~JONIC BOND CHEITRY GE wiTr?

[[‘: LW i . o e -
s !" ”f h"‘ HEE 1% STorwn 7y %0 ‘.l,;_“""n_," W shorms whac B foarmy m bewr shiss 1
CeeL e TN L L AN WO s o oy od ‘;Qﬁ‘?}ﬁipg

Atoms such g8 sodium. potsssram. Magnessom esc oo : )
7 P 1. 1.- T R COETETN SN AN viatemw'e .‘!,\..L«;”-.-“\ i -\-r’;

- A .“ . -
K* w]i_-- 1 Also @ome having valence ¢hall compasmang ut or weven o
: rhasTEng Ut or w@ven lectyons end w ke ap elections o

complete this oot and form negative wme 1 ¢ amwes ((T Re  OF
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atom to the other are called electrovalent or ionic compounds and the typo of Hinkage is

callad electrovalent linkage,

EKamp‘e. Fenrmation of sodium ¢ tlrride

In sodium chlonde, we have

Sodium (AL no. Z = 11) Chlonine (At o Z=17)
Plectrons = 11 Electrons = 17

Protorms = 11 Protons = 17

Electronic configuration 142 257 2p° Ny
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Electronic configutation © 1s* 25 2p% 35" 3p
There is only one electron in the valenoes whell of sondium atom and seven valence elecirons ay caxe of

chilorme atom
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Nature of ionic bond

Ionic bond is non-directional in nature. A C‘fuon ﬁggeaz
anion are considered as charged spheres. These 10ns ey
uniform field of force around them. An ion can, thoee forei’ :
ions having opposite charge from any direction (Fig. '2. )- .

Hence an ionic bond is non-directional. The mterai‘uﬁn
between two oppositely charged ions, therefore, o u'()_c’;
Compensate their electrostatic fields. Thus, each ion retains 1

. . irections.
POWer to attact ions of opposite charge from other dir
Hence each positive ion attracts as many

Fig. 2.1 Distributiop,

field of two ODDosifg, Electro
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negative ions at close distances as can be ,’,"‘\\

physically accommodated depending upon ,/ S YA

its size or radius. Similarly, each negative s _-r1A S

lon attracts positively charged ions from (\‘ ~ 14117

other directions. This results in a three e b

dimensional aggregate of jons called ionic CI"ION e/ P |
crystal. In an ionic crystal, the oppositely Ug?q%-[fﬁgg[?gb%lx T ek ;
charged ions are arranged in a regular, - Na* IONS _ _JTF \\\ |
continuous geometrical pattern. For AN % et
example, in NaCl crystal, each sodium ion Na" IONS R '/ |
1s surrounded by six equally spaced Cl™ ions OCTAHEDRALLY k \\\%/

and vice versa as shown in fig. 2.2. SUHR%IIJ_I\J'gﬁg BY SIX

Geometry of the crystal is such that the

force of attraction between oppositely Fig. 2.2 Structure of Nacj,
charged ions is greater than the force of 3
repulsion between similarly charged ions. This mutual g
attraction between oppositely charged ions holds them
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together in an ionic crystal and consitutes the ionic | Na + +cl. —3 |Na Cl o Ny
bond.
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~ Some examples of ionic bonds are sh g .D (Mg2+) (0 2-
Fig. 2.3. Mgre+ %

) or Mg
. ] ) MAGNESIUM Oxipe
The formation of above compounds is explained 5
below :

(i) In NaCl molecule, one valence electron

&
|
from Na-atom is transferred to Cl-atom. e (AI3+) (029 prAL
) & > PG
Thus, Na and Cl-atoms attain stable neon . ALUMINIUM OXEE|,
and argon gas configuration respectively. ) ‘/I :
- « O '
(77) In MgO, two valence electrons from Mg °e* _._i
atom are transferred to O-atom. Thus Mg and

O-atom attain stable neon gas configuration.

Fig. 2.2 Formation of some ioniC_:_:‘:;.‘
compounds. c
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) .(iii , six valence electrons on two Al-Atoms are transferred cqually 1o f
aluminium and oxygen atoms attain stable ncon gas configuratioy ee oxype
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factors influencing the formation of ionic bond. Following are the factors whicy
= » Which faye
avour the

ion and stability of ionic bonds.
Low Ionisation encrgy. Ionisation cnergy of an clement is the amoun; of cner,
from the outermost shell of an Isolated neutral gascous atom o fory IETEy required 1,
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sser the jonisation energy, easier is the removal of an clectron, lonisation energ
. o

(Na K etc.) is low and thus, they have more tendency to form positive ions, The ionisation
eaﬂiq metals (Mg, Ca etc.) is higher and they form cations not so casily. For exam
sodium is 495 kJ mol~! while that of Magnesium is 743 kJ mol~!,
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: Y of alkali ey,

- energy of alkaline
plc, ionisation ene :
1 alon energy of

495 kJ mol”! 743 kJ mol™!
B

+ .
e F e y
Nag,y+ ¢ Mg, Mg (2) e
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The energy required to remove second electron is very high and thus, the formation « f Mo2* ion
relatively difficult. In case of Aluminium, the formation of AI** jon requires 3158 kJ m(Ji’ Tg' on s
: ’ . : ) :
energy is generally not available and hence Aluminium does not form ionic bond For Ionic bo d f‘h‘S much
. y nd formation,

the Ionisation energy of the metal should be low.

(b) High Electron affinity. It is defined as the amount of cnergy released when an extra el i
added to an Isolated gaseous atom to form gaseous anion. Higher the electron affinity, more isc:he eleO"‘ "
of energy released and easier is the fmimalmn of ionic bond. The electron affinity of c}llorinc is tf;:*qhu'anmy
in the periodic table. It is 34_8 kJ mo_l . Group 16 elements (oxygen, sulphur etc.) do form di»;alc Ct 'Jg'hes't
and in this case, the formatlf)n of divalent anion from monovalent anion requires energy. Thus . dmOI“S
elements form ionic bonds with lesser ease compared to group 17 elements. For ionic bonci for Et,-’.TOUP :
electron affinity of an element should be high. P s

(¢) Higher Lattice energy. For ionic bond formation, the oppositely charged ions combine with the

large decrease in energy.
The energy released when the oppositely charged ions combine to for
jonic compound is called Lattice energy. m one mole of the

The higher the value of lattice energy of the ionic compound, the greater is the stability of the
compound and also easier is its formation.

The force of attracticn between the oppositely charged ions is directly proportional to the magnitude of
charges and varies inversely to the square of the distance between them. N

Force of attraction = 192
D2

Hence, the value of lattice energy of an ionic compound depends upon the following factors.
(/) Charge on the ions. The higher the magnitude of charge on the ions, greater is the force

of attraction and higher is the lattice energy.
(ii) Size of the ions. Smaller the sizes of the ions, lesser will be the internuclear distance and greater

\/ is the force of attraction.
haracteristics of Ionic compounds
The important characteristics of ionic compounds are as follows

1. Hard and rigid. The ionic solids are hard and rigid, because the oppositely charged ions are tightly

bound together by strong attractive forces.
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2. High density. The electrostatic s
bring them very close to one another. T'

th ot i in an ionic compau. .
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3. High melting and boiling points. lonic compounds have
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4. Electrical conductivity. Ionic compounds conduct electrici

the
. . 1 i ri ugh the
cations and anions are mobile and on passing electric current throug

electrolyte, they migrate to opposite electrodes. .
s o

S. Crystal structure. Ionic compounds do not ex%sk:uls iln - aley 15
neutral molecules. The ionic bonds are nOn-dl.l'CCUO.nall'_ N o themselves
occupy the minimum space, the ions in an ionic solid dflt rlill cf’:’;_ jattice. In 2
in a regular geometrical order, which is calleil a Cr_y‘ssturroundcd by six —— 2 Cubic crystal oY
crystal of sodium chloride (Fig. 2.4). each Na™ 1on ‘{’N'ﬁ jons forming 2 Fig- <% NacCl.
CI” ions and each chloride ion is surrounded by six N2
cubic crystal lattice.
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| ——

—
are usually goluble 1Ifr“ solution, the ions are free to Moy,
6. Solubility in water. lonic compotlmdssof Jiclectric constant:
ik ich have high value
polar solvents like water which
and interact with solvent molecules.
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Hence, strength and stability of ionic bond < - = Fi0n

(») Charge on ions. Inter-ioni
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the system decreases. This adds to the strength and stability of ionic bond. Thus, 8 '
ionic bond is directly proportional to the charge on ions.



io;zic bond formation involves dec:;;q:,,: ;’:e-:“«m._.m;. S T S T
. The tota t f 1 mole of
crystalline NaCl from Na (s) and Cl,(g) is gy. The total heat change in the formation o

= (108.5 + 121.5 + 496 — 394 — 760) kJ = — 428 kJ

N

Therefore, 428 KJ of heat is liberated in the formation of 1 mole of crystalline sodium chloride. Hence
\/Nacl is stable as compared to Na(s) and Cl,y(g).

statement of Born-Lande equation and Calculation of Lattice Energies (Ug)
of Ionic Solids

Df&rlvatlon ofBorn-Lan_de Equation: The lattice energy of an ionic crystal is determined by coulombic
interactions between all of its ions present in the crystal. These interactions are of two types.
(i) Attractive interactions between ions of opposite charge.

(i) Repulsive interactions due to interpenetration of similarly charged electron charge clouds.

I. Attractive interactions between ions of opposite charge. Consider a pair of ions of opposite

charges Z, and Z?_. L.et e be the electronic charge. If r is the distance between the ions then potential energy
of a pair of ions is given by the relation.

2
PE. (attraction) = Z,Z, Le)rﬂ N _lerz e (D)
Incase of Na*'Cl'l,z,=1,72,=1

In case of Cat? F, -, Z2,=2,7,=1.

II. Repulsive interaction due to interpenetration of similarly charged electron charge cloud.
When a cation comes very close to an anion, interpenetration of similarly charged electron charge cloud

takes place and repulsion results between them. The potential energy due to this repulsion is inversely
proportional to the nth power of the distance between the ions. Thus,

be?

P'E(repulsion) 1 e
where b is repulsion co-efficient and n is Born exponent. ...(2)
For ions having neon configuration (e.g., {;Na*, gF—, n = 7).
For ions having gAr, 3sKr and 54Xe configurations, n =9, 10 and 12 respectively.

.. The net potential energy for a pair of ions of opposite charge obtained by combining equations (1)
and (2)

2 2)
Z+ZHe
- _ 414 +be

PR )
This equation (3) is called Born equation.

This equation gives the energy released when a cation separated from an anion in gaseous state by an

2
L e . . : ; N be :
infinite distance is brought at a distance r in a crystal. The equation also indicates that —,~ repulsion term
r

increases more rapidly than first term with decrease in the magnitude of r.

Application of Born equation

Born equation is useful to calculate the lattice energies of ionic crystals. For example, let us consider
the forces of attraction and repulsion involved in a crystal of sodium chloride. In a crystal, there are a large
number of cations and anions and not one cation and one anion only. These ions are arranged together in a



specific gecometry. Thus, we are to consider the forces 0;
attraction and repuision between all the ions. In case 0
sodium chloride crystal, each Na* ion is surrounded by

(1) 6 CI” ions at a distance, r

(i7) 8 more CI™ ions at a distance, ﬁ r
(7if) 24 more CI~ ions at a distance, J5 -

(iv) 6 more Nat ions at a distance, 2r

(v) 12 more Na* ions at a distance, /2 ,
(vi) 24 more Na* ions at a distance, /¢ ,» and so on. Fig. 2.5 Inter-ionict dliStanCGS in Naq)
. : 5 crystal. :
Because of above arrangement, there will be forces of Y ;
attraction between Na* and CI- ions and forces of repulsion ) f energy and hence potential epe,
between Na* and Na* ions. Forces of attraction lead to lowering of ene Ddyhence potential energy isr‘ !
given a negative sign. Forces of repulsion lead to rise in potential energy Al interactions, the firgt f 8
a positive sign. By adding the effect of all the above attraction and repulsion ’ My
the Born equation (3) can be calculated. Thus,

2 2
0Z\Zy6"  82,Z,¢"  247,7,¢> L $2Zy8 | 1224Z0e” | 24Z1Ze” |

BB = - S - — 2 T N2r o Jer
Z, 75" 8 24 6 12 24 J
=-_ 1< 6_*_—+—+——+—+...-
r [ V3 J5 2727 e

Na*! CI"! is a uni-univalent ion. So, for NaCl.Z, = 1, Z, = 1. The sum total of all the terms in t;
brackets gives rise to a quantity called Madelung constant (symbol, A) for sodium chloride. The Value of A
Jor NaClis 1.747558. All the salts having geometrical arrangement similar to NaCl, will have same value of
A. The value of A for all salts can be calculated provided, the geometrical arrangements of the ions in they
crystals is known.

Thus, the first term in Born equation can be written as :

AZ,Z,e?
(PE), = 1222 ()
2 2
= AZ% [When Z; = Z, = 7] o) |

Madelung constants for some salts whose crystal structures are known

. are given in Table & lophiig,
values of Born exponents for different ion types are given in table 2.2. = -



LEL US CULISIUCL WIv SULUNU CLI UL 5O equation (3). This term arise
come very close to each other. there is a repulsion between them because of interpenetration of similarly
charged electron charge cloud. This term varies inversely as nth power of r. So, it is useful to oonsid?jrrﬂi'
the nearest net ghbours and not farthest ions. In sodium chloride crystal, each Na* ion is surrounded bv si;;
6 be> ‘

n
r

2 .
The term 6 be- is generally replaced by the term B where
B = be> X number of nearest neighbours.

s because as a cation and an anion

-.ions. So. repulsion energy term =

= d t p— _B_
. Second term =— (6

r

Taking into consideration, the forces due to all the neighbouring ions, the potential energy of an ion in
a crystal can be given by the relation

2 2
PE.=AZ¢ . B o
' & rn

The value of n varies from 7 to 12 for a large number of common ions.

For an easy solution of equation (7), the factor B should be eliminated. It can be done by realising that
an ion will be in stable equilibrium position when attractive and repulsive forces acting on it are equally
balanced. In this situation, the potential energy of the ion is minimum and d(P.E)/dr = zero. Also, interionic
distance. r may be taken as ry,.

Thus. constant B can be eliminated by differentiating equation (3) with respect to r and equating it to

Zero.

PE. =-AZ?¢* r! + Br” _.(cf. equation, 7)
d iy .. d = n_l—l
E’:(P.E)=—Azzez(—l)r2+B(~n)r“”‘1) [.—Elﬁ—mc _j
= AZ?Er?2—nB/A "D
. d »
Since E (P.E) =0and r=rg,
we have AZZ €2 ry > — nB ro(‘ ) or AZ? & ro_2 = nB "0(_ n-1
2
0 = nB . -l nB
ro(—ll — 1) AZ262 ’ 0 Azlez
1 2.n-1 2
r_(_nB Yl gpg B =2ZT € (8)
= AZ2e2 n
Substituting the value of B from equation (8) in equation (7), we get
9 2 9
AZ2e?  AZ?e* AZ%?  AZPP _AZ% (1 o
(P.E)y =~ + 70 =— + = =l
— To nry To nr ) n

2021,0;



: . ) ‘ ‘ ' ole of a crystal ig
Since lattice energy, Uy is defined as the amount of energy released when Onihf:r i
formed from the constituent gaseous ions separated at infinite distance from one another, i
Uy=Ny; X PE

where Ny = Avogadro’s number  and P.E. = Potential energy.

Substituting the value of P.E. from (9) in (10), we get
N, AZZ¢2 (1 j .(11)
Up=s=s—T"|—=-1
10 n
This equation is called Born-Lande equation.

Since 7 is always greater than 1, hence Up will always be negative as expected.

"~ The equation (11) is usefut o catcutate the attice energy of a given crystal provided the value of n can
be calculated from the compressibility of the given crystal and the crystal spacing parameters are known.

The validity of equation (11) can be easily seen by comparing the lattice energies obtained from equation
>81) and experimental values (Table 2.3).



gORN-HABER CYCLE

It has been observed thag lattice cenergy of
wever. a cyclic process called Born J e
of thermo-chemical qu
be described by tw

a very few compounds has been determinec_l directly.
has been devised. It is helpful to calculate lattice energy
on energy, electron affinity, etc. The formation of ionic

laber cycle
antities like ionisatj
O processes.

Ho

in terms
solid can

. o ATy 5 1 '

Iz DARSEHRTGSE SHAv(s) Sad 7 X2 (2) combine directly in one step reaction and energy is released

nich is equal to the heat of formation of MX.
whi€ .

1+ direct combinagi
M(s) + ] X (g) —=='combination MX (solid) (AHpormImx = — Ve
> Alternative process (a) Sublim

ation of M(s) to M(g). Here one mole of solid M absorbs energy
W to 1ts sublimation energy, (AH
eque

.\‘llh)l\l and l\ converted to gaseous M(g)‘
M(s) + (AH )y, Sublimation M ()

1 AH represents difference in enthalpy (heat content) between initial state M(s) and final state M(g).
W NeTre &

i l = ~ N . 2 el = e Of
® Dissociation. In this step, 5 mole of X, absorbs energy equal to half the dissociation energy

). Qe 1 (AHgx»> and is converted to X(g).
N5(Q) 1€+ 2 ss/X2

Dissociation

1
—‘17' X> (@) 5 (AHdiss)Xz =X

P ahe AT O 1 1sati energy, (IE) M and
(©) Jonisation of M(g) to M™* (g). M(g) atom absorbs energy equal to ionisation y

N .
s converted 10 M™ (g) ion.

M(g) + (IP) Jonisation M*(g) +e”

e x-
sion of X(2) to X~ (g). X (g) atom takes up the electron given out by M (g) to form
(d@) Convers Alg

i ¢ its ele affinity, (EA)x.
is s e ' released is equal to its electron a 3
this step. energy re 1
(g)- In -
X(g) + €~ = X" (g) +(EA),

clectrons

e —E e ———— — I ——— s




| (éj Combination of M* () and X~ (g) to form MX. In this step M* (g) combines with X™(g) 1 fom,

one mole of MX (solid). Hence, energy equal to the lattice energy of MX, (U)mx. isreleased.

Combination MX (cryst al) 5 (U) i
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APPLICATIONS OF BORN HABER CYCLE

fies as descrnibed below

>
Bom Haber Cvele is very wselil o caleulate many prope

K. L Caleulation of clectron aflinities (
cloments w hich

Lneen l\_\ the

A Tt s used o caleulate the electron Ulinitje,
sy ol

e heat of tormaton (AH) of 4

. 'y
e dillicult o measare by other methods FOMmpyy,,
S

tollowing nelation

AR, =8+ E D 4+ 1+ BHA+ Ug

-

EA. =AlL-S- &+ D-1E-Ug

. . - ".‘ ‘ ~ ~ v
of formuation © § = heat of sublimatien . D = dissociation energy
tBon energy 5 and Uy = lathee encrel.

Quaton while AH,. 8, Dy IE can be determinee

EA =

A =

In the above case, Uy can be calculageg “Ci;,'
l expenmentally, g,

Bind the clecton affinity  (EA) of iodine with the help of following (y, fin |

‘ ; : ) 3 -\ \ ':x

LM (Nab) = - 688
= - 1054 AL, (Na) = 2590 Al ) =

> know that

510 [Egy,, = 1184,

U | N = :
‘\Hr (Nab) = -\H‘,)ti\iﬂ* —2 Al ld\\\ l.‘+l!‘,\';| + L'\ll) + U,\.Al

nitng the values, we get
NS =250+ & X S1+ 1184+ EAy, - 1654

EA = 1654 - 68.8 - 250 - 255 - 1184 = = 73.2 Keal mol!,
f proton affinities (PA). This exele is used o determine the proton affinitie.
on atlinity of a base X is the amount of energy released in the reaction: .

N(g) + H' (o) —> XH' (9)
ston atfinity (PA) of ammonia can be expressed as follows
INH, (¢) + H* — NH;* (©): AH =PA

= AHy. +IE+EA + PA + U,

RIS

n affinity ; PA lon allimity and

nerey which can be calculated with the help of Born Lande equation.
1C NH* CI" (8)

=~ 6485 KJ mol™ IE = 1311.6 KJ mol~




Since proton affinity of ammonia is negative, the reaction is favourable. Hence ammonia has a good
tendency o accept a proton.

3. Stability of ionic compounds. This cycle helps to understand the stabilities of many ionic

compounds. IFor example, it explains why MgO is a stable compound. When the values of AHg, 1.E., E.A.,
AH and lattice energy (Uy) is substituted in the following equation

1
AH,= AH_, + 3 AHgs + IE + EA + U,

We get high negative value of AH; (MgO) which indicates that MgO is stable.

4. Formation of ionic compounds in higher oxidation states. This cycle helps to understand why
some metals are unable 1o form stable compounds in their low oxidation state. For example, CaCl, is a stable
compound while CaCl is not formed although the energy needed to form Ca* (g) and C1~ (g) ions is lower

than that needed for the formation of Ca?* (g) and Cl™ (g) from Ca(s) and Cly(g). In such cases, the value
of AH; (CaCl,) calculated from the equation

AHy= AHg,, + % AHy,, + IE + EA + U, is negative.

So, CaCl, is formed.

On the same basis we can prove that NaCl, is not formed because by using Born Haber Cycle, the
value of AH,comes out to be positive.

5. To predict the feasibility of a reaction. Born Haber Cycle can be used to calculate the heat of

formation (AH;) of an unknown compound. If AH; comes out 10 be positive, the reaction is energetically
unfavourable. If AH/ is negative, the compound is formed.

Strength of ionic bond. Greater the energy required to separate a pair of ions, greater is the strength
of ionic bond. It has been observed that :

Z,\Z
The energy required to separate a pair of ions is approximately proportional to -

——— where
. ) . o
(i) Zy and Z, are the charges on cation and anion respectively, and
(ii) r* and r~ are the radii of cation and anion respectively.

Thus, the hardness (table 2.4) and melting point (table 1.6) of the crystals having similar charged ions
must vary inversely as inter-ionic distance (+* + 7).
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‘o b i W X y ) . "
1. Geomotry ": “"“'""l"‘ wles with centrol atom having tone pairs of clectrons (Irreguli
ety 1\ motecutewitbhave segulae geomenry if the vepulsive iternctions between the electron palrs

““‘"“ ) .
{the contral atomd e not ot equal mngmitude

W
‘.,“‘n\l ‘
Conditions fov frrepulne geometey, A molecule will hive iregular geometry if it siatisfies any one of

pe (ot onditions

i

v y : \ T d . ‘
() he ven atom ol the molecule should not be bonded o oll the similar atoms, e.g.. CHCl;,

(‘."hq

g Phe contral atome shoukd hive one o more lone pait of clectrons in addition to one or maore bond

(AL ol electons <8, NI vand 1O

Che prosence o lone paics on the central atom  causes lone pair-lone pair and lone pair- bond-pair
wopulsine mteraciiony e addiion w e bongd pate bond parre repulsive iteractions. The additional repulsive
et tons distort the repular peometny of the molecnle
ety aucrounded by bomding as well as lone pais of

\ L LONE PAITH
clevtnons, the shape s etahedeal but the bond angles are

T
ao longer 1OV 28 Letus now consider the molecules of

this VP N
/'(\ - >\\‘

(@) Shape of NI molecute, Pyvamidal, In NI, Wior 107 ), H
(he cential atome s SN has the contiguration 147247 \\u" bl H
! a2 Ui the ground state. It can make three
AN Mt _ DISTORTCD TE TRAKEDRAL
ponds with three hydrogen atoms due (o the presence ol | (LONE PAIR AT ONE POSITION)

three unpatred electrons ot o the formaton of N1,

o

on N
//< ">\\
107 Y

PYRA MIDAL

cach ot these electtons s shared by three hydrogen Fig. 2.11 Distorted tetrahedral or
’ " pyramidal shape of Ammonia.
atoms. As aresult the mtropen atom s surtounded by

three shared pates of electrons, One lone paie of electrons sull remains ain the valence shell of nitrogen atom

(i 200
Fotal number ot clectrons in the valence shell of nitrogen = S

Bonds made by nitrogen = 3
Shaced patrs of electrons around Nitrogen = 3

(I
Unshared pairs ot electrons around Nitogen = (5 - 3) = |

Total number of stercoactive pairs around nitrogen = 3+ 1 = -

As the contral nitrogen atom is surrounded by shared as well as unshared pairs of electrons, therefore,
the torce of repulsion amonyg clectron paies is unequal. Henee, NH, molecule has an irregular or distorted
1t is also known as pyramidal gecometry. In such a geometry, the central atom (N)
1 bonds are directed towards the three commers of this
- N = H bond angle 1s 1077

tetenhedral geometry
lies at the centre ot o tetrahedron, The three N
eteahicdron while the tourth corner is occupied by a lone pair. Eache H

Explanation for deerease in bond angles. The H ~ N - H bond angle in NH (1077) 15 less than the
nomal tetahedal value (1097 - 287 This is because the lone pair-bond pair repulsion s greater than bond
pat-bond paie repulsion. As a result, the bond pairs move away trom the lone pair (to decrease repulsion)
and come closer o cach other. Hence, angle between bond pairs decreases.

2. Shape of CIEF, (Chlovine trifluoride). |, CL= (N)'" 367 0 F = (Hey' 25720 So. valence electrons
i Cland EF atoms are 7 (2 of 3y and S of 3 and 7 (2 of 2y and S of 2p) respectively. Hence total number of
valence electrons in CIE = 7 + (3 X 7) = 28, After putting in single bonds and distrnibuting two lone pairs,




- ~emM, g

= GE
‘ . o | - F single bon .
the Lewig Structure of CITY is shown. Here number of CL—1 & ds (hp) =

1 aga o lere 5 M an( (T
DA of clecirong (Ip) = 21 [. lone pairs = 1/2 (valence electrons of €l atom Miny N Htﬁ

Made 1y : Ong)
cbyCh=@ -3y =1 : b opg
-atom = number of bongy plug & '
: lln“)
Cr

So, stereoactive clectron pairs around Cl
=3+2=35

D, 5 of | .
: e clec airs (bp) a "
Since Cl atom iy CIFF, is surrounded by three LI(.I( l.r(i?:«l, [,(, fL) u';il, Wo Jone ai hy, .
‘o K. - »14) . 510 A Y
repulsion among electron pairs is not equal (Ip-Ip repulst i |p N2 hp gy, b,
o : ot ave trigonal bipyr; ) 3
he molecular has five electron pairs and it should have tnigonal bipyramgy, o 0,

= cule c: ave the (o |
POsttions yre occupicd by lone pairs. Thus. (he molecule can have the (i Ilnwmg Prohy,

F R ‘l - F

Qi.:};r: %CI}:—;F F::—:- c<i

1 i/ }’,Q Ny
() uh -

Structure (i) appears 1o be most stable as it will expericnce lesser repulsion in ¢,

”lp’"—]’
15 e . L I H » 5] ‘ S(
G and (i), Clearly, the molecule has T-shaped structure and bond angle 1s 87 ¢ Mgy

3. H30* (Hydronium ion). (O = 152252 2p%, (H = I":]' Total number of valence T k
electrons in Hi;O'= (3 x 1)+ 6-1=8. After putting in the single bonds and dl\trihUlin!! "o §
the lone pair of electrons. the Lewis structure of H,O" is shown. Thcrc' are three bopg pd”"\
and one lone pair. Since Ip-1p repulsion is greater than /p-bp repulsion, H{O* ha pyrumi-d- ;
(i.e. distorted letrahedral with one lone pair). A “"Jm.‘

& )
4. NH;* (Ammonium ion). ;N = Is2 252 2p?: |H = 1s -
Total number of valence electrons in NH=5+@ X D -1=8. "

After putting in the single bonds and distributing the lone pair of clectron, the o, T
lewis structure of ammonium ion is shown. There are four bond pairs and no lone pair. ;‘H

. : H H
As there are only bond pairs, they will tend to keep themselves at maximum distance apart whyep
only in a regular tetrahedron. Thus, ammonium ion has a regular tetrahedral structyre With each _r‘F
v )
equal to 109°28". 14 &,
- +
NH; + H* — NH,
S. XeF¢ (Xenon hexafluoride) B ———
3 .
saXe = [Kr]3¢ 44'0 552 5p6 540 SR A
- g AIRN 7
oF — 157252 2p 2 2p 2 2p ! A NN AT
. - . r - - // “ i
After putting in the single bonds between Xe F{.-ii— - '/g,...\_‘,\ Fuz=moaul _2F
. B & o o® il " ~ Y ‘\\ Nl
and F-atoms, the lewis structure of XeFj is is shown. NSNS 22 " N
” N . 5 AN ——t—r—==== \ LA ALY
There are six bond patrs and one lone pair. Since Ip- Sie No J - N ’
. - . - LAY V/
bp repulsion > bp-bp repulsion, there is some \\:\‘ i N =
distortion in the shape of the molecule. Thus, XeFg R (e W
has distorted pentagonal bipyramidal structure with :) 5
. ~ {
one lone pair of electrons. (
The crystal structure of XeFg reveals that it | Fig. 1&%%(9(;) ?é?tgﬁe%ggagfe?;Z’F5?"':“"‘
5 = < . . uct 3¥
exists as [XeFs]* Frin the solid state. Hence, one F- g et

PR s




on 1% bridged wath pyramudal canon: The non- bonding lone pair of electrons occupy the central position of
I

e e of octahedron. As are sult, the F-atom present at the comers of this tace are repelled away In this
.

m,lx\xnlixl Ne atom is sp'd hybrdised.

HYBRIDISATION

According to orbital concept of covalent o — = = —
ponding. covalency ot an element is equal 1o the (Tl\ ( T\ g ) ( T ) \1 y 6t ‘\!
pumber of partially filled orbitals in an atom of 2p, 2p, 2p; ENERGY |, 5.2Px 2Py 2p: |
.arbon in the ground state, ie. 1322572 2p ! 2p U IE e @i\ ENERGY (T ) l\
L. .
> 13t)]. there are two partially filled or half filled ||-28 2
orbitals (having one electron each). Therefore, \N) UD
carbon should be divalent in its compounds. |[ 1s L's 1
Howcever, carbon 1s tetravalent in s compounds (a) Electronic configuration (b) Electronic conliguration
ch as CH,. CCly. ete. of carbon in ground state of carbon in the
S i ! excited state

is assumed that the carbon combines wi - . :

i . o ombines with Fig. 2.13 Electronic configuration of carbon

other elements in the excited state when its In ground and excited state.

2 . 3 - e
configuration is 1s22s!2p 1 2p,12p.! |Fig. 2.13(0)].

In order to have the electronic configuration 1522 s'2p 12p 12p 1 one electron from 2s orbual of
carbon is to be promoted to the vacant 2p. orbital by supplying energy. After the promotion, we have four
half-filled orbitals which are available for bond formation.

The energy released due to the formation of two additional bonds compensates the energy required for
promotion of the Is electron.

Need for Hybridization. Consider the

152 2s! 2p', 2p'y 2p';
formation of methane (CH,) from carbon. Four C — H b : : 1 T
bonds in case of methane are formed by the overlap of = Q q \/‘
four partially filled orbitals of carbon with the four | (EXCITED STATE) S‘l | 1s? 15‘ "

artially filled orbitals of four hydrogen atoms as —~
parti : Yy 1S Ims as (1s' ORBITALS L J O L &'

y 2
shown in fig. 2.14. OF 4H ATOMS)

H . OND BOND BOND
In the excited state of carbon, s and p orbitals BOND =

have different energies. Consequently. four bonds of Fig. 2.14 Formation of Methane.
the carbon must be of two types. Three of the bonds
should be of one type (s- p bonds) while fourth bond should be of a different type (s-s bond). However,
experimental evidence indicates that all the four bonds in case of CH, are equivalent. To explain the
equivalence of all the four bonds in case of CH,. the concept of hybridization is used. The concept of
hybridization is also useful to explain the observed values of angles.

Hybridization is the concept of intermixing of the orbtials of an atom having nearly the
same energy to give exactly equal number of hybridised orbitals with same energy,
identical shapes and symmetrical orientations in space.

The new cquivalent orbitals formed are known as the hybrid orbitals or hybridized orbitals. Hybnd

rbn.lls have properties entirely different from the properties of the original orbitals from which thev have
been obtained.




ll' 18 _A)) "‘-"‘ v"
& lrJ‘
!

- : . YW L
Ihe phen smenon of hybrnidization involves the foll :
/ = ground s ‘ ‘
o, | OMation or excitation. The carbon atom in the g tate has - l
\ ‘ hen an clectron from

=2g<0
—5 " R T |
a5 < It absaorbs some encrgy W

-

'27‘ ‘:fhllnl = PTOmay, ;.')"h..
; 24! 2 Iy | q y, Ry
1225 2p,.'2p," 2p. ) e
amred electrons rearrang,. the, ",

2p. et . q
P: oftvals. Thye the configuration in the excited state 1
are 1dentical among 'h‘?"\u’w:l'”’
: Clye. Vi

} 1) Reorientation. The orbitals containing e u:ph
= 4y > e b . hic
Og<ther new order. It gives nse to the hybad orbitals w Sy : n
Types of Hybridization. Hybnidizauon involved in case of Ld],- 'n tepending upan the "
- g nt types . ihe,

half-filled atomic orbitals taking part in it) is of three differc . I
W) spt (Tetrahedral) hvbridization \ |
Yy sp- «Trigonaly hbndization K )
(228) sp (Linear) hybndization Q) )
O S TN

‘1) sp” (Tetrahedral) hybridization. One 25-
orbital and three Zp-nrhn:jl\‘ of excited carbon get
'ntermixed 1o form four sp’ hybrid orbitals. This
Phenomenon is called sp' hybridization.

sp hybridization. involving one spherical (non- 2
directional) 2s-orbital and three dumbell-shaped
(directional) p-orbitals which are onented along three
axes at right angles to each other and gives four
equivalent hybrid orbitals. These hybrid orbitals are
directed at an angle of 109 28  with respect to on¢
another. These orbitals arrange themselves in the
form of a regular tetrahedron (Fig. 2.15). Therefore,
the hybridization is also known as tetrahedral 2
bybridization. Each sp® hybrid orbital has 25% Fig. 2.15 Orientations ofm ;
s-character and 75% p-character. It may be noted orbitals. Yorig ;

that hybrid orbitals consist of two lobes. one of which . 4 .
is quite large while the other is small. However. for the sake of simplicity, sometimes only Major |,
'R

S ) 2px 2n

Y
. s, |
sp* HYBRIDIZATI oy, |

shown in molecules involved.
Simple molecules involving sp® hybridization of carbon atom are methane and ethane.

1. Formation of Methane. In methane. the four half-filled orbitals of carbon (before 1y, -
bond formation). mix up their energies and redistribute equally to give four new and absolutely e(;um_:

1 . . . -
sy~ hybnd orbitals which are directed —_—
at an angle of 109° 28 with respect to H 1
one another (Fig. 2.15). \
! |
\ ™ 10wz

The four sp® hybrid orbitals
overlap with Is-orbitals of four
hvdrogen atoms to form four s-sp*
sigma bonds [Fig. 2.16(a)]. The four
bonds 1n CH, are directed towards the

four corners of a regular tetrahedron (a) (b) fc)
Fig. 2.16(b)]. Bond length of each !
[Fig ] : Fig. 2.16 Formation and structure of Methane.

. C-H bond is 1.09A or 109 pm and

—M
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} : o of tan eguivalent honds by ' .~ ele il thay 0
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h"a of
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seRsLTY 15 2 f, 3 4 n{.._‘ ." v" !’- .. g | . ‘
. - beadie to form Two equrvalent sy hy bnd otbatals Which e
The 24 and 2p ssomone crbitals then hybradie valent vy hybnd othitals are used - n
angic of W h oth '} v gy These Mo Suibhs ""‘k(‘f
i ol vt Wil cach other (HFYE. - Wy
Hemical boncds i teryEliom vrw s F
& s Be “2
\ ;‘”““,‘» g ‘.‘.’\]"!\ lﬂ\\“\ |n',. ¥ i ns hT'.!l/.’.!;(\ﬂ l'l' Ik
. -orbitals
Hybridization of Elements Involving d ! - '
’ sweoare thus unabice to exteng .
The eletmients of second period do pot have d-orhitals These m-._ et Wi S(hur Otey T
clements of thnd perid tsas PS ete ) contan d-orbitals and henue t.-l‘ e ol e the Ener,
o § 3 vt Iy same as that of L orhitals, these undergo hybridizanaog lo | /
WY amd Yo ortwads 1 WO LMale]ly sar h U

e 1w compound | e
A i T ym the nature ol 1

apr o gy apd e hvbrad orbatais depwee lhh!\g upun

FUINmCitey of sayie compounds mvolving o orbitals

‘ »central atom of

\ i . one d-orbitals (ol the cen a com

L. sp'd-hybridisation. When onc o, three p and alent orbitals called spd hybyi POung,
nearly the same energy interniuy, we get five resultant equivalent « . : I Ybrd

' I bipyramidal OTbitay,
g 2 265 These hvbnd orbitals point towands the five corners of i mgnn;.l' 1{1) r;l|'.n,l.( .ul Eeomerry Ginas
these v 6 i hvbnd ortatals three are directed towarnds e lhruc[:unrcrt\ o e ""l"}."c Wlll]c the
Femamining two are at nght angles 10 the plane of the hirdt three orbita
———
Y r4 Z
' i [iv Y | "’1;
L = "!.‘- J ' (. ': ",(4.,‘
PR o - X+ v & e _{f{ X | e (‘:_, % :_\_:}
B i T | ( -"’: i
e U] 3a? | ~ )
A - _ - =" Five spd hybrid orbitals having
*y = tnigonal bipyrarmidal geometry
. ey
Fig. 2.26 spld hybridisation.
Common examples of compounds
mwvolving s 'd hybndisatuon of central stom 3§L P R — e B
are PE, and PCle @ @rouo sTATE) (1)) (101 )( D CX X
7 P-atom — S — - — N .
Geometry of PClc molecule. The = g m = o S
electrome contiguraion of phosphonus and (bHEngzfn?nm”E) uf 1/; { 1_)( 1 )(1) (1'1’\ x X
chionne in the ground state are i
el R —
- 3 92 8 2 2 T Ayl
OV b 2 200 46T 3 3py? Apr spid HYBRIDISATION
ISP 1% 302 200 32 3pa! I Apzt v
e e e 2 T e e ]
T explain the pentavalency of ' WP e N TN YT
O g~ 4 Y () POIg (AU (1 X )
phospborus, five electirons should be T S O 5 = i ~
H . > [
unparred  For this. the  electronic O S e = e et s
“onhgurston ol phosphorus in the excited o
state ox considered. Here one of the 3y Fig. 2.27 Formation of PCly molecule involving
electrons o promaoted 1o the 3 orbital and sp* of hybridisation.
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(et Py bk orbitads are dieoied o . e Ty P by bod bl all
gy s anidal geometny Bach ol the syl gy | Coetiners of aouponal o \y i
M ' ad ol B o
. ’ 4l| Oy . X \ 1
.glﬂ"‘l (halt fetledy of O atom oy five 1 gy crlaps with i al Ve X
i ¢ ! S llu|"|“ ‘l.”, ) W) \ \|- \I
Ot b these Tive seSd hiybod ahiga). - B \
L comners ol an equilat ) alsy thvee gre divected 1ow I ) g B 4,
(he throe ot ¢ jadateral teange e manl Hi nids v VA
n'“l"l 'he bonds tormed b I sy an .‘ll\'v[(. o 1207 wath o I/ /
ane Vothese orhials are el K gt
ponds Fhese e marked as “e™ i gy 0 4o I are called  equitonal . X
» B S W oremaim
X . . nge two hybyid .
» e ol rightangles (D07 ; } o hyvbri _
u.hll-ll‘ a 0 ! . Ll . { W the plane of biest theee orbital I ~
yimned by these ort " Y als and the
ponds 1o tals are called axial bonds and are e Fig. 2.28 Geometry of
Y ¢ - p
i g 228 SAUEREE PClg.

It is tportant to note that the shape of Pe'1.
| lengths are not cqual. The o h:l ;\lm.lh 'nl PCls ix not completely regular sinee all the bond angles and
hond $ ‘ Tl " l‘l."i (‘ between two cquatorial bonds s 1207 and the angle between an axial
pondd mlt‘l an “.'"“.‘ r mml 1: 207 The axial bonds are longer than the equatorinl ',““d; nml'hnm.l length of
cach Pt | k"l“‘-“;"““l ‘“‘Ilh‘| l.‘\ 2040 pmand that of cach axial P-C1 bond 1s 219 pm. The Tonger bond lvu;"th of
anaal bonds 1y duc ““' e tact that cach axial bond patr is repelled by three equatorial l;nn(l TS ‘uﬁ 90°
whereas cach equatortal bond pair s tepelled by (wa Ju i pi i ‘

1 bond pair s more, Heg 1 axial bond pairs at 90°, Thus the repulsion exerted on

LSS ) ' . tHenee the . . .

o length are weaker tha ¢ the boud Tength of axial bonds is longer. Axial bonds due to therr longer
-1 ) aker tu auators

pond leng . N cquatonial bonds, Due to the presence of weaker bonds, PClg molecule is

quite reactive.

Since P atomin PClg is sp'! phasl e s ‘ . .
: P d hybridised, PClg molecule has trigonal bipyramidal geometry.

yeometry of PEs molecule. G S o o ot i A . 3
N _— .l' P ® ecule. Geometry of PPy is similar to that of PCIg with the difference that sp'd
‘bri DI O -alo erie 3 1 o -} - g oY e 2
hybrid orl e MG overlaps with hall-filled 2pz-orbitals of F-atom (152 257 2p? 2p,? 2p-" and not
with 3p. orbitals as n the case of Cl-atom (Ne)!0 342 3.2 3p.2 3p,'
. il A S ) 4

P ry SE ailes: spd §AR e .
Geometry of SF, molecules: spYd? hybridisation. When one s, three p and two d-orbitals of ncarly
me energy inermix, we get resultant equivalent orbitals called sp*d? hybrid orbitals. These orbitals are

directed towards the six corners of an octahedron and are at 907 to cach other. The shape of SFq molecule
will help to understand this type of hybridisation.

CH

The electronic configuration of sulphur in the ground state is
16S 1 1s? 2% 2p° 35° 3p,23p,! 3p.!
In the excited state, the electrons in the 3s and 3px orbitals get unpaired as follows :
oS (excited) : 12, 2% 2p® 3s', 3p,'. 3p,' 3p.! 3d2 - ¥)' @dD!
The six half filled orbitals of sulphur get mixed up to form six hybrid orbitals, called spd® hybrid

orbitals. These orbitals are directed towards the six corners of a regular octahedron and are at 90° to each

other. The central atom should carry no lone pair of electrons.

In SF, molecule, six .s'p-‘(l3 hybrid orbitals overlap with half filled orbitals of fluorine atoms to form six
S-F sigma bonds as shown in Fig. 2.29. Thus SFg molecule has octahedral shape.
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CONCEPT OF RESONANCE

FO!‘ most con k\'lk‘ﬂl \Ill‘l\‘\'l\l\‘S. there 18 a llIli(]llL‘ \\lllglk‘ clectron dot lUl»[]llIIil or Lewis \llllL-nl“. ”].l] is

able to explain the known properties of the substance. However, in case of certain compounds. mor thay
one structure can be written but none of them is able o explain all the known properties of the COmMpoypy
For example, we can write two electron dot structures for the Oy molecule. In these Structures, ey,
oxygen has an octet of electrons. Each structure depicts one O = O double bond and one O - O single bong
Sil-lL“'L‘ double bonds are shorter in length than single bonds, the two bond lengths in Oy molecule shoy)y be
different. However, it has been found experimentally that the two bond lengths are cqual (1.28 A or |3
pm). The bond length is intermediate between O — O bond (148 A and O = O bond (1.21 A) Thus, nong
of the above two structures represents the actual structure of the molecule.

In such cases where more gy,



»

ons
‘.-(H“P
ructures:

Jructure can be wntten for a compound but none of them is able 10 explain the known propen (1

. vely . At S . , . crnes ol the
ound complete ly. the different structures written are known as resonating or contributing or ¢ ical
This phenomenon is known as resonance anonical

G ?A;,-O\ =t % _O.-, ) O\_.

B grong” ot Tt e g o

It is important 0 L‘:j”“' that resonating structures have no physical reality Resonating structures are
] - The neced for re ance o - 4 i . < : & s '

aginary. n’% Lt ‘9' resonance concept arises because properties of many molecules cannot be

on the basis of a single Lewis structure. .

() '.-O..-' .-O'_ OH O/‘/;/ \\ o = O ...- ' /’O.‘A{
. X O .0 0" or & N
actual structure k m ’ . (@) O
The ac l. k s mlm n as the resonance hybrid lics somewhere inbetween these structures.
However, We 1ave 1_10 pd} sical means to represent that structure on the paper. The resonance hybrid may be
S e y o > . . :
55;“*4‘1 by putting double headed arrows inbetween the various contributing structures as illustrated
or ozone. g

only 1m
‘,\plumcd

repre
below

The resonance hybrid neither oscillates betwee e ' - ‘

s ! n the contrib g struclure sists i
‘ { the contributing forms. It is - conir uting structures nor it consists ol a
mixture 0 g s. It s an entirely new and individual structure.

It may be noted that dli.iercn.l resonating structures of a molecule have same relative arrangement of
their atoms. However, they differ in the arrangment of electrons.

Individual structures of’smu]ar energy contribute equally to the resonance hybnd. Resonating structures
with higher energy alsp contribute 1o the resonance hybrid. However, the contribution of a canonical structure
(o the resonance hybnd decreases with increase in energy of a particular structure. For example, benzene 1s
a resonance hybrid of the following structures :

C—0— 0~ —C

Kekule structures Dewar structures
Out of these, Kekule structures have lower energy and thus contribute more to the resonance

hybrid.
conditions for Resonance
1. The different contributing structures should have the same position of the constituent atoms,
though they may have different electronic arrangements.

The number of unpaired electrons must be the same in each contributing structure. We should
not draw structures in a manner that one structure may not contain even a single unpaired electron

and another contains two unpaired electrons.

]

3. The contributing structures should have nearly the same energy.

4. The bond lengths and bond angles should be closer to the real structure.

5. Those structures in which negative charge resides on the most electronegative atom and positive
charge on the most electropositive atom will be closer to the true structure.

at unlike charges reside on neighbouring

6. The contributing structures should be so written th
little contribution to resonance

atoms. The contributing structures involving charge separation have
hybrid.
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The Breater the number of covalent bonds. greater 18 the contribution of that rey, !"h

L

8 e . {13 i < g

g n!t_ Compounds exhibiting resonance st he p!.mar in nature s
It . ) Oy e 3 . -
"Me other IMponant examples of compounds showing resonance are

‘0 Inorgunic Compounds
& & & 5
f):C:()—_. 0*(‘:-") c———-—-i():("‘-,
. 9 a g 9 = 0:e—:C=N —
'}\EN-—-_.:()zN:d-—-—-,:OzN:: HE= . L
:6;6 35:6 0 |
e ,.O . \\.\" "/ "6
:5/ Ng: :O/ A eo \O:
g oI )
- ' Carbonalte
1) Organic Compounds
b 5 7
.\..'O \ b
0 : ’

Carboxylate won

. ©
:0: O 0 O
U &

Phenate ion
Resonance Energy. The difference between the actual bond energy of the molecule and 1y,

most stable of the resonating structures (having least energy) is called resonance energy. Thus, -
Resonance energy = Actual bond energy — Energy of the most stable resonatng structyre

59

MOLECULAR ORBITAL THEORY (MOT)

- According to molecular orbital theory. the atomic orbitals of the bonded atoms lose their identiry. Ty
MiX up or coalesce to form the molecular orbitals. Molecule is regarded as the polynuclear slru:!t-r;‘: }:~
space around the nuclei is distributed into molecular orbitals. Electrons are filled in these molecular orhy ‘
according to the rules which are similar to those governing the filling of atomic orbitals. -

Molecular orbitals may be defined as the regions in space (embracing the nuclei of all the bondsg atoms
in a molecule) in which an electron is most likely to be found. *

The salient features of the molecular orbital theory are given below :

e

—

1. Molecular orbitals embrace the nuclei of all the bonded atoms in a molecule.
2. Molecular orbitals are obtained by combining atomic orbitals of comparable energies.

3. When a set of atomic orbitals combine to form molecular orbitals, the number of moleculer
orbitals equals the number of atomic orbitals.

4. Two atomic orbitals, (one from each atom) combine to produce two molecular orbitals One of
these possesses lower energy than energy of either atomic orbitals and the other has energy
higher than the energy of atomic orbitals.




I'he molecular orbital with lower cnerpy s
d bonding molecular orbital (more stable)

ANTIBONDING

alle . . : MOLE CULAR ORBI
‘rhl‘ melecular orbital with higher energy is called 7 i
(ibonding molecular orbital, (Fig. 2.30) '
i . > F\_' ot =W L
. et s / A Ve
5. Each molecular orbital can ace we | @l |5 ATOMIC i ATOMIC
L _ . L.t,\)lllll\()d.][L @ c:]n ORBITAL , <\ —  ORBITAL
maximum of two electrons with opposite z| | & | ) ‘ )
. . w S ¢
spins. w 7 y
6. The shape of molecular orbitals depends K;v 4 -
~ - ) g=Ya+'p
upon the shapes of combining atomic BONDING
orbitals. MOLECULAR ORBITAL
7. The molecular orbitals are arranged in the Fig. 2.30 Bonding and Anti-bonding
increasing order of their energies. These molecular orbitats.
are filled in the same way as the atomic orbitals are filled in case of atoms.
8. Electron pairing in degenerate® molecular orbitals cannot take place unless each degenerate molecular
orbital is singly occupied (Hund's rule).
The main points of difference between atomic orbitals and molecular orbitals are summarised below
Atomic Orbitals Molecular Orbitals
1. | These exist around the nucleus of a single _the nuclei of bonded

atom.

is because of the inherent
atoms. .




1C ORBITALS Oy

jor systems having moge )
s very o - e non i
" CSChrodimper we ' :
dithicult to solve Soho }”f-m (ion of atonie e hitaly (ECAO) s used o
" P

el Mulhiken Varion postulates of iy, he,

mmaolecules 1w theory was developed by Hhand o ‘Ht
W atonude oritds ‘

VO N malecular orbital is formed by linear combation 1 ’ }

% ’D '

Ol l“'“llnl Atonts
w (having same ol

LINEAR COMBINATION OF ATOM

. g'\l“vl -
Ih t

Ih .
WS anew approvmanon called brear o

GO The atonne arbitals of constirent atai v
APPTON Iy same encrey ) combe pean gdddinve tashion o lorm i \;‘_h
molecular otbitals Constder two atoms A and Bowlhach lm‘m i
molecule. AD et wave function of atom, A = §ia Wave lunction ‘
ob atom, sy OVE?%‘APF’E

¢ valence clec ION

1.m‘nnuun-sl.llin .
alence elections are found in | Fig. 2. 31 o

When atonune orhatals, 4y and gy
V
of atomic Obl|{ DD"’\Q

trons) ol atorms A amd B overlap, the v
l.'l\p[l-\]\ln‘-d wegion “l‘l' ’l V)

TR & e g ] “ g4 " .
G AT e electrons of the atoms A and 1} are considen d to move along the entire molecyl,

nluence of all the nuele
LA The molecule s considered difterent from the at
(9 The encrpy of different molecular orbitals tormed s different, ltas an accordance wigy, he Aun
i

Unde, the

oms wiluch make 1t

|‘ll||\‘||\|;
) A molecular orhital can hine maximum ol two clectrons These two electrons by, Doy
"

spins s s accondance with the Pauli’s exelusion principle.

(L) The wave tunction of an electon ma molecule 1s called molecular orbital,

e The wave function (g of the molecular orbital s given by the refation
yran = Caya + Oy (1)
where Cyand Cyyare the miving co-efhicients. The values ol Ca and Cpyare so selecieg that .
encrgey of the molecular orbital becomes the least ‘

Types of Molecular Orbitals. Consider the bonding in homonuclear molecules. In such cases, i

values of Cyoand Cy cmixing co-efficients) are same. Thus .
(‘:\*I s ('"-‘ Ol (“\ = % (‘"
Ca =4+ 0Oy or Ca=-Cy A1)
For simiubline atoms, Cy = Cpy = 1.
Substituting the value of Cy and Cyy from equation () in equation (1) we get following two molecyly
orthitals as a result of two types of combinations
V'anu =Y'at ty
d
Yan = WA~ W [
where 44 = Bondig molecular othital ;4% oy = Antibonding molecular orbital,
In order (o pet stable molecular orbuals, there should be effective overlapping of atomic orbitals: The
conduions necessary for overlapping are given below.
) Therelative energres and symmetry of atonne orbitals, 4 and ¢y should be siume or approximately
Sanme
trr) The wave functions ol atonie ortbitals (4 and 42y ) of same sign should overlap fe., + ve with
t ve and - ve with - ve should overlap.

"

l . (‘:\ =+ C“
Ca=-Cy

+ 1)

1]

)
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: - [ o] — (v A=/ I —
WA = _AOS RESUL NTIBOND)pg
PING OF s-A. :
usm Aso O‘;ffgéﬁm ACTION OF (Te) 5«%$§ULAH
; L ELECTRON WAVES ,
i (+ ey "
* i o o , Q‘/“y;th': B —— JC_,/
s > “AND s-ATOMIC RESULTANT ANT|
Py = RLAPPING OF pz AND 5 . BOND),
AQ ¥ O\gznems BY SUBTRACTION OF (0gp)” MOLECUaR 4
C AQO ELECTRON WAVES — "‘OHEUAL
= = — i) f =gy
T L D — (oY) T
= - ATOMIC IBONDIN,
P2 ATOMIC . ) RLAPPING OF TWO pz : G
Oﬂg?m;_ Pz-ATOMIC OVCE) A ALS BY SUBTRACTION (Fp2) Ohgcéll.TEcumg
3 ORBITAL OF ELECTRON WAVES AL
itals, \
Fig. 2.37 Formation of o*-antibonding maleculanorbitals i

The charactenstics of this molecular orbital are ‘ fchare away £

(1) The electron in this molecular orbital is available in such regrons whic Y ITom each Du)e,
Thus. there 15 zero electron density (nodal — —
plane) between the two nuclei. o = 5 ROTATION _f*\\

(11) Its energy 1s higher than that of the Is-atomic = ° © \ N
orbital from which it 1s made of. Thus. 1t 1s BEFORE NO CHANGE
called anubonding molecular orbital ROTATION AFTER ROTATg),

(117) It 1s symmetric to rotation about the inter- Fig. 2.38 Rotation of MO througm
nuclear axis re., it remamns unaffected when
X Y
Ar ‘T X

rotated through 180° (Fig. 2.38). Such an orbital is called
sigma (0*) antibonding molecular orbital (015 )
The linear combination of atomic orbitals which are I L
obtained by the addition and subtraction overlap of 2s-atomic 'z 7 7

orbrtals are similar to Is-atomic orbitals.
A sigma (o) molecular orbital 15 also formed by the addition Y
Pz A.O. of atomn, A Pz A.O of atam B

or subtraction overlap of p.-atomic orbitals along the inter-

Fig. 2.39 Coordinate systems

nuclear axis (Fig. 2.39).
Such orbitals are cylindrically symmetrical around the bond
axis ’ ) used to show overlapping of
: - 2p-atomic orbi
The molecular orbital which is formed by the addition P rbitals.

overlap ofp__.-alomjc orbuals is represented g — pr—. —
bv g, and is called o-bonding molecular { +]} e, \ *‘Y?*’ ) C_* D
3 i bital fi \ / /
(?rbufd. The moléfular orbrtal formed by Y X ; ><\/ > o .
the subtracuon overlap of p-atomuic orbitals ! y / l,/\\
i1s represented by ag,-* and 1s called o*- [_) fi =] S \/’T\
. ) = r"‘- . | G / \____,//
antibonding molecular orbital (Fig. 2.39). ~— ~ P
Pi (1) molecular orbitals T and 7~ 2p, 2p, OVERLAPPING BOND&'TAE\”
molecular orbitals. A molecular orbital ATOMIC ATOMIC OF WO 0; Sl
. ORBITALS ORBITALS ATOMIC ORBITALS MOLECULAR
which results from the sidewise or lateral BY ADDITICN OF ORBITAL
overlap of two p-atomic orbrirals ELECTRON WAVES
perpendicular 1o internuclear axis (s known - . .
Fig. 2.40 Formation of p-bonding molecular orbitals.

as pi (t) molecular orbital



~ g-bonding molecular orbitals are formed by the
sign. These are dcsxgnalcq 48 7T, or 7, depending up
© on in Fig. 2.40.The sideways

Tpy on the use
addition overlap of 2p

sidewise overlap of two p-orbitals having the same

of py or p, orbitals in bond formation as
v alomic orbitals of two atoms to form bonding

]OWn . .
d lar orbital is shown.

m()lecu
sm-antibonding molecular orbitals are

formed by the sidcwiss: ov%‘rlap of two p-
orbitals having i)pposm?k sign. Tflcsc are
designated as Mpy O Tpy d.cpcn-dmg upon
(he use of p, or p, atomic orbitals in overlap

~2.41). The side ways subtraction

2Dy

q.

JoN
ATOMIC  ATOMIC
ORBITAL ORBITAL

=N —9 8

RESULTANT x"2px
ANTIBONDING
MOLECULAR ORBITAL

OVERLAPPING
OF P ORBITALS
BY SUBTRACTION
OF ELECTRON WAVES

2

(Fig : ) A
overlap of 2p, atomic orbitals of two atoms
to form antibonding molecular orbital is

Fig. 2.41 Formation of *2p, anti-bonding

molecular orbitals.

shown below.
It is important to note that the positive

and negative signs as indicated in the figure, are concerned only with the sign of the wave function, and

nothing else, i.e., these do not represent charge.

180°

ROTATION

Characteristics of p-bonding molecular or-

bital
(/) It is formed when p, (or p,) atomic
orbitals of same algebraic sign overlap.

P
——

SIGNS OF THE LOBES
ARE CHANGED

(i) It has (+) lobe above the Z-axis and
(-) lobe below the Z-axis.

Fig. 2.42 Rotation of MO through 180°.

(iii) Itis antisymmetric to rotation about the

molecular axis i.e., the signs of lobes change when rotated through 180° (Fig. 2.42).

(iv) It is represented by o, (or 7). When p, atomic orbitals are used, the MO is represented by
7, (or 71,,). The energy of 75, is equal to that of 775,,. These two MOs are, hence, called degenerate.

Table 2.11. Comparison of sigma and pi-overlap

m-overlap

o-overlap

lateral

1. | This type of overlap involves head on
overlapping of two atomic orbitals along the

internuclear axis.
The overlapped region is maximum (Fig. 2.43).

It results in a strong bond.

This type of overlap involves
(or sidewise,) overlap of two atomic orbitals,

perpendicular to the internuclear axis.
The overlapped region is minimum (Fig. 2.43).

It results in a weak bond.
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gt Fig. 2.3% Formation of a-bonding molecular orbitals,

M0 = N e+ ¥a)
Merr N = Normalinng constant Ly, and Ty are the Ly otbitals of latoms, T, and T espectively |
R has manamum cloctron density between the two naelet,

The chamrcterasaes of tus maolecwdar orbital are

“x s

() I enery) s fower than that ol the Lv-atonue
orbital from which s made of. Thus, wis | 6 : Vot gt o ' Yt £
callad bording melecular orhital, BEFORL oe NO GHANOT

BOTATION HOTATION AV TUILIOTATION

) I s symauetne o rotation about the inter-
nuclear axis (Lew. i rematns unattected Fig. 2.36 Rotation of MO through 1HO"

when rotated through 1809 (Fig. 2.306).

Such an orbital s called stigma () bonding wolecular oebital (o).

The electron in this molecular orbital s under the influence of two nucler 10 thus, more stable
than that when present in atomue orbital,
c-antibonding molecular orbitals are tormed by the combination of atomic orbitals having opposite
sign. They are designated as a,” | "'r’ and 0,." depending upon the nature of the atomic orbitals from which
they are formed as shown in Fig. 2.37. Formation of o*-antibonding M.O. in Hy molecule (formed from
fydrogen atoms H, and Hy respectively) is represented by the following relation:
¥ — b e ' »
Ao = N (1w — Y
[Here. N is another normalising constant. 1y, and Ly, are the Ly orbitals of Hatoms T, and 1,
respectively.
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The bonding and non-bonding efi:

~e

the el < oo molecule is
s 2 1y the combination of 2tomic ochitls of N B A N . -
t;.‘(?-:e‘l by : oo ‘... 'L OIS 05?:-..;;: Of TWQ nitroce - X :{(
sroms S having soven electons (Iss 2= 2t 340 :_n >
= t “Px 2Py 2p3) O
=~ Number of elecmoas in Ny mokecule = 12 ? E ~ ‘\
N § »
= 2 slacmons = N R 1 _ £ } S .
These 14 elecmroas are filled in vurious moleculsr i e pets e~ N
1 i 1 = - = £ X
‘["\'Y?JS In O ICTRISINg Ord-:r 01 DT enersies (anthan ! { ) 5 \i 4+ 4
12) and on the basis of Hund's ST Emees | & 27 LPARY.
Aoncifes - N SIS QL und s ruls Ioa Par‘x_‘i"s ' > . > s >
o !"i" IS S ey = = ST o
xclusion prnciple (wo electoas o MO must have opposite | | s @ 7
oins) IS SoOWD I Rs. 249, rx =1 ™ 1) :
o = = - L
=< - = A Y r « ¥
The important features of Na moleculs are - = DACY
- - af o
- = Ty
() Electronic configuration =
<1
- o _\: —r 2 e D . - - = @
N- [(1s)y (G 1) (G 25) (GF 25)- (7~ F = _ A\
-~ o V. e i », s ~ T
= \::.._..\‘ (G~ h ; g“! 4 - ~ i,
o = i == N T ' 2=
[he correcmess of this configuraton™® is proved by A\ .
the fact that the odd elecmron in NT is present in sicma . s
orbital LU:;Q according 0 the spectoscopic evidence. A5}
= - - | (‘? 4 ~ 10}
g€ efiect of electrons of w - ' 3 —

:nper shell (fe.. 1s) gets cancelled. The ‘ 1s s

s2 elecmons are also ;-,-:\,, = 3 {':'\ it s
Feppesemed as KK corresponding to the filled. first or K | ossALsS C1s o==TLsS
= 3 ~ =~ AT
shells of both aroms. =i
Thus KK stands for (ols)* (6% ls) and the - - 3 :
- A ] R S G and the | gjg. 2.49 MO Energy level diagram for
conficuration may be represented as: I~ malacula

(») Bond order. The bond order in N> molecul

Thus the two nitrogen atoms in nirogen molecule are linked by thres covalent bonds ie.. a mple

(c) Bond dissociation energy. Bond dissociation energy of N> molecule is 430 XJ per mole. Higl
bond dissociation energy of molecule which is. infact. the highest amongst diatomic molecules indicate that
N, molecule is highly stable.

bond.

= |

(d) Bond length. Bond length of N; is found to be 110 pm or 1.10 Al

(e) Magnetic behaviour. N

> molecule is found to be diamagnenc due to the
electrons.

absence of unpaire
N3 (Dinitrogenyl cation). Number of electrons in N-atom =7

Number of electrons in NTion=7-1=06

. Total number of electrons in N3 ion =7 + 6 = 13.

These 13 electrons are filled in various molecular orbitals in the increasing order of their energy

(aufbau principle) and on the basis of Hund's rule and Pauli’s exclusion principle.
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The bond vrder, stability amd

magnetic ('h-\lm;itr of :\hw; tpﬂh‘t mrgivrn ir; lhm‘ fn“mwtng table.
(Bpoclen | Bond order | Tswbiity | WMagnetic Character
N2 3 most stable Uinrnﬁg;atm
N 2.5 Loss stable Paramagnetic (tue to 00e §)
N; 2.5 Loss stable Paramagnetic (due 10 ono ¢ )
L—Nf ¢ Loast stable Paramagnetic (dus 1o two unpaired electrons)
) Oxygen molecule (O 1 0

VU 26 20 2py! 2pst
Bach oxygen atom has cight electrons.
Therefore, there are sixteen electrons in owygen

malecules Pue o the combimation of atomic orbitals T
of the two atomy, e molecular oibitals are formed
These are filled (by the avallable electrons) in the
nereastng onder ot thetr energies (autban panciple),

The contiguration of Oy i

Oy 1 )7 0 1)) (07 (0 24)?

Oy, )4
20 )3 In ) (o1t 2 L PO | ( “P:
‘_1_1»\\ = (7T 2P, ; 2D, = (7* 2p.)

Last two molecular othitals are half filled. 1t is

due to Hund's rules From the above configuration,
we have

Ny = 10, V_' = 0
= Bond order

HCREASING ENERGY

L o A |
= = (Np = N,) = - (10 - 6) =2

-

Hence, there is a double bond in oxygen
molecule. Due to the presence of two unpaired
electrons, 1t 1s paramagnetic.

Molecular orbital diagram of O, 1s shown in Fig
3

A

0.

is
ATOAMC
ORBITALS
Gy
O:-lon (Dioxygenyl ion) : O, —= O + ¢ MOLECULAR
Y ORSTALS

O —moiecule O-atom

Bond dissociation energy of O, molecule 15 498

is
iJ mol™! and its bond length is 121 pm.

ToMC
ORBITALS

This 1on has one electron less than that in oxygen

T O-atom
molecule. Now, there are fifteen electrons in all.
Therefore, electronic configuration is

Fig. 2.50 Molecular orbital diagram of O,.
0% : (0 15 (0 15) (02s) (0* 230 (02p.)°

—

e

(2p)F = (@2p ) (1 2p ) Ny = 10N, =3

1 ;
. Bond order = — (N, = N_ ) =

-

| R
(10 - 5) = 2.5.
.

Due to the presence of one unpaired electron, OF ton is paramagnetic. Bond dissociation energy
O ion is 625 KJ mol™ and bond length is 112 pm.

R L SN




Its electlronic Cunnguauo 1y

) . . o LU

O -Ion (Peroxide ion) : 0,

3 ( = (1 2p)” (@ 2p)% = v g, 0
\ i

. « than
O3 ion has two clectrons More “q )2
~ 2 (o 25)°
0% ; (015)? (0* 19)7 (0297 (0 =
N’,= 10 ; N‘,= 8

O»- nmlcculc. i
(u’?.pz)2 (T2p3)"

v i =4 10-8) =1
<. Bond order of O37 10n 18 = » ed clectrons.
once of unpa , . .
The ion is diamagnetic due to the absence above, the bond order of these

. »d Shee:
2~ AS calculated _ . 3 Speci
: i . + O3 and O3+ A o are directly proportional 1o 0 Sa
A« ~ Qts A Q ROLN 2 . ik et W Are ¢ Iy

S lR‘d‘m(;ﬁsmblmu‘s Olt O'zth “bond dissociation energle i the order. lmn(l ()r;l
2.9, 1.5 an respectively. e & T ;pecies are : o

SC S plo1 & D [‘
Therefore, the bond dissociation encrgies off these S|

0t >0, > 03> 03

2 . -~ direc oport
The stabilities of species are directly proj ' lh
order of stabilities is

0f > 0, > 03 > O

g . d or
As bond length is inversely propoumlml to bort in I
order:

O%_>OE>O?_>O-§
(b) Molecular orbital treatment of hete

conal to their bond dissociation energies,
1011¢

Jder, therefore, their bond lengths will be

roatomic diatomic molecules

(i) Carbon monoxide (CO).
— 12229, 21 2,0:
6C = 152 252 2p! 2p) 2pP; . ,
. i g -, i~ orbitals arbon Xvoen .

CO-molecule is formed by the linear combination of atomic orbitals of carbon and oxygep Ao,
Number of electrons in C-atom = 6
Number of electrons in O-atom = 8
.. Total number of electrons in CO =6 + 8 = 14.

Since the total number of electrons in Ny-molecule is also 14 (At. No. of N = 7), the hetero.- NUcley
CO molecule may be regarded as perturbed Nz—molecule.

These 14 electrons are filled in various molecular orbitals with the help of isoelectronic principle
According to this principle:

2 2 2 1 1
O = 15?287 2p3 2py 2p,

“Isoelectronic molecular species (i.e., species having same number of atoms and same numbeyr of totg
valence electrons) have similar molecular orbitals and similar molecular structure.”

Since CO (14 electrons) is isoelectronic with N, (14 electrons), the molecular orbital configuratioy of
CO will be same as that of N,.
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(ii) Nitric oxide (NO) =

7N = \S: ?.S?' 2[).1. 21))1, ?_I)l . 80 - 1S2 282 'sz_ 2p1 2p1 Q
NO is formed by the linear combination of atomic orbitals of nitrogeyn anzd O-atoms. B
Number of electrons in N-atom = 7 N
Number of electrons in O-atom = 8 g\'

- Total number of electrons in NO =7 + 8 = 15.
These 15 electrons are filled in various molecular orbitals in the increasing order of their energie
(aufbau principle) and on the basis of Hund’s rule and Pauli’s exclusion principle.
(i) Molecular orbital energy level diagram of NO is shown in Fig. 2.52. The ground state of NO
I-Cprcscmcd as .
g) %\ J) % |9 * g
¥ )= - 2 2 o 2 2 ) * N0
\ 15\ ((TL\) (()25) (U?.‘\‘ ) (HZP,\‘) = (n?_py) (Gzpz) (n?_px) - (nzl)y)
N]) _N(l _ ‘() —= 5
22

Bond order = .
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