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Preface

There has been a phenomenal growth in the field of chemistry during the
past 20 years or so. Inorganic chemistry has experienced a renaissance
during this period; and of late, the limits of inorganic chemistry extend into
physical chemistry on the one hand, and into theoretical chemistry and
biochemistry on the other. There is so much percolation of - physical
chemistry into inorganic chemistry, that it would be better to classify both
the branches as general chemistry. As a reflection of this, many new text-
books have appeared in the recent past, each reflecting a distinctive em-
phasis, styls and depth of presentation.of the subject matter.

This book is intended to be a textbook for advanced undergraduate level
students of general inorganic chemistry. Such a course should expose the
readers to the challenges of the subject and unify many of the underlying
principles and observed facts. Textbooks should be flexible and adaptable;
I have tried to make the subject easy for both students and: teachers.

A university level text cannot be encyclopaedic. The digcussion presented
is mainly topical, and not exhaustive. The book is not intended to be a
reference book. Though I have tried to cover as many topics as possible,
my views, prejudices and enthusiasms have coloured the presentation. Not
all my readers will find the topics presented here treated adequately; many
omissions will be observed. I will be thankful to my readers for pointing
out any errors and omissions in the text and giving their suggestions.

Each chapter begins in an elementary fashion. The subject matter is
developed progressively as the chapter advances. 'Wherever possible, I have
tried to give quantitative relationships. Figures and tables are used liberally
as a scientist creates mental pictures or models to organize a large body of
scattered observations which form the basis for the prediction of behaviour
of similar systems. Each chapter has a number of solved problems which not
only show the method of calculations, but also make one realize the sense
of proportionality or reality. Though no formal references are given, a list
of books has been suggested at the end of the text. Each chapter ends with
a set of questions dealing with the topics presented.

The atomic structure and the electronic configurations of the elements
form the subject matter of Chapters 1 and 2. Chapter 1 discusses the
behaviour of clectrons as particles; while wave mechanics or the quantum
theory is presented in Chapter 2. The periodic table (which has occupied
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such a hallowed position in the development of chemistry) and periodic
properties like the atomic sizes, atomic volumes, ionization energies, elec”
tron affinities and electronegativities, are discussed in the third chapter.

Chapter 4 discusses the important theories of covalence: the valence bond
theory (VBT;}, the valence shell electron pair repulsion thecry (VSEPRT),
the molecular orbital theory (MOT) and Linnctt’s NPSO thcory (&lso called
the double quartet or DQ theory). lonic bonds are discussed in Chapter
5, while the hydrogen bonds, metallic bonds and the van der Waals forccs
are discussed in Chapter 6.

Chapters 7 to 10 are independent of one another, and of the other chapters
present in the book. Nevertheless, they are important in their own right.
The views regarding the acid-base behaviour of substances is discussed in
Chapter 7, while the prcblem of whether the given reaction involving
oxidation and reduction (the redox reaction) will proceed or not is given
in Chapter 8. The electrode potentials have been used for the prediction of
a large amount of reactions. Chapter 9 describes the most commonly used
nonaqueous solvents—the protonic, nonprotic and the organic solvents. The
general chemical principles involved in the preparation of a pure element or
a compound including concentration, roasting, hydrolytic metallurgy,
reduction and purification of the metal, form Chapter 10 of the book.

The fast expanding field of the coordination compounds is considered in
Chapters 11, 12 and 13. Werner’s nomenclature and stercochemistry
are part of Chapter 11. VBT theory involving hybridization of orbitals, the
MOT for the metal complexes and the nature of bonding in the transition

“metal complexes with pi-bonding ligands, are discussed in Chapter 12. The
spectral, thermodynamical, kinetic and magnetic properties of the comp-
lexes are discussed in Chapter 13.

Throughout the text, I have used the Sl units. At many places, corres-
ponding values in the conventional cgs units are also given. Wherever values
in both the units are given, it is implied that wherever order of the values
is sufficient, only the order is calculated; otherwise the exact equivalent is
given. The unit of weight and tength in SI units being kg and m, density
would be expressed in terms of kg m—3 which would mean multiplying the
accepted density values by 1000; whereas the wave numbers should be in
m-1 necessitating multiplication of the values in cm~! by 100.

I have used the SI units strictly giving equivalence in parentheses at the
proper places. Appendix A gives the rules of nomenclature of inorganic
compounds, while the SI units and useful constants and conversion factors
are given in Appendix B. The bond energies are given in Appendix C, while
the colours of the solutions and the broad relationship of colour to the
wavelength of absorption is given in Appendix D.

Thare is a cliche in the sciences that everyone feels that he knows <‘every-
thing”’ in his field for about 15 minutes after submitting his Ph.D. thesis.
And then, as time passes he begins to realize the limitations and the
inadequacy of his knowledge. One realizes this the moment one sits down to
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write a book. About 99 per cent of the material to be presented in a book
(or in a classroom when faced with a group of eager students willing to
learn) comes from stimulating associates, directly or indirectly. I am grate-
ful to my students and to my colleagues for their help and suggestions
without which this book would never have come to be written. I am parti-
cularly thankful to Dr R.C. Rastogi, Dr. B.R, Thukra), Dr. P.S. Jaiswal
and Dr. P.S. findhu for the discussions and suggestions, and to Mr. V.B,
Agarwal for his advice and constant encouragement. I am particularly
grateful to Dr. D.B. Gupta, Reader, Institute of Economic Growth, Delhi,
for his interest and advice.

Finally, I would like to thank my wife, Narinderjeet, for making this
book possible. My heartfelt thanks to her for her constant encouragement
and moral support under all conditions.

G. S. MANKU



Symbols and Abbreviations

4 abundance

A atomic weight

A energy state 4,, etc.
A Madelung’s constant
a acceleration

ay, symmetry of orbitals
a, Bohr’s radius

ax activity of species X

ACFT adjusted crystal field theory
AO atomic orbital
AV atomic volume

B magnetic field strength

B Racah parameter

by symmetry of orbitals

BP bonded pair of electrons

C Coulomb

C Curie’s constant (Eq. 13.65)
C Racah parameter

¢ velocity of light in vacuum
cx concentration of the species X

CD circular dichroism

CFT  crystal field theory for coordinate bond

CB conduction bands in metals

cis geometrical isomers

cyclopentadienyl ligand (C;H;")

bond dissociation energy

distribution ratio of metal in two solvents

energy states with =2

absolute configuration of complexes

nonpolar contribution to the bond energy

polar contribution to the bond energy

complete differentiation of a variable e.g., dx/d¢

d orbital which may be further specified as dey, dyrs dyz dyz_y2,
and d,»

Dd dodecahedron

Yot o

np

ESy =
= ‘b



-Symbols and ‘Abbreviations xi

DQ double quartet (Linnett’s theory)
Dq unit of the crystal field splitting in octahedral field (==10Dq)
diphos ethylenediphosphine ligand H,P.CH,.CH,.PH,

E electric field strength

E energy

E per cent metal extracted in solvent extraction systems

e eharge of the electron

E° standard electrode potential

Ef standard electrode potential in acid solutions (1 M acids)

Ep° standard electrode potential in base solutions (1 M basc)
E.on  cell potentials=E% —E°%

Ep Debye energy of dipole-induced dipole interactions
Es energy states

Ex Keesam energy of dipole-dipole interactions

EL London dispersion forces

EL° standard electrode potential of the left hand half-cell in a cell
En® standard electrode potential in neutral solutions (pH=7)

Eg° standard electrode potential of the right hand half-cell ina cell

E., repulsion energies in a system

EA the monochromatic emmissive power for the radiation having
wavelength A

Cq symmetry of the orbitals

€ liquid junction potentials in a cell

emf electromotive force of a cell

en ethylenediamine ligand (NH,CH,CH;NH,)

eV electron-volt

EA electron affinity

EAN effective atomic number

EDTA ethylenediaminetetraacetate anion
(-0,CCH,)gN.CH,.CH,.N(CH,CO;")

ESR electron spin resonance

exp exponential

F  Faraday

F force, which may be further specified as Feec; Fmags €tC. .
F state, energy level

F formal (1 F=activity of 1 molar)

S/ f orbital '

f Jgrgenson’s field factor for the ligands

F, Slater’s integrals for the energy states in atoms and ions

forbidden energy bands in metals

isomers in octahedral complexes {MA,B,]
free energy

the energy state

acceleration due to gravity

even state (from gerade state)

R QT
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xii Symbols and Abbreviations

LGO

Jgrgenson’s field factor for the metals

Lande’s splitting factor (==2.0023)

energy state

magnetic field strength

Planck’s constant

enthalpy of the reaction, further classified as AH: (formation),
AH, (sublimation), AH, (reaction), AH. (solvation), etc.
intensity of light

ionization energy

ionization energy
ionization potential
infrared rezion of spectrum (wavelength greater than 10-¢ pm)
(-}

exclange energy integrals

Joule

total angular momentum quantum number

Kelvin

K shell, the first shell of electrons

Bolizman’s constant=R/N

Sommerffeld’s quantum number for the elliptical orbits
zone refining separation factor (ideal)

zone refining actual separation factor (less than k)
acid dissociation constant

base dissociation constant

equilibrium constant for a reaction

solubility product for sparingly soluble compounds
extraction constant for the solvent extraction systems
ionic product for water=1.02x10-1¢ at 298 K
characteristic x-rays

characteristic x-rays

nephelauxetic factor for the metals

ligand

shell, second from the nucleus

total value of the [ values of the electrons in an atom
L configuration (absolute) for the metal complexes
quantum number, the azimuthal number for orbital
characteristic x-rays

characteristic x-rays

lone pair of electrons

log to the base e, the natural or Naperian logarithm
absolute configuration of chelate rings in complexes
Jigand group orbitals (in MOT of complexes)

minus rotation of the octahedral complexes
molecular weight

" mass of the electron or of any other particle of interest



M,
Mg

ny
ny

Symbols and Abbreviations xiii

metre

molality

total angular momentum of electrons in atom
total spin momentum in an atom

methyl group CH,

rest mass (of the electron)

magnetic quantum number

spin quantum number

molecular orbitals

molecular orbital theory

geometrical isomer of octahedral [MA ;B3]
Avogadro’s number

Normalizing factor for the wave function

an integer

Bohr’s orbit number

Born exponent for the ions

quantum number, the principal number ‘
refractive index==c/c,, ratio of velocity of light in medium to vacuum
Slater’s orbital number

normalizing factor for the antibonding MO
normalizing factor for the bonding MO
octahedral

opucal rotatory dispersion

conformation of the tris chelate rings

energy state with L=1

pairing energy

per cent ionic character of a covalent bond
positive rotation of octahedral complex
pressure (in equation of state)

—log, e.g. pH, PK
momentum of the particle=my or mu
p orbital
partition coefficient for HA

partition coefficient for the species ML,
molar polarization

partial pressure of Hy; similarly pg, for oxygen
proton affinity

propylenediamine ligand CH,+ CH(NH,)- CH,NH,
concentration quotient for a reaction

interionic distance for the ion pair association [(9.15)]
ionic charge

gas constant=38.314 41, J mol~! K-!

molar refraction of the compound

radial distribution function for the electrons

polar coordinate



Xiv  Symbols and Abbreviations

r radius of the species

Ry characteristic of a solute in a solvent in chromatography
Ry Rydberg’s constant=1 Q96 773; x 107 m-? for hydrogen
Ry, Rydberg’s constant for helium

RP resonance potential

ra radius of anion

re radius of the cation. crystal radius

rec radius of the ion from clectron density maps

i ionic radius

ro Pauling’s radius

r Pauling’s univalent radius

R* (complex) conjugate of the radial distribution function R

S overlap integral

S total spin of the electrons in an atom

S energy state with=0

s spin quantum number

AS entropy change

So entropy under standard state

Swl nucleophilic substitution, first order reaction

S~1CB nucleophilic substitution, first order reaction. conjugaie base
mechanism

Sa? nucleophilic substitution, second order reaction rate

strength of the soft-soft interactions (Eq. 7.65)

SQ

SAP square antiprism

Sp square pyramidal

SR Sanderson’s stability ratio

T kinetic energy (used in wave mechanics)
T temperature

t  time interval

tig, tzg symmetry of the orbitals

Ty energy state

TBP  trigonal bipyramid

Td tetrahedral

trans  geometrical isomers of complexes
7 ungerade or uneven state

u velocity

U, lattice energy at 0 K

U. lattice energy at any other temperature usually at room temperature
(298 K)

vV potential difference, volts

vV volume

v velocity

‘sp specific volume

VB valence bands in metals

VBT  valence bond theory



Symbols and- Abbreviations xv

electric field strength
electronegativity, e.g., X, (Pauling’s), X, (Mullikan’s)etc.
cartesian coordinate
total angular distribution function
cartesian coordinate
nuclear charge or the atomic number
effective nuclear charge
cartesian coordinate
ionic charge
polarizability of the ion .
the degree.of ionization or dissociation
molar rotation of the optically active compound at wavelength A
specific rotation of the optically active comppunds -at wavelength A
stability constant of the complex ML,
activity coefficient
change in a quantity
conformation of the octahedral complex
octahedral field strength=10 Dq
tetrahedral field strength
partial charge
right handed helix
partial differentiation of a variable
Laplacian operator ‘
molar extinction constant:
permittivity of vacuum
permittivity of medium
relative permittivity of medxum—e/eo
Planck’s photon energy=hy
angle of deflection
molecular rotation of optically active compounds
polar coordinate
angular distribution function of the wave function for electron
complex conjugate of ®
viscosity
conformation of the octahedral complex
left handed helix
wave length of the radiation
Compton’s wavelength=2.426 3089 x 10-12 m
bridging group in complexes
dipole moment
reduced mass=mM/m-+ M
permeability of medium
petmeability of vacuum=4r x 10-7 H ni-1
Bohr magneton
magnetic moment due to the spin-orbit coupling

\



xvi Symbols and Abbreviations

b magnetic moment due to total angular momentum of the electrons

Hs magnetic moment due to the total spin of the electrons

Moy effective magnetic moment due to the presence of the electrons in
an ion or a complex

Pm dipole moment of an ion

(8 magnetic moment due to spin of the electron

v frequency of radiation

v wave number of the radiation

v, number of ions produced by the ionization of one molecule

vo frequency associated with the zero point energy

T ratio of the circumference to the diameter of a circle

™ the pi-bonding orbital

¥ the antibonding pi-orbital

XA diamagnetic susceptibility

Xn magnetic susceptibility

P density

G screening constant

¢ the sigma bond

c sigma bonding orbital

o* sigma antibonding orbital

G Hammett’s function

oA softness factor (Eq. 7.65)

¢ angle .

¢ amplitude of vibration for the wave in wave equation

g* complex conjugate of ¢

Pa antibonding wave function

U bonding wave function

Y nonbonding wave function

p] wave function for the LGO in coordinate complexes (MOT)

the volume element dr=dxdydz
angle of deflection
polar coordinate
. angular part of the wave function
* complex conjugate of ©
spin-orbit coupling constant

MO PDa



1.

Contents

Preface
Symbols and Abbreviations

STRUCTURE OF ATOMS—CLASSICAL MECHANICS
Cathode Rays
Determination of e/m for the cathode rays
Charge of an electron
Mass of the electron :
Velocity of electrons at high potentials
Anode Rays or Positive Rays
Properties
Positive rays analysis—Thomson’s parabola method
Aston’s mass spectrograph
Dempster’s spectrometer
Bainbridge’s velocity focussing spectrometer
Atomic Spectra
Balmer’s lines of the hydrogen spectrum
The Rydberg’s constant
Other spectral setios.
Ritz combination principle
Nuclear Model of the Atom
The Bohr atom
Elliptical orbits—Sommerfeld’s modnﬁcatxon of Bohr’s theory
Magnetic quantum number
The spin number
Critical Potential
Determination of the critical potentials
Problems

STRUCTURE OF ATOMS—WAVE MECHANICS AND
QUANTUM THEORY
Origin of the Quantum Theory
Black body radiation
Photoelectric effect
Compton’s effect
The Wave-Particle Duslity
de Broglie’s matter waves
The uncertainty principle
Wave Functions and Wave Bquations
Interpretation of the wave function
Normal and orthogonal wave fmﬁons
The wave equation

vil



xvili Contents

Solution to Wave Equations : 42
Particle in a one-dimensional box 42
Particle in a three-dimensional box 46
Degeneracy of energy levels 47
Principle of superposition 48
Need for effective approximate method of sélving wave function 48
The variation method 49
The method of linear combinations 49

Wave Equation for Hydrogen Atom 50
Wave nature of electrons and stationary orbits 50
Schrodinger’s equation for the hydrogen atom 51
Radial distribution functions 53
Angular probability distribution curves 53
Significance of wave function 58
Quantum numbers and orbital designations 59
Blectron spin and wave mechanics 60

Polyelectronic Systems 60
Self-consistent field model 60
Pauli’s exclusion principle and maximum capacity of shells 62
Energy level diagram : 63
The auf bau principle and electronic configuration of elements 65
Hund’s rule of maximum multiplicity 69

Vector Model of the Atom and the Spectroscopic Terms 70
The L-S coupling 70
Term symbols 71
Magnetic field splittings 74
The j—f coupling 75
Problems 75

:-3.  PERIODIC TABLE AND PERIODIC PROPERTIES 77-123

Periodic Table ) 77
Historical 77
Mandeleev’s periodic table of elements 78
The atomic number 81
Long form of periodic table 84
Periodic law 86
Limitations of the long form of the periodic table : 87
Types of elements 88

Effective Nuclear Charge 90
The screening or shielding constant 91
Slater's rules 91
Limitations of Slater’s rules 9
Slater’s orbitals 93
Penetration of orbitals 93

Atomic Volumes 94
Difficulties in assigning atomic volume to the elements 94
Variation of atomic volume with atomic number 94

Atomic or Covalent Radii 96
Types of radii 96

Tonic Radii 98
Existence of ions—The ED map radii 98
Experimental determination of ionic radii 99

102

Tonic radii and periodic table



Conclusions
Tonization Energies
Definitions
Factors affecting the ionization energies
Electron affinity
Definition
Variation of electron affinity
Oxidation Numbers
Valence, oxidation number and formal charge
. Oxidation numbers and periodic table
Electronegativity
Pauling’s electronegativity X,
Mulliken’s electronegativity Xm
Allred-Rochow’s electronegativity X, o
Stability ratio SR
Other electronegativity scales
Electronegativity neutralization
Factors affecting electronegativity
Problems

COVALENT BONDING
Types of the Chemical Bonds
The Octet rule
The Valence Bond Theory
Heitler-London theory
Pauling--Slater’s theory
Hybridization
Multiple bonds
Resonance
Limitations of the concept of hybridization and resonance
Halferich’s rules
Valence Shell Electron Pair Repulsion Theory
The theory .
Shapes of molecules containing lone pairs
Structure of multiple bonded compounds
Role of outer d orbitals 3
Limitations of VSEPR theory
Linnett’s Double Quartet Approach (NPSO Theory)
Molecular Orbital Theory
Pormation of molecular orbitals
The hydrogen molecule
Energy lovels in diatomic molecules
Configurations of diatomic molecules
Mixing of orbitals
Heteronuclear bonds
Support for MOT
Comparison of the Models for Covalent Bonding
Dipole Moments
Partial ionic character of covalent bonds
Dipole moments
Summary
Problems

Contents xix

105
105
105
107
108
108
109
110
110
112
114
114
116
117
117
118
119
120
121

124-180
124
126
128
128
130
132
137
141
144
147
148
148

149
151
151

152
153
158
158
162
163
164
167
168
170
172
173
173
13
177
178



xx Contents

5.

IONIC BONDING
The Ionic Compounds
Properties of ionic compounds
Formation of ions
The Radius Ratio
Structure of ionic compounds
Calculation of radius ratios
Limitation of the radius ratio rule
Lattice Energy
Errors in Born-Lande equation
Born-Haber Cycle
The cycle
Use of Born-Haber cycle
Solubilities of Tonic Compounds
Fajan’s Rules
Deviations from Simple Ionic Structures
Layer structures . ’
Mixed oxide structures
Covalent Solids
Diamond structure
Graphite structure
Problems

OTHER CHEMICAL FORCES

Hydrogen Bonding
Conditions necessary for the formation of a bydrogen bonding
Consequences of the hydrogen bonding
Nature of hydrogen bonding

Metallic Bonds
Characteristics of metals
Arrangement of atoms in metals
Bonding in metals

van der Waals Forces
Nature of van der Waals forces
Problems ’

ACIDS AND BASES
Definition and Approaches
Arrhenius’s theory of acids and bases
Brensted-Lowry definition
Lux~Flood definition
Solvent system definition
Lewis definition
Usanovich definition
A generalized acid-base concept
Protonic Acid-Base Systems_
Proten affinities
Differentiating and levelling solvents
Cosolvating agents
Strengths of hydracids
Strengths of oxyacids
Strength of organic acids
The oxides

181-210
181
181
182
184
184
185
189
192
195
196
196
198
201
202
204
205
206
207
208
208
210

211-235
211
211
214
217
220
220
221
224
232
232
235

236271
236
236
237
238
239
239
241
242
242
242
243
245
45

247
249
252



Amines and solvation effects
Strengths of Lewis Acids and Bases
Position in the periodic table
Effect of substituents
Solvolytic Reactions
Hydrolysis
Electrostatic approach to hydrolysis reactions
Hydrolysis of covalent compounds
Alcoholysis .
Solvolysis accompanied with decomposition
Hard and Soft Acids and Bases (HSAB)
Acid and base strengths of HSABs
Applications of the HSAB concept
Basis for hardness and softness
Pi-Bonding contributions
Electronegativity and hard-soft species
Limitations of HSAB concept
Problems

REDOX SYSTEMS
Half-Reactions
Balancing the redox reaction
The Free Energy Changes
The oxidation potentials
The electromotive force—theoretical considerations
Galvanic Cells
Standard electrode potentials
Determination of standard electrode potential
Applications of the Standard Electrode Potentials
Calculation of the cetl EMF
Prediction of the course of the reaction
Concentration cells
Standard electrode potentials and the equilibrium constants
Standard electrode potentials and the solubility products
The EO° values and the stability constants of complexes
Reactions in Aqueous Solutions
Change of pH and the E? values
The EMF diagram .
Combination of half-reactions to give new half-reactions
Instability of species in aqueoiss solutions
Periodic Trends in EMF Values
EMF and the electronegativity
In General
Redox reactions and the acid-base reactions
Problems

‘THE SOLVENTS
Solubilities of Compounds
Effect of temperature on solubility
Role of water as a solvent
Chemical structure and solubility
Solubility from chemical reactions
Energy Change in Solution Formation

Contents xxi

253
255
255
%55
258
258
259
261
262
263
263
264
266
267
268

269
270

272-310
272
273
275
276
276
278
279
283
285
287
287
289

292
293
295
295
296
298
301
306
307
307
308
309

311-346
311
k191
312
314
314
315



