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PREFACE

Chemistry, abranch of science concerned with the properties, structures
and composition of substances and their reactionswith one another. Inorganic
Chemistry studies the preparation, properties and reactions of al chemical
elementsand their compounds, except those of carbon. Organic Chemigtry studies
thereactions of carbon compounds, which are 100 times morenumerousthan
nonorganic ones. It aso sudiesanimmensevariety of molecules, including those
of industrial compoundssuch asplastics, rubber, dyes, drugsand solvents. Physica
Chemistry dealswith the Physical propertiesof substances, such astheir boiling
and mdting points.

Thepresent book isincluded for the students of higher secondary second
year. For convenience sakethistext book of chemistry ispublishedintwo volumes.
Thistext book iswritten after following the revised syllabus, keeping inview the
expectations of the National Council of Educational Research & Training
(NCERT). Thisbook will providean*inverted pyramid’ modd togainknowledge
inall branchesof chemistry. Thetopicssuch asAtomic Structure- |1, Periodic
Classfication- 11, Solid State- I, Thermodynamics- 11, Chemica equilibrium -
I1, Chemical Kinetics- 1, Electrochemistry - | and || aredesigned insuchaway
that students should have a continuous access to these topics. Hence, the
knowledge gainedin higher secondary first year will help the studentsto havea
continuous access to thesetopics. The knowledgegainedin+1 will help the
studentsto achieveexcdlencein the path of quest for chemica knowledge. Many
problemsareintroduced ininorganic, physica and organic chemistry to enhance
the quantitative aptitude of students. The quantitative aptitudewill enablethe
studentsto understand the conceptswell.

Theimportanceof chemistry iswell known. A knowledge of chemistry
will hepanybody to understand biology, naturd processes, geochemica concepts,
pharmaceutical and biochemica concepts. Hencethistext book will enhancethe
image of thestudentsin suchaway that they canfaceany competitiveexamination
infuture. The problemsinal branchesof chemistry and many moremechanisms
of organic chemical reactionswill help the studentsto understand the chemical
principles.

(iii)



Muchinformationsabout nobel laureatesare given. Theseinformations
isnot part of the syllabus. However, suchinformationwill hel p the studentsto
know alot about the scientists.

The questionsthat are given at the end of every chapter.can betaken
only asmodel questions. A lot of self evaluation questions, like, choosethe best
answer, one or two sentence answer type and short answer typesquestionsare
giveninadl chapters. While preparing the examination, studentsshould not restrict
themselves, only tothequestionsand problemsgiveninthe self eva uation. They
must be prepared to answer the questionsand problemsfrom the entiretext.

L earning objectivesmay create an awarenessto understand each chapter.

Sufficient reference books are suggested so asto enable the studentsto
acquiremoreinformations about the concept of chemistry.

Dr.V.BALASUBRAMANIAN
Chairperson

SyllabusRevis on Committee (Chemistry)

& Higher Secondary Second Year Chemistry
Text Book Writing Committee
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Syllabus: Higher Secondary - Second Year Chemistry Volume- |
INORGANIC CHEMISTRY
Unit 1- Atomic Structure-I|

Dual properties of electrons - de-Broglie relation - Heisenberg's
uncertainty principle- Wave nature of an electron - Schrodinger wave equation
(only equation, no derivation) - Eigen valuesand Eigen function- significance
only - molecular orbital method. Application to Homo diatomic and Hetero
diatomic molecules- Metalic Bond - Hybridizetion of etomicorbita sHybridization
involving s, pand d Orbitals- Typesof forces betweenmolecules.

Unit 2- Periodic classification-1 |

Review of periodic properties- Calculationof atomic radii - Calculation
of ionicradii - Method of determination of 1onisation potentia - Factorsaffecting
ionisation potentia - Method to determinethe el ectron affinity - Factorsaffecting
EA - Various scaleson electro negativity vaues.

Unit 3- p - Block Elements- 1

Group -13 General trends- Potash alum- Preparation, Propertiesand
uses- Group 14 General trends- Silicates - Typesand structure- Silicones -
Structure and uses- Extraction of lead - Group - 15. Generd trends- Phosphorous
- Allotropes and extraction - Compounds of phosphorous- Group - 16. Genera
trends - H,SO, - Manufacture and properties. - Group - 17 General
characteristics. Physical and Chemical properties- | solation of fluorineand its
properties- | nterha ogen compounds Group-18 Inert gases- | solation, properties
and uses.

Unit4 d-BLOCK ELEMENTS

General characteristicsof d-block elements- First transition series -
Occurrenceand principlesof extraction - chromium, copper and zinc - Alloys-
Second transition series- Occurrence and principles of extraction of silver -
Third trangition series- Compounds- K Cr,0O,, CuSO,5H,0, AgNO,, Hg,Cl,,,
ZnCO,, Purpleof cassius.

Unit 5-f-block elements
Generd characterigticsof f - block dementsand extraction - Comparison
of Lanthanidesand Actinides - Usesof |lanthanides and actinides.
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Unit 6- Coordination Compoundsand Bio-coor dination Compounds

Anintroduction - Terminology in coordination chemistry - IUPAC
nomenclature of mononuclear coordination compounds - |somerism in
coordination compounds- Structural isomerism - Geometrical isomerismin
4 - coordinate, 6 —coordinate complexes- Theorieson coordination compounds
- Werner’stheory (brief) - Valence Bond theory - Crystal field theory - Uses of
coordination compounds - Biocoordination compounds. Haemoglobin and

chlorophyll.

Unit 7 - Nuclear chemistry

Nuclear energy nuclear fissonand fusion - Radio carbon dating - Nuclear
reactionin sun - Usesof radioactiveisotopes.

PHYSICAL CHEMISTRY

Unit 8- Solid statel |

Typesof packing in crystals- X-Ray crystal structure- Typesof ionic
crystals- Imperfectionsin solids- Propertiesof crystalline solids- Amorphous
solid.

Unit 9- Thermodynamics- |

Review of | law - Need for thell law of thermodynamics- Spontaneous
and non spontaneous processes - Entropy - Gibb'sfree energy - Free energy
changeand chemica equilibrium- Third law of thermodynamics.

Unit 10 - Chemical equilibrium |
Applicationsof law of massaction - Le Chatlier’sprinciple.
Unit 11 - Chemical Kinetics-I|

First order reaction and pseudo first order reaction - Experimental
determinationof first order reaction - method of determining order of reaction -
temperature dependence of rate constant - Simple and complex reactions.

Unit 12— SurfaceChemistry

Adsorption - Catalysis- Theory of catalysis- Colloids- Preparation of
colloids- Propertiesof colloids- Emulsions.
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Unit 13—Electrochemistry —|

Conductors, insulators and semi conductors - Theory of electrical
conductance- Theory of strong electrolytes- Faraday’slawsof electrolysis-
Specific resistance, specific conductance, equivalent and molar conductance-
Variation of conductancewith dilution - Kohlraush'slaw - lonic product of water,
pH and pOH - Buffer solutions- Use of pH values.

Unit 14—Electrochemistry - 11

Cells- Electrodesand el ectrode potentias- Construetion of cell and
EMF - Corrosion and its preventions- commercia production of chemicals-
Fud cdls.

Unit 15—1somerismin Organic Chemistry

Geometrical isomerism - Conformationsof cyclic compounds- Optical
isomerism- Optical activity - Chirality - Compoundscontaining chiral centres-
D-L and R-Snotation - Isomerismin benzene:

Unit 16 —Hydroxy Derivatives

Nomenclature of a cohols- Classification of alcohols- General methods
of preparation of primary acohoels- PropertiesMethods of distinction between
threeclassesof alcohols1°, 2° and 3°) - Methods of preparation of dihydric
alcohols. (glycol) - Properties - Uses- Methods of preparation of trihydric
alcohols- Properties- Uses- Aromatic alcohols - M ethods of preparation of
benzy! dcohol - Properties- Uses- Phenols- Manufacture of phenols- Properties
- Chemical properties- Usesof Phenols.

Unit 17 - Ethers

Ethers- General methods of preparation of aiphatic ethers- Properties
- Uses- Aromatic ethers- Preparation of anisole- Reactions of anisole - Uses.

Unit — 18 Carbonyl Compounds

Nomenclature of carbonyl compounds- Comparison of adehydesand
ketones - General methods of preparation of aldehydes - Properties - Uses
Aromatic aldehydes- Preparation of benza dehyde- Properties- Uses- Ketones
- general methods of preparation of aliphatic ketones (acetone) - Properties-
Uses - Aromatic ketones - preparation of acetophenone- Properties- Uses-
preparation of benzophenone - Properties.
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Unit 19—CarboxylicAcids

Nomenclature- Preparation of aiphatic monocarboxyli c acids—formic
acid - Properties - Uses - Tests for carboxylic acid - Monohydroxy mono
carboxylic acids- Lactic acid— Sources- Synthesisof lactic acid - Aliphatic
dicarboxylicacids- preparation of dicarboxylic acids—oxalic and succinic acids
- Properties- Strengthsof carboxylic acids - Aromatic acids - Preparation of
benzoic acid - Properties- Uses- Preparation of salicylic acid- Properties-
Uses- Derivativesof carboxylic acids- Preparation of acidchloride—acetyl
chloride (CH,COCI) - Preparation - Properties- Uses- Preparation of acetamide
- Properties- Preparation of acetic anhydride- Properties- Preparation of esters-
methyl acetate - Properties.

Unit - 20 Organic Nitrogen Compounds

Aliphatic nitro compounds- Preparation of aliphatic nitroalkanes -
Properties - Uses - Aromatic nitro compounds - Preparation - Properties -
Uses- Distinction between aliphatic and aromatic nitro compounds- Amines-
Aliphatic amines - General methods of preparation - Properties- Distinction
between 1°, 2°, and 3° amines- Aromatic amines- Synthesisof benzylamine-
Properties - Aniline—preparation - Properties - Uses - Distinction between
aliphatic and aromatic amines- Aliphatic nitriles - Preparation - properties-
Uses- Diazonium salts- Preparation of benzene diazoniumchloride- Properties.

Unit 21 - Biomolecules

Carbohydrates --structural elucidation - Disaccharides and
polysaccharides- Proteins- Amino acids- structure of proteins- Nucleic acids
- Lipids.

Unit 22 - Chemistry in Action

Medicinal chemistry - Drug abuse - Dyes— classification and uses-
Cosmetics=creams, perfumes, talcum powder and deodorants- chemicalsin
food - Preservativesartificial sweetening agents, antioxidantsand ediblecolours
- Insect repellant — pheromones and sex attractants - Rocket fuels- Types of
polymers, preparation and uses.
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CHEMISTRY PRACTICALSFORSTD XI1

Detection of Nitrogen, Halogen and Sulphur in or ganic compounds.

Detection of Functional groupspresent in or ganic compounds.

a) Saturationand Unsaturation

b) Aromaticanddiphatic

c) Aldehydes, carboxylicacids, diamides, phenolicgroups-(Nature
of any onefunctional groupisidentified)

Qualitativeanalysis

Determination of two cationsand two anionsin agiven mixture.
Cations. Pb*, Cu™, Al®¥, Fe*, Zn?*, Mn?,Ca™, Ba&?*, Mg?", NH*
Anions: Borate, Sulphide, Sulphate, Carbonate, Nitrate, Chloride,
Bromide.

(Insolubleand interferingionsareto be excluded. Also, two cations of
thesamegroup and anionsof thefollowing)

Combinations such as (Cl- + Br)-and (CO,> + C,0,*) Should be
avoided.

Volumetricanalysis
a Permanganometry

1. Titration of OxalicacidVsKMnO,

2. Titration of ferrousammonium sulphate against KMnO, solution.
b) Dichrometry

1. Standardization of K.Cr,O, solution.

2. Any oneestimation using K,Cr,O, asone of the oxidant.
Report should contain two acid radicalsand two basic radical's, without
mentioning thenameof the salt.

Confirmatory testsshould beexhibited.

(iX)
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INORGANIC CHEMISTRY

In 1869, Russian Chemist Dmitry-Mendeleyev develops the
periodic table of the element. As Newlands did before him in 1863,
Mendeleyev classifiesthe elements, according to their atomic weights
and noticesthat they exhibit recurring patterns or periods of properties.

(i)



1. ATOMIC STRUCTURE - I

Learning Objectives

Py

To study the dual property of electron ‘and understand the
property through experiments.

To derive the de-broglie relation and learn its significance.
To learn Heisenberg's uncertainty- principle.

To study Molecular Orbital Theory and its application to
Homodiatomic and Heterodiatomic molecules.

To understand the concept of Hybridisation and Hybridisation of
s, p and dorbitals.
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10.
11.
12.
13.
14.
15.
16.
17.
18.
19.

CHRONOLOGY OF ATOMIC STRUCTURE

Dalton(1808)

Julius Plucker (1859)
Goldstein(1886)

Sir.J.J Thomson(1897)

Rutherford(1891)

MaxPlanck(1901)
RobertMillikan(1909)
H.G.JMosely(1913)
NielsBohr(1913)
Clark Maxwell(1921)
de-Broglie(1923)
Pauli(1927)

Werner Hel senberg(1927) :
James Chadwick(1932)
Anderson(1932)
Fermi(1934)

Hideki Yukawa(1935)

Segre(1955)

Discovery of atom

. First discoverer of cathode rays

. Discovered anode rays and proton

Discovered dectron and determined
charge/mass(e/m) ratio for eectron

. Discovered nucleus and proposed

atomic moded

. Proposed quantum theory of radiation

Determined ‘Charge of an electron

. Discovered atomic number
. Proposed a new model of atom
. Electromagnetic wave theory

Established wave nature of particles
Discovery of neutrino
Uncertainty Principle

Discovery of neutron

. Discovery of positron

Discovered antineutrino
Discovered mesons

Discovered antiproton

Cork and Association(1956) : Discovered antineutron



Progressof Atomic Models

>

In 1803, John Daton, proposed hisatomic theory. He suggested that atoms
wereindivisblesolid spheres.

J.J.Thomson proposed that an atom wasasolid sphere of positively charged
materia and negatively charged particles, electronswereembedded iniit
likethe seedsinaguavafruit. But later thisconcept was proved wrong.

Rutherford suggested the planetary model, but thismodel wasrejected.

In 1913, NeilsBohr proposed that el ectronsrevolve around the nucleusin
adefiniteorbit with aparticul ar energy. Based on thefacts obtained from
spectraof hydrogen atom, he introducedthe concept of energy level s of
atom.

In 1916 Sommerfeld modified Bohr’ smodd by introducing liptica orbits
for electron path. He defined sub energy levelsfor every mgjor energy level
predicted by Bohr.

The concept of Quantum numberswasintroduced to distinguish theorbital
onthebasisof their size, shape and orientationin space by using principal,
azimuthal, magnetic and spin quantum numbers.

From the study of quantum numbers, variousrules are put forward for
filling of ectronsin variousorbitalsby following

* Aufbauprinciple
* Pauli exclusonprincipleand
* Hundsruleof maximummultiplicity.

In 1921 Burry and Bohr gave aschemefor the arrangement of electronsin
an atom. Further the nature of eectron (s) isstudied.



1.1 DUAL PROPERTY OF ANELECTRON

In caseof light, some phenomenalikeinterference, diffraction etc., canbe
explainedif light issupposed to havewave character. However certain other
phenomenasuch asblack body radiation and photo € ectric effect can beexplaned
only if itisbelieved to beastream of photonsi.e., has particle character. Thus
lightissaidto haveadud character. Such studiesonlight were madeby Eingtein
in1905.

LouisdeBroglie, aFrench Physicist, in 1924, advanced theideathat like
photons, all material particlessuch aselectron, proton, atom, molecule, apiece
of chak, apieceof stoneorironball possessed both wave character aswell as
particlecharacter. Thewave associated with aparticleiscalled amatter wave.

1.1.1 Differencebetween aparticleand awave

The concept of aparticle and awave can beunderstood by the different
pointsof distinction betweenthem.

PARTICLE WAVE

position in space i.e a particle is
localized in space e.g. a grain of
sand, a cricket ball etc.

1. |A particle occupies a well-defined|” 1:lawave is spread out in space e.g. on throwing

a store in a pond of water, the waves dtart
moving out in the form of concentric circles.
Similarly, the sound of the speaker reaches
everybody in the audience. Thus a wave is
delocalized in space.

. |When aparticular space isoccupied
by one particle, the same space
camnot be occupied sSimultaneously
by any other particle. In other
words, particles do not interfere.

.| Two or more waves can coexist in the same

region of space and hence interfere.

. \When a number of particles are
presant in a given region of space,
thelr total value is equal to their
sum i.e it is neither less nor more.

.|When a number of waves are present in a

given region of space, due to interference, the
resultant wave can be larger or smaller
than the individual waves i.e. interference may
be congtructive or destructive.




1.1.2 Experimentstoproveparticleand waveproperty of Electrons
a) Verification of Wavecharacter
i) Davisson and Germer’sExperiment

In 1927 Davisson and Germer observed that, abeam of eectronsobtained
from aheated tungsten filament isaccel erated by using ahigh positive potential .
When thisfine beam of accelerated electronisalowedtofall onalargesingle
crystd of nickel, theelectronsare scattered fromthecrysta indifferent directions.
Thediffraction pattern so obtained issimilar to the diffraction pattern obtained
by Bragg's experiment on diffraction of X-raysfrom atarget inthe sameway
(Fig. 1.1).

Diffraction pattern

Photographic
plate
Nickel crystal \ /

Fig.1.1 Electron diffraction experiment by Davisson and Ger mer

Since X-rayshavewave character, therefore, the el ectronsmust also have
wave character associated with them. Moreover, thewavelength of theelectrons
asdetermined by thediffraction experimentswerefound to bein agreement with
thevaluescalculated from de-Broglie equation.

Fromthe abovediscussion, itisclear that an electron behavesasawave.
i)  Thomson'sexperiment

G.R. Thomsonin 1928 performed experimentswith thinfoil of goldinplace
of nickel crystal. He observed that if the beam of dectronsafter passing through
thethinfoil of goldisreceived on the photographic plate placed perpendicular to
thedirection of the beam, adiffraction patternisobserved asbefore (Fig. 1.2).
Thisagain confirmed thewave nature of eectrons.



Beam of

Electrons

Thinfail -
of Gold Photographic

Diffraction  Pplate

N="7

Fig. 1.2 Diffraction of electron beam by thin foil of gold (G.P. Thomson
experiment)

b) Verification of theparticlecharacter

The particle character of theelectronisproved by thefollowing different
experiments.-

i) Whenan electron strikes a zinc sul phide screen, aspot of light known as
scintillationisproduced. A scintillationislocalized onthezinc sulphidescreen.
Therefore thestriking €l ectron which producesit, also must belocalized
andisnot spread out on the screen. But thelocalized character ispossessed
by particles. Hence el ectron hasparticle character.

i) Experimentssuch asJ.J. Thomson'sexperiment for determination of theratio
of charge to mass (i.e. m) and Milliken oil drop experiment for
determination of charge on el ectron also show that electron hasparticle
character.

ii) . The phenomenon of Black body radiation and Photod ectric effect dso prove
theparticlenature of radiation.



1.2 de-BroglieRelation

The wavelength of the wave associated with any material particle was
ca culated by anal ogy with photon asfollows:-

In case of aphoton, if it isassumed to have wave character; itsenergy is
givenby
E=hv (according to the Planck’squantum theory) (1)
wherev isthefrequency of thewave and hisPlanck’s constant.
If the photon issupposed to have particle character, itsenergy isgiven by
E =mc?(according to Einstein equation) (1))
wheremisthemassof photon and cisthevelocity of light.
From equations(i) and (ii), we get

hv = mc

But v = c/A
h.c/A = mc

or A = h/mc

deBroglie pointed out that the above equation isapplicableto any material
particle. Themassof the photon isreplaced by themassof themateria particle
andthevelocity “c” of thephotonisreplaced by thevelocity v of thematerial
particle. Thus, for any materia particlelikedectron, we may write

A=h/mvori=h/p

wheremv = pisthe momentum of theparticle.

The above equation is called de Broglie equation and ‘A’ iscalled de
Brogliewavelength.

Thusthe significance of de Broglieequation liesinthefact that it relatesthe
particle character with thewave character of matter.

Louisde-Brogli€' sconcept of dua nature of matter findsapplicationinthe
construction of eectron microscopeand inthe study of surface structure of solids
by electron diffraction. The de-Broglie’s concept can be applied not only to
electronsbut dsoto other smal particleslikeneutrons, protons, atoms, molecules
€tc.,

7



Significance of de-Brogliewaves

Thewave nature of matter, however, has no significance for objectsof
ordinary sze becausewavelength of thewave associated with themistoo small
to be detected. Thiscan beillustrated by thefollowing examples.

i) Supposeweconsider anelectron of mass9.1x 10 kg and movingwith a
velocity of 10’ ms™. Itsde-Brogliewavel ength will be;

A = h _ 6.626x10*kgms*
mv  9.1x 103 kg x10" ms*

=0.727 x 10"m=7.27x 10"'m

Thisvalue of A can be measured by the method similar to that for the
determination of wavelength of X-rays.

i) Letusnow consider aball of mass 102 kg moving with a velocity of
10°ms?. Itsde-Brogliewavelength will be;

A = h _ 6.626x10% kg m’s*
mv 102 kg x10° ms?

= 6.62 x10*m

Thiswavelengthistoo small to bemessured, and hencede-Broglierdation
hasno significancefor such alarge object.

Thus, de-Broglie concept issignificant only for sub-microscopic objectsin
therange of atoms, moleculesor smaller sub-atomic particles.

Problem 1

Thekinetic energy of sub-atomic particleis5.85x 10%°J. Calculatethe
frequency of the particlewave. (Planck’sconstant, h = 6.626 x 10-* Js)

Solution
K.E.=Yamv?=5.85x 10%]

. . _ h

By de-Broglieequation, A = —
But v =
v



\Y h
v o
o om?  _ 2x585x10%]
oo v= — =
h 6.626 x103JS
= 177x10°st
Problem 2

Cdculatethede-Brogliewave ength of an eectron that hasbeen accel erated
fromrest through apotential differenceof 1 kV

Solution

Energy acquired by theelectron (askinetic energy) after being accelerated
by apotentia differenceof 1kV (i.e 1000 volts)

= 1000eV
= 1000 x 1.609 x 10™°J, (1eV) = 1.609 x 10 J)

(Energy injoules= Charge onthedectronin coulombsx Pot. diff. involts)
= 1.609 x 10¢J

i.e. Kineticenergy

(% mv 2 ): 1.609%x10°*¢J

or %x9.1><10‘ 3y2 =1.609x10 %]
or v? =3.536x10*
or v=1.88x10"ms !
_h _ 6626x10™*
mv  9.1x10*x1.88x10’
= 3.87x10"m



Problem 3

Calculatethewave ength associated with an el ectron (mass 9.1 x 103 kg)
moving with avelocity of 10°’m sec! (h=6.626 x 10-* kg m? sec?).

Solution
Herewearegiven
m=9.1x 103 kg
v =10°msec?
h = 6.626 x 10* kg m? sec?

B L B 6.626x10°*
mv (9.1><10‘31) x10°
=7.25x10"m
Problem4

A moving electron has4.55 x 10®joules of kinetic energy. Calculateits
wavelength (mass=9.1x 103 kg andh=6.626 x 103 kg m? s?).

Solution

Herewearegiven

Kineticenergy i.e. ; mv?=4.55x10"*J
m=19.1x 10°' kg
h = 6.626 x10% kgm?s?

g %x(Q.lxlO‘ Y’ =4.55x10"*

-25
V2 4.55x10 _31><2 ~10°
9.1x10

or v=10°m sec™

or
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_h _ 6626x10*
mv  (9.1x107% )x10°
=7.25x 107 m.

A

Problem 5

Cdculatethekinetic energy of amoving e ectronwhich hasawave ength of
4.8 pm. [mass of electron =9.11 x 10-* kg, h = 6.626 x 10 Kgm?sY].

Solution
According to de-Broglieequation,

A=— o V=——
mv mi

h 6.626x10 *kgm?s™®

V=—= - ~ = =1516x10°ms™
mL  9.11x10kgx4.8x10-"m

Kineticenergy = ; v = ;><9.11><10‘31kg>< (1516x10°ms *)?

=10.47 x 10 kg m? s2=1.047 x 10°** J
Problem 6

Two particlesA and B-arein motion. If thewavel ength associated with the
particle A is5x 10®m, calculatethewavel ength of particle B, if itsmomentum
ishaf of A.

Solution
Accordingto de-Brogliereation,

L
p x

For particleA, Pa = N
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Here, p, and A, arethe momentum and wavelength of particleA.

For particle B, Ps ZX—

B

Herep, and A arethemomentum and wavelength of particle B.

But,

But

b, =1

B 2pA
h_1h
Ny 2,

B A

Aa_ 1
Ay 2 o A, =2A

A, =5x10%m
kB=2kA22><5><10'8m:10>< 108 m=10"m.

Problem for practice

1.

Cad culatethe momentum of aparticlewhich hasade-Brogliewave ength of
1A°. [h=6.626 x 10 kgm?s?]
[Ans.: 6.63x 10% kg ms?]

What isthemass of aphoton of sodium light with awavelength of 5890 A2
[h=6.626 x 10* Jg
[Ans. : 3.75x 10 kq]

Calculate thewavelength of 1000 kg rocket moving with avel ocity of 300
km per hour.
[Ans.: 7.92x 1039 m]

What must bethevelocity of abeam of electronsif they areto display ade-
Brogliewave ength of 10042
[Ans.: 7.25x 10* ms?]

Thewavedength of amoving body of mass0.1 mgis3.31x 10%m. Cdculae
itskinetic energy (h=6.626 x 10* Js).
[Ans: 2x103]
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6. Calculatethewavelength of aparticle of massm=6.62 x 10" kgmoving
with kinetic energy 7.425x 102 J(h = 6.626 x 10-* kg m? sec?).
[Ans.: 6.657 x 10> m]

7. Cadculatethewavelength of anelectroninalOMeV particle accelerator
(A MeV =10%V).
[Ans.: 0.39 pm]

8.  Whatwill bethewavel ength of oxygen moleculein picometersmovingwith
avelocity of 660 ms?* (h=6.626 x 103 kg m?s?).
[Ans.: 18.8 pm]

9. A movingédectronhas4.9x 10 joulesof kineticenergy. Find out itsde-
Brogliewavelength (Givenh=6.626 x 10* Js; m_=9.1x 10" kg).
[Ans.: 7x107m]

1.3 THEUNCERTAINTY PRINCIPLE

The position and the vel ocity of the bodieswhich we come acrossin our
daily life can be determined accurately at aparticular instant of time. Hencethe
path or trgjectories of such bodiescanbe predicted. However, Werner Heisenberg
in 1927 pointed out that we can never measure simultaneously and accurately
both the position and vel ocity (or mementum) of amicroscopic particleassmall
asanelectron. Thus, itisnotpossibletotalk of trgectory of an electron. This
principle, whichisadirect conseguence of the dua nature of matter and radiation,
statesthat, “ it isimpossibleto measur e simultaneously both the position
and velocity (or momentum) of a microscopic particle with absolute
accuracy or certainty.”

Mathematically, uncertainty principle can be put asfollows.

h
AX.Ap > —
P 4n

where, Ax =uncertainity inthepostion of theparticleand
Ap = uncertainity inthemomentum of theparticle.

Thesign>meansthat the product of Ax and Ap can beeither greater than
or. equal to h/4r but can never belessthan h/4r.
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Examplel

Calculate the uncertainty in the velocity of a wagon of mass 3000kg
whose position is known to an accuracy of + 10 pm (Planck’s constant =
6.626 x 10** Kgm?s™.

Solution: Herewearegiven
m = 3000kg
Ax = 10pm
= 10 x102m= 10"m
.. By uncertainty principle,
h

Av=—————
Aaxmx Ax

6.626x10°*

4><272><3000><1o-11

= 1.76x 107 ms?
Example2

Cdculaetheuncertainty inthe position of andectronif theuncertainty inits
velocity is5.7 x10° m/sec (h=6.626 x 103 kg m? s?, massof the electron
=9.1x 107! kg).

Solution: Herewearegiven
Av = 57 x10° ms?
m = 9.1 %10 ! kg
h 6.626 x 10 3* kgm? s?

Substituting these valuesin the equation for uncertainty principle

i.e «AxXX(MxXAvV)= 1
4t

Ay AaxmMxAV
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6.626x10*

4><272><9.1><1o~°‘1><5.7><105

= 1.0x10°m

i.eUncertainty inposition=+10m.
PROBLEMSFOR PRACTICE

1

14

Theapproximate massof an eectronis10? g. Calculaetheuncertainty in
itsvelocity if theuncertainty initsposition were of theorder of 10'm.
[Ans: 5.25x 10°m sec]

Cad culatethe product of uncertainity in positionand vel ocity for aneectron
of mass 9.1 x 103 kg according to Hei senberguncertainty principle.
[Ans: 5.77 x 10° m? sec’]

Cdculatethe uncertainty invelocity (Av) of acricket ball (mass=0.15kg)
if the uncertainty position (Ax ) isof theorder of 1A (i.e. 10°°m).
[Ans: 3.5x10%* m sec!]

Usinguncertainity principle,caculatetheuncertainty invelocity of andectron
if theuncertainty in positionis10“m.

[Ans: 0.577 msec]
The uncertainity inthe position of a moving bullet of mass 10 g is

10°m.Cdculatetheuncertainty initsvel ocity .
[Ans: 5.25x 102 m sec?]

THEWAVENATURE OF ELECTRONS

It has been made clear that, if asubstanceisdivided into finer and finer

pieces, we reach moleculesand atoms, then weredlize that the atoms consist of
electrons and nuclei. It has been clarified that matter isacollection of ultra
microscopic particles. Upto the 19th century, these particleswere considered to
move obeying Newtonian mechanics and Maxwellian el ectromagnetism.
However, thisview point has becamedoubtful after the proposal of the Bohr
mode of the atomic structure (Bohr’squantum theory).

Ontheother hand, light had been considered to be €l ectromagnetic waves.

However, after thediscovery of light quanta (photons), it wasclarified that
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thelight haswavenatureat onetimeand particlenatureat another time. Therefore,
light hasakind of duality.

Theideaof deBroglie wave naturewaves or deBroglie matter wavesis
based onthefact that light has both wave and particle nature. Hence particlelike
electron or proton can aso be considered to be*particle’ with‘wavenature'.

Einstein’ srelationswhich connect the particle and wave aspectsin light
quanta

h

would be satisfied for de Broglie matter wavesaswell. Thereforetherelations,
Eq.(1), areoften caled Einstein-de Broglie srelations.

If weapply theserelationsto the case of the Bohr'model of the hydrogen
atom, we canwell understand itspossibility asfollows. If we consider that the
electroninahydrogen atom movesat constant Speed aong acircular orbit around
thenucleus(proton), thequantum condition inBohr’squantum theory iswritten
asEq(2). By using Einstein’srelation p = h/A in this equation, the quantum
conditioniswritten

2rna=nA\, (n=1,2/3,...) @)

Thisequation meansthat the circumferenceof thecircular orbit of theeectron
must beaintegra multiple of thewavel ength of de Brogliewave. In other word,
de-Brogliewave accompanying the motion of the €l ectron should be continuous.
Therefore, we can easily understand the quantum condition that determinesthe
stationary states by considering the continuity of de Broglie waves (Seethe
followingfigure).

Bohr’squantum condition. Thecondition
for stationary states

Thecircumferenceof thecircular orbit of
thedectron should beanintegra multipleof

otherwise the wave cannot be smoothly
continuous.
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Energy of eectronin an atom. By applying Schrodinger wave equation
to hydrogen atom, the energy of electron (E, ) wasfound as:
2n°me’
" T2 D
wherenistheprincipa quantum number. ThisexpressonissameasBohr’'s
equation for energy of electroninahydrogen atom.
Substituting thevaluesof m, eand hinrelation (1), weget

1312 kJmol ™

E =-
n nz

2
Significance of negativeelectronic ener gy

Theenergy of aneectronat infinity isarbitrarily assumed to bezero. This
stateiscalled zero-energy state. When an €l ectron moves and comes under the
influence of nucleus, it does somework and spendsits energy inthisprocess.
Thus, the energy of the electron decreasesand it becomeslessthan zeroie,, it
acquiresanegativevalue.

Examplel

Theionization energy of hydrogen atomintheground sateis1312 kJmol .
Calculate the wavel ength of radiation emitted when the electronin hydrogen
atom makes a transition from n = 2 state to n = 1 state (Planck’s constant,
h=6.626 x 10-* Js; velocity of light, c = 3x 10. m s; Avogadro’s constant,
N, = 6.0237 x 10% mol).

Solution
|.E. of hydrogen atomin theground state= 1312 kJmol*
Energy of hydrogen atominthefirst orbit (E ) =-1.E=-1312kJmol*

-1312

— kJmol ™
n

Energy of hydrogen atominthenth orbit (E ) =

2
Energy of hydrogen atomin the second orbit (E,) = — =-328kJmol*?

22
AE =E, - E, =[-328-(-1312)] kJ=984kJmol *

AE 984x10°Jatom
E eosed -
nergy released peratom =~ 6.0237x107
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E=hv=hE; .'.X:Nhlc
N A AE
6.626x10* Jsx3x10°ms ' x 6.0237x10%
SA= =12x10"m
984x10°J
Example2

Theeectron energy of hydrogen atominthe ground state works out to be
—2.18 x 108 J per atom. Calculate what will happen to the position of the
eectroninthisatomif anenergy of 1.938x 108 Jissupplied totheeach hydrogen
atom.

Solution

Energy of H atomintheground state=-2.18x 10*® Jatom’*
Energy added = 1.938 x 108 Jatom*
Energy of dectronintheexcited state =(-2.18 + 1.938) x 108 J atom?

=40.242 x 10 J atom*
_ 18 -1
~0.242¢10 Jatony* = ~ 21810 Jatom
n
~2.18 x 107" Jatom*
n=3

2 — —

"= "0242 x 1078 Jatom* ~

Hencedectronwill get excitedto third shell.
Example3

Cdculatetheionisation energy of hydrogen atom aswell asenergy needed
to promoteitselectronfromfirst energy level tothird energy level.

Solution
Theenergy of € ectron in hydrogen atomisgiven by theexpression,

i) lonisationenergy istheamount of energy required to remove an el ectron
fromneutral gaseousatomi.e. to shift theelectronfromn=1ton=o

When n=1E =-1312kJmol*;  n=oo, E =0
- lonisationenergy =E_- E =0-(-1312kJmol™) =+ 1312kJmol*
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i) Energiesof electronwhenpresentinn=1andn=3are:

E, =12 1319K3mol ; E,= "2 _146KImol
1 12 3 3

.. Energy needed to promote an electron from
n =1lton=3is, AEwhereAE=E,- E, =[-146 - (-1312)] kJmol*
= 1166 kJmol*

Shapesof orbitals

An orbital isthe region of space around the nucleus within which the
probability of finding an éectron of given energy ismaximum . Theshapeof this
region (electron cloud) givesthe shape of the orhital. The plot of angular wave
functionsor square of angular wavefunctions (probability functions) giveusthe
shapesof orbita s Thesetwo plotsdiffer only dightly. Let usconsder theindividua
shapes.
Shapeof s-orbitals

For s-orbitals, when| =0, thevaueof misOi.e, thereisonly onepossible
orientation. Thismeansthat the probability of finding anelectronisthesameinal
directionsat agiven distancefromthenucleus. It should, therefore, be spherica
inshape. Hencedll s- orbitalsarenon- directional and spherically symmetrical
about thenucleus.

Thesizeof ans-orbita dependsupon vaueof the principa quantum number
n. Greater thevaueof ‘n' larger isthe size of theorbital.

y y

A

Node
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P
v
»e
o
e

g
g
e

// Z
1s Orbital 2s Orbital

Fig. 1.3 Shapesof 1sand 2s-orbitals
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Animportant festure of the2s-orbital isthat thereisaspherica shell within
thisorbital wherethe probability of finding theeectroniszero (nearly). Thisis
called anode or nodal surface. In 2sorbital thereisone spherical node. The
number of nodal surfacesor nodesin s-orbital of any energy level isequal to
(n-1), wherenistheprincipa quantum number.

Shapeof p-orbitals

For p-subshell | =1, there are three values of m namely -1, 0, +1. It
meansthat p orbitalscan havethree possible orientations. Thesethreep-orbitals
areequal inenergy (degenerate state) but differ in their arientations. Each
p-orbital consistsof two |obes symmetrical about aparticular axis. Depending
upon theorienttion of thelobes, theseare denoted as2p,;.2p, and 2p, accordingly
asthey aresymmetrical about X,Y and Z - axis respectively.

Thelines inthefigurerepresents the cross-section of thethreedimensiona
boundary surface of p-orbitals. The boundary surface meansthe surfacewhich
encloses 90 percent of the dotsrepresenting theelectrons. Two lobesof each p-
orbital are separated by anodal plane (aplane having zero el ectron density). For
example, for 2p _orbital, YZ planeisthenodal planex .

Y Y Y Y
A A
‘%’X %‘X % X
Z Z .
sz zp\ 2p7
Fig.1.4Shapesof 2p , 2p, and Fig. 1.5Nodal planefor
2p, orhitals 2p, orbital

Thus, p-orbitalshave dumb-bel| shapeand havedirectiona character. The
probability of finding the electronisequal in both thelobes. The p-orbitals of
higher.energy levelshave smilar shapesathoughtheir sizearebigger.

Shapeof d-orbitals
For d-subshell, | = 2, therearefivevaluesof mnamely -2,-1,0, 1, 2. It
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means d- orbitals can havefive orientations. These are represented by d d
d,. d2.andd,; forexample, 3d, , 3d,,, 3d, 3d. .and3d.. Thed,, d and
d orbltdshavesameshaoel e, cIoverIeaf shapebuttheyhemXY YZ andZX-
pI anesrespectively. Thed , orbital issymmetrical about Z-axisand hasadumb -
bell shape with a doughnut shaped electron cloud in the centre. The
d.2,2 orbital isalso clovar |eaf shaped but itsleavesaredirected dlongthe X and
Y- axis.

Thereason for the presence of four lobesin any nd orbita liesinthefact that
thed - orbitals have two nodes, and hence two changesinalgebraic sign of v,
whichleadtofour |obes.

oo a4

x2y2
Flg. 16 Shapesof d-orbitals
1.5 MOLECULARORBITAL THEORY

Molecular orbital theory wasput forward by Hund and Mullikanin 1932.
Thistheory ismodern and morerational . Thistheory assumethat in molecules,
atomic orbitalslosetheir identity and the el ectronsin moleculesare present in
new orbitalscalled molecular orbitas. A brief outlineof thistheory isgivenbelow:

(i) Inamolecule eectronsarepresent innew orbitascaled molecular or bitals.

(i) Molecular orbitalsareformed by combination of atomic orbitals of equal
energies(incase of homonuclear molecules) or of comparableenergies(in
case of heteronucl ear molecules).

(iii) Thenumber of molecular orbitalsformed isequal to the number of atomic
orbitalsundergoing combination.

(iv) . Two atomic orbital s can combineto form two molecul ar orbitals. One of
these two molecular orbitalsone hasalower energy and the other hasa
higher energy. Themolecular orbital with lower energy iscalled bonding
molecular orbital and the other with higher energy iscalled anti bonding
molecular orbital.
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(v) Theshapesof molecular orbitals depend upon the shapes of combining
atomicorbitals.

(vi) Thebondingmolecular orbita sarerepresented by ¢ (sigma), =t (pi), o (delta)
and the antibonding molecular orbitalsarerepresented by o, 1+, &

(vii) Themolecular orbitalsarefilledintheincreasing order of their energies,
gtarting with orbital of least energy. (Aufbau principle).

(viit) A molecular orbital can accommodate only two electrons and these two
electronsmust have opposite spins. (Paul’sexclusion principle).

(iX) Whilefilling molecular orbitalsof equal energy, pairing of electrons does
not take placeuntil al such molecular orbitalsaresingly filledwith e ectrons
having pardld spins. (Hund'srule).

15.1 Energy level diagram for molecular orbitals

In case of homonuclear diatomic molecul es, combination of two 1satomic
orbitalsof participating atomsgiveriseto two newmolecular orbitalsdesignated
aso, ando’ . Inthe same manner the 2s and three 2p-orbital s of each atom
i.e., eight atomic orbitals can give rise to eight new molecular orbitalsviz.,

GZS’GZS’TEZpX !T[ZpX ’n2py !TEZpy ’GZpZ ’GZpZ <

Atomic Structureand Chemical Bonding

Energy levels of these molecular orbitals have been determined
experimentally by spectroscopic studies. Theorder of increasing energy in case
of the diatomic homonuclear moleculesof first and second period of theperiodic
tableisasgiven below:

Opg <01 <O <Op <My =Ty, <Opy <Tp =T <O

Thisorder of energiesof variousmolecular orbitalsisvalidfor moleculesor
ionslike, H,, H,*, He,", He, (hypothetical), Li., Be, (hypothetical), B,, C,and
N, molecules. Thisenergy diagramfor themolecular orbitasisshowninFig.1.7a
However, experimenta evidencefor oxygen and heavier diatomic moleculeshave
shown that above sequence of energy levelsof MOsisnot correct. In case of
these elements, the order of energy levelsof o, , m,, andr,, isreversedi.e,
0, thaslesser energy than 75, OF T, . Thus, theorder of increasing energy of
M Osfor these moleculesisasfollows.

G1 <01 <Op < Op <Opy STy =Tp <My =Tp < Og
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Thisorder of energiesof variousM Osisvalid for moleculesor ionslike O,,
O, (super oxideion), O,* (peroxideion), F, and Ne, (hypothetical). Thisenergy
level diagramfor MOsisshowninFig.1.7(b).

— 1 ~— 1
A ! %, \ A / %o %
7 \ / \
1 \
AT " 0 T N
J ,—_7"E];]—-\\ \\\ J 4 T, T
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2p ‘\\\ ,/,7 2 2p ™ ,/,7’ 2p
D [
g \\\ b 1/ g \ T2px 25, //
T i P
Tare™20y 2P
/7 G “\ ‘ D \
28 N Vi Ooy \\
2s N ’/, 2s P N / 25
\ D 3 \ 4
R W o wer
Fig. 1.7a Molecular orbital energy Fig. 1.7b.Molecular orbital
level diagram for diatomichomonuclear™ energy level diagram for
moleculesof fir st and second period homonuclear diatomic
(except O,, F, etc.) moleculesof O, and other

heavier elements
1.5.2 Electronic configuration of a molecule and its correlation with
molecular behaviour

Thedistribution of @ectrons among various molecul ar orbitalsiscalled
electronic configuration of amolecule. It can giveusvery important information
about the mol ecul esasexpl ained bel ow.

1. Stability of amoleculein termsof anumber of eectronsin bonding
and antibonding molecular orbitals. Fromthe electronic configurationitis
possibleto find out the number of electronsin bonding molecular orbital(N,)
and number of electronsin antibonding molecular orbitals(N).

(@ 1fN>N_, themoleculeisstable: Thisisevident becauseinthiscase
theinfluenceof bonding dectronswill be morethan theinfluence of antibonding
electrons, resulting inanet force of attraction.

(b) 1fN.<N_,themoleculeisunstable: Thisisagain obviousbecause
inthiscasetheinfluence of antibonding eectronswill be morethan theinfluence
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of bonding eectrons, resulting in anet force of repulsion.

(© IfN,= N, themoleculeisunstable: Thisisbecauseinthiscasethe
influenceof bonding eectronswill beequd totheinfluenceof antibonding e ectrons
resultinginno net force of attraction.

2. Bond order and stability of amoleculeor anion. The stability of a
moleculeor anion can aso be determined from another parameter-called bond
order. Bond or der may bedefined ashalf the difference between the number of
electronsin bonding molecular orbitals (N,) and the number of electronsin
antibonding molecular orbitals(N,) i.€,

1
Bond Order = E(Nb_ Nga)

Theresulting moleculeor ionwill bestableif N, >N_i.e., if bond orderis
positive. Theresulting moleculeor ionwill beunstableif N, <N_i.e, if bond
order isnegativeor zero.

3. Relativestability of moleculesorionsin termsof bond order : The
stability of amoleculeor anionisdirectly proportional to bond order. Thus, a
moleculewith bond order 3 (e.g., N,) ismore stable (i.e., hasahigher bond
dissociation energy) than amoleculewithbond order 2 (e.g.,O,) or 1 (e.g., Li,).

4. Natureof bond in termsof-bond order : A chemical bond can be
sngle, doubleor triple but cannot beafraction, on the otherhand bond order can
beafraction.

5. Bond length in terms of bond order : Bond length is found to be
inversely proportional to bond order. Greater the bond order, shorter the bond
length and viceversa.

For exampl e, the bond length in nitrogen molecule (bond order = 3) is
shorter thanin oxygen molecule (bond order = 2), whichinturnisshorter thanin
hydrogen molecule (bond order = 1).
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Tablel. Bond order, Bond dissociation energy and bond lengthin'N,,
O,and Li, molecules
M olecule Bond order Bond dissociation energy Bond length
Nitrogen 3 945 kJ nmol? 110 pm
Oxygen 2 495 kJnol! 121 pm
Lithum 1 110 kJ ol 267 pm

6. Diamagnetic and paramagnetic natur eof themolecule: If al the
electronsin the mol ecul eare paired then the substanceisdiamagneticin nature.
Ontheother hand, if themolecule hasunpaired e ectron(s) itisparamagneticin
nature.

1.5.3 Molecular orbital energy level diagrams of certain diatomic
homonuclear moleculesand molecular ions

Thefilling of molecular orbitalsisgoverned by thefollowing principles.
(i) Aufbau principle(ii) Pauli’ sexdusionprincipleand (iif) Hund' sruleof maximum
multiplicity. Now, let us consider someexamples of homonuclear diatomic
molecules.

1. Hydrogen molecule, Hs. It is formed by the combination of two
hydrogen atoms. Each hydrogen atomin theground state hasoneelectronin 1s
orbital. Therefore, in all there aretwo e ectronsin hydrogen moleculewhich are
present inlower most &, molecular orbital. According to Pauli’sexclusion
principle, thesetwo el ectrons should have opposite spins.

Themolecular orbital e ectronic configuration of hydrogen moleculeis(c, ).
The molecular orbital energy level diagram of H, molecule is given in
Fig. 1.8.

Fig. 1.8 Molecular orbital enercgljy level diagram of H, molecule
Thebond order of H, molecule can be cal culated asfollows.
Here, N,=2 andN_=0
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Bondorder = e —Na _ =1.
2 2
i)  Natureof bond : Thismeansthat thetwo hydrogen atomsin amolecul e of

hydrogen are bonded by asingle covalent bond.

i) Diamagneticcharacter : Sinceno unpaired electronispresent in hydrogen
molecule, itisdiamagneticin nature.

2. Diatomic helium molecule, He, (Hypothetical). The electronic
configuration of helium (Z = 2) intheground stateis 1s>. Aseach helium atom
containstwo electrons, therewill befour electronsin He, molecule. Keepingin
view the Aufbau princ pleand Pauli’ sexclus on principleitseectronic configuration
would beasfollows.

He,: (6,9 (c",)>.

Themolecular orbital energy level diagramof He, (hypotheticd) isgivenin
Fig. 1.9.

cls
Fig.1.9 Molecular orbital energy level diagram of He, (hypothetical)
molecule
Here, Nb:2and Na:2
Bondorder = Ny =N, _2-2_ 0.
2 2
Asthe bond order for He, comes out to be zero, this molecule does not
exig.

3. Nitrogen molecule(N,). The electronic configuration of nitrogen (Z=7)

intheground stateis 1s° 2s” 2p;, 2p;, 2p; . Therefore, thetotal number of electrons

presentinnitrogen molecule(N.,) is 14. These 14 el ectrons can beaccommodated
inthevariousmolecular orbitalsin order of increasing energy.
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N, 1 KK(04)*(025)" (T, ) (2, )*(025,)°

Here (6,.)?(o,.)? part of theconfigurationisabbreviated asKK;, which

denotestheK shellsof thetwo atoms. In cal culating bond order, we canignore
KK, asit includestwo bonding and two antibonding el ectrons.

Themolecular orbital energy level diagramof N, isgiveninFig. 1.10.
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Fig. 1.10 Molecular orbital energy level diagram of N,

Thebond order of N, can be calculated asfollows.
Here, N, =8andN_ =2
N,-N, 8-2
-2
i)  Natureof bond: A bond order of 3 meansthat atriplebondispresentin
amoleculeof nitrogen.
i) Diamagnetic nature : Sinceall theelectronsin nitrogen arepaired, itis
diamagneticinnature.
4. Oxygen molecule, O,. Theé€lectronic configuration of oxygen (Z = 8)
intheground stateis 1s°2s°2p*. Each oxygen atom has 8 electrons, hence, in O,

Bondorder = =3.
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moleculethereare 16 electrons. Therefore, the el ectronic configuration of O, is
asfollows.

OZ . KK(GZS)Z(G*ZS)Z(GZ[JZ)2(n2px)2 = (n2py)2(n*2px )l = (n;py )l

Here (c,.)%(c,,)” part of theconfigurationisabbreviated asK K.
Themolecular orbita energy level diagramof O, moleculeisgiveninFg.1.11.
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Fig. 1.11 Molecular ‘orbital ener gy level diagram of O, molecule

N,-N, 8-4

Bondorder = a > 2.

16 HYBRIDISATION

Hyhbridizationisthe concept of intermixing of theorbitalsof an atom having
nearly thesameenergy to giveexactly equivaent orbita swith sameenergy, identica
shapesand symmetrical orientationsin space.

The new equiva ent orbitalsformed are known asthe hybrid or bitalsor
hybridized orbitals. Hybrid orbitalshave propertiesentirely different fromthe
propertiesof theorigina orbital sfrom which they have been obtained.
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Salient Featuresregarding Hybridisation

i)  Orbitasinvolvedin hybridization should have nearly the sameenergy.

i)  Theorbitalsof oneand the same atom participatein hybridization.

i) Thenumber of hybrid orbitalsformed isequal tothenumber of hyhridizing
orbitas.

iv) Thehybridorbitalsareal equivaent in shapeand energy.

V) A hybridorbital whichistaking part in bond formation must contain one
eectroninit.

vi) Dueto theéectronic repulsionsbetween the hybrid arbital s, they tend to
remain at the maximum distance apart.

vii)  Thehead on overlap of atomic orbitalsgive sigma(c) bonds.

vii) Thesidewiseor latera overlap of atomic orbitalsgivepi () bonds.

1.6.1TipstoPredict theTypeof HybridisationinaM oleculeor Ion (Other
than Complex 1ons)

Step 1: Add the number of valence electrons of all the atoms present inthe
givenmoleculefion.

Step 2: Incaseof acation, subtract the number of electronsequal to thecharge
on the cation and in case of an anion, add number of e ectrons equal to the
chargeontheanion.

Step 3: (i) If theresult obtained in step 2islessthan 8, divideit by 2 and find the
sum of the quotient and remainder.

(i) If theresult obtained in step 2 liesbetween 9 and 56, divideit by 8 and
find thefirst quotient (Q,). Dividetheremainder R, (if any) by 2 andfind the
second quotient (Q,). Add all the quotientsand thefinal remainder (R,).

Let thefina result obtainedin (i) or (ii) be X. Thetypeof hybridisationis
decided by thevalue of X asfollows:

Valueof X 2 3 4 5 6 7
Typeof hybridisation s ? g spid spid?  spid®
Example
). BeCl,
Total valenceelectrons=2+7x2=16
% =2(Q,)+zero(R,) ; X=2
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i

Vi)

. Hybridisation=s
BF,
Total valencedectrons=3+7x3=24

Z3Q)+zeoR) i X=3
.. Hybridisation = sp?

NH

3
8
Total valenceelectrons=5+3=8 ; X :EZ 4
. Hybridisation=sp?
H.,O
8

Total valenceelectrons=2+6=8 ; X :524

.. Hybridisation= 5p?
PCI,
Total valenceelectrons=5+7x5 =40

%0=5(Q1)+ZerO(R1) X

5
.. Hybridisation=spd
SFG
Total valenceelectrons=6+7x 6 =48
48

?=6(Q1)+0(R1) ; X =6

.. Hybridisation = gp*d?
| F7
Total valenceelectrons=7+7x7 =56

2= UQOR):  X=7

». Hybridisation = sp3d®
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vii) NO, ion
Total valenceelectrons=5+2x6 =17
Charge=-1. Total electrons=17+1=18

18 2
g - 2(Q) +2(R); 5= 1Q) +0(R); X=2+1+0=3
.. Hybridisation = gp?
iX) NO, ion
Total valenceelectrons=5+3x 6 =23; Charge=-1
. Total electrons=23+1=24

24
?:S(Ql)‘l‘O(Rl) , X=3
.. Hybridisation = p?

X) CO/>?
Total valenceelectrons=4+ 3x 6 =22; Charge=-2
. Total electrons=22+2=24

24
?:S(Ql)ﬁ‘O(Rl) , X:3
.. Hybridisation = p?

x) SO~
Total valenceeectrons=6+4x 6 = 30; Charge=-2
.. Total electrons=30+2=32

32
?=4(Q1)+0(R D) X =4
.. Hybridisation = p*

xii) 1Cl;
Total valenceelectrons=7+ 7x 4 =35; Charge=-1
- Total electrons=35+1=36

3—86:4(Q1)+4(R1) ; 3:2(Q2)+0(R2) ; X=4+2+0=6
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.. Hybridisation = gpd?

xiii) NH,*
Total valenceelectrons=5+4 =9; Charge=+1
- Total electronsinNH,*=9-1=8

S-A4Q)+ORY) X =4
. Hybridisationis®
Hybridisation in some Typical M oleculesand | ons
Hybridisation  Examples

P BeF,, BeCl,, CH,, CO,

p° SO,, BH,, BF,, NO,, NO,,CO?

SO NH,, H,O, CH,, CCl,, SiCl,, H,O*,NH,*, CIO,,
ClO,, CIO, NF,

spd PCl,, CIF,, SF,, XeF,

spic? SF,, XeF,, XeOF,, BrF,

s’ IF,, XeF,

1.7 INTERMOLECULAR FORCES

Theionic, covalent and coordinate bond arises due to attractive forces
between atoms. Vander'Waal (Dutch physicist, 1873) wasthefirst to propose
theexistence of attractiveforcesbetweentheatomsof inert gaseswith fully filled
orbitals. Theseforcesalso exist between non-polar moleculesaswell aspolar
molecules. Theattractiveinteractionsbetween the moleculesareresponsiblefor
bringing themol ecul es close together. The attractiveinteractions between the
different moleculeof asubstancearecaledintermolecular forces. Themagnitude
of theseforcesismaximumin the solidsand decreases on passing from solid to
liquidsand from liquid to gaseous state. Vander Waal successfully explainedthe
liquefaetion of gases on the basis of inter molecular forces. Theseforcesare
purely eectrostatic and thusphysicd in nature.
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Hydr ogen bonding. Hydrogen bonding comesinto existence asaresult of
dipole-dipoleinteractions between the moleculein which hydrogen atom is
covaently bonded to ahighly electronegative atom. Therefore, the conditionsfor
theeffective hydrogen bonding are:

i) highelectronegativity of the atom bonded to hydrogen atom so that bond
issufficiently polar.

ii) small size of theatom bonded to hydrogen sothat itisableto attract the
bonding e ectron pair effectively.

If the atom bonded to hydrogen haslow value of electronegativity and/or
largeaomicsze, dipole-dipoleinteractionsarenct strong enoughto alow effective
hydrogen bonding.

Only nitrogen, oxygen and fluorine form strong hydrogen bonds because
they have high value of eectronegativity and small atomicsize.

Strength of H-bonds. Itisaweak bond becauseitismerely an eectrogtatic
forceand not achemical bond. Itsstrength depends upon the e ectronegativity of
atomtowhich H atomis covalently bonded:. Since el ectronegativity of F>O>
N, the strength of H- bond isintheorder H - F ......... H > H-O....H > H-
N.....H. Hydrogen bonds are much weaker than covalent bonds. The bond
strength of different bondsisin the order : lonic bond > Covaent bond >
Hydrogen bond > dipol e-dipoleinteractions, Vander Waa’'s (L ondon forces).
Typesof Hydrogen bonds

Therearetwo different types of hydrogen bondsas:

i) Intermolecular hydrogen bonding. This type of bond is formed
between thetwo molecul es of the sameor different compounds. Someexamples
of the compoundsexhibiting intermolecular hydrogen bondsare:

o+ o-
1. Hydrogen fluoride, H - F. Inthe solid state, hydrogen fluoride consists
of longzig-zag chains of molecules associated by hydrogen bonds as shown

below :
N N N
\ \ \
\ \ \y

Therefore, hydrogen fluorideisrepresented as(HF), .
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5 &
O—-H

2.Water ! . Inwater molecule, the electronegative oxygen atom

S

formstwo polar covalent bondswith two hydrogen atoms. The oxygen atom
duetoitshigher electronegativity acquires partial negative charge and thetwo
hydrogen atomsacquire partial positivecharge. The negatively charged oxygen
formstwo hydrogen bondswith two positively charged hydrogenatoms of two
nei ghbouring molecules. Each oxygen atomistetrahedrally surrounded by four
hydrogen atoms as shown below :

T

/

’
~ ’

\H /H
i )
N ’ \\ ’

H H “H H
N4
4 0,

/ > ’
~ s

~
~

Hydrogen bonding in water resultsin ahydrogen bridge (H-O-H) network
extendinginthreedimens onsand the associated water moleculemay beexpressed
as(H,0),.

i) Intramolecular hydrogen bonding. This type of bond is formed
between hydrogen atamand N, O or F atom of the samemolecule. Thistype of
hydrogen bonding iscommonly called chelation andismorefrequently foundin
organic compounds. I ntramolecular hydrogen bondingispossiblewhenasix or
five membered rings can beformed.

AH AH~ AH
0 o
o9 o o
f INQ f C—OH C—H
0 [ ]/
O-Nitrophenal SalicylicAcid Salicylaldehyde
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Intramolecular hydrogen bonding (chel ation) decreasesthe boiling point of

thecompound and alsoitssolubility inwater by restricting the possibility of inter-
molecular hydrogen bonding.

Importanceof H-bonding

)

Lifewould have beenimpossiblewithout liquid water whichistheresult of
intermolecular H-bondinginit.

Hydrogen bonding increase therigidity and strength of wood fibresand
thusmakesit an article of great utility to meet requirements of housing,
furniture, etc.

Thecotton, silk or syntheticfibresalso ownthelrrigidity and tenslestrength
to hydrogen bonding.

Most of our food materia ssuch as carbohydrates and proteinsa so consist
of hydrogen bonding.

Hydrogen bonding also existsin varigustissues, organs, skin, blood and
bones.

SELFEVALUATION

Choosethecorrect answer
313.6 . .
En=- 2 If thevalueof Ei =-34.84towhichvalue‘n’ corresponds
a 4 b 3 c 2 d 1
Dual character of anelectron wasexplained by
a) Bohr b) Heisenberg C) de-Broglie d) Paulli
de-Broglieequationis
mv hv h

h=— = A=— A=—o

a h b) A=hmv ¢ - d) i

Thevaueof Bohr radiusfor hydrogenatomis

a) 0.529 x 108 cm b) 0.529 x 10°cm
) 0.529 x 10°cm d) 0.529 x 10*2cm
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10.

Which of thefollowing particle having samekinetic energy, would havethe
maximum de-Brogliewavelength

a) o-particle b) proton C) B-particle d) neutron

If theenergy of an electroninthe second Bohr orbit of H-atomis-E, what
istheenergy of theelectroninthe Bohr’sfirst orbit?
a 2E b) -4E c -2E d). .. 4E

Theenergy of electroninanatomisgivenby En=

2 4 2 2 2 4 4
S R Lt
Thebond order of oxygen moleculeis
a 25 by 1 c 3 d 2
Thehybridisationin S, moleculeis
a b)  sp’d? c). (spd d sp’d

Theintramolecular hydrogen bondingispresentin
a o-nitrophenol  b) m-nitrophenal c¢) p-nitrophenol d) None

Answer in oneor two sentences

11. What doyou understand by thedual character of matter?

12.
13.
14.
15.
16.
17.
18.

19.
20.

State Hel senberg’ suncertainty principle.

Wheat isthe significance of negative d ectronic energy?
Defineanorbitd.

What aremolecular orbitals?

Why He, isnotformed?

What isbond order?

Definehybridisation.

Answer not exceeding 60 wor ds

Discussthe Davisson and Germer experiment.
Derivede-Brogli€ sequation. What isitssignificance?
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21. Discusstheshapesof s, panddorbitals.

22. Briefly explanMolecular Orbita Theory.

23. Explaintheformation of O, moleculeby molecular orbital theory.
Summary

Thischapter explainsthedua natureof matter. de-Broglieequetionisderived
anditssignificanceisdiscussed. Heisenberg uncertainty principleisexplained.
Schrodinger’ swave equation and wavefunctions are explained.

Molecular orbital theory and itsapplication to certain homo diatomic and
hetero diatomic moleculesarediscussed. The concept of hybridisation of atomic
orbitalsanditsapplicationsarediscussed. Different typesof forcesexist between
moleculesareexplained.
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2. PERIODIC CLASSIFICATION - Il

Learning Objectives

x  Torecall the periodic properties Atomic/lonic radii, lonisation Energy,
Electron affinity and electronegativity.

> To learn the calculation of atomic and ienic radii using different
parameters.

x=  To study the methods of determination of ionisation potential and
differentiatel, 11 and I11 ionisation potential.

x  To know how to explain the factors affecting ionisation potential with
specific examples.

»=  Tounderstand the methodsto deter mine the electron affinity and factors
affecting electron affinity.

x=  To analyse the various'scal es of el ectronegativity values using simple
relations.
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2.1 REVIEW OF PERIODIC PROPERTIES

Repetition of propertiesof eementsat regular intervalsintheperiodictable
iscalled periodicity in properties. Theperiodicity ismostly dueto smilar outermost
electronic configuration of the elements. Some of the properties are briefly
reviewed.

2.1.1 Atomicandlonicradii

Atomicor lonicradiusisgenerally defined asthe distance between the
centre of the nucleus and the outermost shell of € ectronsinanatom or ion.

Aswemovefrom left toright acrossaperiod; thereisregular decreasein
atomicandionicradii of theelements. Thisisdueto theincreasein the nuclear
charge and the additive el ectrons are added to the same el ectronic level. On
moving down agroup both atomic andionicradii increasewithincreasing atomic
number. Theincreasein sizeisdueto introduction of extraenergy shellswhich
outweigh theeffect of increased nuclear charge.

2.1.2 lonisation Energy (Ionisation Potential)
Theenergy required to removethe most loosely bound el ectron from an
isolated atomin the gaseous statein known as | onisation Energy.

Atom, — B9 s Positivel on,, + Electron

Theionisation energy of an atom dependson thefollowing factors (i) Szeof
theatom (ii) chargeonthenucleus(iii) screening effect of inner electrons(iv)
penetration effect of electrons (v) effect of half-filled and completely filled
ublevels.

Inaperiod, thevalue of ionisation potential increasesfromleft toright with
breakswhere the' atoms have somewhat stable configurations. Inagroup, the
ionisationpotentia decreasesfrom top to bottom.

2.1.3 'Electron affinity

Electron affinity or electron gain entha py istheamount of energy released
whenan isolated gaseous atom accepts an e ectron to form amonova ent gaseous
anion.

Atom,, + Electron — Anion, + Energy
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Electron gain entha piesgenerally increaseon moving fromlefttorightina
period. Electron gain enthal piesgeneral ly decrease on moving down the group.

2.1.4 Electronegativity

Electronegativity may bedefined astherelativetendency of anatomina
moleculeto attract the shared pair of €l ectronstowardsitself.

Inaperiod, € ectronegativity increaseson moving from|eft toright. Thisis
due to the reason that the nuclear charge increases whereas atomic radius
decreases. Inagroup, el ectronegativity decreases on moving down the group.
Thisisduetotheeffect of theincreased atomicradius.

2.1.5 Anomalousperiodicproperties

A fewirregularitiesthat are seenintheincreasing va uesof ionisation potentia
along aperiod can be explained on the basis of the concept of half-filled and
completely filled orbitals.

2.2 CALCULATION OF ATOMIC RADIUS(COVALENT RADIUS)

Atomic radiusisthedistance fromthecentre of the nucleusto the point
wheretheeectron density iseffectively zero.

a. Homonuclear diatomic molecules

Incaseof homonuclear diatomic moleculesof A, type(e.g.F,, Cl., Br,, 1,
... €tc.) thebond length, d(A-A)isgiven by

dA-A) = r(A) +r(A)
dA-A) =" 2xr(A)
Lo dA-A)
) ==

Theaboveequation showsthat inthe case of homonucl ear diatomic molecule
of A, type, thecovaent radiusof anatom A, r(A) isequal to onehalf of theinter-
nuclear:distance, d(A-A). Therefore, the covalent radius of an atom in a
homonuclear diatomic molecul e can be obtained by dividing theinternuclear
distanceby two.



Example
1. Cl,molecule
Thevalueof CI-Cl bond distance asfound experimentally is1.98A. Thus
d(Cl-CI) 1.98
2

=0.99A

((Cl)=

2. Diamond

Thevaueof d(C-C) distanceasfound experimentally inavariety of saturated
hydrocarbonsis1.54A.

d(C-C) _154

r(C) = =0.77A
Thus ©) > >

b. Heteronuclear diatomicmolecule

In case of heteronuclear diatomic-molecule of AB type, bond length
d(A —B)isgivenby

d(A-B)=r(A) +r(B)
r(A) andr(B) arethe covalent radii of A and B atoms.
Example
i) CCl, molecule
The experimenta valueof d(C—Cl)is1.76 A
Thus d(C<Cl) = r(C) +r(Cl)
r(C) = d(C-Cl)-r(Cl)
= 1.76—r(Cl)

Thusthe covalent radius of carbon atom can be cal culated by subtracting
thecovaentradiusof Cl atomfrom d(C—Cl) bondlength. Thecovaent radiusof
Cl atom can a so be obtained, provided that covaent radiusof C atomisknown.

i) “SiC
Theexperimental valueof d(Si-C)is1.93A. Thus,
ds-C) = r(S)+r(C)
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nS) = d(S-C)-r(C)
= 193-r(C)
= 193-0.77 [.r(C)=0.77A]
= 116A

The experimental values of covalent bond Iength for some common
homonuclear diatomic moleculesaregiven below.

Molecule Bond Bond length (A)

) H, H-H 0.74
i) F, F— 1.44
1) Cl, c-c 1.98
iv) Br, Br-Br 2.28
vV  HCCH, cC-C 1.54

2.2.1 Calculationof ionicradii
Pauling'sM ethod

Pauling has cal culated theradii of theions on the basis of the observed
internuclear distancesinfour crystalsnamely NaF, KCI, RobBr and Csl. Ineach
ionic crystal the cationsand anionsarei soel ectronic withinert gasconfiguration.

NaFcrystd : Na* - 2,8 . ,
F - 28 Netypeconfiguration

KCl crystd K -.2,8,8
C- .+ 28,8

Further thefollowing two assumptionsare madeto assigntheionic radii.

} Ar typeconfiguration

i) Thecationsand anionsof anionic crystal are assumed to bein contact
with each other and hencethe sum of their radii will beequal to theinter nuclear
distance betweenthem.

r(C) + r(A) = d(C-A) @
where
r(C") - radiusof cation, C*
r(A) - radiusof anion, A-
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d(C*-A") - internuclear distancebetween Ctand A-ionsin C*A-ionic
crysd

ii) For agiven noble gas configuration, theradiusof anionisinversely
proportional toitseffectivenuclear charge. i.e.

. 1

rcC") «o Z ) )
_ 1

rfA7) « 7 A) 3

where,
Z'(CH & Z'(A) arethe effectivenuclear chargesof cation (C*) and anion
(A") respectively. Oncombining (2) & (3)
(c) _ Z(A)
A) ~ Z(C) @

Hence the above two equations (1) & (4) can be used to evaluate the
values of r(C*) and r(A-) provided that the values of d(C*-A-), Z'(C*) and
Z'(A") areknown.

Slater rules

Thevaueof screening constant (S) and effective nuclear charge (Z*) can
be calculated by using Slater’ srules. According to theserulesthevaueof “S’
for agiven electronisestimated asfollows.

i) Write down the complete el ectronic configuration of the element and
dividethedectronsinto thefollowing orbital groupsstarting fromtheinside of
theatom.

(9 . (25,2p) : (3s,3p) : (3d) : (4s,4p) :

(4dy: (4f) . (5s,5p) : (6s,6p) ....... etc.

if). Select the el ectron for which the value of Sisto be calculated. For this
calculation add up the contributionsto Sfor the other electronsaccording to the
followingrules



Contributionto Sfor each

Typeof electron electron of thistype

i)  All dectronsingroupsoutside

theelectron chosen 0
i)  All other electronsinthesame 0.35

group asthe chosen one (n) (or 0.30for 1selectron)
i) All dectronsinshel immediately ingde (n-1) 0.85
iv) All dectronsfurtherindde 1.00

Calculation of effectivenuclear charge(Z*)
Examplel

Calculate the effective nuclear charge experienced by the4selectronin
potass um atom.

Solution
Theédectronic configuration of K atomis
Ko = (1) (25 2p°) (357 3p°) 4s
Effectivenuclear charge(Z)= Z2 = S

Z'=19 - [(0.85xNo.of eectronsin(n—1)"shell) +
(1.00 tota-number of eectronsintheinner shells)]

=19 - [0.85%(8)+(1.00x 10)]
Z'=220
Example2

Calculatethe effectivenuclear charge of thelast electronin an atomwhose
configurationis1s*2s? 2p° 3s? 3p°

z =17
Zx = Z-S

= 17-[(0.35x No. of other electronsin n" shell)
+(0.85x No. of electronsin (n—1)" shell)
+ (1.00x total number of eectronsintheinner shells)]
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17 —[(0.35x 6) + (0.85x 8) + (1 x 2)]
17-109=6.1
Calculation of ionicradii

Example

Cdculaetheionicradii of K* and Cl-ionsin KCl crystal. Theinternuclear
distance between K*an Cl-ionsarefound to be 3.14A.

Solution
r(KH+r(ClH) = d(K*—CI)=3.14A (1)

K*and Cl-ionshave Ar (Z=18) type configuration. Theeffective nuclear charge
for K* and Cl~can be calculated asfollows.

K* = (19 (222p%)_ " (35°3p°)
innershell ~ (n-1)" shell ™ " shell
Z(KY = Z-S
= 19-[(0.35x 7) +(0.85x 8) + (1 x 2)]
= 19-11.25=7.75
Z(Ch = 17-[(035% 7) + (0.85% 8) + (1 x 2)]
= 17-1125=575

(K*) .Z(C) 575
(CIY Z(K) 775 074
((K*)=0.74 r(CI) @)
Substitute(2) in(1)

0.74r(Cl)+r(Cl) = 3.14A €)
1.74r(ClH) = 3.14A
rch = %zl.SlA

1.74
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From (2)

r(Kv = 0.74r(Cl)
= 0.74x 181 A
= 1.33A
r(K*) = 1.33A
r(Ch) = 1.81A

| onisation potential

| onisation energy of an el ement isdefined asthe amount of energy required
to removethemost |oosely bound el ectron fromisol ated neutral gaseousatomin
itslowest energy state. The processisrepresented as

. | ad
M, + Energy supplied —1> Mg +e

lonisation energy ismeasured in e ectron voltsper atom (eV/atom), kilo calories
per mole (kcal/mole) or kilojoulesper mole (k¥mole).
Successiveionisation potentials

Inadditiontofirstionisation potentia (1) defined above, second, third. etc.
ioni sation potential sarea so known. Second ionisation potentia (1) istheenergy
required to remove one more electron from the gaseous cation, M* o L0 0et the
doubly positively charged gaseouscation, M2*(g), i.€.,

Mig+1,—>M o +e

Similarly, thirdionisation potentid (1,) istheenergy required toremovestill

one more electron fromM 2+(g) cationtoget M 3+(g) cation, i.e.

M 2+(g) +1; - M3+(g) +e

Similarly ionisation potentia sof higher and higher gradesare d so known.

Each successiveionization potentia or energy isgreater than the previous
one, sincethe electron must be removed against the net positive chargeonthe
ion.
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Factorsgoverning ionization energy. Theionization energy depends upon
thefollowingfactors:

(a) Sizeof atom or ion. Theionization energy decreaseswiththeincreasing
sizeof atom. Thelarger thesize of atom, lesser istheionization energy. Thisis
duetothefact that electronsaretightly held in smaller atomswhereasin large
atoms, electronsare held quiteloose, i.e., lesser energy isrequired for removal
of eectronsfrom larger atomsthan the smaller one. Henceionization energy is
lower for larger atomsand higher for smaller atoms.

Examplel

Thel.E of Be(At. No.4) isgreater than that of L1 (At. No.3) becausethe
nuclear charge of Be (Z=4) isgreater than Li(Z=3). Higher thenuclear charge,
greater would betheforce of attraction between nucleusand outermost € ectron.
Hence, thefirst |.E. of Beisthanthat of Li.

Example2

Thel .E. of Beismorethanthat of B though the nuclear charge of boron
atom (Z=5) isgreater than that of beryllium atom (Z =4). Thiscan beexplained
asfollows:

Boronatom (Z =5; 1s*25*2p,* 2p °2p,°) ishaving one unpaired electron
inthe2p-subshell. Be-atom (Z =4; 1s° 29°) is having paired electronsin the 2s-
subshell.

Asthefully filled 2s-subshell in Be-atom ismore stablethan B-atom dueto
symmetry, more energy would be needed to remove an electron from Be-atom.
Hence, Behashighl. E.

3. Thel.E.of carbon (At. No.6) morethan that of boron (At. No.5)

Reason: Carbon (Z = 6; 1s* 2 2p, ! 2p, *2p,’) is having more nuclear
chargethan boron (Z =5; 1s°2s° 2p,* 2p °2p,’). In both the cases, one hasto
removeelectron from same 2p-subshell. Carbon ishaving morenuclear charge
than boron. Thereforethe nucleusof carbon, attractsthe outer 2p-electron more
firmly than doesboron. Thus, first I.E. of carbon would be more than that of
boron.

(b) Magnitude of nuclear charge. The higher the nuclear charge of
protonsin thenucleus, the higher istheionization energy. Because of the higher
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nuclear charge, the el ectronsare bound with moreforce and hence higher energy
will berequiredfor their removal . For instance, magnesium hashigher nuclear
charge (12 protons) ascompared to sodium (11 protons). Henceionization energy
in case of magnesium ishigher ascompared to sodium.

Similarly thel.E. of fluorineismorethan that of oxygen. It canbeexplained
asfollows.

(VF(Z=9125°2p? 2py2 2p,") is having more nuclear charge than
oxygen (Z=8;1s*2s*2p ? 2p, *2p *). Inboththe cases, the electronhasto be
removed from the same 2p-subshell. Asfluorineishaving morenuclear charge
than oxygen, it meansthat the nucleusof fluorinewill attract theouter 2p-electrons
morefirmly than oxygen. Hence, first |.E. of fluorinewould be morethan that of
oxygen.

(c) Effect of number of electronsin theinner shells. (Screening or
shielding effect). Theattractiveforce exerted by thenucleuson the most loosaly
bound e ectronisatleast partialy counterba anced by therepul sveforcesexerted
by the electrons present intheinner shells. The e ectron to beremoved isthus
shielded fromthe nucleusby theedectronsintheinner shell. Thus, theedectronin
thevaenceshd | experienceslessatraction from the nucleus. Hencetheionisation
energy will below. Thisisanother reason why ionization energy decreasesin
moving downagroup.

(d) Effect of shape of orhital. The shape of orbital aso influencesthe
ionization potential. Ass-electronsremain closer to the nucleusthan p-,d-, and
f-electronsof the samevaence shell, theioni zation energy decreasesinthe order
givenbdow:

s>p>d>f

For ingtance, thefirgtionization energy of duminiumislower thanthet of magnesum.
Theelectronic configuration of magnesiumis[Ne]3s? and that of duminiumis
[Ne] 3s? 3p*. Thus, one hasto remove 3p-electronin case of aluminium and 3s
electroninthecase of magnesium. But it iseasier to removethep electron than
thes-dectron. Thus, thefirstionization energy of duminiumislower than that of
magnesum.

(e) Effect of arrangement of electr ons. The more stablethe electronic
arrangement, the greater istheionization energy. Asthe noble gaseshavethe
stablest el ectronic arrangements, they show maximum ionization energy.
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Example
Thel.E of Neisgreater than that of F. It can beexplained asfollows:

Thenuclear chargeof Ne (Z = 10) ismorethanthat of F (Z = 9). Greater
thenuclear charge, greater would betheforce of attraction betweennucleusand
outermost el ectron. Hence, thefirst I.E. of neon would be greater than that of
fluorine.

Electron Affinity or Electron gain enthalpy (E.A.)

Theéelectron affinity of an e ement may be defined asamount of energy
whichisreleased when an extrae ectron entersthevalenceorbital of anisolated
neutral atomtoform anegativeion.

Atom + Electron(g) - Negativeion(g) + Energy

Thegreater theenergy released inthe processof taking up theextrael ectron,
thegreater will bethe electron affinity. Thus, ioni sation potential measuresthe
tendency of an atomto changeinto acation(M — M* + le) whereasthe e ectron
affinity measuresthetendency of anatomto changeinto anion (X + e — X°).

Successive Electron Affinities. As more than one electron can be
introduced inanatom, itiscalled second € ectron affinity for the addition of two
electronsand so on. Thefirst E. A. of active non metalsispositive (exothermic)
whilethesecond E. A. evenfor theformation of oxideor sulphideionisnegative
(endothermic). For example theoverd| E.A. for theformation of oxideor sulphide
ions has been found to be endothermic to the extent of 640 and 390 kJmol*

respectively.

- - 2-
X(g)+e +energy —» X @

Itisinteresting to notethat the electron affinity of eementshavingad®® s?
configuration hasbeen found to be negative. Thisisso dueto theaccommodation
of the electron in the higher p-orbital (Zn=-87 kmol, Cd=-56 kJmol ).

Elementsof group 17 possess high el ectron affinity. Thereasonfor thisis
that by picking up an electron hal ogens attain the stable noble gas electronic
configuration.

Theéectron affinity isexpressed inkJmol .
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Changeof Electron Affinity along a Group. On moving down agroup,
thesizeof atomincreasessignificantly and hence, the effective nuclear attraction
for the e ectron decreases. Consequently the atom will possesslesstendency to
attract additional electronstowardsitself. It meansthat el ectron affinity would
decrease aswemove down agroup. In case of halogensthe decreaseinéectron
affinity from chlorinetoiodineisdueto steady increasein atomicradii from
chlorinetoiodine.

On moving down agroup the e ectron affinity decreases. Thus, thee ectron
affinity of Cl should be less than F. But actually the electron affinity of
F (320 kdmol?) islessthan Cl (348 kamol). Thereasonfor thisisprobably
dueto small size of fluorine atom. The addition of an extraelectron produces
high electron density which increases strong el ectron-electron repulsion. The
repulsiveforcesbetween dectronsresultsinlow electronaffinity.

Electron affinities of noble gasesare zero. Asthese atoms possess ns’np®
configurationintheir valence shells, these are stablest atomsand thereareno
chancesfor theaddition of an extrad ectron. Thus, the el ectron affinitiesof noble
gasesare zero.

Electron affinitiesof beryllium and nitrogen arealmost zero. Thismay be
duetotheextrastability of thecompleted 2s-orbitd inberylliumand of theexactly
haf-filled p-orbita in nitrogen. Asthese are stabledectronic configurations, they
do not havetendency to accept e ectronsand therefore, theeectron affinitiesfor
berylliumand nitrogen are zero.

Changeof Electron Affinity along a Period. On moving acrossaperiod,
the size of atoms decreases and nuclear chargeincreases. Both thesefactors
favour anincreaseinforce of attraction exerted by the nucleuson theeectrons.
Consequently, theatom will possessagreater tendency to attract the additional
electron, i.e,, itselectronic affinity would increaseaswe movefrom I eft toright.
Dueto thisreason electron affinities of non-metal s are high whereasthose of
metalsarelow.

Of dl themetals, the E.A. of gold iscomparatively high (222.7 kJmol ).
Thisvalue may be attributed to the higher effective nuclear charge and poor
shielding of the nucleusby d electrons.
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Factor saffecting electron affinity

(1) Atomicsize

1

Electronaffinity o ———
Sizeof atom

Smaller thesize of an atom, greater isitselectron affinity. Asthe size of
atomincreases, the effective nuclear charge decreases or the nuclear attraction
for adding el ectron decreases. Consequently, atom will havelesstendency to
attract additional e ectrontowardsitself. Therefore.

Electron affinity o Effectivenuclear charge!

Ingenerd, eectron affinity decreasesin going down thegroup and increases
ingoing fromIeft to right acrossthe period. On'moving down the group atomic
sizeincreasesand on going from I eft toright inaperiod atomic size decreases.

(2) Shieldingor Screening Effect

1

Electronaffinity o ———
Shielding effect

Electronic energy state, lying between nucleusand outermost state hinder
the nuclear attraction for.incoming electron. Therefore, greater the number of
inner lying state, lesswill bethedectron affinity.

(3) Electronic Canfiguration - The electronic configurations of elements
influencetheir e ectronaffinitiesto aconsderable extent.

Electron affinitiesof inert gasesare zero. Thisisbecausetheir atomshave
stablens? np? configuration intheir valence shell and thereisno possibility for
addition of an extraelectron.

Electron affinity of beryllium, magnesium and calciumispractically zero.
Thisisattributed to extrastability of thefully completed s-orbitalsinthem. Thus,
if anatom hasfully filled or haf filled orbitals, itselectron affinity will below.

Examplel

The electron affinities of Be, Mg and N are almost zero because both
Be(Z=4,; 15 28%) and Mg (Z =12; 1s* 25* 2p° 35%) are having sorbital fully
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filledintheir valenceshdl. Fully filled orbital sare most stable dueto symmetry.
Therefore, these el ementswould be having | east tendency to accept electron.
Hence, Beand Mg would be having zero e ectron affinity.

N(Z=7;125*2p ! 2p ' 2p,") ishaving half filled 2p-subshell. Half filled
sub shellsaremost stabledueto symmetry (Hund'srule). Thus, nitrogenishaving
least tendency to accept €l ectron. Hence, nitrogen ishaving dmost zero electron
afinity.

Example2

Electron affinity of fluorineislessthan that of chlorine. Althoughthe
electron affinity of e ementsdecreasesdown thegroup, yet fluorineishaving less
electron affinity than chlorine becausethesize of F-atom(0.71 A) isvery small
and hasonly twoshells, i.e, n=1,2(F=1s252p *2p *2p,").

i) Becauseof smdl sizeof fluorineaom the2p-subshel | becomescompact.
Thereoccursrepulsonamong e ectronsof thevaence shell and dsowith eectron
to beadded. Thisrepulsionisresponsibleforlesstendency of F-atom to accept
electron.

i) Becauseof small szeof fluorinethere occurslarge crowding of eectrons
around the nucleus. Thiscrowdingisableto screenthenucleus. Because of this,
effectivenuclear charge getsdecreased. Thus, theelectronishaving lessatraction
during addition. Hence el ectron affinity getsdecreased.

2.5 ELECTRONEGATIVITY SCALES

Electronegativity scaleisan arbitary scale. They arebased onvarioustypes
of experimenta datalike bond energy, dipole moment, ionisation potential and
electron affinity. Mast commonly used scalesare

1. Pauling'sscae

2. Mulliken'sscae

3. Sanderson’sscae

4. Alfredand Rochow’sscale

Pauling'sscale (1932)

Thisscaleisbased on an empirical relation between the energy of abond
and the el ectronegativities of bonded atoms.
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Consider abond A-B between two dissmilar atoms A and B of amolecule
AB. Let the bond energies of A-A, B-B and A-B bonds be represented as
E, . E; s adE, ; respectively. It may be seenthat thebond dissociation energy

A-A’ —B-B

of A-B isdmost higher than the geometric mean of thebond dissociation energies
of A-A and B-B bondsi.e.,

EA—B >4 EA—A X EB—B

Their difference (A) is related to thedifferencein the electronegativities of
A and B accordingtothefollowing equation

A = E\g- v EaraXEgg
= (XA _XB)2

(or)
0208 /A = X,-X,

Here, X, and X, arethe electronegativitiesof A and B respectively.
Thefactor 0.208 arisesfrom the conversion of Kcalsto electron volt.

Consdering arbitarily the el ectronegativity of hydrogentobe2.1, Pauling
cal culated e ectronegativities of other e ementswith the help of thisequation.

Disadvantage of Pauling scale

The disadvantage of Pauling’s scaleisthat bond energiesare not known
with any degree of accuracy for many solid elements.

Problem
Cdculatethedectronegativity of chlorinefromthefollowing data

E., = 104Kca mol*; E,, = 36Kca mol*
E., 5= 134K ca mol*
Accordingto Pauling’ sequation
A= Euo—vEinwXEqq
A = 134-.104x36
= 134-61.18 = 72.82



0208/A =  Xgq-X,
=  Xgq-X, =  0208/72.82
= 177
X,-21 = 177 [ X, =24]
X, = 177+21
= 3.87

2. Mulliken’sScale

In 1934, Mulliken suggested an aternative approach to electronegativity
based on ionization energy and electron affinity of an atom. Accordingtothis
method el ectronegetivity could beregarded asthe average of theionization energy
and electron affinity of anatom

l.LE.+E.A
2

Mulliken used ionisation energy and-electron affinity valuesmeasuredin
electron voltsand valueswerefound tobe 2.8 timeshigher than Pauling values.

Electronegativity =

The values of ionisation energy and electron affinity are measured in
kJmol*and 1eV =96.48 kamol *.

Thereforethecommonly accepted Pauling valuesaremorenearly obtained
by

ILEE+EA  LLE+EA
2x2.8x96.48 540

Thismethod hasan ordinary theoretical basisand also has advantage that
different val uescan beobtained for different oxidation states of thesamed ement.

Electronegativity =

Disadvantage

AlthoughMulliken’sscaeislessempirica than Pauling Scale, yet it suffers
from aserious disadvantage that el ectron affinitieswith the exception of afew
elementsarenot reliably known.



Problem

Cdculatethedectronegativity valuesof fluorineand chlorineon Mulliken's
scale, giventhat (Ionisation potential) F = 17.4 eV/atom (Electron affinity) F =
3.62 ev/atom, (1P) , = 13.0ev/atomand (EA) , =4.0ev

_(IP)e+(EA):
- 2x28

_17.4+362 2102 . 2
5.6 56. .

. . _(P)g +(EA)g
Electronegativity of chlorine = T oxog

_13.0+40 (17 203
5.6 56

Electronegativity of fluorine

Applicationsof eectronegativity
1) Natureofbond

The concept of e ectronegativity can be used to predict whether the bond
between similar or dissimilar atomsis non-polar covalent bond, polar covalent
bond (or) ionic bond.

) WhenX =X, i.eX,-X_=0,then A-B bondisnon polar covaent bond
or simply covalent bond and isrepresented asA-B. eg. H-H bond inH,
moleculeisacovaent bond and isrepresented asH-H bond.

i)  WhenX  isdightly greaterthan X, i.e. X, - X _is small, theA-B bondis
polar covalent bond and isrepresented asA>-B%* . e.g. The O-H bonds
inH,Q moleculearepolar covalent bonds and are represented as O*-H,
sinceX,> X, and X - X issmall.

i) WhenX, >>X_,i.e, X, -X_isverylarge, A-B bondismoreionic or
polar bond and is represented as A-B*, Since X, >> X .. For example

Na-Cl bondin NaCl moleculeisanionic bond andisrepresented asNaCl-
(HereCl = A and Na=B).
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2.

Per centage of ionic char acter in apolar covalent bond
Pauling estimated the percentage of ionic character in various A>—B?% polar

covalent bonds from known (X ,.—X ) values and has derived the following
conclusons:

0]

When (X,—X_) = 1.7, the amount of ionic character in A*—B* bond is
50% and that of covalent character isalso 50%. Thus A-B bondis50%
ionic and 50% coval ent.

When (X ,—X) < 1.7, theamount of ionic character in A>~B? bondisless
than 50% and that of covalent character ismore than 50%. Thus A>—B?®*
bond ispredominantly covalent and henceisrepresented asA-B.

When (X,—X) > 1.7, the amount of ionic character in A*—B®* bond is
more than 50% and that of covalent character isless than 50%. Hence
A¥—B?¥ bond is predominantly ionic and henceisrepresented asAB*.

SELFEVALUATION
Choosethecorrect answer

Thevaueof C-C distancefound experimentally in asaturated hydrocarbon
[S

a) 1.34A b) 1.36A c) 1.54A d) 1.56A
Onmoving down thegroup, the radiusof anion

a) Decreases b) Increases ¢) Nochange d)Noneof these
Effectivenuclear charge(Z*) can becal culated by using theformula
QZl =Z2-S b)Z=Z2+S 2 =S-Z dz=72-S
Pick the correct statement

a) Carbon havingmore nuclear chargethan boron

b) The size of carbon atomsislarger than boron

¢) Carbonformse ectron deficient compounds

d) Carbonformsionic compounds

Comparingtheionisation energy of fluorinewith carbon, fluorinehas

a) higherionisationenergy b) lowerionisationenergy

C) sameionisation energy ¢) noneof these

Among thefollowing which hasthemaximum ionisation energy

a) Alkdi dements b) Alkdinedements

C) Haogens ¢) Noblegases
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10.

11.

12.

13.

14.

15.

16.

17.

Thedectron affinity of anatom

a) directly proportiona toitssize  b) inversaly proportiond toitssize
C) isindependent of itssize d) noneof these

Among thefollowingwhich hashigher e ectronaffinity value

a) Huorine b) Chlorine c) Bromine d) lodine
Thescalewhichisbased on an empirical relation betweentheenergy of a
bond and the el ectronegativities of bonded atomsis

a) Paulingscde b) Mulliken'sscale

¢) Sanderson’sscale d) Alfredand Rochow’sscae
Electronaffinity isexpressedin

a) kJ b) J ¢) kdmal d) kJmol*
Thebondlength of Cl, moleculeis

a) 0.74 b) 1.44 c) 1.98 d) 2.28

Theorder of ionization energy
as<p<d<f b)s>p>d>f: c) s>d>p>f d) s<d<p<f
Acrossthe period, € ectron affinity

a) decreases b) increases

C) decrease and theincreases d) increase and then decreases
Noblegaseshave  eectronaffinity

a) High b) Low C) Zero d) Very low
When X, >>X _, A-Bbondis

a) polar covalent b) non-polar covdent ¢) lonic  d)metdlic

Answer in oneor two sentences

Arrangethefollowing speciesintheincreasing order of Size
a O%, F,Mg*, Na

b) FF

¢ N,O

d)  Fe*, Fe, Fe*

€ Na', Cl,Na Cl

LI

Arrangethefollowing dementsintheincreasng order of thair firstionisation
potentias, give proper explanation for your answe.

a Li,BgB b) N, O, F c) C,N,O,F
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18.

19.

20.

21.

22.

23.
24,

C.

25.
26.
27.
28.
29.

Which eement of thefollowing hasthe highest ioni sation potentia ?

Na, Cl, Siand Ar.

Describe with reasonswhich atomineach of thefollowing pairshashigher
ionisationenergy?

ad MgandAl b) BandAl c) AlandS

Whichdement of thefollowing pairsof dementshashigher ionisationenergy?
Justify your answer

ad KorCa b)BeorB ¢) lorBa d) ForCl e NorO

Which eement of thefollowing groups of elementshassmallest ionisation
energy. Justify your answer.

a) Caor Be b) Caor K c) Clord d) Be, B,C
Answer thefollowing questions

a) Which element hasthe most positive valueof electron affinity?
b) Which eement haslow e ectronegativity?

Mention thedisadvantage of Pauling and Mulliken scale.

Why EA of fluorineislessthanthat of chlorine?

Answer not exceeding 60 wor ds

How isatomicradii cal culated from covalent bond length?
Explain Pauling method to determineionicradii.
Explainthevariation of | Ealong the group and period.
Explainthevariousfactorsthat affect el ectron affinity.

How el ectronegativity: vaueshd p to find out the nature of bonding between
atoms?

Summary

Theperiodicity inpropertiesof elementsarereviewed briefly. Atomicand

ionic radii of molecules are cal culated by using simple examples. Thefactors
governing ionisation potential are explained with specific examples. Thefactors
affecting electron affinity are discussed briefly. The different scales of
electronegativity valuesareexplained indetail.

References

1
2)

ConciseInorganic Chemistry, J.D. Lee, 39 Edition, 1977.

Selected Topics in Inorganic Chemistry, Wakid V.Malik, G.D.Tuli,
R.D.Madan 7th edition, 2001.

58



3. p-BLOCK ELEMENTS

Learning Objectives

b

¥ow ¥ ¥

oy ¥ W

W

Understand the general trends in the chemistry of elements of groups
13,14,15,16,17 and 18.

Under stands the prepar ation, propertiesand the uses of potash alum.
Knowledge about know about silicones:
Understand the extraction of lead, properties and the uses of |ead.

Understands the preparation, properties, uses and the structure of
halides, oxides, oxyacids and hydrides of phosphorus.

Recognize the anomal ous behavior of Fluorine.
Under stand about interhalogen compounds.
Know about the isolation of noble gases.

Recognises the preparation, properties and the structure of xenon
compounds:

Appreciates the application of noble gases.
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PERIODICTABLE

18
ns’np*®
He
13 14 15 16 17
d B C N 0 F Ne
12 Al Si P S Cl At

Ga Ge As Se Br Kr

Tl Pb Bi Po At Rn

Q@ 6 © 6

nsnpt | ns’np® | ns'np® | ns’np*| ns’np® | ns'np®

13 — Boron/group 17 — Halogen family
14 —» Cgrbon group 18 —> Noble gases
15 — Nitrogen group

16 — _Oxygen group

p-block e ements grouped with s-block elementsare called asmain group
elementsor representative elements. Thereare44 main group € ements. p-block
elements occupy groups 13-18 of the periodic table including inert gases.
p-block eementsplay dominant partinall natural processes. Aluminium plays
vital rolein aircraft and as conductors. Carbon isthe backbone of &l organic
compounds. Siliconchipsplay avitd partin computers. Nitrogen actsasabuilding
block of life. Molecular oxygenisacell fud.
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General characteristicsof p-block elements

1
2.

Thegenera electronic configuration of p-block e ementsisns® npt®.

These e ementsinclude metals and non-metalswith afew semi metals
(Metdloids)

Most of them form covaent compounds.

These el ements possessrel atively higher ionisation energy and thevalue
tendsto increase al ong the period but decrease down the group.

Most of thed ements show negative (except somemetals) aswell aspositive
oxidation states (except Fluorine).

Oneof thefamiliar characteristic of p-block elementsisto show inert pair
effecti.e. thetendency of being lessavailability for nselectronin bonding.
Theinert pair effect increases down thegroup with theincreasein atomic
number.

Group 13 elements—TheBor on family

Thegroup 13(111A) elementsare Boron, aluminium, gallium, indium and

thalium.

» Boronisardatively rare element, accounting for only about 0.001% of the
earth’scrust by mass.

»  Aluminiumisthemaostimportant of 13" group € ements.

» Galliumisremarkablefor itsunusually low melting point (29.7°C) and
thereforegenerdly exist asaliquid at room temperature. Itsmost important
useisinmakinggdliumarsenide. Thisisasemi conductor materia employed
inthemanufacture of diodelasersfor laser printers, compact —disc players
andfibreaptic communication devices.

»  Indiumisalso usedin making semi conductor devices, such astransistors
and electrical resistancethermometerscalled thermistors.

»+. Thdliumisextremey toxic and hasno commercia use.
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3.1 GENERAL TRENDS

Electronicconfigurations. Thegenera e ectronic configuration of the

variousdementsof thisfamily isns? npt.

Table 3.1 Electronic configuration of group 13 elements

Element I\/? J?nrglecr Electronic Configuration N?J:gggr NFLerrY:E(;
Boron 5 [He] 252 2pt 13 2
Aluminium 13 [Ne] 3s? 3p* 13 3
Gallium 31 [Ar] 3d%° 48 4pt 13 4
Indium 49 [Kr] 4d© 5 5pt 13 5
Thallium 81 [Xe€] 4f 501 6526p" 13 6

3.1.1Potash Alum,K,S0,. AL, (SO,),. 24H.,0
Potash Alumismanufactured fromauniteor aum stone.
From Alunite: Aluniteor dumstoneisk.SO,. AL(SO,)... 4Al(OH),. Itisfinely

powdered and boiled with dilute sulphuric acid, the aluminium hydroxide part
changesinto auminium sul phate. When alittle more potassium sulphatein

calculated amount isadded, thealumiscrystallised.

Properties

1. Potashdumisawhitecrystdlinesolid.

2. Itissolubleinwaeter butinsolubleinacohal.

3. Theagueoussolutionisacidic duetothehydrolysisof Al (SO,),.
4.

When hesated, it meltsat 365K and on further heating losesthewholeof its
water of crystallisation and swellsup. The swollen mass so producedis
cdledburnt alum.

Uses

1. ‘ltisusedin purification of water, water proofing of textilesand indyeing
and paper industry.

2. Itisasoemployedto arrest bleeding.
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3.2 GROUP-14ELEMENTS-THE CARBON FAMILY

Thegroup 14 (IVA) e ements—carbon, silicon, germanium, tinand lead are
especidly important both inindustry andinliving organisms.

> Carbonisanessentia constituent of the moleculesonwhichlifeisbased.

>  Siliconisthe second most abundant element inthe earth’scrust.

»  Bothdliconand germaniumareused in making modern solid—Stated ectronic

devices.

>  Tinandlead have been known and used since ancient times.

General Trends

Electronic configuration: The elementsof this group possess ns? np?
electronic configuration.

Element I\? :?nrglec; Electroniec.Configuration N?Jrrggepr NF:Je:nICb)g
Carbon 6 [He) 25 2p? 14 2
Silicon 14 [Ne] 3¢ 3p? 14 3
Germanium 32 [Ar] 3d© 45 4p? 14 4
Tin 50 [Kr] 4d° 582 5p? 14 5
Lead 82 [X€] 4f 50%° 6 6p? 14 6

Table 3.2 Electronic Configuration of Group 14 elements
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3.2.1 Silicones—structureand uses

Thesiliconesareagroup of organosilicon polymers. They have awide
variety of commercia uses.

Thecompletehydrolysisof SCl, yieldssilicaSO,, whichhasavery stable
three-dimensiond structure. Thefundamenta research of F.S. Kippingonthe
hydrolysisof alkyl-substituted chlorosilanes|ed, not to the expected silicon
compound anal ogousto aketone, but to long-chain polymerscalled silicones.

R Cl
\s/ H,0
AN
R Cl
R R R R

HO—Si—OH + HO—Si—OH —H0—Si— 0 — Si — OH

I I | |
R R R R

Thegarting materia sfor the manufacture of siliconesareakyl-substituted
chlorosilanes. Thusthehydrolysisaof tridkylmonochlorosilaneR . SiICl yieldshexar
dkylsloxane.

R R
I |
R—Si—0 —Si—R
I |

R R

Thediakyldichlorosilane R SICl, on hydrolysisgivesriseto straight chain
polymers and, since an active OH group is left at each end of the chain,
polymerisation continues and the chain increasesin length.

R R R R

HO—Si—0—Si—0—Si— 0 — Si—OH

R R R R



Thehydrolysisof akyl tricholorosilaneRSICl, givesavery complex cress-

linked polymer. | |

O O

| |
R—Si—0—Si—R

I I

0 0]

| |
R—Si—0—Si—R

| |

0 0]

| |

Uses

1) Siliconesact asexcdlentinsulatorsfor e ectric motorsand other appliances
asthey canwithstand high temperatures.

2) Straight chain polymersof 20t0 500 unitsareused assiliconefluids. They
arewater repellent because of theorganic side group. Thesepolymersare
used inwaterproofing textiles, aslubricantsand aspolish.

3) Siliconerubber retaintheir e asticity even at |low temperaturesand resist
chemical attack. They are mixed with paintsto make them damp-resistant.

4) Siliconeresins, across-linked polymer used asnon-stick coating for pans
and areusedinpaintsand varnish.

5) Siliconeoilsarehighly stableand non-volatile even on heating. Hence used

for high temperature il bath, high vacuum pump etc.

3.2.2 Metallurgy of Lead
Ores

Gdena PbS
Cerruste  PbCO,
Angleste PbSO,
Lead ochrePbO

PWDNPE
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Extraction: Lead ismainly extracted from the sulphide ore galena. Galena
containslead sulphideand small quantitiesof Slver.

1. Concentration: Theoreisconcentrated by froth floatation process.

2. Smédtingin aReverberatory furnace: Theconcentrated oreisroasted
inareverberatory furnaceat amoderatetemperature. Thetemperatureof furnace
iscontrolled by regulaing theair supply. During roasting, galenaispartly oxidized
to lead monoxideand partly to lead sulphate.

FLUE

=
pZ

i) HOT GAg_Es__ ~N
= ~ & FLAMEG~ (ﬁ‘
CHARGET P .)\
s e

FUEL = :"'
74 S

A GHe\j[:f_: s
)///7 % % wd e, ‘

Fig. 3.1 A reverberatory furnace
2PbS + 30, . 2Pb0O + 280,
PbS + 20, —  PbSO,

Moreof galenaisthenadded. Thetemperatureisraised and s multaneously
theair supply isreduced. L ead sul phide reactswith the two oxidised products
givinglead.

PbS¥2PHO  — 3Pb+SO,
POS+PHSO, — 2Pb+2S0,

Thusinthisprocessroagting and smelting arecarried out inthe samefurnace,
at two different temperatures.

About 90% of lead isobtained asmetal, therest passesinto slag. Lead is
recovered from the dag by heating with lime and powdered coke.

r—

66



Powdered ore Concentration p| orerichin PoS

roasting
orerichin PbO, PbSQ,, PbS
Purelead metd sndting
Electrolytic ImpureMetal
refining
Liquation
Desilverisation v
Pbmetal +Au, Sn|¢ Pb+Sn, Ag, Au

Purification of L ead

L ead extracted by the above method containsimpurities such assilver,
copper, tin, bismuth, gold and iron. Itisrefined by thefollowing processes.

a. Liquation

Theimpure metd isheated on ad oping hearth. Lead meltsand flowsdown
thedope. Theinfusibleimpuritiesremain onthe hearth.

b. Deslverisation
Silver isremoved hy either Pattinson’sprocessor Park’sprocess.
c. Electrolyticrefining

Very pureleadisobtained by this process.
Anode—Impurelead
Cathode—Very purelead
Electrolyte—L ead fluosilicate+ Hydrofluosilicic Acid
(PoSF) (H,SF)
Themetallicimpuritieswhich aremoreédectropositivethanlead, such as

ironandtin, gointo the solutionwhiletherest of theimpuritiesarethrown
down asanode mud.
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Physical properties

1. Leadisabluishgrey metd withabright luster.
2. Itissoft and can becut withaknifeand drawnintoawireandrolledintoa
sheet.
3. Itisnot agood conductor of heat and electricity.
4. ltmarkspaper.
Chemical properties
1. Actionof air
i) Itisunaffected by dry air butinmoist air alayer of |ead carbonate or lead
hydroxideisdeposited onitssurfacewhich protectsit from further action of
ar.
i)  When heated inair or oxygen, lead isoxidized tolitharge (PbO) and red
lead (Pb,O,)
2Pb+ 0O, — 2PbO
3Pb + 20, - Pb,O,
2. Action of water

Lead isnot attacked by purewater inthe absenceof air, but water containing

dissolved air hasasolvent action onitdueto theformation of lead hydroxide (a
poisonous substance). Thisphenomenoniscalled Plumbo solvency.

i)
i)

)

2Pb+0O,+2H,0 = 2Pb(OH),
Action of acids

Dilute H,SO, and HCl have no action onlead.
Hot Conc. H,S0, liberates SO, but thereactionisretarded by theformation
of aninsolublelayer of lead sulphate.

Pb + 2H,80,— PbSO, + 2H,0 + SO,T

Concentrated HCI evolveshydrogen and a so forms Chloroplumbic acid
Pb+ 2HCl —  PbCl,+H,T
PbCl,+2HCI = H,PbCl,

<

chloroplumbicacid
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Uses: Leadisused

For making lead pipes,

For making telegraph and telephonewires,

In making bulletsand lead accumul ators,

Inlead chambers, for the manufacture of sulphuric acid,

For making alloyslike solder, pewter and typemetal,

For preparing tetraethyl lead (Pb(C,H,) ) whichisused asan additiveto
petrol to prevent knocking.

oukcwdE

Problem

An element A belongsto 14™ group and occupies period number 6. A
reactswith conc. HCl. togive B anacid. A isusedto prepare C whichisused
asan antiknock in automobiles. Identify the element A and the compounds B
and C Writethereactions.

Solution
1. Asperthepostionintheperiodictable, theelement A islead.
2. LeadwithConc. HCl givesB
Pb+4HCI — HPbCl, + H,
.. Compound B ischloroplumbic acid.
3. CompoundCis tetraethyl lead.
3.3 GROUP-15ELEMENTS-THE NITROGEN FAMILY
Thegroup 15(VA) eementsare nitrogen, phosphorus, arsenic, antimony
and bismuth.
» Nitrogenisagas. It makesup 78% of the earth’satmosphere by volume.

»  Phosphorusisthe most abundant element of 15" group, accounting for
0.10% of the mass of the earth’scrust.

» _Arsenicisaso usedto make pesticidesand semi conductors, such asGeAs.

» «.Bismuth is a silvery solid. Bismuth compounds are present in some
pharmaceuti calssuch as Pepto—-bismol.

» Thenatura abundanceof As, Shand Bi intheearth’scrustisrelatively low.
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General trends

Electronic configuration: All these elements have general electronic
configuration of ns® np®.

Table 3.3 Electronic configuration of group 15 elements

Element ,\'?‘ Ltj(r)nrgg Electronic Configuration NCL;JII:T?ESI’ NF:Jiqigg
Nitrogen 7 [He] 25 2p3 15 2
Phosphorus 15 [Ne] 3¢ 3p® 15 3
Arsenic 33 [Ar] 3dY° 4g 4p° 15 4
Antimony 51 [Kr] 4d%° 5¢? 5p® 15 5
Bismuth 83 | [X€] 4f 50 65 63 15 6

3.3.1 Compoundsof Phosphorus
a) Halidesof Phosphorus

Phosphoruscombineswithal theha ogensforming phosphorushaideswhich
areall covalent compounds. Phosphorus chloridesare moreimportant. Tri and
pentachlorides of phosphorus are most common.

|. PhosphorusTrichloride, PCI,

Preparation: PClyisprepared by heating white phosphorusinacurrent of dry
chlorine.

P,+6CI, — 4PCl,

Dry white phosphorusisplaced in theretort and gently heated on awater bath.
A current of pure, dry chlorineisled over the phosphorus. The phosphorus
trichloride formed being volatile distilsover andiscollected in awater cooled
recave.
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DRY CHLORINE

-~

REIETWHITE CaCl,
— S PHOSPHORUS

SAND BATH

| [T T
Fig. 3.2 Laboratory Preparation of PCI,

Thephosphorustrichl orideobta ned asabove containssome PCl asimpurity.
Thisisremoved by didtilling the PCl,, over white phosphorus.

Physical properties

1. Colourlesslow boiling liquid
2. Itfumesinmoigt air
3. Ithaspungent odour.

Chemical Properties

1. Itisviolently hydrolysed by water giving phosphorusacid and hydrochloric
acidgas.

PCl,+ 3H,0 — 3HCI +H,PO,

Inasmilar manner it reactswith organic compounds containing hydroxyl (OH)
group, such asacidsand a cohols.

PCI, + 3CH,COOH — 3CH,COCI + H,PO,
AceticAcid Acetyl Chloride

PCl,+3CHOH — 3CH.CCl+HPO,
Ethyl dcohol Ethyl Chloride

2. Itreactswithchlorineor sulphuryl chlorideforming phosphoruspentachloride.
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PCl,+Cl,— PCI,
PCl,+ SO,Cl, — PCl, + SO,

3. Itreadily combineswith oxygen forming phosphorusoxychloride
2PCl, + O, =2POCI,

4.  Itreactswith SO, to form phosphorusoxychlorideand SO,
SO, + PCl, — POCI, + SO,

Structure: PCI, molecule has a pyramidal shape, which arises from sp*
hybridisation of phosphorusatom. One of thetetrahedral positionsis occupied
by alonepair of electrons.

@ X - Electron of p
P oo oo o - Electron of Cl
/‘\ oCl XpPX Cle
cl ¢ cl |

I1. Phosphoruspentachloride, PCI,

Prepar ation: Phosphorus pentachlorideisusually prepared by the action of an
excessof chlorineon phosphorustrichloride.

PCl,+Cl, = PCl,
Physical properties

1. Phosphoruspentachlorideisayelowishwhitecrystdlinesolid.
2. Itsublimesonheating at 473 K and meltsat 318 K under pressure.

Chemical properties

1. Phosphoruspentachloridedissociateson heeting into phosphorustrichloride
and chlorine.

PCl, = PCl, +Cl,

2. ~Itisviolently hydrolysed by water giving phosphorus oxychloride or
phosphoric acid depending upon the quantity of water.
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insufficient water

PCl.+H,0 — 3 POCI,+2HCl

Excess of water

PCl.+4H,0 —p H_PO, +5HCl

3. It reacts with compounds containing hydroxy! groups ferming chloro
derivatives. Inal these cases, the hydroxyl groupisreplaced by chlorine.
CHOH+PCl, — C,H.Cl+POCI,+HC
Ethyl Alcohol Ethyl Chloride
4. Itreactswith metalson heating to give corresponding chlorides.
2Ag+PCl_—2AgCl + PCl,
Sructure

PCI, moleculehastrigonal bipyramidal shapein vapour statewhich arises

from gp°d hybridisation of phosphorusatom.

b)
l.

Cl

e cl-L.
) . Cl -

*ol . :\ . )
o x oo \ X - Electron of p

[ ] » -
P X o, : P cl

LK ] Y o .-
tclh o xe ot o
*toLcla LT

. e Cl.--~

e - Electron of Cl

cl
Oxidesof phosphorus

PhosphorustrioxideP,0,or P,O,
It isobtained by the combustion of phosphorusin alimited supply of air.
4P + 30, - 2P0,

Physical properties

1
2.

Itisawhitewaxy substance
It hasagarlic odour.

Chemical properties

1

It reactswith cold water, gives phosphorusacid.
P,0,+3H,0 — 2H.PO,
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2. ltreactswith hot water vigoroudy to forminflammable phosphine,
2P,0,+6H,0 — PH,T+3H, PO,
I1. PhosphoruspentoxideP,O_or P,O

4710
Phosphorus pentoxide can be prepared by burning phosphoruswith sufficient
supply of air.
P, +50, -P, O,
Physical properties
Itisawhitesolid and anacidic oxide.
Chemical properties
1. Itreactswithmoisturetoform metaphosphoric acid:
PO, +2H,O0 — 4HPO,

4710

When the solution is boiled, the metaphosphoric acid is changed to
orthophosphoric acid.

HPO, + H,0 — H,PO,
or
PO, +6H0 — 4H,PO,

4710

2. Phosphorus pentoxide extracts water from many inorganic compound
including sulphuricacid, nitricacidand severa organic compounds. Itistherefore,
used asapowerful dehydrating agent.

P4010
sto4 — 803
-H,0
P4010
2HNO, —» N,O,
-H,0
PAOIO
RCONH, —» RCN
Amide -H,0 Nitrile

Use: Itisused asadehydrating agent.
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c) Oxy-Acidsof Phosphorus
|. Phosphorusacid - H,PO,

Itis prepared by the action of cold water on phosphorus (I11) oxide or
phosphorus(l11) chloride.

P,0, +3H,0 — 2H,PO,
PCI, +3H,0 — H,PO, + 3HCI

Physical properties
Itisawhitecrystallinesolid with garlictaste.
Chemical Properties
1. Acidicnature Itisadibasicacid and givessatsof two types.
H,PO,+NaOH — NaH,PO, +H,0
Sodium dihydrogen Phosphite
H.,PO, + 2NaOH — NaHPO, + 2H.0
Disodium hydrogen Phosphite
2. When it is heated it undergoes-auto-oxidation and reduction to form
phosphoric acid and phosphine:

4H, PO, Aa 3H,PO, + PH,
3. Itisapowerful reducing agent becauseit hasP-H bond. It reducessilver
nitratesolutioninto slver.

2AgNQ, + H.PO, + HO — 2Ag+H_PO,+2HNO,
Electronicstructure

LN ) O

0. [ X - Electron of P

" X X o e - Electron of Cl
H o O P 0 H o - Electronof H

OH

Use: Itisusedasareducing agent
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I1. OrthophosphoricAcid, H,PO,
Preparation
1. Iltisprepared by dissolving phosphorus pentoxidein water and boilingthe

olution.
PO, +3H,0 —  2H,PO,

2. Laboratory preparation: Inthelaboratory orthophosphoricacid can be
prepared by boiling amixture of red phosphoruswith 50% nitricacidin aflask
fitted with areflux condenser on awater bath till no more oxidesof nitrogen are
liberated.

lodine actsasacatalyst. The product isevaporated below 453 K and then
cooled inavaccum desiccator surrounded by freezing mixturewhen crystals of
orthophosphoric acid are deposited.
P+5HNO, — H,PO, +5NO, +H,O
Physical properties
1. Itisaddiquescent crystdlinesolid.
2. Itissolubleinwater.
Chemical properties
1. Itisatribascacid. It combineswith akalieslikeNaOH toformthree series
of sdlts.
H,PO, +NaOH = NaH,PO, + HO
Sodium Di hydrogen Phosphate
H,PO, +2NaOH ' — NaHPO, + 2H.0
Disodium hydrogen Phosphate
H,PO,+38NaOH — NaPO, + 3H.O
Sodium Phosphate
2. On heating it gives pyrophosphoric acid at 523 K and at 589 K gives
metaphospharic acid
523K 589K
H,PO, —» H,P,O, —» 2HPO, +H,O
3. Onreactionwithglver nitrate, it givesydlow precipitateof Slver phosphate,
H,PO, + 3AgNO, — Ag,PO,+3HNO,
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Uses

1. Itisusadinthepreparation of HBr and HI asasubstitutefor sulphuricecid.

2. Itisused assouring agent in the preparation of soft drinks.

3. Itisusedinthe preparation of phosphate salts of sodium, potassium and
ammonium.

4. Itisusedinthemanufactureof phosphaticfertilisers.

Structure

Being atribasic acid, the structure of phosphoric acidisrepresented as

.QO.. 9
® * x - Electron of P
L 4 X X o o
H* o °® X ° e -Electronof O
o X P . OoH o - Electronof H
LI X o o P
[ ]
.0
e O
H HO OH

OH

I11. B. Pyrophosphoricacid, H,P, O,

Prepar ation: Pyrophosphoricacidis prepared by heating orthophosphoric

acidto 523 K —533 K.
2H,PO, -H,PO, + H,O

Physical Properties

Itisacolourlesscrystdlinesolid.

Chemical Properties

1. Itisreconverted to orthophosphoric acid on boiling with water
HPO, + H,O — 2H,PO,

2. Whenhesated strongly, it yields metaphosphoric acid

HP,O, —» 2HPO, + H,0
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Structure: The Structure of pyrophosphoric acid isrepresented as.

« 0. e O 0 0
.OO.XX o e X X L T T
H® o P *0°®P *0°H HO —P —O0 — P— OH
<:°°X><-X--Xx.)(°-°
. . OH OH
.OOO: ..OO:
H H

d) Phosphine-PH,
Phosphineisthe best known hydride of phosphorus.

Laboratory preparation: It isusually obtained by boiling white phosphorus
with 30-40% sol ution of caustic sodain aninert atmosphere of CO.,.

4P + 3NaOH + 3H,O — PH, + 3NaH,PO,
Sodium hypophosphite

Phosphine so obtained isimpure. Itis passed into an agueous sol ution of
hydrogen iodide, PH,| isformed. PH lisheated with KOH or NaOH, pure
phosphineisobtained.

PH, + HI — PHJ
PH,| +NaOH ~5PH, + Nal + H,0

Physical properties
Phosphineiscolourlessgaswith rotten fish odour.
Chemical properties

1. Dissociation: Phosphine dissociates at about 723 K and gives red
phosphorus.

723K
APH, ——"p P, + 6H,

2. - Action of air: It burnswith oxygen and produces phosphorus pentoxide.
4PH, + 80, —» PO, + 6H,O
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3. Action of chlorine: Phosphine burnsin chlorine spontaneously forming
PCl,and PCl..

PH, +3Cl, — PCl, + 3HC
PH, +4Cl, — PCl, + 3HC

4. Reducingproperties: PH, isapowerful reducing agent. Whenitispassed
through the salt solutions, corresponding metal isformed.

PH, + 6AgNO,+ 3H,0 — 6Ag+6HNO, + "H,PO,
Uses
1. Smoke screens

When PH, burnsit produces smoke whichis dense enough to serve as
smoke screens.

2. Holme'ssignal : Containerswhich haveaperforated bottom and ahole at
thetop arefilled with cal cium phosphide and cal cium carbide. Thesearethrown
intothe sea. Water entersthe container through the bottom and reactswith calcium
carbide and cal cium phosphideto give acetylene and phosphine. Phosphine gets
ignited spontaneoudly asit comesincontact with air and also ignitesacetylene.
Thusabright red flameis produced which isaccompanied by hugesmokedueto
theburning of phosphine. Thisservesasasignal to the approaching ships.

CapP, + 6H,0— 2PH, T + 3Ca(OH),
CaC, +2H0— CH,T + CaOH),
Problem

Anelement ‘A’ occupies group number 15 and period number 3 reacts
with chlorinetogive B which further reactswith chlorineto giveC at 273 K.
Both B and C are chlorinating agent for organic compounds. C is a better
chlorinating agent because it chlorinates metals also. B reactswith SO, and
reducesittoSO,. B hasapyramidal shape. C hastrigonal bipyramidal shape by
sp*d hybridisation. Identify the element A and the compounds B and C. Write
thereactions.

1. Theelement which occupies group number 15 and period number 3is
phosphorus. Therefore A isphosphorus. Phosphorusreactswith chlorine
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togive PCI, Thereforecompound B isphosphorustrichlorideandit hasa
pyramidal shape.
P,+6C, — 4PCl

2. PCl, further reactswith Cl, to give PCl. Therefore, the compound Cis
phosphorus pentachloride and it hasatrigona bipyramidal shape.
PCl, + Cl, — PCl,
3. PCl, and PCI, are chlorinating agents for organic compounds. So, both
reactswith C,H.OH gives C,H.CI.
PCl, + 3CHOH —  3CH.CCl+ HPO,

3

PCl, + CHOH — CH.Cl +POCl,+HCl

5

3

3

4. PCl isabetter chlorinating agent. Soiit chlorinatescopper.

PCl, + 2Cu - 2CuCl{ +.PCl,
5. PCl 5 reactswith SO3 and reducesit to SOZ.
PCI3 + SO, - POCI3 + SO,

3.4 Group16 THE‘OXYGEN’ FAMILY

Thegroup 16 (VI A) dlementsareaxygen, sulphur, selenium, tellurium and
polonium. Thefirst four eementsarecollectively called CHALCOGENS or ore
forming elements, because many metal oresoccur asoxidesand sulphides.

»  Oxygenthemost abundant element, isanimportant constituent of atmosphere
and ocean. It constitutes46.6% earth’scrust.

»  Sulphurislessabundant and occursin freeand combined states. Sulphuris
asoknownas Brim stone.

»  Polonium, aradioactive € ement that occursin trace amountsin uranium
ores. Itsnamefrom Poland, the home country of Marie Curiewho discovered
theelement in 1898.

GeneralTrends

Electronicconfiguration

All of these d ements have ns’np? configuration, just two e ectrons short of
anoctet configuration.
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Table 3.4 Electronic configuration of Group 16 elements

Element ,\'?‘ S%n;'ecr Electronic Configuration N?Jrn(w)ggr NPuerrT:g(;r
Oxygen 8 [He] 25°2p* 16 2
Sulphur 16 [Ne] 3s3p* 16 3
Selenium 34 [Ar] 3d* 4¢ 4p* 16 4
Tellurium 52 [Kr] 4d™ 5¢ 5p* 16 5
Polonium 84 [Xe] 4f4 bd? 65> 6p* 16 6

3.5 GROUP17-THEHALOGEN FAMILY

Group 17 of the periodic table containsthe elementsfluorine, chlorine,
bromine, iodineand astatine. Thesearecollectively knownasHALOGENS. It
isderived from two Greek words Halo and Gens meaning “ Salt producer”.
Becausemost of them exist in Seawater.

General Trends
Electronic Configur ation: All thesed ementspossessnsnp® configuration.
Table 3.5 Electronic Configuration of group 17 elements

Element ,\'T‘ Lgfnrglec:r Electronic Configuration Nclajrr:])llajgr NFLerrT:g(;
Fluorine 9 [He] 2s22p® 17 2
Chlorine 17 [Ne] 3s23p° 17 3
Bromine 35 | [Ar] 30 4% 4ps 17 4
lodine 53 [Kr] 4d™ 55 5p° 17 5
Adtatine 85 [Xe] 4f** 5d'° 65 6p° 17 6
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Chemical Properties

1. Oxidising power: Animportant feature of the halogenistheir oxidising
property whichisdueto high e ectron affinity of halogenatoms. Theoxidising
power decreasesfrom fluorinetoiodine. Fluorineisthestrongest oxidising agent.
It oxidisesother halideionsto ha ogensin solution or whendry.

F,+2X7 =52F~+X, (X7 = Cl7,Br—I")
Hal ogen of low atomic number oxidisesthe haideion of higher @omic number.

2. Solubility: Halogens, being non-polar molecules, do not dissolveto a
considerableextentin apolar solvent likewater. However, fluorinereactswith
water readily forming amixtureof O, and O,

2F,+2H,0 —4HF+O0,
3F,+3H,0 —6HF+O,

Chlorine, bromineand | odine are more solublein organic solventssuch as
CCl,, CHCI, and produceyellow, brown and vielet colour.

3. Hydridesof theHalogens(Hydrogen halides):

i)  All haogensreact with hydrogentoformvolatilecovaent hydridesof formula
HX.

i) Thesehydridesarecaledhydracids.

i) Theactivity of halogenstowardshydrogen decreasesfromfluorinetoiodine.
Hydrogen combinesexplosively with fluorineevenindark. It combines
with chlorine in'the presence of sunlight and with bromine on heating.
Hydrogen combineswithiodine on heating and in presence of acatayd.

iv) Hydracidsarethereducing agents.

v) Except HF, al hydrogen halidesaregases. HF isaliquid becauseof inter
molecular hydrogen bonding.

vi) Theacidic character of HX areinthefollowing order.
HF <HCI <HBr <HI.
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AnamalousNatureof Fluorine

1

Fluorineisthe most reactive element among halogen. Thisisduetothe
minimum value of F—~bond dissociation energy.

Huorinedecomposescold diluteakaiesliberating OF,, and withconc. akadi,
O, isliberated. Under similar conditions, the other halogenswill giveriseto
the hypohalitesand hal atesrespectively.

It hasthe greatest affinity for hydrogen, forming HFEwhichisassociated
dueto the hydrogen bonding. Hydrofluoric acidisawesak acid whereasthe
other hydrohalic acidsare strong acids.

It differsmarkedly from the other halogensinthat it can form two typesof
sdtswith metals. NaF and NaHF,,

Thesaltsof HF differ from the corresponding saltsof other hydracids. AgF
issolubleinwater whilethe other AgX areinsoluble.

Being strongly el ectronegativeitcan have only anegative oxidation state
whilethe other halogens can have negative aswell as positive oxidation
state.

HF attacks glasswhile othersdo not.
Fluorine, because of the absence of d-orbitalsinitsvalence shell doesnot
formany polyhalides. Thuswehavel, ™, Br,~, Cl,"ionsbutno F,"ion.

ETCHING ON GLASS

Etchingglass

Industrialy, hydrogen fluorideisobtained by heating fluorspar (CaF,) with

concentrated H,SO, inalead vessdl.

CaF, + H,SO,— CaSO, + 2HF.
HF distilsover and the vapoursare condensed in water in alead receiver.

Aqueous HF thus obtained isstored in wax bottles. 1t cannot be storedin glass
or silicabottlesasit attackssilicatesand silica

Na, SO, + 6HF — Na,SiF, + 3H,0
SO, +4HF — SiF,+2H,0
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Theaction of hydrofluoric acid on silicaand silicatesisused for etching
glass. Theglassarticleisfirst covered with afilm onwax. Thedesignto be
etched isnow drawn on the waxed surface and isthen exposed to the action of
hydrofluoric acid. Now the glass can bevery soon etched. Thewax isfinally
washed off with turpentine.

35.1 ISOLATION OF FLUORINE
Symbol -F  Atomicnumber-9  PeriodNumber : 2
Vdency—1 Atomicmass-19 GroupNumber 17
Fluorine does not occur freein nature. 1t occursinthe combined form.

Dennis Method: Thiswasdevised by Dennis, Veederand Rochow in 1931.
Inthisfluorineisprepared by the electrolysis of fused sodium or potassium
hydrogen fluoride (perfectly dry) Electrolysisis carried out between graphite
electrodesin aV-shaped el ectrically heated copper tube. The ends of thetube
are covered with copper capsinto which the graphite el ectrodes arefixed with
bakelite cement. The copper tubeisthickly lagged to prevent lossof heat.

KHF, — KF+HF

2

HF > H +F
2H'+2e" —H, (At cathode)
2k - 2¢" > F, (Atanode)

BAKELITE
STOPPERS +

RESISTANCE
FURNACE

Fig. 3.3 Preparation of fluorine
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Fluorineliberated at the anodeis passed through the U-tube containing
sodiumfluoride. Thisremovesthehydrogen fluoridevapourscomingwith fluorine.

NaF +HF — NaHF,
Physical Properties

1. Huorineisagasand haspaegreenishyelow colour.
2. Ithasextremey pungent and penetrating odour.
3. Itisheavierthanair.

Chemical Properties
Fluorineisthemost active member of halogenfamily.

1. Actionwith Hydrogen: Hydrogen explodesviolently influorineevenin
the dark.

H,+F, — 2HF

2. Actionwith non-metals. Non-metas like carbon, silicon and phosphorus
burninfluorineformingfluorides.

C+2F,— CF,
Tetrafluoromethane

S +2F,— Sy
Silicontetrafluoride

2P + 5F, = 2PF,
Phosphorus pentafluoride
3. Actionwith metals: It reactswith metal sforming corresponding fluorides.
2Ag+F,— 2AgF
2Al + 3F, — 2AIF,

4. Formation of I nterhalogen compounds Itformsavariety of inter halogen
compoundswith other hal ogens.

Br2 + 3F2 — 2Br F3
I,+5F,— 2 IF5
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Uses

1

w N

o o A

Fluorineisused in the manufacture of aseriesof compoundsknown as
freons. Thesenon-toxic, non-combustibleand volatileliquidsareused as
refrigerantsin refrigerators, deep freezersand air conditioners. Themost
common, freonisknown asdichlorodifluoro methane CF, Cl.,.

CaF, isused as flux inmetallurgy.

NaF isused asapreservativeto prevent fermentation and a so for preventing
dentd cavities.

SF, isused asaninsulating material in high voltage equipment.
Teflonisused ascontainer to store hydrofluoric acid.
UF, isused in the separation of U** from U%®2,

NTERHALOGEN COMPOUNDSOR INTERHALOGENS

Each hal ogen combineswith another halogento form several compounds

known asinterha ogen compounds. Thelesse ectronegative e ement iswritten
firgt. Innaming aso, thelessel ectronegative element ismentioned fird.

They aredividedinto four types.

AX AX, AX. AX,

CIF

BIF CIF,

BrCl BIF, BrF IF
IF 7

I¢l Icl, 5

IBr

They candl be prepared by direct combination or by theaction of ahalogen

on alower interha ogen, the product formed depends on the conditions.

473K
Cl+F,(equa volume) —» 2CIF(AXtype)

L+ Cl liquid (equi molar) — 2ICl (AX type)

573K
Cl,+ 3F, (excess) —» 2CIF, (AX, type)
Br, + 3F, (diluted with nitrogen) — 2Br F,
Br, + 5F, (excess) — 2Br F, (AX, Type)
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I, +5F, (Excess) — 2IF, (AX, Type)
573K
IF, +F, (Excess) —» IF,(AX, Type)

Thebondsare essentially covalent because of the small el ectronegativity
difference, and the melting and boiling points increase as the differencein
€lectronegativity increases.

Theinterhalogensare generally morereactivethan the halogens (except F)
becausethe A-X bondiswesker thanthe X—X bondinthehaogens. Thereactions
aresmilar tothose of thehaogens. Hydrolysisgiveshaideand oxyhalideions,
the oxyhalideion being formed from thelarger hal ogen present.

BrF5 +30H —p 5F + BrOS_ + 3 H*
Bromate

ICl + OH- —» Cl + O “+ H*
hypoiodite
Structuresof inter halogen compounds

I nterhal ogen compounds are generally covaent compoundsinwhichthe
larger halogen formsthe central atom.

1. TypeAX. Asexcepted, thecompoundsof thetype AX arelinear. Thus
CIF, BrF, BrCl, IBrand ICl aredl linear instructure.

Electronic structure of Chlorine atom, in the ground state and hybridised
stateisrepresented asinFig. 3.4.

O OO 00000

ATOM IN GROUND STATE X

Lmear Molecule

L -OBY 00000  *

Four sp® hybrid orbitals

Figure3.4 Linear structureof theinter halogen compounds
of thetype AX
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Although the spatial arrangement of the four electron pairs (bp =1 and
Ips=3) round the central chlorine atomistetrahedral, dueto the presence of
threelone pairsof eectronsin three hybrid orbitals, the shape of AX molecule
getsdistorted and becomelinear.

2. TypeAX,Compoundsof thetype AX, havetrigond bipyramidal structure,
Fig. 3.5for the CIF, molecule.

Bipyramidd structurearisesout of sp°d hybridisationinvolvedintheformation
of thiscompound, asillustrated inthe Fig.3.6. Thethreedotted arrowsindicate
electronscontributed by thethreefluorineatoms (without lonepairitis T-shaped).

»e

Fig. 3.5Bi pyramidal structureof ClIF, molecule

3s 3p 3d
Only one unpaired @ @ @ O O O O O
electron permits one
covalent bond. ATOM v GROUND STATE

Three unpaired elec-

trons permit three @@ @
covalent bonds.

ATOM IN EXCITED STATE
Formation of CIF,
molecule by sp3d

el D OO GOOO0O

sp3d HYBRID'SATION

Fig. 3.6 sp’d hybridisation involved in thefor mation of Cl F, molecule

3. Type AX;(IF, BrF,, etc.) These compounds are formed by sp’d®
hybridisation and hence have an octahedr al structure, asshowninFig. 3.7 for
theformation of IF, molecule (without lonepair itissquare pyramidal).
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O OO0 00000
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4.  TypeAX. (IF,). Thiscompound has apentagonalbipyramidal structure
sincethisisformed by sp*d®hybridisation. F
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Fig.3.8Structureof | F,
Problem

An element A occupiesgroup number 17 and period number 2, shows
anomalous behaviour. A reactswithwater formsamixtureof B, C andacidD.
B and C areallotropes. A also reactswith hydrogen violently evenin dark to
giveanacid D. Identify A,B,C and D. writethereactions.

Solution
i) «Theelement A that occupies group number 17 and period number 2is
fluorine.

i) Fluorinereactswith water and formsamixtureof BandC
2F,+2HO0 — 4HF+O,
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3F,+3H0 — 6HF+O,
Therefore, B isOxygenand C isOzone.

i)  Fluorinereactswith hydrogentogiveD.

F,+H,

— 2HF

D isHydrofluoric acid.
3.6 GROUP 18 NOBLE GASESORINERT GASES

Group 18 of the periodic table consists of helium, neon, argon, krypton,
xenon and radon. All these are gasesunder ordinary conditions of temperature
and pressure. All of them (except Rn) arepresent inair intraces. Rnisobtained
fromradio activedistintegration of radium.

Onaccount of their very minute quantitiesin aimosphere, they werenamed
asrare gases. Dueto their chemical inactivity these were named asinert
gases. A number of xenon compounds and twokrypton fluorideswere prepared
and thusthey were named as noble gases.

Electronic Configuration

All thesedementspossessns? np? configuration. Thedifferentiating electron
entersinto p-sub shell and thusareincluded in p-block elements.

Table 3.6 Electronic Configuration of Group 18 elements

Element I\T Ltj(r::EIeCr Electronic Configuration N?J::l)tl)ﬁ NF;errT:g(;r
Helium 2 1< 18 1
Neon 10 | 1s925°2p° 18 2
Argon 18 | 1s25°2p°3¢” 3p° 18 3
Krypton 36 1°25°2p°3s23p°3d4s? 4pP 18 4
Xenon 54 1°2522p°3s23p3d4s? 18 5

4p°4d95s 5p°
Radon 86 |1°2522p°3°3pP3d4s’ 4p° 18 6
4d94f“5s? 5pf5di°6es” 6p°
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ISOLATION OF NOBLE GASES

Thenoble gasesareisolated from air by removing oxygen and nitrogen
fromair freefrom carbon-di-oxide, water vapour, dust particles, etc.; Thiscan
beaccomplished by either chemica methodsor physical methods. Inthechemica
method, the unwanted gases are removed by means of compound formation
whilein the physica method, these are removed by thefractional evaporation of
liquidair.

CHEMICAL METHOD

Thefirst stepin thismethod isto isol ate the neble gases mixed together,
from the atmosphere by passing repeated el ectric sparksin air so asto remove
nitrogen and oxygen asnitrogen dioxide (N, +20, = 2NO, ). The second step
isto separate the vari ous constituentsfrom oneanother taking advantage of the
fact that they can be adsorbed on activated charcoal at different temperatures.

Step 1 Removal of oxygen and nitrogen of the atmosphereasNitrogen
dioxide

Ramsay - Raleigh’smethod: - A mixtureof air and oxygenisconstantly
admitted into aglassglobe of about 50 litres capacity. Two platinum electrodes
areintroduced and adischargefrom atransformer of about 6000 - 8000 voltsis
passed by the action of which nitrogen and oxygen rapidly combineto form
oxidesof nitrogen. Theoxidesaredissolved outinasolution of sodium hydroxide
continuoudy circulated through theflask.

N+0O, . —2NO
2NO +0, — 2NO,
2NO, + 2NaOH — NaNO, + NaNO, +H,0

Oxygenif any isremoved by introducing alkaline pyrogallol intheglobe.
Thesupply of air and dectric dischargeisshut after sometimeand theremaining
mixture of noble gasesispumped ouit.
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To Transformer

P

Soda out
—

-
Soda in

Fig. 3.9 Chemical method for isolation of noble gases
Step 2 Separation of noble gases(DEWAR'SMETHOD)

The mixture of noblegasesobtained by the above method is separated into
individual constituents by the use of coconut charcoal which adsorbsdifferent
gasesat different temperatures.

Gasesin
—_

COCONUT
CHARCOAL

COLD 8ATH

—— DEWAR FLASK

Fig. 3.10 Separ ation of noble gases (Dewar’smethod)

Themixtureof noble gasesis passed into adouble-walled bulb containing
coconut charcoal and placedinalow temperaturebath at 173K. Itisallowed to
remainin contact with the charcod for about half an hour. At 173K, only argon,
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krypton and xenon are adsorbed by the charcoa while heliumand neon remain
unadsorbed. These are pumped out and collected.

Themixtureof helium and neoniskept in contact with coconut charcoa at
93K which completely adsorbs neon leaving free helium.

Thecharcoal at 173K containing argon, krypton and xenonisplaced in
contact with another charcoal at the temperature of theliquidair when argon

diffuseintotheother charcod.

Thetemperature of thefirst charcoa (temp.173K) still containing krypton
andxenonisraisedto 183K when kryptonissat freewhilexenon remain adsorbed
inthe charcoa. Whenitisheated, xenonisrecovered.

XENON FLUORIDE COMPOUNDS

Xenonformsthree binary Fluorides Xek;, XeF,, and XeF, by thedirect
union of eementsunder appropriate experimenta conditions.

673K
Xet+F —» Xek

2 2

673K
Xe+2F, — b~ "XeF

4

573K
Xet3F, . =—»  XeF

6

PROPERTIES: XeF,, XeF, and XeF_arecolourlesscrystalinesolidssubliming
readily at 298K. They are powerful fluorinating agents. They are readily
hydrolysed by even tracesof water. For example.

2XeF,+2H,0 — 2Xe+ 4HF + O,

Structure: The structure of the three xenon fluorides can be deduced from
VSEPR theory. XeF, and XeF, have the linear and square planar structure
respectively. XeF,, has 7 electron pairs (6 bonding and onelone pair) and thus
have adistorted octahedra structurein the gas phase.
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USESOF NOBLE GAS

(A)HELIUM

1. Becauseof itslightnessand non-inflammability heliumisusedtofilling
ball oonsfor meteorol ogical observations.

2. Becauseof itslightnessitisusedininflating aeroplanetyres.

3. Hdiumoxygen mixtureisused by deep-seadiversin preferenceto nitrogen
oxygen mixtures. Itismuch lesssolubleinbloodthan N,,. Thisprevents
“bends’ whichisthepain caused by formation of nitrogen bubblesin blood
veinswhen adiver comesto the surface.

4. A mixtureof oxygenand heliumisused inthetreatment of asthma.

5. Liquidhdium (b.pt 4.2K) isused ascryogenic agentfor carrying out various
experimentsat low temperatures.

6. Itisusedto produceand sustain powerful super conducting magnetswhich
formessentid part of modern NM R Spectrometersand M agnetic Resonance
Imaging system (MRI) for clinica diagnosis.

(B) NEON

1. Neonisusedindischargetubesand fluorescent bulbsfor advertisement
display purposes.

2.  Mixedwithheliumitisused toprotect electrical instrumentsfrom high
\oltages.

3. Itisasousedinbeaconlightsfor safety of air navigation asthelight possesses
fog and storm-penetrating power.

4. Neonlightisusedinbotanica gardensasit stimulatesgrowth and helpsthe
formation of chlorophyll.

(C) ARGON

1. Mixedwith 26% percent nitrogenitisusedin gasfilled electriclamps.

2. Itisasousedinradiovavesandtubes.

(D) KRYPTONAND XENON

1. Kryptonandxenonaredsousedinfillingincandescent metd filament dectric
bulbs.

2. Theyareadsousedtoasmall extentindischargetubes.

(E) RADON

1. Itisusedinradioactiveresearch andinradiotherapy for trestment of cancer.
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SELFEVALUATION
Choosethecorrect answer
Which of thefollowing doesnot belong to group 137?

aB b) Al c) Ge d)In
Which of thefollowing ismost abundant in earth’scrust?
aC b)S c) Ge d) Sn

Andement whichwasburnt inlimited supply of airtogiveoxide A which
on treatment with water givesan acid. B. Acid B on heating givesacidC
whichgivesyellow precipitate with AgNO, solution A is

a) SO, b) NO, c)P,0O, d) SO,
Thecompoundwith garlicodour is

a)P,0O, b) P,O, ¢) H,PO, d) H,PO,
Theshapeof PCl, is

a) pyramida b) trigona bipyramidal

C) linear d) tetrahedra

The compound used assmoke screen

a) PCl, b) PCl, c) PH, d) H,PO,

Which showsonly -1 oxidation state?

a) fluorine b) bromine c¢) chlorine d)iodine

One can draw the map of building onaglassplate by

a) HI b) HF C) HBr d) HCI

Amongthe halogen acid, theweakest acidis

a) HF b) HCI C) HBr d) Hi
. "Halogensbelong to the group number

a 14 b) 15 c) 17 d) 18
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12.

13.

14.

15.

B.

16.
17.
18.
19.
20.

The noble gases are unreactive because they

a) have samenumber of electrons  b) havean atomicity of one
c) aregaseswithlow densities d) have stable € ectronic configuration.

Theshapeof XeF,is
a) tetrahedral  b) octahedral ) squareplanar d) pyramida
Whichisnot known?

a) XeF, b) XeF, c) XeO, d) Ark,
Thelightest gaswhichisnon-inflammableis

a) He b) H, C)N, d) Ar
Which of thefollowing hashighest first ionisation energy?
a) He b) Ne C) Ar d) Kr.

Answer in oneor two sentences
Writeanote on plumbo solvency.

H,PO, isdiprotic. Why?

Draw thestructureof a) PCl ; b) H.PO,
Provethat P,O, apowerful dehydrating agent.
Why H_OisaliquidwhileH,Sisagas?

21. Why the compounds of fluorinewith oxygen are called fluorides of oxygen

22.

23.
24,
25.
26.

and not oxides of fluarine?

Fluorineatom ismore el ectronegativethan iodineatom yet, HF haslower
acid grengththan HI. Explain?

What areinterhal ogen compounds? How arethey formed?
Discusstheoxidising power of fluorine.

How.is XeF, prepared?

Why do noble gasesform compoundswith fluorineand oxygen only?
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27.

28.
29.

30.

31.

32.

33.
34.

Writethe usesof Neon?
Answer not exceeding 60 wor ds
What aresilicones? How arethey prepared? Mentionitsuses?

Givean account of manufacture of lead. Describeitsimportant properties
and uses.

How arethefollowing compounds prepared from phosphorus?

a) PO, b) P,O, c) PCl, d) PCl;. €) PH,

How fluorineisisol ated fromtheir fluorides? Describeitsimportant properties
and uses.

Giveadetalled account of theinterha ogen compoundswith specid reference
tothecompoundsinvolvingiodine. Draw their structures.

Describein detail how noblegasesareisolated fromair?
Givean account of varioustypesof compoundswhich areformed by xenon?
Practice Problems

An element A belongsto 14" group isametal, which can be cut with a
knife. Itisnot agood conductor of heat and eectricity. A in purestatedoes
not react with water but air dissolved water formshydroxide. Identify A.

Anelement A occupiesgroup number 15 and period number 3, exhibits
allotropy and it istetraatomic. A reactswith caustic sodaato give B which
ishaving rotten fish odour. A reactswith chlorineto give C which hasa
smell of garlic. Identity A, B and C. Writethereactions.

An element A occupiesgroup number 15 and period number 3, reactswith
chlorinetogivecompound B. Thecompound B on hydrolysisgivesadibasic
acid C. Thecompound C on hegating undergoesauito oxidation and reduction
togiveatribasicacid D. Identify theelement A, compound B, C and D.
Writethereactions.

Anedement A occupiesgroup number 17 and period number 2, isthemost
electronegative dement. Element A reactswith another element B, Which
occupiesgroup number 17 and period number 4, to giveacompound C.
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Compound C undergoes sp*d? hybridisation and has octahedral structure.
Identify the elements A and B and the compound C. Writethereactions.

SUMMARY

»  Groups 13-18 of the periodic tableare known as p-block elements.

»  Group 13isknown asboron family. Potash aumismanufactured from
dunite

»  Group 14isknown ascarbon family. Siliconesare organo silicon
polymers. Lead isextracted from galena.

»  Group 15isknown asnitrogen family. Phosphorusform oxides, halides,
oxyacidsand hydrides.

»  Group 16isknownasoxygenfamily.

»  Group 17 isknown ashaogen family. Huorinehasdifferent behaviour than
other hal ogens. Halogensare extremely reactive and assuch they arefound
inthecombined sateonly. Fluorineisthemost e ectronegeativeof dl dements.
F, isobtained by electrolysisof theirhalide sdts.

» Group 18isknown asrare gasesorinert gases, with closed valence shell
el ectronic configuration exhibit low chemica reactivity. Xenon canform
compoundswith fluorine.
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4. d-BLOCK ELEMENTS

Learning Objectives

> To study the nature of four transition series and their general
characteristic properties of d-block elements.

> To learn the general methods of extraction of metals.
> To have an idea about the composition, properties and uses of alloys.

> To study about the methods of preparation of compounds, their
properties and uses.

4 N\
“Therewill comeatime, when theworld will befilled with onescience, one
truth, oneindustry, onebrotherhood, onefriendship with nature... thisismy
belief, it progresses, it grows stronger, thisisworth living for, thisisworth
watingfor.”

Dimitry Mendeleyev, Russan Chemistin YA Urmantsev.
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d-Block
TRAMNSITION ELEMENTS

5] 6 [ 7 1% 19110

23 (24|25 |26 | 27| 23
V | Cr|Mn|Fe |Col| Hi

41 |42 | 43 |44 |45 |
Mb |Ma| Tc |Fu | Rk | Pd

T I E S IS LT T
Ta | W | Be |Os | Ir | Pt

105 | 106 | 107|102 | 109 [ 110
Ha | Dh | Bh | Hs | Mt |Uun

Thed-block elementsarelocated in themiddle of the periodic table and
conggsof metasonly. It consstsof four series, each seriesconsstsof 10 ements.

Inthese elements, thelast el ectron entersthed orbital of the penultimate
shdl i.e. thelast electron goesto (n-1) d orbital. Hencethese d ementsare named
as d-block elements. These elements have partly filled d-subshellsin their
elementary formor intheir smpleions. Thed-block dementsarecaledtrangtion
elementsbecausetheserepresent atrangtion from highly e ectropositivee ements
(metals) of s-block to | east electropositive e ements (non-metal s) of p-block.

Classification of d-block Elements

Based on whether thelast el ectron goesto 3d,4d,5d or 6d orbital, d-block
elementsare classified into four series. They are

i) 3dseriesorFirsttransitionseries(,,Scto,,.Zn)
ii) 4dseriesor Second transition series(,,Y to ,,Cd)
i) 5dseriesor Thirdtransitionseries(,Laand ,,Hf to . HQ)

iv).. 6d seriesor Fourthtransition series (,,Acand , Rf to 112) or Incomplete
sies.
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Electronic configuration of d-block Elements

Inthetransition elements, d-orbitalsof penultimate shell are successively
filled. Thefirst trangition seriesinvolvesthefilling of 3d orbitals. It startsfrom
scandium (Z=21) and goesup to zinc (Z=30).

The second transition seriesinvolvesthefilling of 4d-orbitalsandincludes
10 dementsfrom yttrium (Z=39) to cadmium (Z=438).

Thethird trangtion seriesinvolvesfilling of 5d-orbitas. Thefirst dement of
this seriesis lanthanum (Z=57). It is followed by fourteen elements called
lanthanideswhichinvolvethefilling of 4f-orbitals. The next nineelementsfrom
hafnium (Z=72) to mercury (Z=80) belongto thirdtransitionseries.

The general electronic configuration of . transition elements is
(n-1)d*°ngt2,

4.1 General characteristicsof d-block elements
4.1.1 Atomicand lonicRadii

Theatomicandionicradii of trangtionelementsaresmaller thanthose of p-
block el ementsand larger than those of s-block elements. Theatomicandionic
radii of first trangtionelementsaregiveninthe Table4.1.

Table4.1 Atomicradii of elementsof first transition series

Element Sc Ti \V Cr{Mn| Fe | Co | Ni Cu Zn

Atomic

(pm) radii 144 /132 122| 118 | 117 | 117 | 116 | 115 | 117 | 125

Theatomic radii of first transition series decreasesfrom Scto Cr and
remainsalmost.constant till Cu and then increasestowardsthe end. Thiscan
be explained based on two effects namely screening and the nuclear charge
effect. Thesetwo effects oppose each other resulting inincrease in nuclear
charge. Hence very slight variation in the atomic radii from Cr to Cuis
observed.

It has been observed that Zirconium and Haf nium have almost equal
atomicradii. Thisisbecause of |anthanide contraction.

412 Metalliccharacter
All thetransition e ementsaremetas, sincethe number of dectronsinthe
outermost shell isvery small, being equal to 2. They are hard, malleable and

101



ductile. The presence of partially d-orbitalsfavours covaent bonding. These
metalsare good conductorsof heat and el ectricity.

4.1.3 Formation of colouredions

Mogt of thetrangtion metal compoundsarecoloured intheir solid or solution
form. The colour of transition metal ionsisdueto the presence of unpaired
electronsin it and the energy gap between two energy levels in the same
d-subshd| being smal. Hencevery smdl amount of energy isrequired for excitation
of electronsfrom oneenergy level totheother. Theenergy canbeeesily provided
by thevigblelight. The colour observed correspondsto thecomplementary colour
of thelight absorbed.

The colour of sometransition metal ionsaregiveninthe Table4.2.

Ton Outer Configuration Colour
Sc¥, T+ 3do Colourless
T#* 3! Purple
S idz Creen

A Ty 3d3 iolet
M3+ Jd4 WVinlet
Ind+ 3ds Fink
Fex Jds Brown
Fex 3ds Creen
Cod 3d7 Pink
M2 Jds Green
Cu Jde Blue
Cur idw Colourless
T+ Jdw Colourless
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It may be noted that Zinc, Cadmium and Mercury saltsdo not form.any:
coloured compoundsbecause of theabsenceof vacant d orbital sto which e ectrons
canbeexcited. Sc* ionsarea so colourlessbecause of theabsence of d-electrons.

4.1.4 Catalytic Properties

Most of thetransition metalsand their compounds are used ascatalyst.
Thecatalytic activity of transition metalsisdueto thefollowingreasons.

i)  They show avariety of oxidation statesand thereby canform intermediate
productswith variousreactants.

i) They areaso capableof forming interstitial compoundswhich can adsorb
and activatethereacting species.

Some examplesof catalyst are

i) Iron/molybdenum act ascatalyst inthe synthesi s of ammoniaby Haber’s
Process.

i) Vanadium pentoxide (V,O,) isusedfor catalytic oxidation of SO, t0 SO,

iii) TiCl,isemployed asacatayst inthemanufactureof polythene.

415 Variableoxidation states

All trangtiondementsexhibit variety of oxideation Sates(or) variablevaencies
intheir compounds. Thisproperty isduetothefollowing reasons.

i) Theseelementshaveseveral (n—1) dand nselectrons.
i)  Theenergiesof (n—21)d and nsorbitalsarefairly closeto each other.
Salient featur esof oxidation statesof transition elements

1. Thedementswhich exhibit the maximum number of oxidation states occur
either inornear themiddle of the series. For example, inthefirst transition
seriesmanganese exhibits maximum number of oxidation Sates(+2to +7).

2. Thedementsinthebeginning of the seriesexhibit fewer oxidation states
because they have less number of d-electrons which they can lose or
contributefor sharing. The elementsat the end of the seriesexhibit fewer
oxidation states, because they havetoo many d el ectronsand hencefewer
vacant d-orbitalscan beinvolvedin bonding.
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3. Thetrangtioneementsinlower oxidation states (+2 and +3) generdly form
ionic bondsand in higher oxidation state form covalent bonds.

4. Thehighest oxidation state shown by any trangition metd is+8. Forexample,
ruthenium and osmium show highest oxidation states of +8insomeaf their
compounds.

5. Sometransition metalsshow oxidation state of zero in their compounds.
Ni(CO), and Fe&(CO), are common examples.

4.1.6 MagneticProperties

The magnetic properties of asubstance are determined by the number of
unpaired electronsinit. There aretwo main typeof substances.

i) Paramagnetic substances

The paramagnetic character arises because of the presence of unpaired
electrons. Paramagnetic substances are the substances which are attracted by
magneticfidd.

i) Diamagnetic Substances

Diamagnetic character arisesbecause of the absence of unpaired electrons.
Diamagneti ¢ substance are the substanceswhich are repelled by the magnetic
fidd.

Most of thetransition elementsand their compoundsare paramagnetic and
areattracted by magneticfield. Greater the number of unpaired electronsinthe
substance greater isthe paramagneti c character, The magnetic character of a
substanceis expressedin termsof magnetic moments. The magnetic moment
can beca culated using therelation

H=4/n(n+ 2)BM (Bohr Magneton)
N = number of unpaired eectrons
Example

Ti%" - Thenumber of unpaired electronsis 1. Hence

n=y1(1+2)BM = /3 =1732B.M
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Larger the va ue of magnetic moment, thegreater isthe paramagnetic character.

In addition to paramagnetic and diamagnetic substance, there areafew
substancessuch asiron which arehighly magnetic ascomparedto ordinary metas.
These substancesare call ed ferromagnetic substances

4.1.7 Complexformation

The cationsof d-block elements have strong tendency to form complexes
with certain molecules (e.g. CO, NO, NH.....etc) or ions(e.g. F, CI, CN-
....etc) cdledligands. Their tendency to form complexesisdueto two reasons.

i)  Smdl szeand high positivechargedensity.

i)  Presenceof vacant (n-1)d orbital swhich areof appropriate energy to accept
lone pair and unshared pair of € ectronsfromtheligandsfor bonding with
them.

Examplesof somecomplex compoundsare,
[Cu(NH,),J**, [Ag(NH,),]*, [FE(CN) J*.....€tc.
4.1.8 Formation of alloys

Trangition metalsform all oyswith each other. Thisisbecausethey have
amost smilar sizeand theatomsof onemetal can easily takeup positionsinthe
crystal lattice of the other.

Eg. Alloysof Cr-Ni, Cr-Ni-Fe, Cr-V-Fe, Mn-Fe......etc.
4.2 FIRST TRANSITION SERIES
4.2.1 Occurrenceand principlesof extraction of copper

Atomicmass (:.63.54 Vdency : land?2
Atomicnumber.; 29 Symbol : Cu
Positionintheperiodictable: Period Number -4, Group Number -11.

Occurrence

Copper wasknown to theearliest racesof mankind. It wasnamed ascuprum
by the Romansbecausethey used to get it fromtheisland of Cyprus. Copper
isfoundinthenative state aswell asin the combined state. Native copper is
foundinlargequantitiesin Michigan (USA). InIndia, copper ismainly foundin
Singhbhum (Bihar), Khetri and Darbia(Rajasthan) andin Tamilnadu.

105



Ores

)  Copper pyrite, CuFeS..
i)  Cupriteor Ruby copper, Cu,0.
iii)  Copper glance, Cu,S.
Thechief oreof copper iscopper pyrite. It yieldsnearly 76% of theworld
production of copper.

Extraction from copper pyrites

Extraction of copper from copper pyritesinvolvesthefollowing steps.
1. Crushingand concentration

Theoreiscrushed and then concentrated by froth-fl oatation process.
2. Roasting

The concentrated oreisheated strongly inthe reverberatory furnace, in
excessof ar. During roasting,

)  Moistureisremoved.

i)  Thevolatileimpuritiesareremoved.

ity Sulphur, phosphorus, arsenic and antimony which are present asimpurity
areremoved asvolatileoxides.

S+0, - SO,
P, + 50, = 2P0,
4As+ 30, =1 2As0O,
iv) Thecopper pyriteispartly converted into sulphidesof copper andiron.

2CuFeS, +0, — Cu,S+ 2FeS+ SO,
2FeS+30, — 2FeO+2S0,

3. Sméditing

Theroasted oreismixed with powdered cokeand sand andisheatedina
blast furnace. Itismade of sted plateslinedinsdewithfireclay bricks. Hot air at
800°Cisintroduced from thetuyersnear the base of thefurnace. Asaresult, the
following changesoccur.

2FeS + 30, — 2FeO+ 230,
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FeO + SO, — FeSO,(fusiblesag)
2CuS+ 30, — 2Cu0 +2S0,
Cu0 + FeS — CuS+ FeO

FeO + SO, — FeSO,(fusbledag)

Asa result of smelting, two separate molten layersareformed at the bottom of
thefurnace. Theupper layer consistsof dag andisremoved asawastewhilethe
lower layer iscalled matte. It chiefly consists of cuproussulphide and some
unchanged ferroussulphide.

4. Bessemerisation

Themolten matteistransfered to aBessemer converter asshownintheFig.
4.2. The Bessemer ismounted on ahorizontal axisandisfitted with small pipes
caled tuyeresthrough whichablast of hot airand fine sand isadmitted.

Any sulphur, arsenic and antimony still-present escape astheir respective
oxides. Ferrous sul phide present in matteis oxidised to ferrous oxide which
combineswithslicatoformdag

oFeS + 30, — 2FeO«+ 1250,
FeO + SO, — FeSIO, (sag)

Some of the cuprous sulphide undergoes oxidation to form cuprousoxide
which then reactswith more cuprous sul phideto give copper metal. Theimpure
metal thus obtained iscalled blister copper and isabout 98% pure.

2Cu,S + 30, \— 2Cu0 + 2S0,
2Cu,0 + CuS — 6Cu  + SO,

5. Ré€fining

Blister copper containsabout 2% of impuritiesanditispurified by eectrolytic
refining.
ElectrolyticRefining

Thismethod isused to get metal of high degreeof purity. For electrolytic
refining of copper,

i) A block of impure copper metal actsasanode
ii) A thinplateof pure copper metal actsascathode
iif)  Copper sulphatesolution acidified with sulphuric acidistaken aselectrolyte.
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When el ectric current i s passed through the e ectrol yti ¢ sol ution pure copper get
deposited on the cathode ,impurities settle near the anodein theform of dudge
called anode mud.

Properties
Physical properties

Copper isareddish brown metal, with high lustre, high'density and high
melting point 1356°C.

Chemical Properties
i) Actionof air and moisture

Copper getscovered with agreen layer of basic copper carbonate, inthe
presence of CO, and moisture

2Cu+0,+CO,+H,0 —  Cu(OH),.CuCO,
(Green) Copper Carbonate

if) Action of Heat

Copper when heated to redness(below 1370K) inthe presence of oxygen
or air, first it gets converted to black cupric oxide and further heating to above
1370K, it gets converted into red cuprous oxide.

2Cu + O, ¢, Baw B0OK . 2CuO
4Cu + O, ([ Abe 130K, 2Cu,0O

iii) Action of acids
a) Withdil.HClandH, SO,

Diluteacidssuich asHCl and H,SO, have no action onthese metalsinthe
absence of air or-an oxidising agent. Copper dissolvesin these acidsin the
presenceof ar

2Cu +4HCI + 0O, (ar) — 2CuCl, + 2H O
2Cu+2H,SO,+ O, (air) — 2CuSO,+2H.,0
b) “Withdil. HNO,
Copper reactswith dil. HNO, with theliberation of NO gas.
3Cu+8HNOdil) — 3Cu(NO,), + 2NOT +4H,0
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¢) Withcon.HNO,and con.H,SO,

Copper reactswith con.HNO, and con.H,SO, withtheliberation of
NO, and SO, respectively.

Cu+4HNO,(con) —  Cu(NO,),+2NO,T +2H,0
Cu+2H,S0,(con) — CuSO,+SO,T +2H,0
iv) Action of chlorine
Chlorinereactswith copper, resulting intheformation of copper chloride.
Cu+Cl, — CuCl,
v) Action of alkalis
Copper isnot attacked by alkalies.
Uses

1. Itisextensvely used for making eectriccablesand other e ectric appliances.
2. Itisusedfor making utensils, containers, caorimeters, coins, ...... etc.

3. Itisusadinéectroplating.

4. Itisaloyedwithgold and silver for making coinsand jewellery.

Alloysof Copper

Alloy % compaosition Uses

i) | Brass Cu = 60-80, Zn = 20-40 | For making utensils, condenser
tubes, wires, .....etc.

i) | Bronze |Cu=75-90, Sn=10-25 | For making cooking utensls,
statues, coins...€tc.

iii) | Gunmetd| Cu = 87, Sn = 10, Zn = 3| For making gun barrels, gears,
castingsetc.
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4.2.2 Occurrenceand principlesof extraction of chromium

Chromium
Atomicmass @ 51.99 Vdency : 0,1,2,3,4,5,6
Atomicnumber : 24 Symbal : Cr

Positioninthe periodictable : Period Number -4, Group Number -6.

L.N. Vanquelin, afrench chemist discovered anew element in 1797, while
examining amineral foundin Siberia. It was named chromium becauseit forms
coloured compounds [ Greek word - chroma- col our]

Occurrence

Metallic chromium doesnot occur inthenative sate. In Indiachromiteore
occursin Bihar, Mysore, Chennai and Bombay.

Ores
Theimportant oreof chromiumis

Chromite or chromeore, FeO Cr,O,

Thechief oreof chromiumischromiteore.
Extraction of chromiummetal from chromiteore

Theextraction of chromiummetal from chromiteoreconsstsof thefollowing
steps.

1. Concentration
The crushed oreis concentrated by gravity separation method.
2. Conversion of theconcentrated chromiteoreinto NaCrO,

Theconcentrated oreismixed with excess of Na,CO, and asmall amount
o < limeandroastedinareverberatory furnace at 900-1000°C in the presence
of free supply of air. During thisprocess, chromite oreisconverted into soluble
sodium chromate.
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4(FeO. Cr,0,) + 8Na,CO, + 70, (from air)
Chromiteore J 900-1000°C

8Na,CrO, +2Fe,0, + 8CO,
Soluble Insoluble

Conversion of NaZCr O4 into Nazcrzo7

Thesolution containing Na,CrO, istreated with acal cul ated quantity of
H,SO,, Na,CrO, isconverted into Na,Cr,O..

2Na,CrO, + H,SO, — NaCr,O, + Na,SO, +H,0
Conversion of Na,Cr,O.intoCr 0O,

Na,Cr,O, isheated with carbon to get sodium chromite, Na,Cr,O, which
ontreatment with H,O, gives Cr,O, precipitate.

Na,Cr,0,+3C — NaCr,0,+3COT

Na,Cr,0, +H,0 — Cr,03+2 NaOH
Reduction of Cr ,O,to chromium metal
Aluminother mic process

Fig. 4.1 Aluminother mic process

1.BaO, + Mg Powder 2. Fireclay crucible 3. Magnesiumribbon,
4.Sand  5.Cr,0,+Al

Chromic oxideismixed with powdered Aluminiumintheratio3:1andis
placedinalargefireclay crucible. A mixtureof barium peroxide and Mg powder
isplaced over this. The crucibleis surrounded by sand which preventsloss of
heat by radiation. The mixtureisignited by apiece of Mg ribbon. During this
processalargeamount of heet isliberated, inwhich Cr,O, isreduced to chromium.

111



Themolten chromiumiscollected inthecrucibleand auminium oxideisremoved
asdag.
Cr,0,+2Al —2Cr + Al,O, +468.6 kJ
Properties of Cr
Physical Properties
1. Themetd isslvery whiteand crystaline.
2. ltisvery hard andbrittle
3. Itmeltsat 2113K.

Chemical Properties
1. Actionofair : Itisunaffected by air at ordinary temperatures.

When heated to very high temperature at- about 2000°C it isoxidised to
chromicoxide.
4Cr + 30, — 2Cr,0O,

2. Action of Water : Thereisno action at ordinary temperatures. However it
decomposes steam at red heat to givechromic oxide and hydrogen.

2Cr +3H,0 - Cr,0, + 3H,

3. Action of Acids: It dissolvesin dilute hydrochloric acid and sulphuric acid
toliberate hydrogen and formschromous salts.

Cr+2HCl = CrCl+ H,T

Cr +H,S0, — CrsO, + H,T
4.  With hot concentrated sul phuric acid it giveschromic sulphateand liberates
sulphur dioxide.

2Cr + 6H,S0, — Cr(SO,), + 350, + 6H,0

5. Dilutenitric acid doesnot attack the pure metal while concentrated acid
rendersitinactive or passivei.e., it doesnot show itsusual reactions.

6. Action with Halogens: Chromium combinesdirectly with fluorineand dry
chlorineto givechromium (111) halides.

2Cr + 3F, — 2CrF,
2Cr + 3Cl, — 2CrCl,
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Use: Inchrome- plating.

1

Theartidesto beplated with chromium aremadethecathodein an dectrolytic
bath consisting of chromic acid and sulphuric acid whilethe anodeismade
of aplate of lead. During electrolysis chromium depositson the article
(cathode). Generdly thearticlesarefirst plated with nicke and then subjected
tochromium plating.

Inthe manufacture of alloy steels(e.g.) chrome steel,.chrome vanadium
stedl, stainlessstedl and tungsten stedl.

Chromenickel stedl isused for armour plates.

Chromium saltsare used asmordantsand in themanufacture of coloured
glassand pottery.

Chromium compounds are used in dyeingas pigments and in tanning of
lesther.

Alloysof chromium

Alloy % composition Uses

Ferrochrome | Cr =65% Fe=35% | It is used in manufacture of
chromested, burglar proof safe

Stanlesssted | Cr=11-13% Itisusedfor cutlery and house
C=01-04% hold wares.
Fe=73% Ni = 8%

Nichrome Cr =15%, Ni =60% | Itisusedinresstancewires

Fe=25% for electrical heating
Sdlite Cr = 20-35% Itisusedincutlery, surgica

Co = 40-80% ingruments,.....e{C.

Ni = 0.25%

C=0.75-2.5%
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4.2.3 Occurrenceand principlesof extraction of zinc

Zinc
Atomicmass : 65.37 Vdence: 2
Atomicnumber : 30 Symbal :  Zn

Positioninthe periodic table : Period Number -4, Group Number -12.

Theancient used andloy of Znand Cu not very different from brasswithout
knowing itsactual composition. Zinc hasbeen knownin our country for along
time and has been mentioned in Ayurvedic treatisesasyashda. It iscommonly
caledjast.

Occurrence

Zinc doesnot occur inthenativeform sinceitisareactivemetal . However,
inthecombined state, zinciswidely distributed.

Ores
Theimportant oresof zincare

i)  Zincblende, ZnS
i) Cdamine, ZnCO,
i) Zincite,ZnO
Thechief oreof ZincisZinchlende. InIndialarge depositsof zinc blendeoccur
inZawar minesnear Udaipur in Rajasthan.
Extraction of Zincfrom Zincblende
Theextraction of Zinc from Zinc blendeinvolvesthefollowing steps.
1. Concentration
Theoreiscrushed and then concentrated by froth-fl oatation process.
2. Roasting

The concentrated ore isthen roasted in the presence of excess of air at
about 1200 K.

A
2ZnS+30, —» 2Zn0  + 280,
3., Reduction

Zinc oxideismixed with powdered coke and heated to 1673 K in afire

clay retort, inwhich ZnO isreduced to zinc metal.
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Zn0+C _1BK . Zn+CO
Purification

Zincispurified by dectrolyticrefining. Inthisprocess, ImpureZincisanode
and cathode s of pure thin sheet of Zinc. The electrolyteis ZnSO, solution
containing alittleof dil.H,SO,. On passing e ectric current, purezinc get deposited
at the cathode.

Properties
Physical properties

i)  Zincisabluishwhitemetd
i) Itisgood conductor of heat and electricity.
i) Itismalleasbleand ductile.

Chemical properties
i) Actionof air

Whenheatedinair at 773K, it burnsto form awhite cloud of Zinc oxide
which settlesto formawaooly flock called philosopher’swool.

2Zn+0, 773 K 27n0O
i) Action of water

Pure zinc does not-react with water but impure zinc (Zn-Cu couple)
decomposes steam quitereadily evolving H, gas.

Zn+H,0O(steam) — ZnO+H,
iii) Action of diluteacids

Purezineisnot attacked by dilute acids. However, impure zinc reactswith
dilute acidswiththeliberation of H.,

Zn+2HCI  —  ZnCl,+H,T
Zn+H,SO, — ZnSO,+H,T
iv) . Action of con.H,SO,
Zinc reactswith hot con.H,SO, forming ZnSO,.
Zn+2H,80, — ZnSO, +S0, T +2H,0
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v) Actionof HNO,

Zinc reactswith HNO, at various concentrations and it gives different
products.

4Zn+10HNQO, (dil) -4 Zn (NO,), + N,O+5H,0
Nitrousoxide

4Zn+10HNQO, (very dilute) » 4 Zn (NO,), + NH,NO,+ 3H,0
Ammoniumnitrate

vi) Action of alkalies
Zinc dissolvesinhot NaOH solution forming solublezincateion.

Zn+ 2NaOH + 2H,0 — NaZnO, + H,0
Sodiumzincate

Usesof zinc

1. Itiswidely usedfor galvanizingironsneets.

2. Itisusadintheextraction of goldand silver by the cyanide process.

3. Zincplatesandrodsareused in batteriesand dry cells.

4. Zincdust and granulated zinc areused in laboratory asreducing agents.
4.3 SECOND TRANSITIONSERIES

4.3.1 Occurrenceand principlesof extraction of silver

Silver

Atomicmass : 108 Vdency : 1

Atomicnumber :« 47 Symbal : Ag
Positionintheperiodictable : Period Number -5, Group Number -11.

Occurrence

Silver occursbothinthe native aswell asinthe combined state.
Ores

Theimportant oresof silver are

) . Argentiteor silverglance, Ag,S

ii)*+. Hornslver or chlorargyrite, AgCl
iii). . Pyrargyriteor Ruby silver, Ag,S. Sb, S,

Thechief oreof slverisArgentite. Thesilver contentintheseoresisvery small
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(about 1%0). Silver isobtained to asmall extent fromthegold oresin thekolar
fieldsin Karnatakaandin the Anantapur mines.

Extraction of silver from the Argentiteore

Silver isextracted from the argentite ore by the Mac-Arthurand Forrest’s
cyanideprocess. Thevariousstepsinvolved inthisprocessare asfollows.

1. Concentration
Thecrushed oreisconcentrated by froth-fl oatation process.
2.  Treatment of theorewith NaCN

The concentrated oreistreated with 0.4-0.6% solution of sodium cyanide
for several hours. Themixtureiscontinuoudy agitated by acurrent of air, sothat
Ag present inthe oreis converted into sol ubl e sodium argento compl ex.

Ag,S+4NaCN = 2Na[Ag(CN),].+NaS
Sodium argento cyanide (soluble)
3. Precipitation of silver

Thesolution containing sodium argento cyanideisfilteredtoremoveinsoluble
impuritiesand filtrateistreated with zinc dust, silver getspreci pitated.

2Na[Ag(CN),] + Zn—>Na,[Zn(CN),] + 2Agl
4. Electrolyticrefining

Theimpuresiiverisfurther purified by dectrolyticrefining. Theimpuresilver
is made the anode while a thin sheet of pure silver act as the cathode. The
electrolyteissilvernitrate acidified with 1% nitric acid. On passing electricity
puresilver getsdeposited at the cathode.

5. Extraction of silver from silver coins

Silver coinsare Ag-Cu aloys. Ag can be obtained from such an allloy by
dissolvingthealloy in concentrated HNQ,, a sol ution containing mixtureof AgNO,
and Cu(NQ,), is obtained. Thesolutionishboiled to expel excessof nitric acid,
thenthesolutionistreated with con.HCl, silver isprecipitated asAgCl. AgCl is
separated and converted to silver by fusing with excessNa,CO..

4AgCl + 2Na,CO, — 4Agl + 4NaCl +2CO, + O,
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Thesilver thusobtained, is purified by fusion with borax and followed by.
eectrolytic purification.

Properties
Physical properties

i) Itisawhitelustrousmetd.
i) Itmeltsat 1233°C and boilsat 2485°C.

i) Molten silver absorbs about twenty timesitsvolumeof oxygen whichit
again expelson cooling. Globulesof molten silver arethrown off. Thisiscalled
“gpitting of silver”. Thiscan be prevented by covering themolten metal witha
layer of charcod.

Chemical properties
i) WithdiluteHNO,
DiluteHNO, reactswith silver liberating nitric oxide.
3Ag + 4HNO, — 3AgNO, + NOT +2H,0
i) Withcon.HNO,or con.H,SO,
Hot con.HNO, or con.H,SO, react with silver liberating NO, and SO,
respectively.
Ag+2HNO, »AgNO, + NO,T + H,0
2Ag+2H,80,  ~>Ag,S0, + SO,T + 2H,0
iii) Actionwithchlorine
Chlorineattackssver, forming silver chloride.
2Ag+Cl, — 2AgCl
iv) Actionofalkalies
Silver isnot attacked by akalies.
Uses of silver

)« Slver sdtsareusedin slvering of mirrors
i)~ AgBrisusedin photography
i) Silver sdtsareusedinglver plating.
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iv)  Silverisusedinmaking eectrodes.

v)  Silverleaf isusedinmedicine, whilesilver anagamisemployedindental
filling.

44 THIRD TRANSITION SERIES

4.4.1 Occurrenceand principlesof extraction of gold

Gold

Atomicmass @ 196.97 Vdency : 1and3
Atomicnumber : 79 Symbal :  Au
Positioninthe periodic table: Period Number -6, Group Number -11.

Occurrence

Goldismainly found inthe native state either mixed with quartz in ancient
rocks (vein gold) or scattered in sand and gravel (placer gold) or inthealluvial
sand (dluvid gold).

Ores

Theimportant oreof goldis

Alluvid sandor grave

Nearly half of thetotal world production of gold comesfromtheminesin
South Africa. Indiaoccupies8th position among thegold producing countries of

theworld and account for about 2% of thetotal world production. TheKolar
minesin Karnataka produce about 99.97% of our gold output.

Extraction from Gold Ores- Mac Arthur Forrest Cyanide Process.
Theextraction of gold from the sul phide or telluride oreinvol vesthefollowing

steps:
i)  Crushing, grindingand concentration

Thegoldoreiscrushed and powdered, and then concentrated by froth-
floatationprocess.

i) Roasting
The concentrated oreisroasted in excessof air or oxygenwhenimpurities
of sul phur, arsenic and tellurium are oxidised and escape astheir vol atile oxides.
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iii) Treatment with KCN

Thefinely powdered roasted oreistakenin large vats made up of cement
or iron and having fal se wooden bottomswith holes. It isthen treated with a
dilute (0.5%) solution of KCN in presence of excessof air for 24 hours. Asa
result, gold dissolvesin KCN to form a soluble complex called potassium
aurocyanide.

4Au + 8KCN + 2H.O + O, — 4K[Au(CN),] + 4KOH
Pot. aurocyanide

iv) Precipitation of gold

The above solution containing potass um aurocyanideisfiltered to remove
insolubleimpuritiesand then treated with zinc dust. Gold being lesse ectropositive
than zinc, it getspreci pitated.

2K[AU(CN,] +Zn —K_[Zn(CN) ] +2Aul
Theprecipitated goldisrecovered by filtration .1t isfurther purified by eectro-
refining.
iv) Electrolyticrefining

Thismethod isused when very puregoldisrequired. Theimpuregoldis
madetheanodewhileathin sheet of puregold actsasthe cathode. Thedectrolyte
consistsof asolution of auric chloride (AuCl,) acidified with 10-12%HCI. On
passing current pure gold getsdeposited on the cathode.

Properties
Physical properties

i)  Goldisalugtrousyelow metal whichmetsat 1063°Ctoagreenliquid and
boilsat 2610°C.

i) Itisthemost maleableand ductileof al metals.
iif)  Itisagood conductor of heat and el ectricity.
Chemical properties

)+ Goldisunaffected by dry or moist air or oxygen.
i) Alkalieshavenoactionongold.
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i)  With Aquaregia
Gold dissolvesinaguaregia (3 partsof con.HCl + 1 part of con.HNQO,) to
formauricchloride.
2Au + 9 HCI + 3HNO, — 2AuCl, + 6H,0 + 3NOCI
Auricchloride  Nitrosyl chloride
iv) Withchlorine
At 200°C, goldisreadily attacked by chlorineforming auricchloride.
2Au+3Cl, — 2AuCl,

Uses

i) Itisusedincoinage, jewellery and ornamental vessels.

i)  Goldleaf isusedfor decorations, lettering andinmedicineastonic.

i) “Purpleof cassius’ whichisacombination of gold with colloidal stannic
hydroxideisused for making ruby red glassand high classpottery.

Fineness of gold

Gold content of an alloy of goldistermed itsfinenessand is generally
expressed in carats. Puregoldis 24 carats. Ornamentsavailablethese daysare
made of 18 carat gold, whichisan aloy containing 18 partsby weight of gold
aloyed with 6 partsby weight of another metal generally copper.

45 COMPOUNDS
4.5.1 Potassumdichromate(K,Cr,O.)
Preparation of potassium dichromatefrom chromeiron ore

The preparationof K_Cr,O, fromitsoreinvolvesthefollowing steps
i)  Conversionof chromeiron oreto sodium chromate

The powdered oreismixed withNa,CO, and quick lime, thenroastedina
reverberatory furnacewith freeexposetoair.

4F€0.Cr,0, + 8Na,CO, + 70, — 8Na,CrO, + 2Fe,0, + 8CO,T
ii) . ‘Conversion of Na,CrO,toNa,Cr,0O,

Sodium chromate sol ution so obtainedisfiltered and treated with con.H,SO,,
when sodium chromateis converted to sodium dichromate.

2Na,CrO, + H,S0, — NaCr,0, + Na,SO, + H,0
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iil) Converson of sodium dichromateinto potassum dichromate

Hot concentrated solution of sodium dichromateistreated with KCl, when
potassium dichromate, being much less solublethan sodium salt, crystallizesout
oncooling.

NaCr,O,+2KCl — K.JCr,O, + 2NaCl
Properties
Physical properties

1. Itformsorangered crystaswhichmetat 396°C.
2. Itismoderately solublein cold water but freely solublein hot water.

Chemical properties
1. Actionof Heat

On heating, K.Cr,O, decomposesto givepotass um chromatewith evolution
of O, gas.

4K Cr,0, — 4K CrO, +2Cr,0, + 30,
2. WithAlkalies

When an alkali is added to.an orange-red solution of K Cr,O,, ayellow
solution resultsdueto formation of potassium chromate.

K,Cr,O,+ 2KOH .— 2K.CrO, + H,O
Orange-red Ydlow

on acidifying theyellow colour of K, CrO, again changesto orangered dueto
reformation of K.Cr,O..

2K,CrO,+ H,SO, — K. Cr,0, + K. SO, + H,0O
Orangered

Theinter conversionisexplained onthebasisof thefact thatinK_Cr,O, solution,
orangered Cr,0.* ionsarein equilibriumwithyellow CrO,* ions.

Cr0* +HO = 2CrO2 +2H*
Orangered Ydlow

3. Oxidisngproperties
K.,Cr,O, isapowerful oxidising agent. In presenceof dil.H,SO,, onemole
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of thiscompound givesthree atomsof oxygen asshown below.
K,Cr,0,+ 4 dil.H,SO,— K,SO, + Cr, (SO,), + 4H,0+ 3(O)
Some other examples of oxidising property of K_Cr,O, aregiven below.
i) Itliberatesl,fromKI
K,Cr,0,+7H. SO, + 6KI — 4K,SO, + Cr, (SO,), +31,+ 7H,0
i) Itoxidisesferroustoferricsalt

K,Cr,0,+ 7H,SO, + 6 FeSO, —
K,SO, + Cr, (SO,), + 8 Fe, (SO,),+ 2H,0

iii) It oxidisesH Stosulphur
K.Cr,0,+4H,80, + 3H,S - K.,SO, + Cr, (SO ), + 7TH,0 + 3S
4. Chromyl chloridetest

When salt containing chlorideistreated with K.Cr,O, and con. H,SO,
reddish brown vapoursof chromyl chlorideare obtained.

K.Cr,0,+ 4KCl + 6H,SO, = 2CrO,Cl, + 6 KHSO, + 3H,0
Chromylchloride

Thisreactionisusedinthedetection of chlorideionsin qualitativeanayss.
Uses

) Itisusedinvolumetricanalysis

i) Inchrometanninginlesather industry

i) Incdicoprintinganddyeing

iv)  Inphotography andin hardening gdatinfilm.

4.5.2 Copper Sulphate(CuSO,.5H,0); Bluevitriol

Preparation

Inlaboratory itisprepared by dissolving cupric oxide (or) cupric hydroxide

(or) cupric carbonateindilute H,SO,
CuO +H,SO, — CuSO, +H,0
Cu(OH), +H,S0, — CuSO, +2H,0
CuCO, +H,S0, — CusO,+H,0+CO,T
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Properties

Physical properties

1. Theanhydroussatiscolourlessbut thehydrated saltisbluein colour:
2. Itreadily dissolvesinwater but isinsolublein alcohol.

Chemical Properties

1. Actionof Heat

On heating CuSO,.5H,0 losesitswater of crystallization and decomposes
at 720°Cto give cupric oxideand sulphur trioxide.

CusS0,5H,0 ———— CuSO,H,0
(Blue) C
'4HZO 'HZO 2300C

7 o]
SO,+ Cu0 «—— CuSO,
(W hite)
2. Action of ammonia

Copper sulphate gives deep bluecolour with NH,OH forming complex
compound.

CuSO, + 4NH,OH - [Cu (NH,),]SO, + 4H.,0
3. Actionof KI

When Kl isaddedtoasolution of CuSO,, awhite precipitate of cuprous
iodideisproduced.

CuSO, + 2KI — Cul,+K,SO,
(unstable)

2Cul, — Cul,+1,
(whiteppt)

4. Actionwith KCN

A yellow precipitate of cupric cyanideisfirst formed with KCN and it
decomposesto give cyanogen gas.

CuSO, + 2KCN — Cu(CN), + K_SO,
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2Cu(CN), — Cu,(CN), + (CN),
Cyanogen
5. Action of alkalies
With akalies, apaleblue precipitate of copper hydroxideisformed.

CuSO, + 2NaOH — Cu(OH), + Na, SO,
Padeblueprecipitate

6. ActionwithH.S
With H_Sit givesablack precipitate of copper sulphide.
CusSO, +H,S — CuS+H,SO,
(Black ppt)
Uses
1. Itisusedasagermicideandinsecticideinagriculture.

2. A mixtureof copper sulphate and lime, commonly known as Bordeaux
mixture, isused asfungicide.

3. Itisusadinédectroplating, calicoprinting andin electrical batteries.
4.5.3 Silver nitrateor Lunar caustic (AgNO,)
Preparation
Silver nitrateis prepared by dissolving silver indilutenitric acid.
3Ag + 4HNO, - 3AgNO, +2H,0 + NOT
Properties
Physical

1. Iltissolubleinwater.
2. Itsaqueous sol ution may decompose on exposureto light.

Chemical Properties
1. Action of Heat
On heating AGQNO, decomposesin two stages
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20gN0, 23K | 2agNO, +0,

Silver nitrite
980 K

AgNO, _—_ , Ag + NO,
With NaCl
AgNO, giveswhite precipitate of AgCl with solubleionic chlorides.
AgNO, + NaCl — AgCI{ +NaNO,
Silver nitrateisstrongly caustic and oxidizingin nature.
With KBr & Kl

AgNO, givespaleyellow precipitate of AgBr with bromidesand yellow

Agl withiodides.

5.

AgNO, + KBr — AgBr + KNQ,
Yellow ppt

AgNO, + Kl — Agl + KNO,
Yellow ppt

Action with or ganic compounds
Ammoniacal silver nitrate (Tollen’sreagent) isreduced to silver mirror by

compoundslikeformic acid, formal dehyde or glucose

2AgNO, + 2NH,OH — Ag,0+ 2NH,NO, + H,0
Ag,0 + HCOOH — 2Agl +H,0+ CO,

Uses

agrwON

Itisusedin the preparation of silver halideswhich areextensively usedin
photography.

Itisusedinslvering mirrors.

Itisused in preparation of marking inksand hair dyes.

Itisusedfor silver plating.

Itisused aslaboratory reagent.
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4.5.4 Zinccarbonate(ZnCO,)
Zinc carbonate occursin nature ascalamine.
Preparation
When NaHCQO, isadded to Zinc sulphate solution, ZnCO, isobtained.
ZnSO, + 2NaHCO, — ZnCO, + Na,SO, + H,0 + €O,T
Properties
Physical properties
Itisawhitepowder, insolubleinwater.
Chemical properties
i) Action of Heat

On heating at 300°C, Zinc carbonate decomposesinto Zinc oxide and

carbondioxide

ZnCO, 3¢ , 7ZnO + CO,
Uses
i) Itisusedin making ointment for curing skin diseases.
i)  Itisusedinthepreparationof cosmetics.
i) Itisuseda pigment for rubber.
455 Purpleof cassius

Purpleof cassiusisonly aformof colloida gold. Itispurpleor redin colour
and after thenameof Cassiuswho discoveredit.

Preparation

Itisprepared by mixing very dilute solution of gold chloridewith stannous
chloridesolution.
2AUCI,+3SnCl, — 2Aul + 3SnCl,
Thegold thusprecipitated isadsorbed by stannic hydroxideformed by the
hydrelysisof ShCl,.
SnCl, + 4H,0 — Sn(OH), + 4HCI
Uses

Itisused in making ruby-red glassand high classpottery.
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SELFEVALUATION

Choosethecorrect answer

The genera dectronic configuration of d-block elementsis
a) (n-1)d*° ng*? b) (n-1) d*°ng?

) (n-1)d°nst d) Noneof these
Formation of colouredionsisposs blewhen compoundscontains
a) paired electrons b) unpaired eectrons
¢) lonepairsof electrons d) noneof theabove
Paramagnetismiscommonin

a) p-block eements b) d-block elements

¢) s-block elements d) f-block elements
Thecolour of Ti(H,0) * ionisdue

a) d-dtransstion

b) Presence of water molecules
C) Inter atomictransfer of electrons

d) Noneof theabove

Thedectronic configuration of chromiumis

a) 3d°® 49 b) 3d° 4s

b) 3d* 45 d) 3d*4s 4pt
Paramagnetismistheproperty of

a) paired electrons b) completdly filled electronic subshells
C) unpaired eectrons d) completely vacant eectronic subshells

d-block elementsform coloured ionsbecause

a) Theyabsorb someenergy for d-strangition

b) They absorb someenergy for p-dtransition

¢) + They absorb someenergy for d-dtransition

d) .. They do not absorb any energy

The correct electronic configuration of copper atomis

a) 3d 4! b) 3d°4s ) 3d° 49 d) 3d° 4 4p*
Copper isextracted from

a) cuprite b) copper glance

¢) mdachite d) copper pyrites
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10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Silver sdt usedin photography is

a) AgCl b) AgNO, c) AgF d) AgBr
Sodiumthiosulphateisused in photography becauseof its

a) Oxidizing behaviour b) Reducing behaviour

¢) Complexing behaviour d) Photochemica behaviour
Excessof sodium hydroxidereactswithzinctoform

a ZnH, b) Na,ZnO, c) ZnO d) Zn(OH),

Which of thefollowing compoundswill not give positivechromyl chloride
test?

a) CuCl, b) HgCl, c) ZnCl, d) CH.Cl
Which of theionswill give colourlessagueoussolution?
a) Niz b) Fe* c) Cu* d) Cu’

Which of thefollowing compoundsisnot coloured?

a NaCuCl, b) NaCdl, c) K, [FeCN)] d) K [Fe(CN) ]
In the extraction of Cu, the reaction which does not take place in the
Bessamer converter is

a) 2CuFeS, + O, — Cu,S+ FeS+ SO,

b) 2Cu,S + 30, — 2Cu,0 +2S0,

¢) 2Cu,0 + Cu,S — 6Cu+ SO,

d)2FeS + 30, - 2FeO +2S0,

Select thewrong statement

a) All cuproussdtsarebluein colour

b) Transtionmetasarehighly reective

c) All cuproussatsarewhitein colour

d) Mercury isaliquid metal

Choosethewrong statement regarding K_Cr,O,

a) Itisapowerful oxidizing agent

b) Itisusedintanning industry

¢) Itis solubleinwater

d) It reducesferric sulphateto ferroussulphate

For atransstion metd ion, the effective magnetic moment in BM isgiven by
theformula
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20.

21.

22.

23.

24.

25.

26.

27.
28.
29.
30.
31.

32.

a n(n-1) b) ynin+1l) ¢) yn(n+2) d) n(n+1)(n+2)
Thecorrect statement in respect of d-block elementsis

a) They aredl| metds.

b) They show variablevaency.

¢) They form colouredionsand complex salts.

d) All above statement are correct.

Which compound isformed when excessof KCN isadded to an aqueous
solution of copper sulphate

a Cu,(CN), b) K,[Cu(CN)J

¢) K[Cu(CN),] d) Cu,(CN),+(CN),

Which of thefollowing hasthe maximum number of unpaired e ectrons?
a) Mr?* b) Ti* c)Vv* d) Fe**

Among thefollowing statement, theincorrect oneis

a) Calamineand sideriteare carbonates.

b) Argentiteand cupriteare oxides.

¢) Zinc blendeand pyritesare sulphides.

d) Malachite and azurite are ores of copper.

Thechemical composition of dag formed during the smelting processin
the extraction of copperis

8 Cu,0+FeS h)FeSO, c) CuFesS, d) Cu,S+ FeO
Thetrangtion element with thelowest atomic number is

a) Scandium b) Titanium C) Zinc d) Lanthanum
Which transtion element show highest oxidation state

a Sc b) Ti c) Os d) Zn

Answer in oneor two sentences

What are*d’ -block elements?

How d-block elementsareclassified?

Explain why d-block elementsexhibit variable oxidation states?

Why trang stion e ementsform complexes?

Why doesMn(11) show maximum paramagnetic character among thebivaent
ionsof thefirst transistion series?

Why Zn?* sdtsarewhite whileNi?* saltsare coloured?
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33.
34.

35.
36.
37.
38.
39.
40.

41.

42.

43.

O

49.

50.

[Ti (H,0)]*" iscoloured while[Sc (H,0) ]* iscolourless. Explain.

A substanceisfound to have amagnetic moment of 3.9 BM. How.many
unpaired electrons doesit contain?

Explain why themeting and bailing pointsof Zn,Cd,Hg arelow?

Explain why Mn?* ismore stablethan Mn®*?

Writetwo alloysof copper and their uses.

Write short noteson alumino thermic process?

Namethefirst and last e ement in the second transition series.
Namethelightest and the heaviest € ements (in termsof density) among the
trangtioneements.

Which of thefollowing ionswould form colourless complexes?

CU2+, Zn2+, Ti3+, Ti 4+’ Cd?*

What happenswhen K| solutionis added toanagueous sol ution of copper
sulphate?

What istheaction of heat on copper sulphate crystals?

Answer not exceeding 60 words
Explain briefly the extraction of copper fromitschief ore.

. Nametheoresof gold. Explainhow it isextracted fromits aluvia gavel.
46.
47.
48.

Listtheoresof silver:How silver isextracted from Argentite?
Briefly explaintheextraction of zincfromzinc blende.

Explain how dichromateisextracted fromitschromiteare. Writetheba anced
chemical equation for thereaction between an acidified solution of K.Cr,O,
and K.

ExerciseProblems

Thechief oreof Zinc, on roasting gaveacompound A, which on reduction
by.carbon, givesB. Identity A and B, givethe chemical reactions.

A sulphate compound of group 11. Thiscompoundisalso called asBlue
vitriol.The compound undergoes decomposition at varioustemperature

A 305K B 373K C 423K D
| dentify the compoundsA, B, Cand D.
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51. A compound of chromium, inwhich chromium existsin +6 oxidation state.
Itschief ore (A) onroasting with molten akali givescompound (B).This
compound on acidification gave compound C. Compound C on treatment
withKCl gavecompound D. Identify thecompoundsA,B,C and D. Explain
with proper chemical reactions.

Summary

The general characteristic properties of d- block elements are briefly
explained. General methodsof extraction of metals, purificationand properties
arethoroughly discussed . Themethods of preparation of compounds, properties
andtheir usesareexplainedin detail.

References
1.  New conciselnorganic Chemistry by J.D:Lee, 3rd Edition, ELBS.
2. Advanced Inorganic Chemistry, PL.Soni:
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TERANIITION ELEMENTS
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5 f-BLOCK ELEMENTS

Learning Objectives

b

22

Tolearnthegeneral characteristics of f-block el ements and extraction.
To study the comparison of properties of Lanthanides and Actinides
To know the general method of extraction of Lanthanides.

To recognise the uses of Lanthanides and Actinides.

\-

Sweedish chemist Carl mosander discovered themetd lic € ement Lanthanum
in 1839.

IN1951 Nobd prizewasshared between Edwin Mcmillan (USA) and Glenn
Seaborg (USA) for discovery and work in chemistry of transuranic e ements.
Glean seaborg (Universty of California) discovered Californium.

~N
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d-BLOCK
TRANSITION ELEMENTS

f- Block
INNER TRANSITIONELEMENTS

Lanthamide] 57 | 58| 59 | 60| 61 | 62| 63| 64| 65 | 66| 67 68] 68| 70| 71
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Actinide | 89| S0 ST 92| 23 | 24| 55 96| &7 | 98] 95 100y 101) 10 103
SEriES Ao | Thl Pa| T | Np | Pu|Am| Cm| Bk | Of | Es |Fm| Md] Mo | Lr

Theposition of f block e ementsin theperiodictable, isexplained above.

Thedementsinwhichtheextraelectron enters (n- 2)f orbitalsarecalled
f- block elements. These elementsare also called asinner transition elements
becausethey form atransition serieswithin thetransition elements. Thef-block
elements are also known asrare earth elements. These are divided into two
series.
i) The Lanthanide series (4f-block elements)
i) The Actinide series (5f- block elements)

5.1 General Characteristics of f-block elements and extraction
5.1.1 TheLanthanideSeries

The L anthanide seriesincludefifteen elements i.e. lanthanum (., La) to
lutetium (, Lu). Lanthanum and L utetium haveno partly filled 4f- subshell but
haveelectronsin 5d-subshell. Thusthese elementsshould not beincluded inthis
series. However, all these elementsclosaly resemblelanthanum and hence are
congdered together.
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General propertiesof Lanthanides
1. Electronicconfiguration

Theelectronic configuration of Lanthanidesarelisted inthetable5.1. The
fourteen electronsarefilledin Ceto Luwith configuration[,, Xe]4f** 50" 68
2. Oxidation states

The common oxidation state exhibited by dl thelanthanidesis+3 (Ln*) in

aqueous solutionsand in their solid compounds. Some el ementsexhibit +2 and
+4 states as uncommon oxidation states.

La - +3

Ce - +3, +4, +2
Pr - +3, +4

Nd - +3, +4, +2

3. Radii of tripositivelanthanideions

Thesize of M* ions decreases aswe movethrough the lanthanidesfrom
lanthanum to lutetium. Thissteady decreaseinionicradii of M cationsinthe
lanthanide seriesiscaled L anthanide contraction.

Causeof lanthanidecontraction

Thelanthanide contractionisdueto theimperfect shielding of one4f eectron
by another inthe same sub shell.’/Aswe move aong the lanthanide series, the
nuclear charge and the number of 4f electronsincrease by oneunit at each step.
However, duetoimperfect shie ding, theeffectivenuclear chargeincreasescausng
acontractionineectroncloud of 4f-subshell.

Consequencesof lanthanide contraction
Important.consequences of |anthani de contraction are given below.
i) Basicity of ions

Duetolanthanide contraction, the sizeof Ln* ionsdecreasesregularly with
increasein atomic number. According to Fgjan’srule, decreasein size of
Ln*"ionsincreasethe covalent character and decreasesthe basic character
between Ln* and OH-ionin Ln(OH).. Sincethe order of sizeof Ln* ions
are

La**>Ce* ............... >SLu®t
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i)  Thereisregular decreaseintheirionicradii.

iii)  Regular decreaseintheir tendency to act asreducing agent, withincreasein
atomic number.

iv)  Duetolanthanide contraction, second and third rowsof d-block transistion
elementsarequiteclosein properties.

v)  Dueto lanthanide contraction, these elements occur together innatural
mineralsand aredifficult to separate.

5.1.2 TheActinide Series(5f block elements)

In 1923 NeilsBohr postul ated the existence of an actinide series ana ogous
tothelanthanide series.

Thefifteen d ementsfrom actinium to lawrencium constitute the actinide
seriesof the periodictable.

General Propertiesof Actinide Series

The genera electronic configuration of actinidesis[Rn] 5114 6d°2 7
where Rn standsfor radon core.

2. Oxidation states

These elements showsthe oxidation statesof +2, +3, +4, +5 and +6. Out
of these, +4 oxidation stateis most common state.

3. Radii of M3 and M# ions

Theionicradii of actinide elements decrease gradually aswe moveaong
the actinide series. The steady decreasein theionic radii with increasein nuclear
chargeiscalled actinide contraction and isana ogousto lanthanide contraction.

Causeof actinidecontraction

Causeof actinide contraction istheimperfect shielding by 5f-electrons. As
we proceed from one element to the next one in actinide series, the nuclear
chargeincreasesby +1 at each next el ement which isnot compensated dueto
poor shielding effect of 5f orbitalsdueto their more diffuse shape. Henceasthe
atomic number increases, theinward pull experienced by 5f-electronsincrease.
Conseguently steady decreasein size occursintheactinide series.
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5.1.3 Extraction of L anthanidesfrom Monazite sand

Themethod used for extraction of lanthanidesfrom monazite sand consists
of the stepswhich have been shownin flowshest.

Flow sheet : Extraction of lanthanidefrom monazitesand

Ifonazite sand

Heat | "With H,20,
210°C | for several hours

Gray hdud

Cold | Water

} I

TTnreacted monazite sand, Filtrate containing
210, Tid,, Zr3i0,, etc {Ln™ Th*, H,O",
{recycle sand) H30,, 30,5, H,PO,)

Meutralised | te proper
acidity or added HF

Precipitate of ThPO,

or
Precipitate of Th

}

Filtrate containing
lanthanide and
Phosphate 10ns

HaOH or
Cralic acd

Lanthanide hydroxides
or
Crzal ate s

Individual lanthanides are separated by a suitable physical method. The
anhydrousfluoridesand chloridesare heated under argon atmospherein presence
of caciumat 1270 K to get theindividua metal. Thepuremetd isobtained by
heeting thetrifluorides of lanthanidesin the presence of calciumand lithium.

5.2° Comparison of Lanthanidesand Actinides

Points of Similarities and differ ence. Both show close resemblance
because these involve filling of f-subshells. Both have coloured ions, low
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electronegativity, high reactivity and show magnetic properties. However, these
alsodiffer from each other asshowninthefollowing table.

L anthanides Actinides

i) Binding energies of 4f i) Binding energies of 5f electrons are
electrons are higher. lower.

i) | Maximum oxidation satate i) | Due to lower binding energies they
exhibited by lanthanides is +4 show higher oxidation states such
e.g. Ce* as +4, +5 and +6. Uranium

exhibits +6 oxidation state in UF,
and UO.CI,

i) [ 4f electrons have greater i) | 5f electrons have poor shielding
shielding effect. effect.

iv) | Most of their ions are iv) | Most of their ions are coloured U3*
colourless. (red); U* (green) and UO >

(yellow)

v) | They are paramagnetic but ) They.are also paramagnetic but
magnetic properties can be their magnetic properties are very
easily explained. difficult to interpret.

vi) | They do not form complexes [vi) | They have much greater tendency
easily. to form complexes.

vii) | Except promethium, they.are |vii) | All of them are radioactive.
non-radioactive.

viii) | Their compounds areless viii) | Their compounds are more basic.
basic.

iX) | They do not form oxocations. | ix) | They form oxocations such as

uo,*, UO*, NpO,*, PuO,".

5.3 Usesof Lanthanidesand actinides

Useof lanthanides

A pyropharicaloy which containscerium, lanthanumand Neodymium; iron;
aluminium; calcium, carbon and siliconisused in cigarette lighters, toys,
flamethrowing tanksand tracer bullets.

Ceria(Ce0Q,) andthoria(ThO,) are usedin gaslamp materials.

1.
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Cerium saltsareused in dyeing cotton, lead storage batteriesand ascataly <.

L anthanidesare used in meta lothermic reactionsdueto their extraordinary
reducing property. Lanthanido - thermic processescanyid d sufficiently pure
Nb, Zr, Fe, Co, Ni, Mn, Y, W, U, B and Si.

Alloysof Lanthanidesareknown asmish - metals. The mgjor.constituents
of mish-metalsare Ce(45-50%), La(25%), Nd(5%) andsmall quantities
of other lanthanide metalsand Fe and Caimpurities. Mish-metal sare used
for the production of brands of steel like heat resistant, stainless and
instrumental steels. Mg- alloys containing 30% mishmetal and 1% Zr are
useful inmaking partsof jet engines.

Uses of Actinides

1

U-235isfissionable, it isused asfuel innuclear power plantsand asa
component in nuclear weapons.

Plutonium - 238 isused as a power-sourcein long mission space probes.
SELFEVALUATION

Choosethecorrect answer

Thedectronic configuration of Lanthanidesis

a [Xel4f°5d°6s° b) [Xe] 4f+7 5d' 6st
c) [Xe]afti4 54! 6s? c) [Xe]afti4 5010 65
Thedectronic configuration of Actinidesis

a [Rn]5f%*ed®7s° b) [Rn]5f%46d%*? 75
C) [Rn]5f%*6d*27st d) [Rn]5f*46d%*27s

Thelanthanide contractionisresponsiblefor thefact that

a) ~~ZnandY haveabout the sameradius
b)  Zrand Nb havesimilar oxidation state
C) © Zrand Hf haveabout the sameradius
d) ZrandZnhavethesameoxidation state

Themost common oxidation state of lanthanidesis
a +2 b) +1 c +3 d +4
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10.

12.

13.

14.

15.

Lanthanidesareextracted from
a) Limonite b) Monazite ¢) Magnetite d) Casdterite
Thedementsinwhichtheextraelectron enters(n-2)f orbitalsarecalled

a) shlock dements b) pblock dements
c) dblock dements d) fblockdements

TheLanthanidescontractionisdueto

a) Perfect shielding of 4f electron  b) Imperfect shielding of 4f electron
c) Perfect shielding of 3delectron  d) Imperfect shieldingof 3d electron

Ceriaisusedin

a) toys b)tracerbullets c)gaslampmaterids d) noneof theabove
isusedingaslamp materia

a) MnO, b) CeO, c) N.O; d) Fe,O,

Alloysof Lanthanidesarecalled as

a Mishrmetds b) Metdloids c) Plaemetas d) Actinides

Metallothermic processesinvolving Lanthanidesarecalled as

a) Aluminothermic process b) Lanthanido-thermicprocess
¢) Reduction process d) Oxidation process

form oxocations

a) Lanthanides b) Actinides c) Noblegases d) Alkdimeds
Maximum oxidation state exhibited by Lanthanidesis

a +1 b) +2 c) +3 d) +4
L anthanidesare separated by

a) Fractiond didtillation b) Steamdidtillation

¢) Fractiona Crygalisation d) Sublimation

Answer in oneor two sentences
What areinner trangition ( f-block) e ements? Givetwo examples.
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16.

17.
18.
19.

20.
21.

22.
23.
24.

What isthedifferencein the el ectronic configuration of transtion andinner-
trangtioneements?

What arelanthanides? Givethevarious oxidation states of |anthanides.
What are mish metals? Givetheir uses.

Writethe usesof Lanthanidesand Actinides.

Answer not exceeding 60 wor ds
What islanthanide contraction? Discussits causes and consequences.

Account for thefollowing.

i) +3oxidation state of lanthanidesisthe most stable.

ii) A few 4f elements show +2 or +4 oxidation states in addition to the
characteristic oxidation state of +3.

iif) Lanthanides are grouped together.

Comparing La(OH), and Lu(OH),, whichismore basic and explain why?

Discussthe position of lanthanidesinthe periodictable.

Describethe extraction of Lanthanidesfrom monozite sand.

SUmmary

The elementsinwhich theextraelectron enters (n-2) f orbitalsarecalled

f-block elements. Theseelementsare also called asinner transition el ements.
Thetwo seriesof f-block dementsarelanthanide seriesand Actinide series. The
genera propertiesof |anthani desand el ectronic configuration, oxidation states
radii of tripositiveionsare discussed. Cause and consequences of lanthanide
contraction arediscussed. General propertiesof actinideelementsaregiven. A
flow chartisgivenfor extraction of lanthanidesfrom monazite sand. Smilarities
and differences between lanthanides and actinides are tabul ated.

References

1)

2)

Advanced Inorganic Chemistry FA.Cotton, G.Wilkinson, C. A.Murilloand
M.Bochmann, John Wiley & Sons, 2003.

Advanced Inorganic Chemistry Vol.I Gurdeep Rgj, Goel Publishing House,
2002.
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6. COORDINATION COMPOUNDSAND
BIO-COORDINATION COMPOUNDS

Learning Objectives

> To understand the nature of simple salts, double salts and complex
salts.

> Toknow the meaning of ligand, central metal ion, coordination number,
charge on complexion, oxidation state of central metal ion and chelates.

> To learn the latest nomenclature of ‘coordination compounds as per
I[UPAC rules.

> To understand the types of isomerisms present in coordination
compounds.

> Tolearn briefly about, Werner’s theory and valence bond theory.

> To appreciate the importance and applications of coordination and
bi o-coordination compounds.
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6.1 INTRODUCTION

A stisformed by theneutrdisation of anacid by abase. Therearedifferent
typesof salts. They are:-

a Smplesdt
b) Molecular (or) addition compounds
a) Simplesalt

A smplesaltisformed by the neutraisation of an acid by abase.
KOH + HC - KCI + 'HO

Normally, asmplesaltionisesinwater and producesionsin solution. The
solution of the simplesalt exhibitsthe propertiesof itscomponent ions.

b) Molecular (or)addition compounds
i) Doublesalts

Theseare molecular compoundswhich areformed by the evaporation of
sol ution contai ning two (or) more satsin stoichiometric proportions. Hencethe
molecular compoundswhich dissociatein solutioninto itsconstituent ionsare
known asdouble salt. Doublesaltsretaintheir propertiesonly insolid state.

They area so called aslattice compounds.
Example
K,SO,.Al(SO), .24H,0 - Potashaum
FeSO, . (NH,); S0,.6H,O - Mohr'ssalt
K,SO,.Al(SQ), . 24H,0 — 2K*+ 2AI3* +4S0,* + 24H,0
Thedoublesatsgivethetest of dl their constituentionsin solution.
i) Coordination (or complex) compounds

Caordination compoundis‘acompound formedfromalLewisacidand a
Lewisbasg. Themolecular compounds, do not dissociateinto itsconstituent
ionsinsolution are called coordination compounds.

Example
Fe(CN), + 4KCN —  Fe(CN), . 4KCN (or) K [Fe(CN) ]
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Ferrous cyanide
Fe(CN), . 4KCN == 4K* +[Fe(CN)]*
Complexanion
InK, [Fe(CN),] theindividua componentslosetheir identity. Themetal of

the complexionisnot freein solution unlikemeta in doublesatin solution.

Natureof coordination (or) complex compounds

)

i

6.2
@

(®)

©

An anionic complex compound containsacomplex anionand sSmple
cation.

K, [FE(CN) ] S 4K+ +  [Fe(CN),1*
smplecation complex anion
A cationic complex containscomplex cation and smpleanion
[Co(NH, )] Cl, . [Co(NH,)J* + 3CI
complex cation..  sSimpleanion
Inthe case of acomplex compound, [Cr(NH, ).] [Co(CN) ], it givesboth
complex cation and complex anion
[Cr(NH,) ] [Co(CN),] === [Cr(NH,)J* + [Co(CN)J]*
complexcation  complexanion
TERMINOLOGY USED IN COORDINATION CHEMISTRY
LewisAcid
All electron acceptorsarelewisacids.
Lewis Base
All electron donorsarelewisbase.
Central metal ion
In the complex ion an acceptor acceptsapair of electronsfrom the donor

atoms: Theacceptor isusually ametal / metal ion to which one (or) more of
neutral molecules (or) anionsare attached. Theacceptor metal cation isreferred
toascentral metal cation. Hence, central metal cationinacomplex servesasa
lewisacid.
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(d) Oxidation state

Thisnumber denotesthe charge, explaining the number of electronsit has
lost to form the cation. It is oxidation number that denotesthe charge, if the
central metal atom would haveif al theligand in the complex wereremoved
aongwiththeir dectron pairsthat wereshared with the central atom. Itisusualy
represented by Roman Numeral.

(e) Ligand (Latinword meaningtobind)

A ligandisanion (or) amolecul e capable of functioning asan electron
donor. Thereforethe neutral moleculesor ionswhich aredirectly attachedtothe
central metal ionarecalled asligand (or) coordinationgroups. Thesecoordination
groups or ligands can donate a pair of electronsto the central metal ion (or)
atom. Hence, inacomplex compound ligands act as L ewisbases.

Typesof ligands

When aligandisbound to ametal ion through asingle donor atom, aswith
Cl, H,0O or NH,, the ligand is said'to be unidentate. Whenever a single
coordinating group (or) ligand occupi estwo (or) more coordination position on
the same central metal ions, acomplex possessing aclosed ringisformed. Such
ligandsarecalled polydentateligands. \When asingleligand hastwo coordinating
positions, itiscaled bidentateligandand when therearethree coordinating positions
available, itiscalled atridentateligand and so on. For example, ethylenediamine
isabidentateligand becauseit hastwo amino groupseach of which can donate
apair of electrons.

NH, -CH,-CH, NH

N

Name of theligands
Positiveligands
The positiveligandsare named with an ending -ium.
NH, - NH," hydrazinium
Thisligand, though positive can bind through the uncharged nitrogen.
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Neutral ligands

Theneutral ligandsare named as such without any specia name. But water
iswritten as ‘agua: Ammoniaiswritten asammine. Note that two m'sto
diginguishfromorganicamine

CO-Carbonyl, NO-Nitrosyl, NH, - CH, - CH, - NH_-ethylenediamine
(en), Pyridine C.H.N.

NegativeLigands
Negativeligandsendin suffix ‘O'.
Example

F-Fluoro, CI*-Chloro, C,0,>-Oxalato, CN:-Cyano, NO,-Nitro,
Br-Bromo, SO,*-Sulphato, CH_,COO-acetato. CNS™-thiocyanato,
NCS-isothiocyanato, S,O,Z-thiosul phato.

1273
Chelates

If aligandiscapable of forming more than one bond with the central metal
atom (or) ion then thering structures are produced which are known as metal
chelates. Hence thering forming group are described as chel ating agents (or)
polydentateligands.

ONH,CH,CHNH,+ Cu” —»

2+

HZC“, NHA, Ny
Cu |
HCE—NH, " T ann— CM

Coordination sphere

In acomplex compound, it usually, central metal ion and theligandsare
enclosedwithin squarebracket iscalled ascoordination sphere. Thisrepresents
asingle constituent unit. Theionisable speciesare placed outside the square
bracket.
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[M(L) ] © @9
[FE(CN)]*, [Cu(NH),1J*
Theseionsdo notioniseto givethetest for constituent ions.
Coordination number

The coordination number of ametal ioninacomplex canbedefined asthe
number of ligand donor atomstowhich themetd isdirectly bonded. Numericaly
coordination number representsthetotal number of the chemical bondsformed
between the central metal ion and thedonor atomsof theligands. For examplein
K [F&(CN),] the coordination number of Fe(l1) is6andin [Cu(NH,),]SO, the
coordination number of Cu(ll) is4.

Chargeon thecomplexion

Charge onthe complex ionisequal te the sum of the chargeson the metal
ionandther ligands.

Example
1. [Cu(NH,),]* canbewrittenas[Cu**(NH,),]* sinceNH, ligandisneutral.
The sum of the chargeson the metd ionand theligands= +2.
Thiscan be determined as shown below
Chargeonthemeta ion (Cu?") =+2
Chargeontheligand (NH,) =4x0=0
.. Net chargeon thecomplexion=+2+0=+2
2. Similarly for[Fe(CN)]* (or) [Fe*(CN) J*
The sumof the charge onthemetal ionand theligand = 4.
Chargeonthemetd ion (Fe**) = +2
Chargeontheligand (CN) = 6x(-1)
+2-6

I
&

N

.. Net charge on the complex
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6.3 [UPACNOMENCLATURE OF MONONUCLEAR

COORDINATION COMPOUNDS

Therulesareoutlined below

1.

In naming the entire complex, the name of the cationisgiven firstandthe
anion second (just asfor sodium chloride), no matter whether thecation or
theanionisthe complex species.

Inthe complex ion, the name of theligand or ligands precedesthat of the
central metal atom (Thisprocedureisreversed for writing formulae).

Ligand namesgenerdly endwith* O’ if theligandisnegative(‘ chloro’ for
Cl,‘cyano’ for CN-, *hydrido’ for HY) and unmodifiedif theligandisneutra
(‘methylaming for MeNH,).

Specid ligand namesare* agua for weter, ‘ammine for anmonia, ‘ carbonyl’
for CO, nitrosyl’ for NO.

A Greek prefix (mono, di, tri, tetra, penta, hexa, etc.) indicatesthe number
of eachligand (monoisusualy omittedforasingleligand of agiventype). If
the name of the ligand itself contains the terms mono, di, tri, like
triphenyl phosphine, ligand nameisenclosed in parenthesesand its number
isgivenwiththeaternate prefixesbis, tris, tetrakisinstead.

For example, [Ni(PPh,),Cl.].isnamed dichlorobis(triphenyl phosphine)
nickel(11).

A Roman numera or azero in parenthesesisused to indicatethe oxidation
state of the central metal atom.

If thecomplexionisnegetive, thenameof themetd endsin‘ate’ for example,
ferrate, cuprate; nickelate, cobaltate etc.

If morethan oneligandispresent inthespecies, thentheligandsarenamed
inaphabetical order regardless of the number of each. For example, NH,,
(ammine) would be considered as‘ & ligand and come before Cl-(chloro).

Someadditional notes

)

Some metal sin anionshave specia names
B Borate Au Aurae Ag Argetate Fe Ferate
Pb Pumbate Sh Stannate Cu Cuprate Ni  Nickelate
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i)  Useof bracketsor enclosing marks.

Square bracketsare used to encloseacomplex ion or neutral coordination
Species.

Examples
[Co(en),]ICl, tri(ethylenediamine)cobalt(l11) chloride
[Co(NH,),(NO,),]  triamminetrinitrocobalt (I11)
K,[CoCl,] potassi umtetrachlorocoba tate(11)

notethat it isnot necessary to enclosethe hal ogensinbrackets.

A systematic appr oach to drawing and naming.coordination complexes
For thecomplex K,[Cr(C,O,),].3H,0

Q1) What isthecentrd metal ion? A1) Centra metd isChromium
Q2) What isitsoxidation state? A2)-0O.S.islll

Q3) What isitselectronic configuration? A3) eectronic configurationisd®

Q4) What isitscoordinationnumber? = A4) C.N. is 6(3 bidentate ligands
present)

Q5) What isthe shape of theion? Ab5) dructureisoctahedra
Q6) Canthedtructurehaveisomers?  A6) Yes, optica isomersarepossible

Q7) What isthelUPAC nameof the A7) Potassumtrig(oxaato)
complex? chromate(l11) trihydrate

| UPAC Nomenclature of mononuclear coor dination compounds
[Co" (NH,).CI}** - pentaamminechlorocobat(lll)ion

[Co" (NHY)]CI, Hexaamminecobalt(l11) chloride

[Cr'" (en),|Cl, - Tris(ethylenediamine)chromium(l11) chloride
K,[Fe'(CN) ] Potassium hexacyanoferrate(l1)

[Ni'(CN),]* - Tetracyanonickdate(ll) ion

[CU"(NH,), > Tetraamminecopper(l1) ion

[Pt'Cl(NH,),] - Diamminedichloroplatinum(l1)
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6.4 ISOMERISM

Compounds having the same chemical formulabut different physical and
chemicd propertiesduetothedifferent sructura arangementsarecdledisomers.
Thisphenomenonisknown asisomerism.

Coordination compounds exhibit two major types of isomerism, namely
(A) structura isomerism and (B) stereoisomerism (Spaceisomerism). Each of
theseisfurther classified asshown below.

A) Structural isomerism
a) Coordinationisomerism b) lonisationisomerism
) Hydrate or Solvateisomerism d) Linkageisomerism
€) LigandIsomerism

B) Stereoisomerism
a) Geometrica isomeriam b) Optica isomerism

6.4.1 A) Structuralisomerism
a) Coordinationisomerism

Inabimetallic complex, both complex cation and complex anion may be
present. In such acasethe distributionof ligands between the two coordination
spherescan vary, giving riseto isomers called the coordinationisomers. This
phenomenoniscalled coordinationisomerism. Thisisomerismisillustrated by
thefollowing pairs of complexeswherethe complex cation and anion contain
different metal centres.

1. [Co"(NH)J]I[CrHCN)] and [Cr'(NH,)][Co"(CN)]
Hexammine hexacyano Hexamine hexacyano
cobat(lll) ~chromate(lll) chromium(I11) cobaltate (111)

2. [PY(NHY,]. [CuCl,] and [Cu(NH,),][PtCI ]
Tetraammine Tetrachloro  Tetraammine  Tetrachloro
plainum(ll) cuparate(ll) copper (1) platinate(ll)
b) lonisationisomerism
Coordination compounds having the same mol ecular formulabut forming

different ionsin solution are called ionisation isomers. Thisproperty isknown as
jenisationisomeriam.
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Anexampleof thistypeof isomerismisfurnished by thered-viol €,
[Co(NH,).Br]SO, [Co(NH,),SO,|Br
pentaamminebromocobalt(l11) sulphate  pentaamminesul phatocobalt (111) bromide

Thered-violetisomer yiedssulphateion and theredisomer furnishesbromide
ioninsolution.

[Co(NH,),Cl,INO, and  [Co(NH,),NOCIICI
Tetraamminedichlorocobalt(l11) nitrite Tetraamminechloronitrocobalt(111) chloride
[Co(NH,).NO,]SO, and  [Co(NH,), SO,NO,
pentaamminenitratocobalt(l11) sulphate pentaamminesulphatocobalt(l11) nitrate

o Hydrateisomerism or Solvateisomerism

The best known examples of thistype of isomerism occursfor chromium
chloride “CrCl..6H,0" which may contain 4;.5, (or) 6 coordinated water
molecules.

1 [Cr(H,0),CL]Cl.2H,O- Bright green
Tetraaquadi chlorochromium(l11) chloridedihydrate

2. [Cr(H,0).CI]CL.H,O- grey-green
Pentaaguachlorochromium(ltl) chloride monohydrate

3. [Cr(H,0)JCI,-Violet
Hexaaquachromium(lit) chloride

Theseisomershavevery different chemical propertiesand onreactionwith
AgNO, totest for Cl-ions, wouldfind 1,2, and 3 Cl- ionsin sol ution respectively.

d) Linkageisomerism

Linkage isomerism occurswith ambidentate ligands. Theseligandsare
capableof coordinating in morethan oneway. Thebest known casesinvolvethe
monodentate ligands SCN/NCS and NO,/ONO

For example

[Co(NH,),ONQ]CI, thenitritoisomer - red colour
pentaamminenitritocobalt(l11) chloride- O attached

[Co(NH,), NO,]Cl, thenitroisomer - yellow colour
pentaamminenitrocobalt(l11) chloride - N attached
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e) Ligandisomerism
Ligand isomerism arises from the presence of ligands which can adopt
different isomeric forms. An exampleisprovided by diaminopropane, which
may havetheaminegroupsinthetermina (1,3-) positionsor inthe 1,2-positions.
HN-CH,-CH,-CH,-NH, or HN-CH,-CH - CH,

I
NH

2
6.4.2 Stereoisomerism (spaceisomerism)

Consider two compounds containing the sameligands attached to the same
central meta ion, but the arrangement of ligandsin spaceabout the central metal
ion aredifferent, then these two compounds are said to be stereoi somers and
thisphenomenon isknown as stereci somerism. Therearetwo different typesof
stereoisomerism. @) Geometrical isomerismor b) Optical isomerism.

a) Geometrical (or) cis-transisomerism

Geometric isomers are possible for both square planar and octahedral
complexes, but not tetrahedral . In acis-isomer two identical (or) smilar groups
are adjacent to each other whereas in‘atrans-isomer they are diametrically
oppositeto each other.

Square planar complexes of. the type [Ma,b,]Jn* where a and b are
monodentate ligands, exist ascisandtrans-isomersasshown below. Example
of thistype of complexesare [Pt (NH,), Cl.] and[Pd(NH,), (NO,),]. Thecis-
transisomersof these compounds are represented as

a a a b
NS N\,
PEIN N
b b a

cis-isomer trans-isomer

HN NH, H.N Cl
\Pt/ \Pt/
o o wn,

cis-isomer trans-isomer

cis-diamminedichloroplatinum(I1) trans - diamminedichloroplatinum (1)
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H.N NH, H.N NO,

\P(/ \P/

OZN/ \N02 OZN/ \NHs
cis-isomer trans-isomer
cis-diamminedinitropalladium(lI) trans-diamminedinitropalladium(l1)

Intheoctahedra complex, thedifferent coordination positionsare numbered
asshown below

44>3

6

Along thetwelve edges of the octahedron, there aretwel ve cis positions.
They are (1,2) (1,3) (1,4) (1,5) (2,6) (3,6) (4,6) (5,6) (3,4) (4,5) (2,5) and
(2,3). Inorder to avoid confusion, generally it isassumed that the 1,2 positions
arecis-positions. There arethreetranspositions; they are (1,6) (2,4) and (3,5).
Normally it istaken that 1,6 positions are trans-positions in order to avoid
confusion.

Anoctahedra complex of thetype[Mab,] whereaand b aremonodentate
ligands, existsastwo geometrical |somers:

f' b -\ni - b -\ni
a —Db a a
/\M/ /\M/
a/ \a a/ \a

< a -/ \— b -/

cis-isomer trans-isomer
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A specificexamplefor such Isomerismis[Co(NH,), Cl.]* which existsas
two geometrical isomers.

The octahedral complex are of thetype [M(AA),a,]™ where (AA)isa
symmetrica bidentateligand such asethylenediamineH,N-CH,-CH,-NH, and
‘a isamonodentate ligand. A specific examplefor thisis[Co(H,N-CH,-CH,-
NH,), CL]*

cis-isomer

’ cl . cl =~
N Cl CH ——/NH2+NH — CH,
\‘coq | \c ol
g 0
/ | / 1\
" H, | NHz-/C"'z it o ‘l NH—CH,
- H.N cH, _J L Cl D

trans-isomer

The octahedral complex of the type, [Ma)b,]™, where a and b are
monodentate ligandsa so exist asgeometrical isomers, For example, [Rh(py),
Cl,] exist ascis-(1,2,3 trichlorocomplex) and trans-(1,2,6-trichloro compl ex)
isomersasrepresented below

\
py\l/
TN

Rh Rh

py/ | \ Py \

py CI
cis-isomers trans-isomer

b) Optical lsomerism

Thisisaphenomenon in which certain organic or inorganic compounds
havethe property of rotating plane polarised light. The compoundswhich exhibit
thisproperty arecalled optical isomers. Theoptica isomersof acompound have
identical physical and chemical properties. Theonly distinguishing property is
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that theisomersrotatethe plane of polarised light either to theleft or right. Ina
coordination compound of type[PtCl (en).],*, two geometrical isomersare
possible. They arecisand trans. Among these two isomers, cisisomer shows
opticd activity becausethewholemoleculeisasymmetric.

enw , \]

C| |C1

/ A
Pt Pt

\ Cl /

ICt
/]
P /

en

P

Optical isomersof cis(PtCl (en),]*
6.5 THEORIESOF COORDINATION COMPOUNDS
6.5.1Werner’'sTheory

Alfred Werner (1866-1919) French born Swisschemist founded themodern
theory on coordination compounds. Histheory and pioneering experimental work
onmetal complexeswon for himtheNobel Prizefor chemistry in 1913. Werner
wasthefirst inorganic chemist o be awarded thenobel prizein chemistry. Heis
considered at “ Father. of coor dination chemistry”.

Brief conceptsof Werner’stheory of coor dination compounds

Alfred Werner studied the structure of coordination complexesand put
forward hisideasintheyear 1893 whichwereknown as* Werner’scoordination
theory.

Postulatesof Wer ner’stheory

1) Eveymetd atomhastwotypesof vaencies
i) Primary vaency or ionisablevaency
if) Secondary valency or nonionisablevalency

2)  Theprimary valency correspondsto the oxidation state of the metal ion.
Theprimary valency of themetd ionisawayssatisfied by negativeions.
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3) Secondary valency correspondsto the coordination number of the metal
ion or atom. The secondary valenciesmay be satisfied by either negative
ionsor neutral molecules.

4) Themoleculesorionthat satisfy secondary valenciesarecalled ligands.

5) Theligandswhich satisfy secondary valencies must project in definite
directionsin space. So the secondary vaenciesaredirectional in nature
whereasthe primary vaenciesare non-directiona innature.

6) Theligandshaveunshared pair of dectrons. Theseunshared pair of electrons
aredonated to central metal ion or atomin acompound. Such compounds
are called coordination compounds.

Werner’srepresentation

Werner represented thefirst member of the series[ Co(NH,) | Cl, asfollows.
Inthisrepresentation, the primary vaency (dotted lines) are satisfied by thethree
chlorideions. Thesix secondary valencies (solidlines) are satisfied by the six
ammoniamolecules.

Defectsof Werner’stheory.

Werner’ stheory describesthe structures of many coordination compounds
successfully. However, it does not explain the magnetic and spectral properties.

6.5.2 Valencebond theory (VB Theory)

Vaencebondtheory, primarily thework of LinusPauling regarded bonding
ascharacterized by the overlap of atomic or hybrid orbitalsof individua atoms.

Thepostulatesof valencebond theory

1) . Thecentral metal atom/ion makesavailableanumber of vacant orbitals
equal toitscoordination number.
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2) Thesevacant orbitalsform covaent bondswiththeligand orbitals.

3) A covadentbondisformed by theoverlap of avacant meta orbital andfilled
ligand orbitals. Thiscomplete overlap leadsto the formation of ametal
ligand, o (Sgma) bond.

4) A strong covalent bond isformed only when the orbitalsoverlap to the
maximum extent. Thismaximum overlgppingispossibleonly whenthemeta
vacant orbitalsundergo aprocesscaled* hybridisation’ . Achybridised orbital
hasabetter directiona characteristicsthan an unhybridised one.

Thefollowing tablegivesthe coordination number, orbital hybridisation and
Spatial geometry of the moreimportant geometrics.

Coordination number Typesof hybridisation Geometry

2 P linear

4 sp? tetrahedra

4 dsp? squareplanar
6 dsp® octahedra

6 sp3d? octahedra

M agnetic moment

A specieshaving atleast one unpaired e ectron, issaid to be paramagnetic.
It isattracted by an external field. The paramagnetic moment isgiven by the
following spin-only formula.

u=4/n(n+2) BM

U, = spin-only magnetic moment
n . = number of unpaired electrons
BM. = Bohr magneton, theunit which expressesthe magnetic moment. When
the speciesdoes not contain any unpaired eectron, it isdiamagnetic.
Number of unpaired el ectrons Spin-only moment (BM)
1 J11+2) =4/3=1.73
2 J2(2+2) =/8=283
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3 J33+2) =4/15=387

4 J44+2) =/24=490
5 J5(5+2) =/35=592
Applicationsof valencebond theory
1) Nickd atom
Outer dectronicconfiguration  3d®  4s?
3d 4s 4p
Ni atom BT T T AT ]
Ni 2ion O T T 1]
[Ni(NH,),J* AT T T ]
P
NH,NH,NH,NH,
\ )
Y

sp’ hybridisation
Number of unpaired el ectrons=2
B =42(2+2) =2.83BM
Sincethehybridisation issp?, the geometry of themoleculeistetrahedra.
2) [Ni(CN)J*

Another possible geometry for the 4 coordinated complex isthe square
planar configuration involving dsp? hybridisation.

3d 4s 4p
NiZion [P (L[0T 1] 1 [ T 7

Theligand CN-isapowerful ligand. Henceit forcesthe unpaired electronsto
pair upindorbitas. Hencethiscomplex ion doesnot contain unpaired e ectrons.
Itisdiamagnetic.
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3d 4s 4p

INICN). [T TTT1 1 o]
Pttt
CN CN CN'CN
\ )
Y

d sp” hybridisation
The geometry of themoleculeissquare planar.
Octahedral complexes
1) Featom
Outer eectronic configuration 3d® 4¢?

3d 4s 4p
Featom|1L|1|1|1H|-|:|:|:|
Fe”ion|1L|1|1|1|1||:||_|_|_,
p

[Fe'(F

TTTTTT

F_FF F FF

Y
sp’d’ hybridisation
Number of unpaired electron=4
n 44+ 2) =/24 = 4.90BM
Themoleculeisparamagnetic. The geometry of themoleculeisoctahedral.
2) Fe?ion
3d 4s 4p

I

In[FE(CN),]* complexthe CN- ligandisapowerful ligand, it forcestheunpaired
electronsin 3dleve to pair upinsde. Hencethe specieshasno unpaired e ectron.
Themoleculeisdiamagnetic.
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3d 4s 4p

[FeCN)" L [ [T ] [ &
tt ottt

CN'CN"  CN" CN'CN'CN’

XX

XX

XX

d”* sp® hybridisation
Themolecular geometry isoctahedral.
Defects of Valence bond theory

Although VB theory wasthe principal way inwhich chemist visualized
coordination compounds until the 1950s, it hasfalleninto disfavour duetoits
inability to account for various magnetic, el ectronic and spectroscopic properties
of these compounds.

6.6 Usesof coordination compounds
1. Dyesand Pigments

Coordination compounds have beenused from the earliest timesasdyes
and pigments, for example madder dye which isred, wasused by the ancient
Greeksand others. It isacomplex of hydroxyanthraguinone. A more modern
exampleisthe pigment copper phthal ocyanine, whichisblue.

2. Analytical Chemistry

Thecoordination compoundsused for variouspurpose, inthelaboratary areas
folows

a) Colour Tests: Sincemany complexesarehighly colouredthey canbeusedas
colourimetricreagentse.g. formation of red 2,2' -bipyridyl and 1,10-phenanthroline
complexesasatest for Fe**

b) Gravimetric Analysis: Here chelating ligands are often used to form
insoluble complexese.g. Ni(DMG), and Al(oxine),.

c) «ComplexometricTitrationsand Masking Agents: Anexampleof this
istheuseof EDTA inthevolumetric determination of awidevariety of metal ions
insolution, e.g. Zn%, Pb?*,Caz*,Co*,Ni%*,Cu?*, etc. By careful adjustment of
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the pH and using suitableindicators, mixturesof metalscan beanalysed, e.g. Bi*
inthepresence of Pb?*. Alternatively, EDTA may be used asamasking agent to
removeametd ionwhichwouldinterferewith theanadysisof asecond meta ion
present.

3. Extraction of Metals

Sometimes certain metal s can beleached from their oresby formation of
stable complexese.g. Ag and Au ascomplexesof cyanideion.

4. Bio-InorganicChemistry
Naturaly occurring complexesinclude haemaoglabin, chlorophyll, vitamin
B., etc.

12

Theragpeutic chel ating agentsare used asantidotesfor heavy meta poisoning.

EDTA and other complexing agents have been used to speed thedimination
of harmful radioactive and other toxic elementsfrom the body. (e.g. Pb?"). In
these casesasolublemetal chelateisformed.

5.  Chemotherapy
Anexamplehereistheuseof cis-Pt(NH,),Cl, asananti-tumour drug.
6. Syntheticdetergents

Synthetic detergents containing chelating agents such astripolyphosphate.
The chelating agent sequestershard-water cations, rendering them incapabl e of
interfering with the surfactant.

6.7 BIO COORDINATION COMPOUNDS

Coordinationcompoundsplay animportant rolein many biological processes
inplantsand animdls.

Thefollowing tablegivessomeof theimportant bio coordination compounds.

Name Function
1. . 'Haemoglobin Transport and storage of oxygen
2¢+. Chlorophyll Photosynthesis
3. FerredoxinsRubredoxins Electron Transfer

Among the Bio-coordination compoundsfunction and natureof haemoglobin
and chlorophyll play dominant rolein natural process.
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6.7.1 Haemoglobin

Haemoglobin in thered blood cells carries oxygen from thelungsto the
tissues. It deliversthe oxygen moleculeto myoglobinin thetissues. Whenthe
oxygen hasbeen released for cell respiration, haemoglobin losesitsbright red
colour and becomes purple. It then combineswith the waste carbon dioxide
produced by the cellsand depositsin the lungs so that the gas can be exhaled.

Natur eof haemoglobin and myoglobin

Both are having the same structure excepting the fact that myoglobinisa
monomer and haemogl obinisatetramer. Both areiron-porphyrincomplex.

These are biocoordination complexesformed between porphyrinand iron
inits+2 oxidation state (Fe*). Theiron-porphyrin complex iscalled the heme
group, whichisapart of haemoglobin. Each haemaogl obin molecul e consists of
four subunits, each unitisbeing afolded chain.

Theworking part of haemogl obinisahemegroup containing an Fe** cation
coordinated tofour nitrogen atomsof porphyringroup and onenitrogen atom of
histidinegroup. Thesixth octahedra siteisavailableto bind oxygen molecule.

6.7.2 Chlorophyll

Chlorophyll isamagnesium - porphyrin complex. Themagnesumisat the
centre of the modified porphyrinring septeon (corrin). The oxidation state of
magnesiumis+2 (Mg*). Themodified porphyrin actsastheligand.

Thereare several kindsof chlorophyll that vary dightly intheir molecular
sructure.

In plants, chlorophyll *a’ is the pigment directly responsible for the
transformation of light energy to chemical energy. Hencein plants, thegreen
pigment chlorophyll hel ps photosynthesis. The conversion of atmospheric
carbondioxideand aimaospheric moistureinto carbohydrateand molecular oxygen
inthe presenceof sunlight, by theplant iscalled asphotosynthesis. Chlorophyll
actsasalight sengitiser in thisimportant process.

XCO, +yH,0__chlorophyll _ cx(H,0)y +0,
sunlight
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Photosynthesisrequires, in addition to chlorophyll, the help of four other metal
complexes, amanganese complexes, two iron complexesand acopper complex.

All oxygenated animal stake mol ecular oxygen through haemoglobin and

release CO,. But chlorophyll helpsinthe conversion of atmosphere CO, into
molecular oxygenwhich act asafue for human cell.

A.
1.

SELFEVALUATION
Choosethecorrect answer
Whichadoublesalt
a) K.SO,.Al(SO,),.24H,0 b)NaCl c¢) K, [Fe(CN)] d)KCl
Anexampleof acomplex compound having coordination number 4.
a) K [Fe(CN) ] b) [Co(en).|Cl,
©) [Fe(H,0) ICl, d) [Cu(NH,),ICl,
Thegeometry of [Cu(NH,),]* complexion
a) Linear b) Tetrahedrd ¢) Squareplanar d) Angular
Anexampleof achdatingligandis
a NO, b) Chloro ¢) Bromo d e
Thegeometry of complexion[Fe(CN)]* is
a) tetrahedrd  b) .square planar ¢) Octahedra d) triangular
Theoxidation numberof Nickel inthecomplexion, [NiCl ]* is

a +1 b)-1 c) +2 d) -2
Whichisnet ananioniccomplex?

a) [Cu(NH,),ICI, b) K,[Fe(CN)]

¢ " KFe(CN)] d) [NiCl]*
Thegeometry of [Ni(CN) ]* is

a) « Tetrahedrd b) Squareplanar

c) Triangular d) Octahedra

Anexampleof anambidentateligandis
a CN- b) CI- c) NO, d I
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10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

[FeF,]* isparamagnetic because

a) F isaweaker ligand b) Fisastrongligand
b) F isaflexidentateligand d) Fisachdatingligand

In[Fe'(CN).]*, thecentral metal ionis

a Fe b) Fe™ c) Fe® d) CN-
The coordination number of Ni(I1) in[Ni(CN),]* is
a2 b) 4 5 d) 6

Thenameof [Pt"(NH,),CL]** is

a) Diamminedichloroplatinum(IV)ion

b) Diamminedichloroplanitate(IV)

¢) Diamminedichloroplatinum

d) Dichlorodiammineplatinum(IV) ion

For acompound K [Fe&(CN) ] — 4K* +[Fe(CN) ]*, thecomplexionis
a K* b) CN- c) Fe! d) [Fe(CN)J*

A meta ionfromthefirg trangtionseriesformsan octahedra complex with
magnetic moment of 4.9 BM and another octahedral complex whichis
diamagnetic. Themetd ionis

a) Fe* b) Co* c) Mn# d) Ni2
Paramagnetic momentisexpressedin
a) Debyeunit b) K Joules c) BM d) ergs

Thetypeof isomerism found in the complexes[Co(NO,)(NH,).] SO, and
[Co(SO,)(NH,)] NO,

a) Hydrateisomerism b) Coordinationisomerism
¢) Linkageisomerism d) lonisation

Valence bond theory does not explain the property of complex compound
a) geometry b) magnetic  ¢) natureofligand  d) colour

Answer in oneor two sentences
What aresmplesdts? Giveoneexample.
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20.
21.
22.
23.

24,

25.

26.

27.
28.

29.
30.

31.

32.

33.

What are double salts? Give oneexample.

Inwhat way complex salt differsfrom doublesalt?

Wheat areligandsand coordination number?

Giveoneexamplefor amonodentateligand, abidentateligand and achelating
ligand.

Calculate the charge on the central metal ion present in the following
complexes.

a) [Fe(NH,),Cl.] NO, b) Na[B(NO,),|
Namethefollowing complexes

a) [Co(NH,).,(H,0)]Cl, b) Na[B(NO,) |
Writetheformulastructure of thefollowing

a) trigethylenediamine)cobdyt(l11) ion
b) pentaamminesul phatocobat(l11)chloride

Draw thestructure of cisand trans-[Pt(NH,).Cl ]
What are chelates? Give oneexample.

Answer not exceeding 60 wor ds
Explain coordinationandionisationisomerismwith suitableexamples.

Mention thetypeof hybridisation and magnetic property of thefollowing
complexesusing VB theory

a) [FeF]* (b)) [Fe(CN)]*
For the complexesK [Fe(CN),], [Cu(NH,),] SO, mention
a) Name b) Centra meta ion ¢) Ligands d) Coordination number

Haw isthe paramagnetic moment rel ated to the number of unpaired eectrons
in?

a) K,[Fe(CN)] b) K [Fe(CN)]
Inwhat way [FeF |* differsfrom [Fe(CN) ]*.
[Ni(CN),]> diamagnetic, whereas[NiCl ]* isparamagnetic. Explain.
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35.
36.
37.

38.
39.

[Cu(NH,),]** issquare planar, whereas[NiCl > istetrahedral . Explain.
Explainthelimitationsof VB theory.

Taking[FeF|* asanexample, discussgeometry, natureof d-orbital splitting
and magnetic property usng VB theory.

Mention thefunction of haemoglobininnatural process.
How chlorophyll isimportantinenvironmenta chemigtry?Mentionitsfunction.

Summary

The nature of coordination compounds are discussed-in detail. The

terminology used in coordination chemistry and types of isamerism found in
coordination compoundsare expla ned with specific examples. The devel opment
of the nature of bonding isdiscussed using Werner’stheory and valence bond
theory. The scope and limitations of these theoriesare also compared. A brief
discussion on applicationsof coordination compoundsispresented. Thefunction
androleof haemoglobin and chlorophyll areexplained.

Reference

1.

2.

Coordination Chemistry, SF.A .Kettle, The English language book society
and Nelson, 1969.

Conciselnorganic Chemistry, J.D.Lee, Chapman and Hall, London, 1992.
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7. NUCLEAR CHEMISTRY

Learning Objectives

22

22

/

Review of basic nuclear chemistry.
Know about the nuclear reactions and chemical reactions.

Learn about nuclear energy and nature of nuclear fission and nuclear
fusionreactions.

Learn about principle of nuclear reactors.
Know about the nuclear reactionsin sun.

Learnabout theapplication of radioactiveisotopesincluding tracer technique
adopted in understanding reaction mechanisms.

\

Henry Becquerel (France) was awarded nobel prizefor hisdiscovery of
spontaneous radioactivity in 1903.

In the sameyear Pierre Curie (France) and Mary Curie (France) were
awarded for their research on radiation phenomenon. In 1911, Marie Curie
(France) wasawarded nobd prizefor thediscovery of radium and polonium,
and theisolation of radium. In 1938, Enrico Fermi (Italy) was awarded
Nobd Prizefor thediscovery of nuclear reactionsinduced by dow neutrons.
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Nuclear Chemistry

*

Radioactivity : The phenomenon of spontaneousdisintegration of certain
atomicnude resultingintheemission of radioectiveraysiscaled radioactivity.
Radioactivity isanuclear phenomenon and it isnot affected by external
factorssuch astemperature, pressureetc. Thisphenomenon wasdiscovered
by Henry Becqurdl.

To explain the spontaneous decay of radioactive el ements, Rutherford and
Soddy put forward the theory of radioactive disintegration. According to
thistheory the quantity of aradioactive element which disappearsin unit
timeisdirectly proportional to theamount (atoms) of radioactive substance
present at that time.

Based on the abovetheory, thefollowing equation isderived which confirms
that all radioactivereactionsfollow | order

t= 2:303 log No
A N
A = decay constant N, = Number of radioactiveatoms
presentinitidly
N = Number of radioactiveatoms
atime't

Half lifeperiod : Thetimerequired to disntegrateonehdf of any radioactive
substance is called half life period (t¥2). The half life period (t¥2) of a
radioactive substanceisindependent of initial concentration. It dependsonly
onthedisintegration constant (A) of theradioactive e ement. tY2isused to
indicate therelativestability of radioactive substance. If t¥2isthe shorter,
faster istherateof decay and hence the substanceis more unstable and

viceversa,
( s 0.693)
A
1 tv
Averagelife, t(Tau) = - = =144t

L 0.693
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7.1

Sinceradioactivity isanuclear phenomenon, it must be connected with the
ingtability of thenucleus.

An o - particleisegua to thebundle of two protonsand two neutronsand
henceitisequal totheHelium nucleus (,He?).

B-particleisafast moving electron.
y-radiationisawaver of very short wavelength with very highenergy.

Radioactive decay series: Radioactive heavy nuclei decay by aseries of
o - emission or 3 emissions, finally resulting in theformation of astable
isotope of lead. Thereare about 4 decay series.

4n - Thorium series
4n+1 - Neptunium series
An+2 - Uranium series
4n+3 - Actinium series
Bindingenergy of Nucleus

Whenever anucleusisformed, certain massisconvertedinto energy. Hence
for atom, the atomic massis lower than the sum of masses of protons,
neutronsand el ectrons present. Thedifferencein massistermed as*mass
defect”. Thisisthemeasureof the binding energy of proton and neutronin
thenucleus. There ationship between mass- energy isexplained by Eingein
equation AE = Am C2

Difference between chemical reactionsand nuclear reactions

In ordinary chemical reactions, the nuclel of the atomstaking partina

chemical reaction remain unaffected. Only thee ectronsinthe extranuclear part
of atomstake part inthe chemical process.

However, during disintegration of atoms(naturdly or artificidly), thenuclei

of atomsare affected resulting intheformation of new nucle. Suchreactionsin
whichthenucle of theatomsinteract with other nuclei or lighter particlesor
photonsresulting in theformation of new nuclel and oneor morelighter particles
arecalled nuclear reactions.
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Chemical reactions Nuclear reactions

1. | These reaction involve some loss, 1. | Nuclear reactions involve emission of
gain or overlap of outer orbital apha, beta and gamma particles from
electrons of the reactarnt atons. the nucleus.

2. | A chemical reactionis balanced in - [2. | Nuclear reaction is balanced in terms
terms of mass only of both mess and energy.

3. | The energy changes in any chemicad | 3. | The energy changes are far exceed
reaction is very much less when than the energy changes in chenical
conpared with nuclear reaction. reactiors.

4. | In cherical reactions, the energy is [ 4. | In nuclear reactions, the energy
expressed in terms of kilojoules per involved is expressed in MeV (Million
nole. electron volts) per individud nucleus.

5. | No new élement is produced since  |5. [ New element / isotope may be
nucleus is uneffected. produced ‘during the nuclear reaction.
Thefollowing factsaretaken into account whileexpressng anuclear reaction:

i)  Reactionsarewritten likeachemica equation. Reactantsarewritten onthe
left hand side and products on theright hand sidewith an arrow in between.

i) Massnumber iswritten as super script on the symbol of the element. For
example N*stands for an‘atom of nitrogen with mass number 14 and
atomic number 7.

i) Inachemical reaction thetotal number of atomsof variouselementsare
balanced on thetwo sides. Similarly in nuclear reaction , thetotal mass
number and atomic number are bal anced on thetwo sides.

iv)  Symbolsusedforprojectiles:

The bombarding particles are called projectiles. These projectiles are
represented by thefollowing symbols.

g - neutron
Horp - protor_1
JHetora - opaticle
;H?or D? - deuteron

Lore - ele(_:tronorB-particIe
L€ - positron
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Thenucleusto be attacked iscalled astarget nucleus or parent. The new:
nuclideiscalled asrecoil nucleus or daughter. The particle g ected during a
nuclear reactioniscalled asgected particle.

Representation of nuclear reaction:
N* + Het — 0O + H

7 1

projectile gected particle

Thisreaction can berepresented as(c., p) typereaction’.Hencethe above
reactionisrepresented as_N* (a.,p) ,OV.

Balancing of nuclear reaction

Example
37 2 38
L+ H = AP+ 2
Solution
37 2 38 1
SO+ H = Ar¥e+ 0 X
.. Xisneutron
Hence

P+ H = Ar® + nt
Thisreactionisrepresented as
LCI¥ (D, n).o Ar®
Q valueof anuclear reaction

Theamount of energy absorbed or released during nuclear reactioniscalled
Q-vaueof nuclear reaction.

Quawe = (mp-mr) 931 MeV
where ~m.~ - Sumof themassesof reactants
m - Sum of themasses of products

Inthe case of energy absorbed then m>m, then Q vauewill bepositive.

Q value of anuclear reaction in the case of energy released = (mp—mr)
931 MeV. In the case of energy released, m>m, and hence Q value will be
negdive.
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7.2 TYPEOFNUCLEARREACTION
1. Spallationreaction

Thesearethereactionsinwhich high speed projectilesmay chip aheavy
nucleusinto severd fragments.

,CU®+ He! +400MeV — | CI¥+14 H'+ 16 n'
2. Nuclear fission reaction

Nuclear fissonisthe processinwhich aheavy nucleusbreaksupinto two
lighter nuclei of amost equal sizewith the release of an enormous amount of
energy. Thistype of nuclear fission reaction was first observed by German
Chemists Otto Hahn, F.Strassman and Meitner by bombarding ,,U*> with low
moving neutrons. The processis usualy accompanied by emission of neutrons.
The nuclear fission has been produced in heavy nuclei'such as°U,>8U, 22Th
by neutrons, protons, deuterons.

M echanism of fission

In thefission process, the heavy nucleusabsorbsaneutron and formsan
unstable compound nucleus. The compound nucleusthen breaksup moreor less
inthemiddleto givefisson product.

Example

A typicad exampleof thefisson processinthefissonof uraniumby neutrons
isexplained by thefollowing equation.
LU Tt = Ba +3 n' +200MeV

Further, the neutronsrel eased (say three) from thefission of first uraniumatoms
can hit three other uranium atoms. Inthisway achainreactionisset up resulting
intotheliberationof ayenormousamount of energy. Inthe caseof nuclear fisson,
,U? formed breaks up in several ways.

140 93 1
wBa + ,,Kr'+3n

235 1 144 90 1
92LJ N > 92LJ P 54)( e+ 3855r +2 o
144 90 1
5CS +,,Rb ™+ 2 n
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Thisfisson processissdf multiplying processand henceatremendousameunt
of energy isreleasedinavery short interval of time. Therefore, explosiontakes
place. Atom bomb isbased on nuclear fission process.

Energy released in nuclear fission reaction

235 1 95 139 1
oY + nt - . Mo® + _La¥* + 2n'+7.€

Theisotopicmassof U%® = 235.118amu
Theisotopicmassof ,Mo® = 94.936amu
Theisotopicmassof _La*® = 138.95amu
Theisotopicmassof  n* = 1.009 amu

~. 235118 +1.009 — 94.936 + 138.95 + 2 x 1.009
236.127 amu — 235.906 amu

.. Themassconvertedintoenergy is
= (236.127 — 235.906) amu
=0.213amu

Since 1lamu (atomic mass unit) =931 MeV, for one 2*U fission energy
released = 0.213 x 931.48 = 200 MeV.

4 N

Thefirst atom bomb used in Hiroshima (Japan) utilised ,,U** isotopeas

the main reacting substance and second bomb in Nagasaki made use of

Plutonium (239) (August 1945). Thefissionin both the casesissimilar and

uncontrolled. Enormeusamount of energy equd to that produced by 20000

tons of TNT is produced accompanied by heat, light and radioactive
\radiati ons.

Nuclear Power Gener ator

A nuclear reactor or nuclear power generator isakind of furnacefor carrying
out the controlled fission of aradioactivematerial like U for producing power.

Thecoreof thenuclear reactor produces heet through nuclear fisson. Heavy
waterat high pressuretakes heat away from the core. Inthe heat exchanger, the
heavy water inside the reactor gives up its heat to water outside the reactor,
which boilsto form steam. The steamistaken away to driveturbinesthat make
éectricity. In Tamilnadu atomic power stationsgenerating e ectricity arestuated
at Kal pakkam and another oneisbeing constructed at K oodamkulam.
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3) Nuclear Fusion

When lighter nuclei moving at ahigh speed are fused together toforma
heavy nucleus, the processiscalled nuclear fusion.

Infusion reaction, the mass of heavier nucleusformedislessthanthetotal
massof twolighter nuclei. Thus, just likeafission reaction, the sourceof energy
inafusion reaction isalso the disappearance of mass, which getsconverted into
energy.

Nuclear fusion reaction takesplaceat very high temperature of about 10°K .
Therefore, thisreactioniscalled thermonucl ear reaction.

H o+ H - Het + n' + Enegy
Deuterium  Tritium Hdium

TheMasslossisequa to 0.018 amu and the carresponding energy rel eased
is1.79x 10° KJmol .

Hydrogen Bomb

Thehighly destructive hydrogen bombisal so based onthefusionreactions
of hydrogentoform helium producing largeamount of energy. Hydrogen bomb
conggtsof anarrangement for nuclearfissoninthe centresurrounded by amixture
of deuterium (,H?) and lithiumisotope (,Li°). Fissionreaction providesthehigh
temperature necessary to start thefusion.

Fusion reactionstake placeinhydrogen bomb.

i) Hsdon —  hea + neutrons
i)y Li®+ . nt — o H¥ + He' + 478MeV
H2+ H =0 Het + nt + 17.6MeV

7.3 RADIOCARBON DATING

Thismethod was devel oped by Willard and Libby to determinethe age of
wood or animal fossils. Thismethod isbased onthefact that .C', radioactive
isotope of carbonisformed inthe upper atmosphere by reaction with neutrons
(from casmicrays).

7N 14 + Onl - 6C14 + 1Hl

The C* atomsthusproduced arerapidly oxidised to “CO, whichinturnis

incorporated in plantsasresult of photosynthesis. Animalstoo consume C* by
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eating plants. On degth, organisms ceaseto takein fresh carbonations. Carbon-
14 beginsto decay.

LY = NY + &

5700yearsafossl (plant or animd) will lose half theamount.of carbon-14
present initsliving state. Therefore by knowing either theamount of C* or the
number of 3-particlesemitted per minute per gram of carbonat theinitial and

find stages, theageof carbon materia can bedetermined by thefallowing equation.

(2303t log Amountof C**infreshwood
0.693 Amount of C*indeadwood
Uses
1) Cabondating hasprovedto beagresat toal for correlating factsof historical
importance.

2) Itisvery useful inunderstanding theevolution of life, and riseand fall of
avilizations
7.4 NUCLEARREACTIONSTAKING PLACE IN SUN (STARS)

It hasbeen estimated that the sunisgiving out energy equaly inall possible
directionsat therate of 3.7 x 10 ergs/sec. Theenergy of the sunissupposed to
arisefromthefusion of hydrogen nuclel into helium nuclei whichin going on
inddeital thetime.

Thevariousfusionreactionstaking placeinthesun areasfollows:

a) | Proton- protonchainreaction:
H+ HY fwo o HZ 4+ € +energy

positron
JH2+ HY W o He® + energy

Het + HY __fuo o Het + € + energy

Theoverdl reaction, therefore, may bewritten as:

4 Ht __ftwo . Het + 2 € + energy
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7.5 USESOF RADIOACTIVEISOTOPES

a) Study of reaction mechanism

i)  Mechanism of photosynthesisin plants
*

A small quantity of Radioactive C O , containing radioactive oxygen O%is
mixed with ordinary carbondioxide and the processis carried out. |thas been
found that oxygen gas evolved a ong with sugar formation isnon-radioactive.
Therefore O, produced comesfrom water and not from carbondioxide. Sothe
correct mechapism isasfollows.

6CO, + 6H,0 — CH,O, +60,

6 12
if)  Study of hydrolysisof ester

By labelling oxygen, the mechanism of ester hydrolysiscan be studied by
usingwater labelled with O, Thehydrolysisof anester by water enriched with
radioactive oxygenisindicated as:

0 O

Y4 * VA
R-C +HOH = R-G  + R-OH
“OR “OH

Thereforeitistheacid and not al cohol-produced which isradioactive confirming
the above mechanism.

Radioactiveisotopeswhichareuseful inmedicine

| sotope Use
H? Tritium Measurewater content of the body
CH Carbon - 11 Brainscan
,C" Carbon=-14 Radioimmunology
ol lodine- 131 Diagno_sjsof damaged heart musclesand hyper
thyroidism

oHg™" «Mercury - 197 Kidney scan
5P Phosphorous-32 Detection of eyetumours
,F€°  Iron-59 Diagnosisof anemia

Co® Cobalt - 60 Treatment of cancer

27
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Na&*  Sodium- 24 Location of blood clots and circularity.
disorders

HLAU® Gold-198 Curing of cancers

Radioisotopeswhich areuseful inindustry andin agriculture
S Strontium- 90 Thicknessof coatingsor levelsof liquidsintanks
Practice Problems

1) Onneutron bombardment fragmentation of U-235 occursaccording to the
equation

235 1 95 139 1
HUT+ Nt = Mo*+ _La¥+x. €+yn

Caculatethevaluesof x andy.
[Ans:x=7,y=2]

2)  On neutron bombardment fragmentationof U-235 occursaccordingtothe
equation.

HUT+ Nt = Mo*+ Xe*+x f+ynt
Calculatethevaluesof x andy.
[Ans:x=4,y=2]
Solved Problems

1. After 24hours, only 0.125gout of theinitid quantity of 1g of aradioisotope
remainshbehind. what ishaf-life period?
Solution
N,=1g N=0.125g, t=24hours
e 2.303 log Ny
t N

2.303 1
= log
24 0.125
=0.0866 hour*
0.693 0.693
A 0.0866

tYo = =7.99 hours
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2. Half-life period of aradioactive element is 100 seconds. Calcul ate the
disintegration constant and averagelife period. How muchtimewill it take
for 90% decay?

Solution
t¥2 = 100 sec
0 =288 099 _ 4 00693 sec?
tY% 100
Averagelifeperiod, T=1= L =144.3 sec
L 0.00693

For 90% decay, N, = 100; N = (100 - 90) = 10

2.303 N o
t = log
A N
2.303 100
= log——
0.00693 10
2.303

= log 10 = 332.3sec
0.00693

3. Thehaf-lifeof cobdlt - 601s5.26 years. Caculatethe % activity remaining
after 4years.

Solution
t¥2 = 5.26years
% = 0'693year‘1
5.26
t = 4dyeas

N
Heretofind the % of activity (i.e) tofind N
0

po- 238 N,
t N
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No Axt

2.303
3 0.693>< 4
526 2.303
= 0.2288
% = Antilog (0.2288)
= 1.693
N L o9
N, 1.693
% of activity = 0.59 x 100
= 59%

4. Wooden artifact and freshly cut tree are having 7.6 and 15.2 counts
min*g? of carbon (t%2=5700 years) respectively. Calculate the age of the
artifact.

2303 [Amountof fresh wood}

Ageof theartifact  — Amount of oldwood

By oo o.igs

L 0.693
t%2

~.Ageof theartifact =

2.303x tY2 o Amount of fresh wood
0.693 Amount of oldwood

2.303x5700 log 15.2
0.693 7.6
5700 years

5. Half lifeperiod of aradio active element is 1500 years. Find the value of
disintegration constant intermsof second.
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- 0.693  0.693
t¥2  1500yrs

B 0.693
1500x 365x 24 x 60x 60sec

0.693 4
Sec

= 4730x 4x10°
= 0.1465 x 10 sec?

6. Calculate the number of oo and B particles emitted in the conversion of
Th 232 to pb208
920 82 )

Let‘a and‘b’ bethe number of o B particlesemitted during the change
oI P% — pb*® +a Het+Db e

Comparing themass numbers,
232 = 208+4a+bx0
da = 232-208
= 24
a= 6
Comparing theatomic numbers
90 = 82+2xa+(-1b
= 82+2a-b
2a-b= 90- 82=8
2(6)-b=8
b=128=4

Number of o < particleemitted = 6
Number of {3 - particlesemitted = 4

7. Theatomic massesof Li, Heand proton are 7.01823 amu, 4.00387 amu
and 1.00715amu respectively. Cal culatetheenergy evolved inthereaction,
[Li’+ HY— 2 He' + AE Given 1 amu = 931 MeV.

Solution

Massof reactants = massof Li + massof H
7.01823 + 1.00715
8.02538 amu
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= 2xmassof He
= 2x4.00387
= 8.00774amu

Massloss during change = (8.02538-8.00774) amu
= 0.01764 amu

.. Energy evolved during reaction
0.0176 x 931 MeV
16.423 MeV

Cdculatethe number of neutronsintheremainingatom after emisson of an
o particlefrom ,X* atom. al'so report the mass number and atomic number
of the product atom.

Massof products

Solution 92X238 - XM+ He!

0.

Comparing massnumber of both sides,
238 =m+4

m = 238-4=234

Comparing atomic number on both sides,
2=A+2
A =92-2=90

X hasatomic number =90

and mass number = 234

Number of neutrons= 234-90 = 144.

Determinetheaveragelifeof U havingt2= 140 days.

Solution

., (0,603 - 1
= ™ (.. Averagelife, 1= )
| A
=0.693 1
t
T =
0.693

— ﬂd S
0.693 Y

= 202.02days
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10. Theactivity of aradioactiveisotopefallsto 12.5%in 90 days. Calculate
thehalf lifeand decay constant.

Solution
N,=100 N =125 t=90days
2.303 N,

decay constant A = TIOQW

2.303 100
= log
90 125
=0.0255810g 8

= 2.311 x 102 days®

0.693  0.693
A 2.311x10°2

11. CaculateQvaueof thefollowing nuclear reaction Al + He! — S¥+
,H* Q. Theexact massof Al is26.9815 amu, ,,Si*is29.9738, He'
154.0026 amu and H'is 1.0078 amu.

to= = 29.99days

T14

Am = (29.9738 + 1.0078) < (26.9815 + 4.0026)
= -0.0025amu

Q = 0.0025 x 931 MeV
= 2.329MeV

SELFEVALUATION
A. Choosethecorrect answer

1. Thephenomenonof radioactivity wasdiscovered by
a) Madamcurie  b) Pierrecurie ¢) Henry Becquerrel d) Rutherford

2.  Themost penetrating radiationsare
ad orays. b) Brays c) yrays d) alareequaly penetrating

3. Inthenuclear reaction, ,,U*® — _Pb”®, the number of o.and 3 particles
emitted are

370, 58 b)6o, 48 ©) 4o, 38 d) 8o, 6

' 92
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10.

11.
12.
13.
14.
15.
16.
17.
18.
19.

Which oneof thefollowing particlesisused tobombard | Al* to give
sP® and aneutron

a) o partticle  b)deuteron  ¢) proton d) neutron
Thereaction B® — Be?takesplacedueto

a) o decay b) Bdecay c)eectroncapture d) positrondecay
Radioactivity isdueto

a) Stabledectronicconfiguration  b) Stablenucleus

¢) Ungtablenucleus d) Unstabledectronic configuration

Inthefollowing radioactive decay, ,x** — ..y?*, how many ocand 3
particlesare gected.
a) 3o and 3B b)5a0and 33 ¢) 3wand 5B  d) 5o and 5B

U nucleus absorbsaneutron and disintegratesinto _ Xe'¥, . Sr* and
X. What will bethe product x?
a) 3neutrons b) 2neutrons ¢) o.particle d) B particle

Lossof af3-particleisequivalent to
a) Increaseof oneprotononly b) Decreaseof oneneutron only
¢) Both (a) and (b) d) Noneof these

Which of thefollowing isused as neutron absorber inthe nuclear reactor?
a) Water b) Deuterium  ¢) “Somecompound of uranium  d) Cadmium

Answer in oneor two sentences

Defineradio activity.

What ishdf lifeperiod.

Writetwo difference between chemical reaction and nuclear reaction.
What isQ value of anuclear reaction?

Wheat arethetypesof nuclear reaction. Give examplefor each type.
Explain the principle behind the Hydrogen bomb.

What isRadio carbon dating?

State two uses of radio carbon dating.

What ishinding energy of Nucleus?
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20.

21.

22.

23.

24,
25.

26.

27.
28.
29.

Completethefollowing nuclear reactions
N Mo* (..., n) ,Tc¥

i) (0t, 2n) GAL

i) CMP® + C2 5 +4( )

vi)
vii) .Co*(d, p) .......
viii) AP (o, ) ...
iX) . Na®+.... —

Answer not exceeding 60 wor ds

What i sradioactivity? How wasthe phenomenon discovered?
What is nuclear fission? What are controlled and uncontrolled fission
reactions?How cantheenergy reeasedin such reactionsbeused for practica

purposes?

What isnuclear fuson?How do nuclear fuson reactionsdiffer fromfisson

reactions?

Differentiate chemica reactionsfrom nuclear reactions.
Explainthe use of radioactiveisotopeswith specified examples.

Problems

How many o.and B particleswill beemitted by anelement , A*#ischanging

to astableisotope of ;[ B*%?

Calculatethedecay constant for Agi®if itshalf lifeis2.31 minutes.
Thehdflifeof Th*is1.4x 10°°years. Cdculateitsdis ntegration constant.

Completethefollowing nuclear reactions
) A+ ? - KO+t
i) ? + H' — He'+ He!
i) R — ? _ + He

I 238 43 1
V) LU — _Ba®+ +N
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30.

31.

32.
33.

35.

»U?® undergoes a series of changes by emitting o and 3 particles and
findly . pb?®isformed. Cal culatethenumber of and particlesemitted during
thechange.

Theatomic massof This232 and itsatomic number is90. Intermsof its
radioactivity Sx o.andfour 3 particlesareemitted. What isthe massnumber
and atomic number of the product.

Caculatetheaveragelifeof  Au'leaving t2= 150 days.
Completethefollowing

) N“+He!— O+ ? .

i) LU +nt— _Ba¥+ Kre+ a\Y

i) ,Cu® — Ni®¥+ ? .

iv) 2H®— He'+ ? .

Predict the bombarding projectilein thefollowing nuclear reactions
) LA+ ? - Ne*+ Het

i) ,Se®+? — [ SeM+yrays

i) N“ + ? — O+ H

Thedecay congtant for (C'*is2.31x 10“ year* ca culatethe half life period.

Summary

*

*

*

*

Thischapter explainsthe bas c concept of nuclear chemistry.
Differenceabout nuclear reaction and chemical reactions.
Natureof nuelear fission and nuclear fusionreactionsarebriefly explained.

Principleof nuclear reactors, nuclear reactionsin sun and applications of
radioactiveisotopesarethoroughly discussed.

Reference

1.
2.

Inorganic Chemistry by Puri and Sharma
[norganic Chemistry by PL.Soni.
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PHYS CAL CHEMISTRY

“Physical Chemidtry liesat the mathematical end of the spectrum
that constitutes modern chemistry.”
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MATHEMATICAL RELATION

L ogarithmsand exponentials

Inx+Iny+...=Inxy...
InXx—=Iny=In(xly)
alnx=Inx2
Derivatives

d(f=g)=df +dg

d (fg) = fdg + gdf
d(f/g) = /g df —f/g? dg
dx/dx = nx™*

de™ [dx = aeX
dInx/dx =1/x

Integrals

[ xndx = x™1 n+l
[ (1/X) dx = In x + constant
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PHYSICAL CHEMISTRY

8. SOLID STATE - II

Learning Objectives

x To study the analysis of crystal structure using X-rays.
> To recognise the properties and types of ionic crystals.

x To know the elementary idea about the conducting and
superconducting properties of crystals.

> To learn the nature of Amorphous solids.
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REVIEW

Solidsarecharacterised by incompressibility, rigidity and mechanical strength.
Solidsareusudly classified asether crystalineor amorphous. Crysta linesolids
have definite and ordered arrangement of the constituents extended overalong
distanceandiscalled along-range order. They possessasharp melting point.
Amorphoussolidslikeglass, rubber etc., though possessing many characteristics
of crystalline solids such asdefinite shape, rigidity and hardness, but aredevoid
of aregular internd structureand melt gradually over arange of temperature. For
thisreason they are not considered astrue solids but rather highly supercooled
liquids
(Crystal lography : A study of internal structureof crystals. 1913 - English

physicists, Father and Son, William and Lawrence Bragg devel oped X-ray
crystalography further by establishing lawsthat governtheorderly arrangement
of atomsin crystd interference and diffraction patterns. They aso demongtrated
thewavenature of X-rays. In 1915 William Bragg and Lawrence Bragg were
\awarded Nobel prizefor physicsfor X-ray-analysisof crystal structure.

N

UNIT CELL

Unit cdll isthe smallest fundamental repeating portion of acrystal lattice
fromwhichthecrysta isbuilt by repetitionin threedimension.

Characteristic parameter sof aunit cell
z

c Crydalographic axes: ox, oy, 0z

Interfacial angles: o, B,y
Primitives (Intercepts) : a, b, ¢

Y ‘\B
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Typesof Cubic System
Simple cubic Body - centred cubic Face- centred cubic

jaijol

Assignment of Atomsper unit cell inacubiclattice

SimpleCubic

Inasimplecubic whereatomsare present at the cornersonly, each atom at
the corner isshared equally by eight other unit cells, Hence the contribution of

1
each atomto theunit cell is§.

Nc

Thetotal number of atomsper unit cell

= Ne = SXE =1
8 8
Ncisthenumber of atomsat the corners.

fcc

A faceatomisshared equally between two unit cellsand therefore aface

f

N
atom contributesonly ( T) totheunit cell.

: _ N, i 8 6
Thenumber of atomsper unit cell infcc = 8 +7=§+§=1+3:4

N, = Number of atomsat thefaces.
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N, = Number of
atoms_at the
faces

BCC

Inabcc lattice, the body centred atom belongsexclusively to the unit cell.
Thetotal number of atomsper unit cell in bce

=&+M=§+1=1+1=2
8 1 8 1
N, o
° N, = Number of atomsinsidethe body

An Edgeatom (or) Edgecentred

An edge atom and edge centrediscommon to four unit cellsand thereare
twelveedgesof theunit cell. The contribution from each edgeatomistherefore
1/4. Thenumber of atomsper unit cell in edge centre.

N N
= 8C +Te N, =Number of atoms at the edge centre
— §+E =1+3=4
T8 4(- B
L 4
e N, N,
® ®
o ®
L g
L
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8.1 X-RAYSAND CRYSTAL STRUCTURE

X-raysaredectromagneticwavesof very short wavelength. Thewavenature
of X-raysisnot confirmed by diffraction experiment, because agrating of about
40 millionruling per cmisrequired for diffraction experiment. The preparationof
suchagratingishighly impossible. At thesametime, crystallographersbelieved
that atomsin crystasareregularly arranged with aninteratomic distance of about
108 cm. Thewavelength of X-raysis, also, inthe order of 108 cm. Based on
this, Laue suggested that crystal can be used asathree dimensional diffraction
grating for X-rays. Thissuggestioniscarried out successfully by Lauein his
experiment using zinc sulphide crystal. The photograph obtained isknown as
Lauediffraction pattern.

The Laue experiment confirmed the wave nature of X-rays and also
established thefact that atomsor ionsin crystalsarearranged in regular three
dimensiond lattice. Though Lauediffraction patterngivesmoreinformation about
thesymmetry of crystals, theinterpretation of the pattern seemsto be difficult.

8.1.1 BraggsEquation

W.L .Bragg and W.H.Bragg derived amathematical relation to determine
interatomic distancesfrom X-ray diffraction patterns. The scattering of X-rays
by crystals could be considered asreflection from successive planesof atomsin
thecrystals. However, unlikereflection of ordinary light, thereflection of X-rays
cantakeplaceonly at certain angleswhich are determined by thewavelength of
the X-raysand the distance between the planesin the crystal. Thefundamental
equation which givesa smplerelation between the wavelength of the X-rays,
theinterplanar distancein the crystal and the angle of reflection, isknown as
Bragg'sequetion.

Bragg'sequétionis | nA =2dsino

where n istheorder of reflection
A isthewavelength of X-rays
d.istheinterplanar distanceinthecrysta
6 istheangleof reflection

8.1.2 . Significance of Bragg'sequation

1) - If weuse X-raysof knownwavelength (A), then theinteratomic distance
(d) inanunknown crystal can becd culated. Onthe other hand, if weuse a
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crystal whoseinteratomic distance‘d’ isknown, then the wavelength of
X-rayscan be calculated.

2) TheBragg'sequation givestheessential conditionfor diffractionto occur.

3) Whentheexperiment isdone, therewill bea maximum reflection at a
particular angle®. That angleisnoted. It correspondstofirst order reflection
(n=1). If theangle ‘6’ isincreased, maximum reflection occursat some
other higher angle. It correspondsto second order reflection (n=2). Smilarly,
third, fourth and higher order of reflection occur at certain specific angles.
Thevaduesof anglesobtained are in accordancewith the Bragg'sequation.
HenceBragg'sequationisexperimentaly verified.

8.1.3 Bragg sspectrometer method

Thismethod isone of theimportant method for studying crystalsusing
X-rays. The apparatus consists of aX-ray tubefrom which anarrow beam of
X-raysisalowedtofall onthecrysta mounted on arotating table. Therotating
tableisprovided with scaleand vernier, from which theangleof incidence, 6 can

be measured.
X-ray tube
A Path of

X-rays

N\ _ . 4wRecorder
N, Slit Diffracted

lonisation
chamber

Crystal
. Scale to measure

rotation of crystal

Fig.8.1 X-ray spectrometer

Anarm whichisrotating about the sameaxisasthecrysta table, carriesan
ionisationchamber. Theraysreflected fromthe crystal enter into theionisation
chamber and ionise the gas present inside. Due to the ionisation, current is
produced which ismeasured by electrometer. The current of ionisation isa
direct measureof intensity of reflected beamfromthecrystd. For different angles
of incidence, the corresponding ionisation current is measured from the
electrometer. Theseval uesare plotted in theform of graph.
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For sodium chloride, themaximum reflection or pesksfor 100 planeoccurred
at6=5.9° 11.85° and 18.15°. Thesinesof theseanglesare 0.103, 0.205 and
0.312whichareintheratio 1:2:3. These peaks represent thefirst,second and
third order reflections. Theratio confirmsthe correctness of Bragg'sequation.

8.2 TYPESOFCRYSTALS

Crystalsare classifiedinto thefollowing four types depending upon the
nature of theunitswhich occupy thelattice points.

1. Molecular Crystals 2. Covalent Crystals
3. MetdlicCrydds 4. lonicCrygals

8.2.1 Molecular Crystals

Thelattice pointsin molecular crystals cons st of moleculeswhich do not
carry any charge. Theforces binding the moleculestogether are of two types
(i) Dipole-dipoleinteraction and (ii) Vanderwaal’sforces. Dipole-dipoleforces
occur in solidswhich consists of polar moleculese.g., ice. The Vanderwaal’s
forcesaremoregenera and occur indl kindsof molecular solids.

8.2.2 Covalent Crystals

Thelattice in covalent crystals.consists of atoms linked together by a
continuous system of covalent bonds. Diamondisagood examplefor thistype.

8.2.3 MetallicCrystals

Metallic crysta consists of an assemblageof positiveionsimmersedinasea
of mobiledectrons. Thus, each € ectron belongsto anumber of positiveionsand
each positiveion belongtoanumber of electrons. Theforcethat bindsametal
ionto anumber of eectronswithinitssphere of influenceisknown asmetallic
bond. Thisforceof attraction isstrong and isthus responsible for acompact
solid structureof metals.

8.24 lonicCrystals

Inionicerystals, theunitsoccupying lattice pointsare positive and negative
ions. Eachion of agivensignisheld by coulombicforcesof attractiontoal ions
of oppositesign. Theforcesarevery strong. Theionic crystalshavethefollowing
charecterigtics.
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1. Theheatsof vapourisation of ionic crystalsare high.

2. Thevapour pressureof ionic crystalsat ordinary temperature are very low.
3. Themdtingand boiling pointsof ionic crystalsarevery high.

4. loniccrystalsarehard and brittle.

5. loniccrystalsareinsulatorsin thesolid state.

6. loniccrystasaresolubleinwater and asoin other polar solvents.

7. lonicsolidsaregood conductorswhen dissolved in water:

8

.25 Typesof lonic Crystals

Thestructureof ionic crystalsisdetermined by theratio of the numbers, the
ratio of thesizesand the structural units. In general; ionic crystalsare classified
into AB and AB, type.

Subgtanceof thegenerd formulaAB mostly crystaliseinoneof thefollowing
gxforms.

AB AB AB AB AB AB
L atticetype . CsCl NaCl @ FeS ZnO0 ZnS BN
Coordinationnumber : 8 6 6 4 4 3

Let usdiscussthe structure of CsCl for AB type. It isbody centered cubic
system. Thechlorideionsareatthe cornersof acubewhereas Cs'ionisat the
centreof thecubeor viceversa. Each Cs'ionisconnected witheight Cl-ionand
Cl-isconnected with eight Cstions.

o Cs'
e Cl

o , N, 8
Number of chlorideionsper unit =?:§:1

A : N, 1
Number of cesumion per unit =3 "1

Thusnumber of CsCl unitsper unit cell isone.

Compoundshaving thegenerd formulaAB, generdly crystaliseinforms
based onthefollowing eight typicd latticeslike CO,, SO,, TiO,, CaF,, Cu,0,
FeS,, Cdl,andMoS,. For exampleRutile (TiO,) hasthefollowing structure.
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8.3 IMPERFECTIONSIN SOLIDS

Almost al thecrystalsencountered in practice suffer fromimperfectionsor
defectsof variouskinds. Anidedlly perfect crystal isonewhich hasthe sameunit
cell and contains the same lattice points throughout the crystal. The term
imperfection or defect isgenerally used to describe any deviation of theideally
perfect crystal from the periodic arrangement of itsconstituents.

8.3.1 Point Defects

If thedeviation occursdueto missing atoms, displaced atomsor extraatoms,
theimperfectionisnamed asapoint defect: Such defectsarise dueto imperfect
packing duringtheorigina crystalisation orthey may arisefromthermd vibrations
of atoms at el evated temperatures. The most common point defects are the
Schottky defect and Frenkel defect. Comparatively lesscommon point defects
arethemetal excessdefect and themetal deficiency defect.

Schottky defects

Thisdefectiscausedif someof thelattice pointsare unoccupied. Thepoints
which areunoccupied arecdled | attice vacancies. The number of missing positive
and negativeionsisthesamein thiscaseand thus, the crystal remainsneutral.
Theexistence of two vacancies, one dueto amissing Na* ion and the other due
toamissing Cl-ioninacrysta of NaCl isshowninFig. 8.2.

Na' missing Cl" missing

Fig. 8.2 Schottky Defectsin a Crystal
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Schottky defectsappearsgenerally inionic crystalsin which the positiveand
negativeionsdo not differ muchinsize.

Frenkel defects

Thisdefect arisewhenanion occupiesan interstitial position between the
|attice points. Thisdefect occursgeneraly inionic crystalsinwhichtheanionis
much larger in sizethan the cation. AgBr isan examplefor thistype of defect.
Oneof the Ag* ion occupiesapositionintheinterstitial spacerather thanitsown
appropriatesiteinthelatticeisshowninFig. 8.4.

Ag’ Br Ag" Br Ag Br Ag Br. Ag’
Br Ag’ Br, Ag” Br Ag. Br. Ag Br
Ag' Br ["°Br Ag Br Ag Br Ag'
Brr Ag" Br Ag" Br Ag Br Ag Br

Fig. 8.3 Frenkel Defectsin a Crystal

Thecrystal remainsneutral sincethe number of positiveionsisthesameas
thenumber of negativeions.

Metal excess defects

If acrystal of NaCl isheated in sodium vapour, it acquiresayellow colour.
Thisyelow colour isduetotheformation of anon-stoichiometric compound of
NaCl inwhich thereisadight excessof sodiumions. Thisdefectiscaled the
metal excessdefect.

Metal deficiency defects

In certain cases, one of the positiveionsismissing fromitslatticesiteand
theextranegetivechargeishba anced by somenearby metd ion acquiring additiona
chargesinstead of original charge. Thistype of defect isgenerally foundin
compoundsof transition metal swhich can exhibit variablevalency. FeO and FeS
show thistype of defects.

8.4 PROPERTIESOF CRYSTALLINE SOLIDS

Crystalline solids exhibit an important property called conductivity.
Conductivity isthe property of amaterial by whichit allowstheflow of electric
current. Conducting materialsare generally classified into threetypesnamely
conductors, semi conductorsand super conductors.
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Typicd metdsaregood conductorsof dectricity whiledementslikeslicon
and germanium arenon conductorsat ordinary temperature. However, they exhibit
appreciable conductivity upon addition of impuritiesas Arsenic and Boron. The
resulting materialsare called semiconductors. Semi conductorswhich exhibit
conductivity due to the flow of excess negative electrons are called n-type
semiconductors. The conductivity dueto the positive holes are called p-type
semiconductors. Semiconductorsfind applicationinmodern devicesasreditifiers,
transtorsand solar cells.

8.4.1 Super conductors

Theability of certain ultracold substancesto conduct electricity without
resistanceiscalled super conductivity. Thissuperconductivity stateisastatein
whichamaterial hasvirtually zero electrical resistance, Substanceshaving this
property are called super conductors.

Normal
metal

Resistivity
—

<«— Super conductor

Tc T —»

Thesuper conducting transitiontemperature‘ Tc' of amateria isdefined as
acritical temperatureat which theresistivity of thematerial issuddenly changed
to zero. Thusat that temperature amateria ischanged from normal material to
superconductor.

At theextremely low temperatures, vibration of thenuclei of certainatoms
dow down so much and they synchronisewith the passing waves of el ectronsin
aflow of electric current. When this happens, resistance to electric current
disappears.

8.4.2 Application of superconductors

1) Itisabasisof new generation of energy saving power systems. Super
conducting generatorsare smaller in size and wei ght when we compare
with conventional generators. These generators consumevery low energy
and so we can save more energy.
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2) Highefficiency oreseparating machinesmay bebuilt using superconducting
magnets.

3) Superconducting solenoidsareused in Nucdlear Magnetic Resonancelmaging
equipment which isawholebody scan equipment.

8.5 AMORPHOUSSOLIDS

Amorphous solids possess propertiesof incompressibility andrigidity toa
certain extent but they do not have definite geometrical forms.

85.1 Glasses

When certainliquidsare cooled rapidly thereisnoformation of crystalsat a
definitetemperature, such asoccurring on slow cooling. The viscosity of the
liquid increasessteadily and finally aglassy substanceisformed.

Thechief characteridticsof aglassarehardness rigidity and ability towithstand
shearing stresseswhich are all propertiesof the solid state. On the other hand
glassesareoptically isotropic and on heating without any sharp transition passes
intoamobileliquid. At ahigh temperature glassesundergo phasetransition when
crystals separatefirst asthey do form supercooled liquid. Therefore, glassesare
regarded as amorphous solids or:super cooled liquidsaswell. Thus, glassy or
vitreous stateisacondition in which certain substance can exi<t, lying between
thesolidand liquid States.

Solved Problems
1) Determinethenumberof formulaunitsof NaCl inoneunit cdll. NaCl isface

centred cubic.
Solution
: 1 .
Inthefce arrangement, thereare Eight corners 8% g Cl™ ion

Atthesix faces 6><%=3C| ions

1 .
Alongthe12 edges 12XZ =3Na" ions
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1x1=1Na" ion
Total 4 Cl-and 4Na' ions

Atthecubecentre

Hence, theunit cdll containsfour NaCl units.

2) Thediffractionof crystal of Bariumwith X-ray of wavelength 2.29A° gives
afirst order reflection at 27°8’. What isthe distance between the diffracted
planes?

Bragg'sequationis nA. =2dsin6
n=1, A=229A° d=? 0=27°%

onsubdtitution, 1x 2.29A° =2dsin27°8’

2.29A° = 2d (0.456)
_ 2.29A¢

~ 2x0.456
3) In afccarrangement, thecorner atomsare A typeand thoseat face centres
are B type. What isthe ssmplest formulaof the compound ?

Solution

= 251A°

1
Number of A typeatomsin theunit cell, 8><§ =1

1
Number of B typeatomsintheunit cel, GXE =3

HencetheformulaisAB,

4) Inafcclatticeof A and B typeatomsare present. A atomsare present at
thecornerswhileB typeareat face centres. If ineach unit cell, oneof the A
type atom ismissing from the corner, what isthe ssmplest formulaof the

compound?
: : 1 7
Number of atomsof A typeintheunit cell = 7><§ ~3
, : 1
Number of atomsof B typeintheunit cell = 6><§ =3

HencetheformulaisA . B, orA_B,,
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Problemsfor practice

1

Thediffraction of acrystal with X-ray of wavelength 2.31A° givesafirst
order reflectionat 28°.9'. What i sthe di stance between the diffracted planes.

[Ans: 2.447 A°]

Diffractionangle 26 equal to 14.8° for acrystal havinginterplanar distance
inthecrystal is0.400 nm when second order diffraction was observed.
Caculatethewavelength of X-ray used. [Ans: 0.0515 nm]

Find theinterplanar distanceinacrysta inwhich aseriesof planesproduce
afirstorder reflectionfrom acopper X-ray tube (A= 1.542 A°) at anangle
of 23.2°. [Ans: 1.9573A°]

TheX-ray of wavdength 1.5A° areincident onacrystd having aninteratomic
distanceof 1.6A°. Find out the anglesatwhich thefirst and second order
reflectiontakeplace. [Ans: 27°57"; 69°38]

Calculatetheangleat which (@) first order reflection and (b) second order
reflection will occur inan X-ray spectrometer when X-ray of wavelength
1.54A° arediffracted by theatomsof acrystal, given that theinterplanar
distanceis4.04A°. [Ans: 10°59" ; 22°24']

SELFEVALUATION
Choosethecorrect@answer

Thenumber of chlorideionsthat surroundsthe central Nat ionin NaCl
crystd is g

@12 (b) 8 ()6 (d)4
TheBragg'sequationis

(@ A=2ddn® (b)nd=2AsnB (c)2A = ndsn® (d)nA=2dsind
A regular threedimensiona arrangement of identica pointsinspaceiscdled
(@ Unitcdl (b) Spacelattice  (c) Primitive (d) Crysalography

The smallest repeating unit in space | atti ce which when repeated over and
againresultsinthecrysta of thegiven substanceiscalled

(8) Spacelattice  (b) Crysta lattice (c)Unitcdl  (d) Isomorphism
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10.

11.

12.

13.

14.

15.

Thecrysta structureof CsCl is

(8 Smplecubic (b) face-centred cubic

(c) Tetragond (d) Body centred cubic
Anexamplefor Frenkel defectis

(a) NaCl (b) AgBr (c) CsCl (d) FeS

Semiconductorswhich exhibit conductivity dueto theflow of excessnegative
electronsarecalled

(& Superconductors (b)  n-typesemiconductors
() ptypesemiconductors  (d) Insulators

Inthe Bragg'sequationfor diffraction of X-rays,’n" represents

(@ Thenumber of moles (b)  Avogadronumber
(©) A quantum number (d) Order of reflection

Thenumber of close neighboursin abody centred cubic lattice of identical
spheresis

@6 (b) 4 (c)12 (d)8

The crystalswhich are good conductors of electricity and heat are
(@ loniccrystds () Molecular crystas

(0 Medliccydds (d Covdentcrydads

Inasimplecubic cell, each point on acorner isshared by
(8 Oneunitcdl  (b) Twounitcel (c)8unitcel (d)4unitcel

Theability of certainultracold substancesto conduct el ectricity without
resstanceiscalled

(& Semiconductor. (b) Conductor (c) Superconductor  (d) Insulator
Thetotal number of atomsper unit cell isbccis

@ 1 (b 2 © 3 d 4
Rutileis
@ TiO, (k) Cu,0 © MosS, d Ru

Semiconductorsareused as
(@ rectifiers (b) trandgtors (c) oolarcdls (d) altheabove
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16.

17.
18.
19.
20.

21.
22.
23.
24,
25.
26.
27.
28.
29.

30.
31.
32.
33.
34.
35.
36.
37.

Anexampleof metdl deficiency defect

@ NaCl (b) Agd (¢ CsCl (d FeS
Answer in oneor two sentences

Definetheterms; spacelatticeand unit cell.

State Bragg'slaw.

What are superconductors?

Sketch the (&) smple cubic (b) face-centred cubic and{(c) body centred

cubiclattices.

How crystalsareclassified?

Giveexamplefor molecular andionic crygals.

Wheat isavitreous state?

Givetwo examplefor AB and AB, typeionic crystals.

What isimperfectioninsolids?

Wheat iscoordination number?

Writeanote on the assignment.of atomsper unit cell infcc.
Writeashort noteonmetallic crystals.

How are glassesformed?

Answer not exceeding 60 wor ds

What isBragg sequation? Giveitssignificance.

Writethe propertiesof ionic crystals.

Explain Schettky and Frenkel defects.

What issuper conductivity? Giveitsuses.

ExplanAB and AB, typeionic crystalswith oneexamplefor each.
How Bragg' sequation isused for determining crystal structure.

Explain Bragg's spectrometer method.
Explainthenatureof glass.

203



Summary

Thestudy of crystalsby X-raysare discussed. Typesof ionic crystalsAB
and AB, typeareexplained with examples. Aneementary ideaabout imperfections
insolids. Thepropertiesof ionic crystalsand nature and properties of glasses
arediscussed. Bragg'sequation and itssignificance are discussed.
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9. THERMODYNAMICS I

Learning Objectives

P

P

To review first law of thermodynamics and.to know its limitations.

To learn the definition of second law of thermodynamics and the
mathematical statements.

To study the differences of spontaneousand non spontaneousreactions
with examples. Alsotolearnthe mathematical representation of entropy
‘S.

To learn about Gibbs free energy change and to know the relation
AG =AH-TAS.

To study the significance of AG
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9.1 LIMITATIONSOFFIRST LAW OF THERMODYNAMICS

Thefirst law of thermodynamicstellsusthat energy can be changed from
oneformto another but can be neither created nor destroyed in any process.
The mathematical expression which is used to represent the first law. of
thermodynamics iSAE = g-w, where AE refersto theinternal energy change of
thesystemwhen‘w’ amount of work isdoneby thesystem whenit absorbs‘ g
amount of heat and carriesout ‘w’ amount of work. However, thislaw possesses
many limitationssuch asgiven below.

1. Thefirst law of thermodynamics merely indicates. that in any process
thereisatransformation between the variousforms of energy involved inthe
processbut providesnoinformeation regarding thefeas hility of such transformetion.

2. First law doesnot provide any information regarding thedirection a
processeswill takewhether it isaspontaneous or anon Spontaneous process.

9.2 SECOND LAW OF THERMODYNAMICS
Second law of thermodynamics can be stated in many ways:

i) “ltisimpossibleto construct an enginewhich operatedin acompletecycle
will absorb heat from asingle body and convert it completely to work
without leaving somechangesintheworking system”.

Thisiscalled astheKedvin—Planck statement of |1 law of thermodynamics.

i) “ltisimpossbletotransfer heat fromacold body to ahot body by amachine
without doing somework”.

Thisiscalled astheclausiusstatement of |1 law of thermodynamics.

i) “A processaccompanied by increasein entropy tendsto be spontaneous’.
Thisstatementiscaled astheentropy statement of |1 law of thermodynamics.
Entropy isameasure of randomnessor disorder of themoleculesof asystem
anditisathermodynamic statefunction. A system always spontaneoudy
changes from ordered to a disordered state. Therefore entropy of a
Spontaneous processisconstantly increasing.

iv) “Efficiency of amachine can never becent percent”.

v) Thehest Efficiency of any machineisgiven by thevaueof ratio of output to
input energies. Output can bein theform of any measurable energy or
temperature change whileinput can bein theform of heat energy or fuel
amount which can be converted to hest energy.
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output
input

x 100

thus%efficiency =

Themachine can beaheat enginea so. Consider aheat enginewhich has
aninitial temperature T, and final temperatureasT,, thenif T >T, then when
someamount of heet isbeing convertedintowork, T, isthelowered temperature.

Theefficiency ‘1’ isgivenby,

1

T-T
% efficiency:{ E; 2)x100

Accordingtoll law of thermodynamicsit isimpossibleto haveamachine
or heat enginewhich convertstheinput energy completely into output energy or
output work without any amount of hegt or energy being absorbed by themachine.

Hence, % efficiency can never be achieved as cent percent.

1
~. Y efficiency = (1— ?Z]X 100
il
By Il law, T_<T, % efficiency lessthan 100.
9.3 ENTROPY AND ENTROPY CHANGE

Theentropy function‘S' introduced in the second law of thermodynamics
isexplained asbelow.

Entropy function*S' representstheratio of the heat involved (q) to the

temperature (T) of the process. Thatis S= % . Thisrelationisvalid only for
reversible processes. If asystemischanged from state 1 to state 2 at constant
temperatureandif 89, isthe heat involvedinthe process, then entropy change
of theprocess(AS) isgiven by,

_ 160,
Sz—Sl—AS == T

1
wherethe processisareversible one. Entropy (S) and the changein entropy of

207



theprocess(AS) are each state functions even though g and q path functions.
Ina reversible process, entropy of universeremainsa constant.

=S +S . = Congtant

universe system surroundings
Entropy change (AS) can bederived for variousthermodynamic processes
asbelow:

I sothermal process (T = constant)

12 _92-q
s = T80 =T
1

I sothermal and isobaric process (T and P= Constant)

2
%J o,
1

I sothermal, and i sochoric process (T'and V- Constant)

Theterm‘ natural processmeansthat the processis spontaneous and does
not need to beinduced. In‘order to find out whether a processis spontaneous
or not, theentropy changesof the system and the surroundingsfor the stipul ated
processiscongdered. If thischangeispositivei.e. if theentropy of theuniverse
increases, the processwill take place spontaneoudly andirreversibly.

If the entropy change of the universeiszero or negative (AS<0) thesystem
will behave asnon spontaneous.

Whentheexternal pressureislessthantheinternal pressure of agaseous
system, the gas expands spontaneoudy. When volumeincreasesin expansion,
thedisorder in themovement of gaseousmolecules increases. Thus, spontaneous
processes are associated with increasein disorder. When disorder in aprocess
isfavoured it occurs spontaneoudy and we say, the entropy changeispositive.
Entropy isameasure of microscopic disorder inthe system and a so represents

spontaneity.
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For areversible process,
AS = —AS

system surroundings

~AS = AS + AS =0.

. stem surroundings
universe Y 9

For anirreversible (spontaneous) process.
AS >0 (positivevaue)

Entopy changein aphysical (phase) transformation can bedetermined
particularly for evaporation of liquidsat the boiling points, using Trouton'srule,
Accordingtothisrule, theheet of vaporisation (AH, )incaloriesper moledivided
by the boiling point of theliquid in Kelvinisaconstant equal to 21 cal deg*
mole™ and isknown asthe entropy of vapourisaiton.

AH N N
AS = T = 21cal.deg —~.mole

vap b
AH, = Entha py changeof vapourisation= Latent heat of vapourisation.

Thisequationisuseful for estimating themolar hest of vaporization of aliquid of
known boiling point. Substancesthat deviate fromthisruleareasfollows:

i) Low bailingliquidssuch ashydrogen and Helium which boil only alittle
above OK.

ii)  Polar substanceslikewater, a cohol which form hydrogen bonded liquids
and exhibit very highboiling pointsaswell ashigh AH, .

iii)  Liquidssuch asaceticacid whose moleculesare partialy associated inthe
vapor phaseand pessessvery low entropy vaporization whichisvery much
lessthan 21 cals/ mol/deg.

Thoseliquidsthat obey Troutonsrulearesaid to behaveidedly.
Examplel

Thenormal boiling point CCl,, CHCI, and H,Sare 76.7°C, 61.5°C and
—59.6°Crespectively. Calculatethemolar heat of vapourisation of eachliquid,
assumingided behaviour.

Sincetheliquidsbehaveidedly, Trouton’sruleisobeyed.

AH ) _

AS = &= 21cal.deg ~*.mole
vap T

b

1
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-1 -1
S AH of CClI, =(21cal. mole .deg x4.184J) (273 +76.7)K
30.71 kJmol.?

AH,, of CHCl, = (21cal. mole'.deg'x4.184J) (273 +61.5)K
= 29.376 kamol*
AH _ofH'S = (21 cal mol.degtx 4.184 J) x (273-59.6)K

2 =18.74kJ.mol*
Characteristicsof entropy ‘'S

i) Theterm 'S entropy is evolved from the formulation of Il law of
thermodynamicsasathermodynamic statefunction.

i)  Entropy change'AS of asystem under aprocessisdefined asthe constant
equal to theratio of the heat change accompanyingaprocessat constant
temperatureto thetemperature of the system under process. The process
should bereversibleat that temperature.

AQ e,
A% T(K)

Heat, qisnot astate function , But for areversible process Aq = (g,-,)
divided by temperature (T) of theprocessisastatefunction.

iii) A spontaneous processisaccompanied by increaseinthe* disorder’ (or)
‘randomness’ of the moleculescongtituting the system. Entropy increasesinall
spontaneous processes. Henceentropy may beregarded asameasure of disorder
(or) randomness of the molecules of the system.

iv)  Whenasystem undergoesaphysical (or) achemical process, there occurs
achangeintheentropy of the systemand alsoinitssurroundings. Thistotal
changeintheentropy of the system and its surroundingsistermed asthe entropy
change of theuniverse brought about by the process. For anisothermal process
(T=congtant), theentropy change of the universeduring areversible processis
Zero.

Theentropy of theuniverseincreasesinanirreversible process.

V) ~.Theenergy of theuniverseremains constant although the entropy of the
universetendsto amaximum.
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Vi) For aspontaneous process, at constant T, ASispositive (AS> 0).
ASispositive(AS>0). For anequilibrium process, ASiszero.
For anon spontaneous process,
ASisnegativeor (AS<0).

vii) Units of entropy: The dimension of entropy are energy in terms of
heat X temperature®. Theentropy isexpressed ascaloriesper degreewhichis
referred to asthe entropy units(eu). Sinceentropy also dependson the quantity
of the substance, unit of entropy is calories per degree per mole (or) eu. per
mole

cgsunitsof entropy iscal .K* denoted aseu." The Sl unit is K * and denoted
EU.leu=4.184 EU.

vii)  Entropy changeisrelated to entha py changeasfollows:
For a reversible and isothermal process,

A
AS= % . Since AH isthe heat absorbed (or) evolved in the process at

AH
constant T and pressure PASisalso cal culated fromAH asAS= T whereT

isthetemperature of the processinvolving AH, amount of enthal py change, at
constant pressure.

Example2

Cdculatetheentropy changeinvolvedintheconversonof 1 moleof iceat
°Cand1lamtoliquidat0°Cand 1 atm. Theenthapy of fusion per moleof ice
is6008 Jmol ™.

H,0() —9C § H,0()
Ice 273 K Water liquid

AH,,, _ 6008 Jmol™
AS = =

wson . TmM(K) ~ (0+273)K

~AS = 22.007 Jmol* K.

* fusion
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Example3

Calculatethe changeof entropy for the process, water (lig) to water (vapor,
373K) involving AH, =40850J mol* at 373K.

AH,, _ 40850Jmol

AS = = =109.517 JK *mol™
v~ Th(K) 373K

AS 109.52 Jmole™* K

vap
Example4

Evauate the entropy change for the following process possessing AH
trangition=2090 Jmol*

1moleS (o, 13°C) = 1mole S (B, 13°C).

T = 134273 =286 K.
transition
_ AH,,, _ 2090Jmol™*
ASes ™ T__(K) 286K

AS_  =7.307 JK*mol."
Example 5
When does entropy increaseinaprocess?.

a Inachemical reaction, when number of moleculesof productsare more
than the number of ‘'moleculesof reactant entropy increases.

b) Inphysical process,whenasolid changestoliquid, whenaliquid changes
to vapour and whenasolid changesto vapour, entropy increasein al these
Processes.

Example6

Calculatethe entropy changesin the system, andin the surroundingsand
thetotal entropy changein the universewhen during aprocess 75 Jof heat flow
out of the system at 55°C to the surroundingsat 20°C.

L 273+55 = 328 K.
20+273 = 293 K.

surroundings
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AS = AS _ = AS AS

univ total system + surroundings

Gsem _ —75J

= =-0.2287Xk™
328K

AS =
system Tslstem

AS | i} qsurroundings — +75J = +0.260 JK -
Surroundings T 293K

surroundin gs

AS,,, = (-0.2287 + 0.26)
+0.0313 XK~

univ

Example7

1 moleof anideal gasmaintained at 4.1 atm and at acertain temperature
absorbs 3710J heat and expandsto 2 litres. Calcul ate the entropy changein
eXpansion process.

For 1 mole of anideal gas,
PV=RT, P=4lam. V=2l

4. 1amx2litx1mole

. Temperatur e = _
P 0.082litamK “mol = = 100K.
q 3710J o
AS= T =709 == 37-1IK*moal*

ASof expansion= 37.1 JK-*mol*
Standar d Entropy

The absolute entropy of a pure substance at 25°C (298 K) and 1 atm
pressureiscaled the tandard entropy, S°. The standard entropiesof al substances
elther lementsor compoundsat any temperatureabove 0°K awayshavepostive
values.

When the standard entropies, S° of various substances are known, the
standard entropy change of achemical processor reactioniswritten as

AS® =28 -8

products reactants
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ThisAS® isthe standard entropy change of thereaction.

Standard entropy change of formation, AS® is defined asthe entropy. of
formation of 1 mole of compound from the elements present in the standard
conditions. AS’, can be cal culated for chemical compoundsusing the S° values
of eementsfrom which thecompoundisformed.

AS° = XS -Xs
f compound compound elements

Example8

Calculate the standard entropy of formation AS®, of CO,(g). Giventhe
standard entropies of CO,(g), C(s), O,(g) as 213.6,,5.740 and 205.0 JK*

respectively.

ASaf compound = ZSOcompound - Soelements
= S°CO,(9) -[S° s +5°0,(g)] K+
= 213.6 -5.74 —205.0
AS’ = 2.86 K1

f,CO5(9)
When standard entropy of formation of compoundsareknown, thestandard
entropy changefor astoichiometrically baanced chemica reaction can bewritten

as,
AS° = 2 AS - XAS

reaction f._products f reactants

Example9

Urea hydrolysis in presence of water to produce ammonia and
carbondioxide. The standard entropies of reactantsand productsaregiven, for
urea, H,O(I), CO,(g), NH (g) are 41.55, 16.72, 51.06 and 46.01 cals. mol .
K-* respectively. What isthe standard entropy changefor thisreaction. Predict
the spontaneity of thereaction.

ASoreav:tion =X So(product) P> So(reactants)
Thereactionis,
CO(NHZ)Z(aq) + HZO(I) - COz(g) + 2NH3(g)
ASOreaction = (SOCOZ(Q) + 2SONH?)(Q)) ) (Sourea(m) + SOHZO(I))
= (51.06 +2x46.01-41.55- 16.72) ca .K™?
= 84.81cal. K™,
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AS® isapodsitivevaue. that iSAS°

reaction

inwater isaspontaneousreaction.

wction1NCrEBSES. Henceureahydrolys's

9.4 Gibbsfreeenergy ‘G’

Accordingtoll law of thermodynamics, inorder to predict thespontaneity
of aprocessentropy of universeisconsidered. AS isthe sumof AS o and

universe

AS, | arange Itisdifficulttodetermine AS, |, in most of the physical and

chemical processes. Thereforeathermodynamic functionwhichreformulatesthe
spontaneity criterion considering only the system under study isrequired.

For thispurpose, “afreeenergy function” has beenintroduced by 11 law of
thermodynamics. Thefreeenergy function, called theGibbsfreeenergy function,
denoted by thesymbol * G’ ismathematically defined as,

G=H-TS
whereH = enthal py or heat content of the System, T = Temperaturein Kelvin
and S=entropy

Thisexpressionisvaidfor constant temperature and pressure processes.
Inanisothermal process, if AH and AS arethe changesin enthal py and entropy
of the system, then free energy change AG isgiven by,

AG = AH - TAS

If 1and 2 refer totheinitia and find statesof the system during theisotherma

process, then

AG=(G,;G) =(H,H)-T(S,;-S)
from| law of thermodynamics

AH = AE + PAV
Therefore < AG = AE + PAV - TAS.

Foraspontaneous process, the enthal py change at constant pressure will
be negative. Thisisbecausein an exothermic process, the entha py of thefinal
state (Hy) islower than the enthal py of theinitial state (H,) sothat (H,-H,) is
negative and the processtake place spontaneoudly to attain the lower enthal py
state. Similarly, the entropy change (AS) increasesin aspontaneous process
sinceentropy of thefinal state S, will be greater thantheinitial state S, so that
(S,-S) = AS, is positive. Combining negative AH and positive AS, in the
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expression for free energy change AG, at constant temperature, the overall
magnitude of AG becomes negativefor aspontaneous process. Here, AH and
AStermsrefer only tothe system.

AG=AH-TAS

Hence, criterionfor theprediction of feasibility of areaction (or) theprediction
of thermodynamic spontaneity of a process based on the free energy change
(AG) of theprocessisgiven as: when at constant temperature and pressure of
thesystem, if,

AG <0, AGis-ve, theprocessisspontaneousandfeasible
ie  AG=0, theprocessisinequilibrium
e  AG<0, AGis+ve, theprocessisnonspontaneousand nonfeasible.

In chemical thermodynamics, spontaneous processes are also known as
irreversible (or) feasi ble processeswhile non spontaneous processesareknown
asnon feasible processessincetimefactor of the processisnot considered here.

All reversible processes are considered asequilibrium processes.

Thermodynamic conditionsfor spontaneity and equilibrium

Spontaneous Equilibrium Non spontaneous
(irreversible) (reversble) (nonfeagible)
at constant Pand T
AG<0 AG=0 AG>0
AH<O0 AH=0 AH >0
AS>0 AS=0 AS<O0

Characteristicsof Freeenergy ‘G’

i) Gisdefinedas(H-TS) whereH and Sarethe entha py and entropy of the
systemrespectively. T = temperature. SinceH and Sare statefunctions, G
isastatefunction.

i)  Gisanextensiveproperty while AG = (G,-G,) whichisthefree energy
changebetweentheinitia (1) andfind (2) statesof the system becomesthe

intengve property when massremainscongtant betweeninitid andfind sates
(or) whenthe systemisaclosed system.
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i) G hasasinglevauefor thethermodynamic state of thesystem.

Iv) G and AG vauescorrespond to the system only. There arethree casesof
AG in predicting the nature of the process. When, AG<0 (negative), the
processisspontaneousand feasible; AG = 0. Theprocessisin equilibrium
and AG > 0 (positive), the processis nonspontaneous and not feasible.

V) AG = AH — TAS. But according to | law of thermodynamics,
AH = AE + PAV and AE = q—w.

. AG=gq-w+PAV —-TAS

ButAS= % and TAS=(q = heat involvedintheprocess.

AG=qgq-w+ PAV —gq=-w + PAV
(or) —AG =w —PAV = network.
Thedecreaseinfreeenergy —AG, accompanying aprocesstaking place at

constant temperature and pressureis equal to the maximum obtainable work
fromthe system other than work of expansion.

Thisquantity iscalled asthe “net work” of the system anditisequal to
(w—PAV).
. Network = -AG =w —PAV.

—AG representsall othersforms of work obtainable from the system such
aselectrical, chemical'or surface work etc other than P-V work.

Standard freeenergy (G°)

Likestandard enthd py of formation of substances, sandard enthd py change
of areaction, standard free energy of formation of substancesand standard free
energy changeof reactionsare consdered. The standard freeenergy value (G°)
of all substanceseither el ementsor compounds may be calculated from H® and
S° valuesat standard conditions of temperature (298 K) and pressure (1 atm)
and the substance being present in the standard state.

ie G°=H-TS’

Standard free energies of formation of elementsaretaken aszero. Hence,
standard freeenergy changeof areactionwhichisstoichiometrically balanced, is
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egual to the difference between thetotal sum of the standard free energies of
productsand thetotal sum of the standard free energies of reactants, at standard
conditions.

AG® =2G° - 2G°

reaction product reactants

AG°rmoncan alsobecaculated from AH°reamonandAS°reamonvalue5AH°reaction

andAS® can be calculated from H®, and S° val ues of respective product

reaction

and reactant moleculesat the constant temperature and pressure.
Example 10

For achemical reaction the values of AH and ASat 300K are—10k cal
mol*and 20 cdl. deg* mol* respectively. What istheva ue of AG of thereaction?
Calculatethe AG of reaction at 400 K assuming AH and ASvaluesare constant.
Predict the nature of thereaction.

AG=AH -TAS
at 300K; AG = -10,000—-20 x 300
= —16,000 cals. mole?
at 400 K; AG = —-10,000 - 20 x 400
= 18,000 cals. male?

At 300K and 400K, thevauesof AG reaction are negative (<0). Therefore
thereactionisspontaneous (feasible) at both temperatures.

Example11
AH?® for the reaction 3CH, = CH,, is-631 kJ. mol* at 25°C.

2 g S
Calculate AG° reaction and preoﬁ ct the direction in which the reaction is
spontaneous at 1 atm.pressure. Given S°C,H, = 200.8 JK-'mol* and
S$°C,H.=172.8 K mol.

3CH, =CH

2 729 S 76 6()

AS° ='ZS° xS

products reactants

\ SoceHe(l) - 3X Socsz

= 1728-3x200.8 = -429.8 K
AG° =AH° -TAS’; T=298°K
AH®° = —631KJ. mol*
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- AG = —631000 + (298 x 429.8)
—502.979 kJ.

SinceAG° isa—vevalue, thereaction is spontaneous.

Example12

Show that thereaction CO(g) + 1/202(9) - COZ(g) at 300 K isspontaneous
and exothermic, wherethe standard entropy changeis—0.094kJmol K. The
standard Gibbs free energies of formation for CO, and CO are —394.4 and

—137.2kJ.mol* respectively.
CQ, +¥O - CO

2(g) 2(9)
AGoreaction = z“Gof products ZG°f reactants
= G% co, G’ oo =750,
—394.4+137.2-0
—257.2kJmol*
AG® .., =—257.2=AH° . = —=300xAS°
- AH° = —257.2 —300 (-0.094)
AH°® . =—285.4kJ mol™
AG® has—veval ue. Thereforethereaction isspontaneous.

AlsoAH° _ . has—vevalue. Thereforethereactionisexothermic.

reaction

reaction

reaction

SELFEVALUATION
A. Choosethecorrect answer

1. Theamountof heat exchanged withthe surrounding at constant temperature
and pressureiscalled

a) AE b) AH ) AS d) AG

2. ¢ Allthenaturally occuring processes proceed spontaneoudy inadirection
whichleadsto

a) decrease of entropy b) increaseinentha py
C) increaseinfreeenergy d) decreaseof freeenergy

219



10.
11.

12.
13.

Inan adiabatic processwhich of thefollowingistrue?
aq=w b) g=0 Cc) AE=q d) PAV =0
Whenaliquid boils, thereis

a) anincreaseinentropy b) adecreasein entropy
c) anincressein hest of vapourisation d) anincreaseinfreeenergy

If AGfor areactionisnegative, thechangeis

a Spontaneous b)  Non-spontaneous
c) Revershle d)  Equilibrium

Which of thefollowing doesnot result in anincreaseinthe entropy?

a) crysdlisation of sucrosefromsolution  b) rusting of iron
C) conversion of icetowater d) vaporisation of camphor

Inwhich of thefollowing process, the processisawaysnon-feasible?

a AH>0,AS>0 b): "TAH<0,AS>0
¢ AH>0,AS<0 d’ AH<O0, AS<O0
Changein Gibb'sfreeenergy isgivenby

a AG= AH+TAS @ AG= AH-TAS
c) AG= AHx TAS d) Noneof theabove

For thereaction 2Cl QP Cl be): thesignsof AH and ASrespectively are
a)+’_ b) +F C)_!_ d)_1+
Answer in oneor two sentences

What isentropy? What arethe units of entropy?

Predict thefeasibility of areactionwhen

i) bothAHand ASincrease
ii) both AH and AS decrease
iif) /AH decreases but ASincreases

What isGibb’sfree energy?

GiveKevin statement of second law of thermodynamics.
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14.
15.

C.

16.
17.

How AGisrelated to AH and AS? What isthe meaning of AG =0?
Mentiontheessentia conditionfor spontaneity inachemical reaction.
Answer not exceeding 60 wor ds

Statethevarious statements of second law of thermodynamics.

What are spontaneousreactions? What arethe conditionsfor thespontaneity
of aprocess?

Exercises

18.

19.

20.

21.

22.

23.

24,

Cd culatethemaximum efficiency % possiblefromatherma engineoperating
between 110°C and 25°C. [Ans: 22.2%)]

What istheentropy change of an enginethat operatesat 100°C when 453.6
k.cal of heat issuppliedtoit? [Ans: AS=1216.1 calsK?]

Cdlculatetheentropy increaseintheevaporation of 1 moleof aliquid when
it boilsat 100°C having heat of vaporisation at 100°C as540 cals\gm.

[Ans: AS=26.06 cal K** mol]

Inthereaction N )+ O, — 2NO AH° reactionis+ 179.9 kmol*
and AS® = 66 09 JK: H mol™*. ca culate AG® reaction at 300K .

reaction
[Ans: AG® =160.07 kJ. mol]

Cadlculatethe standard free energy change (AG°) of thefollowing reaction
and say whether itisfeasibleat 373K ornot¥2H,  +%21,  —HI ; AH®,

2(g9)

is+25.95 kdJmole*. Standard entropiesof HI , H, - and1,  are206.3,

@' 29 2(9)

130.6 and 116.7 IK* mole™. [Ans: Spontaneous]
Calculate standard freeenergy of formationof H,O, . Thestandard enthal py
of formation of H,O is285.85 kJ and standard entropiesof H, , O,
andH_,O, are130. 5 205.0and 70.3 1K mole* respectively.
[Ans:-237.36 kamole?]
. 3 :
Inthereaction 1/2N2(g) + > Hz(g) — NHS(g) The standard entropies of Nz(g),
H,,adNH,  are191.6,130.5and 192.5 K" T mol* respectively. If free
energy change of thereactionis—16.67 kJ. CalculatetheAH® . forthe

formation of NH,, at 298K. [Ans: —46. 19 kJ|
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25.

26.

27.

28.

29.

30.

31.

Predict whether thereaction CO , +H,O,, — CO, , +H,  isspontaneous

or not. The standard free energiesof formationof CO, H,O and CO

are—137.27,—-228.6 and —394.38 kJmol e* respectively.
[Ans: AG® =-28.51k]]

Calculatethe standard free energy change of thereaction : 4NH N\ 50,
—4N O(g) + 6HZO(I) and predict onthefeasibility of thereaction. Standard
free energies of formation of NH NO(g) and HZO(D are16.65, 86.61,
—237.20kJ. mole* respectively.

39’

[Ans: -1010.02 kJmole?]

The standard heat of formation of H RO fromitselementsis—285.83 kJ.
mole! and the standard entropy changefor thesamereactionis—327 JK*
at 25°C. Will thereaction be spontaneous at 25°C?

[Ans:AG°® =-ve; spontaneous]

Theboiling point of benzeneat 1 atmis80.2°C. Cd culatethe entha py of
vaporisation of benzeneat itsb. pt. [Ans: 30.022 kJ.mol?]

Thestandard entropy changeAS’, for

CHyg 720,y — COy+2H0,

iS-242.98 K at 25°C. Calculate the standard reaction enthal py for the
abovereactionif standard Gibbsenergy of formationof CH, ., CO, .and

4(g)’ 2(9)
H.O, are-50.72,-394.36 and - 237.13kJmol respectively.

2N
[Ans: AH® =-890.31kJ.mol"]

Standard enthal py change for combustion of methaneis—890 kJmoland
standard entropy change for the same combustive reaction is -242.98
JK1at 25°C. Caculate AG® of thereaction.  [Ans: 817.6 kJmole?]

The standard entropy changefor thereaction

9
CHgg + 509 > 3COyq + 31,0

iIs=339.23 K1 at 25°C. Calculatethe standard reaction enthal py change
if the standard Gibbsenergy of formationof CH, , CO,  , andH,O are

62.78, —394.36 and —237.13 kJ.mol* respectively.
[Ans:-2058.2 kamole?]
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SUmmary

*

| law of thermodynamicspossesses|imitationson thedirectiona , Soontaneity
and probability of occurrence characteristicsof aprocess.

[l law of thermodynamicscan bestated in many ways. Entropy function‘S
isagtatefunction defined asq,, /T. For aprocesswith ASequalsto positive
(or) zero (or) negative value becomes spontaneous (or).equilibrium (or)

AH,,

non spontaneous respectively. Trouton ruleis ASqp =
b

AS® = X8 xS°

reaction products - reactants

Entropy S, isameasure of ‘randomness’ or disorder of the process. S
refersto spontaneity of aprocess.

Gibbsfreeenergy function G =H —TSisastate function and for asystem
at constant T, the free energy change AG = AH — TAS. AG valueis
characteristic of asystem and feasibility of process can be predicted as
follows : At constant temperature;if AGis> 0 (or =0 or <0 then the
process becomes nonspontaneous (or a equilibrium (or) spontaneous
process.

References
1) ThermodynamicsforChemistsby S.Glasstone, TMH Publishing.
2) Physica Chemistry by PW.AlkinsOxford University Press,
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10. CHEMICAL EQUILIBRIUM - I

Learning Objectives

22

To study the applications of law of massaction for equilibriumreactions
with gaseous phase reactants and products.

Torelate Kp andK_as Kp = K_ (RT)*9 and to study the equilibria with
An = 0, +ve and -ve.

To learn the statement of Le Chatlier’s principle.

Tolearnto apply Le Chatlier’sprincipleto Haber’sprocessand Contact
process.
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10.21ATTAINMENT OF EQUILIBRIUM IN CHEMICAL REACTIONS

A chemicd reactionin equilibriuminvolvesthe opposing reactions. Oneof
thereactions producesthe productsand isknown astheforward reaction while
the other produces the reactants from products and is known as thereverse
reaction. Chemical equilibriumisdynamicinnature. At equilibrium, reactant and
product molecul esare both present in the reaction mixturein definite amounts.
Theequilibrium concentrations of thereactantsand productsdo not change under
constant temperature, pressureand catal ysts etc.

Congder agenerd equilibriumreaction a constant temperaturerepresented

by

k
aA +bB k#f cC +dD

According tolaw of massaction, therate of forward reactionis

R =k [A]P[B]°
and therateof reversereactionis

R =k [C°[D]°
where k. and k are the rate constants of the forward and reverse reactions
respectively.

AtequilibiumR= R
- k[A]*[B]° =k [C]°[D]

k, _[CI°[DI’
k. [AI[B]°
%:Kczequilibriwn constant
ty, - Leror
[AT'[B]

Thisequation of K _isalso known asequilibriumlaw equation. K _isthe
equilibrium congtant expressed in terms of molar concentrations of reactantsand
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products. For reactionsinvolving gaseous reactants or products or both, itis
more convenient to use partial pressuresinstead of molar concentrations. Thus
K. inequilibriumlaw equation becomesK  whichistheequilibrium constant
expressed intermsof partia pressure.

10.1.1 Relationship between Kp andK

Consider agenera chemical equilibriumreactioninwhichthereactantsand
products arein gaseous phases,

aA+bB+cC+.... = IL+mM+nN+...
| m_.n
PLPmPy----
then Ke="% e —
" pipap......

where p is the partia pressure of the respectivée gases. In terms of molar
concentrations of reactantsand products

_ [LTIMIY[N]"...
© [AP[B][CIC......

For any gaseouscomponent*i* inamixture, itspartia pressure’p,” isrelated
toitsmolar concentration‘Cas

p; . n.
= RT ance P, v

n.
where v’ = C. = number of molesof i per litre. V =volumeinlitres.

Substituting, concentration termsby partial pressures,

k- (P/RT) (p/RT)" (P /RT)"...
¢ T (P./RT)(pa/RT)° (po/RT)"..

| (I+m+n+....)—(a+b+c+...)
_ PLPuPY oo (_}_)

 PAP3PE--
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K,

= "D o and K =K (RT)™s

where An = = total number of stoichiometric molesof gaseous products- total
number of stoi chiometric molesof gaseousreactants.

Usualy, depending onthesign of An, K andK _arerelatedinthreeways.
Case(i)

When An = 0, thetotal number of moles of gaseous productsare equal to
thetotal number of molesof gaseousreactants.

For example, intheformation equilibrium of Hi,

H2(9)+|2(9) <~ 2Hl(@l)
An = 2-(1#1) = 22 =0
K, =K/(RT)
K =K

p c

Case(ii)
When An =+ve, thetotal number of molesof gaseousproductsaregreater
thanthetotal number of molesof gaseousreactants.

For example, 2H,0 +2Cl, | == 4HCI +0O,

29 200 N
An, = (4+1) —(2+2)
= 5-4=1
L KoU= K (RT)!
K, = K.RT
andK > K

Case(iii)
When An =-ve, thetotal number of moles of gaseous productsarelesser
thanthetotal number of molesof gaseousreactants.

For example, consider theformation equilibrium of ammonia,
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2(g)

3H,  +
An =
g —

NN 2

10.1.2 Dependanceof dissociation constant with formation equilibrium
constant

Inaformation equilibrium reaction, the reactantsand productsarewritten
at theLHS and RHS of the equilibrium sign respectively. For the samereaction,
the dissociation equilibrium consists of the productsin the place of reactantsand
reactants in the place of products being written at the LHS and RHS of the
equilibriumsignrespectively.

Insuch cases, theequilibrium congtant of thedissociation equilibriumreaction
whichisalso known asthe dissociation constant, isfound to bethereciprocal
value of the equilibrium constant for the formation equilibrium reaction. For
example, consider theformation equilibrium reaction of SO, from SO, and O,
gases,

280,  + 0O = 2S0

2(g) 2(g) 39

Theequilibrium constant, K , isgiven by
o [SO,)?
* [SO.J[O,]

In the dissociation equilibrium reaction of SO,, the reactants become
productsand viceversa.

280, — 2SO0, + O

39 N 2(g) 2(g)

dm?*/mole

Theequilibrium congtant of the dissociation equilibriumisk /, given by

K' :[SOZ]Z[OZ] :i

. ) mole/dm®
[SO;] K.
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K. isconsidered asthedissociation constant of SO, gas. Usudly, theequilibrium
congant of thedissociation equilibriumisthereciproca of theequilibrium constant
of theformation equilibriumreaction.

10.1.3 Applications of law of chemical equilibrium to homogeneous
equilibria
Formation equilibrium of HI
H +1 == 2HI

2(9) 29 N (@

Inthisequilibrium reaction, the number of molesof the productsisequa to
the number of molesof thereactants(A,_=0). Let usassume’a and ‘b’ moles
of H,and |, gasesbeing presentin‘V’ litresof thereaction vessdl. At equilibrium,
let x moleseach of H, and |, react toform 2x molesof HI. Then, theequilibrium
concentrationsin moleslitreof H., I, and Hl.inthe reaction mixturewill be
(@x)/V, (b-x)/V and 2x/V respectively. Since An = 0,Kc=Kp.

_[HIp?
©IH, ]

vy ) )
BT CET R V.
Vv K Y, Ve (a—x)(b—x)
4x?

= = K
(@a=x)(b—x) P
X isalso known astheextent of reaction.
Problem

CdculatetheK , whenamixturecontaining 8.07 molesof H, and 9.08 molesof
|, arereacted at 448°C until 13.38 molesof HI wasformed at the equilibrium.

Thereectionequilibriumis

H2(g) + I2(@1) < 2HI(Q)
(2
¢ (a=x)(b—x)
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a=8.07 moles b=9.08moles 2x=13.38 moles
.. X=6.69 moles

‘ — (13.38)°
°" (8.07-6.69)(9.08— 6.69)

= 54.29.

Theequilibrium constant, K , value determinesthe direction and the extent
of thereaction that may proceed for maximum yield of the product for constant
conditionsof temperature, pressure, initial concentrationsof reactantsor products
asapplied onthereaction equilibrium.

In order to find the direction in which areagction eguilibrium may proceed
under different setsof initia concentrationsof reactantsand productswhichare
not equal to the respective equilibrium concentrations, aterm known asreaction
quotient’ Q' isused. ‘' Q' isdefined astheratio of product of initial concentrations
of products to the product of initial concentrations of reactants under non-
equilibrium conditions. For example, inthe equilibrium.

aA+bB =— IL+mM

SO

Let[A], [B],[L] and[M] betheactua concentrations present beforethe
occurrence of equilibrium. These concentrations are considered asthe non-
equilibrium concentrationconditionsand thereaction quotient ' Q' isgivenas

[LT[M]"

O [AF[BF

Let K_betheequilibrium constant value of theequilibrium reaction interms of
molar concentrations of reactantsand productsandthevauesof K_andQcan
be compared.

WhenQisgreater thanK _(Q>K ) thereactionwill proceed so asto reduce
Q. Thatis, moreof reactantswill beformed from the productswhich meansthe
reversereactionisfavoured. When Qislesser thanK_(Q<K ) thereactionwill
proceed so asto increase the concentration of productswhichistheforward
reaction. Theseaspectswill hold good only when Q and K _are under the same
conditionsof temperatureand pressure.
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Problem

Initially, 0.1 moleseach of H, and |, gasesand 0.02 moles of HI'gas
aremixedinareaction vessel of constant volumeat 300K . Predict thedirec-
tiontowardswhich thereaction proceeds[K =3.5x 107].

Theformationequilibriumis
H . =— 2HI

+
2(9) 29 N @

__[HIe
T HLL
Under nonequilibrium conditions

_ [HP? _ (2x107%)* ) 10-2
[H,][1,] 0.1x 01

=3.5x%x107% at 300 K

Q

ThusQ>K..

Therefore, thereactionwill proceedinitially beforeattaining theequilibrium
inadirectionsuchthat Q valueisreduced. That is, concentrationsof H, and |,
should beincreases, whichisareversereaction.

Thereaction proceedsin theleft side of formation equilibrium of HI and HI
decomposesinitially toH, and |, until Q=K .

Dissociation equilibriumof PCI,
Thedissociation equilibrium of PCl, in gaseous stateiswritten as
PCl PCl, +Cl

—_
50 N 3(9) 2(g)

Let“‘a molesof PCI, vapour bepresentin‘V’ litresinitialy. If x moles of
PClI, dissociateto PCl, and Cl, gasesat equilibriumat constant V' litres, then
molar concentrationsof PCl,, PCI, and Cl,, gasesat equilibriumwill be 3= X

X nd@® fivel v
| 2y respectively.

_[PCL][Cl,]e
° o [PCL],
B x/V><x/V_x_2>< Y
(a=x)/V  V? (a—x)
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X2

K =
¢ (a=x)V

x isaso known asthe degree of dissociation which representsthe fraction of
total molesof reactant dissociated.

Number of molesdissociated

Total number of molespresentinitialy
Ifinitialy 1 moleof PCI, ispresent then

NG X°P
Kc = =
A=)V (AX)RT

Intermsof partial pressuresof PCI,, PCl, and PCl, then

K, = Prai,-Pa, am

Peai,
2
= X P2 atm
(1-x%)
If the degree of dissociation is small compared to unity, then (1-x) is
approximately equal to.1.0.

and K

2

.'.KC:X— (or) x*=K_xV
\
1
Xo Ve ButVa =
P

(1
Xa =
P

wherex issmall, degree of dissociation variesinversely asthe squareroot of
pressure (or) variesdirectly asthe squareroot of volume of the system.
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Problem

Degree of dissociation of PCl, at 1 atm and 25°C is 0.2. Calculate the
pressureat which PCl_ ishalf dissociated at 25°C.

For PCI, dissociation equilibrium,
_x*P

Kp—l_x2 P

total pressure=1am
x = 0.2

K _(02°(1.0) _ 004 _004
P 1-(0.2)? 1-0.04 .0.96
whenx=0.5P=7?

_ K,(1-x*) _ 0.042(1-(0.5)?) *_0.042(1-0.25)

= 0.042am

P
x? (0.5) 0.25
_0042(0.75) _ 1268
0.25

10.2 Le Chatelier’s Principle

Therearethree major factorsthat alter the state of equilibrium. They are
concentration, temperatureand pressure. Theaddition of acatalyst hasno effect
on the state of equilibrium..Its presence merely hastens the approach of the
equilibrium.

LeChatelier’sPrinciple

According tothis principle, if asystem at equilibrium issubjected to a
disturbance or stress, then the equilibrium shiftsin the direction that tendsto
nullify theeffect of thedisturbance or stress. L et usconsder theeffectsof changes
intemperature, concentration and pressure, ontheequilibrium reactionsand the
predictionsof Le Chatdlier’sprinciple.

Effect of change of concentration
Congder thefollowing equilibriumreaction
N, +0O 2NO

—_
2(9) 29 N (9)
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At theequilibrium conditionsthereaction mixture contains both thereactant and
product molecules, that is, N,,, O, and NO molecules. The concentrations of
reactant and product molecul esare constant and remain the same aslong asthe
equilibrium conditions are maintained the same. If achangeisimposed onthe
system by purposely adding NO into the reaction mixture thenthe product
concentrationisraised. Sincethe system possesses equilibriumconcentrations
of reactantsand products, the excessamount of NO react inthereversedirection
to produce back the reactantsand thisresultsin theincreasein concentrations of
N, and O,. Similarly if the concentration of reactantssuch asN, and O, are
purposely raised whenthesystemisaready inthe state of equilibrium, theexcess
concentrationsof N, and O, favour forward reaction. Concentration of NOiis
raised inthereaction mixture.

In genera, inachemical equilibrium increasing the concentrations of the
reactantsresultsin shifting theequilibriuminfavour of the productswhileincreasing
the concentrations of the productsresultsin shifting the equilibriumin favour of
thereactants.

Effect of change of temperature

A chemical equilibrium actualy involvestwo opposing reactions. One
favouring theformation of productsand the other favouring the formation of
reactants. If the forward reaction'in achemical equilibrium is endothermic
(accompanied by absorption of heat) then the reversereactionisexothermic
(accompanied by evolution of hegat).

Let usconsider theexample
N.O, —= 2NO, ; AH=+59.0kJmole

2749 N 29)’

Inthisequilibrium, thereaction of theproduct formation (NO,) isendothermic
innature andtherefore, thereversereaction of reactant formation (N,O,) should
be exothermic. If the above equilibrium reaction mixture is heated then its
temperaturewill beraised. Accordingto Le Chatelier’sprinciple, theequilibrium
will shiftinthedirection which tendsto undo the effect of heat. Therefore the
equilibriumwill shift towardstheformation of NO, and subsequently dissociation
of N, O, increases. Therefore, generally, when the temperatureisraisedina
chemical equilibrium, among the forward and reverse reactions, the more
endothermic reaction will be favoured. Similarly, if the temperature of the
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equilibriumisdecreasedi.e., cooled, then the exothermic reaction amongthe
forward and reversereaction of theequilibriumwill befavoured.

Effect of changeof pressure

If asystem in equilibrium consists of reactants and productsin gaseous
state, then the concentrations of all components can be altered by changing the
total pressureof the system. Consider theequilibriuminthegaseousstatesuch as

N.O,. —— 2NO

274g) N 2(9)

Increaseinthetotd pressureof thesysteminequilibriumwill decreasethevolume
proportionately. According to Le Chatlier’s principle, the change can be
counteracted by shifting theequilibrium towards decreasing the molesof products.
Hence, thereaction of combination of NO, moleculesto N, O, formationwill be
favoured.

In case of agas phase equilibrium whichisaccompanied by decreasein
number of molesof productsformed, the ffect of pressure can be considered as
follows,

N 3H, =—— 2ZNH

+
2(g) 29 N 39

If the pressure is increased then the volume will decrease proportionately.
Consequently, theequilibriumwill shiftinthedirectioninwhich thereisadecrease
inthetotal number of moles, ie;, favourstheformation reaction of NH,. Here
from four moles of reactantstwo moles of NH, are formed. Thus at higher
pressures, theyield of ammoniawill bemore.

Haber’sProcess

Ammoniaismainly used asasource of nitrogenfertiliser, innitric acid
production andin nitrogen containing pharmaceuticals. Ammoniaiscommercialy
produced inindustriesfrom the gaseousd ementsnitrogen and hydrogeninair by
meansof Haber’ sprocess. Ammoniaformeation reactionisan equilibriumreaction.

Fe
N. +3H 2NH AHOf =-22.0kca/mole

—_
2(9) 29 N 3(9)

Theforward reaction isaccompanied by decrease in the number of moles of
reactantsand accordingto Le Chatlier’ sprinciple, anincreasein pressurefavours
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such areection and shiftsthe equilibrium towardsthe product formeation direction.
Therefore, nearly 300-500 atm pressureisapplied on 3:1 moleratio of H.:N,
gasmixtureinthereaction chamber for maximumyield of anmonia Theammonia
formationreactionisexcthermic. By LeChatlier’ sprinciple, increeseintemperature
favours decomposition reaction of ammonia. However, at |low temperature the
timeto reach the equilibrium becomesvery long. Hencean optimumtemperature
close to 500°C-550°C ismaintained. Iron catalyst is chosentospeed up the
attainment of the equilibrium concentration of ammonia. In order to maintain the
equilibrium conditions, steamis passed to remove away theammoniaasand
whenitisformed so that the equilibrium remains shifted towardsthe product
sde. Themaximumyield of anmoniaisnearly 37%.

Contact Process

Thisprocessinvolvesthe equilibrium reaction of oxidation of SO, gasby
gaseousoxygeninair to manufacturelarge quantities of SO, gas.

V205
2SO0, + 0, —> 2S0 AH® =-47 kcal/mole

2(g) 29 N 3(9)

Theformation reaction of SO, involves adecreaseinthe overall molesof the
reactants. By Le Chatlier’sprinciple, whenlarge pressureisapplied, forward
reactionisfavoured. 700 atm- 1200 atm pressureismaintained on the2:1 mole
ratio mixture of pure SO, and O, gasesin thereaction chamber. SO, production
is an exothermic reaction. Hence, increase in temperature favours SO,
dissociation. However, lowering of temperature prolongsthetime of attainment
of equilibrium. Therefore, an optimum temperature at nearly 400°Cto450°Cis
maintained to favourtheequilibrium.

The most widely used catalyst for SO, production is porous vanadium
pentoxide (V,O,). Presence of moisture deactivatesthe catalyst. Only dry and
pure SO, and O, gases are used over the catalyst. Since oxidation of SO, isa
slow process, presence of VO, speeds up the equilibrium process and high
yield of SO, is achieved in ashort period. SO, is the anhydride of H,SO,.
Therefore, SO, from contact process along with steam is used in oleum and
H,S0, manufacturing processesin contact process, theyield of SO, isnearly
97%.
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SELFEVALUATION
Choosethecorrect answer

Stateof chemica equilibriumis:
a) dynamic b) dationery C) none d) both

If the equilibrium constants of thefollowing reactionsare 2A =B isK
andB=2AisK,, then

JK =2K, b) K =1K, 0 K,= (K2 " d) K, =1UK?
Inthereversiblereaction2HI = H,+1,, K is
a) greater thanK b) lessthanK_  ¢) EqualtoK_ d) Zero

Intheequilibrium N, +3H, = 2NH,, themaximumyield of anmoniawill
be obtained with the processhaving

a low pressureand hightemperature

b) low pressureandlow temperature

¢) hightemperatureand high pressure

d) highpressureand low temperature

For the homogeneous gasreaction at 600 K
4NH, +50, = 4NO, +6H,0O

@., . 29 © 2°0
the equ?fl brium constant K hasthe unit

a) (mol dm®)* b) (mol dm®) ¢) (mol dm®™  d) (mol dm?)?®

Two molesof ammoniagasareintroduced into apreviousy evacuated 1.0
dm®vessd inwhichitpartialy dissociatesa hightemperature. At equilibrium
1.0moleof ammoniaremains. Theequilibriumconstant K _for the dissociation
IS

a) 27/16 (mole dm®)? b) 27/8 (moledm®)?

c) 27/4(moledm®)? ) Noneof these

An equilibrium reactionisendothermicif K, and K, arethe equilibrium
constantsat T, and T, temperaturesrespectively andif T, isgreater than T,
then
a) K, islessthanK, b) K, isgreater thanK,
¢ K, isequa toK, d) None

[Ans. 1-a; 2-b; 3-c; 4-d, 5-b, 6-aand 7-a]
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10.
11.
12.

13.
14.

15.

16.

17.

18.

19.

20.

Answer in oneor two sentences
Dissociation of PCI, decreasesin presence of increasein Cl, why?

Writetheequilibrium constantforthefollowing
) HO HO  + %0

272(g) = 2 (g) 2(g)
1)) CO HZO() = COZ(Q) + Hz(g)
) NZOA() = 2NO,

StateLeChatdier’sprinciple.

What isequilibrium congtant?

Why do equilibrium reactionsreferred to asdynamic.equilibrium?

What happenswhen An = 0, An =-ve An =tve in agaseousreaction.
CalculateAn " for thefollowing reactions

) Hyy Iz(g) = 2HI

i) 2H,0,  +2Cl 4HCI ,+ Oy

27(9 29 S

Answer not exceeding 60words

Derivetherelation Kp =K_ (RT)* for ageneral chemical equilibrium
reaction.
State L e Chatdlier’ sprinciple. Discusstheeffect of pressure, concentration
and temperature on thefollowing reaction.

N,, + O 2NO

2(9) -

Derivetheexpressionsfor K and Kp for decomposition of PCI..
Practice Problems

Theequilibrium constant Kcfor A 0T = B is25x 10% Theratecondant
of the forward reaction is 0.05 sec™. Calculate the rate constant of the
reversereaction. [Ans: 2.0sec’]
IntheequilibriumH, + 1, = 2HI thenumber of molesof H,, |,andHI are
1,2,3molesrespectively. Total pressure of thereaction mixtureis60 atm.
Calculatethe partia pressuresof H,, I, and HI inthemixture.

[Ans: 10 atm, 20 atm, 30 atm]
In1 litrevolumereactionvessdl, theequilibrium constant K _of thereaction
PCl, = PCl,+Cl,is2x 10*lit*. What will bethe degree of dissociation
assuming only asmall extent of 1 moleof PCI hasdissociated?

[Ans: x = 1.414 x 107
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21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

Attemperature T, the equilibrium constant of reactionisK . At ahigher
temperature T,, K, is 10% of K. Predict whether the equilibrium is
endothermic or exothermic. [Ans. Exothermic]
At 35°C, thevalue of Kpfor theequilibriumreactionN,O, = 2NO, is
0.3174, Calculate the degree of dissociation when Pis0.2382 atm.
[Ans:x=0.5768]

For theequilibrium 2NOCI )AZNO +Cl, 20 thevaueof theequilibrium
constant K is3.75x 10° at 790°C CaquIateK for thisequilibrium at the
sametemperamure Hint: K =K [(RT)" [Ans K,=3.29x 10 “

For the equilibrium 2SO, b9 = S0, * Oy thevalue of equilibrium
constant is4.8 x10° at 700°C. At equilibrium, if theconcentrations of SO,
and SO, are 0.60M and 0.15M respectively. Calcul atethe concentration

of O, intheequilibrium mixture. [Ans: 0.0768M]

Hydrogeniodideisinjected into acontainer at 458°C. Certain amount of
HI dissociatestoH, and 1.,. At equilibrium, concentration of HI isfoundto
be 0.421M while [H,] and [1,] each.equal to 6.04 x 10M, at 458°C.
Calculate the value of the equilibrium constant of the dissociation of HI at
the sametemperature. [Ans: K_=2.06 x 107]
Dissociation equilibrium-constant of HI is 2.06 x 10?2 at 458°C. At
equilibrium, concentrationsof HI and |, are0.36M and 0.15M respectively.
What isthe equilibrium concentration of H,, at 458°C.

[Ans: [H,] = 1.78 x 10°M]

The equilibrium constant for the reaction 230, | = 280, , + O, is
0.15 at 900 K. Calculate the equilibrium constant for the reaction
280, + Oy, = 280, atthesametemperature

20 220 T
’ \ [Ans: 6.67 mol™* dm?]

For thereaction A + B = 3C at 25°C, a3 litre volumereaction vessel
contains1,2and4 molesof A, B and C respectively at equilibrium, caculate
the equilibrium constant K _ of thereaction at 25°C.[Ans. 10.66 mol dm™]
Howmuch PCl_ must be added to onelitre volumereaction vessdl at
250°Cin order to obtain aconcentration of 0.1 moleof Cl,, K _for
PCl, = PCI, + Cl, is0.0414 mol dm™at 250°C.

[Ans: 0.341 moles PCI]

At 540K, theequilibrium constant K for PCI dissociation equilibrium at
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1.0atmis1.77 atm. Cal culate equilibrium constant in molar concentration
(K, at sametemperatureand pressure.
[Ans: K_=4x 10 moles/litres]

Summary

Law of mass action was applied to equilibrium reactionsto determine the
equilibrium congtant.

aA+bB =IL+mM

LM ke
[AT[B]" Kk
Equilibrium constantsin terms of molar concentration (K ) and partial

pressures (Kp) arerelated as Kp =K (RT)*"s for gaseous reactants and
productsinequilibrium.

When Ang =0, Kp =K, Ang = -ve, Kp< K, and Ang = +Ve, Kp> K.

Thereaction quotient (Q) of non equilibrium concentrationsto equilibrium
concentrationsof reactantsand productsisrelated to equilibrium constant
(K) of an equilibrium reactionas: when Q<K, moreof product isformed,
Q=K, equilibriumisattained; Q>K, more of reactant isformed.

r

no.of molesdissociated
Degreeof dissociation ‘X' =

total no of molespresentinitidly

Application of Le Chatelier’s principle to explain effect of pressure,
temperature and concentration on the equilibrium reactions. i) When the
total number of molesare decreased intheequilibriumincreasein pressure
favour product formation. ii) For endothermic equilibrium, increasein
temperaturefavoursproduct formation. iii) Increasein reactant concentration
(or) decrease in product concentration favoursthe product formationin
equilibrium.
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