FeS, + 0, > FeO, + SO, (iron balanced)
2FeS, + O, —» Fe,O, + 430, (sulphur balanced)
Sep 3 2FeS, + O — Fe,0, + 430, (atomic state of equation)
Sep 4 2FeS, + 110 —» Fe,O, + 480, (oxygen balanced)
Sep 5 4FeS, +110, —» 2Fe,0, + 850, (balanced equation in molecular form)
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Example 3
When steam is passed over red-hot iron, ferroso ferric oxide and hydrogen are produced.
Sep 1 Fe+ HO —» FeO, + H, (Skeleton equation)
Sep 2 3Fe+4H,0— Fe,0, + 4H, (Fein Fe,O, when balanced, the equationis balanced
for oxygen and hydrogen respectively)

Example 4

Balance the skeleton equation

KMnO, + HCI — KCI + MnCl, + H.O + Cl,
Sepl KMnO,+HClI — KCl + MnCl, + 4H.,0 + Cl, (KMnO, balanced)
Sep2 KMnO, + HCl — KCI + MnCl, + 4H,0 + Cl (Equation is written in atomic form)
Sep3 KMnO, +8HCl — KCl +MnCl, + 4H,0 + Cl (hydrogen balanced and oxygen bal anced)
Sep4 KMnO, + 8HCl — KCl + MnCl, + 4H,0 + 5CI (chlorine balanced)
Sep5 2KMnO, + 16HCI — 2KCl + 2MnCl,, + 8H,0 + 5Cl, (Balanced equation in molecular

form)

Partial equation method

In this method the reaction is thought to take place in several steps and each step is
represented by partial equation.

The partial equations are balanced by hit and trial method and may be multiplied by
suitable integers to omit the products which do not appear in the final equation.

Finally the partial equations are added to have the balanced equation.
Example 1

Copper and sulphuric acid react to produce sulphur dioxide gas, copper sulphate
and water. Balance the reaction by partial equation method.

Solution :  The skeleton equation may be written as :
Cu+ H,SO, = CuSO, + SO, + H,0
The above reaction is supposed to break up as follows.
H, SO, - SO, + HO + O
Cu+ O —» CuO
CuO + H,S0, — CuSO, + H,O

Cu + 2H.SO, — CuSO, + SO, + 2H.0.
Example 2

Metallic copper reacts with moderately concentrated nitric acid to produce cupric
nitrate, nitric oxide and water. Balance the reaction by partial equation method.
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Solution : The skeleton equation may be written as :
Cu + HNO, — Cu(NO,), + NO + H,0
The above reaction is supposed to break up as follows :
2HNO, — 2NO + H,0 + 30
(Cu+ 0O —> CuO) x 3
(CuO + 2HNO, — Cu(NO,), + H,0) x 3

3Cu + 8HNO, — 3Cu(NO,), + 2NO + 4H,0
Example 4
Hydrogen peroxide reacts with lead sulphide to produce lead sulphate and water.
Balance the equation by partial equation method.
Solution : The skeleton equation is written as :
PbS + H,0, - PbSO, + H,O
The above reaction is supposed to break up as follows :
(HO,»>HO+0)x4
PbS + 40 — PbSO,

PbS + 4H,0, —» PbSO, + 4H.0

Example 4
Balance the following equation by partial equation method.
P + HNO, — H,PO, + NO, + H,0

Solution : The above reaction is supposed to occur as follows :
(2HNO, - 2NO, + H O + O) x 5
2P + 50 —» P,O,
P,0, + 3H,0 — 2H,PO,

2P + 10HNO, — 2H_PO, + 10NO, + 2H,0

Some important and supposed break up reactions.

The following reactions may be written to be used as first reactions while balancing
eguations by partial equation method.

1) 0,-50,+0
2 H0,—>HO+O0
3 H0,—> 0, +2H
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4 XA+HO—->2HX+O0 (X =Cl,Brorl)
(5) Cl,+ H,0— HCl + HOCI

(6) 2HNO, - 2NO,+ H,0+ O (concentrated HNO,)
(7)  2HNO, — 2NO + H,0 +30 (Moderate HNO,)
(8) 2HNO, - N,O + H,0 + 40 (dilute HNO,)

(9 H,S0, > SO, +HO0+O0

(10) MnO, —» MnO + O

(11) MnO, + 2HCl - MnCl, + HO + O

(12) MnO,+HSO, - MnSO,+HO + O

(13) 2KMnO, —» K,O + 2MnO + 50  (acidic medium)

(14) KJLCr,0, - KO0+ Cr,0, + 30 (acidic medium)

(15) 2KMnO, + 3H,S0, — K,SO, + 2MnSO, + 3H,0 + 50

(16) K.,Cr,O, + 4H.SO, —» K_SO, + Cr(SO), + 4H,0 + 30
Algebraic method

This method is useful to balance a complicated equation.

Example 1
Solution : Balance the equation for the combustion of benzene.
The skeleton equation for the combustion of benzene is
CH,+ 0O, - CO,+HO
Let the balance equation be
aCH,+b0O,—»cCO,+dH0
According to the conservation of atoms, the number of carbon atoms on the reactant
side must be equal to that on the product side.

6a=C . Q)
Similarly, considering hydrogen atoms
6a=2d ..o (2
and taking oxygen atoms into account
2b=2c+d....... (©)]

The above equations can be reduced to
c=6a
d=3a
b= %5 a

Assuming the smallest valuea =1



26 +2 CHEMISTRY (VOL.-1)

C=6d=3adb= %
The balanced equation is thus
CH, + ¥ 0, = 6C0, + 3H,0
or, 2CH,+ 150, = 12CQO, + 6H,0
Example 2
Write the balanced equation for the oxidation reaction of phosphorus by nitric acid.
Solution : The skeleton equation for the reaction is written as
P, + HNO, — NO, + H,PO, + H,0
Let the balanced equation be
aP, + b HNO, - ¢ NO, + d H,PO, +eH,0

Phosphorus 48 =d ....cccooeviniiieeeee e Q)
Nitrogen D=C o 2
Hydrogen b=3d+ 2e .o, ©)]
Oxygen B=2c+4d + € .o, 4)

The above equations reduce to

d=4a;c=b,b=12a+2e b=16a+ e
Therefore, e=4a3, b=20,c=bandd=4a
Assuming a=1thenb=20,c=20,d=4ande=4
Thus the balanced equation is

P, + 20 HNO, U 20 NO, + 4H_PO, + 4H,0
Oxidation number method and ion-eectron method

Chemical equations corresponding to redox chemical reactions (involving both
oxidation and reduction) in agueous solutions are balanced by oxidation number method.
Such reactions can also be balanced by ion electron methods. Both willl be discussed later .

lonic equations

Metallic zinc reacts with dilute hydrochloric acid to liberate hydrogen gas for which
the complete equation is :

Zn,, + 2HCl  — ZnCl,, + H

2(aq) 2(g)

The ionic equation for the above reaction is written as :

Zng + 2H"  — Zn** o+ H

(s (aq) (aq) 2(g)
Silver nitrate solution when added to aqueous solution of sodium chloride, silver
chloride solid is precipitated.
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The chemical equation for the precipitation reaction is given below.
NaCl ., + AgNO, — AgCl , + NaNO

3(aq) 3(aq)

The substances NaCl, AgNO, and NaNO, amost completely dissociate into
their ions in aqueous solution. As a result the number of Na"(aq) and NO7,,, On both the
reactant and product side equal and the equation is written as :

+ — + _
N + Clg + AG'q + NO

se > AGClg + Na,) + NO;

3 (aq)

and hence, the ionic equation becomes

Ag"(aq) + CI—( 0 AgCl ©

aq)

CHAPTER (1) AT A GLANCE

Symbol : Symbol is a chemical notation to represent the name of an element, one atom of
the element or one mole of the element.

Valency : According to the old concept valency of an element denotes the combining capacity
of its atoms to form compounds.

According to modern concept, valency is related to the number electrons lost, gained
or shared with an atom of an element in order to attain the stable configuration of the nearest
inert gas element.

Variable valency : Certain elements having more than one valency are said to show variable
valencies.

Radical : A radica in the molecule of a compound behaves as a single unit with a cluster
of atoms. Radical possesses electrical charge. A simple radical contains one or
more atoms of the same element.

Cation and Anion : A salt has usually two parts or radicals. The electropositive part or basic
radical is caled the cation. The electronegative part or acid radical is called the
anion.

Formula : The formula of a compound represents the number of atoms of each element
present in one molecule of the compound. The formula of an element denotes the
number of atoms present in one molecule of the element. A formula also represents
a quantity of the compound equal in mass to its molecular mass.

Sructural or Graphic formula : The structural formula or graphic formula of compounds
are written graphically indicating how the atomsin a molecule are linked with each
other.

Chemical equation : A chemical equation states a chemical reaction represented by symbols
and chemical formulae.

Balanced equation : A skeleton equation is balanced by placing numbers called coefficients
before the formulae of the reactants and products mentioned in the reaction. In a
balanced equation the number of atoms of different elements appearing as reactants
are equal to the number of atoms of the same elements present as products.
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(A)

QUESTIONS

Very short answer type (1 mark each)

Write the formulae of the following compounds

1. Sodium phosphate

2. Silver nitrate

3. Aluminium nitride

4. Aluminium phosphate

5. Sulphurous acid

6. Nitrogen trioxide

7. Potassium permanganate
8. Mercurous chloride

9. Sodium bicarbonate

10. Carbonic acid

11. Manganese dioxide

12. Silicon fluoride

13. Sodium thiosulphate
14. Boric acid

15. Antimonous sulphide
16. Mercurous nitrate

17. Nitrogen pentoxide

18. Hydrogen peroxide

19. Manganous sulphate
20. Cuprous chloride

21. Potassium pyroantimonate
22. Nitrous acid

23. Lead dioxide

24. Ammonium dichromate
25. Sodium tetraborate

26. Auric chloride

27. Potassium manganate
28. Phosphoric acid

29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
. Potassium ferricyanide

E &S

46.

47.

48.
49,
50.
51
52.
53.
. Beryllium chloride
55.
56.

+2 CHEMISTRY (VOL.- 1)

Nitrosyl chloride
Sodium zincate
Perchloric acid
Stannous chloride
Potassium chromate
Sodium silicate
Barium peroxide
Chloric acid
Mercuric chloride
Stannic sulphide
Bismuth oxychloride
Calcium carbide
Potassium ferrocyanide

. Ferric ferricyanide
. Diammine silver chloride
. Zinc sulphide

Magnesium nitride

Ferric sulphate

Lead acetate

Sodium meta-aluminate
Chromium sul phate
Potassium cobaltinitrite.
Strontium nitrate

Lead iodide

Lithium oxide.
Magnesium nitride
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(B)
(i)

(i)

(iii)

Short answer type (2 marks each)

Define th
1
Explain t

e following terms
Symbol.

he following terms

1. Variable valency 2. Compound radical

3. Molecular formula 4. Empirical formula

5.

Structural formula.

2. Valency 3. formula 4. Radical

Write down the formulae and chemical names of the following

1.

© 0O N O N W N

N NN NN R B R B R R R PR
A W NP O O 0N 0 M wDNP O

Dry ice
Sand

. Oil of vitriol
. Baking soda
. Caustic soda

. soda lime

Soda ash

. Washing soda
. Common salt

. Table salt

. Chili salt petre

. Nitre cake.

. Salt cake

. Glauber's salt

. Sodamide

. Water glass

. Hypo

. Micro cosmic salt
. Caustic potash

. Nitre

. Potash or pearl ash
. Milk of magnesia
. Epsom salt

. lime or quick lime

25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42.
43.
44,
45,

slaked lime
l[ime water
chalk

marble
Gypsum

Plaster of paris
Bleaching powder
Sal-ammoniac
Smelling salt
Borax
Alumina
Potash alum
Green vitriol
Mohr's salt
Blue vitriol
White vitriol
Lunar caustic
Quick silver
Calomel
Corrosive sublimate
Litharge

46 Red lead

47.
48.

Sugar of lead
White lead.

29
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(iv)

Balance the following equations by Hit and trial method

© © N o g &~ w Ddh PP

N N N N NN N DN P R P R B R R R R
N S 0 R O N P O ©O ® N o0~ ®N PO

N
©

Na+ H,0 —> NaOH + H,
Al + NaOH + H,0 — NaAlO, + H,
S+ NaOH + H,O0 — Na SO, + H,
Na,CO, + HCl — NaCl + CO, + H,0
Na,CO, + CO, + H,0 — NaHCO,
Mg + HNO, — Mg(NO,), + H,

Fe,O, + CO —» FeO + CO,

NH,NO, - N, + H,0

NH,NO, — N,O + H,0

Mg,N, + H,O — Mg(OH), + NH,
NH, + O, - NO + H,O

NH, + Cl, - NH,CI + N,

NH, + Cl, (excess) — NCI, + HCI
CaOCl, + NH, — CaCl, + H,O + N,
Pb(NO,), — PbO + NO, + O,
Hg,(NO,), - Hg + NO, + O,

Na+ NH, — NaNH, + H,

HNO, + H,S — NO, + HO + S
HNO, + HI — NO + I, + H,0
H,S+S0, > HO+S

P, + H,0 + NaOH — NaH,PO, + PH,
FeSO, - Fe,O, + SO, + SO,

CuSO, + PH, — CupP, + H,SO,
KMnO, — K,MnO, + MnO, + O,
NaOH + F, — NaF + H,0 + O,

Cu + HNO, —» Cu(NO,), + H.O + NO
Al + FeO, > AlLO, + Fe

NaCl + H,SO, — Na,SO, + HCl

+2 CHEMISTRY (VOL.- 1)
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ANSWERS
A. 1 NaPoO, 2. AgNO, 3. AIN 4. AIPO,
5. H,S0, 6. N,O, 7. KMnO, 8. Hg,Cl,
9. NaHCO, 10. H,CO, 11. Mno, 12. SiF,
13. Na,S,0, 14. H,BO, 15. Sb,S, 16. Hg,(NO,),
17. N,O, 18. H,0, 19. MnSO, 20. Cu,Cl,
21. K,H,Sb,0, 22. HNO, 23. PhO, 24. (NH,),Cr,0,
25. Na,B,0, 26. AuCl, 27. K,MnO, 28. H,PO,
29. NOCI 30. Na,Zno, 31 HCIO, 32. SnCl,
33. K,Cro, 34. NaSiO, 35. BaO, 36. HCIO,
37. HgCl, 38. SnS, 39. BiOCl 40. CeC,
41. K [Fe(CN)] 42 K [Fe(CN)] 43. Fe[Fe(CN)]  44. Ag(NH,).Cl
45. ZnS 46. Mg,N, 47. Fe(SO)), 48. Pb(CH,COO),
49. NaAlO, 50. Cr(SO),  51KJCo(NO)] 52. St(NO,),
53. Pbl, 54. BeCl, 55. Li,0. 56. Mg,N,

B.(iii) 1 CO,, Carbon dioxide

2 SiO,, Silicon dioxide

3 H,SO,, Sulphuric acid

4. NaHCQO,, Sodium bicarbonate

5. NaOH, Sodium hydroxide

6 NaOH + Ca(OH),, Mixture of soidum hydroxide and calcium hydroxide
7 Na,CO,, Sodium carbonate

8 Na,CO,, Sodium carbonate

0. NaCl, Sodium chloride

10.  NaCl, Sodium chloride

1. NaNO,, Sodium nitrate

12.  NaHSO,, Sodium bisulphate

13. NaSO,, Sodium sulphate

14. NaSO,. 10H,0, Sodium sulphate decahydrate.

15.  NaNH,, Sodamide.

16.  NaSiO,, Sodium silicate

17.  NaS,0,, Sodium thiosulphate

18. Na(NH,)HPO,. 4H,0, Sodium ammonium hydrogen phosphate tetrahydrate.
19. KOH, Potassium hydroxide

20. KNQO,, Potassium nitrate
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B.(iv)

21.
22.
23.
24,
25.
26.
27.
28.
29.
30.
31.
32.
33.

35.
36.
37.
38.
39.
40.
4]1.

o~ w DN PE

58356 R &0
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K,CO,, Potassium carbonate

Mg(OH),, Magnesium hydroxide.

MgSO,. 7H,0, Magnesium sulphate heptahydrate

Ca0, Quick lime

Ca(OH),, Calcium hydroxide suspension

Ca(OH),, Dissolved calcium hydroxide

CaCO,, Calcium carbonate

CaCO,, Calcium carbonate

CaS0,.2H,0, Calcium sulphate dihydrate

2CasO,.H,0 or CaSOA.%HZO, Calcium sulphate half hydrate.
CaOCl,, Calcium chlorohypochlorite.

NH,CI, Ammonium chloride

(NH,),CO,, Ammonium carbonate

NaB,0,.10H,0, Sodium tetraborate decahydrate

AlO,, Aluminium oxide

K,SO,.Al, (SO,),.24H.0, Hydrated potassium auminium sulphate .
FeSO,.7H,O, Ferrous sulphate heptahydrate
FeSO,.(NH,),S0O,.6H,0, Ferrous ammonium sulphate hexahydrate
CuSO,. 5H.,0, Copper sulphate pentahydrate

ZnSO, . 7H.0, Zinc sulphate heptahydrate

AgNO,, Silver nitrate

Hg, Metallic mercury

Hg,Cl, , Mercurous chloride

HgCl,, Mercuric chloride

PO, Lead oxide (yellow)

Pb,O,, Lead oxide(Red)

Pb(CH,COQ),, Lead acetate

2PbCQO,. Pb(OH),, Basic lead carbonate.

2Na + 2H.,O — 2NaOH + H,

2Al + 2NaOH + 2H,0 — 2NaAlO,+ 3H,
Si + 2NaOH + H,O - Na SO, + H,
Na,CO, + 2HCl — 2NaCl + CO, + H,0
Na,CO, + CO, + H,O — 2NaHCO,

D)
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10.
1.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.

Mg + 2HNO, — Mg(NQ,), + H,

Fe,O, + CO — 3FeO + CO,

NH,NO, - N, + 2H,0

NH,NNO, - N,O + 2H,0

Mg.,N, + 6H,0 — 3Mg(OH), + 2NH,
4NH, + 50, - 4NO + 6H.0

8NH, + 3Cl, - 6NH,Cl + N,

NH, + 3Cl (excess) — NCI, + 3HCI
3Ca0Cl, + 2NH, — 3CaCl, + 3H,0 + N,
2Pb(NQ,), — 2P0 + 4NO, + O,
Hg,(NO,), — 2Hg + 2NO, + O,

2Na + 2NH, — 2NaNH, + H,

2HNO, + H,S - 2NO, + 2H,O0 + S
2HNO, + 6HI — 2NO + 3I, + 4H,0
2H.S + SO, - 2H,0 + 3S

P, + 3NaOH + 3H,0 — 3NaH,PO, + PH,
2FeSO, —» Fe,0, + SO, + SO,

3CuSO, + 2PH, — Cu,P, + 3H,SO,
2KMnO, - K.MnO, + MnO, + O,
4NaOH + 2F, — 4NaF + 2H,0 + O,
3Cu + 8HNO, — 3Cu(NO,), + 4H,0 + 2NO
8Al + 3Fe,0, — 4Al0, + 9Fe

aaa
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CHAPTER - 2

BASIC CONCEPTS
ATOMS 8& MOLECULES

21 |LAWSOFCHEMICAL COM BINATIONSl

The laws of chemical combinations helped in the development of the atomic theory and
later the molecular theory. These laws govern chemical reactions.

L aw of conservation of mass

Matter isneither created nor destroyed during any transfor mation of matter. In any
chemical reaction the total mass of the reactantsis equal to the total mass of the products.

This law has been verified by repeated experiments on chemical changes using delicate
bal ancesto measure the weights of reactantsand products. In 1774, scientist Lavoisier formulated
thelaw. Thislaw isalso applicable in case of a physical change.

L andolt’s experiment

Landolt conducted many experiments to verify the law of conservation of mass. One of
the experimentsis discussed below.

In a specially designed H-shaped glass tube (Fig 2.1) aqueous solution of silver nitrate
and sodium chloride were taken as shown. The open ends of the tube were sealed and the tube
was weighed.

AgNO, solution NaCl solution

Fig. 2.1 Landolt’s experiment
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Then the two solutions were thoroughly shaken and mixed. During mixing, the reactants
combine to form white AgCl precipitate and NaNO, solution.

NaCl + AgNO, — AgCl | + NaNO,

Now the tubewasweighed again and it was observed that the weight remained un-changed.
Thus, the mass was found to be the same as before and the law was verified.

Example: 0.22 g of a hydrocarbon containing carbon and hydrogen only, on complete
combustion with oxygen resulted 0.9 gm of water and 0.44 gm of carbon dioxide. Show that
these results are in accordance with the law of conservation of mass (C=12,H=1, O =16)

The molecular mass of carbon dioxide CO, and water H,0 calculated from their respective
formula

Molecular massof CO,=12+32=44
Molecular massof H.O=2+16=18
Now mass of carbonin 0.44 g of CO, = %A’ =0.12g. and

mass of hydrogen in 0.9 g. of H,0 =2 ><1§9 =0.10g.
Hence, the total mass of C and H after combustion
=0.12+0.10=0.22g
Thistotal mass0.22 g of C and H becomes equal to the same mass 0.22g of hydrocarbon
used in the combustion. Thus, the results arein accordance with thelaw of conservation of mass.
L aw of definiteor constant proportions
According to Proust, the law states that :

A given compound always contains the same elements combined in the same
proportions by mass.

When a pure sample of water collected from any sourceis analysed, it is found that one

part by mass of water contai ns% parti.e. 11.1 % hydrogen and % part i.e. 88.9 % oxygen. The
ratio of mass of the two elments hydrogen and oxygen is always 1:8.

Example: 2.75 g of cupric oxide was reduced by hydrogen and the weight of copper so
obtained was 2.20 g. In another experiment 2.36 g of copper was dissolved in nitric acid and the
resulting copper nitrate was converted to cupric oxide which weighed 2.95 g by ignition. Show
that these resultsillustrate the law of definite proportion.

2.20 g of copper was obtained from 2.75 g of cupric oxide. Therfore. theweight of oxygen
that combined with copper was (2.75—2.20 =) 0.55 g.

Hence, 2.20 g of copper combined with 0.55 g of oxygen.

So 1 g of copper combines with % = 0.25 g of oxygen.
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Again the other datareveal that,
2.36 g of copper combines with (2.95—2.36 =) 0.59 g of oxygen

S0 1 g of copper combines with % = 0.25 g of oxygen.

Thusfrom whatever sources cupric oxide may be obtained, g of copper always combines
with 0.25 g of oxygen to form cupric oxide.

Therefore, in the formation of cupric oxide, the ratio of masses of copper to oxygen is
aways4:1.
L aw of multiple proportions

The law was formulated by John Dalton.

Whenever two elements combine to form more than one compound the masses of
the elementsthat combinewith a constant mass of theother element arein aratio of simple
whole numbers.

Hydrogen combines with oxygen to form water and hydrogen peroxide separately.
On analysisitisevident that :

Inwater, 1 part by mass of hydrogen combineswith 8 parts by mass of oxygen. In hydrogen
peroxide 1 part by mass of hydrogen combines with 16 parts by mass of oxygen.

SoinH, O and H,O,, one part by mass of hydrogen combineswith 8 and 16 parts by-mass

of oxygen respectively. It means that the masses of oxygen that combine with constant mass of
hydrogen (in both the compounds) areinaratio8: 16or1: 2.
Example 1

1.5 g of each of two oxides of ametal on reduction resulted 1.331 g and 1.196 g of metal.
Show that the dataillustrate the law of multiple proportions.

Weight of oxygen in two oxidesare
1.59g-1.331g=0.169g and
1.5g- 1.196g = 0.304g
Inthefirst oxide, 1.33 g of metal combines with 0.169g of oxygen.

So Ig of metal combines with % =0.127 g of oxygen.
In the second oxide, 1.196 g of metal combines with 0.304g of oxygen

So Ig of the metal combines with % = 0.253g of oxygen

The mass of oxygen that combineswith afixed or constant mass of the metal (herelg) are
intheratio of 0.127 : 0.253 and that is 1 : 2. Thus the results are in conformity with the law of
multiple proportion.
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Example 2

Two chlorides of a metal contains 34% and 51% chlorine respectively. Show that the
results are in accordance with law of multiple proportions.

Thefirst chloride contains 34% CI
Hence, the metal present in it = 100 - 34 = 66%
Therefore, 66 g of metal combine with 34 g of chlorine.

So, 1 g of metal combines with % =0.515 g of chlorine.
The second chloride contains 51% CI

Hence, the metal present init = 100 - 51 = 49%.
Therefore, 49 g of metal combine with 51 g of chlorine

So, 1 g of metal combines with % = 1.041 g of chlorine. Now the varying masses of

chlorine which combine with fixed mass of the metal arein aratio of 0.515:1.041=1:2

L aw of equivalent or reciprocal proportions

Themassesof two or moredifferent elementswhich separ ately combinewith adefinite
mass of another element areeither the sameasor ssmple multiple of the masses of different
elementswhen they combine amongst themselves.

Let two different elements-A and B separately combine with another element C. According
to thislaw, theratio in which the masses of A and B combine with definite mass of C will be the
same or be asimple multiple of theratio in which A and B combine with each other.

For example, sulphur and oxygen separately combine with hydrogen to form hydrogen
sulphide and water respectively.

In hydrogen sulphide : 2 grams of hydrogen combine with 32 grams of sulphur.

In water : 2 grams of hydrogen combine with 16 grams of oxygen. Thus, the masses of
sulphur and oxygen which combine separately with adefinite mass of hydrogen that is2 grams of
hydrogen bear asimpleratioof 32: 16 or 2: 1.

When sulphur and oxygen combine together to form the compound sulphur dioxide,
according to the law of reciprocal proportions, theratio of their masses should be the samei.e. 2
: 1 or asimple multiple of thisratio. In sulphur dioxide we seethat 32 grams of sulphur combine
with 32 grams of oxygen and the ratio of the masses of sulphur and oxygenisl: 1.

Thusthetwo ratiosthatis2: 1and 1 : 1 are simple multiple of each other being 2:1.
Example 1

Water and sul phur dioxide contain 88.9% and 50% oxygen respectively. Hydrogen sulphide
contains 94.1% sulphur. Show that these figures are in agreement with the law of reciprocal
proportions.
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InH,0, 88.9 % oxygen is present.

Hence, 100 — 88.9 = 11.1 % hydrogen is present.
So, themassratioof H: O =111:88.9=1:8
InH,S, 94.1 % sulphur is present.

Hence, 100 - 94.1 = 5.9 % hydrogen is present.
So, themassratioof H: S=59:94.1=1:16

Now the mass ratio of sulphur and oxygen in H,S and H,0 when combining with fixed
mass of hydrogen becomes16: 8i.e. 2:1.

Now, SO, contains 50% oxygen.

Hence, 100 - 50 = 50% sul phur is present. Sothemassratioof S: O=50:50=1:1Thus,
the above two ratiosthat is2: 1 and 1 : 1 are simple multiple of each other being 2: 1

Hence, the data are in agreement with law of reciprocal proportions.
Example 2

Carbon dioxide contains 27.3% of carbon. Carbon disul phide contains 15.8% of carbon
and sulphur dioxide contain 50% of sulphur. Show that theseresultsillustrate the law of reciprocal
proportions.

In CO,, 27.3% carbon is present.

Hence, 100 - 27.3 = 72.7% oxygen is present.

So, themassratioof C: 0=27.3:72.7=1:2.66
In CS,, 15.8% carbon is present.

Hence, 100 - 15.8 = 84.2% sulphur is present.

S0, themassratioof C: S=15.8:84.2=1:5.33.

Now, the mass ratio of sulphur and oxygen in CS, and CO, when combining with fixed
mass of carbon becomes5.33:2.66=2:1

Now, SO,, contains 50% sul phur

Hence, 100 - 50 = 50% oxygen is present.

Sothemassratioof S: O=50:50=1:1

Thus, theaboveratiosthatis2: 1and 1: 1 are smple multiple of each other being2: 1 ::
1:1=21

Hence, the resultsillustrate the law of reciprocal proportions.

L aw of gaseousvolumes

Gases react with one another in simple ratio by volume and if the product of the reaction
isgaseousthen the volume of the product a so bearsasimpleratio to the volumes of the combining
gasesunder similar conditions of temperature and pressure. Gay-L ussac, aFrench scientist stated
the law of gaseous volume.
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Gay-L ussac’slaw of combining volumes

When gases combine they do so in simpleratio by volume to each other and to the
gaseous products, all the volumes being measured at the same temperature and pressure.

In the synthesis of ammonia 1 volume of nitrogen combines with 3 volumes of hydrogen
to form 2 volumes of ammonia. Thus, the” volumeratio is nitrogen : hydrogen : anmonia:: 1:
3:2.

2.2 |DALTON SATOMIC THEORY |

According to Greek philosophers matter can be divided again and again till the smallest
possible piece of matter, i. e. atom, is reached, The word ‘atom’ in Greek means (a - tomos) for
not cut. In the begining of 19th century, the English chemist John Dalton put forth the atomic
theory of matter (1808). Thistheory was based on thefirst four laws of chemical combinationsas
aready described. Dalton’s theory, deals with the microscopic nature of matter.

Postulates

(1) Matteriscomposed of tiny particlescalled atoms. Atomsareindestructiblei.e. they can
neither be created nor destroyed by any chemical reaction. Atoms cannot be further
divided during a chemical reaction. Chemical reactions can only involve rearrangement
of atoms leaving the total mass unchanged.

(Ddton named the smallest part of an element as simple atom and that of a
compound as compound atom. However, atom isthe smallest particle of an element and
molecule, that of a compound. Thus, an element consists of only one kind of atoms.)

(2) Element iscomposed of one kind of atoms. Atoms of the same element are all alikein
shape, size etc. and differ from atoms of another element.

(3) Atom of an element possessesa definite mass. Atoms of different el ementsare different
in mass and exhibit different properties.

(Theatomic massof carbon and oxygen have atomic masses 12 and 16 respectively.
Further, these two elements are entirely different in their properties.)

(49  Whentwo or more different elements chemically combine, they do so by combination of
atoms to form molecule.

(Theword molecule has been used by replacing “ compound atom” as suggested
by Dalton) The combination of atoms of different elementsto form moleculesoccurs
in simpleratios.

(5) The combining ratio of the masses of the elements represents the combining ratio of the
masses of the atoms.

Atoms can not be considered indestructible.

In subsequent chapters while studying Atomic structure and Nuclear reactions, it will be
shown that atom is further composed of still more microscopic particles. Again it will be shown
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in the study of isotopesthat it is possible to distinguish atoms of the same element. Isotopesare
atoms of the same element having different masses.

23 | DALTON'SATOMIC THEORY AND THE LAWSOF CHEMICAL
COMBINATIONS

L aw of conservation of mass

Since atoms are indestructible that is they cannot be created or destroyed in a chemical
reaction, all theatoms present in the reactants must be present at the end of the chemica reaction.
Thus chemical reactionsareonly dueto rearrangement of atoms. Again atom of an element
having fixed mass, the total mass of the reactants must be equal to the total mass of the products.

Law of definite proportions

According to the atomic theory atoms of different elements combine to form molecules.
Molecules are the smallest particles of compounds. Let atoms of element A combine with atoms
of element B to form molecules of the compound AB.

Thisispossible if equal number of atoms of element A and B combine. This shows that
the compound AB always has adiffinite composition of element A and Bii.e. theratioin thiscase
is1:1. Againin compoundsof elementsA and B the molecules may be of thetypeA_B,AB,,AB,,
etc. Sincethe combination of indivisible atoms must occur in whole numberstheratio of elements
of A and B in the above compoundsare2:1,1:2,1: 3etc.

S v
Fig 2.2 Combination of atomsto form molecules

Since atom of an element has a fixed mass the constant composition of elementsin a
compound leads to a definite ratio of masses of the elements in a compound.

L aw of multiple proportions

When the elements A and B combine to form acompound AB, the combining ratio of the
atomsA and B is1: 1. Inthe compound AB,, similarly, the combining atomicratiois1:2.Ina
molecule of the compound AB, there are present 1 atom of A and 2 atoms of B. Since atom of an
element hasfixed mass, the mass B that combineswith acertain mass of A in the compoundsAB
and AB, should beintheratio 1:2.
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SOLVED PROBLEMS
Problem 1

Different samples of sodium chloride obtained from sea, |ake and rock gave the following
results.

a.  SampleA : 5.85g of NaCl gave 3.54g of chlorine
b. SampleB : 2.92g of NaCl gave 1.77g of chlorine
c. SampleC: 1.95g of NaCl gave 1.18g of chlorine
Show that the results agree with law of definite proportions

Solution  SampleA : 5.85g of NaCl contain 3.54g of CI
So, % of chlorine= % x 100 = 60.51
Hence, % of Na= 100 - 60.51 = 39.49
SampleB : 2.92g of NaCl contain 1.77g of Cl
So, % of chlorine = % x 100 = 60.61
Hence, % of Na= 100 — 60.61 = 39.39

Sample C : 1.95g of NaCl contain 1.18g of CI

So, % of Cl = 1;2 x 100 = 60.51 Hence, % of Na= 100 - 60.51 = 39.49

From the above resultsit isfound that the percentage of Naand CI are nearly constant in
al the three samples. Therefore, the results agree with the law of definite proportion.
Problem 2

Three oxides of manganese contain respectively 30.4%, 36.8% and 40% of oxygen. Show
that these resultsillustrate the law of multiple proportions.

Solution
In thefirst compound, 30.4g of oxygen combine with
100 — 30.4 = 69.6g of manganese

So, |g of oxygen combines with % = 2.29g of manganese.
In the second compound, 36.8 g of oxygen combines with

100 — 36.8 = 63.2g of manganese

So, 1g of oxygen combines with % = 1.72g of manganese
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In thethird compound, 46.69 of oxygen combines with
100 — 46.6 = 53.4 g of manganese.

So, |g of oxygen combineswith % = 1.15g of manganese

Thus, in the three compounds g of oxygen that combineswith 2.29g, 1.72g and 1.15g of
manganeseis2:15: 1landthatis4: 3: 2. Thisisaratio of ssmple whole numbers. Thus, the
results arein conformilty with the law of multiple proportion.

Problem 3

Water contains 11.11% hydrogen, ammoniacontai ns 82.35% nitrogen and nitrogen trioxide
contains 63.15% oxygen. Show that these results can be explained with the help of the law of
reciprocal proportions.

Solution
In H,0, 11.11% hydrogen is present
Hence, 100 — 11.11 = 88.89% oxygen is present
Thusthemassratioof H: O=11.11:88.89=1:8
In NH,, 82.35% of nitrogen is present
Hence, 100 - 82.35 = 17.65% hydrogen present.
Thusthemassratioof H: N =17.65:82.35=1:4.67

In the two compounds H,0 and NH, the weight of nitrogen and oxygen that combine with
same wt. that is 1 part by wt. of hydrogen, are in the ratio of

467:8=1:171

In nitrogen trioxide, 63.15% oxygen is present

Hence, 100 - 63.15 = 36.85% nitrogen is present.

Thus, the massratioof N: 0=36.85:63.15=1:1.71

In both of the above cases the massratio of N : O becomesthe samei.e

1:1.71 whichillustrates the validity of the law of reciprocal proportions.
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CHAPTER (2.1- 2.3) AT AGLANCE

Law of conservations of mass

Matter isneither created nor destroyed during any transformation of matter. In any chemical
reaction the total mass of the reactantsis equal to the total mass of the products.

L aw of definite proporationsor constant proportions

A given compound always contains the same elements combined in the same proportion
by mass.

L aw of multiple proportions

Whenever two elements combine to form more than one compound, the masses of the
elements that combine with a constant mass of the other element arein aratio of simple whole
numbers.

L aw of equivalent or reciprocal proportions

The masses of two or more different elements which separately combine with a definite
mass of another element are either the same as or simple multiple of the masses of different
elements when they combine amongst themsel ves.

Gay-L ussac’s law of combining volumes

When gases combine, they do soin simpleratio by volumeto each other and to the gaseous
products, al the volumes being measured at the same temperature and pressure.

QUESTIONS

A. Very short answer type (1 mark each)

Satetrueor false

Atoms can be divided.

Copper oxideis formed from metallic copper with anet increase in mass.

Mass and energy are interconvertible.

The law of reciprocal proportionsisalso called law of equivalent proportions.

Law of conservation of mass was formulated by Lavoisier.

Atoms of one element can be changed into another element.

Gay-Lussac’slaw of combining volumesis applicableto theformation of SOy from sulphur.
Matter is destructible.

Atoms of different elements are different in all respects.

Atoms of the same element are similar in all respects.

The law of definite proportionsisalso called the law of constant proportions.

The law of reciprocal proportions was enunciated by Richter.

John Dalton formulated the law of multiple proportions.

Atoms of different elements always combine in ssimple ratio to form their compounds.
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Proust formulated the law of definite proportions.
Accordingtothelaw of definite proportions, achemical compound obtained from different
sources has different composition.

B. Short answer type (2 markseach)

O uusdwbdeE

State the law of multiple proportions. [CHSE 1991, 1994,2001 IR]
State the law of reciprocal proportions [CHSE 1997]

Define law of conservation of mass

State the Gay-Lussac’s law of combining volumes.

State the law of definite proportions.

L ong answer type (10 markseach) (Statement with explanation 7 marks, Problem 3
marks)

Statethe postulatesof Dalton’satomic theory. How thistheory explainsthelawsof chemical
combinations ?

State the law of reciprocal proportions.

Water and sul phur dioxide contain 88.9% and 50% oxygen respectively. Hydrogen sulphide
contains 94.1% sul phur. Show that these figuresare in agreement with the law-of reciprocal
proportions.

State and explain the law of multiple proportions.

1.5 gramsof each of thetwo oxides of an element on reduction produced 1.331 gramsand
1.196 grams of the elementsrespectively. Show that the results are in agreement with the
law of multiple proportions.

State and explain the law of conservation of mass.

6.3 grams of sodium bicrabonate are added to 15.0 grams of acetic acid solution and the
residueisfound to weigh 18.0 grams. What mass of carbon dioxideisreleased during the
reaction ?

[Hints: NaHCO, + CH,COOH — CH,COONa+ H,0 + CO,. In the reaction mass of the
residue = mass of CH,COONa+ mass of H,0]

State and explain the law of definite proportions.

0.09g of carbon burnsin oxygen to give 0.33g of carbon dioxide. Carbon dioxideis also
obtained by burnig 0.225g of carbonin 0.6g of oxygen. Show that the above dataillustrate
the law of constant proportions.

State Gay-L ussac’s|aw of gaseous volumes and give two examples of the reactionswhich
illustrate the law.

D.NUMERICAL PROBLEMS

1.

How much silver nitrate would be required to react with 1. 16gms of sodium chloride to
produce 1.70 gmsof sodium nitrateand 2.87 gmsof silver chloride ?Which law of chemical
combinations holds good in this case ? [Hint : mass of AgNO, + mass of NaCl = mass of
AgCl + mass of NaNQ,]

Weight of copper oxide obtained by treating 2.16g of metallic copper with nitric acid and
subsequent ignition was 2.7g. In another experiment, 1.15g of copper oxide on reduction
produced 0.92g of copper. Show that theseresultsillustate the law of constant proportions.
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3.

In an experiment 0.6g of carbon when heated with excess of oxygen produced 1.12 litres
of carbon monoxide at NTP. In another experiment 2.24 litres of carbon dioxide upon
reduction with 1.2g of carbon produced 4.48 litres of carbon monoxide at NTP. Show that
the resultsillustate the law of definite proportions.

[Hint: 2C+ O,=2CO
=2x224litresof CO=2x28=56g.
CO,+C=2CO
The calculation will be based on the concepts of mole and molar volumewhichis
dicussed in chapter-6]

Carbon and oxygen are known to form two compounds. The carbon content in one of
these is 42.9% while in the other is 27.3%. Show that the data are in agreement with the
law of multiple proportions.

Three oxides of ametal M arefound to contain 24.26, 29.95 and 49.95 percent of oxygen.
Show that these results are in agreement with law of multiple proportions.

Phosphorus chloride contains 22.57% phosphorus, phophine contains 8.82% hydrogen
and hydrogen chloride contains 97.23% chlorine. Show that these figures agree with the
law of reciprocal proportions.

K1 contains 23.6% potassium. KC1 contains 52% potassium. IC1 contains 77.8% iodine.
Show that these data are in agreement with law of reciprocal proportions.

ANSWERS

1. Fase2. True. 3. True 4. Trueb. True 6. True 7. False 8. False 9. False 10. False 11. True
12.'True 13. True 14. False 15. True 16. False.

Reference : Example 1 of law of reciprocal proportions.

Reference : Example 1 of the law of multiple proportions.
3.30.

C:Omassratiol: 2.67.

3.4lg, Thelaw of conservation of mass.

C =80% 0=20%

In both the experiments C : O ratio = 3:4.

A 0w DD PO~ LODN

The weights oxygen combining with fixed weight of carbon are in asimple whole
number ratio of 1 : 2.

5. Theratio of weightsof the metal M that combineswith one part by weight of oxygen
is3:2:1.

6. Theratio weights of Cl and H which combine with fixed weight of phosphoais is
35.5: 1 and theratio weightsof Cl and H in HC1lisalso 35.5: 1.

7. Theratioweightsof | : ClI which combine with fixed weight of K is3.52: 1, where
astheratio weightsof | : Cl is3.50 : 1. Both the values of | : CI ratio- weights are
within the limits of experimental error.
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2.4 |ATOMIC MASS]|

It is analysed that water contains 88.9% mass of oxygen and 11.1% mass of hydrogen.
Thus the mass of hydrogen and oxygen is about 1 : 8. The molecular formula of water is H,O.
It is evident that there are 2 atoms of hydrogen and one atom of oxygen in a molecule of
water. It leads to the fact that 1 atom of oxygen is 16 times as heavy as that of 1 atom of
hydrogen. Since hydrogen is the lightest element, if the mass of a hydrogen atom is regarded
as 1 then the mass of oxygen atom is found more correctly as 15.88. Considering the mass of
hydrogen atom as the reference, the relative atomic masses of other elements may be
expressed as mentioned below.

The atomic mass or the relative atomic mass of an element is a number which expresses
how many times the mass of one atom of the element is heavier than the mass of one atom
of hydrogen.

Mass of 1 atom of the element
Mass of 1 atom of hydrogen.

Atomic mass of an element =

The atomic mass of nitrogen is 14. This means that one atom of nitrogen is 14 times
heavier than one atom of hydrogen.

If, however, an oxygen atom was chosen as the reference and assigned the value 16.000,
then the atomic masses of majority of elements become whole numbers or near whole
numbers.

Thus, oxygen was taken as the accepted standard.

The atomic mass or relative atomic mass of an element is the ratio of the mass of an
atom to T16th of the mass of oxygen atom. These masses are expressed in atomic mass units
(amu). The atomic mass of hydrogen is 1.008 amu in this scale.

It has been stated earlier that isotopes of an element are atoms of the same element
having different masses. Natural oxygen is known to consist of three isotopes of masses, 16,
17 and 18. Hence chemical atomic mass scale based upon the mass of natural oxygen as 16
is of less validity from the standpoint of determining isotopic masses accurately. Thus, a
physical atomic scale based upon the oxygen —16(**0O) was devised.

The physical atomic mass of an element is the ratio of the mass of one atom of the
element to 1% of the mass of one atom of €O.

On this scale the atomic mass of natural oxygen is 16.0043 amu.

The atomic masses of most elements are very accurately determined in a mass spectrometer
by using volatile compounds of carbon as reference. Thus the mass of carbon —12 isotope (*2C)
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was accepted as the standard by IUPAC (International Union of Pure and Applied Chemistry)
in 1961. The physical atomic mass scale based on *°C as a reference is expressed as

Mass of 1 atom of the e ement

1 12
12th of the mass of “C.

Carbon has two other isotopes of masses 13 and 14. Thus the present scale is based on
2C equal to 12. This scale is used for both chemical atomic masses and isotopic masses.

The atomic mass or the relative atomic mass of an element is a number which
expresses how many times the mass of one atom of the element is heavier than 1—12th
of the mass of carbon —12 (*2C).

Atomic mass of an element = Massof 1 atom of the element

1 12
12th of themass of “C.

Relative atomic mass is expressed in the unit (a.m.u), atomic mass unit.
Gram atomic mass

The gram atomic mass or the gram - atom of an element isits relative atomic mass
expressed in grams.

For example, the relative atomic mass of helium is 4.003. Hence its gram - atomic mass
is 4.003g. 1 g - atom of helium represents 4.003 g of helium.

Table 2.1 Relative atomic masses of elements based upon carbon —12, 2C = 12.000 amu.

Element  Relative atomic mass (amu) Element Relative atomic mass (amu)
Hydrogen 1.007967 Magnesium 24.312
Helium 4.003 Aluminium 26.98
Lithium 6.939 Silicon 28.086
Beryllium 9.102 Phosphorus 30.974
Boron 10.81 Sul phur 32.064
Carbon 12.01115 Chlorine 35.453
Nitrogen 14.007 Argon 39.948
Oxygen 15.99943 Potassium 39.102
Fluorine 19.00 Calcium 40.08
Neon 20.183 Scandium 44.956

Sodium 22.9898 Titanium 47.90
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Element Relative atomic mass (amu) Element Relative atomic mass (amu)
Vanadium 50.942 Gadolinium 157.25
Chromium 52.00 Terbium 158.924
Manganese 54.94 Dysprosium 162.50
Iron 55.85 Holmium 164.93
Cobalt 58.933 Erbium 167.26
Nickel 58.71 Thulium 168.934
Copper 63.54 Y tterbium 173.04
Zinc 65.37 Lutetium 174.97
Gallium 69.72 Hafnium 178.49
Germanium 72.59 Tantalum 180.948
Arsenic 74.92 Tungsten 183.85
Selenium 78.96 Rhenium 186.23
Bromine 79.909 Osmium 190.20
Krypton 83.80 Iridium 192.20
Rubidium 85.47 Platinum 195.09
SU‘OII"Iti um 87.62 Gold 196.97
Y.ttrl Um 88.905 M ercury 200.59
Zirconium 91.22 Thallium 204.37
Niobium 92.91 Lead 207.19
Molybdenum 95.94 Bismuth 208.98
;&E”GF' um ig{ o Polonium 210t

uthenium : Astatine 210t
Rhodium 102.905
) Radon 222t
Paladium 106.4 )
) Francium 223t
Silver 107.87 )
. Radium 226t
Cadmium 112.40 .

i Actinium 227
Indium 114.82 Thori 239 038
Tin 118.69 N orum .
Antimony 121.75 rotactinium T
Tellurium 127.60 Uranium 238.03
lodine 126.90 Neptunium 2311
Xenon 131.30 Plutonium 242T
Caesium 132,91 Americium 2437
Barium 137.34 Curium 241t
Lanthanum 13891 Berkelium 2491
Cerium 140.12 Cdlifornium 251t
Praseodymium 140.907 Einsteinium 2541
Neodymium 144.24 Fermium 253t
Promethium 1471 Mendelevium 2567
Samarium 150.35 Nobelium 2541
Europium 151.96 Lawrencium 2577

T symbol indicates the mass number of the longest lived or best known isotope.



ATOMS& MOLECULES 49

Absolute mass of an atom
The atom is so small that its exact weight cannot be measured accurately. The absolute
mass of an atom is the mass of one atom in gram.

Atomic massin gram
Avogadro number, (6.023 x 10%).

Absolute mass of an atom in gram =

Table 2.2 Atomic mass and absolute atomic mass of atoms of some elements

Element Atomic mass (amu) Absolute mass of an atom (gm)
H 1.008 SomragE = L67x 10%
C 12 Wing =199 x 102
N 14 W =232x 102
o 16 o 1gE = 266 107

Atomic mass, isotopes and isobars

F. W. Aston, an English physicist determined the relative mass of atoms in the mass
spectrograph. It isfound that some naturally occuring elements contain atoms that are chemically
identical but have different masses.

Atoms of the same element having different masses are called isotopes.

In case of existing isotopes of an atom, it is significant to find the average atomic
mass of the atom.

Chlorine has two isotopes of atomic mass 35 and 37 occuring in theratio 3 : 1. Therefore,
the average mass of chlorine is

(3x35) +(1x37)
3+1

Atoms of different elements having the same atomic mass are called isobars.

=355

Argon has one isotope having atomic mass 40 and one of the isotopes of potassium has
atomic mass 40. These two atoms of different elements argon and potassium are called isobars.

25 |DETERMINATION OF RELATIVE ATOMIC MASS BY DULONG AND
PETIT'SMETHOD

The French Scientists Dulong and Petit studied the relationship between specific heat
and atomic mass of elements.

Dulong and Petit's law states that the product of the relative atomic mass of an
element and its specific heat is approximately equal to 6.4 for all solid elements at
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ordinary temperature (except carbon silicon, boron & beryllium). This product is called the
atomic heat.

Mathematically, it can be stated :
Relative atomic mass x Specific heat = 6.4

The specific heat is usually expressed in calorie per degree per gram of the element. If
however, the specific heat is expressed in joule, then

relative atomic mass x specific heat ~ 26.8.

Dulong and Petit's law can be applied to determine the approximate relative atomic
mass of an element. In order to find out the correct relative atomic mass of an element, the
following steps are adoptd.

(1) The approximate relative atomic mass of the element is calculated from the known
specific heat of the element with the help of Dulong and Petit's law.

Approximate relative atomic mass = Speci?%

(2) The equivalent mass of the element is determined from the experiment.

(3 The approximate relative atomic mass is divided by the equivalent mass to get an
approximate valency.
Relative atomic mass (approx) = Equivalent mass x Valency (approx)

Relative atomic mass (approx)
Equivalent mass

or Vaency (approx) =

(4) The approximate valency is converted to the nearest whole number.

(5 The correct relative atomic mass of the element is cal culated from the product of equivalent
mass and the valency (whole number)

Relative atomic mass = Equivalent mass x Valency
NUMERICAL PROBLEMS

Example 1 The equivalent mass of a metal is 32.2. Its specific heat is 0.095. Determine the
relative atomic mass of the metal.

Solution  The approximate relative atomic mass of the metal

_ 64 _
~ 0.095 67.4

674 _
322 =21

When converted to nearest whole number becomes 2.

The approximate valency of the metal is

Hence the relative atomic mass of the metal = Eg.mass x Valency =
322x2=644
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Example 2 The equivalent mass and specific heat of a metal is 9.0 and 0.214 respectively.
Calculate
the atomic mass of the metal.

6.4

Solution  The approximate atomic mass of the metal. = o1 =299
The approximate valency of the metal = Atggm?;éh;amga
— 299 _
=5y =332

When converted to the nearest whole number becomes 3.
Hence, the atomic mass of the metal = Eg.mass x Vaency = 9.0 x 3 = 27
Determination of atomic masses from physical measurement

The atomic masses of elements are determined and the existence of isotopes is proved
by experiments performed in a Mass Spectrograph.

In 1919 the instrument mass spectrograph was devised by scientists Thomson and Aston
who studied the deflection of positive ions by simultaneously applying e ectric and magnetic
fields.

In this method, atoms of gaseous elements are converted into ions in a discharge tube.
The positive rays thus formed are passed through two dlits S S, and then subjected to the
influence of electric (E,E,) and magnetic fields M (Fig 2.3)

“ Photographic plate, P
S E, Electric \(
S 2 &, field + 5
e - _J.. - — - y ,f;;
Positive ” E ‘ s
rays 2 e -==""_»1 Magnetic
Al S f ------- field, M

Fig.2.3 Mass spectrograph.

The narrow beam of positive ions with different masses deflect into different extents,
lons of heavier mass suffer less deflection. The impressions of the deflections are recorded on
a photographic plate, P.

Thomson produced positive ions by taking neon gas in a discharge tube and analysed it
in the mass spectrogram. Thomson found a very faint trace due to singly charged neon of
atomic mass 22 along with parabolic trace due to singly charged neon of atomic mass 20. He
concluded that neon has two isotopes of atomic masses 20 and 22.
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18 20 22 24 26 28 30 32 34 36 38

Fig 2.4 Spectrogram

From the position of the lines, the relative masses of the positive ions are calculated
(Fig..2.4). Severa lines may be recorded for the elements consisting of isotopes.

An element recording lines at mass numbrs A, and A, and thickness of lines remaining
in the ratio of n, and n, the atomic mass becomes.

nA; + nA,
n, +n,

CHAPTER (2.4) AT A GLANCE

The atomic mass or the relative atomic mass of an element

The atomic mass or the relative atomic mass of an element is a number which expresses
how many times the mass of one atom of the element is higher than le th of the mass of
carbon —12(*C).

Atomic mass unit (a.m.u.)
The relative atomic mass is expressed with the unit am.u, that is atomic mass unit.
The gram atomic mass or the gram-atom

The gram atomic mass or the gram-atom of an element is its relative atomic mass
expressed in grams.

Absolute mass of an atom

The absolute mass of an atom is the mass of one atom in grams.

Atomic mass in gram
Avogadro number (6.023 x 10%).

Absolute mass of an atom in grams =

| sotopes are atoms of the same element having different masses.
Aver age atomic mass

It can be calculated by taking into account of the number of isotopes of an atom and the
isotopic occurrence of its mass ratio.



ATOMS& MOLECULES 53

Relationship among atomic mass, equivalent mass and valency of an element
Atomic mass = Equivalent mass x Valency
Dulong and Petit's law

Dulong and Petit's law states that the relative atomic mass of an element and its
specific heat is approximately equal to 6.4 (atomic heat) for all elements at ordincry temperature
(except Be, B, C, Si)

Relative atomic mass x Specific heat I1 6.4 (Atomic heat) (approx)
Mass Spectrograph
The atomic masses of elements can be determined in a mass spectrograph.
Solved Problems
Problem 1

0.875 g of ametal produced 1.095 g of its oxide. The specific heat of the metal is 0.09.
Determine the exact atomic mass of the metal.

Solution :

The mass of oxygen that combined with 0.875 g of metal = 1.095 — 0.875 = 0.22 g
Hence 0.22 g of oxygen combined with 0.875 g of metal

or 8 g of oxygen combines with % x 8 = 31.82, which is the equivalent mass of
the metal.
Now the approximate atomic mass of the metal = % =711

The approximate valency of the metal = % =223

When converted to the nearest whole number becomes 2.

Hence, the atomic mass of the metal = Eq.mass x Vaency = 31.82 x 2 = 63.64
Problem 2

The specific heat of ametal M is0.25 and its equivalent massis 12. What isits correct
atomic mass ? Mention the formula of its chloride.
Solution : The approximate atomic mass of the metal = % = 25.6

The approximate valency of the metal = % = 2.13 and therefore the nearest whole

number valency becomes 2. Hence the correct atomic mass of the metal = .12 x 2 = 24.
Since the valency of the metal is 2, the formula of its chloride becomes MCL,,.
Problem 3

Specific heat of an element is 0.057. Its equivalent mass is 37.8. What is its exact
atomic mass ? (CHSE 1994 A)
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Solution : The approximate atomic mass of the metal = % =112.28

Approx. atomic mass of element 11228

The approximate valency of the metal =

Eqg.mass of the lement - 378
= 2.97 and converted to the nearest whole number valency 3.
Now the exact atomic mass of the element = Equivalent mass x Valency

=378x 3=1134
Problem 4

The chloride of ametal M contains 23.2% of metal. Its specific heat is 0.224. What
is the accurate atomic mass of the metal ? (CHSE 1992)

Solution : In 100g of metal chloride the mass of metal = 23.2 g
So, the mass of chlorine = 100 — 23.2 = 76.8 g
76.8g of chlorine combines with 23.2 g of the metal

Hence, equivalent mass of the metal = 232x3545 — 1071

76.8
Specific heat of the metal = 0.224
The approximate atomic mass of the metal = % = 28.57
The approximate valency = % = 2.67

and making the valency a whole number it becomes 3.

Now the accurate atomic mass of the metal = Eg.mass x Valency = 10.71 x 3
= 32.13

QUESTIONS

A. Very short answer type (1 mark each)

1.  Atomic mass of which element is taken as standard when defining the relative atomic
mass of other elements.

2. Define isotopes.

3. What value has the relative atomic mass of oxygen ?

4,  What is the mass of 1 atom of carbon ?

5.  The equivalent mass of atrivalent metal is 9. What will its relative atomic mass ?

6. What is the value of atomic heat ?

7.  What is the unit of specific heat ?

8.  Does the specific heat change with temperature ?

9. Mention the relationship among atomic mass, molecular mass and atomicity.
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10.
1.

©o 0w DdEFE D

How many atoms are present in 1 gram atom of the element ?
State Dulong and Petit's law (CHSE 2001 ER)

Short answer type (2 marks each)

An oxide of a bivalent metal contains 40% oxygen. Calculate its atomic man.

What is the difference between relative atomic mass and gram atomic mass ?

What is the mass of 3 atoms of nitrogen ?

What is the relationship among equivalent mass, atomic mass and vaency ?

Explain atomic mass unit.

The specific heat of an element is 0.214 ca/gm. What is its approximate atomic
weight ?

Explain average atomic mass.

Differntiate between atomic mass and absolute mass of an atom.

"Equivalent mass of an element may vary" — Explain with example.

State Dulong and Petit's law. How can it be used to calculate the exact atomic mass of
a solid element.

Long answer type (7 marks each)
State and explain Dulong and Petit's law. Define atomic mass.

Specific heat of an element is 0.057. Its equivalent massis 37.8. What isits exact atomic
mass ?

State Dulong Petit's law. Describe how the atomic mass of an element is determined by
the use of the law. A certain metal oxide contains 60% of oxygen. The specific heat of
the metal is 0.401. Calculate the exact atomic mass, equivalent mass and valency of the
metal.

State and explain Dulong and Petit's law. The choloride of a metal ‘M’ contains 23.2%
of metal. Its specific heat is 0.224. What is the accurate atomic mass of the metal ?

Numerical Problems

A certain metal forms an oxide containing 60% of oxygen. The specific heat of the metal
is 0.401. Calculate the valency of the metal.

0.1g of a metal M, when dissolved in dil HCI evolved 124.2 ml of hydrogen at NTP.
The specific heat of the metal is 0.214. Calculate the atomic mass of the metal. What
are the formulae of the oxide and chloride of the metal ?

An element forms an oxide containing 47% oxygen. The specific heat of the element is

0.22. Cdlculate the relative atomic mass of the e ement.
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4. 0.108g of ametal when treated with excess of dilute H,SO, liberated 40.2 ml of hydrogen
gas at 17°C and 770 mm pressure. Aqueous tension at 17°C is 14.4 mm pressure. The
specific heat of the metal is 0.095. Determine the relative atomic mass of the metal.

5.  The chloride of a metal contains 79.8% of chlorine. The specific heat of the metal is
0.224. Calculate the correct relative atomic mass of the metal.

ANSWER

A. 1. Carbon, 2C. 3.16 amu 4. 1.99 x 10%g 5. 27 6. 6.4 approx.
7. ca/gm/°C. 8. Yes. 9. Molecular mass = At.mass x Atomicity
10. 6.023 x 10*® atoms.

B. 3. 6.96 x 10%g 4. Atomic mass = Equivalent mass x Valency 6. 29.9
1. 113.4 (Ref : solved problem no 3. in this Chapter)

D. 1.3 2 Atmass=27M,0, and MCl, 3. 27.06 4. 644 5. 26.94

26 [MOLECULAR MASS :|

The molecular mass or the relative molecular mass of an element or a
compound is expressed as the mass of one molecule of the element or compound
as compared to le th of the mass of one atom of carbon -12 (**C = 12.000) in the physical
atomic mass unit scale.

The relative molecular mass of an element or compound

— Massof 1 molecule of the element or compound

1 12
17 th of the mass of ““C.

The gram-molecular mass or the gram-mole or the molar mass of a substance is
its relative molecular mass expressed in grams.

For example, the relative molecular mass of oxygen is 32.

So, 1 gram-molecule of oxygen represents 32 g.
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The relative molecular mass of a compound is the sum of the relative atomic
masses of all constituent elements.

Based on the carbon—12 standard in the physical atomic mass scale, the mass of oxygen
atom is 15.99943 ~ 16.

The relative molecular mass of oxygen (O,) is2 x 16 = 32 amu.
Thus, one gram-molecule of oxygen represents 32 g.

The relative molecular masses of some compounds have already been calculated in
Chapter — 1 of this book.

Table 2.3 Relative molecular masses and gram molecular masses of some elements and
compounds.

Molecule/ Formula | Relative molecular | Gram molecularq No.of molecules)
compound mass mass

Hydrogen H, 2 amu 29 6.023 x 10%
Nitrogen N, 28 am.u 28 g 6.023 x 10%
Chlorine Cl, 71 amu 719 6.023 x 10%
Water H.,O 18 am.u 18 g 6.023 x 10%
Carbon dioxide CO, 44 am.u 44 g 6.023 x 107
Hydrogen peroxide [ H,0, 34 am.u 349 6.023 x 10%
Sodium hydroxide | NaOH 40 am.u 40 g 6.023 x 10%

Determination of Relative molecular mass
Various methods are used to determine the relative molecular masses.

DETERMINATION OF RELATIVE MOLECULAR MASS OF VOLATILE LIQUIDS
BY VICTOR MEYER'S METHOD.

A known weight of avolatile liquid is vapourised which displaces an equal volume of
air. From this volume of collected air and weight of liquid, the vapour density and then the
relative molecular mass of the liquid is calculated.

Victor Meyer's apparatus consists of along cylindrical glass vessel having a bulb at
the bottom , a side tube and a funnel fitted with a cork at the top.
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Displaced air

/

Victor Meyer's tube
Graduated tube

Outer jacket tube (copper)
Hofmann's bottle

Liquid of higher
boiling point

Fig: 25 Victor Meyer's apparatus

In the bulb at the bottom small amount of asbestos is placed so that the bottom of the
cylindrical glass vessdl does not crack when the Hofmanns' bottle is dropped. This cylindrical
glass vessdl is kept inside an outer jacket-tube made of copper ending in a bulb at the lower
end. The glass vessdl is kept in position by a cork fitted to the outer jacket tube. A bent tube
isalso fitted to the cork for the exit of the vapours of boiling liquid in the outer jacket. A liquid
whose boiling point is about 25-30°C higher than the boiling point of the volatile liquid
(whose relative molecular mass is to be determined) is taken in the outer jacket-tube. For the
determination of relative molecular mass of low boiling liquid, usually water is taken in the
outer jacket-tube. The top of the funnel of the cylindrical glass vessel is closed with a cork.

To start with the experiment the liquid in the outer jacket-tube is heated to boiling.
Now the side tube of the cylindrical glass vessel is dipped under water in a trough. When no
more bubles appear, the apparatus has attained a steady temperature. Then a graduated tube
filled with water is inverted over the end of the side tube. In the mean while a known weight
of the volatile liquid (about 0.1 to 0.2 g) is taken in a small bottle fitted with a loose stopper
known as Hofmann's bottle. This bottle is quickly dropped into the cylindrical glass vessel
and the mouth of the funnel of the glass vessdl is closed with the cork. Since the Hofmann's
bottle is loosely stoppered, the stopper opens and the volatile liquid vapourises quickly. The
vapour so produced displaces the same volume of air that is collected in the graduated tubes
at the room temperature and pressure. When the water level in the graduated tube remains
constant for quite sometime, the graduated tube is removed with the thumb at its open end
with care so that the water level is constant. Then the graduated tube is carefully lowered in
awater jar and the volume of air is noted by making the level of water inside and outside the
tube the same. The room temperature and the atmospheric pressure is also noted.

Now since the volume of the vapour from a known weight of a volatile liquid at a
particular temperature and pressure is known, the vapour density and the molecular mass of
the volatile liquid can be calculated as follows :
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Calculation

Let mass of the volatile liquid = m g

Volume of air collected = V.cc = The volume the vapour of the volatile liquid.

Atmospheric pressure = P,mm of mercury

Room temperature = t2, C = (t, + 273)°A =T,

Aqueous tension at t°.C = f mm

So, pressure of dry air = (P, — f) mm

In order to calculate the vapour density of the vapour from the volatile liquid, the
volume of vapour of the volatile liquid V, be converted toV i.e. the volume of vapour at NTP.

P=760 mm T = 273°A

V = The volume of vapour of the volatile liquid a& NTP = ?
PV
From the combined gas equation % = —+
1
P, —f)xV,;x273
V = PEI_\lll X % = ((11 ; ;73);760 = Volume of vapour of the volatile liquid.
Method- 1

Direct calculation of relative molecular mass from the idea of molar volume.
Now, weight of Vcc of vapour a NTP=m g

So, weight of 22,400 cc of the vapour at NTP = % X 22,400 g
= The relative molecular mass of the volatile liquid.
Method- 2
The relative molecular mass = 2 x V.D.

The vapour density (V.D) of the vapour is given by

_ Weight of Vcc of the vapour at NTP
~ Weight of the same V cc of the hydrogen gasat NTP

V.D

= V x 0.000089 0_?;00089 (Since weight of 1cc of hydrogen gas at NTP is 0.000089 g)

Now the relative molecular mass M = 2.016 x V.D.
=2 x V.D (Since 2.016 ~ 2, we consider)
Method- 3

Therelative molecular mass can be calculated from the gas equation PV =(|?/|_) RT
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Since the entire amount of volatile liquid is converted to its vapour, the mass of the
vapour is aso the mass of the volatile liquid.

From the gas equation, PV = (,?A—) RT

where g is the mass of vapour whose relative molecular mass is M.

. P-f
In this case, Pressure = P, mm = (P, — f) mm = 1760 ams.

Volume =V cc = 12)/% litres. R = 0.082 litre-atm. degree™ mol.

T, = (t, + 273° A

Substituting these values in PV = (%) RT, HerePV, = (%) RT,

M = g-RT;  mx0.082x (273 + t,;) x 760 x 1000
OM=Ry, T (P - V..

= The relative molecular mass of the volatile liquid.

NUMERICAL PROBLEMS

Example 1 : In an experiment 0.61 g. of a volatile liquid displaces 122.9 ml of moist air
at 20°C and 757.5 mm Hg pressure. If agueous tension at 20°C is 17.4 mm, calculate the
vapour density and molecular mass of the substance.

Solution

Given, mass of volatile liquid m =0.61 g

Volume of moist air collected = Say V, = 122.9 ml

Atmospheric pressure = 757.5 mm of mercury

Temperature = t, = 20°C = (20 + 273)°A = 293°A.

Aqueous tension at 20°C = 17.4 mm.

Thus, the pressure of dry air = P, = (757.5 — 17.4) = 740.1 mm
P=760 mm T =273°A

and V = Volume of the vapour of the volatile liquid at NTP = ?

Applying the combined gas equation, % =,

PVi T _ 740.1x1229x 273 _
T, Xp~ 293 X 760 = 111.51 ml

V =
_ Wt. of Vml. of the vapour at NTP
~ Wt. of same volume of hydrogen at NTP

— 0.61 - 61
~ 111.51 x0.000089 ~

Now vapour density, V.D

and therefore, the molecular mass =2 x V.D =2 x 61 = 122
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Example 2 : 0.309 g of a compound is found to occupy 488 ml at 25°C and 737 ml pressure.
What is the molecular mass of the compund ?

Solution Given, the mass of the compound = 0.309 g

Volume of the gas occupied, V, = 488ml.

Temperature t0¢ = (25 + 273)°A = 298°A = T,

P, = 737 mm(since no agueous tension is given, the pressure of the gas is to
be considered as pressure of dry gas)

Normal pressure = P = 760 mm, Normal temperature = T = 273°A.

_ _ PV PV
From combined gas equation =Y = =% v = =1 x T
T T T P

Now, the volume of gas occupied at NTP =V
PV, T _ 737 x488 x 273

So, V = T X p = 208 X 760 = 433.53 ml.

Now, 433.53 ml of the gas at NTPis liberated from 0.309 g of the compound.
_ _0.309 —

Hence 22,400 ml of the gas at NTP = 23353 X 22,400 = 16

Therefore, the molecular mass of the compound is 16.

Example 3  InVictor Meyer's experiment 0.235 g of aliquid is vapourised and the volume
of air displaced measured in a gas burette is 42cc at 23°C and 730 mm pressure. The vapour
pressure of water at 23°C is 21 mm. Calculate the molecular weight of the substance.

Solution Pressure of dry air = The pressure exerted by vapour
= (730 — 21) = 709 mm = 22 am.
Volume of the air displaced = Volume of the vapour = 42cc = % litres

Temperature = (23 + 273) = 296°A

Mass of the vapour = mass of the liquid = 0.235 g
Applying the gas equation PV = (%) RT

Now, the molecular weight M = %
— 0.235 x 0.082 x 760 x 1000 x 296

S = 1456.

(Since R = 0.082 litre—atm. degree™ mol~

Therefore, the molecular weight of the substance is 145.6
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CHAPTER (2.6) AT A GLANCE

Molecular mass :

The molecular mass or the relative molecular mass of an element or a compound is the
mass of one molecule of the element or the compound compared with %th of the mass of one
atom of carbon-12 (**C = 12.000).

Gram - molecular mass :

The gram—molecular mass or the gram—mole or the molar mass of a substance is its
relative molecular mass expressed in grams.

Thereative molecular massis the sum of the relative atomic masses of all the constituent
elements.

The unit of the relative molecular mass is a.m.u. (atomic mass unit)

The relative molecular masses of volatile liquids can be determined by Victor Meyer's
Experiment.

The following important relationships are used to calculate the relative molecular
Masses.

1.  Massof 22,400 ml of vapour a NTP = The relative molecular mass of the volatile
liquid.
The relative molecular mass = 2 x V.D (Vapour density)
The relative molecular mass can be calculated by applying gas equation
PV = (%)RT (Where g = mass of the substance, M = molecular mass)

Solved Problems :

Problem 10.1 gm of a volatile substance on vapourisation in Victor Meyer's experiment
displaced 123 ml of moist air at 15°C and 740 mm pressure. Cal culate the molecular
mass of the substance. (Aqueous tension at 15°C = 12.7 mm. (CHSE 1997 A)

Solution Given : Mass of the substance = 0.1 g
Measured : Pressure, P, = (740 — 12.7) = 727.3 mm
Temperature, T, = (15 + 273) = 288° A
Volume V, = 123 ml.
At NTP, pressure, P = 760 mm Temperature, T = 273’°A  Volume V = ?
Applying combined gas equation

pv _ PV _PVY 1 _ 7273x123x273 _ _
T =T, o, V= T, Xp = 288 x 760 =111.5 ml = Volume at NTP.
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Now, 111.5 ml of the vapour is liberated from 0.1 g of the substance

0.1

Hence, 22,400 ml of the vapour will be liberated from : —==—= x 22,400 ml = 20.1

1115

Therefore, the molecular mass of the volatile substance is 20.1

Problem 21n aVictor Meyer's experiment 0.6 g of a volatile substance displaced 115 ml of

Solution

air at 20°C and 756 mm pressure. Calculate the molecular weight of the substance
(Aqueous tension at 20°C = 17.4 mm). (CHSE 1989 A)

Mass of volatile substance = 0.6 g

Observed : Volume V, = 115 ml , pressure P, = (756 — 17.4) = 738.6 mm
Temperature T, = 20 + 273 = 293°A

AtNTPRP=760mm T=273*A V=72

Applying the combined gas laws % =T

RV, « T _ 7386 x 115 x 273

o,V = T p = 593 x 760 = 104.13 ml
Now, 104.13 ml of vapour at NTP weigh 0.6 g.
. 0.6x22400 _
So, 22,400 ml of at NTP weigh = ~ 10413 - 128.07 g.

Therefore, the molecular weight of the substance is 128.07

Problem 3 One litre of hydrogen at NTP weighs 0.09 g. 100ml of another gas at NTP weigh

Solution

0.0765 g. Calculate the vapour density and the relative molecular mass of the gas.
Weight of 100 ml of gas at NTP = 0.0765 g
Therefore, weight of 1000 ml or 1 litre of the gas at NTP = 0.765 g

Weight of 1 litre of hydrogen at NTP = 0.09 g.

. Wt. of 1 litre of gas 0.765
Vapour density of the gas = Wt of 1 litreof H, =~ 009 " 8.5

Hence, the relative molecular mass=2 x V.D = 2 x 85 = 17.

Problem 4 A certain gas occupies 0.418 litre at 27°C and 740 mm of mercury. If the same

Solution

weighs 3.0 g , what is the molecular mass of the gas ?

P=740 mm = £ am Vv =04181

T=27+273=300°A, g=3.0g, R=0.082litre—atm. per degree per mole.
. oy g _ T

Applying the relation PV = M RT o M= =Y,

and incorporating the above values M = 3% O;)fozxxgggg 80 - 1813

Hence, the relative molecular mass of the gas is 181.3
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QUESTIONS

Very short answer type (1 mark each)

One gram mol. of oxygen will weigh how many grams ?

What unit is used for vapour density ?

Which method is suitable for determining the molecular mass of volatile substances ?
How many molecules are present in one gram molar volume of a gas ?

Why is asbestos or glass wool placed in the Victor Meyer's cylindrical glass vessel ?
What is the rel ationship between molecular mass and vapour density of a gas or vapour ?
Why should the Victor Meyer's tube be dried before start of the experiment ?

After inserting Hofmann's bottle, why should the Victor Meyer's tube is corked at once ?
What is the vapour density of N,O ?

Which will weigh more, one gram mol of oxygen or 24 gms of nitrogen ?

What is the vapour density of ozone ?

Short answer type (2 marks each)

Define molecular mass.

Explain gram molecular mass.

What is the difference between normal density and relative vapour density ?

Is there any difference between the molecular weight and mass of one molecule of a
gas ? Explain.

Explain why some gases show abnormal density.

Long answer type (10 marks each)

Describe Victor Meyer's method for determining the molecular mass of a substance.
0.1 gm of a volatile substance on vapourisation in Victor Meyer's experiment displaced
123 ml moist air at 15°C and 740 mm pressure. Calculate the molecular mass of the
substance. (Aqueous tension at 15°C = 12.7 mm) (CHSE 1997 A)

Define vapour density. How will you determine the vapour density of avolatile substance ?
Derive the relationship between molecular mass and vapour density of a gas from
Avogadro's hypothesis.

0.796 g of ametal oxide was heated in a cuvvent of dry hydrogen when. 0.18 g of water
was formed. Calculate the equivalant mass of the metal. (CHSE, 2001 ER)
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ANSWERS

A. 1.30g 2. No unitand V.D.isanumber 3. Victor Meyer's method 4. 6.023 x 10%
molecules. 5. The glass vessel does not crack when Hofmann's bottle is dropped into it.
6. Molecular mass = 2 x V.D. 7. Because there will be error in the volume of vapour
collected, if some moisture remainsin the tube. 8. Because the vapours of volatile liquid
will immediately escape. 9. 22 10. 1 gm mole of oxygen 11. 24gms of nitrogen.

C. 1. 20.1 (Reference : Solved problem No.1 in this chapter)

NUMERICAL PROBLEMS

1. 3.01gof agasoccupies 1.3 litres at 0°C and 760 mm pressure. Calculate the molecular
mass of the gas.
(Ans. 51.44)
2. In the Victor Meyer's experiment, 0.0926 g of a volatile liquid resulted 28 ml of its
vapour at 16°C and 753.5mm pressure. Find out the vapour density and molecular weight
of the liquid (Aqueous tension at 16°C = 13.5 mm)
(Ans: 79.8)

3. In the Victor Meyer's apparatus 0.23 gm of a volatile substance displaced air which
measured 112 ml at STP. Calculate the vapour density and molecular weight of the
substance.

(Ans: V.D = 23, Mol. wt = 46)

4.  33.6 cc of phosphorus vapour weighs 0.062 gm at 546°C and 760 mm pressure. The
atomic weight of phosphorusis 31. What is the molecular weight of phosphorus ? How
many atoms are present in one molecule of phosphorus ?

(Ans: Mol. wt. 124, 4 atoms)

27 |EQUIVALENT MASS|

The equivalent mass of an element isa number which expresses how many parts
by mass of the element combines with or displaces from a compound 1.008 parts by
mass of hydrogen or 8 parts by mass of oxygen or 35.45 parts by mass of chlorine.

One equivalent of any substance reacts with one equivalent of the other substance
to produce one equivalent of each of the products. Thus, it is evident that all substances
combine or appear on the basis of an equivalence.

The equivalent mass or equivalent weight expressed in gram is called gram-
equivalent mass or gram-equivalent weight.
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Many metals such as zinc, magnesium, aluminium etc. react with acids liberating
hydrogen gas.

Now, one mole of hydrogen gas occupies 22.4 litres at NTP, and weighs 2.016g.

Hence, 11.2 litres of hydrogen gas at NTP would weigh 1.008g.

Therefore, in the displacement method, that mass of the metal in grams which would
liberate

11.2 litres of hydrogen at NTP would be the gram equivalent mass of the metal.
Relation between equivalent mass, valency and relative atomic mass of an element.

Table 2.4 Relation of relative atomic mass and equivalent mass with valency

Element Relative atomic mass(A) Equivalent mass(B) | (A)/(B)
Valency
Sodium 22.997 22.997 1
Magnesium | 24.32 12.16 2
Zinc 65.38 32.69 2
Aluminium | 26.97 8.99 3
Hydrogen 1.008 1.008 1
Oxygen 16.000 8.000 2

From the table 8.1, it is clear that the ratio of the relative atomic mass to the equivalent mass
of an element is equal to its valency.

Therefore, the relative atomic mass of the element = the equivalent mass of the element
X valency

Variable equivalent mass

Some metals such as copper,iron show variable valency. Copper has valencies 1 and
2. Iron shows valencies 2 and 3. Elements showing variable valency have equivalent masses
corresponding to each of its valency. For such elements the equivalent mass of an element
depends upon its valency shown by the element in a particular compound. For example, the
element iron forms two oxides, ferrous oxide FeO and ferric oxide Fe,O,. The valencies of
iron in these two compunds are 2 and 3 respectively. The relative atomic mass of iron is 55.85.
And hence the equivalent masses of iron in FeO is 55.85/2 = 27.92 and in Fg,0, is 55.85/3
= 18.62.

DETERMINATION OF EQUIVALENT MASS OF METALS::

Hydrogen displacement method

Metals such as zinc, mangnesium, aluminium, iron, tin etc, displace hydrogen gas from
dilute acids. A known amount of the metal is allowed to react with dilute acid and the volume
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of evolved hydrogen gas, measured under atmospheric pressure and at room temperature, is
converted to the volume at NTP.

It has been mentioned earlier that the gram-equivalent mass of a meta is that weight
of the metal in grams which would liberate 11.2 litres of hydrogen gas at NTP.

EQUIVALENT MASS OF ZINC BY HYDROGEN DISPLACEMENT METHOD
Experiment

A piece of AR grade (analytical reagent) zinc (< 0.1g) of about 0.08g in weight placed
in a watch glass is weighed out accurately. This piece of zinc, placed on a piece of and in
contact with platinum foil is kept immersed in a beaker under water. The zinc metal along with
the platinum foil is covered with an inverted small funnel such that the stem of the funnel
remained immersed under water. An eudiometer tube (graduated tube) is filled with bench
sulphuric acid and then the open end of the eudiometer tube closed with thumb is inverted over
the funnel so that the stem of the funnel remained inside the tube. A little concentrated
sulphuric acid is added to the water in the beaker. The zinc metal reacted with sulphuric acid
liberating hydrogen gas. The gasis collected by downward displacement of acid in the eudiometer
tube. When the metal is completely dissolved in the acid and no more gas evolved, the tube
is removed by closing the mouth of the tube with the thumb. The tube, the open end of which
Is closed with the thumb is then plunged inside a tall jar of water in an inverted position. The
thumb is slowly released and the tube is held with a piece of paper in position. The tube is
not held with hand, since the body temperrature will expand the gas. The tube is allowed to
remain for sometime in the tall jar so that the gas in the tube is to attain the room temperature
I.e. the temperature of water. Then the volume of the hydrogen gas collected is read out by
adjusting the tube so that the surface of water level both inside and outside the tube became
the same. The room temperature and the atmospheric pressure are noted. Since the gas is
collected over water, the pressure exerted by dry hydrogen gas is less than the atomospheric
pressure by an amount, the agueous tension of water vapour. This agueous tension of water
vapour is aso noted at room temperature.

Reaction : Zn (s) + 2H,S0, (ag) — ZnSO, (aq) + H, (9)

eudiometer tube

&

Fig 2.6 Determination of equivalent mass of zinc
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(8 Calculation of Volume of hydrogen at NTP
Let the weight of zinc taken be Wg.

The volume of hydrogen gas collected at room temperature t°C and atmospheric pressure
Pmm of mercury be V cc.

The agueous tension due to water vapour at t°C is f mm of mercury.
Therefore, the pressure exerted by dry hydrogen gas is (P — f) mm of mercury.

Thus, V. cc of dry hydrogen gas is collected at t°C and under (P — f) mm of mercury
pressure.

This volume is converted to the volume Vcc at NTP.

Here, P =(P-1), T, = (t+ 273), V, = measured volume of gas

pv _ PVi
T = T
PV, T
or, V = T, X 5

V= (P-f)xV,;x273
or, = T (t+ 273) x760

(b) Calculating equivalent mass :
Method 1
Now Vcc of dry hydrogen gas at NTP is liberated from Wg of zinc.

So, 11.2 litres i.e 11,200cc of hydrogen gas at NTP is liberated from = % x 11,200 g
of zinc.
Hence, the equivalent weight of zinc = % x 11,200

Method 2

1cc of hydrogen at NTP weighs 0.000089 g.
So, Vcc of hydrogen at NTP weigh V x 0.000089 g.

Now  V x 0.000089 g of hydrogen is displaced by Wg of metal
Hence, 1.008 g of hydrogen displaced by W x 1.008 g

. _ W
So, equivalent mass of metal = V x0.000089 X 1.008

NUMERICAL PROBLEMS

Example 1

0.27 g of ametal on treatment with dilute H,SO, produced 112 ml of hydrogen at NTP.
What is the equivalent mass of the metal ?
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Solution :
112 ml of hydrogen gas at NTP is liberated from 0.27g of the metal.

11,200 ml of hydrogen gas is liberated from

0.27 -
11> X 11,200 = 27

Example 2

0.425g of a metal liberated 436.5 ml of moist hydrogen at 17°C and 745.4 mm when
reacted with HCI. Determine the equivalent mass of the metal. ( Aqueous tension at
17°C is 14.4mm)

Solution :  Volume of moist hydrogen V, = 436.5 mi
Pressure P, = pressure observed — aqueous tension = 745.4 — 14.4 = 731 mm
Temperature T, = 17 + 273 = 290° A
At NTP : volume =V, pressure, P = 760 mm, Temperature T = 273° A

PV VAl
Now, "= ==~ o, V="3p

_ 731x436.5x 273 _
= 590 x 760 = 395.2 ml

1 ml of H, a NTP weighs 0.000089 gm
So, 3952 ml of H, at NTP weighs 0.000089 x 395.2 = 0.035 gm
Now 0.035 gm of H, displaced by 0.425 g of the metal.

Therefore 1.008 gm of H, displaced by 9022 x 1.008 = 12.24 gm of metdl.

Hence, The equivalent mass of the meta is 12.24.

Determination of equivalent mass of a metal by indirect oxidation method.

A metal is oxidised to its oxide either by heating the metal in air or by an indirect way.
If a known amount of a metal is converted to its oxide, then the amount of the metal which
was combined with 8g of oxygen can be calculated and that weight of metal isits equivalent
mass.

EQUIVALENT MASS OF COPPER BY INDIRECT OXIDATION METHOD

The metal copper does not readily and quantitatively produce its oxide when heated
directly in excess of air. Hence, a known amount of copper is treated with nitric acid to
dissolve the metal. The copper nitrate solution so produced is heated to dryness. Thereafter this
dry copper nitrate is strongly heated to decompose to cupric oxide. From the weight of the
oxide, as has been said, the equivalent mass of copper is calculated.

Experiment

A porcelain crucible with its lid is cleaned, dried, heated for sometime, and then
cooled in a desiccator. The weight of the crucible with its lid is determined. The procedure
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of heating, cooling and then weighing the crucible along with the lid is repeated till they weigh
constant weight. Then a piece of copper wire weighing about 1g is placed in the crucible and
weighed. Thus the weight of copper can be known. The crucible is kept nearly covered when
concentrated nitric acid is added dropwise to react with copper wire. Brown fumes are
evolved and reaction appears to be vigorous. Addition of nitric acid dropwise is continued
until the metal dissolved completely. When no more brown fumes appear, the reaction has
apparently ceased.

Fig 2.7 Determination of equivalent mass by oxide formation method.

Now the solution is slowly evaporated on water bath to dryness. Care is taken so that there
is no loss of solution due to spurting. The residue so obtained, green in colour, is copper
nitrate. Then the crucible with its lid is strongly heated on a clay pipe triangle when copper
nitrate completely decomposes to cupic oxide, black in colour. Heating is then discontinued,
the crucibleis cooled in a desiccator, and its weight is determined. The procedure of heating,
cooling and weighing along with cupric oxide is repeated till a constant weight is obtained.

Reaction
Cu(9) + 4 HNO,(ag) — Cu(NO,), (ag) + 2NOL(g) + 2H,0(1)
2Cu(NQ,),(ag) — 2CuQ(s) + 4NO,(ag) + OL(9)
Calculation
Weight of crucible with lid =W, g  (constant weight)
Weight of crucible with lid and copper wire = W.g
Weight of crucible with lid and black cupric oxide = W.g  (constant weight).
Thus, the weight of copper = (W, — W.)g,
the weight of cupric oxide = (W, —W,)g
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Hence, the weight of oxygen = (W, -W) - (W,-W) = (W,-W,) g

So, (W, —W.,)g of oxygen combines with (W, — W,)g of copper

. o (WW
Hence, 8g of oxygen will combine with ( W,

—-W ) X 8g of copper.

W-W,
Therefore, equivalent weight of copper is 8 ( )
WA,

Relationship among atomic mass, equivalent mass and valency of an element.
Consider an element X with its atomic mass A, equivalent mass E and valency V.
Hydrogen being lightest its atomic massis 1.008. Now, A parts by mass of the element

will combine with V x 1.008 parts by mass of hydrogen.

So, 1.008 parts by mass of hydrogen will combine with A/V parts by mass of the
element and by defination this is equal to equivalent mass E of the element.

Hence%:Eor A=ExV

Therefore Atomic mass = Equivalent mass x Valency
INUMERICAL PROBLEMS|

Example 1 3.5 g of copper was dissolved in excess concentrated nitric acid and the
solution was evaporated to dryness. The copper nitrate so formed was ignited
to its oxide which weighed 4.4 g. Calculate the equivalent mass of copper.

Solution : Weight of copper =35 ¢
Weight of copper oxide = 4.4 g
Therefore, weight of oxygen = (44 -35) =09¢g
Hence, 0.9 g of oxygen combines with 3.5 g of copper

35x8 _ 3119

0.9
Thus, Equivalent mass of copper is 31.1.

So, 8 g of oxygen combines with

Example 2 0.84g of a divalent metal on burning in air produced 1.4g of metal oxide.
Calculate the equivalent mass and the relative atomic mass of the element.

Solution : Weight of the metal = 0.84g
Weight of the metal oxide = 1.4g
Therefore, the weight of oxygen = (1.4 — 0.84) = 0.56g
0.56g of oxygen combines with 0.84g of the metal.

So, 8g of oxygen will combine with J5¢ x 8 = 12g
Hence the equivalent mass of the metal = 12.

Since the meta is divalent its valency is 2,

and its relative atomic mass becomes 12 x 2 = 24.
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Equivalent mass of a compound

Equivalent mass of acompound isanumber which expresses what mass of the compound
contain 1.008 parts by mass of hydrogen or 8.0 parts by mass of oxygen or 35.45 parts by mass
of chlorine.

Thus, 98 parts by mass of H,SO, contain 2.016 parts by mass of hydrogen.

So, 49 parts by mass of H,SO, contain 1.008 parts by mass of hydrogen.

Therefore, equivalent mass of H,SO, is 49.

In the case of NaCl, 58.45 parts by mass NaCl contain 35.45 parts by mass of chlorine.
Therefore, the equivalent mass of NaCl is 58.45.

Equivalent mass of a compound may be calculated by the expression,

Molecular mass of the compound
Thetotal number of charges on the cations or anions

NUMERICAL PROBLEMS
Example 1 Calculate the equivalent mass of sodium carbonate.
Solution :
Molecular mass of Na,CO, =2x 23+ 12+ 3x 16
=46 + 12 + 48 = 1069

Total number of charges of cation i.e. sodium (two numbers of sodium ions each
having one charge) = 2

Now, equivalent mass of Na,CO, = % = 53.

Example 2 Calculate the equivalent mass of barium chloride.

Solution :
Molecular mass of BaCl, = 137 + 2 x 35.45 = 207.9 ~ 208
There are one barium cation having charges 2 which becomes the total charges.

Now, equivalent mass of BaCl, = % = 104

Equivalent mass of metals
1. Chloride formation method
A metal may directly combine with chlorine to form metal chloride.

For example, silver reacts with chlorine to form silver chloride
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2Ag + Cl, - 2AgCl

In this case the mass of metal and the mass of metal chloride are accurately determined
and the equivalent mass of the metal is calculated as below.

Mass of metal x 35.45
Mass of chlorine

Equivalent mass of metal =

Equivalent mass of silver can aso be determined by completely dissolving silver meta
in dilute nitric acid. The silver nitrate thus formed is treated with dil HCI to precipitate silver
chloride. The weight of silver and weight of silver chloride are accurately measured and then
the equivalent mass of silver is calculated.

Weight of silver = x gram

Weight of silver chloride = y gram

Therefore, weight of chlorine = (y — X) g

Thus, (y — x) g of chlorine combines with xg of silver

X
y-X

Hence, 35.45 g of chlorine will combine with ( ) X 3545 ¢g

Equivalent weight of silver = 35.45 (1)

Example 1

2.7 g of silver when heated with excess of chlorine resulted 3.586 g of silver
chloride. Calculate the equivalent mass of silver.

Solution : The mass of chlorine that combined with silver = 3.586 — 2.7 = 0.886 g

. . _ _Massof silver
o, Equivalent mass of silver = Mass of chiorine X 35.45
_ 27 —
= 0886 X 3545 =108.03
Example 2

1.62 g of silver was dissolved in nitric acid. The solution was then treated with
hydrochloric acid to precipitate 2.15 g of silver chloride. Determine the equivalent
weight of silver.

Solution : Weight of silver = 1.62¢g
Weight of silver chloride = 2.15g
Therefore, weight of chlorine = (2.15 — 1.62) = 0.53 g

So, equivalent weight of silver = % x 35.45 = 108.36
2. Metal to metal displacement method

More electropositive metals like Zn, Fe, Al etc. displace |ess electropositive metals like
Cu, Ag, Au etc, from their salt solutions.
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Zn + CuSO, — ZnSO, + Cu

In such methods, the masses of displacing metal and displaced metal take place in
equivalent amounts and are in the ratio of their equivalent masses.

Massof Zn _ Equivalent massof Zn
Massof Cu ~— Equivalent Mass of Cu

Here,

Example :
2.06 g of zinc displace 2.0 g of copper from copper sulphate solution. If the
equivalent mass of Zn is 32.5, find out the equivalent mass of copper.

Massof Zn _ Equivalent mass of Zn

Solution Massof Cu ~ Equivaent massof Cu
2069 _ 325
or, 200 g ~ Equivaent massof Cu
So, Equivalent mass of Cu = % = 31.55

3. Double decomposition method

In this method, a known amount of a water soluble salt such as NaCl or KCI solution
is acidified with dilute nitric acid and treated with silver nitrate solution to precipitate AgCl.
The weight of AgCl is accurately determined.

NeCl(ad) + AgNO,(a6) — AgCl(s) + NaNO,(aq)

The following expression is used to calculate the equivalent mass of the metal.

Weight of metal chloride Eg.mass of metal + Eg.mass of chlorine

Weight of silver chloride — Eg.massof silver + Eq.mass of chlorine

Example :
0.2 g of ameta chloride dissolved in water was treated with excess of silver
nitrate solution to precipitate 0.5g of silver chloride. Calculate the equivalent mass
of the metal. (Equivalent mass of silver and that of chlorine are 108 and 35.45

respectively).
Solution : Let the equivalent mass of the metal be x.

Weight of metal chloride= 0.2 g

Weight of silver chloride = 0.5 g

Equivalent mass of silver = 108

Equivalent mass of chlorine = 35.45

Therefore, Equivalent mass of silver chloride is (108 + 35.45) = 143.45

Weight of metal chloride ~ Eg.mass of metal + Eq.mass of chlorine
Welight of silver chloride ~ Eq.massof silver + Eq.mass of chlorine
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02 _ x+3545 _ x + 35.45

O, 05 = 108+ 3545 — 143.45
or, X +3545= % =574

or, X =574 — 3545 = 21.95
Hence the equivalent mass of the metal is 21.95

4. Reduction of the oxide method

A known weight of a metal oxide is heated in a current of hydrogen gas to the
corresponding metal. The equivalent mass of the metal can be known from the weight of metal

oxide, weight of the metal and the weight of oxygen.
CuO(s) + H,(g) —» Cu + H,0(9g)
5. Decomposition of a metal carbonate into its oxide
Metal carbonates such as NiCO, and CuCO, on heating produce their oxides.

CuCQO,(s) — CuO(s) + CO,(g)

The equivalent mass of such metals can be calculated with the help of the following
expression.

Weight of the metal carbonate Equivalent mass of the meta carbonate

Weight of themetal oxide ~  Equivalent mass of the metal oxide

Equivalent mass of the metal + 30
Equivalent mass of the metal + 8

Equivalent mass of oxygen is 8 and that of carbonate (CO3 )
_ (12+16 X3\ _
a (T> =30
Example :
1.05g of ametallic carbonate on heating produced 0.5g of the oxide. Calculate the

equivalent mass of the metal.

Solution :
Weight of the metal carbonate = 1.059
Weight of the metal oxide = 0.5g
Let the equivalent mass of the metal be x,
Therefore Weight of the metal carb(?nate _ Equivf';\lent mass of the metal carbgnate
' Weight of the metal oxide Equivalent mass of the metal oxide

1.05 _ x+30
or, 05 ~— x+8
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or, X+30=21(x+8)
or, 1.1x = 13.2
or, x =12
Hence, the equivalent mass of the metal is 12.

Equivalent mass of nonmetals

In determination of the equivalent mass of nonmetals like carbon and sulphur, a known
amount of the nonmetal is burnt in excess of air.

C+0,- CO,

The oxide of the nonmetal so formed is absorbed in an suitable solution. Here, CO,
is absorbed in causitc potash solution.

CO, + 2KOH — K,CO, + H,0

There would be an increase in weight of the solution, and from this increase in weight,
the weight of the nonmetal oxide can be determined.

The equivalent mass of the nonmetal can be calculated from the known weight of the
nonmetal, the weight of the metal oxide and the weight of oxygen.

In the case of nonmetals such as chlorine, bromine etc, which react with hydrogen
easily, the equivalent mass of the nonmetal can be calculated from the percentage composition
of the compound of the nonmetal and hydrogen.

Nonmetals like phosphorus which chemically combine with chlorine, the equivalent
mass of the nonmetal can be determined from the percentage composition of the nonmetal

chloride.

CHAPTER (2.7) AT A GLANCE

Equivalent mass The equivalent mass of an element is a number which expresses how many
parts by mass of the element combines with or displaces 1.008 parts by mass
of hydrogen or 8 parts by mass of oxygen or 35.45 parts by mass of chlorine.

Equivalents One equivalent of any substance reacts with one equivalent of the other
substance to produce one equivalent of each of the products. All substances
combine or appear on the basis of an equivalent.

Gram equivalent mass The equivalent mass expressed in grams is called gram equivalent
mass.
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Solved Problems

Problem 1

Solution

Problem 2

Solution

Problem 3

Solution

Problem 4

Solution

0.08 g of ametal produces 22.4ml of dry hydrogen at NTP. What isits equivaent
mass ?
22.4 ml of dry hydrogen at NTP was obtained from 0.08 g of metal.

0.08

So 11,200ml of hydrogen gas is produced from 294 X 11,200=40¢g

Therefore, the equivalent mass of the metal = 40

0.205 g of ametal on treatment with an acid gave 106.60 ml of moist hydrogen
collected at 755 mm pressure and 17°C. Calculate the equivalent mass of the
metal (Aqueous tension a 17°C = 14.4 mm).

Volume of moist hydrogen 106.60 ml = V_ (say)
pressure P, = (755 — 14.4) = 740.6
Temperature T, = 17 + 273 = 290°A

pv _ RAVy _ PViT 7406 x 106.6 x 273 _
T =1 OV=T7p = 290 x 760 = 9779 ml

Now, 97.79 ml of hydrogen gas at NTP is liberated from acid by 0.205 g of
metal.
o, 11,200 ml of hydrogen gas at NTP is liberated by,

0.205 —
9779 X 11,200 = 23.48 g of metal

Therefore, the equivalent mass of the metal is 23.48.

0.325 gm. of ametal when dissolved in dil H,SO, liberated 0.01 gm of hydrogen.
What is the equivalent weight of the metal ? (CHSE 1996 A)

0.01 gm of hydrogen is equivalent to 0.325 gm of the metal.

Therefore 1.008 gm of hydrogen will be equivalent to % x 1.008 = 32.76

gm of the metal.
Hence, the equivalent weight of the metal is 32.76.

1.62 g of ametal was dissolved in nitric acid to prepare its nitrate. On strong
heating of the nitrate, 2.02 g of oxide was obtained. Find out the equivalent
weight of the metal.

Weight of the metal = 1.62 g

Weight of its oxide = 2.02 g

Hence, the weight of oxygen that combined with the metal = (2.02 — 1.62)
=040¢g

Now, 0.40 g of oxygen combined with 1.62 g of the metal

So, 8.0 g of oxygen combines with % x 8 = 32.4 g of the metal.

Therefore, equivalent weight of the metal is 32.4.
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Problem 5

Solution

Problem 6

Solution

Problem 7

Solution

Problem 8

Solution

Problem 9

Solution
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Calculate the equivalent mass of the metal whose oxide contains 35.2% oxygen.
Mass of oxide of the metal = 100 g

Mass of oxygen = 35.2 g

Hence, the mass of the metal = (100 — 35.2) = 64.8 g.

Now, 35.2 g of oxygen combines with 64.8 g of the metal.

Therefore 8.0 g of oxygen will combine with % X 8 = 14.72 g of the metal.
S0 the equivalent mass of the metal is 14.72.

0.51 gm of a metal combines with oxygen to give 0.68 gm of metal oxide.
Calculate the equivalent weight of the metal. (CHSE 1989)

Weight of the metal = 0.51 gm
Weight of the metal oxide = 0.68 gm
The weight of oxygen = 0.68 — 0.51 = 0.17 gm

The equivalent weight of the metal = % Xx8=24
0.54 g. of ametal gave 0.7175 g of the metal chloride. Determine the equivalent
weight of the metal.

The weight of combined chlorine = 0.7175 — 0.54 = 0.1775 g.

054x355 _
01775 108

1.08 g of copper displace 3.67 g of silver from silver nitrate solution. find the
equivalent mass of copper, that of silver being 108.

Hence, equivalent weight of the metal =

Eq.mass of copper Weight of copper
Here, Eg. mass of silver — Weight of silver displaced
" Eg.massof Cu _ 1.08
o, 108 - 367
_ 1.08 —
or, Eq.mass of copper = 367 X 108 = 31.78.

1.52 g of ametal hydroxide gave 0.995 g. of its oxide. Calculate the equivalent
mass of the metal.

Eq. massof metal + Eq.massof OH 152
Eg. mass of metd + Eq.massof O ~ 0.995

(Eq mass of OH = 1—17 = 17 and eg.mass of O = 1—26 = 8)
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Eq. massof metdl +17  E+17 _ 152
Eg.massof metd +8 ~ E+8 ~ 0.995

o,

Solving, E = 9.06, and that is the equivalent mass of the metal.

Problem 10

0.5 g of ametal combines with 142 ml of oxygen at NTP. Calculate the equivalent
mass of the metal.

Solution 22,400 ml of oxygen weigh 32 g

© N Ok~ LODNE P

10.

Hence, 142 ml of oxygen weigh 223200 x 142 =020¢g

Thus 0.20 g of oxygen combines with 0.5 g metal.

Hence 8 g of oxygen combine with % x 8 = 20 g of the metal.

Therefore, the equivalent mass of the metal is 20.

QUESTIONS

Very short answer type (1 mark each)

Which method is used to determine the equivalent mass of zinc. ?
What mass of an element combines with 8 parts by mass of oxygen ?
How many gram-equivalents will be 40 g of Ca. ?

Which method is used to determine the equivalent mass of copper ?
What is the equivalent weight of NaOH ?

Does the equivalent mass of an element change with temperature ?
What is the equivalent mass of hydrogen ?

Atomic weight of a metal is 52 and its valency is 3. What is the equivalent weight of
the metal ?

What is the equivalent mass of OH- ?

What equivalent of oxygen will measure 5.6 litres of oxygen at NTP ?

Short answer type (2 marks each)

Two metals A and B have the same equivalent mass but the atomic mass of A is twice
that of B. How can it be explained ?

What is the relationship between atomic mass and equivalent mass of oxygen ?
Define equivalent mass.
Explain gram equivalent mass.
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What is the equivalent mass of sodium carbonate ?

Why cannot the equivalent mass of copper be determined by hydrogen displacement
method ?

74.5 g of a metal chloride contains 35.5 g of chlorine. What is the equivalent mass of
the metal ?

Explain why the equivalent mass of copper is different in Cu,0 and CuO.

X g of an element combines with oxygento giveY g of its oxide. What is the equivalent
mass of the element ?

Explain that iron shows variable equivalent weight in its compounds.

Long answer type (7 marks each)

Define equivalent weight. How will you determine the equivalent weight of zinc by
hydrogen displacement method ?

0.325 g of a meta when dissolved in dil H,SO, liberated 0.01 g of hydrogen. What is
the equivalent weight of the metal ?

Define equivalent mass of an element. How would you determine the equivalent mass
of copper ?
Define equivalent mass. What is the difference between equivalent mass and gram
equivalent ?
How will you determine the equivalent mass of zinc by hydrogen displacement method ?

Numerical problems :

If 1.2 g of ametal displaces 1.12 litres of hydrogen at NTP, what would be the equivalent
weight of the metal ?

0.01 g of a metal when dissolved in HCI liberates 10.65 ml of hydrogen collected over
water at 27°C. The barometric pressure is 760 mm Hg. Aqueous tension at 27°C is 25
mm of Hg. Calculate the equivalent weight of the metal.

2.943 g of ametal when treated with excess dil H,SO, the volume of hydrogen collected
was 1083.6 ml at 15°C and 752.5 mm of pressure. Calculate the equivalent mass of the
metal. (Aqueous tension at 15°C = 12.5 mm)

0.54 g of ameta gave 0.90 g of its oxide. Calculate the equivalent mass of the metal.
An oxide of a metal contains 52.9% metal. Calculate its equivalent mass.

4.74 g of cupric oxide on being heated in a current of hydrogen gave 3.78 g of the metal.
Calculate the equivalent mass of copper.

The chloride of a metal contained 52.85% of metal. What is the equivalent mass of the
metal ?
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8. 0.13 g of auminium displaces 0.47 g of copper from copper sulphate solution. The
equivalent mass of copper is 31.75. Calculate the equivalent mass of aluminium.

9. 0.5054 g of a meta nitrate is converted into 0.373 g of its chloride. The equivalent
weight of nitrate group(NO;3)is 62. Calculate the equivalent weight of the metal.

10. What mass of the metal of equivalent mass 12 will give 0.475 g of its chloride ?

ANSWERS
A. 1. Hydrogen displacement method 2. Equivalent mass 3. 2 4. Oxide formation method
5.406. No 7.1008 8.17.33 9.17 10.1
B. 1. Vaency of metal A is double that of valency of B.
2. Atomic mass of oxygen = Equivalent mass of oxygen x Valency of oxygen (i.e.2)
5. 53. 6. Copper cannot displace H, from an acid. 7. 39 9. %
C. 1. 32.76 (Ref : solved problem No.3)

D. 112 212 3.322 4.12 5.898 6.315 7.39.78 8.88 9.39.1 10.012¢

2.8 |EQUIVALENT MASSES OF ACIDS, BASES AND SALTS

(@) Equivalent mass of acid : Equivalent mass of an acid is a number which shows how many
parts by mass of the acid contain one part by mass of replaceable hydrogen.

Molecular mass of HCl = 36.5 (At. mass of H=1, Cl = 35.5). Thus, 36.5 parts by mass of
HCI contain 1 part by mass of replaceable hydrogen. Hence, equivalent mass of HCl is 36.5.

Molecular mass of H,SO, = 98 (At mass of H = 1, S = 32, O = 16).

Thus, 98 parts by mass of H,SO, contain 2 parts by mass of replaceable hydrogen. Hence,
equivalent mass of H,SO, = % = 49,
Basicity of the acid is the number of replaceable hydrogen atoms it contains. Therefore,

Molecular mass of the acid
Basicity of the acid

Equivalent mass of the acid =

[Note : Acetic acid (CH,COOH) contains four hydrogen atomsin al, but the number of replaceable
hydrogeninit isonly one. Therefore the equivalent mass of acetic acid isits molecular mass].
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Table 2.5 Equivalent mass of some acids.
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Acid Formula Basicity Molecular mass Equivalent mass.
. 365 _
Hydrachloric HCI 1 36.5 = 36.5
Nitric HNO, 1 63.0 630 =630
Sulphuric H,SO, 2 98.0 980 = 49,0
; 980 _
Phosphoric H,PO, 3 98.0 3 = 32.66
Acetic CH,COOH 1 60.0 600 = 600
Oxalic COOH 90.0
(anhydrous) I 2 90.0 Ty = 45.0
COOH
Oxalic COOCH.
(hydrated) | 2H,0 2 126.0 1200 = 630
COOH

(b) Equivalent mass of base : Equivalent mass of a base is a number which shows how
many parts by mass of a base can just be neutralised by one equivalent mass of an acid.

Consider the reaction

NaOH +
(23+16+1)

HCI —>
(1+35.5)

Thus, 40 parts by mass of NaOH is completely neutralised by 36.5 parts by mass of
HCI i.e. one equivalent mass of HCI. Therefore, the equivalent mass of NaOH is 40.
Na,CO, + H,SO, — Na SO, + H,O + CO,
(23x2)+12+(16%3) 2+32+(16x4)

NaCl + H,0

Thus, 106 parts by mass of Na,CO, is completely neutralised by 98 parts by mass of
H,SO, i.e. two equivalent mass of H,SO,. Therefore, equivalent mass of Na,CO, = %: 53.

The number of moles of monobasic acid which can completely neutralise one mole of
the base determines the acidity of the base. Acidity of the base can also be defined as the
number of replaceable hydroxyl group present in one molecule of the base.

NaOH + HCI —>  NaCl + H,0O (Acidity of NaOH = 1)

(2 mole) (1 mole)

Ba(OH), + 2HCI —>  BaCl, + 2H,0 (Acidity of Ba(OH), = 2)
(2 mole) (2 moles)

Na,CO, + 2HCI —> 2NaCl + CO, + H,O (Acidity of Na,CO, = 2)
(2 mole) (2 moles)
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ecular mass of the base

_ — Ma
Hence, equivalent mass of the base = Acidity of the base

Table 2.6 Equivalent mass of some bases.

Base Formula Acidity Molecular mass| Equivalent mass
Sodium NaOH 1 40 D =40
hydroxide
Potassium 56
hydroxide KOH 1 56 5 =56
Calcium 74
hydroxide Ca(OH), 2 74 5 =37
Barium 171
hydroxide Ba(OH), 2 171 5~ =855
Aluminium
hydroxide Al(OH), 3 78 © -2

(c) Equivalent mass of salt :- Equivalent mass of a salt is a number which shows how
many parts by mass of the salt contain one part by mass of hydrogen equivaent of an

active element of a positive group.

NaCl is a salt whose molecular mass 58.5, 58.5 parts by mass of NaCl contain 23 parts
by mass of Na which in turn is equivalent to one part by mass of hydrogen. So, 58.5 parts by
mass of NaCl contain one equivalent mass of the metal and equivalent mass of NaCl is 58.5.

BaCl, is another salt whose molecular mass is 208. 208 parts by mass of BaCl, contain 137
parts by mass of barium which inturnis equivalent of two parts by mass of hydrogen. So, 208 parts
by mass of BaCl, contain two equivalent mass of the metal and equivalent mass of BaCl, = 20%
=104.

Molecular mass of the salt
Total valency of the metal ion-

In general, Equivalent mass of the salt =

Table : 2.7 Equivalent mass of some simple salts.

Salt Formula Mol. mass | Total Valency Equivalent
of the salt | of the metal ion [ mass
Sodium sulphate Na,SO, 142 2 71
Ferrous chloride FeCl, 127 2 63.5
Ferric chloride FeCl, 162.5 3 54.16
Aluminium chloride | AICL, 1335 3 445
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Gram-Equivalent Mass : Equivalent mass expressed in grams is called gram - equivalent
mass, written as gm - equivalent. Thus, one gram - equivalent of HCl = 36.5g, one gram -
equivalent of Na,CO, is 53g, one gram - equivalent of H,SO, is 49 g. and so on.

29

CHAPTER (2.8) AT A GLANCE

Equivalent mass of acid : How many parts by mass of the acid contain one part by
mass of replaceable hydrogen. Number of repalceable hydrogen = Basicity.

Equivalent mass of the base : How many parts by mass of a base can just be neutralised
by one equivalent mass of an acid. Number of moles of monobasic acid neutralising one
mole of the base completely = Acidity = Number of replaceable hydroxyl group present
in one molecule of the base.

Equivalent mass of the salt : How many parts by mass of the salt contain one part by
mass of hydrogen equivalent of an active element of a positive group. Also molecular
mass of the salt divided by the total valency of the metal ions.

Gram - equivalent mass. Equivalent mass expressed in grams.

PERCENTAGE COMPOSITION, MOLECULAR FORMULAAND EMPIRICAL
FORMULA

Calculation of percentage composition

Percentage of composition is denoted as the member of parts by mass of each element

present in hundred parts by mass of a compound.

Number of parts by mass of the el ement
Molecular mass

Percentage of the element = x 100

Example - 1

Calculate the percentage composition of calcium carbonate.
(At mass: Ca =40, C =12, O = 16)

Solution :  Formula of calcium carbonate is CaCO,
Therefore its molecular mass=1x 40 + 12 + 3 x 16 = 100
_ 40 _
Hence, % of Ca = 100 X 100 = 40
% of C = L2 x 100 = 12
100
%of O= B x 100=48

100
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Example - 2

Calculate the percentage composition of ferrous sulphate crystal. (Fe = 56, S = 32, O
=16, H=1)

Solution : Formula of ferrous sulphate crystal is FeSO, 7H,0.
Therefore, its molecular mass

=56+32+4x 16+ 7(1x 2+ 16)
=56+ 32+ 64 + 126 = 278

Hence , % of Fe = 25768 x 100 = 20.14
%ofs=% x 100 = 11.51
% ofoz% x 100 = 23.02
% of H,0 = 320 x 100 = 45.33

Example - 3
Calculate the percentage of composition of sodium phosphate. (Na= 23, P = 31, 0=16)
Solution : Formula of sodium phosphate is Na,PO,
Therefore its molecular massis 3 x 23 + 31 + 4 x 16
=69+ 31+64=164
164 parts of Na,PO, contains 69 parts of Na,

Hence % of Na :% x 100 = 42.07

%ofP:% x 100 = 18.90

%ofo:%4 x 100 = 39.02

Calculation of mass of element present in a given mass of subtance :
Example - 1
How many grams of sodium are present in 5.85 grams of sodium chloride ?
(Na= 23, Cl = 35.5)
Solution : Molecular mass of sodium chloride NaCl = 23 + 35.5 = 58.5
58.5g of NaCl contain 23g of sodium
23

So 5.85gm of NaCl will contain £g5 X 5.85 = 2.3g of sodium
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Example - 2
How many grams of sulphur are present in 6.0 g of magnesum sulphate ? (Mg =24, S= 32,

O =16)
Solution : Molecular mass of magnesium sulphate, MgSO, = 24 + 32 + (4 x 16) = 120

120g of MgSO, Contain 32g of sulphur

Hence, 6.0g of MgSO, contain % X 6.0 = 1.6g of sulphur
MOLECULAR FORMULA AND EMPIRICAL FORMULA

A formula is aratio of number of atoms of each element present in the compound.
Molecular formula : The molecular formula shows the exact number of atoms of each
element present in one molecule of the compound.

Empirical formula : The empirical formula shows the simplest whole number ratio of atoms
of each element present in one molecule of the compound.

It is the ssimplest formula which gives the atomic ratio in terms of smallest whole
numbers of each type of atom present.

If the percentage composition of a compound is determined, then its simplest formula
can be computed.

Relationship between molecular formula and empirical formula.
The molecular formula of hydrogen peroxide is H,0,. Its empirical formula is HO.

The molecular formula of acetic acid is CH,COOH or C,H,O, and its empirical formula
is CH,O.

The molecular formula of glucoseis CH,,O, and its empirica formulais CH,O. From

the above examples, we arrive at a conclusion for a relationship between molecular formula
and empirical formula and that is

Molecular formula = (Empirical formula) .

Where, the value of n is a whole number.

For H,O, the value of n = 2, for CH,COOH, n = 2, and for glucose CH,,O,, n = 6.

6 1276’

For some compounds the molecular formula is the same as its empirical fomula. Both
formulae for hydrogen chloride is HCI and have the value of n = 1.

Deter mination of empirical formula and molecular formula.
This is determined from percentage composition. The following steps are followed in
determining the empirical formula

1.  The percentage composition of each element is divided by relative atomic mass to get
the relative number of atoms present in the compound.

2. The quotients from (1) are divided by the smallest quotient to get the simplest ratio of
atoms of different elements constituting the molecule of a compound.

If the above ratio of atoms is not a whole number ratio, then this ratio is multiplied by
an integer to convert the same to a whole number ratio.
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3. Once the whole number ratio is determined it is possible to write the empirical formula
The molecular formula sometimes may be same as the emipirical formula or it may be
a simple multiple of the empirical formula.
Molecular formula = (Empirical formula) .
The value of n is a whole number and is determined by dividing the molecular mass
of the compound by its empirical formula mass.

M olecular mass
Empirical formula mass

n=

Example - 1
Calculate the empirical formula of a compound that contains 22.22% nitrogen, 1.59 %
hydrogen and the rest oxygen.

Solution :  The % of oxygen = [100 — (22.2 + 1.59)] = 76.19

Element Percentage @ Atomic mass  Relative Simplest Whole number
composition number of atoms ratio ratio.
H 1.59 1.008 or 1 1.59/1 159 1
N 22.22 14 22.22/14 159 1
O 76.0 16 76.19/16 476 3

So, the compound containing H, N, and O atoms with whole number ratio 1, 1 and 3
respectively, its empirical formula is HNO,.

As we know the molecular formula of nitric acid is HNO,, so here the value of
n =1 and the molecular formulaand empirical formula of nitric acid isthe same, that is HNO,.
Example - 2

A gaseous compound of carbon and nitrogen, containing 53.8% by weight of nitrogen was
found to have vapour density of 25.8. What is the molecular formula of the compound ?

(IIT. 1971)
Solution :

Element Per centage Atomic Relative number Simplest
Composition mass of atoms ratio
538 _ 384 _

N 53.8 14 14 =384 384 =1
_ 462 _ 385 _

C 100 - 53.8 =46.2 12 1, =385 3gq =1

Hence the empirical fomula of the gaseous compound is CN.
Now the empirical formula mass is 12 + 14 = 26.

We shall learn later in this chapter that molecular mass of a compound is equal to twice
its vapour density.

Since the vapour density of the above compound is 25.8, the molecular massis 2x 25.8
= 51.6.

Molecular mass _ 516

N'= Empirica formulamass = 26 1.98 = 2

We Know,
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Thus the molecular formula of the gaseous compound is (CN), or C,N.,.
Percentage of oxygen in an organic compound

In the analysis of elements of an organic compound, the elements carbon, hydrogen,
nitrogen, sulphur and halogen can be estimated by chemical methods. But the element oxygen
cannot be estimated directly. So the percentage of oxygen is obtained by subtracting the sum
of percentage of other elements from 100.

Therefore, percentage of oxygen = 100 — (Sum of percentage of other elements)
Example - 3

An organic compound contains 40% carbon and 6.66% hydrogen and rest oxygen. The
vapour density of the compound is 30. Calculate its empirical and molecular formula.

Solution :
Element Percentage Atomic Relative number of | Simplest ratio
Composition mass atoms
40 _ 333 _
C 40 12 1o =333 333 =1
6.66 _ 6.61 _ N
H 6.66 1.008 1008 — 661 333 =~ 198 ~2
0 100 —(40 + 6.66) | 16 24 =333 33 =1
=53. 34

Hence the empirical formulais CH,O. The molecular formula would be thus (CH,O) .

The empirical formula mass = 12 + 2 x 1.008 + 16 = 30.016 =~ 30. Given the vapour
density of the compound 30. So the moleculr mass is 2 x 30 = 60

_ 60 _
Therefore, n=35= 2

So the molecular formula of the compound is (CH,0), or C,H,O,,.
Example - 4

A compound on analysis was found to contain the following percentage composition
Fe=20.14%; S=11.51% :; O = 63.3% and H = 5.08%. The molecular mass of the substance is 278.
Determine the molecular formula assuming that al the hydrogen atoms are present with oxygen as
water of cystallisation. (At. mass Fe = 56, S =32, O = 16, H = 1.008).
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Element Percentage | Atomic Relative Simplest
Composition mass number of atoms ratio
20.14 _ 036 _
Fe 20.14 56 55 - 0.36 036 — 1
15 _ 0.36 _
S 11.51 32 5 - 0.36 036 =1
63.30 _ 396 _
63.30 16 16 =396 036 - U
5.08 _ 5.03 _
H 5.08 1.008 1008 — 203 036 — 14
Thus, the empirical formula of the compound is FeSO, H,,

The empirical formula mass = 56 + 32 + (11 x 16) + (14 x 1) = 278

Given, molecular mass = 278

So n=

Molecular mass

_ 218

Empirical formulamass ~ 278

Hence, the molecular formula is FeSO, H

11" 14

In this case we know, al the fourteen hydrogen atoms combine with seven oxygen
atoms to form seven molecules of water. So, the molecular formulais to be written as FeSO,.

7H,0.

| CHAPTER (2.9) AT A GLANCE|

1. Percentage composition : Percentage of composition is denoted as the number of
parts of each element present in hundred parts by mass of a compound.

2. Molecular formula : The molecular formula shows the exact number of atoms of
each element present in one molecule of the compound.

3. Empirical formula : The empirica formula shows the simplest whole number
ratio of atoms of each element present in one molecule of the compound.

Long answer type

QUESTIONS

1.  What do you understand by empirical and molecular formula of a compound ? How are

they related ?

An organic compound contains C = 62.15% and H = 10.34%. Its vapour density is 29.
Find out the empirica and molecular formula of the compound. (Ans :CH,, C,H,)

What do you understand by empirical and molecular formulae of a compound ? How are
they related ?

A compound contains carbon, hydrogen and nitrogen in the ratio 18:2:7. Calculate its
empirical formula. If the molecular mass of the compund in 108, what is its molecular
formula? (Ans: CH,N, CH,N,)



0

210

+2 CHEMISTRY (VOL.- 1)

NUMERICAL PROBLEMS
What is the molecular mass of :

(@ Hydrochloric acid (b) Sodium hydroxide (c) Sodium carbonate (d) BaCl, . 2H,0 (e)
Barium sulphate. (f) Aluminium oxide. ( At mass, Cl = 35.5, Na=23, C =12, O = 16,
Ba= 137, S= 32, Al = 27)

Calculate the percentage composition of :
(a) sodium chloride (b) Sodium sulphate

A given sample of chalk contains 55% by mass of calcium carbonate. Calcualte the
percentage of calcium, carbon and oxygen in the sample.

A compound on analysis gave the following percentage composition.

Na = 14.31%, S=9.97%, H = 6.22%, O = 69.5%. The molecular mass of the substance
is 322. Find its molecular formula assuming that al the hydrogen atoms are present in
combination with oxygen as water of crystalisation (At. massNa=23, H=1, S= 32,
O = 16)

An organic compound contains 52.18% carbon and 13.04% hydrogen, the remaing being
oxygen. Vapour density of the compound is 23. Calculate the molecular formula.

In case of a hydrocarbon, it was found that the hydrogen content is L of that of carbon

by weight. What is the empirical formula of the compound ? 12

A compound with molecular weight 108, contained 88.89% C and 11.11% H. Calculate
its molecular formula.

ANSWERS TO NUMERICAL PROBLEMS

(a) 365 (b) 40 (c) 106 (d) 244 (€) 233 (f) 102

() Na = 39.3%, Cl = 60.7% (b) Na = 32.4%, S = 22.5% O = 45.1%
Ca = 22%, C = 6.6%, O = 26.4%

Na,SO,.10H,0

C,H.O

CH

CH,

N o g kM w DN PF

AVOGADRO'S HYPOTHESISAND THE MOLE CONCEPT

According to Dalton, when elements combine, they do so in simpleratios by atoms.

We also know from Gay Lussac's law that when gases combine, they do so in simple ratios
by volume.

J. J. Berzelius, a Swedish chemist attempted to correlate Dalton's atomic theory and

Gay Lussac's law of gaseous volumes with the idea that there must be some relationship
between the volume of a gas and the number of atoms present. Berzelius put forward a

relationship called as Berzelius hypothesis.
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Berzelius hypothesis: Equal volumes of all gasesunder similar conditions of temperature
and pressure contain equal number of atoms.

Berzelius hypothesis when applied to some gaseous reactions failed to explain Dalton's
atomic theory.

Example : It was observed experimentally that for a reaction,
H, + Cl, — 2HC
1lvol 1lvol 2vol

1 volume of hydrogen combines with 1 volume of chlorine to produce 2 volumes of
hydrogen chloride, the volumes measured under similar conditions of temperature and pressure.

Let 1 volume of a gas contain 'n' atoms and applying Berzelius hypothesis,
n atoms of hydrogen combine with n atoms of chlorine to form
2n atoms of hydrogen chloride.

or 1 atom of hydrogen combines with 1 atom of chlorine to form 2 atoms of
hydrogen chlorinde.

or, 1 atom of hydrogen chloride contains %2 atom of hydrogen and ¥2 atom of
chlorine.

The above statement contradicts Dallton's atomic theory that says atomsisindivisible.
In 1811 Italian chemist, Amedeo Avogadro modified Berzelius hypothesis by distinguishing
atoms and molecules.

Atom :  An atom is the smallest particle of an element which takes part in a chemical
change. An atom may or may not have independent existence.

Molecule: A moleculeis defined as the smallest particle of acompound which contains atoms
of different kind. In case of an element, the smallest particle may be a molecule
composed of atoms of the same kind. The molecule is capable of existing in the
free state and retaining the properties of matter. In a chemical reaction between
molecules reorganisation of atoms occurs.

The reactions between gases may be understood in terms of Avogadro's hypothesis.

AVOGADRO'SHYPOTHESIS

Equal volumes of all gases at the same temperature and pressure contain equal
number of molecules.
Avogadro's hypothesis explains correctly the reaction between hydrogen and oxygen
forming water vapour.
2H, + O, - 2HO
2vol  1vol 2vol
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2 volumes of hydrogen gas combine with 1 volume of oxygen gas to form 2 volumes of water
vapour measured under same condition of temperature and pressure.

Let there be n number of molecules present in 1 volume of hydrogen. Thus there are
2n molecules present in 2 volumes of hydrogen.

According to Avogadro's hypothesis, there would be n molecules of oxygenin 1 volume
of oxygen gas and 2n molecules of water in 2 volumes of water vapour. Thus,

2n molecules of hydrogen combine with n molecules of oxygen to form 2n molecules of water
vapour.

2 molecules of hydrogen combine with 1 molecule of oxygen to form 2 molecules of water
vapour.

Therefore, 1 molecule of hydrogen combines with 1/2 molecule of oxygen to form 1 molecule
of water vapour.

According to Dalton's atomic theory atoms connot be divided in a chemical reaction,
but molecules are divisible.

If ¥ molecule of oxygen is regarded as 1 atom of oxygen making oxygen atom
diatomic, then

1 molecule of hydrogen combines with 1 atom of oxygen to form 1 molecule of water
vapour.

This deduction from Avogadro's hypothesis does not contradict Dalton's atomic theory.
Advantages of Avogadro's hypothesis

1. It could explain the difference between an atom and a molecule.

2. It proved that molecules are the ultimate particles of the elementary gases.

3. It explained correctly the law of gaseous volumes.

APPLICATIONS OF AVOGADRO'S HYPOTHESIS :
1 Explanation of Gay Lussac's law of gaseous volumes
In the chemical combination of gases A and B to form a gaseous compound AB,
Let 'a molecules of gas A combine with 'b" molecules of gas B (a & b are ssimple
integers).
Under the same condition of temperature and pressure,

If 1 cc of gas A contains n molecules then 1 cc of gas B would aso contain the same
number of n molecules. This is as per Avogadro's hypothesis.

Since 1 cc of the gas A contains n molecules then 'a molecules of the gas A would be

present in (%) cC.

And similarly 'b" molecules of the gas 'B' would be present in (%) cC.

Thus, the volumes of gases A and B will combine in the ratio : i.e.a: b
(asimpleratio, since aand b are whole members), when the volumes are measured at the same
temperature and pressure.

Avogadro's hypothesis thus, explains the law of gaseous volumes.
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2. Determination of atomicity of elementary gases
Atomicity means the number of atoms present in a molecule.

(&) Atomicity of oxygen molecule

The fact that a molecule of oxygen is diatomic will be deduced from Avogadro's
hypothesis.

It has been already stated that 2 volumes of hydrogen combine with 1 volume
of oxygen to produce 2 volumes of water vapour at the same temperature and pressure.

It is also deduced by considering n molecules being present in 1 volume of
hydrogen that

2 molecules of hydrogen combine with 1 molecule of oxygen to form 2 molecules
of water vapour.

And hence, 1 molecule of hydrogen combines with % molecule of oxygen to form 1
molecule of water vapour.

Since water is a compound of hydrogen and oxygen only, each molecule of
water must contain at least 1 atom of hydrogen and 1 atom of oxygen. This 1 atom of
oxygen in water must have come from % molecule of oxygen gas. Now since 1 atom
of oxygen is present in ¥2molecule of oxygen, the oxygen molecule should be diatomic.

(b) Atomicity of hydrogen and chlorine molecules

Similarly from the gaseous combination of hydrogen and chlorine,

1 volume of hydrogen combines with 1 volume of chlorine to give

2 volumes of hydrogen chloride gas, volumes measured at the same temperature and
pressure. It can be deduced with the help of Avogadro's hypothesis that hydrogen and chlorine
molecules are diatomic.

(3) Determination of the relationship between molecular mass and vapour density

The vapour density of a gas or vapour is defined as the ratio of the mass of a
definite volume of the gas or vapour to the mass of the same volume of hydrogen, both
the volumes measured at the same temperature and pressure.

Vapour density of a gas or vapour

Mass of adefinite volume of gas or vapour

= Mass of the same volume of hydrogen (@ theé same temperature and pressure)

The vapour density of a gas or vapour can be measured experimentally.

Let Vcc of a gas or vapour contain n molcules.
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Mass of Vcc of the gas or vapour
Mass of Vcc of hydrogen

Vapour density (V.D) =

(at the same temperature and pressure)

According to Avogadro's hypothesis, Vcc of hydrogen gas under the same conditions
of temperature and pressure would also contain n molecules of hydrogen.

Therefore,

Mass of n molcules of the gas or vapour
Mass of n molecules of hydrogen

V.D. =

Mass of 1 molcule of the gas or vapour
Mass of 1 molecule of hydrogen

Since hydrogen molecule is diatomic (this fact has also been deduced from Avogadro's

hypothesis),
_ Massof 1 molecule of the gas or vapour
V.D. = Mass of 2 atoms of hydrogen
Mass of 1 molecule of the gas or vapour
So, V.D.x2 = 325 o vapo

Mass of 1 atom of hydrogen

Relative molecular mass of the gas or vapour.

Thus, the relative molecular mass of a gas or vapour is twice its vapour density.

The relative molecular mass of gas or vapour = 2 x V.D.

The atomic mass of hydrogen is 1.008 on the basis of atomic mass scale.

In order to calculate the exact relation,

the relative molecular mass of a gas or vapour is equal to 2.016 times its vapour
density, i.e,

Relative molecular mass of a gas or vapour

= 2.016 x Vapour density of the gas or vapour.

4. Deter mination of Gram molecular massor Molar mass and Gram molecular volume
or Molar volume.

Gram molecular mass of any substance is the molecular mass expressed in grams.
According to Avogadro's hypothesis,

. _ Massof llitreof gasat NTP
Vapour density ~ Massof 1litre of hydrogen at NTP

Mass of 1 litre of gasat NTP
- 0.089 gram

(Since 1 litre of hydrogen weighs 0.089 gram)



ATOMS& MOLECULES 95

. Massof 1 litre of gasat NTP
Now, Vapour density = 0.089 gram

2 x mass of 1 litre of gasat NTP
0.089 gram

Since, molecular mass or gram molecular mass=2x V.D =
= Mass of 22.4 litres of the gas at NTP.

Thus, gram molecular mass of any gas or vapour occupies 22.4 litres at NTP which is
called the gram molecular volume or molar volume.

5. Determination of molecular formulae of gases

Molecular formula of a gas can be determined from its volumetric composition.

For example, it has been found from experiment that. 1 volume of nitrous oxide
contains 1 volume of nitrogen gas.

If n number of molecules occupy 1 volume of nitrous oxide, according to Avogadro's
hypothesis,

1 volume of nitrogen will also contain n molecules.

Thus, n molecules of nitrous oxide contain n molecules of nitrogen. So, 1 molecule
of nitrous oxide will contain 1 molecule of nitrogen. (It can be deduced from Avogadro's
hypothesis that nitrogen molecule is diatomic and hence its atomicity is 2)

Therefore, 1 molecule of nitrous oxide contains 2 atoms of nitrogen.

Thus, its formulamay be written asN,O_, x being the number of oxygen atoms present
in a molecule of nitrous oxide.

The vapour density of nitrous oxide has been determined from experiment to be 22.

Again from Avogadro's hypothesis, the relative molecular mass of a gas or vapour
= 2 x Vapour density

Hence, the relative molecular mass of nitrous oxide gas is 2 x 22 = 44.

Again, the relative molecular mass of a compound is the sum of the relative atomic
masses of all constituent elements.

So, (2 x 14 + 16x) = 44 (The relative atomic masses of nitrogen and oxygen are 14
and 16 respectively)

Therefore, x = 1 and the molecular formula of nitrous oxide is N,O.

6. Determination of atomic mass of elementary gases

Avogadro's hypothesis can be applied to determine the atomic mass of elementary
gases
Molecular mass = 2 x Vapour density
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Again, Molecular mass = atomic mass x atomicity
Therefore, atomic mass x atomicity = 2 x Vapour density

2 x Vapour density
atomicity

and hence, atomic mass =

7. Explanation of Dalton's atomic theory

According to Avogadro's hypothesis molecules are divisible whereas atoms are not.
This distinguishes between atoms and molecules and explains Dalton's atomic theory.

AVOGADRO'S NUMBER AND MOLE CONCEPT

The basic unit of substances in different types of chemical problemsis an atom, ion
or amolecule. While dealing with a definite and macroscopic quantity of substance the number
of atoms, ions or molecules which compose the substance will have to be counted.

Chemists have devised the unit mole to express the number of atoms, ions or molecules.

A mole is the quantity of a substance that contains the same number of atoms,
ions or molecules as are contained in 12g of carbon - 12 (*2C). The number of atoms of
carbon in 12g of carbon -12 has been found to be 6.023 x 10%.

Thus, 1 mole of any substance is that quantity of the substance which contains
6.023 x 10% particlesor units of that substance. This number iscalled Avogadro's number
(N) or (L).

One gram-atom of an element is the mass of 6.023 x 10?® atoms of the element. For
example, the gram-atomic mass of sodium is 22.9898 g. The mass of Avogadro number of
sodium atoms is 22.9898g.

Hence, the mass of 1 atom of sodium

= Goax10° = 382X 107G

Gram-atomic mass
N

Thus, mass of one atom of the eement =

Similarly, the gram-molecular mass of hydrogen is 2.016 g.
The mass of 1 mole of hydrogen molecule is 2.016g and

that contains Avogadro number of hydrogen molecules.

_ 2016 _ o
Hence, the mass of 1 molecule of hydrogen = 6023 x 108 - 3.85 x 10*g
Thus, mass of one molecule of the substance = Gram molﬁlcular mass

The quantity 'mole' is written in an abbreviated form as 'mol'.
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Again, the number atoms and number molecules in a given mass of element can be
calculated.

M ass of substance x N
Gram atomic mass

Number of atoms =

M ass of substance x N
Gram molecular mass

Number of molecules =

Molar Volume

The gram-molecular volume or molar volume of all gasesisthe same at the same
temperature and pressure and is22.4 litresat NTP. (I litre = 1000 cm® = (10cm)?3 =
1 dmd)

It is known from experiment that 1 litre of hydrogen gas at NTP weighs 0.089g, the
molar mass of hydrogen being 2.016g,

2.016 g of hydrogen occupy % = 22.4 litres at NTP. This volume is called
gram — molecular volume or molar volume of hydrogen. This means that one mole of hydrogen

molecules occupies 22.4 litres at NTP,

According to Avogadro's hypothesis , if we consider any other gas such as oxygen or
carbon dioxide, 22.4 litres a&t NTP of any gas would contain the same number of molecules
as are present in 22.4 litres of hydrogen gas at NTP.

Now we know that one mole of molecules of hydrogen occupy 22.4 litres at NTP.
Hence | mole of molecules of any gas occupies 22.4 litres at NTP. Again the molar volume
of any gas weighs its molar mass.

Thus, the molar volume or gram - molecular volume of any gas is the volume
occupied by 1 mole of molecules of the gas at NTP and equals to 22.4 litres. The molar
volume weighs the molar mass.

Hence, O, N, CO, C,
Molar mass (g) 32 28 44 71
Molar volume (litres at NTP) 224 224 224 224

NUMERICAL PROBLEMS

Example 1
Calculate the number of molecules of carbon dioxide present in 500 ml at NTP.

Solution The number of molecules present in a given volume of a gas at NTP

_ Volumeof gasinlitresx N
B 224 litres
Volume of gas = 500 ml. = 0.5l
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23
Therefore, the number of molecules = 93X 62'22‘5’" 10% - 1,344 x 10% molecules.

Example 2
2.8 litres of a gas at NTP weighs 4 grams. Calculate the molecular mass of the gas.

Mass of thegasing (W)

. _ - W
Solution Molecular mass of the gas = Volume of gasin litres (V) X 2241 =, x 224
Hence, The molecular mass = % X 224 = %8 X 224 =32

Example 3
Calculate the density of chlorine gas at NTP.

uti itv of th _ Gram molecular mass of the gas
Solution Density of the gas = Molar volume (22.41)

Gram molecular mass of chlorine = 71 g.

Hence, Density of chlorine gas = % = 3.17 gm/litre = 0.00317 gm/ml.

Mole concept and chemical equations

The chemical equation for the reaction of hydrogen and oxygen forming water may
also be interpreted in terms of moles of reactants and products.

2H,(9) + O,9) — 2H,0())

This equation also represents that 2 moles of hydrogen react with 1 mole of oxygen
to form 2 moles of water, i.e., 2(6.023 x 10%) molecules of hydrogen combine with (6.023 x
10%) molecules of oxygen to produce 2(6.023 x 10%) molecules of water.

Since the weight of 1 mole in grams is the molar mass, the above fact implies that 49
of hydrogen reacts with 32g of oxygen to produce 36g of water.

2H,(g) + Ofg > 2H,0()
2mol 1mol 2mol

2(6.023 x 10%) 6.023 x 10* 2(6.023 x 10%)
Molecules Molecules Molecules

2X 29 329 2 x 18g

The chemical equation for the preparation of carbon dioxide gas in the laboratory is
as follows.

CaCO,(s) + 2HCI —» CaCl(ag) + CO,(g) + H,0(l)
1mol 2mol 1Mol 1mol 1mol
100g 2 X 36.5¢ 1119 449 18g



ATOMS& MOLECULES 99

The above equation represents that 1 mole of calcium carbonate reacts with 2 moles
of hydrochloric acid to produce 1 mole of carbon dioxide gas, 1 mole of calcium chloride and
1 mole of water. Here, we are mainly concerned with calcium carbonate, hydrochloric acid and
carbon dioxide gas. The relative molecular mass of calcium carbonate is 100. That is the sum
of relative atomic masses of calcium, carbon and oxygen.

Relative molecular mass of CaCO, = (40 + 12 + 3 x 16) = 100
Now 1 Mole of carbon dioxide gas occupies 22.41 at NTP.

Thus, 100g of CaCO, reacts with 1 mole of HCI to liberate 22.4 of carbon dioxide
a NTP.

From the above examples it is evident that mole concept is very useful in the calculations
involving stoichiometric relationship.

NUMERICAL PROBLEM
Example :

Calculate the volume of oxygen gas at NTP that can be produced by heating 4.9 grams
of potassium chlorate (K = 39, Cl = 35.5, O = 16)

Solution :
The chemical equation for this reaction is

2KCIO,(s) v 2KCl(s) + 30,(q)
2mol 2mol 3mol

Thus, 2 moles of KCIO, liberate three moles of oxygen. The relative molecular mass
of KCIO, =39 + 35.5 + (3x 16) = 122.5 and 1 mole of oxygen gas occupies 22.4 litres
a NTP.

Hence, from the equation
2 x 122.5 = 245 g of KCIO, produce 3 x 22.4l = 67.2 of oxygen gas at NTP.

Therefore, 4.9g of KCIO, will produce % = 1.344 | of oxygen at NTP.

CHAPTER (2.10) AT A GLANCE

Atom
An atom is the smallest particle of an element which takes part in a chemical change.
An atom may or may not have independent existence.

Molecule

A molecule is the smallest particle of a compound that contains atoms of different
kinds. In case of an element, the smallest particle may be a molecule composed of
atoms of the same kind. The molecule is capable of existing in the free state and
retaining the properties of matter.

Berzelius hypothesis
Equal volumes of all gases under similar conditions of temperature and pressure contain
equal number of atoms.
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Avogadro's hypothesis
Equal volumes of al gases at the same temperature and pressure contain equal number
of molecules.

Atomicity of elementary gases
Atomicity means the number of atoms in elementary gases present in a molecule.

Relation between molecular mass and vapour density
The relative molecular mass of a gas or vapour is twice its vapour density.
Relative Molecular mass = 2 x V. D.

Mole and Avogadro's number

One mole of any substance is that quantity of substance which contains 6.023 x 10%
particles or units of that substance. This number is Avogadro's number (N).

Gram-atom and Gram atomic mass
One gram -atom or one mole-atom of an element contains 6.023 x 10% atoms of the
element. Gram-atomic mass of an element is the atomic mass expressed in grams.

Gram-molecule and Gram molecular mass

One gram-molecule or one mole-molecule of a substance contains 6.023 x 102 molecules
of that substance. Gram molecular mass of any substance is the molecular mass expressed
in grams.

Molar volume or Gram molecular volume

Molar volume or Gram molecular volume is the volume occupied by one gram molecular
mass of any gas or vapour at NTP. Molar volume of any gas or vapour occupies 22.4
litres at NTP. Molar volume of all gases is the same at the same temperature and
pressure and is 22.4 litres at NTP.

Solved problems
Problem 1

Calculate the mass of 1 atom of carbon —12 isotope and hence find out the value of

1 amu in grams. Evaluate the mass of one molecule of oxygen.
gram atomic mass of C —12

Solution Mass of 1 atom of C — 12 = N
12
= o3x 107 - 2x 1079
1 atomic mass unit (amu) = le th of mass of one atom of carbon — 12
= 5 x2x 10% =166 x 10% g

The relative molecular mass of oxygen is 32.
Therefore, the mass of an oxygen molecule is 32 amu which is equa to 32 x 1.66 x 10
=531 x 102 g.
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Problem 2

Solution

Problem 3

Solution

What is the mass of half mole of oxygen atom ? (C.H.S.E. 1991(A))

Mass of atoms
gram atomic mass

or, mass of atoms = number of moles x gram.. atomic mass
So, mass of oxygen atom = 0.5 x 16 = 8g.

Calculate the number of moles in 25 gm. of CaCQO,. (C.H.S.E. 1989(S))

Number of moles =

Mass of substance
gram molecular mass of substance

25

Number of moles =

Here, Number of moles = 100 = 925 mole (since molecular mass of CaCO, = 100)

Problem 4

Solution

Problem 5

Solution

Problem 6
Solution

Problem 7
Solution

Problem 8
Solution

Calculate the number of molecules present in 1.6 gm of methane.
(C.H.SEE. 1994(9))

Number of lecules = Mass of substance x N
umber of MOIeCUleS = ym “molecular mass of the substance

Here, molecular mass of methane, CH, = 16

23
and number of molecules = 16X 6'%3X 107 - 6.023 x 10 molecules.

Calculate the number of molecules of sodium hydroxide present in 4 gms of the
sample. (C.H.SEE. 1991(9))

Mass of NaOH X N
gm. molecular mass of NaOH

Number of molecules of NaOH =

23
= 4X G-OESX 107 = 6.023 x 102 molecules.

Write the number of atoms present in 1 mole of sulphuric acid.(O. J. E. E 1993)
Total number of atoms in the substance =Number of molesx total number of
atomsx N

Here, number atoms in one molecule of H,SO, = 7

and therefore total number of atoms present

= 1x 7 x 6.023 x 102 = 4.216 x10?2 atoms

In 93 g of phosphorus calculate the number of molecules.
Phosphorus molecule is tetra atomic, P,
Hence its molecular mass = 124 g

Mass of substance x N
gram molecular mass

Number of molecules=

23
= $Bx0028x10% = 4517 x 10° molecules,

Calculate the total number of electrons present in 1.6 gms of methane.
Molecular formula of methane = CH,

and hence, Molecular mass of methane = 16

% b ‘ lecl _ Mass of substance x N
» NUMDEr OF MOIeCUleS =~ gram molecular mass
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_ 16x6.023x10%

— 22
16 = 6.023 x 10% molecules

One molecule of methane contains 10 €l ectrons.
Hence 6.023 x 10%2 molecules of methane contain 6.023 x 102 x 10 = 6.023 x 10%

electrons.

Problem 9 How many atoms of each of the constituent elements are there in 25g. of CaCQ, ?

Solution

(Ca=40, C =12, 0O = 16).
Gram molecular mass of CaCO, = 40 + 12 + 3 x 16 = 100g.

Thus, 25 g of CaCO, = 1%5(’) = 0.25 moles of CaCO,.

Now, 1 mole of CaCO, contains 6.023 x 10% atoms of Ca,
6.023 x 10 atoms of C and 3 x 6.023 x 10% atoms of O.
Hence, the number of atoms of the constituent elements in 25g i.e. 0.25 moles of
CaCO, is equal to
Ca=0.25 x 6.023 x 10® = 1.506 x 10%® atoms
C = 0.25 x 6.023 x 10® = 1.506 x 10*® atoms
O =0.25x 3 x 6.023 x 102 = 4517 x 10® atoms

Problem 10 How many gram atoms of oxygen and hydrogen are there in 0.2 moles of

Solution

water ? What are the number of atoms of each element present in this quantity
of water ?
1 mole of H,O or 18g of H,O contains 2 gram atomic mass of hydrogen and
1 gram atomic mass of oxygen.
So, 0.2 moles of water will contain
2 x 0.2 = 0.40 gram atomic mass of hydrogen
and 1 x 0.2 =0.20 gram atomic mass of oxygen
Now, the number of hydrogen atoms = 0.40 x 6.023 x 10 = 2.409 x 10® atoms
and the number of oxygen atoms = 0.20 x 6.023 x 10 = 1.205 x 10*® atoms

Problem 11 What will be number of molecules of a gas occupying 280 ml at NTP ?

Solution

(C.H.SE 1987 (A))
280 ml of the gas = 0.28 litres of the gas

23
So number of molecules = 0:28X 62'ng X107~ 75529 x 102 molecules

Problem 12 A tetra-atomic gas occupies 1.4 litres at °C and 760 mm pressure. Find the

Solution

number of atoms in the gas.

Number of molecules of the gas present = %x 6.023 x 10 molecules.

Since the gas is tetra-atomic, one molecule contains 4 atoms.

Therefore, the number of atoms present in the gas = % X 6.023 x 10® x 4

= 1.505 x 10® atoms.
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Problem 13

Solution

Problem 14

Solution

Since,

Density of water at room temperature is 1.0 g./ml. How many molecules are
there in a drop of water if the volume is about 0.05 ml ?

Weight of 1 drop or 0.05 ml of H,0 = %0° = 0.05g

Since molecular mass of water is 18,

number of moles of H,O in 0.05g of it = OT%S

Each mole of water contain 6.023 x 10 molecules.

Hence, The number of water molecules in one drop

= 2% x 6.023 x 10% = 1673 x 10% molecules.

Calculate the weight of 60% sulphuric acid required to decompose 25 g of
chalk, calcium carbonate. (Ca =40, C =12, O = 16, S = 32)

Chemical reaction :
CaCO, + H,SO, = CaSO, + COs + H,0
100g 98g

From the above equation it is known that 98g of H,SO, required to decompose
100g of chalk (CaCQ,).

So, weight of H,SO, required to decompose 259 of chalk

_ 98x25
~ 100

60g of H,SO, are contained in 100 gm of 60% H,SO,,

= 24.59.

24.5 g of 100% H,SO,

= 100X245 = 40,839 of 60% H,SO,

QUESTIONS

Very short answer type (1 mark each)

Sate true or false:
1. Avogadro number has value 6.023 x 10%.

N

No oM

Equal volumes of all gases contain equal number of molecules at all temperature and
pressure.

Half a molecule of oxygen is equal to one atom of oxygen.
Avogadro's hypothesis explains the law of gaseous volume.
Atomicity is equal to valency of an element.

One mole of hydrogen contains 6.023 x 10? atoms.

6.023 molecules of hydrogen weigh 1 gram.
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2 grams molecular mass of a substance contain 2 moles.
1 mole of chlorine occupies 22.4 ml at NTP.
1 mole of electrons contains 6.023 x 10%? electrons.

. One mole of KCIO, contains 18.069 x 10 atoms of oxygen.

Molecular mass = 22.4 litres at 27°C.
Gram molecular volume of any substance at NTP is 22.4 litres.
One mole of oxygen contains 2 gm atoms.

Short answer type (1 mark)

How many atoms are present in 10 gms of calcium carbonate ?

What is the mass of 224ml of oxygen at NTP ?

What is the volume of 17.75 g of chlorine at NTP ?

What is the mass of 2.8 litres of CO, at NTP ?

How many electrons are their in ammonium ion ?

How many atoms of oxygen are present in 4.4 gms of CO, at NTP ?

How many gms of H,O, are present in 1 litre of 20 volumes of H,O, solution ?

C. Short answer type (2marks each)

© © N U A~MWDNE

What is Avogadro's number ?

State Berzelius hypothesis

State Avogadro's law.

What is meant by atomicity of a gas ?

What is vapour density ?

What is the relationship between vapour density and molecular mass ?
Define gram molecular volume.

Define gram molecular mass.

Write the merits of Avogadro's hypothesis.

D. Long Answer Type (7 marks each)

1

State Avogadro's hypothesis. What are its applications ? The vapour density of agasis
11.2. Calculate the volume occupied by 1.6 grams of the gas at STP.

State and explain Avogadro's hypothesis. Derive the relations between molecular mass
and vapour density of a gas.

(i) Determine the atomicity of oxygen by applying Avogadro's law,

(i) Derive from the Avogadro's law that molecular mass is equal to mass of 22.4
litres of gas or vapour at NTP.

State and explain Avogadro's law. How does it explain Gay-Lussac's law of gaseous
volumes. How it could discard Berzelius hypothesis ?

State and explain Avogadro's hypothesis. How is the hypothesis applied to determine the
gram molecular mass and molecular formulae of gases ?
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6.

Derive the relationship between molecular mass and vapour density of a gas from
Avogadro's hypothesis. 0.796 g of ametal oxide was heated in a current of dry hydrogen
when 0.18g of water was formed. Calculate the equivalent mass of the metal.

What is Avogadro's hypothesis ? How can it be derived from combined gas equation ?
1.40 litre of a gas at 27°C and 900 mm pressure weighs 3.59. Calculate the molecular
mass of this gas.

E. Numerical Problems: (3 marks)

1.

A ow

© o N o O

11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24,

25.
26.

@ How many molecules will be present in one gram molecular mass of
hydrogen gas ?

(b) How many atoms of hydrogen are present in two moles of H,PO, ?

How many atoms of oxygen are present in one gram of oxygen ?

How many calcium atoms are present in 10 g of CaCQO, ?

@ How many moles of hydrogen molecules are present in one mole of
hydrogen peroxide ?

(b) How many molecules of oxygen are present in one mole of sulphuric acid ?

How many molecules are there in 90 gms of H,O ?

How many atoms are present in 49 gms of sulphuric acid ?

What is mass of half mole of nitrogen atom ?

Avogadro's number of helium atoms weigh how many grams ?

How many moles do 3g of water represent ?

How many moles do 2 x 102 molecules of hydrogen represent ?

A piece of copper weighs 0.635 g. How many atoms of copper does it contain ?

Between 1 gram of water and 1 gram of methanol, which has more number of molecules ?

What will be the weight of 1 x 10 molecules of ammonia ?

What is the mass of 2.5 x 10 atoms of nitrogen ?

What is the mass of a carbon dioxide molecule ?

Calculate the number of molecules present in carbon dioxide gas weighing 4.4g.

Calculate the number of moles in 30 gms of sodium hydroxide.

Calculate the mass of 1 ml. of hydrogen at NTP.

Find the volume occupied by 6.023 x 102 molecules of oxygen at NTP.

5.6 litres of gas at NTP weighs 8.25 gms. Calculate its vapour density.

Calculate the density of nitrogen at NTP.

Calculate the number of electrons present in 0.3 mole of electrons.

How many moles of water should be electrolysed to produce 80g of oxygen ?

Find out the amounts of magnesium and oxygen consumed to prepare 60g of magnesium
oxide.

What would be the volume of 44 grams of CO, at NTP ?
What volume of CO, is liberated at NTP from 0.1 mole of CaCQO, ?
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27.

28.

29.

30.
31
32.
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What weight of water will be formed by the combination of 11.2 litres of oxygen at NTP
with excess of hydrogen ?

6 gms of carbon was completely burnt in oxygen. What would be the volume of carbon
dioxide produced at NTP and how many molecules will be present in that gas ?

Calculate the volume of oxygen at STP required to completely burn 30ml of acetylene
at STP.

Calculate the total number of electrons present in 2.24 litres of methane at NTP.
What is the mass of one mole of electrons ?
How many atoms of fluorine are there in 1.9 x 10° gms of Fluorine ? (F = 19 amu)

ANSWERS

A. 1. True2. Fase3. Trued. Trueb. False 6. False 7. False 8. True. 9. False 10. False
11. True 12. False 13. True. 14. True.

C. 1. 1.6 litres.

E. 1 (a) 6.023 x 10* molecules (b) 3 x 2 x 6.023 x 10 atoms 2. 3.76 x 10 atoms
3.6 x 102 atoms 4. (a) 1 mole (b) 2 x 6.023 x 10® molecules 5. 3.0115 x 10*
molecules 6. 2.108 x 10* atoms 7. 7g 8. 4g 9. 0.167 mole 10. 0.333 mole
11. 6.023 x 10** atoms. 12. 1g of water 13. 0.282 g 14.5.81g 15.7.3 x 10*g
16. 6.023 x 10% molecules 17. 0.75 mole 18. 0.00009g 19. 22.4 litres 20. 16.5
21. 0.00125 gm/ml 22. 1.807 x 10% eectrons 23. 5moles 24. Mg 36g & oxygen24g
25. 22.4 litres 26. 2.24 litres 27.18g 28.11.2 litres,3.01 x 10% molecules 29. 75 ml.

30. 6.023 x 10% electrons. 31. 9.1 x 6.023 x 10° g. 32. 6.023 x 10*® atoms.

211 |STOI CHIOMETRY (CALCULATIONSBASED ON CHEMICAL EQUATION) |

A chemica change is represented both qualitatively and quantitatively by a chemical

equation. Since asymbol or aformulahas aquantitative meaning, abalanced chemical equation
givesquantitativeinformations regarding reactants and products. Cal cul ations based on chemical
equations are known as stoichiometric calculations. They take into account the molecule,
molecular mass, mole concept, gram molar volume etc. in their calculation.

Let us consider the combustion of ethane (C,H,). The balanced equation of the chemical

change isrepresented by
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2CH_. + 70 —>» 4CO + 6H.0

2 'e(g) 29) 2(g) 2”@
2moles 7moles 4 moles 6 moles
2[24 + 6]g 7[32]g 4 12+32]g 6[2+16]g
2x22.41 7x22.4L 4x22 41 6x22.4L (at N.T.P)

The above chemical equation means-

2molesof C,H,  reactswith 7 molesof O, to give
4 molesof CO, , and 6 molesof H,O

60g of CH,, reactswith 224g of O, to gives
176g of CO, and 108 g of H,O

44.8L of CH, , reactswith 156.8 L of O, to give

89.6L of CO, , and 134.4L of H,0 , (all measured under N.T.P)
From this, it is evident that mole, molecular mass and volume are all correlated.
The calculations based on chemical equations are of three types :

(i) calculations based on mass-mass relationship

(if) calculations based on mass-volume relationship

(iii) calculations based on volume-volume relationship

Calculations based on mass-massrelationship

In general, the following steps are followed for the calculation.

(@ First write down the balanced chemical equation.

(b)  Writedown the molecular masses along with their respective coefficients multiplied
with molecular masses (written below the respective species). These represent the
theoretical amount of the reactants and products.

(c) Then establish the mass-mass relationship and find out the mass of the required spe-
cies by unitary method.

Example-1.

Calculate the mass of O, required for completely burning 30g of ethane to produce CQO,.
Also calculate the mass of H,0 produced during the reaction.

Solution :
The balanced chemical equationis

2CHgg + 70,y —> 4C0O,, +6H,0

2x 30 732 6 x18

For burning 60g of ethane, O, required in 2249

Thus, for burning 30g of ethane, O, required will be 22‘:; 30 0= 1129

On burning 60g of ethane, H,O produced is 108g
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108
Thus, on burning 30g of ethane, H,O produced will be 0 30g= 549
Example-2

Calculate the mass of lime required to remove the hardness of 10,00,000 L of water con-
taining 16.2g of calcium bicarbonate per litre.

Solution :

Ca(HCO,), in water causes hardness. Lime (CaO) reacts with Ca(HCO,), present in hard
water precipitating CaCO, and thus removes hardness.

Ca(HCO,), + CaO — 2CaCO, + H,0

162 56

Total amount of Ca(HCQO,), present in 10,00,000 L of water

=16.2g L= x 10,00,000L = 16200 kg

162 g of Ca(HOQ,), requires 569 of Iirg]éeg(as per equation)

16200 kg of Ca (HCO,), will require x 16200 kg = 5600 kg of lime.

1629
Hence, 5600 kg of lime will be required for removing hardness.

Limiting reagent : Often, reactions are carried out when the reactants are not present in
the amounts required by abalanced chemical reaction. Thereactant whichis present in the lesser
amount gets consumed and no further reaction takes place eventhough the other reactant is present.
Thus, the reactant present in lesser amount limits the amount of product formed and is, therefore
named as limiting reagent.

In stoichiometric calculations, this fact should be borne in mind.
Example- 3

100g sample of calcium carbonate is allowed to react with 75g of orthophosphoric acid.
Calculate the mass of calcium phosphate that could be produced and the mass of excess
reagent that will remain unreacted.

Solution :
The balanced equation is represented as
3CaCO, + 2H.,PO, —_ Ca, (PO,),+3CO, + 3H,0

3mole 2mole 1 mole
3[40+ 12+48] 2[3+ 31+ 64] [3x 40+ 2 x 95]
300g 1969 310g

300g of CaCO, produce Ca, (PO,),= 310 gor 1 mole
, 310
100g of CaCO, will produce —--x 100 =103 g or 0.33 moleof Ca,(PO,),
or, 1969 of H.,PO, produce Ca, (PO,), = 310g or 1 mole

310
759 of H_PO, will produce Ca,(PO,), = EX 75 =118.6g or 0.38 mole
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The vaues show that CaCQ, isthe limiting reagent.
Therefore, Ca, (PO,), formed is 0.33 mole or 103 g.
: . . 196
For producing 103g of Ca, (PO,),, H,PO, required will be = Ex 103 =65.12g
Therefore, mass of remaining H,PO, = (75 —65.12)g = 9.88g
Calculationsbased on mass-volumerelationship

These calculations are based on the fact that 1 mole or 1 gram molecular mass of the
substance occupies 22.4 litres or 22400 mL at N.T.P. The following example shows tha mass-
volume relationship.

MgCO, + 2 HCl — MgCl, + H,0 + CO,

1mole 2mole 1 mole
449
849 739 22.4L at N.T.P.
Volume of a gas at any temperature and pressure can be converted to mass or vice-versa
using the equation
pv= Vgt
M

where W = mass of the gas with molecular massM and R ismolar gasconstent. BV & T
have their usual meaning.

Example-1

What volume of chlorine gas at N.T.P. will be produced when 8.7g of MnO, reacts with
excess of conc. HCI ? (Mn =55, O =16, Cl =35.5)

Solution ;

The balanced reactionis

MnO, + 4HCI —s MnCl, + Cl, + 2H.,0

55+32 71

1 mole 1 mole

Onemolei.e. 87g of MnO, produce 22.4L of Cl, at N.T.P.

Hence, 8.7g of MnO, will produce 2.24L of Cl, at N.T.P.
Example-2

10g of an impure sample of potassium chlorate on complete decomposition gave 1.12 litre
of oxygen at N.T.P. What is the percentage purity of the sample of potassium chlorate ?

Solution :
The balanced equation for decompositionis
2KCIO, —» 2KCI + 30,
2mole 3 mole
2459 3x224L aN.T.P.
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3 x22.4L of O, isobtained from KCIO, = 24592459
1.12 L of O, will be obtained from KCIO, = 3x 4L % 112 L =4.08g

10g of sample contains KCIO, = 4.08g
Amount of puresample

Pei'lcggtage purity of the sample = Amount of impure sampl e>< 100
= 2799, 100= 408
10g

Calculations based on volume - volumerelationship
These calculations are based on two laws :

(i) Avogadro’'slaw & (ii) Gay-Lussac's law

For example,
2CO + O,—» 2CO, (Avogadro's law)
2mole 1mole 2mole

2x224L 2241L 2x224L

(Under similar conditions of temperature and pressure, equal moles of gases occupy equal
volumes)

or, 2CO + 0,— 2CO, (Gay - Lussac’s law)
2vol 1val 2vol
(Under similar conditions, gases react in simpleratio of their volumes)

It may be remembered that the law holds good only for gaseous reactants & products,
which do not liquify on cooling.

Example-1

What volume of oxygen at N.T.P. isnecessary for complete combustion of propane (C,H,)
measured at 27°C and 760 mm of Hg.

Solution :
The balanced chemical equationis
CH, +50,— 3CO,+4H,0
2241 5x 22.4L

Sincethe volume of propaneisat 27°C & 760 mm of Hg pressure, it hasto be converted to
N.T.P. condition applying gas law. Pressure remains constant at 760 mm of Hg. Therefore, ac-

cording to Charle’'slaw,
) 273K 273
Volume at NTP = Given volume x m= 20Lx — =182L

300
Hence, 18.2 L of propane will undergo combustion at N.T.P.
22.4 L of CH, requiresO, = ?;2254L =112
18.2 L of C,H, will requires 2 al > 18.2L =91.0L
Therefore, 91 L of O, at N.T.P. is necessary for complete combustion of C,H,
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Example-2

One litre of a mixture of carbon monoxide and carbondioxide is passed through a tube
containing red hot charcoal. The volume now becomes 1.6 litre. Volumes are measured
under similar conditions. Find the composition of gaseous mixture. [1.1.T. 1980]

Solution :

When the mixtureis passed through red hot charcoal, only CO, isreduced to carbon mon-
oxide resulting in the increase in volume according to the equation

CO,+C — 2CO

1 voal 2 vol

Let the volume of CO, in the mixture=x L

volume of CO in the mixturewill be=(1-x) L

x vol. of CO, produce 2x vol. of CO

Total volume of CO=2x + 1

=(1+x)vol =1.6L (Given)

Therefore, x =0.6L = volume of CO, inthe mixture.

and volume of CO inthe mixture=(1— 0.6)L =0.4L
Example-3

A gas mixture of 3 litres of propane (C,H,) and butane (C,H, ) on complete combustion of
gas at 25°C produced 10 litres of CO,. Find out the composition of the mixture.

Solution :
Let x litre of C;H, and y litre of C,H, , be present in the mixture.
X+y=3(given).....cceue..... (1)
CH, + 50,— 3CO, + 4H.O
1vol 3vol
CHy,+ 1—23 O,— 4CO, +5H,0
1 vol 4 vol

CO, formed by CH, = 3x

CO, formed by CH, =4y

3x + 4y =10 (given)........... (i)
Solving equations (i) and (ii)

x =2 litre = volume of C H,

y =1litre=volumeof C,H,
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QUESTIONS
(Stoichiometric Calculations)

1.5g of an impure sample of Na,CO, is dissolved in water. On adding excess amount of
CaCl, solution, a white precipitate was obtained which was filtered, dried and found to
weigh 1g. Calculate the percentage purity of the Na,CO, sample.

Find out the amout of litharge (PbO) produced by heating 132.4g of lead nitrate of 50%
purity. (Pb=207.2) (Ans. 44.60)

A 2g sample containing Na,CO, and NaHCO, loses 0.248g when heated to 300°C, the
temperature at which NaHCO, decomposesto Na,CO,, CO, and H,O. What isthe percent-
age of Na,CO, in the mixture ? [Ans. 66.4%)]

29 of amixture of NaCl and KCI was dissolved in water and the resulting solution was
treated with excess of AgNQ, solution. AgCl when weighed after drying was found to be
4.483g. Calcul ate the percentage composition of the mixture. [Ans. NaCl = 59.85%, KCl =
40.15%)]

How many litres of oxygen at NTPisrequired to burn completely 2.2 g of propane (C,H,) ?
[Ans. 5.6L]
How much KCIQ, is needed to produce oxygen enough for burning 10g of coke ?
(Ans. 68.050)

1.84 g of amixture of CaCO, and MgCO, is strongly heated till no further loss of weight
takes place. The residue weighs 0.96g. Calculate the percentage composition of the mix-

ture. (Ca=40, Mg = 24) [Ans. 54.3% : 45.7%)]
What volume of CO, at STP can be obtai ned from 500 g of marble containing 80% CaCO, ?
[Ans: 89.6L]

8.79 pure MnQ, is heated with excess of HCl and the gas evolved is passed through a
solution of Kl. Calculate the mass of iodine liberated (Mn =55, Cl = 35.5, & | = 127)
[Ans. 25.4q]

How many gramsof potassium permanganate completely oxidise 4.5g of oxalic acid present
inan acid solution ? (K =39, Mn=54.94, C=12) [ Ans. 3.16q]

5g of a natural gas consisting of methane and ethylene was burnt in excess of oxygen
producing 14.5g of carbon dioxide and some amount of water as products. Find out the
percentage of ethylene in the natural gas. (Ans. 40.4%)

Multiple choice questions

Select the correct answer for thefollowing.

1.

The number of grams of oxygen which will completely react with 27g of aluminiumis
(8) 89 (b) 169 (c) 24 g (d) 329 [Ans. (c)]
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2.

2.76 g of silver carbonate on being strongly heated yield aresidue weighing

(a) 2.48g (b) 2.169g (c) 2.32g (d) 2.64g [Ans. (b)]
The mass of CO, produced by heating 21g of NaHCO, is
(@) 5.59 (b) 11.0g (c) 7.59 (d) 5.99 [Ans. (8]

The amount of zinc (65) required to produce 224 mL of H, at S.T.P on treatment with dil.
H,SO, will be

(a) 0.659g (b) 6.5g (c) 659 (d) 0.065g [Ans. ()]

569 of CaO has been mixed with 63g of HNO,. The amount of calcium nitrate formed will
be

(a) 4g (b) 3.28g (c) 164 g (d) 829 [Ans.(d)]

10mL of gaseous hydrocarbon on combustion gives 40mL of CO,(g) and 50mL of H,0
(vap). The hydrocarbon is

(@ C,H, (b) CH,, (c) CH,(d) CH,, [Ans. (d)]
4L of CO at NTP will require for complete oxidation, the volume of O, at NTP

(@ 4L (b) 8L (c) 2L (d) 1L [Ans(c)]
The minimum quantity of H,S needed (in g) to precipitate 63.5g of Cu?* will be nearly
(a) 63.5g (b) 31.75g (c) 34g (d) 20g [Ans. (c)]
Which of the following wll have largest number of atoms ?

(@) 1gAu(s) (b) 1gNa(s) (c) 1gLi(s) (d) 1g of cl(g) [Ans. (b)]

aaa
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CHAPTER - 3

STRUCTURE OF ATOM

31 |FUNDAM ENTAL PARTICLESAND THEIR PROPERTIES|

John Dalton (1809) developed famous "atomic theory". He considered the atom as a
hard, dense and smallest indivisible particle of matter. According to the theory each element
consists of a particular kind of atoms differing in mass. But the mass difference of atoms of
different elements could not be explained by him. Subsequent investigators were of the opinion
that there should be some material difference for making atoms of different elements. But the
experimental evidence in support of it was obtained during the last part of nineteenth century.
The passage of electricity through gases at very low pressure and discovery of radioactivity
showed the presence of three fundamental particlesi.e. electron, proton and neutron in the
atoms.

CONDUCTION OF ELECTRICITY THROUGH GASES - CATHODE RAYS
DISCOVERY OF ELECTRON

Normally gases are poor conductors of electricity. But under the influence of high
voltage (20,000 - 30,000 volts) gases conduct electricity. Even very interesting results are
obtained at low pressure. Experiments were conducted in discharge tubes of hard glass of 60
cm length and 4 cm in diameter closed at both ends. (Fig. 3.1) Two metal electrodes 'C' and
‘A" were fused into the tube and a side tube was connected to the vacuum pump 'V'.

W_——‘—’ A

NS N
- K Cathode Rays. +

T

TO VACUUM PUMP

Fig. 3.1 Production of Cathode Rays.
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When pressure was reduced in side the tube to 0.06 - 0.03 mm by operating the
vacuum pump and a high potential of 20,000 volts was applied across the terminals of the
tube, the tube began to glow and a stream of faint greenish light was seen to travel from
Cathode. These were known as Cathode rays.

Properties of Cathode Rays :

1 These rays travel in straight lines with velocity approaching the velocity of light and
cast shadows of objects placed in their path.

2. These are considered to be possessing energy as they rotate a small paddle wheel
placed in their path.

3. These rays penetrate through, thin metal sheets, produce phosphorescence, affect
photographic plates, ionise gases and produce X-rays on striking a metal target.

4. These rays are deflected in electric and magnetic fields and consist of negatively
charged particles as found by its deflection in an electric field (Fig 3.2). On applying
electric field across the tube, the rays are bent towards the positive plate.

L
Jb_@\\u\-:iode Rays@_\ﬂ'l_
T

Fig 3.2 Deflection of cathode rays in éectric field.

Therefore, Cathode rays consist of negatively charged particles. These negatively charged
particles are called electrons.

J. J. Thompson carried out a number of experiments to find out charge and mass of
the electron. Charge of the electron was found to be 1.602 x 107° coulomb. Mass of the
electron was found to be 9.1 x 10 g.

crrhegsgse of electron (%n) = 1.7599 x 108 coulombs per gram.

Thompson carried out a number of measurements on the value of %n of Cathode rays
in which he varied the metal forming the Cathode as well as the gas in the vacuum tube. In
every case the ratio of charge to mass (%n) was the same. Millikan found that charge (€) on
each electron was 1.602 x 107%° coulomb, irrespective of the gas taken inside the tube. From
these observations, it was concluded that electrons are universal constituent of matter.

Discovery of Protons :

Positive Rays : Since electron is an essential constituent of atom and atom as a whole
is electrically neutral, it follows that an equal magnitude of positive electricity must also be
present in the atom.

In 1886, M. Goldstein experimented with discharge tubes containing perforated cathode
and showed the presence of another type of radiation that passed through the holes in the
cathode and carried positive charge. These rays were called positive rays or anode rays.
(Fig. 3.3
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-

Fig. 3.3 Positive Rays or Anode Rays.

Perforated Cathode

Properties of Anode Rays :

1 These travel in a straight line.

2. These rays cause phosphorescence, affect photographic plate, and penetrate through
very thin aluminium fails.

3. These rays are deflected by electric and magnetic field, but deflection takes place in
opposite direction to that of the electrons. Thus, these rays are found to be positively
charged.

The ratio of charge to mass %) of positive rays was determined by taking different
gases in the discharge tube. Hydrogen gave the highest value for %. This shows that if
charge (e) is the same in the case of each gas, the mass (m) of positive ray particle produced
in the hydrogen tube is the lowest. It was concluded that the positive particle given out by
hydrogen is one of the fundamental particles of matter. Its charge was found to be equal in
magnitude but opposite in sign to that of the electron. Mass was found to be 1.672 x 10~
2gm. This lightest positive particle is known as proton.

Existence of charges on cathode and anode rays indicates that atom consists of one or
more electrons and a positive residue. Since electrons have negligible mass, it follows that
almost the entire mass of atom is associated with the positive residue.

Discovery of Neutron : In 1932, James Chadwick bombarded thin sheets of light elements

such as Beryllium, Boron etc with a—particles. It was observed that a stream of highly

penetrating rays were produced. Thses rays were found to consist of neutra particles. These
neutral particles were found to have a mass of 1.675 x 102*gm. These particles were called
neutrons. Neutron is present in all atoms excepting hydrogen atom.

3.2 [THOMSON'SMODEL FOR THE STRUCTURE OF ATOM |

After the discovery of the sub-atomic particles, the el ectrons, protons and neutrons, several
modelsfor the structure of atom were proposed. Thefirst model of the atom was proposed by Sir
J.J. Thomsonin 1898. He assumed that the basic body of an atom isaspherical object containing
electrons confined in homogeneous jelly like but relatively massive positive charge distribution
whose total charge cancelsthat of the number of electrons present. The schematic drawing of the
model is shown in fig. Thomson’s model is sometimes called a plum pudding model. This
model was soon discarded and is only of historical importance.

Fig. 3.4 Thomson’s model of atom
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Defects : Thomson's model of the atom could not explain the large angle scattering of o-
particles. Further, it could not explain the experimental observations of the atomic spectra of
elements.

3.3 |RUTHERFORD'S EXPERIMENT - SCATTERING OF a - PARTICLES.

In 1911 E.Rutherford performed experiments with a.—particles which gave insight into
the structure of atom. A radioactive substance spontaneously emits radiations consisting of o.—
particles which are positively charged, -particles which are negatively charged and A-rays
which are neutral. In fact a—particles are doubly charged helium nucleus. It carries two units
of positive charge and has mass equal to four times that of hydrogen atom.

Rutherford produced a.—particles from aradioactive source (polonium) and bombarded
it with thin (0.00004 cm thick) sheet of silver or gold metal. After passing through the metal
sheet, a—particles struck a zinc sulphide screen.

It was found that most of the a—particles passed through the metal sheet with no
change in their path. Only very few were deflected from the origina path through wider
angles. Only 1 out of 20,000 a.—particles was deflected backwards retracing the path. (Fig 3.5)

i | m NUCLEUS

oc—particleﬁ’_,__;,_,\r_——\
T I -

Fig 3.5 Scattering of aa—particles by the atom.

Rutherford after carrying out a series of experiments concluded that

Q) Since most of the a particles pass through the metal sheet, without being deflected, it
Is concluded that the atom consists of empty space predominantly.

2 Since a few of the a—particles (having appreciable mass and positive charge) get
deflected through wide angles or even backwards, there must be present in the atom
a heavy positively charged mass. For such large scattering of o—particles, these must
have come close to even collide with the positively charged body of heavy mass.

©)] Since only very few a—particles suffer such deflection, the volume occupied by this
heavy positively charged mass is a very small fraction of the volume of the atom and
present in the centre of the atom.

RUTHERFORD'S NUCLEAR MODEL

Based on his observations and conclusions derived from it Rutherford proposed a
nuclear model of atom. According to this model, the atom consists of a minute but heavy
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positively charged body at its centre, called the nucleus. Since atom is largely empty and
electrons have negligible mass, the entire mass of the atom is due to the protons present in
the nucleus. Positive charge of the nucleus is due to the presence of the protons. Electrons are
referred as planetary electrons which move round the nucleus in different orbits or path just
as planets move round the sun. Thus, atom was compared to a mini solar system.

Since the atom is electrically neutral, the number of planetary electrons is equal to the
number of protons present in the nucleus.

From the Scattering experiments, Rutherford also calculated that the nucleus has a
diameter of the order of 10-3cm Where as the atom has a diameter of the order of 10%cm.
To justify the revolving of the electrons around the nucleus without falling into the nucleus,
Rutherford suggested that the attraction forces acting between the electrons and the nucleus
acting towards the nucleus is balanced by the centrifugal force due to movement of electrons
acting away from the nucleus.

MOSLEY'S EXPERIMENT AND CONCEPT OF ATOMIC NUMBER

In 1913, H.GJ. Mosley, a young British physicist working in Rutherford's laboratory,
devised amethod to find out the exact charge on the nucleus. He produced X-rays by bombarding
different elements (used as anode in discharge tubes)with cathode rays. He suggested that
the frequency of X-rays produced in this manner was related to the charge present in
the nucleus of an atom of the element used as anode. Data obtained by him fitted to the
equation.

Sy =a(zZ-b)

where 'v' is the frequencey of X-ray, 'Z' is the nuclear charge and 'a and 'b' are constants.
Mosley found that the nuclear charge increases by one unit in passing from one element to the
next arranged by Mendeleeff in the order of increasing atomic weight. Increase in positive
charge on the nucleus was taken to imply an increase in the number of protons in the nucleus.

The number of unit positive charge carried by the nucleus of an atom is termed
as the atomic number of the element.
Therefore,  atomic number of an element (2)
= Number of unit positive charges present in the nucleus.
= Number of protons present in the nucleus.
= Number of electrons present outside the nucleus of the atom .

Thus, atomic number is taken as a fundamental property of an element. The
elements are now arranged in the periodic table in the order of increasing atomic numbers.

Mass number : The sum of the number of protonsand neutronsis called the mass
number. Since each proton and each neutron has a mass approximately equal to 1, on the
atomic weight scale, the atomic weight of an element is approximatley equal to its mass
number (A). Knowing the atomic number (Z) and mass number (A) of an element, the
number of protons, neutrons and electrons can be calculated.

If the mass number of an elements X is ‘A’ and its mass number is ‘Z’, then the
element can be represented as 4 X . Then, the number of protons = Z, number of electrons =
Z, and number of neutrons=A — Z
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For example, in case of sodium atom, Z = 11, A = 23.
Then, number of protons = 11, number of electrons = 11
and number of neutrons = 23 — 11 = 12.

ISOTOPES, ISOBARS AND ISOTONES :

| sotopes :

Isobars :

Isotopes are defined as the atoms of the same element which has the same atomic
number but different mass numbers. Isotopes have same physical and chemical
properties, same atomic number, same position in the periodic table, but different
number of neutron and different atomic weights, density, atomic volume, melting
and boiling points.

For example, hydrogen has three isotopes.
Protium (ordinary hydrogen) 1H
Deuterium 7H (mass number — 2)
Tritium 3H (mass number — 3)
Isobars are the atoms of different elements having the same mass number but differ

in their atomic numbers. These have different physical and chemica properties,
different atomic numbers, different position in the periodic table.

40
1sAr

For example, Argon

Calcium = 3Ca

Isotones : Atoms of different elements which possess the same number of neutrons are called

isotones.
For example, 2>Ge and 7;As(contain 44 neutrons each).

DEFECT OF RUTHERFORD'S MODEL

In view of Clark Maxwell's classical electromagnetic theory Niels Bohr pointed out
that Rutherford's atom should be highly unstable. Clark Maxwell had shown that whenever
an electric charge is subjected to acceleration, it emits radiation and loses energy. Bohr
argued that an electron (charged particle) moving round the nucleus in an orbit will be subjected
to acceleration due to continuous change in its direction of motion. Therefore, the electron will
continuously emit radiation and lose energy, as a result of which the curvature of the path
(orbit) of the electron will decrease and ultimately it will fall into the nucleus (Fig.6.6). Bohr
modified the defect in the Rutherford’'s model and provided the Bohr's model of atom.

Fig 3.6 Decrease in path of the electron.
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3.4| CHARACTERISTICS OF RADIATION AND PLANCK'S QUANTUM TH EORYl

Light, X - rays, infrared and ultraviolet rays are some examples of radiant energy. Clark
Maxwell proposed that radiant energy has wave character. He called radiant energy as
electromagnetic radiations or electromagnetic waves. The term electromagnetic was used because
similar waves can be produced by moving a charged body or a magnet to and fro in an
oscillating manner. Electromagnetic waves do not need any medium for propagation.

There are three fundamental characteristics of wave motion i.e.wavelength, frequency
velocity and amplitude.

A
A

Fig 3.7 Wave motion

Wave length —The distance between two nearest crests or troughs. It is denoted by " "
(lambda) and is expressed in centimetres or Angstrom (A°) units 1 A° = 10%cm.

Amplitude — Height of crest or depth of trough of a wave

Frequency — The number of times a wave passes through a given point in one second. It is
denoted by 'v' (nu)
Velocity — The distance travelled by the wave in one second. It is denoted by 'C.

The product of wavelength and frequency gives the velocity.

Thus, C=v} or o:%

All types of electromagnetic radiations travel with the same velocity but their wavelength
and frequency are different.

Planck's quantum theory — In 1901, Max Planck studied the radiations from black (hot)
bodies and proposed a theory which goes by the name of Planck's quantum theory. The
postulates of his theory are :-

Q) Radiant energy, such as light and heat is emitted or absorbed not continuously but
discontinuously in the form of small packets or bundles.

2 The packet or bundle of energy is called quantum and in case of light the quantum
is called photon. Photon is a massless bundle of energy.

3 The energy of the photon is given by the expression

E=hvo
where'v ' isthe frequency of radiation and 'h' is the Planck’s constant. Its value is equal
to 6.62 x 102" erg. second.
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4 A body can emit or absorb either one quantum of energy (hv) or any whole number
multiples of this unit i.e. 2hv, 3hv.....nhv. E = nhv, wheren = 1,23.................

35 |BOHR'S MODEL OF ATOM |

Danish physicist Niels Bohr gave amodel of atom in 1913. He accepted the provisions
of Rutherford's model such as the positively charged nucleus at the centre contained the
protons and neutrons. He also agreed to the fact that the electrons are revolving round the
nucleus, but modified the model to meet the objections of Clark Maxwell's theory. On the
basis of Planck's quantum theory Bohr gave a number of postulates.

Q) The electrons move round the nucleusin stationary orbits without losing ener gy,
because energy in fractions of a quantum cannot be lost.

This means that ener gy of an electron remains constant aslong asit remainsin the
same orbit. Thus, electron in each orbit is associated with definite amount of energy or
a definite whole number quantum of energy. The orbits are therefore, called as energy
levels or energy shells and are given numbers 1, 2, 3, 4 etc. starting with the nearest orbit to
the nucleus. These numbers are now called principal quantum numbers and the orbits are
designated as K, L, M, N etc. (Fig 3.8) Nearest orbit to the nucleus has the least energy and
increases on going away from the nucleus. As long as the electron is in a particular energy
level, it neither emits nor absorbs energy.

-

Fig. 3.8 Energy levels of the electron

(20  Theangular momentum of the electron moving round the nucleus is quantised.

An electron moving in acircular orbit has an angular momentum given by 'mvr' where
'm' is the mass, 'v' is the velocity of the electron and '’ is the radius of the orbit. According
to Bohr, angular momentum of the electron is quantised or has definite values given by the
following expression :
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Angular momentum = mvr = n%, wheren =1, 2, 3 ... etc. Thus, the angular
momentum of an electron can be % or whole number multiples of % , such as
2h : sho h - This is termed as quantisation of angular momentum.

2 ' 2n 2

3 Energy is emitted or absorbed by an atom when electron moves from one energy
level to another.

Thus, if energy associated with the electron in orbits 1, 2, 3, 4 etc. are E, E,, E,, E,
etc. respectively, where E, < E, < E, < E,, the change in energy on movement of electron from

one orbit to the other is given by A E.
When electron jumps from a lower energy orbit (E,) to a higher energy orbit (E,), the

amount of energy absorbed is given by A E = E, — E,. Similarly, this amount of energy is
emitted when electron jumps from a higher energy orbit (E,)) to a lower energy orbit (E).

3.6 |BOHR’'SEQUATION FOR ENERGY OF ELECTRON IN HYDROGEN ATOM

The expression for energy of an electron in hydrogen atom or hydrogen like atom was
calculated by Bohr basing on his postulates. According to Bohr the electron continuesto stay in
a particular orbit so long as it is associated with a definite amount of energy. The electrostatic
force of attraction exerted by the nucleus is exactly balanced by the centrifugal force resulting
from its circular motion.

A hydrogen atom has one proton in the nucleus and one electron in the extranuclear part
of the atom.
Let Z = Atomic number of hydrogen like species (one electron system)
e = chargein the electron revolving round the nucleus.
For hydrogenatomZ =1
For hydrogen like atoms such asHe*, Li?*, Z =2 and 3 respectively
Hence, thecharge onthe nucleus=Ze
Suppose, r — Distance between the revolving electron and the nucleusi.e. the radius of the
orbit in which the electron isrevolving.
m — mass of the electron
v — Tangential velocity of the revolving electron.
Now two types of forces are seen to play simultaneously.
(i) Electrostatic force of attraction (Centripetal force)
This force exists between the revolving electron and the nucleus. It tends to attract the

electron towards the nucleus. A
7 2
The centripetal force = Zex %=—§ Nucleus \
r r _
(i) Repulsiveforce (Centrifugal force) @ D e

Thisforce tends to keep the electron away from the nucleus

2

The centrifugal force acting on the electron = mv

Both the above forces act in opposite direction. In order to keep the electron revolving
round the nucleusin its orbit, Bohr assumed that these forces must be equal.
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ze*> mv?
Hence T2 T T e (D)
7 2
or vi= % ................... 2

According to Bohr’s postul ate the angular momentum is an integral multiple of %n

: _ nh
e mvr= Dy T 3
_nh
or v= Dy 4
. . ,_ n%h?

Squaring equation (4), v = o e SRR )
From equation (2) and (5)

ze> n*h?

W = m ................. (6)

2h2

ze? =

or Aoy s (7)
n’h?

r=r=——:
or N7 Qg e (8
For hydrogen atom, Z =1, hence

n’h?
gl 9
Intheground staten=1
2

So, r,=Bohr’'sradius= a, = e S R (10)

Thetotal energy ‘E’ of the electron revolving in the nt" orbit is given by the sum of kinetic
energy and potential energy.

Kinetic energy = % mMv2 ..o (1)
Potential energy = - rne2 ............. (12)

. E=temv?- Zrez ................. (13)

From equation (2), mv? = N (14)

n

Substituting the value of mv? from equation (14) in equation (13) , we have
ze* ze*  -zZ¢
o " TR

n n

E=

Substituting the value of r_from equation (8) in equation (15), we have
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—Ze° y 1
2 n%h?
4n’Zme?

2
E:—Ze Xi:
rn

2

-76®  4n*Zmé?
= X
2 nh?

_ —2n°Z2°mé'

So, energy of electronin the n orbit E_isgiven by
—2n°Z%m¢’
n’h?

Equation (16) isthe Bohr’s equation for energy of electron in n orbit. This equationis appli-
cable to both hydrogen and hydrogen like atoms (He", Li?* Be*, etc)

Calculation of r  isCGSunit

n’h?

= ————
" 4n’me’z
Here, h = 6.624 x 10" ergs.sec
n=3.14
m=9.108 x 10%# g
e=4.8x 107 esu.

E,=

n’x (6.624>< 107 erg. sec)2

" 4 (3.14F x (0.108% 10 gk (48< 107 e x Z

_ n?x (6.624x 107 ferg?. &*
ax (314 (9.108x 107 (4.8x 107 f g esu’x Z

Usetherelation
erg = g cms2

esy = gl/zcm3/2§1

0.529x 107%x n? (g cmzs'z)s2
r.= X

" Z g.(gl/zcmms'l)2
_ 0.529x 107°x n2>< g?cm’s? . &
- Z g.g.cmis™

_0529x 10°8x n? _ 0.529x n2A0
A A
Calculation of r_isSl units
2152
(= n h2(4n 620)
4n°Zme
The factor 4ne, is known as Permittivity factor
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h=6.624 x 10-* Js

&= 8.85x 107 ¢’m™

n=314

m =9.108 x 103! kg

e=1.602 x 10*°c

Usetherelation J= kg m?s?

n?x (6.624x 107 3f x 8.85« 10723 c?m""
3.14% (9.108x 10'31Kg)x (1.602x 10'19c)2>< Z

n?x 5.29x 10""x J%s237c?m™
Kgcix Z

n?x 5.29x 10*x J&?m™
Kgx Z

5.29x 10™"x n?x Kg m?s2s’m™
Kgx Z

0.529x10 % xn?
= m
Z
Bohr’sradius(r,), or r,, or a
(i) in CGSunitr, = 0.529A°
(ii) in Sl unitr, = 0.529 x 10°m
Calculation of E_in CGSunit
_ —2n°Z°me’
Putting the values of &, m, eand h
n=314
m=9.108 x 10-%g
e=4.8x 10" esu
h=6.624 x 10%erg . s

—2x (3.14)x (9.108x 10-% g (4.8x 10¥esuf 22

e n?x (6.624x 10'27erg.s)2

n

_ —218x10™x 7% glesu)’
n? (erg.s)

Utilising the relations

erg = g cm?s?

esu = gl/z cmi? st

We have,

_ _218x107x sz g(gl/zcmg‘“zs'l)‘l
" n? (g cmzs'zs)2
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2.18x 10" % sz gx g’ecm®s*

= n2 gZcms™

2.18x 1071x 72 > >
= — 5 gcm‘s
n

2
— 2.18x 107™x Z—Zerg atom™
n

Valueof E_in ev. atom™
Since 1erg=6.2419 x 10" ev

2

E =-2.18x 10" x 6.2419 x 10" x % ev . atom
_ z? -
= —13.6x — ev.aom
n
Calculation of E_in Sl units
_ —-2n%7%me*

=% lam & P

n

where 4rn ¢, isthe permittivity factor.
E - -me'z?
o, 8 n*h?

Putting m=9.109 x 10-3kg
e=1602x 10 c

& 8.85x10°Jc®m™
h=6.626 x 10*Js

2

z
E =-2.18 x10"x e Jatonr?

2
= -13.1279x 10°x 2—2 Jmole™
n

2
= -131279 10°x ~_kImole™
n

Energy of an Electron in the 1st orbit of H - atom (E ) ,,

Heren=1,72=1
M) In CGSunit
2n’me* 72
(El) H = h2 x F

=—-2.18 x 10" erg atom™
=—13.1279 x 10" erg mol
=-13.6 ev. atom?
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(i) In Sl units

4 22

me
(E)y=— 863—hZX Y

= —2.18 x 10*8J atom

=-13.1279 x 10 kI mol=
Tofind out thevalueof (E),, (E,),,. (E,), €tc
(E),» (E),, (E), arethe vaues of energy of H atom moving in 1st, 2nd and 3rd orbit respec-
tively.

12
(E),=-218x101x % erg =—2.18 x 10"erg

o’

(E), =—218x101x W erg =—0.5448 x 10"erg

(v

(E),=-2.18x10"x @ erg =—0.2421 x 10"erg

Thus, (E), < (E), < (E)yerrererns
Thus the energy of electrons goes on increasing as it moves away from the nucleus.

Why isEnergy of an electron negative ?

Consider an electron situated at infinite distance from the nucleus. There is no interaction
between the el ectron and the nucleus. As the el ectron approaches the nucleus, it does some work
and some energy is released due to attractive forces xrating between the nucleus and the elec-
tron. Thus the energy of the electron decreases. The energy of electron increases i.e (becomes
less and less —ve) asit moves away from the nucleus.

Expression for velocity of an electron

2

Ze

Fromegn (2), v2 = —
omegn (2), v o~
Fromegn (4),v = nh
eqn (4), v = 2mmr

On dividing egn (2) by egn (4) we have

v:_ Ze® 2nmr_ 2nZe’ _ 2nzZe’
x or v, =

v ooomr nh nh " nh
(i) Valuein CGSunit

Putting = = 3.14
e=4.8x10"esu

h=6.624 x 10% erg.s

and using therelation

erg = gcm?s?

esu = gl/z cm3est

We get,

v_= Velocity of electronin n™ orbit of H atom

_ 2x 3.14x Zx (4.8x 10'10)2
nx 6.624x 10 *

cms™



128 +2 CHEMISTRY (VOL.-1)

21.8368x 10'x Z
N cms

2.1836x 10°x Z .
N cms

_02136x 10°x Z  _;

= cms
n

(it) Value of SI unit

2nZe®

V= m , where 4rne, —» Permittivity factor.

_ze
2¢€,.nh

Putting the value of e, ¢, , h etc.

0.2185x 10'x Z _ _;
= ms
n
Number of revolutions made by an electron moving with avelocity v_in n" orbit is given

n

Vn
by 2nr,

Substituting the value of v_ & r_in the above expression,

65.711x10" x 2%
n® S

Number of revolutions =

Problems

() Find the expression for energy of an electron in n™ orbit of He', Li?* and Be* ions.
Solution

For He', Li* and Be* , Z =2, 3and 4 respectively. And all are 1 electron species.

_ —2n’me'Z?_ -2n*me'(2f _ -8n’mée’

He — n2h? n2h2 - n2h2
_ 2r’'mé'(3)°_ -18n°me’

ELiz*_ n2h2 - n2h2

E = -2n°me*(4)®_ —32n°me’

Be* n2h2 - n2h2

(i) Compare the frequencies and wavelengths of radiation emitted by H atom with those
emitted by He" Li** and Be* ions
Solution

We know that E = hy

n

o o=y
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. — 2n’me*Z? -2rn°me*Z?
AGANG B\= — e BT g
—2n°me*
ForHatom, Z=1,s0 vy=—7F3—
n<h
_ 8n’me’ _ -18x°me* -32r°me’
Vper =7 n2h3 v YT n2h3 1 Vet n2h3

vy _ —2n’mé' n’h®
= X

S0, U, nh3 8n’me’

_1
4

vy _ ~2n'me’  n*h® 1
n’h® 187°me* 9

Li2+

vy _ -2n’me’ n’h® 1

TP 1 32r’me’ 16
Comparison of wave length

h
We know that, E=hy = TC

V)

21,3 21,3
¢ —8rn°me : —187°me
_ n’h%
B T _ 30n2me?
My _ 4 Ay _9 Ay 16
ThUS, ;\'He+ 1’ 7\. l

Li%

3.7 | SOLAR SPECTRUM

When sunlight or any other white light is passed through a prism, it is separated into
different colours. Assembly of these coloursis called spectrum . Different colours correspond
to waves of different frequencies and wavelengths. The wavelengths of various radiations
constituting the visible spectrum are shown below.
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WAVELENGTH (A%

7 X 108 6 X 108 5 X 10° 4 X 108
] 1 ] ]
Low i
Infrared Red [Green % Green | Blue R Ultra High
energy T 2 | vioe energy
7X 105 6x 105  5X 10° 4 X 105

WAVE LENGTH (CM)

Fig. 3.9 Wavelengths of visible spectrum

The wavelengths of some important electromagnetic radiations are given below.

(Fig.3.10) VISIBLE
MICRQ WAVE X-RAYS  GAMMA COSMIC
Low RADIO WAVE l INFRARED(| yy DAYS S
oy L ||| —— L e
| | ] ]
1 1 1 1 _ 1 1 1 I N
I 4
2x10* 30 5x1072 1.5x107°° 107° 1070 Bx1072

WAVE LENGTH (CM)
Fig. 3.10 Wavelengths of electromagnetic radiations.

ATOMIC SPECTRA

If sunlight is passed through a prism, it gets separated into a continuous spectrum
extending from red at one end to violet at the other.

But when a crystal of sodium chloride or any other sodium salt is shown to the bunsen
flame, a bright yellow light is produced. If this light is passed through a prism and then
allowed to fall on a photographic plate (or examined through a spectroscope) it is seen to
consist of two isolated yellow lines separated by dark space. The wavelengths of these two
lines are 5890 (D,) and 5896 A° (D,). Such a spectrum is known asline spectrum. It has been
found that each element emitsits own characteristic line spectrum which is different from that
of any other element. Therefore, the atoms of the elements produce line spectra. Hence, line
gpectra is called atomic spectra.

Absorption and Emission spectrum — When an element is exposed to a strong
source of light (light from arc lamp), one of the electrons present in the atom of the element
may absorb energy and pass from a lower energy level to a higher energy level. Thisis in
accordance with Bohr's theory. If the electron jumps from energy level 'E/' to alevel of energy
'E, then E, — E, = AE will be absorbed. As a result of this the spectral line of frequency
corresponding to energy E, — E, will be missing and consequently a dark line will appear in
the spectrum. This dark line constitutes absor ption spectrum. When an atom loses energy
so that the spectral line corresponding to E, — E, = A E of specific wavelenght will be emitted.
This will appear as a bright line which constitutes the emission spectrum. For example, in
case of sodium, the two lines corresponding to wavelengths of D, and D, are found missing.
Two dark lines appear in their place. These two dark lines constitute the absorption spectrum
of sodium.
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3.8 BOHR'S THEORY AND HYDROGEN SPECTRUM

In the hydrogen atom, where there is one proton and one electron, the energy of the

2.4

electron is given by the expression : ‘Zr@—hr?e = —% k.cal per mole................ Q)
where m = mass of the electron, e = charge of electron, h = planck's constant

= 6.624 x 10% erg.sec.and n = 1, 2, 3, 4 etc. Substituting the value of 'n', energy of electron

in various energy levels can be easily calculated .

Negative value of energy of electron is accounted for by the following explanation.
When the electron is at infinite distance from the nucleus, there is no electrical interaction
between the two and energy of the electron is taken as zero. When electron moves closer to
the nucleus, work is done by the electron due to electrical attraction. Consequently, the energy
of the electron decreases i.e. it becomes negative. It becomes more and more negative as the
electron moves nearer and nearer to the nucleus.

Hydrogen atom contains only one electron, but its spectrum consists of a large number
of lines. This is explained by the fact that a sample of hydrogen contains very large number
of atoms. When energy is supplied to the sample of hydrogen, different atoms absorb different
amount of energy. The single electron in different atoms will absorb different amount of energy
and shift to different energy levels such as second, third, fourth or even higher energy levels.
The electrons then tend to fall back to one or other of the lower energy levels. The various
possibilities by which electrons fall back from the various excited states to lower energy levels
are shown in (Fig. 3.11). During each transition, energy is released which appears in the form

of radiations of specific frequency and specific wavelength.

8
7 _ _
6 —
4 PFUND SERIES
4 by N=5n,=678..
BRACKET SERIES
z |- W ¥ & n1=4, n2=5,6,7....
PASCHEN SERIES
2 ’ ! ’ n= 3, n2:4, 5,6....
BALMER SERIES
n= 2, n,= 3,4,5,6....
1

LYMAN SERIES
n= 1, n,= 2,3, 4....

Fig.3.11 Origin of hydrogen spectrum.
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Suppose the electron lies in the energy level n, where its energy is E, and electron
jumps to lower energy level n where its energy is E,. Then according to the equation of
electron energy, 4

_  —2n’me _ =2rn‘me’
E2 = hzin% and, El = hznzl

Difference in energy, AE=E, - E =hv

_ —27°me" 27 %me”
or, hU - h2n2 + h2n2
2 1
_2r'me’ ;1 1>
or, L= h3 n n§)
o, 5=V_27°me® (1 _ I\ . )

Emission of various series of spectral lines observed in the emission spectra of hydrogen

can be explained with the help of equation (2). Lyman series is produced when electron
jumps from second, third, fourth or higher energy levels to the first energy level. Frequencies
of various lines of this series are obtained by substituting n,= 1 and n,= 2,3,4 etc in equation
(2). Similarly, frequencies for lines of Balmer series lines are obtained by putting n.=2, n,=
3, 4, 5, 6 etc. In the same way for Paschen series, n= 3, n,= 4, 5, 6, 7 etc. Bracket series
n=4,n=>5, 6,7 8etc and Pfund seriesn =5, n,= 6, 7, 8 etc.

The frequencies of the spectral lines of different series calculated by equation
(2) dmost agree with the experimentally determined values. This has offered a strong support
in favour of the Bohr's theory of hydrogen atom.

Ritz combination principle — Equation (2) given above is similar to Ritz equation

_ 1_1 . .

0=%=%: R = ?_F) Here R is caled the Rydberg constant, which is given by
2 4

R= Z”h% . The value of 'R' is found to be 109737 per cm which is comparable to the

experimental value of 109678 per cm obtained by Ritz. Equation for the various series of
gpectral lines of hydrogen atom is similar to the Ritz equation. This gives further support to
the Bohr's theory of atom.

Limitations of Bohr's model — Using spectroscopes of high resolving power the line
gpectra of hydrogen was found to consist of a group of very fine lines. To explain this
Sommerfeld put forward the idea of eliptical orbits. Thus. the circular orbit of Bohr is a
special case of dliptical orbits. Hence, Bohr's theory is referred asBohr - Sommerfeld theory .
Following are the limitations of the theory.

1.  Spectra of many electron atoms can not be explained by Bohr's theory.

2. Bohr's orbits are planar, but according to the modern concept electron moves in three
dimensional orbits.

3. It does not accept the dual (wave and particle) nature of electron.

4.  According to Bohr's therory the position and momentum of electron can be determined
which is objected by Heisenberg's uncertainity principle.
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39 |[DUAL NATURE OF ELECTRON |

Einstein in 1905 suggested that light has a dual character, particle as well as wave.

In 1923, French physicist Louis de Broglie suggested that matter has also a dual character,

particle and wave. Therefore, according to him electron has aso the dual character. He derived

an expression for calculating the wavelength ' ), ' of a particle of mass'm' moving with velocity
h

‘U’ according to which ) = ™

The equation was derived in the following manner.
According to Einstein, E = mc?,

also E = hv.

Equating, hv = mc?.

Since v = % substituting the value of v,

we have % = mc?

o, 1= me
Substituting 'c’ with velocity of electron 'U’, the equation becomes ) = nl}u .
or, [y = % where p = momentum = mu. (de Broglie equation)

3.10 | QUANTUM NUMBERS

Quantum numbers are identification marks for the electrons or in other words they
give the addresses of the electrons. In an atom. there can be many electrons which are aike.
So they can only be identified by the quantum numbers.

There are four quantum numbers. These are :

1 Principal quantum number 'n'.
2. Azimuthal quantum number I’
3. Magnetic quantum number 'm'.
4, Spin quantum number 's.

All the quantum numbers are discussed below.

1 Principal quantum number (n) — It determines the shell or energy level or orbit of
the electron. It has integral values 1, 2, 3, 4 etc which indicates the shells or energy
levels K, L, M, N etc respectively. It also determines the total energy of the electron

2 4
=21 °me

in an energy level. En = o where En = Energy of the electron in n orbit and
1"
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©m, e and h have their usual meaning. From the wave mechanical concepts, principal
quantum number gives the size of electron wave.

2. Azimuthal quantum number (I) — It is aso called secondary quantum number or
angular momentum quantum number or orbital quantum number. It determines the
sub-energy level of the electron. It aso determines the energy contribution due to the
angular momentum or orbital motion of the electron. From the wave mechanical concept
it determines the shape of electron wave.

1" carries 'n" number of values. It has values from 0 to n—1. Depending upon the value
of 'I' the sub-shells of the electron are indicated.

Value of 'I' Sub-Shdll
0 S
1 p
2 d
3 f

When n = 1, the electron is in K-shell and 'I' value is '0'" indicating that the electron
is present is s-subshell or orbital.

When n = 2 electron isin L - shell, 'I' has values 0 and 1, which indicates that in M
- Shell, sand p - sub shells are present. When n = 3, electron isin M-Shell, the 'I' values are
0, 1, 2, which indicates that in M-Shell, s, p, and d - sub shell are present. Similarly, when
n = 4 for N-shell, I' values are 0, 1, 2, 3 which indicates that in N-shell, s, p, d and
f- subshells are present.

3. Magnetic quantum number (m) : Motion of the electron in an orbit is comparable
to flow of electric current in a loop. The flow of current generates a magnetic. field which
interacts with external electric or magnetic field and as aresult the electrons in a given energy
sub-level orient themselves in certain specific region of space around the nucleus. These
regions of space are called orbitals.

Thus, magnetic quantum number determines the orientation of orbital in space
or the number of orbitals of a particular type in a shell or energy level. 'm' can have values
from +1 through '0' to —1. The number of values it carriesis (2 + 1).

For example when | = 0, m has only one value '0' which means in a shell there can
be only one 's orbital.

When | =1, m = -1, 0 and + 1, thus there can be three p-orbitals in a shell i.e. p-
orbitals are three in number or it has three orientations.

Whenl=2, m=-2,-1,0, + 1, + 2, five values, thus d-orbitals will be five in number
or it has five orientaitons.

Similarly, when | =3, m=-3, -2, -1, 0, + 1, + 2, + 3, seven vaues. Thus,
'f' orbita is seven in number or it has seven orientations.
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4. Spin quantum number (s) — Electron during its motion around the nucleus also
rotates or spins about its own axis. A charged particle which spins about its own axis behaves
as a small magnet. Spin of the electron adds to the angular momentum and contributes to the
total energy. The electron can spin in clockwise or anticlockwise direction and accordingly
spin quantum number 's has two values i.e. + ¥ and —%2 respectively. Thus there can be
maxium two electrons with opposite spins in an orbital.

3.11 [PAULI'S EXCLUSION PRINCIPLE |

Position of an electron in an atom can be ascertained by the four quantum numbers.
These quantum numbers give idea about the position of electron in the main energy level (n),
sub-energy level (1), orientation of sub-energy level (m) and the direction of spin (s). It is
possible to identify the electron by means of the quantum numbers and these serve as address
for the electron. But identification of electrons is posiible only on the basis of restriction
imposed by the Pauli's exclusion principle.

It states that no two electrons in a given atom can have all the four quantum
numbers same Maximum three quantum numbers can be same, but the fourth guantum
number must be different, otherwise it will not be possible to identify the electron.

For example, suppose there are two electrons in the K-shell of an atom. Let us write
down the quantum numbers for the two e ectrons.

n | m S
Ist electron 1 0 0 + %
2nd electron 1 0 0 -1

Thus, three quantum numbers are same, but the fourth one is different. In any orbital
there can be maximum two electrons of opposite spin. since these two electrons are in K-shell,
they are in the s-orbital of K-shell.

3.12 |HEISENBERG'S UNCERTAINTY PRINCIPLE AND THE CONCEPT OF
PROBABILITY

The principle states— "It is not possible to determine exactly both position and
momentum of a small particle like electron simultaneously.

According to Bohr's model, the electron in an orbit is at a fixed distance from the
nucleus and its position and vel ocity can be determined. But according to uncertainty principle
it is not possible to determine both position and momentum of the electron.

The physical significance of the principle can be known from the following. In order
to observe something, light photons must strike the object. Electron is a small particle like
photon. During the observation due to the impact of photon on the electron, the position and
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velocity of the electron will suffer a change. Hence, the position and velocity can not be
determined simultaneously.

Uncertainty principle is expressed mathematically as,

(a) () ~4-

where 'A ' is the uncertainty in determining position and ‘A p' is the uncertainty in
determining momentum. If "A ' becomes very large, A , becomes very small and momentum
can be determined. When A, is very large, A  becomes very small and position can be
determined.

Thus, Bohr's concept of definite orbit or difinite position of the electron becomes
vague. Only it is possible to predict the probability of locating an electron of definite
energy in a given region in space.

CONCEPT OF ORBITAL

While Bohr's model restricts the electron to a definite orbit at afixed distance from the
nucleus, the wave meachanical model gives merely the probability of locating the electron at
a given distance from the nucleus. Thus, the orbital is the region in space around the
nucleus where there is maximum probability of finding the electron.

Difference between Orbit and Orbital —

Orbit Orbital
1. It is the circular path around the| 1. Itisthethree dimensional space around the
nucleus in which electron moves nucleus where there is maximum,
probability of finding the electron.
2. It has a circular shape 2. The shape of different orbitals are different

3. In it electron moves in one plane 3. In the orbital electron moves in three

dimensional space.

4. In the orbit position and momentum| 4. In the orbital position and momentum of
of the electron can be determined. the electron can not be determined

simultancously.

5. Inthe orbit the maximum number of| 5. In an orbital there can be maximum two
electrons is determinded by 2n? rule. electrons of opposite spin.

SHAPES OF ORBITALS

s-orbital - Since s-orbital has only one orientation, it is spherically symmetrical about
the nucleus and is undirectional. As the size of the orbital depends on the value of the
principal quantum number, 2s-orbital is larger than 1s orbital (Fig. 3.12). Each s-orbital is
symmetrical aong the three axes, x, y and z.

S - orbital

" Fig. 3.12
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p - orbitals : There are three p-orbitals (p,, P, and p,). Since they are of equal energy,
they are oriented along the three axes x, y and z which are mutually at right angles to each
other. Each orbital looks like two pears attached at their narrow ends. It looks like a dumb-
bell or it has the shape of a flattened sphere. The lobes of p, P, and p, orbitals are directed
along the three axes x, y and z respectively (Fig. 3.13—a, b, ¢)

% % p, - orbital p, - orbital

- orbital

Fig. 3.13 (a) Fig. 3.13 (b) Fig. 3.13 (c)

d - orbitals : There are five d-orbitals. These are of equal energy, but differ only in
their orientations in three dimensional space. Three of these orbitals (dXy : dyZ , d, ) project in

between the coordinate axes x-y, y—z and z—x respectively. The other two orbitals (dxz_yz

d > ) lie along the coordinate axes. (Fig. 6.14)

X X

%Y %Z %Z
d A X d VA )
Xy Xz

d
X2_y2 .

Fig.3.14 Shapesofd - orbitals

3.13 |AUFBAU PRINCIPLE

The meaning of "aufbau" is building up. It states that electrons enter various or bitals
in theincreasing order of energies. It means that the orbital of lowest energy isfilled up first
and then electrons go to the orbitals with increasing order of energies. The sequence of filling
up of orbitals is shown below (Fig 3.15). The following rules are taken into account during
filling up of the orbitals.

(i)  (ntl) Rule - The orbital with lower (n+l) value possesses lower energy therefore
is filled up first.

e.g. 4s orbital is filled up prior to 3d orbital, n+tl =3+ 2 =5
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@ity If the (n+l) value is same for both the orbitals, then the orbital having lower 'n'
value is filled up first .

e.g. 3p orbitals are to be filledup prior to 4s orbital For 3p, n+l = 3+1 = 4 and for

4s , n+l = 4+0 = 4.

5s

1
4
3 —— 4
g 5
2s
1s

A new electron enters the orbital where
(n+l) value is minimum. In case the
values of (n+l) are same, the new electron
enters the orbital where n value is
minimum. s

'
45//

4p 5s

Fig. 3.15 - Sequence of filling of the orbitals.

3.14 |HUND'SRULE

Hund's rule of maximum multiplicity states that " electron pairing in p, d and
f- orbitals take place only after all the orbitals of a given set have one electron each.”
On the basis of application of Hund's rule electronic configurations of some elements are

shown below (Fig. 12.14)

Nitrogen

Is

(atomic number-7)

t

T

Oxygen

(atomic number-8)

T

")

T

Fluorine
(atomic number-9)

1

1

Neon

(atomic number-10)

ir

T

2p

iRk

Tt

TN T
UL

(Fig. 3.16)

3.15 |ELECTRONIC CONFIGURATION OF ELEMENTS

Distribution of electrons in atoms of elements is guided by the following rules.

1. 2n? rule — The maximum capacity of the different energy levels is given by this rule.
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Energy level.| n | Maximum number of electrons.
K 1 2x12=2
L 2 2x22=8
M 3 2x 3 =18
N 4 2X 4 =32
2. Aufbau principle - Electrons fill the orbitals in the increasing order of energies.
3. Pauli's exclusion principle - An orbital can have maximum two electrons of opposite
spin.
4, Hund's rule of maximum multiplicity - Electron pairing in p,d,f orbitals does not

take place till all the orbitals of the given set have one electron each.

Electronic configuration of atoms can be presented by box diagram method or according
to the formula nl*.

Box-diagram method : In this case each orbital is represented by a box and electrons
are indicated by arrow in the box.

For example —
Carbon  (atomic number-6) |1V N Tt
Nitrogen  (atomic number-7) [T{ N T
Oxygen (atomic number-8) [TV N N T

Electronic configuration by the formula nl*.

n=1 2, 3, 4 etc, the main energy levels or shells
| = orbital
X = number of electrons in the orbital
For example —
Hydrogen (atomic number = 1) = 1
It has a single electron in the K-shell or first shell and s-orbital.
Helium (atomic number = 2) = 18

Lithium (atomic number = 3) = 125
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Electronic configuration of different atoms upto atomic number 30 is given below.

Element Symbol Atomic number Electronic Configuration
Hydrogen H 1 1st

Helium He 2 1<

Lithium Li 3 1s* 25

Beryllium Be 4 1s 2¢

Boron B 5 1s*, 28 2p *

Carbon C 6 1s*, 28, 2p,t, 2p}
Nitrogen N 7 1s*, 28 2p ! 2py1 2p!
Oxygen @) 8 1s*, 28 2p? 2pyl 2p!

Florine F 9 1s*, 28 2p? 2py2 2p!

Neon Ne 10 1s*, 28°2p/? 2py2 2p?
Sodium Na 11 1s?, 28 2pf 3t

Magnesium Mg 12 1s?, 28 2pf 3s?

Aluminium Al 13 1s*, 28° 2p° 3¢* 3p /!

Silicon Si 14 1s*, 28 2p°3¢° 3p,* 3p,*
Phosphorus P 15 1s*, 28 2p° 3s* 3p/} 3pyl 3p,
Sulphur S 16 1s*, 28 2p° 35> 3p/? 3pyl 3p,
Chlorine Cl 17 1s*, 28 2p° 3s* 3p/? 3py2 3p,
Argon Ar 18 1s*, 28 2p° 35> 3p/? 3py2 3p,/
* Potassium K 19 1s?, 25 2p° 38 3pf4st
Calcium Ca 20 1s?, 28 2pf 38 3pf4s?
Scandium Sc 21 1s*, 25? 2pf 3¢ 3p°4s? 3d*
Titanium Ti 22 1s?, 28 2pb 35 3pf4s? 3d?
Vanadium Vv 23 1s?, 28 2pb 38 3pf4s? 3

* Chromium Cr 24 1s?, 28 2pb 38 3pf4st 3d°
Manganese Mn 25 1s?, 28 2pb 38 3pf4s? 3d°
Iron Fe 26 1s?, 28 2pb 3 3pf4s? 3d°
Cobalt Co 27 1s*, 25 2p° 3¢ 3p°4s? 3d’
Nickel Ni 28 1s*, 28 2p° 35 3p°4s? 3B

* Copper Cu 29 1s?, 28 2pf 35 3pf4st 3dY°

Zinc Zn 30 1s?, 28 2pf 3s* 3pf4s? 3dY°

*Chromium should have the configuration 4s°3d*, but actually it has the configuration
4s'3d® in the valence shell because 3P i.e half filled configuration is astable configuration.
Similarly, Copper should have the configuration 4s?3d°, but actualy it has the configuration
4s'3d'°, because 3d° (completely filled) configuration is a stable configuration.
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3.16 |EXTRA STABILITY OFHALFFILLEDAND COMPLETELY FILLED ORBITALS

Thereisadifference between e ectronic configuration and e ectronic arrangement. Electronic
configuration tells us that how many electrons are present in a set of orbitals. But electronic
arrangment tells us the manner in which the electrons are placed is a given set of orbitals.

Let ustake the case of 3d? configuration in Ti?* ion. These two electrons can be placed in a
set of five 3d orbitals in as many as 45 different ways. Some of the arrangements are shown
below.

IR I 1l

Thus a given electronic configuration may lead to a large number of electronic arrange-
ments. When the two electrons are placed in  same or different orbitals they are subjected to
mutual repulsion. The more the repulsion the greater is the energy and less is the stability. A
stable electronic configuration is aways concerned with stable electronic arrangement of that
configuration . Hund’s rule of maximum multiplicity predictsthe most stable el ectronic arrange-
ment belonging to a given electronic configuration.

Hund’sruleand its application

According to Pauli’sexclusion principle ‘“ No two electronsin an atom can have an identi-
cal set of quantum numbers”’. Hence, if two electrons have the same spin i.e the same spin
guantium number they must have to occupy different orbitals since they can not have the same
value of n, | and m. Onthe other hand, if the two el ectrons have opposite spin they can occupy the
same orbitd i.e. they have the same value of n, | and m.

According to Hund’sRule

Themost stable electronic arrangement isonein which thereismaximum number of
unpaired electrons.

The degenerate orbitals are orbitals of equal energy. Thisis due to the fact that the degen-
erate electronic arrangements have the same inter electronic repulsions and hence may have the
same energy. Let us take 3 degenerate p-orbitals and find out the most stable el ectronic arrange-
ment for a p? configuration. There are 15 ways of arranging these two electrons in a set of 3 p-

orbitals.
D ) 3
In arrangement (1) the two electrons are placed in the same orbital. The el ectrostatic repul -

sionismore, so energy ismore and thisarrangement is least stable. The stability of arrangement
of (2) or (3) isdecided on the basis of concept of exchange ener gy.

Exchangeenergy

If the positionsis space of the two electrons having parallel spins are exchanged, thereis
no change in electronic arrangement and thisleadsto decreasein energy. The pair of electronsis
known as exchange pair and the decrease in energy per exchange pair of electronsis known as
exchange energy. Exchange energy carriesa—vesign.
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There is one exchange pair of electrons in arrangement (2) and none in arrangement (3).
The arrangement (2) in thus associated with lower energy than arrangement (3). Thus arrange-
ment (2) is more stable than arrangement (3).

Pairing Energy - The energy required for placing two electrons with antiparallel spinsin the
same orbital isknown as pairing energy.

Thispairing energy ishaving +vesign. It tendsto increase the energy of the systemi.e. to
destabiliseit.

Consider the following arrangement for p® configuration.

W] (RN

If E - Exchange energy (—ve sign) stabilising
P - Pairing energy (+vesign) destabilising
Arrangement (1) — (—E +P), since one exchange pair of electrons (a, b) and one pair of
electron (a).

Arrangement (2) — (—3E + 0), since three exchange pair of electrons (a,b) , (a,c) and
(b,c) and no pair of electrons.

Arrangement (3) — (—E + 0), since one exchange pair of electrons (a,b) and no pair of
electron.

Here, order of stabilityis2>3>1

Thus, the electronic arrangement containing aset of exactly half filled degenerate orbitals
isfound to be most stable.

Sability of completely filled orbitals:
Consider the electronic arrangement of p?, p°, p° configurations

| [/ (NI
(1) (2) 3

The relative stabilities of the three arrangements can not thus be predicted on the basis of
aggregates of exchange energy and pairing energy. Experimentally it has been found that ar-
rangement (3) isthe most stable arrangement. Hence there most be some other stabilising factor
in favour of arrangement (3).

The factor is symmetrical distribution of charge. Configurations having uniform or sym-
metrical distribution of chargein all directionsare associated with lower energy and hence higher
stability. Thus the configurations having exactly half filled orbitals or completely filled orbitals
have symmetrical distribution of charge and hence are considered to be more stable.

Solved Problems
Example 1. Calculate the number of protons, neutrons and electrons in an isotope of the
element having atomic number 9 and atomic weight 19.
Solution Atomic number = number of protons = number of extranuclear electrons = 9.
Number of neutrons = Atomic mass - atomic number = 19 — 9 = 10
Threfore, There are 9 protons, 9 electrons and 10 neutrons.

Example 2 An oxide of nitrogen has a molecular weight of 30 Find the total number of
electrons in one molecule of the compound (Atomic numbers, N = 7, O = 8)
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Solution

Example 3

Solution

Example 4

Solution

Example 5

Solution

Example 6

Solution

Example 7

Solution

Molecular formula weight of the compound = 30

The oxide would have the formula = NO

Atomic number of 'N' and 'O" are 7 and 8 respectively, So total number of
electrons = 7 + 8 = 15.

A neutral atom of an element has 2K, 8L and 5M electrons. Find out the
following : (a) Atomic number (b) Total number of s-electrons (c) Total number
of p-electrons (d) Number of protons (e) valency of the element.

Atomic number = no. of protons = no. of electrons = 2+8+5=15

Total no. of p-electrons = 2 in K-shell + 2 in L-shell + 2 in M-Shell = 6
Total no. of p-electrons = 6 in L-shell + 3in M - shell =9

No. of protons = 15

Electronic configuraion = 1<, 2°2p®, 3s? 3p°.

Since there are 3-electrons in p-orbital, valency = 3.

An atom with an atomic mass of 28 has a ground state electronic configuration

1%, 25 2p°, 3<%, 3p?. Find the atomic number of element, number of electrons
in valence shell, number of neutrons.

Atomic number = 14, valency = 4
Number of neutrons = 28 — 14 = 14

An eectron has mass = 9.1 x 10%g. and is moving with a velocity of 10° cm/
sec. Calculate its kinetic energy and wavelength where, h = Planck’s constant
= 6.625 x 10% erg. sec.

KE= 3 m? = x9110% x 10° x 10°= 4.55 x 107 ergs,

h 6.625 x 10’ .
)_/ = W = 91 X 10_28X 10—28 = 728 X 10 5 Cm

Calculate the de Broglie wavelength associated with a particle having an energy
of 7.7 x 10 J and a mass of 6.6 x 102*g. (h =6.6 x 10*J.)

Energy = E = 5 mv2= 7.7 x 10 ],

_ [77x10"% x 2 _ 1
v—\/ 66x 102 = 1.525 x 10°cm. sec™.

_ h _ 6.6 x10™* _ "
A= T 6ex10% x1525x10° 000 X 107 em.
Calculate the wavelength associated with an electron (mass = 9.1 x 103 g.)

moving with a velocity of 10° m/sec. ( h = 6.6 x 103 kg. m?sec?)

L= o 6.6x 10
MV = 91x10% x 10°
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Example 8

Solution

Example 9

Solution

Example 10

Solution

Example 11

Solution

Example 12

Solution

Example 13
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The energy of the electron in the second and third orbit of hydrogen atom is
— 5.42 x 10*2erg. and —2.41 x 102 erg. Calculate the wavelength emitted when
the electron drops from the third to the second orbit. (h = 6.626 x 10" erg. sec.)

AE=E,-E =-241x 10%-(-5.42 x 10*) ergs
= 3.01 x 10" erg.

—27 10
AE = hc o L = hc _ 6626x10 x3>1<210 €rg.sec
A AE 3.01x 10" erg.

= 6.63 x 10°cm or 6630 A°
What is the mass of photon of sodium light ?

A=5894 A° = 5894 x 107 metres, sec'V = 3 x 10® metres, h=6.6 x
1034 kg.m?. sec™)

A= orme hoo 6.6 x10%* x 10° gm? sec™
- T AV T 5894x107 x3x10° m? sect

=3.73 x 103*g.

Wavelength of blue light is 4800 A°. Calculate the frequency and wave-number
of light.

A = 4800 A° = 4800 x 10®cm. C = 3.0 x 10 cm.

_ C - _30x10°
v A 4800x 10°®
1 1

Wave number = p» = 2 T 1800x10° -

= 6.25 x 10 sec™.

2.08 x 10t cm™.

Calculate the frequency of radiation of visible light having wavelength 750cm.

C=v0ry =74 HreC=3x10°ms?, 4 =750 nm.
=750 x 10°m.

_ 3x10* ms*

75%107m - 4 x 10%st =4 x 10“ Hz.

- C
VT2
Energy difference between two electronic states of hydrogen atom is
245.9 kJ mol=. Calculate the wavelength of light emitted when an electron
drops from the higher to the lower state. ( h = 3.99 x 10 kJ sec. mol)

AE = ho N o 2 = hc - 399 x10™ kJSecmol ™ x 3x 10° m sec™
A AE 245.9 kJmol .
= 4.867 x 10" m = 4.867 x 102 nm.

Calculate the wavelength of the third line in the Brackett series of hydrogen.
(R =10.97 x 10°n?)
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Solution

Example 14

Solution

Example 15

Solution

Example 16
Solution

Example 17

Solution

Example 18

Solution
Example 19

Solution
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Rydberg equation 1=1097 x 106 m (% - %)

For the Brackett series n= 4 and n,=7 . substituting the values of n, and n, in
the above equation.

L = 1097 x 100m (412 ~ 22 ) —1097 x 10° m* (0.0420918)
= 461747 m?
A= 21x10°m.

Calculate the wavelength of spectra line when electron in a hydrogen atom
undergoes a transition from an energy level with n=4 to n=2. What is the colour
of radiation ?

1 1
% =10.97 x 10° m™ W n§) = 10.97 x 106 m 2% _ 412)

= 10.97 x 10°mr* (0.25 — 0.25) = 10.97 x 10°mr* x 0.1875
A =486 x 107 m = 486 nm., colour of light = bluish green

Calculate the momentum of a particle which has a de Broglie wavelength
of 0.1 nm.

h

A =01nt$m=01x10"m,=10"m. A= p, p = momentum

_ 6.62x10¥kgm’s™
B 10*m

p= % = 6.62 x 10> Kg. m. s

Write the values of 'I' and 'm' for an eectron in 3d orbital
For ad — orbital, | = 2
When | = 2, m = any one of -2, -1, 0 +1, +2.

For an atom, the maximum value of 'm' obtained from experiment is +2. What
are the possible values of n, |, and m)

| =0ton-1 m = - through zero to +l.
When, m=+2,1 =2, n=3 (sincel = n-1)
and m = -2, -1, 0, +1, +2.

An electron is present in 4s - sub shell. What are the possible values of
n, | and m.

n=41=0,m=0

An electron is present in 4f subshell. What are the possible values of quantum
numbers.

n:4,l:3,m:anyoneof—3,—2,—1,0,2,3,s:+%and—%
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Example 20 Quantum numbers of an electron are given below. In which orbital the electron

will be present.

Solution M) n=3, 1 =1 the orbital is 3p

(i) n=4,1=0, the orbital is 4s

Example 21 Which of the following sets of quantum numbers are not permissible ?

Solution () n=2,1=1, m=0,s=-1

(i) n=21=2m

Il
I
=
7
Il
I

(i) n=31=2m=0s=-]

ivy n=31=2m=+1,s=0

Solution (i) is not alowed as when n = 2, | can not be 2 (should be n — 1)

o~ W DN PE

10.

11.

(iv)  isnot allowed. Here s can not be zero.

CHAPTER (3) AT A GALANCE

Electron, proton and neutron are the three fundamental particles of an atom.
Charge of electron is 1.602 x 10™*° coulombs and mass is 9.1 x 10 Kg.
Electrons are universal constituent of matter.

Mass of proton is 1.67 x 10% Kg where as that of neutron is 1.67 x 107" Kg.

Atomic number : The number of unit positive charge carried by the nucleus of an
atom or the number of electrons present outside the nucleus of an atoms.

Mass number : The sum of the number of protons and neutrons present in the nuclus
of an atom.

Isotopes : Atoms of same element having same atomic number but different mass
number.

Isobars: Atoms of different elements having same mass number but different atomic
numbers.

Isotones : Atoms of different elements which possess the same number of neutrons.

Dual nature of electron was suggested by de Broglie. According to him electron
behaves both as a particle and also as a wave.

Quantum numbers are identification marks for the electrons in an atom. Position of
an electron in an atom can be ascertained by these quantum nos. The four quantum
numbers are Principal, azimuthal, magnetic and spin quantum number.
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12.

14.

15.

16.

17.

18.

Paulis Exclusion principle :

No two electrons in an atom can have the four quantum numbers same.
Heisenberg's uncertainty principle : It is not possible to determine exactly the
position and momentum of an electron simultaneously.

Orbit is the circular path around the nucleus in which the electron moves where as
orbital is the region of space around the nucleus where the probability of finding an
electron is maximum.

Thereisonly one's orbital, three p — orbitals (p,, p, & p,), five d-orbitals (dxy, d dyz,

de2_2, d,) and seven f-orbitals.

X“-y<

Hund's Rule of maximum multiplicity : States that electron pairing in p, d and f
orbitals takes place only after al the orbitals of a given set has one electron each.

Aufbau Principle : Electrons enter the various orbitals in the increasing order of
energy.

Some important relations :

@ Planck’s constant h = 6.62 x 10 erg. sec.
= 6.62 x 10 J. sec.
= 6.62 x 10 Kg. m?. sec™.

(b) Rydberg constant 'R’ = 109678 cnr™.

H
P|"‘
|
S
l N I

(©) Wave number 'y ' = 7 R [ 2
(d) Energy 'E' = hy = h% = hcy
(e de-Broglie wavelength ) = B = ——.

() Heisenberg's Uncertainty Principl Ax x Ap =~ o
T

QUESTIONS

(A) Very short answer type questions. (1 marks)

1.

ok~ WD

State Pauli's exclusion principle.

Write the electronic contiguration of Cu+ ion.

Give the no. of electrons present in P> ion.

Which quantum no. specifies the shape of an orbital in an atom ?
List the quantum numbers (n & 1) of electrons for 3d orbitals.



148

+2 CHEMISTRY (VOL.- 1)

(B) Short questions (2 marks)

(©)

1.

8.
0.

10.
1.
12.
13.
14.
15.
16.

17.
18.

19.
20.

State Aufbau Principle.

An atom has its K and L shells completely filled and five electrons in M - shell.
Find out the total number of p electrons.

Which quantum number has different values for the two electrons of helium atom ?
Electronic configuration of an atom is 12s*2p?3p°3<°. Determine its atomic number.
How many neutrons are present in the nucleus if its atomic wt is 24 ?

State the number of neutrons and protons present in C? and C*

Give the quantum numbers of electron in hydrogen atom.

Calculate the energy of photon having frequency of 1.0 x 10 sec? (planck's
constant h = 6.63 x 103 J.S)

Name the different spectra of H-atom.

Write de Broglie equation.

Which is more stable configuration and why ? 4°3d° and 4st 3d%

What is the electronic configuration of an element of atomic number 25 ?
Give the value of n and | for each of the subshell 2p, 4s, 4d, 6f.

Write the quantum number for a 3d electron.

State Hund's rule.

What are the various quantum numbers of the valence electron of Na(11).
What was the objections to the Rutherford's model ? What it was overcome by
Niels Bohr ?

Write down the value of the quantum numbers for the valency electron of sodium.
What is the maximum numbers that may be present in all the atomic orbitals with
principal quantum numbers and azimuthal quantum number 2 ?

Write the n, |, m and s-values for an electron in 3d - orbital

How many protons & neutrons are present in ..P ?

Short questions (3 marks)

1.

o w D

Write brief notes on : (each carry 3 marks)

(@) Heisenberg's uncertainty principle

(b) Aufbau principle

(c) Pauli's exclusion principle

(d) Hundsrule

State the postulates for Bohr's atomic model.

What are the limitations of Bohr's atomic model ?

Find out the number of electrons, protons and neutrons in K, Na* and O*.

A nuetral element has mass number 39. It has got one neutron more than protons.
Find out the number of electrons, protons and neutrons in this element.

The molecular mass of a saturated hydrocarbon is 58. Find out the total number
of electrons in one molecule of the hydrocarbon.
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7.
8.
0.

10.
11.

Find out the total number of electrons in 1.6 gm of methane.

Explain why half-filled and completely filled orbital have extra stability.

Give the electron configuration in orbitals of the atoms of the elements Nitrogen,
Chlorine and Sodium.

Writelow thevalues of al the quantum numbersfor the valency electrons of chlorine.
Represent mathematically :

(@ Energy of one quantum of light.

(b) Electron's angular momentum as postulated by Bohr.

(c) Relationship between energy and mass.

(D) Long questions

1.

O N ko

10.
11.

12.
13.

Give an account of Rutherford's nuclear atom. How did Bohr improve upon
Rutherford's model of the atom ?

Derive de Broglie equation and state its significance.

What are quantum numbers ? Briefly describe the four quantum numbers.
Write a note on Pauli's exclusion principle.

What are the fundamental particles ? Write their properties.

Write a note on Aufbau Principle

Give an account of hydrogen spectrum.

Write notes on :

(@ shapes of s, p, d orbitals

(b) Hund'srule.

Write note on Aufbau Principle.

Discuss about the four quantum numbers and their significance.

Discuss Bohr's theory of atom. What are the defects of the theory ? How an orbital
differs forms that of an orbit ?

What are the various postulates of Bohr's model of atom ? Discuss its drawbacks.
What are quantum numbers ? Describe briefly the four quantum numbers.

ADDITIONAL QUESTIONS

Long answer questions :

No s~ wDdhPE

What are cathode rays ? Discuss its characteristics.

What observations of a-ray scattering led Rutherford to propose the model of atom ?
Give essential features of Bohr's model atom.

Discuss the nuclear model of atom.

What was the objection to Rutherford's model.

How do you explain the existence of various lines in the hydrogen spectum ?

What are the defects of Bohr's model.
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What is the significance of quantum numbers ? Describe the four quantum numbers.
Write short notes on :-
(@ Atomic number (b) Hund's rule (c) Pauli's exclusion principle. (d) Aufbau principle

(¢) Dual nature of matter and de Broglie equation (f) Planck's quantum theory
(9) Concept of orbital.

How will you justify that electron is universal constituent of matter ?
Describe the shapes of s, p and d-orbital.
What are the differences between orbit and orbital.

SHORT ANSWER QUESTION

(A)

(B)

Indicate true or false statements in the following :
(i) Neutrons are produced when a-rays bombarded a metal sheet.

(i) X-rays are produced when cathode rays hit a metal anticathode.

(iii) Energy of the electron in an orbit is negative as electron is negatively charged.
(iv) Cathode rays can ionise gases.

(v) Charge of the electron is same as that of proton with opposite sign.
(vi) Bohr's theory can explain the spectra of all elements .

(vii) Anode rays affect photographic plate.

(viii) Isotopes of an element have same position in the periodic table.

(ix) The energy of shell decreases with increase in the value of n.

(X)  The neutron was discovered by J.J. Thomson.

(xi) The number of unpaired electrons in oxygen is 2.

(xii) The shape of an orbital is given by azimuthal quantum number.

(xiii) An electron radation energy spontaneously while in stationary orbit.
(xiv) When azimutha quantum number ‘I’ is one (1) it refers to ‘s subshell.
Give the correct answer :

(i) What is the mass of an electron ?

(i) What is the charge of an electron ?

(ilf) What is the mass of a proton ?

(iv) What is the electronic configuration of element of atomic number 24 ?

(v) Which rule states that "no two electrons in atom will have all the four quantum
numbers same"?

(vi) What is the approximate size of nucleus ?

(vii) Write the electronic configuration of the element of atomic number 29.

(viii) What is the rule which gives the sequence in which electrons fill the orbital ?
(ix) Name the rule of maximum multiplicity.

(x) Draw the shape of dXy orbital.
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(C) Fill in the blanks (one mark) :

(D)

(i)
(i1)
(iii)
(iv)
(v)
(Vi)
(vii)
(viii)
(ix)
()

(xi)
(xii)

(xiii)

(xiv)

Principal quantum number gives the —— of electron wave.

Azimuthal quantum number gives the —— of electron wave.

Magnetic quantum number gives —— of orbitals in space.

d - orbitals can accomodate maximum —— number of electrons.

1s? 28* 2pé 3* 3p° 4st is the electronic configuration of —— atom.

An orbital represents —— motion of the electron around the nucleus.
—— number of unpaired electrons are there in oxygen atom.

Isotopes of the same element differ in their —.

Isotones are atoms of different elements having —— number of neutrons.

Atoms of different elements having same mass number but differing in atomic
number are called —.

The maximum number of electrons on any arbit is —.

The atomic number of elements having maximum number of unpaired 3p electrons
is—.

If n =3, then | can have values from —— to ——

The number of unpaired electrons in the ground state of carbon is — .

Multiple choice questions (one mark) :

D

)

©)

(4)

()

(6)

Which of the following electronic configuration is permissible ?

(@ 1528’ 2p* 2p} (b) 1s* 25 2p?

(0) 1s 25 3¢ (d) 1s* 2 2p ?

The number of neutrons in Zn*? ion with mass number is :
(a) 4 (b) 36

(c) 38 (d) 40

The radius of atomic nucleus is of the order of

(& 10°cm (b) 103 cm

(c) 10*?cm (d) 10 cm

Electmagnetic radiation of maximum wavelength is :

(@ uv (b) Radio Waves

(c) X-rays (d) Infrared

Which of the following sets of quantum numbers is not permissible ?
@210 +% (b) 2,2, -1, + %

(© 21, +1, -% (d) 3,20 -

The wavelength of spectral line for an electronic transition is inversely related
to —

@ number of electrons undergoing transition .

(b) nuclear charge of the atom.
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(© Difference in energy of the energy levels involved in transition
(d) velocity of the electron undergoing transition.
(7) Energy of the electron in an orbit is determined by :
@ Principal quantum number
(b) Azimuthal quantum number
(©) Spin quantum number
(d) Magnetic quantum number
(8) Number of electrons present in an element having 2K, 8L and 5M electronsis:
(@ 15 (b) 8 (c) 6 (d) 5
9 Bohr's model can explain
(@) spectrum of hydrogen atom only
(b) spectrum of an atom or ion having one electron only
(c) spectrum of hydrogen molecule
(d) solar spectrum
(10) The triad of nuclei that is isotonic is :
(@ eC”, 7N®, oC" (b) 6C° 7N of"
(© €, 7N*, of” (d) 6C*, 7N oC”
(11) Nitrogen is having three unpaired electrons according to
(@) Hund's Rule
(b) Aufbau Principle
(c) Heisenberg's Principle
(d) None of the above.
(12) In an atom no two electrons can have the same value for all the quantum

numbers. This was proposed by

(8 Hund (b) Pauli
(c) Dalton (d) Avogadro.
(13) Correct set of four quantum numbers for valence electrons of rubidium
(Z2=37)is
(@500, +% (b) 5, 1,0, + %
(©5 11 +% (d) 6, 0,0, +¥%
(14) For azimuthal quantum number | = 3, the maximum number of electrons
will be
(a) 2 (b) 6

(©) 0 (d) 14
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(15)

(16)

(17)

(18)

(19)

(20)

(21)

(22)

(23)

(24)

Krypton has the electronic configuration [Ar] 45 3d'° 4p®, the 37th electron will
go into which of the subshells ?

(a) 4f (b) 4d

(c) 3p (d) 5s

If uncertainty in position of an electron is zero, the uncertainty in its momentum
would be :

(@ Zero () 5r

© - (d) Infinite.

The magnetic quantum number for valence electron of sodium is

@ 3 (b) 2

(o1 (do

Which of the following transition metal cations has maximum unpaired
electrons ?

(& Mn (b) Ni

(c) Co (d) Fe.

A particular element has configuration 18 2s* 2p°. In its chemical reaction, it
is most likely to

(4) gain one electron (b) Lose one electron

(c) Lose three electrons  (d) gain three electron.

Number of electrons in the nucleus of an element having atomic number 14 is
(@ 14 (b) 20

(b) O (d) 7

The nucleus of tritium consists of

(@) 1 Proton +1 neutron (b) 1 proton +3 neutrons

(c) 1 proton + no neutron  (d) 1 proton + 2 neutrons

The species isoelectromic with cN™ are

(a8 CO (b) O,

(©) F, (d s

Which of the following relates to proton both as wave motion and stream of
particles ?

(@) Interference (b) E = me?

(0 E=h (d) Diffraction

The preference of three unpaired electrons in the nitrogen atom can be explained
by

(a) Pauli's exclusion principle (b) Aufbau principle

(¢) Uncertainty principle (d) Hund's rule
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(25)

(26)

(27)

(28)
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Electromagnetic radiation with maximum wavelength is

(@ uv (b) Radio wave
(c) X-ray (d) IR

2p orbital have :

@ n=11=2 bn=21=1
(© n=11=0 dn=21=0

Correct set of four quantum numbers for the valence (outermost) electron of
rubidium (Z = 37) is:

@ 5,00, +Y,
(© 51,0 +Y,

() 5 1,1, +7,
(d) 6,0,0 +7,

The azimuthal quantum number of the 17th electron of chlorine atom is :

(@ one
(c) three

Fill in the Blanks

(i) Size

(it) Shape
(iii) Orientation

(iv) Ten
(v) K

(b) two
(d) zero

ANSWERS

(vi) Three dimensional
(vii) Two

(viii) Mass number
(ix) Same

(x) Isobars

Multiple Choice type

1 a
2.d
3.Db

4. b
5Db
6. C

7. a
8. a
9.b

10.a 13.a 16.d 19.a
n.a 14.d 17.d 20.c
12.b 15 d 18.a 21.d

(| [

(xi) 2r?
(xii) 15
(xiii) O to 2
(xiv) 2

22.a 25.b 28 a
23. b 26.c
24.d 27.a
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CHAPTER - 4

CLASSIFICATION OF ELEMENTS AND
PERIODICITY IN PROPERTIES

TOPICS DISCUSSED :

e Significance of classification

e Brief histroy of periodic table

e Modern periodic table

e Present form of periodic table

e Periodic trends in properties of elements

e Nomenclature of elements with atomic number greater than 100.

INTRODUCTION :

There are about 116 elements discovered till today. It is difficult to remember all the
properties separately. For systematic study, it was necessary to classify them into different
groups on the basis of their characteristics. Once the general behaviour is known, one can
always go into details of specific behaviour of each element. The method of classifying the
elements having somewhat similar physical and chemical properties is known as periodic
classification of elements. The table which contains the elements so classified is called the
Periodic table.

4.1 BRIEF HISTORY OF PERIODIC TABLE

In 1829, German chemist Johann Dobereiner suggested the relationship between
atomic masses of elements with their properties. He noticed a similarity in properties of
several groups consisting of three elements, called Triads. In each of the triads the average of
the atomic masses of first and third element would be equal to the atomic mass of the second
element. For example, in the Triad of Li (7), Na (23) and K (39), the average of the atomic
masses of Li and K (7+39) would be equal to the atomic mass of the middle element Na (23).
This relationship is called Debereiner's law of Triad.

In 1864, Newlands observed that when the elements were arranged in the order of
increasing atomic masses, elements with similar properties were repeated at intervals of seven
i.e. every eighth element was similar in properties to the first one. He suggested this as law
of octaves. e.g. lithium and sodium were considered to be one octave apart as in musical
system.
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Lother Meyer in 1869 plotted atomic volumes with atomic masses and found that
similar elements occupied similar positions in the plot.

In 1869, a Russian scientist Dmitri Mendeleev made a significant contribution to
develop the periodic table. Only 63 elements were known at the time and he studied the
properties of these elements and gave a law of Periodic table which was stated as:

"The physical and chemical properties of the elements are periodic functions of their
atomic masses'. After the study of atomic structure, atomic number was considered as
fundamental properties of an element. Modey in 1913 proved that the properties of the elements
depend on the atomic numbers rather than atomic masses. Mendeleev realised that the best
way to arrange the elements should not be according to atomic masses, but according to atomic
numbers.

Mendeleev's periodic table has the follwoing advantages and drawbacks.

ADVANTAGES OF MENDELEEV'S PERIODIC TABLE

There were only 63 elements known when Mendeleev published his periodic table.
Within one year of this, 23 new elements were discovered. Some of the advantages of Periodic
table are :

(1) Prediction of new elements :In Mendeleev's table there were some vacant places.
Mendeleev predicted the properties of the elements that would occupy the vacant places.
Actualy after a few years of his prediction, these elements were discovered and fitted
into the vacant placesin the periodic table. These e ements were scandium, germanium etc.

(2) Correction of atomic mass : Mendeleev placed Be in Gr Il along with Mg, Ca etc.
These have valency two. The atomic mass of Be was found experimentally to be 13.5.
Hence, it should be placed after 'C' whose atomic mass is 12. Mendeleev determined its
equivalent mass and multiplying with 2, found its atomic mass to be 9.1.

(3) Atomic structure : Mendeleev's periodic table helped in the study of electronic
configuration of elements.

Drawbacks of Mendeleev's periodic table.
Mendeleev's periodic table had many limitations.

1.  Anomalous position of some elements: The atomic masses of K, Ni and | arelessthan
those of Ar, Co and Te respectively. In Mendeleev's table K follows Ar, Ni follows Co
and | follows Te.

2. Position of Triads: In Mendeleev's table, the space for one element is occupied by
three elements in the triads like Fe, Co and Ni. This is against the periodic law.

3. Position of dissimilar elements : Alkali metals and coinage metals differ in their
physical and chemical properties. But these are placed in one group.

4.  Position of noble gases, lanthanides and actinides : The noble gases, lanthanides and
actinides were not known. Noble gases were placed in a separate group called zero
group. Lanthanides and actinides have been given one position each which goes against
periodic law.

5. Position of hydrogen : Hydrogen is similar to alkali metals and to halogens. The
position of hydrogen is thus anomalous which can belong to Gr IA and Group VII A.

6. Position of isotopes: Mendeleev's periodic table does not speak about the positions of
isotopes.
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Modern Periodic Law :
The modern periodic law states that "the physical and chemical properties of elements
are periodic functions of their atomic numbers".

The improvised and modified periodic table has seven horizontal rows called periods.
The first period consists of two elements hydrogen and helium. The second period starts with
lithium and is completed with neon. There are eight elementsin this period. Similarly the third
period starts with sodium and is completed with argon. This period also contains eight €l ements.
The fourth period starts with potassium and ends with krypton. The fifth period is similar to
fourth one. These are called long periods containing eighteen elements in each. However, the
sixth period has 32 elements. The seventh period is incomplete.

Table4.1 Theold form of the Periodic Table.

| | | | | | | |
ZERO
GROUPS|A  BlA Bla BlaA Bla BlA BlA B|A B
- |1 2
1st Period H He
.13 4 5 6 7 8 9 10
2nd Period| |, Be B C N 0 = Ne
1 12 13 14 15 16 17 18
3rd Period| N Mg |Al S p S cl Ar
19 20 21 22 23 24| 25 26 27 | 28
K Ti \Y M F Ni
aih Period |~ 20| @ 30|31 Hzz Tlaz Y|z “fasMie| P 0 | L
Cu Zn |Ga Ge AS Se Br Fe Kr
37 33 39 40 41 42 43 |44 45 46
Rb Sr Y Zr Nb Mo Tc |RURH Phl 54
5th Period 47 48 |49 50 51 52 53 Xe
Ag Cd|in Sn Sb Te I
55 56 57* 72 73 74 75 | 76 77 78
. Cs Ba La Hf Ta W Re [ OsIr Pt
6th Period 79 80 |81 82 83 84 85 86
Au Hg| Tl Pb Bi Po At Rn
7th Period | 87 88 89# 104 105
Fr Ra Ac Ku Ha

THE RARE EARTHS
*Lanthanide 58| 59| 60| 61 |62 | 63| 64| 65|66 |67 |68 | 69 | 70 | 71
series Ce|l Pr{ Nd|Pm |Sm|[Eu| Gd| Tb| Dy |[Ho| Er | Tm [ Yb |Lu
#* 90 91| 9293 |94 95| 96| 97 98 |99 (100 | 101 |102 | 103

Actinide series |Th| Pal U [ Np |Pu|Am|{Cm| Bk | Cf |Es|Fm | Md | No | Lr
The vertical columns are known as groups. There are nine groups starting from | to VI1I and zero.

All thegroupsexcept zero and V111 aredivided into two subgroupsA and B. The el ements
placed to the left in the vertical column form subgroup A and those placed to the right form
subgroup B. Zero group consistsof noblegaselements. Group V111 consists of transition elements.
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42 |[LONG FORM OF PERIODIC TABLE]

In the long form of periodic table the elements are arranged in the order of increasing
atomic number. This table has seven horizontal rows called periods and eighteen vertical
columns known as groups.

Period : The seven periods are represented as period 1to 7. First period contains two
elements hydrogen (1s') and helium (1s?). In these case s, the first shell (K) is completed. The
second period starts with n = 2, the first member of which is lithium (2s') and the shell (L)
is completed at neon (2s?2p°).

PERIODIC CHART OF THE ELEMENTS

Table4.2 Longform of Periodic Table
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There are eight elements in this period. Similarly the third period (n = 3) starts with
sodium (3s!) and is completed at argon (3s*3p°). This period also contains eight elements. The
fourth period (n = 4) starts with the filling up of the 4s orbital and ends with the completed
4p orbital. This period which starts with potassium (4s') and ends with krypton (4s?4p°) has
ten more e ements than the earlier one (eighteen elements in all). This is due to the elements
in which the filling up of electrons in the 3d orbitals takes place after 4s orbital but before
4p orbitals. The fifth period (n = 5) is similar to the fourth one. However, the sixth period
(n = 6) has 32 elements in which the filling up of electrons takes place in 6s, 4f, 5d and 6p
orbitals in that order. The seventh period (n = 7) would have been similar to the sixth period,
but it is incomplete.

Group : The eighteen groups are designated as Gr IA to VIIA, Gr IB to VIIB, Group
Zero and Gr VIII (three vertica columns). Group |A consists of elements hydrogen (Is?),
lithium (2s'), sodium (3s') potassium (4s') etc. All these elements have the common outermost
electronic configuration nst. The elements of Group IIA have ns? configuration. Similarly
elements from Group I11A to group zero have common electronic configuration varying from
ns’npt to ns? npé. In addition to the above group ten more columns are present between group
1A and I11A. The elements present in them have common electronic configuration (n — 1) d
915 %2 The first of these columnsis called group |11 B which consists of elements scandium
(3d¥4?), yttrium (4d°5?), lanthanum (5d* 6s?) and actinum (6d* 7<°) and the last one |1B
having zinc (3d¥ 4s?); cadmium (4d¥°5s?) and mercury (5d'°6s?). The elements present in
columns 6, 7 and 8 are grouped as one group and called group VIII. In group 111 B there are
additional 14 elements along with lanthanum and also with actinum. These elements have
common electronic configuration (n — 2) f 14(n — 1) d®!ns? and have been shown separately
in two rows below the periodic table usualy called the lanthanide and actinide series. The
other groups are known as IVB, VB, VIB, VIIB, VIII and IB.

4.3 CAUSE OF PERIODICITY AND MAGIC NUMBERS

From the above discussion it is quite evident that when the elements are arranged in
the increasing order of their atomic numbers similar elements are repeated at regular intervals.
These intervals are 2, 8, 8, 18, 18, 32 and are known as magic numbers.

The elements belonging to a particular group have similar properties and they have
similar electronic configuration. By adding the magic number to the atomic number of an
element belonging to a particular group the atomic number of the subsequent elements may
be found out.

For example, in Gr A the elementsare H (1), Li(3), Na(11), K(19), Rb(37), Cs(55) and
Fr(87), the atomic numbers are 2, 8, 8, 18, 18, and 32 units apart. Since all
these elements have same number of valence electrons we may regard "the repetition of
similar electronic configuration after regular intervals' as the cause of periodicity of
elements.
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4.5 PERIODICITY IN PROPERTIES OF ELEMENTS :

ATOMIC AND IONIC RADII

Theradius of an atom isthe distance between the centre of the nucleus of an atom and its
outermost electron shell. This determines the approximate size of the atom. In general atomic
radius increases while going down the group of the periodic table. This is due to successive
addition of new shells. Atomic size decreases across a period due to increase in nuclear charge.
Thisincreases nuclear attraction for the electrons. Therefore, atomic size decreases.

Table 4.4 Atomic radii in a group

Elements : Li 3) | Na(11l) | K(19) Rb(37) Cs(55)
Atomic radius (A°) : | 1.23 1.57 2.03 2.16 2.35

Table 4.5 Atomic radii in a period
Elements : Li (3) Be(4) | B(5) C(6) N(7) o) | F(9
Atomic radius (A% :| 1.23 0.89 0.80 0.77 0.74 074 0.72

Several types of atomic radii such as covalent radii, vander Waal's radii and ionic radii
are known.

16071 ( 300
' Li
i \ n o
140 )“ 250 /.I‘~,~ el e CS[262}
5 \ 3 /k(esyy R4
~ \ ~ 200 d
g 1201 a 2
3 Be T 150 e
o 100} \ o Li(152) _
g E 100 e 1(133)
8 B 8 //.Cmi(r99) Br(114)
< sot \C N < «
. 50 F(72)
\\Q£
60 T i | I I R
2 4 6-8 10 -
Atomic number (2) Atomic number (2)
Fig 4.1(a) Variation of atomic radius with Fig 4.1(b) Variation of atomic radius with
atomic number across the second period atomic number for alkali metals and

halogens
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(@ Covalent radius: It is difined as one half the distance between the nuclel of the two
atoms forming a covalent bond. In a diatomic molecule, the internuclear distance is also
called bond length.

Example 1 : Internuclear distance in a hydrogen molecule is 0.74A°,
Covalent radius of hydrogen = 0.37A° Diagram 12.1

Example 2 : Internuclear distance in a chlorine molecule is 1.98A°
Covalent radius of chlorine = 0.99A°.

(b) van der Waal'sradius : It is defined as one half of the distance between the nucleus
of two neighbouring nonbonded atoms.

Example 1.  van der Waal's radius of hydrogen = 1.2A°.
Example 2 :  van der Waal's radius of chlorine = 1.8A°.
van der Waal's radius is greater than covalent radius.

() lonic radius : It is the effective distance from the nucleus of an ion up to the point
where its influence over the electron cloud ceases.

A positive ion (cation) is aways smaller than the parent atom and a negative ion
(anion) is always larger than its parent atom

When an atom loses one or more electrons positively charged ion or cation is formed.
M -e —> M*
(Atom) (Cation)

The number of electronsin acation is always |less than the number of protons. Effective
nuclear charge increases. Sometimes, the formation of a cation involves removal of the outermost
shell.

Table 4.6 Radii of atoms and cations

Atom radius (A°) Cation |radius(A°)
Li 1.23 Li* 0.60
Na 157 Na* 0.95
Mg 1.36 MgZ 0.60
Al 1.18 Al3* 0.50

When an atom gains one or more electrons, negatively charged ion, an anion is formed.

A+ e —> A
(Atom) (Anion)

The number of electrons in an anion is always greater than the number of
protons. Effective nuclear charge decreases. The electron cloud expands.
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Table : 4.7 Radii of atoms and anions

Atom radius(A°) Anion | radius (A9
F. 0.72 F 1.36
Cl. 0.97 CI- 181
Br 1.13 Br- 1.95
I 1.35 I- 2.16

ATOMICVOLUME
Atomic volumeisdefined asthe volumein c.c. occupied by one gram atom of the element
in the solid state and commonly called gram atomic volume. It is obtained by dividing the
atomic mass of the element by its density.

Atomic mass

Atomic volume = Density

Thus, the atomic volumeisthe volumein c.c. occupied by 6.023 x 10> atoms of an element
and the volume of a single atom may be obtained by dividing gram atomic volume with
Avogadro's number of atoms.

Atomic volumeincreases more or lessregularly in going down agroup dueto theincrease
inthe number of shells. Thelarger the number of shells, the bigger isthe atomic volume. In
going fromleft toright inaperiod, it deceases at first, becomes minimum in themiddle and
then increases. The variation is influenced by (i) nuclear charge (The increased nuclear
charge attracts each electron more strongly towards the nucleusresulting in thedecreasein
thevolume) and (ii) number of valence el ectrons (Towards the end of aperiod, the number
of valence-electrons increases and therefore the volume of the atom increases so that it
may accomodate all the electrons). Thesetwo factors combineto give the above observation.

Table 4.8. Atomic volumes of some elements

Group — 1A [1A [TA VA VA VIA VIIA| Zero
JPeriod
1. H He
14.1 31.8
2. Li Be B C N @) F Ne
13.1 | 5.0 4.6 53 17.3 140 | 171 16.8
3. Na Mg Al S P S Cl Ar
23.7 | 140 | 10.0 12.1 17.0 155 | 187 24.4
4, K Ca Ga Ge As Se Br Kr
4531 299 | 118 13.6 13.1 165 | 235 322
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IONISATION ENTHALPY OR IONISATION ENERGY OR IONISATION POTENTIAL

lonisation enthalpy or ionisation energy of an element is defined as the energy
required to remove an electron from the isolated neutral gaseous atom. It isdesignated as AjH.

Na(g) + I.E — Na'(g) + e

This energy is measured in units of electron volt per atom or kJ mole™. One electron
volt per atom is equivalent to 23 kilocalories or 96.3 kilojoules per mole. (Avogadro number
of atoms)

Fig 4.2 Variation of first ionizaion
enthal pies (AjH) with atomic number
for elements with Z = 1 to 60

Atomic number (Z)

Factors affecting lonisation Enthalpy.

() Sizeof atom : The larger the size of the atom, the smaller is the ionisation energy. With
the increase in atomic size the outer electrons lie further away from the nucleus and can
be easily removed at the expense of lower amount of energy.

(i) Effect of Nuclear charge: With the increase in nuclear charge the electrostatic attraction
between the nucleus and the outer el ectrons increases. Thus, the removal of outer electron
becomes difficult leading to higher ionisation energy.

(i) Number of electrons in the inner shell

The inner electrons tend to shield the outer electrons from the pull of the nucleus as a
result of which the outer electron can be easily knocked out. This effect is known as
screening effect. This results in decrease of ionisation energy.

(iv) Half-filled or completely filled orbital According to Hund's rule exactly half-filled or
completely filled orbitals are more stable. So more energy is required to detach an
electron from atoms having such orbitals and therefore more is the ionisation energy.

(v) Nature of electron to be removed : The's electrons experience more attraction than
the 'p' electrons since the 's orbital is closer to the nucleus than the 'p' orbital of the same
orbit. Thus removal of 's electron involves more |E than that~'p’ electron. In general the
|E follows the order s > p > d > f orbital of the same orbit.
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lonization energy increases form Li to Ne with exception of B and O.
Table 4.9 (IE of elements in second period)
Element Li(3) Be(4) [B(5) C®)| N@ | O@)|F©O
IE (kJ. mole™) 520 900. (800 1086( 1403 131411681

In genera thereis an increasing trend of |E across a period. Thisis due to increase in
nuclear charge as we go across a period. The electrons are more strongly held by the attractive
force between the nucleus and the electrons. In B(5) and O(8) removal of electron requires
lower energy since the resultant ions have stable half-filled or full-filled orbitals.

On the otherhand | E decreases as we go down the group. The outer electron is farther
from the nucleus and the effect of nuclear charge is decreased by the presence of electronic
shells.

4.3 (a) 4.3 (b)
Fig 4.3 (a) First ionization enthalpies (AjH) of elements of the second period as a function of
atomic number (Z) and Fig. 4.3 (b) AjH of alkali metals as a function of Z.

Properties of elements and compounds as predicted by ionisation energy

() Lower value of ionisation energy indicates the greater reducing power of an element,
hence greater reactivity.

(i) Basic character of an element can be roughly estimated.

(ili) The value of ionisation energy provides us indication regarding the number of valence
electrons. Abnormally high value of ionisation energy indicates the removal of electron
other than valence electron.

Table : 4.10 (1.E of alkali metals)
Elements : Li Na K Rb Cs
IE (kJ mole™) 520 495 418 403 374
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The ionisation energy to remove the second electron (IE,) is higher than ioni sation
energy to remove the first electron (IE,). The successive values of ionisation energy of an
element show an increasing trend. The second electron has to be removed from a positive ion
and this requires more energy.

ELECTRON GAIN ENTHALPY OR ELECTRON AFFINITY

The energy released when a neutral gaseous atom gains an electron is called electron
affinity or electron gain enthalpy.
Cl(g) + e = ClI(g) + energy

Electron affinity is a measure of tightness of binding of an extra electron to an atom.
Electron affinity has also been renamed as electron gain enthalpy (Aeg HP). The difference
comes in the representation of values with sign only. Suppose the electron affinity of an
element is 20kJ mol?, its Aeg H° value will be —20kJ mol, because it is an exothermic
process.

Factors affecting Electron affinity
(i) Atomic size: Electron affinity decreases with increase in atomic size.

(i) Nuclear charge : More the nuclear charge stronger will be the attractive force for
incoming electron. Thus more energy is released as a result of this attraction and more
will be the electron affinity.

(iii) Electronic configuration : An atom having stable electronic configuration has zero
electron affinity. For example, the noble gases have nsnp® configuration. These atoms
have no tendency to gain electron, thus have zero value of EA. On the other hand the
halogens have electronic configuration ns?np°. In order to acquire stable configuration
ns?np®, halogens have maximum tendency to gain electron and therefore, are associated
with high value of EA.

Elements of Group VIIA (halogens) have high electron affinity. This is because by
gaining an electron these attain stable noble gas configuration. The electron affinity decreases
as we go down the group because the attractive force of the nucleus decreases with increase
in size. Fluorine has dightly lower electron affinity than chlorine probably due to compact
2p orbital in fluorine.

Table : 4.11 (Electron affinity of halogens)

Elements : F(9) Cl(17) Br(35) [(53)
Electron affinity (kJ mole) | 322 348 324 295

Along a period, the nuclear hold on the outermost electron increases as we move from
left to right and hence electron affinity increases.

Properties of elements and their compounds as predicted by Electron affinity

(i) The oxidising power of an element can be predicted from the value of E.A. More the
value of E.A more is the tendency to gain electron and greater is the oxidising power.
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(i) Theionic character of the bond between two atoms can be predicted. By knowing the
relative values of ionisation energy and electron affinity of the two elements the nature
of bond between them can be predicted. Increase in difference of these two values
decreases the ionic character.

ELECTRONEGATIVITY

When two disssmilar atomsi.e. H and Cl form a covaent bond, the electrons forming
the bond are not equally shared. The electron pair is shifted to one of the atoms which becomes
partially negatively charged. Thus, chlorine has greater electronegativity than hydrogen.

The electronegativities of various elements increase in a period of the periodic table.
It is due to increase of nuclear charge which results in decrease in size. Electronegativity
decreases in a group. Although atoms of chlorine and sulphur have the same size, chlorine has
higher electronegativity than sulphur because of greater nuclear charge.

Both EA and EN measure the electron attracting power of an atom. But the former is
concerned with an isolated gaseous atom whereas the latter, with an atom in a molecule.

Electronegativity may be expressed in the following three scales.

(i) Mulliken Scale: According to Mulliken, electronegativity is taken as the average value
of lonisation energy and electron affinity of an atom.

_IE+ EA
EN = 2

(i) Alfred Rochow Scale: Alfred and Rochow regarded electronegativity as the electrostatic
force operating between the nucleus and the valence electrons. They expressed it as

EN = 0.359 rlz + 0.744

where, Z is Effective nuclear charge
r is Covalent radius of atom (in A9),

(ili) Pauling Scale : The most widely used scale was that predicted by Pauling. It is based
on excess bond energies. If X and X be the electronegativities of two atoms A and B

X, — X, = 0208

where A = Actual bond energy — J(Ex_» XEg &

The factor 0.208 arises due to conversion of kcal to electron volt ( 1ev = 23.01 kcal/
mole).

Properties of elements as predicted by Electronegativity

(i) Nature of bond between two atoms can be predicted. If the difference in value of EN
between two atoms is more, more is the ionic character of the bond formed between
them. If the difference is zero, this indicates the presence of a covalent band.
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(i) Greater the value of electronegativity of an element more isits tendency to gain electron
and therefore more is its oxidising power. This aso indicates that the element is more
nonmetallic in nature.

OXIDATION STATES

Mendeleev defined groups of elements on the basis of their valencies or oxidation
states. The formulae of compounds formed by an element depends on the oxidation states.
Valencies of the representative elements (s and p block elements) of Gr | A to VII A are
generaly given by the following simple formula

If G = group number of the representative elements,
valency = G and (8 - G)
These are some exceptions to this rule. Transition elements show variable valency but
all of them have a common valency of two.

It is of interest to know the connection between valency and electronic configuration.
The outermost group of orbitals are known as valence orbitals. These are involved in chemical
bonding. The electrons occupying the valence orbitals are referred to as valence electrons. The
valency is determined by the valence electrons.

Table 4.12 Valency and Group

Group 1 2 3 4 5

Examples: HCI BeCl, BCl, CH, NH,
H.,O CaCl, ALO, CO, N, O,
LiCl CaOo AlICl, SO, PCl,
Li,O SO TICl,  SnO, PCI,
NaCl BaO

4.6 | NOMENCLATURE OF ELEMENTSWITH ATOMIC NUMBER MORE THAN 100 :

About the nomenclature of elements with atomic number greater than 100 new
controversies came up in recent years. Usualy the naming of the new elements had been
traditionally done after the name of its discoverer or discoverers and the suggested name was
ratified by the IUPAC. But sometimes it so happened that scientists before collecting the
reliable data on the new element got tempted to claim for its discovery. For example, both
american and Soviet Union scientists claimed credit for discovering elements 104. The Americans
named it Rutherfordium while the Soviets named it Kurchatovium. To avoid such confusion,
the IUPAC has made recommendation that until the discovery of a new element is proved and
its name is officially recognised, a systematic nomenclature be derived directly from the
atomic number of the element using the numerical roots for zero and numbers one to nine as
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shown in Table 4.14. The roots are put together in order of digits which makeup the atomic
number and "ium" is added at the end. The IUPAC names of eements with atomic number
more than 100 are shown in 4.13.

Table 4.13 Nomenclature or elements with atomic number more than 100

Atomic Name Symboal IUPAC IUPAC
Number Offical Name Symbol
101 Unnilunium Unu Mendelevium Md
102 Unnilbium Unb Nobelium No
103 Unniltrium Unt Lawrencium Lr
104 Unnilguadium Ung Rutherfordium Rf
105 Unnilpentium Unp Dubnium Db
106 Unnilhexium Unh Seborgium s
107 Unnilseptium Uns Bohrium Bh
108 Unniloctium Uno Hassnium Hs
109 Unnilennium Une Meitnerium Mt
110 Ununnillium Uun Darmstadtium Ds
111 Unununnium Uuu Rontgenium Rg
112 Ununbium Uub Copernicium Cn

113 Ununtrium Uut *
114 Ununguadium Uuq Flerovium Fl
115 Ununpentium Uup +
116 Ununhexium Uuh Livermorium Lv
117 Ununseptium Uus +
118 Ununoctium Uuo +
* Offical ITUPAC name yet to be announced + Elements yet to be discovered.
Digit Name Abbreviation
0 nil n
1 un u
2 bi b
3 tri t
4 quad q
5 pent p
6 hex h
7 sept S
8 oct 0]
9 enn e

Table 4.14 Notation for IUPAC Nomenclature of Elements
with Atomic number more than 100.
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CHAPTER (4) AT A GLANCE

Atomic volume: It is defined as the volume occupied by one gram atom of the element
in the solid state at its melting point.

Mendeleev's periodic law : According to this law, the properties of elements are periodic
function of their atomic masses.

Modern periodic law : The physical and chemical properties of elements are the periodic
function of their atomic numbers.

Covalent radius : The covaent radius of an atom is one half the distance between the
nuclel of the two atoms forming the covalent bond.

van der Waal'sradius : It is defined as one half the distance between the two nearest
nonbonded atoms.

lonic radius: It is defined as the distance between the centre of the nucleus up to which
the electron cloud is extended in an ion.

lonisation enthalpy or lonisation energy : It is defined as the amount of energy
required to remove an electron from the isolated neutral gaseous atom.

Electron gain enthalpy or Electron affinity : It is defined as the amount of energy
released when an electron is added to the neutral gaseous atom. If electron affinity is 20
kJmol=, then electron gain enthalpy will be —20kJ mol=.

Electronegativity : It is defined as the power of an atom in a molecule to draw the
shared pair to electron towards itself.

Summary : The physical and chemical properties of the elements are periodic function of

atomic numbers. Vertical columns are called groups. The horizontal rows are known as
periods. Long form periodic table has sub groups with eighteen vertical columns. It has
sp,d and f blocks. A number of physical and chemical preperties of elements vary
periodically with atomic number. These properties include atomic and ionic radius,
ionisation energy, electron affinity, electronegativity and oxidation states.
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QUESTIONS

GROUP - A

|. Multiple choice question : (One mark)

1

10.

Long form of periodic table is based on

(@) Atomic mass (b) Atomic number

(c) Atomic size (c) Electron affinity

Which pair of elements is chemically most similar ?

() Na, Al (b) Cu, S

(o) Ti, Zr (d) Zr, Hf

Elements of 1 give colour in Bunsen burner due to

(& Low IP (b) Low MP

(c) Softness (d) one electron in the outermost shell.

Elements of same vertical group of the periodic table have

(@) Same atomic size

(b) Same electronic configuration

(c) Same number of electrons in the outermost shell of their atoms.
(d) Same number of atoms.

The element with highest value of 1st ionisation potential is

(@ B (b) C

(©N (d O

The ion having highest radius is

(@ Al* (b) N*

() Na* (d) F

Atomic radii of Fluorine and Neon in A° units are respectively given by
(@ 0.72, 1.60 (b) 1.60, 1.60

(c) 0.72, 0.72 (d) None of these

Which of the following electronic configuration represents an inert gas ?
@281 (b) 2, 8, 8

(©217 (d) 2,8, 2

The maximum tendency to form unipositive ion is for the element with the following
electronic configuration.

(a) 1s? 2% 2p° 3¢t (b) 1s?2s? 2p° 35 3pt

(0) 1s?2* 2pb 3s* 3p? (d) 1s?2s?2p° 3s? 3p®
Characteristic of transition element is

(&) Incomplete d-orbital (b) Incomplete f - orbital

(c) Incomplete s- orbital (d) Incomplete p- orbital.
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11. Which of the following has the largest ionic radius ?

(a) Be* (b) Mg*
(c) Ca (d) Sr*
12. The first ionisation energy of lithium is
(a) greater than Be (b) less than Be
(c) equa to Na (d) equal to F
13. The electronegativity of the following elements increases in the order
@C/N,S,P ()N, S,C, P
(0 S,PC N (dPS,N,C
14. The 1t transition series contains elements having atomic numbers from
(& 22 to 30 (b) 21 to 30
(c) 21to 31 (d) 21 to 29
15. Which is the lightest metal in the periodic table ?
(@ H (b) Mg
(c) Ca (d) Li
16. A newly discovered element 'X' is placed in the group 1 of the Periodic table because
it forms

(a) an oxide which is acidic
(b) A volatile chloride having formula XCI.
(c) An ionic chloride having formula XCl
(d) An insoluble XCO,
17. The correct order of metallic character of the elements B, Al, Mg and K

(@ B>Al>Mg>K (b) Al >Mg>B > K
(c) Mg>Al>K >B (d K>Mg>AIl>B

18. The correct order of the chemical reactivity of the elements F, CI, O and N is
@F>0>ClI>N () F>Cl>0O>N
(0 O>F>N>Cl dCl>F>0>N

19. The correct order of non-metallic character of the elements B, C, N and F is
@F>N>C>B ()C>B>N>F
(oB>C>N>F (dF>N>C>B

20. Size of the isoelectronic species F-, Ne and Na' is affected by
(a) Nuclear charge
(b) Vaence principal quantum number
(c) Electron-electron interaction in the outer orbitals
(d) None of the above
21. In periodic table, on moving along a period, the ionisation potential
(@) Increases from left to right (b) Remains unchanged
(c) First increases then decreases (d) Decreases from left to right
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22. Which of the following atoms possesses the smallest volume?
@S (S (c)P (d) He
23. lonisation potential of an element does not depend upon

(a) Electrical neutrality (b) Nuclear charge
(c) Penetrating effect (d) Shielding effect
24. Zero group was introduced by
() Mendeleev (b) Ramsay
(c) Lothar Meyer (d) Johnson
GROUP - B

1. Very short answer type questions (one mark)
1.  Which of the following has the smallest size ?
Nar, |\/|g+2, Al*3
2. Which of the following has the smallest electron affinity ?
Na O, C, F
3. Which element has the electronic configuration ?
|s? 2% 2p° 3s? 3p° 4¢°
4.  Name any two elements of Group 14 of the periodic table.
5. Name any two elements of Group 16 of the periodic table
6.  Name the group of the periodic table in which the element having atomic number 6 is
placed.
Between iodine and iodide ion which has the larger size ?

8.  Which of the following has the largest size ?
Na, Na‘, N, F

9.  Write the electronic configuration of the second element of Gruop 16 of the periodic
table.

10. Between lithium and sodium which is more electropositive ?
11. Which of the following has the lowest electron affinity ? K, B, C, F
12. Name two elements of group 5 of the periodic table.
13.  Which of the following elements shows variable valency ?
Iron, sodium, calcium, strontium,
14. Name any two elements of group 2 of the periodic table.
15.  Which one of the following elements has the lowest electronegativity ? PN,O,F
16. Which of the following has the highest ionisation potential ? Na, He, Ca, Mg, P
17.  Arrange the following in order of increasing size : Cl, CI*, CI~
18. Name the elements in the group 1 of the periodic table.
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Which two elements of the second period of the periodic table have both positive and
negative oxidation number ?

Write the electronic configuration of an element present in 4th period and 16 group.
Why is ionisation energy of Mg greater than Al ?

Which of the following has smallest ionisation energy ?

F, Na, Cl, Mg, Cs

[11. Short answer type questions : (Two marks)

1.
2.

>

10.

State Mendeleev's periodic law.

The ionic radii of alkaline earth metals are smaller than those of the nearest akali
metals. Why ?

What is electron affinity ? How does it vary in a period.
Why are elements of group | and 2 of the periodic table called s- block elements.

The electronic configuration of the element is 1s? 2s* 2p® 3s? 3p°. In which group of the
periodic table will it be placed and why ?

Justify the position of carbon and lead in the second group.
Explain with reasons :

(a) Alkali metals do not form dipositive ions.

(b) Electronegativity values of inert gases are zero.

How does the metallic character of elements generally vary in periods and groups of the
periodic table ?

How does ionisation energy vary in a period and in a group ? Give reasons.

Mg? ion in smaler than O% ion although both have the same electronic structure.
Explain.

IV. Short answer type questions : (Three marks)

© N O rowDdPE

10.

Write two characteristics of d-block elements.

Name the group of elements classified as s, p and d blocks.

Why ionisation energy of Nitrogen is greater than that of oxygen?
Between Na and Mg which has higher second ionisation energy and why?
Third period has eight and not eighteen elements. Explain.

Alkali metals donot form dipositive ions, why ?

Why first ionisation energy of Mg is more than that of Al?

The ionic radii of alkaline earth metals are smaller than those of the nearest akali
metals? Why?

Give four characteristic properties of group 14 elements.

Justify the position of carbon and lead in the periodic table on the basis of electronic
configuration.
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V. Long answer type questions : (Seven marks)

1

Describe the long form of periodic table. What advantages it has over the Mendeleev's
periodic table ?

What is periodic law ? Discuss how the properties of the elements vary in periodic table.

How the properties of the elements vary in each group and each period of the periodic
table ?

What are electron affinity and ionisation energy ? Explain.

Arrange nitrogen, oxygen and fluorine in the increasing order of their ionisation energy
giving reasons.

What is long form of periodic table ? How do the properties of elements vary in groups
and periods of the periodic table ?

Describe long form of periodic Table. How and why ionisation energy vary in groups and
periods ?

Write notes on — (5 marks)

Variation of size of atoms in Periods & Groups.

Write notes on s,p,d,f blocks of elements of the periodic table.

ANSWERSTO MULTIPLE CHOICE TYPE QUESTIONS

1. (b) 6. (b) 11. (d) 16. (c) 21. (a)
2. (c) 7. (a 12. (b) 17. (d) 22. (d)
3. (a 8. (b) 13. () 18. (b) 23. (a)
4. (0) 9. (a) 14. (b) 19. (d) 24. (b)
5. (d) 10. (a) 15. (d) 20. (a)

| [



UNIT — IV

CHAPTER - 5

CHEMICAL BONDING AND
MOLECULAR STRUCTURE

INTRODUCTION :

Atom isthe smallest particle of an element, which may or may not have free existence.
But most of the substances exist in the form of clusters or aggregates of atoms. Any such
cluster, in which atoms of same or different elements combine together is called molecule. The
moleculeis electrically neutral and have free or independent existence. For example, hydrogen,
oxygen, nitrogen, chlorine etc. exist as diatomic molecules. Here, these diatomic molecules are
more stable than their constituent atoms.

Hence, a chemical bond is defined as the force of attraction which holds the constituent
atoms in a molecule. It is generally represented by a dash (-), which is used to link the
constituent atoms.

But, the stability of monoatomic gaseous molecules of noble gases, like He, Ne, Ar etc.
led the scientists to raise the following questions:

(1)  Why do certain elements combine to form molecule, while certain other elements
like He, Ne, Ar etc. exist as monoatomic gases and do not form molecules ?

(i)  What is the nature of force that binds the atoms together ?

51 [WHY DO ATOMS COMBINE ?|

The elements like, He, Ne, Ar, Kr, Xe and Rn are placed at the zero group in the
periodic table. These are called inert gases. They do not combine with other elements and also
they do not form even diatomic molecules. However, recent researches have shown that, they
do enter into chemical combinations with some specific elements under certain specific
conditions, forming chemical compounds. The word, inert, therefore, is no longer considered
appropriate, so they are called noble gases. The word noble, signifying that they enter into
very few chemical reactions.
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The outer electronic configurations of noble gases are given below ;

Element Atomic number Outer eectronic configuration
(Valence shell electrons)

Helium 2 1¢

Neon 10 2358

Argon 18 3PP

Krypton 36 4sp°

Xenon 54 5sp°

Radon 86 6sp°

Atoms of noble gases are considered to be most stable. Therefore, s?p° configuration
(8 electrons) in the outer energy level (valence shell) constitutes a structure of maximum
stability, except He, where 2 electrons are present.

Following points are required to be understood for the causes of combination of atoms.

1.  Electronic structure : Noble gas elements are stable. They contain 8 electrons (except
He) in their valence shell. Hence, elements having less than 8 electrons in their valence
shell enter into chemical combination. The valence electrons in two or more combining
atoms rearrange to form molecules.

2. Net attractive forces between atoms : When two atoms approach each other, the
following two types of forces operate between them.

i. Attractive forces between the electrons of one atom and nucleus of the other.

Ii. Repulsive forces between the electrons and nuclei of the two atoms.

A B
Fig: 5.1 Attractive (A) and Repulsive (R) forces between two atoms.

These two types of interactions counteract each other. When the resultant force is
attractive, the two atoms combine. But when the resultant force is repulsive, the atoms do not
combine.

3. Lowering of energy : For chemical combination, the resultant force is attractive, which
results with decrease of energy. Because, during their approach, some work has been done
by the system. Hence, it is clear that atoms combine with the net decrease in energy.
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When the two isolated atoms are a infinite
distance apart from each other the potential
energy of the system is taken to be zero. As
the distance between the atoms decreases the
potential. energy decreases. At acertain point
'X' the potential energy becomes minimum.

This point is attributed to the formation of
T Repulsion molecule. The distance between the two
0 nuclei is the bond length r, With further

Potential decrease in internuclear distance, net

Energy attraction

repulsion takes place and the potentia energy

J suddenly increases. Thus, right hand portion
of curveis attributed to net attraction whereas

—T5 X the left hand portion to net repulsion.

Fig : 5.2 Potential energy curve.

Octet rule : Kossel and Lewis (1916) observed that, atoms of noble gases have 8
electrons in the valence shell. These are stable and enter into few chemical reactions.
Thus, atoms having less than 8 electrons in the valence shall are reactive and capable
of chemical combination. In order to complete their octet, the atoms of such elements
mutually share or transfer one or more valence electrons.

Thus, each combining atom has a tendency to attain the nearest noble gas configuration

of maximum stability and minimum energy, in order to form a compound.

5.2

VALENCE ELECTRONS

Kossel and Lewis (1916) proposed ‘Electronic Theory of Valency’ and their

generalisations are as follows,

(i)

(i1)

(iii)

(iv)

v)

The presence of 8 electrons in the valence shell of an atom, like that of noble gases
(except He, where the no. of such electronsis 2) constitutes the stable el ectronic structure
of an atom.

The capacity of an atom to take part in chemical combination is determined by the
number of valence electrons that is, electrons present in the outermost orbit of an atom.

During chemical combination, the transfer of one or more vaence electrons from
one atom to another or mutual sharing of valence electrons amongst themselves takes
place.

By the process of transference or by the mutual sharing of valence electrons, each
combining atom acquires the nearest stable noble gas configuration.

The number of electrons, which an atom loses or gains or mutually sharesto attain noble
gas configuration is called its valency.
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53 TYPES OF CHEMICAL BOND

The following types of chemical bonds are possible, depending upon the process of
valence electron rearrangement between the constituent atoms.

(i) lonic or electrovalent bond.
(if) Covalent bond.
(iii) Co-ordinate covaent bond.
and  (iv) Hydrogen bond.
l. IONIC OR ELECTROVALENT BOND :

Definition : lonic bond may be defined as the union of two or more atoms, through
the redistribution of valence shell electrons by the process of transference of electrons from
one atom to another, so that all the atoms acquire the stable noble gas configuration of
minimum energy.

By the process of transference of one or more valence electrons, the atom which loses
electrons, acquires positive charge and becomes positive ion or cation. Similarly, the atom
which gains the electrons, acquires negative charge and becomes negative ion or anion. In this
way, the two atoms become oppositely charged ions. The two oppositely charged ions acquire
the electronic configuration of nearest noble gas. The electrostatic attraction between the
oppositely charged ions is called the ionic or electrovalent bond. The electrostatic attraction
aways tends to decrease the potential energy. Hence, the potential energy of the system is
much less now than it was before the formation of the ionic bond.

This type of bond is aso known as heteropolar bond. The compounds which contain
electrovalent bond are called electrovalent or ionic compounds.

Examples of ionic compounds :
(@ Formation of sodium chloride : Here, the constituent atoms sodium (At. No. 11) and
chlorine (At. No.17) have the following electronic configuration.
yNa=1s, 2s%p°, 3 ,Cl = 18, 25%p°, 3s%p°
There is only one electron in the valence shell of sodium atom and seven valence shell
electrons in case of chlorine atom.

Hence, sodium has a tendency to lose the outermost electron to chlorine atom,
in order to acquire the stable configuration of Neon. Similarly, chlorine atom has a tendency
to gain one electron in order to acquire the nearest noble gas configuration of argon.

Fig : 5.3 Formation of sodium chloride.
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Finally, the positive and negatively charged ions get attracted by the electrostatic forces
of attraction. lonic bond is strong as it is formed by a large decrease of energy. Here, each ion
is a charged particle. It is surrounded by an electricfield. Thisfield is non-directional, that is,
it isuniformly distributed about the ion. lonic bond is, therefore, considered as non-directional.

(b) Formation of Calcium Fluoride : Here the constituent atoms calcium (At.No. 20) and
fluorine (At.No. 9) have the following electronic configuration.

Ca= 18, 25F, 35p°, 48, F = 1%, 25°p°

Calcium has two valence shell electrons. It can lose two el ectrons and attain the nearest
noble gas configuration of argon. Similarly, two fluorine atoms can gain one electron each and
attain the noble gas configuration of neon.

Ca '_F::
X 2.7)
(2,8,8,2)
Xq ::F::
27
o Y _
[Cal [P e
(2,8,8) 2.8 >
[iF:]
(2,8)

Finally, the oppositely charged ions get attracted by electrostatic forces of attraction.
Ca* + 2F — CaF,
(c0 Formation of magnesium sulphide : Here the electronic configuration of constitutent
atoms, magnesium (At. no.12) and sulphur (At. no.16) are given below.
Mg = 1%, 25p°% 38" | S= 1% 25°p°, 3s%p™-
Magnesium has two valence shell electrons. It can lose two electrons and attain the

nearest noble gas configuration of neon. Similarly, sulphur atom has a tendency to gain two
electrons and acquire the nearest noble gas configuration of argon.

Finally, the two oppositely charged ions get attracted by electrostatic forces of attraction.

XX
Mgv >
2,8,2

( i ) !

[Mg]2*
238)

MgS
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Difference between atoms and ions :

It must be remembered that ions differ from the corresponding atomsin several respects.
These are given below.

I The ions are charged particles, may be positive or negative, where as atoms are
perfectly neutral.

ii.  lons have the stable s?p° configuration in the outer energy level. But all atoms have not
the stable configuration. Therefore, ions are more stable than the corresponding atoms.

iii.  Generaly, a positive ion is invariably smaller in size and a negative ion is invariably
larger than the corresponding atom.

ORROEACRNG

Atom Atom lon lon

Born - Haber cycle :

L attice energy of ionic solids can be calculated by applying Born-Haber cycle. L attice
energy is defined as the energy released during the formation of one mole of a crystal of the
ionic solid from the constituent gaseous ions.

Let us consider the formation of one mole of crystalline sodium chloride (NaCl) from
sodium solid and chlorine gas. The heat change involved in the reaction is—94.6 kcal per mole.
The reaction is represented as,

Na(S) + 1/2ClI 20)

AHf = heat of formation of one mole of sodium chloride.

- NaCI(S), AH, = —94.6 kcal/mole.

The above reaction may be considered to take place through the following three
hypothetical steps.

(i) Thefirst step involves the sublimation of one mole of solid sodium into gaseous state
and dissociation of half a mole of chlorine gas into gaseous chlorine atom.

a Na(S) - Na(g) AH, = 26.0 kcal
b. /20, —»Cl,  AH, =289 kcd

These processes are involved the absorption of energy equal to 26.0 and 28.9 kcal and
are called heat of sublimation and heat of dissociation respectively.

(i)  In the second step. the gaseous atoms of sodium and chlorine are converted to gaseous
ions. The energy absorbed for the formation of gaseous sodium ion from gaseous sodium
atom is called ionisation energy. Also the energy released for the formation of gaseous
chlorine atom is called electron affinity.
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+ - —
(© Na(g) — Na 0T € AH, = 119.0 kcal

() Cl,+€ — Cl, AH, =-865kea.

(iii) Thefinal step involves combination of gaseous sodium ion and chloride ion to give one
mole of sodium chloride crystal lattice. The energy released in this process is called
|attice energy.

Na+(g) + CI‘(g) —s [Na'] [CIT] + Lattice Energy (V)
Salid

According to Hess's law, the heat of formaiton of one mole of sodium chloride will be
the same irrespective of the fact whether it takes place directly or through the three hypothetical
steps involved.

Hence, AH, = AH, + AH, + AH, + AH, + U

Hence, — 94.6 = 26.0 + 28.9 + 119.0 — 86.5 + Lattice Energy.
Lattice Energy = — 182.0 kcal/ mole.

The negative sign indicates that the energy is released or evolved.

Since, the formation of ionic bond is possible only if there is a net decrease in the
potential energy of the system, the lattice energy is responsible for the formation of the ionic
bond.

The Born - Haber Cycle explained above may be represented as below.

1
N a(s) + Lo Cl 29) SN NaCl ©
AH, AH,
Na(g) cl @ U (Lattice
Energy)
AH, AH,
N& C
\_____——v\_-/
|

Factors influencing formation of ionic bond :

From the above discussion, we may conclude that the following three factors favours
the formation of ionic bonds. between metals and non-metals.
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(i)  Theionisation energy of the metal atoms should be low.
(i)  The electron affinity of the non-metal atoms should be high.
(ili)  The lattice energy of the ionic compound formed should be high.

() Low ionisation energy : lonisation energy is the amount of energy required to remove
an electron from the neutral gaseous atom and form a cation.
For example,

Na(g) + lonisation Energy — Na+(g) +€
(= 119.0 kcal/mole)

We know, for the formation of ionic bond, the overall energy of the system should be
minimum.

Since, energy is absorbed during ionisation, therefore, lesser the ionisation energy,
greater is the tendency of an atom to change itself into a cation. That is why, alkali metals
form ionic bonds more readily than alkaline earth metals, which have high ionisation energy.

(i) High electron affinity : The second atom gain electron and therefore, an anion is
formed. This process is accompanied by the release of energy, known as electron affinity.
For example

Cl © +e > CI‘(g) + Electron affinity
(= -86.5 kca /mole)

Since, energy is released during the formation of an anion, therefore, greater the value
of electron affinity, greater will be the ease of formation of anion.. That is why halogens (with
high electron affinity) form ionic bonds more readily than chalcogens (O, S, etc).

(iii) High lattice energy : Lattice energy isthe amount of energy released to form one mole
of crystalline ionic solid.

For example,

Na' . + Cl

© e e [Na'] [Cl ] + Lattice energy

(= — 182.0 kcal/mole)
Since, energy is released, therefore, greater the lattice energy, stronger will betheionic
bond.

We know that the electrostatic forces of attraction between the oppositely charged ions
will be high, at high lattice energy. q
2

But, according to Coulomb's law, the electrostatic forces of attraction, F = qloiz
where, g, and q, are the respective charges of ions and d is the distance between the
ions. So, if the size of the ions are small, the inter-ionic attraction will be increased. Hence,
greater will be the strength of the ionic bond.
Characteristics of 1onic compounds :
The important characteristics of ionic compounds are as follows :

(i) Physical state: Dueto the strong electrostatic forces of attraction between the oppositely
charged ions in ionic solids, ionic compounds are hard and rigid.
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High density : The strong electrostatic forces of attraction between the oppositely charged
ionsin ionic compounds bring them very close to one another. Consequently, the volume
decreases and its density becomes high.

High melting and boiling points : lonic compounds have high melting and boiling
points due to the strong inter-ionic forces of attraction. A considerable amount of heat
energy is required to overcome this force and cause fusion or vapourisation of ionic
compounds.

Electrical conductivity : lonic compounds do not conduct electricity in solid state. But
they conduct electricity in the molten state. The anions and cations in ionic compounds
remain intact occupying fixed positions in the crystal lattice, due to electrostatic forces
of attraction. Therefore, the ions are unable to move when an electric field is applied.
Hence, no current flows.

But in the molten state, since the cations and anions are mobile, they conduct electric

current.

v)

Solubility in water : lonic compounds are highly soluble in polar solvents like water
and insoluble in non-polar solvent like benzene, chloroform etc. This arises due to the
high dielectric constant of polar solvents. These compounds follow the principle of like
dissolves like, that is, polar compounds are soluble in polar solvents.

Electrovalency :

The number of electrons gained or lost by an atom to form an ionic bond is

called its electrovalency. Hence, electrovalency of sodium is 1 and that of calcium is 2.

But, iron, cobalt and nickel show variable electrovalency. They form divalent

as well as trivalent ions.

Metal Configuration of atoms lon Configuration of ions
Fe 2, 8, 3sp°dS, 452 Fe™ 2,8, 3sp°d®
Co 2, 8, 3sp°d’, 452 Co™ 2,8, 3sptd’
Ni 2, 8, 3ptdt, 4% Ni* 2,8, 3s?psd®

The outer electronic configuration of above divalent ions are not as stable as the s?p°

configuration. Hence, these ions can easily lose one of the d-electron producing trivalent ions,
like, Fe*, Co** and Ni** ions. Theseions are relatively more stable, since the effective positive
charge on the nucleus is now higher and it prevents the elimination of any more electron.
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Hence, electrovalency of iron, cobalt and nickel may be 2 or 3. Similarly, copper shows
variable electrovalency as 1 or 2.

[ COVALENT BOND :

Introduction : GN. Lewisin 1916, first suggested that atoms may combine with one
another by mutual sharing of electronsin their valence shells. The shared electrons are counted
towards the stability of both the atoms and hence these atoms attain the nearest noble gas
configurations. This type of bond is called covalent bond. The compounds formed by this
process are called covalent compounds.

Hence, covalent bond is formed by the process of equal sharing and equal distribution
of valence shell electrons between the atoms.

Definition : Covalent bond is defined as the union of two or more atoms through the
redistribution of valence shell electrons by the process of mutual sharing amongst themselves,
so that al the atoms acquire the stable noble gas configuration of minimum energy.

Examples:
A. Formation of single bond :

1. Formation of hydrogen molecule : Hydrogen (At.No.1) has electronic configuration,
1s*. When two hydrogen atoms approach each other, each contributes one electron to the
common pair which is then shared equally by both the atoms and thereby acquiring the
stable configuration helium atom.

Thus,
mv.H —_— @ oo H-H

2. Formation of chlorine molecule: In achlorine molecule two chlorine atoms are combined
together by means of a covalent bond. Chlorine (At.N0.17) has electronic configuration
1s?, 2s°p°, 3s?p°. So chlorine has seven electrons in its valence shell. Here each chlorine
atom contributes one electron to form a common pair and the common pair of electron
is then shared equally by the two chlorine atoms. Thus, both the chlorine atoms attain
stable electronic configuration of argon.

Thus,
x XX m 'E:I.: —_ @E or Cl-Cl
XC):(IXX \-/ [ | 6
T

(2,87 (2,87 (2,8,8) (2 8,8
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3. Formation of methane : In methane the central atom carbon is linked with four
hydrogen atoms by means of four single covalent bonds as shown below.

Carbon (At No. 6) has the electronic configuration : 1s? , 2s* p.
Hydrogen (At. No.1) has the electronic configuration : 1s'.

B. Formation of double bonds :

When two electron pairs are shared between the two atoms, double bond results. It is
denoted by two dashes (=).

1. Formation of oxygen molecule : The atomic number of oxygen is 8. Its electronic
configuration is 1s? 2s?p*. Hence each oxygen atom has six valence electrons. So it is
deficient of two electrons. For the formation of an oxygen molecule, each oxygen atom
contributes two electrons. Thus, two electron pairs so formed are distributed equally
between them and attain the stable noble gas configuration of neon.

XOX « 0 %Hﬁﬁ? O:

(2, 6) (2, 6) (2, 8) (2, 8) Double bond

2. Formation of ethylene molecule (C,H,) : The formation of ethylene molecule is

repreeent:d ;iaow... oo “a
e ey %@%

X T
T

Double bond
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C. Formation of triple bonds :

When three electron pairs are shared between two atoms a triple bond results. It is

denoted by three dashes (=).

1

Formation of nitrogen molecule: The nitrogen (At.No.7) has the electronic configuration
1s?2s?2p°. Hence each nitrogen atom has five valence electrons. In order to form a
nitrogen molecule, each nitrogen atom contributes three electrons. Thus, three electron
pairs formed are then shared equally between the atoms in order to attain the noble gas
configuration of neon.

. 5§ XX _ _ N=X|\)|(
N: + XN _
(2,5 (2,9

(2,8 (2,8

Formation of acetylene (C,H,) : The formation of acetylene molecule can be represented
as given below.

A

X

*H > Hx*Ci§C *H - H-C=C-H.

H .Ci XCx
)T

Factors influencing the formation of covalent bond :

(@)

(b)

(©

The following factors influence the formation of covalent bond.

High ionisation energy : Atoms having high ionisation energy are incapable of forming
cations. Therefore, they favour covalent bond formation.

Equal electron affinities : Atoms having equal electron affinities favour covalent bond
formation, since covalent bond is formed due to equal sharing of electrons.

Electronegativity : Atoms having either little difference or no difference in their
electronegativities favour covalent bond formation. This is because, in such cases, the
transfer of electron from one atom to the another is hindered.

Covalency and variable covalency

The number of electrons contributed by an atom for sharing, to establish a covalent

bond is called its covalency. The covalency of hydrogen is one, while oxygen, nitrogen, and
carbon have covalencies 2, 3, 4 respectively.

But the covalency of phosphorus in PCI is three and five in PCI_.
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Characteristics of covalent compounds :

The characteristics of covalent compounds are described below.

(i) Physical state: Most of the covalent compounds exist either in gaseous or liquid state.
This is due to the weak force of attraction between the atoms constituting the covalent
bond.

(i) Low melting and boiling points: The force of attraction between the constituent atoms
in covalent compound is weak in comparision to ionic compound. Hence, the melting
and boiling points of covalent compounds are low.

(i) Bad conductors : Covaent compounds are bad conductors of electricity and carry no
current, because they do not ionise by passing electric current through them.

(iv) Solubility : Covalent compounds are usualy insoluble in polar solvents like water.
However, they dissolve in non-polar or organic solvents, like, benzene, carbon tetrachloride
etc.

(v) Slow rates of reaction : Since covalent compounds show molecular reactions, their
rates of reaction are slow.

(vi) Isomerism : Covaent bonds are rigid and directional. So they can give rise to different
arrangements of atoms in space. Therefore, covalent compounds can appear in different
structures in space with different properties. This property is called isomerism, which
is exhibited by covalent compounds.

54 [BOND PARAMETERS : |

1. Bond Length : The equilibrium distance between the nuclei of two bonded atoms
in a molecule is known as bond length (also called bond distance or inter-nuclear distance).
Bond length of a molecule can be determined by various methods like electro-negativity
method, electron diffraction method, neutron diffraction method and molecular spectra method.

As it is possible to measure the radius of an isolated atom or ion, the following
concepts are used to define atomic and ionic radius. These are covalent radius, vanderWaals
radius and ionic radius. The covalent radius is defined as half of the distance between the
nuclei of two similar atoms, covalently bonded to form molecule.

= da-a
2
vander Waals radius of an element can be defined as half of the inter nuclear distance
between the nuclei of the adjacent atoms, belonging to two neighbouring molecules of that
element, in the solid state. lonic radius is the distance between the nucleus of the ion and the
point upto which the nucleus exerts its attractive force on the electron cloud of the ion.
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2. Bond Order : Bond order (also called as bond multiplicity) is defined as the number
of covalent bonds formed between two atoms in a given molecule. For example, bond order
inH,is1,inQ,is2andinN, is3, which also indicates the number of shared pairs of electrons
between the atoms. It is observed that with the decrease of bond order between the two atoms,
the bond length between the atoms increases. Thus, the relation between bond order and bond
length is expressed as,

1

Bond Order « m

It isalso afact that with increase in bond order, bond energy increases; i.e. Bond order
oc Bond energy.

3. Bond Angle : The angle between the bonding electron pairs in a given molecule or
anionis called bond angle. For example, HCH bond anglein CH, moleculeis equal to 109.5°.
It is very helpful in understanding the distribution of orbitals around the central atom in a
molecule or an ion and aso the shape of the molecule or ion. The mangitude of bond angles
is affected by the following factors.

()  Number of lone pairs of electrons on the central atom of a given molecule or an ion.
(i) Electronegativity and size of central atom and other atoms in a molecule.
(iii) Presence of multiple bonds in a molecule.

4. Bond Energy : In the formation of a bond some amount of energy is released. This
energy is called ‘bond formation energy’ or simply ‘bond energy’ or ‘bond enthalpy’.

A+B —»> A-B

Twoaoms AB molecule + Bond formation energy (released)

Likewise, in the dissociation of a bond, some amount of energy is required, which is
caled as ‘bond dissociation energy’.

A-B 4 dissodiat g > AtB
AB moIecuIe+Bon issociation energy (required) TW‘“’_Joatoms

Bond energy is defined as the amound of energy required to break one mole (one
Avogadro's number) of bonds, formed between the constituent atoms (in gaseous state). For
example,

H,, > Hg * H- AH = 4358 kJmol
Similarly, bond energy of HCI molecule is 431 kJmol
HCL  — H + Cl , AH = 431 kJmol™

9) () @

The most important application of bond energy is that this can be used to evaluate the
heat of reaction of a given process.
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55 | LEWIS STRUCTURE : |

The concept of electron dot structure was given by Lewis. The electron dot structure
will enable us to understand the formation of a bond between the constituent atoms,

The essentia points for representation of an atom are as follows :

(i) The symbol for an element represents the nucleus and the electrons in the inner energy
levels, which are not involved in bond formation.

(i) The dots on the symbol represent the number of valence electrons, that is electrons
present in the outermost energy level.

(iif) When combination takes place between two similar atoms, valence electrons on two
atoms are represented differently. Dots are put on one atom and crosses on the other.
Example :1.(9) The atomic number of chlorine is 17.
Its electronic configuration is 1s?, 2s?p®, 3°p°
The outer electronic configuration is 3s?3p°

It iswriten as, C| .

() ClI represents the nucleus of chlorine and 10 (2, 8) inner electrons.
(if) Seven dots on it represent valence electrons.

(b) The formation of chlorine molecule is represented as,

L] XX
- d. xCI
[ ] XX

(© The formation of chloride ion is represented as,

(a1

Here, one electron is added to the chlorine atom. Hence, chloride ion attains the
electronic configuration of argon, with the electronic configuration 2, 8, 8.

2. IntheLewisstructure of amolecule, acovalent bond between atomsisordinarily shown as
straight line between atoms, Unshared electron pairs, belonging entirely to one atom are
shown as dots. The Lewis structures for the molecules formed by hydrogen with C, N, O
and F are
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In each case the central atom (C, N, O, F) is surrounded by eight valence electrons and a
single electron pair is shared between two bonded atoms. These bonds are called single
bonds. Depending upon the number of shared pairs of electrons, doublebondsand triple
bonds occur. (see later).

Many polyatomicionscan be assigned simple L ewis structures. For example, the
OH-and NH ionscan be shown as:

+

With OH-ion, thisis one more than the number contributed by the neutral atoms (6 + 1 =
7). The extra electron is accounted for by the —1 charge of theion. With the NH ions, 4
hydrogen atoms and anitrogen atom supply 9 (4 + 5=9) valence electrons. One of theseis
missing inthe NH ion, accounting for its +1 charge.

Electron Dot (L ewis) structure of afew smple molecules and ions.

(@)

(b)

(©

(d)

Phosphine
3Hx + P = Hx*P+ xH or H—P —H
0 |
H
Hydrogen sulphide
.. S ’S: S
2Hx + *S* = x©Tx x o x H/ Y H
* H H H H

Sulphur dioxide

e
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(e Carbonateion CO;-

O

O

) Sulphateion SO

:0:
|
K
HOH
(9) Nitrateion NO;

\N/

(h) Phosphateion po;-

5.6 | POLAR CHARACTER OF COVALENT BONDS: |

+2 CHEMISTRY (VOL. -

A covalent bond is formed by equal contribution and equal sharing of valence shell
electrons between the constituent atoms in a molecule.But, we know, electronegativity of an
atom in a melecule is its relative power or tendency to attract the shared pair of electrons
towards itself. The electronegativity values of some of the elements are given in the following

Table-5.1.

D)
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Table: 5.1 Electronegativity of some common elements.

Name of the element Electronegativity value
Hydrogen 21
Boron 2.0
Carbon 25
Nitrogen 3.0
Oxygen 35
Fluorine 4.0
Chlorine 3.0
Bromine 2.8
lodine 25

Polar covalent bonds : From the above discussion, we may conclude that, if in a
molecule the values of electronegativity of constituent atoms differ much, then the shared pair
of electron is shifted sightly towards more electronegative atom. As a result of which, there
occurs charge separation. Thus, the more electronegative atom acquires a partial negative
charge and less electronegative atom gets a positive charge. These are written as 6* and 6~

. & .0 8 &
(@ HCl H Yc: —> H .Ci —>H-C
5
(b) Water, O
_ 5+/ \ 5*

(c) Ammonia, N8 H H

/N

Ry H
H 5*
H

Greater the difference in the electronegativities of the atoms, greater is the charge
separation.Since, here dipole results, these bonds are called polar covalent bonds.

Non-polar covalent bonds : When a molecule is formed by two similar atoms or by
the atoms which differ very dlightly in their electronegativities, then such a molecule is said
to be non-polar. In such molecules, the shared electron pair remains exactly midway between
the two nuclei and no charge separation takes place.

Examples: H,, Cl, F,, O,, N,, CH, etc.
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lonic character of bonds and polar molecules (Dipole moments) :

Heteronuclear molecules are made up of different kinds of atoms. More el ectronegative
atom withdraws the shared pair of electrons more towards itself and acquires partial negative
charge. The other atoms acquires the same amount of positive charge. Such molecules having
positive and negative charges, separated by some distance form dipoles and thus possess
dipole moments.

Dipole moment :

The degree of polarity of a bond or a molecule is usually expressed in terms of dipole
moment. The dipole moment is defined as the product of the magnitude of the charges and
the distance between them.

Mathematically,
Dipole moment (1) = e x d
Here, e =  magnitude of charges or net +ve or —ve charge and is of the order of 10 e.s.u.

d = distance between the charges, that is, bond length and is of the order
of 10%cm.

Thus, the values for dipole moments of molecules are of the order of 10718
e.s.u—cm. This quantity is called a Debye and is represented as D. For example, dipole
moment of HCl is 1.03 x 10*® e.s.u — cm and is expressed as 1.03 D.

Representation :

The dipole moment is a vector quantity having magnitude as well as
direction. The direction of dipole moment is indicated with the help of an
arrow head (+ —) pointing towards the more electronegative element. For
example, the dipole moment of HF is shown as,

+—->
H—F (p=198D).

Dipole moment in diatomic molecules :

A diatomic molecule has two atoms bonded to each other by a covaent bond. The
dipole moment of a diatomic molecule with one polar bond is equal to the dipole moment of
itsindividual bond. For example, HF has one polar bond. Its dipole moment is 1.98 D, which
is the same as that of single H — F bond.

Dipole moment in molecules having more than one polar bond

The dipole moment of a molecule with more than one polar bond is equal to the
resultant of dipole moments of all the indivisual bonds. It also depends upon the orientations
of the bonds in a molecule in space.

For example, carbon dioxide and water are both triatomic molecules having two polar
bonds. But dipole moment of carbon dioxide is zero, whereas that of water is 1.84 D. This
difference in dipole moments is due to the difference in their structures.
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Carbon dioxide is a linear molecule. The dipole moment of each C = O bond is 2.3
D. But, the resultant dipole moment is zero due to its linear structure. Hence, CO, is a non-
polar molecule. But, water is a polar molecule having dipole moment 1.84 D. It is due to the
bent structure of water. Due to the bent structure of water, the dipole moment of each O — H
bond can not cancel out and shows a resultant dipole moment. Similarly, the dipole moment
of ammonia molecule is 1.49D, which is the resultant of three polar N — H bonds oriented in
space at an angle of 107° with respect to each other.

§€ & —H 3§
O =C = 0
(n=0)
O 3 / N 8\<
O+ % R O+ 8+H/ ﬂ \HSJr
H H 8+H
I=184D 1= 1.49 D.

Similarly, BF,, CH, and CCI, have no resultant dipole moment, because of
their geometry.

B> C c
FS‘% % 5 6*;& 1%11& Cﬁ% i;%cp

Applications of dipole moment :
Some of the applications of dipole moment are described below :

(i)  Shapeof molecules: Dipole moment values can help in predicting the shape of molecules.
For example, water can have a linear or an angular structure.

E;L—I—% ?(3)—<—|—§I+ 8+>&0§<8+

p=184D

n=0
(Linear structure) (Angular structure)
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If water will have linear structure, its dipole moment should be zero. But experimental
data shows that water has a dipole moment of 1.84 D, which is possible with angular structure.
Thus, water molecule can not be linear, but must have an angular shape. Similarly, since the
net dipole moment value of carbon dioxide is zero, it must have a linear structure.

(i) Distinction between polar and non-polar molecules :

The dipole moment values can also be used to predict the polar and non-polar nature
of molecules. If a molecule has some specific dipole moment, it is a polar molecule. For
example, water ( 1 = 1.84 D), and NH,( p = 1.49 D) are polar molecules. But, if a molecule
has zero dipole moment, it is a non-polar molecule. For example, H,, N, Cl,, BF,, CH, and
CCl, (where, pu = 0) are non-polar molecules.

We have observed that covalent compounds containing non-polar bonds are
non-polar in nature. But a covalent compound containing polar bonds may be polar or non-
polar in nature. This can be seen from the Table 5.2.

Table 5.2 : Dipole moment of some common molecules.

Molecule Nature of bond Dipole moment | Nature of molecule
H,, O, Cl, Non-polar 0 Non-polar

CO,, BF,

CH,, CCl, Polar 0 Non-polar

HF Polar 1.98 D Polar

H,0 Polar 1.84 D Polar

NH, Polar 149 D Polar

SO, Polar 1.60D Polar

HCI Polar 1.03D Polar

CHCI, Polar 1.02 D Polar

(iii) Degreeof polarity : The degree of polarity in molecules can be predicted by the dipole
moment values. For example, HF (u = 1.98 D ) has greater dipole moment than
HCl (n = 1.03D). Hence, HF is more polar than HCI .

CALCULATION OF PERCENTAGE OF IONIC CHARACTER FROM DIPOLE
MOMENT

Dipole moment () is defined as the product of charge (e) and theinternuclear distancei.e
the distance of separation between two nuclei. p = e x d, Chargeisexpressed in esu and distance
‘d’ incm, so pisexpressedin esu. cmor intermsof debye (D). 1D =1 x 10-*®esu. cm. Consider
the case of HX where ‘X’ isahalogen atom.
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(i) Ifthebondisionici.eH* X, thereiscompletetransfer of electronsfromH to X, the bond
has an appreciable value of dipole moment. Dipole moment is determined by the product
of electronic charge and the internuclear distance betwen H and X :

(i) If thebond iscovalent, the value of dipole moment would be negligibly small.

(iii) 1f thebond ispolar covalent, the value of dipole moment lies inbetween the value for a
pure covalent bond and a pure ionic bond.

The value of dipole moment inthis caseis given by the product of charge separated dueto
polarisation and the internuclear distance.

Thusthe value of u depends upon the magnitude of ionic character devel oped in the bond.

Actual dipole moment of the bond
Dipole moment of pure ionic bond

x100

Percentage of ionic character =

For example:

(@) In case of HF molecule

Internuclear distance‘d’ = 0.92A°

If the moleculeisionic H'F

p=exd

=4.8x 100 esux0.92x 108 cm
=4.42D.

The actual dipole moment of HF = 1.98D

o Actual DM x100  1.98D %100
So, percent ionic character = DM of pureionic bond 4.42D

=44.8~45

(b) In case of HCI

Internuclear distance = 127 pm = 127 x 10m

Actual Dipole moment = 3.44 x 10~*° coulombs metre.

Dipole moment of HCI considering it to be purely ionic compound
=exd=1.6 x 10° coulombs x 127 x 10* m

=2.03x10%cm

3.44x10*°cm =100
2.03x10®cm

Percent ionic character = =169~17
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57 |[COVALENT CHARACTER OF IONIC BOND : |

lonic bonds possess some covalent character due to polarisation of ions.

During the formation of an ionic bond by two oppositely charged ions coming very
close to each other, the cation attracts the electron charge cloud of the outer-most shell of the
anion towards itself and hence the symmetrical shape of the anion. The ability of a cation to
polarise an anion is called its * polarising power’ and the tendency of an anion to get polarised
by acation iscalled its ‘polarisability’. The cation, due to its smaller size and its electron cloud
being strongly held to the nucleus, gets very less polarised by the anion. Greater is the
polarising power of a cation, greater will be the amount of covalent character produced in the
ionic molecule. Fajans rule explainsthe partia covaent character of ionic bonds with following
conditions.

1. Higher is the positive charge on the cation, higher will be its polarising power and
hence greater will be the magnitude of covalent character of an ionic bond.

2. Smaller isthe size of the cation, greater is its polarising power and hence higher is the
degree of covalent character in the ionic bond.

3. A cation with ns?p®d® configuration posseses higher polarising power than the cation
having ns’p® configuration and hence imparts more covalent character to the ionic
bond.

4, Greater is the negative charge on the anion, more it gets polarised by the cation and
hence more is the covalent character of ionic bond.

5. Larger isthe size of the anion, more strongly it is polarised by the cation and consequently
the covalent character increases.

58 | VALENCE BOND THEORY : |

Theis theory was proposed by Heitler and London (1927) and later extended by
Pauling and Slater (1931). The main features of the theory are :

0] Valency shell atomic orbitals of th two atoms overlap to form a covalent bond.

(i) Only half filled atomic orbitals, i.e. orbitals with single electron can overlap and the
resulting bond, thus, aquires a pair of electrons with opposite spins.

(i)  Maximum electron density is found somewhere in the overlapped region. The force
that binds the atoms in a covalent bond is due to the dectrostatic attraction between
the nucle and the accumulated electron cloud between them.

(iv)  More the extent of overlapping, greater is the strength of the covalent bond. The
amount of energy released per mole of bonds formed is called bond energy.

(v) Covalent bonds show directional properties i.e. the direction of covalent bond is
considered to be in the region of maximum electron destity in overlapping region.

(vi) It so happens sometimes that paired electrons of the valency shell get unpaired and
promoted to vacant orbitals of the same vaency shell with dightly higher energy,
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which can only exaplain boron's trivalency, carbon's tetravalency, phosphorus
pentavalency etc.

Application of VB Therory :

Valency Bond Theory can be exaplained in simple way by considering the formation
of hydrogen molecule. Consider two hydrogen atoms A and B approaching each other with
nuclei N, and N, while their electrons are denoted by e, and e,. When these atoms A and B
are brought closer to each other, force of attraction as well as replusion sets in between the
atoms.

While attraction betwen nucleus of one atom and its electron, N, — e, and N, — €,
along with nucleus of one atoms and electron of other atom, N, — e, and N, — e,, accounts
for the attractive force, repulsive force is caused by the repulsion between electrons of two
atoms, e, — €,, and nuclei of two atoms, N, — N,. It is the attractive force which brings the
two atoms close to each other whereas the repulsive force tends to push them away.

When atoms A and B approach each other, a stage is reached where the attractive force
balances the repulsive force and the two hydrogen atoms get bonded to form a hydrogen
molecule. During the formation of the bond, energy is released, which is called ‘Bond Energy’
or ‘Bond Enthalpy’. It is the same amount of energy which is needed to dissociate one mole
of hydrogen molecule.

-1
Hz(g) + 435.8 kJmol=* — H(g) + H(g)

ORBITAL CONCEPT OF COVALENCY

We know, an orbital can accomodate maximum two electrons having opposite spins.
But such atomic orbitals are unable to go for chemical combination. However, an atomic
orbital containing a single electron in the valence shell have a tendency to combine with
another atom having a single electron with opposite spin. This results in the formation of
covaent bond between the atoms.

Thus, according to orbital theory a covalent bond is formed between two atoms by
simply coupling of electrons with opposite spins present in the atomic orbitals of valence
shells of the two atoms. Here the atomic orbitals overlap with each other, so that the electron
pair belongs to each orbital. By doing so, the potential energy of the system decreases.

Example :

Formation of hydrogen molecule : The formation of a hydrogen molecule as a result
of the overlapping of atomic orbitals of two hydrogen atoms is explained below. The point at
which the potential energy is minimum the s-orbitals of two atoms overlap and form a covalent

bond.
+ %

Hydrogen atom Hydrogen atom. Hydrogen molecule.
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Types of covalent bonds :

The covalent bonds are of two types, depending on the nature of overlapping of various

half - filled atomic orbitals.

They are 1. sigma bond (¢ - bond)

2. Pi bond (7 - bond).

Sigma bond : A sigmabond isformed by the overlapping of half-filled atomic orbitals
of two atoms along their internuclear axis. This type of overlapping is aso called head
on overlapping or end-to-end overlapping. The sigma bond isfairly strong, as the extent
of overlapping in it is maximum. Hence, s- s, s- p and p - p sigma bond formation is
possible.

Examples:

(@)

(b)

Formation of hydrogen molecule: The sigma bond formed due to the s - s overlapping
of atomic orbital is found in the hydrogen molecule. In this molecule, the half filled 1s
orbital of one atom overlaps with the other atom along their axes and form a sigma
molecular orbital.

Hydrogen atom(1s') Hydrogen atom (1s') S — s sigma bond.

Formation of Hydrogen fluoride molecule : The electronic configuration of fluorine
(Atomic No.9) is 1s°2s° 2pZ 2pZ 2p; . It has one half filled 2p, atomic orbital. Hydrogen
atom has one half-filled 1s' atomic orbital. When 1s atomic orbital of hydrogen and 2p,
orbital of fluorine overlap along their axes, a sigma bond is formed. Here, the nature of
the sigma bond is s - p type.

1s 2s 2pX 2p
e
HlF

S — p sigma bond.
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(c) Formation of fluorine molecule :

NoRoNoNo
Q099

Here, half - filled 2p, atomic orbital of one fluorine atom overlap with 2p, orbital of another
fluorine atom along their axes to form p - p type sigma bond.

pm (XA X O, D ~—

F—F
p — p sigma bond

p — p molecular orbital.

2. Pi(m) bond : A pi (1) bond is formed by the lateral or sidewise overlapping of half-
filled atomic orbitals present in the valence shells of two atoms.

Here, the overlapping occurs above and below the internuclear axis. The Pi ()
bond is a weak bond, as the extent of overlapping is very small. The formation of 7 —bond
restricts free rotation between the two atoms.

Examples:

(8 Formation of oxygen molecule : The electronic configuration of oxygen (At.No. 8) is
1s*2s*2p2 2p3 Zp; Since, two p - orbitals are half filled, two oxygen atoms get attached
by a double bond to form oxygen molecule.

o W ® O

(oxygen atom) (oxygen atom)

Here, 2py atomic orbital of each oxygen atom overlap along their internuclear axes, to form
asigma bond. But, 2p, orbital is at right angle to 2py orbital. Thus, 2p, orbital of each oxygen
atom overlap sidewise to form a 7 —bond.
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(b) Formation of nitrogen Molecule : The electronic configuration of nitrogen (at. no. 7)
is 1228 2p; 2p, 2p;. Since, here, three p - orbitals are half-filled, two nitrogen atoms
get attached by a triple bond to form nitrogen molecule.

7N =
7N -
y y
| | z
z
v ~N_ S
X — + —X
"/ (4
(nitrogen atom) (nitrogen atom)

- -

_ N = ‘N —> N =

______

So, one nitrogen molecule consists of a o — bond and two m—bonds between the atoms.
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Comparison between sigma (o) and pi () bonds

203

Sigma bond

Pi bond

A sigma bond is formed by the
overlapping of half-filled atomic
orbitals along their internuclear axes.

A sigmabond is strong, since the extent
of overlapping in it is greater.

A sigma molecular orbital consists of
a single electron cloud, which is
symmetrical along the internuclear
axis.

About the sigma bond, free rotation of
atoms are possible.

A Pi bond is formed by the sidewise
overlapping of half-filled p—atomic
orbitals.

A pi-bond is weak, since here the
atomic orbitals overlap to a small
extent.

Here, the overlapping of orbitals occur
above and below the internuclear axis.
Thus, 7 -molecular orbitals consists of
two electron cloud.

The x - bond restricts the free rotation
of atoms.

59 | RESONANCE : |

It is observed that certain molecules and ions can be represented by more than one
valence bond structures but none of these structures can correctly account for the properties
like bond length, bond energy etc. of the molecules or ions. According to this concept, if two
or more aternate valence bond structures can be writeen for a molecule, the actua structure
Is said to be a resonance or mesomeric hybrid of al these alternate structures. For example,
CO, molecule can be represented by the following three structures :

+
O

+ P P
O=C=0<«—>0=C-0<«<——>0-C
I I

I [l

While the calculated values of C = O and C = O bond lengths are 1.22A° and 1.10A°
respectiviely, the experimental value of bond length between carbon and oxygen in CO, is
1.15A°, which suggests that none of the above structures is the correct structure of CO,,. Thus,

the correct structure of CO, molecule is aresonance hybrid of the above three structures. The
resonating structures are also called resonance forms or canonical forms or mesomeric formrs.

“When amolecule or ion can be respresented by more than one Lewis structures, none
of these structures is able to explain the properties of the molecule or ion and the true structure
of the molecule/ion is aresonance hybrid of these various structures, the phenomenon is called
resonance.”

Rules for writing resonating structures :

1 The relative position of all the atoms in each of the resonating structures should be the
same and it is the position of electrons which differ.

2. There should not be much difference in energy between the canonical forms.
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3. Each of the canonical forms must have same number of unpaired and paired electrons.

4. It ismostly preferred that in the resonating structures, negative charge resides on more
electronegative atom.

Characteristics of resonating structures:

1. None of the canonical forms can fully describe all the porperties of the molecule or
ion.

2. All the structures contribute to the actual structure of the molecule or ion.

3. In canonical forms, similar charges should not reside on adjacent atoms while dissimilar

charges should reside on the adjacent atoms.

4. Greater isthe number of covalent bondsin aresonating structure, greater is the stability
of that structure.

5. More is the number of canonical forms, greater is the stability of the molecule.

Resonance energy :

Resonance energy of a molecule is defined as the difference between the energy of its
most stable mesomeric form (i.e. form with the lowest energy) and the energy of the structure
determined experimentally.

For example, resonance energy of CO, is 126 kJ/mol, which implies that the energy
of CO, molecule is less than that of the most stable resonating structure of this molecule by
an amount equal to 126 kJ.

Resonance energy is considered as a measure of the stability associated with any
molecule.

Resonance structures of some molecules and ions

0] Nitrogen molecule : Its actual structure is supposed to be a resonance hybrid of the
following resonating structures.
- & & -
‘N=N:«<—>  N=—= N&—>N=—7=N:
(i) Nitrogen dioxide molecule : It is a resonance hybrid of the following structures :

X XX XX

X
N N N N
—> — «—>
<\ /7 7\ 7\
g 1O ‘0 :0: :0: O: e :0:
0] (I1) (I (Iv)
(i)  Carbonate ion : Following resonance structures are written for the ion.

@ ® o
I | |

C —> C «—>

C
/N N AN

O @) @) @) O @)
0} (1) (1
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5.10 |VSEPR THEORY - GEOMETRY OF COVALENT MOLECULES :|

This theory is based on the repulsive interactions of pairs of valence electrons. The
geometry of covalent molecules are determined basing on this theory. The main postul ates of
valence shell electron pair repulsion theory are as follows.

(i) The orbitals are oriented in space, so that the distance between them is maximum and
repulsion is minimum.

(i) The lone pair-lone pair repulsion is greater than the lone pair - bond pair repulsion,
which, in turn is greater than the bond pair - bond pair repulsion.

That is, Lone pair - Lone pair repulsion > Lone pair - bond pair repulsion > Bond

pair - bond pair repulsion.

Shapes of other molecules :
1 Shape of ethylene (C_,H,) molecule : In one ethylene molecule, two carbon atoms
combine with four hydrogen atoms.

We know, the electronic configuration of carbon atom in the excited state is,
18 28 2p; 2p)1, 2p;

Here, 2s, 2p and 2p, orbitals of carbon atom after excitation hybridised to form three
sp?-hybridised orbitals. Eacrm sp?-hybrid orbital contain one half-filled electron.

First of al one sp?-hybrid orbital of each carbon atom overlap aong the internuclear
axis to form a sigma bond. Remaining two sp-hybrid orbitals of each carbon atom overlap
with s-orbital of hydrogen atom to form sigma bonds. The unhybridised 2p, orbital of each
carbon atom then overlaps laterally to form 7 -bond. Thus in between two carbon atoms, one
sigma and one Pi-bond is formed. The shape of ethylene molecule is trigonal or plannar and
the bond angle is 120°.

p,- orbital p, - orbital

(Trigonal or Planar structure of ethylene)
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2. Shape of acetylene (C,H,) molecule : In one acetylene molecule, two carbon atoms
combine with two hydrogen atoms. We know, the electronic configuration of carbon in
excited state is,

15° 25° 2} 2p. 20}

Here, 2s and 2p, orbitals of carbon atom after excitation hybridised to form two sp-
hybrid orbitals. One sp-orbital of each carbon atom overlap along their internuclear axes to
form a sigma bond. The other sp-orbital of each carbon atom overlaps with 1s-orbital of
hydrogen atom. Then the unhybridised 2py and 2p, orbitals on each carbon atom overlap
laterally to form two 7 -bonds. Hence, the shape of acetylene molecule is linear and the bond
angle is 180°.

180°
()
— H+-Co—C —H

o Y
(Linear structure of acetylene)

3. Shape of Ammonia molecule : The electronic configuration of nitrogen 1s*2s'2p?! 2py1
2p}. Here, the central atom, nitrogen shows sp*-hybridisation and forms four sp*-hybrid
orbitals. Each of the three half-filled sp*-hybrid orbitals overlaps with 1s-orbital of
hydrogen atom to form sigma bonds. One lone pair of electron is present in the fourth
sp3-orbital.

Here, due to lone pair-bond pair repulsion, according to VSEPR theory, the regular
tetrahedral geometry is distorted. The shape of NH, molecule becomes pyramidal and the
bond angle is reduced to 107°

(Pyramidal  structure of NH,).
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4.  Shape of water molecule: In water, the central atom oxygen, has the following electronic
configuration in the ground state.

1s 2s 2p 2py 2p,

g% 5 LT
T T T T T TN

(1 A e A D
N J

sp® - hybridisation.

Oxygen contains two unpaired electrons in its valence shell even in the ground state. So
this can form two covalent bonds with hydrogen atoms, without involving hybridisation. But,
in that case, the water molecule, involving only two orbitals should have been linear and non-
polar, like BeCl.. But, this actually is not true. The water molecule is known to have a bent
structure and it is highly polar. The reason for the bent structure is the central atom oxygen
in water undergoes sp*-hybridisation. Out of the four sp-orbital two contain lone pair €l ectrons.
Other two hybrid orbital containing half filled electron overlap with hydrogen atom forming
two sigma bonds. Although the central atom shows sp-hybridi sation, the shape of water is not
tetrahedral. Thisisbecause of the greater lone pair - lone pair repulsion. Hence, the tetrahedral
geometry of water distorted to V' shaped or bent. Thus, the geometry of water is "V'-shaped
and the bond angle is 104° 27' or 104.5° .

Lone pair o
T _e/l ectrons \

511 [HYBRIDISATION : |

Introduction : The overlapping concept of half - filled atomic orbitals explains the
formation of covalent bonds. According to this concept, the number of half-filled orbitals in
an atom represents the number of covalency of that element..

For example:
H=1s
N=1s*2¢°2p! 2pyl 2p..
;0= 18°25*2p? Zp; 2pt.
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From the electronic configuration of above elements we know, the covalency of hydrogen is
one. But the covalency of oxygen istwo and that of nitrogen is three. Hence, hydrogen is monovalent,
oxygen is divalent and nitrogen is trivalent.

But beryllium, boron and carbon furnish interesting cases of compound formations. The
electronic configuration of these elements are,

Be=1s2¢
B = 1225 2p; 2p) 2p.
C= 1528 2py 2p;, 200,

According to orbital theory, beryllium should behave as a noble gas, since it has no
half-filled orbital. Since boron and carbon has one and two half-filled orbitals, boron should
be monovalent and carbon should be divalent. But this is not actually the case.

Beryllium forms a number compounds like BeH,, BeF, etc. in which it is divalent.
Boron forms a number of compounds like BH,, BCI, etc. in which it istrivalent. Carbon forms
large number of compounds in which it istetravalent. The simple examples are CH,,, CCl, etc.

In order to explain these anomalies, we make use of anew concept, called hybridisation.
The phenomenon of hybridisation involves the following steps.

0] Excitation : If an atom in its valence shell has vacant orbitals, there is possibility of
electron promotion or excitation from the paired orbitals to these vacant orbitals.

The promotion of electrons to the vacant orbitals of the same energy level is
possible, because the energy difference between various orbitals of the same level is
not much.

(i) Re - orientation : The atomic orbitals on the same atom containing half-filled electron
now have identical energy. These atomic orbitals have an unusual ability to merge
with one another in an additive way, forming the same number of new orbitals, called
hybrid orbitals. The phenomenon is called hybridisation.

Definition : The phenomenon of redistribution of energy in different orbitals belonging
to the valence shell of an atom to give new orbitals of equivalent energy iscalled hybridisation.

Conditions of hybridisation :
The conditions for hybridisation are as follows :

() The orbitals of one and the same atom participate in hybridisation. Only the orbitals
and not electrons get hybridised.

(i) The energy difference between the hybridising orbitals should be small.

Characteristics of hybridisation :
The characteristics of hybridisation are as follows :
0] The number of hybrid orbitals is equal to the number of hybridising orbitals.

(i) Like the atomic orbitals, a hybrid orbital can not have more than two electrons. These
two electrons must also have opposite spins.
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(i)  The number of electrons in hybridising orbitals remain the same after hybridisation.

(iv) A hybrid orbital which has an unpaired (single) electron can only take part in overlapping,
that is bond formation.

V) The shape of the hybrid orbital isinfluenced by the most dominating orbital taking part
in the process of hybridisation.

(vi)  The hybrid orbitals of a particular type are all ssimilar in shape and energy, but they
differ from one another largely in orientation in space.

(vii)  Due to the electronic repulsions in hybrid orbitals they try to remain away from one
another as far as possible.
Types of hybridisation :

Hybridisation is classified as different types, depending upon the number and the
nature of orbitals taking part in the process. The process of hybridisation involving the merger
of s and p-orbitals are of following types.

(i) Sp - hybridisation.

(i)  sp? - hybridisation.

(iii)  sp* - hybridisation.

(1) sp - hybridisation : The process of hybridisation involving the merger of one s and
one p-orbital istermed as sp-hybridisation. In this process, p orbital being the dominant
one, the shape of the hybrid orbital isinfluenced by it. The number of hybrid orbitals
become equal to two and these orbitals arrange themselves in a linear fashion at an

angle of 180° between the axes of the two orbitals. In sp - hybrid orbitals the percentage
of sand p - character is 50% each.

[llustration :

O O T

One s-orbital One p-orbital Two sp-hybrid orbital.

180°

C>8 O — LA

Linear arrangement
of hybrid orbitals
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Examples : Formation of BeCl, molecule :

2p O Q O @ O O @ @ orbitals.
) @ @ sp - hybrid
1s @ @ @

Be (in ground state) Be (in excited state) Be (in hybridised state)

The electronic configuration of chlorine is,
1s* 25°p° 35° 3p3 3p? 3p; :

First of al with the approach of chlorine atoms, the beryllium atom gets excited by
promoting one €lectron from 2s-orbital to 2p, orbital. Then one 2s and one 2p, orbital intermixed
to produce two sp-hybrid orbitals. Each sp-hybrid orbital overlaps with the 3p, orbital of
chlorine atoms and forms BeCl...

Two sp-hybrid orbitals overlap with two 3pZ orbitals of chlorine atoms in the head on
fashion and form two sigma bonds. Since the shape of sp-hybrid orbital is linear, the shape
of BeCl, is linear and the angle between them is 180°.

K s KO-
Be

3p, -orbital of

chlorine atom sp-hybrid
orbital

180°

—_ Cl Be cl

(i) sp? hybridisation : The process of hybridisation involving the merger of one s and two
p-orbitals is termed as sp?- hybridisation. Each sp?- orbitals has 33% s - character and
66% p- character. The number of sp? - hybrid orbitals produced is equa to three. These
hybrid orbitals arrange themselves in space making an angle of 120° with each other and
the orientation is trigonal.
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[llustration : :
@ % —_—
XD <D
One s - orbita Two p - orbitals Three sp? - hybrid orbitals

120° % %

Three sp? hybrid orbitals
(Trigonal orientation)

Example : Formation of BCI, molecule :

Boron, the central atom in BCI, molecule shows following electronic configuration in
ground state and aso in excited state.

» (OO O OO (O )]s - hybrid

orbitals
2s @ @
s — D ® @
Boron (in ground state) Boron(in excited state) Boron(in hybridised state)

In boron trichloride, one boron atom combines with three chlorine atoms.
The electronic configurations of chlorine is
1s%, 25%p®, 35”32 3p§ 3pz1 :
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The sp? - hybrid orbitals of boron atom are directed in space making an angle of 120°
with each other. Each hybrid orbital contain one haf - filled electron. Now three 3p, orbitals
of chlorine with one electron in each overlap with three sp-hybrid orbitals of boron, separately.
As a result, three sigma bonds are formed. Therefore, the shape of BCI, is trigonal and the
bond angle is 120°.

P,

Cl Cl

1209

Cl
Trigonal shape of BCl,.

(iii) sp3hybridisation : The hybridisation arising out of the merger of one s and three
p-orbitals is known as sp*-hybridisation. The total number of hybrid orbitals obtained in
this case is four. These four sp.-hybrid orbitals arrange themselves in space with
their lobes directed towards the corners of a regular tetrahedron making an angle of
109° 28.

[ llustration :

H0C

(one s-orbital) (three p-orbitals) four sp*-hybrid orbitals.
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sp3-hybrid orbitals
(Regular tetrahedron)

Example : Formation of methane (CH,) molecule.

Carbon, the central atom in CH, molecule, shows following electronic configuration in
ground state and also in the excited state.

» OOO OOO KOO0
2s @ @ sp® - hybrid orbitals

1s @ @ @

Carbon atom Carbon atom Carbon atom
(in ground state) (in excited state) (hybridised state)

In methane one carbon atom combines with four hydrogen atoms.

In CH,, the central atom carbon, shows sp*-hybridisation and produces four sp® hybrid
orbitals. These sp*-hybrid orbitals are arranged in aregular tetrahedral fashion. Since each sp?
- hybrid orbital contain half-filled electron, four hydrogen atoms (each containing half-filled
electron) overlap with it. As a result of which four sigma bonds result. Therefore, the shape
of CH, molecule is tetrahedral and the bond angle is 109° 28.

(Regular tetrahedral structure of CH, molecule).
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(iv) COMMON TYPE OF HYBRIDISATION AND GEOMETRY OF COMPLEXES.

Co-ordination Hybridisation Geometry Example
Number (CN)
4 dsp? Square planar [Pt(NH,), )%, [Prci,]?
5 dsp? Trigonal bipyramidal [Fe(CO)s]
6 dPsp® Octahedral [Fe[CN)s]* (1nner d— complex)

Geometry of [Ni(CN), >~

NC

NC

y
)

CN

Squareplanar structureof [Ni (CN ),]*

CN-isastrong ligand. The unpaired electonsin Ni?* are paired making oneinner d-orbital vacant

for theligand.

ni = (A (L [T

Ni“in[Ni(CN),] 2 FA1

[Ni(en).]* =[]

4s 4p
(12K2NAK
4s 4p
UL [ 1 o 12 P XX
electron pair of ligand dsp?

Nature of hybridisation - dsp?
Nature of complex - Inner d-orbital complex

M agnetic character - Diamagnetic
Geometry / Shape - Square planar

Bond Angle =90°

Geometry of [Fe(CO)s]

Oxidation number of Fe=0

CN.of Fe=5

Fe=[ar] [1] [ 4

Fein [Fe(CO) 5] E[Ar]

4s ap
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Unpaired electrons are paired and outer 4s el ectrons are accomodated in 3d

1L 1L 1L xx| [ XX | XX XX [ XX

[Fe(cO)s | HAr]

—
~

COi.ecarbonyl isastrong ligand, hence electronic configuration is affected. The unpaired elec-
tronsare paired.

Nature of hybridisation —dsp?

Nature of complex —inner d-complex
Magnetic character - Diamagnetic
Geometry / Shape - Trigonal bipyramidal
Band angle - 120° and 90°

Geometry of [Fe(CN),]*~

Oxidation number of Fe= +2

CN.of Fe=6
432

AT 1 CL

4p

Fe=[Ar]

—_—

re=[a] [0 T [ [T T ]

S e S R R E

—_—

CN-isastrong ligand. It makes all the unpaired electrons paired. The six empty hybrid
orbitalsarerequired by six CN-ligands.

Nature of hybridsation - d*sp®

Nature of complex - Inner d-complex

Magnetic character - Diamagnetic

Geometrical shape - Octahedral

Bond angle - 90°

M agnetic moment = 0 (zero spin complex or spin paired complex)
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512 |MOLECULAR ORBITAL THEORY (MOT) :|

This theory was proposed by Hund and Mulliken. So this theory is known as Hund-
Mulliken theory.
According to this theory,

@
(b)

(©
(d)
C)
(d)

()

(h)
(i)

Energy

The atomic orbitals combine and form an orbital which is known as the molecular
orbital.

Orbitals of same energy level of each bonded atom involved in molecule formation
lose their identity and merge together to give rise to an equivalent number of new
molecular orbitals.

All the electrons pertaining to both the bonded atoms are considered to be moving
along the entire molecule under the influence of al the nuclei.

Electrons while filling the molecular orbitals follow Pauli's exclusion principle as
well as Aufbau's principle.

The nomenclature, s, p and d used for atomic orbitals is replaced by ¢, ©
and 6 for molecular orbitals.

The number of molecular orbitals formed is equal to the number of the atomic
orbitals involved in their formation. Thus two atomic orbitals after interaction will
produce two molecular orbitals. Of these two molecular orbitals, one is of lower
energy than either of the two atomic orbitals and the other is of higher energy. The
orbital having lower energy is known as bonding molecular orbital and orbital
having higher energy is known as antibonding molecular orbital. The electrons
present in these orbitals are called bonding and antibonding electrons respectively.
Electrons which are present inside the shell of atoms and do not take part in bond
formation are called non-bonding electrons.

The antibonding moleculer orbital is represented by a superscript asterisk ().
The bonding molecular orbitals are stable and the antibonding molecular orbitals
are unstable.

~— Antibonding M.O. (¢ * or n* )
/ N

7/ N
Ve N
Ve N

N
Atomic orbital —< />- Atomic orbital

Bonding M.O (o or m)

Fig 5.4. Formation of molecular orbitals by the combination of two atomic orbitals.
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Table 5.3 Comparison between bonding and antibonding molecular orbitals.

Bonding molecular orbitalsc or ©

Anti-bonding molecular orbitals c*

These are formed by linear
combination of two atomic orbitals
when their wave functions are added.
That is, y, =y, + v,

It isformed when atomic orbitals with
same signs of their lobes combine.

or m*

1

These are formed by linear combination
of two atomic orbitals when their wave
functions are subtracted.

that is, v, =y, — v,

It is formed when two atomic orbitals
with opposite signs of their lobes

atomic orbitals.

stabilise the molecule.

3. Their energy islessthan the combining

4. They increase the electron density
between the nuclei and therfore

combine.

3. Ther energy is more than the combining
atomic orbitals.

4. They decrease the electron density
between nuclel and therefore destabilise
the molecule.

Rules of filling-up electrons in molecular

orbitals :

Following rules are followed during the filling-up of the molecular orbitals with the

available el ectrons.

()  Themolecular orbitals are filled-up in the order of increasing energy. The molecular
orbital with lowest energy is filled first (Aufbau's principle)

(i) Maximum capacity of electrons in a molecular orbital is two.

(iii) If there are two or more molecular orbitals of same energy, these are first singly
filled and then pairing starts. (Hund's rule)

(iv) Whenever bonding of atoms is to take place, there should be an excess of
bonding electrons over antibonding electrons. Thus, no bonding occurs, if the
number of antibonding electrons is equal to or more than the number of the

bonding electrons.
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I |
\ | O~ |
| 7 6*2p\ |
7 _oow N
I PO NN I
YA -~ ~
TR, N~ 299
24P, 2p, | \\\\ //// | P,2P,<P,
| ~oo~~ /|
N /
| \ 2P, 2D, , I
| N 7 I
Ny
| c2p, |
I ~ON |
/ S N
2 | // \\ |
o) | <
& ~ % N A
2 © N 7
g N 4
o | 7
o N /
£ | N\ / I
| N / |
I O |
| 628 |
I |
| I
| PN I
| v N |
| 7 N
| / AN |
o—K +—>0
1s | \\ G // | 1s
/ I
I b s
N /
| N\ o < / |
I o4 |
| G I
Atomic orbitals Molecular orbitals. Atomic orbitals

Fig : 5.5 Energy levels of different molecular orbitals.
Order of energy of molecular orbitals:

The molecular orbitalsin order of their increasing energies, upto nitrogen molecule are,
0,s<0% <0, <o* <np = 752py < GZpZ <n*2p =< Tc*2py < G*2p,
But beyond nitrogen, the order is as follows ;

* * —_ * —_ * *
6, <0%;<0,<0C ZS<c$2pz<7c2px—752py<n 2p, = n 2py<c5 2p,



CHEMICAL BONDINGAND MOLECULAR STRUCTURE 219

Electronic configuration and molecular behaviour :

The behaviour and nature of a molecul e depends upon its electronic configuration. The
electronic configuration can be used to predict the bond order, stability and magnetic behaviour
of the molecule. These are described below.

(1) Bond order : It is defined as the number of covalent bonds in a molecule.
Bond order = %(Nb —N_) , where N, is the number of bonding electronsand N_ isthe
number of antibonding electrons.

(i) Sability of the molecule : We know that the electrons in bonding molecular orbitals
contribute towards the lowering of energy (stability), whereas the electronsin antibonding
molecular orbital contribute towards increase of energy (instability).

Thus, If N, > N_ ; the molecule is stable : If N, < N_ ; the molecule is unstable :
If N, =N, ; the molecule is unstable.
The stability of a molecule can also be expressed in terms of bond order
(@) If bond order is positive, then molecule is stable.
(b) If bond order is negative or zero, the molecule is unstable.
Higher the bond order, more is the stability of the molecule. Bond order and
bond length are also related to each other as follows : Bond order o Bond length.

Bond order of nitrogen is three (N = N) and that of oxygen is two (O = O).
Hence, N, is more stable than oxygen.

Stability of amoleculeisdirectly proportional to the bond strength and inversely
proportional to the bond length.

(iif) Magnetic character : The molecule in which there are no unpaired electrons are
diamagnetic. But the presence of one or more unpaired electrons is the cause of
paramagnetism of the molecule. Greater the number of unpaired electrons, more is the
paramagnetic behaviour.

Molecular orbitals in some simple molecules :

(i) Hydrogen molecule (H,) : Each hydrogen atom has one electron in its 1s-orbital.
Therefore, diatomic hydrogen molecule has two electrons and two nuclei. Two 1s atomic
orbitals thus, combine to form two molecular orbitas, like, o, and c* .

According to Pauli's exclusion principle, both the electrons are accomodated in bonding
molecular orbital, which has lower energy.

Therefore, electronic configuration of H, molecule is, H, = (c1s)>.

Hence, N, = 2 and N_ = zero. .. Bond order = %(Nb -N) =1

Thus, two atoms are bonded together through one covalent bond. It is diamagnetic as
there is no unpaired electron. The energy diagram is given below.

5 AT T
a<:3 @ ,@15
L 1s . -

- s

Atomic orbital Molecular orbital  Atomic orbital
Fig. 5.6 Molecular orbital energy diagram for H, molecule.
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(i)  Nitrogen molecule (N,) : Each nitrogen atom has seven electrons. Therefore, there are
fourteen electrons in nitrogen molecule. These are filled in the increasing order of their
energies.

Therefore, electronic configuration of nitrogen molecule is
* *
N, = (0 9)° (6715 )? (0,9° (67,9 (n20,)* (n2p,)* (52p,)°.

//O\\
~

A ~ c*2p, >

-
~
e A0~ ~
- -~ \\ ~

Increasing energy
\
\
/

Fig.5.7 Molecular orbital energy diagram for N, molecule.
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Here, N, =10 N, =4 .. Bondorder= 5(N,~N) = 5(10-4)=3.
Hence, nitrogen consists of a triple bond between the two atoms. It is diamagnetic
since no unpaired electron is present.

(iii) Oxygen molecule (O,) : Each oxygen atom has eight electrons. therefore, there are
sixteen electrons in oxygen molecule. These are filled in the increasing order of their
energies.

Therefore, electronic configuration of oxygen molecule is

0, = (0, (6*,9% (0,97 (6*,9° (2p,)* (n2p,)* = (n2p, )’, (n*2p, )" (n*2p, )"
Here, N, =10, N, =6 .. Bond order = 5(N, ~N) = 5 (10 - 6) = 2

Hence, there is a double bond in oxygen molecule. Due to the presence of two unpaired
electron, it is paramagnetic. The energy diagram is given below :

Increasing energy

(1)

O

Fig. 5.8 M.O diagram for oxygen molecule.
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5.13 | HYDROGEN BOND : |

We know HF is a polar compound. Due to the higher electronegativity of fluorine the
electron pair shared between them lies far away from the hydrogen atom. Thus, hydrogen
atoms are highly electropositive with respect to fluorine atom. The phenomenon of charge
separation between hydrogen and fluorine atom in HF molecule is represented as, HY" — F9.
Thus, due to the charge separation, the molecule behaves as a dipole. The electrostatic forces
of attraction between such molecules are very strong. Thus, two or more molecules of HF may
associate together to form large cluster of molecules as shown below.

/H H /H /0
/ \ / \: / X ///
F\\ / . /:/ AN /:
\H N\ H \H

Hydrogen bond is defined as the force of attraction which binds hydrogen atom of one
molecule with highly electronegative atom of another molecule of the same substance.
The hydrogen bond is generally represented by dotted lines, as shown above.

It may be noted that, hydrogen atom is bonded to fluorine atom by a covalent bond in
one molecule and by hydrogen bond to the fluorine atom in the adjacent molecule. Thus,
hydrogen atom is seen to act as a bridge between the two fluorine atoms.

Conditions for formation of hydrogen bond :
(i)  The molecule should be polar covalent.
(i)  One of the atoms in the molecule should be highly electronegative.
(i)  The highly electronegative atom must be small in size.

So, fluorine, oxygen and nitrogen atoms satisfy the above conditions. Hence, al
compounds containing hydrogen and one of these el ectronegative atoms show the property of
hydrogen bonding. A hydrogen bond is very much weaker than a covalent bond.

Types of hydrogen bonding :
Hydrogen bonding are of two types.
(i) Intermolecular hydrogen bonding
(i) Intramolecular hydrogen bonding.

() Intermolecular hydrogen bonding : Theintermolecular hydrogen bonding results from
the electrostatic forces of attraction between the positive and negative poles of different
molecules of the same substance.

The following compounds show this type of hydrogen bonding.

(@ In water : Oxygen being more electronegative than hydrogen, in the water molecule,
intermolecular hydrogen bonding is established involving the oxygen atom of one with
the hydrogen atom of the other molecule.
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(b) Inammonia: Dueto the polarity in the molecule, a hydrogen bond is established using
the nitrogen atoms of one and the hydrogen atom of the neighbouring molecule.

+
o) 5+ 8+
/H + H + H
5~ ) 8_/ ) 8_/ 8+
....... N o [ N [ [T, N H-----
\ H6+ \ H6+ \ H8+

(¢ In alcohol (R — OH) : Association in alcohol molecules takes place due to the
intermolecular hydrogen bonding.

(i) Intramolecular hydrogen bonding : The intramolecular hydrogen bonding involve the
electrostatic forces of attraction betwen hydrogen and an electronegative element both
present in the same molecule.

For example, ortho-nitrophenol shows intramolecular hydrogen bonding.

I
N/(:)
v

(O - nitr%phenol)

Strength of hydrogen bond : A hydrogen bond is a much weaker bond and requires only 5
- 10 kcal per mole of energy to break. The bond strength depends on the electronegativity of
the element with which a hydrogen bond is established. The decreasing strength of a hydrogen
bond takes up the following pattern.
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A chlorine atom has approximately the same electronegativity (3.0) value as
that of a nitrogen atom , but due to its smaler size the nitrogen atom shows a stronger
hydrogen bonding than the chlorine atom. Hydrogen bond strength of some molecules are
given below.

Hydrogen bond Srength (kcal/mole)
Hooooo F 10.0
H........ @) 6.0
H.....o.o... N 3.0

Consequences of hydrogen bonding :
(i) Compounds showing the property of hydrogen bonding have high melting and
boiling points.

(i)  Compounds showing the property of hydrogen bonding are highly soluble in water.
Alcohol and ammonia are soluble in water, as these molecules form hydrogen
bonding with water molecule.
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10.

| CHAPTER (5) AT A GLANCE |

Atomic orbital : It isaregion around the nucleus in a single atom where the probability
of finding the electron is maximum.

Chemical bond : It is defined as the force of attraction which holds the constituent
atoms in a molecule.

Co-ordinate bond : This type of bond is formed by one side contribution and equal
sharing of valence shell electron between the constituent atoms.

Covalent bond : It is defined as the the force of attraction which arises by the process
of mutual sharing of valence electrons between the constituent atoms.

Dipole moment : It is defined as the product of the net positive or negative charge on
one of the atoms and the distance between the two charges.

Hybridisation : It is the intermixing of the orbitals of an atom having nearly the same
energy which result in the redistribution of energy to form an equal number of new
orbitals of equivaent energy.

Hydrogen bond :It is defined as the force of attraction which binds hydrogen atom of
one molecule with highly electronegative atom of another molecule of the same or
different substance.

lonic bond : It is formed by the transference of one or more electrons from one atom
to the other resulting in the formation of ions which get attracted by the force of
attraction.

Molecular orbital : They exist around the nuclel of all the bonded atomsin a molecule.

Sigma bond : This bond is formed by the overlapping of half-filled atomic orbitals of
two atoms along their internuclear axis.

Pi-bond : This bond is formed by the lateral or sidewise overlapping of half-filled
atomic orbitals above and below the internuclear axis.

| QUESTIONS]

Very short Answer Questions (1 mark each)

o 0k~ wbd P

State whether SIO, is an ionic or a covalent compound.

Between KF and CHCI, which is likely to have a higher melting point ?
Write the structural formula of nitric acid.

Name a monoatomic gas. What is its valency ?

Why ammonia gas is not collected over water ?

(@) What is the shape of C,H, molecule ?

(b) What type of hybridisation is found in acetybne ?
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11.

12.
13.
14.
15.
16.
17.
18.
19.

20.
21.
22.
23.
24,

25.
26.
27.
28.

29.
30.

31.
32.
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How. many ¢ and r bonds are there in a molecule of ethylene ?

What is the angle between the C — H bonds of methane ?

Why is CCl, immiscible in water ?

What type of hybridisation exists in the central atom of BCI, molecule ?

What is the shape of ammonia molecule ?

Find out the total number of electrons in a water molecule.

What is the shape of BCl, molecule ?

What is the bond angle between O — H bonds of a water molecule ?

What type of hybridisation takes place in carbon atom for the formation of graphite ?
Between sigma and pi-bond, which bond is weaker ?

How do you account for the fact that H,O isaliquid and H,Sis agas at room temperature ?
Name the type of overlapping and type of bond in forming HF molecule.

(@ What is the shape of NH, molecule ?

(b) What is the shape of NH, molecule ? What is the reason for it ?

What type of hybridisation takes place in carbon atom for the formation of diamond ?
Which of the halogens forms hydrogen bond ?

Why do H,0O molecules remain associated in liquid water ?

Why is sigma bond stronger than pi-bond ?

Which of the following contains a lone pair of electrons in the central atom ?
NH,, CH,, CCl,.

What is the shape of CO, molecule ?
What is the bond angle between two hybrid bonds in sp? hybridisation ?
How many sigma and pi-bonds are there in a molecule of acetylene ?

Among the compounds NH,, HF and CH,, in which hydrogen bonding is most prominent
and why ?

What is the maximum number of electrons that can margin in a molecular orbital ?

In which of the following types of hybridisation the structure formed has maximum bond
angle?

sp*, s, sp.
What is the shape of methane molecule ?
What is the bond angle in NH," ion ?
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33.
34.
35.

What are the overlapping orbitals of carbon and oxygen in CO ?
Mention the hybrid state of sulphur in H_,S molecule.
What is the hybridisation of carbon in CO, ?

Short Answer type questions. (2 marks each)

© © N o 00k~ 0 DN P

I A o
> w b PO

Give reasons, why ethanol is completely soluble in water but benzene is not.
Explain why H,O is a polar molecule but CO, is not.
Give one example each of molecules with sp? and sp® hybrid bonds.
Write the electronic structures of CO;~ and NH*, ions with lines and arrows.
Why covalent molecules have definite shape ?
Show the hybridisation process for the four valence electrons of carbon.
Why hydrofluoric acid is the weakest of all halogen acids ?
Describe two characteristics properties of electrovalent compounds.
What do you understand by hydrogen bond ?
What is co-ordinate bond ? Give one example.
Explain by an example what do you mean by polarity of a covalent bond.
The covalent compounds possess low melting and boiling point, why is it so ?
What are the conditions of hybridisation ?
Which of the following is an ionic compoud ?

CO,, KClI, CH,, NH..

Short Answer type questions. (3 marks each)

© © N o o M wDdPF

=
©

Why three p-orbitals of each of two atoms connot form more than one sigma bond ?
Explain the formation of co-ordinate bond in ammonium ion.

When is HF a liquid where as other hydrides of halogens are gases ?

Why CO, is non-polar but SO, is polar ?

Differentiate between orbit and orbital.

Explain why oxygen molecule is paramagnetic

From the molecular orbital diagram of N, find out its bond order.

HF is a liquid, whereas HCI is a gas. Explain

Draw the orbital diagram of CO, and indicate the orbitals used by the elements.

What is the order of increasing bond angle (HxH) of the following ? What is the theory
involved ?

CH,, H,0, NH,



228

11.

12.
13.
14.

+2 CHEMISTRY (VOL.- 1)

Why boron trifluride is called electron deficient compound ? Explain
Why is sigma bond stronger than pi bond
Write the electron dot structure for hydronium ion.

Write the molecular orbital configuration of O,

Long type questions. (7 marks each)

1.

10.
11.

Explain the term hybridisatione What are the shapes of sp, sp? and sp® hybrid orbitals ?
Give one example of a compounds of each.

State four physical properties that can be used to distinguish between covalent and ionic
compounds. Discuss with examples.

Discuss with examples the directional properties of covalent bonds.
Explain with examples the term electrovalency, covalency and co-ordinate valency.

What is covalent bond ? Explain why the covalent bonds between oxygen and hydrogen
atoms in water molecule are polar.

What is hydrogen bond ? How does it influence the properties of compounds ? Explain
with two examples.

Write notes on Co-ordinate bond

What is hybridisation ? How does it explain the shapes of NH, and H,O molecules ?
Explain the term hybridisation. Discuss the shape of CO, and PH, molecules.

Write a note on metallic bond

Write notes on (any two)
(a) Electrovalent bond (b) Covalent bond (c) Hydrogen bond [2002 (A), CHSE]

| ADDITIONAL QUESTIONS |

Define an electrovaent linkage. What are the necessary conditions for the formation of
ionic bond ? Give two examples of such compounds.

What is lattice energy ? How the lattice energy of solid NaCl can be calculated.
Write short notes on :

(a) hydrogen bond.
(b) sigma and m-bond.

Explain why oxygen molecule is paramagnetic and nitrogen molecule is diamagnetic.
Draw the molecular orbital energy level diagram of nitrogen molecule. (OJEE - 1991).

Using valence shell electron pair repulsion (VSEPR) theory predict the structure of the
following compounds and write whether the bond angles are likely to be distorted from
theoretical values.

(@ CH, (b) H,O (c) NH,.
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Multiple Choice Questions

1

10.

The polar molecule among the following is :
(a) CCl, (b) CO,
(c) CH.CI, (d) CH, = CH,
How many s (sigma) and = (pi) bonds are there in tetracyanoethylene [C(CN),] molecule ?

(@ Five s and nine  bonds
(b) Nine s and nine 7 bonds
(c) Six s and eight 7 bonds
(d) Nine s and seven  bonds.

Which of the following gases does not have eight electrons in the outermost orbit ?

(@ Kr (b) Ne
(c) He (d) Ar

On hybridisation of one s and one p-orbital, we get,

(8) Two mutualy perpendicular orbitals
(b) Two orbitals at 180°

(c) Four orbitals directed tetrahedrally
(d) Three orbitals in a plane

Which of the following compounds has zero dipole moment.

(a) CCl,, (b) CHCI,
(c) HF (d) NH,.
The species in which the central atom uses sp? hybrid orbitals in its bonding is
(a) PH, (b) NH,
(c) SO, (d) SO,
The molecule that has linear structure is :
(@ CO, (b) NO,
(c) SO, (d) SO,
Which is planar molecule ?
(@ H,0 (b) NH,
(c) BF, (d) CH.CL,..
The nature of hybridisation in carbon atoms in the ethylene (CH, = CH,) molecule is,
(@) sp, and sp (b) sp and sp?
(c) sp and p° (d) sp? and sp?
Octet rule is not followed in
(@ CO, (b) H,O

(© O, (d) CO
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11. CO, is isostructural with

(a) HoCl, (b) SnCl,
(c) CH, (d) NG,
12.  The hybridisation of sulphur atom in SO, is
(@ sp, (b) sp?
(c) sp? (d) dsp?
13.  Which one of the following has a dipolemoment ?
(@ CH, (b) BCI,
(c) CO, (d) H,O
14. A species which is formed by co-ordinate covalency is
(@) NH?, (b) NH,
(c) BF, (d) PCI,
15. The hydrogen bond is strongest in
@ O-H ... S BF-H.... F
(€ S—H ... O (dMF-H..... 0]
16. Out of the following which is least ionic
@P-F (b) F-F
(c) S-F (dCl-H
17. An example of a co-ordinate compound is
(@ NH, (b) HCI
(c) CaCl, (d) NaNO,
18. The angle between two odjancent sp? hybridized orbitial is
(@ 90° (b) 104.3°
(c) 120° (d) 109. 28

19. Covaent bond formation is favoured by
(@) Small cation and large anion
(b) Small cation and small anion.
(c) Large anion and large cation
(d) Large cation and small anion
20. Which of the following liquid is completely miscible with water ?

(@) CHCI, (b) CCl,
(c) CH,OH (d) CS,
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21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

Which of the following is most soluble in water.

(@ Nas (b) CuS
(c) FeS (d) Ag,S
The outermost electronic configuration of the most electronegative element is
(8 ns’np? (b) ngnp*
(c) ns’np® (d) ngnp®
The type of hybridisation in H,O is
(@ sp (b) sp?
(c) sp (d) d’sp

Hydridisation is the
(a) removal of two electrons
(b) adding €electron to neutral atom
(c) Separation of atomic orbitals
(d) mixing of atomic orbitals
The molecule having one unpaired electron is
(& NO (b) CO
(c) CN- (d) O,

The types of bond present in CuSO,. 5H,O are only
(a) electrovaent and covaent

(b) electrovalent and co-ordinate covalent

(c) electrovaent, covalent and co-ordinate covalent
(d) covalent and co-ordinate covalent.

231

If a molecule MX, has zero dipole moment, the sigma bonding orbitals used by M

(atomic number less than 21) are,

(@ Purep (b) sp? hybrid

(c) sp® hybrid (d) sp-hybrid
Structure of ammonia is

(a) trigonal (b) octahedral

(c) trigona bipyramidal (d) pyramidal
A molecule of acetylene (C,H,) consists of

(@) Three ¢ and two = bond
(b) Two o and one  bond
(c) o bonds only

(d) = bonds only

The bond angle in CH, is approximately

(a) 20° (b) 120°
(c) 109° (d) 180°
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31. The bond angle in NH,” ion is

(@ 107° (b) 109.28°

(c) 104° (d) 90° (OJEE 1990)
32. Which of the following is paramagnetic ?

(@ H,O (b) NO

(c) CO, (d) SO,

ANSWERS TO MULTIPLE QUESTIONS

lc 7. a 13.d 19. a 25. ¢ 3l b
2. b 8.c 14. a 20. ¢ 26. Cc 32. b
3.¢c 9.d 15. b 21. a 27. b
4. b 10. b 16. b 22. C 28.d
5 a 11. a 17.d 23. a 29. a
6. C 12. ¢ 18. ¢ 24. d 30.c

Qad



[UNIT — V|
STATES OF MATTER : GASES AND LIQUIDS

GENERAL INTRODUCTION :

Three Sates of Matter : Matter is defined as something which has mass and occupies
some space. Examples are iron, copper, chair, table, ice, water, air etc. Matter exists in three
states: solid liquid and gas. The chemical properties of a substance do not change with the
change of its physical state, but the rate of chemical reactions depends upon the physical state.
This is because of the physical laws which govern the behaviour of matter in different states.
Therefore, it is necessary to know about the nature of intermolecular forces, molecular
interactions and effect of heat energy on the motion of the particles.

Solid state : Matter in the solid state has definite shape and volume. The constituent
atoms, ions or molecules are held together by strong force of attraction. They have high
melting, boiling points and density. Examples are copper, iron, gold, sand, sugar etc.

Liquid state : Matter in the liquid state has no definite shape but have definite volume.
They have melting points, boiling points less than those of solids. Since the constituent atoms
or molecules are held together by weak forces of interaction, they can flow from higher level
to lower level. Their densities are also less than those of solids.

Gaseous state : Gases have neither definite shape or definite volume. They assume the
shape of the container and spread throughout. Weak forces of interaction exist between the
constituent atoms or molecules. Due to this reason gases can be compressed. The volume of
gases are greatly affected by change of temperature and pressure.

The above three states of matter are interconvertible. For example, by increasing
temperature and pressure solid ice can be converted into liquid water. In turn by further
increasing temperature at constant pressure liquid water can be converted to water vapour.

H,0 (9 = H,0 () = H,0 (vap)

Similarly by going in the reverse way i.e. by decreasing temperature and increasing
pressure water vapour can be converted to liquid water. By further lowering the temperature
liquid water can be converted into solid ice.

Intermolecular Interactions:

In matter forces of attraction and repulsion exist among the constituent atoms and
molecules. Attractive intermolecular forces are known as van der Waals forces. These forces
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vary considerably in magnitude and include dispersion forces or London forces, dipole-dipole
forces and dipole-induced dipole forces. Hydrogen bonding is a particular type of strong
dipole-dipole interaction. All these forces are responsible for the different physical states of
matter.

The constituent atoms or molecules of matter also experience repulsive forces among
one another. When two particles are brought into close contact with each other the repulsion
between the electron clouds and that between the nuclel produce repulsive force. The magnitude
of the repulsion rises very rapidly as the distance of separation between the nuclel produce
repulsive force. The magnitude of the repulsion rises very rapidly as the distance of separation
between the particles decreases. Due to this reason liquids and solids do not chage their
volume on compression, but gases do. In gases the distance of separation between the
approaching particlesislarge so that they experience lessrepulsive force at a given temperature
and pressure.

Types of Bonds : Asdiscussed above, in case of solids the constituent atoms or molecules
experience different types of interactions as compared to liquids and gases. Metals except
Mercury are solids and the bond type is metallic bond. Electron pool theory suggests that
positively charged metallic kernels are fixed in the pool of valence electrons. In liquids the
molecules are held together by van der Waals forces of attraction, dipole-dipole forces and
hydrogen bond. Hydrogen bond is due to the coulombic force of attraction between the lone
pair of electrons of the electronegative atom of one molecule and the hydrogen atom of same
or other atom. The former isintramolecular hydrogen bond and latter isintermolecular hydrogen
bond. In case of gases the molecules are mostly held together by van der Waals force of
attraction.

When molecular attractions are very weak, molecules do not come closer on application
of pressure unless thermal energy is reduced by lowering the temperature. Gases do not liquify
on compression only unless the thermal energy of molecules is not reduced.

Melting point and Boiling point : The melting point and boiling point of solid, liquid
and gas depend upon the type of interactions involved among their constituent atoms and
molecules. Solids have high melting points due to the strong forces of interaction among the
constituent particles. The amount of energy required to separate themis high. In case of liquids
the forces of interaction between the constituent atoms or molecules are less than that of the
solids, hence less amount of energy is required to overcome these forces. They boil at
temperatures at which the vapour pressure of the liquid become equal to the atmospheric
pressure.



CHAPTER - 6

THE GASEOUS STATE

Physical classification indicates that matter exists in three different states namely solid,

liquid and gas. This classification is more obvious since in our day-to-day life we have come
across solid ice, liquid water and gaseous steam. Under suitable conditions of temperature
and pressure almost all substances exist in three different states. The gaseous state is the
simplest of all the three states of matter.

6.1

1

6.2

(i)

| CHARACTERISTIC PROPERTIES OF GASES

No definite shape or volume : A gas has neither definite volume nor definite shape. It
has no bounding surface due to random motion of the molecules. It acquires the shape
and volume of the container in which it is filled.

Expansibility : A gas can occupy al the available space. It spreads uniformly throughout
the container. It can be expanded to a desired volume by lowering the pressure or by
raising the temperature.

Compressibility : A gas can be compressed to any desired volume by the application of
pressure.

Diffusion : When two or more gases are introduced in to the same vessel, they intermix
with each other and form a homogeneous mixture. This property is known as diffusion.
The pleasant smell of kitchen and the pungent smell of laboratory are the common
examples of diffusion.

Density : A gas has low density. Thisis because the intermolecular distance between the
molecules of the gasis very large and the number of molecules per unit volume is lower
than that in case of solids and liquids. For example, density of air is 0.00120 gm/cm?.
Pressure : A gas when enclosed in a vessel exerts pressure. The pressure is due to the
collision of gas molecules on the walls of the container.

Homogeneity : When agasisintroduced into a container it fills the container uniformly.
This property is known as homogeneity.

Liquefaction : A gas can be liquefied when subjected to high pressure below its critical
temperature.

Colour : All gases are transparent. Most of the gases are colourless. Only a few are
coloured e.g. chlorine is greenish yellow whereas bromine is reddish brown and iodine
is violet.

| STATE VARIABLES OF GASES |

There are four measurable properties of agas. Theseare : (i) mass, (ii) volume, (iii) pressure
and (iv) temperature.

Mass : Mass of the gas is expressed in grams and kilograms. Also the mass is related to the
number of moles by the equation
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n=" where n=no. of moles
m = mass of the gas in grams

M = molecular mass of the gas.

Volume : The volume of the gasis equal to that of the container in which the gasis kept.
The unitsin which volume is expressed are litre (£), cubic metre (m3). The smaller units
are cubic decimetre (dm?) and cubic centimetre (cm®).The conversion factors are ém® =
10%dm3 = 10° cn®.

However the units of litre(£) and millilitre(mé) are more commonly used.

Litre is defined as volume of 1kg. of pure water at 1 atmospheric pressure and 3.98°C.
For all practical purposes cm?® and ml are taken to be equal.
U = 1dmi= 10 cm?®

Pressure: A gaswhen enclosed in avessel exertspressure. A gas consists of small particles
known as molecules. The molecules of agas are alwaysin astate of constant rapid zigzag
motion in all possible directions with different velocities. During motion the molecules
may collide among themselves or with the walls of the container. Asaresult of collisions
onthewalls, the moleculesexert force on thewalls. Thetotal force exerted by the collisions
of molecules on the walls of the container per unit area determines the gas pressure.

The common units in which pressure is expressed are (a) atmosphere (b) cm of
Hg (c) mm of Hg (d) Torr (Torricellie)

1 atmosphere = 76 cm of Hg = 760 mm Hg.
1 mm Hg = 1 torr

The SI Unit of pressure is pascal. It is defined as the pressure exerted when a force
of 1IN (Newton) acts on an 1nv area. 1 atm = 101.325 KPa
For al practical purposes 1 atm = 10? K Pa = 10° Pa.

One standard atmospheric pressure is the pressure exerted on one cm? area by 76 cm
Hg at 0°C and standard gravity (g = 980.665cm/sec?)

(iv) Temperature : It indicates the intensity of heat or hotness with respect to a standard.

6.3

It is an indicator of the average kinetic energy possessed by molecule. With increase in
temperature the kinetic energy increases.
The units to represent temperature are (a) celsius temperature (°C) (b) Kelvin temp (K)
[ K=(C)+ 273]
In the celsius or centigrade scale the freezing point of water (0°C) and boiling point of
water (100°C) at one atmospheric pressure are taken as the reference points.

[GAS LAWS]

BOYLE'S LAW (Relationship between Pressure and Volume)
Robert Boyle in 1662 proposed a relationship between pressure of the gas and the

volume occupied by it. He found that at constant temperature the volume of a given mass of
gas goes on decreasing with increase in pressure. The behaviour was generalised and was
named Boyle's law after his name.

Satement : Temperature remaining constant, the volume of a given mass of gasisinversely

proportional to its pressure.
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Derivation : Let agiven mass of gas occupy volume V' at pressure 'P and constant temperature
‘T'. According to Boyl€e's law,

V o« Fl,— [T is constant]

1
P
= [PV =Const. (K'say)|
'K"isthe proportionality constant. It depends upon the mass of the gas and the temperature
at which the measurements are made.

= V = Congt. X

If the volume of the same mass of gas be changed to V , then pressure will changeto P,
and under such condition

PV, = Const. (K, say)
If the pressureis changed to P, and volumeto V,, then
| PV, = Const. (K,)| at the same temperature T

Since the constants K, K, and K, depend upon the mass of the gas and temperature and
here both are kept constant, we can conclude

K=K,=K,
andhence  |PV =PV, =P\V,=K (Constant)

Another statement of Boyle'slaw

"The product of pressure and volume of a given mass of gas at constant temperature is
constant.”

If pressure is doubled, volume will be reduced to half and vice versa. Similarly when
pressure becomes three timesits original value, volume is reduced to one third of its value.

Validity of Boyle'slaw

(i) Itispossible to demonstrate the validity of the law by determining the values of
volume of agiven mass of gasat different pressures and at constant temperature. The
product PV remains constant in all the casesasgivenintable 6.1

Table 6.1 Changes in volume of a fixed mass of gas at different pressure and constant

temperature.
Expt.No Press. 'P inatm Vol. 'V'inlitres PV (lit-atm)
1. 0.20 112.0 22.4
2. 0.25 89.2 22.3
3. 0.35 64.2 22.47
4, 0.40 56.25 22.50
5. 0.60 37.40 22.44
6. 0.80 28.1 22.48
7. 1.00 224 22.40

(i) Thevalidity can betested by plotting agraph between volumein cm?®and pressurein
atmosphere of a given mass of gas at constant temperature.
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Y (R, V)
19 (B, )
S é \Z —
Fi F
Pressure
(inam.)

Fig. 6.1 Plot of 'V' in cm3against 'P' in atm.
Validity may also betested by plotting agraph between PV inlit-atm against 'P'in
atmosphere. We get ahorizontal line parallel to pressure axis.

i Ts
PV T2
> >
Lit-atm T, Te> To>Ty
P (atm) —

Fig.6.2 Plot of 'PV' versus'P'
(iv)  Boyle'slaw can beillustrated by plotting 'P' in atmosphere against % inlit?. A
straight line passing through the origin isformed.

inatm.

-\}— Lit 1 ——
1

Fig.6.3 Plotof 'P" versus y,
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Utility of thelaw :
It helpsin determining

(&  Thevolumeof thegasat agiven pressureif its volume at some other pressure and at
constant temperature is known.

(b)  The vaue of pressure corresponding to any volume if the pressure at some other
volume and at constant temperature is known.

NUMERICAL PROBLEMS

Examplel. 400 ml of air at 700 mm pressure were compressed to 200 ml. What will be the
new pressure, if the temperature remains constant ?

Solution :-  Given conditions Final conditions
P, =700 mm P,=?
V, =400 mi V,=200ml.
By applying Boyle'slaw
Plvl = I:)2\/2

700x 400 = P, x 200

= P, = 700%30 = 1400 mmor 140 cm.

Example 2. What isthe volume of asample of oxygen at apressure of 3 atmosphereand 27°C, if
itsvolumeis4.5 litres at 1 atmosphere and same temperature.

Solution :- Given conditions Final conditions
P,=1am P,=3am
V, =45litres V,=7?
Applying Boyle'slaw
Plvl = PZVZ
1x 45=3x V2
_1x45_45 _ -

= V, = 3 3 = 1.5 litres.

Example 3. A certain volume of the gas was found to be at a pressure of 1000 mm of mercury.
When the pressure was decreased by 500 mm, the gas occupied a volume of 2000
cm?® Calculate the initial volume occupied by the gas if the change was done at a

constant temperature.
Solution :-  Initial conditions Final conditions
P, = 1000 mm P, = 1000 — 500 = 500 mm
vV, =7 V,= 2000 cm?3
Applying Boyle'slaw
Plvl = P2V2

1000 x Vv, =500 x 2000

_ 500 x 2000 _ 3
= V, = 1000 = 1000 cm?.
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Example 4. For use in a certain industrial process the volume of a particular gas had to be
reduced by 50% of its present volume. The original pressure of the gaswas measured
and found to be 5 atmospheres. Find thefinal pressure of the gasif the temperature of
the gas was constant throughout the process.

Solution :- Initial conditions Fina conditions
Vol =V, VqumeV2=Vl—0.5Vl= 05 vV,
Pressure = P1 =5am. Pressure P2 =7

Applying Boyle'slaw
I:)lvl = I:)2V2
5xV,=P,x0.5V,

_ - 5 _
— P2 = 05V1 05 =10 am.

CHARLE'SLAW (Relationship between Volume & Temperature)

Jacques Charles in 1787 studied the relationship between temperature of a gas and the
volume occupied by it at constant pressure. He observed that at constant pressure the volume
. i ) 0 .
of agiven mass of gas expands or contracts by 73 of itsvalue at 0°C for every degree celsius
rise or fall in the temperature. This was later on confirmed by Joseph Gay-L ussac.

Satement :- "Pressure remaining constant the volume of a given mass of gas increases or
decreases by 2%3 of its value at 0°C for each 1°C rise or fal in temperature.”

Derivation :
Let V', be the volume of a given mass of gas at 0°C and at constant pressure.
V,x1
o = o]
Volume of the gas a 1°C =V + “5-==V,+ 273 —v (1+273)
Vg

0 =
Volume of the gas at 2°C =V _+ 773 vo(1+ 273)

o7 V(14 552)

When t = -273°C

Vo=V, (1-213) = v x 0 = 0 (zero)

Thus, gases have no volume at —273°C. This temperature is known as Absolute
zero of temperature.
Absolute zero :

The temperature at which a gas ceases to exist or at which volume of the gas becomes
zeroiscaled Absolute Zero. Thus, —273°C is the absolute zero of temperature. This temperature
has no physical significance. Reduction of volume of a gas to zero cc is only a theoretical
concept. Practically all gases get liquefied or solidified before reaching this temperature.
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Absolute scale of Temperature :
Thescaleof temperaturewith—273°C asits Zero (OK) iscalled Absol ute scal e of temperature.
Thus, —273°C = 0K
or (273 + 273)°C = (0 + 273) K
= 0°C=273K
= t°C = (t + 273) K.
The effect of temperature on volume of gas can be graphically represented as

T,

Volume
(inlit)

1

-273°C  -100°C 0°C 100°C  273°C
OK 173K 273K 373K 546K

Temp —

Fig. 6.4 Plot of V against T

Again let us assume that V, ml & V, ml be the volume of a given mass of gas at t,°C
and t,°C respectively and at constant pressure.

. Vyxt, (2B VT,
Vi =Vot Tor ‘V0(1+273)‘V0( 273 )= 273
) Wt, Gy 2B+ T

V, =Vt g =Vl gz = ()=

where T, & T, are the temperatures in the absolute scale.

Dividing V, by V, we have,

Vi Mol 273 Ty
V, 2713 T V,T, T,

-~ Vi _
Tl T2
BN \T’— = constant, at constant pressure.

Thus, V « T, a constant pressure.
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Another definition of CHARLE'S LAW :

"Pressure remaining constant, the volume of a given mass of gasisdirectly proportional
to absolute temperature.”

Validity of the law :

(i) Itispossibleto demonstrate the validity of the law by determining the volume of a
given mass of gas at different temperatures and at constant pressure. The constancy
of value % in each case provesthe validity asisevident from the following table 6.2.

Table-6.2 Changesin volume of a given mass of gaswith temperature at constant pressure.

No. of Tempin Tempin Volume | V4
Experiments| deg. centigrade (°C) Kelvin (K) incm?

1. =50 223 223 1

2. -0 273 273 1

3. 50 323 323 1

4, 100 373 373 1

5. 150 423 423 1

(i) The validity of the law can aso be tested by plotting a graph (Fig 6.5) between
volume and temperature of a given mass of gas at constant pressure. A straight line
is formed which shows that \% is constant. At different pressures the straight
lines formed in the graph meet at the same point '0" upon extension.

This point refers to zero volume and absolute zero of temperature.

P, < P, <P

(-273°C)

Temp.

Fig 6.5 Volume - Temp. relationship
Utility of the law :

The law can be used in determining the volume of a given mass of gas at a certain
temperature provided the volume at some other temperature is known keeping the pressure
constant.

GAY - LUSSAC'S LAW

Satement : At constant volume, the pressure of the given mass of gas is directly
proportional to its absolute temperature.

i.e. Poc T at constant volume.
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If P, & P, be the pressure of the gas at temperature T, & T, respectively,

P
Then, Fl= ?1 at constant volume.
2 2

NUMERICAL PROBLEMS

Example 1. A certain volume of gas is kept at 67°C. When the temperature is decreased by

17°C the gas occupies a volume of 800 ml. What was the initial volume of the gas
? Assume that the pressure of the gas remains constant.

Solution : Initial condition

Final condition
V, =800 mi
T, =273+ (67-17)

=7
1 :

T, =273+67

= 340 K. = 273 + 50 = 323 K.
According to Charle's Law % = 22
ccoraing to aries Law Tl T2
Vi _ 80
= 340 ~ 323
_\ = 800x340

= ey =84210ml

Example 2. A sample of hydrogen gas is found to occupy 900 cm?® at 37°c . Calculate the
temperature at which it will occupy 500 cm?®.

Solution : Given V, = 900 cm?®

T, = 37°C = (273 + 37) = 310K

V, = 500 cn®
T2 =
. \ V]_ B V2
Applying Charle's Law =

900 _ 500
= 310 T,

— 500x 310 _
= T,= P85 = 172K (or—101°C)

Example 3. 500 ml of Oxygen is collected at 27°C. If the volume is reduced to % th its

original volume, find the temperature to which the gas has to be cooled ?

Solution : Given V, = 500 ml

T, =273+ 27 =300K

V,= 4V,= 2-x 500 = 125 ml

T,=2
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<

1 V2

Applying Charle's Law T, 7T,

500 _ 125
= 300 T,

= 1,= 300X d2 = 75 (or - 108°C)

Example 4. 3000cc of a gas is heated from 27°C to 127°C. What will be the new volume of
the gas at constant pressure ?

Solution : Given V, = 3000 cc V,= ?7?
T,=273+27=300K T, =127 + 273 = 400 K
Applying Charle's Law, % = %
1 2

300 _ V2
= 300 40

— 3000 x 400 _
= V,="735  =4000cc.

Example 5. A given mass of oxygen gas occupies 300 cm? at 27°C. What is the volume at 0°C,
the pressure remains constant ?

Solution : Given V, = 300 cm?

T, = 27°C = 273 + 27 = 300 K
Vv, =

T,=0C=273K

Applying Charle's L Vi Yo

0 Vi_V,

pplying Charle's Law, T, T,
30 _ Vs

= 300 273

— V. = 300 x 273

—_ 3
5 300 =273 cm

COMBINED GAS EQUATION

The gas equation deals with the ssimultaneous effect of change of temperature and pressure
on the volume of a given mass of gas. It is derived on the combination of both Boyle's law
and Charle's law.

Derivation : Let us suppose that a given mass of gas occupies avolume 'V ' at a pressure P,
and temperature T,
(i) Apply Boyle's law :

Keep Temp 'T.' to be constant. When pressure changes from P, to P, let the
volume change fromV_ tov.
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1 1
SO,VlonTand L < P

Thus, PV, =P,y

= V= T D

(i)  Apply Charle's law :

Keep Pressure 'P,’ constant. When temperature changes from T, to T, let the
volume change fromy to V...
SO yoT and V, T,

vV,
Thus T, T,
v, T
= v= T221 ............................... )

Comparing (1) & (2) we have

PV, _ Vol
P, T,
I:)1\/1 — P2\/2 —
= T, = T, - K [constant]
= % =constant (K)| — GasEquation.

Utility of the gas equation :
Thevolume of agiven mass of gasat acertain temperature and pressure can be determined
provided its value at some other temperature and pressure is known.
Sandard Temperatureand Pressure (STPor NTP) :

The volume of a given mass of gas varies with temperature and pressure. Hence a
standard reference condition is chosen to compare the measurable properties P, V, T of gases.

Standard Temperatures = 0°C = 273 K.
Standard Pressure = 760 mm Hg.
= 76 cm Hg.

= 1 atmos. pressure.
NUMERICAL PROBLEMS

Example 1. A flask contains 300 ml of gas at 17°C and 50 cm of Hg. Find the final pressure
when it istransferred to another flask of 100 ml. capacity at atemperature of 37°C.

Solution :
Initial condition Fina condition

P, = 50 cm Hg P,=7
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T, =273+ 17 =290 K T, =273+37=310K
V, =300 ml V, =100 mi
Using the gas equation, P}rv L= P-ZI-#
1 2

- 50x 300 _ P,Xx100
Substituting the values, 200 - 310

_ 50x300x 310 _
= P2 = T 500x 100 - 160.34 cm.

Example 2. A gas occupies 500 ml at STP. Find the volume of the gas when its pressure is
200 mm of Hg and its temp 20°C.

Solution :
Initial condition (STP) Final Condition
P, = 760 mm Hg P, =200 mm Hg
V, =500 mi vV, =7?
T, =273 T, =273+20=293K
. . I:>1V1 PZV 2
Applying gas equation, T, = T,

o 760x500 _ 200XV,
Substituting the values, 272 293

_ 760x500x 293 _
= V,= 573 % 200 =2039.19 ml.

Example 3. At a given temperature the pressure of the gas reduces to 60 % of itsinitial value
and volume increases by 45% of its origina value. Find this temperature if the
initial temperature was —20°C.

Solution :
Initial condition Final condition
= _ 60 _ 3R,
P =P P, =10 P _?1
= _ 45V 145
iz Va (V00 ) - 160 v
T,=-20+ 273 =253 K T, =72
. : PV, P,V,
Applying gas equation, = %
1 2

PV, _ 3Px145V,
= 253  5x100xT,
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_ 3x145x 253 _
= T,= 5100 - 220.11K.
Example 4. A spherical baloon of 21 cm diameter is to be filled up with hydrogen at NTP
from acylinder containing the gas at 20 atm and 27°C. If the cylinder can hold 2.82

litres of water, calculate the number of balloons that can be filled up.

Solution :
Initial condition Final condition
V, =282 vV, =7
T, =27°C =300 K T, =2713K
P, =20 am P, =1am
_ _ P,V, P,V,
Applying gas equation T, = T,
. 20x282 _ 1XV,
300 273

= v,= DX2BXIB o5 3041 = 51304 .

The volume of spherical balloon
_4_3_4 21)3 _
=gnrd=1 x3.14x(2) 4847 .
The capacity of the cylinder = 2.82 | =2820 ml.

The amount of gasto befilled into balloons = 51324 — 2820 = 48504 ml.

Vol. of gastransferred
Vol. of balloon

:@;10

4847

Example 5. If the density of agas at 27°C and 1 atmospheric pressureis 1.5 gms/ litre, find
the density at 127°C and 4 atm. pressure

L No of balloons=

Solution :

: : _ PV, P,V,
According to combined gas equation, T, T T,
V « % (at constant temp)

. P, _ P,

The equation may be expressed as T, d,T,

Pl =1 am P2 =4 am

d, = 1.5 gmg/lit d =7

1

T,=27+273=300K T, =127 + 273 = 400 K
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From the above equation

_ Pd, T, 4x1.5x 300 =45 ng/llt

d,= BT, =  1x400

Example 6. The pressure of a given mass of gas becomes half the original pressure and
simultaneously the volume becomes four times the original volume. What should

have happened to the temperature ?

Solution :
Let the initial pressure and volume be P, & V, respectively.

, P

Fina pressure P, = 71

Fina volumeV,= 4V,

PlVl I:)2\/2
We know T, = T,
Py
- PV, _ 2 X1 2pv,
Tl TZ TZ

= T,=2T,

i.e. the temperature is doubled.

IDEAL GAS EQUATION
Ideal gas equation can be derived on the basis of Boyl€e's law, Charle's law and Avogadro's
law. The equation gives the general relationship between pressure, volume, temperature and

no. of moles of the gas.

According to Boyle's Law :

V o % when temp 'T' and no. of moles 'n' are kept constant.

According to Charle's Law :
V o« T when pressure 'P and no. of moles 'n' are kept constant.

According to Avogadro's Law :
V oc n when press. ‘P and Temp. 'T' are kept constant.

[Equal volumes of al gases under similar conditions of temperature and pressure

contain equal no. of molecules]

Combining all the three laws,

Voch%XT

or, V = const x nTDT

o, PV = nRT — Ideal gas equation.

where R is a constant known as Universal gas constant.
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If W — Mass of the gas

M — Molecular mass

_ W
n=m
Then, PV:nRTz%RT
v = WRT _ d

or py = p RT (where d = density of gas = %)

SIGNIFICANCE OF R
The ideal gas equation is PV = nRT

_ PxV
S0, R = nxT

Press. xVolume
No. of moles x Abs. temp.

(Force/ Area) xVolume
No. of moles x Abs. temp.

7@';2;’%2 x (Length)®

No. of moles x Abs. temp.

(Force x Length)
No. of moles x Abs. temp.

Work
No. of moles x Abs. temp.

Thus, 'R' may be represented in the units of work per mole per degree.

NUMERICAL VALUE OF 'R
(i) In litre - atmosphere / cm3®— atm/lit — mm

When Pressure is in atmosphere and volume is in litres, 'R' is represented in
litre atmosphere

For 1 mole of gas at NTP, we have

P=1am, T =273 K
V = 224 litres

_ PxV _ 1x224 _ : .
R= %7 = 1x273 = 0.0821 lit. atm deg™ mole™.

R = 82.1 cm®. atm K mole? (When 'P isin atm. and 'V' is in cm?®)

= 62.39 litre. mm K= mole™® (When 'P isin mm and V isin litre.)
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(i) In ergs/ calorie :

When Pressure is expressed in dynes per square centimetre and volume
in cubic centimetre, 'R’ is represented in terms of ergs/Joules /Calories.

For 1 mole of gas at STP
P=1am =76 x 13.6 x 981 dynes/cn?
V = 22.4 litres = 22,400 cm?®

T=273K
R= PxV _ 76 x 13.6 x 981 x 22,400
T onxT T 1x273

= 8.31 x 10" ergs K* mole™
Since 1 Joule =107 ergs
R = 8.31 Joules K mol—* (Sl Unit)
Again we know, 1 calorie = 4.182 x 10’ ergs

_ 8.314x10’

= 4182 x 10" - 1.99 Ca K* mol?

So, R

(iii) (Sl Unit of Work) R in Joule
Pressure is expressed in pascals or Nm=and volume in m?
For 1 mole of gas at STP

P=1am=1.013 x 10°pa = 1.013 x 10° Nn1?
V =224 litre = 224 x 103 m?

T =273 K
r= PV _ 1013x 10° x Nm™? x 22.4x 107 (m®)
nT 1x 273

= 8.31 Nm K1 mol* = 8.31 pa m® K* mole?
= 8.31 K Pa Dm?® K mole™
= 8.31 Joule K* mole™* (©® INm = 1))

NUMERICAL PROBLEMS

Example 1. Calculate the volume occupied by 7 gms of N, at 27°C and 750 mm Hg.
Solution :

Given W = 7 gms, T = 300K, P= 220 atm , M = 28
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_ _ W _ 7
PV = nRT = M RT = 8 x 0.82 x 300

750 _ 7x0.082 x 300
= 760 XV = 28

_ 760x7x0.082x300 _
V = 750 % 28 = 6.239 ltres.

Example 2. Calculate the the weight of methane in a 9 litre cylinder at 16 atm and 27°C
(R =0.081 am.K™)

Solution :

Given P =16 atm
V = 9 litres

T =273+ 27 =300 K
M=12+4=16

Weknow PV =nRT = y) RT
Substituting the values,

16x9=1—V\6( x 0.08 x 300

_ 16x9x16 _
= W= %08x300 ~269ms
Example 3. Caculate the temperature at which 28 gms of N, occupies a volume of 10 litres
at 2.46 atm.
Solution :

Given W = 28 gms
V = 10 litres
P =246 am
M =28

The ideal gas equation is

— - W

PV = nRT = M RT

Substituting the values,

246 x 10 = %g X 0.082 X T

246x 10 _
0.082 = 299.64 K.

Example 4. O, is present in one litre flask at a pressure of 7.6 x 10°° mm of Hg. Calculate
the no. of O, molecules at O°C

Solution :

= T=

-10
Given P=76x 10°mm = £6X107 4

760
V =1 litre,
T=273K
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The ideal gas equation is PV = nRT
Substituting the values,

-10
% x 1 =nx 0.0821 x 273

— 7.6 X 10_10 — 14
= N= 255y 00821x 273 - 446 x 107 moles.

1 mole of O, contains Avogadro no. (6.02 x 10%) of molecules
4.46 x 107 moles contain 4.46 x 10*x 6.02 x 10®
= 2.68 x 10 no. of molecules.

Example 5.  Calculate the density of CO, at 100°C and 800 mm Hg pressure.

Solution :

; — 800
Given P= 760 am.

T =273+ 100 =373 K
The ideal gas equation is PV = nRT

- W
or, PV —MRT

- W
or, P ‘MxVRT

_d w _ maessof CO, _ .
or, P =M RT(IV— ~volume = density )

Substituting the values

80 = 0 x 0082x 373 (1 mol massof CO, = 12 + 32 = 44)

_  800x44 _ .
= 4= Zg0x0082x373 ~ 01244

DALTON'S LAW OF PARTIAL PRESSURE

The behaviour of a mixture of gases that do not react chemicaly with each other is
frequently of interest. A law dealing with such behaviour was stated by John Dalton in 1801.

Satement :

The total pressure of the mixture of gases that do not react chemically with each other
is equal to the sum of partial pressures of al the gases present.

If the total pressure be P, and partial pressures of gases present be p, P €tc.
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Partial Pressure:
It is defined as the pressure which each gas would exert if it is separately confined in
the whole volume occupied by the mixture of gases
Partial Pressure = mole fraction x Total Pressure.
Mathematical deduction :
L et there be two chemically non- reacting gases A and B. Let us suppose that n, moles
of gas A are mixed with n; moles of gas B.
Total no. of moles in the reaction mixture = (n,+n)
The ratio of no. of moles of A to the total no. of moles present is known as the
molefraction of 'A'. It is represented by X, .

n
Thus, XA = (nA+AnB)

n
Similarly, mole fraction of 'B' , X = (nA+BnB)

Let P, ., bethe total pressure exerted by the mixture and pa, B be partial pressures of
A and B respectively.

Partial pressure of gas 'A' will be its mole fraction times the total pressure .
- _ _ M
8. Py = X, Proa = (Ma+ Ng) X Pro

Similarly, partial pressure of gas 'B' will be its molefraction times the total pressure

. Na
€. Py = Xg Prya = (Ma+ Ng) X Proa

- Na Mg
Thus P +Pp = (Na+ Ng) Prow * (Na+ Ng) Proa

Na Ng
= Proa | (Na+ Ng) + (Na+ nB)]

Na+ N
Total [ Ny+ Ng ]

=P

Total

So, if a mixture contains 1 mole of A and 4 moles of B, then total no. of moles is
(1 +4) = 5. The mole fraction of A = % and that of B = % . The Partial pressure of ‘A’

IS % th of total Pressure whereas that of B is % th of total pressure.

APPLICATIONS OF DALTON'S LAW
1. Determination of Total Pressure :

The law is used to determine the total pressure exerted by amixture of chemically
non- reacting gases. The total pressure is the sum of partial pressures of individual gases.
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2. Determination of Pressure of dry gas:
When a gas is collected over water it is associated with some water vapour
since at all temperatures there is a conversion of water into its vapour. So the pressure,
we measure of amoist gas is the sum of the partial pressure of dry gas and the pressure

of water vapour at that temperature.

ThUS, Pmoist gas = Pd"y gas + Pwater vapour
The partial pressure of water vapour is known as " Aqueous Tension™ .
0, I:)moist gas = Pdry gas + Aqueous Tension
o, P,_ =P —AqueousTension
ry gas moist gas

So, by knowing the agueous tension at that particular temperature, the pressure

of dry gas can be found out.

NUMERICAL PROBLEMS
O, is collected over water at 28°C. The pressure inside the gas is 745 mm of

Example 1.
Hg. What is the pressure due to O, alone if vapour pressure of H,0O is 15 mm at
28°C ?
Solution :
Pdist 0, =745mm, By o =15mm
or, Prois Oy — PoE PHZO

o, 745= Py, +15
or, Py, =745 —15 = 730 mm.

Example 2. A container of 2.461 litre at 27°C has a mixture of 0.3 moles of N, 0.5 moles
of He and 6.2 moles of O,. What will be the partial pressure of gases ?

Solution :
Given V = 2461 litres, T = 273 + 27 = 300 K

No. of moles of N, = 0.3
No. of moles of He = 0.5
No. of moles of O, = 6.2
Total No. of moles=03+05+62=7
Apply the equation PV = nRT
NRT _ 7x0.082x300 _ 70.06 atm.

P="v = 2.461
We know that partial press. = molefraction x Total Press.
molefraction of N, = 073
molefraction of He = %’
molefraction of O, = 672
03 4 70.06 = 3.003 atm.

partial press of N, =

o
\“'m\l‘

partial press. of He = X 70.06 = 5.004 atm.
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partial press. of O, = &2 x 70.06 = 62.053 am.

Example 3. 300 ml of nitrogen at a pressure of 740 mm and 350 ml of oxygen at a pressure
of 600 mm are put together in a one litre flask. If the temp. is kept constant what
will be the total pressure ?

Solution :
(i) Calculate Partial pressure of N, as follows :
V., = \Vol. of Nitrogen = 300 ml
P, = Press. of Nitrogen = 740 mm
Vv, =1litre = 1000 ml
P =7

2

Apply PV, =PV, (e temp. is kept constant )
740 x 300 = P, x 1000

_ 740x300 _
‘. P2 = 1000 - 222 mm.

.. Partial pressure of N, i.e. PN, = 222 mm.
(if) Calculate Partial pressure of O,

vV, =350ml
P, =600ml
vV, =1000ml
P =

2

Applying PV, =PV,
600 x 350 = P, x 1000

— 600x350 _
~ P,= 000 = 210 mm.

i.e. Partial pressure of O,, Po, = 210 mm.
.. Total pressure = Pn, + Po, = 222 mm. + 210 mm = 432 mm.

Example 4. Two gases A and B having molecular mass 60 and 45 respectively are enclosed
in avessal. The weight of A is 0.50gms and that of B is 0.2gms. The total pressure
of mixture is 750 mm. Calculate the partial pressure of each gas.

Solution :
Given wt of A = 0.50 gms
molecular mass of A = 60

_ 05
No. of moles of A = 60
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wt. of B = 0.2 gms

mol. mass of B = 45

No. of moles of B = %
Total Pressure = 750 mm.

N

Total no. of moles = (%’ + %)

_05/60
05,02
60 " 45

Applying the formula Partial pressure = Total pressure x molefraction

Partial pressure of A =

Partial pressure of A = 750 x %/802 = 489.23 mm
60 45

Partial pressure of B = 750 — 489.23 = 260.77 mm.

Example 5. A mixture of gases in a gas cylinder at 760 mm pressure contains 70% nitrogen,
20% oxygen and 10% CO, by volume. What is the partial pressure of each gasin
mm. ?

Solution :
Combining Dalton's law and Avogadro's law we may conclude that

Partial Pressure
Total Pressure x 100

i.e. volume fraction will correspond to mole fraction.
Total Pressx % of each gas
100

Partial pressure of N, = 7680%70 = 532 mm

Partial pressure of O, 7680)620 = 152 mm

Partial pressure of CO, = % =76 mm

DIFFUSION OF GASES

Gases possess the property of diffusion ie. they can intermix with each other irrespective
of their densities. Thisis due to the fact that there are intermolecular spaces or voids between
the molecules and the molecules of a gas are always in a state of constant rapid motion. The
molecules of a gas can be easily accomodated within the spaces between the molecules of
other gas. For example,

(i) Inaclosed room if abottle of conc. NH,OH is opened at one corner, the smell of NH,
can be perceived at the other end.

(i) If ajar full of air isinverted over ajar of bromine gas, it is observed that bromine gas
rises up, mixes with air forming a homogeneous mixture. This is revealed from the
colour (i.e. reddish brown). Bromine is a heavier gas. Yet it rises up against the forces
of gravity. This is possible only due to random perpetual motion of gas molecules.

This property, by virtue of which gases can intermix with each other forming
a homogeneous mixture irrespective of gravitational force is known as diffusion.

% of each gas =

So, Partial pressure =



GASEOUS STATE 257
GRAHAM'S LAW OF DIFFUSION

In 1869, Thomas Graham studied the effect of rates of diffusion of gaseson their densities
and expressed his experimental findingsin the form of alaw known as Graham's Law.

Satement : Under similar conditions of temperature and pressure, the rates of diffusion of
gases are inversely proportional to the square root of their densities.

Mathematically it can be represented as follows :
Let us take two gases with rates of diffusion r, and r, and densities d, and d,.
According to Graham's law
1 1

rlmﬁ,rzoc\/df

2
So, Mi_ /diz (at same temp. and pressure)
rZ d 1

Again we know that molecular mass is twice the vapour density. Therefore, the above
expression may be written as :

h_ /%: /% where M, and M, are the molecular masses
"2 ! ! of gases having densities d, and d, respectively.
Another statement of the Law :

From the above expression the law may also be stated as :

" The rates of diffusion of gases are inversely proportional to the square root
of their molecular masses.”

Again the rate of diffusion is the volume of gas that diffuses in unit time.

. ee ., _ Vol of gas diffused 'v'
le. Rate of diffusion 'r' = Time taken for diffusion 't'

If V cc of two gases take t, and t, seconds respectively to diffuse then
v _ Vv
t, andr, = t,

r =

rn_ Vit t,

0, LT,
i.e. Rate of diffusion of gasisinversely related to time of diffusion. If different
volumes of two gases diffuse in the same time, the relationship between volume and density

of the gas can be derived.
Let V, & V, be the volumes of two different gases that diffuse in the same time
I.e't" secs.

Then r, = Rate of diffusion of 1st gas = Tl
V2

r, = Rate of diffusion of 2nd gas = 2
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b

Vit V, ¢V v, [d
I A S IO T a_ Vi [F2
and Ty T g Ny, T TS T T

Thusthe volumesof gasesthat diffusein the same period of timeareinversely proportional
to the square root of their densities under similar conditions of temperature and pressure.
From the above discussion we may write

h_

Vi :72
r, V, d,

So, we may conclude that a gas with lower molecular mass will diffuse faster than that
with higher molecular mass.

Applications of Gaseous Diffusion :

1. When there are two gases having different rates of diffusion it can be applied to separate
these two gases.

2. A gas detector, which works on the principle of diffusion, can be used in mines for
detecting the presence of poisonous gases.

3. Law of diffusion helps usin calculating the molecular mass of gases and their relative
densities.
The effect of poisonous or foul gases can be diluted by diffusion into the air.
The homogeneity of atmospheric air is maintained due to diffusion of its constituent
gases.

Effusion : When a gas under pressure is allowed to pass
through a small orifice into a region of low
pressure, the process is called Effusion. So
effusion is a special case of diffusion.

Graham'slaw also holdsgood in case of Effusion. The law may be stated as" Therelative
rates of effusion of different gasesarein theinverseratio of square root of their densities.”

NUMERICAL PROBLEMS

Example 1. 150 ml of a certain gas diffuse in the same time as 125 ml of Chlorine under the
same condition. Calculate the molecular mass of the gas.

Solution : Given
Volume of gas (V,) = 150 ml
Volume of Chlorine (V,) = 125 ml
Molecular mass of chloringM, = 71
Molecular mass of the gas,M, =7

By Graham's law, V d
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Substituting the values we have

150_ [71
125~ M,

N 71 _ 150x 150
M, 125 x 125

_ 71x125x125 _
1 - 150x 150 49.30

= M
Example 2. 130 volumes of Hydrogen take 25 minutes to diffuse out of a vessel. How long
will 100 volumes of Oxygen take to diffuse out from the same vessal under the

same condition ?

Solution :
— e - 130
r, = Rate of diffusion of H, = o5
r,= Rate of diffusion of 0,= 1%
Mol. wt of H, = 2
Mol. wt of O, = 32
. no_ M
By Graham's law, R, - M,
10, t _ [32 _ =
or, 5 X 10 \/; J16 = 4
13t _
o, 50 =4
250x 4

or, t= 13 - 76.92 minutes

Example 3. Calculate the molecular mass of the gas X which diffuses twice as fast as another
gasY, which in turn diffuses thrice as fast as another gas Z. Given, molecular mass
of the gas Z is 144.

Solution :
Let the rate of diffusion of gas Z(r,) be 1.
So rate of diffusion of gas 'Y (ry) be 3
and that of gas x (r,) be 6
: 'y _ Mz 144
According to Graham's law r, My = My
3 _ [144
or, 1 My
3x3_144
= 1x1 y
- M = 2 -6
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. 'y _ My
Again Iy My
3 _ My
or, 6 M y
Mx _3x3
or, 16 6

¥ =

X 6
16x3x3 _
6 =4

or, M 6

Example4. Theratesof diffusion of an unknown gasand chlorineareintheratio of 6:5. Assuming
the density of chlorineto be 36, calculate the molecular wt of unknown gas.

Solution : According to Graham's law

:z = \/g when r, — rate of diffusion of unknown gas,

r, — rate of diffusion of chlorine,
d, = density of unknown gas,
d, > density of chlorine.

6 _ |36
5 d,
36 _ 36
= 25 " d,
= d =25

Molecular mass=2 xV.D =2 x 25 =50

Example 5. The relative ratio of diffusion of two gases A & B are found to be 0.3 and 0.2
respectively. If the density of ‘A’ is 4, find the relative density of B.

Solution : According to Graham's law
no_ |9
r,  \da
03 _ |G
027 V4
ds _9
or 7= 4
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Example 6. 180 ml of a hydrocarbon diffuses through a porous membrane in 15 minutes,
while 120 ml of SO, under identical condition diffuse in 20 minutes. What is the
molecular wt of hydrocarbon ?

Solution :
Volume of hydrocarbon diffuse = 180 ml
Time taken for diffusion = 15 minutes
. . _ 180
- Rate of diffusion (r) = 15

Similarly rate of diffusion of SO, (r,) = 120

Molecular mass of hydrocarbon (Ml) =7
Molecular mass of SO, (M,) = 64

r M
From Graham's lavw X = |2
r M,

Substituti ng the values
64
120 /
180 , 20 _
or 15 © 120 |\/|1

or ,\%=2
64 _
or M, - 4

or M1:&=16

i.e. Molecular wt of hydrocarbon is 16.

Example 7. A straight glass tube has two inlets X and Y at the two ends.The length of the
tube is 200 cm. HCI gas through the inlet tube X and NH, gas through the inlet
tube Y are allowed to enter into the tube at the same time. White fumes appeared
at a point P. Find the distance of 'P from X.

Solution :

i P 1Y NH3

HCl
e

— y —> <——(200_X)——>

Let the distance of 'P from 'X' be x cm.
So, R~ (200 — x)
Time taken by HCI to move x cm. must be equal to time taken by NH, to move (200 — x) cm.
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Rate of diffusion of HCI distancePy  [Myy,

Rate of diffusion of NH,  distance Py -\ My

X - 17 _
200 — x 36.5 068

or, x =0.68 (200 —x)
or, x = 80 cm.

6.4 |[KINETIC THEORY OF GASES |

In al the three states of matter the molecules exhibit some sort of motion. In solid state

only vibratory motion, in liquid state both vibratory and rotatory and in gaseous state all the
three types, namely vibratory, rotatory and translatory motions are conspicuous. By virtue of
these different types of motion the molecules acquire some energy. Such energy is called
energy of motion or kinetic energy. Thus the theory that explains the behaviour of gases is
known as kinetic theory of gases.

Thistheory was putforth by Bernoulli in 1728 and later on developed by Clausius, Kronig,

Maxwell, Boltzmann and Waterson. The theory is applicableto perfect or an ideal gas.

6.4.1 |POSTULATES OF KINETIC THEORY OF GASES:

1.
2.

3.

10.

Every gas consists of minute particles called molecules. The molecules have free existence.

The molecules of a gas are similar in shape, size and mass, but they are very much

different from those of the other gases.

The actual volume occupied by the moleculesis negligible compared to the total volume

of the gas.

The molecules of a gas are always in a state of constant, rapid, zig-zag motion in all

possible directions with different velocities. They travel in straight lines. The direction

of motion is changed either on collision with other molecules or with the walls of the

containing vessel.

The period during which the collision occurs is negligible compared to the time taken

to traverse the distance between two successive collisions.

The molecules are supposed to be spherical in shape and perfectly elastic. Asaresult no

energy islost during their collisions with one another or with the walls of the containing

vessel.

Unequa bombardments of molecules on the walls of the container give rise to pressure

of the gas. The pressure is the average force per unit area which the molecules exert

during their impacts on the walls per unit time. More the number of collisions, more will

be the pressure.

At relatively low pressure the average distance between the moleculesislarge compared

to molecular diametre. The forces of attraction between the molecules are therefore

negligible. The molecules can then be considered as point masses.

The gravitational force on the molecules is negligible.

The average kinetic energy of gas moleculesis a direct measure of absolute temperature.
i.e. Average K.E o« Absolute temperature.
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Basing on the above postulates of Kinetic theory of gases it is possible to derive an
expression for the pressure of an ideal gas which is known as " Kinetic gas equation” .
6.4.2 [DERIVATION OF KINETIC GAS EQUATION

Consider acertain quantity of ideal gasto be enclosed in acubica vesss ABCDEFGH.

G
lcm A N
v N
A s B §
Y C Q
mc, N
Oo——=R
N
N Face
lem L o -mc, N BGFC
v <—0—R
E z —F— =X N
’ N
// e \
e c N
lem————y
O

z Fig. 6.7 Transfer of momentum
Fig. 6.6 Cubical vessel and resolution of molecular velocity to the wall of the vessel

Let us suppose :-

| cm — Length of each side of the cube.
n — Number of molecules present.
m — Mass of each molecule.

Consider a molecule moving with a velocity 'C' cm/sec. This velocity vector can be
resolved into three components C , C and C, along three axes X, y and z respectively. These
components are at right angles to each other and paralel to three sides of the cube. The
components will be related to velocity 'C' by the relation.

C?=C2 +C2 +C% (1)

Consider the motion of the molecule along X-axis striking the face BGFC. I1ts momentum
will be m.C_(mass X velocity). As the molecule is perfectly elastic, on striking the wall it will
rebound with same velocity but opposite sign. Principle of conservation of momentum is
assumed to hold good.

Thus the momentum of the molecule after striking thewall in oppositedirection =—mc_
Change in momentum for one impact
= mC, - (-mC) = 2mC,

After striking the face BGFC the molecule moves 'I' cm towards left and then 'I' cm

towards right to strike the same face again. In other words the molecule has to traverse a
distance of 2| cm for each successive collision on the same face.

Since C s the velocity of the molecule aong X-axis, the time taken to traverse a

distance of 2| cm = % Secs.
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2l

So the time taken by a molecule for one collision is Cy Secs.
and the no. of impacts per sec on the same face = %
For one impact the change of momentum = 2 mC .
2
Cy mCy

So for X impacts the change of momentum =2 mC, x S = |

The cube has two opposite faces on the X-axis. Hence the total change in

momentum per second due to impact of molecules on the two opposite faces of the cube along

2
X-axis = 2mCx

Similarly the total change in momentum per second on the two opposite faces

y 2mC3

along Y-axis and Z-axis are ZmFV and respectively.

Thus the total change of momentum of a molecule on all the six faces of a cube
2mCy . 2mCy  2mC}

per second = i : i
= MM (cz+cz+ )
- ZlL‘CZ ©C = C+C4C) @
If there are 'n" molecules having velocitiesC , C,, C, ......ccocoueee, C,, thetotal
change in momentum per second due to 'n' molecules
sz (CP+C2+ i, C?)

(multiplying both numerator and denominator by n)

2 2 2 =2
But (C; +C, +eetCl) s mean square velocity and let it be represented by
n
Thus the total change in momentum per second due to 'n' number of molecules =2”|‘_”CZ ......... (4)

Again according to Newton's second law, the change in momentum per second or the

rate of change of momentum is the Force.

'force:zr’rl"_nCZ ......................... (5) zmnczx 1 - mnczz mn(_:Z
Force _ | 6° 3° Vv
Area

(| The area of six faces of cubical vessel = 612)

Thus [PV = % mre’| , where & = Root mean square velocity ............. (6)

This equation (6) is called the kinetic gas equation. The equation isvalid for a vessel

Gas pressure 'P' =

of any shape since such vessels may be considered to be made up of alarge number of small

cubes.
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RELATIONSHIP BETWEEN AVERAGE KINETIC ENERGY AND
ABSOLUTE TEMPERATURE

The kinetic gas equation is

_ 1 =2
PV—3mnc

where, P — Pressure of the gas
V — Volume occupied by the gas

m — Mass of each molecule
n — Number of molecules present

C — Root mean square velocity (RMS velocity)
Suppose one mole of gas is under consideration.
One mole of gas contains Avogadro number i.e. 'N' number of molecules.

Hence , PV = % mN C?
Comparing this equation with ideal gas equation

PV = RT, we have

1 _

3 mN = RT

2 ., 1 C2 =
or, 3 X3 mNC™ = RT
o, 3 mNC®= 3 RT

T

or, Kinetic energy % RT
(e % mN C” = K.E of one mole of idedl gas)

Kinetic energy per molecule = % % T

or Average Kinetic Energy = % KT| i @)

Boltzmann Constant

A
I

where |

- % = % = 1.38 x 10-2 J deg’. mole™®.
6.02 x 10

or Average K.E oc T
Thus, Average Kinetic Energy of every gas is directly proportional to the absolute

temperature.

From equation (7) it is evident that average kinetic energy of all gases is the same at

the same temperatures. From equation (7) we can write

2 Av.KE
3 K

It follows that at absolute zero, the Kinetic energy is zero i.e. the molecules cease to

T=

move at absolute zero of temperature.
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6.4.4 | EXPLANATION OF GASLAWSINTHELIGHT OFKINETICMOLECULAR THEORY

1. Boyl€e's law :

According to Kinetic molecular theory, the pressure of a gas is due to the collision of
gas molecules on the walls of the containing vessel. The total force exerted by the molecules
on the walls per unit area gives the pressure of the gas.

At constant temperature there is a definite no. of collisions made by the gas molecules
on the walls of the containing vessel. If the volume of the container is increased the no. of
collisions decrease since the molecules get more space for movement. So the pressure exerted
by the gas decreases. On the other hand when the volume decreases the no. of collisions made
on the walls increases and therefore pressure increases. Thus, keeping temperature constant the
pressure and volume become inversely related. This is what is Boyl€e's law.

2. Charle's law :

According to Kinetic molecular theory the average kinetic energy is a direct measure
of absolute temperature. So when temperature increases, the molecules gain kinetic energy. As
a result the molecular velocity increases and the molecules strike the walls harder. Thus the
pressure of the gas becomes more. So in order to keep the pressure constant, the volume has
to increase. In other words it can be concluded that with increase of temperature there will be
proportionate increase in volume if pressure is kept constant. Thisis how Charle's law can be
explained.

3. Avogadro's law :

Consider equal volumes of two gases at the same temperature and pressure. The pressure
of the gas depends upon two factors

(1) The no. of molecules present per unit volume.
(i)  Average kinetic energy
Since the temperature remains same, the average kinetic energy of two gases remains

constant. The two gases are also having the same pressure. This is possible if they possess
same no. of molecules. In otherwords it can be said that equal volumes of all gases at the same
temperature and pressure contain equal no. of molecules. Thisis how Avogadro's law can be
explained.
4. Dalton's law of Partial pressure :

According to Kinetic theory, the intermolecular forces of attraction are ailmost negligible
in case of agas. So if amixture of chemically non-reacting gases is taken in a container, then
their molecules do not exert any force of attraction on each other. The pressure of each gas
(partial pressure) is due to hits recorded by its molecules on the walls of the container. Since
the total pressure is due to the total no. of collisions made by the molecules of al the gases
present we may conclude that the total pressure is the sum of the partial pressures. Thisis how
Dalton's law can be explained.
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6.4.5 |DEDUCTION OF GAS LAWS FROM KINETIC GAS EQUATION

1. BoylesLaw :

The Kinetic gas equation is
-1 =2_2 1 =2
PV = 3 mnC = 3 X5 mn C

267

According to Kinetic molecular theory the average kinetic energy remains constant

. — 2 .
at constant temperature i.e. at constant temperature KE, % mC Isconstant.

Further, if a definite mass of gas is considered, the no. of molecules 'n' will remain

—2
unchanged and hence % mnC is constant at constant temperature.
2 1

—2
So, 3 X5 mn C isaconstant at constant temperature.

o, [PV = Constant | (at constant temperature).

which is Boyl€'s law.
2. Charle'sLaw :

The Kinetic gas equation is

_ 1 =2 2 1 =?
Pv—3 mnC—3 x2mnC

1

But 5 mnE2 oc T

= % mnC - KT, where K = Proportionality constant
So, PV = & KT

or, \'I{ % % ....................... ()]

If pressure is kept constant, the R.H.S of above equation (8) in constant

= ¥ = Constant |at constant pressure, which is Charle's law.

3. Avogadro's law :
Let us consider two gases | and Il
For gas I, the kinetic gas equation is PV, = % mn, Ef
For gas |1, the kinetic gas equation is PV, = % mznZE:

If the two gases are at the same pressure and they occupy the same volume

i.e P, = P, and vV, =V,
Then, PV, = PV,
1 =2 _ 1 _2
= 3 mnC, =3 mn, C,
2 1 —=2_ 2 1 2
or, 3 X ?mlnlc1 = 3 X 5 mn, C,
1 =2 _ 1 =2
or, o mnC, =5 mn, Corrrneennn 9
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If both the gases are at same temperature, then mean K_.E. of both the gases are
same.
i __2 __2
i.e % mC, = % M, C, covrerrererenens (10)
From equation (9) and (10) we can write
n=n,

i.e. the no. of molecules of Gas | = No. of molecules of Gas Il
This is how Avogadro's law can be derived.

4. Dalton's law of Partial pressure :
Partial pressure of agasis defined as the pressure exerted by it when it occupies

the whole volume of the container at that temperature.
The kinetic gas equation is PV = % m_lj2
-2 1 =2
=3 X 5 mnC
2 1 =2_
3 E (.. 7mnC—K.E)

or Kinetic energy = % PV

If anumber of gases are under consideration then the total kinetic energy of the
gaseous mixture must be equal to the sum of kinetic energy of individual gases.

i.e. For a gaseous mixture —

(KE);ya = (KE), + (KE), + (KE), + oo
where (KE), , (KE), , (KE), arethe kinetic energies of individual gases 1, 2, 3..............
respectively.
o, 5 PV= 3 PV+3 PV+ 5 PV
WhereP,, P, P, ......... are the Partial pressures of gases 1, 2, 3......respectively.
o, 5 PV= SV (P +P+P )
o, |P=P +P,+P,...[ThisisDalton's law of partia pressure.

5. Graham's law of diffusion :
The kinetic gas equation is PV = % mEZ = % I\/EZ
where, M = mass of 'n' number of molecules

m = mass of individual molecule

2 _3PV_ 3P _3P - -
or, c’ = MV d Where d = Density of gas
or, g? o 5~ at constant pressure

T o ﬁ at constant pressure

But root mean square velocity ¢~ Mean velocity 'C'
. C « ﬁ at constant pressure ..................... (12)



GASEOUS STATE 269

Therate of diffusion of gas evidently depends upon the velocity of the molecules.

From equations (11) and (12), we have

r oc ﬁ which is Graham's law of diffusion.

6. Combined gas law (Gas equation) :
The kinetic gas equation isPV = % mnc?

L mnez o« T)

©)
N

or % = % K (aconstant) > Combined Gas law.

For 1 gm molecule of the ideal gas, this constant is denoted by R (Universal gas constant)

bV _
T—R
or, PV =RT

For 'n" moles of an ideal gas,

PV =nRT | —» Ideal gas eguation.

6.4.6 [MOLECULAR VELOCITIESAND THEIR CALCULATION

There are three types of molecular velocities.

(i) Most Probable Velocity (C) :

The velocity possessed by the maximum fraction of molecules of agasat aparticular
temperature is known as most probable velocity (C,).

(ii) Average Velocity (C)) :

The arithmetic mean of different velocities of molecules present in a given sample of
gas at a particular temperature represents the average velocity (C ).

Suppose there are 'n' number of molecules having velocitiesV , V.,V .......... V..

VAV AV AV,
n

The average velocity , C_=
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(iif) Root mean square Velocity (C_or ¢) :

The square root of the mean value of the square of velocities of the moleculesin agiven
sample of gas at a particular temperature represents the root mean square velocity or RMS velocity.

V_ aretheindividua molecular velocities.
Calculation of RM S Velocity :

The Kinetic gas equation is

PV = %mnc’:2
~2 — 3PV

o, C*= =

o, C= 3PV

mn
If we consider one mole of the gas, the number of molecules involved will be N (ie
Avogadro's number)

So, for 1 mole of thegasn =N

and mN = M = Molecular mass of the gas

C = \/3PV::\/3RT:\/ 3P _ [3p
M M M/V \ D

where D —»  Density of the gas.

From detailed calculation, |C = 8RT [and [C = /2RT
a M P M
Relationship between various types of velocities :

Average velocity (C) = 0.9213 x RMS velocity (C, or C)
Most probable velocity (Cp) =0.8164 x RMS velocity

From the above relation, the ratio of three kinds of velocities
Cp . C,: C =1:1128:1.224

NUMERICAL PROBLEMS

Examplel. Caculate the average velocity of oxygen molecule at 27°C
Solution :  Weknow C = \/%E
_ \/3x 8.3143)(2107x 300 (o T=27+273=300K
and M = 32 for Oxygen )
= 4.835 x 10* cm/sec.
Average Vel ocity

= (0.9213 x 4.835 x 10%) cm/sec
= 44544.8 cm sec.
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Example2. Calculate the average velocity of hydrogen at NTP.

: ) = _ |3RT
Solution : C =M

7
= \/ 3x83UXIOX2T3 = 15,45 x 10* cmvsec.

0.9213 x 18.45 x 10* = 169979.85 cm/sec.

Average velocity
Example3. Calculatethe RMS velocity of nitrogen at 30°c and 75cm pressure.

Solution :
Given condition a NTP
P1:75 cm P2 =76 cm
=7 Vv, =22,400 ml
T,=30+273=303K T, =2713K
PV PoV
We know that % = %
1 2
P>,V-,T
_ T2V2'1 _76x22400x 303 _
= V, = 7,;11-2 = 75 % 973 = 25193.02 ml
RMSvelocity © _ 3|\|7|V — [3x75x13.6 ng81 X 25193.02
= 51978.64 cm/sec.

[@ P=75cm=(75x 13.6 x 981) dynes/ cm?]
Example4. At what temperature will the RMS velocity of hydrogen be the same as that of
oxygen at 30°C ?

Solution :
L et the RMS velocities of hydrogen and oxygenbe ¢, & ¢, respectively

_ R _ 3R
1 Ml ! C2_ M2

c

When ¢ - G
3RT, _ [3RT,
L _ T

M, = molecular mass of hydrogen = 2
M., = molecular mass of oxygen = 32
T, =7

T,=30 .+ 273 = 303 K
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T1 303
0, 2 32

_303x2 _
or Tl =5 =18.93 K.
=18.93-273 =—-254.07°C.

Example5.

The density of H, at 0°C and 760 mm pressure is 0.00009 gms/ml. Find the RMS
velocity of H, molecule.
Solution :
We know that

3P, P=760 mm =76 cm (76 x 13.6 x 981) dyne/cm?

\/76x 136X 981X3 — 183100 cm/sec.
BEHAVIOUR OF REAL GASES

What is an ideal gas ?

A perfect or an ideal gasis one which obeysthe gaslawsi.e. Boyle'slaw, Charle'slaw etc
for all values of temperature and pressure. In other words. a gas that obeys the equation of state
PV = nRT is said to be an ideal gas since both the gas laws are contained in it . The chief
characteristics of an ideal gasare asfollows::

(i) If PV isplotted against 'P at constant temperature, astraight line is obtained which is parallel
to the pressure axis. This shows that the product of P and V at constant temperature for a
given mass of gasis constant.

(i) One mole of the gasat NTP occupies 22.4 litres.

(iii) The volume of a given mass of gas decreases uniformly with decrease in temperature at
constant pressure. At —273°C, the volume becomes zero.

DEVIATION OF REAL GASES

In actual practice no gasis 100 % ideal or perfect. Theword ideal is purely hypothetical.
Careful experiments have shown that the real gases obey the ideal gas equation only approximately,
particularly when the pressureislow and the temperatur eis high. The higher the pressure and
lower the temperature the more will be the deviation from ideal behaviour.

With aview to explaining the deviation of real gasesfrom idea behaviour, scientistslike
Regnault, Rayleigh, Amagat had studied the effect of change of pressure on PV of several gases
at 0°C.
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Deviation from gas laws :

(i) Deviation from Boyle'slaw |

T
PV
(in lit-atm)

ideal gas

P (in atm) —
Fig 6.8 Plot of PV against P

From the above graph it can be seen that for H, and He there is continuous rise of PV value
with increase of pressure. For N, and CO, , PV vaue gradually decreases, passes through a
minimum and then continuously rise withincrease in pressure. In otherwords for N, and CO, at low
pressure the PV value decreases from that of ideal gases, but at high pressure there will be marked
deviation from ideal behaviour.

The horizontal dotted lineisfor anideal gas. If the gases behave idedlly i.e. if Boyleslaw
is obeyed then the value of PV would remain constant over all ranges of pressure and the curves
for CO,, N,, etc. would be straight horizontal lines.

Thus PV — P plotsfor servera gases give us an indication about the deviation of real gases
from Boyl€'slaw i.e. from ideal behaviour.
(ii) Deviation from Charle'slaw :

According to Charlé'slaw the volume of a given mass of gas increases or decreases by 72%3
of itsvalue at constant pressure and at 0°C for each one degreerise or fall in temperature. In other
words the coefficient of increase or decrease in volume should be% for aimost all gases. But in
actual practice thisisafact only at low pressure. As the pressure increases there will be marked
deviation.

The deviation of real gasesfrom Charle's law was successfully explained by scientistslike
Amagat and others.

(iii) Deviation from Avogadro'slaw :

According to Avogadro's law the volume occupied by 1 mole of anided gas should be 22.4
litres. But in actua practiceit has been found that the volume occupied by 1 mole of different gases
is not exactly 22.4 litres but deviate from that.

TABLE 6.3
Gram molecular volume
Gas at NTP. (in litres)
1. H, 22.427
2. 0, 22.393
3. N, 22.401
4. NH, 22.084
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Effect of temperature on deviation from ideal behaviour :

The following figure depicts the PV-Pplots of N, at various temperature. It is quite evident
that with the increase of temperature the dip in the curves gradualy diminish and at high

T

PV
(in lit-atm)

P (in am) —
Fig6.9 PV - P Plot of N, at various temperature
temperature the curves almost become straight approaching the ideal behaviour. For N, at 50° the

curve becomes amost horizontal for an appreciable change of pressure. Thistemperatureis called
the Boyle Temperature for N.,..

From the above discussion we may come to a conclusion that the red gases behave idedly
only approximately that too under conditions of low pressure and high temperature.
It hasbeen found that easily liquefiable and highly solublegasesshow larger deviation. So, gases
like CO,, SO, and NH, show larger deviationsthanH., N, O, etc.
Compressibility factor (Z) and deviation
Compressibility factor (Z) isdefined as
PV PV PV,

2= (Pv)ideal - nRT ~ RT

whereV _isthemolar volumeievolume occupied by 1 moleof thegas= (—X—) .

: - . PV
Z =1, for anideal gasunder all conditionsof temperature and pressure (Since RT 1
So, PV =nRT whichisequation of statefor ‘' n" molesof anided gas)

Thedeviation of Z from unity isthusameasure of imperfection of the gasunder consideration.
Thus, compressibility factor successfully explainsthe deviation of real gasesfromided behaviour.
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Effect of change of Pressureon deviation

The compressibility factorsare determined for anumber of gasesover awiderangeof pressures
at aconstant temperaturei.e 0° C. A graph plotted between compressibility factorsand pressuresis
shown below (Fig. 6.10)

2.0

co
CHs
H
He NH3

7= PV 1.0 =
(PV) cea Chis deal gas

NH

0 200 400 600 800
P in atmosphere ———
(Fig: 6.10)
(i) At extremely low pressure* Z’ isvery closeto unity whichindicatesthat all gases behave
adomostidedly.

(i) At very high pressure‘ Z’ ismorethan unity which indicatesthat the gasesarelesscompress-
iblethan theideal gas. Thisisdueto dominance of molecular repulsiveforces,

(iii) At moderately low pressurethe gasesare more compressiblethan theideal gas. PV isless
thanPV,_, andZ < 1. Thisisdueto dominanceof long range attractiveforcesat low pressurewhich
favour compression.

Thevaueof ‘Z’ goeson decreasing withincreasein pressure, passesthrough theminimumand
then beginstoincreasewith further increasein pressure.

(iv) ForH,and He, Z> 1. These gasesare seen to be less compressiblethanideal gasat al
pressureand at 0°C . However, if the temperatureissufficiently low (i.e below —165°C for H, and
bel ow —240°C for He) then sametype of Z — P plotsare shown by both these gasesasfor other gases.

Ontheother hand, if thetemperatureissufficiently highthen other gasesshow Z—Pplotssmilar
tothosegivenby H, and He.
CAUSESFOR THE DEVIATION

A simple and logical explanation for these deviation was given by a Dutch scientist
vanderWaals. He pointed out two faulty assumptions of kinetic theory of gases.

1. The actual volume of the moleculeis negligible compared to the total volume of the gas.

vanderWaals, showed that this assumption is valid so long as the pressure is low and
temperature is high. However the assumption does not hold good at high pressure. When pressure
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istoo high, the volume of the gas decreases to an appreciable amount. But as the molecules are
treated asincompressible, the volume of the moleculeis not affected. And under such condition the
volume of the molecule cannot be neglected compared to the total volume of the gas. The samething
happens for lowering of temperature.

2. The intermolecular forces of attraction are almost negligible in case of gases.

Thisisanother faulty assumption of kinetic theory of gasesthat vanderWaals could point out.
According to vanderWaals, the above assumption holds good only at low pressure and high
temperature. If the pressure becomes sufficiently high the volume occupied by the given amount of
gas becomes low and as aresult a definite number of gas molecules will be confined within asmall
volume. Under such condition the molecules come closer to each other and hence the molecular
forces of attraction between them cannot be completely ignored.

At low temperature also the velocity of gas molecule decreases as a result of which each
molecule exerts appreciable attractive force on the other.

Thus vanderWaals gave satisfactory explanation for the deviation of real gases from
ideal behaviour.

6.4.7 |[EQUATION OF STATE FOR REAL GASES

To explain the behaviour of real gases a number of equations have been suggested by
various scientists. But the best one amongst all is the equation suggested by vanderWaals.

vanderWaals Equation of state:

vanderWaals deduced a modified equation of state for real gases by just introducing two
correction factors, one for volume and other for pressure into the ideal gas equation in order to
rectify the error for neglecting (i) the intermolecular forces of attraction (ii) individual molecular
volume,

(a) Volume Correction :
Consider the motion of the gas molecule 'A'" in a closed space CDEF having volume'V'.
F E

C D
<« I cm -

Fig : 6.11 Motion of a particle in a closed space
Let | cm — Length of side CD
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The molecule'A' moves dong astraight line parald to CD and striketheface ED at B. As
the molecule is perfectly eagtic it will come back to itsorigina position after striking the face. Now
the distance traversed by the moleculeisnot ‘21" but (2I-d) where'd' in the diameter of the molecule.

If the motion of all the particles present in the container is considered in asimilar way, we
will find that the actual volume available for the movement of molecules is less than the
origind volume.

According to kinetic molecular theory the molecules are nothing but point masses. They
occupy no volume and move in the free space equal to volume 'V' of the container. But at high
pressure the volume occupied by the molecul es becomes a considerable fraction of the total volume
occupied by the gas and hence can no longer be neglected. Under such condition the molecules are
assumed to have finite size. The space occupied by amolecule at agiven ingtant will not be available
to other molecules at the same instant for movement. Thus each molecule excludes certain volume
for the movement of other molecules.

Since molecules are considered to be noncompressible and spherical particles of radius'r'
(say) the closest approach of two molecules may be represented as given below in figure 6.12.

,k/ \‘% Excluded volume shown
{\ under dotted curve = % m (2r)3
!
\
\ /
\ 4
~
b PSR

Fig 6.12 Closest approach of two molecule

The upper molecule excludes a volume of %n (2r)%i.e. 8x %n r3 to the lower molecule
for movement. The lower molecule excludes a volume of 8 x 2713 to the upper molecule for
movement. The two molecules mutualy exclude 8 x %r: r3 volume for the movement of each other.
So the excluded volume for each molecule will be 4 x %n r3i.e 4 timesits molecular volume.

The excluded volume per mole of gas= 4N (%n r3) ='b' (vanderWaals' constant)

It can be concluded that the actual free space available for movement of the moleculesis
not V' but something lessthan 'V'. vander Waal suggested a correction factor ‘b’ for 1 mole of gas
where'b' is called the excluded volume or co-volume.
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.". |ded volume = Actud volume—b
= (V-b) per mole of gas
Thusintheidea gas equation we will write (V-b) in place of "V' for real gases.
(b) Pressure correction

Another faulty assumption in Kinetic theory of gasesis the absence of intermolecular force
of attraction. Forces of attraction between the molecules, however weak, are always present. This
is much pronounced particularly when the pressure is made high or volume small i.e. when the
molecules are brought closer to each other.

Fig 6.13 Pressure correction

Consider amolecule'A' lying somewhere inside the vessel. The net force of attraction on
thismoleculeis zero. Thisis because this molecule is uniformly attracted from al sides by the other
molecul es present in the neighbourhood. As aresult the forces of attraction on this molecule mutually
neutralise each other.

However, the molecule ‘B’ which is about to strike the wall of the vessel is subjected to an
inward pull from the bulk of the molecules. Hence the molecule strikes the wall with alow velocity
and will exert alow pressure. The observed pressureis thus less than the ided pressure. 1t becomes
necessary, therefore, to add a certain quantity to the observed pressure'P of the gasinorder to get
theideal pressure. vander Waal introduced a correction factor 'p' for pressure.

Thus, the corrected presssure = (P + p)

i.e. Ideal Pressure = observed pressure + pressure correction factor
=(P+p)
Now two things are to be noted :

()  Theinward pull which molecule 'B' experiences depends upon the number of molecules per
unit volumeie. directly upon density of the gas.
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(i)  Thenumber of molecles which are about to strike the wall also depends upon the density of
the gas.
Thus the correction factor for pressure'p' which is adirect consequence of the inward pull
is proportional to the square of density of the gas.

i.e. pocd?
1 .
or, poc s (@ density = Vg?ﬁe)
a
or, p= \/2
where, a=  constant depending upon the nature of the

gas — It is known as vander Waal constant.
Hence, Ideal pressure = (P+V%

Incorporating necessary corrections for volume and pressure in the ideal gas equation
we get

(p+\% (V-b) =RT | ..., (D)

ThisisvanderWaals' equation of state for 1 mole of real gas.
van derWaals Equation of state for 'n' moles of real gas:

If 'n" moles of gas occupy the volume 'V, the free space available for their movement
will be (V-nb), where nb — excluded volume.

Again, p oc nc?

2
n
or, oc L
P2
anZ
or, =7
p= "\

Thus, van der Waals' equation of state for 'n' moles of the gas will be

(P+?;22) (V —nb) =nRT |............ (2

van der Waals' Constant

() Theconstant ' isrelated to the intermolecular attractive forces. More the value of 'd, more
isthe strength of molecular interaction. If for a gas the value of 'a is more, then the gas can
liquify easily. Thisisdue to greater attractive force operating between the molecules.

2
We know that p (pressure correction) = i/%
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pxVv?  Pressurex (volume)?
= a7 (no. of moles)?

Thus, the unit of 'a'is am lit?> nole?

(i)  Thecongtant 'b' isrelated to size of the molecule. Larger the Size of the molecule larger isthe
valueof 'b'.

'b' isincompressible or excluded volume per mole of the gas. Therefore, it has same unit
asvolumei.e. lit. mole™

EXPLANATION OF REAL GAS BEHAVIOUR ON THE BASIS OF VAN DER WAALS
EQUATION

The deviation of real gases from ideal gas behaviour at various ranges of temperature and
pressure can be explained on the basis of van der Waals' equation.

(i) At low pressure:

The vanderWaals equation for 1 mole of real gasis
(P+2) (V-b) =RT

When pressureis low, volume is sufficiently large. Then the term 'b' can be neglected as
compared to 'V' in the above expression. Thus, we have

(P+,2)V =RT

o, PV+g=RT

V
o, PV=RT— s (3)
i.e. PV islessthan RT by an amount % . Inthe fig.1.8 from the graph it is found that actually

at low pressure PV is having alower value than 'RT". As pressure increases volume will decrease,

S0 % will increase. Thus PV value will become less and less with increase of pressure. The dip

in the curve for N, and CO, can thus be explained.
(if) At high pressure:
When the pressure is made high, the volume is small. Under such condition 'b' cannot be

neglected compared to V. However, % is neglected compared to pressure P. Hence equation of
state can be written as: P(V-b) = RT

— PV=RT+PO.ccoevveennnnn.. (4)

i.ethevaue of PV isgreater than RT by an amount 'Pb'. Now it can be realised why after reaching
aminimathe PV value continuoudy increases with increase in pressure.
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(iii) At high temperature:

When the temperature is high, the voume V' islarge. Thus both the terms jaz and'b’' can
be neglected. Under such condition PV = RT i.e. the gases behave idedlly.
(iv) Exceptional behaviour of hydrogen and helium :

The mass of the molecules of such gases have small values. Consequently the forces of
attraction between the molecules are negligible.

The correction factor V% IS thus neglected. The equation reduces to the form.

PV =RT + Pb

This explains why the value of PV will continuoudy rise with increase of pressurein case

of these two gases.

6.4.8 IMAXWELL'SLAW OF DISTRIBUTION OF MOLECULAR VELOCITIES

1. Random movement of gas molecules :

In agas assembly the molecules are dways in a state of congtant rapid motionin al possible
directions with different molecular velocities. During their motion they collide amongst
themselves and with the walls of the container. As aresult, their direction of motion is changed, so
also their velocities. Thus the variation of velocity of gas moleculesis due to collision amongst
themsdves.

Let us consider two moleculesA and B having the same velocity 'c’ but moving in opposite
directions. When they collide with each other, the velocity of both the molecules will become zero.
But when they collide with each other at right angles (Fig.6.14) A" will be brought to rest while 'B'
will move off with avelocity . />  inadirection inclined at 45° to the original direction of motion.

450
N
_ B >
(Before collsion) (After collison)

Fig 6.14 Collison among molecules

As aresult of further collisions with other molecules present in the gas, ‘A’ will acquire
momentum and begin to move again whereas 'B' will either lose or gain momentum depending upon
the nature of subsequent impacts.
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A gascontainsalarge number of moleculesout of which only afew moleculeshaveeither low
or high velocitiesbut mgority of moleculeshavean average vel ocity. Thezig-zag motion of molecules
inall directionswith different vel ocities gives rise to random movement of molecules.

(2) Distribution of velocity :

From the above discussion it is very much clear that as a result of impacts, all the
molecules of a gas cannot have same velocity. It is also interesting to know how between the
molecules the velocities are distributed when a steady state is reached.

Distribution of velocity thus refers to steady state of the molecules. By steady state we
do not mean that the velocity of individual molecule remains unaltered but rather the distribution
of velocity remains unchanged.

The concept of distribution of molecular velocities between the molecules was first of
all suggested by Maxwell. He worked out the same by ssmply applying probability considerations.

Assumptions made by Maxwell :

(i)  The number of molecules per unit volume at any point is the same.

(i) The molecules are in chaotic motion even in a small volume. Distribution of velocity
would equally apply to them. So far as molecular velocity is concerned isotropic (no
change in physical properties) behaviour is assumed.

(iii) The velocities of individual molecule are changing continuously but at any instant the
fraction of total no. of molecules, possessing a given velocity, remains unaltered. This
is sometimes referred to as steady state of the gas.

Basing on the above assumptions and applying probability considerations Maxwel |
showed that distribution of molecular velocity is given by the following expression :-

dng _

“c - M \% _Mc? /2RT 2 1
N 47 (2nRT) € CAdC oo, (1)

where dn_ = The number of molecules having velocities between ¢ and (c+dc)
n = Total number of molecules
M=Molecular mass of the gas.
T = Temperature in the absolute scale.

d . . . e
% Fraction of total number of moleculeshaving vel ocity within therange c and (c+dc)
The above equation may be rewritten as :

1 _ o M\ gmctiRT .
4 (ZTERT) e Col i, 2

This is the usual form of Maxwell's law of distribution of velocities.

The left hand side of the above expression simply represents the probability of finding
the fraction of molecules having velocity 'c'. If molecular mass of any gas is known, it is
possible to calculate the fraction of molecules having any particular velocity 'c' at any desired
temperature.
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Distribution Curve :

For agiven gas, the theoretical curves can be drawn at various temperatures by plotting %

Most probable velocity.
Average velocity.

RMS velocity .

T3>T2> Tl

|
!
|
[

I
]
)
|
!

C—
Fig 6.15 Maxwells distribution of velocities
dnc
dc

against 'c'. Three curves are drawn at varioustemperature T, T, and T, in the above figure.

Nature of distribution curves :

(i)

(ii)

(iii)

(iv)

An examination of above curves reveals the following :

From the nature of the curve, it follows that the total molecules having velocity greater
than zero goes on increasing, attains a maximum value and then again starts to fall
towards zero for very high velocities.

The fraction of the molecules having very small velocities (c — 0 ) or very high
velocities (¢ — o) is practically zero

The curve at one particular temperature has a maximum. The velocity corresponding to
this maximum represents the speed possessed by majority number of molecules. This
velocity is called the most probable velocity. We may represent this velocity by (C)).
Thus most probable velocity of a gas is defined as the velocity possessed by maximum
number of molecules of gas at a given temperature.

The areas under different curves drawn at different temperatures are the same because
the area represents the total number of molecules.

Effect of Temperature on distribution of molecular velocities :

With variation of temperature, separate curves are obtained for every temperature
(see Fig. 6.15) At high temperature there will be wider distribution of velocities. That
is the no. of molecules having high speed is increased. The maxima, therefore, shifts to
the right and becomes flattened. The value of most probable velocity also increases with
increase in temperature. Thus the effect of temperature on the distribution of molecular
velocities can be well explained by the graph.

The effect can aso be well understood from the equation.(2) In this equation
there is an exponential term e MR Here ‘e is raised to a—ve power and T isin the
denominator. If we raise the temperature the value of exponential term simply increases.
Thus the fraction of molecules in the curve having high velocity increases.
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LIQUEFACTION OF GASES

Increase of pressure and decrease of temperature are the main causes of liquefaction of a
gas.

In agas, the molecules are far apart from each other and are aways in a state of constant
rapid motion. The molecules have independent existence particularly when the pressureislow
and temperatureis high.

Asthe temperature decreases, the kinetic energy of gas malecules decreases. Also thereis
decrease in volume occupied by the gas. At a sufficiently low temperature the slow moving
molecules come closer under forces of attraction and ultimately the gasis converted to liquid.

Again, as the pressure increases there is decrease in volume. The molecules of the gas
come closer to each other. This becomes an additional helpful factor in changing the gas into
liquid. For example, SO, can be liquefied at —8°C if the pressureis 1 atm.

From the concept of critical temperatureit can be concluded that the gasisto be necessar-
ily cooled below its critical temperature before it can beliquefied. Gaseslike NH,, SO, CO, etc
are gases which havefairly high critical temperature. Hence these gases can be easily liquefied
only upon application of pressure. But gases like H,, O,, He, N, etc have very low vaue of
critical temperature. Hencethey can not beliquefied by thissimpletechnique . These gasesareto
be cooled below their critical temperature before they are compressed to get liquefied.

There are two principles which are applied in cooling the gases below their critical tem-
perature.

1. Joule-Thomson effect

According to Joule and Thomson, when a gas at certain pressure is allowed to expand
adiabatically to a region of low pressure through a porous plug its temperature falls and the
phenomenon is known as Joule - Thomson effect.

In a gas the molecules are held together by cohesive or attractive forces. When a gas ex-
pands the moleculesfall apart from each other. So work has to be done with aview to overcom-
ing the attractive forces operating between the molecules. Since the processis adiabatic, no heat
is allowed to enter nor to leave the system. Hence work is done in this case at the expense of
kinetic energy of gas molecules, Consequently, kinetic energy decreases and again since average
kinetic energy isadirect measure of absolute temperature, the temperature of the gas decreases
and cooling effect in caused.

It has been found from the experiment that the gases can be cooled by Joule-Thomson
effect provided they are below a certain temperature known as Inversion temperature ‘T..
Inversion temperatureis characteristic of each gaswhich isrelated to vanderWaals constants * &
and ‘b’ by the expression.

_ 2

TI—%
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2. Adiabatic expansion involving mechanical work

During the expansion of gas against apressure asin case of an engine, it does some exter-
nal work. This work is at the expense of its kinetic energy which decreases and consequently
thereisafall in temperature.

Critical Temperature(Tc)

Thecritical temperature of agas (Tc) isdefined asthe temperature above which thegascan
not be liquefied however higher the pressure may be. For example, the critical temperature of
CO, is31.1°C. Thismeansthat CO, can not beliquefied by any meansabove 31.1°C. Thecritical
temperatures of O, and H, are —118°C and —240°C respectively.

CHAPTER (6) AT AGLANCE

Expansibility, compressibility and diffusion are three important properties of agas.
Mass, volume, pressure and temperature are the measurabl e properties of agas.

Boyl€e'slaw :- Temperature remaining constant the volume of a given mass of any gasin
inversely proportional to pressure.

4.  Charl€e'slaw :- Pressure remaining constant the volume of a given mass of gasincreases

L

or decreases by TR

of itsvalue at 0°C for each 1°C rise or fall in temperature.

5. AbsoluteZero of Temperature:- Thetemperature at which the gas ceasesto exist i.eat
which the volume of the gas becomes Zero. It is-273°C.

6. Gay-Lussac'slaw :- At constant volume, the pressure of the given massof gasisdirectly
proportional to its absolute temperature.

7. STP-or NTP (Standard Temp and Pressure) standard temp = 0°C = 273K, standard Press
=1atm. = 760 mm Hg.

Ideal gasequation PV =nRT.
Valueof R :-

(@ 0.0821lit atm deg™ mole™.
(b) 82.1cmiatmK?*mole™.
() 62.39lit mmK-*mole™.
(d) 8.31x10"ergsK*mole™.
(¢ 8.31 Klmoled

(f) 1.99Cd K*mole™.

(90 8.31LNmKmoled.

(hy 8.31Pam?K*mole™

(i) 8.31K Padm®K*mole™.

10. Dalton'slaw of Partial Pressure:- Thetotal pressure exerted by amixture of chemically
not reacting gasesis equal to sum of partial pressures of individual gases.
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Partial Pressure:- Pressure exerted by anindividual gaswhen it isallowed to occupy the
container in which the mixture of gasis kept.

Partial Pressure = Total pressure x mole fraction.

Aqueous Tension = Partial pressure of water vapour.

Py gas = Proist gas —AA0UEOUS Tension.

Diffusion :- The property by virtue of which the gases can intermix with each other irre-
spective of gravitational force is known as diffusion.

Graham's law of diffusion :- Rate of diffusion of the gas is inversely proportional to
square root of its density under similar conditions of temperature and pressure.

Effusion :- Diffusion through asmall pinhole.
Average kinetic energy isdirectly proportional to absolute temperature.

Kinetic gasequation isPV = % mng 2
Most Probable velocity (C.) The velocity possessed by the maximum fraction of mol-

eculesof agas at a particular temperature.

Average velocity (C,) The arithmatic mean of different velocities of molecules present in
agiven sample of gas at a particular temperature.

Root mean squarevelocity (C or €) :- Thesquareroot of the mean value of the square of
velocities of the moleculesin agiven sample of gas at a particular temperature.

C,.C,: C=1:1128:1224

Real gases deviate fromideal gas behaviour at high pressure and low temperature.

Two faulty assumptions in kinetic theory of gasesare

(@ Theactual volumeof individual moleculeisnegligible compared to thetotal volume
of the gas.

(b) Theintermolecular forces of attraction are almost negligible in case of agas.

Equation of State for one mole of real gas as proposed by vander Waal is (P + V%) (VD)

=RT.

Maxwellslaw of distribution of molecular velocitiesis represented by
1 dne _ M \% o MC /2RT _ 2

N do 41 (ZnRT) e X C% trverrennennensennes (2

Compressibility factor (Z) is defined as P%p\/)
For anideal gas, Z = 1

Increases of pressure and decrease of temperature are the main causes of liquefaction of
gas.

Critical temperature (Tc) is defined as the temperature above which the gas can not be
liquefied however high the pressure may be.

ideal
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QUESTIONS

A. Multiple choicetype questionswith answers (1 mark)

1

10.

11.

For one mole of gasthe total Kinetic energy at temperature T is equal to
(@ RT (b)3/2RT, (c) 23 RT (d) (Cp - Cv) RT.

For agiven mass of gasif pressureis reduced to half and the temperature is doubled, the
volume will become

(@ 4V (b) 2V (0) 5 (d)8V

The value of universal gas constant in litre atmosphere per degree per moleis
(a) 8.200 (b) 8.020 (c) 1.987 (d) 0.082

Volume of 20 grams of hydrogen gasat NTPis

(@) 224 litres (b) 22.4 litres (c) 2.24 litres (d) 112 litres

1cc at NTPof ahydrocarbon vapour isas heavy as4cc of oxygen. What quantity of hydro-
carbon will occupy avolume of 22.4 litres ?

() 6.4 (b) 32 (c) 128 (d) 64

Thetemperature at which areal gasobeystheideal gaslawsover awide range of pressure
iscaled the

(@) Critical temperature (b) Boyle temperature. (c) Inversion temperature (d) Reduced
temperature.

A gasat constant temperature 250 K iscontainted in aclosed vessdl. If it isheated through
1°C, the percentage increase in its pressure is

(8) 0.4 % (b) 0.6 % (c) 0.8 % (d) 1.0 %

Equal weights of methane and oxygen are mixed in an empty container at 25°C. The frac-
tion of total pressure exerted by oxygenis

CERCRECEICRTE

Equal weights of methane and hydrogen are mixed in an empty container at 25°C. The
fraction of the total pressure exerted by hydrogenis

1 8 1 16
CENORNCRACES
Equal weights of ethane and hydrogen are mixed in an empty container at 25°C. The frac-
tion of the total pressure exerted by hydrogenis
@1:2(b)1:1(c)1:16(d)15:16

In a closed room of 1000 m?* a perfume bottle is opened up. The whole room develops
smell. Thisis due to which property of the gases ?

(a) Viscosity (b) Density (c) diffusion (d) None
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Helium diffuses twice as fast as another gas B. If the vapour density of He is 2, the
molecular weight of B is

(@ 4(b)8(c)16(d) 24

The rate of diffusion of methane at a given temperature is twice that of a gas X. The
molecular weight of gas X is

(@) 64(b)32(c)4(d)8

50ml of gasA diffuses through a membrane in the same time as taken for the diffusion of
40 ml of another gas B under identical pressure temperature conditions. If the molecular
weight of A is 64 that of B would be

(a) 100 (b) 250 (c) 200 (d) 80

Theinternal energy of one mole of anideal gasisgiven by

(@ 3 RT(D) 5 KT(0) 3~ RT(d) 3 KT.

Which isnot truein case of an ideal gas ?

(@) It cannot be converted into aliquid.

(b) Thereis no interaction between the molecules

(c) All molecules of the gas move with same speed.

(d) At agiven temperature PV is proportional to the amount of the gas.

Anideal gas cannot be liquefied because

(@) Itscritical temperatureis always above O°C.

(b) Itsmolecules arerelatively smaller in size.

(c) It solidifies before becoming aliquid.

(d) Forces operative between its molecules are negligible.

The vander Waal s equation explains the behaviour of

(a) Ideal gas (b) Real gases (c) Vapours (d) Non - real gases

Real gases approximate to ideal behaviour only

(@) If temperatureislower

(b) If pressureishigh

(c) If pressureislow and temperatureis high

(d) If both temperature and pressure are low.

The deviation of behaviour of real gasfrom ideal gaswill depend on

(a) Force acting between molecules

(b) Space occupied between molecules

(c) Mass of moleculesonly

(d) The force acting between molecules, space occupied by molecules and mass of mol-
ecules.
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21

22.

23.

24,

25.

26.

27.

28.

29.

30.

The pressure at which one mole of agas at O°C occupies avoume of onelitreis:
(@) 2.24 atm (b) 4.48 atm (c) 11.2 atm (d) 22.4 atm

At what temperature in the celsius scale, volume of certain mass of gas at 27°C will be
doubled keeping the pressure constant.

(a) 54° (b) 327°C (c) 427°C (d) 527°C.

Partial pressure of CO, in a mixture of CO, and N, is 1.25 atmosphere while the total
pressure of the gas mixture is 5 atmosphere. Mole fraction of N, in the mixtureis:

(a) 0.82 (b) 0.75 (c) 0.80 (d) 0.65 (1988 OUAT)

A comparision of relative ratesof diffusion of H, and O, at agiventemperature showsthat.
(@) O, diffuses four times faster than H,

(b) H, diffusestwo times faster than O,

(c) H, and O, diffuse at the same rate.

(d) H, diffuses four times faster than oxygen

Two grams of hydrogen diffuse from a container in 10 minutes. How many grams of oxy-
gen would diffuse through the same container.'

(@) 6 grams (b) 4 grams (c) O.5 grams (d) 8 grams
The root mean square velocity is expressed as

@ (3 RA(b) () @ Gy @ Co)

If 3 litre of oxygen is heated from 27°C to 100°C keeping the pressure constant, the new
volume will be

(@) 3.5litres(b) 4.5 litres (c) 3.73 litres (d) 5.00 litres

In vanderwaals equation of state for anonidea gas, the term that accountsfor intermolecular
forcesis

(@ (v—b) (b) RT (c) (P* V% ) (d) (RT)™

A gasisinitialy at 1 atm pressure. To compressit to % th itsinitial volume, pressureto
be appliedis:
(8) Latm (b) 2atm (c) 4atm (d) 3~ atm

At what temperature will the average speed of CH, molecules have the samevalueas O,
has at 300 K

(8) 1200 K (b) 150 K (c) 600 K (d) 300 K

B (I). Very short answer type (one mark each)

1
2.

What is the value of R in gas equation in calories ?
@ Give vanderWaals equation for 1 mole of a real gas ?
(b) Write vander Waals equation for n moles of rea gas
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Define Boyl€e's law

At constant temperature the product of pressure and volume of a given mass of gas is
constant. What is this law called ?

Real gas will approach the behaviour of ideal gas at

The temperature beyond which a gas cannot be liquified even by increase in pressure is
caled

What is the value of 'R’ in gas equation when the volume is expressed in litres and
pressure in atmospheres.

Between SO, and NH,, which gas will diffuse faster at STP

Define Charle's law

What is absolute zero of temperature ?

Between O, and NH,, which will diffuse faster at NTP ?

Rate of diffusion of SO,(g) < CH,(9).

Which is lighter ?

What is the relationship between average kinetic energy and temperature ?
Name the measurable properties of a gas

How is kinetic energy of a gas molecule related to the temperature ?
What is the temperature in absolute scale corresponding to —20°C
What is the relationship between density and temperature of a gas ?

"Rate of diffusion of Carbon dioxide is greater than that of Nitrous oxide." Whether the
statement is correct or not ?

What is the order of idedity of following gases ? CO,, H,, O,

The temperature above which a gas can not be liquefied even by increasing the presure
in called

When pressure of a given mass of gasistripled its volume becomes one third at constant
temperature. What is this law called ?

Which of the following has the highest rate of diffusion ? O,,CO,,NH_,N,

What is the relationship between root mean sgquare velocity and average velocity ?
What is absolute zero of temperatures ?

How Kinetic energy is related to absolute temperature ?

Under what condition the real gases behave ideally ?

Why does CO, diffuse rapidly as compared to chlorine ?

What is the value of 'R’ in SI Units ?

What is agueous tension ?

Write the vander Waals equation of state for 'n' moles of real gas.

What is most probable velocity ?

Which symbol represents the excluded volume in vander Waals equation of state for 1
mole of real gas ?
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[1. Fill in the blankswith answers: (Onemark each)

1

2.
3.
4

10.

11.

12.
13.

14.
15.
16.
17.

18.

19.
20.

The value of PV for 5.6 litres of anideal gasis—— RT at NTP
Thetotal number of electrons present in 18 ml of water is

The Cp - Gy for anidea gasis

Thetotal energy of one mole of anideal monoatomic gasat 27°Cis calo-

ries

Under similar conditions of temperatures and pressuretherate of diffusion of gasesvary —
asthe square roots of their or

At STP the order of mean square velocity of moleculesof H,, N, O, & HBris

Eight grams each of oxygen and hydrogen at 27°C will have thetotal kinetic energy in the
ratio of

The value of the gas constant 'R’ in joules per mole per degreeis

Between CO, & NH,, gas will diffuse faster.

Temperature remaining constant, the pressure of agasis proportional to
volume.

Equal volumes of all gases under similar conditions of and pressure con-
tain equal number of .

Real gases behave ideally under the conditions of low pressure & —— temperature.
The rate of diffusion of agasis proportional to the square root of its mo-
lecular weight.

The temperature at which the real gases obey the ideal gaslawsisknown as
SO, diffuses than SO,

Average Kinetic energy of gas moleculesisameasure of
The vander Waal s equation of state for 'n" moles of real gasesis

(P+-) (V- nb) =nRT.

Theratio between root mean square vel ocity, average velocity and most probable vel ocity
is—: : : :

The inter molecular forces between the molecules of an ideal gasare
The molecules of agas are alwaysin a state of constant

C. Short answer type : (Two marks each)

1
2.

State and explain Boyl€e's law

Which of the two graphs will be a straight line at constant temperature, ‘P verses 'V'
or 'P

verses % ? Explain

Distinguish between ideal gas and real gas. Write an equation for one mole of an ideal
gas

Why do N, and CH, diffuse at the same rate ?

State Graham'’s law of diffusion
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10.

11.
12.
13.

14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24,
25.
26.
27.
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State Dalton's law of partial pressure.

Explain absolute zero and absolute scale of temperature

Derive an eguation for 'n' moles of an ideal gas.

At what conditions a real gas will behave as an ideal gas ? Explain in 5 sentences

What are the two reasons for relating the gas volumes to the temperature in Kelvin
scale rather than Celsius scale ?

How does the real gas differ from ideal gas
Automobile tyres are inflated to less presure in summer than winter. Give reasons.

If certain mass of dry gas at 27°C and 760 mm pressure has density 28, what will be its
density at 7°C and 740 mm pressure ?

Under what conditions real gases obey ideal gas equation and why ?
Distinguish between diffusion and osmosis.

Derive Graham's law of diffusion from kinetic gas equation.

Distinguish between Diffusion & Effusion.

Liquid ammonia bottle is to be cooled before opening - Explain (1.1.T, 1983)
Write three important postulates of Kinetic theory of gas.

Deduce Charle's law from Kinetic gas equation.

Give units of vander Waals constants.

Offer an explanation to the exceptiona behaviour of Hydrogen & Helium.
What are the two faulty assumptions in Kinetic theory of gases.

What is Critical temperature ? Discuss its importance.

How is real gas different from ideal gas ?

Explain Boyle's law in the light of Kinetic model of gas.

A gas collected over water appears to be exerting more pressure in comparison to when
it is dry. Explain

D. Short answer type questions : (Three marks each)

1.

If a given mass of gas, obeying Charle's law and Boyle's law has a volume of 30cc at
27°C and 10 atmosphere what will be its volume at NTP ?

What will be the volume at 450 K of a gas which occupies 200cc at 300K, the pressure
remaining same throughout ? (Ans 300 cc)

If the pressure of a given mass of gas becomes half the original pressure and simultaneously
the volume has become four times the original volume, what should have happened to
the temperature. (Ans-double)

The atomic weight of Helium, oxygen and sulphur are 4,16 and 32 respectively. Helium
and sulphur dioxide in equal volume are contained in a glass vessdl. If the gases leak
out through a pinhole, what will be the ratio of rate of escape of helium to that of SO, ?
300 CC of a gas are heated from 27°C to 127°C. What will be the new volume of the
gas at constant pressure ? (Ans - 400 CC)

The rates of diffusion of an unknown gas and chlorine are in the ratio of 6 : 5. Assuming
the density of chlorine to be 36, calculate the molecular weight of the unknown gas ?
(Ans - 50)
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7.

10.

11.

12.

13.

14.

15.
16.
17.
18.
19.

20.

21.

22.

23.

The volume of a gas sample is 100 ml at 100°C. If the pressure is held constant, what
will be the temperature of the gas when the sample occupies a volume of 200 ml ?

Therdative rates of diffusion of two gasesA & B are found to be 0.3 and 0.2 respectively.
If the density of ‘A" is 4, find the relative density of gas B. (Ans - 9)

180 ml of a hydrocarbon diffuse through a porous membrane in 15 minutes while 120
ml of SO, under identical condition diffuse in 20 minutes. Calculate molecular weight
of hydrocarbon. (Ans - 19)

What is the root mean square velocity of CH, at 27°C ? At what temperature would
ethane molecule have the same velocity as that of methane molecule ?

[C = 12, H=1, R=8.314 K mole”]
A hydrocarbon having the formula C_ H, . diffuses twice as fast as SO, at the same
temperature. Calculate the value of n. (Ans n=1)

A sample of pure gas at 27°C and 380 torr occupied a volume of 492 cm®. What was
the number of moles of gas in this sample ?

A desiccator of internal volume of 1 litre and containing nitrogen at one atmospheric
pressureis partially evacuated to afinal pressure of 7.6 mm of Hg while the temperature
remains constant. What is the volume of the gas at this stage ? (Ans-1 litre)

A gas cylinder containing cooking gas can withstand a pressure of 14.9 atmosphere. The
pressure gauge of the cylinder indicates 12 atmosphere at 27°C. Due to a sudden firein
the building, the temperature starts rising. At what temperature will the cylinder explode?
(Ans 99.5°C)

What is the volume of 6 gms of Hydrogen at 1.5 atm and 273°C ? (Ans - 89.6 litres)
Calculate the density of NH, at 30°C and 5 atm pressure ? (Ans - 3.42 gms/lit)
Calculate the total number of electrons present in 1.6 gms of methane. (1985) (Roorkee)
An open vessdl at 27°C is heated until three fifth of the air in it has been expelled.
Assuming that the volume of the vessel remains constant, find the temperature to which
the vessel has been heated ? (Ans - 477°C)

Oxygen is present in a litre flask at a pressure of 7.6 x 10 mm of Hg. Calculate the
number of oxygen molecules in the flask at O°C. (Ans - 2.7 x 10" molecules)
When 2 gms of agasA is introduced into an evacuated flask kept at 25°C, the pressure
is found to be one atmosphere. If 3 gms of another gas B is added to the same flask,
the total pressure becomes 1.5 atm. Assuming ideal gas behaviour, calculate the ratio of
molecularweights M, : M, (AnsM, : M =1: 3)

3.7 gms of a gas at 25°C occupied the same volume as 0.184 gms of hydrogen at 17°C
and at the same pressure. What is the molecular weight of the gas ? (Ans. 41. 33)

At 27°C, hydrogen is leaked through atiny hole into a vessel for 20 minutes. Another
unknown gas at the same temperature and pressure, as that of H,, is leaked through the
same hole for 20 minutes. After the effusion of the gases the mixture exerts a pressure
of 6 atmosphere. The hydrogen content of the mixture is 0.7 mole. If the volume of the
container is 3 litres, what is the molecular weight of the unknown gas ? (Ans - 1088)

At room temperature, ammonia gas at one atmospheric pressure and hydrogen chloride
gas at P atm pressure are allowed to effuse through identical pin-holes from opposite
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ends of a glass table of one metre length and of uniform cross section. NH,Cl is first
formed at a distance of 60cm from the end through which HCI gasis sent in. What is
the value of 'P ? (Ans 2.197 atm)

A 4 : 1 molar mixture of He and CH, is contained in a vessel at 20 bar pressure. Due
to aholein the vessel, the gas mixture leaks out. What is the composition of the mixture
effusing out initially ? (Ans - He : CH, = 8 :1)

The average velocity at T, K and the most probable velocity at T,K of CO, gasis 9.0
x 10* cm sec™. Calculate the value of T, and T,. (Ans T, = 1682.5K T, = 2143.4 K)

E. Long answer type questions : (Seven marks)

1.

10.

11.

12.

13.

State and explain Dalton's law of partial pressure.

500 ml of oxygen at a pressure of 700 mm, 300 ml of hydrogen at a pressure of 750 mm
and 700 ml of Nitrogen at a pressure of 600 mm are enclosed in a vessel of 1 litre
capacity at 25°C.

Calculate the total pressure of the gas mixture.

State and explain Graham's law of Diffusion.

State and explain Dalton's law of partial pressure. A certain quantity of gas occupies 50
ml when collected over water at 15°C and 750 mm. pressure. It occupies 49.95 ml in the
dry state at NTP. Find the partial pressure of water at 15°C.

Derive the equation of state for an ideal gas. Why do real gases deviate from ideal gas
behaviour ? What is vanderWaal modification ?

What are the postulates of Kinetic theory of gases ? How Boyl€e's law and Charle's law
can be explained in the light of Kinetic model of gas ?

State and explain Boyle's law and Charle's law ? A gas occupies a volume of 200 ml at
27°C and 700 mm pressure. What volume will it occupy at 47°C and 600 mm pressure?

Define Boyle's law and Charle's law. Derive the combined gas equation from the two
laws. Temperature remaining constant 100 ml of oxygen at 100 mm pressure is transferred
to a container of 25 ml capacity. What is the pressure of oxygen in the new container ?

What are the main postulates of Kinetic theory of gases ? How does it explain the effect
of temperature on the volume of a gas.

Define Boyle's law and Charle's law. Derive the gas equation from these laws.
What will be the volume of 3.2 gms of O, gas a 0°C and 760 mm pressure ?

State and explain the equation of state for an ideal gas. Why real gases deviate from the
ideal behaviour ? What is vander Waals modification of the gas equation.

Define Boyle's law and Charle's law. Derive the combined gas equation from the two
laws. Find out the value of gas constant R.

(a) Derive the egquation of state for an idea gas

(b) What volume will be occupied by 48 gms of CO, at 27°C and 650 mm pressure ?
Write notes on :

(a) Dalton's law of Partial pressure

(b) Graham's law of Diffusion
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14.
15.

16.

17.

18.

19.
20.

21.

22.
23.

24,

25.

26.

27.

28.

29.

Describe the kinetic model of gas and derive Boyle's law and Charle's law on this basis.

State and explain Graham's law of diffusion. Mention two of its applications. A
hydrocarbon with molecular formula CnH2n+2 diffuses twice as fast as SO, at the same
temperature. Find out the molecular formula of the hydrocarbon (At mass of S = 32)

How Graham'’s law of diffusion can be explained in the light of kinetic they of gases ?
At STP 0.48g. of oxygen diffuses through the porous partition in 1200 seconds. What
volume of carbon dioxide with diffuse in the same time under similar condition ?

State and explain Graham's law of diffusion. The rates of diffusion of SO, and an
unknown gas are in the ratio 5:6.03. The density of SO, is 32. Calculate the molecular
mass of the unknown gas ?

What are the postulates of kinetic theory of gases ? How are Boyle's law, Charle's law
and Dalton's law of partial presures explained in the light of Kinetic model of gas ?

Derive the kinetic equation for gases

State and explain Graham's law of diffusion. A given volume of oxygen containing
20% by volume of ozone required 175 seconds to diffuse, when an equal volume of
oxygen took 167 seconds to diffuse under similar conditions. Find the density of
ozone.

Derive an equation for 'n' moles of an ideal gas. How can Charles law be explained
in the light of kinetic theory of gases ? Under what condition a real gas shows ided
behaviour ?

State and explain Graham's law of Diffusion. Discuss its important application.

Derive vander Waals equation of state and show how it explains the behaviour of real
gases.

What is an ideal gas ? Why do real gases deviate from ideal behaviour. What are the
causes of deviation.

() State and explain Graham's law of Diffusion

(b) 3 moles of a gas are present in avessel at 27°C. What will be the value of 'R’, the
gas constant in terms of Kinetic energy of the molecules of the gas ?

What is numerical value (as obtained from consideration of dimension) of the molar gas
constant 'R" ? How do you arrive at this value ? How do you arrive at different units ?
(lit-atm, erg, cal, Joules) in which the molar gas constant is expressed ?

(a) Does areal gas at avery high pressure occupy more volume or less volume than that
occupied by an ideal gas under identical conditions ?

(b) Does the temperature have any effect on the above ?

(c) Calculate the root mean square speed of a molecule of oxygen at NTP

What is vander Waals equation ? Under what conditions it will reduce itself to ideal gas
equation ?

Write notes on

(a) Root mean square velocity.

(b) Deviation of real gas from idea behaviour.

(c) Effusion.
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30. State Maxwells' law of distribution of molecular velocities and explain its significance.
How distribution of molecular velocities is affected by temperature.

31. Give an account of Kinetic theory of gases. Discuss the behaviour of real gases.

32. How are the gas laws explained on the basis of Kinetic theory of gases ? Calculate the
root mean square velocity and average velocity in kms per second of H, molecule at
30°C.

33. State and explain Dalton's law of partial pressure. What are its applications ?

| ANSWERS |
(A) Multiple Choice Type Questions.
1. (b) 6. (b) 11. (¢ 16. (c) 21. (d) 26. (b)
2.(a) 7. (b) 12. (c) 17. (d) 22. (b) 27.(c)
3.(d) 8.(a) 13.(a) 18. (b) 23. (b) 28. (¢
4.(q) 9. (b) 14. (a) 19. (¢) 24, (d) 29. (¢
5.(c) 10. (d) 15. (a) 20. (d) 25. (d) 30. (b)
B (1) FILL INTHE BLANKS
1. 0.25 6.H,>N,>0,>HBr 11.temp, molecules 16. Absolute temp.
2. 9x 102 7.1:16 12. high 17. @
\%

3. R 8.8.314 13. inversely 18.1:1.120:1.234

4. 900 9.NH, 14. Boyle Temp. 19. Negligible

5. Inversaly, densities, 10Inversely 15. Slower 20. motion.

Molecular wit.

Qaa



CHAPTER - 7

LIQUID STATE

The intermolecular forces of attraction in a liquid is intermediate between the solid

and the gas. In crystalline solid the constituent particles occupy fixed position, whereas the
particles of the gases are in the state of random motion. But in the liquid state the particles
are neither arranged in an orderly manner nor there is a complete disorder as in gases. As
a result, the behaviour of the liquid is expected to be in between solids and gases.

7.1

1

|CHARACTERISTIC PROPERTIES OF THE LIQUI DS|

Volume and shape : Matter in liquid state has a definite volume but no definite
geometrical shape. It takes up the shape of the container in which it is contained. The
intermolecular forces between the moleculesin the liquid state are just sufficient to hold
the molecules together, but the forces are less than the forces required to fix the
molecules at definite position.

Compressibility : Liquids are almost incompressible. It can be compressed to a small
extent under extremely high pressure.

Fluidity : Liquid possesses the property of flowing. When a solid melts into a liquid,
the intermolecular force of attraction decreases and the intemol ecular distance increases.
Consequently the molecules begin to slide over one another.

Diffusion : Gases undergo spontaneous intermixing irrespective of gravity, which is
known as diffusion. Liquid aso exhibits diffusion. When two miscible liquids like water
and alcohol are kept together in a container, they diffuse into one ancther, but the rate
of diffusion is much slower than that of gas. When a few drops of blue ink are added
to water taken in a beaker, the coloured ink substances diffuse through water and turn
the whole solution blue. The liquid molecules diffuse slowly because of the restricted
movement of molecules due to less free space available.

Evaporation : The gaseous state of a liquid is known as the vapour. If a liquid is
exposed to the atmosphere at room temperature, its volume decreases gradually and after
sometime, the liquid disappears. The decrease in volume is due to the spontaneous
change of liquid into its vapour. This process in which aliquid changes into the vapour
state at the surface is known as evapor ation. Evaporation of liquid is due to the fact that
the molecules in a liquid possess different kinetic energy, since they move at different
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velocities. When the K.E. is sufficient to overcome the attractive forces molecules pass
into vapour state provided they are nearer to the surface. When the temperature of a
liquid is raised, it evaporates more quickly, since the kinetic energy of the moving
molecules of the liquid increases with the rise of temperature. However, when the
temperature of aliquid islowered sufficiently, the liquid changes its state to a solid, that
means the liquid freezes to a solid. The lowering of temperature means a decrease in the
K.E. of the molecules. When this decrease in energy is enough, the existing weak van
der Waals forces between the molecules of the liquid hold the particles together in the
fixed position converting it into a solid.

6. Dendty: Thedengty of liquidsis comparatively less than that of the solids but sufficiently
greater than that of gases. The weak intermolecular force and relatively poor packing
of the molecules account for the less density of a liquid.

7.  Sructure: Inthe solid state the lattice points are fixed which is not the case with the
liquid state. The weak intermolecular force often acts as a barrier for the formation of
aregular crystal lattice. Due to this reason liquids possess adistorted crystal lattice with
atendency to move in different direction. Such an arrangement leads to the semicrystalline
state of liquids.

7.2. |VISCOSITY |

Some liquids like kerosene, alcohol, water etc. flow more rapidly, while a few such as
oils, honey etc. flow very slowly. The variation in the flow rate of the liquids is due to some
internal resistance possessed by all the liquids. This property of the liquids is known as
viscosity. The resistance of flow is due to the intermolecular attractive forces in liquids.

Viscosity of aliquid is defined as its property by virtue of which it tends to oppose
the relative motion between its different layers.

Viscosity of liquid istemperature dependent. When the temperature of aliquid increases
the viscosity decreases because the kinetic energy of the molecules of the liquid increases
which overpowers the attractive forces. High pressure also increases the viscosity of a liquid.
The internal structure and the extent of vander Waals force generally controls viscosity. The
viscosity of water is high due to greater hydrogen bonding. Viscosity increases with the
increase in molecular mass of the same class of compounds. For this reason lower alcohols
are mobile than the higher ones. Viscosity increases with the increase in the branching of
carbon chain in case of organic liquids.

7.3 [SURFACE TENSION |

Let us consider two molecules A and B of a liquid kept in a beaker. The molecule A
iswell within the liquid and is attracted equally from all sides by the surrounding molecules.
So the resultant force acting on A is zero.
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Fig 7.1 Surface tension

The molecule B is situated on the surface of the liquid and is pulled by the molecules
below it and those lying on its sides. Since there is no molecule of liquid above B no force
exists to balance the downward pull. Hence the molecule experiences a resultant pull downward.
All the molecules at the surface of the liquid are bound together from something like a
streched membrane tending to compress the molecules below to the smallest possible volume.
This force on a liquid is known as surface tension.

Surface tension is defined as "force in dynes acting at right angles to an imaginary line
of unit length on the surface of a liquid". It is expressed in dynes per cm.

Examples:

(i)

(ii)

(iii)

Theriseor fall of liquidsin capillaries, the floating of a shaving blade, the spherical
shape acquired by adrop of liquid are the common consequences of surface tension.

The meniscus of aliquid in a glass tube is a'so due to surface tension. The surface
of water is concave because glass - water adhesive force is greater than the
intermolecular attraction in water (cohesive force).

The surface of mercury is convex because the intermolecular force in mercury is
more than glass — mercury adhesive force.

Surface tension decreases with the increase of temperature. Surface tension varies

from liquid

to liquid according to its nature and structure of molecules.

Water Mercury

Fig 7.2 Meniscus of liquid in glass tube



300 +2 CHEMISTRY (VOL. - I)

74 | VAPOUR PRESSURE |

When a liquid is placed in an open vessel exposed to atmosphere, it gradually disappears.
The change of liquid into gas is known as evaporation. At constant temperature, when the
evaporation of a liquid takes place in a closed container, the molecule that escape from the
surface of the liquid are trapped in the container and occupy the space above the surface of
the liquid. The molecules collide with each other and with the walls of the container. A few
of them may also hit the surface of the liquid and return to it resulting in condensation. The
rate of return of molecules in vapour state (condensation) is proportional to the concentration
of molecules in vapour state. Finally a stage reaches, when the rate of evaporation is equal to
the rate of condensation.

Liquid = Vapour

9 ‘
Equilibrium
Rate}— -

Time——
Fig. 7.3 Equilibrium curve for evaporation and condensation

Vapour pressure of the liquid at any given temperature is the pressure exerted by the
vapour of a liquid when it is in equilibrium. with the liquid.

Vapour pressure increases with the increase of temperature.

B.P. (Boiling point) : The temperature at which the vapour pressure of a liquid becomes
equal to the prevailing atmospheric pressure, bubbles begin to form through out the liquid and
finally boils. This temperature is called the boiling point of a liquid. Every liquid has a
standard or normal boiling point.

800 ' (352 313 .
7510 I A .
700 .

6001
5001
400
300
200 ¢
100 1

Pressure ——>

250 275 300 325 350 375 400
Temperature (K) —
Fig 7.4 Plot showing variation of vapour pressure of liquids with temperature
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Boiling point is defined as the temperature at which the vapour pressure becomes
equal to the standard atmospheric pressure (760 mm). At a given temperature, the greater the
vapour pressure of aliquid, the lesser would be its boiling temperature. The pressure cookers
hasten the cooking process. In pressure cooker higher pressure is built up, consequently the
boiling temperature of liquid increases.

Molar heat of vapourisation is the quantity of heat supplied to one mole of a liquid
at its boiling point so as to change it into vapour state at the same temperature.

CHAPTER (7) AT A GLANCE

1. Liquids have definite volume but no definite shape. They are incompressible and they
possess the property of flowing.

2. At any given temperature the pressure exerted by the vapour of a liquid when it isin
equilibrium with the liquid is known as vapour pressure of the liquid.

3. Vapour pressure increases with increase of temperature.

4.  Boiling point is the temperature at which the vapour pressure becomes equal to the
atmospheric pressure.

5.  Greater the vapour pressure of a liquid, the lesser would be its boiling point.

6. Viscosity of aliquid is its property by virture of which it tends to oppose the relative
motion between its different layers.

Viscosity decreases with increased in temperature and increases with increase in pressure.

8.  Surface tension is the force in dynes acting at right angles to an imaginary line of unit
length on the surface of a liquid.

9.  Surface tension decreases with increase of temperature.
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QUESTIONS
A. Multiple choice type questions : (one mark)
1. Compared to Jalandhar, the vapour pressure of water at Simla is,
@ Lower
(b) More
(© Equal.
2. Viscosity of a liquid
@ Increases with increase in temperature.

(b) Decreases with decrease in temperature.
(© Independent of temperature.
(d) Decreases with decrease in pressure
3. With increase in temperature, the vapour pressure of a liquid.
@ Decreases
(b) Does not change.
(© Increases
4, Cleaning action of soap is due to.
@ Viscosity of water.
(b) Surface tension of water.
(© Polarity of water.
(d) high boiling point of water.

5. The unit of viscosity is poise which means
@ Dyne Cm=
(b)  dyne
(©) dyne cm? sect
(d) dyne cm

6. The internal resistance to flow possessed by liquid is called its
@ Surface tension

(b) Fuidity
© ()
(d) Viscosity

7. A liquid in capillary tube rises due to
@ Surface tension
(b) Vapour pressure
(© Osmosis
(d) Viscosity
8. The vapour pressure of a liquid
@ is directly proportional to the temperature.
(b) is inversely proportional to the temperature.
(© increases only up to the boiling point.
(d) vary from liquid to liquid.



LIQUID STATE 303

9.

10.

11

10.
11.
12.
13.
14.
15.
16.
17.

At high altitudes the water boils at low temperature because
@ water molecules are bound with strong hydrogen bonds.
(b) low atmospheric pressure.
(© high atmospheric pressure.
(d) at low altitude the fuel does not give sufficient energy.
When temperature increases, the surface tension of a liquid is
@ increased
(b) decreased
(© neither increased nor decreased
(d) depends on the nature of the liquid

The boiling point of water in a pressure cooker is

@ below 100°C.

(b) above 100°C.

(©) 100°C.

(d) depends upon the size of pressure cooker.

Very short answer type questions : (one mark)

At 730 mm pressure, the boiling point of Water IS ........coovveeiereievereneee (more than
100°C, less than 100°C)
The boiling point of sea water at 760 MM PreSSUre iS ....ooveveeeeeeeveerieeeeseeneens ( more

than 100°C, less than 100°C).

The vapour pressure of aliquid is equal to the atmospheric pressure at its ....................
(boiling point, freezing point)

The viscosity of glycerol is more than that of water due to .........cccccceveuenee (hydrogen
bonding, van der Waals forces)

Define the term surface tension and viscosity.

What is the freezing point of water at 1 atm. pressure in Kelvin scale ?

With the increase of temperature, the vapour pressure of a liquid ......................

(a) Decreases, does not change, increases)

Between sea water and drinking water which will freeze at a lower temperature ?
What do you understand by viscosity of a liquid ?

Vapour pressure of a liquid ———— with rise of temperature.

How does boiling point of a liquid change with decrease in atmospheric pressure ?
What is the effect of pressure on the boiling point of a liquid ?

How does viscosity of a liquid vary with temperature ?

Between water and ether which has a higher vapour pressure ?

What is the SI unit of viscosity ?

What is the Sl unit of surface tension ?

Which of the following has higher vapour pressure at the same temperature ?
CH,OH (BP = 64.5°C) C,H.OH ( BP = 78.3°C)
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Short answer type questions : (two marks)

Write four important characteristics of liquids.

Define and explain the term "vapour pressure'”.

Describe the effect of temperature on the vapour pressure of a liquid.
Define the term 'boiling point'.

Explain the term freezing point.

Define surface tension.

@ Define the terms (i) viscosity (ii) coefficient of viscosity.

(b) What do you understand by viscosity of a liquid ?

Explain why ?

) In summer, earthen pots are used to keep water cool.

(b) Liquid drops are spherical.

(© The boiling point of water is more than that of ether.

(d) Ammonia is used as a refrigerant.

What do you understand by viscosity of a liquid ? (3 marks)

Why surface tension of a liquid decreases with increase in temperature ?
Between seawater and pure water, which will boil at a higher temperature ? Give reason.
Why glycerol is more viscous than water ?

What is the effect of temperature on the surface tension of a liquid ? Explain with
reason. (3 marks)

Long answer type questions : (seven marks)

Describe the kinetic molecular theory of liquids.

Describe the characteristic properties of the liquids.

(@ Write a method for measuring the vapour pressure of a liquid.

(b) Write a note on boiling point.

Explain the term surface tension. What are the factors on which surface tension depends ?
Write short notes on :

(@ Viscosity

(b) Surface tension.

(c) Boiling point and freezing point.

Describe the characteristic properties of liquids and explain the following ;

(i) Evaporation causes cooling.

(i) A drop of liquid assumes spherical shape.

(iif) The vapour pressure of a liquid increases with the increase in temperature.
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(iv) 'Like dissolves like.
(v) "Liquid state" lies between solid and gaseous state.”

(vi) Boailing point of a liquid depends on temperature.

7.  What isviscosity ? How doesit vary with rise of temperature ? Mention some applications
of viscosity in eveyday life.

A. ANSWERS TO MULTIPLE CHOICE TYPE QUESTIONS

1. (b) 5.(c) 9. (b)
2. (b) 6. (d) 10. (b)
3.(0 7.(a) 11. (a)
4. (b) 8. (c)

Qaa



UNIT — VI

CHAPTER - 8

THERMODYNAMICS

Introduction

Thermodynamics is an important branch of physical chemistry that deals with the energy
changes accompanying all physical and chemical processes. Theword thermodynamics (Thermo-
heat, dynamics - motion) refers to the flow of heat or heat motion. It is an exact mathematical
scienceinwhich inter- relationships between various forms of energieshave been fully described.
Itisnot concerned with thetotal energy of the body rather with the energy changes accompanying
a particular process of transformation. There are three fundamental laws of thermodynamics,
namely 1st law, 2nd law and 3rd law of thermodynamics which are based on human experience.

Importance of Thermodynamics

(i) The feasibility of physical and chemical processes is predicted by the laws of
thermodynamics. Thisisits primary objective.

(i) The study of thermodynamics enables us to know whether a chemical reaction is
possible under agiven set of conditions.

(ili) Various laws like Law of chemical equilibrium, gas laws, van't Hoff law of dilute
solutions, Raoult’slaw of relativelowering of vapour pressure, Phaserule, Distribution
law etc. can be deduced on the basis of the laws of thermodynamics.

(iv) Theextent to which agiven reaction proceeds before attainment of equilibrium can
be predicted by thermodynamics.

Limitationsof Thermodynamics

(i) The laws of thermodynamics do not apply to individual atoms or molecules. The
laws apply to the matter in bulk only.

(i) The rate at which a given chemical reaction proceeds can not be predicted by
thermodynamics.

(ili) The systems away from equilibrium can not be explained by thermodynamics.

81 | SOMEBASICTERMSUSED INCHEMICAL ENERGETICS

1. System and Surrounding : The entire universe may be imagined to be made up of two things :
the system and surrounding. Any portion of the universe chosen for thermodynamic consideration
is known as the system. The rest of the universe excluded from the system is known as the
surrounding. The system can exchange energy with the surrounding.
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Thesystemisseparated from the surrounding by well defined real or imaginary boundaries
known as thermodynamic walls. This helps us to study the effect of certain variables like pressure,
volume, temperature etc upon the contents present in the system.

2. Typesof system :

I solated system : A system which can exchange neither energy nor metter

withthe surroundingisknown asanisolated sysem.

Fig8.1
Liquid in contact with
vapour

e.g. - A liquid in contact with its vapour in an insulated closed vessel.

(i)  Open system : A system which can exchange both energy and matter with

the surrounding isknown as an open system.

Fig 8.2
Liquid in contact e.g. - Aliquidin contact with itsvapour in an open vessel. Heretheliquid
with vapour in open

vessd absorbs heat from the surrounding and givesout vapour to the surrounding.

(ili)  Closed system : A system which can exchangeonly energy and not matter

with the surrounding is known as a closed system.

Fig83
Liquid in contact

with vapour in e.g. - A liquid in contact with its vapour in a closed vessel which is not
closed vessel

insul ated.

(iv)  Homogeneous system : The system which has uniform composition and identical
propertiesthrough out isknown as a homogeneous system. The system consists of only
one phase.

e.g.-Apureliquid, asolid, two miscibleliquidsetc. Air isahomogeneous mixture of all
gases.

(v) Heter ogeneoussystem : The system which has neither uniform composition nor identical
properties throughout is said to be a heter ogeneous system. The system consists of two
or more phases.

e.g. - A solid in contact with aliquid, two immiscible liquids, a liquid in contact with its
vapour etc.

3. M acroscopic system and M acr oscopic properties: When therearealarge number of particles
(molecules,atoms,ions) the system isreferred to as macroscopic system.

The properties associated with collective behaviour of particlesare known asmacroscopic
properties e.g. temperature, pressure, volume, density etc.

4. Sateof asystem : A systemissaidto beinaparticular state when it isin equilibrium under
agiven set of conditionsi.e. when all its macroscopic properties have definite values. The system

changes from one state to other when there is a change in one or more macroscopic properties.
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5. Sate Variablesor Sate Functions.

The macroscopic properties are the state variables since a change in any macroscopic
property brings about a change in state of the system.

A state variablethat depends on other variablesisknown as dependent variablewhereasthe
variablewhich does not depend upon other variablesis known as independent variable.

For example, in case of anideal gasPV or T can be calculated provided any two of these
variables are known. These two are independent variables whereas the third one is dependent
variable.

Again, sincethe state variablesdepend only upon theinitia and fina state of thesystemand
not upon the path followed, these are called state functions. Some common state functions are
internal enery (E), entropy (S), enthalpy (H), free energy (G), pressure (P), volume (V) etc.

It may be noted that heat (Q) and work (W) are not state functions because they are path
dependent. They are rather known as path functions.

6. Properties of a system :

The properties of a system may be studied under two heads (i) Extensive property. (ii)

Intensive property.
0] Extensive property : The property which depends on the amount of substance present
in the system isknown as an extensive property.
e.g. - mass, volume, energy etc.
(i) Intensive property : Theproperty which isindependent of the amount of substance
present in the system is known as an intensive property.
e.g. - temperature, pressure, density, surface tension, viscosity etc.
Itisof interest to note that when unit amount of substance ismentioned an extensive
property becomesintensive.
e.g. - mass and volume both are extensive but mass per unit volumei.e. density
and volume per unit massi.e. specific volume are intensive.
7. Thermodynamic process:

A thermodynamic processisthe operation which brings about change in the system. The
processes are of different types.

(1) Adiabatic process : When heat isneither alowed to enter nor to leave the system, it is
known as an adiabatic process.

(i) I sothermal process : The process carried out at constant temperature is known as an
isother mal process.

(iii)  Isochoricprocess: Theprocesscarried out a constant volumeisknownasanisochoricprocess.

(iv)  Isobaric process: The processcarried out at constant pressure is known as an isobaric
process.
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V) Cyclicprocess: A process during which the system can be brought back to the initital
state after undergoing a series of intermediate changesis known asa cyclic process.

(vi) Reversibleprocess : When the changeis brought about infinitesmally dowly so that the
sysemisawaysinequilibriumwith the surrounding, the processisreferredtoasareversible
process. It takes place in both the direction and can never be carried to compl etion.

(vii) Irreversibleprocess : If thechangeisbrought about rapidly and the system does not get
proper scope to attain equilibrium, the processisreferred to asan irreversible process.
All the naturally occurring processesareirreversible. Theseare unidirectional and can be
carried to completion.

(viii) Path : The sequence of various stepsinvolved in the process is known asthe path. For
the same process there may be more than one path.

8.2 |CONCEPT OF INTERNAL ENERGY

A definite quantity of any substance, under a given set of conditionsis associated with a
fixed amount of energy. Thisamount of energy is different for different substances. The energy
stored in the substance by virtue of itschemical natureiscalled its internal energy. Itisdenoted
by the symbol U.

During a chemical reaction there is exchange of energy between the system and the
surrounding. So theinternal energy of the reactants very much differsfrom that of the product.

If Up — Internal energy of the product

U, —Internal energy of the reactant
(Up—Uy) =AU = Changein Internal energy.

If the reaction is carried out in such amanner that there is no change in temperature and
the system does not perform any work nor has work done upon it then in that case the energy
exchange between the system and the surrounding representsthe changeininternal energy of the
system. This isno doubt, a consequence of the law of conservation of energy. In actual practice
energy exchange isin the form of heat and work is associated with change in volume against
pressure. So change in internal energy of a system (AU) can be measured by carrying out the
reaction at constant temperature and constant volume and measuring the heat exchange with the
surrounding.

Matter, in all itsforms, isassociated with acertain amount of energy. We can not observe
thisenergy, but we can certainly observe the energy changethat appearsin theform of heat, light,
work etc. during the change of state of matter. Matter consits of molecules, whichinturn consists
of atomsand within the atoms there are subatomic particleslike el ectrons, protons and neutrons.
The origin of energy in matter, therefore, lies in position and motion of molecules, atoms and
subatomic particles.
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Thetotal energy possessed by the mol ecules present inthe substanceisthe inter nal ener gy
(V) and it may be represented as :

where,

Rotational energy which arisesdueto therotation of moleculeasa
whole about an axis passing through the centre of gravity.
Vibrational energy which arises due to vibration of moleculesto
and fro about their mean position. (If vibrational energy exceeds
bond energy, the atoms separate out.)

Trandational energy whicharisesdueto vibration of moleculesfrom
one point to the other.

Electronic energy which arisesdueto motion and position of eections
around the nucleus.

Nuclear energy which arises due to binding of the nucleonswithin
the nucleus.

Potential energy which ispossessed by the molecules by virtue of
their position.

Internal Energy 'U' isastate function sinceits value depends only upon the state of the system
and not upon the path followed by the system.

Ul:
U2:

Internal energy of the system in theinitial state.
Internal energy of the system in thefinal state.

Then, AU =Changein Int. energy = (U, - Uj)

The absolute value of U can not be determined. However, the value of AU can be determined
experimentally using abomb calorimeter.

Factorson which 'U' depends

Internal energy U depends upon

(i)
(i)
(iii)

The quantity of the substance.
The chemical nature of the substance.
Temperature, pressure and volume.

Sign of AU and someimportant conclusions

(i)

(i1)

(iii)

For exothermic reactions Ug >Up
So AUis -ve
For endothermic reactions Up >Ug
So AUis+ve.
Inacyclic process, thechangeininterna energy, AU iszerosince U isastatefunction.



THERMODYNAMICS 311

(iv)  Theinternal energy (U) of agiven systemisdirectly proportional to theabsolute
temperature.
V) During adiabatic expansion of agas, work isdone at the expense of internal energy.
Asaresult internal energy decreases and cooling effect is caused.
(vi)  Inanisochoric process, volumeiskept constant. The quantity of heat supplied to
the system isequal to theincreaseinitsinterna energy.
ie. Q =AU

83 | CONCEPT OF ENTHALPY|

Most of the chemical reactionsare carried in open vessels. In an open vessel the reactants
arein contact with the atmosphere, therefore the volume of the reactants may change but pressure
remains constant i.e. equal to atmospheric pressure. Since atmospheric pressure is constant, the
processes carried out in open vessel may be considered as taking place at constant pressure and
not at constant volume.

There is exchange of energy between the system and the surrounding in every chemical
reaction. The amount of heat exchanged between the system and the surrounding at constant
pressure and constant temperature must differ from that at constant volume and constant
temperature. Thereason is obvious. When the processis carried out at constant temperature and
constant pressure, its volume changes. If volume increases, the system has to expand against
atmospheric pressureand energy isneeded for thisexpans on. Thusheat exchangewith thesurrounding
at constant pressureis|essthan that at constant volume since aportion of it isused in expansion
of the system. On the other hand, in case of contraction, work is done on the system, so the heat
exchange at constant pressure becomes greater than that at constant volume.

Fromtheabovediscussionitisclear that energy changesin areaction at constant pressure
and constant temperatureisnot dueto changein internal energy alone but it also includes energy
contribution due to expansion or contraction. To explain this, another property called enthalpy
or heat content (H) associated with every substanceis necessary.

'H'isdefinedas, H =U +PV
Since, U, Pand V arethe properties of state of the systemit followsthat 'H' isaso a sate function.

If H, = Enthalpy of the system in theinitial state.
H, = Enthalpy of the systemin the final state.
AH = (Hp-Hp) =(Upx+PVy) - (U +PV)

(Up-Up +P(Va-Vy)
AU +PAV.
So, [AH =AU +PAV/| - Relationship between Internal energy and Enthalpy.
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Sign of AH and someimportant conclusions:

8.4

(i)

(i1)

(iii)

(iv)

v)

(vi)

(vii)

For exothermic reactionsHg > Hp
So, AH=Hp-Hr = —ve.  where, Hp = Heat content of products.
Hg = Heat content of reactants.

For endothermic reactionsHp > Hg
S0, AH =Hp—HRr = +ve.
The quantity of heat supplied to a system at constant pressurei.e Qp isequal to
increaseinits enthalpy value.

Qp = AH
AH ismore significant than AU since most of the reactions are carried out at
constant pressure.
When no gaseous components are involved, the change is volume is almost
negligible.
So, AV=0andAH=AU=Q
When gasesareinvolved but the reaction proceeds with no changeinvolumeasin
case with

Ho(9) +12(g) — 2HI(g)
2vols 2vols

AV=2-2=0,and AH=AU=Q
When the reaction proceeds with change in gaseous volume,

2S0,(g) + O,(9) —  2503(9)
3vols 2vols

the no. of moles of reactants and products also change.
We know, PV = nRT (For 'n" moles of an ideal gas)
If n, and ny be the no. of molesin theinitial and final states respectively, we have

Uil

P\/l = anT

F’VZ: n, RT

PV2— P\/l =Ny RT - anT
P(Vo-Vy) =(np—ny RT

PAV =AnRT

AH =AU + PAV = AU + AnRT

FIRST LAW OF THERMODYNAMICS (CONSERVATION OF ENERGY)

Thelaw was stated by M eyer and Helmholtz in 1840. Scientistslike Joulein England and

Colding in Denmark made significant contribution towards the development of thelaw. Thelaw
may be stated in avariety of ways.
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1.  Thisissmply thelaw of conservation of energy which statesthat ** Energy can neither
be created nor destroyed’’. Only it can be transformed from one form to the other.

2. “Thetota energy of anisolated system remains constant although oneform of energy
is convertible to the other form.”

3. “ltisimpossibleto construct aperpetual motion machinewhich could producework
without consuming energy.”

4.  “Whenever agiven quantity of energy of the onekind disappears, an exactly equivalent
amount of some other form of energy must appear in the system.”

“The changein internal energy inacyclic processin zero.”
“Thetotal massand energy of an isolated system remains unchanged although these
areinterconvertible.” Thisisinaccordancewith Einstein’s mass-energy relationship
E =mc?.

Mathematical Formulation of thelaw :

Suppose asystem absorbs Q amount of heat from the surroundings and undergoes achange
from state * A’ to state ‘B’.

Instate’A’ - Let U, = Internal energy of the system
V, =Volume of the gas
n, = Number of moles of the gas
P = Pressure of the gas

andin state‘B’—

Let U, = Internal energy of the system

V, - volume of the gas
n, = No. of moles of the gas
P = Pressure of the gas.

The amount of heat absorbed is used in two ways:

(i)  Itchangestheinterna energy of the system from U, to U, change of internal energy
AU=U,-U,

(if) It does some work by consuming rest amount of heat energy.
Hence, Q = changeininternal energy + work done

=AU +W
Sincethe pressureis constant, work doneiswork of expansion only whichisP(V -V))i.e.
PAV
Hence, Q = AU + PAV ....cccoevvecvee Q)

Equation (1) is the mathematical form of First law of thermodynamics.
Again, applying ideal gasequation to both the states* A’ & ‘B’,
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We have, PV, =nRT and PV, =nRT
So, PV,—-PV, =(n,—n)RT
or, P(V,—-V) =(n,—n)RT
or, PAV = ANRT ..o 2
Hence, equation (1) becomes Q = AU + AnRT........... 3
Equation (3) is also another mathematical form of First law of thermodynamics
Again, if dg = Infinitesimal amount of heat absorbed by the system.
du = Changeininternal energy
dw = amount of work done
then,dg=du+dw ................. 4)
Equation (4) isthe differential form of First law of thermodynamics.
Some special cases
Case- | For an isothermal process,
AT=0
So, AU=0
Equation (1) becomes Q = PAV
Heat supplied to the system is used only in doing the external work of
expansion.
Casell For an adiabatic process
Q=0
Equation (1) becomes0 = AU + PAV
or, PAV =-AU
Thus, work of expansion is due to decrease in internal energy of the
system.
Caselll For acyclic system, AU =0
So, Q = PAV
Heat absorbed by the system is used only in doing work of expansion.
CaselV When volume of the gas remains same in both the states*A’ and ‘B’
leif V. =V,
then AV = 0 and equation (1) isreduced to
Q=AU
I.e. Heat absorbed by the systemisused only inraising theinternal energy.
Case-V When the number of molesof reactantsin state‘ A’ is same asthe number
of moles of productsin state ‘B’.
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i.en=n, An=(n,—n)=0
Thus, equation (3) isreduced to Q = PAV

Case- VI In case of solid or liquid state, the changein volumeisnegligible, i.e.

AV =0
So, work done PAV =0, and the heat supplied to the systemis used only
in changing theinternal energy.

Significance of first law

(i) Ithelpsin establishing adirect relationship between the heat absorbed by the system
and work done.

(i)  Work can not be performed by the system without consuming heat energy.
(ili) Work and energy can not be produced from nothing.
8.5 | HEAT CAPACITY AND SPECIFIC HEAT OF A SYSTEM

Heat Capacity : The capacity of asystem to absorb heat and preserve the same within
isknown as heat capacity. Asaresult of absorption of heat, the kinetic motion of the atomsand
mol ecul es present in the system increases. Thusthe kinetic energy of the system increaseswhich
ultimately resultsin increasing the temperature of the system.

Heat capacity of asystem between any two temperatures may be defined asthe amount
of heat required to raise the temperature of the system from lower to higher temperature divided
by the temperature difference.

Specific heat : If the mass of the systemis one gram, the heat capacity isreferred to as
the specific heat of the system.

Molar Heat Capacity : If the mass of the system is one mole, the heat capacity is
referred to as molar heat capacity. It is represented by C. It is defined as the quantity of heat
required to raise the temperature of one mole of the substance by 1 K.

Q _Q
Thus,C= 57~ 47 (Whenthe system operates between two temperatures T,
2 1

andT,)

Since molar heat capacity varies with temperature, the true molar heat capacity is
represented by the differential equation

d
c=-3

Molar heat capacity at constant volume (C,)
FormIst Law of thermodynamics

dg = du + Pdv

Substituting the value of dq in equation (1)

du+ Pdv
C= qT e 2
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At constant volume, dv =0,

Thus, C, = 3—$= (%—?)V ............. 3)
So, molar heat capacity at constant volume is defined as the rate of change of internal
energy with temperature
Molar heat capacity at constant pressure (Cp)
du+ Pdv
dT
We know that enthalpy of the system H=U+PV
Differentiating at constant pressure,
dH =dU + PdV

From equation (2), C =

Equation (2) becomes C, = 3—:= (giH)p ................ 4

Thus, molar heat capacity at constant pressureisdefined astherate of change of enthal py
with temperature.
Relationship between C_and C,, in gaseous system.

Molar heat capacity at constant pressureisalways greater than that at constant volume.
Thisisbecause when the gasis heated at constant volume, the heat absorbed by the gasisused to
increasetheinternal energy only without doing any external work. But heating the gas at constant
pressure results in doing the external work and also raising the internal energy of the system.

The difference between C_ and C,, gives the work done by 1 mole of the gas during
expansion when heated through 1°C at constant pressure.

C,-C, -[ ]p—[ SN (5)

We know, H=U + PV

Differentiating both the sides with respect to temperature at constant pressure, we have

[28]p= [QY],+ i S — ©)

Substituting the value of [ %] p from equation (6) in egn. (5),

We have

[ S P[ < ]p- [ e I 7)

Again, weknow that U =f (T, V)
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So, dU = [ ]VdT+[ Sl av

Dividing through out by dT and keeping pressure P constant.
We have

[ ]p—[ 2]+ [ VIl 2 p ®)

Substituting the val ue of [ %] p fromegn (8) ineqgn. (7),

We have,

oG, =[ S¥1 + L S01r [ ¥ p+r[ S¥p - [ 2Y],

=[§—][ Sl P2Y 6 . )

Theterm [S—S]T iszero for an ideal gas.

So,C, C—P[ S FA— (10)

Again, for 1 mole of ideal gas, PV = RT
Differentiating this equation with respect to temperature at constant pressure, we have

P[ T ]p=R i (11)

Thus, equation (10) becomes
C.-C,=R

Thus, the difference between molar heat capacity at constant pressure (C,) and at constant
volume (C,) isequal to the gas constant R (8.314 JK~* mol ™).

M easurement of the Enthalpy change (AH) and changein Internal energy (AU)

Inachemical reaction, heat evolved or absorbed in measured by carrying out the reaction
in an apparatus called calorimeter. The principleis based on the fact that the heat given out in
equal to the heat takeniin,

If Q =Amount of heat of reaction taken out
W = Water equivalent of the calorimeter

m = Mass of liquid taken the calorimeter

S = Specific heat

T, = Initial tempeature and
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T, = Final temperature

Q=W+m)xSx(T,-T)

The common types of calorimeter used for the measurement are

(i) Water calorimeter

(i) Bomb calorimeter

(i) Water calorimeter : Thisisthesimpleform of calorimeter normally usedin physical
laboratories (Fig.8.4) .

Boiling tube

It consists of alargevessel inwhichthe Thermometer i s~ _
calorimeter is placed on cork. Packing material ~ | Sirrer
such ascotton wool separatesthevessel fromthe - )
calorimeter. Thereare holesinsidethe calorimeter

_Largevassdl

through which a thermometer, a stirrer and the
boiling tube containing reacting substances are
fitted. A known amount of water is taken inside
the calorimeter. Known amounts of reacting
substances aretaken in the boiling tube. The heat
evolved during the reaction will be absorbed by
water. The rise in temperature is recorded with
the help of the thermometer. The heat evolved is
then calculated using the formula mentioned

| Calorimeter

R ARAR]

(EREEEER!

L _ X

__________ —Water

\S
Fig. 8.4 Water calorimeter

above. It may be noted that the heat evolved isnot lost since the calorimeter is separated from the
large vessel with the help of insulating material like cotton wool.

(i) Bomb Calorimeter : Thisis commonly used to determine the heat of combustion
(enthalpy of combustion) of organic substances. The apparatus consists of a sealed combustion
chamber called abomb. A weighed amount of substance istaken in adish with oxygen at about
20 atm. pressure is placed inside the bomb, which is taken inside the water contained in an

insulated copper vessal. Thevessd isfitted with
a stirrer and a sensitive thermometer. The
arrangement isshown in Fig. 8.5

The temperature of water is noted and
the substanceisignited by electric current. After
combustion, theriseintemperature of the system
is noted. From the heat gained by water and
calorimeter, the enthalpy of combustion can be
calculated.

The enthal py of combustion measured
isactually AU, since the reaction takes place at
constant volume inside the bomb cal orimeter

(W+ mfT, T}xS
Wl

AU xM kcdl.

Ignitionwires
Stirrer
- " Thermometer

Oxygerk)

0 ﬁi] ~— Heat insulating container

Steel Bomb
- Sampleinthedish

&) ]
Water

Fig. 8.5 Thearrangement of Bomb cal orimeter
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Where M = Molecular mass of the substance
W, = Mass of the substance taken
AH can be calculated using the relationship

AH =AU + AnRT

8.6 |THERMOCHEMISTRYANDTHERMOCHEMICAL REACTIONS

Thermochemistry is abranch of physical chemistry which deals with heat changes
accompanying chemical reactions. The chemical reactions accompanied with evolution or

absorption of heat energy are known as ther mochemical reactions.
TYPE OFTHERMOCHEMICAL REACTIONS:
(&) Exothermicreactions(Exoergicreactions)
(i) Such reactions proceed with evolution of heat.
(i)  Theenergy of the product islessthan the energy of thereactantsinHp< Hi
(iii)  AHis-ve. Thevaue of AH iswritten on the product side with a (+) sign.
(iv)  If heat content is plotted against extent of reaction, the nature of the graph will be
asfollows.
T R

Heat content| -A H

v H

Extent of reaction —>

Fig8.6.: Plot of Heat content against Extent of reaction for an exother mic reaction.
(V) Examples of such type of reactionsare
S(S) + Oz(g) — SOZ(g) + 297 kJ
AH =—297 kJ
1
Hz(g) + 5 Oz(g)—> H2O() +286.9 kJmole

AH =-286.9 kJmole
Cg +Opg — COpy +3935k]
AH =-3935kJ

(b) Endothermicreactions(Endoergicreactions):
(1) Such reactions proceed with absorption of heat.
(i) The energy of the product is more than that of the reactant.
i.e.Hp>HRg
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(iii)  AHis+ ve. Thevalue of AH iswritten on the product side with a (=) sign.
(iv)  If heat content is plotted against extent of reaction, the nature of the graph

will be asfollows.
H

w :

Heat content| -A H

Extent of reaction —>

Fig 8.7 - Plot of heat content against extent of reaction for endother mic reaction.

8.7

(v) Examples of such reactionsare:
NH4Cl(g) + a0 —> NH4Cl (g — 16.11kJ
AH =+ + 16.11kJ
Ice (1 gm) — Water (1 gm) — 334.7 kJ
AH=+334.7kJ

ENTHALPY CHANGESIN CHEMICAL REACTIONS (Heat of Reaction)

Itisdefined asthe quantity of heat evolved or absorbed when the number of gram molecules

of the substancestaking part in the chemical reaction asindicated in the balanced thermochemical
reaction have completely reacted giving the products. In otherwordsit isthe difference between
the heat content of the products and that of the reactants.

ie

Heat of reaction = (Heat content of the product) — (Heat content of the reactant)
o, AH=3H,-3H,
eg. Cg *+ Oz(g) — COz(g) +393.5kJ

AH=—393.5k.J

Ciy *+2S9 — CSZ(|) —-91.8kJ

AH=91.8kJ

Factor saffecting Enthalpy of reaction : Enthalpy of reaction depends on thefollowing factors.

0] Amount of reactants: Morethe amount of the reactants moreisthe heat evolved
or absorbed as the case may be.

(i) Physical state of thereactantsand products: The change of physical stateis
accompanied with heat change. So thevalue of AH dependsonthe physical state of
the substances.

(iii)  Temperature: Thevaueof AH for areaction changeswith changeintemperature.
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Enthalpy change of reaction at constant volume (Q, )

Consider achemical reaction taking place at constant temperature and at constant volume.
In such acase, work done by the system ‘W’ =0

According to the 1st law of thermodynamics, Q = AU + W,

Where Q, isthe heat or enthalpy of reaction at constant volume.
If U_ = Internal energy of the product
U = Internal energy of the reactant
AU=U_,-U_=Q,
Enthalpy change of reaction at constant pressure (Q,)
Consider achemical reaction taking place at constant pressure.
L et us suppose H_, = Enthalpy of reactants
H., = Enthalpy of products.
Since H=U+PV
H.=U,+PV,
H,=U,+PV,
AH=H,-H_ =(U,-U) +P(V,-V,) =AU +PAV....... (2)

If Q. be the amount of heat exchanged in the above reactioni.e. the enthalpy change of
the reaction at constant pressure,

Then, Q. =AH =AU+ PAV ............... (3)
Relationship between Q_and Q,,

We known that AH = AU+PAV (Egn.2)

Also, Q, =AU and Q,=AH (Egn. 1 & 3)

So, we may also write.

Q.=Q, +PAV oo, (4)

For ‘n" moles of ideal gas, PV = nRT

Let n, = no. of moles of the reactants.

V, = volume occupied by the gaseous reactants

n, = no. of moles of the products.

V,, = volume occupied by the gaseous products.

At constant temperature and pressure,

PV =nRT

PV,=nRT
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So, PV,—PV, =nRT-nRT
Or, P(V,-V,)) = (n,—n)RT

Or, PAV = AnRT .....cccoenee. (5)
Substituting the value of PAV ineqgn.(4)
Q,=Q, +AnRT

where An = Difference between the number of moles of gaseous products and gaseous
reactants.

Special cases:

(i) When the reactants and products arein solid or liquid state, AV becomes almost
negligible and under such condition Q,=Q,,

(if) When the number moles of gaseous reactants in same as those of gaseous products,
len =n,
Under such condition, An=0and Q,=Q,
Examples: 1. Dissociation of NH,
2NH,(9) —> N,(9) + 3H,(9)
2moles 1 mole 3 moles
Inthiscase,n, =2,n,=1+3=4
AnN=4-2=2
Q,=Q,+AnRT=Q, + 2RT
2. Combination of Hydrogen and Oxygen
Mg+ Op9 —  2HOy
2 moles 1 mole 2 moles
Inthiscase,n, =2+1=3,n,=2
An=n,-n =2-3=-1
Q,=Q, +AnRT=Q,—RT

Sandard Enthalpy (Heat) of reaction :

AH values are usually reported in a standard or reference state. Thisis because value of

AH varies with temperature. The standard state is the most stable state of a substance under |
atmospheric pressure and 298 K.

So, when aprocessiscarried out at 298 K and | atmospheric pressure the enthapy change
AH of areactioniscalled the standar d enthalpy change and it is represented as AH°.
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8.8 |TYPESOF ENTHALPIESOF REACTI ONS|
1. Enthalpy of formation (AHf) :

It is the quantity of heat evolved or absored (change in enthalpy) when 1 mole of the
substance is formed from its constituent elements under given conditions of temperature and
pressure.

For example —
1 —
H2(g) * 202(9) — HyO() +286kJ, AH; =286kJ

Co * 2H2(g) — CH 4(g) +74.85kJ, AH F=— 74.85kJ.

_-1848 _
Hag + Clzg —> 2HCI ) +1848KJ, AHp="=5 92.4 kJ.

Cl9 + 259> CSy) —9L8KI, AHy =+018kJ

Sandard enthalpy of formation (AHof)
When all the substancesinvolved arein their standard states (I atm. pressure and 298 K)
the enthal py change accompanying the formation of 1 mole of the compound fromitselementsis

known as standar d enthal py of for mation (AHof). The values of standard heat of formation of
elementary substances are taken to be zero.

I mportance of enthapy of formation.
Theenthal py of reaction can be calculated by the help of heat of formation values.

AH° = ZAHOf (products) — ):AHOf (reactants)

Example- 1
The enthalpy of reaction for
C,oHge +120,,— 10CO, , +4H.0O,,
at constant volumeis4345.1 kJ at 25°C. Cal cul ate the heat of reaction at constant pressure
at 25°C
Solution :

For CloHa(s) +12 02(9) — 10 COZ(g) + 4H20(|)
Given An=10- 12 =-2 (only in gaseous phase)
T=298K
AU =4345.1 x 108 Joules
R =8.3143 Joules K1 mole*

AH =AU + AnRT
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= 4345.1 x 103 + (—2) (8.3143) (298)
= —4350055.3 Joules
= — 4350.055 kJ

Example- 2
The standard heats of formation for CCl,4 (g), HoO(g), CO5(g) and HCI (g) are-25.5, —
57.8, ~94.1and —22.1 kcal respectively. Calculate AHogg) for the reaction in kJ.
CCly(9) + 2HO(g) — CO, ) +4HC

2(g)

. . 0 —_ 0 — 0
Solution : AH Reaction_AH Product AH Reactants

— 0 0 _ 0 _ 0
= AHCO + 4 x AH HCl AH CCI4 2><AH|_|O

or, A, > =-041+4x (-221)% (- 255) 22x (-578)

or, AH® Regetion = —41.4 kcals=—41.4 x 4184 = —173.2 kJ

Example- 3
The molar heat of formation of NH4NOgg) is - 367.54 kJ and those of N2O(g), HoO(1)
are 81.46 and -258.8 kJ respectively at 250 C and | atmospheric pressure. Calculate AH
and AU of the reaction.

NH NOZ o —N,0 ) +2H;0 ()

Solution :

AHRexction = Hproduct - Hreactant
= (AH o+ AHy 6% )~ (BHy, o)
= (81.46 + 2 x —285.8) — (—367.54)
=-122.56 kJ.
Again, AH = AU + AnRT
Here An=1-0=1
R=8.314J
T =298K
-122.56 x 10 = E + 8.314 x 298
or AU =-125037 Joule
=-125.037 k Joule.

2. Enthalpy of combustion :

It isdefined asthe enthal py change (AH) accompanying the complete combustion of one
mole of the substance at a given temperature.
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(i) C * OZ(g) - COZ(g) +393.5kJ
AH =-393.5kJ
(i) CH4(g) + 202(g) — COZ(g) +2H0() +890kJ
AH =-890kJ

Since combustion isaways accompained with evolution of heat, enthal py of combustion
AH isaways—ve.
Importance of Enthalpy of Combustion

Thevalue of enthalpy of combustion helps us in comparing the efficiencies of fuels. A
fuel having higher value of enthalpy of combustion is considered to be a better fuel.
Example- 4

When 2 molesof CoHg(g)are completely burnt, 3129 kJof heat isliberated. Calculatethe heat
of formation of C2H6(g) AH g for COZ(g) and HyO(y are—395and —286 kJ mole~1 respectively.

(Roorkee 1988)

Solution - We have to find

ZC(S) + 3H2(g)% CZH6(g) AH = 2 e (l)
As per guestion.

C * ?2(9) — COz(g)I + 395ka ................................................................ 2

Hz(g)+ 502(9) D> HO (1) + 286 KJ ... ©)]

7 3129

CoHg(g) + 5 Oz(gy = 2C0qg) +3H;0() + = L (4)
Multiplying equation (2) by 2 and (3) by 3 and then adding.

2C(9*+ 3Hyg * Zzoz(g) —> 200y +3HO() + 1648KJ v 5)

Subtracting equ. (4) from (5)
2C(g) + 3H2(g) — CyHg(g) +83.5kJ
AHf of CoHg =—-83.5kJ
Example-5
Calculate standard heat of formation of CS,. Given that standard heat of combustion of C, S
and CS, are —393.3, —293.72 and —1108.76 kJ mole~1 respectively (Roorkee 1989)
Solution :
Therequired equationis:
C+2S —CS, AH="?
Asgiveninthe question
C+0O, = CO,+3983KJ ..o D
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S+0, = S0,+293.72KJ .cocvriiiiii s 2

CS,+30, = CO, + 2350, +1108.76 KJ ..., 3
Multiplying equation (2) by 2 and adding equation (1)

C+25+30,— CO,+280,+ 980.74 KJ .....covriiireriiiiicicrce 4

Subtracting equation (3) from equation (4)
C+2S — CS,-128.02kJ
- AH =128.02 kJ.

3. Enthalpy of neutralisation :

It isdefined asthe enthal py change when one gram equivalent of an acid isneutralised by
one gram equivalent of abase or vice versain afairly dilute solution.

eg. HCI (aq) +NaOH (ag) — NaCl(aq) + H,0 + 57.32 kJ.

HCI (ag) + KOH (agq) — KCl (ag) + H,O + 57.45kJ

The process of neutralisation involvesthe reaction between H* ion of the acid with OH—
ion of the base leading to the formation of unionised water molecule. Consider the reaction
between NaOH and HCI.

NaOH + HCI — NaCl + H,O + 57.32 kJ
o, Na*+OH +H*+Cl- — Na'+Cl~+H,0+57.32kJ
or, H*+OH~ —H,0+57.32kJ

Thus, enthal py of neutralisation of astrong acid with astrong base may be defined asthe
enthalpy of formation of water from H* and OH—~ions.

However, when acid or base isweak the enthal py of neutralisation islower than 57.32 kJ
since apart of the heat evolved by the combination of H* and OH- ions consumed in causing the
ionisation of acid or base. The enthalpy of neutralisationisstill lower when both acid and base are
weak. For example enthal py of neautralisation of NH,4OH (weak base) by HCI (strong acid) is
—51.9 kJwhereasthat of CH3COOH by NH4OH is —12.1 kJ (here both are weak)

Example- 6

Given that :

H* (ag) + OH~ (aq) — H,0 + 57.45kJ

Calculate the heat released when 0.4 moles of HCl isneutralised by 0.4 molesof KOH in
agueous sol ution.

Solution :
H*(ag) + OH(aq) — H,0(I)
0.4 mole 0.4 mole 0.4 mole
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When 1 mole of water isformed heat relased is57.1 kJ
When 0.4 moles of water isformed heat released in 57.1 x 0.4 = 22.84 kJ.
Example-7
Given H* (ag) + OH~ (ag) — H50 (I) + 57.1 kJ. Calculate the heat released.
(i) When 200 ml of 0.2 M HCI solutionismixed with 100 ml of 0.1 M KOH solution.
(i) Anaqueous solution containing 0.5 moles of HNO3 is mixed with an agqueous
solution containing 0.2 moles of NaOH.

Solution :

(i) 200 ml of 0.2 M HCI contains % = 0.04 moles of HCI

i 100 ml of 0.1 M KOH contains 100 x 0.1 =
(i) 10001 =0.01 moles of KOH

0.01 mole of KOH will neutralise 0.01 mole of HCI to from 0.01 mole of water and
(0.04 — 0.01) i.e. 0.03 mole of HCI remain unreacted.

So, amount of heat rel eased in theformation of 0.01 moleof water =57.45 x 0.01=0.574 kJ.

(i) 0.2molesof NaOH neutralise 0.2 molesof NO, to from 0.2 molesof H,O and 0.3
mol es of HNO, remain unreacted.
So, heat released as aresult of formation of 0.2 mole of water is 57.45 x 0.2
=11.49 kJ.

4. Enthalpy of solution :

When asoluteisdissolved in asolvent heat is either evolved or absorbed. Consequently
there is heat change accompanying the system and this heat change is known as enthalpy of
solution.

Itisdefined astheamount of heat evolved or absorbed, when 1 mole of the soluteisdissolved
in alarge excess of water so that any further dilution of the solution produces no heat change.
eg. () KCl + ag — KCl(ag) — 18.6 kJ
AH=18.6 kJ
(i) MgSO, +ag — MgSO, (ag) + 84.9kJ
AH=-84.9kJ

5. Enthalpy of atomisation

It is defined as the enthal py change for the conversion of compounds and elementsin to
free atoms. Thisisusually highly endothermic.

eg. H,(g) — 2H(g), AH = 435kJImol*

In the above case the H atoms are formed by breaking H—H bond in hydrogen molecule.
The enthalpy change is known as the enthalpy of atomisation of hydgrogen. It is the enthal py
change in breaking 1 mole of bonds completely to get atoms in the gaseous phase. Here the
enthal py of atomisation is also the bond dissociaton enthal py.
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Other Examples:

0] CH,(g) — C(g) + 4H(g), AH = 1665 kJ mol~*

(i)  Na(s) — Na(g), AH =108.4 kJ mol

In this case the enthal py of atomisation is same as enthal py of sublimation.
6. Enthalpy of dilution

The enthal py change when some moles of solvent in added to an aqueous solution isthe
enthalpy of dilution.

€g. HCI(g) + 10 H,0 — HCI. 10 H,0, AH, = —69.0 kJmol~*
HCI(g) + 40 H,0 — HCI. 40 H,0, AH, = —72.8 kI mol~*

So the enthal py of dilution of HCI(g) from 10aq to 40aq is (72.8 —69) = 3.8 kmol
7. Enthalpy of ionisation

We know that enthal py of neutralisation of strong acid with a strong baseis same asthe
enthal py of formation of water from H* and OH- ions.

H*(ag) + H-(ag) — H,0 (1), AH =-57.32 kJmol

The standard enthal pies of neutralisation of strong acid by strong base are almost identical
as evident from Table 8.1.

If however theacid or alkali isweak the enthal py of neutralisationislesssincethereaction
involves ionisation of weak acid or weak alkali.

For example

1. The enthalpy of neutralisation of CH,COOH by NaOH has been found to
be -55.23 kdmol~. Since the average value for the combination of H* and OH-
ionsistaken as—57.32 kJmol~, the standard enthal py of ionisation or dissociation
of acetic acid may be taken as (57.32 —55.23) = 2.09 kJmol

2. Theenthal py of neutralisation of HCI by NH,OH is—51.34 kJmol. So the enthal py
of ionisation/dissociation of NH,OH is (57.32-51.34) = 5.98 kJ mol™. The

enthal pies of neutralisation of some weak acids with NaOH are given Table 8.2.

Table 8.1

Sandard enthalpies of neutralisation of strong acids by strong bases (kJ mol)

Acid Alkali Enthal py of
neutralisation (kJ mol)
HCI NaOH -57.32
HNO, NaOH -57.28
HCI KOH -57.45

HCI LiOH —57.38
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Table 8.2
Sandard enthalpies neutralisation of weak with NaOH

Acid Enthal py of Enthal py of ionisation
neutralisation (kJ mol) of dissolution (kJ mol~)
CH,COOH —55.23 +2.09
HCOOH —56.06 +1.26
HCN -12.13 +45.19
H,S —15.90 +41.42

8.9 |ENTHALPY OF PHASE CHANGES

Matter existsin three different statesnamely solid, liquid and gas. When it changesits state
thereis heat change. This heat changeis known as Enthalpy of phase change. For example solid
changes over to liquid at its melting point whereas conversion of liquid to vapour takes place at
boiling point of liquid. Each transformationisassociated with changein heat content of the system.

(@ Enthalpy of fusion or Heat or fusion

Theentha py change accompanying the change of one mol e of the substancefrom solid phase
to theliquid phase at itamelting point is known as heat of fusion. Heat of fusion isaways positive.
e.g. HyO  — HoO(q)— 6 kdimole
S.AH=6kJ
The value of heat of fusion helps usin distinguishing ionic solids from molecul ar solids.
Theionic solids have high value of heat of fusion whereas the molecul ar solids have low values.
Thisis because of the presence of greater interparticle forcesin case of ionic solids.

©)

(b) Enthalpy of vaporisation or Heat of vaporisation

Theenthal py of vaporisationisdefined asthe change of enthal py accompanying the change
of one mole of the substance from liquid phase to vapour phase at its boiling point. Heat of
vaporisation is also always positive.

eg. H20(|) — Hzo(g) — 40 kJmole.
S A H=40kJ.

The more the value of enthalpy of vaporisation the stronger is the intermolecular forces
existing between the mol ecul es constituting the liquids. The enthal py of vaporisation of water is
+ 40 kJ per mole whereas that of liquids O, is + 0.67. This is because in case of water the
intermol ecular forces are hydrogen bonds which are considered to be stronger than the van der
Waal s forces operating between the oxygen molecules.
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(© Enthalpy of sublimation or Heat of sublimation :

The enthal py change associated with the change of | mole of the substance from the solid
phase to the vapour phase at agiven temperature below its melting point isknown as enthal py of
sublimation.

Enthalpy of sublimation of asystem isthe sum of enthalpy of fusion at its melting point
and enthalpy of vaporisation at itsboiling pointi.e. AHg,p = AHg g+ AHygp

log) = lo(g) —624kJ

So, AH =62.4kJ

8.10 |HESS'S LAW OF CONSTANT HEAT SUMMATION

INn 1840 Hess, aRussian chemist after performing alarge number of experimentsexpressed
his experimental findingsin the form of alaw known as Hess's law.
Satement : If achemical changetakes placein two or more different wayswhether in one step or
in several steps, the amount of heat evolved or absorbed in the total change is the same, no
matter, by whichever method the changeis brought about.
Example:  Carbon can be oxidised to CO» in two different ways.

l. C(S) + OZ(g) — COz(g) + 393.5 kJ

Il Cg+ 21 Op(g)—> CO(g) + 1105 k.

1
1. CO(g) + —2 Oz(g) — COZ(g) + 283 kJ.

Path - |
393.5kJ \
o) COy(g)
COg)
Path - II

Fig 8.8 Demonstration of Hess'slaw

Itisevident that 393.5 kJ heat isevolved when the changeis brought about by path I. Again
path 11 involvestwo stepsin which the same quantity of heat(110.5 + 283 = 393.5 kJ) isevolved.
Proof : Let us start with a substance 'A" which is converted to 'Z' in one step via path -1. The
conversion is associated with the evolution of Q quantity of heat. (Fig 1.7)

So, A—Z+Q/(path-l)

Again let 'A' be converted to 'Z' through some intermediate steps via path-11 with the
evolution of Q, quantity of heat.

iee. A —>B+q
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B—>C+0
C — Z+aqz (pathll)
Total amount of heat evolved is(qq + Gp + G3) = Q,
According to Hessslaw Q1 = Qo
If Qo isnot equal to Qq» let Q, > Qg

Path - 1

Q.
.

q C q
! B Path - II q, 3

Fig 8.9 Proof of Hess'sLaw
Consider the cyclic processAZA. If the system changesits state fromA to Z viapath 1,
Q, amount of heat will be evolved. Again when the system changes to state ‘A’ viapath |, Q;
amount of heat isto be absorbed. If we consider the whole cycle (Q2 — Q1 ) amount of heat will
be gained by the system. So repeating the process a number of times, a huge amount of heat can
be generated which isagainst the 1st law of Thermodynamicsi.e. against law of conservation of
energy. Hence, Q, can not be greater than Q; it must be equal to Q.

APPLICATION OFHESSSLAW :
(1) Calculation of Enthalpies of reaction :

Enthalpies of many reactions can not be determined experimentally. However, these
enthal pies can be calculated by the help of Hess's Law.

For example, it isdifficult to measure the heat evolved during combustion of 'C' to CO.

1
C(S) +—2 Oz(g) — CO(g), AH=7??

But the combustion of | mole of ‘C' to CO, involves the evol ution of 393.5 kJ and that of
COto CO, involves evolution of 282 kJ of heat energy.

Since both these processes can be studied experimentally the heat evolved during the process
of conversion of Cg) to CO(g) can be calculated by the use of Hess's Law. If heet evolved is Q then.

Q = [Hest evolved during formation of CO, from C]

— [ Heat evolved during formation of CO, from CQO]
— 3935 — (—282)
—111.5kJ.
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2 Determination of enthalpy changes of slow reaction.

There are some reactions which take place so slowly that the enthalpy change
accompanying such reactions can not be determined accurately. To determine the enthal py change
of such reactions accurately, Hess's law may be used.

For example, consider the transition of rhombic sulphur to monoclinic sulphur. Direct
measurement of enthal py change accompanying thetransition isnot possible sincethe processis
very slow. But the enthalpies of combustion of rhombic and monoclinic sulphur are found to be
—297.5 and — 300 kJ respectively.

0] S (rhombic) + Oy(g) — soz(g) +297.5kJ

(i)  S(monoclinic) + OZ(g) —> SOy(g) +300kJ.

Subtracting (i) from (ii) and rearranging
S (monaoclinic) — S (rhombic) + 2.5kJ

or, S(rhombic) — S(monoclinic) — 2.5 kJ.

Thustransformation of | gm atom of rhombic to monoclinic sulphur involves absorption
of 2.5 kJ of heat.

(3) Deter mination of Enthalpy of formation :
Itisnot possibleto determine experimentally the heat of formation of some compounds.
The same may be determined by the application of Hess's |aw.
For example, the enthal py of formation of Benzene can be calculated from the enthal py
of combustion of benzene and enthal pies of formation of water and carbon dioxide.
The desired thermochemical equation is
6 C(S) + 3H2(g) — C6H6(|)’ AH=??
We have with us the following data.
i 1
0] CgH 6() + 7502(9) — 6002(9) +3H0()) +3267.7kJ
(I I) C(S) + Oz(g) — COZ(g) + 393.5kJ
(iii) HZ(g) + > 02(9) — Hzo(l) +286.2 kJ
Multiplying egn (ii) by 6 (iii) by 3 we get
(iv) GC(S) + 602(g) — 6C02(g) + 2361 kJ
3
(v) 3Hpg) + > Op(g) — 3H20(|) + 858.6 kJ
Adding (iv) and (v) and subtracting egn. (i) we have
GC(S) + 3H2(g) — C6H6(I) —48.1kJ
Thus, AH =48.1kJ.
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8.11 | BOND ENERGY

Bond energy isameasure of strength of abond. The more the bond energy the stronger is
the bond. Different types of bonds are associated with different bond energies.

When achemical bond isformed between two free atomsin the gaseous state the energy
of the system decreasesi.e. some energy in the form of heat is given out. So, to break the same
bond an equival ent amount of energy must be given to the system. Thisamount of energy required
to break atype of bond in one mole of the compound is usually known as bond ener gy.

Definition : 1t may be defined in either of the ways given below.

(i) It is defined as the average amount of energy required to break one type of bond
present in one mole of the compound.

(i) It is referred to as the heat of formation of the bond. So, the enthalpy change
associated with conversion of 1 mole of gaseous moleculesto constituent gaseous
atomsis known as bond energy.

In case of adiatomic moleculeAB thebond energy isthe energy required to break 1 mole

of AB into its constituents A and B. But in case of polyatomic molecule, bond energy is the
averagevalue.

Calculation of Bond energy
Sepsinvolved
(i) Determine the enthalpy of formation of compound and also the enthalpy of
dissociation of molecules of common e ements.
(i) Calculate the total heat of formation by Hess's law.
(iii)  Consider total no. of bonds and cal cul ate average bond energy.
Bond energy of CH,4 can be calculated from the following data.
(i) Cot 2H2(g)% CH4(g) + 74.9kJ.
(i) 2H2(g) — 4H(g) —870.2kJ
(i) C(S) — C(g) — 719.6kJ.
Adding equations (ii) and (iii) and subtracting from equation (i).
C(g) + 4H(g) — CH 4(9) + 1664.7 kJ.

S0 1664.7 kJ of heat energy is required to break four moles of C —H bonds in methane.
Thus the average bond energy per mole of C — H bond is= 1664.7/4 = 416.2 kJ

The value of enthal pies of formation of bondsi.e the bond energies at 25°C are givenin
thefollowing Table 8.3.
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Table 8.3 Value of Bond energy at 250C

Bond Enthalpy of for mlation Bond Enthalpy of for r111ation
(kJmole™) (kJmole )
H-H 435.1 c-cl 330.5
H-F 564.8 C -Br 276.1
H —-Cl 430.9 C-S 259.4
H —Br 368.2 C=S 477.0
O-0 138.1 C—-N 292.9
0=0 439.7 C=N 615.0
O -H 464.4 C=N 878.6
C-H 416. 2 N —N 159.0
cC-0 351.4 N=N 418.4
C=0 711.3 N =N 945.6
cC-C 347.3 N -H 389.1
c=C 615.0 F-F 154.8
c=C 811.7 Cl -dl 242.7
C-F 439. 3 Br —Br 192.5

Factorsaffecting the Bond energy :

1.

Atomicsize- Thestrength of the bond depends on the size of the atoms. The smaller the
size of theatom, greater isthe force of attraction operating between the atoms and hence
stronger is the bond and more isthe bond energy.

e.g. Bond energy of H — H is435.1 kJmole* whereasthat of C — Cis347.3 kJmole?
Extent of overlapping of bonding orbitals: Itisafact that morethe extent of overlapping
of bonding orbitals more isthe energy released and more is the bond energy.

e.g. Bond energy of C — C bond is 347.3 kJmole~1 whereas that of C = C bond is 615.0
kImole~L and that of C = C bond is 811.7 kJmole-L. Thisis because the overlapping of
bonding orbitalsis to a greater extent in case of atriple covalent bond (C = C) than in
case of adouble covalent bond and single covalent bond (C=C and C — C bond)
Electronegativity : The difference in the values of electronegativities between the
combining atoms also influence the bond energy. The greater the difference in
electronegativies, the stronger isthe bond and moreisthe bond energy. Thisisbeacuse of
the greater polarisability of the bond.

e.g. bond energy, of HCI. is 430.9 kJ mole* whereas that of HBr is 368.2 kJ mol el
Resonance energy : Resonance energy greatly affects the stability of a molecule. The
greater the resonance energy amolecule, the moreisthe stability and therefore stronger is
the bond and more isthe bond energy.
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5. Bond length : Bond energy isalso known asbond dissociation ener gy. Bond dissociation
energy isless, if the bond length is more and vice versa.
e.g. Bondlength of C-Cis1.54 A°whereasthat of C=C bondis1.36A°. Thusbond
energy of C—C bond is 347.3 kJmole* whereas that of C = C bond is 615kJ mole™.

Applicationsof Bond energy :
1 Determination of Enthalpies of reactions : Bond energy helps in the calculation of
enthal pies of reactions. Suppose we want to determine the enthal py of the reaction.
H2C = CHZ(g) + Hz(g) — H3C - CH3(g), AH=7??

In the above reaction four C - H bondsin C,H, remain unaffected. A double bond breaks
in ethylene and the H — H bond breaksin H,. On the otherhand two new C — H bonds are formed
in ethane.

So, AH ={AHc=c+AHy.p} —{AHc ¢+ A2Hc 4}

Substituting the value of bond energy from the above table. (1.1) we get

AH = (615 + 435.1) — (347.3 + 2 x 416.2) kJ

=—129.6 kJ.

[AH = B.E. of reactants— B.E. of products]

2. Calculation of Enthalpy of formation : Using the bond energy data as mentioned in the
abovetable, the heat of formation of certain compounds can be cal cul ated.
eg. Consder theformation of acetone.

H O H

3C(g) +6Hy +Oy —> H —?—C—?—H

H H
Thebondsthat break :
(i) Three H — H bonds giving six H — atoms.
(i) Half O — O bond giving one'O’ atom.
Besidesthesetwo, sublimation of three atoms of C giving three atoms of C) also takesplace.
3C9 ™ @
Thebondsthat areformed
(i) Two C — C bonds.
(i) Six C — H bonds.
(iii) OneC=0bond
Enthalpy of formation of CH, COCH, is:
AHf =[3(AHH{.p) + %2 (AHp o) +3 (AHC(S) — C(g))]
~[2(AH¢ @) +6 (AHC_p) + (AHc-0)]
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Substituting the values of B. E. from the above table (1.1) we have
AHf =[(3x435.1) + (% x 138.1) + (3 x 719.6)]

—[(2x 347.3) + (6 x 416.2) + 711.3] kJ

=(1305.3 + 69.05 + 2157.9) — (694.6 + 2497.2 + 711.3) kJ

= 3532.25 - 3903.1 kJ

=—370.85 kIJmole*
3. Calculation of Resonanceenergy :

If acompound exhibits resonance it is considered to be a stable compound. It is a fact
that more the number of resonating structures more isthe stability. In case of Benzene there are
two K ekule resonating structures.

J—C

For this compound benzene, the enthalpy of formation as calculated from bond energy
very much differsfromthe experimental value. Thedifference between thetwo valuesisameasure
of resonance energy of benzene.

Let us consider dissociation of Benzene,

CeHg(a) — 6C(g) + 6H(g)
During dissociation of Benzene the following bonds break.
() Three C — C single bonds
(i)  Three C= C double bonds.
(i)  Six C—H bonds
Thedissociation energy AHy =3 (ACc.c) + 3 (AHc=c) + 6(AH on)
=(3x347.3) + (3x 615) + (6 x 416.2)
=5384.1 kJmol*
But the experimental value is known to be 5535.1 kJ mol -
So, the difference (5535.1 — 5384.1) = 151 kJ is attributed to the resonance energy of Benzene.
Thisis beacuse the actual energy required to cause dissociation of Benzeneis 151 kJmore
than calculated value. Thus, Benzene molecule is more stable than any one of the two Kekule
structures.
Example 8
Calculate the enthal py change of the following reaction.
CHa = CH(9) + Ha(9) — CH3— CH,(g)
The bond energy of C — H, C-C, C=C, H-H are 414, 347, 615 and 435 kJ mole™!
respectively. (Roorkee 1985)
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Solution :
AHResction = [AHc=c + 4AHc—p) + AHp ]
— [AHc—c +6AHC 1]
Subsitituting the bond energy datain the above expression.
AHReaction =[615 + (4 x 414) + 435] —[ 347 + (6 x 414)] kJ
= (615 + 1656 + 435) — (347 + 2484) kJ
= -125kJ
Example 9:
The enthal py change for the following reactions at 25°are given below.
% Hyg* le O 9 —>  OH(g), AH = ~10.06 kealS ...cooooomnrrnrieer (1)

Hy, « —> 2H(q) AH = 10418 KCAIS ....oovvorveeeeeeeeseeeeeeeeeeeesseees e 2)
(9) 9
Oz = 20y, AH=11BI2ZKCAS v 3

(9)
Calculate the OH bond energy in hydroxyl radical.

Solution : We haveto arrive at
O~ H(g = Og) + H(g) AH="
Dividing egn (2) by 2 and egn. (3) by 2 and adding
1 1
E H 2(9) +502(g) —H (g) + O(g) ,AH=11125 (o (4)
Subtracting egn (1) from egn. (4) we have
% Hz(g) + % OZ(g) — 12 HZ(g) — _]é OZ(g) — H(g) + O(g) — OH(g)1 AH =121.31 kcal.

= OH(g) — H(g) + O(g), AH =121.31 kcals.
. Bond energy of OH radical is121.31 kcals.

Example 10:
The bond dissociation energies of methane and ethane are 360 and 620 kcals mol*
respectively. Calculate C — C bond energy.

Solution :
Given,
CH4—> CH4H, AH =360 KCaIS .....cvreireereeetice ettt se s snnas Q)
C,H,— C+C+6H AH =620 KCAIS ..ottt (2

From (1) the B.E of 4 (C —H) bond = 360 kcals

—  B.Eof 1(C—H)bond= iﬂ = 90 kcals
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From (2) B.E of C2H6 = AHC—C + 6AHC—H

= 620=AHc_c+6x90=AHc_¢ +540
= AHc_c =620 — 540 = 80 kcals
.. The bond energy of C-C =80 kcals (334.7 kJ)

SECOND LAW OF THERMODYNAMICS

812 [LIMITATION OF FIRST LAW

Accordingto 1st law of Thermodynamics*‘ Variousformsof energiesareinterconvertible”.
When a given amount of one form of energy disappears, an equivalent amount other form of
energy must appear. In otherwords, an exact equivalence between various forms of energiesis
indicated by 1st law. But sufficient informations are not provided by the law regarding:

(i)

(i)
(iii)
(iv)

The feasibility of the processi.e. whether a specified thermodynamic processis
possible or not.

The extent to which agiven form of energy is consumed.
The condition and direction of change that takes place.
The maximum amount of work that can be obtained from agiven quantity of heat.

To overcome the insufficiencies of 1st law, there is the need for another law i.e. the
second law of thermodynamics.

8.13 | SCOPE OF SECOND LAW

It helpsus

(1) To determine the direction in which the energy can be transferred.

(i)  Toknow the equilibrium condition.

(iii)  To predict whether athermodynamic process can occur spontaneously or not.
(iv)  To calculate the maximum fraction of heat that can be converted to work.

Thus, spontaneity formsthe basis of second law of thermodynamics.

8.14 | STATEMENT

Thelaw was put forward by K elvin and Clausius. Scintistslike Planck, Carnot, Ostwald
etc made significant contribution towards the devel opment of the law. The law may be stated in
avariety of ways.

1)

2

Itisimpossibleto convert heat completely to an equivaent amount of work without
producing any changein the system or surrounding. (Planck)

Itisimpossiblefor aself acting machine unaided by an external agency to convey
heat from a cold to a hot body. (Clausius)
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3

(4)

(©)

All natural and spontaneous processes take place in one direction and are
thermodynamically irreversible.

Itisimpossible to construct a machine operating in cycle, which will produce no
effect other than absorption of heat from a reservoir and its conversion to an
equivalent amount of work.

Heat can not of itself flow from a cold to a hot body.

8.15 | SPONTANEOUSOR IRREVERSIBLE PROCESS

Consider the expansion of agas.

Case-l : When the opposing pressure is infinitely smaller than pressure of the gas the

expansion takes place infinitessmally slowly and the processis reversible one.
The work obtained in this case is maximum.

Case-11 : When the opposing pressure ismuch smaller than the gas presure the expansion

of the gastakes placerapidly and the processisirreversible. Thework obtainedin
thiscaseisless.

Case-l11 : When the gas expandsin vacuum, thereis no opposing force. Thework obtained

inthiscaseis zero.

The natural processes are spontaneous and irreversible. The change proceds with a net
decreaseininterna energy or enthal py of the system.

Examples:

@D

@)

3

(4)

(©)

(6)

Water flows down the hill spontaneously. The flow can not be reversed without
some external aid.

In case of a metal bar which is hot at one end and cold at the other, heat flows
spontaneously from the hot end to the cold end until the temperature becomes
uniform throughout.

Expansion of gasis spontaneousfrom aregion of high pressureto aregion of low
pressuretill the pressure is uniform throughout.

Flow of heat is spontaneous from ahot reservoir to acold reservoir when both are
connected.

Flow of electricity is spontaneous from a point at higher potential to a point at
lower potential.

Diffusion of solute from a solution of high concentration to a solution of low
concentration when these are brought in contact.
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8.16 | ENTROPY (S)

The concept of entropy wasfirst introduced by Clausiusin 1854. It isrepresented by the
symbol 'S. Likeinternal energy 'U’, 'S isalso a state function since it depends upon the state of
the system and independent of the path followed by the system. The actual entropy of the system
can not be defined easily, it israther best represented in terms of entropy change accompanying

aparticular process.
Mathematically, AS =$—
where, AS= Changein entropy (Stina — Sinitial)
g =Amount of heat absorbed by the system.
T = Absolute temperature
Units of Entropy :
Since entropy term is the heat exchanged divided by absolute temperature, entropy is

represented in terms of caloriesper degreei. e. cal deg=L . Thisisalso known as entropy unit

(eu).Again, sinceentropy isan extensive property i.eit depends upon the amount of the substance
present in the system, quantity of the substance isto be mentioned. This quantity isusualy one

mole. So the unit for entropy change may be written as cal deg —1 mole~1

In Sl unit it is expressed as Joules per degree Kelvin (JK—1)

Physical significance of Entropy :

We know that a processis said to be spontaneous when it has anatural tendency to occur
of its own accord. The spontaneous processes are associated with net increase of entropy. If we
examine such processes we will find that these are accompanied by increased randomness of
distribution.

Consider ametal bar which is hot at one end and cold at the other end. Thereis perfect
order inthebar solong ashigh energy molecul es are assembed at one end and low energy molecules
at the other end. But as soon as heat starts flowing from hot end to the cold end, there will be
uniform distribution of energy throughout the bar. The state of order existing at both the endsis
disturbed giving placeto disorder. Similar typeof changefrom ordered to disordered stateisseenin
thefollowing phenomena.

0] Diffusion of solute from a concentrated to a dilute solution.

(i) Flow of electricity from apoint at higher potential to a point at lower potential.

(ili)  Expansion of agasin vacuum.

In case of fusion and vaporisation there is increase in entropy of the system, since both
processes are accompai ned with decreasein order. In solidsthe molecul es, atoms or ions constituting
thesolid arearranged in aregular order inthe crystal lattice. When solid melts, the molecular order
isdestroyed. Similarly, vaporisation isassociated with conversion of liquid to vapour i.e. with more
randomness of the molecules. Since these processes are associated with an increase in entropy
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valuesit isjudtified to regard entropy as a measure of disorder, chaos or random arrangement of
molecules of the system.

Important conclusions:
() The greater the randomness of a system, greater isthe entropy.
(i)  The desreasing order of entropy in case of three states of matter is
gas> liquid > solid.
(ii1)  For al pure crystals, entropy istaken as zero.
(iv)  Inanisolated system, for aprocess to be spontaneousits AS should be +ve
i.e. AS>0
(v)  Incasethesystemisnot isolated,
AS= ASyg+ ASgy
So, (Aswg+ ASq,r)> 0 for aspontaneous process, when the systemisnot isolated.

(vi)  Athermodynamicaly irreversible processisalwaysassociated with anincreasein
the entropy of the system and its surrounding taken together whereas in a
thermodynamically reversible process, the entropy of the system and the
surrounding taken together remains unchanged.

8.17 |FREE ENERGY (G)

Thefeasibility or spontaneity of aparticular process can be decided by taking into account
both enthalpy and entropy change. The important thermodynamic property which accounts for
both enthal py and entropy change of asystemis Gibb'sFree Energy. It isdenoted by the symbol
'G'. Itisdefined as theamount of energy available froma systemthat can be put into useful work.

Mathematically, G=H-TS

where, H — Enthalpy of the system
S—> Entropy of the system

T — Absolute temperature.

Since H and Shoth are statefunctions, Gisaso astatefunction. If G, H, and S, represent
the thermodynamic functionsfor thesystemintheinitia stateand G,, H, and S, inthefinal state,

the temperature T remaining consant all through, we have

G,=H,— TS,

G,=H,— TS,

. AG (changeinFE)=G,— G,
=H,— TS)— H,—TS)
=H,— H)—T(S—9)
=AH— TAS

i.e AG=AH- TAS
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Sandard Free Energy Change (AG°)
The free energy change of a system at 259 C and one atmospheric pressure is known as
standard free ener gy change.
Mathematicaly, AGP=AH-TA &
where, AH°—> Standard enthal py change
AS—> Standard entropy change
AG*— Standard free energy change
T — 250Ci.e 298K.

Significance of AG :
(i) For asystem at equilibrium AG=0
(i)  All spontaneous processestaking place at constant temperature and pressure are

associated with net decrease in free energy i.e. for these processes AG is-ve or
AG < 0. Greater the -ve value, more is the spontaneity.
(iii) A processis not thermodynamically feasible when AG is+veor AG > 0i.e. the

processisnot spontaneousintheforward direction. It may take placeinthe opposite
direction.

Effect of temperatureon AG :
Weknow, AG=AH-TAS

Enthalpy change AH is hardly affected by change of temperature. But the term TAS
changes with temperature.

@) For exothermic reaction AH =-ve. If temperatureislow TASwill belessand AG

becomes -ve. So, exothermic reactionsare favoured by lowering the temperature.

(i)  For endothermic reactions AH = +ve. If temperature is high, TAS will be more

and AG again becomes -ve. So, endothermic reactions are favoured at high
temperature.

8.18 | GIBB'SFREE ENERGY AND EQUILIBRIUM CONSTANT

Consider ageneral reaction
A+B=C+D
Gibbs free energy for the above reaction at equilibrium, AG=0
We know that AG=AG°+ RT InK .............. (1)
Where AG® = Standard free energy changei.e. when all reactants and products are at their
standard states of unit activity or concentration.
K = Thermodynamic equilibrium constant.



THERMODYNAMICS 343

S0 at equilibrium,
0=AG+RTINK ...coeo0evrrrrrrrenee. 2
= AG’=—RT InK
=-—2303RTI0gK ..cceevrririirenenn, 3
We also know that
AGP=AHO —TASC .....coeveree 4)
So, AG’=AHC°-TASP=—RTInK ......cceueuue... (5)

Casel
In case of endothermic reaction, AH islargeand +ve. In such acasethevalueof K will be
much smaller than 1 and reaction is unlikely to form more product.

Casell
In case of exothermic reaction, AH islarge and —ve. AGP islikely to belargeand —ve. K
will be much larger than 1, thereaction islikely to form more product.

Since AG also dependsupon AS, the value of K also gets affected depending on whether
ASin+veor -ve.

Equation (5) may be used to estimate AG® from measurement of AH® and AS®. K can
then be calcul ated.

Problem
1 Considersthefollowing reaction
N, @) + Oy g) — 2NO(g)
(SP/IK L molt) 1875 200.4 206.3
AH° =175.8 kmol~
Assuming AH® and AS® to be independent of temperature, cal cul ate the temparature at
which the above reaction will be spontaneous.

Solution
AS® = 2%0 _S(N)z _582
= (2 x 206.3) — 187.5—-200.4
=247 JK1mol?!

AG® = AH® - TAS°

=175.8—(T x 24.7 x 107®) kI mol =
For areaction to be spontaneous AG® <0 i.e—ve
& thisoccurs when TASP > AH°

o

AS°

=T>
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175.8x10°
24.7
or T>7118K
So the reaction becomes spontaneous above atemperature of 7118K
2. Can Aluminium oxide be reduced to Aluminium at 298K by metal Na ? Also calculate
the value of equilibrium constant. Given AG® (298K) / kJmol=  ALLO(s) = —1498
Na,O(s) =—360
Element =0

=>T>

Solution

Thereactionis
Al O (s) + 6Na(s) — 3Na,0 + 2Al(s)
AG® =3G°(Na,0)-AG° (AL,O)

=3 x (— 360) — (— 1498)

=-1080 + 1498

=+ 418 kamol=
Since AGP° = +ve, the reaction can not occur.
Also AG° =—-2.303 RT log K
= 418 =2.303 x 8.314 x 103 x 298 log K

= logK =-73.33,s0K =4.67 x 10"

8.19 |SPONTANEITY OF A PROCESS

We know that a spontaneous reaction is one which proceeds by itself with or without
initiation. It is also a fact that all spontaneous chemical reactions proceed in direction in
which there is decrese of energy. So all exothermic reactions should be spontaneous.

eg. Cg+ 02(9) — COZ(g) +393.5kJ,, AH = - 393.5kJ

i.e. onignition 'C' undergoes complete combustion giving CO, (case of initiation)

On the otherhand, in the reaction,
2NO(q) + OZ(g) — 2N02(g) +56.52 kJ
AH =-56.52 kJ

Here nitric oxide and oxygen combine readily forming nitrogen dioxide(no initiation is
required),

However, there are several endothermic reactions which are al so spontaneous.
eg. () Evaporation of water,

H20(|) —> Hzo(g) —40.58 kJ; AH =40.58 kJ
(i) Decomposition of Ago0 to oxygen
Agzo(s) — ZAQ(S) + OZ(g) — 30.54kJ; AH=30.54kJ
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This shows that reactions with —-ve as well as +ve AH may be spontaneous. On the
otherhand, the spontaneity of areaction can not be judged only by the sign of AH. There must be
some other factor which isinvolved for deciding the spontaneity of the process. This factor is
tendency for maximum randomness.

In case of evaporation of water,when water is converted to vapour there isincrease in
randomness. In case of decomposition of Ag,O, a gas appears in the product side. So, the
randomness of the system increases. Thus, tendency to acquire maximum randomnessis another
factor that determines the spontaneity.

The overall tendency for areaction to be spontaneous is to acquire a state of minimum
energy and maximum randomness. This overall tendency isthe driving force.

Asdiscussed earlier, entropy isameasure of randomness of the system. Asthe entropy change
and enthalpy change, both are contained in the expression for AG (changein free energy)i.e. AG =
AH - TAS, we can regard AG as the driving force for deciding the spontaneity of areaction.

The following Table 8.4 summarises how signs of AH and AS for a given reaction
determinesits spontaneity.

Table 8.4 — Signsof AH, ASand AG for considering spontaneity.

AH | AS| AG=AH-TAS Remarks.
— + - Reaction is spontaneous at all temperatures.
+ - + Reaction is nonspontaneous at al temperatures.
- - — (at low temp) Reaction is spontaneous at |ow temperature
+ (at high temp) Reaction is nonspontaneous at high temperature
+ + + (at low temp) Reaction is nonspontaneous at |low temperature
— (@t hightemp) Reaction is spontaneous at high temperature

Thisisto be noted that at high temperature the entropy factor predominates whereas at
low temperature the energy factor predominates.

8.20 [ THIRD LAW OF THERMODYNAMICS

First law of Thermodynamics leadsto concept of energy content of the system whereas
second law leadsto the concept of entropy of the system. Third law of thermodynamics, however,
does not lead to anew concept, rather it placesalimitation on the value of entropy of acrystalline
solid. Third law is based on the generalisation made by scientist Nernst. According to Nernst
heat theorem AG (changein Gibb's Free energy) and AH (changein enthalpy) of asystem become
equal to each other at absolute zero of temperature and approach each other asymptotically. This
isillustrated in Figure 8.10.
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AG

or

AH

0 Temp (K) —
Fig. 8.10: Plot of AG or AH against K
According to Gibbs - Helmholtz equation

AG—AH = T{%} ........................ 1)
aT |,

When T =0i.e. at absolute zero of temperature AG = AH.
Mathematically the Nernst Heat Theorem can be expressed as

From the concept of entropy

0AG
[a—TL ==AS e, 3

where AS = Entropy change of the reaction
From Kirchhoff equation

where ACp = difference in heat capacities of the product and the reactant.
From equation 2, 3 and 4, it follows that

P OAS =0 (5)and X' ACp=0..coouuernnee. (6)

The Nernst heat theorem holds good only in case of pure solids and is the forerunner of
Third law of Thermodynamics.

From equation (6), it can be concluded that at absolute zero of temparature the products
and reactantsin solid state have same value of heat capacites. So ACp tendsto approach zero at

OK. From the concept of quantum theory, it is suggested that the heat capacities of solid tend to
become zero at OK.

e 1,Cp=0 .. (7)

From equation (5) it can be concluded that at absolute zero of temparature the products
and reaction in solid sate have same value of entropies. So AS tendsto approach zero at OK. On
analogy with zero value of heat capacity at absolute zero, the entropy value of al pure solids at

OK approach zero.
e Y S=0.... (8)

This statement has led to following definition of Third law of thermodynamics.
At absolute zero of temperature the entropy of every substance may become zero
and it doesbecome zero in case of a perfectly crystalline solid.
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In acrystaline solid the molecules, ions or atoms constituting the solid acquire definite

positions in the crystal lattice. The arrangement has lowest energy. There is zero disorder and
hence associated with zero value of entropy.

10.

12.

13.

14.

15.

CHAPTER (8) AT AGLANCE

Thermodynamics deals with energy changes accompanying all physical and chemical
ProCesses.

Internal energy : Thetotal energy stored in the substance by virtue of its chemical nature.
First law of thermodynamics (L aw of conservation of energy)
Energy can neither be created nor destroyed.

Heat capacity : Amount of heat required to rai sethe temperature of the system from lower
to higher temperature divided by the temperature difference.

Specific heat : When the mass of the system is one gram, heat capacity is called specific
heat of the system.

Molar heat capacity : When the mass of the systemisone mole, the heat capacity iscalled
molar heat capacity.

C.-C,=R
Relationship between Internal energy and Enthalpy
AH = AU + PAV

Enthalpy of reaction : Quantity of heat evolved or absorbed when the number of gram
molecules of the substancestaking part in the chemical reaction have completely reacted.

Sign of AH : (a) —ve for Exothermic reaction.
(b) +ve for Endothermic reaction.
Sandard enthalpy of reaction (AH®) : When the process is carried out at 298K and 1
atm. pressure, AH isreferred to as standard enthalpy of reaction AHC.
AU and AH can be measured in water calorimeter and Bomb calorimeter.

Thermochemistry is a branch of physical chemistry which deals with heat changes
accompanying chemical reactions.

Q.=Q, + AnRT
Sandard enthalpy of reaction (AH®) : When the process is carried out at 298K and 1
atm. pressure, AH isreferred to as standard enthal py of reaction AH.

Enthalpy of formation (AH )+ Quantity of heat evolved or absorbed when 1 mole of the
substance is formed from its constituent elements under given conditions of temperature
and pressure.

Enthalpy of combustion : Enthalpy change accompanying the complete combustion of 1
mol e of the substance at a given temperature.

Enthalpy of neutralisation : Enthalpy change when one gram equivalent of an acid is
neutralised by one gram equivalent of abasein afairly dilute solution.
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16.

17.

18.

19.

20.

21.

22.

23.
24,

25.
26.

27.

28.

29.

30.

31.

32.
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Enthalpy of solution : Quantity of heat evolved or absorbed when | mole of the soluteis
dissolved in alarge excess of water so that any further dilution of the solution produces no
heat change.

Enthalpy of fusion : The enthalpy change accompanying the change of one mole of
substance from solid phase to liquid phase at its melting point.

Enthalpy of vaporisation : Theenthalpy change accompanying the change of one mole
of the substance from liquid phase to vapour phase at its boiling point.

Enthalpy of sublimation : The enthalpy change associated with the change of 1 mole of
the substance from the solid phase to vapour phase at a given temperature below its melting
point.

Hess'slaw : If achemical change takes place in two or more different ways whether in one
step or inseveral steps, the amount of heat evolved or absorbed intotal changeisthe same, no
matter, by whichever method the change is brought about.

Bond Energy : Theaverage amount of energy required to break one type of bond present
in one mole of the compound.

q

Changein entropy: A S= =

Entropy isameasure of disorder or randomness of a system.
FreeEnergy (G) : Theamount of energy availablefrom asystem that can be put to useful work.

AG =AH-TAS

(@) AG =-ve: Processis spontaneous.
(b) AG=+ve : Processis not thermodynamically feasible.
(c) AG=0, The systemisat equilibrium.

Enthalpy of atomisation

Enthalpy change associated with conversion of compounds and elements into free atoms.
Thisisusualy highly endothermic.

Enthalpy of dilution
The enthal py change when some mol es of solvent is added to an aqueous solution.
Enthalpy of ionisation

The enthalpy change by which the enthalpy of neutralisation is less than that in case of
neutralisation of strong acid with a strong base. Thisis the case where either the acid is
weak or the base is wesak.

Second law of Thermodynamics

It is impossible to convert heat completely to an equivalent amount of work without
producing any changein the system or surrounding.

Third law of Thermodynamics

At absolute zero temperature the entropy of every substance may become zero and it does
become zero in case of aperfectly crystaline solid.

AG° = AH° -TAS® =—RTInK.
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QUESTIONS

Very short answer type (1 mark each)

1

© O N gk WD

=
©

11
12.
13.
14.

15.
16.
17.
18.

In which of the following changesthereisincrease in entropy ?
_ 1
(i) SO,(@) + 5Oy —> SO(9)

(i) lce — water
In which reaction the reactants have less energy than the products ?
What isthe rel ati onship between enthapy (AH) and interna energy (E)?

In the endothermic reaction AH is
Define enthal py of combustion.

In an exothermic reaction, AH is

The enthal py of combustion isaways
What is exothermic reaction ?

In an endothermic reaction, AH isalways .

In the reaction CO(q) + 10,(q) = CO5(q) at constant T and Pwhich one of the followin
Sl (@) " 5-2(9) =~22(g) 9

() AH=AE
(i) AH>AE
(i) AH<AE

Define Hess's law.

In which type of reaction heat is absorbed ?

What is heat of reaction ?

The dissociation energy of CH, is 360 kcals/mole. What is the energy associated with
C-H bond ?

What is bond energy ?

Define heat of combustion.

Write the equation relating free energy, entropy and enthalpy.

When ice meltsto water, its entropy

Short Answer type ( 2 markseach)

o ks wDdPE

What isunderstood by exothermic and endothermic reaction ? Give an example of each.
Explain the term Bond energy

Define Hess's law.

What is endothermic reaction. Give example.

When areaction at constant temperature and pressureisat equilibriumthevalueof AGis
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Define enthal py of combustion. Give an example.

Predict whether ASis+ve or —ve for the following reactions.

() 2Hzg * Oz = 2H0(g)

(i) CaC03(S) — CaO(S) + Coz(g)

If AH of the reaction CHyg) + CoHag) —> CaHg(g) is— 19.4 keals, what will bethe
AH of thereaction C3Hgg) — CHy(g) + CoHyg) ?

How doesthe free energy change show the feasibility of achemical reaction ?

What isthefree energy of areaction at 27°C with an enthalpy change 5 Kcalsmole* and
entropy change of 15 eu?

Calculate the entropy of vaporisation for a liquid boiling at 300K having enthalpy of
vaporisation 27kJmole™.

The dissociation energy of CH,CI, is 354.54kcal mol*. What is the energy associated
with C-H bond if bond energy of C-Cl is77.99K cal mol .

Define enthal py. What is the SI Unit of enthal py.

Short Answer type (3 marks each)

A w DR

What is enthalpy of ionisation. Discuss with suitable examples.
Discuss enthal py of atomisation with example.

What is enthalpy of dilustion. Discuss with example.

Derive the expression AH° = —RT InK

Long Answer type (7 marks each)

1.
2.
3.

Write anote on Hess's law.

Write anote on —Activation energy.

Write short notes on

@ Heat of reaction

(b) Heat of fusion

Define enthalpy of vaporisation. State Hess's law. Mention two conditions under which
enthal py change (AH) may be equal to internal energy change (AE)

What are the limitations of 1st law of Thermodynamics? Discuss the scope of 2nd law
and write the various forms of statement of 2nd law of thermodynamics.

Giveabrief account of 3rd law of thermodynamics.

ADDITIONAL QUESTIONS

Very short Answer type (1 mark each)

1.
2.

Define heat of formation

The value of AH for combustion of 1 mole of ethanol when both reactants and products
are at the same temperatureis
What isthe heat evolved or absorbed when acompound isformed fromtheelementscalled ?
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13.

14.

At constant volume g equalsto

Thermodynamically, adsorptionisan phenomenon.
Defineinternal energy.

Entropy of agasis than that of asolid.

How AH and AE arerelated ?

Entropy isameasureof _ of the system.

Define heat of fusion.

What is bond energy?

Predict whether ASis+ve or -vefor the following reactions:
) N,O (9) > N,0, (9) + 0, (9)

if) NH, (g) + HCI (g) — NH,CI(s)

Which of thefollowing isan intensive property?

(mass, energy, temperature)

Write the equation rel ating free energy, entropy and enthal py.

Short answer type (2 markseach)

© © N o O M ww D

I o i
> wdh PP O

15.

What are the components of internal energy ?

Entropy of a pure substance is zero at zero degree Kelvin, Explain why ?
State two important conditions which account for the spontaneity of areaction
Explain the term — bond energy.

What is heat of neutralisation.

Explain law of conservation of energy.

What are extensive and intensive properties. Give suitable example.
What are the factors on which internal energy 'E' depends ?

How AH and AE arerelated in case of reaction 2802(g)+02(g) — 2803(9)
What is standard enthal py of reaction ?

Discuss the importance of Heat of combustion.

Heat of neutralisation of aweak acid with astrong baseislessthan 57.1 kJ-Justify.
Explain how resonance energy affect bond energy.

What is meant by standard free energy change ?

Discuss the effect of temperature on AG.

L ong answer type (7 markseach)

1
2.

Explain exothermic and endothermic reactions with suitable examples.
What do the symbols AH, AS and AG signify ? How arethey interrelated ? What isthe
importance of the relation formed ?
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Define Gibb'sfree energy change. How isthe changein free energy related to spontaneity ?

For the reaction, MZO(S) — 2M(g + % Oz(g)

A H=30kImole ! and AS=0.07 kJK™ (at 1 atm)

Calculate upto which temperature the reaction would not be spontaneous.

What is bond energy ? How it is calculated ? Discuss the various factors that effect bond

energy.

() What is meant by heat of formation ?

(b) State Hess's law of constant heat summation by taking suitable examples.

Give reasonsfor the following :

(&  Entropy of asystemincreaseswith increasein temperature.

(b) AGisaways-vefor aspontaneous reaction.

(©) A strong acid with strong base.Enthal py of neutralisation of aweek acid with a
strong base isless than that of a strong acid with strong base.

(d)  Inexothermicreaction AHis—ve

(e AGiszeroat equlibrium.

What do you understand by

(1) Heat of solution (ii) Heat of neutralisation (iii) Heat of combustion (1984 Bihar
I ntermediate)

What isentropy ?What isitsunit ? Discussthe physical significance of entropy. Explain
why the entropy of iceislessthat of water.

Define entropy and free energy of a system. Predict the feasibility of areaction when,
(@  both AH and ASincrease

(b)  both AH and AS decrease.

() AH decreasesbut AH increases.

Write notes on (any three)

@ Enthalpy of formation

(b)  Enthalpy of combustion

(0  Bondenergy

(d)  Enthalpy of neutralisation.

State and explain Hessslaw of constant heat summation. Discussits application. Calculate
the enthalpy of formation of methane. Given :

@  C(graphite) +O, (g) —> CO, (g) AH_=-3935kJ

b)  2H,(g)+O,(g) = 2H,0() AH, =-571.8kJ

C) CH, (9) + 20, (g) — CO, (g) + 2H,0(9) A H.=-890.3kJ
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NUMERICAL PROBLEMS (UNSOLVED)

1 Calculate the enthal py of following reaction :
CHp = CHp(g) + Hpg) = CHz-— CHs(g)
The bond energiesof C-H,C-C,C=C,andH - H are
416, 356, 598 and 436 kJ/mol respectively. (Ans: 154 kJmole)
2. Find out the hesat of reaction for the following :
N2H4(|) + 2H202(|) — Nz(g) + 4H20 at 25°C
Given at 25°C, heat of formation of
N2H4(|) =12 kcal / mole
H2O5(jy = —46 keal/mole
H20(jy = -57.5 keal /mole (Ans: - 150 kcals)
3. Calculate AH for reaction

CHz~ CH=CHp + Clp — CH3—~ CH-CH,
c

From the following bond energies:
Ec_c =347.3, Ec=c = 615
Ec_c =330.5, Eq_c =242.7 kJ/mole
4. Standard heat of formation at 298 K for CCl4(g) H2O(g) » CO2(g) and HCl ) are 25.5,
—57.8,-94.1,22.1 kcal/mole respectively. Calculate AH for the reaction
CCly +2Hy0 — COy(g) + 4HCl g Ans.(-41.9kcal)
5. Free energy change AG for thereaction
Agy O — 2Ag(g) + %02(
9)
is zero AS and AH for this reaction are 0.066 kJ mol—1 K-1 and 31.218 kJ mol-1
respectively. Find out the direction of the reaction below 200°C (Ans: AG < 0, reaction
IS spontaneous)
6. Themolar heats of combustion of CoH 2(g) C(graphite) andH 2(g) e 310.62 kcals, 94.05

keal and 68.32 kcal respectively. Calculate the standard heat of formation of CyHy ().

(Ans: 54.20kcals)
7. Determine the enthalpy of the reaction

CaHgg) * Ha(g) = CaHe(g) + CHa(g)

at 25°C, using the give heat of combustion values under standard conditions.
Compound Ha(g) CHy(g) CoHg(g) C(graphite)

AH°(kJmol) -285.8 —-890.0 -1560.0 —-393.5

The standard heat of formation of C3Hgg) is—103.8 kJ/mol (Ans: -55.7 kJmol)
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The standard molar heats of formation ethane, carbondioxide and liquid water are —21.1,
—94.1, —8.3 kcal respectively. Cdculate the sandard molar heat of combustion of ethane.

(Ans=-372 kcal/mol)
Calculate the standard heat of formation of Carbon disulphide(l). Given that the
standard heat of combustion of Cg) , S(g) and CSy(|y are—393.3, —293.72 and —1108.76
kJmole—1 respectively. (Ans: 128.02 kJmol—1)
Cal culatethe difference between heat of reaction at constant pressure and constant valume
for the reaction at 250 C in kJ.

2CgHg) + 1502(g) = 12C0z(g) + 6H20) (Ans: —7.4kJ)

The standard hest of formation of CHyg), COyg) and HyO(g) are—76.2, -394.8 and —241.6
kJmole~1 respectively. Cal culate the amount of heat evolved by burning 1m3 of methane
measured under normal conditions. (Ans=35794.64 kJ)
Calculate the resonance energy of N,O from the following data.

AHF of N,O = 82kJmol—1

Bond energiesof N=N, N=N, O=0 and N= O bonds are 946,418, 498 and 607 kJmol—*
respectively. (Ans=88 kJmol?)
When 2 moles of CyHg are completely burnt 3129 kJ of heat is liberated. Calculate the
heat of formation AH, for C,H.. Given AHf for CO, and H,O are -395 and -286 kJ
respectively. (Ans=-83.5kJ)
The molar heat of formation of NH,NO, is 367.54 kJand that of N,O and H, O(l)

are 81.46 kJ and -285.75 kJ respectively at 25°C and 1 atm. pressure.

Caculate AH and AE for the reaction

NH,NO,,— N,O, +2H,0,  (Ans. -122.56 kJand -125.037kJ) (1986 Roorkee)

The bond dissociation energies of gasesH,,, Cl, and HCI are 104,58 and 103 kcal/mole
respectively. Calculate the enthal py of formation of HCI gas. (Ans.-22kcals) (198511T)

MULTIPLE CHOICE QUESTIONS

A well stoppered thermosflask contains someice Cubes. Thisisan exampleof a

(@) Closed system (b) open system (c) isolated system (d) non-thermodynamic system
For the reaction

N,+3H,=2NH_,AH="7

(@) AE=2RT (b) AE - 2RT (c) AE +RT (d) AE + 2RT.

For anideal gas, therelation between the enthal py change and internal energy at constant
temperatureisgiven by

(@) AH = AE +PV (b) AH = AE + AnRT (c) AH=AE + PAV (d) AH=AG + TAS



THERMODYNAMICS 355

4.

10.

11.

If C +02 — C02 AH =X and
" ) ©F

CO(q) + =0y, » — CO,, ., AH =Y then the heat of formation of CO is
© ©) ©)

@X+Y  (MX-Y (OY-X ()XY

Enthalpies of elementsin their standard states are taken as zero. Hence the enthal py of
formation of acompound

(a) should always be negative.

(b) should always be positive.

(c) will be equal to twice the energy of combustion.
(d) may be +veor —ve

Which of thefollowing values of heat of formation indicatesthat the product isleast stable ?
(@) —94 kcal, (b) —231.6 kcals (c) +21.4 kcal (d) +64.8 kcal.
For an adiabatic process, which of the following is correct
@ PAV=00b)g=+w,(c)AE=q,(d)q=0
Idenify the intensive quantity from the following.
(a) Enthalpy and temperature
(b) Volume and temperature
(c) Enthalpy and volume
(d) Temperature and refractive index
An exothermic reaction is one which
(a) takes place on heating
(b) isaccompanied by flame
(c) isaccompanied by absorption of heat
(d) isaccompanied by evolution of heat.
An endothermic reaction isonein which
(a) Heat is converted into electricity
(b) Heat is absorbed
(c) Heat isevolved
(d) Heat is converted to mechanical work

Which of thefollowing reactionsis exothermic ?
(a) CaCO3 — CaO + COyp
(b) Fe+ S— FeS
(c) NaOH + HCI — NaCl + H,O
(d) CH4 + 205 — CO5 +2H50
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Which of the following is an endothermic reaction.
(a) 2H2 +02% 2H20
(b) Ny +Oo,—> 2NO
(C) 2NaOH + H2804 — N82804 + 2H20
(d) CoH50H  +30, — 2CO, + 3H,0
In exothermic reactions
() AEiszero (b) AH is—ve(c) ASiszero (d) AH is+ve.
For an endothermic reaction
(@) AH is—ve (b) AH is+ve(c) AEis-ve(d) AH=0
Enthal py for the reaction.
C+ 02 — C02 is
(@ +ve(b)—ve(c) zero (d) none.
Enthalpy of acompound isequal toits.
@ Heat of combustion.
(b) Heat of formation.
(© Heat of reaction.
(d) Heat of solution.
During isothermal expansion of anideal gasits.
@ Internal energy increases
(b) Enthal py increases,
(© Enthal py remains unaffected
(d) Enthal py reducesto zero.
Heat of neutralisation of astrong acid and strong baseis always.
€) 13.7 kcal/ mole.
(b) 9.6 kcal/ mole
(© 6 kcal/ mole,
(d) 11.4 kcal / mole.
Themutual heat of neutraisation of 40 grams NaOH and 60 grams CH,COOH will be
(8 56.1 kJ (b) Lessthan 56.1 kJ (c) Morethan 56.1 kJ (d) 13.7 kJ.

D)

Inwhich of thefollowing neutralisation reactions, the heat of neutralisation isthe highest.

@ NH4OH and H2804
(b) HCl and NaOH
(© CH3COOH and KOH
(d) CH3COOH and NH4OH.
Hess's law dealswith
@ Changein heat of reaction
(b) Rate of reaction
(© Equilibrium constant
(d) Influence of pressure on volume of agas.
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23.

24,

25.

26.

27.

28.

29.

30.

Hess's law of heat of summation includes
@ Initial reactantsonly,
(b) Initial reactants and final products
(© Final productsonly
(d) Intermediatesonly.

Hy ~+1o «—> 2HI , AH =-12.40 kcals, Heat of formation of HI will be.
@ <9 (9)

(@) 12.4 kcals (b) —12.4 kcals (c) —6.20 kcals (d) 6.20 kcals

Combustion of methane
@ Is an exothermic process. (b) is an endothermic process.
(© requires catalyst (d) givesH»
For which reaction, Swill be maximum ?
@  Cag* % O2(9 = €Oy
(b) CaCO3(S) — CaQ(g +CO; ©
©  Cig+Ozq ™ COy
@ Nag * Oz = 2NO,
Thetota entropy change for asystem and its surroundingsincreases, if the processis
(a) reversible (b) irreversible (c) exothermic (d) endothermic
When ice meltsinto water, entropy
(a) becomes zero (b) decreases (C) increases (d) remains same.
Heat of combustion is always
(@) +ve (b) —ve(c) neutral (d) all of the above
Energy required to dissociate 4 gms of gaseous hydrogen into free gaseous atomsis 208
kcals. at 25° C. The bond energy of H — H bond will be
(@ 104 kcals (b) 10.4kcals  (c) 1040kcal  (d) 104 cals
If arefrigerator door is opened then we get
(a) room heated (b) room cooled (c) more heat is passed out (d) no effect on room.

ANSWER TO MULTIPLE CHOICE QUESTIONS

lc 6d 11b 16b 2la 26.b
2b 7d 12b 17c 22b 27c
3b 8d 13b 18a 23c 28D
4.b 9d 14b 19b 24a 29a
5d 10b 15b 20b 25b 30a

(N.B : E has been replaced by U = Internal energy)
aaa



UNIT — VII

CHAPTER - 9

EQUILIBRIA

9.1 |IRREVERSI BLE AND REVERSIBLE REACTIONSl

Irreversiblereaction :

The chemical reactionsin which the productsformed do not react amongst themselvesto
produce the original reactants are known asirrever siblereactions.

Irreversible reactions can otherwise be defined as the chemical reactions, where the
reactants are completely changed to the products.

Examples:
0] When AgNQ, solution is added to aqueous NaCl solution, awhite percipitate is
formed due to the formation of AgCl.

AgNO3(aq) + NaCl o) AgCl © !+ NaCl (ac)

(i) NapSOy +BaCly,, — BaSOy l +2NaCl
(iii)  Zn(s) +dil. H,SO4 — ZnSO4(aq) + H2(g) T
In these reactions, the reactants react completely and the reactions proceed only
in forward direction. Backward reactions in these cases are not possible.
S0, it can be said that,
@ All irreversible reactions can be carried to compl etion.
and (b) They proceed in onedirection, i.e. they are unidirectional.

(aq)

Reversiblereaction :

The chemical reactions in which the products of the reactions can also react with one
another under suitable conditionsto produce back the original reactantsareknown asreversible
reactions. So,

@ Reversible reactions can never be carried to completion.

and (b) They occur in both the directionsi.e. forward and backward directions.
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Examples:
(1) If powdered hot iron istaken in atube and steam is passed over it, magnetic
oxide of iron, Fe30, isformed with the liberation of hydrogen gas.
3Fe+4H,0 — Feg04 +4H-H
Again, Fe,O, can react with H, to give back iron and water.
Fe3O4 +4H, — 3Fe+ 4H,0
Such reactions, which can take place in both directions under the same conditions are
known asreversible reactions.
Thesereactions are represented by the sign of reversibility between the reactants and the
products. Thus,

3Fe+4H,0 —= Fe304+4H,
Other examples of reversiblereactions are,
i —_
) Nag*3Hag == 2NHgy
.
() Hag *lpg == 2Hg
(i) PCI5(g) = PCI3(g)+CI2(g)

(iv) CH3COOH(|) + C2H5OH(|) —— CH3COOC2H5(I) +H20(|)

Characteristicsof reversiblereactions:
The main characteristics of reversible reactions are,
() They never proceed to completion inside a closed vessel.
(i)  They cantake placein both forward and backward directions.
and (iii) Therateof reactioninaparticular direction dependsupon the molar concentrations
of the reacting species.

9.2 | EQUILIBRIAINPHYSICAL PROCESSl

Phase transformation processes are the most familiar examples.
Solid = liquid
Liquid = gas

Solid = gas

Solid = liquid equilibrium :
Take aperfectly insulated thermos flask; place someice and water in it at 273K and atm
pressure. Both are solid to be in equilibrium with each other.
H,0(s) = H,O(l).
Thereisno changein mass of ice and since therate of transfer of moleculesfromiceinto
water and of reverse transfer from water into ice are equal at atm. press. and 273K. For any pure
substances at atm. pressure the temparature at which the solid and liquid phases are at equilibrium
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is called the normal melting point or normal freezing point of the substance. The system isin
dynamic equilibrium. Both the opposing process occur simultaneously at the same rate so that
the amount of ice and water remains constant.

Liquid = vapour equilibrium

Consider the equilibrium

H,O(l) = H,O (vap)

Here, rate of evaporation = rate of condensation. Liquid water and water vapour arein
equilibrium with each other at atmospheric presureand at 100°Cinavessel. For apureliquid the
temperature at which theliquid and its vapour are at equilibrium with each other iscalled boiling
point of the liquid.

Solid = vapour equilibrium
Consider the equilibrium
| (solid) = I, (vapour)
NH,CI (solid) = NH,CI (vapour)
Camphor (solid) = Camphor (vap)
Inthefirst case solid iodine sublimesto give |, vapour and |, vapour condenses to give
solid 1.,

CHEMICAL EQUILIBRIA
9.3 |STATE OF EQUILIBRIUM |

It isdefined asthe state of asystem in which its properties do not change with time.

The equilibrium with reference to changein physical stateiscalled physical equilibrium.
Example:

If asmall quantity of water isintroduced into an evacuated vessel, then evaporation will
take place and inside pressure will increase. After sometime constant pressureisindicated which
proves that the system has attained equilibrium.

When equilibriumisatained inachemicd system, itisreferred to aschemicd equilibrium.
Example:  WhengassousH, reectswithl, vapour, HI gasisproduced and thereactionisreversible.

2 12 = 2Hl ()

2H ) 7 Hag) *2g)

If the first reaction is carried out in a closed vessdl, it seems to stop after some time.
Similarly, the second reaction (decomposition of HI) aso isnot completeinside aclosed vessel
and stops after awhile. So, it can be said that in reversible reaction, both reactions apparently
seem to cometo astate of equilibrium after sometime. At this stage, the properties of the system
remain unchanged with time. Thisisknown asthe state of chemical equilibrium or equilibrium
state and hence the reaction is represented as,
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+
B2 *l2g == Mg
Types of chemical equilibrium :
Chemical equilibriumis of two types, homogeneous and heter ogeneous.

() Homogeneous equilibrium :
If dl the reactants and products are in the same phase, then the equilibriumisknown asthe
homogeneous equilibrium. A mixture of gases or miscible liquids givesriseto thistype of

equilibrium.
Examples:
@ Nag *3Hz == N3
(b) CH3COOCH 0 + C2H5OH 0y = CH3COOC2H5(I) + H20(|)

(i) Heter ogeneousequilibrium

When the reactants and products are in different phases, then the equilibrium is known
asthe heterogeneous equilibrium.

Examples: (@) CaCO3(S) = Ca0y + COZ(g)
(b) 2CUO( 9 S ZCU(S)+ 02( )

(©) NH HS( g = Hs(g) +H,S ©

Chemical equilibrium and Rate of reaction :
Consider ageneral reversiblereaction,
A +B : C+D

L et the reactants A and B react in aclosed vessel. At the beginning the concentrations of
A and B are maximum and concentrations of C and D are zero. Since the rate of a reaction
depends on the concentrations of the reactants, initially the rate of forward reaction will be high
and the rate of backward reaction will be zero. With the progress of the reaction, the rate of
forward reaction will decrease and that of backward reaction will increase. Finally, a stage will
come, when the rates of both the reactions will be equal. The reaction comes to a stand still
position. It appears as if the reaction has stopped, but the reaction has not actually stopped, it
proceeds in both the directions with equal speed. This stateis known as equilibrium state.
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T Forward Reaction
v Equilibrium point

Time —>

Fig9.1 Attainment of equilibrium statein reversiblereaction.

So, the state of chemical equilibrium can also be defined asthat state at which the rates of
the two opposing reactions are same and the concentrations of the reactants and the products do
not change. Therefore, it can be called adynamic chemical equilibrium.

Characteristics of Chemical equilibrium :

9.4

(i)
(ii)
(iii)
(iv)
(V)

(vi)

The state of equilibriumispossible only when thereactioniscarried out in aclosed
vessal.

At equilibrium, the properties of the system like concentration, temperature and
pressure remain unchanged.

Since equilibrium can shift either inthe direction of thereactantsor inthedirection
of products, it isdynamic in nature.

The same state of equilibrium can be attained from either side of a reversible
reaction.

At equilibrium, both the reactions operate simultaneously and therate of theforward
reaction is the same asthat of the backward reaction.

A catalyst added to the system does not affect the state of equilibrium.

LAW OF MASSACTION

Intheyear 1864, two Norwegian chemists Guldber g and Waage suggested aqualitative
relationship between rates of reaction and the concentrations of the reacting species. This

relationship isknown as L aw of mass action.

Satement :

The law states that the rate at which a substance reacts is proportional to its molar

concentration (active mass) and the rate of a chemical reaction is proportional to the product of

the molar concentrations of reacting substances.

Let usapply law of mass action to a hypothetical reaction,

A + B — Product (s)
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According to the law of mass action,
Rate of reaction, r o< [A] [B]
or,r =k [A] [B]

where, [A] and [B] arethe molar concentrations of the reactantsA and B respectively, kis
aproportionality constant, called rate constant.

For any general reaction,

mA + n B — Product (s)

where mand n are the no. of moles of A and B respectively,

Rate of reaction, r oc[A]m [B]n

or, r =k [A]"[B]"

Here the number of moles becomes the power to which the concentration terms are to be
raised.
Application of Law of massaction to reversiblereactions:

With the limitations of its validity to only one step chemical reactions, the law of mass
action can also be applied to reversible chemical reactions.
Consider asimplereversible reaction,

k1
MA +nNB—= pC +qD.
ko wherepand qaretheno. of molesof productsC and D respectively.

Let r; andro bethe rates of forward and backward reactions respectively, kq and ko are
respective rate constants.

Then, rate of forward reaction,

I']_:k]_[A]m[B]n" ......................... (i)
and rate of backward reaction,
rp = ko [C]p[D]q ....................... (i)

But, at the equilibrium point, the rate of forward reaction will be equal to the rate of
backward reaction. Thismeans, rq =rp
Equating egn (i) and (ii) we get,
kalA]™ [B]" = ky[CIP [D]

Prp1d
o K1 (D]

k, [A1"[B]"
o, |K. :[ A[%p[[;]“q ........................................... (iii)

where, K . =k / kp isaconstant, known as equilibrium constant.
Equation (iii) isknown as law of chemical equilibrium.
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Equilibrium constant in termsof partial pressure:

When all thereactantsand productsin areaction arein gaseousform, their concentrations
are proportional to their partial pressures.

Consider the reaction,

MA+nB —= pC+agD

where the reactants and the products are in gaseous state.

S0, the concentrations of A, B, C and D are proportional to their partial pressures,

P, Pe, e N po FESpEcively (po)° (po)"

Applying law of mass action, we get, Kp=———

(Pa)"(ps)"

where, Kp isthe equilibrium constant in terms of partial pressure.

Equilibrium constant (K )

If the concentrations of the reactants and products at the state of equilibrium are expressed
in terms of molefractions, the equilibrium constant isrepresented as K .. Considering the general
reaction at equilibrium, mMA +nB —— pC+qD

A

Py d
Ky= <S5 e V)
X X
where, Xa, Xs, Xc and Xp are the molefractions of A, B, C and D respectively
and m, n, p & qaretheno. of molesof A, B, C and D respectively.

Relationship between K ,, K_and K,

(a) Relationship between K and K,

Consider ageneral reversiblereaction

MA + nB — pC+ gD wherem,n,p,q be the number of moles of A,B,C and D respectively.
Assuming all reactants and the productsto beideal gases,

We can write

()
P (R)% ()
wherep,, p,, p, ad p, arethe partia pressuresof C, D, A and B respectively.

In an ideal mixture, each component obeys Dalton’s law of partial pressure according to
which partial pressure of individual gasis molefraction timesthetotal pressure (P) of equilibrium
mixture.

i.e.p.=x.P wherep = partial pressure of thei™ component in the mixture.
x. = Molefraction of i component
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P=Total pressure
So,p.=x.P p,=x,P p,=x,Pandp,=x,P
(A ) Y ) o o

H K =737 = - — = —<—b_ pipra) -~ (men))
e ()" (Ps)" ~ (xaP)™ (xsp) Xa - Xp

(b) Relationship between K and K
For an ideal gaseous mixture
pV =nRT (6 PV =nRT)

orp = %RTz CRT

where C, isthe molar concentration of thei*™ component in the mixture of total volume V.
Thus, p, = C,RT, p,= C,RT, p. = C_RT and p, = C_RT

« = Pe’Po’ _ (CRDP(CoRT)! _ Co"Co' rf(pra) (men]
P pa"ps"  (CART)™(CgRT)" C,"Cy"

or, K,=K_RT*9.............. 2

From quation (1) and (2)

K, =K, P10 =K _(RT)*©

When An(g) =0, i.e. for the reactions which proceed with no change in the number of moles,

K,=K, =K,
Table: 9.1 Relationship between Kp, K, & K_indifferent equilibria
Equilibrium ANn(g) K, =K (RT) 4@ K,=K, (P
LHyy*lg=2Hl, 0 K=K Kp =Ky
2. 2802(9) + Oz(g) == ZSOs(g) -1 Ke= KpRT K, =PK,
3 Ny +3H,y == 2NH,, =2 Ke =K (RT)? K, =PK,
4 NHHS + = NH, +H,S 2 Ko =K (RT)? K,=K, P
5. NHy, + HO,<=NHOH, -1 K= KRT K, =PK,

Reaction Quotient and itsrelationship with equilibrium
Consider ageneral reversiblereaction
MA+nB —=—pC+qgD
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(i)
(i1)

(iii)
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At each point in areaction aratio of concentration terms can beformulated. It ishaving the
same form as the equilibrium constant expression. Thisratio is called reaction quotient
and isrepresented by ‘Q’

[c]°[Df

[A]"[B]"

Thefollowing cases may arise.

S0, Q=

If thereactionisin equilibrium, Q = K _

The net reaction to proceed from left to right i..e.
for the forward reaction to take place, Q <K
The net reaction to proceed from right to left i.e.

for the backward reaction to take place, Q > K .

Equilibrium constant expression for somereactions:

While writing the expressions for equilibrium constant, the following points should be

kept in mind.

0] Concentration of apuresolid or aliquid istaken as unity.
(i)  Concentration of solvent isconsidered as constant, becauseit ispresentinlarge
excess and its concentration does not change appreciably during the reaction.
@ For thereaction,
NH +H,0,, = NH* __ +OH-
3aq) ~ 2

MO (a0) (a0)
Rate of forward reaction,

rg = kl[NHS(aq)] [H20(|)]
and, rate of backward reaction,
2= Kz INH" ()] [OH™ (aq)]
We, know at equilibrium, r; =rp
— + a—
Hence, kl [NH3(aq)] [Hz?] = kz [NH 4(aq)] [OH aq)]
o k.= K INH @ I [OH” (ag)]
" ko [NHg 1 [Ho0)
[NH (o] [OH (o] (© [H20] = 1)
[NH3(ag)]
(b) Reaction between gaseous hydrogen and iodine to form hydrogeniodide :

_ _[HI?
¢ T IHIN)

or, Ke =
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(© Formation of ammonia:
Na) 32 == N3
[NH3]2
Ke = 3l 3
[NLJ[H,)]

(d) Decomposition of BaCO3 :
BaCOs(S) = BaO(S) + Coz(g)
_[Ba0] [CO]
¢ [BacOg]
Since, [BaCO3(S)] =land [BaO(S)] =1,
Ke=[COyg)) = Peo,
Characteristicsof equilibrium constant (K) :
The main characteristics of the equilibrium constant are as follows.
M) Theequilibrium constant hasadefinitevaluefor every reaction at agiven temperature.
However, it varies with change in temperature.
(i) K . does not depend upon the individual concentrations of the reacting substances.
(i)  Thevalue of equilibrium constant is not affected by adding acatalyst.
(iv)  Thevalue of equilibrium constant for the forward reaction is reciprocal of that for
the backward reaction.
Example:  Hy +1,  2HI

[HI]2 For f d ti
= or forward reaction.
' [Hal [12]
H-] [l
and 2 % For backward reaction
1
Hence, k. = —
1 k2

(v) Thevaue of K tells us the extent to which the forward or backward reaction has
taken place. Grester valueof K . and Kp meansthat the reaction has proceeded
to agreater extent in the forward direction.

95 |LE-CHATELIER'SPRINCIPLE

The principle was generalised by Le-Chatelier and Braun in 1884. It helps usto predict
the effect of change in temperature, pressure and concentration on a system at equilibrium.
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Satement :

If a system at equilibriumis subjected to a change in concentration, pressure or temperature,
thentheequilibriumshiftsinthat direction of reaction which tendsto undo or reducetheeffect of change.
1. Effect of change of concentration :

If the concentration of any one of the substances (reactants and products) is increased at
equilibrium, then the equilibrium shiftsin thedirectionin which the added substance will be consumed.
Example: Congder areaction between gassousH, and |, inaclosed vessd at equilibrium.

Hence, KC= [H2][|2]

In the above reaction, if the concentration of Hyor | increases, then the equilibrium will
shift in that direction in which theadded H, and I, will be consumed forming HI. That means, the
equilibrium will shift in the forward direction. Similarly, if the concentrations of HI increases, the
reaction will proceed in the backward direction asin that direction the added HI can be consumed
by forming H, and .- In both the cases the value of Kc remains constant.

The effect of concentration can beillustrated by studying the reaction between FeCl 3 and
NH,SCN.

FeClg + NH;SCN — [Fe(CNS)]2+ + NH4CI
Yellow Colourless Red Colourless

At equilibrium, if FeCl3 is added to the system, the equilibrium shifts in the forward
direction and more [Fe(CNS)]2+ is formed. So the red colour deepens. But if NH,4Cl is added,
the equilibrium shiftsin the backward direction and more FeCl 3 isformed. So the red col our will
gradually fade.

Conclusions:

shiftsthe

equilibrium to Forward direction.

i Increasein concentration

of any of the reactants

shiftsthe

equilibrium to Backward direction.

ii. Increasein concentration

of any of the products

2. Effect of change of pressure:
If the systemin equilibrium consists of gases, then the state of equilibriumisdisturbed by
the change of pressure. Three types of situations may arise.

@ When the number of molesin the reactant side in the gaseous state is more than
that in the product sidein an equilibrium reaction, theincreasein pressure favours
the formation of products. Consider the formation of ammonia molecules,
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Nog * Mg == NHgg
1 mole 3 moles 2 moles
I |
4 moles
By increasing pressure, the volume of the system will decrease considerably. The total

number of moles per unit volume will now be more than before. The change can be counteracted
if equilibrium shiftsin that direction in which the total number of molesis decreased. This can
take place by the combination of H, and N, molecules to produce NH3 molecule. Thus, higher
the pressure, the greater would be the yield of ammonia.

(b) When the number of molesin the reactant side is less than the number of moles
on the product sidein an equilibrium reaction, then theincreasein pressurefavours
the backward reaction,

Ny == 2NOy

For such reactions in equilibrium high pressure favours the backward reaction and the

equilibrium shiftsto left. So, the above reaction isfavoured by the decreasein pressure.

(© In an equilibrium reaction in which the number of moles on the reactant side is
equal to those on the product side, then the affect in pressure does not change the
state of equilibrium.

Consider areaction, HZ(g) + '2(9) = 2Hl(g)

The above reaction proceeds in either direction without any change in the number of
moles. According to Le-Chatelier's principles, therefore, the pressure would have no effect on
thisequilibrium.

Conclusions:
shiftsthe
equilibrium to Less number of gaseous moles.

in adirection of

shiftsthe
equilibrium to large number of gaseous moles

inadirection of
3. Effect of change of temperature:
To find the effect of temperature, reactions are divided into two categories.
@ Exothermic reversiblereaction.

I Increasein pressure

ii. Decreasein pressure

and (b) Endothermic reversible reaction.
(@ Exothermicreversiblereaction :

Inthistype of reactionsthe heat isliberated in theforward direction, soit can a'so be said
that, the heat is absorbed in the backward direction.
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Examples: Nz(g) + 3H2(g) = 2NH3(g)+ AH (AH =-92kJ)
250, + 0, == 2503 +AH (AH =-192.5kJ)

In these reactions, AH amount of heat, isliberated in the forward direction. So, when
the temperature is increased,the equilibrium shiftsin that direction in which this extra heat
will be absorbed, that isin the backward direction. Such reactions are, therefore, favoured
by decreasein temperature. Thus, theformation of NH 3 and SO3 arefavoured by adecreasein
temperature.

(b) Endothermicreversiblereactions:

In thistypes of reactions, the heat is absorbed in the forward direction. So, it can be said
that, the heat is liberated n the backward direction.

Examples: Nz(g) + Oz(g) +AH = 2NQ(, (AH=+179.1kJ)

In this reaction AH amount of heat, is absorbed in the forward direction. So, when the
temperature is increases, the equilibrium shifts in the forward direction, so that extra amount of
heat is used up. These reactions are, therefore, favoured by increase in temperature.

It must be remembered that when areaction is exothermic in the forward direction, it is
endothermic in the backward direction.

Conclusion :
. . shifts the : .
() Increasein temperature equilibrium Endothermic reaction.
inthe direction
. . shiftsthe . .
(i) Decrease in temperature equilibrium Exothermic reaction

inthedirection
4. Effect of catalyst :
Theaddition of acatalyst increasestherates of the opposing reactionsto the same extent.
Thishastensthe approach of equilibrium. Thus, acatalyst hasno effect on the state of equilibrium.
Applicationsof Le-Chatelier'sprinciple:

1. Manufacture of ammonia (Haber's Process) :

Ammonia is manufactured by mixing one volume of nitrogen with three volumes of
hydrogen at 500°C under 200-900 atmospheric pressurein presence of catalyst,. The best catalyst
known is highly porous finely divided iron containing small amounts of promoters usually
molybdenum or oxide of aluminium.

Nz(g) + 3H2(g) = 2NH3(g) AH =-92kJ

[NHgJ?
tgHH

For thisreaction, K. =
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(@ Efect of change of concentration :

By increasing the concentration of N or H, or both, the equilibrium shiftstowardsright,
so asto keep the value of K constant. Hence, concentration of NH3 increases by increasing the
molar concentration of Ho or N, or both.

(b) Effect of change of pressure:

Four volumes of reactants give two volumes of product. Thus formation of ammoniais
facilitated by decreasein volume. Henceincrease of pressure shiftsthe equilibrium towardsright
and favours the formation of ammonia
(© Effect of change of temperature:

Thisreaction is an exothermic reaction. The increase in temperature will not favour the
forward reaction. So, production of NH3 will decrease by increasing temperature. In this case,
low temperature favoursthe formation of ammoniaasthe equilibrium shiftstowardsright. Butin
order to start the reaction, some amount of heat is necessary. Therefore, the reaction mixtureis
kept at 500°C and is never increased beyond it. Thisis called optimum temper ature.
Conclusion : The ammonia can be manufactured industrially by Haber's process at.

(i) high pressure, (i) low temperature and (iii) by increasing the concentration of reactants.

2. Manufacture of sulphuric acid by Contact process:

For the manufacture of H, SO, SO, is first oxidised to SO3 in presence of platinised
asbestos. Thereaction is exothermic.

2S0,+0, —2S03, AH=-1925 kJ
Here, 2 volumes of SO, combine with one volume of oxygen to give two volumes of sulphur
trioxide. Inthis, volumeisdecreased in theforward reaction. So, high pressurefavourstheforward
reaction. As this is exothermic reaction, low temperature favours the forward reaction. High
concentrations of SO, and O, aso favour the forward reaction and give more yield of SOs.

3. Manufacture of nitric oxide:

Nitrogen and oxygen are made to combine at 3000°C. Thishigh temperatureisachieved
by means of an electric spark.

Nz(g) + Oz(g) == 2NO(g) AH =+179.1kJ

This reaction is endothermic and takes place by absorption of heat. So, high temperature
favourstheforward reaction. One volume of nitrogen combineswith onevolume of oxygentogive
two volumesof nitric oxide. Sncethereisnovolume change, pressurehasno effect ontheequilibrium.

4. Dissociation of nitrogen tetroxide:
Nitrogen tetroxide is a colourless gas. This on heating dissociates to nitrogen
peroxide,which is areddish brown gas.
N>O — 2NO AH = +58.6 kJ
Mg S 2(9)
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This is an endothermic reaction. Hence increase in temperature favours the forward
reaction giving moreyield of NOZ' One molecule of nitrogen tetroxide gives two molecul es of
nitrogen peroxide. So in this case volume increases in the forward reaction. So, low pressure
will facilitate the forward reaction giving more yield of NO». If the concentration of N»Oy4 is
increased, theyield of NO, will increase.

_ INOy?
[N2O4]

c

Thus, according to Le Chatelier's principle, the equilibrium shifts toward the right, in
order to keep Kc constant.

Thermal dissociation :
It isaprocess in which the molecule of a substance breaks up into simpler molecules or
atomson heating. Itisareversible process.

Example: NH4CI dissociates on heating to give NH5 and HCI
NH4Cl —= NH3+HCl
Itisareversible reaction. On cooling NH3 and HCl combineto give NH,4CI.
Other examples are:
0] PClgy —= PCl3+Cl,
(i) CaCO3 — Ca0+COy

Thermal decomposition :
It is a process in which the molecule of a substance on heating breaks up into smpler
molecules or atoms. It is not areversible process.

Example: Pb (NO3), decomposes into PbO, NO, and O,
2Pb(NO3), A, 2PbO +4NO, + O,

Distinction between dissociation and decomposition :

Dissociation Decomposition
I. Itisareversible process i. Itisanirreversible process.
ii. Reaction never goesto completion. ii. Reaction always goesto completion.
iii. Le-Chatelier'sprincipleisapplicable | iii. Le-Chatelier'sprincipleisnot applicable.

Application of Law of mass action to different equilibria :

1. Homogenousequilibria: Theequilibriain which both the reactants and the productsare
in the same phase are called homogenous equilibria
(a) Gaseousphaseequilibria: Thistype of equilibriainvolvesthe following cases:
case (1) When A n=0.
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Forexample, Hpg) + lpg = 2HI(y
a b 0 (Initialy)
(a-x) (b—x) 2X (at equilibrium)

373

Let 'a moles of Hz(g) react with 'b" moles of I, to give Hl(g) and let 'x' moles of Hl(g) IS

produced at equilibrium.
Let the volume of the container be'v' litre,

Hence, [H))= = [1)= <~
and [Hl]:%
_ [H®  _ A (1)

ML) @ (b-%

Again, let 'P be the pressure of the gas at equilibrium.

Total moles at equilibrium = (a—x) +(b—x) + 2x =a+b.

Mole fraction of Ho] =
H2l= 255

Mole fraction of [Io] = a_+5

2X

and Molefraction of [HI] = —=¢

We know, partial pressure of a component = Total pressure x its mole fraction.
a—X b—x
arb’ P2 =P
(Py)?
P™ Pryx Py
4 x2 2

and pH| =Px

=Px
PH, a+b

~ (a=Xx) (b-x)

Fromegn (1) and (2), we get, Kp and K. are same for the formation of HI. Hence, when number

of moles of the reactants and products are same, that is, when A n=0, K, = K.
Case (ii) when An # 0,
For example, Nz(g) + 3H2(g) == 2NH3(g)- |
a b 0 (Initialy)
@a-x) (b-3x) 2X (at equilibrium)
Initially let 'a moles of NZ(g) react with 'b' moles of HZ(g) to produce NH3

Let. x molesof NH3(g) is produced at equilibrium and the volume of the container be'v' litre.
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a-x b—-3x 2X
~[N2] = —V—JH2]= —;——aw[NHﬂ =y
K [NH3]3 2x/v
¢ "IN, JH,] (a_ )(b 3x)
or, K = AX2. V2 e (3)

c (a-x) (b-3x)3
Let pressure at equilibriumisP,
Total molesat equilibrium=a—-x +b—3x+2x =a+ b - 2x.

a—x
PN, :P><a+b-&

b - 3x
Py, =P _ 9
H2 % a+b-2x
2X

a+b-2x

2 2X ?

_(NHY®  _ \Pxmpx
P (Pn) (PH)° P(ax) ><(P(b-sx)
a+tb-2x \a+b-2x

and pNH3 = Px

4x% (a+b - 2x)2 4
K =@ —————————— 7
P~ P2 (ax)(b-3x)3
From egn. (3) and (4) we get,
Kp # K for theformation of NH.,.
Hence, whenthe An= 0, K # K¢

or,

Solved numerical problems:

1. The chorAz(g) + Bz(g) == 2AB(g at 100°Cis50. If onelitre flask containing one
mole of A, is connected with atwo liter flask containing 2 moles of B, how many moles of AB
will be formed at 100°C (11 T., 1985).

Solution :
Ayg *  Byg == 2By
1.0 2.0 0 (Inital moles)
(1-x) (2-x) 2X (moles at equilibrium)

The volume (v) becomes 3 liter on joining two containers.

22X and[AB] =

= [B] =5

At equilibrium, [A2] = =
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Hence, according to law of mass action,

2
Kc= [AB]2 = 2%) = 4X2
[AJB,]  (1-x)(2=x) 2-3x+ X2
3 "3
e ¥ . (1)
or, T 2-3x+x2

Solving egn (i) we get, x = 0.93 and 2.326. Since the value of x should not be equal to or
more than 2, the value of x will be 0.93.
.. Number of molesof AB =2x = 2 x 0.93=1.86
2. Calculate the equilibrium constant for the reaction,
+ _ +
| 09_2(9) Hz(g) = HZO(Q) CO(g) at 1.395K,
If the equilibrium constant at 1395 K for the for the following are,
—_— + , - .
ZHZO(Q) - 2H2(g) 02(9) kl 2.1x 10

ZCOZ(g) :ZCO(Q) + OZ(g)’ k2 =14x10
Solution For thereaction, 2H0g) = 2H2(g) + OZ(g)
Kk = [H2]2 [02] (i)
1T T
[H,O]
For thereaction 2COy(g) :2 2CO(g) + 02(
[COI” [O7] i
= T L ———— (i)
2 [C02]2
For thereaction COy(g) tHyg = HZO(g) + CO(g)
[H,O][CQO]
K= =2t 0 e (iii)
[CO,I[H,]
Dividing eqgn (ii) by (i) we get,
ke _[COR[OJ M0
k, — [COy2 [H,10;]

ko _ [CO°[HO) _
ki [COJ%[H,]°

k, |14 x 10712
“K= |75 = [———— =258
kq 21 x 107

3. For thereaction,A+B — 2C, 2 molesof A and 3 molesof B aredlowed to react. If
the equilibrium constant is 4.0 at 400°. C, what will be the moles of C at equilibrium.

or, LG (iv)
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Solution : A + B — 2C

—
2 3 0 (Initial moles)
(2-x) (3-x) 2X (moles at equilibrium)
L et volume of the container beV litre.
_[c2 (2xIv)?
[A] [B] 2-x  3=X
v v
2
4.0= X
(2-x) (3-x)
~x=12

or, Molesof C at equilibrium =2x=2 x1.2=24

4. For areaction 2HI —= H, + |, at equilibrium 7.8g, 203.2g and 1638.49 of H, |, and
HI respectively werefound. Calculate Kc.

Solution :
16384 7.8 203.2 (moles at equlibrium)
128 2 254
= 12.8 3.9 0.8

Let volume of the container be v litres

CAE 39 1] :Q/—-Sand

\Y
_128
[HI] ==5=
39, 08
KC=[H2][|2]=(TX = = 0.019
[HI]2 &-8)2
\'

5. 0.5molesof H,, 0.5 molesof |, reactsin 10litreflask at 448°C. The equilibrium constant
(K, is50for H2 +lp, — 2HI
@ What is the value of Kp?
(b) Calculate moles of I2 at equilibrium.

Solution :
0.5 0.5 0 (Initial moles)
(0.5-x) (0.5-x) 2x  (molesat equlibrium)

(@ Since=0, Kp = K¢ =50
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2
(b) K = HI
[H,] [1,)]
The volume of the flask is 10 litre.
_ 0.5-x, _ 05-x

2%
10

= [ ij =
10 Ax 2
-.-K X

¢~ 05-x 05—x (05-x)

or, [HI] =

10 10
2
or, 4X— = B0
(0.5—x)2
o, —X - 55 or, x=039
05-x

Hence, moles of I, at equilibrium.
=0.50 - 0.39 = 0.11 moles.

6. Kcfor COg +HyO(9) ==  COgyg) + Hy(g) a 986° Cis0.63 A mixture of 1 mole
H Zo(g) and 3moles CO(g) isallowed to react to cometo an equilibrium. Theequilibrium
pressureis 2.0 atm. (a) How many moles of H, are present at equilibrium ? (b) Calculate
partial pressure of each gas at equilibrium.

Solution : CO(g) + HZO(g) ACOZ(Q) + Hz(g) N
3 1 0 0 (Initial moles)
B3-x) (1-x%) X X (moles at equilibrium)

Total moles at equilibrium=3-x+1-Xx + X +Xx= 4
2
@ K = X =063
c (B3-x)(1-x)

or, x=0.681
Thus, moles of H, formed at equilibrium = 0.681.

(b) Partial pressure of each gas
= Pressure at equilibrium x mole fraction of gas.
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0.681 i no of moles
P, =P~~. =20 ( ® molefraction = _
Ha ~ 7CO2 % total moles at equlibrium )
=0.34 atm
Peo = 2.0x (3-x) _ 2(3-0.681) _ 116 atm
4 4
szo _ 2(1 X) — 2(1; 0.681) _ —0.16 am

7. A mixture of SOz, SO, and O, gases is maintained at equilibriumin 10 litre flask at a
temperature at which K for the reaction 2802(9) + Oz(g) = 2803(g) is 100.
At equilibrium (a) if number of moles of SO3 and SO, in flask are same, how many
moles of O, are present. (b) if number of moles of SO, in flask is twice the number of
moles of SO,, how many moles of O2 are present ?
Solution :
2%05(g) + O2() == 2503(g)
_[sog2
¢ [SOJ2[0;]
@ [SOg] =[ SO
Putting these valuesin egn (i), we get

o

o, [O] ﬁ):om

K. = =100
c

moles of O,
volume
or, Molesof O, =0.01 x 10 (.. v =10 litre)
=0.1.
(b) If, [SO3] = 2[SO,]
Putting these valuesin eqn(i) we get,

Hence, =0.01

K_[O] =100

or, (@) :_:0.04
1G] 100

Hence, Molesof O2 _ 4 g4 o, Molesof O, =0.04 x 10=0.4
volume

8. An equilibrium mixture at 300K containsN,O, and NO, at 0.28 and 1.1 atmosphere respec
tively. If thevolume of container isdoubled, cd culate the new equilibrium pressure of two gases.
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Solution : NoOy = 2NO,
0.28 1.1  (Partia pressureat equilibrium)
(Pnoy)” ()2
P"Pno 028
If volume of the container is doubled, its pressure will be reduced to half. According to
Le-chateliers principle, by decreasing the pressure, the equilibrium will shift towards the side
consisting of large number of moles. That means the decomposition of N>O,4 will befavoured by
decreasing pressure.
Let  P=Pressureused up for decomposition of N>Oy.
Thus, N,O4 — 2NO,
E-_§8 _a E71 + Za (new pressure at equilibrium)

11 )
-+ 2
_ ()

2

K =432 am.

or, P=0.045am.
pN204at new equilibrium
=0.14 - 0.045 = 0.095 atm.
pN02 at new equilibrium
=0.55+ 2 x 0.045 = 0.64atm.

9. For thereaction CO(g) + Hp © == CH30Hg), Hy gasisintroduced into afive litre
flask at 327°C, containing 0.2 mol e of CO(g) and acatalyst till pressureis4.92 atomsphere.
At this point 0.1 mole of CH30H ) isformed. Calculate K¢ and Kp.

Solution : CO(g) + 2H 2(9) S CH3OH(g)
0.2 a 0 (initial moles)
(0.2-01) (a-0.2 0.1 (molesat equlibrium)
Total moles at equilibrium=0.1+a-0.2+0.1=a
We know, the ideal gas egn, PV = nRT

492x5  _ 0.499

o,Nn=PV/RT= ———_ =
0.0821 x 600
The moles at equilibrium, a=0.499

_ 01, ;_0499-0.2 _
[CH,OH] =25 [H,] = =252==5=0.299/5
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and [CO] = 0.1/5.

« —[CHOH]  _ 0.1/5

.2 -2
= =279.64 litre” mole
¢ [CO] [H2]2 0.1/5 x (0.299/5)?

We know, Kp = KC.(RT)An

In the above reaction, A n=-2

Kp =279.64 x (0.0821 x 6000)
=0.115 atm2

10.  Atacertain temperature, equilibrium constant (K ) is 16 for the reaction.
SOz *NOzq) == SOg3(g) * NO(g)
If we take one mole each of all the four gasesin one litre container, what would

be the equilibrium concentration of NO and NO, gases ? (11T, 1987)
Solution : SOZ(g) + Noz(g) ﬁso:g(g) + NO(g)

1 1 1 1 (Initial moles)

1-x) 1-x) 1+X 1+ x (moles at equilibrium)
Let 'v' be the volume of the container at equilibrium.

SO3] [NO 1- x) (1+

- K = 15041 [NOJ , Sincev =1litre, K _= —((1 _X)Z)((l_x)z)

[802][N;32]
or, 16 = (1+x) or 1+x - 4 or, x=0.6

(1 - x)2 1-x

Thus, the equilibrium concentration of NO= \}+X =1 Jlr 06 - 1.6moled litre

1-x _1-06
v 1

The equilibrium concentration of NO, = = 0.4 mole/litre.

2. HeterogeneousEquilibria

If the reactants and the products are in different phases, the equilibrium is said to be
heterogeneous.

For example (i) CaCO, j = CaO  + CO,,

(i) NH,HS, == NH, +H,S

9 < 3(9) 27(9)

(i) Sudy of equilibriaCaCO,, , — Ca0O  + CO

) < C) 2(9)
Consider the equilibrium reaction

CaCO,, = Ca0 + CO,
Initial no. of moles 1 0 0
Equilibrium no. of moles 1-x X X

Total no. of moles at equilibrium = x (since no. of moles of solids are not considered)
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(i1)

9.6

Molefraction of CO, = § =1

Partial pressure = molefraction x total pressure
=1xP=P
KP =P = P
Sudy of equilibria NH,HSy = NH
Consider the equilibrium reaction
NH,HS, == NH,_ +H,S

+
3(9) H 28(9)

9 <~ 3(9) 27(9)
Initial no. of moles 1 0 0
Equilibrium no. of moles 1x X X

Total no. of moles at equilibrium = x + x = 2x
. x_1
Molefraction of NH, = 2

. , P
Partial pressure of NH, = mole fraction x total pressure = P

. x 1
Molefractionof H,S = ——= -
X 2

N o

IONIC EQUILIBRIA

THEORIESOF ACIDSAND BASES

Introduction :
Varioustheories have been put forward by different workersin order to explain the nature
of acids the bases. These theories are based on the configuration or inner structure of acids and

bases.

These theories are,

0] Arrheniustheory
(i) Bronsted — Lowry theory
(ili)  Lewistheory.

381
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(i)
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(b)
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(d)
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Arrheniustheory : Theimportant postulates of Arrheniustheory are,
Acidsarethose substanceswhichyield H* ionsin the aqueous solution.Thus, HCI, H,SO
HNO3, H3PO,4: CH3 COOH, HCN and HOCI are acids, becausethey contain replaceable

H* ion in the agueous state.

Water
_— + + -

HNOg() > Hiag *NOg

Water + _

CH3COOH(|y ——  H™(ag) + CH3CO0 (a0)
Bases are those substances which provide OH~ ionsin the agueous state. Thus,NaOH,
KOH, Ba(OH),, NH4OH etc. provide OH~ ionsin the agueous state and are bases.

NaOH(s) Walef OH-,_ . +Na'

aOH(s) A @) ] (a0) a g_aq)

NHOH ) %55 OH ey + NH, " e
Neutralisation o§ an acid and abaseisbased on the key reaction between H* ionsand OH-
ions to form undissociated water molecules.

H"(ag) + OH™(ag) = H,0q)
During electrolysis of an agueous solution of an acid, H* ions proceed to the cathode and
negative ions, to the anode.

Thus, HCI (a) — H+(aq) + C|_(aq)
Atcathode:  2H"(5q + 26" —> Hyg) T
(reduction)

At anode:: 2CI- -2~ —> Clyg T
(oxidation)

Limitations of Arrheniustheory :
The limitations of Arrheriustheory are asfollows,

@

(b)

This theory explains the acidic and the basic characters of the substances in agueous

solution. It has been found that NaOH existsasNa* ions OH— ionsevenin the solid state.
Thistheory failsto explain such facts.

According to Arrhenius, an acid releases H* ions in aqueous medium. H* ion is proton,

which can not exist independently in the agueous state. It accepts apair of electronsform
water molecule to form hydrated proton or hydroniumion.

Hence, H* ionsin acidic solution can not exist independently, but exist in combination
with water molecules, hydroniumions.

H'(agy * H20() — HgO" - o

H* +H—O—H

H
H,0 . - H H
HCl —— H30 (aq) + (aq)

T—Iydroni umion
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HZO
Hence, HCI —— H3O+ + Cl—

(a0) (a0)
(© There are number of substances which do not provide H* ions and OH~ ions, but till
behave as acids and bases.
For example, CO, does not contain any hydrogen atom, but it acts as an acid. It reacts

with NaOH to form salt.
2NaOH + CO, — NapyCO3 + HyO
Base Acid Salt Water

Similarly, NH3, although does not contain OH~ ions, behaves as a base,
beacuse, it reactswith HCI to form a salt.
NH3 + HCl — NH,4CI.
(i) Bronsted — Lowry theory (Proton transfer theory) :
According to thistheory,
@ Acid isasubstance (molecule or ion) which has tendency to donate a proton to
any other substance.
(b) Base is a substance (molecule or ion) which has a tendency to accept a proton
from any other substance.
In other words, an acid is a proton donor and base is a proton acceptor. So, this
theory isalso known as proton transfer theory. sinceit involvesthe transfer of proton.
Hence, acids are protogenic and bases are protophilic.

Examples:
Molecularacids :  HF, HCI, HySO,4,H50 etc.
lonic acids : H30",NH"4, HSO, , HCO3 etc.
Molecularbases :  R-NH»5, RoNH, R3N, NH3, H,0 etc.
lonic bases : OH, SZTCO3_, Cl, NOg, etc.

It isimportant to note that, no single substance is an acid or abase. A single substance can
not donate a proton unless and until some other substance which acceptsthe proton isalso present.
For example, NH3 + HCl — NH4" + CI-
Here, HCI donate a proton to NH3 Thus, HCl is an acid and NH3 is a base. Other examples of
acid-base reactions are given below.

NH3+ H,0 —= NHg*+OH-
CH3COOH +H,0 ===  CH3COO~ + H5O*
HCl + H,0 —= HyO0*+CI”

H2804+ Hzo —— H30+ + HSO4_
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From the above examples, we know that water is an acid with respect to NH3. But, itisa
base with respect to CH3COOH or HCI or H,S0,. Such substances (like HoO, HCO3~, HSO4~
etc.) which can act both as acids aswell as bases are called amphoteric or amphiprotic substances.
Conjugate acid-base pairs:

When an acid loses a proton, the residual part of it will have a tendency to accept a
proton. Thus, theresidual part will behave asabase. Such pairs of substanceswhich differ from
one another by a proton are known as conjugate acid-base pairs.

Consider ageneral example of an acid, HA.

HA — H* + A-

Acid Proton Conjugate base

Consider the reaction between HCI and H,O

HCl + H)O — H30" + CI-

Acid Base Acid Base
Here, HCI donates a proton to water in the forward reaction. Thus, HCl isan acid and HyO isa
base. In the backward reaction, H3O0* ion donatesits proton to Cl—ion. Thus, H3O* ionisan acid
and Cl~ isabase. Itisclear that, HCI loses a proton and forms Cl— ion, which isabase. HCI and
Cl=ion are called conjugate acid — base pair.
Other examples of conjugate acid - base pairs are,

HNO; + H,0 — H30* + NO3 1
Acid-I Base-Il —= Acid-Il Base-1
CH3COOH  + H,0 —= HgO" + CH3COO"
H30+ + HCO3_ —— H2CO3+ Hzo

Relative strength of acidsand bases :
According to proton transfer theory, (a) the strength of the acid depends upon the tendency
to donate proton, and (b) strength of the base depends upon its tendency to accept a proton.
For example, consider the reaction between acetic acid and water.
CHzgCOOH +H,0 === CH3COO" +H,0"
weak acid strong base
Acetic acid hasapoor tendency to donate aproton. Therefore, it isaweak acid. The above
equilibrium lies mostly towards the left. It follows, therefore, that CH 3COO- ion must have a
strong tendency to accept a proton. Hence, CH3COO™, a conjugate base of acetic acid is a strong
base.
Hence, weak acid ——==  H™ + strong conjugate base.
Similarly, HCl isastrong acid in water.
HCl + H)O —= H30*+ClI-
The above equilibrium lies mostly towards the right. It follows, therefore, that Cl— ion
must have alittle tendency to accept a proton. Hence, Cl— ion isaweak conjugate base.

Srongacid — H'+ weak conjugate base

<
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Thus, we conclude that, every strong acid has aweak conjugate base and vice-versa.
Important note:

All Arrhenius acids are a so Bronsted acids, but al Bronsted bases are not Arrhenius bases.
Reason :

AccordingtoArrheniustheory, basemug furnishOH~ioninagueousdate. But, according to Bronged,
abasemud accept apraton. So, C032— ionisabase, asit acoegptsaproton, according to Bronged theory. But
CO42~ isnat abase according toArrheniustheory, asit doesnot furnish OH— ionin aqueous sol ution.

COz2-+ H' — HCO4
Limitations of Bronsted -L owry theory :
(@ Thisconcept hasagresater field of application to aqueousaswell asnon-agueous solutions.
(b) It failsto explain the acidic nature of oxides like, CO5,, SO etc. and basic nature of
Zn0O, Ca0 etc.
(c) Italsofailsto explain the acidic character of AlCl3, FeCls ,BF3 etc.
(i) LewisTheory:

G. N. Lewis (1923) gave new definitions of acids and bases, taking into account their
electronic configurations. According to thistheory, an acid isasubstance (molecule or ion) which
can accept apair of electrons, while abase is any substance (molecule or ion) which can donate
apair of electrons.

In short, acid is an electron pair acceptor and base is an electron pair donor.
Classification of Lewisbases:

@ All smple anions are Lewis bases.

For example, CI, CN™, CH3COO ™, Cl, Br,NO3 , HSO,

(b) Neutral molecules having one or more lone pairs of e ectrons.

For example, NH3, R-NH», Ro,NH, R3N, H>,O, R— OH, R- O —R etc.(R = any
akyl group)

R-O-H+H" > [R —'E)—H]’L

Lewis base Co-ordinated complex
Classification of Lewisacids:
€) All simple cations are lewis acids. For example, Cutt, Agt,Caf* Fett* etc.
(b) Molecules, whose central atoms have incomplete octet, also act as lewis acids.
For example, BF3, AlCl3, ZnCl,, SO3, FeCl, etc.
(© Molecules having multiple bonds between atoms of different el ectronegativities

act as Lewis acids. For example CO,, SO, SOg,€tc.
(d) Mol ecul es having atoms which can accomodate more electrons in the vacant

d-orbitalsin the valency shell. For example SiCl4, SiF,, etc.
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e Element with six electrons in its valence shell also acts as Lewis acid.
For example, SO%‘ ion is oxidised to thiosulphate ion by the acidic nature of sulphur.

S + S04 —  S,04”
(Lewis acid ) (Lewis base) (Co-ordinated complex)
Acid-base reactions :
According to the orbital concept,
@ any substance having vacant orbital in valence shell can act as an acid.
and (b) an atom with a lone-pair of electrons in its valence shell can act as a base.

The examples of acid-base reactions are given below.
@ Action of BF3(acid) with NH3(base) to form co-ordinated complex, [F3B<— NHz3]
Here, BF, behaves as an acid as boron atom is electron deficient and NH, acts as
a base, as there is a lone pair of electrons on nitrogen atom

(Lewis acid)  (Lewis base) (Co-ordinated complex)

(b)  Action of NH3 (base) on H (acid) to from NH," ion

H I—|| +
I
H* + : ITI —H —| H « I}l — H
H H
(Lewis acid) (Lewis base) (Co-ordinated complex)

(©) Fe3* jon (Lewis acid) reacts with CN " ion (Lewis base)

|
0

N _
CN

S ‘/CN 3-
& 1 Den

F3t 4+ B6CN- N

1«

O

N

(Lewis acid) (Lewis base) (Co-ordinated complex)
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(d) Action of Ag+ (acid) with NH, (base)
Ag" +  2NHg3 —  [HN — Ag < NHgl"
(Lewisacid) (Lewis base) di-ammine silver complex

Limitationsof L ewis concept :

Lewistheory hasthe following limitations.

@ Therelative strength of acidsand bases can not be explained asit doesnot consider
ionisation.

(b) According to thistheory an acid - base reaction is associated with the formation of
adative bond, but no such bond is formed when HCI reacts with NaOH.

(© Acid - basereactionsareinstantaneous, but dative bond formationisas ow process.

(d) The catalytic properties of acids are not explained by Lewistheory.

(e It fails to explain the amphoteric nature of HoO, HCO3 ion etc.

9.7 | IONISATION OF WEAK ACIDSAND BASESl

| onisation of weak acid

Consider theionisation of weak monobasic acid HA in water.
HA+H,0O = H0" +A"
Applying law of chemical equilibrium
_ [HO" [|A-
K.= [HA] ) R @D
where K . = Equilibrium constant in terms of molar concentration. In dilute solution since
water is present inlarge excess, its concentration istaken as constant. i.e. [H,O] = k (say),

Further, H,O" indicatesthat H* ionishydrated and it may be replaced by H*, Thus equation
(1) can bewritten as

H* [|A™
K [HA] (e 2
_ H" [[A™
or, KC. k= [HA]
_ H" ||A™
or, Ka = [HA] .......................... (3)

where K ..k = anew constant K _ (say)
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Ka is known as dissociation constant or ionisation constant of weak acid HA. Ka is

constant at aconstant temperature. It variesonly with temperature. The K _ values of afew
weak acidsare given below (Table 9.2.)

Table9.2K_ of some carboxylic acidsat 25°C

Acid Valueof K_at 25°C
HCOOH 17.7x 10°
CH,COOH 1.75x 10°
CICH,COOH 136 x 10°°
CI,.CHCOOH 5530 x 10
CI,C.COOH 23200 x 10
CH,CH,CH,COOH 1.52 x 10
C,H.COOH 6.3 x 10°
(p-NO,)C H, COOH 36 x 10°°
(p-Cl) C,H,COOH 10.3x10°
(p-OH) C,H,COOH 2.6 x 105

Relative strengths of weak acids

The ionisation constant of the weak acid may also be represented in terms of degree of
ionisation and molar concentration. Consider the ionisation of acetic acid.

CH,COOH —= CH,COO +H*
Original conc. ¢ 0 0
Equil. conc. c—ca co co
where ¢ = molar concentration and o. = degree of ionisation.

_ler,coo |||l caco fa? _ ca?
a [CH 3COOH] C—Co. C(l— (1) FTPMETEIIE (4)

For aweak acid ‘o’ isvery small and may be neglected in comparison to 1.
So, K, = ca’?

2= K - |Ka
or,a—Taandoc— o2 (5)

If two weak acids 1 and 2 havetheionisation constants K, and K,, respectively and have

same molar concentration ‘¢’ from equation (5).

ﬁ: _K &
o, K

a
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where o, = degree of ionisation of acid 1
and o, = degree of ionisation of acid 2.
Further, degree of ionisation isameasure of strength of acid.

Strength of Acidl_ o, |Ka
Here, Strength of Acid2 o, Ka

2

Problem 1 : Formic acid and acetic acid have ionisation constant 17.7 x 10 and 1.75 x
107 respectively at 298K . Calculate the relative strength of two acids.

Salution : Strength of FormicAcid_  [17.7x 107° 318
UtioN * Srength of AceticAdd | 1.75x 10° ~ >
Hence formic acid is 3.18 times stronger than acetic acid.

Equation (5) may be used to calculate the hydrogen ion concentration ([H*]) of the weak
acid.

Problem-2 : A weak monobasic acid has adissociation constant equal to 1.6 x10°at 25°C.
Calculate its degree of dissociation at a concentration of 0.1M at the same temperature. What
will be the concentration of H* ions furnished by it ?

=5
Solution : a= 1/&z ,/ﬂ: 16x 10 °
c 0.1

S0, the degree of dissociation of 0.1M acid = 0.00016
Again, [H*] = \/Kac= +1.6x 107°x 0.1 =0.0531 mol dnr3.

lonisation of Weak base

The weak monoacidic baseis represented by BOH.
According to Arrhenius concept,

BOH — B* + OH-

B" |[OH]

The ionisation constant K,= BOH ]

If c=Initial concentration of the basein moles per litre and
o = degree of ionisation

BOH — B* + OH-
Original conc c o] 0
Equilibrium conc c—ca Co.  Ca
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[B*](OH )_ ca.co_ c’a® _ ca?
[BOH] ¢ C(l OL) 1 g @)

K=

For aweak base ‘o’ isvery small compared to 1.

K
So, K, = Ca or, o0 =|—>
C

Also, [OH] =ca=c J@ = JCKp (8)

| onisation constants of some common weak bass are given in Table 9.3 below.
Table 9.3 onisation constants of some common weak bases at 25°C

Bases K, valuesat 25°C

NH,OH 1.81x10°

CH.NH, 3.83x10%0

(CH),NH  5.12x10*

CH,NH, 4.38x10™

CHNH,  5.60x10*

(CH,),N 5.21x10°

CHN 1.30x10°

9.8 |IONISATION OF POLYBASICACIDS |

Acids having more than oneionisable proton per molecul e are known as polybasic acids.
eg. H,CO, (oxalicacid), H,SO,(Sulphuric acid)

H_.PO, (phosphoric acid)
For adibasic acid H_X theionisation reactions are represented as
()  HX(ag) = H" (ag) + HX" (a0)
(i) HX"(a0) = H" (aq) + X* (a0)
Equilibrium constant for (i) is

« - ]lex ]

=i
[HX]

Equilibrium constant for (ii) is

<, = [H+|L[sz]
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whereK, and K, arecalled 1st and 2nd ionisation constant of the acid H,X. The values of
ionisation constants for some polybasic acids are given in the following table 9.4.

Table 9.4 - lonisation constant of some polybasic acid (298K)

Acid K, K, K,
Oxadlic acid 59x 107 6.4 x 10°

Ascorbic acid 7.4%x 10 1.6x 1072

Sulphuric acid Very large 1.2x 107

Carbonic acid 4.3 %107 56x 10™ 4.0x 10”7
Phosphoric acid 75x%x 1073 6.2 % 10® 42x10%

The value of K, K, are smaller than K in case of polybasic acids. The is because it is
increasingly difficult to remove positively charged proton from anegativeion dueto electrostatic
forces.

9.9 | FACTORSAFFECTINGACID STRENGTH |

We know that the extent of dissociation or ionisation of an acid HA depends upon the
strength and polarity of HA bond.

When strength of H-A bond decreases the energy required to break the bond decreases.
So HA becomesastronger acid. Also morethe polarity of bond between H and A, more prominent
will be the charge separation, easier will be the bond cleavage, thereby increasing acid strength.

If we consider the elementsin the same group of periodic table, the H-A bond strengthis
theimportant factor in deciding acidity as compared to bond polarity. On going down agroup the
size of A increases gradually thereby decreasing the H-A bond strength. So the acid strength
increases.

eg. Sizeincreases

S
>

HF < HCI < HBr < HI

S
>

Acid strength increases

In case of Gr 16 elements H_Sis astronger acid as compared to H,O.

If we consider elements in the same period of the periodic table, polarity of H-A bond
becomes the deciding factor in determining the acid strength. As the electronegativity of A
increases, the polarity of HA bond increases and acid strength increases.

eg. Electronagativity of A increases

CH, <NH,<H,O<HF

~
=

Acid strength increases
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9.10 | IONISATION OF WATER

Pure water is a weak electrolyte, since it ionises to a very small extent. It has a low
electrical conductivity.

Pure water ionises as,

H20() = H'(ag) *OH (g
Applying the law of mass action, we have the equilibrium constant,

= HTIOHT e (1)
Ol

Sincewater dissociatesor ionisesto avery small extent, its concentration remains almost

unchanged and can be taken as constant.
Thus, equation (1) can be written as,

K x [Hy0] = [H'][OH ]
o, Ky=[HTIOHT oo )

where, K,y iscalledtheionic product of water . Thevaueof ionic product (K, ) of water
at 25°C found to be 1.0 x 10-14

In pure water, the concentration of HT ionsand OH™ ions are same.

Hence, In purewater [H'] =[OH ]

S0, Ky=[H7[OH]=10x10"%

Hence, in pure water, [H+] =[OH™]=1.0x 10~/ moles/litre

Although K, is a constant, it is temperature dependent. The numerical value of K,
increases with increase in temperature.

Table 9.5- Numerical value of K,, at varioustemperatures.

Temperature Ky (in mol? lit=2)
0°C 0.11 x 10-14
10°C 0.30 x 1014
25°C 1.00 x 10-14
40°C 3.00 x 1014
100°C 75 x 10714

The solution in which the concentration of H ions and OH—ions are same is called a

neutral solution. But, the solution in which HT ion concentrationismorethan 1.0 x 10~/ iscalled
acidic solution and whereitislessthan 1.0 x 10~/ iscalled basic or alkaline solution. SinceK,
IS a constant at constant temperature, by increasing H* ion concentration in a solution, the
concentration of OH~ion will decrease.
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Knowing H* ion concentration of asolution, its OH~ ion concentration can be cal cul ated
asfollows.
Kw

[H']

[OH'] =

Example: 1
Calculate the HTion concentration in NaOH solution, 2 gms of which are dissolved in
2 litres solution.
solution : Amount of NaOH in 2 litres solution = 2 gms,
Amount of NaOH in 1 litres solution = 1 gm.
AsNaOH isastrong base, [NaOH] = [OH™]
1.0 gnvlitre
40

[OHT] = = 1/40

K —14 _ _
Ht=_w -10x10* _ 45410 =40x 10 3m
[OHT]  1/40

9.11 [ HYDROGEN ION EXPONENT : pH |

Sorensen introduced anew term to express the hydrogen ion concentration. The term pH

has been derived from the French word Puissanced hydrogen, meaning power of hydrogen.

According to him, pH of asolution is defined as the negative logarithm of hydrogen ion

concentration in moles per litre.

Mathematically, pH = —log [H*] ...ccevrinnne. Q)
We know,
Kw = [H"] [OH"]
o, [HY[OHT]=K,=10x10"14
Taking logarithm, we get,
log [H'] + log[OH ] = —-14
o, —log[H"]-log[OHT] = 14



394 +2 CHEMISTRY (VOL.-1)

or, PH + POH = 14 ovvvrevnnrniinininae, 2
In neutral solution
[H]=1.0x 107
Hence, the pH value of neutral solution (pure water)

=-log (1077)=7.0

In acidic solution :
Inall acidic solutionsH™ ion concentration ismorethan 1.0 x10~7 M. H* ion concentration
in an acidic solution may be 10°5M, 107°M, 107*M etc.
Consider an acidic solution whose H* ion concentration = 10~
ItspH = —log [H*] =-log [107%] = 6.0.

Hence, pH value of all acidic solutionswill be lessthan 7.0.

In basic solution :

In al basic solutions, the H ion concentration islessthan 1.0 x 107 /M

Hencetheir OH™ ion concentration will be morethan 1.0 x 10~ /M. In order to keep K
value constant at a particular temperature, the increase in H* ion concentration decreases the
OH" ion concentration in asolution.

Consider asolution whose OH™ ion concentration ismore than 1.0 x 10~ /M, say 10~°M

Hence, itsH™ ion concentration will be 1079\

. pH of the solution will be, — log [H'] = - log [1079] = 9.0

Thus, if [H] > 10~'M solution in acidic, pH < 7.0

[HT] < 10-'M solutionisbasic, pH > 7.0
[H+] = 10~'M solution is neutral, pH=7.0

asH" ion concentration varies from 1.0M to 10~ 4M at 250C in agueous solution,the pH value

vary from 0 to 14.0.
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The pH scalefor neutral, acidic and basic solutions are given below.

+10° 10' 102 10° 10% 10° 10° 107 10® 10° 10109101 101210131014
[H]
' | ' R R I I | |

—
Acidic Alkaline
<—— —
Increasing. Increasing.

Neutral

[ [ [ I I I [ I [ [ I I I |
pH 0O 10 20 30 40 50 60 70 80 90 100 11.0 120 130 140

We know that, the ionic product of water increases with increase in temperature. Therefore,H *
ion concentration will increase with increase in temperature. Hence, pH valuewill decrease with
increase in temperature. Thus, pH value of boiling water is 6.56, although it is neutral.

Table 9.6 pH and pOH value of agueous solutions

[H] pH | pOH [OH]
10° 0 14 10-14
101 1 13 10-13
1072 2 12 10-12
1073 3 11 10-11
1074 4 10 10-10
107 5 9 109
1076 6 8 10-8
1077 7 7 10~/
1078 8 6 106
1079 9 5 10-5
10710 10 4 104
10711 11 3 10-3
10712 12 2 102
10713 13 1 101
10”14 14 0 100

Importance of pH value:
I Soil testing : In agriculture pH of soil is often tested for the application of acidic or
basic fertiliser for aparticular crop.
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Food preservation : A definite value of pH isto be maintained for food preservation.
Quialitativeand quantitativeanalysis: pH findsitsusein various qualitative and quantita-
tiveanalysis.

Biochemical reactions: In human metabolic system, pH value plays an important role.
Blood is dightly alkaline, its pH value is 7.4.People suffering from gastritis have lower
value of pH, thatispH < 7.0

Example:2 Calculate pH of (i) 1072 N HCI (ii) 102M H,S0,4 and (iii) 102N H,SO,

Solution : We know, strong acids on dilution ionises completely.
(1) HCl — H+(aq) + C|_(aq)
102N 0 0 (before ionisation)
0 102N 102N (after ionisation)

[H*] =102N=10"2M
-, pH=-log[H*] =-log[10-2] = 2.0
.. 27—
(i)  HS04 —  2H' )+ SO (x)
102M 0 0 (beforeionisation)
0 2 x 102M 102M (after ionisation)
. [H1=2%x102M ( 1moleof H,SO, gives 2 moles of H* ion)

pH = —[logH*] = —log [2 x 10~

Example: 3

Solution :

=—log2+2log 10
=1.6989
2—
(iii)HySO, —  2H* (20) + S04 (a)
102N 0 0 (beforeionisation)
0 102N 102N (after ionisation)
1 equivalent of H,SO, gives 1 equivalent of H* ion.
- [HT] =102y
- pH=—-log[H'] =-log [10-2] = 2.0
Calculate the pH value of (i) 0.001N NaOH and (ii) 0.01M Ca(OH),
Since NaOH and Ca(OH),, are strong bases, they ionise completely on dilution.
()  NaOHE) —  Nagy *  OHgy)
103M 0 0 (before ionisation)

0 103N 103N (after ionisation)
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[OH]=102 N=103Mm
pOH = —log [10-3] = 3.0
pH=14-pOH=14-3.0 =110
(i) Ca(OH)z(aq) - Ca*+(aq) + 20H- (a0)
102N 0 0 (beforeionisation)
0 10°M  2x107°M  (after ionisation)
[OH]=2 x1072 M
pOH =—log (2 x 10-2) = 1.6989
pH = 14— 1.6989 = 12.3011
Example: 4
2 gmsof NaOH aredissolved in water to make 1 litre solution. What is pH of the solution?

Solution :

: _ 20 _ _ —2
Molarity of NaOH = O0x1" 0.05M =5 x10 “M

[OH] =5 x 102M
o, pOH=-log[OH]=-log[5 x 10-2] =1.3010
pH = 14— pOH = 14-1.3010 = 12.6989

Example: 5
3.2 gms of hydrogen chloride dissolved in 1 litre of water. What is pH of the solution ?
Solution :

Molarity of HCI :g—é =0.089M =89 x 10 2

[H*] =8.9%x 102 M
or, pH = —log [H*] =-log[8.9 x 10-2] = 1.2138
Example 6
Calculate the pH value of asolution containing 3.65 gms of hydrochloric acid per litre of
the solution.
Solution :
Molecular mass of HCI = 36.5
36.5 gms of HCI per litre = 1.0 M solution
3.65 gms of HCI per litre = 0.1 M solution
[Hf]=01M=10"1M
Hence, pH = —log [H*] =-1log[10-1] =1.0
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Exampe7
How many gramsof KOH must bedissolvedin onelitreof solutiontogiveitapH vaueof 12.0.
Solution :
Strength of KOH =?
pH value of solution=12.0
We know, pH =—log [H]
or, 12.0=-log [H*]
or, [Ht] = 10012 moled litre.
At 25°C, K, =[H*] [OH ] =1.0 x 10-14
Kw _ 10 x104
[H]  10x107°
Since KOH isastrong base,
[KOH] = [OH] =1.0x 102 M.
We know, Strength = Molarity x Molecular mass of solute.
Molecular mass of KOH = 56
Strength of KOH =56 x 10~2 = 0.56 gms/ litre
Hence, 0.56 gmsof KOH must be dissolved in onelitre of the solution to giveit a pH vaue of

OH = = 1.0 x 102 moles/ litre.
[OHT]

12.0.

9.12 |BUFFER SOLUTION |

Hydrogen ion concentration of aqueous solution changes largely by the addition of very
small amount of an acid or abase to it. It is very often necessary to have solutions, whose pH
value does not change much on addition of small amount of strong acid or alkali to it. Such
solutions are known as buffer solution or smply buffer.

For example, take asoluation of NaCl inwater. Its pH valueis 7.0. When 1 ml of 1N, HCI
isadded to 1 litre of NaCl solution, the pH of resulting solution decreases from 7.0 to 3.0

But when the same amount of acid or akali isadded to ammonium acetate sol ution(having
pH value 7.0), the pH value of the resulting solution does not undergo an appreciable change.
Thus, ammonium acetate solution is a buffer solution.

Satement: A buffer solution may be defined as asolution, whose pH val ue does not change
appreciably by the addition of asmall amount of either acid or alkali from outside sources.
[llustrations:
@ Why aqueous solution of NaCl does not act as buffer ?
NaCl on dilution dissociates completely giving Nat and Cl™ ionsin agueous solution.
0] LetHCI (aq) be added to NaCl solution. By the addition of HCI (aq),H+ ionand Cl™
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ion concentration in the solution increases. The increase in concentration of Cl
ion in the solution does not affect the pH value. But theincrease in concentration
of H* ion, decreases the pH value.

(i) Let NaOH o) be added to NaCl solution. Here, by the addition of NaOH (aq)’ Nat
ion and OH " ion concentration in the solution increases. The increase in
concentration of OH~ion decreasesthe concentration of H* ion, Hence, pH value
increases. Therefore, NaCl solution is not a buffer.

(b)  Why aqueous solution of CH_COONH, actsas a buffer ?

Ammonium acetate on dilution dissociates completely asfollows;

| CHaCOONHy ., —> CH 3§ocr o * NH;(aq)

(i) Let HCl (45 be added to anmonium acetate sol ution.

CHgCOONHg,y = CH3COO‘(aq)+NHz(aq)

HCI — Htgy +CI°
@ ey (@) . .
Here, the H* ions furnished by acid combine with the acetate ions to form acetic acid
+
mol ecules. Since acetic acid isaweak electrolyte, it dissociatesto avery small extent. Hence, H
ion concentration inside the solution increases very slightly. hence, its pH value does not change
appreciably. Theincrease in the concentration of Cl ions does not affect the pH value.
(i) Let NaOH, _ | be added to ammonium acetate solution.

(a0) ©
CH,COONHy(ag)  —> CH3COO™ ., +NHY

NaOH(aq) —> Na"'(aq) + OH_(aq)

Here, the OH~ ions furnished by the base combine with NH7, ions to form ammonium
hydroxide molecules. Since ammonium hydroxideis aweak base, it dissociates to avery small
extent. Hence, OH~ ion concentration inside the solution does not increase appreciably. So, the
pH value of the solution does not increase appreciably.

Hence, buffer solutions are considered to have reserve acidity and reserve akalinity. For
example, CH3COONH, hasreserveacidity dueto the presence of NHY ionsand reserveakalinity
dueto CH3COO™ ions.

Type of buffers:
Buffers are of two types
(i) Simple buffer.
(i)  Mixed buffer.
(i) Simple buffer : Simple buffer solution can be prepared by mixing salt of weak
acid and weak base with water.
For example : CH3COONH,, NH4CN can act as simple buffer.
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(i) Mixed buffer : Theseare of two types.
@ Acidic buffer
(b) Basic buffer.

@ Acidicbuffer : Anacidic buffer isan equimolar mixture of aweak acid and its
sat of strong base.

For example, amixture containing one mole of CH3COOH and one mole of CH3COONa
formsan acidic buffer. Its pH valueis4.75.

(b) Basic buffer : A basic buffer isan equimolar mixture of aweak base and its salt
strong acid.

For example, a mixture of one mole of NH,OH and one mole of NH4Cl forms a basic
buffer. Its pH value is about 9.25.

Characteristics of Buffer solution :
Buffer solutions have the following characteristics.
() Its pH value isfixed.

(i) Its pH value does not change either keeping it for along time or on exposure

to atmosphere or by dilution to a small extent.

(i)  Theaddition of alittle amount of even strong acid or alkali does not change the

pH value appreciably.
Buffer solution of a mixture of weak acid and its salt. (Acid Buffer)

A very common buffer is prepared by mixing equimolar solution of CH3COOH and
CH3COONa. CH3COONa is completely dissociated. The mixture, thus contains CH3COO
Nat and CH3COOH molecule.

When a strong acid isadded:
TheH ionswill betaken up by CH3COO " ionsforming CH3COOH whichisweskly ionising.
H* + CH3COO™ —  CH3COOH.
Thus, pH value remains almost unaffected.
When a strong baseisadded :
The OH~ ions added are neutralised by CH3COOH present in the mixture.
OH~ +CH3COOH —  CH3COO + H)O0.
Thus, again the pH value remains unaltered.
Herethereserve acidity isdueto the presence of CH,COOH and reserve alkalinity isdue
to CH3COO ions.
Buffer solution of a mixture of weak base and its salt. (Basic Buffer)

A mixture containing equimolar solution of NH,4OH and NH4Cl constitutes another good
buffer. The mixture contains NH, Cl™ ions and undissociated NH4OH.
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When astrong acid isadded : H™ ions are neutralised by NH4OH.
H*+NH4OH — HyO+ NHj
When a strong baseisadded :
OH~ ionsare neutralised by NHJA’r ions forming weakly dissociated NH,4OH.

OH™ + NH, —  NH4OH
Here, the reserve acidity isdueto NH; ionsand reserve alkalinity is dueto NH,4OH.
Hender son Equation for Acid and Basic Buffer s(Hender son - Hasselbalch equation)
I. pH of Acid buffers (Buffers mixture of weak acid & itssalt)
Let HA bethe weak acid and NaA be the salt of weak acid (highly ionised)
Since HA isawesk acid, it isslightly ionised.
HA —= H* +A-
Applying law of chemical equalibrium

_ [H]IAT]
K, = T (@)
. Kg[HA]
or, [H'] = [A] e (2

Again, NaA iscompletely ionised.
NaA — Na" + A-

So, in presence of NaA, the-ionisation of HA is further suppressed due to the presence of
common ion A-. Thisiscommon ion effect. We have thus,

[Acid] = [HA]; [Salt] = [A7]

Taking logarithm of both sides of equation (2),

log [H*] =log K, +log [HA] —log [A7] ..ccvcvnnnne. 3
or,—log [H] =-Hog K —log [HA] —log [AT] ............. 4

_ [A]
or, pH =pK_ +log o7 R (5)

_ [Sdlt]
or, pH =pK_ +log [AG] oo (6)

This equation (6) isknown as Hender son - Hasselbalch equation or simply Hender son
equation. Thishelpsin calculation of pH of abuffer solution made by mixing aknown quantity
of weak acid and its salt.



402 +2 CHEMISTRY (VOL. - 1)
I1. pH of Basic buffers (Buffer mixture of weak base and its salt)

Let BOH betheweak base and BA bethe salt of weak base (highly ionised). SinceBOH is
weak base, it isdlightly ionised.

BOH === B*+OH- and

_ [B"][OH"]
bT T[ROH] e (7)

_ Ky[BOH]
or, [OH] = [BT] oo (8

Again, BA iscompletely ionised.
BA —B*+A"

So, in presence of BA theionisation of BOH is further suppressed due to the presence of
the common ion B* (Common ion effect)

We have thus,
[Base] = [BOH], [Salt] = [B*]
Taking logarithm of both sides of equation (8), we have

log [OHT] =log [K,] + log [BOH] —log [B*] ......ccevueeve. 9
or, Hog [OH] =—log [K,] —log [BOH] +log [B] ................ (20)
_ [B"]
or, pOH =pK_ +log [BOH] reesemmesssmmssemsssson (1)
[Salt]
or, pOH =pK, +log [Basg] oo (12)

Equation (12) is known as Henderson - Hasselbalch equation or ssimply Hender son
equation. It helpsin calculation of pH value of the buffer obtained by mixing aknown quantity
of weak base and its salt.

Since pH = 14 — pOH or, pOH = 14 — pH
Equation (12) may be represented as

Salt]
14 —pH =pK_ +log [Base]
_ [Salt]
or, pH =14 -pK, —log [Basg] e (13)
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Applications of Buffers:

Buffer solutionsare used in —

9.13

@ gualitative analysis of mixtures.

(b) guantitative analysis or estimations.

(© Industrial process such as manufacture of paper, dyes, inks, paints, drugs etc.
(d) digestion of food.

(e preservation of foods and fruits.

)] agriculture and dairy products preservation.

HYDROLYSIS OF SALTS

Water dissociates to asmall extent producing H* and OH— ions.

H20(1) == H¥(ag) + OH (ag)
In purewater, concentration of H* ionsand OH- ionsare equal. Hence, pure water isneutral.
Sdtsarestrong e ectrolytes. When dissolved in water, they dissociatedmost completely giving

+vely charged ions (cations) and — vely charged iong(anions). The anions and cations of the sdlt react

with H* ionsand OH~ ionsfurnished by water to form either acidic or basic or even neutra solution.
Satement :

Hydrolysisisaphenomenon of the interaction of anions and cations of the salt with H+

and OH™ ionsfurnished by water producing acidic, basic or neutral solution.

So, hydrolysisis the reverse of neutralisation. Neutralisation involves the combination of

H*ionsand OH~ ionsto form water, while hydrolysisresultsin theformation of H+ ionsand OH~

ions.

The salts are classified into the following four types;

(@)

(b)

(a) Saltsof strong acids and strong bases.
(b) Salts of strong acids and weak bases.
(c) Salts of weak acids and strong bases.
(d) Salts of weak acids and weak bases.

Here, we will discussthe hydrolysis of different types of salts.
Saltsof strong acidsand strong bases: Thesaltsof thistypeare NaCl, KCl, KNOg etc.
Thistype of salts do not undergo hydrolysis. The reason isthat, the possible products of
hydrolysis are strong electrolytes and themselves get fully ionised. Thus, the number of
hydrogenionsremainsequal to the hydroxyl ionsin solution. Such asolutionisneutral in
character.
Salts of strong acids and weak bases: The examples of such salts are ammonium
chloride, calcium nitrate etc. Consider the hydrolysis of ammonium chloride in water.
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NH4Cl — NH; +CI
HO —= H" +OH
NH,CI dissociates fully to form NH4 ions and Cl  ions and water dissociates slightly

giving H* ionsand OH~ ions. The OH  ions of water associate with the N HZ ions of the salt to
form NH 4OH. NH,OH is aweak electrolyte, and it dissociates to a very small extent. ASOH
ions are taken up, more of water ionises to maintain the constant value of K,. Due to this, the
concentration of H+ ionsin solution becomes morethan OH  ion concentration. Therefore, such
asolution will be acidic in character.
(© Salts of weak acids and strong bases: The examples of such salts are sodium acetate,
potassium carbonate etc. Consider the hydrolysis of sodium acetate in water.

CH3COONa —> CHCOO +Na'
H)O — Ht+0OH"

Sodium acetate dissociates compl etely to form sodiumions and acetateions. Water ionises
dlightly. TheH ionsof water attack the CH,COOQ ionstoformacetic acid, whichisaweak acid
and dissociatesto avery small extent. AsH* ions aretaken up, more of water ionisesto maintain
the constant value of K. Due to this, the concentration of OH  ions in solution becomes more
than the H' ion concentration. Therefore, such a solution will be basic in character.

(d) Salts of weak acidsand weak bases : An example of such asalt isammonium
acetate. Consider itshydrolysis.
CH3COONH, — CHBCOO_ + NH;
H)O — Ht+O0OH
Ammonium acetate on dissociation gives CH3COO ionsand NH; ions. Water being a
weak electrolyte, dissociates slightly giving H* ionsand OH ™ ions. The acetate and ammonium
ions are attacked by H+ ionsand OH ™ ions of the water to form CH3COOH and NH,OH.
Since, both CH3COOH and NH,OH are weak electrolytes, they dissociate to avery small extent,

giving riseto equal number of H* ionsand OH ™ ions. Such asolution will be neutral in character.

9.14 |[SOLUBILITY PRODUCT |

If a small quantity of a sparingly soluble salt is shaken with water, an equilibrium is
established between the solid phase and the ionsin solution.
For example, AB(g) = A"t (20) + B‘(aq)
(undissociated) (dissociated)
Thisis heterogeneous equilibrium in which theionsA* and B- have variable concentra-
tions. Therefore, only these will be taken into consideration. Suppose a small amount of silver
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chloride is added to water. Since it is a sparingly soluble salt, a very small amount of it passes
into solution. Whatever amount of silver chloride which passes into solution will exist asAg™

and Cl™ ions. The state of equilibrium can be represented as,

AqgCl 9 =— Ag+(aq) + C|_(aq)

Applying the law of chemical equilibrium, we have,

< - e
(9
The concentration of the solid (AgCl in this case) istaken as constant.
Hence, K [AgCl] =[Agt] [Cl ]
or, Kep =[Ag'] [CI']

Kep isanother constant and iscalled solubility product, which istemperature dependent.
Consider the case of lead chloride, whichisalso asparingly solublesalt. The equilibrium
between the ions and the undissolved salt iswritten as,
PbCl, — Pb2t +2CI°
Kep = [Pb2t] [Cl ]2
Ingeneral, if asalt of typeAy By, is considered,
Ax By = xAY*+yBX"
Ke = AT [B¥7
Hence, the solubility product of a sparingly soluble substance may be defined as the
product of the molar concentrations of itsions raised to the power equal to the number of times
each ion occurs in the equation representing the dissociation of the substance at a given
temperature.
Relation between Solubility and Solubility product :
L et ussupposethat thesolubility of asparingly solublesalt A, Byis'S mol/L. Thenwehave,

AxBy = XAYt + yBX~
(Smoles) (xSmoles)  (ySmoles)
Thus, [AY*] =xS and [BXT] =yS

=AYV (B

= xS [ys)

=x‘s’yYs

= X yy X+Y

So, forAgy, CrO; ——== 2Ag+ +CrO;
X =2, y 1
=221t =483

Thisrel atlonshl p between solubility and solubility product can be used for the calculation
of solubility product.
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Difference between lonic product and Solubility product :

Solubility product is constant for a given electrolyte at a given temperature. But ionic
product, which isthe product of the concentration of ions, can be varied by changing the concen-
trations of theions. lonic product of an el ectrolyte can not exceed itsK P valueirrespective of the
nature of the source of theions. When theionic product temporarily exceeds the solubility prod-
uct dueto theincreasein concentration of either one or both types of ions, the excessions atonce
combine with oppositely charged ions and the solid salt separates out.

Depending upon the values of ionic product, the solutions can be classified into three
different categoriesasfollows:

(i) If ionic product = Kep, the solution is just saturated and no precipitation takes place .

(i) If ionic product > Kep, the solution is super saturated and precipitation takes place.

(iii) If ionic product < Ke the solution is unsaturated and more of the solute can dissolve.

9.15 [COMMON ION EFFECT

The phenomenon in which degree of dissociation of aweak electrolyte is suppressed by
addition of a substance having anion common to weak electrolyte.

Consider the dissociation of aweak electrolyte, say, acetic acid,

CH3COOH == CH3COO +H"
The equilibrium constant of weak acid K 4 is given by
[CH3COO™] [H']
~ [CH,COOH]
Now, suppose sodium acetate is added to this solution.
CH3COONa — CH3COO™ +Na'

By the-addition of sodium acetate, the concentration of CH3COO™ ionsin solutionincreases.

Thus, in order to keep K, constant, H™ ions concentration must decrease or concentration of

undissociated acetic acid must increase. In other words, the dissoci ation of acetic acid is suppressed
by additon of CH3COONarto its solution. Here, CH3COO™ ion acts as the common ion.
Similarly, the dissociation of NH,OH, which is aweak electrolyte is suppressed by the
addition of NH,4CI to it.
NH40H() =— NHg" +OH"
_ [NH"] [OHT]
b [NH 4OHI
If NH,4Cl isadded to it,
NH,Cl  — NH,t +ClI
By the addition of NH4Cl, the concentration of NH,4 ion increases.
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Thus, in order to keep K, constant, OH  ions concentration must decrease or concentration of
undissociated NH,OH must increase. Thisindicates that, by the addition of NH ,CI to NH4OH
solution (having NH; ionincommon), the dissociation of weak electrolyte (NH4OH) isfurther
suppressed.

Application of the common ion effect and solubility product principle:

(a) Recovery of pure NaCl from sea water :

The crude salt obtained by the evaporation of seawater contains mainly sodium chloride
along withimpuritieslike CaCl,, KBr etc. For obtaining pure NaCl, HCI gasis passed through or
conc. HCl isadded to it. Hence, all impurities remain in solution and pure NaCl is precipitated
out.

NaCl — Na" + CI~
HCI — HY + CI”

Theionic product, [Na'] [CI7] in the new system on passing HCI, exceeds the sol ubility

product of NaCl.
[Na"] [CIT] > Kg, for NaCl
Hence, pure NaCl separates out and then purified by recrystallisation.

(b) In qualitative analysis:

The qualitative analysis of mixture is based on the principle of solubility product. Fol-
lowing are some of theimportant applicationsin mixture analysiswhich involvethe principles of
solubility product as well as the common ion effect.

(@)  Precipitation of Group - | radicals (Pb2*, Agt and Hg")

The group reagent is dil. HCI. The Group- | radicals are precipitated out by dil HCI
because the ionic products of the chlorides of these exceed their corresponding solubility prod-
ucts.

[Ag'] [CIT] > K, for AgCl

No other radicals are precipitated out because theionic products of their chlorides do not

exceed the corresponding solubility products.

(b) Precipitation of Group - |1 radicalsby H_Sin presence of dil. HCI

Hydrochloric acid suppresses theionisation of weakly dissociated H,S (Group 11 reagent)
HS — 2H' + S27. Thus, only the ionic products of the sulphides of Group Il radicals
exceed their corresponding solubility products and hence only these are precipitated out leaving
the sulphides of Group I11, IV etc. in solution because their solubility products are high.

It isimportant to note that dil. HNOz and dil.H,SO,4 may aso suppress the ionisation of
H»S but these are not used because these are oxidising agents and oxidise hydrogen sulphide to
sulphur.
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(© Precipitation of Group I11 A radicalsby NH,4OH in presence of NH,4Cl :

Addition of NH4Cl in Group - I11 A further suppresses the ionisation of NH,OH. Asa
result of which, the ionic products of only the Group I11 A radicals exceed their corresponding
solubility products. Hence, other group (I11 B, IV etc.) radicals remain in solution phase while
Group |11 A radicas (Fe3*, AI3t and Cr3") are precipitated out as their hydroxides.

(d) Precipitation of Group |11 B radicalsby H»Sin presence of NH,OH :
The Group-I11B radicalsare Co2" Ni2", Mn2* and Zn2". The group reagent isH,Sin

presence of NH,OH.

HS —=—2H" +

NH4OH —= NH", + OH™
OH~ ions furnished by NH4OH combine with the H* ion furnished by H,S to form unionisable
water. As aresult of which more H»S isionised to maintain the equilibrium according to Le-
Chatelier's principle. Thus, the concentration of S2~ionswill be high in the solution and astage
will be reached when the ionic products of Group-I11 B radicals and sulphide ions exceed the
corresponding solubility products and Group |11 B radicals are precipitated out.

(e Precipitation of Group IV radicals:
The group reagent is ammonium carbonate in presence of NH Cl.
(NHpp CO3 == 2NH," + COg™

(weak electrolyte)
NH4C| # NH4+ +ClI™
(strong electrolyte)

Due to common ion (N HZ) effect, ionisation of (NH4), CO3 is suppressed. Thus, only
the Group - IV radicals precipitate out as carbonates, which have low solubility products.
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CHAPTER (9) AT AGLANCE

1 Buffer solution : Buffer solution may be defined as solution, whose pH value does not
change appreciably upon the additon of small amounts of either acids or bases or even
water from outside source.

2. Common ion effect : It isan effect due to which the ionisation of aweak electrolyteis
further suppressed when a salt having common ion is added to it.

3. Equilibrium : A systemissaid to be in astate of equilibrium if the rate of the forward
reaction isequal to that of the backward reaction.

4. Hydrolyss : Itisdefined asaprocessin which asdt reactswith water toforman acidand a
base.
5. Law of MassAction : Therate of reaction is proportional to the product of the concen-

tration of reactants each raised to the power equal to the number of moles of the reactant
speciesinvolved in the chemical equation.

6. Le- Chatelier'sPrinciple: If asystem at equilibrium is subjected to achange of concentra-
tion, pressure or temperature, the equilibrium shiftsin the direction that tends to undo
the effect of such a change.

7. pH : It isdefined as the negative logarithm of hydrogen ion concentration.
pH =~ log [H']

8. Solubility Product : The solubility product of asparingly soluble substance is defined as
the product of the molar concentrations of itsions raised to power equal to the number of
timeseach ion occursin the equation for the dissociation of asubstance at agiven tempera-
ture.

[salt

9. Hender son equation : for acid buffers: pH = pK_ +log [ATiJ]
. [salt]
: for basic buffers : pOH = pK, + log m

[salt]
and pH = 14—pr—Iog[gse]
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QUESTIONS

Very short type questions - (1 mark each)

1.

© © N 0k~ wWwDN

el el e i < i
o N o 0o bk~ wDdD PO

19.
20.
21.
22.

23.
24,

25.
26.

What do you call the state of a chemical reaction when the forward and the backward
rates are equal ?

According to Bronsted theory, what is abase ?

What isthe pH of 0.01(N) HCI ?

Calculate the pH of 0.001(N) HCI

What isthe pH value of pure water ?

Which catalyst is used in contact process for manufacture of sulphuric acid ?
What is the basicity of sulphuretted hydrogen ?

What is the effect of pressure on the solubility of asolid ?

What substance on mixing with ammonium hydroxide forms a buffer solution ?
Which catalyst is used in the manufacture of ammoniaby Haber's Process.

What substance on mixing with weak acid forms buffer solution ?

In which reaction, the value of AH will be negative ?

The pH of an acidic solution will be more or lessthan 7.0 ?

What isthe pH of 0.000L M NaOH ?

Givetwo examples of Lewisacid.

What isthe pH of 1N HCI ?

What is active mass ?

What is the relation between equilibrium constant for forward reaction and equilibrium
constant for backward reaction in areversible process ?

What happensto the solubility of calcium acetate if temperature increases.
Whether CO, isaLewisacid or base?

What isthe pH of 1M HCI solution?

Write the relation between Kp & Kc of the following reaction.

PCl, (9) == PCl,(9) +Cl,(9)

In which condition the rate of forward and backward reactions are equal ?
Arrange the following solutionsin water in increasing pH

CaCl,, NaOAc, KCI, NaOH

What is the relation between pH & pOH?

Write the relation between K & K¢ of the following reaction.

H +] = 2HI(
9)

2(9) 29 S
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Short Answer Questions (2 marks each)

1

3.(@
(b)

10.

11.
12.

13.

14.
15.
16.

17.

18.

Under what conditions of temperature and pressure would you get the maximum yield of
ammoniain the following reaction ?

—_— =
3 HZ(Q)+ Nz(g) — 2NH3(Q)’ AH 22.1 kcal.

What do you mean by the equilibrium constant of a reaction ? Does it change with
temperature?

Explain the term buffer solution.
Give two examples of buffer solution.
For ageneral reaction

mA +nB == xC+yD
Wheat is the expression for the equilibrium constant ?

The solubility product of AgCl is1.7 x 10710 at 298K. What will beits solubility at that
temperature in a1M agueous solution of hydrochloric acid ?

Arrange the following agueous solutions in the increasing order of their pH values.
@ 0.1 N sodium chloride

(b) 0.1 N hydrochloric acid.

(© 0.1 caustic soda

When silver nitrate solution is added to a mixture of chloride and iodide ions in solution,
silver iodide precipitatesfirst followed by the silver chloride. Givereasonsfor that in brief.

How do you define an acid in the modern concept ? Give one example.
Define solubility product. How the idea of solubility product is used for purification of
common salt ?

Why it is necessary to add excess of NH,OH before passing H,S for precipitation of
Group I11 B cations ?

Give Bronsted and Lowry concept of an acid.
Calculate the solubility of AgCl in moles per litre, if the solubility product constant for
AgClis1.0 x 10" 10.

What isthe role of ammonium chloridein the precipitation of Group |11 A radicalsin the
gualitative analysis?

Why is sodium carbonate solution alkaline ?
10ml of N/5 dkaiismixedwith 20ml of N/10 acid. What isthe pH of theresultant solution ?
Why isthe pH of asolution of cupric sulphate solution lessthan 7.0 ?

What will be the value of AH, when areaction at constant temperature and pressureis at
equilibrium ?

Which substance makes a buffer with acetic acid ? What happensto the pH when asmall
quantity of HCI is added to such a mixture ?
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19.
20.

21.
22.

23.

24,

25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
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Why it isnecessary to add dilute HCI before passing H,Sfor precipitating Group. 11 cations?
Name one factor which influences the solubility of asolid in a solvent ?

Write the conjugate acid of OH~ and NH3.

Distinguish between ionic product and solubility product.

Why isit necessary to add solid NH,4Cl before adding excess of NH4OH for precipita-
tionsGroup I11A cations ?

Explain why the change of pressure in the reaction Hy +1o —= 2HI will not affect the
equilibrium constant ?

Write the conjugate base of H,SO, and HCO,

What happensto H+ ion concentratoin when temperature increases and why?
Synthetic clothes dry up quicker than cotton clothes. Give reasons.

Give two applications of pH.

Calculate the pH of asolution containing 0.365g of HCI per litre of the solution.
Explain what happens when HCI gasis passed through conc NaCl solution.
Give one example each of acid buffer and basic buffer.

Write the Lewis structure of H,SO, molecule.

Calculate the pH of 0.001N NaOH solution.

How is pure NaCl recovered from seawater?

Short Answer Questions (3 marks each)

1.

4.
S.

Discuss equilibriais physical processes with reference to solid —= liquid equilibrium
with example.

Discuss eguilibriain physical processeswith referenceto liquid —= vapour equilibrium
with example.

Discuss solid —= vapour equilibrium with example.

Write a note on ionisation of polybasic acid with example.

What are the factors that affect the acid strength. Dscuss with example.

L ong Questions (7 mar ks each)

1.

State and explain Le-Chatelier's principle. Discuss the effect of change of temperature
and pressure on the following system at equilibrium:

No(g) +3Ho(9) = 2NH3(g) + 22.4 kcal

What is meant by equlibrium reaction ?

State Le—-Chatelier's principle and discussits applications to synthesis of ammonia
State law of mass action. Explain the law with three examples.
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N

oA

What is common ion effect ? Explain giving examples.

State Law of mass action. Explain the law with one example. Derive the expression for
equilibrium constant of reaction,

A+2B —= 3C+D+E

Namethebasicradicalsof Group |11 B of qualitativeanalysis. What isthe group reagent ?
Write shorts noteson :

(a) Buffer solution

(b) Le-Chatelier'sprinciple

(c) Theories of acids and bases

(d) Common ion effect.

(e) Solubilty product

Define and explain law of mass action. What is an equilibrium constant ?

State Le-Chatelier's principle. How isit applied to the synthesis of ammonia ?

Give the expression for K¢ and K for such reaction.

ADDITIONAL QUESTIONS

Describe the various postul ates of the Arrhenius theory of acids and bases. What are the
limitations of thistheory ?

Discussin detail the phenomenon of hydrolysis of salts.

Discussin detail the Lowry-Bronsted theory of acidsand bases. What ismeant by aconjugate
pair?

Write the importance of solubility product in qualitative analysis.

What is buffer solution ? Write the types of buffer solution with example. What are the
applications of buffer solutions ?

The molar concentration of A and B are 0.80 mole litre -1 each. On mixing them, the
reaction startsto proceed asA +B — C+D and attain equlibrium . At equlibrium molar
concentration of C is0.60 molelitre-1. CalculateK _ of thereaction?  (Ans: K.=9.0)

A mixtureof 3 molesof H, and 1 moleof N5 react at constant pressure of 100 atmosphere.

At equilibrium 0.5 mole of ammonia is formed. Calculate the value of Kp for the
equilibrium reaction

3/2H,+ 12N, = NH, (Ans: K, = 0.005 atm)
The value of Kp for dissociation of 2HI = Hy+ 1, is1.84 x 102
If the equilibrium concentration of Ho is0.4789 molelitre-1, Calcul ate the conc. of HI at
equilibrium. (Ans: 3.53 moIeIitre_l)
Kgp of AgCl is 2.8 x 10-10 at 250C. Calculate solubility AgCl in pure water

(Ans: S=1.673x 10> molelitre~1)
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MULTIPLE CHOICE QUESTIONS

Irreversible reactionisonewhich :
(a) proceedsin onedirection only.
(b) proceeds in both the direction.
(c) isinstantaneous reaction.
(d) isslow reaction.

When rate of forward reaction is equal and opposite to the rate of backward
reaction,the stateis said to be::
(a) Reversible state
(b) Equilibrium.
(c) Chemical equilibrium.
(d) None of the above.
Which of the following reactions will be favoured by low pressure ?
(a) H2+ |2 @ 2HI
(b) N2 + 3H2 @ 2NH3
(c) PClg = PCI3 + Cl>
(d) N2+ 02 @ 2NO
Which of thefollowing factor will be useful in manufacture of ammoniaby Haber's process ?
(a) High pressure.
(b) Low pressure.
(c) High temperature.
(d) Increase in the concentration of ammonia.
Thereaction in which heat is absorbed isknown as :
(a) Exothermic.
(b) Endothermic.
(c) Reversible.
(d) None of the above.
Therate at which a substance reactsis proportional to its active mass. Thisstatement is:
(a) Le-Chatelier'sprinciple.
(b) Faraday'sLaw.
(c) Law of multiple proportions.
(d) Law of mass action.
When chemical equilibrium isreached the
(a) Reaction stops.
(b) Rate of forward reaction is equal to the rate of backward reaction.
(c) Rate of forward reaction is more than that of backward reaction.
(d) None of the above.
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8. In areversible reaction if there is no change in total number of molecules, the reaction

will be favoured by
(a) High pressure.
(b) Low pressure
(c) High temperature.
(d) Higher concentration of areactant.
9. Which of the following will be favoured by high pressure ?

(@ PC|5 : PC|3 + C|2
(b) Np +0, = 2NO
(© N2 + 3H2 ? 2NH3

(d) H2+ |2 ? 2HI
10.  Chemical equilibriumis

(a) Sationary

(b) Dynamic

(c) Inertness

(d) State of rest.

11.(i) Forthereaction, Hyo + 1o == 2HI, the Kp and Kc are related as
(8) Kp=K¢ (RT)?
(b) Kp=K¢ (RT)O
(©) Kp=K¢ (RT)

(d) Kp =K (RT)L
(i) In which of the following reactions K,=K.?

(8) N +3Hz) == 2NHg(,
() 2NOCI == 2NO(g+ Cl
(C) |2(5) + HZ(g) : 2Hl(g)

(d) Hz(g) + C|2(g) @ 2HCI(9)

12.  Thepartia pressure of PCl3,Cl, and PClg are0.1,0.2 and 0.008 atmosphere respectively

for areaction, PClsg == PCI3 + Cl,. Thevalueof Ky is
(@25
(b) 5.0
(c) 0.25
(d) 25



416 +2 CHEMISTRY (VOL.-1)

13. For which of thefollowing reactionsthe value of K, isgreater than K ?
(@ No+ 0y, = 2NO
(b) 2SO, + Oy = 2S03
(€) 2NO2 = N0Oq4
(d) PCl5 = PCl3+ Cly

14.  For the reaction PClg —= PCl3 + Cl,, the forward reaction at constant temperature is
favoured by :

(@) Introducing an inert gas at constant volume.
(b) Introducing chlorine gas at constant volume.
(c) Introducing an inert gas at constant pressure.
(d) Increasing the volume of the container.
15. Lewisacidsare
() Electron acceptors
(b) Proton acceptors
(c) Electron donors.
(d) Proton donors.
16.  ThepH of solution containing 0.4 gm NaOH per litreis,
(@ 2.0
(b) 12.0
(c) 10.0
(d)11.0
17.  Conjugate base of HCO3 ionis
(8) CO, (9 COs
(b) Ho,CO3 (d) HCO3
18.  Aqueoussolution of FeCl3 is
(a) Acidic
(b) Basic
(c) Amphoteric
(d) Neutral
19.  When 1.0 ml of dil HoSO, is added to 100ml of abuffer solution of pH 7.2, the pH
(a) becomes 7.0
(b) islessthan 7.0
(c) ismorethan 7.0
(d) does not change
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20.  What isthe pH of 0.01M NaOH assuming complete ionisation ?
(8 0.01
(b) 2.0
(c) 12.0
(d)14.0
21.  ThepH of the solution is 3.0. If its pH is changed to 6.0, then the [H™] of the original
solution hasto be
(a) Doubled
(b) Halved.
(c) Increased 1000 times.
(d) Decreased 1000 times.
22. The compound that isnot aLewisacidis

(a) BF3
(b) AlCl3
(c) BeCl,
(d) SnCl,4
23.  Theconjugate acid of NHZ— is
(8) NHg
(b) NH,,OH
(c) NHg*+
(d) NoHy
24.  Anacidic buffer can be prepared by making solution of
(a) HCl and NaCl

(b) NaOH and NaCl
(c) HCOOH and HCOONa

(d) NH4Cl and NH,OH

25. A compound is precipitated when its
(@) lonic product exceeds the solubility product
(b) lonic product is