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4.1 OBJECTIVES

The objective of writing the text of this unit is e€nable the readers to understand various
facts regarding the driving force that makes th@laied atoms to combine to form the
polyatomic molecules or ions as well as to find #mswers of certain interesting questions
such as: What is a chemical bond? What happertbetcenergy of the atoms and the

molecules? What happens in terms of electronicttra, while bond formation takes place?
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Why do the group 18 elements, i.e. the noble gageserally not participate in bond

formation and suffer from lack of  reactivity whadmost all other elements do so? etc.

4.2 INTRODUCTION

The atoms are said to combine together becaus¢heoffollowing two main

reasons:

Concept of lowering of energy
It has been observed that the aggregate (or thecwmel) are lower in energy than the
individual atoms from which they have been formehis means when the individual atoms
combine to form molecules through a bond, the g@kenergy of the combining atoms
decreases and the resulting molecules are moréde stadn the free atoms. This energy
difference between the free atoms and bonded afmmmsolecules) is generally 40kJ ritar
more. It follows from this that the process of bdadnationbetween the atoms decreases the
energy of the molecule formed from these atomsfands a system of lower energy and
greater stability.
Electronic theory of valence (the octet rule)
The atoms of the noble gases-helium to radon-odcexcept a few cases, react
with any other atoms to form the compounds anad thisy do not react with
themselves. Hence they stay in atomic form. Tlasms are said to have low energy
and cannot be further lowered by forming compoufitiés low energy of noble gas atoms is
associated with their outer shell electronic camfagion, i.e. the stable arrangement of eight
electrons (called octet). It has also been astadd that the two electrons in
case of helium atom (called doublet) is as stablaraoctet present in other noble gas atoms.
The chemical stability of the octet of noble galseischemists to assume that when atoms of
other elements combine to form a molecule, thetrrs in their outer shells are arranged
between themselves in such a way that they aclaiestable octet of electrons (noble
gas configuration) and thus a chemical bond isbéisteed between the atoms.
This tendency of the atoms to attain the noblecgagiguration of eight electrons in their
outer shell is known as octet rule or rule of eighd when the atoms attain the helium
configuration, it is called doublet rule or rule of two. This octet rule was later called
“Electronic Theory of Valence”.
It may be noted here that in the formation of ancical bond, atoms interact with each

other by losing, gaining or sharing of electrooss to acquire a stable outer shell
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configuration of eight electrons. This means, anmatvith less than eight electrons in the
outer shell is chemically active and has a tendetwycombine with other atoms.

Accordingly, three different types of bonds majsein the molecules/aggregates.

4.3. COVALENT BOND

A covalent bond is formed between the two comlgratoms, generally of the
electronegative non-metallic elements by the musiaring of one or more electron pairs
(from their valence shell). Each of the two combgniatoms attains stable noble gas
electronic configuration, thereby enhancing ttebiity of the molecule. If one electron pair
is shared between the two atoms, each atom cotdslmne electron towards the electron pair
forming the bond. This electron pair is responsiblethe stability of both the  atoms. A
covalent bond is denoted by the solid line (-) Ewthe atoms. Depending on the number of
shared electron pairs i.e. one, two, three e&cten pairs between the combining atoms,

the bond is known as a single, double, triple @walent bond. For example,

HH H-H
CI:Cl Cl-C| singlebond

H:Cl H-CI
0::0 0=0 double bond
N:::N N=N triple bond multiple bon

In the molecules, the bond strength and bond ltehgs been found in the following
order:

Bond strength: triple bond > double bond > sirged

Bond length: triple bond < double bond < singted
It may be noted that the covalent bond formatiamvben multielectron atoms involves
only the valence shell electrons that too, the iragda electrons. Thus O-atom has two
unpaired electrons in its valence shell and N-atwas three unpaired electrons thereby
forming two and three bonds with themselves oeo#toms.
Polar and non-polar covalent bond
In the examples given above, most of the barmzisingle, double and triple covalent
bonds, have been shown to be formed between te lik atoms such as H-H, CI-Cl, O=0
and
N=N in Hy, Cl,, O, and N, respectively. The bonded atoms in these moleaitesct the

bonding or shared pair of electrons by equal ®rtewards themselves due to equal
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electronegativity  of the atoms. Hence the bonding pair of electres &t the mid poir
of the internu@ar distance ( or bond distance). This type of b@&dknown as th
nonpolar covalent bonc

But if the covalent bond is formed between two kmitoms of differer elements, e.(
HCI, H,O, NH; etc., the shared pair of electrons will not be dyuattracted by the bonde
atoms due to electronegativity difference shifts towards more electronegative atom

hence moves away from legdectronegative atom. This develops small negatharge or
more electronegative atom and equal positive clon less electronegative  atom. Such
a molecule is called a polar molecule (this ised#ht from ionic bond) and the bond pres

in such molecules is known as polar covalent b&od.example

i J“'“I.:“‘“I\'li I, |

4.3.1. Valence Bond fieory (VBT) and its limitations:

This theory was put forward by Heitler and Londori927 tc explain the nature ¢

covalent bond. They gave a theoretical treatr of the formation of the bond in ;

molecule and the energy changes taking place thdrate, it was extended by Pang and

Slater in 1931 to account for the directional chegastics of the covalent bot

The main points called the postulates of this thewe given belov

(1) The atoms involved in the bond formation maintdieirt individuality(identity) even
after thebond is formed i.e. in the molect

(i) The bond is formed due to the overlapping of hdled atomic orbitals (or th
interaction of electron waves) belonging to theewak shell of the combinir
atoms as these approach each other. Thuspins of tle two electrons gemutually

neutralised. The electrons in thrbitals of inner shells remain undisturbed.

(i)  The filled orbitals (i.e. containing two elects) of the valence shell do ntake part

in the bond formation. Howeveif the paired electrons can b@paired without using muc
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energy, they are first unpaired by promoting to tbebitals of slightly higher energy and

then can take part in bonding. For example, N cam fNCk only retaining a lone pair while
P can form both Pghnd PG

(iv)  The electrons forming the bond undergo exchangedmsst the atoms and
thus stabilize the bond.

(v) The strength of the covalent bond depends on ttemeto which the two atomic

orbital overlap in space.
This theory is based on two main theorems whieh ar

(@) If Ya(1) and¥s(2) are the wave functions of the orbitals contagnelectrons in
two isolated independent atoms A and B with energeand E, respectively then the total

wave function¥ of the system can be givenasa  product of wawetions of two atoms,

i.e.
Y=¥,(1).¥s(2) 4.1)
and the energy of the system by
E=EatEs (4.2)

Where (1) and (2) indicate two electrons belongmgtoms A and B.

(b) If a system can be represented by a number of fueations such a¥,, ¥, V3
...... , then the true wave functiok can be obtained by the process of linear comioimantf
all these wave functions as:

P= N(CW1+CW+CaWs+...... ) (4.3)
Where N is normalization constant ang C,, Cs...are the coefficients  indicating the
weight of each oWs. They are so adjusted as to give a state of kosvesgy. The squares of
the coefficients may be taken as the measure ofvetight of each wave function to total
wave function.
The valance bond theory was first applied to thenédgion of B molecule. If the
two H-atomsyiz. Ha and H; are infinitely apart from each other, there is nointeraction
at all but if these are brought close together, Hs covalent bond is formed and the
energy of the system is decreased. Now if thetadbof the two H-atoms are
represented in terms of wave functiohsand¥g, then  the  wave function for the
system H.Hg can be written as

Y=¥A(1).WYe(2) (4.1 as given above)
Where electrons belonging taalnd H; are 1 and 2.
But once the bond is formed, the electrons 1 ahav2 equal freedom to get associated

with either of the H-atoms. Thus due to the exckanfy electrons between H-atoms,
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two possible covalent structures ¢; molecule may shown as af).Hs(2) and
Ha(2).Hs(1). The wave functions of these structures  Wa(1). ¥s(2) and Wa(2). ¥s(1)
respectively. Now the true wave function for, molecules can be obtained by lin
combination of the wave functions fort two covalent structures. This can be din two
ways:

0] When the combination of these wave functions tgl@se in¢  symmetric

way, i.e. by addition process, symmetric wave fiomc¥s is obtained
Y= Wa(l). Pe(2) +Wa(2). ¥a(1)  ........ (4.4)
This is also known as covalent wave functi$gev.

(i) When the combination of the above wave functiokedalace in asymmetric wa
i.e. by subtraction process, asymmetric wave foncW,, is obtained: W= Wa(1).
¥s(2) - Pa(2). ¥e(1) ....... (4.5

The value off's does not change by exchange of eons 1 and 2 but that | Y,

changes in this process. The two situations argepted graphically ¢ follows: (Fig 4.1)
The curve s is for addition process and curvefarisubtraction process the
wave functions. The calculated value , for theminimum energy state i.e. the bonding s

is 87 pm against the experimental value of 74

Fig 4.1

Pauling has suggested that the bond between t-atoms in H molecule is no

absolutely covalent, it rather has partial ioniargtter. He proposed two ionic structures
Ha
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molecule in which both the electrons land 2 are theeiattached to Hor Hg as given

below,
Ha(1,2). Hs Ha.Hg(1,2)
If the above wave functions for these structurestqsyand¥ (),
then Yao=%¥a(1).Y(2) . (4.6)
And¥p=Y¥e(1).Ye(2) L 4.7)
The consideration of ionic structures as given abaivih molecule converts the equation 4.4
to
WS=[¥a(1). Wa(2) +¥a(2). ¥a(1)] +1 [¥ay+¥e)
or W¥s=[Wa(1). ¥s(2)+ ¥a(2). Ya(1)] + M[Wa(1). Pa(2)+ ¥a(1). ¥s(2)]
..(4.8)

or¥s =¥Ycov. +¥ionic . 4.9
the coefficienthis used in equation 4.8 is a measure of the degreéich the ionic forms
contribute to the bonding. Thus three importanttcbations to covalent bonding may be
summarized as follows:
Delocalization of electrons over two or more nuclei
Mutual screening

Partial ionic character.

Limitations of Valence Bond theory:
i) The formation of coordinate covalent bond (gtsown as dative bond) cannot be
explained on the basis of this theory because doapto this theory a covalent bond is
formed as a result of overlapping of half filled orbitals of the combining atoms and the
paired orbitals of the atoms do not take partamral covalent bond formation.
i) The odd electron bond formation between tlwerest cannot be explained by this theory
because a covalent bond is an electron pair borashsn®vo electrons are required for a bond.
iii) This theory is unable to explain the paramagnkehaviour of oxygen molecule because
paramagnetism is a property caused by the presehaspaired electrons and in an oxygen
molecule, according to VBT, two electron pair boadle present between the oxygen atoms
and hence it should be diamagnetic.
iv) In some molecules, the properties like bondgtenand bond angles could not be

explained by assuming simple overlapping of atoonidtals of the atoms.

4.3.2 Directional characteristics of covalent bond:
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The covalent bonds are directed in space. Thisgatidenced by the stereoisomerism ai
wide variety of geometrical shapes shown by theatmmt compounds. It is also possible
measure the actual bond angles betweenlent bonds in the molecules because of
directional nature of bonds. An important fact abthe covalent bonds is that these
formed by the overlapping of pure as well as hybed atomic orbitals. All these atom
orbitals except the pure s-orb#aare oriented in the particular directions whichedeine
the direction of covalent bonds i.e. the directionwhich the overlapping orbitals have
greatest electron density. From this discussioncase conclude that it is the directiol
natureof p, d and f orbitals which accounts for the dii@tal nature of the covalent bor
For example, the threegrbitals are directed along the three axes x,yzaadd the bond
formed by their overlapping are also directed taisathe three axes. Thch the -orbitals
are spherically symmetrical around the nucleusy thxerlapping along the molecular a
gives a bond in that direction.

Let us discuss the modes of overlapping of puresanae of the hybridised atomic orbit:

(1) s-s overlapping

Thistype of overlapping occurs between tlorbitals of the combining atoms thereby giv
the ss covalent bond. This type of overlapping alwaysuos in the direction of molecular

internuclear axis.
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(i) s-p overlapping

The overlapping taking place between t-orbital of one atom and prbital of another ator
is called sp overlapping. The resulting bond is tt-p covalent bond formed in the directi

of the orientation of mrbital taking partn overlapping.
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Fig 4.3 overlapping of s ang orbitals along molecular ax

p-p overlapping

When the perbital of one atom overlaps with th-orbital of another atom, this process
called pp overlapping and the bond so formed is known-p covalentoond. The necessa
condition for this type of overlapping is that tp-orbitals must be of the same type, i.x

and g, py and g and p and p. The K-py or p-p; type of overlapping does not occ

Fig 4.4 overlapping of two mrbitals alongmolecular axis

If an atom possesses two or three half filled aibjtthey can simultaneously overlap w
another similar atom (or other atoms as well) thef®rming multiple bonds (botc andx),

for example oxygen molecule.

Similarly bonding in N can be explaine

Fig 4.5 overlapping of orbitals formine andzbonds

Overlapping of the hybrid orbitals with pure atomic orbitals

The s and mrbitals may overlap with hybrid orbitals to giveetdirectional covalent bon
such as s-sp(B,), s-sp(BHs C;Ha), s-sp (CHs and higher alkanes), sp (ECl,), p-sg
(BCls), p-sp (CCly), p-spd (PCs), p-spd® (Sks) p-spd*(IF;) etc. bonds in the directions
hybrid orbitals. d and f eorbitals in no-metallic elements (which mostly form covalt
compounds) dmot generally take part in overlapping as suchotanfcovalent bonds but-
orbitals may participate in hybridisation, e.g. A€k, SK;, higher intehalogens etc. and fo
covalent bonds by the overlappiof hybrid orbitals with atomic orbitalin thedirections of
hybrid orbitals.
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(v) Overlapping of the hybrid orbitals among themselvdss type of overlapping main
occurs among the organic compounds, e.-sp(GH-), spg-sp(C:Ha), sp-sp(CoHe) etc.

Here only the overlapping of hybrid orbitals h themselves has been given.

4.3.3 Sigma ¢) and pi (x) covalent bond:

¢ Covalent bonds

The covalent bond formed between the two atomsxi@l ar head on verlapping of pure ¢
hybrid atomic orbited belonging to valence shells of the atoms is dadlc bond. Pure -
orbitals of the atoms on overlappindth s or p atomic orbital or hybrid orbitals of othe
atoms always forne bonds. Pure -orbitals of the atom when overlap witrasd p-orbitals
(of the same symmetry) or hybrid orbitals of othyms eso formes bonds. d and- orbitals
by themselves seldom take partc bond formation through the atbitals are sometime
involved in hybridisation and thus fornme bonds, e.g. PGl SK;, IF; etc. The overlapping ¢

hybrid orbitals between two atoms always gic bond.

() Pure atomic orbital —pure atomic orbital overlapping

Fig 4.6(a)formation ofsbond by atomic orbita

(i) Hybrid atomic orbital — hybrid atomic orbital overlapping

Fig 4.6(b)formation ofsbond by hybrid orbita

In this case only partial overlapping has been shihwugh othe hybrid orbitals will alsc
form o bonds, generally with atomic orbit of other atoms.

Similarly sp-sp’c bond formation may also be sho'

n (pi) Covalent bond

A covalent bond formed between two atoms by sidside or lateral (perpendicular to t
molecula axis) overlapping of on p-atomic orbitals or sometimes p an- orbitals
belonging to the valence shell of the atoms isedaiz bond. Ifin a molecule, a particuli
atom uses one of itsgrbitals forsbond formation then rest of the twaoopbitals are used 1

form therbonds by lateral overlapping. For example, if }sas taken as the molecular a
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thenzbond is formed by p- p, or p,-p, overlapping as happens in the oxygen and nitr

molecules.

A cbonds determine the direction ole covalent bond and bond lengtltbonds have n
effect on the direction of the bond. However, tipegsence shortens the bond len

There is free rotation of the atoms aboucbond because the electron cloud over
symmetrically along the internuclear axis whilestts not possible abouttbond because tt
electron clouds overlap above and below the plémieeoatoms

A obond has its free existence between any two atara molecule whiletbond is formec
between the atoms only whehond already exist

The shapes of covalent molecules and ions canfilaie&d by employing (¢  the concept

be zerovalent, monovalent and bivalent due to teegmce of 0,1 andunpaired electrot in
their valence shells and thaebserved bonding exhibited by them, i.e. these baralent,
trivalent and tetravalent due to the availabiliy @3 and . unpared electron in their
valence shells in those compounds, a hypothetmatapt of hybridisation was put forwa

According to this concept, before the bonding osdarthe compounds of Be, B and C, «
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of the 2s electrons gets promoted to the vacawriipal due to the energy available from the

heat of reaction when covalent bonds are formepeonaps due to the field created by the

approaching atoms, thereby making 2,3 and 4 urgbagtectrons available in the valence

shell of the atoms of these elements.

These orbitals having unpaired electrons then mixogether or redistribute their energy to

give rise a new set of orbitals equivalent in egerddentical in shape and equal to the

number of atomic orbitals mixed together. Thisgass is known as hybridisation, the atomic

orbitals are said to be hybridised and the newtaldbformed are called the hybrid orbitals.

The hybrid orbitals so formed then overlap with tiedf filled orbitals of the approaching

atoms and form covalent bonds.

Salient features (or the Rules) of hybridisation

The atomic orbitals belonging to the valence shefl the central atom/ion of a
molecule/ion with almost similar energies mix wgether or hybridise to give the

hybrid obitals. But the atomic orbitals of the gahtatom participating in thetbond

formation are excluded from the hybridisation psxe

The number of hybrid orbitals produced is equah®number of atomic orbitals undergoing

hybridisation. The hybrid orbitals like pure atorpitbitals can accommodate a maximum

of two electrons of opposite spins.

If required, electron(s) may be promoted from dritat in ground state of the central atom to

the next empty higher energy orbital provided vatue of n does not change as happens in

the central atom of Be&IBCls, CH,, PCE, Sketc.

Most of the hybrid orbitals are equivalent in energhape and size but may not be identical.

They differ from one another in their orientationsipace.

From the type of hybridisation, the geometry anddbangles of a molecule can be predicted.

In a few cases empty atomic orbitals or those Veitie pairs of electrons (i.e. filled

atomic orbitals) are also involved in the hybridisa process but in such cases normal

covalent bond is not formed rather this procesddda the formation of coordinate covalent

bond. Sometimes these filled hybrid orbitals do favin the bonds and the electron pair

remains as lone pair on central atom.

The hybrid orbitals are involved in tldond formation only and bond is not formed by

them at all.

4.4.1. Types of hybridization:
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Following are the important types of hybridisn. The central atom in agiven
moleaile/ion can undergo any of the following poss hybridisations.

Sp hybridization:

When one s and one p (oriented along moleculaj akisnic orbitals belongin to the
valence shell of the central atom in a given mdian mix up togethe to give rise twc
hybrid orbitls, the process is known ap hybridisation and the new orbals formed

are called sp hybrid orbitals. This process be shown diagrammatically as follo

Fig 4.8 (a)Formation of two collinear sp hybrid orbitals frotime mixin¢ of

one s and one p atomic orbitals

Characteristics:
i) These hybrid orbitals are equivalent in energypsh@val shaped) and ¢ oriented in
the opposite directions at an angle of° from each other, leading to linear geome
i) Each hybrid orbital has one large lobe ane small lobe. The larger lo takes part in
overlapping process.
iii) These hybrid orbitals possess 50% char of s-orbital (spherical) an80% that of -
orbital (pear shaped) and hence are oval sh

Examples: BeX(X=H,F, Cl). Let us take Be; molecule for illustratior

Bey 25p°  Bex —R3p'
s

Fig 4.8 (b) formation of twoscovalent bonds by the overlapping o-hybrid orbitals of Be

and 2p-orbitals of F-atoms

Sp® hybridisation:

On mixing together one s and any tw-orbitals belonging to the valence stof the central
atom of a given molecule/ion, a set of three hybrititals is obtained. This process is knc
as sp hybridisation and the new orbitals formed are tetnas s® hybrid orbitals. The

process can be shown as given be
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Fig 4.9(a) Formation of three trigonal planar 2 hybrid orbitals from themixing of one

and two p atomic orbitals

Characteristics:
i) The sp hybrid orbitals are equivalent in energy and steqbare oriente towards
the corners of an equilateral triani hence inclined at an angle of £&@h one another,
leading to trigonal planar geome
i) They all lie in one plane (i.e. plan:
iii) They possess 33% sharacter and 66%- character and therefore are lessoval than
sp- hybrid orbitals.

Examples: BX(X=H, F,CI) Let us take Bz molecule for discussion.
By:22pt Byx —  25pipt

sg

Fig 4.9(b) formation of threer covalent bonds by the overlapping o? hybrid orbitals ofB-

atoms and 2p-orbitals of 3&tom:

(i)  Sp® hybridisation:

In this hybridisation, one s and thre-atomic orbitals belonging to the valence shellref
central atom of a given molecule/ion mix up togettwed form a set of four hybrid orbita
This mixing process is known as® hybridisation and the new orbitals formed are chig®

hybrid orbitals. This process has been shown b

Fig 4.10(a)formation of four tetrahedral ¢ hybrid orbitals from the mixing of 1s and

3p atomic orbitals
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Characteristics:
i) These sphybrid orbitals are equivent in energy and shape and are orietedg the fou
corners of a regular tetrahedron. The bond ¢ between eachair of these orbitals is 10°,
called tetrahedral angle.

i) Each sp hybrid orbital has 25%- character and 75% pharacter, henctheir shape is

closer to that of perbitals i.e. are pear shap
Examples: A% where A= C, Siand X = H, F, CBr, I, simplest of these CH,. In
this molecule, Gatom is the central atom which undergo€® hybridsation as follows
Ce2S plp'pY Gk —» 2sppy'ps
T sp

Fig 4.10 (b) formation of fourscovalent bonds by the overlapping of hybrid
orbitals of C-atorrand 1s orbitals of four Fatoms
(iv)  Sp’d hybridization:
When one s, three p amhe d (generally ¢) atomic orbitalsof the valence shell of tt
central atom of a given molecule/ion mix up togetad give rise to the formation of a se
five hybrid orbitals, the process is known ad hybridisation and the new orbitals forrr
are called sf hybrid orbitals. The process of this type of hylwadion has been shov
here:

Fig 4.11 (a)formation of five trigonal tripyramidal d hybrid orbitals from the mixir of

one s, three p and one d fplatomic orbital:

Characteristics:

i) The spd hybrid orbitals are equivalein energy and shape and aréentedtowards the
five corners of a regular trigonal bipyramid their spatial arrangement is trigon
bipyramidal.

UTTARAKHAND OPEN UNIVERSITY Page 92



INORGANIC CHEMISTRY-I BSCCH-101

i) They do not lie in one plane. Three of tive hybrid orbitals called thieasal or equatori:
hybrid orbitals are oriented towardse corners of aequilateral triangle forming a triangu

plane while the remaining twoalled axial hybrid orbitals lie above and belthe plane on
the axis passinthrough thecentre of plane. The angle between each adjacénoft
basal hybrid orbitals is 130that between two axial hybrid orbitals is ° and thatbetween
the axial and basal hybrid orbitals i<’.

Examples: AXs molecule (A =P, As, Sb and X = F, Cl, Br).dt us discuss the hybridisati

and bonding in PGImolecule.

py: 35 ppy’ e

1

> Pex 3s pxlpylpzl dzz1

Fig 4.11(b) Formation of fivecovalent bonds by the overlapping offd hybrid

orbitals of P central atorand p-orbitals of five Cl-atoms

(v) Sp’d? hybridisation:
On mixing one rbital, three -orbitals and two d (generally By? and d?) orbitals of the
valence shell of central atom of the given molefoife a set of six hybrid orbitals is forme
This process is known as>sp hybridisation and the new orbitals formed are chbgd®

hybrid orbitals. The formation of these orbitalsiewn below

1210 P

e o § T B
sho. Kpigres  TTORC @0 cspd)
Fig 4.12(a) Formation of six s°d® hybrid orbitals from the mixing of one s, ree p and

two d-atomic orbitals

Characteristics:

i) All the six hybrid orbitals formed are equivat in energy and shape and arented along

the six corners of eegular octahedron i.e. their arrangemerspace is octahedr
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i) All the orbitals do not lie in a plane. Four Irid orbitals of the i called basal or
equatorial hybrid orbitals are lying in <are plane while the remaining two called
axial hybrid orbitals lie above and below the planethe axis passing through the cen
of the square base. The angles betv any adjacent paimsf hybrid orbitals (basal ¢
axial) is 90.

Examples: AFe type molecule (A=S, Se, Te). Let us see the prookksend formation

in Sk molecule.

SJ: 352 pxzpylpzl —> Sex: Sl pxlpylpzl d122d1x2-y2

Fig 4.12 (b) Formation of sixecovalent bonds by the overlapping o”d? hybrid
orbitals of S central atorwith g-orbitals of six F atoms
(vi)  Sp’d® hybridisation:
When one s, three p and three d (generally dxy, dx%) orbitals of the valence shell of
central atom in a given molecule/ion mix up togetl@eset of seven new orbitals is form
This process of mixing is called*d® hybridisation and the new orbitals formed are knas

sp’d*hybrid orbitals. Their formation occurs as follo

T D

Fig 4.13 (a)Formation of seven d® hybrid orbitals from the mixing of one s, thi

p and three arbitals of the central ato

Characteristics:
i) All the seven hybrid orbitals are equivnt in energy and shape and argented toward
the seven corners of a rdgr pentagonal bipyramid i.etheir spatial arrangement

pentagonal bipyramidal.
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i) All of them do not lie in one plane. Five olem lie in the pentagonal plane care called
basal or equatorial hybrid orhls while remaining two cled axial hybrid orbitals lie abov
and below the plane on the axis pas:  through the centre of the pentagonal pl

iii) The angle between any adjacent pair of basal hyitials is of 7° andthat between an
axial and a basal hybrid orbital isual to 96.

Example: IF; (an interhalogen compour
b : 5p.p,%p — 5 lex:  53pp,/'p,ldxy'dyZ'dzx"
spd®

The whole act of hybridisation and bondmation in this molecule can t#hows as give

below:

Fig 4.13(b)Formation of seven covalent bonds from the oveitappf spd® hybrid

orbitals of central latorr and p-orbitals of seven F-atom
4.4.2 Shape of simig inorganic molecules andons:
In all the above examples, the central atom udesfdts valence electrons for the bo
formation i.e. the hybrid orbitals of the centrabra and atomic orbitals (s or p) of t
attached atoms are half filled, and after overlagpof the appropriaterbitals, form the
normalcscovalent bonds. The molecules so formed have regelemetrical shape i.e. the
is no distortion in the shape of the molecule.
However, there are examples in which the centramabf the molecule/ion undergoe
particular type of hybridisation which involviorbital/s with paired electrons as stalong
with orbitals having unpaired electro These hybrid orbitals (witboth paired an unpair
electron$ overlap with the orbitals of approaching atomgitee tte normal as well as dati
ocbonds or sometimes thgbrid orbital: with paired electrondo not overlap with the orbita
of approaching atoms and remain atthaee such with tt central atom in th
moleculesas lone pairs. The presencethese lone pairs causes distortion in ttape of the
molecule/ion. This leads faregular geometry of the molecule/i

The geometrical shapes, and process of hybridisatieolved, of some inorgan
molecule/ions along with those givender VSEPR Theory in the syllabus will be discus
after the discussion of VSEPR The
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4.5. VALENCE SHELL ELECTRON PAIR REPULSION (VSEPR)
THEORY

The valance bond theory also called the atomictalriheory can explain the geometrical

shape of many molecules/ions of both transition aon-transition elements by employing
the concept of hybridisation. But many moleculesioemain unexplained in terms of their
geometry by this method. To overcome this shortogmia modification of VBT was
developed by Gillespie and Nyholm which can prettiet shapes of many species which are
left uncovered by the concept of simple hybridmatiAccording to this theory “The shape or
the geometry of a polyatomic molecule/ion of namgition (mostly non-metallic) element
depends upon the number and nature of the elep#ios contained in the valence shell of the
central atom.” Thus the electrons already preserthé valence shell plus the additional
electrons acquired by the central atom as a re$udbnding with other atoms are called its
valence shell electrons. These electrons may b&eptexs bonding or non-bonding electron
pairs in the central atom which arrange themseiwesich a way that there is a minimum
repulsion between them and the molecule has minimmengy and maximum stability. Since
there can be only one orientation of orbitals cgpomding to minimum energy, hence the
molecule attains a definite shape/geometry.

The following rules have been proposed by Gillespie Nyholm to explain the shape of
some inorganic molecule/ions-

i)If the central atom of a molecule/ion contains athig bond pairs of electron in the valence
shell, the geometrical shape of the molecule/ionsaid to be regular (or undistorted) e.g.
linear, trigonal planar, tetrahedral, octahedtal, @espectively. This fact is evidenced by
the examples given above in the chapter of hylaidtis.

i)When the valence shell of the central atom in aeeuk/ion contains the bonding electron
pairs and non-bonded electron pairs (called lonespahe molecule/ion has distorted or
irregular geometrical shape due to the alteratiorbond angles which is caused by the
presence of lone pairs on the central atom.

This happens because of the following fact. Siree lbne pair of electrons is under the
influence of only one nucleus (of central atong, mono centric, these electrons occupy a
broader orbital with a greater electron densityiathddistributed closer to that nucleus than
bonding pair of electrons which is under the infloe of two nuclei of bonded atoms i.e.
bicentric. Its location between the atoms dependsthe electro- negativities of the

combining atoms. Thus lone pairs experience maediom than the bonded pairs and hence
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exert more repulsion on any adjacent electron f/@n a bond pair does on the same
adjacent electron pair. The repulsion among thetrele pairs follows the sequence as:

I.Q.-I.p. repulsion>l.p.-b.p. repulsion>b.p.-b.ppulsion
J\ J

maximum intermediate minimum
Because of this fact, if the central atmma molecule/ion contains both lone pairs
(I.ps.) and bonded pairs (b.ps.), there occurswraction in the bond angle (which is formed
between two adjacent b.ps.). More the number & Igm the central atom, greater is the
contraction caused in the bond angle. This statensersupported by the bond angles
observed in Ckj NHz and HO:

molecules Chl NH; H.O
Type of hybridisation involved dp sp sp
No. of I.ps. on the central atom 0 1 2
Bond angle 109% 107.3 104.8
Contraction in the bond angle - ~2° ~5°

iii) ZBAB in AB; type molecules decreases with increasing eleajatiigty of the atom
B where A is a central atom. This is because a®leronegativity of the attached atom B
increases, the b.p. of electrons moves away froencéntral atom and experiences less
repulsion from its l.ps. and enhanced distance &éetwtwo bond pairs also causes less
repulsion between them resulting in the contraditiobond angle.
For example, (i) RE102)>PBr(~101.8)>PCk(=100)

(i) Asl3(=101%)>As Brs(=100.5)> AsCk(=98.5)
iv) The repulsion between the electron pairs in filbélls is larger than that between electron
pairs in incompletely filled shells. As an exampé,us compareZHOH and ZHSH in HO
and HS molecules. It has been observed ##®OH (104.8)>>/HSH (92.2). In both the
molecules, the central atoms O and S contain @lgdtrons in their valence shells, six of
their own and two from H-atoms. Thus the valenadisif O-atom (with 2s and 2p orbitals
only) is completely filled but that of S-atom iscompletely filled due to the availability of
3d-orbitals (which remain vacant) in addition toe8wl 3p-orbitals. The total capacity of the
valence shell of S-atom is to accommodate a maximiub8 electrons (from Znule).
v)The bond angle involving the multiple bonds areegalty larger than those involving only
single bonds. However, the geometrical shape ofntbéecule is not affected by multiple
bonds.

Limitations:
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The VSEPR Theory suffers from certain limitationisietr are as follow:

() This theory canot explain the shapes wvery polar molecules and thohaving an
inert pair of electrons.

(i) The shapes of the molecules which have extensieaesedrelectronsystems are
not explained by this theory.

(i) This theory does not cover certain transition mcomplexes.

The VSEPR Theory inambination with the concept hybridisation has been successfi
used to discuss and explain the geometrical shapasost of the covalent inorgar
molecules/ions. Here we shall discuss the typewbiritdisation and moc of bonding in

certain inorganic molecule/ions in addition to tgsven in the syllabus of VSEPR the:

. Shape of SnGI molecule (sp hybridisation)

The central atom, Sn, has the ground state valmaeconfiguration as given belc

Sny: 555p'py'p,, —  sP hybridizatior

This atom undergoes partial hybridisation mixingtagether the paired 5s and unpairi
and 5p-orbitals, leaving behind the empt, -orbital, to form three $mhybrid orbitals one ¢
which is occupied by the electropair coming from the 5erbital. The process ¢
hybridisation and overlggng of hybrid orbitals with atomic orbiis of Clatoms have bee

shown below:

|&

S
{

I |
W 8
1

Fig 4.14 Formation of hybrid orbitals and their overlappingth 3g-orbitals of Cl atoms t
give SnGl molecule

Two unpaired hybrid orbitals of Sn atom overlaphwinhpaired -orbitals of approaching -
atoms and give Sn@holecule which contains one lone | of electrons on S-atom.
Becausef the greater repulsion of lone [ on bond pairs, theZCl SnCl is less than 12,
the expected angle in case o? hybridisation. The molecule thus attains angulabent
shape.

. Shape of NH Molecule ( sp hybridisation)

In NH3; molecule, the central atom N has following groutadesvalence shell configuratic

Ng: 2Sp py'p — sp hybridizatior
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All these atomic orbitalparticipate in hybridisation and give four equivaley® hybrid
orbitals. One of themontains an electron pair (lone |) and three half filled hybrid orbita

then overlap with 1srbitals of three l-atoms to fornscovalent bonds (N4 bond)

Fig 4.15 Formation of hybrid orbitals and their overlappingth 1s orbitals of 3H atoms -
give NH; molecule

From the figue, it is evident that one lone pof electrons is present in Nkholecule whick
exerts more repulsion obonded pair than that operating between the bonding pair
electrons. The net result is that the 3 molecule attains trigonal pyramidal shape with
bond angle of 107°3a deviation of about’ from the tetrahedral angle of 108.5

. Shape of HO Molecule (sp hybridisation)

The ground state valence shell configuration ofceatral atom O of ,O molecule is

Oy 25ppy'p — sP hybridizatior

All these atomic orbitalsindergo hybridisation and give rise to four eqléma sy hybrid
orbitals. Two of these hybrid orbitals are halfefi and remaining two contain lone pairs
electrons.The unpaired hybrid orbitals than overlap with tlsitals of two F-atoms to forr

ocovalent bonds (O-H bonds).

B

Fig 4.16 Formation of hybrid orbitals and their overlappingth 1s orbitals of two Fatoms

to give HO molecule

There are two lone paidf electrons present in,O molecule which exert strong repulsi
on each otheand move away towards the bonded | of electrons. This brings the bond
pairscloser to each other thereby causing contractiathenbond angle. ;O molecule thu:
attains a \lshaped geometry with the bond angle of 1°, a deviation of a bonc” from the
tetrahedral angle of 109.5

. Shape of HO* Ion (sp® hybridisation)
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Hydronium ion (HO") is formed by the combination of,O molecule and Hion in which
H,O nolecule donates one of its lone p of electrons to Hion and it accepts that lone p
of electrons in its vacant 1s orbit

Actually, filled sp’ hybrid orbital of C-atom in HO molecule overlaps with empt-orbital

of H" ion as follows thereby forming a coordinate covalend

Fig 4.17 Overlappingof filled si> hybrid orbital of O-atom in kD and empty 1s orbital «
H* ion to form HO" ion

This ion has trigonal pyramidal shape like thatNi#i; molecule with one lone pi of
electrons on O-atom.

. Shape of SE molecule (spd hybridisation)

In this molecule the central-&om is in its first excitation state in which ooé its fx
electrons is promoted to the next empty orbital. The electronic configuration in t
ground and first excited state has been shown b

Sy 3Py P, —  Se:38pdp'pldD) —»  su

All these atomic orbitals of Scentral atom get hybridised to give five’dphybrid orbitals
directed toward the corners of a trigonal bipyranude of these hybrid orbitls contains
electron pair (b.p.) and theext four orbitals have unpaired electrons whichrtap with the

p-orbitals of four Fatom to form S, molecule.

Fig 4.18 Formation of five hybrid orbitals 0ex atom and their overlappingith g-orbitals
of four F-atom to give SFmolecul
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This molecule attains a ssaw shape bause of the presence of one lone [of electron
(sometimes also called distorted tetrahedrnd lone paidies at one of the basal sitions
(the molecule has 1 lone pair and 4 bonded)

. Shape of CIk molecule (spd hybridisation)

Cl is the central atom in this molecule with valerghell electronic configuration in grou
and first excited state as given below wherein eleetron from a filled -orbital say | is

promoted to a vacant d-orbitaliZ. dZ) of the same shell:

Cly 3¥ppy %P —»  Cl: 38pdp'pt (A —» spd

All the orbitals of the valence shell 0i*% atom are mixed up together to produce fiv’d
hybrid orbitals. Two bthe hybrid orbitals have lone pe of electrons and three ha
unpaired electrons which then overlap with unpapp-orbitals of three Fetoms to formo
covalent bonds. The lone paiese said to occupy the equilateral positions aedblecule
attains Tshaped structure with the bonngle of 87.6 instead of 90due b the distortior
caused by lone pairs The shaped structure has been confirmed by the expetal
evidences. The whole act of hybridisation, overiag@and bond formation can be showr

below (molecule has 2 lone psiand 3 bonded pa):

Fig 4.19 Formation of five hybrid orbitals ofl*% atom and theioverlapping with -

orbitals of three Fatoms to give ClfFmolecule
The mode of hybridisation shape and bonding in; and ICk molecules can also |
explained on the similar grounds as in the casal€s.
. Shape of IC}™ lon (sp’d hybridisation)
In ICI; ion, the central atom (iodine) has the ground state electronic configuration st
valence shell as shown below:
lg: 55ppy Py (07)°

UTTARAKHAND OPEN UNIVERSITY Page 101



INORGANIC CHEMISTRY-I BSCCH-101

All these atomic orbitalcluding a vacant ¢ orbital participate in hybridisation to produ
five sp'd hybrid orbitals of with three orbitals contain lone ps one hybrid orbital is ha
filled which overlaps with half filled -orbitals of Cl-atom to give normalbond and on
hybrid orbital remains vacant and overlaps with fliked orbital of C™ ion to give ¢
coordinate covalentbond (dative bond). The le pairs occupy the eqtorial positions an
the bonded pairare situated in axl positions. The ion has 3 lone pairs and 2 boried as

shown below and has almost linear sh

e qw x = = S = i

Fig 4.20 Formation of five sfl hybrid orbitals ocentral atom, and overlapping of one ¢

these hybrid orbitals with prbital of Cl atom and that of filled-orbital of Clion with
vacanthybrid orbital of | atom

. Shape of NQ  ion (sp? hybridisation)

The central Natom in this ion is & hybridised leaving a pure, prbital behind. Thes
spthybridised orbitals then overlap with the orbitafone O atom and oneion to form two

normalcbonds and one dativebond as follows:

Fig 4.21Formation of two normicbonds, one dative bond and one bond between |
central atom and oxygen atoms/

Shape of S@ ion (sp’ hybridisation)

S atom has 6 electron its valence shell and inidhisll the valence electrons of S are pre
in unpaired state i.e ;& state. Out of six, four orbitals are hybridiseda@®ws:
S35yt S e 3Py (Geyd) (d)t  —>  SP
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The SQ% ion can be shown as follov

For details please refer to*$pybridizatior & CH, molecule.

It has tetradedral shape like ¢iolecule but has two single and two double bocandn).
On the similar grounds the typf hybridisation and shape of XgFXeF;, XeOF; and Xek
molecules can be discussed. It is to be kept indniat F-atom is monovalent, -atom is
bivalent (forms onesand oner-bond with central atom) and central atom requingly that
number of hybrid orbitals which can forsbonds with approaching atoms i these hybrid
orbitals are generally unpaired or half filled. ldenin the above molecules par

hybridisation may take place.

X

&F : spd 3 lone pairs 2 bonded pairs and linear in sh

X

F4: spd? 2 lone pairs + 4 bonded paires and square |

X

(OF, : spd® 1 lone pair + 5 bonded pai+1 nbond and is square pyramidal

x

&Fs : spd® 1 lone pir + 6 bonded pairs and pentagonal pyrar

Fig 4.22Shapes of Xek-XeF, XeOF, and Xek molecules
4.6 MOLECULAR ORBITAL THEORY (MOT)

To explain the formation of the covalent bond inlecales/ions and their behaviour li

relative bond strength, magnetic property etc.ew approach was developed by Hund
Mulliken in 1932 and later by Lennard Jones and I€wu This approach is knin as
Molecular Orbital Theory. This theory treats the covalent bonds in termsviofecular
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Orbitals (MOs) which are associated with the entirelecule and result from the linear
combination of atomic orbitals (LCAOs) of constitieatoms of the molecule/ion. Thus the
molecules are supposed to have their own orbifal@rying energy in the same way as the
isolated atoms have. The difference between aniatorbital and a MO is that an electron in
an atomic orbital is influenced by one nucleus ardyan atomic orbital is monocentric while
an electron in a M.O. is under the influence oftl# nuclei contained in the molecule/ion,
i.e. a M.O. is polycentric.

The atomic orbitals combining linearly to form thN&s must be of the similar energy and
same symmetry and may be of the two similar atohnashmmonuclear diatomic molecule/ion
(e.g9. H, H2", Ny, O, o' etc.) or may be of two different atoms of a hed@atomic
moleculef/ion (e.g. CO, NO, CNNO' etc.).

The main characteristics of MOT are as follows:

The atomic orbitals (AOs) combining linearly togethio form the moleculer orbitals (MOs)
lose their identity and the number of atomic onbits equal to the number of moleculer
orbitals formed.

MOs are the energy states of the molecules/ionghich the electrons are filled just like in
AOs of the atoms.

The linear combination of the AOs may occur in wferent ways, i.e. the additive
combination gives bonding molecular orbitals (BM@as}l the subtractive combination gives
antibonding molecular orbitals (ABMOS).

The bonding MO has lower energy and hence gredaadilisy than the antibonding MO
obtained from two AOs.

The bonding MOs are denoted &yt,5,'Yetc. symbols while the  antibonding MOs by
o.m,8,¥ etc. symbols.

The shapes of MOs formed depend on the type of oongbAOs and mode of combination
and their filling takes place according to the sukéhich are applicable for AOsjiz.
Aufbau principle, Pauli’s exclusion principle anditl’s rule of maximum multiplicity.
Formation of MOs LCAO approximation

Supposel, andWg represent the wave function of the electrons éAtOs. of the atoms A
and B respectively. Then linear combination of €hA30s. may be done in two ways:

PP = W, +¥g (++ combination) ... (4.10)

This additive combination of AOs gives bonding nuolar orbital for which the wave
function is denoted by°. This is also called constructive interactionrtker, from the

above equation, we have
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(P9)? = (Pa+Wp)? = WA+ Wp2+2¥a W ST (4.11)

Or (¥*)>>W¥,%+Wg? by a factor #a¥s Where squares of respecti¥s give the probability o
locating the electrons in the different orbitalsor this we infer tat electrons prefer t
resde in the BMO rather than the A and placing electrons in BMO yieldstable covaler
bond. In this MCthe electron density is greater between the notleonding atom:

¥* (or ¥ = Wa-¥s ( +- (plus minu: combination) ... (4.12)

This subtractive combination of At gives the antibonding molelar orbital, the waw
function for which is represented N{" ( psi star). This is also called destructive intécm.
From this equation, we have

(P)? = (Wa-Vg)% = Wa%+Ws°- 2¥aVs .. (413)

Or (¥')’< Wa%+¥s? by a factor WaWg From this relation it cabe concluded thatlectrons
prefer to occupy the AOsather than the ABM(Cand placing electrons in this N opposes
the bond fomation. The electron density in this I, decreases to zero between the nt
The pictorial representation of the mation of BMOs and ABMOs form AC is shown
below:

s-orbitals: combination of srbitals gives onheMOs (both bonding and antibondir

s and p-orbitals: This combination also gives onlcM.Os. This is possible only alot

molecular axis i.e. orientation p-orbital is along molecular axis.
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It is to benoted that the interaction of AOs occurs to forra MOs only if the symmetry
considerationare taken care , e.g. s-p combination is allowed but s;mnd s-Thep
combination is disallowed if,dies along the molecular axis. Simile, p-py, px-p; and R-p;
combinations are disallowedy-py and p-p, combination will produceM.Os. if X- axis is
the molecular axis. Thl,, andn’,, as well ast,, andz,, MOs have the same energy, i
these are degenerate orbitals.

Energy leveldiagrams of the molecules/ior

The MOsof the molecules/ions if arranged in the increasirdger of their energy, we get t
so called energy levelagrams for them in which the M are taken as energy levi

The electron areilfed in these energy levels (MOs) from the lowesergy MO to igher
energy MDs according to Aufbau princi. The degenerate MOare filled according ti
Hund’s rule, i.e. first singly and then in pairshi§ condition is applicable to bo
homonuclear and heteronuclear diatomic molecules

At the same time if these MGse written is a sequence using their symbols alwitiy the
number of electrons contained in them, then welgemolecular electronic configuration

the same way as the electronic configuration aingtorhis sequence according to increa:

energy is:

et

This sequence has been found to hold 1,, F etc. but for hypothetical BC,, N, etc.c"2px
is of slightly higher energy thanDZQ//z MOs due to certain well established reasons

hence the sequence becomes (taking x axis as tleeutaraxis).

Bond order: The bond order is the numberbonds in the molecular species and is give

Bond Order = (N— Ny)/2, N,= number of antibonding electrons,=number otbonding electror
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4.6.1. Hommuclear diatomic molecules/ion:

H, molecule (i.e. 1+1=2 valence shell electr: It is simplest case with Lsonfiguration in
each H-atomMolecular electronic configuratic

(6"19%< (6719°. Also denoted as KK in the higher molect

Bond Order = (2—-0)kq

.. There is single bonetween I-atoms in H molecule (H-H).

Fig 4.23 Energy level diagram of H
N2 molecule (5+5=10 valence shell electrc
Each N-atom has 22p° electronic configuration in the valence shell. Thuslecular

electronic configuration of Ns:

Fig 4.24 Energy level diagram of
Bond order= 8=6/2=3. Hence there is a triple bond between Matm N\, molecule. KK
are non bonding orbitals.
O, molecule (6 + 6 42 valence shell electrons)
Each O-atom has 22p* valence shell electronic configuration? electrons oboth O atoms

belonging to KK MOs. are nobending
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.. Electronic configuration of £molecule is

Fig 4.25 eneregy level diagrm of

Because of the presence of two unpaired elec
in ABMOs, G molecule is paramagnetic in nati
Bond order = (8-4)/2 = ZThere is a double bond betwee-atoms in @ molecule (O=C

Similarly we can write down the electronic configtion and draw the energy level diagre
for O,", Oy (super oxide ion), »* (peroxide ion) and Fmolecule.@" (oxygenyl ion) ha:
one electron less than, @olecule. ;" ion will have one electron more thar, molecule.
Both are paramagnetic.,©ion and I, molecule will have two electrons more tha, which
go tomopy+ andmop, MOsthereby making them diamagne

4.6.2. Heteonuclear diatomic molecules/ion:

i) CO molecule ( 4+6=10 valence shell electro

This molecule is isoelectronic with , molecule and has similar molecular electrc
configuration and energy level diagram to that ¢ molecule. There is only a min
difference in electronic distribution in A.Os. a@sen below

C - 282¢° 0 2¢2¢

Electronic configuration of CO molule is (the M.O. energy level sequence is like tbfe
N2):
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Fig 4.26 Energy level diagram of C(
Bond order =8/2=3 (triple bonc
i) NO molecule (5+6=11 valence shell electrc
N: 2¢2p° and O: 2&p"
The electronic configuration of Nmolecule is (the M.O. energy level sequence is tiile
of O,) but electron distribution is slightly differe
It is paramagnetic due to the presence of one tegbaiectron. The bond between N and
2% times as strong as a normal covalent t
Similarly, we can write down the electronic configuration anaw energy level
diagram for NO (one electron less than NO) ion which is diamagnatid has only paire

electrons upta’;px M.Os. andt’p’y M.O. is vacant.
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Fig. 4.27 Energy level diagram of N(

4.7. MULTICENTRE BONDING IN ELECTRON DEFICIENT
MOLECULES

In the covalent compounds, in general, an elegban bond holds two atoms together
there are a number of compounds in which an elegieir holds sevel atoms together. |
these cases, it is said that multicentre or deledlbond exists. The best known molec
which displays multicentre bonding isHsg, diborane.

A number of evidences showthat th,Hg molecule has hydrogen bridged structure in wi
four H-atoms are terminal hydrogen atoms;) and the remaining two Htonrs are the
bridging hydrogen atoms (H Thefour H; atoms are bonded with &oms by the normi
electron pair bonds (two Htoms are attached to eacl-atom) and Batoms form ¢
multicentre (3c2e) bond with each-atom.

Boron has valence shell configuratiorg: 25p"  _Bex: s'px'py P2 _» sphybridizatior
Thus a maximum of three unged orbitals are available in &om to form three electrc

pair bonds with Hatoms to give Blz. But the given molecul%

is BoHe, it means HB?BH; type situation must be there a | &

there are no electrons available to form t-B bond in this i

molecule. This anomaly has been explained as fsl

Each B-atom undergoes>spybridisation. Two of the hybri '
orbitals (half filled) form twasbonds with twi H; atoms in each Bstom. Now one half fillec
(shaded) orbital of sayBnd empty hybrid orbital of ; overlap jointly with half filled 1¢
orbital of H, atom to give BH,B, type multicentre bond. Similarlygnother 3-2e bond is
formed by the overlappingf empty hybrid orbital of i, half filled hybrid orbital shaded) of
B, and half filled 1serbital of another l,-atom. These 32e bonds are banana sha

Therefore, this structure of;,Hg is also known as banana structure. Thus thatéins in this
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molecule may be said to show bivalence which isipdes only when the two fHatoms are
bonded with both the B-atoms forming two BHB brialgjior 3c-2e bonds.

Another example of multicentre bonding is"Hhydrogen molecule ion) which contains a 2c-

1le bond.

4.8. BOND STRENGTH

By bond strength we mean how strong is the bondédmt the atoms in a molecule. Bond
length, bond multiplicity and extent of overlappin§ atomic orbitals in addition to bond

energy are the factors which determine the boreahgth.

It has been observed that as the bond multiplicireases, the bond length decreases
thereby increasing the bond strength. Similarly tres extent of overlapping between the
atomic orbitals increases, the bond formed becatesger. That is why ébond is stronger
than arbond. Another important factor influencing the batieength is the bond energy(bond
strengtha bond energy).

4.8.1 Bond energy:
The bond energy can be explained in two ways:

Bond formation energy (i) bond dissociation energy

Bond Formation Energy:

The bond formation energy of a covalent bond A-AdeB in a diatomic molecule Aor AB
is the amount of energy released during the foonatif these molecules from the atoms A
and B.

A+A —» A-A + Energy released, xx these are the exothermic
atoms molecule gasses, hence the
A+B —» A-B + Energy released,nE | energy is shown with

atoms molecule negative sign

This can be defined dthe amount of energy released when one mole (Avodeo’s
number) of bonds are formed between the constituenatoms in gaseous state of a

molecule of A or AB type”. This energy is expressed in kJ fhol

UTTARAKHAND OPEN UNIVERSITY Page 111



INORGANIC CHEMISTRY-I BSCCH-101

(i) Bond dissociation energ
It is the energy required to break th-A bond in A or A-B bond in AB molecule into the

constituent atoms, i.e.

A-A + Energy required, + Ea —»A+A these are the endothermic
molecule atom processes and hence
A-B + Energy required, + &5 —» A+B energy is shown wi
molecule atoms positive sign

This can be defined dghe amount of energy required to break one mole abonds in
gaseous state of eolecule of £, or AB type into the constituent atoms.”

Evidently both the bond formation energy and bomssatiation energy foA-A or A-B
bonds in A, or AB diatomic molecule are equal in magnitude hut associated wi
opposite processes.

In polyatomic molecules of ABtype, n numbers of B covalent bonds are present e.,O

etc. 2 molecules have twc
three and four bonds respectively and equal nurmbbond dissociation energies are th
Each bond requires 1/n bond dissociation energlyeac molecules to break up that boi

In such cases the bond energy is actually an agdragd energy. For example, there are

bonds in HO molecule:

H.O OH+H, o —> =496 KJ Total bond dissociation enel
andOH —» O+H, BH =426.5 KJ of twaovalent bond in ,O
molecule

= 496+426.5 =922.5 J n'*
The average bond energy fortDbond in water is 461.2 kJ n't. Thus, it can be generaliz

as:
Average bond dissociation energy ¢-B bond in AB, gaseous
molecule

= sum of successive B-bond dissociation enerqil

Total number of AB bonds in AE, molecule (n)
4.8.2 Measurement of bond nergy:

i) In diatomic molecules
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The determination of bond energy in a diatomic mole containing a covalent bond
involves the measurement of heat of formation @& tholecule from its free atoms. But
normally this cannot be measured directly becauserapound is formed from molecules
and not from free atom as well as a compound osodiation splits up into molecules and
not into free atoms of its component elements. Heurta molecule cannot be completely
dissociated into its free atoms merely by heafirigs can, however, be obtained from heat of
reaction which, in turn, is measured from the cleanythe degree of dissociation with

temperature and from heat of sublimation.

i) In polyatomic molecule

The average bond energy in a polyatomic molecutebeaobtained from measured heats of
formation and heats of atomisation. For exammeltain the average bond energy for the
C-H bond in methane, it require measurement of Hbats of combustion of methane,
graphite and hydrogen gas together with the heatgomization of graphite and hydrogen

gas.

4.9. PERCENTAGE OF IONIC CHARACTER

The percentage of ionic character of a polar cowdbend (also called polarity) depends on
two factors: (i) dipole moment and (ii) electronggéy difference between the combining

atoms. Accordingly, various methods are employectdirulate the percentage of ionic
character of a covalent bond.

Dipole moment (dpm) method

A polar molecule acts as a dipole i.€©" A B® (x a<yg) because of the electronegativity
difference between the combining atoms. The degfgmlarity in the molecule is given by

the dipole moment (1) which is the product of thagmtude of the charge at each centre
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(this is equal and of opposite in nature at the ¢emntres) and the distance separating the two
centres, i.e. positive and negative.

Thus, y = gxd, where g is magnitude of change et eantre and d is distance between the
two poles. The measured (or experimental) dipolene1t (Ltxp) Of @ molecule can be used to
evaluate the ionic character in a bond.

% ionic character Experimental or measured dipole moment < 100

calculated dipole moment (assuming?a@@nic character

M exp

X100

M cal

i x100

da-g X electronic charge
where d g is internuclear distance between A and B atomAB molecule. For example,
the experimental or observed dpm of HF is 1.98D and the internuclear distanceg) is
0.91A. If the bond is taken 100% ionic in the noolle, then calculated dpm ) is
electronic charge X internuclear distance = 4.8R16su x 0.91x18 cm = 4.37 x 18%esu
cm = 4.37 D (A=18cm and D stands for Debye)

.. % ionic character = 1.98/4.37 x100=45.3%

Electronegativity difference method
In the polar molecule AB, polar covalent bond isgent, the polarity or % ionic character

which depends on the electronegativity differeneéwieen the linked atoms and can be

evaluated by using various empirical equations.

(a) Pauling’s equation

According to Pauling, the amount of ionic charaatethe A-B bond is:
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% ionic character = 1467 (yo>y,)
With the help of this equation Pauling establistredfollowing relation:
YBYA 1.0 1.7 20 3.0
% ionic character "22 51 63 91
This shows that whegg-ya=1.7, A-B bond has 50% ionic character and 50%alemt
character. Wheng-y2>1.7, the bond has more ionic character than twalent character
and whenys-ya<1.7, the bond has more covalent character thao atraracter.
(b) Hannay and Smith equation
These two workers proposed a more simplified eqodtir calculation the % ionic character
in a polar covalent bond.
% ionic character = [16¢§-ya)+3.56s-3a)] (xB>YA)
Using the electronegativity values as calculatedibiyng Pauling’s scale and this equation,
the percent ionic character of hydrogen halidedgas) molecules are as follows:
HF 43%, HCl 17%, HBr 13% and HI 12%
These values reveal that the hydrogen halide midedn gaseous state, are only partially

ionic and mainly covalent.

4.10. SUMMARY

This unit of the study material consists of a ceadaiiscussion of covalent bond based on the
octet rule and deviation from the octet rule. Aebaccount of polar and non-polar nature of
covalent bond has been given. The valence bondhtlaeal its limitations, directional nature
of covalent bond as well as pictorial representasitmng with the formation of sigma and pi
bonds have also been discussed. The concept ofdtsgtion has been fruitfully discussed

with examples as well as shapes of inorganic mtéscand ions based on hybridisation and
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valence shell electron pair repulsion theory hagerbgiven in the simple way.Molecular
orbital theory, the energy level diagrams of thelenoles/ions, multicentre bond, bond
strength, bond energy and percentage of ionic cterran polar covalent bonds have also

been discussed and explained.

4.11. TERMINAL QUESTIONS

i) The d-orbital involved in sil hybridisation is
(@) &’ (b) dy*  (c) dy (d) dx

ii) Which of the following compounds contains cosatl bond?
(a) NaOH (b) HCI (c) KS(d) LiH

iii) Which of the following compounds has the leasindency to form hydrogen
bond?
(a) HF (b) NH (c) HCI (d) HO

iv) Nitrogen atom in NH molecule is sphybridised. NH contains a lone pair of
electron on N-atom. What is the shape of this mdé?
(a) Tetrahedral (b) square plannar
(c) Trigonal plannar (d) Trigonal pyramidal

V) Discuss the difference between a polar and a-putexr covalent bond with
examples.

Vi) What do you understand by directional naturemfalent bond?

vii)  What is a multicentre bond. Explain with examp

viii)  Discuss the shape of ;8"

Write down theMOelectronic configuration 050D, and O,and predict the bond order and

magnetic behaviour.
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X) Write down Hannay and Smith equation for calculatime percent ionic character of a polar
covalent bond. With its help, evaluate percenici@haracter present in HCl molecujg$
2.1,%ci=3.0).

Xi) Draw molecular orbital energy level diagram f®* ion and predict its magnetic
behaviour.

xii)  XeF, molecule is linear though Xe atom in this moleautelergoes g hybridisation.

Explain.

4.12. ANSWERS

) (a)
i) (b
i) (c)
iv)  (d)
V) Please see polar and non-polar covalent bonds

Vi) Please refer to directional characteristics of taabond
vii)  Please refer to multicentre bonding

viii)  Please see the VSEPR Theory

iX) Please see the MO theory

X) please refer to % ionic character of polar bond

Xi) Please see the MO theory

xii)  Please refer to shapes of inorganic molecules

4.13 . REFERENCES

For references and list of books consulted kindly at the end of Unit 5.
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UNIT 5 : CHEMICAL BONDING I

CONTENTS:

5.1  Objectives
5.2  Introduction
5.3  lonic solids
5.3.1Characteristics of ionic solids
5.3.2Crystal coordination number
5.3.3Radius ratio
5.3.4Limitation of radius ratio rule
5.4  Lattice defects
5.5  Semiconductors
5.6 Lattice energy of ionic crystals
5.7 Born-Haber Cycle; experimental determination dfidetenergy
5.8 Fajan’s Rule: polarization of ions
5.9 Weak interactions
5.9.1Hydrogen bonding
5.9.2van der Waals’'Forces
5.10 Summary
5.11 Terminal questions
5.12 Answers

5.13 References

5.1. OBJECTIVE

The objective of writing the study material of thisit is to make the readers comfortable
with electrostatic attraction forces and to acqu#iem with the exciting world of the ionic
crystals. An attempt has been made to through layhtthe type of force that holds an
extremely large number of ions together formingudkor cluster of ions which exists in
solid state only. At the same time the text givasdea about why are the ions in an ionic
crystal arranged in a regular manner and haveiaitefatio. It has also been tried to give a

brief account of lattice defects and semi condsctehich are of immense importance
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industrially. The readers must also have an ideth@®fcovalent character of ionic bond and

weak interactions which has been taken care of.

5.2. INTRODUCTION

The solids have been classified in two differenysva

A. First kind of Classification
This classification gives two categories of sol\sg, true solids and pseudosolids.

True solids-These have definite shape and volumehadre retained even on long standing.
These are rigid and hence cannot be distorted. eTBefids have sharp melting points.
Examples are NaCl, KCI, Fe, Cu, S etc.

Pseudo solids-These do not have definite shape@nche and lose them on long standing.
These are less rigid and hence can easily be widtorhese solids melt over a range of

temperature. Examples are glass and pitch.
B. Second kind of classification

This classification is more appropriate and give®e categories of solidsiz crystalline
solids, non-crystalline or amorphous solids angqgistalline solids.

Crystalline solids- The constituent particles (agprions or molecules) of these solids are
arranged in a regular and definite manner in thiigeensional space. These are said to have
long range order. They have sharp melting points @an be broken into pieces, e.g. NaCl,
sugar, diamond, graphite, sulphur etc.

Amorphous solids- The constituent particles of ¢heslids are not arranged in a regular
manner and hence have short range order. Thesetdwmme sharp melting points, i.e. they
first soften and then change to liquid state ortingaExample are glass, rubber, plastics,

silica etc.

(iiPolycrystalline solids- These solids occurpmvder and resemble amorphous solids but their

individual particles have all the characteristi€snystalline solids.

Based on the nature of bonding forces existing eetwthe constituent particles of crystalline
solids, these have further been categorised in® élassesyiz. ionic crystals, covalent

crystals, molecular (van der Waals’) crystals, rtietarystals and hydrogen bonded crystals.

Lattice points and crystal lattice
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It has been mentioned above that the constituetities of a crystalline solid are arranged in
a regular order. The position of these particleatinee to one another in the solid is
represented by points) (which are called lattice points or lattice sit@sd the orderly

arrangement of these infinite lattice points idexhh crystal lattice or space lattice.

Unit cell is a small unit of lattice points which aepeating infinitely in three dimensions
gives a crystal lattice. This small unit is calledinit cell of the lattice. This shows all the

properties of the crystal lattice.

5.3 IONIC SOLIDS

In these solids, the constituent particles areidhs, both positive and negative, which are
held together by strong electrostatic force ofaation. There operates a repulsive force
between the ions of same charge if these are adjacesach other, therefore, the ions of
similar charge move away from one another and thafsepposite charge come closer
together. These ions are arranged in the crydtitddain regular pattern where the positive
ions are surrounded by a definite number of negdtims and the negative ions, in turn, are
surrounded by a certain number of positive ions attractive forces are maximum when
each ion is surrounded by the greatest possiblebauwf the oppositely charged ions. The
positive and negative ions are present in the aryattice in a simple whole number ratio, i.e.
1:1, 1.2, 2:1 etc. The ionic solids along with atheystalline solids have been assigned seven
basic crystal systems. These systems along witkstg space lattices present in the crystal

system and examples have been given bel@hlé 5.1):

Table. 5.1The seven crystal systems

S. |Name of the| Type of space lattices Examples
No. | crystal system present in the crystal

system

1 Cubic (i) Simple cubic (SC) NacCl, KClI, Cak, NaCIG,

(i)  Body-centred cubig¢ ZnS, CyO, alums, diamond

(BCC)
Pb, Au, Ag, Hg

(i) Face- centred cubi

)
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(FCC)

2 Orthorhombic

(i) Simple orthorhombic

(i) Body
orthorhombic

centred

(i) End -

orthorhombic

centred

KNO3, K>SOy, BaSQ, MgSQy
Mgzs|04

Pb CQ, a—sulphur.

3 Tetragonal

Simple tetragonal

Body centred tetragonal

NiSOs, SNQ, TiO;

ZrSiO4, KH,POy, POWQ

4 Monoclinic

Simple monoclinic

End-centred monoclinic

Na, SQi. 10 HO

FeQ, CuSQ. 2H,0,

NazB4O7. 10Hzo

5 Triclinic

Simple triclinic

CuSQ@5H;0, KyCr7O7, H3BOs

6 Hexagonal

Simple hexagonal

Agl, ZnO, CdS, Hg®l,P

quartz, Mg, Cd, Zn.

7 Rhombohedral

Simple

NaNQcalcite, magnesite, S

Bi.

The ions in a given ionic crystal are arrangedp@cked) in different ways which are given

below:

(i) Hexagonal close-packedhcp)structure, i.e. AB AB .........

This structure has the packing sequence of diffdegrers of spheres as AB AB.....

packing of spheres.

In this

structure, each sphere is surrounded by 12 othemestspheres and hence the coordination

number (CN) of each spheres is 12.

(i) Cubic close-packed (ccp) or
ABC...... packing of spheres.

face-centred

cubic (fcc) structure, i.e.

ABC
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This structure has the packing sequence of differltyers of spheres is ABC
ABC......... This structure has cubic symmetry. Each sphisr surrounded by 12 other
nearest spheres in this arrangement and hencedngirtation number of each sphere is 12.
In both of the above structures, the coordinatiamber of each sphere is 12 since each
sphere is surrounded by six nearest spheres Igitigei same layer, three spheres lying in the
layer just above it and three spheres lying inlélyer just below it. Both types of the above
structures have the same packing efficiency whechdi %, i.e. 74 % of the total volume of

the unit cell is occupied by the spheres.

(iif) Body-centred cubic(bcc) structure-In this arrangement, there are 8 spheres at egghecs

(i)

of a cube and one sphere at the centre of the &dEh sphere is in contact with 8 other

spheres in this structure and hence the coordmationber of each sphere is 8.
Interstitial sites (holes or voids)n ionic crystals

In an ionic crystal, the bigger ions (i.e. aniohgye close packed structure which may be
either hexagonal close packed or cubic close patkeel In this close-packed structure,
there is some vacant space between the anions wdicalled interstitial site (or hole or
void). These sites or voids are occupied by smalles, i.e. cations.

Depending on the number of anions and the pattenvhich they surround a cation in a
given ionic crystal, there are four types of intiéied sites,viz. trigonal (C.N. = 3), tetrahedral
(C.N. =4), octahedral (C.N. =6) and cubic (C.N.,#8kpectively.

5.3.1 Characteristics of ionic solids:

Following are the main characteristics of ionitds

The constituent particles of these solids are #tieigs and the anions which are held together
by strong electrostatic force of attraction knovgni@nic bond and these exist as crystalline

solids.

(i) The ionic bond in ionic crystals is not rigid andndirectional, i.e. it extends equally in all

directions. Hence the ionic solids neither have agfinite geometry nor show

stereoisomerism like covalent molecules.

(iiSince the anions are generally larger in glzan the cations, the anions have closest packing

arrangement in ionic solids in which there are $®fine empty spaces called interstitial sites
or voids. These sites may be tetrahedral, octahedi@ubic type which are occupied by the

cations.
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(iv) Each ionic solid is formed from a small unit calladunit cell which contains a definite
number of cations and anions. This unit cell irceleally neutral.

(v) The ionic solids are poor or bad conductors oftatgty because in solid state the ions are
fixed in their position and cannot move even ifeaiternal electric field is applied on them.
However, in fused state or in agueous solution t@yduct electricity because under these
conditions the ions are free to move. Also, theidosolids having defects can conduct
electricity due to the movement of ions from thetida sites to the vacancies or that of free
electrons present in them.

(vi) These solids are very hard and brittle due to tbeement of one layer over the other along a
plane on applying external force.

(vii) These have lattice energy and high melting pointskailing points.
(viii) These solids are generally soluble in water or pstdvents due to ionization and undergo

ionic reactions in that medium.
5.3.2 Crystal coordination number (CCN):

We have learnt above that in ionic crystals theitmesions are surrounded by a definite
number of negative ions and vice versa. The nurab@ns of opposite charge surrounding
an ion in the ionic crystal is called the crystabaination number or simply coordination
number (C.N.)

In case of ionic crystals of AB type (e.g. NaClQGsZns etc.) in which the number of both
kind of ions is same, the C.N. of cation is eqoathie C.N. of the negative ion, e.g. in NaCl
crystal each Naion is surrounded by six equidistant @ins and each Clon, in turn, is
surrounded by six equidistant N@mns. Hence the coordination number of botH Niad CI
ions is 6. In CsCl, the C.N. of C®n and Clion, both is 8 (due to different type of packing
of ions than in NacCl).

In ionic crystals of the type ABor A;B (e.g. Cak, N&S etc.) in which the cation-anion ratio
is 1:2 or 2:1, the two types of ions have differenbrdination numbers. For example, in Ca
F,, the C.N. of Fions is half to that of CGaions. The X-ray study has shown that C.N. of
C&" ions is 8 and that of Fons is 4.
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5.3.3 Radius ratio (R):

In an ionic crystal, the arrangement of ions (pagkiand their coordination number depend
on the relative size of ions or the ratio of raafiithe ions which is known as radius ratio.
Thus the radius ratio (Ris defined asthe ratio of the radius of cation (ic+) to that of

anion (ra-) in an ionic crystal’. This can also be shown as

R, ::C—‘“ Where g.is the radiusof cation and-is the radius of anion, s radius ratio.
A_

The radius ratio plays an important role in detaing the structure of ionic solids

and predicting the coordination number of the catothe anion.
Radius ratio effect

The effect of radius ratio in determining the aination number and the arrangement
of ions (structure or packing) in an ionic crystaknown as radius ratio effect. As the cation
becomes larger with respect to the anion, i,einBreases, higher number of anions can fit
around the cation and hence the coordination nuwiide cation increases. Which C.N. will

give the most stable arrangement of ions is deperateradius ratio.

The relationship between the various ionic arrareygmand the radius ratios is given below:

Limiting value of| Coordination Arrangement of ions

Ter number

Ta-

<0.155 2 Linear

0.155-0.225 3 Trigonal planar {8s)
0.225-0.414 4 Tetrahedral (ZnS)

0.414-0.732 4 Square planar

0.414-0.732 6 Octahedral (NaCl)

0.732-0.999 8 Body centred cubic (CsCl, gaF

The R value can be used for predicting the ionic arramg® and C.N. in the ionic crystals

as already mentioned. For example, the radius fatiblaCl crystal isya+/rc-= 0.95A/1.81A

= 0.525. This value lies between 0.414 and 0.782sThe C.N. should be either 4 or 6 and
the arrangement should be square planar or oc@hddre X- ray study of NaCl crystal has

revealed that the crystal has octahedral arrangeaigans, i.e. each Naon is surrounded
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by six equidistant Clions and each Clon has six equidistant Naons. The cation-anion
stoichiometry is 1:1 and the C.N. is 6 for both tbes. Similarly, it can be shown for CsCl
(Rr = 169/181 = 0.93) that the C.N. is 8 for both thes and arrangement of ions in the

crystal is cubic.
Let us now consider the effect of & the C.N. of the ionic crystal:

If the value of Rdecreases due to decreasing size of cation cgdsirrg size of anion, the
crystal will become unstable. In this arrangemdintn@ anions will not be able to touch the
outer surface of cation. To do so, anions will maleser to each other and repulsion
between them will increase. This repulsion pushesyaone or more anions so that
remaining anions fit around the cation giving matable arrangement and coordination
number may decrease from 8 to 6 or from 6 to 4.

It R, increases either by increasing cationic size eradesing anionic size, the arrangement
will not be stable. In such a case the outeras@s of the anions will not touch each other.
On further increasing the,Ralue, anions move far apart from each other anceranions
may be accommodated in the packing arrangemerd.r@sult, the coordination number may
increase from 4 to 6 or from 6 to 8 This happenth W@l ion in NaCl (C.N. 6) and CsCl
(C.N. 8).

5.3.4 Limitations of R rule:

Though the radius ratio rule is applicable to aarnj number of ionic crystals, yet there are

exceptions also. Following are some limitationshis rule:

The ionic radii measured are not accurate or rigidtecause the radius of an ion is not
constant but changes depending on its environritams been observed that the radius of an
ion increase about 3% when C.N. changes from 6 aodBdecreases about 6% when C.N.
changes from 6 to 4. In such cases the radiusnagadoes not apply.

The R rule is valid to the packing of hard spheres adwn size only. The anions are not
hard due to their large size and are polarisabteuthe influence of cations thereby forming

covalent bonds which are directional in nature muay prefer other orientations.

(iif) This rule does not explain the octahedratit& arrangement of oxides of large divalent

cations such as Ph SF*Ba" etc. through they are expected to have this aemegt

(structure).
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(iv) Rb halides (RbX,X = CI, Br, I) show C.N. 6 at ardry conditions but adopt the CsClI

structure at high pressure. Rr rule is unable faéx this observation.

(v) According to this rule, Li-halides should adopt@baination structure but they crystallize in

octahedral lattice thus violating the Rle. It may be due to covalent character of fealidf

lithium.

5.4 LATTICE DEFECTS

The packing of ions (or structure) in the ionicidgelgiven above relate to ideal crystals. An
ideal crystal is that which has the same unit ceb&taining the same lattice points

throughout the whole of the crystal.

At absolute zero, most of the ionic crystals shos¥l\erdered arrangement of ions and there
are no defects, if the crystals are ideal. Witle its temperature, however, there is a chance
that one or more of the lattice sites may remaivcaapied due to the migration of ions from

their positions to the interstitial sites or outthé surface of the crystal. This constitutes a

defect called lattice or point defect. The lattitdects in the ionic crystals are of three types:

(i) Stoichiometric defects

(i) Non-stoichiometric defects

(iif)lmpurity defects

(i) Stoichiometric defects

In the stoichiometric crystals of the compounds, ridtio of different atoms or ions is exactly
the same as indicated by the chemical formuladn@fcompounds. These compounds obey
the law of constant composition. If there is daeiatfrom this ideal or perfect crystal
structure, the crystal is said to have the defectmperfection which arises due to the
presence of cationic or anionic vacancies or daloa of ions in the lattice structure.

Accordingly, these defects are of two types:

(A) Schottky defects

(i)

If equal number of cations and anions are missiog ftheir lattice sites in an ionic crystal of
the type AB™ and the electrical neutrality of the crystal isimined, the resulting defect is
called the Schottky defect. This consists of pa)r df holes in the crystal lattice due to
missing cation (s) and anion (s).

This type of defect occurs mainly in the highlyimnompounds where

The cations and anions are of similar sizes
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C. N. of the ions is high, i.e. 6 or 8
Examples: NaCl, KCI, CsCl etc.

The presence of this defect decreases the derfishg arystal due to missing ions.

O—O—0~0—0 @@
OO0 OO0

! i

@--
b0 bbb

OO0 GO0

Fig. 5.1 Schottky defect showing Fig. 5.2 Frerdeflect showing

one cation and one anion missing migration ofocetd interstitial site

(B) Frenkel defects

(ii)

This type of defect arises in the ionic crystie to the departure (or migration) of an
ion, usually cation due to its smaller size, framregular position in the lattice to the vacant
interstitial site between the lattice points. Thigates a hole in the lattice. The electrical
neutrality and the stoichiometry of the crystal av@ntained even after this defect is created.
This defect occurs mainly in the compounds where;

There is large difference in the cationic and aitigizes, i.e. an ions are much larger in size
than cations (Rs low)

The C.N. of the ions is low, i.e. 4 or 6
Examples: ZnS, AgCI, AgBr, Agl etc.

Lattice vacancies (or holes) occur in almosttla#l ionic solids. However, Schotlky
defect occurs more often than Frenkel defect. Easan being much less energy required to
form a Schottky defect than needed to create akEtemefect. X-ray diffraction of Nacl
crystal has shown that at room temp., this substhas one defect for Tattice sites but at
50C 10 defects and at 880, 10" defects have been observed for the same number of

lattice sites.

Consequences of the stoichiometric defects
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Crystalline solids having these defects are ableotaluct electricity to a small extent when
an electric field is applied on them. This happ#gmeugh an ionic mechanism, i.e. a nearby
ion under the influence of electric field movesnfrats lattice site to occupy the vacancy
present in the crystal and creates a new hole. hesmobearby ion moves to occupy this
vacancy. The process in repeated many times therabsing a hole to migrate across the
crystal which is equivalent to moving a chargehie bpposite direction. In alkali halides, the
migration of cation only has been detected below’&Mut both ions migrate at higher

temperature thereby increasing the conduction.

(i) The presence of holes lowers the lattice energlyremce the stability of the crystal. If too

many holes are present, then it may cause a pestiapse of the lattice.

(ii)The closeness of similar charges brought admuthe Frenkel defect tends to increase the

dielectric constant of the crystals.

(i) Non-stoichiomstric defects

In the non-stoichiometric crystals, the ratio offelient atoms or ions present in the
compound differs from that which is required byabehemical formula of the compound.
These compounds do not obey the law of constanposition. In such cases, there is either
an excess of metal ions or deficiency of metal i@rsexcess of anions) which creates non-
stoichiometric defect. The crystal as a whole istra but the crystal structure becomes

irregular. These defects can exist in a crystalddition to the stoichiometric defects. These

defects are of two types:

(a) Metal excess defects

In these defects the positive ions are in excelsesd may arise due to either the absence of
anions, i.e. the anions are missing from the ktsdes leaving the vacancies which are

occupied by extra electrons to maintain the eleatmeutrality or due to the presence of extra

cations occupying the vacant interstitial sitegha lattice which are counter balanced by

extra electrons also present in interstitial space.
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Fig. 5.3 (a) Metal excess defect Fig. 5.3 (b) aekess defect
due to missing of anion due to iniged cation

The anion sites occupied by electrons are callerfres which are responsible for the
colour of the compounds and their paramagnetic \aeha The first type of metal excess
defect is produced by heating the compound witlessof metal vapours. Examples: NaCl,
KCl etc. The second type defect is observed in 2DdD, FgOs;, Cr,O5 etc.
(b) Metal deficiency defects

These defects occur in the compounds where thel inat@xhibits variable oxidation state,
i.e. the compounds of transition elements. Thealaesecaused either due to missing cations
from the regular positions in the lattice thus @repcation vacancies and to maintain the
electrical neutrality, the nearby cations acquixéae positive charge (examples FeS, FeO,
NiO etc.) or the defect may also be produced byptiesence of extra anions in the interstitial
sites. The extra negative charge is balanced bpmositive charge on some of the cations.
However, due to the larger size of anions, theseheadly be adjusted in the interstitial sites.

Therefore, the examples of this type of defect rare and the defect remains merely a

theoretical possibility.
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Fig. 5.4 (a) Metal deficiency defect Fg4 (b) Metal deficiency defect

due to missing cation due torgarstitial anion

Consequences of non-stoichiomtiric defects

Due to the metal excess defects the compounds shewtrical conductivity because free

electrons present in the crystals can migrateyeansiler the electric field. Since the number
of defects and hence the number of electrons idl,ss@m such compounds show lesser
conductance than metals, fused salts or dissola#td. SThese compounds, therefore, are

termed as semiconductors. These electrons maybalsexcited to higher energy levels by
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absorption of certain wavelengths from the whigiti(visible range) and are responsible for

colour of the compounds.

The crystals of the compounds with metal deficiedefects can also act as semiconductors
due to the movement of electrons from one ion afnab oxidation state to that of higher
oxidation state to create another higher oxida#ibits position. This type of movement of
electrons between the ions appears as an appa@rémmant of positive holes thereby

making the crystal a semiconductor.

55 SEMICONDUCTORS (THERMAL DEFECTS AND
IMPURITY DEFECTYS)

Semiconductors are the materials which have etattdonductivity at normal temperature

which isintermediate between a conductor (like msgtaand an insulator. Thus, the
semiconductors allow only a portion of the appligldctric field to flow through them.
According to the band theory which differentiatesomg conductors, semiconductors and
insulators, the semiconductors are the solids whave only a small difference of energy
between the filled valence band of electrons an@rapty conduction band. This is called
band gap. If this band gap can be overcome by agnsiz. thermal energy or impurity
addition, the electrons from the filled band maytgdigher energy empty conduction band
in a limited number thereby making the materiaddaduct electric current.

This is evident from the fact that there are sonaenmls which may be insulators at low
temperature, (i.e. absolute zero) but become cdodu@t elevated temperatures (thermal
defects) or on adding certain impurities (impudsfects). These are called semiconductors,

e.g. crystals of silicon (Si) and germanium (Ge).

/ metal excess defects

ionic solids
In a general sense, / metal deficiency defects
semiconductors may be thermal defects
nonmetals and metalloids /
AN

impurity defects

The conductivity of the semiconductors arises enftiilowing two ways:
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Intrinsic semiconductors (thermal defects)

A semiconductor which is obtained by heating amlet®r is called intrinsic semiconductor,
i.e. the defect in the crystal is produced by therenergy. Pure silicon, pure germanium or
pure grey tin are some examples of materials whichas semiconductors. Actually at
elevated temperatures, sufficient amount of energyailable to break the covalent bonds in
the crystal to make some electrons free. Thesdrefec can migrate through the crystal
leaving behind positive holes at the site of migdionds. We can thus conclude that the heat
energy promotes some electrons from the filled batwthe next higher energy conduction
band across the small energy gap and the matez@inbes conductor. With the rise in

temperature the conductivity of semiconductorsatoge, increases.
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Fig. 5.5 Energy bands in semiconductor

Extrinsic semiconductors (impurity defects); n-typeand p-type semiconductors

Certain defects in crystals arise from the presesfcehemical impurities called impurity

defects. Thus the materials obtained by adding iitypatoms to the insulators and making
them conductors are called extrinsic semiconduasttiish are said to have impurity defects.
For example, the addition of phosphorus, arsenicorb or gallium atoms to silicon or

germanium crystals makes them semiconductors. Tdresef two types:

(a) n- type semiconductors (n = normal)

If a very small amount of (say) arsenic, the elenuérgroup 1%is added as impurity to the
pure crystal of silicon, the element of group 1y,absuitable means, the process is called
doping and we get the so called arsenic dopedsiliboring the process of doping, a minute
proposition of Si atoms is randomly replaced bnais atoms with one extra electron in their
outer shell because only four outer electrons of aks required to form bonds with
neighbouring Si atoms in the lattice (Si?pf& As: np’, i.e. Si has 4 and As has 5 valence
electrons). At low temp., like absolute zero, thise electrons are located at the As atoms

but at normal or elevated temperatures, theseetemtrons migrate through the crystal lattice
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to conduct the electricity in the normal way aspg®ps in the metallic conductors. Hence this
is called n-type semiconduction and the materiabltined in known as n-type extrinsic

semiconductor. In these materials, the impurityret@ct as charge carriers.

(b) p-type semiconductors (p-positive hole)

(@)

Here the pure crystal of Si is doped with a mirqutantity of gallium, an element of group 13
(Ga: nép', i.e. 3 electrons in the valence shell) in whiome of the Si atoms are substituted
by Ga atoms. Each Ga atom forms three electron hmaids with neighbouring Si atoms.
Fourth neighbouring Si atom forms a weak one ebdediond with Ga atom which behaves as
free electron at Si atom. This creates electroicigeicy or positive hole in the lattice site
from where the electron is missing. There are asynpositive holes as the number of Ga
atoms. At absolute zero, the positive hole is ledat Ga atom and free electron at Si atom.
At elevated or normal temperature, these free relestmove through the crystal from one
vacancy site to another thereby leaving new vaeanor positive holes behind. Thus, it
appears that the positive holes are moving thoegiadly it is the flow of electrons that takes
place to conduct electric current through the alysh applying the electric field. The flow of
electrons and the movement of positive holes ocitucgpposite directions. This process is,
therefore, called p-type semi conduction and théerred so produced in known as p-type

extrinsic semiconductor.

5.6 LATTICE ENERGY OF IONIC CRYSTALS

An ionic crystal lattice consists of a large numbgcations and anions which are considered
to be hard spheres. These ions arrange themsaleeegular pattern to attain a close packed
structure. The system gets stabilized by releasimeygy during the packing process, i.e. the
potential energy of the system is decreased. Eimsed energy is called the lattice energy
of the ionic crystal lattice. Similarly, if the ianlattice has to be broken down into the
constituent ions, the energy required is also knawithe lattice energy of the ionic crystal.
Thus, the lattice energy of an ionic crystal maydeéined in two ways depending on the

process of packing of ions or their separation ftbencrystal-

“The amount of energy released when one mole of gamus cations and one mole of
gaseous anions are brought closer together to theequilibrium position in the stable
lattice, from an infinite distance, to form one moé of ionic crystal”. It is denoted by the
letter U.

e.g.C"(g)+ A (9) — CA(s)+ Energy released (-U, exothermic process)
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(s = ionic solid) vivienenan. (B12)

“The amount of energy required to remove the constilent ions of one mole of a solid
ionic crystal from their equilibrium position in th e crystal to infinite distance”.

e.g.C'A (s) + Energy released (+ U, endothermic process) _C(g) + A (g)

(s =ionic solid) . (5.2)

In both the processes, the magnitude of the enisrgame, i.e., energy released = energy
required (absorbed) but the symbol of lattice eypesgassociated with opposite signs. The

lattice energy is a quantitative measure of thiil#aof any ionic solid.
Factors affecting the magnitude of lattice energy
The lattice energy of ionic crystals depends orfelilewing factors:

Charge on the two ions or the product of chargésttice energy.Greater the charge on the
cation or the anion or greater the product of cbargn the ions, greater is the magnitude of
lattice energy, U. Thus, the lattice energy of cotriystals containing polyvalent ions is more
than those containing monovalent ions, e.g.

lonic solids N&F< Mg?F< Mg? O%

lattice energy (kJ m9l 914 2882 3895

and Li'CI" (845 kJ mof) < C£"0? (3460 kJ md)

1
lattice energy

Interionic distance (r) between the ions or ionre s
Lattice energy is inversely proportional to theeimnic distance (r) between the ions. Since r
= rc+ - fa-, Smaller the size of ions, smaller will be théueaof r and higher will be value of
lattice energy. For example, in case of alkali m#étmrides, the y. increases from Lito
Cs" hence energy of these compounds decreases froho IGBF:

lonic solid LiF> NaF >KF > RbF > CsF

Lattice energy (kJ mdl 1034 914 812 780 744

(i) Electronic configuration of the cation

Pure ionic crystals are generally formed by théoathaving inert gas configuration in their
outershell, i.e. rfg° type. If the cation has non-inert gas/pseudo igastconfiguration in the
outer shell, i.e. rfp° d'° type, this involves covalent character in the édmind of the crystal
thereby increasing the lattice energy of the clydtar example, AgCI(904kJ mid) has
larger value of lattice energy than that of Na@8KJ mot'). AgCl has significant covalent
character while NaCl is essentially ionic becaugg Bas n§°d™® outer shell configuration

and N4 has n&° type configuration.
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Effect of lattice energy on crystals

Solubility- For an ionic solid to be dissolved in a solvahg strong forces of attraction
between its ions (i.e. lattice energy) must ovemedy the ion-solvent interaction energy
called solvation energy (which is released durimg tnteraction). For non-polar solvents,
solvation energy is small so ionic solids do nasdive in them because lattice energy >
solvation energy. In a polar solvent like watemeyally, ionic solids dissolve because the
solvation energy> lattice energy and thus ion-salveteraction breaks the ionic solid into
constituent ions which are solvated and go intcstiiation.

There are some ionic solids which do not dissoivpadlar solventsyiz. water. For example,
AgCl in insoluble in water. This is due to greatmhesive forces in AgCI resulting from
covalent character of ionic bond. Ba$SS8rSQ, PbSQ etc. are also insoluble in water due to

very high lattice energy of these crystals.

(i) Melting point - As the lattice energy increases, the meltingpalso increases.

5.7 BORN-HABER CYCLE: EXPERIMENTAL DETERMINATION

OF LATTICE ENERGY OF AN IONIC SOLID

(i)

(ii)

Since direct experimental determination of latiecergies are not easy, there are determined
by indirect method using a thermo-chemical cychiogess known as Born-Haber cycle. To
illustrate this, we take example of formation ofrgound MX(s) from M(s) and Xg). The
different steps involved in the formation of MX{m)crystalline state are as given below;
Sublimation of M (s) to M (g). In this step 1 madé solid M absorbs energy equal to its
sublimation energy,AHsupm and is converted to gaseous state, M(g), this isradothermic
process. (Energy is absorbed)

M (s) + (AHsup) m — M@ ... (5.3)

(Imole) (1mole)

Dissociation O%XZ (9) to X (g). In this step half mole of;Xg) absorbs energy equal to half
of the dissociation energy»Xg), %(AHdiss)xz and is converted to X (g). It is an endothermic

process. (Energy is absorbed):

lzxz (g) +12(A HdiSS)XZ —_— > X (g) ............. (54)

(Imole)
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lonisation of M (g) to M (g). Each M (g) atom absorbs energy equal toitssation energy
(IE)m and loses its outermost electron to forf(@). It is an endothermic process. (Energy is
absorbed):

M (g) + (IEm —» M@ +e . (5.5)

(Amole) (Amole)

Conversion of X(g) into X(g). The X (g) atom gains electron given by M(bpee to its
outer shell to form X(g). In this process X(g) releases energy equastelectron affinity or

affinity energy (EAx. This is an exothermic process (Energy is reléased

X(@+€6 — 5 X(@)-EAXx e, (5.6)
(Imole) nidle)

Combination of M (g) and X (g) to form MX (solid). This is the final step which M" (g)
and X (g) formed as above combine together to form MX(s}his process energy equal to

lattice energy of MX, (Wx is released. This is also an exothermic procedseaergy is

released:
M (@) +X (@ — MX(S) - (Umx — coovvennnee (5.7)
(Imole) (Imole) (Imole)

The overall change as illustrated above may beesemted in one direct step, as;

M (s) +% X2 (9) — MX (crystal) —4Hswor)mx (exothermic process) ..... (5.8)

According to Hess’s Law, the heat of formation dtaénthalpy change) of MXAH:or)mx
must be same irrespective of the fact weathekéadglace directly in one step or through a

number of steps as illustrated above. Hence,

-(A Hfor)MX = (A Hsub)M + iz(A Hdiss)XZ + (IE)M - (EA))(— (U)MX .......... (59)

Here energy terms of endothermic processes aoeiag=d with positive sign and
those of exothermic processes with negative sigith e help of the above final equation
we can determine the value of (W)if the quantitative values of other energy terms a
known and placing these values in the equationgatath their algebraic signs. NaCl may be

taken as an example.

The whole act of above processes can also be giagnammatically as shown below:
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Direct combination of M[sp+-l-xe(g)

W (] ?
R - =) 3
i = 3 el MX(selidy |
~(aH. ) A i
M X .
o j
L) Sublimation (ii] Dissociation
of Mis) of = X_(g)
i R
* ‘\'ﬁHsub] s i H
M 2 (Mduss)
‘ 2 Energy absorbed=Pasitive |[+)
d v Energy released sNegative|l-)
Mig) Xlg)
ti] Loss.of tuv) Gain of
electron (-g7) electron(te™)
+£jg_£24 ~(EA)
b o ] A
sM¥igr 4+ x"1g)
L s i {v} Combination of M+[gl ond ¥ (o)

=t
MX

Applications of Born-Haber Cycle:

(i) Born-Haber cycle can be used to obtain any onehef dix energy values for the six
appropriate equations given above. In particulag, talue of electron affinity of the non-
metals which is most difficult to determine expegimally can be obtained by this method.

(i) This cycle is useful in establishing the stabibtifyionic compounds. It is generally observed
that the lattice energy for a compound is knowndtahdard enthalpy of formation is not. So
standard enthalpy of formation can be obtained thi¢hhelp of Born-Haber cycle.

(i) This cycle helps to understand the disproporti@matreactions from lower to higher
oxidation states in metal salts, i.e. most metaistd form stable ionic compounds in low
oxidation states such as MnCl, CaCl, AIO etc, IfriBe- Haber cycle is compared for MCI
and MC} (M = Mg, Ca etc). it can be shown that the formatf MCh in favoured over that
of MCI. The much higher lattice energy of MQGiver that of MCI is the answer to this
guestion.

5.8 FAJAN'S RULES; POLARISATION OF IONS

In an ionic solid, both cation and anion are mairgd at an equilibrium distance but when a
cation approaches an anion closely, the net pesifharge on the cation attracts the electron
cloud of anion and at the same time the cation @pels the positive nucleus of anion. The
combined effect of these two forces, attractive egjolilsive, is that the electron cloud of

anion (being larger in size) no longer remains swtnical but is shifted towards the cation.
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This is called distortion or polarization of thei@m by the cation and anion is said to be

polarised. The ability of cation to polarise a itgaanion is called its polarising power.

/-I:-l“ 3 ’/ l”‘.:'." i T
T8 £ a3 by ™ o %
Unpolarised Polarised
anion anion

Fig. 5.6 Polarisation of anion
The anion also polarises a cation but due to tfgetasize of anion, it polarises a cation to a
lesser extent (or almost negligible) while the psktion of anion by a cation is appreciable,
i, e. the anions are more susceptible to get madriThus, in general, the cations have high

polarising power and anions have more polarisgbilé. the tendency to get polarised.

Due to the polarisation of anion by the cation, ¢hectron cloud of anion is concentrated
between the nuclei of two ions and behaves assfhieing shared by the two ions. Because
of this tendency, the ionic bond in the compoundspa to the covalent bond, i.e. has
covalent character. There are certain factors whftdct the polarisation of the ions, These

are known as Fajan’s rules.
Fajan’s Rules: These rules are as follows:
Charge on the cation or the anion

Generally the polarising power of a cation incresas&h increasing positive charge on it.
This is because a cation having higher charge ttasmctelectrons effectively. This can be
seen in the anhydrous chloridesz. NaCl, MgCk and AICk With increasing polarising
power of cation, the covalent character of the bbativeen the cation and the anion also
increases. Because the covalent compounds have hogleng points, therefore in the above
chlorides the polarising power increases in theorlld< Mg?* < AlI**and accordingly the

melting points decrease from NaCl to AJ@k given below:
Compound : Nacl <MgGk AICI; (covalent character increases)

Melting point C) : 800 > 712 > 575
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Similarly, the polarisability of an anion increasesth increasing negative charge on it
because the outer electron cloud is loosely heldh&yucleus of the anion and also the anion
can repel its outer electrons more effectively. Sthe oxide ions, ®in the oxides of metals
are more polarised than (sayjoRs in the fluorides of the same metals and hémeaexides

are more covalent than fluorides having lower mgltpoints.
(i) Size of the cation (cationic radii)

Smaller the cationic size, closer it can go toah@mn and more is its polarising power. Thus,
with increasing cationic size, the power of catimnpolarise an anion decreases which
decreases the covalent character of the bond bettheeions. This increases the melting
points of the compounds. Let us take anhydrousrictels of group 2 elementsyiz. Bech,

MgCl,, CaC}, SrCh, BaCk and RaCl The cationic size and melting points of these

chlorides are given below:

Metal chloride BeGl MgCh CaC} SrC, BaC} RaC}
Cation present Be Mg¥ca's”t  B&' R&"
Cationic size (A) 031 < 065 < 0.99 |.k 1.35 < 1.40
Melting point £C) 405 < 712 < 772 <872 960 < 1000

The covalent character decreases with increasitigni@ size and melting point of the

compound and hence ionic character increases.
(iii) Size of the anion (anionic radii)

Larger the anionic size, more is its polarisaljlite. the tendency to get polarsed. With
increasing anionic size, the polarisalility alsareases thereby increasing the covalent
character in the bond and consequently decreasiagrtelting point of the compounds.

Calcium halides may be taken as examples.

Calcium halide CaF CaCh CaBp Cakb The covalent character of
Anion present F CI Br I the halides increases.
Anionic size (A) 1.36<1.81 < 1.95 <2.16

Melting point £C) 1392 >772 >730 > 575
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(iv) Electronic configuration of the cation

A Cation with pseudo inert gas electronic configiora (i.e. nép°d™®) in its outer most shell
(18 electrons) has greater polarising power, dugréater Zeff, to polorise an anion than a
cation with inert gas configuration (i.e.?pd in its outer shell (8 electrons) even if botheyp
of cations have the same size and charge. Thu&sheype of cation will polarise the anion
to a greater extent thereby resulting in a morealsot bond with lower melting point of the
compound. Let us look at two chloridesz. AgCl and KCI, Ad ion has 49°d™ outer shell
electronic configuration and gives more covalenCAgM.p. 455C) than KCI (m.p. 77%)

which has K ion with 3$p® outer shell configuration.

5.9 WEAK INTERACTIONS

The force that holds the atoms together in a nubdeis called a chemical bond. These
bondsviz ionic bond, covalent bond and coordinate covatemd are formed due to strong
attraction tendency between the species. The megydroducts, i.e. the molecules or their
aggregates (sometimes) are stable species. B #rerinstances where only weak bonds
exist between/amongst different species, for exampthin molecules. In these cases, we
say that molecular forces are present between tilecmes. Such species are said to have
formed by weak interactions. Hydrogen bonding aad der waals’ forces are common

examples of such molecular forces causing weakaotens.
5.9.1 Hydrogen Bonding:

This is a peculiar type of bonding which has beamed after an element, hydrogen and
operates between the molecules containing hydr@gehan atom of the electronegative
elements. It is defined aghe electrostatic force of attraction between H-atm linked
covalently to an atom of highly electronegative eleent like F, O, N etc. in a molecule
and another atom of a highly electronegative elemémn of the same or different
molecule’. Thus hydrogen bond may be formed either betwten molecules of same
substance or between the molecules of differendétanbes. It is a weak bond formed by the

weak interaction and is represented by dotted(line.).
The common examples in which hydrogen bonding exst:

H------0 ||+-——-o |H—--—-o |H----—-o T
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H H H H

(HO)x Cluster

(HF) cluster

H— G=C— H--0 =C

Hydrogen bonding taking place between the molecuk same substance or different

substances.
Cause of hydrogen bond formation

When H-atom is linked with an atom of highly electegative element (say) A atom (Amay
be F, O, N etc.) to form a polar covalent moleddle, the molecule develops polarity like

H**-A% due to electronegativity difference between H Ardtoms. If this molecule comes

closer to another such molecule, e.g’-A% or H*-B> (B may also be F, O, N etc.), the two
dipoles will be linked together by a special tygebond through hydrogen atom, called
hydrogen bond: A-H>*----- B® -H>* Here H-atom acts as a bridge between electronvegati
atoms A and B. This process may be repeated fograewolecules to give a cluster of
molecules where H— bond is formed between any tlyacant molecules of the aggregate or

cluster.

Types of Hydrogen bonding
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The hydrogen bonding in the compounds has beerdfofitwo types:
(i) Intermolecular hydrogen bonding (molecular associabn)

This type of H-bonding takes place between severalecules of the same substance or
different substances. The molecules get assocéaseal result of H-bonding to give a large
cluster. This process is known as association. &@mnples of this type of H-bonding are
H,O, NHs;, HF etc. which have been shown above in the béginof this topic where
association of similar type of molecules occurs.sdgsation of GH, (acetylene)and
CH3;COCH;s(acetone) has also been shown above. Other exarnplegermolecular H-

bonding are given below between the moleculesftérént substances:

||_| |H |Cld
H C H O H @) H 60— H---—--- O0=C
| | | \ N\ l
C H H H H GH
Alcohol water Acetone
| <
Cl H--O0=C _— |
HCI GH
Acetone

(ii) Intramolecular hydrogen bonding (Chelating)

This type of hydrogen bond is formed between the &aoms of the same molecule, one of
the atoms being H-atom. It may lead to the linkafidwo groups of a molecule to form a ring
structure, the ring being generally, a five-member a six-membered chelate ring
(meaning claw). The examples in which intramolecutgdrogen bonding occurs are
aromatic organic moleculasz o-nitrophenol, o-chlorophenol, salicylic acidlisgaldehyde

etc.
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Strength of H-bond

As has been stated above that this bond is a warak &ince it is merely an electrostatic force
of attraction and not a chemical bond. The strerajtiH-bond increases with increasing

electronegativity of the atom attached with H-atoyra covalent bond, i.e. N, O, and F. This
bond is much stronger than van der Waals’ forcealmaut ten times weaker than a covalent
bond. The order of the strength may be given as:dea Waals’ forces < H-bond < covalent

bond < ionicbond.

Consequences of hydreogen bonding

Hydrogen bonding largely affects a number of ptaisiproperties of H-bonded

compounds. Some of them are given below:

Melting and boiling points of hydrides of group 16,and 17 elements; the hydrides of N, O
and F among those of other elements of these grslups abnormal melting and boiling
points. This is attribute to the association of eeales caused by the formation of hydrogen
bonds. Let us take hydrides of group 16 elemetitsH,O, H,S, H2Se & HTe. The melting
and boiling points of bD are exceptionally high in comparison to thosetbier hydrides
which show the increasing trends in these propgrtie. HO >>H,S >H,Se > HTe (both
m.p. and b.p.)

Density of ice and water; like every solid crysiak has definite lattice structure in which
water molecules are arranged in such a way thay evater molecule is surrounded by four
other water molecules in tetrahedral fashion. Térgral HO molecule is linked to four other
H,O molecules by hydrogen bonding (See Fig. 5.7)caBse H-bonds are weaker and longer
than covalent bonds, this arrangement gives a ttireensional open cage like structure with
large empty space within the structure. This insesathe volume and decreases the density

of ice. That is way ice floats on water surface.
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In liquid form water molecules lie closer togett@nce the same mass of water has smaller

volume and its density is more than that of ice.

\\
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S

e 180 pm
}
S , IWater molecule
.. ,,H b S
Moge " =t
- Y
v b #
! H.

Fig. 5.70pen cage like crystal structure of ice

(i) Density of water is maximum &@; When ice melts, the cage like structure breakgndand
the molecules of water are packed closely togettiemeby decreasing the volume. The
breaking of structure (i.e. hydrogen bonds) is cmtpleted until the temperature reaches

4°C. Above 4C, expansion commences thereby increasing the oldimus, the volume of

water is minimum and density is maximum (densi%%::—e) at 4c.

5.9.2 van der Waals’ Forces (or Intermolecular forces):

The weak attractive forces between the unchargeshsabr molecules of polar as well as

non-polar substances are collectively referredstean der Waals’ forces. The magnitude of
these forces is maximum for solids and decreaseBdi@ids and minimum for gases. The

crystals whose constituent particles are held tagein position by these forces are called
molecular crystals. These forces arise from thetedstatic attraction of the nuclei of one

molecule for the electrons of a different moleculae repulsions between the electrons of
the two molecules and the nuclei of the two molesuty to counter balance the electrostatic
attractions but there is always a small net aitradbrce. Van der Waals’ forces are short

range forces. These forces are due to differem ofpnteractions which are given below:
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Fig. 5.8Dipole-dipole interaction (head to tail arrangemen
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() Dipole-dipole interaction
These interactions are present in polar molecules NHs;, SG, HCI etc. (all gases).
Although these molecules are neutral, they havengrent dipole moments and behave as
dipoles. Larger the dipole moment of a moleculeatgr is the dipole-dipole attractive force
between the molecules. Actually in the dipoles, ¥he der Waals’ forces are due to the
electrostatic interactions between the positive @hdne dipole and the negative end of the

other dipole.

(i) lon-dipole interaction

If a charged particle such as an ion is introduiceéd the neighbourhood of an uncharged
nonpolar molecule (e.g. an atom of a noble gasyillitdistort the electron cloud of the atom
or molecule in the same way as a cation does arga knion (polarisation). The polarisation
of neutral species depends on its inherent polaifisaand polarising field afforded by the
charged ion (z). Such interactions occur only ituson of ionic compounds in non-polar
solvents.

(iif) Dipole- induced dipole interaction
A dipole can induce an uncharged non-polar spectesa dipole as does an ion in ion dipole
interaction. Then there occurs dipole induced @ipnteraction. These are important only in
solution of polar compounds in non-polar solvents.

(iv) London or dispersion forces(instantaneous dipole-induced dipole interactions)
These interactions are present in non-polar madsclike N, O,, Cl,, CH4 etc. and mono
atomic molecules like He, Ne, Ar etc. These molesutio not have permanent dipole
moment. The average electronic distribution in an-polar molecule is symmetric but
because of continuous motion of the electronsngitgaven instant, the centres of negative

and positive charges may not coincide. This caase®mentary distortion of the electronic

UTTARAKHAND OPEN UNIVERSITY Page 144



INORGANIC CHEMISTRY- BSCCH-101

charge cloud which results in an instantaneous ¢eanp polarity. Then this instantaneous
dipole may induce polarity in another non-polarnatmolecule. These two dipoles attract
each other by electrostatic forces called Londoog®.

Since van der Waals’ forces are weak and may by eagrcome, the condensed gas readily

vapourises and molecular crystals are soft and leavenelting points.

Continvous and rapid

motion of electron round g =
the mucleus * =
Oringinal Tnstanta:
dipole neous dipole dipole

Fig. 5.9Instantarery dipole dipole induced dipole intei@tbetween non-polar

5.10 SUMMARY

This unit consists of a brief discussion of ionalids, their characteristics, the interesting

topic of radius ratio and its effect, crystal cdoedion number and limitations of radius ratio
rule. The lattice defects have been fruitfully dissed and an elaborate account of
semiconductors has been given. A concise accoulattafe energy, the factors affecting its
magnitude and its experimental determination ha liscussed. The rules governing the
covalent character of ionic bond, a brief discussibH-bond and van der Waals’ forces have

also been taken care offor the readers.

5.11 TERMINAL QUESTIONS

i. The coordiniation number of Tbn in NaCl crystal is:
(@) 4 (b) 6 (c) 8 (d)12
il. CsCl crystal has the packing pattern of ions:
(@) Cubic (b) Tetrahedral (c) Octahedral (d)&ewlanar
iii. If one cation and one anion are missing from tpesitions in a crystal lattice, the defect

produced is:
(a) Schottky defect (b) Frenkal defect (c) n-typéede (d) p-type defect
iv. Which one of the following will have covalent cheter?
(@) LiCl (b) NaCl (c) KCI (d) CsCl
V. How do the ionic crystals behave towards the atedield applied on them in solid state,

fused state and in solution?
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Give a brief account of n-type semi conductors.

How is lattice energy of an ionic compound relatetth its solubility in polar solvent?

What is polarization of ions?

What is the cause of H-bonding in the compounds?

We have two cations. One of them has pseudo iresrtogter shell electronic configuration
and the other has inert gas configuration in thieroshell. Which of these will cause more
polarisation of an anion?

Give a brief account of London forces.

5.12 ANSWERS

i. (b)

i. (a)

iii. (a)

iv. (a)

v. Please refer to characteristics of ionic compounds.
vi. Please see semiconductors.

vii. Please refer to the effect of lattice energy orstersg.
viii. Please refer to polarisation and Fajan’s rules.

ix. Please see H-bonding.

X. Please refer to Fajan’s rules.

xi. Please see van der Waals' forces.
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