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6.1. General Introduction—
Molecules and Chemic_:al Bond

Atoms are usually not capable of free exist-
ence but groups of atoms of the same or different
elements exist as one species e.g.

H,,0,,P,,S,, H,0.

A group of atoms existing together as one species and
having characteristic properties is called a molecule.

Obviously, there must be some force which
holds these atoms together within the molecules.

This force which holds the atoms together within a
molecule is called a chemical bond.
A number of questions now arise :
(1) Why do atoms combine ?
(i) Why are only certain combinations pos-
sible, e.g., hydrogen exists as H, and not as 5L

(1if) Why do some atoms combine while cer-
tain others do not, e.g. two H-atoms combine to
form H, but two helium atoms do not combine to

form He, ?

(v) Why do molecules possess definite
shapes, e.g., CO, is linear but H,O is tetrahedral ?
Similarly, BF; is planar but NH, is pyramidal.

o

above questions, different thcories have been put
forward from time to time. These are :

1. Kossel-Lewis approach

2. Valence Shell Electron Pair Repulsion
(VSEPR) theory

3. Valence Bond Theory

4. Molecular Orbital Theory.

In this unit, the first three theories will be
briefly described while molecular orbital theory
will be discussed at +2 level.

6.2. Why do Atoms Combine ?

Kossel-Lewis Approach .

A number of attempsts were made to explain
the formation of chemical bonds in terms of
electrons, but it was only in 1916 when Kossel and
Lewis succeded independently in giving a satisfac-
tory explanation. Since their theory was based on
the electronic concept of atom, so it is referred to
as Electronic Theory of Valency. Whereas Kossel’s
field of study was largely limited to inorganic com-
pounds, Lewis focussed his attention mainly to or-
ganic compounds.

The study of noble gases, earlier called inert
gases, (Group 18 elements) suggests that neither
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they combine chemically with any other element
nor among themselves. Their electronic configura-
tions are as follows :

Noble gas Atomic No.  Electronic
Configuration

Helium 2 2

Neon 10 2,8

Argon 18 2,88

Krypton 36 2,8 18,8

Xenon 54 2,8,18,18,8

Radon 86 2,8,18,32,18, 8

From the study of electronic configurations
of the noble gases, it is clear that they arc chemi-
cally inactive because they have 8 electrons in
thetr outermost orbit except in case of helium
which has 2. Hence, it was suggested that they
possess stable electronic configurations. In case
ol all other elements, the number of electrons in
their outermost shellis less than 8 and hence they
are chemically reactive. This led to the {ollowing
conclusion :

The atomns of different elements combine with
each other in order to complete their respective
octets (i.c. 8 electrons in their outermost shell) or
duplet (i.e., outermost shell having 2 electrons)
in case of H, Li and Be to attain stable nearest
noble gas configuration. "7

a )

5.2, How do Atoms Combilng 7
(Modes of Chemical Combination) s

As discussed above, atoms combine logether
in order to complete their respective octets so as to
acquire the stable inert gas configuration. This can
OCCur in two ways :

A By complete transference of one or more
electrons from one atom to another. This process is
referred to as electro-valency and the chemical
bond formed is termed as electrovalent bond or
ionic Bond. g

2. By sharing of electrons. This can occur in two
ways as follows:

(@7 When the shared electrons are contributed
by the two combining atoms equaily, the bond formed
is called covalent bond.

/(‘{) When these electrons are contributed entire-
ly by one of the atoms but shared by both, the bond
formed is known as a co-ordinate bond, also ca fled
dative bond.

6.4. Lewis Symbols

In the formation of a molecule, only the outer
shell electrons are involved and they are known as
valence electrons. The inner shell electrons are well
protected and are generally not involved in the
combination process. It is, therefore, quite
reasonable to consider the outer shell electronsi.e.,
valence shell electrons while discussing chemical
bonds.

G.N. Lewis introduced simple symbols to
denote the valence shell electrons in an atom. The
outer shell electrons are shown as dots surrounding
the symbol of the atom. These symbols are known
as Lewis symbols or electron dot symbols. These
symbols ignore the inner shell electrons. A few
examples are given below :

«Li +Be B+ +C+ IN- [0

Significance of Lewis symbols. The number
of dots around the symbol gives the number of
electrons present in the outermost shell. This num-
ber of electrons helps to calculate the common
valency of the elment. That is why thesc electrons
are called valence shell electrons.

The common valency of the element is either
equal to the number of dots in the Lewis symbol (if
these are < 4) or 8 winus the number of dots (if these
are > 4)

For example, Li, Be, B and C have valencies
1, 2, 3, and 4 respectively i.e. equal to the number
of dots whereas valencies of N, O, F and Ne are 3,
2, 1 and 0 respectively i.e. 8 minus the number of
dots.

Now we shall discuss each type of bond one by
one.

6.5. Electrovalent or lonic Bond :

When a bond is formed by complete transference
of electrons from one atom Lo another 5o us o
complete their outermost orbits by acquiring 8
electrons (i.e. octet) or 2 electrons (i.e. duplet) in
case of hydrogen, lithium etc. and hence acquire
the stable nearest noble gas configuration, the
bond formed is called ionic bond or electrovalent
bond.

Explanation of the formation of ionic bond.
Atoms are electrically neutral Therefore, they pos-
sess equal number of protons and electrons. On
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losing an electron, an atom becomes positively
charged since now the number of protons exceeds
the number of electrons.

A——s AT 4 ¢—

On the other hand, in case of atom, gaining the
electron, the number of electrons exceeds the num-
ber of protons and thus the atom becomes negative-
ly charged.

B4 ¢— s B

The oppositely charged particles formed
above attract each other by electrostatic forces of
attraction. The bond thus formed is known as
electrovalent or ionic bond.

Such a type of bond is formed only when one of
the atoms can easily lose electrons while the other can
gain electrons and thus each acquires the stable
electronic arrangement of the nearest noble gas.

Examples

(1) Formation of sodium chloride. Sodium
(atomic number = 11) has electronic configuration
2,8, 1. By losing one electron of its outermost shell,
it acquires the inert gas configuration of neon and
changes into ion.

Na—— Nat + e~
2,8,1 2,8

On the other hand, chlorine (atomic number =
17) having electronic configuration 2, 8, 7 accepts one
electron released by sodium to complete its octet by
attaining stable configuration of argon. In this
process, chlorine is converted into chloride ion.

aCpdr g soviumey [: 51:]
(2,8,7) 2,8,8)

Now we have two species, one is positively
charged sodium ion and the other is negatively
charged chloride ion. As soon as they approach
cach other, they are held together by strong
electrostatic forces of attraction. Thus, formation
of sodium chioride takes place.

[Nat] + [: Cl :] —— [Na]* [: (31 :]

The above steps may be represented directly
as follows :

Na¢ 4+ +Cl: —— Nat :Ci:”
(2,8,1) (2,87 (28 (2,8,8)

(2,8,2)(2,8,18,7)

(2) Formation of calcium fluoride. If cal-
cium (atomic No = 20, electronic configuration =
2, 8, 8, 2) loses two electrons, it is converted into
calcium ion and attains the stable inert electronic
arrangement of argon. On the other hand, fluorine
(atomic No. = 9, electronic configuration = Z, 7)
on gaining one electron forms fluoride ion and
acquires the stable configuration of neon.

Here, calcium atom loses two electrons and
forms calcium ion with two units of postive charge
and the two electrons are transferred to two
fluorine atoms, which are converted into fluoride
ions, each with one unit charge. These oppositely
charged ions are then held together by strong
electrostatic forces of attraction.

«F: [:F:]_
a "
Cal e Ca
\ 2,8,8
- 7]
2882027, 2,8
or CaF,

Some More Examples of Formation of Ionic
Bonds

(1) Formation of magnesium oxide from
magnesium and oxygen.

o ". = 23 .“. %=
s — [ g [ [:5]
2.6 2,8

or MgO

(2) Formation of magnesium bromide from
magnesium and bromine.

*Br:

0 i i
i

Mg . ——_’ Mg P
2,8

i i)

2,8,18,18

n= a
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(3) Formation of calcium sulphide.

AT
[+5]
2.8.8

(4) Formation of sodivm sulphide.

ca:] ;51— Catt
e 2B E
2.8.8.2 23,6

or CaS

- |Na]‘+ IS
PINAT eSS e :S:] or Na, §
an INEI]]+ ..

2,8 2,88

When the struclures of atoms or ions are writ-
ten in such a way that the electrons present in the
outermost shell (valence shell) are represented by

dots (=) around the symbol of the clement, as in the
~examples above, these structures are called Lewis
dot structures. e g

" The number of electrons lost or gained during the
formation of an electrovalent linkage is termed as
the electravalency of the element.

For example, sodium and calcium Jose 1 and
2 clectrons respectively and so their valencies are 1
and 2. Similarly, chlorine and oxygen gain 1 and 2
clectrons respectively, so they possess an
electrovalency of 1 and 2. In other words, valency is
equal (o the charge on the ion.

The electrostatic field of an ion is non-direc-
tional. Each positive ion attracts several negative
ions around it depending upon its size or radius.
Similarly, each negative ion attracts several positive
ions, resulting into a three dimensional solid
aggregate called an jonic crystal, in which opposit-
vely charged ions alternate in regular, continuous,
geometrical pattern. For example, in sodium
chloride crystal, each sodium ion is surrounded by
six equally spaced chloride ions and each chioride
ion by six equally spaced sodium ions, so that there
exists an overall electrical neutrality. This is called
co-ordination number. Thus co-ordination number
of Na* and C1~ ions in NaCl is 6.

Co-ordination number of an ion may be defined as
the number of opposilely charged ions present
around that ion in an ionic crystal.
g the

o Bonds

The formation of ionic bond involvcs

(i) the formation of a positive ion by loss of
clectrons from one kind of atoms.

(if) the formation of a negative ion by gain of
electrons from another kind of atom.

(i) holding the positive and ncgative ions by
electrostatic forces of attraction.

The formation of ionic bond depends upon
the following factors :

(i) Ionisation Enthalpy (Lonization Energy).

 donisation energy of any element is the amount of
energy required to remove an electron from the
outermost skell of an isolated atom in gasesous
phase so as to convert it into a gaseous posilive ion.

It is clear thatlesser the ionisation cnergy, easicr
will be the removal of an clectron, 7.e.; formation of a
positive jon and hence greater the chances of foffha-
tion of an ionic bond. Tonisation energy (L.E.) of alkal:
metals (ie. group 1 elements) is low, hence they have
more tendency to form positive ions. In case of
alkaline earths (i.e. group 2 elements), although the
formation of positive ions takes place (because ionisa-
tion encrgy is not high) but the LE.’s are higher than
thase of group 1 elements, hence the formation of
positive ions is not as easy as in case of alkali metals,
For example, in case of sodium, the LE. is 495 kJ/mole
while in case of magnesivm, it is 743 kl/mole. Sothe
formation of positive ion of sodium is easier than that
of magnesium.

Na (g)

Mg (g) Mg* (g) + e

The energy required for the removal of
second electron from Mg* ion (second ionization
energy) is very high (because after the removal of
the first electron, the effective nuclear charge in-
creases). Hence, the formation of divalent Mg**
ion becomes difficult. Similarly, in case of
aluminium, the formation of triply charged AP*
ion requires 3158 kJ/mol™' (as the sum of its 1st,
7nd and 3rd ionisation energies). Thus, it is not
generally possible to form this ion since sucha huge
amount of energy is not available in chemical reac-
tion. Hence the formation of highly charged species
is rare. It may thus be concluded that lower the
values of ionisation energies, greater the chances of
ionic bond formation.

(ii) Electron Gain Enthalpy (Electron Af-
finity)

Electron affinity of an element is the amount of
energy released when an extra electron is added to
an isolated atom in the paseous phase {o form a
guseous negative ion.

495 kI mol !

Nat (g) + e~
7431 mol ™!
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Higher is the clectron affinity, more is the
energy released and stabler will bé the negative ion
produced. Consequently, the probability of forma-
tion of ionie'bond will be enhanced. Halogens pos-
sess high electron affinity, So the formation of their
negative ions is very common, e.g, in case of
chlorine, electron affinity is +348 ki/mole i.e.,

Cl(g) + e —— CI— + 348 kJ/mole
or EA. = + 348 kJ mol ™!

Hence, the halogens can form negative jons
eastly. On the other hand, elements of group 16 form
divalent negative ions (by gaining two electrons) but
not so easily. This is because the second electron
affinity in case of these elements is much less and is
negative Le., energy is required to form divalent ions.
Let us discuss the case of oxygen. First, oxygen will
add up one electron to form monovalent ion which is
accompanied by release of certain amount of energy.
But i the process of addition of second electron to
the monovalent oxygen ion, energy is required (o
overcome the force of repulsion exerted by the nega-
tively charged monovalent ion to the incoming
clectron.

O@ +e — 0O (g),

EA, = +142kJ mol™!

O~ (@+e — 0¥ (g),

EA, = —693 kI mol™!

So electron affinity for the overall process will
be given by

EA = +142-693
= —551kJ mol™",

The negative sign indicates that-energy-1s re-
quired to form divalent oxide ion: Similarly, in case
of formation of trivalént negative ions, the amount
of energy required will-be much higher. Hence,
monovalent species arc most common, divalent are
rare and trivalent are rarer.

Note Carefully that the term used in the above
discussion is Electron Affinity (A,). However,
sometimes the term Electron Gain Esthalpy
(AH,,) is used in place of Electron Affinity {as
discussed in unit 4). The two are taken as equal in
magnitude (as AH, is only slightly higher than A,)
butoppasite insign. AH, has same sign asrequired
according to thermodynamics ie. if energy is
released, it is give a —ve sign. A, has signs contrary
to thermodynamic conventions.

It may be concluded from the above discus-
sion that ionic bonds are generally formed between

the atoms of the elements placed on the left and on
the right sides of the periodic table.

(iif) Lattice Enthalpy (Lattice Energy). Inthe
formation of ionic compounds, the positively
charged ions combine with negatively charged jons
to form the compound, ‘

A ATB—
Ahe energy released when the reguisite number of
positive and negutive ions combine to form one mole
of the ionic compound is called luttice energy.

The higher the value of lattice energy of the
resulting ionic compound, the greater will be the
stability of the compound and hence greater will be
the ease of its formation,

We know that the force of attraction between
the oppositely charged ions is dircctly proportion-
al to the magnitude of the charges (g, ,¢,) and

inverscly proportional (o the square of the dis-
tance (¢} between them, ¢,
q) X g,
Force of attraction « ——
dl
Hence the value of lattice energy depends
upon Lhe following two fuctors ;

(@) Charge on the ions. The higher the charge
on the ions, greater is the foree of attraction and
hence larger is the amount of energy released.

(b) Size of the ions. As highly charged specics
are rare, the other factor i.e., the internuclear dis-
tance between the ions becomes more important. If
the size of the ions is large, intcrnuclear distance
will be more and force of attraction will be less
while in case of small ions, internuclear distance is
less and so force of attraction is greater.

Net effect. If Luttice energy + Electron ul-
finity > Ionization energy, the net effectwill bethe
release of energy and hence an ionic bond is
formed,

Most of the ionic.compounds arc formed be-
tween cations from metals (because of low ioniza-
{ion-energy)-and anions fromnon- metals (becausc
of high electron affinily). However, a very common
exception is ammonium ion (NH;) ie. a cation
made from (wo non-metallic clements. A large
number of ionic compounds are known in which
NH; is the cation.

Aoy
T

Max Born and Fritz Haber tn 1919 put for-
ward a method based on Hess’s law [or (he calcula-
tion of lattice encrgy (which could not be measurcd
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directly) and hence for predicting the stability of
the ionic compound formed (hecause larger is the
negative value for lattice energy, greater is the
stability of the compound formed). The method is
known as Born-Haber cycle. It is briefly described
below taking the example of NaCl (s).

The heat of formation of NaCl (s) is found to
be —411 kI mol ™1 ie.

Na (s) + %Cl2 (g) — NaCl (s),
AH® = — 411 K] mol ™!

We can imagine that one mole of NaCl (s) can
be prepared by the following series of steps :

(i) Crystalline sodium metal is sublimed to
form gaseous atoms

Na (s) — Na (g),
AH = AHg =S

(if) One-half mole of gaseous Cl, molecules is

ublimation

dissociated to form 1 mole of gaseous atoms
1
>ClLi) — @),

1 1
AH = 5 AHgo. = 5 D

(iii) The gaseous Na atoms are ionized to form
gaseous sodium ions
Na(g) — Na® (g) + e,
AH = LE. (Ionization energy)

(iv) The gaseous chlorine atoms are converted
into gaseous chloride ions by adding electrons

Cl(g) + e~ — CI™ (g),
AH = E.A. (Electron Affinity)

(v) The gaseous Na*t and C1™ jons combine to
form 1 mole of crystalline sodium chloride

Na* (g) + CI™ (g) —> NaCl (s),
AH = U (Lattice Energy)

The complete process involving the formation
of one mole of NaCl (s) directly and through a

ENAMPLE. Calculate the lattice enthalpy of
MgBr,. Given that

Enthalpy of formation of MgBr, = — 524 kJ mol Sy
Sublimation energy of Mg = + 148 kJ mol™!

i CALCULATION (

series of steps indirectly may be represented by a
cyclic process as under :

. 1 AH®;
Na (s) + 7 Cly (g) — NaCl (s)

+-]2- D | N
Cl(g)

“BA Y
CI™ (g
L)

J oM I 2 L A

Biisosd <7 L

Applying Hess’s law (according to which the
heat change is same whether one mole of the com-
pound is formed directly or indirectly through a
number of steps), and using the symbols without
proper signs, we have

+s
Na (g)
+LE. l,

Nat (®

L

AH°f=S+%D+I.E.+E.A.+U

Substituting the values with proper signs (posi-
tive sign if energy is absorbed and negative sign if
energy is relased), we get for the case of NaCl

—411 = +109+%><244+496—349+U

or U= —789k]

Thus lattice energy for NaCl (s) has a large
negative value. This explains why the compound
NaCl (s) is highly stable.

It may be pointed out that direct determina-
tion of electron affinity is also very difficult. Ac-
curate values have been obtained only for a few
elements. Hence Born-Haber cycle is used for the
calculation of electron affinity also using the calcu-
lated values of lattice energy from crystal
parameters.

Some Important Ceonsequences of Lattice
Enthalpies
;{ﬂ’ﬂreater the lattice enthalpy, more stable is
the ionic compound.
~{fiy"Greater the lattice enthalpy of an ionic
compound, less is its solubility in water.

F LATTICE ENERGY/ENTHALPY

lonization energy of Mg = + 2187 kJ mol™!
Vaporisation energy of Br, (I) = + 31 kJ mol™!

Dissociation energy of Br, (g) = + 193 kJ mol™ !
Electron gain enthalpy of Br = — 331 kJ mol 7
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Solution. Born-Haber cycle for the formation of AH’; =S + LE.

one mole of MgBr, may be represented as follows : +AH,, + D +2XEA +U
AW
Mg(s) + Br, (/) —— MgBr, (s) or U=AH% - (S+LE. + AH,,,
+Sl VI 5 +D+2xEA)
Br, () = — 524 — (148 + 2187 + 31
Mg (g) 2}i éI)D + 193—2 x 331)
r
+I~El Rh v = —524.1897
= ks -1
&g“ (g) 2Br (g)J = —2421 kJ mol
—~ U
L

1. Calculate the lattice entha]p)ll of KClI. Given that gain of 1 mol of F (g) is —333 ki mol™! and )
AHgyy Of K = + 89 kJ mol™", AHpy,, for 1 mole AH°;for LiF (s) is —594-1kJ mol ™. (N.C.E.R.T))

= —1 . . =
of Cl, = + 2441kJ mol™*, AH; nizaion fOr K (8) Aus. —1011-6 kI mol~]
+425kI mol™", AH gyectron gain fr Cl (g) = —355 3. Calculate the lattice enthalpy of CaCl,, given that
kJ mol ™', AH®; (KCl) = —438 kJ mol . the enthalpy of (/) sublimation of Ca is

121 kI mol ™! (i) dissociation of Cl, to Cl is

[Ans. —719 kJ mol 7]
242-8 kJ mol ™! (iif) ionization of Ca to Ca2™ is

2. Caiculate the iattice enthalpy of LiF, given that the

enthalpy of (/) sublimation of Li is 155-2 kJ 2422 kJ mol ™! (iv) electron gain for Cl to Cl™ is
mol ™! (i) dissociation of half mole of F, is 75-3 kJ —355 kJ mol™! and (v) AH°f for CaCl, (s) is
(i) ionization of Li is 520 kJ mol™! (iv) electron ~795 kI mol™}.

(N.C.ERT) [Ans. —2870-8 k] mol 1]

FOR DIFFICULT PROBLEMS

1. AHY =S+ Lol E $BA 20 2.U=AH°f—[S+%D+I.E.+E.A.J
— 438 =89 + 3 (244) + 425—355+ U = —594-1—(155-2 + 753 + 520—333)
ol =—1011-6 kJ mol !
or  U=—T19kImol 3. U= =795 - [121 + 2428 + 2422 - 2 x 355]

= —2870-8 kJ mol !

ol Characteristizs of lonic Compounds  not as molecules. These ions arc arranged in a

The 1onic compounds possess the following S i T form a latice,

characteristics : E The pattern of drrdngemerflt,h however,
L Physical State. These compounds usually depends vt Hictiag ({nd charge_s Bf Ceis s R

i s b example, in case of sodium chloride, each sodium

exist i the solid state. 15120 3 L3

: ion is surrounded by six chloride ions and each

2. Crystal StructPre. X-ray apalym_s of the  pioride by six sodium ions, thus giving rise to a

ionic compounds shows that they exist as ions and (e gimensional octahedral crystal strucutre. The

h)




6/8

Pradecp’s New Course Chemistry

formula of an ionic compound merely indicates the
relative nymber of jons present.

/3fﬁigh melting and boiling points. lonic com-
pounds possess high melting and boiling points.
This is because ions are tightly held together by
s\fr_oﬁé electrostatic forces of attraction and hence
a huge amount of energy is required to break the
crystal lattice.

4. Solubility. Electrovalent compounds are
soluble in solvents like water which are polar in
nature and have high dielectric constant. It is due
to the reason that the polar solvent interacts with
the ions of the crystals and further the high
dielectric constant of the solvent cuts off the force
of attraction between these jons. Furthermore, the
ions may combine with the solvent to liberate ener-
gy called the hydration energy which is sufficient to
overcome the attractive forces between the ions.

.Non-polar solvents like carbon tetrachloride,
benzene etc. having low dielectric constants are not
“capable of dissolving ionic_solids. “Hetice i5iiic
solids are soluble in polar solvents and insoluble in
non-polar solvents.

5. Electrical conductivity. Ionic compounds
are good conductors of electricity in solution orim
the molien state. In solution or molten state, their
ions are free to move. As the ions are charged, they
are attracted towards electrodes and thus act as
carriers of electric current.

6. Ionic reactions. The reactions of the ionic
compounds are, in fact, the reactions between the
ions produced in solution. As the oppositely
charged ions combine quickly, these reactions are,
therefore, quite fast.

[eg Na*Cl™ (aq) + Ag*NO; (ag)—>

AgCl (s) + NaNO; (aq)].

APP TOYOUR KNOWLEDGE . ™

| The concept of ionic bond was pul forward by Kossel.

2. The dielectric constant of D, is greater than that of H,0.

1. Variable electrovalency. In case of transistion metals, cerlain atoms can lose different numbr of electrons 1o
acquire a stable configuration. Hence they show variable electrovalency. For example, Fe forms Fe?* and Fe3*

ions and Cu forms Cu®t and Cu?* ions. The more stable ion is the one which has more stable core Le. the
configuration obtained alter the loss of valence electrons. For example, Fe?* salts are more stable than

Fe?™ salts
sFe =2,8,14,2

E%
Fe?t = 2,814 = |Nc]w 352 31;7‘S 348 {unstable core)
Fet = 2,8, 13 = [Ne|'" 352 3 p% 3 4% (stable core)

Cu?™ salts are more stable than Cu™ salts.
5,Cu =28 18, |

Cu™ = 2,8 18 = [Ne)' 3523 p% 3 41" (stable core)
Cu* =2,8,17 = [Ne|' 3523 p 3 & (more stable core)

Greater stability of Cu>™ than Cu™ is due to the fact that the nuclear charge of Cu is not sufficient enough to
hold 18 electrons of Cu™ ion present in the outermost shell.

Similarly, in case of heavier p-block elements like Sn and Pb with the valence shell configuration ns? np?, all
the four electrons may be 0st giving a valency of +4 or only p-electrons may be lost givin g a valency of +2 The
s-glectrons remain attracted by the nucleus due to poor screening effect of the intervening d and f electrons
and do not take part in bonding. The effect is called inert pair effect.

4

=41 G

Tor the [ormation of ionic bond between two atoms, the electronegativity difference between them should be
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Langmuir, in 1919 improved the Lewis con-
cept by suggesting that when both the atoms taking
part in a chemical combination are short of
electrons than the nearest noble gas configuration,
they can share their electrons in order to complete
their octets. Each atom contributes the same num-
ber of electrons to form common pairs which are
then shared by both atoms.

The bond formed between the two atoms by mutual
sharing of electrons between them so as to complete
their octets or duplets in case of elements having
only one shell is called covalent bord or covalent
linkuge and the number gf electrons conributed by
each atom is known as covalency.

Example to illustrate the formation of
covalent bond. Let us examine the formation of
chlorine molecule, In this case, two chlorine atoms
combine to produce chlorine molecule. Each
chlorine atom 1s short of one electron to attain
stable configuration of argon. Each of them con-
tributes one electron to form a common shared
pair. By doing so, both of them complete their
orbits and acquire argon structure. The completed
octets are generally represents by enclosing the
dots around the symbol by a circle or elipse. Thus

:Cle + -Cl' —%or Cl-Cl
287

2.8,7 , 8,
shared pair
Similarly, in the formation of HCI, H and Cl
contribute one electron cach which is then shared
by both so as to complete duplet of hydrogen and
octet of chlorine

.Cl ‘—9. or H-Cl

Multiple covalent bonds. In the examples
c.ted above, each atom contributes one electron.
Hence the covalency of chlorine and hydrogen is
1. The bond formed is called single covalent bond
and is represented by single line ( — ) between the
two atoms. Covalent bond may also be formed by
the contribution of two or three electrons by
each of two atoms. The bond then formed is
called double or triple bond and are represented
by a double line (=) and a triple line (=) respec-
tively.

Some More Examples of Formation of
Covalent Bonds
(1) Formation of Hydrogen molecule

H-+-H——>or H-H

(2) Formation of Oxygen molecule

'6 + O'———a—or‘;.O O'

(3) Formation of Nitrogen molecule

i () Do

(4) Formation of H, molecule

H.+.§.+.H_é

or H-0-—-H

TN +

(5) Formation of NH, molecule

(6) Formation of Methane (CH,) molecule

H
H
- VA, ﬂa‘gﬁ ¢ He c H
’. H
H
(7) Formation of Ethylene (C,H,) molecule
He++ ++H
:CL :C -,

RO -
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Bond Pairs and Lone Pairs. The shared
pairs of electrons present between the atoms are
called bond paris because they are responsible
for the bonding between the atoms. On the other
hand, the valence electrons not involved in bond-
ing (i.¢., sharing) are shown as such and are
called non-bondinig €léctrons or lone pairs or

~unishared pairs.
6.10. Lewis Representation of Simple
Molecules and lons (the Lewis Structures)

As explained later in reaction 6.13, Lewis
structures have a number of limitations, yet they are
helpful in understanding the formation and proper-
ties of moleculs to a greater extent. Hence writing
of Lewis dot structures of molecules and ionsis very
useful. These structures can be written through the
following steps :

Step 1. Calculate the total number of valence
electrons of the atoms present.

Step 2. If the species is an anion, add number
of electrons equal to the units of —ve charge and if
the species s a cation, subtract number of electrons
equal to the units of + ve charge. This gives the total
number of electrons to be distributed.

Step 3. Select the central atom (which is
generally the least electronegative atom) and draw
the skeletal structure by intelligent guess to indicate
which atom is linked to which other atom. Also
remember that H and F usually occupy terminal
position. i '
" Step 4. Put one shared pair of electrons be-
tween every two atoms to represent a single bond
between them. Use the remaining pairs of electrons
either for multiple bonding or to show them as lone
pairs, keeping in mind that octet of each atom is
completed.

EXAMPLE 1. To draw the Lewis dot structure
of HCN molecudle.

Solution. Step 1. Total number of valence
electronsm HCN =1 +4 + 5 =10

(H=1, =24 ,N=25)

Step 2. Skeletal structure is
N

Step 3. Putting one shared pair of electrony’

between H and C and one between C and N, and
the remaining as lone pairs, we have

(C is least electronegative). |

HI:C:N:

/r .

In this structure, duplet of H is complete but
octets of C and N are not complete. Hence multiple
bonding is required between C and N. Octets of C
and N will be complete if there is triple bond be-
tween C and N. Thus we have

H:C::N or H-C=N

¢ INAMPLE 2. To draw the Lewis dot structure
of CO%™ ion.

electronsof CO; = 4 + 3 X 6 = 22
(&C = 2,4, O = 2,6)
Step 2. Total number of electrons to be dis-
tributed in CO3™ = 22 + 2 = 24
Step 3. The skeletal structure of CO; is
0]

O CO
Step 4. Putting one shared pair of electrons
between each C and O and completing the octets
of oxygen, we have

In this structure octet of C is not complete.
Hence multiple bonding is required between C and
one of the O —atoms. Drawing a double bond be-
tween C and one Q-atom serves the purpose

(L] (1] 2_
E(0) BH0ig
oe; (®.8) ' o | oo
t0:: C: O or [O=C-0O2

Alternatively, the structure may be obtained
through the following steps :

Step 1. Calculate the total number of valence
electrons (A) after subtracting for the cation or
adding for the anion.

Step 2. Calculate the number of electrons (N)
for complete octets of all the atoms.

Step 3. Calculate shared pair of electrons (S)
by subtracting A fromNi.e. S = N-A.

Step 4. Draw the skeletal structure and repre-
sent the shared pairs.
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Step 5. Complete the structure by repre-
senting the unshared electrons (U = A - S).

EXAMPLES. (i) To draw Lewis structure of CO,
Stepl. A =1 x 4{forC) + 2 x 6 (for O)
= 4 + 12 = 16 electrons.
Step2.N = 1 x 8 (for C) + 2 x 8 (for )
=8 + 16 = 24 electrons.
Step3.S = N — A =24 — 16 = 8 clectrons
{shared).

Step 4. Drawing skeletal structure with

shared pairs
OuCc:o
Step5.U = A-S=16—-8=8.
. Complete Lewis structure wifl be

:10=C=0:

(i) To draw the Lewis structure of CN ™ ion

Stepl.A =1x4(forC) + 1 x 5{forN) + 1
(for negative charge) = 10 electrons.

Step2. N =1 x 8 (forC) + 1 x 8 (for N)
16 electrons.

Step3.S = N-A = 16 — 10 = 6 electrons

(shared).

Step 4. Drawing skeletalstructure with shared
pairs

C: N~
Step5. U=A-S=10-6=4

- Complete Lewis structure willbe : C 2: N 2
Lewis structures of some typical molecules
and ions are given in the Table 6.1 below :

TABLE 6.1. Lewis structures of some typical molecules and ions

Malecule/lon Lewis Representation
e T o T e o ) or c=0
(if) Q, (0 0; or d=6:
+ 4+
0 0
Z) Oy - o e
O TEeN L= 8 Vs
)  H0, H:0:0:H or H—O—0—H
) S0, :0::8: 0 or 0=85—0:
R |
L0 L0
10
Joi)  HCo, H:0:01:0: o H-0-b—0:
(Perchloric acid) o | W " | -
¢ 5 (0
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{vii) HNOQO,
{Nitrous acid)

/iii) HNO,
{Nitric acid)

{ix) H,PO,
(Phosphoric acid}
@) NG,
(Nitrite 1on)
) NOj

{Nitrate ion)

(i) e
(Sulphate jon)
(xiii) @t

(Peroxide ion)

@v) H,o"
(Hydronium ion)

10 H
H:0:P:0:H

£

[§::ﬁ:§:]

6::N:6:

10

:6:
c0:5:0:

0

[:0:0:%

H:0:H

or

ar

or

or

ar

ar

or

H—O—N=0:
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In a molecule, there is no charge on the
molecule as a whole or in a polyatomic ion {e.g.
CO%~ or NH ion etc.) although the charge
present on the ion is the charge on the ion as a whole
and not on the individual atoms, yet for some pur-
poses,it is useful to assign a format charge to each
atom in a molecule or ion.

The formal charge on an atom in a molecule or
ion is defined as the difference between the number
of valence electrons of that atom in the free state and
the number of electrons assigned to that atom in the
Lewis structure, assuming that in each shared pair of
electrons, the atomn has one electron of its own and
the lone pair on it belongs to it completely. Thus it
can be calculated as follows :

Formal charge (F.C.) on
an atom in a molecule/ion

= |Total no. of valence electrons |
mn the free atom
- Total no. of electrons of
lone pairs {(non—bonding electrons)

= Total no. of shared electrons)
(bonding electrons)
NAMDPLE 1.Calculate formal charge on each
O-atom of O3 molecule.

Solution. Lewis structure of O, is as follows :

\

0] g

The atoms have been numbered as 1, 2 and 3.
Formal charge on end O-atom numbered 1

1
=6-4-5@#)=0
Formal charge on central O-atom numbered 2
1
=66 =2 = — = +
6—2 2 (6) 1
Formal charge on end O-atom numbered 3
1
—6—6—2(2)——1

Hence we represent O, alongwith formal
charges as follows :

+
 Slg o s
:07 o:

Calculate the formal charge on
(i) S in HSOJ ion (ii) Clin HCIO,

Solution. (i) Lewis structure of HSO, ion is

101
H:0:8:0:

<03

Applying the formula for calculation of formal
charge.

Formal charge on S=6-0- % (8)

=6-4=142
(if) Lewis structure of HCIQ, is

101
H:0:Cl:0;

< 0.

Formal charge on C1 =7 - 0 - -;-(8) =+3
. Write the formal charges on
atoms in (i) carbonate ion (ii) nitrite ion
(N.C.E.R.T)
Solution, (i) Lewis structure of CO3™ ion is

r e 2=

Formal cha_rgc cn C atom
1
=4-0-(® =0
Formal charge on double bonded O atom

1
=6-4-Z(#)=0
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Formal charge on single bonded O atom

1
=6-6-5(2)=-1

(if) Lewis structure of NOj; ion is

+

[ofia]

Formal charge on N atom
1
=5-2- > ©6)=0
Formal charge on double bonded O atom
1
=6—-4- 2 @ =0
Formal charge on single bonded O atom
1
—6—6—2(2)——1

The main advantage of the calculation of for-
mal charges is that it helps to select the most stable
structure i.e. the one with least energy out of the
different possible Lewis Structures. The most
stable is the one which has. the smallest formal
charges on the atoms.

6.1? xu.eptlons to Octet Rule

Although octet rule is able to explain

the formation of a large number of com-
pounds, there are some exceptions to this
rule as follows :

/(z)“ Formatlon of compounds involving
hydrogen. As hydrogen atom has only one shell
containing one electron, it needs one more electron
to complete its shelli.e. to acquire the nearest noble
gas configuration of helium. Hence hydrogenneeds
to complete its duplet and not octet, as explained
in the examples above.

@) Formation of compounds like
BeCl, , BF,, AlCl, etc. In each of these molecules,

the central atom (Be, B or Al) has less than 8
electrons ie. these are electron deficient com-
pounds as shown below :

*Cl¢Be ! Cl: (Be has 4 electrons around it)

F:B:F , Cl:Al:Cl

F Cl
(B and Al have 6 electrons around them)
Thus octet rule is violated.
(iii) Formation of compounds like PClg,
SF , IF, etc. In each of these molecules, the central

atom has more than 8 electrons (expanded octects)
as shown below :

:Cl: B
TR *F: s F:
o - il s gk
.o ate e [ 1] :lo:o: 1 :F:
:Cl: :Cl: w IF1 o

(10 around P) 4
(12e around S)
:F:
: : a® : F:..
g
:F : oo . o :.
(14¢” aroundl)

Again the octet rule is violated in these
molecules.

(iv) Formation of compounds of noble
gases. Noble gases which have already completed
octets (or duplet in case of helium) should not
form compounds. However, their compounds
like XeF,, XeF,, XeF,, KrF, etc. have been ac-
tually prepared.

(v) Odd electron bonds/Odd electron
molecules. There are some molecules and ions
in which the bonded atoms contain odd number
of electrons (usually 3) between them. The
bonds thus present are called odd electron
bonds and the molecules are called odd
electron fnolecules. Some common examples
are given below :
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Molecule/Ion Lewis Representation
. {f) Nitric oxide (NO) Nz O or IN=0:
i 0 Go 0
(i) Nitrogen dioxide (NO,) N ] or N/
e \O :
|« (i) Oxygen molecule (0,) 4 e X 5 or 10 =0
. . (iv) Superoxide ion (05 ) {: 0:::0 '--‘ ar [ 0=0 :‘

A three electron bond is considered to be
equivalent to half covalent bond.

Lewis — Langmuir concept of covalent bond,
as explained in scc. 6.9, has the following limita-
(ions :

(i) It could not explain how the atoms are held
together in the molecules like H,, CL, ete. in which

there are no 1ons and hence there are no electros-
tatic forces of attraction i.e. it could not explain the
formation of a covalent bond.

(@) It could not explain the shapes of
molecules containing covalent bonds.

(iif) It could not explain the release of cnergy
during the formation of a covalent bond.

To cxplain the above limitations, two impor-
tant theories called modern theories of covalent
bond formation have been put forward. These are
based on gquantum mechanical principles. Thesc
are :

(1) Valence Bond (VB) theory
(2) Molecular Qrbital (MO) theory

In the next scction, we shall take up a brief
discussion of Valence Bond theory only and that too
in a simple manner without entering into the math-
ematical complexity involved. The discussion of
Molecular Orbital theory will be taken up at 42
level. ?

\ ice Bond Theory of
walent Bond (Orbital Concept) s

This theory was put forward by Heitler and
London in 1927 and further developed by Pauling

“and others. According to this approach,

A covalent bond is formed by the partiol overlap of
two half~filled atomic orbitals containing electrons
with opposite spins.

The ‘partial overlap’ means that a part of the
electron cloud of each of the two half-filled atomic
orbitals becomes common. As a result, the prob-
ability of finding the electrons in the region of
overlap i1s much more than at other places. Thus,
the two electrons (with opposite spins} although
keep on exchanging position between the two
atoms but are present for maximum time in the
region of overlap and hence are attracted to both
the nuclei simultaneously thereby forming a bond
between the two atoms.

The strength of the bond depends upon the
extent of overlapping. Greater the overlapping,
stronger is the bond formed.

To understand the concept more clearly, let us
consider the following examples :

{i} Formation of Hydrogen Molecule :
When two hydrogen atoms having electrons
with opposite spins come close to each other,
their s-orbitals overlap with each other result-
ing in the union of two atoms to form a
molecule (Fig. 6.1).
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+-'--h
H-ATOM H-ATOM H, MOLECULE

or in terms of electron cloud picture

OVERLAFPING TAKES
PLACE = COVALENT
BOND 1S FGRMED

ORBITAL -

ORBITAL

FIGURE 6.1. Formation of hydrogen molecule.

(ii) Formation of Hydrogen Fluoride
Molecule: In case of formation of hydrogen
fluoride molecule, when one atom of fluorine
(elecronic configuration 152 2s* 2p% 202 2p;)
having one unpaired electron in its p-orbital comes
closer to hydrogen atom with electron of opposite
spin in its 1s-orbital, then the two half- filled orbi-
tals overlap each other and a chemical bond is
formed between the two atoms. This is shown in
Fig. 6.2.

2P,
Py
18
+ EF'z
H-ATOM
F-ATOM
—ipn @
HF MOLECULE

FIGURE 6.2. Formation of HF molecule.

(iih) Formation of Fluorine Molecule : When
an atom of fluorine (electronic configuration -
152 252 2p2 2p2 2p}) approaches another atom of

fluorine having an electron of opposite spin in 2p,

orbital, the half-fifled orbitals overlap each other
resulting in the formation of a fluorine molecule as
shown in Fig. 6.3.

2Py 2Py
2P

~

2P, + 2P,

F-ATOM F-ATOM

Fo MOLECULE

FIGURE 6.3. Formation of Fluorine Molecule.

Difference in the strengths of bonds in
H,, HF and F,. As the orbitals involved in the over-

lap are different, the extent of overlap is different
and hence the strength is different.

Existence of only H, and non-existence of
species like H,, H, etc. This can be easily explained
on the basis of orbital concept. A hydrogen atom
contains only one half-filled atomic orbital (1s)
which can overlap with the half-filled atomic orbital
of another hydrogen atom only, forming H,. No

more half- filled atomic orbital is available and so
no more bond can be formed.

Non-formation of He,. This can also be ex-
plained on the basis of orbital concept. A helium
atom contains fully-filled atomic orbital (15%) which
cannot overlap with the 1y orbital of another helium
atom because only half-hiled atomic orbitals can
overlap with each other. Thus He, is not formed.

Interpretation of orbital overlap in terms of
energy consideration. Taking the example of the
formation of H, molecule, when the two atoms are

far apart from each other, there is no interaction
between them. When they come closer to each
other, the new forces come into operation. These
forces are of two types :

*Their bond strengths are in the order [~F < H—H < H-F.

h
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A¥) The forces of repulsion between the nuclei af
these combining atoms and between the electrons af
these atoms. These forees tend to increase the ener-
gy of the system.

A1) The forces of attraction between the
nucleus of one atom and electrons of the other atom.
These forces tend to decrease the energy of the
system.

INTERACTION
STARTS

o

FIGURE 6.4. (a} No interactions at large distances
(b) Interactions start as atoms come closer.

If in a system, these new forces can decrease
the energy, then possibility of chemical bonding
exists and if these forces lead to increase in encrgy,
the chemical bonding is not possible. For more
clarification, let us disucss formation of hydrogen
molecule.

Suppose we have two hydrogen atoms A and
B kept at infinite distance from each other. There
will be no interaction between them. But as they
begin to come closer, the following new forces will
start operating :

(1) Force of attraction between nucleus of A
and electrons of B.

(i) Force of attraction between nucleus of B
and electrons of A.

(#i) Force of repulsion between electrons of
the atoms.

(iv) Force of repulsion between nuclei of the
two atoms,

The diagrammatic representation of these
forces is given in Fig. 6.5.

In case of hydrogen, the magnitude of the
attractive forces is more than that of the repulsive
forces. As a result, the potential energy-of the sys-
tem decreases and a molecule of hydrogen is
formed. The energy changes taking place during
the formation of hydrogen molecule are shown
graphically in Fig. 6.6.

NEW FORCES OF
ATTRACTION

NEW FORCES OF
REPULSION

FIGURE 6.5. New forcers of attraction
and repulsion between two
H-atoms approaching each other.

i do=BOND LENGTH
E = BOND ENERGY

> @

o3

w . e S

=z

w

z T

e E P.E.DECREASES

z 7 AS d DECREASES

Lt

5 s

& |, 9o  “POINT OF MINIMUM ENERGY
. *|  ORMAXIMUM STABILITY

—————
INTERNUCLEAR DISTANCE (d)

FIGURE 6.6. Potential energy diagram showing
variation of energy with internuclear
distance between two H-atoms.

As the atoms start coming closer to each other
from infinite distance, they start interacting with
each other and the system starts losing its energy as
the forces of attraction exceed the forces of repul-
sion. But at a certain equilibrium distance, the
forces of repulsion are just balanced by the forees
of attraction and the energy of the system becomes
minimum. In this situation, the two hydrogen atoms
are said to be bonded together to form a stable
system i.e., a molecule,

At this stage, the distance between the two
nucleiis called bond length and in case of hydrogen,
it is 74 pm. If we try to bring these atoms still closer,
then repulsive forces start overpowering the attrac-
tive forces, Consequently, energy of the system in-
creases causing instability to the system,

In the formation of a chemical bon d, a certain

amount of energy is released. If we want to break
the bond, ie., to separate the atoms, we have to
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supply the same amount of energy. Obviously a
stronger bond is that which requires greater energy
for the separation of atoms. Hence, it can be said
that in the formation of a strong bond, more energy
should be released by the system. Thus, we can say
that decrease in energy of the system in the forma-
tion of a chemical bond determines the bond
strength. Lesser the amount of energy liberated,
weaker will be bond formed and larger is the
amount of energy liberated, stronger will be the
bond formed.

“The energy required to break one mole of bonds of
the same kind is known as bond energy or bond
dissociation energy.

The bond energies are different for differnet
bonds and range between 20 to 540 kJ mol ', eg.,

the bond energy for H-H bond is 436 kJ mol™ i

Non-formation of Helium molecule : In case
of helium, when the two atoms start moving closer
to each other, four new forces of attraction and five
new forces of repulsion come into play (Fig. 6.7).
The attractive forces are between the two nuclei
and the four electrons of the two atoms while out
of the repulsive forces, one is between nuclei of the
two atoms and the remaining four are among the

NEW FORCES OF ATTRACTION
SHOWNBY SOLID LINES

NEW FORGES OF REPULSION
SHOWN BY SOLID LINES

FIGURE 6.7 . New forces of attraction and repulsion
in case of the helium atorns approaching each other.

electrons. As a result of these mew interactions,
repulsive forces overpower the attractive forces
and so the energy of the system increases. Hence,
no chemical bond is possible.

Thus energetically the formation of helium
molecule is not possible because there is an in-
crease in the potential energy of the systen when
two helium atoms approach each other (Fig. 6.8).

POTENTIAL ENERGY

INTERNUCLEAR DISTANCE, d——*

FIGURE 6.8. Variation of potential energy
when two helium atoms are brought closer.

6.15. Types of Covalent Bonds—
Sigma and Pl Bonds s

Depending upon the type of overlapping, the
covalent bonds are mainly of two types

' 1. Sigma (o) bond

ﬁ bond is formed between two atoms by the
of their atomic orbitals along the inter-
nuclear axis (end to end or head on everlap), the
bond formed is called sigma (o) bond.

The overlapping along the internuclear axis
can take place in any one of the {ollowing ways :

(i) s-s overlapping : This type of overlapping
takes place between atoms having half-filled s-
orbitals in their outermost energy shell. For example,
in the formation of hydrogen molecule, 1s orbital of
one hydrogen atom overlaps with 1y orbital of other
hydrogen atom thus forming a sigma bond (Fig. 6.9).
Similarly, in case of lithium hydride, Ls-orbital of
hydrogen overlaps with 2s-orbital of lithium.

(ii) s-p overlapping : In this case, half-flled
s-orbital of one atom overlaps with the half-filled
p-orbital of another atom. A simple example of this

is the formation of hydrogen fluoride. Here, 1s
orbital of hydrogen overlaps with 2p, orbital of

fluorine (Fig. 6.10).
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OO~

1s ORBITAL 1s CRBITAL 5-5 OVERLAPPING MOLECULAR
OF H-ATOM  OF H-ATOM ALCNG INTERNUCLEAR ORBITAL OF
AXIS Hs MOLECULE

FIGURE 6.9. Formation of H, molecule {s—s overlapping).

nd
1s ORBITAL 2P, ORBITAL s-p OVEFILNAPF'ING MOLECULAR
ONG

OF H-ATOM t AL ORBITAL
R M INTERNUCLEAR AXIS  OF HF MOLEGULE

FIGURE 6.10. Formation of HF molecule (s-p overlapping).

(iii) p-p overlapping: This type of overlapping occurs when p-orbital of one atom overlaps with the
p-orbital of the other as in case of fluoring molecule, The electronic configuration of fluorine is
b 2p22p} (ie. it has a half-filled 2p, orbital). The molecule of fluorine is produced by the

overlapping of 2p_ orbitals of the two fluorine atoms as shown in the Fig. 6.11.

@D+

2P, ORBITAL 2P, CRBITAL p-p OVERLAPPING MOLECULAR
OF F-ATOM OF F-ATOM ALONG ORBITAL OF
INTERNUCLEAR AXIS  F, MOLECULE

FIGURE 6.11. Formation of F,, molecule {p-p overlapping).
Similarly, the formation of C1— CJ and Br — Br can be explained.

Summing up, a sigma bond is formed by averlapping of () s-s orbitals (i) s-p orbitals (é1f) p-p orbitals
along the internuclear axis as represented in Fig 6.12,

s-s OVERLAP s-p OVERLAP p-p OVERLAP

FIGURE 6.12. Representation of s-s, s-p and p-p overlapping forming & bonds

[ ]
Note. If Z-axis is chosen as the internuclear axis, no overlapping can take place between s and PLor
p, orbital or p_and P, otbitals i.e. there is zero overlap (Fig. 6.13).

X X
’ A 4
8
1 } (
Px Py By

FIGURE 6.13. No overlapping is nossible between
Py ANg 5 orfitals and ehusen | © orbitals
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2. Pi (7) Bond.

Pi-bond is formed by lateral (sideways) overlapping
of p-orbitals, i.c., by overlapping of p-orbitals in a
direction at right angles to the internuclear axis
(Fig. 6.14).

- e
1.:.;;'5- 'rf-;ir;

iy i

£ * 8 =,

£,
g .
bRk A ;
T » e IIFE:ESL ELEET‘I'EDH

-ORB -OR Sl AY uD Pl RE
p-ORBITAL p-ORBITAL 1\ 2 PAPPING

(111}

+ *%m

FIGURE 6.14. p-p overlapping forming a pi bond.

A m-bond is seldom formed between atoms
unless accompanied by a o-bond. For example,

(i) In case of oxygen molecule (cach oxygen
atom having electronic configuration,
152 252 2p2 2p} 2p}), the two atoms are held
together by one o- bond and one a-bond as
shown in Fig. 6.15.

1
TWO HALF-FILLED
-ORBITALS OF O-ATOM

1
TWO HALF-FILLED
p-ORBITALS OF O-ATOM

P

0, MOLECULE
b1
(0=5=0)

FIGURE 6.15. Formation of oxygen molecule.

(ii) In the molecule of nitrogen (each nitrogen
atom having electronic  configuration,
152 25% 2p} 2p} 2pl), both nitrogen atoms are held
together by one o and two  bonds as shown in the
Fig. 6.16.

FIGURE 6.16. Formation of nitrogen molecule.

(iii) In case of ethylene, double bond between
two carbon atoms consists of one sigma bond and
one 7t bond (as discussed later in section 6.25).

The strength of a bond depends upon the
extent of overlapping. Since in the formation of
o-bond, overlapping is along the internuclear axis,
therefore there is considerable overlapping. Hence
the o-bond is a strong bond. On the other hand, in
case of the formation of a #-bond, sideways over-
lapping takes place which is only to a small extent.
Hence, 7-bond is a weak bond.

For the same reason, the strength of the three
types of o-bonds is in the order

U L iy e

Another important aspect about the ¢ and
m-bonds is that whereas in case of o-bond, the
electron cloud is symmetrical about the inter-
nuclear axis, in case of 7-bond, it is unsymmetrical,
being more concentrated above and below the
plane of the atomic nuclei.

Note. Using the appropriate signs for the wave
functions of the atomic orbitals, the overlap can be
positive or negative or zero as shown in Fig.6.17 on
the next page.
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i POSITIVE OVERLAP NEGATIVE OVERLAP
5 Pz = Pz
(OO z | -Coo<F O e 2
Pz Pz Pz Pz

)
L)
E
]

AN

ara

Py Py Py
Sials

ZERO OVERLAP
FA
; )
s e Py

FIGURE 6.17. Depiction of positive, negative and zero overap.

EQ‘
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D

£

o ©

Comparison of Sigma and Pi Bonds. Some important points of difference between sigma and pi
bond are listed in Table 6.2.

SIGMA (o) BOND Pi (x) BOND

() This bond is formed by overlap of orbitals along () This is formed by sideway overlapping of orbitais
their internuclear axis (end to end overla p)- (lateral overlapping).

(i) This is formed by overlapping between s-s, s-por | (if) Thisis formed by the overlap of p-p orbitals only.
P-p orbitals.

@ty Overlapping is quite large and hence sigma bond is () Overlapping is 1o 2 small extent. Hence a-bond is a
a strong bond. : weak bond.

[ vy Electron cloud in this case is symmetrical about the (v) Electron cloud of z-bond js unsymmetricai.
line joining the two nuclei.

{v)y”Sigma bond consists of only one electron cloud, (v} Fi () bond consists of two electron clouds, one above

" symmetrical about the internuclear axis. the plane of atomic nuclei and the other below it

(¥ Free rotation about a g-bond is possible. {v) Free rotation about a =-bond is not possible because

an rotation, overlapping vanishes and so (he bond
breaks.
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6.16. Some Important Bond Characteristics

(1) Bond Length. When atoms come closer to
each other, attraction takes place between them
and therefore the potential energy of the system
keeps on decreasing till at a particular distance, the
potential energy is minimum. If the atoms are fur-
ther brought closer, the repulsion starts and there-
fore the potential energy of the system begins to
increase (Fig. 6.6). Thus at the equilibrium distance
(where forces of attraction are equal to forces of
repulsion), the atoms keep on vibrating about their
mean positions. '

The average distance between the centres aof the
nuclei of the two bonded atoms is called its bond
It is expressed in terms of Angstrom (1A
= 10"""m) or picometer (1 pm = 1072 m). It is
determined experimentally by X-ray diffraction or
electron diffraction methods or spectroscopic
methods. Further in an ionic compound, the bond
length is the sum of their ionic radii(d=r, +7_)
and in a covalent compound, it is the sum of their
covalent radii (e.g, for HCl, d = ry + rer

In general, for a covalent molecule AB, the
bond length (d) is given by

which is in contact with the core of the adjoining atom

whereas van der Waal's radius represents the overall
size of the atom including valence shell.

Factors affecting bond length

(i) Size of the atoms. The bond length in-
creases with increase in the size of the atoms. For
example, bond lengths of H—X are in the order

HI > HBr > HCi > HF

iy Multiplicity of bond. The bond length
decreases with the multiplicity of the bond. Thus
bond length of carbon- carbon bonds are in the
order C=C<C=C<C-C
_[ii) Type of hybridisation (discussed later in
seC,6.24). As an s-orbital is smaller in size, greater
the s-character, shorter is the hybrid orbital and
hence shorter is the bond length. For example,

i sC-H>sp?C—-H>s5pC—-H
where rp, and rg represent covalent radit of atoms The bond lengths of a few common bonds are
A and B respectively given in Table 6.3 below :

TABLE 6.3, Bond length of some common bonds
Bond : Bond length (pm) Bond : Bond length (pm)
H—H 74 H=C 127
C1—Cl 199 H—Br 141
0=0 120 H—I 161
c—C 154 C—H 109
c=C 134 c—Cl 177
C=C 120 O—H 96

(2) Bond Enthalpy (Bond Energy). When
atoms come close together resulting in the forma-
tion of bond between them, energy is released.
Conversely, the energy is required to break the
bond to get the separated atoms.

The amount of energy required to break one mole of
bonds of a particular type so as lo separate them
into gaseous atoms is called bond dissociation ener-

Bond energy is usually expressed in KJ
mol~!. Further, greater is the bond dissociation
energy, stronger is the bond.

For diatomic molecules like Hy, Cly, O, N,,
HC], HBr, HI etc., the bond energies are equal to
their dissociation energies and hence have fixed
values. In case of polyatomic molecules, since a
particular type of bond present in different mole-
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cules (eg, O~H bond in HLO-H or
CH;0 — Helc.) or even in the same molecule (e.g,

four C—H bonds in CH,) do not possess the same

bond energy (due to change in chemical environ-
ment), therefore bond energies are usually the
average values.

The bond energies of some common bonds
have been given in Table 5.1 of Unit 5.

_Factors affecting bond energy
< (i) Size of the atoms. Greater the size of the
atoms, greater is the bond length and less is the
bond dissociation energy ie. less is the bond
strength,

(i) Multiplicity of bonds. For the bond be-
tween the same two atoms, greater is the multi-
plicity of the bond, greater is the bond dissociation
energy. This is firstly because atoms come closer
and secondly, the number of bonds to be broken is
more.

(i) Number of lone pairs of electrons present.
Greater the number of lone pairs of electrons
present on the bonded atoms, greater is the repul-
sion between the atoms and hence less is the bond
dissociation energy. For example for a few single

bonds, we have
Bond C—C N—N

Lone pairs
of electrons 0 1 2 3
on each atom

Bond energy | 348 163 146 139
(kJ mol™

(3) Bond Angle. We know that a bond is
formed by the overlap of atomic orbitals. The direc-
tion of overlap gives the direction of the bond.

C-—-0 F—F

The angle between the lines representing the direc-
tions of the bonds i.e. the orbitals containing the
bonding electrons is called the bond angle.

It is expressed in degrees, minutes and
seconds. For example, H-C—H bond angle in
CH,, H—-N—H bond angle in NH;, H-O-H

bond angle in H,0 and F—B—F bond angle in
BF; are shown below :

e
!mm
C N
o \ \ ”/%;\\4
H ]

120°

0 /I!-
H/%?\H ¥ 5

(4) Bond Order. [nt the Lewiy representation of a
molecule or ion, the number of bonds present between
two atoms is called bond order. For example, the bond
orders of a few molecules are given below
Molecule: H-H O=0 N=N C=0
Bond order: 1 2 3 3

For odd electron molecules, as the three
electron bond is considered as equivalent (o half
covalent bond, bond order can be fractional also.

For example, Lewis structure of NOis iN= O 2
(See page 6/15). Hence its bond order = 2 %

"i-l-.is interesting to observe that isoelectronic
species have the same bond order e.g.

(i) F, and O3~ bave 18 lectrons each and each

of them has a bond order = 1.

(#) N;, CO and NO™ have 14 electrons cach
and each of them has a bond order = 3.

Further, it is also observed that

.(f) Greater the bond order, greater is Lhe

stability of the bond i.e. greater is the bond enthalpy.

(#) Greater the bond order, shorter is the
bond length.

5.17. Electroneqgativity

Electronegativity of an element is the tendency afits
atom to attract the shared pair of electrons towards
itsell in a covalent bond It is represented by ¥

{pronounced as kii).

It differs from electron affinity, ionisation
cnergy ete. in the sense that these relate to atoms in
their isolated states, whéreas electronegativily is a
property of an atom in the bonded state,

Let us consider two atoms which are not iden-
tical, e, hydrogen and chlorine forming the
covalent compound HCL  Since the
electronegativity of chlorine is greater than that of
hydrogen, the former attracts shared pair of
electrons more than the latter, So chlorine end of
the molecule becomes slightly negative and the
hydrogen end becomes slightly positive. Thus HC
15 4 polar molecule which may be represented as
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Various attempts have been made to measure
electronegativities. These were based on different types
of data, but most common and widely accepted pattern
was given by Pauling based on bond energy data.

According to Pauling, the difference in the
electroncgativities of two atoms bonded together
(A—B) is related to the excess bond energy of
A—B than the average value of bond energies of
A— A and B—B according to the equation

| %a —%a | = 0-102VE

Aphere A = BE. (A — B)
_BE.(A-A)+BE (B-B)
)

and is expressed in kJ mol 1.

Thus greater the value of the excess energy,
A, larger is the difference in the electronegativitics
of the bonded atoms A and B.

Fluorine is the most electronegative element
and carlier it was given a value of 4-0 on the Pauling
scale. The relative electronegativities of other
atoms are calculated using the above equation and
are given in Table 6.4.

TABLE 6.4, Electrimeg

Another useful scale of electronegativity has
been put forward by Mulliken. It is based on the
concept that if an atom has high electron affinity (or
low electron gain enthalpy) and high ionization
energy, it will attract the electrons towards itself
and hence will have high electronegativity. If the
conditions are opposite, the atom will have a ten-
dency to lose electronsi.e. it will have hittle te ndency
to attract electrons towards itself and hence will
have low  clectronegativity. Mulliken®*
electronegativity of an element can be calculated
from the ionization energy (1.E.) and electron af-
finity (E.A.) or clectron gain enthalpy (AH,,)

values according to the equation
1 1
fw =3 (E. + EA) =3 (E.— AH)

(It may be recollected that EA and AH,, are
taken as equal in magnitude but opposite in sign)

Mulliken’s values of electronegativity are
given in brackets in the Table 6.4.

It is interesting to note that Mulliken’s values
become equal to Pauling values if % (LE. + EA)
values in eV are divided by 3.17.

T R S T

alues of representative elements

GROUP GROUP GROUP GROUP GROUP GROUP  GROUP
1 2 13 15 16 17
H
2-20
{3-06)
Li Be B (& N 0 F
0-98 1-57 2-04 2:55 3.04 3.44 392
{1-28) (1-98) (1-83) (2-67) (3-08) (3:22) (4-43)
Na Mg Al Si P S Cl
0-93 1-31 161 1-90 2-19 2-58 3-16
(1-21) (1:63) (1-37) (2-03) (2-39) {2-65) (3-54)
K Ca Ga Ge As Se Br
0-82 1-00 1-81 201 2-18 2-55 2-96
(1-03) (1:30) (1:34) (1-95}) (2-26) (2:51) (3-24)
Rb NI In Sn Sb Te I
0-82 095 1-78 1-96 2-05 2-10 2:66
(0-99) (1:21) (1-30) (1-83) (2-06) (2-34) (2-88)
Cs Ba Tl Pb Bi
0-79 0-89 204 2-33 2-02

Values without the brackets are on Pauling scale

Values in brackets are on Mulliken’s scale.

*Malhcmatical_calcu-lglian of élcctroliégativilyb;sc_d on Mulliken scale

—non-evaluative.
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How electronegativity is different from
electron affinity ?

(1) Electronegativity is the property of the
atom only in the bonded state as it is the relative
tendency of the atom to attract the shared pair of
clectrons towards itself. On the other hand,
electron affinity refers to the gain of electron by an
isolated atom.

(i) Electron affinity can be measured ex-
perimentally whereas clectronegativity is only a
relative number with respect to fluorine taken as
4-0.

6.18. Polar and Non-pclai Covalent Bonds »

1. Non-polar Covalent Bonds. If two similar
atoms come close to each other and form a bond by
sharing their electrons, the shared electrons are
equally attracted by the two atoms as the
clectronegativity of the atoms is same. In other
words, the shared electrons are not displaced
towards any one atom. Hence, no poles are
developed. This leads to the formation of compete-
ly non-polar bond. For example, if two hydrogen
atoms form a bond, the electron pair will lie exactly
in the middle between the two atoms and the resul-
tant bond is non-polar (Fig. 6.18).

The important characteristic of a non-polar
bond is that the electron cloud is completely sym-

EXACTLY IN
THE CENTRE

FIGURE 6.18. Nonl-_f)olar covalent
-&

bond between toms.

metrical and there is no charge separation at all.

The examples of some non-polar molecules
are Cl; , O, , N, etc.

2. Polar Covalent Bonds. When two dis-
similar atoms, having different clectronegativities
combine together to form a covalent bond, the
shared pair of electrons does not lie at equal dis-
tances from the nuclei of both the bonded atoms
but shifis towards the atom having greater
electronegativity, Since the more electronegative
atom attracts the electrons more strongly, the dis-
tribution of electrons gets distorted, ie, the
clectron cloud is displaced more towards the more

electronegative atom.As a result, one end of the
molecule, having more electronegative atom be-
comes slightly negatively charged while the other
end acquires slightly positive charge. Thus positive
and negative poles are developed and this type of
bond is called polar covalent bond (or covalent
bond with partial ionic character).

Let us consider the case of hydrogen chloride
molecule. Chlorine is more electronegative than
hydrogen. So the force of attraction, on the shared
pair, exerted by chlorine is more than that by
hydrogen. Hence it will be shifted towards chlorine,
Le., electron density of the electron cloud is more
concentrated on chlorine side than on the hydrogen
side. Consequently, chlorine becomes slightly
negatively charged and hydrogen becomes slightly
positively charged (Fig. 6.19),

I
(X ]
L]

* "8
oa

!

MORE +5 -8
ATTRACTED H—CI
TOWARDS CI

FIGURE 6.19. Polar covalent bond in HCI,

Molecules having polar covalent bond are
called polar molecules. Another common example
of a polar molecule is that of BrCl or ICI in which
Clis more electronegative than Br or I as shown in
Fig. 6.20.

T R - = 51_ G
'tIo : 9!' = [ =l
MORE ATTRACTED

TOWARDS C|

FIGURE 6.20. Polar covalent bond in icl.

Examples of some other molecules containing
more than one polar bond are shown in Fig. 6.21.

-28

=35
[s) s
+8 / \+ﬁ
+8 +8 H H
H H

+8
H

FIGURE 6.21. Polar molecules containing more
than one polar pond.
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Again, in case of symmetrical molecules like
boron trifluoride (BF,), methane (CH,) and carb-
on tetrachloride (CCL,), the molecular dipole mo-
ment is found to be zero. This is again because of
the fact that individual dipole moments cancel out
on account of the symmetry of the molecule as
shown in Fig. 6.25. For example in case of BF;, the
resultant of two bond moments, being equal and
opposite to that of the third, cancels out.

(2) In the calculation of percentage ionlc
character. This may be illustrated with the follow-
ing examplcs :
# EXAMPLE 1. Calculate the percent ionic char-
acter of HCL Given that the observed dipole moment
is 1-83 D and bond length of HClis 1-275 A.
Solution, If HCl were 100% ionic, cach end
would carry charge equal to one unit wiz
4-8 % 10-" esu. As bond length of HCI is ™
1-275 A, its dipole moment for 100% ionic

gb character would be
‘\ Mimic =4 % i
\ =4-8 % 107 Wesu,
A
Ea e \ % 1-275 x 1078 cm
,7 =6-12%x 1078 esu cm
P =612D
4 . 2 iy
s 4 B b Juab:erued-= .l- -03 D (Given)
9% ionic character
n Hobserved % 100
0'45 tidB .":;'onic
C 1-
/ \ /\ =(—1—;- x 100 = 16-83%
Y
A La FXAMPLE 2. The dipole moment of
H*é H"'a cr Ci™® LiH is 1964 X 1072 Cm and the inter-
L+8 o8 atomic distance between Li and H in the

FIGURE 6.25. Dipole moments of zero for symmetrical molecules.

Applications of Dipole Moment :

(1) In determining the polarity of bonds. As
i =q % d, obviously, greater is the magnitude of
dipole moment, higher will be the polarity of the
bond. But in the strict sense, this concept is ap-
plicable to molecules containing only one polar
bond. Further in case of non-polar molecules like
H,, Oy, N, ctc., the dipole moment is found to be
zero. This is because there is no charge separation
in these molecules, i.e., ¢ = 0. Thus dipole moment
can also be used to distinguish between polar and
non-polar molecules.

FOR PR/

molecule is 1-596 A. Calculate the percent
ionic character of the molecule.
Solution. If the molecule were 100%
iomnic,
Hianic = 4 xd
= (1-602 x 1071 C) x (1-596 x 1071 i)
=2-557 x 107% Cm
Hopserea = 1-964 % 1072 Cm (Given)

Hobserved

-, 9 lonic character = x 100

ionic
1-964 x 1072 Cm
= 72557 x 10°2 Cm
= 76-81%.

\CTICE"

x 100

The observed dipole moment for a molecuie AB is 1-45 D and its bond length is 1-654 A. Calculate the

percentage of ionic character in the bond.

(Bihar C.E.C.E. 2000) |\« 18-3%]
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(3) In determining the symmetry (or shape)
of the molecules, Dipole moment is an important
factor in determining the shape of molecules con-
taining three or more atoms. For instance, if any
molecule possesses two or more polar honds, it will
not be symmetrical if it posscsses some molecular
dipolc moment as in case of water (4 = 1-84 D)
and ammonia (¢ = 149 D). But if a molecule
conlains a numbcer of similar atoms linked to the
central atom and the overall dipole moment of (he
molecule is found to be zero, this will imply that the

“molecule is symmetrical, e.g., in case of BF,, CH,,

CCI4 elc.

. Characteristics of Covalent Compounds ;.

1. Physical State. Unlike ionic compounds
(which gencrally exist as solids), the covalent com-
pounds exist in all the three states, viz, solid, liquid
and gaseous.

2. Crystal Structure. The crystal structure of
covalent compounds differs from that of ionic com-
pounds. They usually consist of molecules rather
than ions.

3. ‘Melting and Boiling Points. Covalent com-
pounds have low melting and boiling points be-
cause the molecules in covalent compounds are

TABRLE 6.5,

held together less rigidly (by weak van der Waal’s
forces), than in case of ionic compounds.

- 4. Solubility. Covalent compounds are
generally soluble in organic (non-polar or weakly
polar) solvents but insoluble in water and other
polar solvents.

5. Electrical conductivity. Since there are no
free ions in covalent compounds to conduct
electricity, they are bad conductors of electricity.

.. 6. Non-ionic reactions. Since these com-
pounds are molccular in nature and not ionic, their
reactions are molecular and proceed at a much
slower ralc than those of ionic compounds.

7. Directional  characteristics and
Isomerism. As the atoms in covalent compounds
are held together by the shared electrons and not
by the electrostatic force, it is rigid and directional.
Hence atoms in a molecule can take up different
directional arrangements and thus show structural
and stereo-isomerism.,

6.22. Comparison between the Properties of

Elecrtrovalent and Covalent Compound

The main points of difference between

Lomparison of electrovalent and covalent compoun:

ELECTROVALENT OR IONIC COMPOUNDS

electrovalent and covalent ocmpounds are
summed up in Table 6.5.
COVYALENT COMPOUNDS

(1) They are formed by complete transference of
electrons from one atom to another.

{(if) These compounds are generally solids.

(iti) They arc made up of jons with powerful electras-
tatic forces of attraction,

(tv) They have generally high melting and boiling
puints.

() lonic compounds are generally soluble in polar
solvents such as water and insoluble in arganic
solvents,

AT+ B —_ AT [ 3 T!

L "

{vi}) lonic compounds conduct electricity in the molten
or dissolved state,

(vii) lonic bonds are non-directional and these com-
paunds do not show isomerism.

{viif) These compounds undergo ionic reactions which
are very fast, almost instantaneouvs.

(i)

(iif)

)

v)

(v1)

(vii)

(v

(i) Theyare formed by sharing of electrons between the
(wo atoms,

:K. 4 .E: = :A.:'E:

These compounds may be solids or liquids or gases,

They are made up of molecules held together by
weak van der Waal's forces of attraction.

They have generally low melting and boiling points.

Covalent compounds are generally soluble in non-
polar solvents such as benzene and insoluble in polar
solvents such as water,

Covalent compounds are generally bad conductors
of electricity.

Covalent bonds are rigid and directional. These com-
pounds show isomerism.

These compounds undergo molecular reactions
which are very slow,

i)
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ADDTO YOUR KNOWLEDGH ¢

¢ 1. TeCly has greater covalent character than FeCl,. This is because Fe?* ion has greater charge and smaller size

than Fe?* ion. As a result, Fe>T ion has greater polarizing power (Refer (o Fajan’s rules discussed on page
6/68, 69).
+ 2. Solubility of aluminium hatides is in the order Alk; > AlCl, > AlBr, > All,. This is because as the size of the

anion increases, it gets more and more easily polarized and hence covalent character of the molecule increases
(Refer to Fajan’s rules on page 6/68, 69).

s 3. Dipole moment also helps to determine the following :
D) To distinguish between ciy and trans isomers. This is based on the fact that cis isomer usually has higher
dipole moment than trans-isomer e.g.

H Cl H Cl
et C/ e C ?
(|! 1, 2-Dichloroethene (4— shows
oo Nl Cl’; \H direction of dipole moment)
cis( 2 0) trans (re = @)

(ii) To distinguish between ortho, meta and para isomers. This is based on the fact that the dipole moment of
p-isomer = 0 and that of ortho is greater than that of metae.g

Cl Cl Cl
Cl
Dichlorebenzene
Cl
Cl

ortho— meta—~
p=254D a=148D
para—
g=0
4 Variable and maximum covalency. As covalency is equal to the number of half-filled orbitals, therefore if the
central atom of a molecule has empty d-orbitals in the valence shell, the paired electrons from y and p-orbitals
of the valence shell may be unpaired due to excitation to empty d- orbitals. As a result, number of hall-filled

orbitals increases and so is the covalency. For example, ;5P = [Ne]'® 352 p} 3p; 3p!. Then it shows a covalency
of 3 as in PCl,. In the excited state, we have (5P = [Ne 03413p!3p, 3pl 3d". Thus it will show a covalency
of 5 as in PCle-Simitarly, we have Sk, and SF4. The maximum covalency is equal to the number of electrons
present in the s and p-orbitals of the valence shellin the ground state.

For p-dimethoxy benzene, x = 0. This is because the structure of this compound is

CH, CH,
~o(D)<"

6. The maximum number of covalent bonds formed between two atoms is never greater than three.

A z-bond is never formed alone. It is formed alongwith a g-bond.
5. H-atom always forms only one g-bond in the covalent compounds.

R e R

23. Valence Shell Electron Pair Respuision Theoty  ghapes of molecules is known as Valence Shell
Electron Pair Repulsion (VSEPR) theory. This
theory was given by Sidgwick and Powell in 1940
and was further improved by Nyholm and Gillespie

As already explained, Lewis concept is un-
able to explain the shapes of molecules. The first
simple theory that was put forwad to explain the
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in 1957. The basic concept of this theory is as
follows :

The central atom is linked to other atoms by
covalent bonds which are formed by sharing of
electrons. Thus, the central atom is surrounded by
shared pairs (or bond pairs) of electrons and there
may be some lone pairs of electrons also present
(which have not taken part in the formation of
bonds). The stability of the molecule demands that
it should have minimum energy. If the clectron
pairs surrounding the central atom are nearer, they
will repel each other, therebyincreasing the energy
of the molecule. But if the electron pairs are far
apart, the repulsions between them will be less and
so the energy of the molecule will be low. Thus the
main idea of the VSEPR theory is as under :

The electron pairs surrounding the central atom
repel one another and move so far upari from one
another that there are no Jurther repulsions between
them. As a result, the molecule has minimum energy
and maximum stability.

Since after repulsions between them, the
electron pairs take up definite positions around the
central atom, hence the molecule has a definite
shape or geometry.

The above comncept leads to the following
results (called the basic assumptions of the
VSEPR theory) which help to find the shape of a
molecule :

(1) The shape of a molecule containing only
two atoms is always linear.

(2) For molecules containing 3 or more atoms,
one of the atoms is called the central atom to which
other atoms are linked.

(3) If the central atom is linked to similar
atoms and is surrounded by bond pairs of clectrons
only, the repulsions between them are similar. As a
result, the shape of the molecule is symmetrical and
the molecule is said to have a regular geometry.

(4) If the central atom is linked to different
atoms or is surrounded by bond pairs as well aslone
pairs of electrons, the repulsions between them are
different*. As aresult, the molecule has an irregular
or distorted geometry. The order of repulsions be-
tween electron pairs is as follows :

Lone pair — Lone pair > Lone pair-Bond pair
> Bond pair-Bond pair.

=ty

{(5) The exact shape of the molecule depends
upon the total number of electron pairs present
around the central atom.

Based on VSEPR theory, the shapes of
molecules containing 2, 3, 4, 5 or 6 electron pairs
around the central atom, all of which may be bond
pairs only or some of these may be bond pairs and
the remaining may be lone pairs are given in Table
6.6 on next page alongwith examples of each type.
The detailed discussion of the examples is given in
section 6.25.

No doubt VSEPR theory is able to.explain the

shapes of simple molecules but is unable to predict _

the exact shape in a number of cases. Moreover

talking of the direction of electron pairs does not

e

seem to be very rational. It was only with the advent

“of Valence Bond Theory that the shapes of

molecules could be explained more precisely. As
already explained, according to Valence Bond
theory, a covalent bond is formed by the overlap of
half-filled atomic orbitals. The direction of overlap
gives the direction of the bond. However in apply-
ing this theory, a difficulty was faced in a number of
cases as explain below :

As a covalent bond is formed by the overlap
of a hali-filled atomic orbital, therefore the
covalency of the element should be equal to the
number of half-filled orbitals present in an atom of
that element. However, on the basis of this concept,
the formation of many compounds such as those of
beryllium, boron and carbon could not be ex-
plained. Now let us have a look at this problem.

The electronic configurations of beryllium,
boron and carbon in the ground state are as follows :

Element  Atomic Electronic
Number Configuration -
Bc 4 152, 252 .
B 5 g,
C 6 o Ipl o)

On the basis of these configurations, we may
conclude that beryllium, boron and carbon should
possess zero, one and two covalenceis respectively

-because beryllium has no haif-filled atomic orbital,

1

boron has one and carbon has two. But actually
beryllium has a covalency of two as in the case of
Contd. on page 6/35

: *It was this improvemeatwhich was put forward by Nyholm and Gillespie in 1957, They pointed out t-h_at there is an important
difference between lone pairand bgnd pair. Whereas the lone pair is localized on the atom, the bond pair is shared between two
atoms. Asa result, alone pair occupics more space and hence causes greater repulsion, giving the orderip—p > lp—bp > bp—bp.

o
N

N

e
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TABLE 6.6. Shapes {Geometry) of molecules containing bond pairs only or bond pairs and lone pajrs.

Total No. Geometry of the Bond | Lone Geometry of the Examples
of ¢lectron pairs pairs | Pairs molecitle
electron
pairs
cP
i Linear
3 3 0
-
Se
Triangular planar
N
o / \
105 102
. A C
L
4 4 0 // \
H H
: : : H
g =
Tetrahedral
/N \
& 1 H H/
& [SnCly]
Trigonal pyramidal

‘\
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TABLE CONTINUED

.

G e

Trigona; Bipyramidal

PCls
Trigonal bipyramidal
(®)
O SF,
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Note. In predicting geometry of molecules containing double bond, the double bond is considered
as one electron pair. For example, in case of ozone, its two resonating structures are

. QABE 0 <> 0=0-0:

In each structure, the central atom has one lone pair and two bond pairs (counting double bond
as one bond pair). Hence it has a bent shape

I R

48 0O: :0 2 (0,0
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BeF,, boron has a covalency of three as in BF,

whereas carbon has a covalency of four, g, in
CH,, CCi,, CO, etc.

To overcome the above problem, it was sug-
gested that one paired electron becomes unpaired
and jumps to an empty orbital without consuming
excessive energy. Let us, for example, consider the
case of carbon. Its atomic number is 6 and so its
configuration in the ground state is

P A 15, 25% 2p; 2p, (Ground state)

Thus, it has two unpaired electrons in the
ground state. So it should form two bonds only. But
actually catbon shows a covalency of 4. To explain
this, it is suggested that an electron from 2s orbital
jumps to 2p orbital and so the configuration of
carbon in the excited state is

4C oo 157, 261 2p1 2p1 , 2p] (Excited state)

Thus now carbon has four unpaired electrons
thereby explaining tetravalent nature of carbon. Its
one s and three p orbitals can overlap with the
half-filled orbitals of reacting atoms, forming four
covalent bonds. But covalent bond formed by 2s
orbital of carbon should differ in energy from the

honds obtained by the threc p orbitals. Howcver;

experimental data clearly show that all the four
bonds of carbon are same in energy. Moreover, the
three bonds formed by 2p orbitals should be at 90°
to cach other and the fourth formed from 2s orbital
may have any direction. However, this is actually
not so. Hence a new concept was introduced to
cxplain this abnormal behaviour of carbon. Ac-
cording to this concept, all the four orbitals of
carbon having unpaired electrons and possessing
slightly different energies mix up their energies and
then redistribute it in four equal quantitics thus
giving rise to four new orbitals each having the same
amount of energy. This new concept was referred
as hybridisation. Thus

Hybridisation is defined as the mixing of the
atomic orbitals belonging to the same atom but
having slightly different energies so that a
redistribution of energy takes place between them
resulting in the formution of new orbitals of equal
energies and identical shapes. The new orbitals thus
Sformed are known as hybrid orbtials.

The shape of a hybrid orbital (made from s
and p orbitals) is like that of p orbital except that
the two lobes are unequal in size, i.e., there is one

small lobe opposite to a big lobe on the other side
as shown in Fig, 6.26.

,-"./FF.-._‘-‘-'\
Sy OR
o SIMF‘LY% 4’—)

FIGURE 6.26. Representation of a hybrid orbital.

¢ ANote carefully that the energy required for excita-

tion of electrons becomes available when the com- |

bining atoms approach each other because energy
is released when combining atoms approach each
other. That is why hybridisation never takes place
in isolated atoms but occurs only at the time of bond
formation.

Some Important Points about Hybridisation :

/(i) Only those orbitals which have ap-

proximately equal energies and belong to the same
atom or ion can undergo hybridisation.

(ii) Number of hybrid orbitals produced is
equal to the number of atomic orbitals mixed.

(#if} It is not necessary that all the half-filled
orbitals must participate in bybridisation. Similarly,
it is not necessary that only half-filled orbitals
should participate in hybridisation. Even complete-
ly filled orbitals with slightly different energies can
also parlicipate.

(iv) Hybridisation never takes place in iso-
lated atoms but it occurs only at the time of bond
formation.

(v) Type of hybridisation indicates the
geometry of molecules. One can tell the shape of a
molecule by knowing the kind of hybridisation in-
volved.

(vi) The bigger lobe of the hybrid orbital al-
ways has +ve sign while the smaller lobe on the
opposite side has a —ve sign.

Tvpes of Hybridisation.

1. Diagonal or sp hybridisation.

When one s and one p orbital belonging to the same
main shell of an atom mix (ogether to form iwo new
equivalent orbitals, the type af hybridisation is
called sp hybridisation or diagonal hybridisation.
The new orbitals formed are called sp hybrid orbi-
uais,
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They arc collinear with an angle of 180° as
shown in Fig. 6.27.

28 2
% n Px J EF-,- Epz

Isp HYBRIDISATION

-

TWO sp HYBRID ORBITALS
FIGURE 6.27. Diagenal or sp hybridization.

Euach of the hybrid orbitals formed has 50%
s-character and 507 p- character. The remaining
two  p-orbitals which do nol participate in
hybridisation remain as such. If these arc half-
filled, they mray form bonds with other atoms having
halt-Illcd atomic orbitals.

BXAMPLES. A few compounds in which sp
; n !
hybridisation is involved are

(1) All compounds of beryllium like BeF,,
BeH, ete.

(i) Al compounds of carbon containing
C=C triple bond like acetylene (C,H,).

These will be discussed later under ‘Shapes of
molecules’.

2. Trigonal or sp? hybridisation.

When one s and twe p otbituls of the same shell of
an atom mix lo form three new equivalent orbituls,
the type of hybridisation is called sp* hybridisation
or trigonal hybridisation. The new orbitals formed
ure called sp* hybrid orbitals.

All the three hybrid orbitals remain in the
same plane making an angle of 120° with one
another as represented in Fig. 6.28.

Euach of the hybrid orbitals formed has 1/3rd
s-character (33%) and 2/3rd p-character (67%). The
non-participating p-orbital, if hali- filled, can form
hond with other atoms having half-filled orbitals.

EXAMPLES. A few compounds in which
yp? hybridisation takes place are :

%All compounds of boron, e.g., BF;, BH,

i

FIGURE 6.28. Trigonal or sp2 hybridization

{ii) All compounds of carbon conlaining
C = C double bond.

These are discussed later under ‘Shapes of
malecules'.

3, Tetrahedral or sp* hybridisation.

When one s and three p-orbitals belonging Lo the
same shell of an atom mix together to form four
new equivalent orbitals, the type of hybridisation
is called sp® or tetrahedral hybridisation. The
new orbitals are called sp® or tetrahedral or-
bitals.

These are directed towards the four corners
of a regular (etrahedron and make an angle of 109
28" with one another as represented in Fig. (.29,

O § of

J 2Py /
spIHYBRIDISATION

FOUR sp3 HYBRID ORBITALS

FIGURE 6.29. Tetmhedral or sp3 hybridization.
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Euch sp® hybrid orbital has 25% s-character
and 75% p- character.

EXAMPLES. A few compounds in which sp?
hybridisation occurs are methane (CH,), cthane
(C,H,) etc., i.e., all compounds of carbon contain-
ing C— C single bonds only. These are discussed in

detail in the next section under the ‘Shapes of

molecules’.

It is interesting to mention here that the size
of sp-hybrid orbital is smaller than that of sp* hybrid
orbital which in turn is smaller than that of sp3
hybrid orbital.

As already discussed, ionic bond is non-direc-
tional. Hence the structure of an ionic compound
ts determined by the relative size of the ions. How-
ever a covalent bond is directional. This is because
a covalent bond is formed by the overlap of half-
filled orbitals (hybridised or unhybridised). The
direction of overlap gives the direction of the bund.
Further, it may be pointed out that a hybridised
orbital has greater directional character than p-or-
bital because p-orbital has equal sized lobes with
equal electron density in both the lobes whercas a
hybridized orbital has greater electron density on
one side. Thus, in case of molecules
containing three or more atoms, one of
the atoms is the central atom and the
other atoms are linked to it in definite
directions.

A particular arrangement obtained by
bonding a number of atoms in definite
directions to the central atom of
molecule is called the geometry or shape
of the molecule.

The geometry or shape of a
molecule (as found by experimentat
methods) can be explained on the basis
of either of the following :

(i) Valence Shell Electron Puir Repulsion
Theory (VSEPR Theory)
(i) Hybridisation

The shapes of a few molecules on the basis of
hybridization as well as VSEPR theory are briefly
described below

s r ~
g BE
HYBRIDISATION
sp
28 2p

A. SHAPES OF MOLECULES CONTAIN-
ING BOND PAIRS ONLY
(1} Shape of Beryllium fluoride (BeF,)

molecule :

(z) On the basis of hybridisation

Atomic number of Be = 4

Its electronic configuration in the grovnd
state is Ls? 252,

The electronic configuration in the excited
state is 152 25! 2p

One 25 and one 2p orbital undergo sp
hybridisation to form two half-filled sp hybrid or-
bitals which are oriented at an angle of 180°. They
overlap with the half-filled orbitals of two fluorine
atoms to give a linear shape as shown in Fig. 6.30.

(b) On the basis of VSEPR theory. In BeF,,

the central atom is Be which has two valence
electrons. It shares these electrons with two
fluorine atoms, i.e. its Lewis structure is

1
e

+F ! Be: F:

Thus Be atom is surrounded by two bond pairs
only. According to VSEPR theory, these bond pairs
repel cach other and go as far apart as possible so that
there are no further repulsions. This 1s possible only
when they take up positions at an angle of 180°to cach
other as shown above, thereby giving it a linear shape.

180°

HYBRID
ORBITALS

180°

- #{;‘u - -> F —_— F-—"——B-e- B

LINEAR

FIGURE 6.30. Formation of sp hybrid arbitals and shape of BeFy.

(2) Shape
molecule :

(@) On the basis of hybridisation

Atomic numberof B = 3

of Boron trifluoride (BF,)

lts electronic configuration in the ground
state is 152 252 2!

The electronic configuration in the excited
state is 152 25 2p! 2p)
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One 2s and two 2p orbitals undergo sp? hybridisation to form three half-filled sp? hybrid orbitals
which are planar and oriented at an angle of 120° to each other. These overlap with half-filled orbitals of
three fluorine atoms to form BF; which, therefore, has triangular planar shape as shown in Fig. 6.31.

spZHYBRID ORBITALS

FIGURE 6.31. Formation of sp¢ hybrid
orbitals and shape of BF3.

(b) On the basis of VSEPR theory. In BF;, the

central atom is B which has three valence electrons.
It shares these electrons with three fluorine atoms
i.e. its Lewis structure is

F
:.P::B:.F.:

Thus B atom is surrounded by three bond
pairs which according to VSEPR theory take up
positions at an angle of 120° with respect to each
other thereby giving it a triangular planar shape as
shown in Fig. 6.31.

(3) Shape of Methane (CH,) molecule :

(a@) On the basis of hybridisation.

Atomic number of C=6

Its electronic configuration in the ground
state is 152 257 2p} 2p)

The electronic configuration in the excited
state is 1s? 25" 2p! 2p} 2p}

One 25 and three 2p orbitals undergo sp?
hybridisation to form four sp* hybrid orbitals which

are arranged tetrahedrally at an angle of 109° 28’
to each other.

The four sp> hybrid orbitals overlap with the
half- filled 15 orbitals of four H-atoms, forming
CH, as represented in Fig. 6.32. Thus CH, is a

tetrahedral molecule with each H-C- H angle
equal to 109° 28’ (= 109-5°).

(b) On the basis of VSEPR theory. Central
atom in CH, is C. It has four valence electrons

which are shared with four hydrogen atoms. Thus
there are four bond pairs of electrons present
around the central atom (carbon) as follows :

H

LR ACHRaI

H

Now according to VSEPR theory, these four
electron pairs will repel each other and thus move
so far apart that there are no further repulsions
between them. The only shape possible is
tetrahedral as shown in Fig. 6.32.

Some other examples of molecules/ions
having tetrahedral shapes are CCl, SiF,, SiH,,

NH;, BF; etc.
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FIGURE 6.32. Formation of CHg molecule.

{(4) Shape of Ethane (C,H,) molecule : In the

formation of ethane molecule, each carbon atom
undergoes sp> hybridisation, thus forming four sp?
hybrid orbitals directed towards the cormers of a
tetrahedron and inclined to each other at an angle
0f 109°28'. One sp® hybrid orbital of the first carbon
atom undergoes overlapping with one sp® hybrid
orbital of the second carbon atom along the inter-
nuclear axis, thus forming a ¢ bond between them.
The remaining three sp® hybrid orbitals of each
carbon atom undergo overlapping with the half-
filled 1s-orbitals of H-atoms, each along the inter-
nuclear axis and hence forming a o bond. Thus the
complete picture may be represented as shown in
Fig. 633

Obviously, the molecule has a regular
geometry.

The various bond parameters are found to be
as follows ;

(i) C-C bond length = 154 pm
(i) Each C-H bond length = 110 pm
(iif) Each H-C-C

or H-C-H bond angle = 109°28'
(iv) C-C bond dissociation energy

= 348 kJ mol ™.

FIGURE®.33. Formation of ethane molecule.

(5) Shape of Ethylene (C,H,) molecule : The
electronic configuration of C-atom in the excited
state is : ¢C = 152 25' 2p] 2p} 2p!

In the formation of ethylene molecule, each
C-atom undergoes sp* hybridisation, thus leaving
one 2p, orbital in the original state, i.e., in the
unhybridised state. The three sp? hybrid orbitals of

each C-atom are planar and are inclined to each
other at an angle of 120°. One sp? hybrid orbital of
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the first C-atom overlaps with one sp? hybrid
orbital of the second C-atom along the internuclear
axis thereby forming one sigma bond between
them. The other two sp? hybrid orbitals of each
C-atom overlap with the half-filled 1s-orbitals of
H-atoms along their respective internuclear axis
forming o-bonds. The unhybridised 2p, orbital of
the first C-atom undergoes sideways overlapping
with the unhybridised 2p, orbital of the second
C-atom, thereby forming a x bond between the two
C-atoms. So the formation of ethylene molecule
may be represented as shown in Fig. 6.34,

FIGURE 6.34. Formation of ethene (CoH4) molecule.

Thus the two C-atoms are linked to each other
by one ¢ bond and one 7 bond and each C-atom is
further linked to two H-atoms by o bonds. The
molecule is planar. The various bond parameters
are so follows :

(i) C = Cbond length = 134 pm
(i) Each C-H bond length = 109 pm

@i} Each C-C-H or H-C-C bond angles
=120°

(iv) Total C = C bond dissociation energy =
614 kJ mol ™!,

Out of 614 kJ, the bond dissociation energy
for o bond is 348 kJ (as already mentioned). There-
fore, the bond dissociation energy for & bond is
614 — 348 = 266 kl/mole. Hence 7 bond is a weaker
bond. This is the reason for high reactivity of com-
pounds containing 7 bonds.

(6) Shape of Acetylene (C,H,) molecule : [n

the formation of acetylene molecule, each C-atom

undergoes sp hybridisation Jeaving two 2p orbitals
in the original unhybridised state. The two sp
hybrid orbitals of each C-atom are linear, i.e., they
are 180° apart. One sp hybrid of the first C-atom
overlaps with one sp hyrbid orbital of the second
C-atom along the internuclear axis thus forming o
bond between them (Fig, 6.35). The second sp
hybrid orbital of each C- atom overlaps with the
half-filled 1s-orbital of H-atom again along the in-
ternuclear axis and thus forming o bonds.

The unhybridised 2p, orbital of the first C-

atom undergoes sideways overlapping with
the 2p, orbital of the second C-atom, there-

by forming a # bond between the two C-
atoms. Similarly, the unhybridised 2p,

orbitals overlap sideways forming another
x bond between the two C-atoms. Thus atl
the carbon and hydrogen atoms are linear
and there is electron cloud above and below,
in the front and at the back of the C — C axis.
In other words, there is electron cloud all
around the internuclear axis thus giving a
cylindrical shape as represented in Fig.
6.35.

FIGURE 6.35. Formation of acetylene (CoHy)
molecule (cylindrical shape).

The various bond parameters of acetylene
molecule are as follows :

(i) C = Cbond length = 120 pm

(ii) C-H bond length = 168 pm

(iii) H-C-C bond angle = 180°

(iv) Total C=C bond dissociation encrgy
=811 kJ mol ™!



CHEMICAL BONDING AND MOLECULAR STRUCTURE

6/41

(7) Shape of PF; molecule. In PF,, the
central atom, phosphorus, has the ground statz
electronic configuration 1s? 252 2p% 3s* 3p] 3p, 3p}.
One of the 35 electron gets promoted to 34 orbital
giving the electronic configuration 1s? 2s? 2p5

3s! 3p! 3p; 3p} 3d*. Thus it involves sp”d hybridisa-
tion (Fig. 6.36).

E

FIGURE 6.36. Trigonal bipyramidal geometry of PFs,

Alternatively, the central P-atom has 5 valence
electrons. As a result, it is surrounded by five bond
pairs of electrons.

e s e F :._P : Fe

According to VSEPR theory, for PF; to have

minimum energy, the bond pairs of electrons
should be as far apart as possible from each other.
This is possible only if the molecule acquires a
trigonal bipyramidal shape.

In this structure, three of the fluorine atoms
lie in the same plane as phosphorus atom and are called
equatorial fluorine atoms and the bonds formed are
called equaterial bonds. The other two fluorine atoms
lie at right angle to the plane of equatorial bonds and
are known as axial fluorine atoms and the bonds
formed by them are called axial bonds.

Bond lengths and Bond angles in PF,.
Electron diffraction studies of PFg gas show that

the equatorial bonds are at angle of 120° with each
other whereas axial bonds make an angle of 90° with
the equatorial bonds. Further, these studies show

g EQUATORIAL

*The intcrchéh-gé of axial and equatorial positions is called ‘psc;tEr;t;tion'.

that axial P—F bonds are slightly longer than
equatorial P—F bonds (Bond lengths : P—F axial
= 158 pm, P—F equatorial = 153 pm}. However
NMR (Nuclear Magnetic Resonance) studies show
that all the five F atoms are equivalent and can
exchange their positions* and hence all the five
P —F bonds have the same length. The reason for
the difference in the two studies is on account i the
fact that electron diffraction gives instantaneous
picture of the molecule whereas NMR takes time
more than the time required for the interchange of
axial and equatorial F atoms,

Other examples. Similar geometry is expected
for PCl; and SbCl; molecules. However in PClg,
axial P—C! bonds (bond length = 219 pm) are
longer than equatorial P—Cl bonds (bond length
= 204 pm).

(8) Shape of sulphur hexafluoride (SF). In
SF,, the central atom, sulphur, has the ground state
electronic configuration 1s? 257 2p% 35% 3p2 3p] 3p}
and F has 152257 2p22p22p,. One of the 3
clecrtrons as well as 3p electron get promoted to 34
orbitals giving the electronic configuration
152252 2p° 35! 3p1 3p) 3p} 34" 3d’. Thus it involves
sp’d® hybridisation. Alternatively, it has 6 electrons in
the valence shell. As a result, the central atom is
surrounded by six bond pairs of electrons in the
valence shell.

According to VSEPR theory, for SFy to have
minimum energy, the bond pairs of electrons
should be as far apart as possible from cach other.
This is possible only if the molecule acquires a
regular octahedral geometry (Fig. 6.37).

I SF, four S —F bonds are in the same plane
at right angles to one another and are directed
towards the four corners of a square. The other two
F atoms lie at right angle above and below the plane
of F atoms.

SF,; molecule is a symmetrical molecule and,

therefore, is stable and Far less reactive.
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FIGURE 6.37. Octahedral geometry of SFg.

Other examples. TeF ¢ is also expected to have

a regular octehedral geometry.

B. SHAPES OF MOLECULES CONTAIN-
ING BOND PAIRS AS WELL AS LONE PAIRS

(%) Shape of Ammonia (NH,) molecule :

Atomic number of N = 7

ThiE

Its electronic configuration is
152 24221 2) 2!

One 25 and three 2p orbitals undergo sp?
hybridisation forming four sp® hybrid orbitals out
of which three contain one electron each and take
part in bond formation and the fourth sp® hybrid
orbital contains a lone pair of electrons and hence
cannot participate in the bond formation. The four
sp® hybrid orbitals will obviously be directed
towards the corners of a tetrahedron and hence the
bond angle between any two sp> hybrid orbitals
would be 109° 28’, Now, when the three sp* hybrid
orbitals, each containing one electron only, overlap
with the 1s-orbitals of H-atoms to form NH;, the

expected H-N-H bond angle is 109° 28'. But ex-
perimentally, the bond angle in NH; is found to be

1077°. The obvious reason for the decrease in angle
is that the lone pair repels the bond pairs. Thus the
formation of NH, molecule may be represented

diagrammatically as shown in Fig. 6.38.

® _® 000

\I sp2-HYBRIDISATION

BONDING
sp3-HYBRID ORBITALS

L2

+——— NON-BONDING
sp°-HYBRID ORBITAL

LONE PAIR
OF ELECTRONS

FIGURE 6.38. Formation of ammeonia (NH3) molecule,
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Such a shape is known as trigonal (or trian-
gular) pyramid in which the three H-atoms form
the triangular base of the pyramid with N-atom at
the apex. The same applies to molecules like
PCl,, NF, and H;0*.

(10) Shape of water (H,0) molecule : The
shape of H,O molecule can be explained exactly in
the same way as in case of NH; molecule.

Atomic number of Oxygen = 8
*. Its electronic configuration is

1s? 25 2p% 2p) 2p,

One 2s and three 2p orbitals undergo sp?
hybridisation forming four sp> hybrid orbitals out
of which two contain one electron each and the
other two contain a pair of electrons (i.e., lone-
pair) each. As usual, the four sp> hybrid orbitals
thus formed are directed towards the corners of a
tetrahedron and hence the bond angle between any
two sp> hybrid orbitals would be 109°28’. Now when
the two sp> hybrid orbitals containing one electron
each, overlap with the half-filled 1s orbitals of
H-atoms to form H,0, the expected H-O-H bond

angle is 109°28'. But experimentally the bond angle
is found tobe 104 - 5°. The reason for the still lesser
bond angle in H,O than in NHj is that in this case
there are two lone pairs of electrons present which
repel the bond pairs. Thus in this case the repul-
sions are more than those in the case of NH,
molecule. The formation of H,O molecule may be

represented as shown in Fig. 6.39. Thus water is
V-shaped or bent molecule.

HF molecule is linear since it has only two
atoms though in this case also, four electron pairs
(one bond pair and three lone pairs) form
tetrahedral geometry.

Some other examples of molecules/ions
having shape similar to that of H,0 are SO,, F,0,

NH;, SC, etc.
(11) Shape of SF, molecule. This is an ex-
ample of a molecule in which the effect of lone pair

has a great significance in deciding the shape of the
molecule.

Atomic number of the central atom (S) = 16.
Its electronic configuration is

1s 2s 2p
80 ! @ @
\ /

NON-BONDING
sp3-HYBRID ORBITALS

AN

OR

BOND PAIRS

T sp -HYBRIDISATION

v

BONDING
sp3-HYBRID ORBITALS

P LONE PAIRS
OF ELECTRONS

: \ /
¢ IO A 70N
e -‘%-\--,‘m |-|/§U?ENH

104.5°-
-

-

FIGURE 6.39. Formation of water (H20) molecule.
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1s? 252 2p° 352 3p? 3p; 3p}
or in the excited state, it is k F ok
1% 25% 2p° 35 3p} 3p} 3p; 34’ : .

It undergoes sp>d hybridisation to form five
hybrid orbitals to give a trigonal bipyramidal arran-
gement in which one hybrid orbital occupies a lone
pair and the remaining four contain one ¢lectron
cach which are shared with those of F-atoms.

In terms of VSEPR model, in SF,, S atom has

5 electron pairs around it i.e. 4 bond pairs and one
lone pair. Hence their arrangement should be
trigonal hipyramidal.

Depending upon the position occupied by
lone pair, two possible structures of SF, are :

L] F
_aF .nF
..-"'/1' - 01
- 1 -y I
Fs=—g 1 rEa—5

Lone pair occupying
equatorial position
(More stable)

Lone pair occupying
axial position
(Less stable)

FIGURE 6.40. Two possible structures of SFy.

In (@), there are three lp-bp repulsions at 90°
whereas in (b) there are only two Ip-bp Tepulsions
at 120°. Hence (b) is more stable and hence the
"“correct structure®. It is a distorted tetrahedron or a
foided square or a see-saw.

(12 Shape of CIF; molecule. This is another

example in which the lone pairs decide the shape
of the molecule. It is isoelectronic with SF, but it
has two lone pairs and three bond pairs. The fol-
lowing three arrangements are possible :

Based on [p-ip, [p-bp and bp-bp respulsions, it
is found that (a) has least repulsions** ie. has
minimum energy and maximum stability. Hence (a)
is the correct structure i.e. it has T-shape.

Effect of electronegativity of the central atom
on the bond angle of similar molecules. For cx-

C|""""‘:: . = CI—.I'-:: F 1 ‘Cl—=»F
i '-"' o 1 ks .'J I j -...r"
. F et

E i 1t

© b ]
(Most stable)

FIGURE 6.41. Thres possible structures of CIF3.

ample, in the hydrides of group 16 (all of which have
V-shape i.e. they are bent molecules), the bond
angles decrease as follows :

H,0 H,S HpSe HTe

104-5% 925 o1-0° 90-5°

This decrease may be explained as follows :

The outer shell electronic configuration of O,
S, Se and Te is ns® np* or ns? np?np) np}. They
undergo sp* hybridisation forming four hybrid or-
bitals, two of which are occupied by lone pairs of
electrons, The expected bond angle is 109°28". But
the lone pairs repel the bond pairs thereby decreas-
ing the angle.

LONE PAIRS
OF ELECTRONS

LONE PAIRS
OF ELECTRONS

Smaller distance {cleser Larger distance (farther
band pairs), larger bond pairs), smaller
repulsions. rapulsions.

FIGURE 6.42. Repulsion of bond pairs and lone pairs.

*Als0 remember that repulsion between electron pairs decreascs with increasing bond angle between them. Therefore
repulsions between electron pairs at 120° and 180° may be neglected in comparison to those at 90°.

*oIn(a).lp—lp = 0,lp —bp=4,bp — bp =2
In(b),lp—ip=l,lp-bp=3,bp—bp=2
In(c),lp~lp=0,p-bp=6,bp—bp=0

Compared with (b), (a) has no ip — Ip repulsions. Com-
pared with (c), (a) has less lp — bp repulsions.
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Due to smaller size and high electronegativity
of O-atom, the bond pairs are closer to O-atom and
hence the repulsions between them are large. As we
move from oxygen to tellurium, the size of the atom
increases and electronegativity decreases. As a
result, the bond pairs move away from the central
atom. Hence the repulsions between the bond pairs
decrease and so the bond angle alsc decreases.

Similarly, in case of hydrides of group 15 (all
of which have pyramidal shape with one lone pair
of electrons on the central atom), the bond angles
decrease as follows :

NH, PH, AsH, BiH,

107-5° 93-4° U b S 91-2°

Conclusion. In similar molecules, as the
electronegativily of the central atom decreases, and
the size increases, the bond angle decreases.

Effect of electronegativity of the surrounding
atom on the bond angle of similar molecules. For
example, in the trihalides of phosphorus (all of
which have pyramidal shape), the bond angles in-
crease as follows :

PF, PCl, PBr, PI,

o7 100° 101-5° 102°

This is evidently due to the fact that due to
high electronegativity of F, bond pair of electrons is
more attracted towards F i.e. it lics away from the
central atom. As electronegativity decreases from
F to [, the bond pairs are closer to the central atom
and the repulsions between the bond pairs increase
and so the bond angle also increases.

For the same reason, the bond angle in F,0 is
smaller than that in H,0.

Conclusion. In  similar molecnles, as the
electronegativity of  the swrrounding  atom
decreases, the bond angle increases.

Note. (i)} For molecules or ions having regular
geometry, the change in the electronegativity of the
central atom or the surrounding atom has no effect
on the bond angle. For example, BF,;, BCl;, BBr,,
AICl, etc. all have the same bond angle viz 1207,
Similarly, CH,, CCl,, NH;" etc. all have the same
bond angle viz. 109°28’.

{ii) Bond angles may vary due to certain other
factors also e.g. bond angle of NH, is greater than
that of NF, but bond angle of PH, is less than that
of PF, (See Page 6/67).

6.26. Co-ordinate or Dative Bond =

Perkins in 1921, suggested a third possible
way by which atoms can combine and form a
molecule to account for the structures of certain
compounds such as sulphur trioxide, sulphuric
acid, nitric acid ete.

It was assumed that certain atoms which have
complete octets can donate their valence electrons
which are not involved in the bond formation, to
other atom/atoms which are short of electrons.
These donated electrons are, therefore, lone pairs
of electrons and are shared by both the atoms.

When in the formation of a hond, the electron pair
(lone pair) is donated by one atom but shared by bath
the atoms so as to complete their octets, the bond
Jormed is called co-ordinate bond or dative bond.

Thus whereas in case of covalenicy, the shared
pair of electrons has equal contribution from both
the combining atoms, in this case shared patr comes
from only one atom, and this atom is termed as
donor and the other atom as acceptor. This bond is
represented by an arrow pointing from the donor
to the acceptor. Compounds having this linkage are
known as co-ordinate compounds. Since this bond
has some polar character, it is also known as"dative

‘or semi-polar bond or ¢o-ionic bond. Some illustra-
tions are given below :

(i} Combination of Ammonia and Boron tri-
fluoride : In case of ammonia, nitrogen has five
valence electrons. Qut of these, three electrons are
shared by three hydrogen atoms to form ammonia
molecule while the remaining two electrons form a
lone pair, which can be donated to any electron-
deficient atom or molecule. In BF; molecule,

boron is short of two electrons. So to complete its
octet, it shares the lone pair of nitrogen, forming a
dative bond as shown in Fig, 6.43.

HI N. +

| |
H F
FIGURE 6.43. Formation of a co-ordinate
bond between NHz and BFa,
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(i) Sulphur Dioxide : Sulphur as well as oxygen atoms have six valence electrons and each is short
of two electrrons to complete its octet. In order to complete their octets, sulphur atom and oxygen atom,
share two electrons each thus forming a double bond between them. Sulphur atom still has four unshared
electrons, i.e., two lone pairs to donate. Thus sulphur donates one lone pair (o one oxygen atom, forming
a co-ordinate bond between sulphur and oxygen and a molecule of sulphur dioxide. By accepting this lone
pair, octet of oxygen is also completed, as represented in Fig. 6.44,

\/’V §: :'S.: é: ""“_"0=S—>O

FIGURE 6.44. Formation of sulphur dicxide molecule.

(iii) Ammonium ion : In NH;, N atom has one lone pair of electrons. It can donate this lone pair to
H* ion thus forming a co-ordinate bond as represented in Fig. 6.45.

FIGURE 6.45. Formation of ammonium (NHZ) ion.

(iv) Sulphuric acid : The Lewis structure of H,50, is as follows :

HeY
H:QIS:0:H
Evidently, § atom has two lone pairs of Co-ordinate bond in terms ol
electrons which it can donate to two O-atoms Valence Bond Approach (Orbital concept).

forming co-ordinate bonds. Representing co-or- ’ .
dintae bonds by arrows, the above structure may 4 co-ordinate bond is formed by the overlap of a

be drawn as under : Jully filled orbital containinga lone pair of electrons
o with the empty orbital of another atom.
H—O—é—O—H This may be explained with the following ex-
(1) amples :

(i) Formation of ammonium (NH}) ion. As
According to the modern concepl, there is no dis-
tinction between a covalent bond and a coordinate \ ! - !
bond because once the bond is formed, the electrons molecule, N atom in NH, still contains one hybrid
are alike irrespective of their source. However, to orbital containing a lone pair of electrons. This
calculate the formal charges on atoms inamolecule  orbital overlaps with the empty s-orbital of H” ion,
(as already discussed in Section 6.11, page 6/13},  forming a co-ordinate bond as shown in Fig. 6.46.
a distinciton is made.

already explained under the shape of NH,
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W CO-ORDINATE BOND IS
FORMED HERE
LONE PAIR
1 &
EMPTY
5-ORBITAL
NHsmoLecULE  OFHTION T i ion

FIGURE 6.46. Formation of NH{ ion (orbital concept).

(if) Formation of hydronium (H,07) ion. As
already explained under the shape of H,O
molecule, the O-atom in H,O still contains two
sp’ hybrid orbitals, each containing a lone pair of

electrons. One of these orbitals overlaps with the
empty orbital of H* ion, forming a co-ordinate
bond as shown in Fig. 6.47.

CO-ORDINATE BOND |5
FORMED HERE

LONE PAIRS

ko
EMPTY

s-ORBITAL

HyO MOLECULE 3 PR3O |

.
HyOION  —

FIGURE 6.47. Formation of H3O ion (orbital concept).

ADD TO YOLJF’L KNOWLEDGE

i The dipole moment of CO molecule is greater than expected. This is because of the presence of a dative

(co-ordinate) bond.

H,0, molecule is said to have an open- book type structure as shown in the Fig. below :

The ability of the hybrid orbitals to overlap is in the order sp° > spz > sp Le. greater is the p- character, greater

is the ability to averlap.

The bond angles formed by different hybrid orbitals are in the order sp (180°) > sp? (1207 > sp* (109-5°) ie.

greater the s-character, greater is the bond angle.

The z-bond formed between S and O atoms in SO, molecule is due to ovetlap between their p-orbitals or
between p orbital of O-atom with d-orbital of S- atom (called px - dx bonding)

165 = 1s22s22p63.s'23pi3p;3p;
{(Ground state configuration)
=1s22522p°35'3p)3p)3p, 34"
(Excited state configuration)
(0 =1s522522p22p,2p,

S-atom undergoes sp* hybridisation leaving one half-
filled 3 p, orbital and one d-orbital unhybridized. Out

of two half-filled orbitals of 0-atom, one is invoived in
formation of o-bond with S-atom and the other in
forming --bond as shown in the adjoining Fig.

pr-dn
bnndlng

boncrng
2\ f
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6.27. Resonance g R

In case of certain molecules, a single Lewis structure
cannot explain all the properties of the molecule. The
molecule ix then supposed to have many structures,
each of which can explain most of the propertics of
the molecule but none can explain all the properties
of the molecule. The actual structure is  inbetween
of all these contributing structures and is called
resonance hybrid and the different individual struc-
fures are called resonaiing structures or canonical
Sforms. This phenomenon is called resonance,

For example, the structure of ozone can be
written as

S . v \

where ecach oxygen atom has an octet of
electrons. But this structure is unsatisfactory be-
cause it depicts the central Q atom to be bonded
to one O atom by a double bond and the other O
atom by a single bond. Since double bond is
shorter than single bond, the two bond lengths in
this molecule should be unequal (O—0O single
bond length = 148 pm, O = O double bond
length = 121 pm). But experimental evidence not
only shows that the bond lengths are equal but
also shows that the bonds are intermediate be-
tween single and double bonds (equal to 128 pm).
Hence for molecule like O,, a single Lewis struc-
ture is unable to explain the observed facts.
Hence an alternate Lewis structure can be writ-
ten in which the double and single bonds are
tnterchanged.

.:'o::a"'q': i / °\

0

Neither of the above two structures can ex-
plain all the properties of O,. Hence the actual
structure is intermediate between the two Lewis
structures and is said to be resonance hybrid.

The phenomenon is represented by drawing
all the probable Lewis structure and putting double
headed arrows between them*®. The actual struc-
tures is intermediate between these. Thus 0,

molecule is represented as

/:\;—— /Z\

This representation is somewhat misleading be-
cause it suggests that the molecule has two forms, I
and Il which oscillate back and forth between them.

One can arrive at a better representation of
the hybrid structure by superimposing one struc-
ture upon the other.

The result of this superimposition is shown

below :
]
7™
7

o

This representation indicates that () there is
one stable hybrid form, (i} this form is symmetrical,
{#i) the two O—0 bonds are of the same length
(inbetween single bond and double bond) and
(év) the hybrid has an electronic arrangement inter-
mediate between the two resonating structures
drawn earlier.

Thus the structure of O; molecule may be
wrilten as

The resonance structures are arbitrary and
imaginary and have no physical reality since neither
of the two ozone structures, can be prepared in the
laboratory.

*The designﬁon +«— must be caréfdll;distinguished fromEe_dcsignaticn .*_‘_‘ which indicates reversible chemical
reaction, The double headed arrow does not have any dynamic significance ; it merely implies that the molecule or ion is better

represented by both structures than by one of them alone.
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whose behaviour cannot be explained by a single Lewis
€ resonance concept finds extensive use in explaining the

Since there are many molecules like 0O,

structure, there is a need for this concept. Th

behaviour of unsaturated organic compounds,
Conditions of resonating structures : It is of interest here to note that the different resonating

structures of a substance have
(¥)same positions of atoms (ii) same number of shared andunshared electrons (iii) almost equal energy.

They differ only in the arrangement of electrons in different resonating forms.
Examples of resonance structures of some more molecules and ions are given below :
(i) Carbon Dioxide (CO,)*

e e + FOi by T T Y =+
t0=C=0! «—— :10=C-0: «—s :0-C=0:

I It

That the actual structure of CO, is a resonance hybrid of the above three structures is again supported

by the fact that the experimentally determined value of both the bond lengths is same (i.e. 115 pm) which
is inbetween that of C = O double bond (121 pm) and C = O triple bond (110 pm).

(i) Carbonate Ion {C(J_jz,_}

:0: 10 10

g v g s -
St o o # O\ - 202
0% 70: 0 10: 107 0:

Kekule structures
(iv) Sulphur Trioxide (S0,)

:0: 20: Jof
I t }
S — S PR S

*For calculation of formal charge on each atom, see See 6,11 page 6/13.
**Structures 11 to V put forward by Dewar have one long bond and hence are less stable i.c. have higher energy. Hence the

main contributing structures are [ and IT {put forward by Kekule).
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(v) Nitrate Ion (NO3)
103 t0: Q)
| i i
- aens R Ui Al
5 HLO B4 10 100 :0: 0.
Resonance energy. It may be noted that the (i) As a result of resonance, the bond lengths

resonance hybrid is more stable than any of the in a molecule become equal eg. O-0O bond
contributing _structures. In other words, the lengths in ozonc or C—0 bond lengths in CO3~
resonance hybrid has lower energy than any ofthe .

contributing structures (Fig. 6.48). o
(#if) The resonance hybrid has lower energy
1' GCONTRIBUTING and hence greater stability than any of the con-
(c Arsdgﬁ‘ﬂlf'g;&?ggMS) tributing structures.
1 (iv) Greater is the resonance energy, greater
I is the stability of the molecule.

[ (v) Greater is the number of canonical forms
i especially with nearly same energy, greater is the
RESONANGE stability of the molecule.

ENERGY Clarification about certain misconceptions
in Resonance

1 L. The canonical forms have no real existence.
RESONANCE HYBRID The molecule actually nas only one structure which

is a resonance hybnd (i.e. average structure) of the
canonical forms which cannot be represented by a
FIGURE 6.48. Concept of resonance energy. single Lewas structure.

3. As canonical forms do not have real exist-
The difference in the energy of the resonance hybrid  ence, it should be clear in mind that

ENERGY

and the most stable contributing structure (having (i) the molecule does not exist in one canoni-
least energy) is called resonance energy. cal form for some time and in other forms at dif-
Characteristics of Resonance ferent tumes.
(i) The contributing structures {canonical (ii) there is no equilibrium between dif-

forms) do not have any real existence. Theyareonly ferent canonical forms similar to the one we have
imaginary. Only the resonance hybrid has the real 10 the tautomeric forms (keto and enol) in
existence. tautomerism. -

e R J R e
=

ADD TO YOUR KNOWLEDGE

«: | The bond order changes in casc of molecules or ions exhibiting resonance. 1t is caleulated as follows :

Total no. of bonds between two aloms in all the stroctures
Total no. of resonating structures

o~ 0] D)

Bond order =

|
e.g (1) In case of carbonate ion, JZ\ — —
0 (05

%
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ADDITONOUR KNOWILERGECOND!

Looking at bonds of C-atom with a particular oxygen atom (say the one finked on the left) the bonds are 2, 1
and 1 respectively in the three structures and number of resonating structures is 3,

Bond order = “+F—1 = %

= Lk e

{ét) In case of benzene, © — @ . Bond order = 1 ; T

The observed value is, however, not exactly €qual to 1-5 due to some other contributing structures.

. =0
2. In case of formic acid || — G
SO-H
o] O]
= cf Son e

o-

£

R R e e S

6.28. Hydrogen Bonding® s

1. Definition. Whenever a molecule contains
4 hydrogen atom linked to a highly electronegative
atom (like F, O or N), this atom attracts the shared
pair of electrons more and so this end of the
molecule becomes slightly negative while the other
end (ie. H-end) becomes slightly positive. The
negative end of one molecule attracts the positive
end of the other and as a result, a weak bond is
formed between them. This bond is called
hydrogen bond. It is represented by dotted lines as
shown below :

+4 -8 +3 -3 +3 -4

H-X—-———-H-X H-X

Thus, as a result of hydrogen bonding, a H-
atom links the two electronegative atoms simul-
tancously, one by a covalent bond and the other by
a hydrogen bond. Hence, it is said to form a
hydrogen bridge.

2. Conditions for hydrogen bonding : In the
formation of hydrogen bond, the following condi-
tions must be fulfilled :

el pnsine e
-
Nite H*8
. 140° 8
& H+E \‘
~

J » the two C—O bond lengths are different but in formate jon

the fwo C—0O bond lengths are €qual due to resonance.

e ST

S
j%ww**’f,mntﬁ..wﬁ?t..,m.;»-zaf’-Haovw::i-p-"ﬁ..,--n-.-.'.,---»--*,ﬁ-,-

(i) The molecule must contain a highly
electronegative atom linked to H-atom. The higher
the electronegativity, more is the polarization of the
molecule,

() The size of the electronegative atom should
be small. The smaller the size, the greater is the
electrostatic attraction,

Thus, only F, O and N atoms can form
hydrogen bonds, as these atoms are small in size
and have high electronegativities.

Chlorine havipg the same electronegativity as
that of nitrogen does not form hydrogen bond duc

to its large size.

3. Examples of hydrogen bonding :

(i) Hydrogen fluoride (HF) : Fluorine, having
the highest value of electronegativity forms the
strongest hydrogen bonds. Hydrogen fluoride, for
example, exists as shown below :

*Not included in the new CBSE syllabus,
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(#) Water (H,0) : Water molecule contains highly electronegative oxygen atom linked to hydrogen

atom. Thus oxygen atom attracts the shared pair of electrons more and this end of the molecule becomes
negative whereas the H-atom becomes positive. The negative end of one molecule attracts the positive
end of the other and hydrogen bonding takes place as shown below

i H
N~

ts

Fa 5
7’ w
i,‘? N 177 pm p ff
H
\—ZS/H \15/
0,99 pm 0
’I \\ /J‘ N\
& b - ~
& bl F \

@ % . 5

(iii} Ammonia (NH,) : It contains the highly electronegative atom N linked to H-atoms. Hence,
hydrogen bonding takes place as follows :

H+ﬁ i] o] H+8
3 \3 B \-35 +§ \35
e ——————— N=-=s=====e=f——=N======"""" H Ne-===————-
H{ % =
(iv) Alcohols (ROH) and Carboxylic acids In case of HE, H,0, NH;, ROH etc, the

(RCOOH) : These molecules contain the highly  hydrogen bonding causes the association of many

clectronegative oxygen alom linked to H-atom and 1 qlccules but in carboxylic acids, the hydrogen

hence form associated molecules as follows - bonding is limited to the association of two
R R molecules only.

I | 4, Strength of hydrogen bond : Hydrogen

O e P hond is a very weak bond. The strength of hydrogen

b \ RIS \ "4 bond is intermediate between the weak van der

% " Whaal's forces and the strong covalent bonds*. Thus,

e / whereas the bond dissociation energy of a covalent

8] 0O bond is 209 —418 kJ mol ", that for H-bond is only

l l 17-6—41-8 kJ mol~!. The dissociation energy of

R R the H-bond depends upon the attraction of the

ALCOHOLS <hared pair of electrons and hence on the

-3 +8 -4 electronegativity of the atom. The bond energies in
O--—--H —0 case of three elements are as follows :

/ H.. .. Fbond dissociation energy is 41-8 kJ mol™ L
R—C C—R

\ / H.....O bond dissociation energy is 29-3 kJ mol ™!
Zf'__:_f__é H.....N bond dissociation energyis 12-6 kJ mol ™!

~+The force which holds the ions together in an jonic crystal is known as electrostatic force of attraction. The force which
holds the atoms together in a covalent erystal is called a covalent bon d. The forceg which hold the molecules together in a molecular
crystal are known as van der Waai's forces. The order of these forces is
Electrostatic force > covalent bond > hydrogen bond > van der Waal's forces.
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5. Difference between Hydrogen bond and Covalent bond. The main points of difference are given

below :

- HYDROGEN BOND

COVALENT BOND

() Itinvolves dipole-dipole attractive interactions.

(i) Ttis formed between a hydrogen atom and a highly
clectronegative atom such as F, O and N,

(fif) The strength of this bond is very small. e.g. bond
sttength of H...._... F bond is 41-8 kJ mar—.

(6) It involves sharing of electrans.

(if) Tt is formed between two electronegative atoms
which may be of the same element or of different
elements.

(&) 'The bond strength of this bond is sufficiently high

€.¢, bond strength of H—H bond is 433 kJ mo]— L,

6. Effects or Consequences of hydrogen bond-
ing : Hydrogen bond helps in explaining the abnor-
mal physical properties in serveral cases. Some of
the properties affected by H-bond are given below:

(i) Dissociation : In aqueous solution,
hydrogen fluoride dissociates and gives the
difluoride ion (HF;) instead of fluoride jon (F).
This is due to H-bonding in HF, This explains the
existence of KHF,. On the other hand, the
molecules of HCL, HBr, HI do not have H-bonding
(because CI, Br, I are not so highly electronega-
tive). This explains the non-existence of com-
pounds like KHCI, , KHBr, or KHI,.

2
I

="

ch
e
| 1

3
L
o —S0p
-
=
il
2
E —150-
o}
& 200 - A .
2 d 4 2
PERIOD ——»

The high melting points and boiling points of
the compounds (H,0, HF and NH;) containing
hydrogen bonds is due to the fact that some extra
energy is needed to break these bonds. A few ex-
amples are given below -

(if) Association : As mentioned in the ex-
amples above, the molecules of carboxylic acids
exist as dimers because of the hydrogen bonding.
The molecular masses of such compounds are
found to be double than those calculated from their
_simple formulae. For example, molecular mass of
acetic acid is found to be 120.

(ifi) High Melting and Boiling points : The
compounds having hydrogen bonding show abnor-
mally high melting and boiling points. This is rep-
resented graphically in Fig, 6.49 for the elements of
groups 14, 15, 16 and 17,

100p
I ik
s of
o\-/
£ ispl-
=
g
o -100f
=z
E -150
=

~200

4
PERIOD —p
0o

FIGLURE 6.49. The abnormally high m.p. and b.p. of HQ, NH3 and HE*

(@) The unusually high boiling point of HF
(292-4K) among the halogen acids is due to the
existence of hydrogen bonding in HE.

(b) H,0 is a liquid whereas H,S, H,Se and
HyTe are all gases a ardinary temperature. The

"Note carefully that boiling point of HI is ess than that of HF but melting point of HLis greater than that of HF.
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reason for this is that in case of water, hydrogen
bonding causes association of the H;O molecules
with the result that the boiling point of water is
maore than that of the other compounds. On the
other hand, there is no such hydrogen bonding in
H,S, H,Se and H, Te.

(¢} NH, has higher boiling point than PH; .

This is again because there is hydrogen bonding in
NH, but not in PH;.
(d) Ethanol has higher boiling point than
diethyl ether because there is hydrogen bonding in
“the former but there is no hydrogen bonding in the
fatter.

It is interesting lo note that a stronger H-bond exists
in HF than in H,0, yet water boils at higher

tempefalure than HE It is pr-a-_;ya_fr'b! dt‘i_é 1o the fact
that water forms two H-bonds as compared te one
in HE. ;

Further, it may be noted that the after the first
significant decrease, the melting/boiling points of
the subsequent members increase gradually, This
is because as the size of the molecule increases, the
van der Waals forces also increase.

(iv) Solubility. The ~which can
form hydrogen bonds with the covalent molecules
are soluble in such solvents. For example, lower
alcohols are soluble in water because of the
hydrogen bonding which can take place between
water and alcohol molecules as shown below :

R R
| |
-8 28
] Q
e +8 +§ & +8
’ \I_!\ H~ 2 \\ [1 H
\\:25 \\:25
(8] O
]|_1+5 I!1+8

Similarly, ammonia (NH,) is soluble in water
because of hydrogen bonding as represented

below
.
+4 +d
H H
30 3 =23 #ANZM +E 2
H —N...H—0... H—N..H—0
+3 3+8 Né

(v) Volatility. As the compounds involving
hydrogenbonding between different molecules (in-
termolecular hydrogen bonding) have higher boil-

ing points, 50 they are less volatile. The enthalpies
of vaporisation follow almost the same trend as
shown by the boiling points, (Fig. 6.49(c)).

HaO

404

204

104

ENTHALPY OF VAPOURISATION (kJ mot-1)

3
PERIQOD —P
FIGURE 6.49(c). Variation of enthalpies of vaporisation
{AH,ap) of the hydrides of elements of periods 2 to 5.

(vi) Viscosity and surface tension. The sub-
stances which contain hydrogen bonding exist as
associated molecules. So their flow becomes com-
paratively difficult. In other words, they have higher
viscosity and high surface lension.

(vii) Explanation of lower density of ice than
water. In case of solid ice, the hydrogen bonding
gives rise to a cage like structure of water molecules
as shown in Fig. 6.50. As a matter of fact, cach
water molecule is linked tetrahedrally to four water
molecules tetrahedrally as shown in Fig. 6.51.

H #
0.99 1—-«\0: # 1778
(99 pm) 4" — 1177 pm) VACANT

SPACES

FIGURE 6.50. Cage like structure of
Ho© in the ice.
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g

FIGURE 6.51. Each Hy0 molecule linked
to four HyO molecules tetrahedrally.

Obviously, the molecules are not so closely
packed as they are in the liguid state. When ice
melts, this cage like structure collapses and the
molecules come closer to each other, Thus, for the
same mass of water, the volume decreases and
hence density increases, Therefore ice has lower
density than water at 273 K. That is why ice floats
on water.

Note that each oxygen atom is linked to Jour H-
aloms, twe by covalent bonds and two by H-bonds,
Each water molecule is linked to four water
molecules tetrahedrally by H-bonds.

(viii) Explanation of maximum density of
water at 277 K. At 273 K, there is sufficient
hydrogen bonding present in the water molecules
(orice). Thus, the open cage-like structure exists
which has larger volume and thus makes the den-
sity low. On heating, the hydrogen bonds start
collapsing and thus the molecules start coming

together resulting in the decrease of volume and _

hence increase of density, Thisgoeson upto277
K. After 277 K, the increase in volume due to
expansion of the liquid water becomes much

more than the decrease in volume due to break-

ing of H-bonds. Thus, after 277 K, there is net
increase of volume on heating which means
decrease in density. Hence density of water is
maxamum 277 K.

Thus the importance of hydrogen bond lies in
the fact that it can explain the various abnormal
physical properties.

7. Types of Hydrogen bonding : There are two
types of hydrogen bonding

(£} Intermolecular hydrogen bonding : When
hydrogen bonding takes place between different
molecules of the same or different compounds, it is
called intermolecular hydrogen bonding e.g., HF,
H,0, ROH (same compound) and, water and al-
cohol or ammonia and water (different com-
pounds) etc.

(ii) Intramolecular hydrogen bonding : The
hydrogen bonding which takes place within a
molecule itself is called intramolecular hydrogen
bonding (or chelation). It takes place in com-
pounds containing two groups such that one
group contains a H- atom linked to an
electronegative atom and other group contains a
highly electronegative atom linked to a lesser
electronegative atom. The bond is formed be-
tween the H-atom of one group with the more
electronegative atom of the other group. A few
examples involving intramolecular hydrogen
bonding are given below :

O OH
l '
\ . C\ 33
o g
e /}:{+r5
g )
o 0

o-Nitrophenol

Conditions of intramolecular hydrogen
bonding. The following conditions must be satisfied
for intramolecular hydrogen bonding :

(i) The molecule should contain two groups
such that one group contains H-atom linked to a
highly electronegative atom and the other group
should also contain a highly electronegative atom
linked to a lesser electronegative atom,

(i#) The molecule should be planar,

(i) The hydrogen bondi ng should lead to the
formation of a six membered ring including the H
atom.

Effects of intramolecular hydrogen bonding.
The intramolecular hydrogen bonding prevents as-
sociation of molecules, causes a contraction of size

Salicylic acid
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of the molecules and hence decreases its surface
‘are4. Conseéquently, the effect of intramolecular
hydrogen bonding on physical properties of sub-
stances is to lower their melting and boiling points,

8. Significance of hydrogen bonding in
biological systems, Water present in plants and
animals (which is more than 50% by weight) is
attached to the proteins by hydrogen bonding.

decrease their solubility and increase their vapour
pressure, just opposite to what happens as a result
of intermolecular hydrogen bonding.

Similarly, the structures of proteins and nucleic
acids are stabilized by hydrogen bonding.

The forces of attraction that exist among the non-polar molecules like H,, Cl, etc. oramong the atoms of noble

gases which are due to instantaneous polarisation of one molecu {e and theninstantaneous induced polarization
in the other are called London forces. These are a type of van der Waal’s forces.

The increase in melting points and boiling points from F,to I, or from He to Xe is due to increase in van der

‘Waal’s forces which is turn are due toincrease in the size of the molecules as a result of which the polarisability
of the molecules becomes easier.

=

S

Conceptual Question

Q. 1. Write the Lewis dot symbols and predict the valencies you expect for the following elements :
Nitrogen, Fluorine and Neon

2 Ne ¢ (Valency = 0)

Ans. $ N o (Valency = 50r8—5=3) ; $F3:(Valency = Tor8—7=1) ;

Q. 2. Write Lewis dot symbols for the following ions :
Lit, 1", 027, Mg?t and N°~
Aps. 1i=2,1,Li* =20

(N.CER.T)

Lewis symbol = Li*

Lewis symbol = ¢ Cl 2™

7C1=2,87C" =288 -

. Lewis symbol = $ O £~

80:2,6,02_=2,8

25t

Mg =282, Mg?t=2,8 .. Lewissymbol =Mg

- Lewissymbol = ¢ N S

N=25N7"=238

Q. 2. Is CaF, linear or bent or neither of the two ? Justify.

Ans. CaF, is neither linear nor bent molecule because it is ionic compound and jonic bond is non-directional.
(). 4. What is co-ordination number of Na* and C1~ ions in NaCl?
Ans. Each has a co-ordination number of 6i.e. each ion is surrounded by six oppsitely charged ions.
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Out of NaCl and Mg0, which has higher lattice energy and why ?

Ans. MgQ has higher lattice energy because each ion carries two unit charge whereas in NaCl each ion carries one
unit charge.
Why second electron affinity of an element is negative or second electron pgain enthalpy is positive ?

Ans. Alfter the addition of the first electron, we get a negative ion which has, therefore, a negative tendency to gain
another electron i.e. encrgy is required for adding the second electron.

Why NaCl is a had conductor of electricity in the solid state ?

ARSs. [n the solid state, Nat and C1™ ions are not free.
Why NaCl gives a white precipitate with AgNQ, solhttion but CCl, does not ?

Ans. NaCl is an ionic compound and hence gives CI™ ions in the solution which combine with Ag™ ions given by
AgNOj; to form a white precipitate of AgCl but CCly is a covalent compound and does not give CI™ ions.

Why reaction hetween NaCl and AgNO, is very fast hut reaction between H, and Cl, is slow ?

Ans. NaCl and AgNO, are icnic compounds. In solution, NaCl gives Na¥ and €1~ ions and AgNO; gives Ag*

and NOj3~ ions. The oppositely charged Agt and Cl™ ions combine immediately. The reaction between H,
and Cl, involves breaking of covalent bonds which requires energy.

Define lattice enthalpy. How is it related to the stability of an ionic compound. (NC.ERT)
Ans. Definition see page 6/5. Greater the lattice enthalpy of an ionic compound, greater is the stability.
‘ Draw the Lewis structures of the following molecules and ions and ions and tell in which case/cases the
octet rule is violated

Al 2_
CO,, SO, BeCly, NHy, AICl;, PCl,, CO}

R ol o o i o E@:  «  CEe 0l
- T e
o Sy, G Q.
HINGH, et aLe. . ik Piel: o ligic: o
H BEL bl IHe -

The octet rule is violated in case of BeCl,, AICI; and PCls.
Why two hydrogen atoms combine to form H, but two helium atoms do not combine to form He, ?

Ans. Refer to the text (on the basis of (f) New forces of attraction and repulsion and (i) orbital concept).
Why free rotation about a z-bond is not possible?

The overlapping vanishes and the bond breaks.

Out of o and z-honds, which one is stronger and why ?

Ans. ¢-bond is stronger. This is because o-bond is formed by head-on overlapping of atomic orbitals and therefore
the overlapping is large. n-bond is formed by sideway overlapping which is small.

What order of C—H bond lengths do you expect in C,H, , C,H, and C;H, and why ?

Ans

Ans. C—H (C,Hg) > C—H (C;H,) > C—H (C;H,). This is because hybrid orbitals of carbon involved in
overlapping with 15 orbital of hydrogen are sp>, sp® and sp respectively and their sizes are in the order
sp® > sp* > sp.

Arrange the following in order of decreasing bond angles
(i) CH,, NH;, H,0, BF;, C,H, (i) NH;, NHy, NH{
Ans. (i) CH,(180% > CH, (109° 28") > BF; (120°) > NH; (107°) > H,0 (104-5°).
(i) NHj' > NH, > NHy
This is because all of them involve sp3 hybrnidization. The number of lone pair of electrons present on N-atom

are 0, 1 and 2 respectively. Greater the number of lone pairs, greater are the repulsions on the bond pairs and
hence smaller 1s the angle.
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oV

Ans,
Q.18

Ans.

Q. 19.

Q. 20.

Ans.
Q-2

Ans.

Ans.
Q.24

Ans.

Ans.

Which of the following molecule/molecules will have zero dipole moment ?
C0,, H,0, CCl,, CHCly, BF;, BeF,, NH,.
CO,, CCly , BF; and BeF,.
Which bond do you expect to be stronger in each of the following cases and why ?
) H—H, CI-Ci, () 0,,N, @) F—F Ci—Cl
(z) H —H is stronger because of smaller size of H—atoms.
(i) N = N is stronger because it contains a triple bond while O, contains a double bend (O = O).
(¢ir) C—Cl is stronger because repulsions between Ihe two F-atoms in F, are larger on account of greater
electron density around F-atom due to smaller size and hence greater repulsions between the two F-atoms.
Define electronegativity. How does it differ from electron affinity ? (N.CERT)

. Definition—See page 6/23. Difference between EN and EA—See page 6/25.

Arrange the following molecules in order of increasing ionic character of their bonds
LiF, K;0, N;, SOy, CIF, (NCERT)
N, < 30, < CIF; < K;Q < LiF

Arrange the following bonds in the order of increasing ionic character :
C—H, F—H, Br—H, Na—I, K—F and Li—ClI (NC.EK.T)

C—H < Br—H<F—H<Li—Cl<Na—I <K—FE
- What is the total number of sigma and pi bonds in the following molecules ?
H H
b
(@) CH;CAl () CHyCl, () H,C—-C=C—C=C—H (NCERT)
H H H
(a)is H—é = JD—-CI (5 o bonds, one = bond) (b)is H——é—Cl (only 4 o bonds)
1
HH H
(c)is H—%—(IS = JZ—C = C—H (100 bonds, 3z bonds)
H

. Taking x-axis as the internuclear axis, which out of the following will form o-bond ?

() 1sand 15 (if) 15 and 2p_ (iii) 2p, and Zpy (iv)lsand 2s. (NCERT)

All except (ifi).
What is meant by ‘bond order’ according to Lewis concept ? Calculate the bond order of N,, 0; and CO.
(N.C.ER.T)
Bond order—Definition see page 6/23.
Molecule : N=N O0=0 C=0
Bond order : 3 2 J
. Explain why dipole moment of hydrogen halides decreases from HF to HI. (NC.E.R.T)

- This is because electronegativity of halogen atom dereases from F to 1. Hence the polar character decreases

and so is the dipole moment.
Represent diagramatically the bond moments and the resultant dipole mements in

(i) SO, (i) cis and trans forms of C,H,Cl, (N.C.ER.T)
() +Szd (i) H——C1:CI (iyH C-'_.Cl
)H—C—
/ \ ) £ +—Resultant
—40 I o s CI—C—H H—C—-Cl
Resultant «t T
trans—{u = 0) cis—(u # 0)

Resultant = 0
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Ans.

Ans.
Q.29

Ans,

Ans.

Predict which out of the following molecules will have higher dipole moment and why ?
CS, and OCS (N.CERT)

§ = C=8§and O = C = S both are linear molecules but bond moments in CS, cancel out so that net dipoie

moment = {. But in OCS, bond moment of C = O is not equal to that of C = §. Hence it has a net dipole
momert. Thus dipole moment of OCS is higher.

From each of the following pairs, select the molecule with higher value of the property mentioned against
each pair :

(f) NHy, PH, : bond angle (if) NF;, NH, : dipole moment

(iiiy MgO, CaO : hardness (iv) HCI, HBr : ionic character

({)NH, (i) NH, @}yMgO (i) HCY

Write the structure of an anion which is isostructural with BF, and the structure of a cation which is

isostructural with CH,

- (/) NOy' (Triangular planar)  (i{) NH{ (tetrahedral)

Draw the shapes of the following hybrid orbitals : sp, sp® and sp’ (NCERT)
180°
Coe)

All the hybrid orbitals have same shape. However their sizes are in the order sp < sp? < sp?

e (oo (Do

sp sp? sp?
Explain how the valence bond theory accounts for
(i) a carbon-carbon double bond (C = C) (i) a carbon-carbon triple bond (C=C) {NCERT)

Explain with exampies of ethylene and acetylene (page 6/39 and 6/40),

. Explain why CH, has tetrahedral geometry and not square planar with carbon atom at the centre and four

Ans.

H atoms at the corners of the square.

* The hybridisation of central C-atom is sp? and not dsp* (as no d-orbital s available for participation). Hence

square planar geometry is not possible.
Name the type of hybridisation of each C-atom in a molecule of (i) propylene (propene) {ii) Propyne
How many o and z-bonds are present in each case?
| 2 3
(f) CH,—CH = CH, (C—1issp?, C—2 and C—3 are 5p%}, o-bonds = 8, z-bonds = 1,

1 ) 3
() CHy—~C = CH (C—11is sp*, C—2 and C—3 are sp), o-bonds = 6, 7-bonds = 2.

Which hybrid orbitals are used by carbon atoms in the following molecules ?
(i) CH;—CHO (i) CH,—COOH.
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Ans.

Ans.

Ans.

Ans.

Ans.

Ans.

Ans.

H H
T ol 3
Ans. (YH—C—C C—1 is sp? hybridised
A .
H 0 C—2 is sp? hybridised
H O
el 4
(i} H—C—C N C—1is sp” hybridised

e O—H
In SF, molecule, the lone pair of electrons occupies an equatorial position rather than axial position in the
overall trigonal bipyramidal arrangement. Why ? (N.C.ER.T)
The Ip — bp repulsions are less if it occupies equatorial position than if it occupics axial position. As a result,

cnergy is less and stability is more (sec page 6/44).
Explain haw VB theory differs from Lewis concept.
(i) According to Lewis concept, a covalent bond is formed by mutual sharing of electrons whereas according

1o VB theory a covalent bond is formed by the overlap ol half-filled atomic orbitals containing electrons with
opposite spin.

(if) VB theory can explain the shapes of molecules whercas Lewis concept cannot.

(iif) VB theory can cxplain the strength of bonds whereas Lewis concept cannot.

Describe the change in hybridisation, if any,

(2) of Al atom in the reaction AICl, + Cl™ — AICI, ?

(&) of B and N atoms in the reaction BF; + NH, — F,B—NIl;? (NC.ERT)
(a) No change (remains sp°)

{(h) InBF;, Bis sp® hybridised and in NH,, N is sp? hybridised. After the reaction, hybridisation of B changes
to sp® but that of N remains unchanged.

On the basis of VSEPR theory, predict the shapes of the following molecules/ions ?

(i) SiF, @) NH; (i) NHS ) CHy ) 1,07 (i) F,0  (vii) PCly  (viid) PFy

(i) Tetrahedral (i) V-shape (i) Tetrahedral (iv) Cylindrical (v) Trigonal pyramidal (vi) V-shape (vir) Trigonal
pyramidat (viit) Trigonal bipyramidal.

Arrange the following in order of decreasing bond angle, giving reason : NO,, NOi", NOy

N02+ > NO, > NO; . This is because NO;’ has no unshared electron and hence it is linear. NO, has one
unshared electron while NOJ has one unshared eleciron pair.

- + L1}

10=N=03:
Bond angle = 180°  Bond angle =132° Bond angle= 115°
Why axial bonds of PClg are longer than equatorial bonds ?

This is due to greater repulsion on the axial bond pairs by the equatorial bond pairs of electrons.

Wiy NF, is pyramidal but BF, is triangular planar?

In NF;, N has the hybridisation sp® with one position occupied by lone pair of electrons but in BF,, B has the
hybridisation sp.

Why bond angle in H,0 is nearly 104-5° but that in 1,5, it is nearly 90° 7

Ans. Refer to the text (page 6/44).
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Ans.

Ans.

Ans.

Draw the structure of H,50,. What is hybridisation of S-atom in it ?
O
T

H—0—S—0—1i1. Hybridisation of S-atom is 7.

0
Out of p-orhital and sp-hybrid orbital which has greater directional character and why ?

sp-orbital has greater directional character than p-orbital. This is because p-orbital has equal sized lobes with
equal electren density in both the lobes wheres sp-bybrid orbital has greater electron density on one side.

Explain the important aspects of resonance with reference to Cog_ ion. (N.CERT)

See resonating structurcs on page 6/49. All the three bonds arc exactly identical in bond strength and bond
length.

' HyPO4 cap be represented hy the structures I and LI shown below. Can these two structures be taken as the

Ans,

Ans.

Ans.

Ans,

Ans,

Ans.

Ans.

canonical forms of the resenance hybrid of I1;P0,. If not, state reason for the same

H
H:;)‘:-I::;;:l{ ll.‘;).:i’.:;;:H
.26: :5:-
T il

1

(N.CERT)
No, these cannot be taken as canonical forms because the positions of atoms have been changed.
Why H, 0 is a liquid while H,S is a gas ?
In H, O, there is hydrogen bonding and hence association of H,0 molecules but in H,S there is no H-bonding.

Why HF has higher boiling point than HC1 7

In HF there is H-bonding and hence the molecules are associated together but in HCl there is no H-bonding.
‘Why ethyl alcohol is completely miscible with water ?

This is because ethyl alcohol forms H-bonds with water.

Why KHF, exists but KHCI, does not ?

Due to H-bonding in HF, we have H~—F-----H—F-eee-H—F-—---.

This can dissociate to give HF;” ion and hence KHF; exists but there is no H-bonding in H—CL. So HCL; ion
does not exist and he: e KHCI, also does not exist.

When we move from HF to HC, the boiling point drops sharply but on moving further to HBr and HI the
hoiling point increases. Why ? or Out of HF, HC] , HBr and HI which has lowest botling point and why ?

In H—F there is H-bonding. Hence the hoiling point is high. There is no H-bonding in HCI. So the boiling
point is less. On moving further to HBr and HI, the size of the molecule increases and so the van der Waal's
forces increase and so does the boiling point. Hence HCI has the lowest boiling point.

Ethanol has higher boiling point than diethyl ether or ethylamine. Why ?

In ethanol, there is H-bonding but in diethy! ether, there is no H-bonding (because O-atom is attached to
C-atom) and in case of ethylamine the H-bonds fornied by N-atom are weaker than those formed by O-atom.

Why ice has lower density than water or why ice floats on the surface of water ?

See text (page 6/54).

Why water has maximum density at 277 K ?

Refer to the text (page 6/54).

How many H-bonds are formed by each H, 0 molecule and how many water molecules are attached to each
water molecule and in what direction ?
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Ans. Each H,0 molecule forms four H-bonds, two with O-atom and two with H-atoms. Further, each H,0
molecule is linked to four H,O molecules through H-bonds tetrahedrally.
). 56. OQut of p-nitrophencl and p-nitrophenol which has higher boiling point and why ?
Ans. p-nitrophenol has higher boiling point because there is intermolecular H-bonding while in o-nitrophenol. there
is intramolecular H-bonding.
(). 57, Though C has nearly same electronegativity as N, yet there is no H-bonding in HCI. Why ?
Ans. Chlorine atom has a large size.
(). 5. Why glucose, fructose, sucrose etc. are soluble in water though they are covalent compounds ?
Ans. These compounds contain polar —OH groups which can form H-bonds with water.
(). 59. Benzene ring contains alternate single and double bonds, yet all the C—C bonds are of equal length. Why ?
Ans. This is due (0 resonance in benzene.
1). 600, Nitrogen has an atomic number of 7 and oxygen has an atomic number of 8, The total number of electrons
in nitrate ion (NO3 ) iS e (B.LT. Ranchi 1990)
Ans. Flectronsin NO3 =7 +3 x84+ 1=32
Q. 61. The ntomic number of nitrogen is 7 and that of hydrogen is 1. How many electrons are there in Ammonium
: +
ion, NHg ? (BT Ranchi 1991)
Ans. No. of electrons in NH =7 +4 - 1=10.
(). 62. Sodium metal vaporises on heating and the vapour will have diatomic molecules of sodium (Nay). What
type of honding is present in these molecules 7 (B.I.T Ranchi 1991)
Ans. Covalent bonding.
). 63. Out of P—F, F—F, S—F and CI—F honds, which bond is the least ionic ? (B.I.T. Ranchi 1992)
Ans. F—F
(). 6. Why is water a liquid whereas H,Se is a gas ? (LS.M. Dhanbad 1993)
Ans. There is hydrogen bonding in H,O but no hydrogen bonding in H,Se.
(). 65. Why an ionic bond is formed between two elements having large difference in their electronegativity 7
(Bihar 1997}
Ans. The more electronegative element will attract the shared pair of electrons to such a large extent than the other
thal it will amount to transfer of electron resulting in the formation of ions.
(). 6. Which of the following has maximum bond angle 7
H,0, C0O,, NHy, CH,, (Bihar 1997)
Ans. CO,, 180° (due to linear structure)
(3.67. What angles are associated with the following orbitals ?
sp, sp* and sp° (B.L.T Ranchi 2000}
Ans. sp = 180°, sp* = 120°, 5p? = 109728
(). 4. Write down the Lewis structures of the following : (i) CO, (i) CN™ (Bihar C.E.E. 2003)
Ans. Refer to sec. 6.10, page 6/10.
VeryShort Answer Questions CARRYINGTMARK
T e e o e e T S B 5
Q. 1. Which electrons take part in bond formation?
Ans. Valence electrons present in the outermost shell.
Q. 2. What change in energy takes place when a molecule is formed from its atoms ?
Ans. Lowering of encrgy takes place.
Q. 3. What type of forces hold the atoms together in an ionic compound ?
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Ans. Electrostatic forces of attraction.

Q. 4. In terms of ionization energy and electron affnity, what type of atoms combine to form an ionic
compound ?

Ans. Metal atom with low L.E. and a non-metal atom with high E.A.

Q. 5. Choose the compounds containing ionic, covalent and co-ordinate honds out of the following :

MgCl,, CH,, Ca0, HCL,NH/, 0,
Ans. Tonic = MgCly, CaO ; covalent = CH,, HCI; co-ordinate = NH, O,
Q. 6. What type of orbitals can overlap to form a covalent bond ?
Ans. Half-filled atomic orbitals containing electrons with opposite spin.
Q. 7. What orbitals can overlap to form a v-hond and which orbitals can do so to form a a-bond ?
Ans. s-s,.5-p, p-p for o-bond and only p-p for z-bond.
Q. 8. Name one compound each involving .s'p3 ,5p* and sp hybridisation,
Ans. sp* = CH, ,s5p* = C,H,, sp = G, H,,.
Q. 9. Name the shapes of the following molecules : CH,, C, H,, CO,
Ans. CH,=tetrahedral, C,H, =cylindrical, CO, =linear,
Q. 10. Name the two conditions which must be satisfied for hydrogen bonding to take place in a molecule.
Ans. (i) The molecule should contain a highly electronegative atom linked to H-atom.

(%) The size of the electronegalive atom should be small,

Q.11. In forming a compound XY, atoms of X lose one electron each while the atoms of ¥ acquire one electron
each. Predict the nature of the compound.

Ans. The compound XY is icnic in nature.
Q. 12. Predict the dipole moment of a molecule of the type AX, with square planar arrangement of X atoms.

Ans. zero.
Q. 13. Identify the compound/compounds in the following in which § does not obey the octet rute.

S0, , SF,, SF,, SF,

Ans. SF, , SF,.
Q. 14. You are given the electronic configuration of five neutral atoms — A B,C DandE.
A— 152 252 2p8 352 B —1s%, 252, 2p% 35! C — 152 267 2p1
D — 152 252 2% E — 152 252 2.
Write the empirical formula for the substance containing (i) A and D (ii) B and D (i) only D
(ivyonly E?

Ans. (i) Empirical formula of the compound formed by A and D is AD, as A has two valence electrons and D has
seven. Atom A transfers its two electrons (o two D atoms to complele their octets.
(&) Empirical formula of the compound formed by Band D is BD as B transfers its one electron to D.
(1it) D, as both the atoms of D share one electron each to form a covalent bond.
{iv) Since it is a noble gas, no compound is formed.,
Q. 15. Arrange the following in order of increasing bond strengths : Fy, Ny, 0,,Cl, (LT Ranchi 19977
Ans, F, < Cl, < 0, <N,
Q. 16, Arrange the following in order of increasing strength of hydrogen bonding : 0, KS,CLN
(M LN Allahabad 1993)
Ans. Ci<S<N<O<«F
Q. 17. What is valence bond approach for the formation of covalent bond and a co-ordinate bond ?

Ans. A covalent bond is formed by the overlap of half filled atomic orbitals whereas a co-ordinate bond is formed
by the overlap of an emipty orbital with a Tully-filled orbital
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. 18. Name the method generally used for the calculation of lattice energy or electron affinity.
Ans. Born-Haber cy¢le.

Q. 19. What are SI usits of dipote moment ?
Ans. Coulomb meter (Cm).

o SO

Short Answer Questions CARRVING 2or3 MARKS

10.
11.
12.

13,
14,

15.
16.

17.

18.
19.
20.

21.
22.
23.

24,

25.

What do you understand by a chemical bond ?

Bricfly explain Kosscl-Lewis approach of chemical bonding.

Tlustrate the inadequacy of octet rule with two suitable examples. Give the Lewis structure of these
molecules.

Why are the noble gases poor chemical reactants?

What happens when two hydrogen atoms approach each other ?

On the basis of electronic theory, briefly expiain the different modes of chem ical combination between
atoms.

Explain the term electrovalency.

Briefly explain the factors which influence the formation of the tonic compounds.

What are the important characteristics of ionic compounds ?

NaCl is a better conductor of electricity in a molten condition than in the solid state. Explain.
What is an electrovalent bond (or ionic bond) ? Explain its formation with two suitable examples.

An element A combines with element B. An atom of A contains two electrons in its outermaost shell
whereas that of B has six electrons in its outermost shell. Two electrons are tranpsterred from the atom
A to the atom B.

(a) What is the nature of bond between A andB?

(b) What is the electronic structure of AB?

(c) What is the electrovalency of A and thatof B ?

Name two conditions that are essential for two different atoms to form ionic bond.

Define Lattice energy. On what factors does it depend ? How does it help to predict the stability of
the ionic compound formed ?

How can the electron affinity of chlorine be determined using Born-Haber cycle ? (NCERT)

What is meant by a covalent bond ? Explain with three suitable examples. What are the condiions
for the formation of this type of bond ?

What are Lewis structures ? Write the Lewis structures of H,, F,;, H,0, NH;, C,H, and C,H,.

Expiain the term covalency.

Briefly discuss the orbilal concept of covalent bond formation taking suilable examples.

How is the formal charge on an atom in a molecule/ion calculated ? Explain taking the example of
ozone molecule.

Differentiate between o and o bonds.

Explain how the strength of a bond is related to (i) extent of overlapping (i) shape of the orbital,

What are sizma and pi bonds ? Explain the different ways of their formation diagrammatically. Which
one of them is stronger and why ?
Arrange the following according to bond length giving reasons :

(i) H—F, H—Cl, H—Br, H—I

(ify C—C, C=C, C=C

(iity C—H bond length in CH,, CH,4 and Gy,

Arrange the following single bonds in order of bond energy giving reasons :
C—C,N—N, 0—0, F—¥F
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26.

27y

28.

29.

30.

L
32.
33.

34.

3s.

J6.

37.

38.

39,

40.
41.

42.

43.

45,
46,

47,
48.

49,

50.
51.

52.
53,

Define the term Electronegativity. Explain it with one suitable example. How does it help in predicting
whether a covalent bond Is polar or non-polar ? Explain each case with one example.

Define ‘Electronegativity’. How is it calculated on (1) Pauling scale (if) Mulliken scale
How are the two values related to each other ?
Which of the foltowing hydrogen halides has the most polar molecules and why ?
HI, HBr, HCl, HE
HF is more polar than HE. Explain why ?
What do you understand by partial ionic character of covalent bonds?
Define Dipole moment. Draw dipole diagrams of H,0O and BF,.
Explain : Each carbon-oxygen bond in CO, molecule is polar but the molecule itself is non-polar.
Explain the term Dipole moment. Name two molecules which have a dipole moment and two
molecules which do not have a dipole moment. What is the significance of dipole moment 7
Explain giving reasons, which of the fallowing molecules have electric dipoles
{a) CCl, (b)Y CHCl, () CH,Cl,  {d) CH,Cl (&) CH,.
Give reascn for the following :
(1) Ionic compounds are soluble in water whereas covalent compounds are mostly insoluble in water.
{#f) Tonic compounds have higher melting points than the covalent compounds.
(i) NaCl solution gives a white ppt with AgNOj solution but CCl, or chloroform does not.
What arc the main postulates of Valence Shell Clectron Fair Repuilsion (VSEPR) theory ? What
improvemen! was made by Nyholm and Gitlespie ?
What ts hybridisation of orbitals ? Draw outline sketches to show the formation of sp, sp? and sp”
hybrid orbitals.
What type of hybridisation is associated with the central atom when the atoms attached to it form
(a) an equilateral triangle (P) a regular tetrahedron ?

Explain why carbon has a valency of four and not two and why are the four C-H bonds in methane
identical.

Explain the term Hybridisation taking the example of methane.

Carbon has electronic configuration 1s% 2s? 2p? and, therefore, should be bivalent. Howwill you justify

its tetravalency in methane ?

Define hybridisation. Describe the formation of sp° , sp? and sp hybrid orbitals of carbon atom. Give

one example of a molecule in each case invalving these dilferent types of hybridisation.

What is valence bond approach of covalent bond ? Give two examples to illustrate it.

Making use of the concept of hybridisation, predict the shape of C,H, molecule.

Draw shapes of H,O and C,H,,.

Using the valency shell electron pair repulsion (VSEPR) model, predict the shapes of the following

molecules (1) BeCl, (i) BF;.

Suggest the expected shape of NH,.

Draw well labelled orbital diagrams for the following molecuies

(fyBeF,  (@)BFy (iHCH, (¥)NH, (v)CHq

Predict the shapes of the following molecules using the valence shell electron pair repulsion model.
(1) BeCl, (#)SIF, (u)BF; (iv)NH, {v) 4,0.

Explain the shapes of SF, and CIF,.

What is a coordinate bond ? Explain with two suitable examples. How is it different from a covalent
bond ?
‘What is resonance ? Define Resonance energy.

Draw the resonating structures of CO, ?
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See 6.28. 84, What is hydrogen bonding ? Give three examples of molecules involving hydrogen bonding. How is
hydrogen bond different from an ionic bond and a covalent bond ?
55. Account for the following :
(i) Waler is a liquid while H,S is a gas. (&) NH; has higher boiling point than PH,.
(iii) Boiling point of HF is lower than that of water.
56. What is hydrogen bonding ? In what respects is it different from ionic and covalent bonding ?
§7. Write a short note on ‘Hydrogen bond’.
58. Fxplin why ordinarily H,S is a gas while H,0 a liquid even though both S and O are elements of the
same group in the periodic table and 8 has a higher atomic mass.
59. Water is a liquid and hydrogen sulphide is a gas, although the molecular mass of hydrogen sulphide
is almost double Ihat of water. Explain.
60. What requirement should a molecule fulfil for the formation of a hydrogen bond ?
61. Give one example of intramolecular hydrogen bond.
62. The boiling and meling points of water are abnormally higher than those of other hybrides of group
16 of the periodic Lable. Give reasons.
Long Answer Questions caARRYING 5 or mare MARKS
See 6.1, 1. What do you mean by a chemical bond ? How do atoms combine ? How many types of bonds are
to 6.8. there ?
2. What arc essential conditions for the formation of an ionic bond ? Explain the formation of an ionic
bond between an atom of Na and CI.
3. Describe various characteristics of electrovalent compounds.
4. How can the lattice enthalpy of an ionic compound like NaCl be determiend by using Born-Haber
cycle ?
See 6.9 5. Explain the formation of covalent bond on the basis of (i) Lewis concept (if) Valence Bond theory,
to .15, taking at least three suitable examples in each case.
6. Briefly describe Valence Bond Theory of covalent bond. How can you interpret it in terms of energy
considerations ?
7. What are sigma and pi bonds ? Explain the different ways of their formation diagrammatically. Which
one of them is stronger and why 7
See 616, 8, Explain the terms bond length, bond energy and bond angle.
9. Briefly explain quantum theory of covalent bond formation.
Seet.17. 10, What do you understand by partial ionic character of covalent bond ? How is it calculated ? Explain
to 6.20. taking example of HCI, given that its observed dipote moment is 1-03 D and bond length is 1-275 A
11. Define dipole moment. Discuss its important applications.
12. Why are some covalent bonds polar ? What is a dipole ? How can a molecule that has polar bonds be
a non-polar molecule ? How do dipole moments of molecules of CO,, CH,, H,0 and NH; help in
ascertaining their structure ?
See.6.21. 13, Listvarious characteristics of covalent compounds. Differentiate between electrovalent and covalent
to 622, compouils,
Seeo.23. 14. What is meant by hybridisation of atomic orbitals ? How does it explain the shapes of molecules ?
o 6.25. Illustrate your answer with suitable examples.
15. What is VSEPR theory 7 How does it explain the bond angles observed in CH,, NH; and H,0
molecules?
Sec 6.26. 16, What is a co-ordinate bond 7 Explain the formation of a co-ordinate bond. Describe it in orbital
overlap concept taking an example.
Sec6.27. 19, What is Resonance ? Explain with a suitable example. Define Resonance energy.
Sec 6,28 18. What is a hydrogen bond ? What requirements should a molecule fulfil for the formation of hydrogen

bond ? Explain the formation of hydrogen bond in HF and NH, motecules. Discuss intramolecular
hydrogen bond.
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\3(1 Comparison of dipole moments of NH, and NF, - A typical case. Both NH; and NF,; molecules have
pyramidal shapes with one fone pair of electrons on N atom. As fluorine is highly electronegative, it appears that
N—F bond should be more polar and the net dipole moment of NF, should be much greater than that of NH,.
However, actually the dipole moment of NF; (0-24 D or 0-80 x 10730 Cm) is much smaiier than that of NH,

(viz1-46 D or 4-90 x 10™30 Cm). This is explained on the basis of the following two reasons.
(i) The dipole formed between the lone pair and N atom has to be taken into consideration which is in the
direction of the lone pair.

(#) F is more electronegative than N, therefore direction of bond is from N to F whereas N is more
clectronegative than H, the direction of the bond is from H to N (It may be noted that electronegativity difference
betweenNand Hie 3-0-2-1 =0-9and between N and Fie 40— 3.0 = 1.0 is nearly same)

I e P
TS PN

Resultant
H of3N—H F Resultant
bonds of 3 N—F
bonds

Thus whereas resultant moment of N—H bonds adds up to the bond moment of lone pajr, that of 3 N—F bonds
partly cancels the resultant moment of lone pair. Hence the net dipole moment of NF, is less than that of NH,.
N ‘Y 2. Comparison of bond angles of NH, and NF. Both NH, and NF,; are pyramidal in shape with one lone

p%ﬁf on N. However as F has higher electronegativity than H, the electron pair is altracted more towards F in
NF; i.e. the bond pairs of electrons are away from N or in other words, distance between bond pairs is more. Hence

repulsions between the bond pairs in N F, is less than in NH;. Hence the lone pair repels the bond pairs of NF,
more than it does in NH,. As a result, the bond angle decreases to 102-4°whereas in NH,, it decreases to 107-3°
only. :

6/67
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Note. PH, and PF, are also pyramidal in shape with one lone pair on P. But PF, has greater bond angle than
PH, (opposite to NH, and NF,;). This is due to resonance in PF, leading to partial double bond character as shown
below :

: E:///‘FL_\F'?

Asa result, repulsions between P—F bonds are large and hence the bond angle is large. There is no possibiliy
for the formation of double bonds in PH,;.

3. Effect of the type of hybridisation on the direction of polarity of a bond and magnitude of dipole moment.
For example, the direction and magnitude of dipole moment of C—H bond in methane and ethylene are as follows :

H
CI—MH(nCHy) = (':‘:'—'H (in C;Hy)

#=030D #=0-40D
4. Sugden’s concept of singlet linkage. Sugden put forward the view that octet rule is never violated. He
suggested that in case of molecules like PCly, SF etc., some atoms are linked to the central atom by covalent bonds

while others are linked by singlet bonds. A4 singlet bond is formed by one sided sharing of only one electron between
the two atoms and is therefore represented by half arrow ( —.) pointing from donor to acceptor. Thus we have

It can be seen that

SERY
@R K

No. of singlet bonds = Total no. of bonds—No. of electrons required to complete the octet.
S, Polarising power and Polarisability (Fajan’s Rules). Although in an ionic compound, the bond is
considered to be 100% ionic, actually it has some covalent character. Thus just as covalent bond has some ionic
character, ionic bonds have some covalent character. This was explained by Fajan as follows :
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When a cation approaches an anion, the electron cloud of the anion is attracted towards the cation and hence gets
distorted. The effect is called polarisation of the anion. The power of the cation to polarise the anion is called its
polarising power and the tendency of the anion to get polarised is called its polarisability. The greateristhe polarisation
produced, more is the neutralisation of the charges (Ze. charge of the cation by the electron cloud of the anion) and
hence the ionic character decreases or the covalent character increases. The properties like melting point, heat of
sublimation, solubility in water or non-polar solvents change accordingly. The polarising power of the cation and the
polarisability of the anion and hence the formation of covalent bond is favoured by the following factors:

(i) Smallsize of the cation. Smaller the cation, greater is its polarising power. This explains why LiCl is more
covalent than KCl.

(il) Large size of the anion. Larger the anion, greater is its polarisabiliy (because the hold on the electron
cloud by the nucleus decreases). This explains why covalent character of lithium halides is in the order

Lil > LiBr > LiCl > LiF
That is why their melting points are in the order
il < LiBr < LiCl < LIiF
(M46°C)  (5477C) (61FC) (BW°C)

(iii) Large charge on the cation or anion. Larger the charge on the cation, greater is its polarising power
(because the electron cloud of the anion is more easily and strongly attracted by the cation). Hence covalent
character increases. That is why the covalent character of the chlorides is in the order

Na*Cl™ < Mg?*a, < APYQ,.

Similarly, greater the charge on the anion, more easily it gets polarised.

(iv) Electronic configuration of the cation. If two cations have the same size and charge, then the one with
pseudo noble gas configuration (with 18 electrons in the outermost shell) kas greater polarising power than the other

with noble gas configuration (with 8 electrons in the outermost shell). This explains why Cu™ C]™ is more covalent
than NatCl™.

6. Application of VSEPR theory to complex molecules i.e. not having only one central atom. Let us explain
by taking the example of acetic acid. Its Lewis structure is

H O

H—TJ‘—(u—o—H

The first C—atom on the left has 4 bond pairs only, therefore its geometry is tetrahedrat. The second
C—atom {central C—atom) has 3 bond pairs (counting double bond as one bond pair}). Soits geometry is trigonal
planar. The next atom viz O- atom has 2 bond pairs and 2 lone pairs. So it has a bent geometry. Combining all
these geometries, we get the overall geometry of acetic acid as follows :

The above structure can also be written on the basis of hybridisation. Hybridisation involved will be : 1st
C—atom, sp°, 2nd C-atom, sp?, next O-atom, sp? (with two orbitals containing lone pairs of electrons).
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Whyis HCI predominantly covalent in the gaseous O 0
state but jonic in the aqueocus solution ? II Iy
Ans. The electronegativity difference between Cland H **™ _D—@'N_O' i 'H_O‘@N_O' it
atoms is 3-0-2-1=0-9. Hence HQO is
predominantly covalent in the gaseous slate. How- pAEEHRbI
d+ d—
ever, being a polar molecule (H—C), when dis- As a result, boiling point of o-nitrophenot is less
solved in water, the polar H,0O molecules interact and hence is volatile in steam but boiling point of
with HCl molecule as follows : p-nitrophenol is high and hence is not volatile in
steam.
G‘g%*) ). 4. Explain how the valence bond theory explains
C] @ the existence of cis and trans isomers.
G@ Ans. According to valence bond theory, a covalent
bond is formed by overlap of half-filled atomic
orbitals. If overlap is along the intermolecutar
axis, the bond formed is called o-bond and if the
As aresult, the bond between H and Clis broken overlap is perpendicuiar to the internuclear axis,
and we get hydrated H* and CI~ ions in the the bond formed is cailed x-bond. In case of
solution. molecules containing C = C double bond with
two different atoms or groups attached to each
: doubly bonded C-atoms, they can exist in two
Why PCl exists but NCl; does not ? different spatial arrangements, called cis and
Ans. Electronic  configuration of P s trans (or geometrical isomers). For example, for
= i the molecule CICH = CHCl (1, 2-dichloro
157 25p? 2% 352 3p] 3p} 3pl. Thus the 34 orbitals ethene), we have
of the valence shell are empty. Hence an electron
from 3s can jump to 3d, g'rving the configuration
152 252 2p% 3s' 3p! 3p) 3p] 34'. Thus it can ex- H\ cl H cl
tend its covalency to 5. In case of 4N, electronic C/ S C/
configuration is 15% 25% 2p} 2p, 2p}. As there is H Ié
no 24 orbital, it cannot extend its covalency to 5. H/ Ny cl e / \ H
? + s cis-1, 2-dichloro ethene  trans-1, 2-dichloroethene
Why o-nitrophenol is volatile in steam but p-
nitrophenol is not ? .
Ans. In o-nitrophenol, there is intramolecular C = C double bond consists of one o bond and

hydrogen bonding and therefore no further as-
sociation among the molecules. In p-nitrophenol,
there is intermolecular hydrogen bonding and
hence association among the molecules.

o-nitrophenol

Ans.

one = bond. As free rotation about a z bond and
hence about a double bond is not possible, the
above two molecules are completely different
and one cannot be changed into the other simply
by rotation. This explains the existence of cis and
trans-isomers.

Name and represent the types of bonds present
in Cu80, . 5H,0.

CuS0, . 5H,0 has ionic, covalent, coordinate
and hydrogen bonds as shown below :
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Ans,

Ans,

Note that four H,O molecules are linked to

Cu?? cation by co-ordinate bonds whereas fifth
H;CO molecule is linked by hydrogen bonds be-
tween a coordinated H,O molecule and sulphate
ion.
Give reasons for the following :-
(i) Covalent bonds are called directional bonds
while ionic bonds are called non-directional.
(ii) Water molecules have bent structure
whereas carbon dioxide molecules are linear.
(éif) Ethylene molecules are planar.

(1.5.M. Dhanbad 1990)
(i) In covalent bond, the shared electron pairs are
localized between the two atoms or a covalent bond
is formed by the overlap of half-filled atomicorbitals
which have definite directions. Hence covalent
bond is directional. Inionic compounds, each ion is
surroinded by a number of oppasitely charged ions
and there is no definite direction.

b

Ans.

Q.8

Ans.

{#) H,0 molecule has a net dipole moment

whereas dipole moment of CO, is found to be
zero.  Also central atom O in H,0 is sp?
hybridized whereas central atom C in CO, is
sp-hyrbidized.
(4ii) This is because each C-atom involves sp>-
hybridisation.

. Taking carbon (atomic number 6) as an ex-

ample, explain the meaning of valence

electrons.
(B.LT Ranchi 1991)

The electrons present in the outermost shell are
called valence electrons because they Lell about
the valency of the atom e.g. in case of C-atom,
E.C.is 2, 4. Hence its valency is 4.

Explain the following :
(§) AlF, is a high melting solid wheres SiF, is a
gas.
(if} 11,8 having high molecular weight is a gas
whereas H,0 is a liqnid.

(I.S.M. Dhanbad 1992)
(t) AlF4is an ionic solid due to large difference in
electronegativiies of Al and F whereas SiF; is a

covalent compound and hence there are only weak
van der Waal’s forces among their molecules.

(1) There is hydrogen bonding in H,QO but no
hydrogen bonding in H,S.

Explain the following on the basis of valence
bond theory

(¥) BF; is planar but NH, is not
(if) CCl, and SiCl, are tetrahedral

(éi) The HSH bond angle in H,S is closer to 90°
than HOH bond angle in H,0

(i} In BF,, B-atom undergoes sp® hybridisation.
Hence BF3 is triangular planar. In NH,, N-atom
undergoes sp° hybridisation. Hence NH, has
pyramidal shape with one lone pair on N-atom.
(#) Both C in CCl, and Si in SiCl, undergo sp?
hybridisation. Hence they are tetrahedral.

(iéi) Refer to page 6/44.

Q.2

Ans.

In each of the following pairs of compounds,
which one is more covalent and why ?

(i) AgCl, Agl (b) BeCl,, MgCl,
(i) SnCly, 8nCly (iv) CuO, CuS
Applying Fajan’s rules, the result can be obtained

in each case, as follows :
({) Agl is more covalent than AgCl. This is be-

cause I ion is larger in size than C1~ jon and
hence is more polarized than CI~ ion.

(1) BeCl, is more covalent than MgCl,. This is
because Be? T ionis smaller in'size than Mg2 + jon
and hence has greater polarizing power.

{1if) SnCl, is more covalent than SnCl,. This is

because Sn** ion has greater charge and smaller

size than $Sn®* ion and hence has greater polariz-
ing power.
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Ans.

Ans.

Ans.

(iv) CuS is more covalent than CuO. This is
because $2~ ion has larger size than O~ ion and
hence is more polarized than 0% ion.

Giving reasons in brief, indicate whether the
following statements is TRUE or FALSE.

The presence of polar honds in a polyatomic
molecule suggests that the molecule has non-
zero dipole moment. (I.LT 1990)
False because in symmetrical polyatomic
molecules like BF;, CI,, Cdl, cte., bond mo-
ments cancel out and the net dipole moment is
7ero.

Write two resonating structures of N,O that

satisfy the octet rule.
(ILLT 1990, MLN.R. Allahabad 19923)

= +

4 5 Dbrdiay
‘N=N=0Q:«> :N=N-0:"

QAErange the following in order of increasing

strength of hydrogen bonding (X......... H—X).
O,ES,CL,N
(LLT 1991, ML N.R. Allahabad 1993)
Cl<S<N<O<E

‘Write two resonance structures of ozone which
satisfy the octet rule. (LLT 1991)

See page 6/48.
Indicate whether the following statement is

TRUE or FALSE. Justify your answer in not
more than three lines :

The dipole moment of CI1,F is greater than that

of CH,Cl (LT 1993)

False because no doubt C—F bond is more polar
than C—Cl bond due to greater electronegativity
of F than Cl but C — F bond length is much
smaller than C —Cl bond length.

Using the VSEPR theory, identify the type of
hybridisation and draw the structure of OF,.
What are oxidation states of O and F ?

(ILLT 1994)
Electron dot structure of OF, is

oar O
F F F F

Thus the central atom (O-atom) has 4 pairs of
electrons (2 bond pairs and 2 lone pairs). Hence
oxygen in OF, is sp® hybridised and the molecule
is V-shaped.

Oxidation state of F=—1, Oxidation state of O
=+2

g

Ans.

Ans.

Ans.

Ans.

Ans.

Account for the following : (Write the answer in
four sentences only)

The experimentally determined N—F hond
length in NF, is greater than the sum of the

sinple covalent radii of N zand I (LLT 1995)
This is because bath N and F are small and hence
have high electron density. So they repel the
bond pairs thereby making the N—F bond length
larger.
Give reason for the following :
The molecule of MgCl, is linear while that of
stannous chloride is angular.

(M.LN.R. Allahiabad 1995)
EC. of ,,Mgis 15%22522p% 3% in the ground
state. Hence in the excited state, il is
152252 2p5 35" 3p1 . Tt undergoes sp-hybridisa-
tion. Thercfore the shape of MgCl, s linear E.C.
of Sn is |Kr]5¢% SP; 5p; . 1t undergoes sp?-
hybridisation. The two hall-filled hybrid orbitals
form bonds with Cl-atoms while the third is oc-
cupied by a lone pair. Hence SaCl, is bent or
V-shaped.
Explain why the dipole moment of NH; is more
than that of NFy? (Rourkee 1995)
Refer to page 6/68.
Explain why bond angle of NIl is greater than
that of NF, while bond angle of PH, is less than
that of PF;.
Refer to page 6/68, 6/69.
Interpret the non-linear shape of 11,5 and non-
planar shiape of PCl, using valence shell electron
pair repulsion (VSEPR) theory. (LLT 1998)
H,S
No. of electron pairs around S

6+ ]
et

So hybridisation = sp*

15 " ) B (V- shaped or angular)

.

PCl,

No. of electron pairs around P
LS el A e
A e
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Q. 14.

Ans.

Q. 15,

Ans.

@y Cr@—O—H....O = (I‘@
H

So hybridisation = sp?

I
cl //P\ @
Cl
Which of the following has larger dipole mo-
ment ? Explain.
1-Butyne or 1-Butene
Their structures are

(Trigonal pyramidal shape)

{Roorkee 1999}

H,C-CH,-C=C-H
1—Butyne
Each triply bonded C-atem is sp-hybridized

—H

1—Butene

Each doubly C-atom is sp?-hybridized.

1-Butyne has larger dipole moment because the
electronegativily of sp-C is more than that of
sp* - C.

Explain why o-hydroxybenzaldehyde is a liquid
at room temperature while p-hydroxy benzal-
dehyde is a high melting solid. (I.LT 1999)

In o-hydroxy benzaldehyde, there is in-
tramolecular hydrogen bonding and hence there
is no further association among the moleculesi.e.
they exist assingle molecules. In case of p-hydroxy
benzaldehyde, there is intermolecular hydrogen
bonding and hence the molecules are associated
through hydrogen bonding

5
\"\}_I
et 0

e

H
o-hydroxy benzaldehyde
Intramolecular-bonding
No association

H
p-hydroxy benzaldehyde
Intermolecular H-bonding
Assaociation through H-bonding

As a resuit, o-hydroxy benzaldehyde is a liquid
while p-hydroxy benzaldehyde is a high melting
solid.

Q.16

Ans.

Q.17

Ans.

Ans.

Gl

kl‘ 14

Ans.

Why HCl is polar while Cl, molecule is non-
polar ? (B.I.T Ranchi 2000)
In Cl, {CI—Cl) both atoms have same electro-
negativity. Hence the shared pair of electrons is
attracted equally by both and remains exactly in
the centre. No end acquires positive or negative
charge. In HCI, Cl is more electronegative than
H. Hence shared pair of electrons is more at-
tracted towards Ci which, therefore, acquires
negative charge while H acquires positive charge.
Which one of NF; and NH, is more polar and
why ? (West Bengal J.E.E. 2001)
The electronegativity difference between N and

H and that between N and F is nearly same, yet
NHj; is more polar than NF;. Reason discussed

on page 6/68.

- Using VSEPR theory, draw the shapes of PCl,

and BrF. (LLT 2003)

(¥) In PCl;, number of electrons in the valence

shell of the central atom viz. P = 5. These are
shared with 5 Cl atoms. Thus there are 5 bond
pairs and no lone pair on the central atom.

Therefore, the hybridization is spd and the
shape is trigonal bipyramidal,
In BrF;, number of electrons in the valence shell

of the central atom viz. Br = 7. Five out of these
are shared with 5 Br atoms. Thus there are 5
bond pairs and one lone pair. Hence, hybridiza-

tion is sp® d* and the shape is square pyramidal

P— ]

:
NP
i Br ’
/r F : "‘\':.?\'Xi
cl

What is the S.1. unit of dipole moment ? Draw the
Lewis dot diagrams of nitric acid, sulphuric acid,
phosphorous acid and hypophosphorous acid.

(West Bengal J E.E. 2003)
The S.1. unit of dipole moment is Coulomb metre

(Cm), 1 Debye = 3-335 x 1073 Cm. Lewis dot
structures of the given acids are as follows :

Oy
H—O-N-»0: H-—O~(B—O——H
0
Nitric acid h
Sulphuric acid
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" — a2 g2
: O H p= YUy F g+ Dy OOS
Lh MM L= 5 . Bk =
H—O—Il’—O—H 10« l—Q—H #n,0 = F%}H it -“%)H + 2“%)!—1 Gy &
H H 2 2 2
Phosphorous acid Hypophosphorous acid RS \,(1 Sy + (1-5)°+2(1-5) cos x
Q. 20. Using VSEPR theory, draw the molecular struc- or 3-3856=2-25+2-25 + 4-50cos =
tures of OSK, and XeF , indicating the location deaibiainl ol SIEE
of lone pair (s) of electrons and hybridisation of
central atoms. {.IT 2004) ar = = 104° 20
Ans. [cos (180 — 8) = —cos @

F:;:l%c: FE\Q;;,:F
o )

Square planar
(sp°d® hybridisation)

Trigonal lipyramidal
(sp°d hybridisation)
State with reasons

(i) Which is more acidic—anhydrous HCA or
aqueous HCI ?

(ii) Which is more polar —CO, or N,0?

L2l

(iii) Which is more volatile-ortho nitrophenol or
para nitrophenol 2 (West Bengal JE.E. 2004)
(i) Aqueous HCI is more acidic. For reason see
Ans. to Q. 1, pag 6/71.

(i) N,O is more polar than CO,. This is because

CO, is linear and symmetrical. Its net dipole

-~ —
moment is zero (O = C = 0). N,O is linear but
unsymmetrical. It is considered as a resonance
hybrid of the following two structures

L T,
‘N=N=0:+—— :N=N-—-0:

Tt has a net dipole moment of 0-116 D.
(iti) o-nitrophenol is moare volatile. For reason,
see Ans. to Q. 3, page 6/71.

B PROBLIMS

Problem I. The ohserved value of dipole moment
of H,0 molecule is found to be 1-84 D. Calculate the

H—0—H bond angle in H,O molecule, given that the
bond moment of 0—H bond is 1-5D.

_Solution. As dipole mo-
ment of H,Oisthe resultant of
thetwovectors(O—Hbonds),
therefore, if « is the angle be-
tween the two vectors, then

ie cos (180 — =) = 0-2476]
Problem 2. Taking the HOH bond sngle in H,O
molecule as 105° calculate the charge on oxygen atom.
Given that the dipole moment of H,0 molecule is
1-84 D and O—H bond distance is 0-94 A.
Solution.

#H,0 = \/;‘%m + Moy + 2w 008 105°

o (1-84)% =2 B + 2 by x (0-2588)
3-3856 = 2k (1 — 0-2588)
[cas 105° = cos (180 — 75% = — cos 757
= 1-4824 udyy

or ‘u%m =2-2839
or  poy=1-51D=1-51x10""®esucm.
Butpg _ = Charge (8) x 4
. 1.51 % 10" B esucm = 8 x (0-94 x 10”2 cm)

dr A=l E0ea 0

As O atom acquires charge = 24 {one é from each
O—H bond) therefore charge on O-atom

esu,

=2 x1-606 x 10 Wesy

=3-212 % 10~ Wesn,

Problesn 3. The dipole moment of KCl is
3.336 % 10~ coulomb metre which indicates that itis
a highly polarized molecule. The interatomic distance
hetween K1 and CI7 in this

2-6 % 10~ m. Calculate the dipole moment of KCl
molecule, if there were opposite charges of one fun-
damental unit located at each nucleus. Calculate the
percentage ionic character of KCL (ILLT. 1993)

Solution. If there were opposite charges of one
fundamental unitie. ¢ = 1-602 x 1079 coulombs, then

molecule is

p=gqxd
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='(1+502 % 10~ coulombs) X (2:6 x 10710 )

= 41652 % 1672 coulomb metre

—~29
Hobserved = 3 336 % 19 columb metre

% ionic character

3 —-29
= 2336210 100 < 30-00%
4-1652 % 10727 ‘
Chaleulate the ,_.h.__lr|u|g-|_|:'|ri,1.'ii} ol

[ollowing bond enerpy data :

= 104-2 keal moi ~ 1,

)

SH A

Lo g = 36 6 keal moi™ 1,

By =134 Skealmol™" a1y N R 1996)

Suppose the electronegativities of H and
I ure represented as yy and yp. Applying Pauling’s

formula
lxe — xg] =0-102 VA when Ajis in kf mol !
BE (H-H) + BE (F-F)
2

A=RE(H-F) -

1042 4- 366

3 kcal moi ™!

=HlEraRG =

=64-2 kcalmol ™! = 2686 kJ mol !

" Axy - 2p| = 0-102vZ68°6 = 1-67

ASye >y, xp=1-67 +Xu
=167+2-1=3.77=38
Problent 5. Anhydrous AICH 3 is covalent. From the

data given below, predict whether it would remain covalent
or become ionic in aqueous solution (Ionization energy for

AICly = 5137 kJ mol ™Y, AHy oo for AIPY = —4665

kJ "lOI_l’Athdrlﬂon for CI™ = —3%81 kJ mol ~ L
(LIT 1997)

Solution. AlCly () + aq —— AICI; (ag) —

APY (aq) + 317 (ag)
1otal energy released on hydration of 1 mole of
AP ions and 3 moles of C1 ™ ions

= 4665 +3 X 381 kJ = 5808 kJ mol~ )

Energy required for ionization = 5137 k) moi™!

As energy released is greater than the energy re-
quired, hence the compound will ionize in aqueous solu-
tion.

e

M UL Tl PLE CHOICE OQESTIONS

R

s

“For CESE. PMT (Preliminary), IIT Screening, AIEEE, A

TR e F

, AFMC, DPMT, CFM‘T BHU

and All Other Compaetitive Examiuaﬂum

A polar covalent bond is formed by

{e) trausference of one electron

(£} transference of one or more electrons
72, sharing of one electron

(<} shzring of one or more electrons.
Dipule inoment of BeF, is

(&} very iow {(b) very high
(¢Yzero (@) not definite.

3. Carbon in ethylene involves the hybridisation
a) sp? () sp*
(i {d) none of these.

4. Ivkridisation invoives
tarorsials of same atom with slightly different
©ner gies
(b yorhitals of different atoms but with equal energies

A NS

(¢} orbitals of same atom but with widely different
energies

{d) orbitals of different atoms with different ener-
gies

(e) orbitals of the same atom with exactly equal
energies.

5. Which of the following statements is wrong ?

(a} Covalent compounds are generally soiuble in
polar solvents

(b) Covalent compounds have low melting and
boiling points

(c) Tonic solids do rot conduct efectricity

(d}lonic compounds conduct electricity in the
fused state.

0O, is isostructural with (one or more)

(pYHgCy (b) SnCl,

W E RS
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A, (@)NO, (117 1986)
\}Gf Dipole moment is possessed by (one or more)
(@) 1, 4-Dichlorobenzene
{b¥%is 1, 2-Dichloroethene
(c) trans 1, 2-Dichloroethenc
(d')/tram;-l, 2, Dichloro-2-pentene.  (LL.T 1956}
8. Which of the following contains both covalent and

ionic bonds ?
(a) CCl, (b) CaCl,
’LQ NH,CI {d) HyO.

{(M.L.N.R. Allahabad 1990)
9, Which of the following contains a coordinate

bond ?
(N ,HT (b) BaCl,
() HCI (d) H,0.

(M.L.N.R. Allahabad 1990)

10. 1nwhich of the following the central alom does not
use sp~-hybrid orbitals in its bonding.

BelF;” (b) OHY

(d) NH,
MLNR Allahabad, 1990)
11. The molecule which does not exhibit dipole mo-

(¢)NH;

ment is :
{a) NH, (b) CHCI3
(c) H,O @rea,.

(M.L.N.R. Allahabad 1991)

12. What is the maximum number of hydrogen bonds
in which a water molecule can participate ?
(@)1 ®)2
()3 4dY4.
{M.L.N.R. Allahabad 1991, L1.T {992,
ALR C.EE. 1989)

13. The linear structure is assumed by {one or more)

(z) 5nCl, N NCO™

(¢)NOZ @GS, (LT 1990)
14. The molecules that will have dipole moment (one

O more)

{a) 2, 2-Dimethyl propane
{bytrans-2-Pentene
(gcis-3-Hexene

{d) 2,2, 3, 3-tetramethyl butane. (LILT {997)

RIS e RS

9.a
19. ¢

10. a
20. ¢

15. Which one of the following has zero dipole mo-

ment ?
(@) CIF (b) PCly
(e)SiF, (8) CFCly. (LT 1993)

16. Two lone pairs of electrons and two bond pairs of
electrons are present in

(a) NH,
—ey1,0

17. H,O has higher boiling point than H,S because

(b) BF,
d)CO, (C.PM.T 1993)

(a)H,0 is a smaller molecule and hence more
closely packed.
(b) the bond angle in H,O is more than in HyS and

hence the former molecules are more Lightly
packed.

;p)*éf intermolecular hydrogen bonding in liquid
H,0

(d)the latent heat of vaporisation is higher for
water than for HpS. (7.5 M Dhanbad, 1994)

18. The central atom assumes sp°-hybridisation in
P, (b) SO,

(c) BF; (d)NOy
(M.L.N.R. Allahabad 1994)

19. NH, and BF; form an adduct readily because they

form
{a) an ionic bond {(b) a covalent bond
(¢ya coordinate bond  (d) a hydrogen bond.

(M.L.N.R. Allahabad 1994)
20. NH, has a much higher boiling point than PH,4

because
{a) NH, has larger molecular weight
(b) NH; undergoes umbrelta inversion
(p¥NH; forms hydrogen bond.
(¢)NH, contains ionic bonds whereas PH, con-
tains covalent bonds.
(M. L.N.R. Allahabad, 1994}
21. Which of the following has net dipole moment ?
() CCl, {(b) BF;

}g NH, {d) CO,.

(Haryane C.E.E.T. 1994)

11. d i15. ¢

2l. ¢

12. d

14.' b,c

13. bd
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\,}_2: “Hydrogen bonding is maximum in
thanol (&) Diethyl cther
(c) Ethyl chloride (d) Triethyl amine.
(M.L.N.R. 1995)
23. The number and type of bonds between two carbon
atoms in CaC, are
{@) one sigma (o) and one pi (x) bond
(b) one sigma (o) and two pi (x) bonds
(c) one sigma (o) and one and a half pi (x) bond

! %:cme sigma (o) bond
“Which of the following hydrogen halide is most

volatile ?
{a) HF AByHC
(c) HBr () HL

(Haryana C.E.E.T 1996)
25. Among the following species, identify the isostruc-
tural pairs NF; , NO; , BF, , H O, HN,

(@) [NF; , NOjy ] and [BF; , Hf O]
(b) [NF, , HN;] and [NO; , BF,]
43 [NF, , Hf O] and [NO; , BF,]

26. Arrange the following compounds in order of in-
creasing dipole moment

Toluene (1), m-dichlorobenzene (1), o-
dichlorobenzene (I11), p-dichlorobenzene (1V)

@I<IV<II<ll @gAV<I<N<II
EOIV<I<HI<Il (@OIV<II<I<IIL
LLT 1994)
d/KF combines with HF to form KHF,. The com-
pound contains the species
(@K* ,F-aodH* (B)K*,F and HF

/@»K* and [HF,]~ (d) [KHF]* and F,.
(LLT 1996)
28. Among the following compounds, the one that is
polar and has the central atom with sp?* hybridisa-

tion is
H2COJ (b) SiF,
(c) BF, (d) HCIO,,.

(LLT 1997, C.BM.T 2000}
29. Which contains both polar and non-polar bonds ?

(e7H,0,
30. Which one of the following compounds has sp?*
hybridisation ?

(d) CH,.

LLL 1997

(@) CO, (750,
(€} N;0 (d) CO. (LT 1997)

31- Among KO, , AlO; , BaO, and NG, unpaired
electron is present in

(a) NO and BaO,
_[eYRO, only (d) BaO, only.
(LLT 1997)

32. The cylindrical shape of an alkyne is due to
(2) three sigma C—C bonds
(b) three x C—C bonds
(¢) two sigma C—C bonds and one = C—C bond
{4 One sigma C—C bond and two x C—C bonds.

(b) KO, and AlO;"

ol (C.B.S.E. EM.T. 1997)
33. Which one of the following has highest dipole mo-
ment ?
K4S NH, {b) PH,
(c) SbHy (d) AsH,

LCB.SE PALT 1997)

34. Incrystals ofwhich of the following ionic compound

would you expect maximum distance belween the
cenres of calions and anions.?

(a) CsF /(K) Csl
(c)Lil (d)LiF
(CBSE BMT 19098
35. Which of the following statement regarding
covalent bond is not true ?
(a) The electrons are shared between atoms
(&) The bond is non-directional

(c) The strength of the bond depends upon the
extent of overlapping

{d) The bond formed may or may not be polar.
(M.P PALT 19%8)
36. Hydrogen bonding is not present in
(@) Glycerine (b) Water
/(ef Hydrogen sulphide (d) Hydrogen fluoride.
(M.P EMT 1998)

37. The geometry and the type of hybrid orbitals
present about the central atom in BF; is

,(b)‘ﬁ"xf;onal planar, sp?

(@) linear, sp

AR S W ETRYS

(@) NH,Cl (b) HCN
Rig 2805 2anpeX gEgA  Dewp
33.a /.6 . ¢

34. b

27. ¢ 28. a 29. ¢ . b 315e
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(c) tetrahedral, sp° (d) pyramidal, sp.
(LLT 1998 ; Haryana C.E.E.T)
38. The correct order of increasing C—O bond length
of CO, CO3™,CO, is
(@) CO3~ < CO, < €O
() CO, < COA™ < CO
(c) CO < CO3™ < CO,
Ay'CO <CO, < COJ™. (LLT. 1999)

\4

i

39, In a double bond connecting twa atoms, there is a

sharing of
(a) 2 electrons
(c) 1 electron

(b4 etectrons

(d) All electrons.
{(M.P CLE 1999)

40. Which one of the following molecules will form a

linear polymeric structure due to hydrogen bond-

ing ?
(a) HCI _HF
(c) H,0 @y NH,.

(C.BSE PAMT 26003

1. Which among the following has the largest dipole

moment ?
&) NH, () H0
(© HI (d) SO,

(A LLM.S. 2000)

42. Atomic orbitals of carbon in carbon dioxide are

(b) sp*d- hybridised
(d) sp>- hybridised.
(ALLM.S. 2000)

{a) sp-hybridised
(c) sp*-hybridised

43. The values of electronegativity of atoms A and B

are 1-80 and 4-0 respectively. The percentage of
ionic character of A—B bond is

(@) 50% (b) 72-24%
(c) 55-3% (d) 43%.
(DCEE e 2004}

44. Amongst H,0, H;S, H,Se and H, Te, the one with

the highest boiling point is
((Aj H,0 because of hydrogen bonding
(b) H,1& because of higher molecular weight
{c) H,S because of hydrogen bonding
(d) H,Se because of lower molecular weight.
(LT 2000)

b 38. d 3.0 40. d 41. 5

49. S sk S0, d 5. a

LU |

¢ fd) dsp?, 5p, ap®, dsp
¢ Which of the following two are 150 sl pral

45, The correct order of hybridisation oi i contial

atom in the following specics
NH,, [PACL]* ™, PClg and BCly is
(@) dsp®, dsp®, sp* and sp®
@rsp*, dsp? dsp?, sp?

(c) dsp?, sp*, sp*, dsp®

3

4 XeFy, TFy (b) NH,, BF;

() CO¥~ S5~ (d) PClg, ICls

47. Inwhich of the following, bond angle is maximom ?

(a) NH, AN
() PClg (d) SCl,

48. Which one of the following arrangements ot

molecules is correct on the basis of their dipole
moments ?

(a) BFy > NF; > NH; (b) NF; > BFy > N1l
() NH, > BF, > NF; (#NH, » NF, > Bl
(¢) NH, = NF; > BF,

49. Bond dissociation energies of HE, HCl and IThr

follow the order

(@) HCl > HBr > HF  {#) HF > HBr > HCi

(@ HF > HCl>HBr (d) HBr > HCl
EAM

ajﬁv._/(?!w:ilunl compounds have low melling point b

cause
(@) Covalent molecules have definite shape
(b) Covalent bond is weaker than ionic bond
(¢) Covalent bond is less exothermic
) Covalent molecules are heid by wea
Whaal's forces of attraction

51. Sulphuric acid provides a simple exariiple of

co-ordiante bonds
(b) non-covalent compound
(¢} covalent ion
(d) non-covalent ion
{e) none of these

52. In NOj ion, the number of bond pairs aia fone

pairs of electrons on nitrogen atom are

CARS W E RS
42. a 43. b . 44, a 45, b
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@)2,2
(©1,3

31
74,0
{(C.B.S.E PM.T 2002)
53. In OF,, number of bond pairs and lone pairs of
electrons are respectively

(@2,0 “5)2,8

() 2,10 (d)2,9 (D.BM.T 2002)
54. Which of the following has zero dipole moment ?

(a) CIF (&) PCl,

gd) SiF, {d) CFCl,

(M. PM.T 2002}
55. In which of the following species is the underlined
carbon having sp*-hybridisation ?
{a) CH;—COOH ,(ﬂ) CH,CH,0OH
() CH;—CO—CH; (d) CH, = CH—CH,

(ALELEL 2002)

Which of the following does not contain co-or-
dinate bond ?

(a) BH, (b) NHy
995 ce; (dyH,0
{(Rajasthan PM.T. 2002)
57. Number of x-bonds in Naphthalene is
(a)6 (6)3
(c) 4 )5
(Rajasthan PM.T. 2002)

v 58. - Which of the following hydrocarbons has the lowest

dipole moment ?

H,C R _~CHg

(a) C=C

{b) CH,C = CCH,

{¢) CH,CH,C = CH

(d)CH; =CH—C=CH (11T 2042)

59. Among the following, the molecule with highest
dipole moment is

4aCH,CI

(¢) CHCl,

(b) CH,Cl,

(@A) CCly (117 2003)

60. Which of the following are isoelectronic and
isostructural ? NOy, CO3 ™, ClO7, SO,

55. &
65, 4

5. ¢ 56. ¢
64. b 66, ¢

{G)NO;, CO2™ () SO;, NO3
(c) ClO;, CO3~ (@) co}~, so,

(LLT 2003)

61. Which of the following statements is not correct for
sigma and pi bonds formed between two carbon
atoms ?

(a) Sigma bond is stronger than pi bond

A%) Bond energies of sigma and pi bonds are of the
order of 264 kJ/mol and 347 kJ/mol

(¢} Free rotation of atoms about a sigma bond is
allowed but not in case of a pi-bond

{d) Sigma bond determines the direction between
carbon atoms but a pi bond has no primary
effect in this regard. (C.B.S.E. PM.T 2003)

62. Maximum bond angle is present in case of
) BB, (%) BCls
f() BF, () same in ail
(D.EMT 2003)

63. Which of the following pair of molecules will have
permanent dipole moment for both members ?

(g} NO, and CO, %) NO,; and O,
(c) SiFy and CO, (d) 8iF, and NO,
(ALEF.E. 2003)

64, Shape of O, F, is similar to that of
(a) GF; (‘Q H0,
(c) HyF, (d) C,H,
(ALLM.S. 2004)
65. The ONO bond angle is maximum in
(a) NOy (b)NOy
(c)NO, tHNOF

(A.LLM.S. 2004)

: ./:Fﬁe dipole moment is highest for
(a) trans-2-butene (b) 1, 3-dimethyl benzene

/(;,) acetophenone {(d) ethancl
(A LLMS. 2004)

267 Which of the following is arranged in the increasing
order of enthalpy of vaporisation ?

(@) NHy, PHy, AsH;  (b) AsH,, PH,, NH,
(¢)NH,, AsHy, PHy  (4PH,, AsH,, NH,
(A LLM.S, 2004}

AR S e £ R_S" —

57 d
67. d

58. b 59. a 60. a 61. b
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#
-Wonic radii are
.. (#)inversely proportional to effective nuclear charge

(b) inversely proportional to the square of the ef-
fective nuclear charge

(c) directly proportional to effective nuclear charge
(d)directly proportional to the square of effective
nuclear charge. (C.BS.ERMUE 2004 )
69. In BrF, molecule, the lone pairs occupy equatorial
position to minimize
(@) lone pair — bond pair repulsion only
{b) bond pair — bond pair repulsion only
{c) lone pait — lone pair repulsion and lone pair-
bond pair repulsion
{d} lone pair — lone pair repulsion only
{CB.S.LE DML 2004}
70. The correct order of bond angles (smallest first) in
H,S, NH,, BF, and SiH, is
(n) HyS < Sill, < NH; < BF,
(b) NH; < H,8 < SiH, < Bl
_{eTH,S8 < NH, < SiH, < BF,
(d)HyS < NHy < BF; < Sy (4.1 £ E.E 2004

71. The state of hybridisation of boron and oxygen
atoms in boric acid (H,BO,) are respectively

(@) sp* and sp® T5p* and sp?
(¢) sp® and sp? (d) sp* and sp°

(A LE.E.E. 2604}
r\!_é Decreasing order of C—C bond length is
L CH, IL G H, M. CgHg TV. G Hg
(AIV>II=>I>1 () I>11>1V>III

EOI>1>IV>I (@OIV>1>1>11
(Orissa JE.E. 2004)

73. The decreasing order of bond angle is
(a)NO, > NOF > NOj
(b)) NOF > NO, > NOJ
) NO; > NO, > NOF
(A)NOS > NO; >NO, (& K57 2004)
74. Which carbon is more electronegative ?
(a) sp® hybridized carbon
(b sp hybridzed carbon
(c) sp* hybridized carbon
(d) Always same irrespective of its hybrid state

(¢) None of above (Rerala C.E.IZ. 2004)
75. The H— O — O bond angle is H,0, is

(a) 127° 28" (h) 109° 28’
(c) 104-5° {d) 106°
197 (Kerala BM.T. 2004)

76. 1f a molecule MX, has zero dipole moment, the

sigma bonding orbitals used by M are

(a) sp® d-hybrid (b) sp-hybrid

(c) 3p>d® hybrid (d) sp>- hybrid

(&Y sp*-hybrid (Kerale EM.T 2004)
77. Which of the following is least volatile ?

- 1 HF gBrHC]
(¢) HBr (o) 111
{Haryana EM.T 2004)

78. Which of the following is not electron deficient ?

A N1, (b) BF;
(Haryana EM.T. 2004)

HINTS/EXPLANATIONS to Multiple Choice Questions

1. Forcxample,inO=C=0,eachC =0bondis
potar and € and O contribute two electrons each

for sharing,
il
- o : H—C—C1
. (e = 0), (i
@ gy Aog w20
ANTS
68. a 69. d 70. ¢ 7. & 7. a

78. a

a o

s CHFJE - é-—c:-rz—cn,

e
L H

H—C
ad

(:Hj-—C-—Cl
Le. (= 0)
CI—C—CH-‘,'CHJ

trans

1, 2= Dichloro—2-—pentane

T4. b 75. & 76. & 7. a
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8.

9.

1t

12.

13

15.

23.

24,

¥ NP and H3

u =+

|
H-N-N| CI"

!
H

[(NH;NH,} — Hj*
Bel'y” involves sp-hybridisation of Be.

Each H,O molecule can form two H-bonds

through O-atom and two H-bonds through two
H-atoms (See Fig. 6:51 page 655},

IN=C=0]" and S=C=Sare linear,
CH,
J
CHy—C—CHy (1 = )
I
CIH,
CHy CH
(@ =0)

H-~C—CH,CH,
CHyCH,—C—H

(e = 0),
CH;—CH,—C—1
CH, CH,
P
(,'I'IJ—C—C——(TH3 =0

CH, CH,
SIFy is symmetrical molecule. Hence its dipole mo-
ment = 3,
5P = 152 242 2p8 342 3p; 3p)1, 3le

¢ 12— p* hybridisation
ca?t () J - S0l involves one sigma and two
=

pi bonds.

Maost volatile hydrogen halide is the one which has
feast boiling poml viz HCL

are pyramidal (sp° hybridised)
whereas NO; and BF, are triangufar planar gsp?
h}hrmised}fH—N N . Nl\ lincar]

@@bl@

_ Gl
=T imetor

m

e

28.

29,

Jn,

3i.

%)
|53
3

A3,
34.

3s.
J8.

41.

43,

Cl

O =0,

Cl
IV
Hence the order is 1V < | < IT < ITI.

- KHF, —K* 1 HE;

MO, == 20" +co?-

(€03~ has sp? hybridised carbon),
O—H is polar bond

H.
N
\EI { O—0 is non polar bond.

O—0
SO, is Vshaped molecule with bond angle
1197307,
Electrons present : NOF =74 16 1 = 22,

Bat), = 56 + 16 = 72,

A0y =134 16 +1.=30
and KO, =19+ 16 = 35
Thus only KO, is odd clectron species.
For example, H—C = C—H (acetylene). Between
twa C-atoms, there is one o-bond and two z-bonds.
The N—I1 bond is most polar. Hence NH, has
highest dipole moment.
Cstionis largest cation and I~
Covalent bonds are directional.
‘The structures of (he given species are

g

-

\u

Thus (‘O contains Lr]p]e bond, CO, contains

double bond while CO2 tentaing between single
and double bond. Hence C—-0 bond lenglhs wilt
be in the order :
€O < €O, < co?~

#(H0) = 184D, 4 (NH 3} = 1:49 D, HI and
SO, are less polar and hence will have fess dipole
moment.

As the difference of electranegativities is 2. 2, the

I8 largest anion.

=y ‘ O,

- jenic character will be approx 709%.,

Compounds having  same
bvbridisation of the central

shape with  <ame
atom  are - called
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isostructurat. Both XeF, and IF; arclincar species
with spd hybridisation of central atom,

47. NH] is tetrahedral with bond angle 109°28",

4%, NH, = NF; (See page 6/68). u (BFy) = 0.

49. Smaller the bond length, greater is the bond dis-
sociation energy. o

1
51. 1,50, has the structure H- O—§-0—H
i
O
o-
., O /

0N O=N
s 0 M
0

Thus N has four bond pairs and no lone pairs.

52

83, oo 5
/ \ {2 bond pairs and 8 lone pairs)
el E{TE

54. SiF, is symmetrical. Its net dipole moment = 0.
0

{
ss. CH,_edo—H LH:—L—DH
" )

0 H
C}I3—»£—CH3 Gl = é—CH:,,
sp? sp*
56. COIis
0 o 0~

! — !‘, -
'_D/ \CI _D/ \U CI//// \‘D"

There is no co-ordinate bond.

57. @ No. of x-bonds = 5.

58. (b) is symmetrical with linear structure and there-
fore, will have zero dipole moment.

59.

S T

0) Ry+—C+—+ Ra
W WY
CH, (Symmetrical) CH,Cl
p=>0 {Bond moments

¢ -H, C—Cl reinforce
to give resultant R,

Resultant R, further adds up)
p=18D

Ny ANF

Aye—tC ety Ryt Rz

o H ci e
CH,Cl, (R is CHCI (R,
less than R opposes Ry)
of CH,ClL Net pu=103D
resultant is less)
a=1-62D
(@] Cl
N
C
/ i
Cl Cl
CCt, (Symunetrical)
u=0

0. No.of clectrons in NOy =7 +24 + 1 =32

No. of electrons in CO3~ =6 +24 +2=32
Hence they ate isoelectric. Further
Total no. of valence electrons in NOS
=S A AR =2
“[otal no. of vatence electrons in C()%'

S
-, Hybridizaticn of cenlral atom in both cases is
sp?. Hence they are isostructural aiso.
61. Bond energy of sigma bond is greater than that for
pi-bond (For C—C sigma pond, it is = 347 KJ
ol and for a-bond, it is = 264 kJ mol™ iy

62. Al of then ace Lriangular planar with a bond angle
of 120°. : -
o L e
63 nfor0=C=0 and . /SI\F— 0
NO, and O, are bent molecules with permancnt
dipole moment.
64. O,F, and H,0, both have open book Lype struc-

ture (see page 6/47). They however differ in bond
angles and bond lengths.

65. NO; has sp? hybridisation and three resonating
O
k
/ o
o g
Hence ONO bond angle = 120°

struciures
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NG, has no unshared electron and sp hybridisa- 7. o
i :o;,fs/ .
tion. Hence shape is linear (O = N = Q) with bond 1
T z Hio fr’B p? /H
angle = 18@¢ h‘-“. Tsp? 0%
NGO, has one unshared electron whereas NOE" has
one unsharcd electron pair. Hence in NOJ, the 73 L HyC = CH, IL HC = cH 1.
g bond pairs are more and angle is H H
!r:&u]s:on on the bond pairs are more and a gle is v H:'—\C _,..r”
- L e
oo~ ; % Multiplicity of bond (or bond order
4 1
! = = Sriifds s
NN 1=211=311 15,1V =1
W e
% Greater the multiplicity (bond order), less is the
’M..--’., bond length.
1320 73. Referto Q. 65.

66. Dipole moment of acetophenone is 3 Debye which @ ';lp h’.’g.r i?g:cd ggbital ishf’f;‘” l eqi ”? S VHSH.CE v
is the maximum among the given compounds. ybridized carbon has ighest electronegativity.

67. See Fig. 6.49 page 6/53, 54. 75. H— 0O — 0 bond angle on H,Q, is nearly 97°.
B.pt.: NH; > AsH, > PH, }I(

68. Greater the effective nuclear charge, greater isthe 7, M - ¢ = 0. Hybridization of M = gp?
pull on the electron by the nucleus, smailer is the N
radius. X X

69. Similar ta CiF;, discussed on page 6/d4. 77. HFis leastvolatile die 1o strong hydrogen bonding.

78 In NH,. octet of N is complete. Hence it is not
70. H$ < NH; < SiH, < BF, e il ¢
electron deficient.

92-6° 167 109°28' 120°

e v e e C— e P R }wwvﬂ’mﬁwﬁwmwomﬁ S F

e
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Assertion-Reason Type Questions

The questions given below consist of an ‘Assertion’ in column 1 and the ‘Reason’ in column 2. Use the following
key to choose the appropriate answer,
(@) I hoth assertion and reason are CORRECT and reason is the CORRECT explunation of the assertion.
(&) Ifboth assertion and reason are CORRECT but reason is not the CORRECT explanation of the assertion,
{c) If assertion is CORRECT but the reason is INCORRECT,
(d) I both assertion and reason are INCORRECT.

Assertion Reason

. Ifthe central atom in a molecule is surrounded only | The shared pairs of electrons repel each other with equal
by shared pairs of electrons, the molecule has a|force so that all bonds are equidistant from each other.

regular geometry,

2. When two noble gas atoms are brought very close | The random variation in the positions of electrons around
together, their surrounding electron-clouds in-{one nucleus may create a transient clectric dipole. which
fluence each other, and a force of attraction is built {induces a transient, opposite dipole in the nearby atoms.
up between them. |
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3.

10.

11.

12.

4,

w

Assertion
The nearly tetrahedral arrangement of the orbitals
about the oxygen atom allows each water maolecule
to form hydrogen bonds with as many as four neigh-
bouring water molecules.
There are ten valence electrons on sulphur atom in
SF, molecule.

BF, molecule is planar while NF, is pyramidal.

o-Nitrophenol has a higher boiling point than p-
Nitrophenol.
Ionic compounds tend to be non-volatile.

The atoms in a covalent molecule are said to share
electrons, yet some covalent molecules are polar.

NOj is plannar while NH, is pyramidal.

The bond angle of PBr; is greater than that of PH but
bond angle of NBr, is less than that of NH,.

The dipole moment helps to predict whether a|

molecule is polar or non-polar.
Al F-S-F angles in SF, are greater than 90° but less

than 180°.

Reason
In ice, each water molecule forms four hydrogen bonds as

|each molecule is fixed in space.

The structure of SF, molecule is a distorted trigonal

bipyramid.

N atom is smaller than B.

Intramolecular hydrogen bonding occurs in p-Nitro-

phenol.

The intermolecular forces in these compounds are weak.
(A LILM.S. 1994)

In a polar cavalent molecule, the shared etectrons spend

more time than average near one of the atoms.
(A.LLM.S. 1996)

N in NO; has sp? and in NH, has sp® hybridization.

(ALIM.S. 1997)
Electronegativily of phosphorus atom is less than that of
nitrogen. (A LLM.S. 1998)
The dipole moment helps 1o predict the geometry of
molecules. (A.LILM.S. 1999)
The lone pair-lone pair repulsion is weaker than bord
pair-bond pair repulsion. (4.L1LM.S. 2004)

True/False Statements

Select the true and false statements from the follow-
ing statements ;

A group of atoms having characteristic propertics
is known as a molecule.

The term chemical bond dos not express the exist-
ence of strong forces of attraction between the
atoms.

The attractive force responsible for molecule for-

if it has less than eight valence electrons or to lose
all its outer electrons.

Many physical and chemcial properties are the
result of the shape that a molecule has.

7. The direction of the bonds around an atom in a
molecule does not depend on the total number of
electron pairs (bonding as well as non-bonding) in
the valence sheli of the atom.

mation is the electrical force between electrons and 8. Tonic bond is not an extreme case of a covalent
nuclei. However, not all electrons in an atom are bond.

involved in molecule formation. 9. Molecule of H,O is angular in shape.

IT.thIS syr:ab;)is.: 2 e sfhow - sl:elll;clectrons. " 10. Molecule of methane is tetrahedral.

e most obvious way for an atom o have ap octe! ; ’
g . - b 11. The presence of polar bonds in a polyatomic
in its valence shell is 1o acquire additional electrons molecule suggests thatthe molecule has non-zero

dipole moment. (L1T 1990)
Fill iIn The Blanks
According to electronic theory, atoms combine 5, Tonic compounds are ............. in water and have
with each other to complete their........ o melting points.
An ionic bond is formed by ............. of electrons. 6. A double bond implies......shared pair ot clectrons.
A covalent bond is formed by ............. of electrons. 7. The two atomic orbitals that averlap to forma bond

4. For an ionic bond to be formed between two atoms,

the metal atom should have ionization
energy and non-metal atom should have ...
electron affinity.

must have electron/etectrons each,
8. The two electrons that occupy a bonding orbital
must have
The structures represenied by electron dots are
called
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10.

i1.
12.

13.

14.

is.

16.

17.

18.

19.

20,

When overlapping of half-filled atomic orbitals
takes piace along the internuclear axis, the bond
formed is called bond. If it takes place
sideways, the bond formed is called............. bond.
Sigma bond is ........._... than pi bond.

Electronegativity  is  the power to
tract.......electrons.
Electronegativity of ... .
ZERONDT 58 e

A covalent bond formed is non-polar if the two
atoms have ... electronegativity.

A bond is said to be ionic if the clectronegativity
difference between two atoms is greater than ......
Dipole moment of a diatomic polar molecule is the
product of ...........

Mixing of orbitals of a shell to form equivalent
crowtals s calied ...

at-

is maximum and is

When2+! | 2p! and 2p) orbitals mix to for threc new
equivalent orbitals, it is calied ... hybridisa-
tion.

The hybridisation involved in BeF, is ............. The
shapeis ............. The bond angle is............. :

The hybridisation involved in BEyistaas o . The
shapeis ............. - The bond angle is ............ i

21,

22,
23

24,

25,

26,

27.

28,

29.

3Jo.

31.

32.

A double bond is always made of a .......... bond
anda........bond.

A co-ordinate bond is formed by of electrons.
For hydrogen bonding to occur, hydrogen atom
must be linked to ............, atom.

The boiling point of water js ... than that of
H,S becauseof ............

I vass i boiling point than HC! because of
The density of ice is ........... than that of water due

to the formation of .............

The atom which loses electrons acquiresa ...,
charge.

Hydrogen bond energy is around.............

{Roorkee 1989)
The hybridisation state of Oxygen in water molecule
IS0 {Roorkee 1990)

The valence atomic orbitals on carbon in siiver
acetylide is ............. hybridized.

(LLT 1990)
Greater stability of an ionic compound indicates
.......... lattice energy.
Among N, 0, SO,, I and 137, thelinear species are
....... and ...... (LLT 1997)

Matching Type Questions

Match items in column A with items in column B,
Column A Column B
(Y Methane molecules (@) covalency
(i) Sharing of electrons(b) tetrahedral molecule
(t) H,O(c) pyramidal molecuie

Column A Column B
(iv) NH;(d) zero dipole moment

(v) BeF,(e) polar molecule.
(vi) BF; molecule(f) linear molecule.

ANSWERS

ASSERTION-REASON TYPE QUESTIONS

l.a La b 4b 5p g4
TRUE/FALSE STATEMENTS

Tac

8.¢c

9.a 1.4 1l.a 12 ¢

L. True 2. False 3. True 4. True 5, True 6, Ttue 7. False 8. False 9. True 10. Trye I1. False,

FILL IN THE BLANKS

L. actets 2. transference 3. mutual sharing 4. low, high 5. soluble, high 6. two 7. one 8, Opposite spin
9. Lewis structures 10, sigma, pi 11. stronger 12. shared pairs 13. F, noble gases 14. same 15, 1.9

16. charge, internuclear distance 17. hybridisation 18, $7° 19.3p, linear 180° 20, sp? trian gular planar,

1207 21. sigma, pi 22. one sided sharing 23. a highly electronegative 24, higher,

hydrogen bonding

25. higher, hydrogen bonding 26. less, a cage like structure (Open structure) 27. positive
28. 4.2—8.4 kI mor—' 29.5p% 30.5p 31. large negative. 32. N,O and Iy

MATCHING TYPE QUESTIONS

(D—(b), (i)— (a), (iii)— (), (iv}— () (v)— (b), (vi)— ().
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HINTS/EXPLANATIONS to Assertion-Reas

on Type Questions
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