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Unit
1
Solid State

1.0 Introduction

You have gained information about five states, in previous standards. They are solid, liquid, gas,
plasma and BEC (Bose-Binstein Condensate). We are more familiar with first three states. You have
studied about liquid and gas in standard-11, in the units on liquid state and gaseous state. You have also
studied the characteristic properties of liquids, etc. In this unit, we shall study in detail the zolid state.
The stady of structure of solids and their properties etc. i8 called Solid State Chemistry.

We know that solid substance has definite shape and volume. In addition to this we shall study
sbout many phenomena associated with chemistry including this statemment. We are familiar with solid
gubstances, becanse our life and everyday life are associated with solid. Different solid substances are
used for different uses. In solids, their different compositions and properties are associated. If we study
solid, nformation about its properties and by carrying out changes in it, we can have many uses of solids
viz. substances used in superconductors and plastics for packing can be prepared. Solid substance differg
from liquid and gas in one aspect and that is fluidity. Hence, liquid and gas are called fluids but in sclid,
the jons, molecules are in some definite form and arranged in a systematic manner. Heace, they have
definite gshape and so it is not a fluid. There can be two types in soild-crystalline and amorphous. In a
crystalline soild, arrangement of atoms or jons is systemetic.

We shall study in thiz unit, the arrangement of atoms or ions and their relationship with their
properties and what changes we can make in these properties so that desired and useful innumerable
solid substances can be obtained.

1.1 Classification of Compounds on the basis of Binding Forves (Molecular, Ionic, Covalent,
Metallic)

Most of the solid substances are crystalline viz. metals like copper, iron, silver, etc., non metals
like phosphorus, sulphur, and in ionic form-crystals of sodiuvm chloride, potassium chloride and moleculer
galid like naphthalens.
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The classification of solid substances on the basis of intamolecular attraction forces involved
in them, can be made into four classes (1) Molecular solids (2) Ionic solids (3) Metallic solids and
{4) Covalent network solids.

(1) Molecular solids : The molecules present in the molecunlar solid are its constitnent parficles.
They can be classified into three parts as below :

(a) Nonpolar molecular solids : Elements like argon, helium or molecules formed by nonpolar
covilent bonds. Elements like dihydrogen, dichlorine, diiodine etc. can be included in this type of solids.
The atoms ar molecules in this type of solid possess the weak dispersion forces or London forces.
You have studied about these types of forces in standard-11. Solids of this type possess low melting
points and they are soft and non conductor of electricity. At normal temperature and pressure, they are
in liquid or gaseous state.

(b) Polar molecular solids : The solids like SO, eic. generally possess polar covalent bond.
The molecules of such solids are bound by relatively strong polar-polar interactions. They are also soft
and nonconductor of electricity. Their melting points are higher than those of nonpolar molecular solids.
Even then, they are in gaseous or liquid state at normal terperature. Soild SO, and solid NH, are solids
of this type.

(c) Molecular solids containing hydrogen bond : In this type of solids, atoms like H form
polar covalent bond by combining with electronegative atoms like F, O or N, The strong hydrogen
bonding in them, keep them in bound state. Substance like ice is the example of this, They are also non-
conductoxs of electricity. At room temperatore and pressore they are volatile liquids or soft solids, In the
molecule of ice, four molecules of water are attracted by hydrogen bond It gets separated from the
hydrides of other elements of the same group because of hydrogen bond

(2) Ionic sofids : The constituent particles of ionic solids are jons. The cations and anions of
guch substances are attracted by sirong Coulombic forces and so they possess forced molecules in three
dimensional directions. They are hard and brittle. Their melting points and boiling points are higher
because of strong attraction between positive and pegative ions in the solid. Though jons are present in
such substances, even then, they do not conduct heat or electricity because they are bound by strong
attraction forces between pogitive and negative ions. But if they are dissolved in water or are melted
in solid state, their ions get separated and so they conduct electricity.

(3} Metallic solids : Most of the metals are in solid stale and so metal possesses positively
charged nucleus around which free electrons are arranged. They are arranged in a systernatic way.
Electrons are spread in the form electron sea around the nucleus of atom of the metal. These electrons
do not remain confined to any nucleus but are moving around the nuclei like the flow of water in the
sca and these free electrons allow electricity and heat to conduct. When electric field is applied, they
move, but in the new situation electron makes its arrangement around the nuclei. When heat is supplied
to metal, the thermal energy is spread everywhare by the free electrons. In addition, metals have hustre
and in some cases have colours. This is due to the presence of free electrons. They are ductile and
malleable.

(4) Covalent solids : In the whole crystal, the edjoining atoms form covalent bond in larger
proportion and so it results into different crystalline solids. They are called ‘Giant molecules’. Many
diversities are found in these compounds because they possess covalent bond-directional properties. Their
molecules are bound tightly and hence they posaess very high boiling points. Some decompose before
heing melted. They are not conductors of electricity. Diamond and graphits are the examples of this type.
Graphite is soft and good conductor of electricity because its structure is specific. Three atoms of carbon
in graphite form three covalent bonds by sp> hybridisation and the fourth electron remains free. It keeps
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one layer of graphite combined with other layer. Thus layers consisting of hexagonal structure having sp®
hybridisation are formed in graphite and the fourth electron keeps distance of 340 pm between the layers
and it conducts electricity because it is free. The different layers of graphite can move creating friction
with each other and so graphite is a good sclid lubricant. In contrast to this, tetrahedral structare is formed
by sp° hybridisation in diamond and all its four corners are combined with other carbon atoms of diamond
and spread in three dimension. Hence, it is very hard. It cannot conduct electricity because it has no free
electrons. Thus, it can be seen that in the two allotropes of the same edement, if intermolecular forces
and hybridisations formed are different, there is a great change in their properties.
In the folloiwng table 1.1, four types of solids and their properties are shown,

ent types amd

Type of  [Constituent| Attraction Melting Electrical
solid particles forces point conductivity
(1) Molecular
salid
() Non polar | Molecules |Dispersion or | Ar, CCl, Soft Very low |Non conductor
London forces| Hy, I, CO,
(i) Polax Molecules | Dipole-Dipole-| HCI, -802, Soft Low Non conductor
inter atiraction| NH,
(iiiy Hydrogen | Molecules | Hydrogen H,O (ice) |Hard Low Non-conductor
bond bond
possessing
(2) Ionic solid | Ions Coulombic or | NaCl, MgO, | Hard but | High Solid state, non-
Hlectrostatic | ZnS, CaF, |brittle conducting but
molten or aqueous
solution conductor.
(3) Metallic Positive ion} Metallic bond | Fe, Ca, Hard but |Compara- |Conductoss in
solid in sea of Mg, Ag ductile |tively very |solid and molten
delocalised and high states
electrons malleable
(4) Covalent | Atoms Covalent Si0, Hard Very high |Non conductor
or Network boad {Quartz)
solids SiC (Carbo-
randum
C (Dimond) Conductor
C (Graphite) (Exception}

1.2 Crystalline and Amorphous solid substamces

Solid substances are available in crystalline and amorphous forms. There is difference in their
structure and formation,

Crystalline solid substances are rigid and incompressible. They have definite shape. Their geometrical
structures are systematic and definite. The reason for this is the regular and definite arrangement of
molecules or ions in three dimensional space. They have got definite and sharp melting points. The
examples of this type of crystalline solid are NaCl, KCl etc.

Amorphous substances are alzo rigid and incompressible but they have no definite peometrical
shapes. The periodicity of the definite formation or geometry of amporphous substances is not observed
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even when the atoms ar ions are bound very tightly, Their melting points are not sharp, they possess some
range of temperatures. The examples of such amorphous substances are glass, rubber etc. In the

following table 1.2, the differences between crystalline and amorphous solids are given.

4 & TuRE

1.2 Differences between crystalline and us solid substances
Property Crystalline solid Amorphous solld
(1) Shape Definite shape and poszesging TIrregular shape
characteristic geometry.
(2) Melting point Definite and sharp melting point which| Becomes soft grandually during the

is the charactaristic of the crystal of
solid.

small temperature range i.e. have no
definite and sharp melting point.

(3) Fusion enthalpy

Definite and characteristic fosion
enthalpy

Not definite and characteristic fusion

enthalpy

mecharical strength and refractive index
are different in different directions.

(4) Cleavage Divided into two parts by cutting the Divided into two parts cutting the
propesty crystal with sharp tool like knife. The | erystal with sharp toal like knife but
surface of the new part obtained is the surface of new part obtained is
plain and soft L.¢. if is as original cne not as the original one. It is irregular.
(5) Nature True solid Pseudo solid ar supercooled liquids
(6) Order of The order is maintained till a long The order is maintained in a shoet
Arrangement range range
of constituent
particles
(7 Effect of The graph (temperature — time) The graph (temperatore — time)
temperature obtained on cooling after heating is obtained on cooling after heating is
not a curvatore. The temperature a curvature. Temperature range is
remains definite during crystallisation | obtained doring crystallisation.
(B) Properties Their properties liks electrical Their properties like electrical condu-
Jactivity, t { conductivity, tvity, ¢ ) conduectivity, mechanical

strength and refractive index are
same in all directions

Fig. 1.1 Part of the three dimensional
cube lattice and its wnit cell

1.3 Unit ecell (Twa Dimenszional and Three
Dimensional Lattice)

The smallest particle of a substance is known as

Y atom or molecale. Similarly the smallest portion to know crystal

of solid is called the unit cell; thus the smallest portion
poasessing the chief characteristics of a crystallime solid is
called umit cell. Such unit cells are arranged with each
other in three dimensional directions and the formation of
crystal results. This type of arrangement is called crystal
lattice (word ‘Jalak’ is used in Gujarati for lattics). As shown
in fig 1.1 each particle is shown as point. Thus the systematic
three dimensional arrangement of points in space is called

Chemistry 12



crystal lattice. In fig 1.1 the part of the crystal lattice is shown. There are 14 possibilities of such
three dimensional lattices called Bravais lattice. Some of the characteristics of crystal lattice are
a8 follows :

(1) FEach point in the lattice is called lattice point or lattice position (location).

(2) FEach point in the crystal lattice repwesents one constifuent particle which can be an atom,
molecnle or iom.

(3) The lattice points are conmected by atraight lines, so that the geometry of the lattice can be
indicated.
Unit cell is the smallest part of the crystal lattice, which is repeated in different directions in

three dimensions and the complete lattice is formed.

The characteristica of unit cell are as follows :

|
(1) Its dimensions arc on its threc edges a,b and c. /I

These edges may be peapendicular to one an- I
other or may not be perpendicular, I
(2) The angles between the edges are ¢ (between €1
edges b and c.), P (between edges 2 and ¢) and " :
¥ (between edges a and b). Thus unit cell becomes :"”.\?
characteristic by parameters a,b,c and of, f and W,""Z"‘"""""
y. These parameters are shown in fig 1.2 :,"nx/
It is pecessary to note here, that we can show ‘I"

two dimensional figares in book but it is difficalt to show
three dimensions. Hence, this structure cam be well Fig. 12 Dimensions of Unit Cell
understood by the use of models.

Primitive and Centred Unit Cells : The unit
cell can be divided into two parts : (a) Primitive unit cell '\
(b) Centred unit cell.

(2) Primitive Unit cell : When constituent particles
are arranged on the eight corners of the unit cell, it is

called primitive cell.
(b) Cenired Unit cell: When one or u
o |

more constituent particles are arranged at other places
(sites) in addition to the sites of the corners, it is called
cenired onit cell. Centered unit cells are of three types
(1) Face centred umnit cell (2) Body centred unit cell (3) \\

End centred uomit cell.
(1) Face centred mmit cell : In this type of unit

cell one particle is arranged in the centre of each face Fig. 1.3 Atom on each cormer of a
(side) in addition to particles arranged on each corner of simple cubic cell is shared
the unit cell. with 8§ atoms

(2) Body centred umit cell : In this type of unit cell one particle is arranged on the centre of
the body in addition to each particle arranged on the four corners of the unit cell.

Salid State 5
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Primitive umit cell
{a) Open space filling strucinre (b) Space filling strocture
{¢) Actual portions of atoms belonging to umit cell

) (®) ©
An atom at face centre of umit cell Structnre (8) open structure (b) space filling structure
is shared betweem 2 unmit cells (c) actnal portions of atoms belonging to one umit cell

@ ) ©

A body centred cpbic vnit cell (a) open structure (b) space filling
structure (¢) aciual portions of atoms belonging to one wmit cell.

(3) End-centred uvmit cell : In such a unit cell one constituent particle is present at the
centre of any two oppoeitie faces besides the ones present at its corners.

6 Chemistry 12



Monoclinic

iL{=a

Rhombohedral

Primitive Cells

There are in all seven types of primitive cells which are shown below in table 1.3

Table 1.3 Seven primitive unit cells and deviation possible as centred umit in them

Sr. Crystal Possible |Axial distance or Axial sngle Example
System variations | distance of edge

1. [ Cube Primitive a=b=c |a=f=y=90° [NaCl, ZnS,
Body centred (zin¢ blende), Cu
Face centred

2. | Tetragonal Primitive, a=b=#c oa=p=y=90° White tin, SnO,,
Body centred TS0, CaSO,

3. | Ontharhoambic | Primitive azbz#c a=p=y=9" Rhombic sulphur,
Body centred KNO,, BaSO,
Face centred
End cenired

4, | Hexagonal Primitive a=b=c o = f = 90°y = 120°| Graphite, ZnO, CdS

5. | Rhombohedral| Primitive a=b=c a ==y + 90° < 120°|Calcite (CaCO,)

ar Trigonal Cinnabar (HgS)

6. | Monoclinic | Primitive azb#c a=v=9"p # 90" |Manoclinic sulphur
End centred Na,SO,+ 10H,0

7. | Triclinic Primitive azbac |a=Ps=y=9° [KCr,0,

CuSO5H,0, H,BO,

Solid State




Face-cenired

Body-centred

Primitive (or simple)

The three cubic lattice : all sides of same length, angles between face all 90°

’.

h Y

- M - l.,_"\.
= -~ 4
B e %

7 A Y

Body-centred

Primitive

two mgles between (aoe all 90

other,

The two tetragonzl : one side different in lengih o the

End-centred Body-centved Face-centred

Primitive

The four orthorhombic lattice : uncquel sides, angles between face all 90°

More

)
-

8
=]

—

Primitive

The two monoclinic Inttice : uncqual sides, two faces have angles diffesent to 90°
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1.4 Caleulation of Volume Occupied by Atoms in Unit cell

The arrangement of molecules atoms, or ions in unit cells of different crystals is differcat. We
shall study about the close packing efficiency of atoms in different unit cells.

Packing efficiency : The packing of constituent partickes (atoms, molecules or ions) may be of
any type but some free space is left out which is called hollowness or vold. The percentage of total
space volume occupied by partickes is called packing efficiency. We shall now carry out calculations of
packing efficiency of different structures.

(1) Packing efficiency in simple cubic Iattice : The atoms are only on the cormers of the cube
in simple cubic lattice. The particles touch each other along the edges.

The relation between the side or the edge length of a cube
and the radius of each particle will be a = 2r. ey

B

The volume of cube in any unit cell = &® = 2r) = 87

H A
Each cubic unit cell possesses only one atom. '
Hence, the volume occupied by cone atom = %ﬂl‘3 .

Volume of one atom
= x 100 %
Volume of cubic unit Cell

Fig. 1.4 Packing efficiency of cubic
i 3 lattice nnit cell

=-"’ST><IM=%:¢100=52.36%
(2) Packing efficiency of body centred umit cell : As

shown in figure 1.5, the atom in the centre touches two other atoms
diagonally arranged. Hence, in AEFD,

b= a*+ a® = 2a°
~b=2a
Now, in AAFD,

¢ =a%+ b?= a’+ 222 = 3a°

.‘.c=\f§a v FE « s D !

\_‘_-,’ \___‘,/
The diagonal length of body centred cube ¢ = 41, where r
is radiug of the atom because, all the three spheres touch diagonally.  gig. 1.5 Packing effidency of body

centred unit cell
s Ba=d =
“a =ir
¥
The total number of atoms in this type of arrangement is 2 and so its volume will be 2 x?41|:r3

Solid State 9
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3
4
Volume of cube 2° = [—r}
. V3
Volume occupied by two spheres in uni¢ cell
Total volume of unit cell

2 x ar3 n:r3><100
= / X100% = /
4 /
(#)] )

(3) Packing efficiency in hexagonal packing (hcp)
and cubic close packing (ccp) : The close packing is equally
efficient in both thesa types. We calculate the packing efficiency
of ccp structure. As shown in fipure 1.6, the length of
the edge of unit cell is a and the diagonal of face is AC =b

In AABC, AC?=b? = BC? + AB?

ow, packing efficiency x 100

=g + 8 =2a%cx b=-J§a

L - Suppose the radius of the sphere is 1, thenb = 4r = \2a
D
4
Fig. 1.6 Cubic close packing efficiency 2

Ag we Ikmow, four atoms or spheres are there in ccp structure and so the total volume of four
spheres = 4 x %n?- and the volume of cube will be a® ar (2./21)

Heuce,

Volume occupied by four spheres of unit cell
Total volume of umit cell

ax (45)m x 100
20y

packing efficiency = X 100

16 x 7’ x 100

3
= =74%
1621
It can be determined (rom the above three calculations that, there is maximum packing efficiency
in ccp and hcp.

1.5 Close packed structures and their types (one dimensional, iwo dimensional and three
dimensional)

We can accept atom, molecule or ion as spherical form and their arranperment in solid state by
each other from all the adjoining sides and some space remains between them. Suppose we take small
spheres in a closed tin and shake then and put, them all the small spheres will be arranged from all the
gides but space will be left out between spheres. Particles (spheres) in the solid state possess close
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packing and so there ig very less space among them. Hence, if we consider component particles as hard
spheres and think of their arrangement, the three sitonations can be possible (1) One dimensional arrange-
ment (2) Two dimensional arrangement (3) Three dimensional arrangement. We shall study this in detail.

(1) One dimensional close packing : In this
type of packing, as shown in figure 1.7 two other
particles are arranged near one particle (sphere). The
number of most nearby neighbour particles is called the Fig. 1.7 Close packing of spheres
co-ordination mumber. Thus,the co-ordination number in one dimension
is 2 in one dimensional close packing,

(2) Two dimensional close packing : In this A
type of packing the rows having close packing are
arranged as a stack. This arrangement can be of two A _

SRS A =
b (a) In this arrangement the other particles are .*.*.*.*‘\&,.*
exacily arranged on the particles arranged in the row A .*.“*.*.f.*.*
below them and forms a stack. Thus, the particles in the '

rows are aligned with each other vertically and Fig Lia) Square close paching
horizontally, If we call first row as A, the second row

ie gimilar to it and so it will also be called A. Thus, one by one, each row is arranged on one another,
we will have the arrangement of type AAA A _as shown in figure 1.8(2)

In this arrangement, other four spheres are arranged as neighbours around each sphere. Hence,
the co-ordination mumber will be 4 in two dimensional arrangement. If we join the centres of the four
spheres we will get a square. So this structure is called two dimensional square close packing.

(b) In the second method we will arrange the
second row stack in slightly deviated method, so that the
spheres of the second stack arrange on the depressions
formed by the first stack If we call, the first type of
arrangement of stack as A then the arrangement of
spheres in second stack will be a separate B type stack.
Thus, if we arrange the stacks alternately then we have - / /
ABABAB....type structure. This type of structure is more Fig 1.8(b) Hezagonal close packing of spheres
rigid and mare efficient packing possessing than square in two dimensions
close packing. In this type of structure, 6 spheres are
arranged around each sphere and so it is called two dimensional
hexagonal close packing which is shown in figure 1.8 (b)

(3) Three dimensicnal close packing : All real stuctures
or configurations we see are all three dimensional structmres. Such a
structure is like the arrangement of each stack in the structure.
i.e. square close packing or bexagonal close packing. Now, we will
study how close packing ocewrs in third dimension.

() Three dimensional close packing from two dimensional
square close packing : If we arrange the stack as A and then put
the second stack exactly on other sphexe as on A, the spheres of first
A stack and the spheres of second A stack will be exactly on the
sphere of A. As shown in figure 1.9 they will remain completely and Fig. 1.9 Simple cube Iattice
equally arranged horizontally as well as vestically. formed by AAA...arrangement

COOCEOC
a’a’s’alza s
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If we call the first stack as A, then, all the stacks will be of same type i.e. AAAA....type stack.
The lattice structure obtained thig way is called simple cubic lattice structure and only one primary cubic

mnit cell is there in the unit cell.

(ii) Formation of three dimensional close packing siructure from two dimensional
hexagonal packing structure : Three dimensional close packing can be formed by placing one layer

on the other.

(a) Arranging second layer on first layer : Suppose, we arrange the spheres of the second
layer on the voids in the first layer A possessing two dimensional close packing, here the spheres are
aligned differently and so we will call it layer B, which is shown in fig 1.10

Tetrahedral
/ hole

(a) Observing from top

0.

Oclahodral
hole

(b) Obwerving fream wbde
Fig 1.10 Tetrahedral and Octahedral Voids

Tetrahedral

S
-----

{¢) Geometricnl shape of hale

It is clear from the figure that the triangular voids of the first layer are not completely covered
by the spheres of second layer. Hence, different arrangements are possible. When the spheres of second
layer are aligned on the voids of the first layer, or if it is reverse, then tetrahedral voids are formed.
These vaids are called fetrahedral voids becamse if the centres of the four spheres are joined,

construction of tetrahedron takes place.
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T = Tetrakderal void O = Octahedral vold
Fig 1.11 A stack of two layers of close packed spheres and voids gemerated in them
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They are shown as T in the figure 1.11. In other places, the triangular voids of second layer
are aligned as the triangular voids on the first layer their triangular shapes do not overlap. One of them
indicates the triangular upper side and the second indicates towards lower side. Such voids are called
octabedral voids. In figure 1.11 they are shown by symbol O. The number of these two types of void
depends on the number of spheres of close packing.

Suppose,

The number of spheres of close packing is N.

The number of octahedral voids formed = N

The number of tetrahedral voids = 2N

Thus the number of tetrahedral voids i twice the number of octahedral voids.

(b) Alignment of third layer on the second layer : Now, suppose if we place third layer on
the second layer, then there are two possibilities

(i) Covering tetrahedral voids : The tetrahedral voids of second layer will be covered by the
spheres of third layer. In this situation the spheres of third layer will exactly be on the spheres of the
first layer. Hence, there is repetition of the stacks formed alternately. It can be called ABAB....type
stack and this structure is called hexagonal close packing (hep) which is shown in fig 1.12

This type of arrangement is observed in many metals like zine, magnesium etc.

(=) ) ©

Fig 1.12 (a) Hexagonal canbic ciose packing exploded view showing stacking of layers of spheres
(b) four Iayers stacked im each case and (c) geometry of packing
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(ii) Covering octahedral voids : Tn thiz type
of structure, the third layer is placed on the second layer in such
a way, that the spheres of the third layer cover the octahedral
voids of second layer. By doing this type of arrangement, the
spheres of the third layer do not align exactly with the spheres
of first layer. This arrangement can be said to be of C-ype.
Now, when the fourth layer is arranged, the spheres of this layer
are exactly in alignment with spheres of first layer which is
shown in figures 1.13. Hence, thig stack is of ABCABC.....type
and this type is called cubic close packing (ccp) or face
centred cuble (fee) stucture. Metals like copper and silver
crystallise in this type of structure.

The close packing arrangament in these two types is of
maximum efficiency and about 74% of space (volume) is occupied ~ (®) ABC ABC.... arrangement of layers
by their crystals. It is in contact with 12 spheres and so the co- when Octahedral void is covered

ordination oumber ig 12 in both the constructions, (b) cubic closed packing (ccp) or face
cenived cubic {fcc) strucinre.

Fig 1.13

1.6 Tetrahedral and Octahedral Voids

We have learnt about tetrahedral and octahedral voids during the study of close packing structure.
Tetrahedral and octahderal voids are shown in figure 1.11. It is difficult to show three dimensional figures
in books but if we study with the bhelp of models, it will be more clear.

Let us think about formnla of compound and the number of voids associated in it. As seen
carlier, ccp or hep structures are formed due to close packing and two types of voids are obtained.
During formation of lattice, the number of tetrahedral voids are double the number of octahedral voids.
In ionic compounds the size of anion is more than that in cation. Big anions take part in close pack
structure, while cationgs arrange in the voids. If the ions are zmaller in size than the void, they are
arranged in tetrahedral void and if larger then they are arranged in octahedral voids. All the tetrahedral
and octahedral voids are not occupied. Only a certain fraction of the total voids is occupied. This maiter
dcpmdsmihcfmmﬂaofthccompound,wmmmﬂbcc]wﬁomthefdlowmgcmmplm

Example 1 : A compound is formed of two elements A and B. TheammsofelmmtB(anmn)
forms cubic close packing and atoms of element A occupies all the octabedral voids. What will be the
formula of the compound ?

Solotion : Element B forms cubic close packing and so the mamber of octahedral voids will be
equal to number of atoms B. All the octahedral voids are occupied by all the atoms of A and go their
number will be equal to namber of B. Thus elements A and B will be in 1:1 proportion; so the formula
of compound will be AB.

Example : 2 The atoms of clement Y form bexagonal close packing and the atoms of clement
wapiu%porﬁmofﬁenmbaofuﬂahedrﬂvoidawmmeformuhof&mmpomdfamd
by X and Y.

Solution : The number of tetrahedral voids formed is double the number of atoms of element

Yandmly%partisoccupiedbyatomsofdethHence.,theral:ioofatomsomedei]]be
2x2

or 4 : 3. Hence the formala of the compound will be X, Y,.
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To locate the positions of teirahedral and octahedral voids : We have studied that there
are tetrabedral and octahedral voids in (he close packing structures. We will locate the positions of
voids in cubic close packing (ccp) and face centred close packing (fop).

(a) To locate positions (sites)
of tetrahedral voids : Let us take ccp or ©- > N
fop and divide it in eight small cubes as :
shown in figure 1.14. Atoms are there on i
the alternate corners of each of these small | | | - o
solids. In each small cube, total four | £ e 0
atoms are there. If we join them with each ¢ o I
other, they form regular tetrahedron. Hence, i/

there will be one void in cach in the Ll a j/g
structure of each unit cell (ccp) in cach of ¢ ‘
the small atoms. We know tha¢ there are (a) Eight tetrahedral voids per {(b) One tetrahedral void
four atoms in each ccp structrure. Hence, unit cell of ccp structure showing the gemetry
the numbexr of voids is double the number

Fig. 1.14
of atoms,

(b} To locate positions (sites)
of octahedral voids : Again we take the o

unit cell of cubic close packing (ccp) ar e i 1\5_
face centred close packing (fcp). The body L7 4 Ll di: 34
ceatre C of solid is not occupied but it is | €19, R
surrounded by atoms on gix faces. If these ! %w
face centres are joined octahedral structure | a ™ 5
will be formed. In this unit cell, there is  ° ¥ :

one octabedral void on the cenire of its

each twelve edges. It is surronded by six  (a) Body centred (b) Void on centre of
atoms, in which three to each unit cell are cach edge

o and one in the centre of face Fig. 1.15 Location of octahedral vaids per mnit cell of
N + L. pe.r ecpl:l'
and three on the one-two nearby unit cells. (@) at the body centre of the cube and (b)at

As the unit cell is shared by each edge of the centre of each edge (only one such void is shown)
solid by four near by unit cells;

accordingly octabedral void will get its

location on its position.
Eachvoidhasm]y%ofanyomodl.Thm,incubicc]oscpacldng.
Octahedral veid ca the body centre of solid = 1
12 Octahaidral voids arranged on each edge and four it cells =12x%=3

Total number of octahderal voids = 1 + 3 =4, As we know, that in cubic close packing structure
each unit cell possesses four atoms. Hence the number of octabedral voids will be equal to that number.
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1.7 Calcnlation of number of atoms im mit cell

Each comner of a unit cell in a crystal is associated jointly with eight unit cells. Hence, its each
edge of the side is associated with four sides of the unit cell and each face with two unit cells. Hence,

forthesu-uctureofthecrystalifatums,molecu]asorionsnreassociatedwithit,thmtheir%partis

1
mcupiedbywrm,zpmbycdgesufsidﬁeandépm by faces. The particles on comer of unit

cell and the particles combined jointly with many other cells. Hence, the cakculation of number of atoms
can be shown as below :

8 unit cells in gimple cubic unit cell, and 8 atoms of corner are shared.

Hence,

1
8 comers x 3 atom per cell = — =1 atom. Thus, there is only one atom in each unit cell in

simple solid crystal.

oo oo

Inbodyoenttedcubicunitce]LScamersx%atumpenmitce.‘ll:%:l and one atom in

the body centre of cach wnit cell, So total number of atomns will be 1 + 1 = 2, Thus there are two atoms
i each unit cell of body centred cubic cell.

1
Tn face centred cubit unit cell 8 corners x %perunitoell:%:l and addition 6 face centred atomx

atom per unit = 3, 80 total number = 1 + 3 = 4 atoms.

Thns in face centred cubic unit cell there are 4 atoms per unit cell of crystal Thea abhove
calculations can be presented in the following table 1.4,

Lk g b [ TS S 11 | (. L N, R B
Table 1.4 Type of umit cell and Number of Atoms

Sr. Type of Number of Number of Number of Total
unit cell atoms on the atoms in atoms in atoms
cormer the face body center
1
1. | Simple cube 8 x ry =1 0 0 1
1
2. | Body centred (bce) cube 8 x - =1 0 1 2
1 1
3. | Face cemtred (fcc) cube SRE=1 6x§=3 0 4

1.8 Point defects and their types

Before studying abont the point defects let us think whether crystal is perfect or there are
any imperfections, It is determingd according (o one cslimate that in 1 mole constitment partickes
(6.022 x 10 particles) there are 10° defects of comstituent particles in the arrangement. This value
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may be negligible in comparison to 6.022 X 102 but its effect on properties, structure etc. of the
crystal is definitely observed. These defects increase with increase in temperature. Thus, the crystal
that appears to be ideal, has got imperfections in the arrangement of the particles and structure of
the crystal. Suppose, we think the crystal to be the smallest form ie. if we consider single crystal,
even then there is probability of defects. To obtam single crystal is difficult but not imposaible; but
when a solid is prepared from such single crystals, there is increase in the number of defects in the
solid. In the earlier standards, you have studied that the hot solution should be cooled slowly during
crystallisation becanse there i8 possibility of defects to remain if it i3 coaled very fast. Eventhongh
you cool the solution slowly and obtain single crystal the defects remain.

It is suggested in the definition of third law of thermodynamics that the entropy of a completely
pure crystalline substance ie zero at absclute zero. You must have read somewhere in physics or
chemistry that it is impossible to obtain absolute zero temperature. Hence, it can be said that even if
we assume completely pure crystalline substance at absolute zero, there is probability of defects. With
the increase in temperature, there is effect on the crystal and because of this there is displacement
in position or randormness is created and the number of defects increases.

Thus, the defect can be defined as, the irregularity in the structure of crystal due to particles
ig the defect. There are two types of such defects. (1) Point defect and (2) Line defect The point
defect is due to the irregularity around the atoms or poimts in the ideal structure of crystalline
substance, while line defects are due to the irregularity or deviation in the ideal arrangement of the
entire rows of lattice points. Both these types of defects are called crystal defects.

The types of defects are two - (A) Stoichiometric and (B) Non-stoichiometric. In addition to
these two types of point defects, there is third type of defect (C) Impurity defect. We shall now study
them in detail,

(A) Stoichiometric defect : This is such a point o a =
defect that it does not disturb the stoichiometry of the solid. O O O
It is called an infrinsic or thermodynamic defect. Tt changes
with temperature. This is also of two types (1) Vacancy _
defect and (ii) Interstitial defect. Q O O

(i) Vacancy defect : Some of the sites of the e -
Iattice are vacant ie. there i8 vacancy instead of particle. O O O O
Suchacrystaliscaﬂedacrystalhavingvacancydefectk -
(Fig 1.16) Becapse of this, there is decrease in density of
the substance because the number of atoms in unit cell e e
decreases. If the substance is heated, such defects develop.

/ N

(ii) Interstifial defect : In some crystals when i b
the particles like atom or molecule get arranged in the O O O O
interstitial sites of the crystal it is called that the crystal Q
posseses inferstitial defect. This defect increases the density ; ' ;
of the substance because the number of atoms for unit O O O O
volume increases (fig 1.17). O

Both the types of defects as shown above O Q Q Q
are exhibited by non ionic solids, Ionic compounds have 4 3

always to maintain the electrical neutrality. This type of

Fipg. 1.17 Interstitial defect
defect has two types (a) Schottky defect (b) Frenkel defect. &
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Fig. 1.18 Schottky defect

(a) Schottky defect : This defect is originally the
vacancy defect in the ionic solid The number of cations and
anions either not available or are not arranged in the crystal will
be same, because the crystal even after the defects iz electrially
ncutral, This is shown in figure 1.18.

Schottky defect produces decrease in density of
substance as it is in vacancy defect. The number of this defect
is very significant. As mentioned earlier, there are approximately
10% Schottky defects per mole of NaCl crystal at room
temperature. There are approximately 102 ions in lcm® volume.
Hence, there is one Schottky defect per 10'6 jons approximately.
The cations and anions in ionic solids whose sizes are same or

whose co-ordination numbers are high, show Schottky defect. e.2. NaCl, XCl, AgBr, It is necessary
to note that AgBr shows both the types of defects- Schottky and Frenkel defects.

00000000
(-1l -1l - Tl - T
- T+1-T+1-T+1 -
oggsooOo
00000090
000000060

Y- T+1 - T+1 - T

Fig. 1.19 Frenkel defect

(b) Frenkel defect : This defect is also shown by ionic
solids. Generally the smaller ion {cation) displaces from its general
(original) site and arranges in the interstitial gite in the middle.
Hence it creates vacancy defect and produces interstitial defect at
its original sites. Frenkel defect is also called dislocation defect.
There iz change in the place of particle. There i8 no increase or
decrease of them and so demsity of the solid does not change,
Frenkel defect is observed in such iomic solid substances in which
there is large difference between the ionic sizes of cations and
anions. e.g. ZnS, AgCl, AgBr, Agl The reason for this is that the
jons Zn** and Ag' are of smaller size. This defect is seen in solid
substances whose co-ordination numbers are low.

(B) Non-stoichiometric defect : In the defects that we have studied, there was no disturbance
in the stoichiometry of elaments but many inorganic golids are known which possess non-stoichiometry.
The constituent elements in that are in non-stoichiometric ratio. The reason for this is the defect in the
crystal structure. Thete are two types of this defect :

Fig. 1.20 F-centre in crystal

(i) Metal excess defect ; Metal excess defect due to
the vacancy by amiom : Alkali halides like NaCl and KCl show
this type of defect. Suppose sodium chloride is heated in presence
of vapour of sodium, sodium depogits on the surface of the crystal.
Hence, C1™ ions diffuse in the layer of the crystal and combines
with sodivm atom and forms NaCl, It is due to the loss of electron
in formation of Na* from Na atom. The electrons released diffuse
in the crystal and reach the site of the anion. Because of this,
there is increase of sodium in the crystal. The anionic sites occupied
by unpaired electrons are called F-cenires, (where F- is for the
German word Farbenzenter indicating the coloured centres). Hence,
the crystal of NaCl possesses yellow colour. When the visible light
falls on the crystal of NaCl, the energy is absorbed and electron

18
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iz excited. As a result the yellow colour appears. Similarly, excess of lithivm in lithium chloride crystal
shows light pink colour and excess of potassium in KCI shows the violet colour due to excitation.

Excess metal defect due to presence of extra cations on the interstitial sites : Zinc
oxide 15 a white coloured substance at room temperature. It becomes yellow when heated becanse it
loses oxygen.

ZnO —Hest Zn}*+%02+2c‘
Now, Zn?* increases in the crystal and so its formula will be Zu,, O. This extra Zn2* jon will
be arranged in interstital site and electron will be arranged in the neighbouring irderstitial site.
(ii) Metal deficiency defect : It is very difficult to prepare so many solid substances according

to their stoichiometry and they possess less number of metal atoms than the calculated ones according
to stoichiometry. The well known example in thig i8 of FeO which it mostly in the form showing
stoichiometry Fey ,<O. In fact, it is in the range of Fe; 4,0 and Fe,o0. In the crystal FeO, some of
Fe?* ions are found missing and the dacrease in positive charge ia satisfisd by Fe** ions.
(iii) Displacement defect : Some times the atoms in
the lattics of the crystal ares exchanged mutually from their gites
to the sites of the other lattice of the crystal and produce o O o ™
displacement. In such cases displacement defect is observed
and displacement randomness is produced. This (ype of defect - _ p—
is observed in the alloys of copper and silver. I
(C) Impurity defect : Suppose we add little amount of
SrCl, to molten NaCl, and then crystallise, then in the crystal
same gites of Na* are occupied by Sr** (Big.1.21) each Sr** ian
displaces two Na' ion. It occupics one site and second site A ™
remains vacant, Thos the number of cationic vacancy is same
as the number of Sr™* ions. The other examples is the solid
solution of CACl, and AgCl. Fig. 121 Entry of Na* from NaCl
Band theory in Metals : It is accepted in the band by S2** in vacancy defect
theory that there are two bands in a metal or substance. One
valence band in which the valence electrons of the substance are included. The second band over this
band is called conduction band For the electrical conductance of a substance, thexe mmst be electrons
in the conduction band. The space between these two bands is called energy gap. The distance of this
euergy gap is more importent for the electrons of valence band to go to conduction band. As the energy
gap is less in metals, the electrons can easily po to conduction band from valence band. Hence, the
conduction of electricity in metals is very easy and so they are called good conductors. In some
substances, the distance of energy gap is more and so in normal conditions the electrons from valence
band are not able to go to conduction band and g0 conduction of electricity does not occur. Hence, they
arc called non-conductors. Non-metals are mostly non-conductars. The situation in between these two
is that of semiconductors. There are four electrons in the valence band of semimetal like silicon. They
are not free. Hence, silicon under normal conditions, does not conduct electricity and is a non-conductor
but if the temperature ig increased or special types of radiations are impinged on it, the electrons of the
valence band go to conduction band and conduction of electricity takes place. The vacant places created
in the valence band are occupied by other elecirons of the substance. These electrons go in less
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propartion and so under definite conditions they become electrical conductor and so they are called
semiconductors, Thus, conductor; non-conductor and semiconductor can be explained on the basis of
band theory and distance between conductance band snd valence band-emergy gap.

1.9 Electrical and Magnetic effects of defects-Band theory in mctals

A great range iz observed in electrical conductances of solid substances. The solid substances
are showing electrical conductivities from about 1072 to 107 Ohm™ ni~!, Hence, the solid substances
can be divided into three sections on the basis of their electrical conductivities. {1) Electrical conductors
(2) Electrical nom-conductors (¢} Semi- conductors.

(1) Electrical comductors : The substances whose electrical conductivities are in the range of
10* to 107 Ohm™' m™ are conductors or good conductors. Generally metals are included in such solid
substances.

(2) Elecirical non-conductors : The solid substances, whose electrical conductances are very
less ie. 1072 to 107" Ohm™! m™ are called electrical non-canductars(insulators).

(3) Electrical semriconductors : The solid substances whose electrical conductances are in the
range 1076 to 10* Ohm™ m™' are called electrical semiconductors.

Conduction of Electricity in Metals : The conduction of electricity in condnctors is either
by electrons or through ions. Metals conduct dlectricity by electrans while electrolytes conduct electricity
through ions, Metals conduct electricity in solid or molten states and their conductance depend on the
number of electrons in the valence sbells available in their atom. The atomic orbitals which form
molecular orbital are very near to each other that a band is formed. It overlaps with this half filled band
or the valence band which iz just ahove the conductance band When electric current is passed the
electrons conduct it easily and the metal shows electrical conductance.

Conduction
band Conduction
band
Empty
band Empty
band
Conduction Forbidden zone }  Small encrgy gup
band (Large cacrgy gap)
Il |
E Filled bond
Partially QOverlapping
filled band bands
(a) Metal () Insulator () Semiconductor

Fig 1.22 Digtinction in () Metals (b) Insulstors and (c) Semicomductors
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If the vacant space (gap) is mare between the filled valence band and the upper unfilled band

(conductance band) the electrons canmot jump into conductance band and so the substance conducts
very less amount of electricity or it does not conduct and so it acts as a non-conductor.

Electrical conductance in Semiconduoctors : In the case of semiconductors, the distance
between valence band and conduction band is less (Fig.1.22). Hence, some of the electrons can go from
valence band to conductance band, and so it will conduct less amount of electricity. The eectrical
conductivity of semiconductor incteases with increase in temperature because, the energy obtained by
increase in temperature can make the electrons jump from valence band to conduction band. Hence, the
conduction of electricity becomeg easy and more. Thus, semiconductor may appear as non conductor at
normal temperature but with increase in temperature it appears to be a good conductor. Elements like
silicon and germanium show this cype of behaviour and so they are called intrinsic semiconductors. The
electrical conductance of such semiconductors is so low that its practical use cannot be made, but if any
suitable substance in some suitable proportion is added to it a3 an impurity, its conductance can be
increased. This process is called ‘doping’. This doping can be carried out by adding electron rich and
clectron deficient elements (in comparison to the intrinsic semiconductors-silicon and germanium). These
impurities can be known as electron defects in them.

We will take two general examples, Suppose a semicomluctor like silicon or germanium (in which
there are four electrons in valence shell) is dopped with electron rich element e.g. P or As (in which five
electrons are there in valence shell) then, we obtain semiconductor with one excess elactron. As electron
is more and it possesses negative charge, so the doped semiconductor obtained is called semiconductor
of negative type or n-type.

Similary, if elements like B, Al or Ga (which have thres electrons in their valence ghell) are
doped with the silicon or germanium, there will be deficiency of electron. Such doped semiconduetors
are called positive type semiconductor or p-type semiconductors. You must have studied in detail
about semiconductors in physics.

n and p-type semiconductors are used in preparation of many electranic parts or components.
Diode is the combination on n-type and p-type semidoncutors which is used as rectifiers. It is used in
transistors. By combination of semicondoctors of the type pnp or npn can be prepared having different
properties. With the help of the photodiode, light energy can be converted to electricity. Semiconductors
like gallinm arsenide (Ga As) have created a revolution by things having such semiconductors because
of their very fast response.

It is interesting to know that transition metals show notable differences in electrical conduc-
tances, Oxides like TiO, CtO,, ReO, behave like metals. ReO, possesses conductance and appearance
like metallic copper. Other axides like VO, VO,, VO, and TiO, show metallic properties or nonconduc-
tors which depend on temperature,

Magnetic properties : We know that electron possesses electric charge and it also moves,
Hence, it possessess magnetic property. Blectron is present in each substance and shows magmetic
properties associated to some extent with them. In each atom, electron behaves like a very small
magnet Its magnetic moment can be produced from its two types of motion, one is the motion aronnd
the nucleus and the second on its own axis. Thus electron being a particle possessing electric charge
and having this type of motion, it can be considered as a loop of current which possesses magnetic
moment. Thus, permanent rotation and orbital magnetic moment are associated with each electron. The
magnimde of magnetic moment iz very small. It measurermnent is dons in Bobhr magneton umits Its
value is 9.27 x 1072 Am%.

Thus, substances can be divided into five types on the basis of their magnetic properties :
(1) Paramagnetic (2) Diamagnetic (3) Ferromagmetic {4) Antiferromagnetic and (5) Farrimagnstic. We
shall study all these five types.
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(1) Paramagnetism : The paramapnetism is due to unpaired electrons. Paramagnetic substances
are weakly attracted in presence of magnetic field. In absence of magnetic field their magnetism is
removed. The paramagnetism is due to one or more unpaired electrons, because they are attracted by
magnetic field. Cu?*, Fe’*, Cr**, O, etc. are the examples of such paramagnetic substances.

(2) Diamagnetism : Diamagnetism substances are weakly repelled by magnetic field NaCl,
H,0, CH,, N, ctc. are the examples of such substances. They are weakly attracted or repelled of
magnetic field and are in oppogite directions. The substances in which all the electrons are paired or
there is no unpaired clectrons, show the diamagnetic propexty. The pair formed by the spin of clectrons
in corresponding opposite directions cancel the magnetic moment and so they lose the property of
magnetism.

(3) Ferromagnetism : Substances like iron, cobalt, nickel, gadolinium, CrO, etc. possess very
strong atiraction in presence of magmetic field Such substances are called ferromagnetic substances.
In addition to strong attraction, these substances become permanently magnetic. In solid state, metal
ions of ferromagnetic substances are arranged as Domains in a small area, collectively in a group. Each
of such domains acts as a small magnet. In the nonmagnetic pisce of ferromagnetic substance these
domains are arranged randomly and their magnetic momenis are cancelled. When substance is placed
in the magnetic field, all the domains are oriented in the direction of magnetic field. Fig 1.23(a) and so
strong magnetic effact is produced

If magnetic field is removed, the alignment in the domain is maintained and hence ferromagnetic
substances becane permanent magnets.

(4) Antiferromagnetism : Substances like MnO show antiferromagnetism. The formation of
their donsains is similar ¢o the ferromagnetic substances but the domains are oricated opposite to cach
other and so cancel the magmetic moment of each other. Fig 1.23 (b).

(5) Ferrimagnetism : When the magnetic moments of domains in substances are arranged
parallel or antiparallel to each other but are in unequal number, the subatance iz called ferrimagnetic
substance. Fig 1.23 (c).

They are more weakly attracted in comparison to ferro-magnetic substance. Substances like
magnetite (Fe,0,), Ferrites (MgPe,0,) and ZnFe,0, show ferrimagnetism. Such substances when
heated lose ferrimagnetism and become paramagnetic.

- PDOPDDED®
" PODOD®
MO

Fig. 1.23 Schematic alignment of magnetic moments in
(a) ferromagnetic (b) antiferromagnetic and (c) ferrimagnetic
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SUMMARY

There are three main states of matter-solid, liquid and gas. In addition to these, other two
states are plasma and Bose-Binstein condensate. We have studied the solid state of matter. Solid
substance has definite mass, volume and shape because the pogitions (Bites) of their component
particles are definite. They are arranged near to each other and there are strong interattraction
forces. There are two main types of solids-crystalline and amorphous. In crystalline substance
structure, arrangement definife melting etc. arc systematic and so more information about it is
given in thig unit. The arrangement, of constifuent particles in amorphous substances are systematic
upto a small distance so they have no definite shape, and definite melting points. They can be
known as supercooled liquids, while in crystalline solids, there are definite melting points, systematic
arrangement, characteristic shape, etc. There is strong interaction betwesn its component particles,
they posgess specific properties. The solid substances can be divided into different sections on the
basis of their strocture and attraction farces etc. viz. Molecular ionic, metallic, covalent ete. They
all show notable differences in their properties.

The constituent particles are systematically arranged. On its basis the structure of crystal
forms. The smallest particle of a crystal is called unit cell and in the crystal, these unit cells are
arranged in three dimensional directions. Such an arrangement is called lattice structure. Different
types of lattice structures is called Bravais lattice. Unit cell is of primitive type in which the particles
are on the corners or in the centre. Face-centred, body centred and end-centred are the crystals
of this type. Primitive cells are of seven types. Lattice having high efficiency because of close
packing of particles, lattice is formed, in which hexagonal close packing (hep), cubic close packing
(ccp), face ceatred close packing (fcp) are important. Their packing efficiencies are different. It
is about 54 % in ccp, about 68 % in bep and about 74 % in fop. Because of the arrangement
of different types of crystal structure there are holes or spaces called voids. They are of two
types-tetrabedral and octahedral The number of tetrabedral voids is double the number of
octahedral voids,

Crystals are not 30 perfect as they appear. There are imperfections in them which we call
defects. These types of defects may be of different types viz. non-stoichiometric, stoichiometric,
impurity, point defects etc. From these, Schottky and Frenkel defects are observed in ionic
crystals, Because of the decrease in number of constifuent paritcles in Schottky defect, there is
decrease in density in Frenkel defects because the constituent particles are arranged in interstitial
gites. Crystal like AgBr shows both types of the defects. By malang use of such defects, some
elements or constituents can be added in their places and crystals which are very useful can be
obtained. It is called doping. By use of elements like aluminium or boron, pap type semicondoctor
and by addition of elements like arsenic and gallium npn type semiconductors can be prepared.
They can be used in transistars etc.

The crystals show different magnetic properties on the basis of the electrons present in
thern and their arrangement, viz. paramagnetic- in which there is effect of magnetic field and is
due to umpaired electrons. In diamagnetic substances, no effect is observed of magnetic field. It
indicates paired electronic configuration. In addition, metals like iron, cobalt, nickel show specific
type of magnetic effect. It is called farromagnetism. If permanent arrangement takes place due
to the effect of magnetic ficld, ferromagnetism is observed and if no effect is observed it is
antiferromagnetism.
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some special type are called semiconductors.

these stndies, siructure of crystal etc. is called ‘solid state chemistry’.

Conductors can be divided into three types-good conductors which allow the electric current
to pass through them; which do not allow electric cwrrent to pass through them called non
conductors and those which conduct electricity when heated or by impingment of radiation of

The conduction of electricity in substances can be explained on the basis of band theory.
It can be explained on the basis of two bands- one conduction band and second valence band.
Conduction band is at higher energy level than valence band. Hence the space between the two
is known as energy gap. If electron can easily go from valence band to conduction band, it
becomes good conductor. If electron can be sent by giving some energy (by increase in temperature),
it is called semiconductor and if it is not posgible to send the electrons, it is called non-condnctor.
In other words, it can be said that larger space difference between the two bands, more difficult
it will be to send electrons from valence band to conduction band and more the nonconductor.
Thus, the study of metals, ionic solids, molecular solids, covalent solids etc. and their uses from

EXERCISE
1. Select the proper choice from the given multiple choices :

(1) 'What type of solid is sodivmn chloride ?

(A) Iomic (B) Molecular (C) Covalent (D) Metallic
(2) The melting points of ionic solids are

(A) Very high (B) Norinal (C) Very low (D) Abnormal
(3) 'What type of solid is quartz ?

(A) Iomic (B) Molecular (C) Covalent (D) Metallic
(4) 'What type of crystal structure is of silver metal ?

(A) fcc (B) Simple cube (©) bee (D) Metallic
(5) 'What is the percentage packing efficiency of simple cube ?

(A) 53.26 (B) 68.0 (C) 740 (D) 52.36
(6) How many times is the number of octahedral voids as compared to tetrahedral voids ?

A4 ®) 8 O 2 @) 05
(7) What is the number of atoms in the unit cell of body centred cube ?

(A) 2 @1 )4 @) 6
(8) What is the numbex of atoans in face centred cube ?

(a) 2 @)1 ©) 4 D) 6

(9) In which of the following compounds Schottky defect is present 7

(A) NaCl (B) ZnS (€) 5i0,

(D) SrCl,

(10) In which of the following compounds Fremkel defect is present ?

(A) NaCl (B) ZnS (C) KBr

D) SrCl,
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(11) Which of the following compounds shows metal deficiency defect ?

(A) Fey o0 B) Fe,0, (C) Fe,0, () FeS, ,
(12) Which of the following ¢lements is a semiconductor ?

(A) Na ®) Al (C) Fe D) Ge
(13) Which type of semiconductor is obtaimed by doping Si with B ?

(A) n-type (B) p-type (C) pup-type (D) mpn-type
(14) With which element, the conductivity of ReO, is matching ?

(A) Copper (B) Zinc (C) Tron (D) Aluminium
(15) Which of the following will be paramagnetic 7

4 of ®) c*t ©) Na* (D) Cu*
(16) Which theary is nseful in explaining electrical conductivity in conductors and senmeanductors 7

(A) Panli’s principle (B) Avogadro’s theory

(O) Band theory (D) Hybridization theory

2. Write the answers of the following in short :
(1) Write types of solids on the basis of binding forces.
(2) Give examples of crystalline and amorphons solids.
(3) Wit the definition of unit cell.
(4) Mention the types of packing in solids.
(5) What is meant by tetrabedral and octabderal voids ?
(6) Mention the number of atoms in the wnit cell of different types of solids.
(7 Write one example, of each of conductor, semiconductor and non-conductor.
(8) What is band theory explaining conductivity ?
(@) Write four types of magnetic properties.
(10) What is meant by defect ? Mention the types of defects in solid.
3. Write answers of the following questions :
(1) Explain giving examples, ionic and molecular solids.
(2> Explain network solid compounds with example.
(3) White three differences of amorphous and crystalline solid substances.
(4) Explain the types of different solids and write their characteristics.
(5) Calculate number of atoms in body centred and face centred cubic soilds.
(6) Calculate the volume occupied by atoms in simple cube.
(M Explain the tetrahedral and octahderal voids by drawing diagram.
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(10) What is meant by doping ? Explain giving example.

Describe the band theory explaining conductivity in semiconductor.
Explain faromagnetism and antiferromagnetism

Write the answers of the following in detail :

(1}
(2)
(3)
C)
(5
(6)
D
(8)

Explain two dimensional and three dimensional close packing.

Mention characteristics of face centred and body cenired cubes.
Calculate the volume occupied by atoms in body centred cube.

Write types of defects and describe Schottky and Fremkel defects.
Write in detail about metal deficiency and non-stoichiometric defects.
Explain band theory about conductivity in solid substances.

Explain in detail, ferromagnetism, ferrimagnetism and antiferromagnetism.
Write a detailed note on energy gap, conduction band and valence band

Chemisiry 12



;g‘?l 1.
e 00
OULLL

2.1 Introduction

When two or more than two substances mix and form a uniform or homogeneous mixture, such
a mixture is called solution. The proportion of a component or components which is less in a solution
isfare called solute and the proportion of component which is more in the solution is called a solvent.
There can be one solvent and one or more than one golute components in a golution. The solution having
one solute and one solvent component is called binary solution. In a homogencous mixture the diameter
of the molecular particles is 10~ meter. In a homogeneous mixture the different components cammot be
separated by physical methods, like filteration, sedimentation, boiling or centrifugation.

2,2 Types of Solutions

The solutions can be found in three states; Solid, Liquid and Gas. The solute and solvent can
also be in three states. The physical state of the resulting solution can be decided on the basis of physical
state of solute amd solvent. The types of solution and their examples are given in table 2.1

Table 2.1 Types of solutions and their examples
Sr. Type of Physical state Examples
No. solution Solute Solvent
1. | Solid solution Salid Alloy formed from copper and zinc (Brass),

Salid
Liquid Solid Zinc amalgam-Zinc dissolved in mercury (Zn/Hg)
Solid adsorption of H, gas on Pd.
2. | Liquid solution Salid Liquid Homogeneous mixture of sugar and water.
Liquid | Homogeneous mixture of water and ethanol.
Gas Laquid Homogeneous mixture of CO, gas in water.
3. | Gaseous solution | Sohd Gas Homogeneous mixture of camphor in N, gas.
Gas Air containing moisture
Gas Mix¢ure of H, and O, gas.

Solations 27



‘When solute and solvent molecules experience attractive interaction between them, a solution
is formed. For example solution is formed by strong attractive interaction between water and ethanol
molecules but there is almost negligible interacton between water and benzene, their solution is not formed
(it remains insoluble). Thus, solution can be formed if the solute or solvent has following characteristics.

() I the mumber of ~OH group in organic compound is more in a solute, it is more soluble in

water. Mare the number of —-OH group more is the solnbility e.g., Glycerol i3 mare soluble
in water than ethanol.

(i) Most of the polar solutes dissolve in polar solvents. e.g., HCI in water.

(iii) Most of the non-polar soluces dissolve in non-polar solvents. e.g., Napthalene in benzene,

(iv) Most of the ionic solutes are soluble in water because they are iomic even in solid state.

¢.8., NaCl in water.

If water is the solvent in the solution, the solution is known as an aqueouns solution, If water
is not the solvent, the solution is kmown as non-agqueous solution. In a non-aqueons solution, geaerally
benzene, ether, carbon tetrachloride etc. are used as mon-aqueous solvents.

2.3 Units of Concentration

The guantitative proportion of solute and solvent are different in different solutions.
The amount of solute in a unit volume of solution or unit weight of solvent iz called comcen-
tration of solution. There are different ways to express concentration of solutions. Normality formality,
molarity, molality mole-fraction, weight-fraction ( % W /W ) are units of concentration which you have
studied in unit 1.9 of Semester-I. You will study some other umits of conceniration in this unit.

(1) Formality : Ionic compounds are in ionic form even in the solid state and not in molecular
form. Hence formuila mass is taken instead of molecular mass and ro the concentration is known as
formality. The sum of the atomic masses of the atoan, in the proportion formmla of the compound is called
its formula mass. e.g. compounds like potash alum, the molecular formula of alum is
K,SO,*AL(S0),*24H,0; hence its molecular mass will be 948 gram mole™! ¢he proportion formula of
alum is KAI(SO,),*12H,0 and so the value of its formula proportion mass is 474 gram formula mass.
Hence, at normal temperature if ome gram formula mass of the substance (solute) is dissolved in
one litre solution it is called one formal solution and this type of concentration is called
formality. It is indicated by the symbol F,

1000 x mass of solute (gram)
Formula mass of solute x volume of solution (ml)

‘When 474 gram potash alum is dissolved in water and the solution i3 made to one litre, its
concentration is called one formal. Formality unit is more used in pharmacy and medicinal science

disciplines.

Example 1 : Calculate the formality of solutiom in which 948 gram potash alum is dissolved
in 5 litre solution.

Solution : The formmla mass of potash alum is 474 gram (formmla mass) .

1000 x mass of solute (gram)
Formula mass of solute % volume of solution (rnl)
1000 x 948
" 474 %5000

The formality of this potash alum solution will be 0.4 F

Formality (F) =

Formality of potash alum (F) =

=04F




(2) Volume percentage (% V/V) : The volume of sclute (ml) dissolved in 100 ml solution,
is expressed as volume percentage (% V/V). Such a salution is called, percent proportion with
reference to the volume of solute.

Mathematically it is written as below :

100 x volume of solute _ 100 x volume of solute (ml)
volume of sclute + volume of solvent volurne of solution (ml)

% VIV =

For example 10% V/V solution of ethanol in water meang 10 ml ethanol dissolved in water
and made the volume of solmtion equal to 100 ml. Generally solufion in which solute and solvent
both are in liquid form gives Hquid solution. The concentration of such soluioin is indicated
by this umit.

Example 2 : Calcnlate the % V/V of a solodon in which 200 ml ¢thanol is dissolved in
2 litre aqueous ethamol solution.

Solution : 2 litre aqueous ethanol solution means 2000 ml aqueous solution.

100 x volume of ethanol (ml) _ 100 x 200

Now, V/V=
volume of solution {ml) 2000

=10 %

The concentration of aquecus ethanol solution is 10% V/V.

Example 3 : How many ml of kerosene is required to prepare 5 litre of 15% V/V kerosene
in petrol solution ?

Solution : 5 litre solution = 5000 ml solution

Now, % V/V = 100 x volume of kerosene (ml)
volume of solution (ml)
. 185 m 100 x volume of kerosene
R
Volume of kerosene =% = 750 ml

- 750 ml kerosens will be required to prepare 15% V/V 5 litre solution.

(3) Mass by volume percemtage (% W/V) : The mass of solute dissolved in 100 ml
solution is called mass by volume percentage (% W/V). Such a solution is called percent weight
proportion with reference to the mass of solute. Mathematically, it is written as below :

100 x mass of solute {gram)
volume of solution (ml)

% WiV =

For example 5% W/V aqueous solution of sugar means 5 gram sugar ig dissolved in 100 ml
solution. Genexally the concentration of solutions is expressed by this unit in pharmacy and medicinal
fields.
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Example 4 : How many gram of sugar will be required to prepare 5% W/V 2 litre aqueous
solution ?

Solution : 2 litre solution = 2000 ml solation

Now, %W/ V= 100 x weight of suger (gram)
volume of solution {ml)
. 5= 100 x weight of sugar
] 2000
.~ The weight of sugar = % = 100 gram.

100 pram of sugar will be required to prepare 5% W/V 2 litre solution.
Example 5§ : Calculate the % W/V, containing 200 gram urea dissolved in 5 litre solution.

Solution : 5 litre solition = 5000 ml solution.

% WIV = 100xwei§htofurea(§ram) _ 100 % 200
volume of sclution (ml) B 5000

-4 %

The concenttation of urea solution will be 4 % W/V.

(4) Parts per million : (ppm) : Some times the amonnt of the sohite in solution i3 very much
less, and so the concentration is expressed as parts per million. (ppm) viz. Pollutant in pollution of air,
the amount of O, gas dissolved in sea-water pollutants in pollution of water etc. are expressed by this
vnit. Parts per million can be expressed by three different ways as parts per million by mass to mass,
parts per million by mass to volume and partzs per million by volume to volume.

Parts per million by mass to volume : The amount of solute in milligram dissolved, in ome
litre solution is called parts per million by mass to volume.

amount of solute (mg)
amount of solution (litre)

parts per million by mass to volume = 21

So the unit of parts per million by mass to volume can be written as mg litre™

Now to express the amount of solute in gram and volume of solution in ml in equatiom (2.1),

amount of solute (g;ram) x
amount of solution (ml)

10%

Parts per million by weight 1o volume =

_ amount of solute (micro gram)
volume of solution (ml)

2.2

So the unit of parts per million by mass to volume can also be written as micro gram ml™}
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Example 6 : Calculate the parts per million by mass to volume for 2 litre solution in which
2 w 107° kg sulphur is dissolved.

Solution : 2 litre solution = 2 % 10° ml
mass of sulphur (solute) = 2 x 1075 kg = 2 x 1072 gram

amount of solute (gram)
volume of sclution

.. parts per million by mass of volume = b ]06

2x 1072
=== _ x10°=1
23«:103

Parts per million by mass to volume for soultion will be 1 micro gram mi™!

With the change in temperature the values of molality, mole fraction, percentage by mass, parts
per million by mass to mass are not changed because these units do not include the term volume which
depends on temperature; while with the change in  temperature the molarity, normality, percentage by
volume to volume, percentage by mass to volume, formality, parts per million by volume to volume, parts
per million by mass to volume values are changed; because these units include the term volume which

depends on temperatore.
2.4 Solubility of Gases (Solubility of Gaseows Solute in Liquid Solvent)

At a given temperamure and pressure the maximum amount of gasecous solute that can be
dissolved in a specified amount of solvent is called solubility of gasecus solute, Factors which effect the
solubility of gaseous solute m liquid solution formed by homogensous mixture of gaseons zolute and
liquid solvent are given as under.

(i) Nature of gaseous solute and the solvent : The solubility of gases like H,, O, and N,
are less in water but their solubility is mwre in ethyl alcohol; also the solubility of gaseous solute like
H,S and NH, is more in water, while their solubility is less in ethyl alcohol. So the solubility depends
on the nature of gaseons golite and then also the nature of solvent.

(ii) Effect of temperature : The solubility decreases with increase in temperature for gaseons
solute in liquid solvent. Generally with increase in temperature the sclute dissolved in solution bubbles
out and hence, with the increase in temperature the solubility of a gaseous solute decreases. Such an
effect can also be explained by Le-Chatelier principle for en equilibrium as follows.

gaseous solute + lquid solvent — solution + enexrgy.

The dissolution of gaseous solute in liquid solvent iz an exothermic process. On increasing the
temperature for such a reaction, according t0 Le-Chatelier principle the equilibrium shifts towards lefc
hand side i.e., reverse direction. So the solubility of solute decreases,

(iii) Effect of pressure : The solubility of gaseous solute in liquid solvent increases by increas-
ing pressure of gaseous solute present on the surface of solution, The concentration of gas dissolved
in solution increases as shown in 2.1 (a) the upper part is gageous solute while the lower part is solution
obtained by dissolving gaseous solute in liqnid solvent. Equilibrinm is established between gaseous solute
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Fig. 21
The effect of pressure on solubility of gas. The concentration of dissloved
gas is directly propertional to the pressure of gas upon the solutiom

and solution at tempexature T, and pressure P, and hence the rates of molecules entering into solution
and the dissolved gaseous molecules leaving the solution are equal. Now as shown in figure 2.1 (b) at
temperature T,, the pressure increases from P, to P,, the volume accomodated by gaseous solute on
the sutface of solution deczeases and hence the number of molecules of solute in unit volume increases.
So the mumber of gasenus molecules siriking the surface of solution increases and thus increases the
solability and at the end equilibrivm is established. Hence, the solubility of gaseous solute increases due
to the increase in the pressure of gaseous molecules in the solution.

Henry’s law : The quantitative relation betwen solubility of gaseous solute in liquid solvent and
pressure was given by Henry in 1803, It can be expressed as “The solubility of a gascous solute in a
liquid solvent at definite temperature is directly proportional to the pressure of the gas.” On the basis
of this, Henry's law can be expressed as “The solubility of a gaseows solute in a Howid solvent
at constant temperature is directly proportional to the pressure of gaseous solute.”

1000 = Contemporarily Dalton independently concluded that
the solubility of a gaseous salute in liquid solution is a function
of the partial pressure of the gas. “If the mole fraction is
considered for the solubility of gaseous solute then the partial
pressure of a4 gaseous solute over the solutiom is directly
5001 proportional to the mole-fraction of the gaseous molecules”.
In the solution X is mole fraction of gaseous solute dissolved
in upit volume of solvent and its partial pressure is p, then
according to Henry's law it iz expressed as=

Partial presaure of HCl (tord)

poX
0 0.010 0.020
e e Pp=Kig*X  where, K,; is Henry's constant.
Fig. 2.2 If in the solution mole-fraction of gas is X and its
Mole fraction of HCI in its partial pressure is p and graph is plotted betwen them, the
solution in cyclohexane graph is a stright line as indicated in fig 2.2. The value of the

slope is equal to value of K. The unit of K;is bar. The values of Henry's constanti are different for
different gascous solutes, at constant temperature. This indicates that K, is a function of the nature of
the gas. The values of K;; alao change with change in temperature for all ths gaseous solutes which
are given in table 2.2
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Table 2.2 Values of Henary’s Constant for Some Selected Gases in Water

o

Gas Temperature (K) | Kg(kbar) Gas Temperature (K) Kg(kbar)
He 293 144.97 Argon 258 40.3
H, 293 69.16 co, 298 1.67
N, 293 76.48 Formaldehyde 298 1.83 x 107°
N, M 884 Methane 208 0.413
0O, 293 34.86 Vinyl chloride 298 0.611
0, 303 46.82

The following results can be obtained from the K;; values shown in table 2.2

(1) The solubility of gaseous solute is lower with the higher values of K.

(2) The K;; values increase as temperature increase which means the decrease in solubility
of gaseous sohute,

Limitations of Henry’s law :

(i) This law is applicable to the gaseocus solutes which show only ideal behaviour at high
temperature and low pressure.

(ii) This law is applicable to solute which does not undergo association or dissociation when the
solute is dissolved in solvent.

(i) This law is applicable to gaseous solute which does not form any product by the chemical
reaction, when gaseous solute is dissolved in liquid solvent.

Uses of Henry’s law : Henry’s law is used in industrial field and to explain some biochamical

reactions :

(0 To increase the solubility of CO, gas in cold-drinks, soda-water, beer, champagne, the gases
are filled in bottle at high presures and then sealed.

(i) Due to higher partial pressure of oxygen gas entering into the lungs, it reacts with haemo-
globin and forms oxyhacmoglobin. The partical pressure of oxygen gas is low in tissue.
Hence, the oxygen is released from the oxchaemoglobin itself and is ugeful in the utilisation
of the function of cell.

(iii) The sea-divers use the cylinders filled with mixture of 2 % dioxygen gas and 98% helinm
gas during the diving in sea. Nowadaye a cylinder filled with 11.7 % He, 56.2 % N, and
32.1 % O, gas mixture are used

Example 7 : Calculate the sohbility of CO, in water in term of mole fraction if partial
pressure of CO, is 2 % 107% bar at 298 K temperature, the K, value for CO, is 6.02 x 107 bar.

Solution : According to Henry's law Pco, = Ky Xcoz

cx. - Peo, _ 2x107° bar
U0 Ry 6.02x107° bar

= 3.322 x 1073
The solubility of CO, gas in water in terms of mole fraction will be 3.322 x 1075

Solutions KK



Example 8 : Calculate the partial pressure of He gas over the solution, having 2.4 x 1073
mole fraction of gas in its saturated solution at 273 K temperature. The value of Hemry's constant
is 6.71 x 107 bar.

Solution : According to Heary’s law, py, = Ky * Xy,
=671 x 10%x 2.4 x 1073
= 1.61 % 107 bar

The partial pressure of the gas will be 1.61 x 1078 bar.

Example 9 : How many millimoles of CO, gas will dissolve when CO, gas is passed in 900
ml water at 298 Ktempa‘ature.ThevalueofKHisﬁ‘Oleo_"bar and partial pressure of CO,
gas is 2 x 10~% har

—8
Solution : Mole fraction of CO, = Poco, _ _2x10

Ky 602x107

=3.322 x 107
Now the density of water is Igm mI'. Hence, the masa of 900 ml water can be taken as
900 gram.
Mole of H,O =1=%=50mole

Suppose the moles of CO, is n then the total moles = (@ + 50) = 50 can be taken.

mole of CO,

. Mole fraction of CO, = eal o)
mole

331 x107° =2
50

o.on =3322 x 167 x 50
= 1.661 x 10~* mole
1.661 x 10~ x 10" millimole
= 1.661 millimole
~ CO, dissolved in 900 ml water will be 1.661 millimole.

2.5 Solubility of Solid Solute in Solid Solvent

‘When solid solute is dissoved in solid solvent it gives salid
solation. The molecnles are arranged in two ways :

(1) Substituted solid solution : Ag shown in fig 2.3, the
gize of solid solute and solid solvent are almost the same, then the
solute atoms are arranged in solvent atormns and the solute atoms are
substituted in arrangement of atoms farming solid solution. Such type
of solution is known as substituted solid solution, e.g. brass, bronze,
steel, monel metal etc.
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(2) Interstitial solid solution : As shown in figure 2.4
when the sizes of solid solute and solid solvent have vast difference
then the small atoms are arranged in the imterstitial holes formed
between big atoms. Such type of solutions are called interstitial solid
solution. e.g. Tungstem carbide (WC).

Solubility of solid solute in liguid solvent : At constant
temperature and presure when the maximum amount of solid solute
is dissolved in given liquid solvent then the concentration of soluce is atomts of atoms of
called its solubility. Now, no more solute can be dissolved in solution, solvent O soluk
so such a solution is called saiurated solution. In a saturated solution Fig. 24
the equilibrium is established between solid solute and solution.

Solid solute + Liquid solvent = Liquid solution

It is not necessary that all the solid solutes will dissolve in all the liquid solvents. For example
ionic solids likes NaCl or KCl are solube in polar solvent like water but not soluble in non-polar solvent
like benzene or carbon tetrachlaride, because generally ionic solid solutes, disgsolve in polar liquid solvents.
Similarly non-ionic compounds like napthalsne will dissolve in non-polar solvents like benzene, but does
not dissolve in polar solvent like water. Thus the solubility of solute depends on the nature of solute and
solvent. Moreover the solubility depends upon another two impostant factors like temperature and
pressure.

Effect of temperatare : When solid solute is dissolved in liquid solvent and solution is obtained
then the equilibrium is established as given below :

Sohute (Solid) + Solvent (Liquid) = Solution (Liquid)

If such reaction in equilibirivm is endothermic then according to Le-Chatelier’s principle, on
increaging the temperature, the forward reaction will occur and hence the solmbility will increases, and
if such reaction is exothermic, then on increasing the temperature accarding to Le-Chatehier's principle,
the reverse reaction will occur and hence the solubility will decrease.

Effect of pressure : Solid solute substances when dissolved in liquid solvents give liquid
solutions. Here, the substances are related with reactions may be in solid or liquid state which possess
the non-compressible property, so the effect of pressure is very less or negligible.

2.6 Solution-Colligative Properties

When solute substances are dissolved in pure solvent, the solutions are obtained. Some
propertics of solvent change viz. the vapour pressure of a solution prepared from a solvent is less than
that of pure solvent, while the boiling point increases and freezing point decreases, The osmotic presure
algo changes. The change in these propexties depend on number of molecules of solute but not on nature
of solute. Such propertics are called colligative properties of solution, For example by taking 1m aqueous
solution of glucose, NaCl and BaCl, and if the colligative properties are stndied, it is observed that all
the solutons have equal molal conceatration, yet the mumber of particles preseni are not equal. In glucose
solution the concentration of number of particles of solute are 1 m, in NaCl solution the concentration
of number of particles are 2 m and in BaCl, solution the concentration of number of particles is 3 m,
Hence, their colligative properties are in proportion of 1:2:3 respectively. So these colligative propersties
do not depend upon the concentration of solutiom but depend on the concemtration of the number of
particles of solute present in the solution.
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2.7 Vapour pressure of solution

A solid solute on dissolving in liquid solvent forms a solution. We have studied, such solutions.
Now, let us study the vapour pressure of binary solutions which are obtained by dissolving solid solute
in liqmid solvent and liquid solute digsolved in liquid solvent. Solid solutes do not have remarkable vapour
pressure but Liquid solute and liquid sclvent have vapour presures. At certain temperature the rate
for the process of vapour to Hquid phase and liqnid to vapour phase becomes equal and hence
equilibrium is established. Due to this at certain temperature pressure of vapour on surface on
the solution become constant which is called vapour pressure of solution at that temperature.
The factors which affect the vapour pressure are given below.

(i) The nature of lquid : The weaker the mtermolecular forces between the molecules of
liquid, the greater is the vapour pressure. This is because more and more molecules of liquid are
converted into vapour phase and hence the vapour pressure is more.

(ii) Temperature : Higher the temperature of liquid, more is the vapour pressure, because
the kinetic energy of the molecules increases due to increase in temperature and hence more and more
molecules leaving the surface of lignid and obtain the vapour phage and itz vapour pressure increses.

2.8 Raoult’s Law (For Non-volatile Solute)

A B
‘When solid solute dissolve o liquid . O -
solvent and liquid solution is formed its vapour o o o

pressure can be understood by simple o o o m
experiment given below. As shown i figure o o (o) o

2.5, take two equal containers A and B and < o i -
fill pure solvent and solution of non- [COOCO000C PCOCO00000
volatile soluts in same solvent in the containers 1 mnl of
respectively. Initially in both containers, keep Pure solvent

the level of both the liquids (solvent and so- RREERt 1 mol of
Iutio) sarne, it will be found that the level of ! ) —0
solvent is more reduced than the level of O Sovent () Sehts
solution, bacauge in container A having

solvent, its surface has totally solvent molecules T « 2 Vet e
and hence more vapour is formed. While in porcmitvent g
container B having solution, the surface hag Fig. 2.5 Vapour pressure of solution

both solute and solvent molecules. So in

containers B the fraction of surface covered by solvent molecules gets reduced as a result the number
of molecules escaping from the surface is reduced and hence vapour pressure is reduced in container
B. Thus, the vapour pressure of a solution prepared from a solvent is always less than that of pure
solvent. The lowering of vapour pregsure of solution was studied by Raoult and a law was proposed in
1887, which is called Raoult’s law. According to Raoult’s law “If dilute and ideal solution is prepared
by dissolving non-volatile solute in a volatile solvent, the relative lowering of vapour pressure
of the solution is equal to the mele fraction of the dissolved solute.”

Proof of Raoult’s law : For binary solution, Raoult’s law is generally experessed as. “For any
solution the partial vapour pressure of each volatile component in the solution is directly
proportional to its mole fraction.” The binary solution in which non-volatile solute is dissolved in the
solution, the vaponr is only due to solvent. If the vapour pressure of solvent is denoted by p, and its
mole-fraction by X, then mathematical form is
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P o X
p=X ¢ p} (2.3)
(where p? is proportionality constant and its value is equal
to the vapour pressure of pure solvent) Vapour preasnre 0
of pure molvent P
As shown in fig 2.6 the graph of vapour pressure against
mole-fraction of solvent is straight line, which statez tha Racult’s
law-when the value of mole fraction X, is one, then p, = p.?
which is clear from the graph. Now from equation (2.3). 8n
; g
= =X 2.4 g i
-
But X, = where, n, and n, are the moles of 53
n,+n,
solvent and solute respectively. Putting value of X, in equation 0 |
N | n, . .
2.4) the equation is — = . Now subtracting each side Mole fraction of solvent
@h S YR
from 1. Fig. 2.6 Rault’s law.
n The relation between mnle fraction of
1- p_é=l_ 1 solvent and vapour pressure of solutiom
Py o+ Dy
0
P1— P by
. = 2.
P? D+ 0, @-3)
n
but n—fn— = X, ie., mole fraction of solute. Putting this value in equation (2.5)
1 2
0
Py —P
=X 2.6)
1

Thus, the solation obtained by dissolving non-volatile solute in pure volatile solvent the relative
lowering of vapour pressure of the solution is equal to the mole-fraction of the dissolved solute (X;).

For very dilute solution n, << n,, hence putting n, + n, = n, in equation (2.5)
0
- n
hh_ L @7

Py n,

wz W, , . , .
butn2=M andnl-F;putungthmvaluﬁmequauonz.'}'
2 1

0
T T Moxw (2.8)
Pi 2 X Wy
where, w;, = mass of solvent, M, = molecular mass of solvent
w, = mass of solute, M, = molecular mass of solute

For very dilute solutions, the molecular mass of solute can be calculated from equation (2.8).
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Limitations of Raoult’s law :

(1) This law is applicable to very dilute solutions.

(2) This law is applicable to ideal solation.

(3) This law is applicable to solutions, whose heat of dilution does not change.

(4) It is applicable to solutions whose total volume is equal to the sum of the volumes of solute
and solvent, if they are in liquid state.
(5) This law is applicable to the non-electrolyte aqueous solutions which do not undergo any
dissociation or association when solute is dissolved in solvent.
2.9 Raoult’s Law (For Volatile Solute and Volatile Solvent)

‘When both volatile liquids are the solute and the solvent then the vapour pressure of the solution
is due to vapour pressure of both solute and solvent. According to Raonlt’s law for such a solution the
vapour pressure of both the solute and solvent will be proportional to their mole-fractions.

Suppose in a binary solution X, is the mole-fraction of solute A and its partial pressure is p,
and X, is the mole fraction of the solvent B and its partial pressure is p, then according to Raoult’s
law p, & X, and py o X.

According to experimental observations Raoult’s law can be proved that if the vapour presure
of solute is P?\ and vapour pressure of pure solvent is Pg then,

Pa= P} Xy 29  wd py=pl Xy (2.10)
Now according to Dalton’s law of partial pressure the total pressure in the closed vessel will be,
Total pressure P = p, + py

Now putting values of p, and p, from equation (2.9) and (2.10)

Total pressure p = pa X, + py Xp

pa (1-Xp) + pp Xp (v X) = 1-Xy)

Pa — PaXp+ PpXp

ph + (P} - Pa)Xp @.11)

In the same way,
total pressure p =p, + Pg
P =pa X+ ps Xp
= pa Xa + pp (1-X,) (= X3 = 1-X,)
= py Xs + 3 —Ps Xa
= pa + (P} - PRIXs 212

Following conclusions can be drawn from the equations (2.11) and (2.12).




(1) Total vapour pressure of the solution can be related to mole fraction X, or Xy of any
component,

(2) The wtal vapour pressure of the solution varies linearly with the mole fraction of the component
A or B

(3) Dependning on the vapour pressure of the pure components A and B, the total vapour
pressure of the solution change with the change of the mole fraction of component A or B.

Pr

If graph is ploited between p, or pp with mole
fraction X, or X,, then as shown in fig 2.7, according to T
equation (2. 11)1fp5>pA1.e components is more volatile g
compared to component A then minimum total vapour fj\
pressure obtained of the solutoin is p3 and the maximum ¥
total vapour pressure is pj. Whem X, = 1 then the total 3
vapour pressure over the solution is Pi and when X, =1 g

Xi=1 Mole fruction B X,=0
thentotalvapourpressureoverthesolutimislagwhichis xgzg e Of:. xgzl
clear from eqnaﬁon (2.11) and (2.12). Fig. 2.7 Toial vapour pressure —)

mole fraction

If at equilibrium stage, Y, and Y, are the mole-
fractions of component A and componant B in vapour phase respectively then at equilibrimm the partial
pressure p, and py of cach component can be obtained by equations given below :

Pa = Yo* Pyea

Pp = Yp * Piota

Raoult’s law (for gaseous solute and liquid solvent) : When gaseous solute is dissolved in
liquid solvent and solution is prepared, then according to Raoult’s law its vapour pressure can be given
as follows :

Py = Pi X, (2.13)

But if gaseous solute is dissolved in liquid solvent, then its solubility can be given by Henry's
law as given below:

Solubility p = K; * X, (2.14)

By comparing Raoult’s law-equation (2.13) and Henry’s law-equation (2.14) if both the constant
(like pi and K,,) are different but the volatile component or partial presure of gas is directly proportional
to its mole fraction. It can therefore be said that solubility of a gas and vapour pressure of solution
follows Henry’'s law and Raoult’s law respectively.

Ideal solution : The solution which obeys the Raoult’s law over the entire range of

concentirations is lmown as ideal solution. The ideal solution has two other important proporties like.

@ On mixing solute and solvent if solution is obtained, then for this reaction, change in enthapy
(AH) 1s zero,

(@) If solute and solvent are in liquid state then on preparing solution, the change in volume (AV)
is zero. For undexstanding ideal behaviour of sohution, the components A and B of sohition, when
they are in pure form, there are A-A and B-B type intermolecular interaction forces. Besides
that in binary solution also A-B type attractive intermolecular interactions will also be present.
If the intermolecnlar, attractive farces batween A—A and B-B are nearly equal to the intermolscnlar
attractive force between A-B, the solution becomes ideal. (This leads to the formation of an
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ideal solution). For example mixture of Bromoethane and chlorcethane, Benzene and toluena,
Hexane and heptane, Chlorobenzene and bramobenzene.

Non-ideal solutions : When a solution does not obey Raoult’s law over the entire ramge
of concentration then it is called mon-idesl solotion. This solution is also called real soluGon. The
vapour pressure of such solution is either higher or lower than that predicted by Raoult’s law. The
intermolecular attractive forces between A—A and B-B are not equal to the intermolecular attractive
forces between A-B for such solution. The value of AH and AV will not be zero. For example mixture
of pbhenol and aniline, mixture of chloroform and acetone, mixture of HCl and water, mixture of HNO,
and water give non-ideal solutions.

Example 10 : Calculate the vaponr pressure for 4% W / W aqusons golntion of urea at
298 K temperature. The vapour pressure of water is 0.025 bar.

Solution : According to Raoult’s law,

Plo_pl Dy

Pf hy

Now4%Wqurmsolutionmcam4gramuIeain96gtamwaterandp? = 0.025 bar

n,=§1-=96=5.33 mole of water

T
w 4

’ =—2 = — = 0.0667 mole of urea
M, 60

Now putting these values of pf , 0, and n, in Raonlt’s law equation,

0.025 — p, 0.0667

0.025 533
- 0025 — p =TT - 0000313

& Py = 0,025 - 0.000313 = 0.02469 bar
The vapour pressure of 4 % W/W aqueous solution of urea will be 0.02469 bar.

Example 11 : The vapour pressure of chlorobenzene and bromobenzene are 0.350 bar and
0.500 bar respectively. Find the vapour pressure of solution obtained by mixing 11.25 gram
chlorobenzene with 31.4 gram bromobemzens.

Solution : The molecular masses of chlorobenzens and bromobenzene are 112.5 and 157 gm

mol™! respectively.
.nnleofchlmobmene—i—£=01 le
M 112.5
nnleofbromobmene=£=%=02 le

~, Total moles = (0.1 + 0.2) = 0.3




Here, p? = 0.350 bar and pJ = 0.500 bar
Now according to Raoult’s law,

total vapour pressure -p? +(pg— pf)xz

= 0.350 + (0.500 — 0.350) x %

—0.350 + 0.150 x 2

= 0.350 + 0.100 = 0.450 bar
.~ The vapour pressure of solution will be 0.450 bar.

2.10 Elevation in Boiling Point

The iemperature at which the vapour pressure of any liquid (solvent or zolution) becomes
1 bar (1 atmorphere), is known as boiling point of that liquid. (solvent or solution). At any temperature
the vapour pressure of solution is less than that of pure solvent from which it is prepared, and vapour
pressure increases on increaging temperature. At 373 K (373.15 K) temperature the vapour pressure
of pure water becomes 1 bar and hence it starts boiling . Now if solution is prepared by adding non-
volatile solute (like sugar), the vapour pressure of solution decreases. So as to make its vapour pressure
equal to 1 bar it has to be heated. On heating solntion starts bailing. Thus the boiling point of solution
is higher than that of pure solvent. The increrase in boiling point is called elevation in boiling point (AT)).

Molal elevation constant : Increase in boiling point of

a solution prepared by dissolving one gram molar mass of non- Boilling point
volatile solute in one kilogram of solvent is called molal elevation Solveat Sclntion
constant (K,). For example 342 gram sugar or 60 gramurea o jpge| ______________ l__ -

180 gram glucose is dissolved in one kilogram water means by

dissolving one molecular mass of a substance the increase in T
boiling pointe (AT,) of these golutions are game. Thus, increase E
in boiling point depends upon the number of molecules of solute and ﬁ
not on the nature of sohute, so it is colligative propexty of solution. E-

e B e e P
el ]

Molal elevation and molal elevation constant : Figure so CO7 .
2.8 shows the relation between vapour pressure and temperature g B
for pure solvent and its solutions. Tewperature (K} —
- . . 0 Fig. 2.8 The relation
Suppose the boiling point of pure solvent is T,' and the b il =
boiling point of solution is T,, then increrase in boiling point and temperature

AT|,=T|’—Tl',j is elevation in boiling point. Experimental observation
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indicates that molal elevation (AT,) is directly proportional to the molal concentration of solute dissolved
in dilute and ideal solution. So it is written in mathemnatical form as
AT, o m

AT, = K, x m (2.15)

1000 x w,
M2 xwl

Putting this value in equaton 2.15

but molality m =

1000 x w, (2.16)
where K, = Molal elevation constant w,; = mass of solvent
w, = mass of solute M,
AT, = elevation in boiling point.

Elevation in boiling point for one molal solution is called solvent’s molal elevation constant (K,).
Its unit is Kelvin kilogram mole™ (K kgmole™).

molecular mass of solute

Example 12 : Calculate the bodling point of solution which is prepared by dissolving 6 gram
of urea in 2 kg of water. Molal clevation constant for solution is 3.2 K kg mole™.

Solution @ ATb = M
M, xw,
K, = 3.2 Kkgmole™! w, = 6 Gram

w, = 2 Kilogram = 2000 gram M, = 60 gram mole™

= % = 016 Kelvin

2~ The boiling point of urea solution = boiling peing of solvent + T,
=373K +0.16 K=373.16 K

. The boiling point of urea solution will be 373.16 K.

Example 13 : How many gram of ghicose should be added to 5 kg of water, so that the
baoiling paint increases from 373 K to 373.5 K. The molal elevation constant of solvent is 2.2 K
kg mole™,

Solution : Elevation in boiling point
AT, =3735 K -3713 K =05 K




/\———’——_\-

AT, =05K K,

2.2 K kg mole.™!
W, =7 M, = 180 gram mols™!
w; =35 kg = 5000 gram

_ ATy, xM, xw,
1000 x K,

Wy

_ 0.5 x 180 x 5000
2.2 x 1000

> 204.5 gram plucose should be digsolved in 5 kg water.

= 204.5 gram

2-11 Depression in freezing point

Freezing point of substance (solvent or solution) is a temperature at which the solid and liquid
phase of the substance (solvent or solution) are in equilibrium and at that temperature (Freezing point)
the vapour pressure of the solid and liqguid phase of the substance (solvent or solution) are same,

The freezing point of solution is lower than that of pure solvent from which the solutiom is
prepared. Thus, decrease in freezing point of solution from solvent is called depression in freezing point
(AT)). Freezing point of solution is less than that of solvent from which it is prepared, because according
to Raoult’s law vapour pressure of solution is less compared to that of solvent to which the non-volatile
solute is added to form that solution. So at lower temperature the vapour pressure of liquid. Solution and
pure solid solvent becomes equal, that temperature is the freezing point of solution. Thus, the freezing
point of solution is less than freezing point of pure solvent.

Molal depression constant : “Decrease in freezing point of a solution prepared by
dissolving one gram molar mass of non-volatile solute into ope kilogram of solvent is called
molal depression constant (K,).”” For example 60 gram urea or 180 gram glucose or 342 gram sugar
i.e. one gram molar mass of solute on dissolving in 1 kg of solvent, the lowering in freezing points are
equal, because depression in freezing point dspends on number of moleculss of solute dissolved in the
solution and not on the nature of sohite, so it is a coilligative property,

Depresgion in freezing point and meolal depression
comstant : The values of vapour pressure at diffexent temperatures
for pure solvent and solution prepared from that solvent are shown
in figure 2.9.

Suppose the freezing point of pure solvent is T? and
freezing point of solution is T; then depression in freezing point
AT;= T{ — T, is known as depression in freezing point. Experimental
results shows that it is directly proportional to the molal concentration

Vapour pressure —.

of solute. So it is written in mathematical form as Temperatuore ——
Fig. 2.9 The relation beiween
ATf a@m vapour pressure and temperature
1
. AT; = K:x m @17 {(mole depression constant)
1000 x w
But molality m= ————2, Putting values in equation (2.17)
M, xw,
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_ Ky x1000x w,

~ T
M, xw,

- Ky m AT, xw; x M,
1000 x w,

(2.18)

where, K; = molal depresion constant w, = mass of solvent
w, = mass of solute M, = molar mass of solute
AT; = depression in freezing point.

Depression in freezing point for one molal solution is called molal depression conatant (K¢ and
its unit is Kelvin kilogram mole™ (K kg mal™),

Example 14 : Find the freczing point of solution obtained by dissolving 1.8 gram glucose in
500 gram water. The value of K, for solvent is 1.8 K kg mol ™.

Solution : AT, = Kp x 1000 x w,
M, xw,
K; = 1.8 K kg moI'’ w, = 1.8 gram
M, = 180 gram mal™! w,; = 500 gram

- 1.8x1000x 1.8
180 x 500

Now freezing point of pure solveant is 273 K.
». Freezing point of solution = freezing point of solvent — AT,
=273 - 0.036 K = 272964 K

. The freezing point of solation will be = 272.964 K.

Example 15 : How many grams of urea mmst be digsolved in 2000 grams of water so that
depression in freezing point is 0.2 K. The K, for salvent iz 2.0 Kigmol™!.
foll')OO)u:u.ra

M, xw,

= 0.036

Solution : ATf =

w. = ATy xM, xw,
27 1000 x K

K; =2 K kg mol™
M, = 60 gram mol! w; = 2000 gram

£
[

_ 0.2x 60 x 2000
1000 % 2

w, = 12 gram

~ 12 gram urea will have to be dissolved in 2000 gram water.
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2.12 Osmosis, Osmotic pressure and its Uses

When a semipermeable membrane is kept between
iwo solutions having different concentrations or between a

Concentrated solution of

solvent and a solution, a spontansous flow of solvent starts ™) i “‘_, Net flow (7~

from a solution, having lower concentration to higher .

concentration, or from a solvent to a sclution respectively. :

This phenomenon is called Osmosis. The meaning of Greek 1

word osmosis is to push. Semipermeable membrane can allow sol;m

only solvent molecules but will not allow solute molecules. molecules /__Wﬂﬂ o

As sbown in figure 2.10, CuSO, solution is filled on one side o “T D Cuso,

and on other otherside pure water or ditute CuSO, solution. - solution
After some fime it is observed that spontancensly NN /

the water molecules flow towards the CuSO, solution and
hence the difference is observed in level of liquids on both Semipormeable

the sides of semipermeable membrane, Such spontaneous

flow will just stop when equilibrium is established between Wi 218 Omunee
them.

Some examples of osmosis are found in natuwre and in daily life. For example the dry grapes get
swollen whea kept in water, wilted flower revives when placed in water; blood cell collapse when placed
in salty water. In all these phenomena the boundry of all the substances bounded by semipermeabls
membrane and hence osmosis is observed Some examples of natural sempermicable memhranss are
animal cell wall, plant cell wall, urinary bladder of animal. While artificial semipermeable membrane are
parchment paper, cellophane, butier paper, copper ferrocyanide Cu,[Fe(CN),]. In such artificial semiper-
meable membranes, the copper farocyanide is one of
the best artificially prepared semipermiable membrance. FPatm + ¥ Patm

Osmotic pressure : As shown in fig 2.11 on l l
one side of semipermeable membrane (SPM) a solution
and on other side pure water are filled As the time
passes, the spontaneous flow of solvent starts towards
solution, hence the differenice in levels of the pure solvent
(water) and soluton is observed Hence by applying
minimum pressure on the solution that just stops the flow
of solvent towards the solution across the semipermeable
membrane is called osmotic pressure of solution.

Example of osmeotic pressure : Fig. 2.11 Osmosis pressure

(1) Planis absorb water from s0il through their roots is due to osmosis.

(2) Water assimilated by the plants moved into the different parts of plant is due to osmogis.
(3) Due to osmogis the water reaches into the different parts of the animal body.

(4) Opening of flower and closing of flower is also controlled by osmogis.

(5) DBursting of red blood cell when placed in water is also due to osmosis.

(6) Rapid growth of the plants and germination of seeds is due to osmosis.

LI
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2.13 Laws of osmotic pressure

van’t-Hoff and Pieiffer suggested that the solute in the dilute solution behaves like a gas. The
osmotic pressure of dilute solution is aqual to pressure of gas if the solute is in gaseous form at that
temperature and occupy the volume equal to that of solution. So van’t Hoft derived laws similar to gas
laws like Boyle, Gay-Lussac and Avogadro’s law for dilute solution.

(i) Boyle’s-van’t Hoff Law : “At constant temperature the osmotic pressure () is directly
proportional to the molar concentration of the solution.” It can be writhen mathematically as follows:

Putting this value
% o C but C= —
v

n
Ra v (2.19)
where, n = number of moles of solute V = volume of solution (litre)

el = molar concentration

v
Putting in equation (2.19) n = 1 mole,
1

T — 2.20
v (2.20)
1|:=Kl

Vv =K {2.21)

Eequation (2.21) is similar to Boyle's law : PV =K

(ii) Gay-Lussac-van’t Hoff law : If the conceniration of solution is constant then osmotic
pressure of solution is directly propoetional to absoulte temperature. It can be written mathematically as

naT (2.22)

7= KT where, K = proportionality conctant

7
T =K (2.23)

Equation (2.23) is of the form %= K regarding Gay-Lussac's law for gases.

(iii} Avogadro’s-van’t-Hoff law : The number of molecules in the same volume of different
solutions having the same osmotic pressure at the same temperature. It can be written mathernatically as
Tan (2.24)

Now, accarding to equation {2.20).




1
na v (Boyle-van't-Hoff Law).

According to equation (2.22)
® o T (Gay-Lussac-van’t-Hoff Law)
R & n (Avogadro-van’t-Hoff Law)

nT
Ta —
v
aRT . L . .
n= where, R is proportionality constant and its valne is equal to that of gas constant.
. BV = nRT (2.25)

where ® = Osmotic pressure in bar V = volume of solution in litres
n = number of moles of solute R = gus constant
T = absoulte temperature in Kelvin.
Equation 2.25 is similar to simple gas equaticn PV = oRT

Now, puiting value of n= % in egquation (2.25)

’v=w_RT

wRT
MV (2.26)
where w = mass of solute, M = mwolar mass of solute

2.14 Iso-Osmwtic (Isotonic)Solutions

The solutions having same osmotic pressure it given temperature are called Iso-—osmotic
(Isotonic) solutions. If such solutions are separated by semipermeable membrance no osmogis occurs,
between them. The vapour pressures af iso-osmotic solutions are equal so such solution are known as
iso-osmotic or isotonic solutions. Concentration of isotonic solutions are equal. For example the osmotic
pressure associated with fluid inside blood cell is equivalent to that of 0.91 % W/V NaCl solution, same
way 0.1 M H,S0, solution is isotonic with 0.3M glucose solution. If the osmotic pressures of two
different solutions are different it means that concentrations are different then, zsolution whose oamotic
pressure is less it is imown a8 hypotonic with comparison to higher osmotic pressure solution. A solution
whose osmotic pressure is higher, in comparison to solution having less osmotic pressure is called
hypertonic solution. This means that for the solution having less osmotic pressure the prefix hypo and
for the solution having more osmotic pressure the prefix hyper is used. For example less than 0.91%
‘W/V pure NaCl solution is hypotonic compared to fluid inside human blood but pure NaCl solution having
concentration more than 0.91 % W/V is hypertonic with respect to fluid inside human body.

R=

Example 16 : Calenlate the osmotic pressure at 300 K tesmperature of a solntion having 18
gram glucose diszolved in 5 litre solution.

Solution : Osmostic pressure x = WRT
MV
M = 180 gram w = 18 gram V = 5 Libe
T = 300 K R = 8.314 x 1072 bar lit K mol!
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- 18x8314x10™ x 300
180 x 5

oo 18x8.314 x 107 x 300
900

~ The osmotic pressure of the glucose solution will be 0.4988 bar,

Example 17 : 6 gram of urea is dissolved in 2 litre solution at 300 K temperature. How many
gramz of NaCl should be disgolved n 5 litre solution z0 that it becomes iso-osmotic with urea
solution ?

Solution : As the temperatime and gas constant R have same values, for both solutions; so
for such iso-osmotic solutions, it can be written directly.

= 0.4988 bar

mole of urea mole of NaCl

volume of urea solution volume of NaCl solution

= (.1 mole)

= —————  { moles of urea

. ﬂ moleg of NaCl
T2 5

L
60

4k

- moles of NaCl = =0.25 mole

0.1x5
2

Now in NaCl, (Na* + CI") the number of particles is two and for isotonic solution the number
of particles required is 0.25 mole number of particles, so the mole of NaCl will be half

nomber of mok of NaCl = %
= 0.125 mole
Amount of NaCl in gram = no. of mole X molar mass
= 0.125 x 58.5
= 7.31 gram

v 7.31 gram NaCl should be dissolved so that it becomes isotonic with urea solution.

2.15 Methods of Determining the Molecnlar Mass

To determine the molecular mass of any substance, the different methods used are as given
below :

(1) Using Raonlt’s law.

(2) Molal elevation measurement method.
(3) Molal depression measurement method.
(4) Osmotic pressure measurement method.
Let us study these methods in detail.

(1) Using Raoult’s law : For the solution obtained by dissolving non-volatile solute in pure
volatilc solvent equation (2.8) was derived earlier. Using this equation the molecular mass can be
determined.

According to equation (2.8)
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0
- W, XM
Bl LS AL OR
P M, xw,

0
w, x M
1 w —2 1

Pi— B W

At given temperature the soludon is prepared by dissolving w, gram non-volatile sclute into w;
gram solvent having vapour pressure. pf and molecular mass M,. Now the vapour presswre of the
solution (p,) is determined and putting the values obtained at the end of the experiment in equation (2.8)
the molar mass (M,) of solute can be found.

Example 18 : Calculate the molar mass of unknown substance, when 20 gram non-volatile

substances dissolved in 360 gram water at 298 K temperature. The vapour pressure of water is
reduced to 0.0238 bar from 0.0242 bar.

Solution : According to Raoult’s law

0
b —p ¥ xM]
Py M, xw,

py = 0.0242 bar p, = 000238 bar
w, = 20 gram M=7
w, =360 gram M, = 18 gram mole™

0.0242 — 0.0238 _ 20x18
0.0242 M, x 360

0.0004 1

00242 M,

_0.0242
27 0.0004

Molar mass of unknown substance will be 60.5 gram mole ™.

(2) Molal elevation measurement method : When solution is prepared by dissolving non-
volatile solute in pure volatile solvent, for such a solution accocding to equation (2.16) molar mass of noo-
volatile solute can be determined. According to equation (2.16).

= 60.5 gram mole !

K. = ATy x wy xM,
b 1000 x W,
K., x 1000 x w
o M., = b Z
2 AT, X w, @27

At given temperature the solation is prepared by dissolving w, gram solute in w, gram solvent
having molal elevation constant K, and by experimental observation for thatsolution elevation in boiling point
(AT)) is obtained. Putting these values in equation (2.27) molar mass of sclute is obtained by the
calculation.
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Example 19 : 0.75 gram unknown substance is dissolved in 200 gram water and
golution is prepared. If the elevation in boiling pomt is 0.15 K and molal elevation constant
is 7.5 K kg mole™? then find the molar mass of unknown substance.

Solution : The molar mass of unknown substance

M K, %1000 x w,
2T AT, xw,
K, =75 K kg mol! w, = 0-75 gram
AT, = 0-15 K w, = 200 gram
_ 7.5%1000 x 0.75

2T 0.15%200
= 187.5 gram mole™!
.. The molar masg of unknown substance will be 187.5 gram mole™.

(3) Molal depression measurement method : When non-volatile solute is dissolved in pure
volatile solvent and solution is prepared then, for such solution equation (2.18) as derived earlier, can be
used so that the molar mass of non-volatile solute (M,) can be determined. According to equation (2.18.)

AT, xw; x M,

% = 000 xw,
K x 1000 xw
M, = —L 2 2
? AT, xw, @.28)

At given temperature the solution is prepared by dissolving w, gram solute in w, gram solvent
having molal depression constant K. and by experimental observation in depression of temperature for
that solution (AT;) is obtained. Puiting these values in equation 2.28 molar mass of solute can be obtained
by the calculation.

Example 20 : 2 gram unknown substance is dissolved in 500 gram water and solution is
prepared. The depression in freezing point is 0.06 K. If the molal depression constant for solvent
is 5 K kg mole™!, then find the molar mass of unknown substance.

Solution : Molar mass of unknown substance M, = K, x 1000x w,
AT, % w,
K; =5 Kkgmole™ w, = 500 gram
AT, = 0.06 W, = 2 gram
M, = S5x1000x2
0.06 x 500

= 333.3 gram mole™!
The molar mass of unknown substance will be 333.3 gram mole™!

(4) Osmotic pressure messurement method : In fixed amount of solvent if fixed amwount
of solute is dissolved and solution is prepared at fixed temperature and the osmotic pressure is noted
and then by using fornmla given below, the molar masg of substance can be calculated
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mass of unkmown saolute xX RT
osmotic pressure X volume of solution

Molar mass of unknown solute substance M =

This method is more useful for the determination of molar masses of protein polymer and
macromwlecules; becamse during experimental observation the values obtained for elevation in beiling
point, depression in freezing point is very less (nearly 10°K); So it iz difficult to measure them
accurately; nearly the pressure as small as 1072 bar can be measured in mm unit. Besides this the
biomolecules like protein are not stable at high temperature, so their molar masses can not be obtained
by molal elevation method or molal depression method, but at room temperature can be obtained by
osmaotic pressure measurement method, besides this the golubility of polymer substances i3 very leza so
they can be prepared as dilute solutions and for dilute solutions the observation which are obtained can
be casily noted in the osmotic pressure measurement method.

While in other methode the observation values obtained are very small, so it is difficolt to
measure them. In osmotic pressure measurement method the concentration of solution is measured in
molarity instead of mwolality. So the osmotic pressure measurement method is more useful than other
methods.

Example 21 : At 300 K temperatore 1.5 gram unknown substance is dissolved in solvent and
made the volume 1.5 litre of the solution. Its osmotic pressure is found to be 0.2 bar. Calculate
the molar mass of unknown substance.

Solution : Molar mass of nnknown snbstance

mass of unknown substance x RT
osmotic pressure X volame of solution

M=

_ 1.5x8.314 x 107> x 300
02x 1.5

Molar mass of unknown substance will be 124.71 gram mole !

= 124,71 gram mole™!

2.16 Abnormml nwlecular masy and vamn’t Holt factor

The various relations for the colligative properties are applicable to the non-electrolyte solution
and also the solutes which do not underge any dissociation or association in the solution; because due
to disgociation or agsociation of solute the number of particles, which indicate concentration gets decreased
or increaged. When polar solute is dissolved in polar solvent; the solute is polar so it is ionised in solution
and pumber of particles in solution increases e.g. NaCl, K,S8O,, FeCl, and Fe,(SO,), when dissolved
in water get iomised, and the number of particles obtained are 2, 3, 4 and 5 respectively. It is called
diszociation. Due to increase in number of particles; using colligative properties; the valus of molar mass
obtained is less than the actual molar mass. The molar mass obtained by experimental method is called
abnormal molar mass, Begides this some solute molecules when dissolved in solvent, more than two
malecules combine and form asseciated molecules, and this process is called association. e.g. Acetic acid
or benzoic acid when dissolved in solvent like benzene, then two molecules of solnte associate and hence
the number of molecules in solution decreases. For such type of solution the real molar mass of solute
can not be obtained, by nsing method based on colligative properties. The experimental molar mass
value is more than real molar mass value and such experimental molar mass obtained is also called
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abnormal molar mass. The colligative properties of solution is applicable to only dilute solation because
concentrated solution mesns the concentration of solution is higher, s0 the solute molecules are 8o cloae
to cach other that they exert appreciable molecular forces of attraction. As a result real molar mass can
not be obtained on the basis of colligative properties; So abnormal molar mass is obtained. To obtain real
molar masg scientist van't-Hoff in 1880 introduced one factor which is known as van’t Hoff’s factor (i).

Normal molar mass of solute

van't Hoif factor (i) =
Abnormal molar mass of solate

_ _Theoretical moral mass of solute
Experimental molar mass of solate

_ Observed colligative property
By introducing van’t Hoff factor (i) the formula to obtain molar mass can be written as follows:

0

Raoult’slaw:pl_(,m:i =i

P 0+ Dy ny
Elevation in boiling poimt : AT, =i Ki; * m
Depression in Freezing point : AT, =i K; * m

n,

Osmotic pressure of solution ; x = iﬂ

The value of van’¢ Hoff factor (i) is less than ome; when there is an association of the solute
and it is more than one when there is dissociaton. The value of (i) is equal (o 1 when there is no
association ar dissociation of solute. The values of van’t Hoft factor (i} for same solutions are given in

table 2.3
Table 2.3 Values of van’t Haff factor (i) at various
concentrations for NaCl, KCl, MgSO, and K,S80,
Selt values of i van’t Hoff Factor i for complete
0.1 m 001 m 0.001 m dissociation of solute
NaCl 1.87 194 1.97 2.00
KCl 185 194 1.98 2.00
MgSO, 1.21 1.53 1.82 2.00
K,50, 232 270 284 3.00

Degree of dissociation : The proportion of the mass of the given solate i the solution which
gets dissociated is callad degree of dizssociation {af)
i—-1
n-—1
where i = van’t Hoff factor

Degree of dissociation (&) =
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Degree of association (X) : The proportion of the mass of the given solute in the solation
which gets associated, is called degree of asociation (X).

Degree of association (X) = 4 —1) 1
n—

where i = van't Hoff factor, n = no. of molecules combined dne to asgociation.

Example 22 : The depression in freezing point is 0.24 K obtained by dissolving 1 gram KCl in
200 gram water, calculate van’t-Hoff factor. The molal depression costant iz 1.86 K kg mole™.

Solution : Molar mass of aolute (KCI)

1000fo x maass of KC1

ATf x masg of solvent

_ 1000 1.86 x 1
0.24 x 200

= 38.75 gram mole™! (experimental value)
Now the molar mass = 39 + 35.5 = 74.5 gram mole™!

Theoretical molar mass of KC1

van't Hoff factor (i) = Experimeantal molar mass of KCl

74.5
3875

The value of van’t Hoff factor (i) for KCl will be 1.92

Example 23 : Find the degree of association when 1.0 gram benzoic acid, dissolved in 25
gram benzene is having depression in freezing point (.81 K. The molal depression constant for
solvent is 4.9 K kg mole ..

Solution : molar mass of benzoic acid,

= 1.92

a 1000 x K¢ x mass of benzoic acid
- AT, x mass of solvent

_1000x49x1
0.81 x 25

= 242 gram mole™!
= abnormal (experimental) molar mass of benzoic acid.

Theoretical molar mass of benzoic acid
Experimental molar mass of benzoic acid

van’t Hoff facator (i) =

=E =05
242
van't Hoff factor (i) for benzoic acid is 0.5
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Now, degree of association

) n
X=(1-1 [n—]J

2
=(l-05|—
a-05(5%)

=05x2=1

Example 24 : Calculate degree of dissociation (o) for K [Fe(CN);] when depression in
freezing pont is 0.062 K for 0.01 m K,[Fe(CN),] aquescus solution. The molal depression comstant
(Kp for solvent is 1.86 K kg mole ™.

Solution : The depregsion in freezing point (thsaretical) of zolution.
AT, =K;*m = 186 x 0.01 = 0.0186 K

Bxperimental dapression in freezing point
Theoretical depression in freezing point
0.062
0.0186
When K, [Fe(CN),] is dissolved in water the total number of ions = 3 + 1 =4 due to its
ionisation .
K,[Fe(CN),i(ag) = 3K*ag) + [Fe(CN);]*(aq)

i-1

van't Hoff factor (i) =

= 3.33

The degree of dissociation (0) =

n—1

_ 3.33-1 - 0.778
4-1
The degree of dissociation for K, [Fe(CN),] will be 0.778
Example 25 : The depression in freezing point is 0.69 K when 2 gram phenol is dissolved
in 100 gram benzene. If it is associated as dimeric then find its degree of associatoin. The molal
depression constant for solvent is 5.12 K kg mole™.

Solution : The theoretical molar mass = 94 gram mole .

1000 x K; x mass of solute
AT, x mass of solvent

The experimental molar mass of pbenol =

- 1000 % 5.12x2
0.69 x 100

= 148.4 gramn mole™! = abnormsal molar mass of phenol

Theoretical molar mass of phenol
Experiemental molar mass of phenol

van't Hoff factor (i) =




e ——————

M
148.4

= 0.633

The degree of association for phenol () =(1-i) —

2
={(1-0633) —
( A

The degree of association for phenol will be 0,734

SUMMARY

[ When two or more than two substances are mixed and they form a vmiform or homo-
geneous mixture, it is called solution,

e The proportion of component which is more in the solution is called a solvent and the
proportion of a component or components which is less in a solotion is/are called solute.

®  There can be one solvent and one or more solute components,
®  The solution having one solute and one solvent component, is called binary solution.
bl There are three types of solution solid solution, liquid solution, gaseous solution.

®  The physical state of a solvent in a given solution becomes the physical state of that
solution,

(] Polar solute dissolves in polar solvent and non polar solute dissolves in non polar solvent
and forms bomogeneous mixiure (solution).

@ If the number of -OH group is more in a solute, then it is more solube in water.
®  Most of polar solutes dissolve in polar solvents.

[ If water is the solvent, the solution is called an aqueous solution, but if water is not the
solvent, the solution is called as non-aqueous solution.

@ Formality : One gram formwila mass of the substance (solute) dissolved in one litre
solution is called one formal solation,

1000 x mass of solute (gram)
formula mass of solute x volume of solution (ml)

Formality (F) =

® Volume percentage (% V/V) : The volume of solute (ml) dissolved in 100 ml solution
is expressed as volume percentage (% V/V).

100 x volume of goluta
volume of solution

% VIiV=
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Mass by volume percentage : (% W/V) : The mass of solute dissolved in 100 ml
soluton is called mass by volume percentage (% W/V)

100 x mass of solute

% WV =
volume of solution
@ Parts per million (ppm) : Sometimes the amount of the solute in solution is very much

lessandsoﬂwcomenm ion iz expressed s parts per million (ppm).
parts per million can be expressed in three different ways : (1) Parts per million by mass
to mass, (2) Parts per million by mass to volume and (3) Parts per million by volume to
volume.

] Parts per million by mass to volmme : The amount of salute in milligram dissolved
in one 11l:re solution is called parts per million by mass to volume.

amount of solute (mg)

® Parts per million by mass to volume =
amount of solution(litre)

Unit of parts per million by mass to volume can be written mg litrs™!

] At given temperature and pressure the maximum amount of solute dissolved in a solvent

is called its solubility

There is effect of teruperature on solubility of solid, liquid or gas.

Henry Ilaw : “The solnbility of gaseous solta in a liquid solvent at definite temperature

is directly proportional to the pressure of the gas.”

Partial pressure of gaseous solute p = K; + X where Ky is Henry’s constant which

depends on temperaiure

® Limitation and uses of Henry's law are as given in umit.

When solid solute dissolves in solid solvent, substitutional solid solution, (brass, bronze,

steel, monel metal etc.) as well as interstitial solid solution (WC) is formed.

@ The solution prepared by dissolving solid solute in liquid solvent, the factor that affect the
solulity are temperature and pressure these are known as colligative properties of solution.

B If a soluton is prepared by dissolving solid in a solvent, vapour pressure decreases,
bailing poink increases and freezing point decreases.

® Raoult’s law : Relative lowering of vapour pressure of the solution is equal to the mole
fraction of the diszolved solute.

&

&

P D
o]

@ Raoult’'s law has some limitations but the zolution which obey Raoult’s law, over the
entire range of concentration is known as ideal solution and the solutions which do not
obey Raoult’s law are called non-ideal or real solutions.

When volalite solute is dissolved in volalite solvent the vapour pressure of solution is the
total of vapour pressure of solute and solvent both.

@ When sclute dissolved in solvent the increase in boiling point of solution ia called elevation
in boiling point.

X2=
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Molal elevation constant : Increase in boiling point of a solution prepared by dissolving
one gram molar mass solute in one kilogram of solvent is called molal elevation
constant (Ky,).

L ]

- ATb xwl XMz
1000 x w,

b

& The depression in freezing point when one gram molar mass solute is digsolved in one
kilogram of non-volatite solvent is called molal depression constant (K)).

_ AT; x M, xXw,
£ 1000 x w,

® O=mosis : When two solutions having different concentrations are separated by semi-
permeable membrance the spontancous flow of solvent starts from a solution with lower
concentration to higher concentration it i8 called osmosis.

& Osmotic pressure : Such a sponteneous flow as above which can be stopped by
applying pressurc is called oamotic presure ().

@ Boyle’s-van’t Hoff law : At constant temperature the osmotic pressure is directly
proportional to the molar concentration of the solution,

& Gay-Lussac-van’t Hoff law : If the concentration of the solution is comstant then
osmotic pressure of solutiom is directly proportional to absolute temperature. @ o T

® Avogadro-van’t Hoff law : In the same volumes of differeat solutions having similar
osmotic pressure at the same temperature have same number of molecules; of the solute.

o By combining these three laws the equation n=%mn=wwm can be derived

®  The solutions having same osmotic pressure at given temperature are called iso-osmotic
(Isotonic) solutions,

@ The solution having lower osmotic pressure in comparision with higher concentration is
called bypotonic solution. The solution having higher osmotic pressure in comparison with
lower concentration is called hypertonic solution.

[ Methods to determine molar mass :

0
Fel ety | w, XM
(1) E.H,gg,mg Raonlt’s law : El_pl. — =21
g M,x
P 2 X Wy

(ii) Molal elevation constant method :

1000 x mass of solute x K,
elevation in boiling point x mass of solvent

molar mass of solute =

(iif} Molal depression constant method :
1000 x mass of solute x Kf

molar mass of solnte = — - :
depressing in freezing point % mass of solvent
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(iv) Osmotic pressure measurement method ;

molar mass of unknowm substance =

mass of solute x RT
osmotic pressure of solution x volume of solution

& The colligative properties are applicable to solutions which do not undergo dissociation
or association.

® van't Haff factor (i) is introduced for the deviation from normal behaviour.

) theoretical molar mass of solute
e van’t Hoff factor (i) = =
experimental molar mass of soulée
P“I n
e  Raoult’s law : 10p1=i 22 o2
P o;+n, I,

2 Elevation in boiling point : AT, =i K;, * m
L] Depression in freezing point : ATy = i K; * m

@ The osmotic pressure : n =1 R

n

e Degree of association (X) = (1-i)

n—1

® Degree of dissociation (o) =

n-1

EXERCISE
1. Select the proper choice from the given multiple chofices :
(1) Which unit of concentration value is changed with change in temperature ?

(A) Normality (B) Molarity C) % VIV (D) all of these
(2) Which type of solution i3 petrol ?
(A) solid-liguid (B) liquid-liquid (C) gas-liquid (D) all of these
(3) What is the concentration of solution in ppm when 2 x 1078 gram CO, is dissolved in 10 ml
solution ?
(A) 2 @) 0.2 (C) 200 D) 2 x 107¢
(4) Which of the following gas has highest solubility in ethyl alcohol 7
(A) H;S (B) NH, ©) N, @) €O,
(5) Which of the following substance has the highest solubility in water?
(A) ethanol (B) ethylene glycol (C) glycerine (D) propanol
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(6

)

®

®

(10

(11)

(12)

13)

(14

(15)

(16)

oY)

(18)

(19)

On increasing temperature, the solubity of gaseous solute in liquid solvent

(A) Increases (B} Decreases (C) Remains constant (D) Uncertain
On increasing temperature the value of Henry's constant

(A) Decreases (B) Increases (C) Remains constant (D) Uncertain
Which solution has the highest effect of temperature on its vapour pressure ?

(A) Sugar solution (B) NaCl sclution  (C) BaCl, Solution (D) Aqueons H,S

Which of the following aqueous solution has the highest boiling point having concentration
002 m?

(A) Utea (B) NaCl (C) Na,SO, @) K,[Fe(CN); 1
0.05 M glucose solution is iso-osmotic with which of the following solutions ?
(A) 0.10 M NaCl  (B) 0.05 NaCl (©) 0.025 M NaCl (D) 1M NaCl

What is the value of van't Hoff factor for dilute FeCl; (aquecus) golution ?

(A) 1 B)<1 ) »1 (D) zero

What is the value of van't Hoff factor when acetic acid is dissolved in benzens?
(A) Zero ®B) 1 ©) »1 D <1

What is the molality for 10% W/W NaOH(aq) solution ?

(A) 2.778 B) 2.5 © 10 D) 5

For which solution the value of van’t Hoff facter is one ?
(A) NaCl (B) KNO, (C) glucose (D) CH,COOH
For which solution the value of van’t Hoff factor is not 1 7

(A) Glucose (B) Sugar (C) Fructose (D) Acetic acid
The real vapour pressure for non-ideal solution is ............. than by Raoult's law
(A) more (B) less (C) equal (D) (A) and (B) both

Which of the following solutions is hypotonic ?
(A) 0.1 M NaCl (B) 0.1 M sugar (C) 0.1M Na,50, (D) 0.1 M FeCl,

The total pressure for volatile components A and B is 0.02 bar at equilibrinm. If the mole
fractions of component A is (.2, then what will be partial pressure of componant B ?

(A) 0.02 bar (B) 0.04 bar (C) 0.016 bar (D) 0.2 bar
Which of the following solutions is hypertonic ?
(A) 0.1 M FeCl, (B 01 M NaCH (C) 0.1 M Urea (D) 0.1 M Na,50,
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2. Write the answers of the following questions in short :

1)
@
3
Q)
&)
(6)
¢)
®
9)
(10)
(1)
a2)
(13)
(14)
(15)
(16)
17
(18)
(19)
(20)

Define solution.

What is solvent and sohute in solution ?

Write types of solutions.

Which type of solntions are air containing moisture, zinc amalgam and dry air ?
Define : Formality, Solubility, ppm

Write effect of temperature on golubilty of solute,

Give example of interstitial solid solution.

Define saturated solution.

‘What is molal elevation ?

What is molal depression ?

Write Boyle-van’t Hoff law.

What is osmosis ?

What is osmostic pressure ?

What is abnormal molecular mass ?

Write formwla for degree of association (X).

What is binary solution ?

When the value of van't Hoff factor will be mowe than one ?

What is iso-osmotic solution ?

To determine the molar masgs of polymer; which method is more useful ?
What is freezing point ?

3. Answer the following questions :

)
@
€))
C)
(5)
()
&)
®

Write about types of solid solution with examples.

Write about gaseous solution with examples.

Explain % V/V in short.

Explain unit ppm with example.

Write the factors affecting the solubility of solute in aqueous H,S solution ?
Write uses of Henry’s law.

Explain substitutional solid solution in short.

Explain interstitial solid solution in short.




™)

(10)
(1D
(12)
(13)

Write any two uses of osmotic pressure.
Explain molal elevatdon measurament method.
Explain asasociation and dissociation.

What are colligative propeties of solntion ?
Why van’t Hoff factor (i) was mtroduced ?

4. Explain following questions in detail :

(1)
2)
€))
“4)

&)
)
M
8
€)
(10)
(11)
(12)

Write Henry'’s law, derive the forrmila and write its limitation.
Explain molal elevation constant. Derive its formula.
Write Raoult’s law and derive its equation,

Explain the factors affecting the solubility of solute in solution obtained by dissolving gaseous.
solute in liquid solvent.

Derive the formmula of Raoult’s law for a solution having volatile solute and solvent.
Derive the formula for molal depression constant.

Explain the different methods to determine the molar mass.

Write law of csmotic pressure and derive formnla.

Explain iso-osmotic solution and write uses of osmotic pressure.

Explain abnormal molar mass and explain van't Hoft factor.

Explain and write the fornmla for colligative properties introducing van’t Hoft factor (i).
Solve the examples:

(1) Calculate the formality of solution when 4.78 gram potash alurn is dissolved in 2 litre
solution.

(2) How many ml ethanol is required to prepare 2 litre aquenus solution of ethanol solution
having concentration 5% V/V.

(3) Calculate the percentage by mass to volume for 0.2 M NaOH solution.

(4) Calculate the ppm for solution in which 2 x 1077 kg calcium bicarbonate is dissolved
in 2 litre sclution.

(5) Calculate the solubity in mole- fraction at 300 K temperature; the partial pressure of
CL, gas in water is 2.5 x 10~ bar. Far CL, gas the value of K, is 7.1 x 107* bar.

(6) How many millimoles of H,S gas will dissolve in water when passed through 1 litre
water, the K;; value is 5.6 x 10~* bar and the partial pressure is 3 x 107® bar.

(7) Calculate the vapour pressure of aqueous 0.1m glucose solution at 300 K temperature,
the vapour pressure of water is 0.03 bar at 300 K temperature.

(8) The vapour pressures of benzene and toluene are 0.9 and 0.85 bar respectively. Calculate
the vapour pressure of solution obtained by mixing 7.8 gram benzene with 180 gram
toluene.
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(9) Find the boiling point of 2.5% W/W sugar solution; the molal elevation constant for
solvent is 4 K kg mole™,

(10) How many grams of urea should be dissolved in 500 gram water zo that the depression
in freezing point is 0.2 K ?Kffnrsolvmtis3.21(kgnmle'l.

(11) How many grams of glucose should be dissolved in 2 litre aqueous solution at 298 K
temperature so that the osmotic pressure of solution is 0.5 bar.

(12) Calculate the osmotic pressure of 2% W/V agueous solution of orea at 300 K
temperature, This solution is iso-osmotic with what % W/V of NaOH aqueous solation,

(13) At 298 K temperature 10 gram non-volatile unknown substance is added to 540 gram
water 30 that the change in vapour pressure will be fram 0.0335 bar to 0.033 bar; find
the molar mass of unknown substance.

(14) Elevation in boiling point is 0.2 K when 1.5 gram unknown substance is dissolved in
500 gram water. Find the molar mass of unknown substance. Molal elevation constant
for solvent is 3 K kg molk L,

(15) 2 gram of unknown substance is dissolved in lky water, the depression i freezing
point is 0.4 K. If the molal elevation constant iz 4.5 K kg mole”!, find the molar mass
of solute,

(16) When 5 gram unknown substance is dissolved in 10 litre solution the osmotic pressure
of solution is 0.2 bar at 300 K temperature. Find the molar mass of unknown substance.

(17) The depression in freezing point observed is 0.3 K, when 2 grams FeCl, is dissolved
in 250 ml water. Find the van’t Hoff factor, The molal elevation constant for solvent
is 1.5 K kg mole™!.

(18) Find the degree of dissociation when 0.02M aqueour Al (SO,), solution having eleva-
tion mn boiling paint of 0.04 K. The molal elevation constant for solvent is 1.9 K kg
mole™!,

(19) The depression in freezing point is 0.56 K when 1.5 gram phenol is dissolved in 100
gram toluene, If its association is dimeric then find the degree of association. Molal
depression constant for solvent is 4 K kg mole™,




Unit
3
Electrochemistry

3.1 Imtroduction

We were studying inorganic and organic chemistry. The oldest branch ig inorganic chemistry.
The separate branch of organic chemistry was evolved by the research on urea by Wobler, similarly the
third bramch of chemistry was evolved as a separate branch of chemistry called physical chemistry from
the stmdy of electrochemistry. Later on, with the progresa of the time, different branchea like analytical
chemistry, industrial chemistry etc. came into existemce which are studied in the present time.

Chemical reactions are useful for the production of electrical energy. Electrical energy is useful
to express chemical reactions which are not spontancous. The study of electrochemistry is for the
production of electricity which is free energy released during spontaneous chemical reactions and this
electrical energy is used for transfer for chemical reactions which are not spontaneous. Theoretical and
experimental proofs are inavitable for this anbject. The production of many metalz, sodinm hydroxide,
chlorine, fluorine and many more chemicals is carried out by clectrochemical methods. Batteries and
fuel cells transform chemical encrgy to electrical encrgy, and so it is used in larger proportion in different
instruments and appliances. The electrochemical reactions are acceptable and less polluted. So the study
of electrochemistry must be done as eco-friend for formation of new technologies.

In the case of both the reactions-conduction of senses to the brain and opposite to that from
brain-electrochemistry is involved. Hence, electrochemistry is a very widely developed interrelated subject.
We will include the main structural points in this unit.

3.2 Electrochemical Cell

The reaction occurring in electrochemical cell is a redox reaction viz. If a thin plate of Zn metal
is placed in an aqueous solution of CuSO,, Cu metal is deposited on zinc plate and the original blue
colour of solution appears to be light blue coloured; because in this reaction Cu?* is reduced and Zn
metal is oxidised. This total reaction occurs as follows :

Electrochemistry 63



Zn(s) + Cu™ (aq) = Zn*" (aq) + Cu(s)
Really, this reaction is the sum of following two half reactions :

Cu* (ag) + 26 = Cu(s) (Reduction)
Zn(s) = Zn>*(ag)+2e~  (Oxidation)

A construction can be made where by the sbove reactions carried out without bringing Zn and
Cu reactants in contact with each other.

«—]— CuS0, Sohtion

Glass wool
Fig. 3.1 Electrochemsical cell (Zn-Cu Cell)

The contact between the reactants is @ be kept only for the ckectron-exchange., Such a con-
struction is called electrochemical cell. In the electrochemical cell, the energy produced in chemical
reaction is transformed into electrical energy. The device which transforms the chemical energy into
electrical energy is called clectrochemdcal cell.

() Adqueous solution of ZnSO, is in beaker A. The weighed strip of zinc metal is placed in the
solution so that part of it remains cutside the solution. In thie half cell the strip of Zn metal is
in contact with 1M aqueous solution of Zn> ions which is expressed as Zn(s) | Zn**(ag).
Vertical line indicate contact between Zn metal strip and Zn>* ions present in the solution.

(i) Aqueous solution of CuSO, is in beaker B. The weighed strip of Cu metal is placed in the
solution so that part of it remains outside the solution. In this half cell, the strip of Cu metal is
in contact with 1M aqueous solution of CuSO,, which is expressed by vertical line. Cu(s) | Cu*(ag).
Vertical line indicate contact between Cu metal strip and Cu?* ions present in the soltion.

(i) Salt bridge is used to complete the electrical circuit and to connect the two solutions. The
construction of saltbridge is like this. Aqueous solution of NH,NO, is filled in U-shaped tube
and its both the ends are closed by glass-wool This tube is inverted and its one end is placed
in beaker A and the other end in beaker B.

(iv) You know that the electrical current flowing through a circuit can be measured by joining
armmeter and the direction of electrical current by joining galvanometer. Hence, Ameter or
galvanometer can be selected, with the help of the ammeter the flowing electrical current and
the direction of flow of electron are determined.
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Ag shown in fig 3.1, if the strips of zinc metal and copper metal are connected through
gilvanometer or ammeter, it showa flow of electricity from the wire.

After sometime, if both the =tripa are taken out, washed carefully with distilled water dried and
weighed, it will be found that the weight of zinc strip hag decreased and the weight of copper strip has
increased. This shows that the reaction Zm{s) = Zni*(a.q)+2e_ must have occurred in beaker A
containing solution of ZnSO, and the reaction Cu¥(aq) + 2¢~ = Cu(s) in the solution of CuSO, filled
in beaker B.

The construction shown in fig. 3.1, is known as electrochemical cell or Galvanic cell or
voltaic cell. The above special type of electrochemical cell ig called Daniell cell. The strips dipped in
solutions are called electrodes which is expressed as (e.g. Zn(s)| Zn®*(aq) and Cu(s) | Cu?*(aq)). The
electrode on which reduoction reaction takes place is called cathode (+) and the electrode on which
oxidation reaction takes places is called ancde (—). If these two electrodes in electrochemical cell
are connected by a copper wire in the external circuit, the current of electrons flow from anode to
cathode. The U-tube filled in with solution of ammonium mitrate, used for the conmection of two
solutions is called salt bridge. The flow of current in solution occurs through the ions.

In the beaker (B) on the right hand side, copper is formed from Cu** by reduction and so,
concentration of Cu®* decreases due to which the solution of CuSO, becomes negatively charged
because of SO~ ions. The solntion in the beaker (A) on left hand side Zn®* ions are produced from
Zn metal and so ZnSO, solution becomes positively charged. If it happens so, the chemical reaction of
the cell will stop. Hence, both the solutions must be without any electric charge so that the reaction of
cell takeg place continuougly. The salt bridge joining the two solutions in the beakers containg liquid
medium of solution of proper sult. Hence, the galt bridge joins the two solutions and keeps the
neutrality of electrical charge.

The cell in which the “concentrations of the lons assocliated with the reaction of the

cell are 1 mole litre™! and if any ges is associated with the reaction, then its pressure equal
to 1 bar and if temperature is 298 K, is called standard cell

3.3 Types of Electrodes

The metal strips dipped in the solution or rods of nonmetal like graphite and on whose surface
reaction takes place is called an electrode. The electrodes used in electrochemical cells are mainly of
three types.

(i) Active elecrodes of metal : The active electrodes of metal are metalg like Zn, Ni, Cn, Ag
eic. Atom of this kind of electrode undergo oxidation (anode) or cation in contact gets reduced on
surface (cathode). The reactions taking place on such electrodes can be shown as below :

Zns) = Zn**(@aq) +2¢

Cu** (ag) +2e~ = Cu(s)

(ii) Imert electrode ;: Atoms of inert electrode do not experience either oxidation or reduction
reaction but oxidation or reduction reaction takes place on the surface of this inert electrode. Graphite
and platinum are inert electrodes. When the solutions containing Fe** and Fe?* ions, are used in the
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construction of the cell, platinum wire is used as the electrode. Fe** gets reduced to Fe** by receiving
electron on girip of platinnm or Fe?* is oxidised to Fe** by giving electron to platinum wire. The
reaction taking place on this type of electrode can be shown as below.

Fe* (ag) +&~ = B (ag)

(iii) Gaseous electrode : Gaseous electrode moatly ressmbles the inert electrode. Here, gasa
is passed ovex the strip of platinum dipped in the solution. viz. If in hydrogen gas electrode containing
H*(aq) in solution is passed over the strip of platimum kept in the solution, then 2H* are reduced and
the gas H, is formed or 2H" are formed by oxidation of H, gas. Here, the strip of platinum provides
the surface necesgary for exchange of electrtoms. The reaction taking place on such an electrode can
be shown as below:

2H(ag) + 2¢~ = H,(g)

3.3.1 Half Cell ;: The metal which is kept in the aqueous soultion of its salt and a system
formed is called electrode. The electrode and the soluiion in which it is dipped is collectively
known as half cell. The representation of half cell is done by putting a wvertical line between the
formmlas of electrode and the active ions.

Zn(s) | Zn**(ag); Cu(s) | Cu*(ag); Fe(s) | Fe**(aq); Ag(s) | Ag*(ag)
The representation of gaseous electrode is expressed by inert metal or forrmula of non metal,
molecular formula of gas and the formula of active ions. e.g. Pt| H (g, 1 bar) | H'(ag).

3.3.2 Symbolic representation of cell : In symbolic representation of electrochermical cell, the
reprezentation of both the half cells used in its construction are used If a salt bridge is used to join
solutions of both the half cells, thea it is expressed by |l (two vertical lines). But if salt bridge is not used,
then | (single vertical line) is used. Anode is always shown on the left hand side and the catbode on the
right hand side in symbolic representation of the cell. The concentration of the salt used in the construc-
tion of the cell is expressed in molarity unit in bracket after the formmla or symbol of the ion. If a gaseous
electrode is used in the construction of cell, then its pressure is expressed in bar umits after the formula
of the gas.

@ Zn(s)1Zn>* (ag, 1M) I Cu?* (ag, 1 M) | Cu(s)
(ii) PtIH, (g,1bar)| H* (ag, 1M) Il Cu** (ag, IM) I Cugs)
(iii) Mg(s) | Mg?* (aq, IM) | H* (ag, IM) | H, (g, 1bar) | Pt

(iv) Ag(s)| Ag*(aq, 1IM) 11 (ag,1M) | Cl, (g, 1 bar)| Pt
If the concentration of solution is 1M in the half cell, or pressure of gag is 1 bar and temperature
is 298 K, then such a half cell is called standard balf cell. By connecting of two standard half cells,
standard cell is formed

3.3.3 Standard Hydrogen Gas Electrode : The camparison of different clectrodes for the
tendency to release the electron or to receive the electron can be carried out by using the standard
hydrogen half cell because the hydrogen electrode works as a reference to other electrode. Hence,
hydrogen electrode can be taken as reference electrode. The construction of standard hydrogen gas
electrode is carried out as under :
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As shown in fig 3.2 a solution of IM H*(aq) is
taken in a beaker at 298 K. In this solution, the platinum
strip which is electroplated with platinum black is dipped.
This strip i8 connected with platinum wire in a tube closed
at one end. Mercury is added on this wire o keep electrical
contact and the other end of the wire is connected outside.
Dihydrogen gas at 298 K temperaturs and 1 har pressure is
passed over the platinum,

When this half cell is comnected with other half cell
snd a complete cell is formed, it acts as cathode or anode.
If it acts as cathode, the following reduction reaction takes
place on the platinum strip.

. -1
H'(ag, IM) +67 <= ~H, (g, 1 ban) I 4 -

But if the standard hydrogen gas clectrode acts as Tyl y
an anode the oxidation reaction takes place on the anode as shown below :

%Hz(g. 1 bar) = H" (ag, IM) +&~

Thus, standard hydrogen gas electrode possesses the tendemcy to receive the electron or to
release the electron, The intensity of this tendency is accepted as zero wvolt at all temperatures.
Hence, it is easy to obtain the relative values of intensity of the temdency of receiving the electrom or
the tendency of releasing the electron. The relative intensity of tendency of receiving the electron
is called reduction potential E_, or E? , and the relative intensity of electrodes for releasing
electron is called oxidation potential E_, or E®

Standard hydrogen electrode works a8 a reference electrode for other half cells. If the tendency
of the other half cell to receive electron is more then standard hydrogen gas electrode acts as an anode
and if standard hydrogen gas clectrode has more tendency to receive the electron, it acts as a cathode.

Hence, the dependence of another half cecll as anode or cathode remains with reference 1o
standard hydropen electrode, so it iz called reference electrode. With reference to standard hydrogen
gas electrode, standard Zn-half cell act as anode while standard Cu-half cell act as cathode.

3.4 Cell potential

The electrochemical cell is a device which can transform chemical energy into electrical encrgy.
‘When two elecrodes are joined, then the flow of electtons due (o chemical reaction will be from anode
to cathode in the external circuit under prodnced electromative farce. Thig electromotive force is called
cell potential B ;. If the cell is in standard state, the standard potential is expressed as E°..,. The
voltage measured with volimeter is really not the correct potential. Potentiometer should be used
to measure the correct potential.

The cell potential is in fact the difference between the intensities of receiving electron of each
clectrode and possecas the tendency to release the clectron. The proof of this is obtained. From the
following experimental results.

@ © Zn(s)| ZnZ 1 M) Il Cu?* (AM) | Cu(s) @
When the above cell is in operation, the following reaction takes place:

Zn(s) + Cu>* (ag, IM) = Zn>* (ag, IM) + Cu(s)
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Here Zn releases the electron and Cu?* receives the electron. The tendency of Cu?* (o receive
the electron i3 more which can be said on the basis of the above reaction.

@ © Cu@ice® aMll Ag*(1M)1 Ags) B
‘When the above cll is in opearation the following reaction takes place,

Cu(e) + 2Ag* (ag, IM) = Cu** (aq, IM) + 2Ag(s)

Hexe, Cu releases the eleciron and Ag* accepta the electron. The tendency of Ag* to receive
electron is more than that of Cu, which can be said on the bagis of the above reactiom,

In the above reaction (i) the tendency of Cu, to receive electron is more than that of Zn; while
in reaction (ii) the tendency of Cu to receive relectron is legs than that of Ag. Hence, in reraction (i) Cu
electrade acts as cathode and in reaction (ii) Cu electrode acts as anode. The potentinl is the difference
of intensities of cathode and anode to receive electrons. The abosulte value of intensity of tendency to
accept the electron cannot be measured because redox reaction is not completed by half cell. The value
of B0, is the difference betwesn the values of standard reduction potentials of two half cells. This
relation i3 shown as below

Eoc:au = Eored(RHS)_ Eored (LHS) OR Eoc:n = Eored (Cathode) — Euru (Anode)

3.4.1 Method of determination of standard half cell potential : To obtain the potential of
any standard half cell, it is connected with the standard hydrogen half cell, throngh salt bridge. The cell
potcntinlEomlof&lc complete cell prepared like this is measured with the help of potentiometer.

In the compleie cell constructed like this, the potential of one half cell - standard hydrogen half
cell is zero as it is being accepted The potential of the other half cell will be the value egual to that
of E%p,. If the other half cell is functioning as anode the positive value of E®., indicating negative value
of EC, of the electrode. But if it is functioning as cathode, then the valne of potential E® , will be
positive, If the clectrochemical cell is formed by comnecting zine half cell with standard hydrogen
alectrode,thsha]foellonnactsasanodeandhencethevalueoonmwillbeequaltonegativeof
reduction potential of Zn half cell. When the electrochemical cell is formed by connecting half cell of
Cu with standard hydrogen electrode, it acts as the cathode half cell. Hence the positive value of Cu
halfce]]willbeequaltoﬂnepositivevalucofrednctionpotmﬁalofhalfcellofCu.ThcvaluesofE“md
and B’ of any electrode are same but the signs are opposite. The negative value of E°_, shows
positive value of E° ..

B = — B

oxi
E%\ 2% | vpireny = —2.36 Vol
By, vgtap = + 2.36 Volt
Bl 2o = +0.34 Volt

By 2+ = —0.34 Volt




Example 1 : The potential of the following given cell is 2.36 volt at 298 K. Write the equation
for reaction and calculate the reduction potential of magnesiom half cell.

© Mg | Mg2*(IM) | H*(IM) | H, (1 bar) I Pt ®

Solution : Here, electrode of Mg is anode.

Cathode : 2H'(aq) + 2¢~ = H,(g) (Reduction)

Anode : Mg(s) = Mg>*(aq) + 2¢~ (Oxidation)

Cell Reaction : Mg(s) + 2H*(eq) = MgX*(aq) + Hy(g)
B = Bred ooty ~ E'red (st

1] —_ 0 1]
E'ca = EH"I%HZ_ B ug® 1vg

o 236 voit = 0.0 — B’ 2

Mg
. RO —
2 EM‘m-IM' = —2.36 valt
The standard reduction potential of this half cell E”m‘ulm = —2.36 voli.

Example 2 : The potential of the given following cell is 0.34 volt at 298 K temperature
calculate the standard reduction potential of copper half cell.
Opt | B, (1 bar) | H'AM) I| C>*(1M) | Cu ®
Solution : Here, coppear clectrode is cathode
E'cy = B (Cathode) — E' {(Anode)
 Eloa = Blg2t o — Byt Hy
- 034 Volt = Eocuz"'lm_ 0.0
E® 2+ | g = 0.34 volt

The standard reduction potential of this half cell E% 2+ . = 0.34 volt and the standard oxidation
potential of this half cell will be B, |, 2+ = —0.34 volt.

It will be understood from the above two examples that reduction potentials of standard redue-
tion half cells are pogitive. Their tendency to receive electron is more than that of hydrogen. Hence, if
these half cell electrodes are connected with standard hydrogen gas electrode, they will act as cathode.
As comtrast to this, the potentials of standard half cells of standard electrodes are negative, their
tendency to receive electron is less than that of hydrogen. Hence, if the half cells of this type are
constructed, they act as anode.

If, instead of standard hydrogen gas electrode any other standard half cell is used for congtruction
of cell, then, the half cell having more negative reduction potential will act as cathode. viz. Zn2*(1M) | Zn(s)
and Cu?*(1M)| Cu(s) balf cells are jonied and a complete cell is prepared then, the zinc electrode will
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act as anode and copper clectrode will act as cathode, becanse the value of Eoznz"'lzn = =076 volt
which ig less than the value of the E° 2+ . = 0.34 volt. Thus the complete cell formed is
© Za(s) | Za?*(IM) | Cu2*(IM) | Cu(s) © and its standard potential can be calculated.

Cathode : Cu?*(ag) + 2¢~ e Cu(s) (Reduction)
Anode : Zn(s) = Zn?"(ag) + 2¢ (Oxidation)
Cell reaction : Zn(s)+Cu?*(aq) = Zn>*(aq)+ Cu(s) (Redox)

0 = w0
ECel.l = Emd(&th)de)_ Eomd {Anode)

0
Fea?ia — Eoz.lz*ln

=034 -(-0.76) =+ 034 + 0.76 = 1.1 volt
3.5 emf gerles

When potential of a cell is measured with reference to standard hydrogen clectrode, the potential
of second electrode is known as Eleciro Motive Force which is kmown in brief as emf. I ¢he values
of the reduction potentials of standard electrodss of the half cells is arranged in the decreasing order,
then the series of the electrodes, formed is called emf series. Barlier importance was given to oxidation
potential. Now, according to SI units importance is given to reduction potentials, The series of standard
rcduoﬁmdec&odcpotenﬁa]sbascdonthcvaluesof]zomdis given in table 3.1.

Table 3.1 Standard Electrode Potentials at 298 K
Tons are present as aqueous species and H,O as liquid;
gases and solids are shown by g and s

Reaction (Oxidesed form + ne~ —  Reduced form) E%V
s B® + 26 - 2F 287

E Co*t + & -  Co* g 1.81
. HO, + 2H' + 2¢” -  2H,0 178
% MnO,~ + SH* + 5¢ -  Mo™ + 4H,0 g 1.51
= At &+ 3e -  Au(s) = 1.40
-Eu CL(g) + 2¢~ - 2T E 136
‘%ﬁ Cr,0," + 14H* + 2e~ - 20+ TH,0 E 1.33
O,(g) + 4H* + 46 - 2H,0 123
MnO,(s) + 4H* + 4 -  Mo?* + 2H,0 I 1.23
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T ——————————

Rl h of oxidising agent

Br, + 2¢”

NO,” + 4H" + 3¢

2Hg** + 2¢
Agt + &
Fe*t + ¢

0,® + 2H' + 2¢

L + 2
Cu*t + &
Cu?* + 2¢~
AgCl(s) + &
AgBr(s) + ¢
2H* + 2¢”
Pb** + 2e
Sn** + 2¢”
Ni** + 2¢~
Fe?* + 2¢~
Crt + 3¢
Zn?t 4 2
2H,0 + 26"
AP* + 3
Mgt + 26
Na* + &
Ca’ + 2¢”
Kt + &

Lit + &

N I I 2 T S U SRR T 20 20 2 2 T T s S &

—_

2Br~

NO(® + 2H,0
Hg,™*

Ag(s)

Pe*

H,0,

a

Cu(s)

Cu(s)

Ag(s) + CI"
Ag(s) + Br
H,(g)

Pb(s)

Sn(s)

Nis)

Fe(3)

Cr(s)

Zn()

H,(g) + 20H (ag)
Al(®)

Mg(s)

Na(s)

Ca(s)

K(s)

Li(s)

1.09
0.97
0.92
0.80
0.77
0.68
0.54
052
0.34
0.22
0.10
0.00
-0.13
-0.14
- 023

- 044

Increasing strength of reducing agent

-0.74
- 0.76
- 0.83
- 1.66
- 236
-27

v  -287
- 293
- 3.05

@

Gi)

AnntagativeE"mm::u;thattl:n:are:cloxr:aoupleisae;lrcn:ngo::rreclm:in,gagm:nttl:\a.n.tl:n:aI-l*ll-[2

couple.

AposiﬁveE“mnsthatthcmdoxwupkisawcak&redudngagmtthantth’le

couple.
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The following information can be obtained from the series given in table 3.1.
(1) In this series, the tendency to experience oxidation, tendency to release electron and the
strength as reducing agent increases as we go from above to below.

(2) In this series, the tendency to experience redoction reaction, tendency to accept electron
and sirength as oxidising agents increase as we go from below to above.

(3) The standard potential of the complete cell formed by combination of two half cells and
calculating their standard potantials. From this series, the information about which electrode
will be anode and which will be cathode can also be obtained.

{(4) If the rods of the metals in this series, which have lower positions are placed in the salutions
of salts of metals having higher position in the series the ion will be replaced as metals by
the metal rods. e.g. The pogition of Fe is below than the position of Cu in emf series, if Fe
rod is placed in a sohition of Cn?* the rod of Pe will transfrom Fe to Fe** and Cu?* to Cu(s).

Examples 3 : Write the symbolic representation of the cell formed by the use of following
given standard balf cells at 298 K. Write the cell reaction and calculate standard potential Eﬂw.
) B’ 2+ 70 = — 0.76 VoIt (2) E°M+| ag = 0.80 Volt

Solution : The standard reduction potential of zinc being less, it will act as anode. Hence, it
will be written on left hand side in symbolic representation.

Symbolic representation of cell : © Zn 1 Zo* (IM) I Ag*UM) | Ag &
Cathode : 2Ag*(aq) + 2¢- = 2Ag(s) (Reduction)
Anode : Zo(s) = Zn**(aq) + 2¢~ (Oxidation)
Cell reaction : Zn(s) + 2Ag*(ag) = Zn’*(ag) + 2Ag(s) (Redox)
E'ar = Elred (cuctote) = E'red (Ancded
= EnAg*lA; - th’*lz:.
= (0.80) - (- 0.76)
= 1.56 volt

In the equation the reaction at the cathode ig multiplied by 2, even then the valne oonmd
is not multiplied by two because, for the balancing of equation the equation of the half cell is
mmltiplied by two but the definition of standard cell for IM concentration does pot change.

Example 4 : Write the symbolic representation of cell formed by the given two following half
cells at 298 K. Wrile the reaction of the cell and cakculate its standard potential.

(1) B2+ g = — 237 volt () E% 2+, = — 0.28 volt

Solution : As the standard reduction potential of magnesium is less, it will act as anode.
Hence, it can be written on left hand side in symbolic representation.

Symbolic representation of cell : © Mg(s) | Mg?* (IM) I Co**(1M) | Co(s)eB
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Cathode : Co**(aq) + 2~ = Co(s) (Reduction)
Anode : Mg(s) = Mg¥*(aq) + 2¢~ (Oxidaction)
Cell reaction : Mg(s) + Co™(aq) = Mg**(aq) + Co(s)

Eucd] = Eomd (Cathade) ~ Borad (Anode)
E% .2+ 10 — Eomz‘flm
(= 0.28) = (- 2.37) = 2.09 volt

3.6 Nernst Equation

It is not necessary always that the concentration of all the species involved in electrode reaction
should be unity, The potential of the electrochemical cell depends on temperature, concentration of
solutions asgociated with cell reaction and nature of electrode. Scisntist Nernst first of all gave the
equation showing relation between the potential of the electrochemical cell and the conocentration of
solutions associated with the reaction. He mentioned that this equation can be deduced on the basis of
principles of thermodynamics.

According to Nernst, in the electrode reaction,

M™(aq) + ne” = M(s)

The electrode potential at any concentration can be measured as the representative of the
standerd hydrogen clectrode as follows :

RT M
E = E° - —in—
(Tl }Y)) o 1 oF  [M™]
But taking concentration of solid form M as constant,

B . go _RT, L
Y ki)Y, M I nF  [M™]
E“Nm,m is already known. R = gas constant (8.314 J K™! moI'!) and F is Faraday constant
(96500 coulomb mol™!), T = Temperature in Kelvin and [M™*] is the concentration of that form,
We can write the concentrations of Cu?* and Zn®* ions in Daniell cell, in the given electrode
potential.
RT 1

For cathode : E_ 2+ = E) 2+ = Ehm )
B s gD _RT, 1 \
For anode  : Betvizy = Bge,, — o8 Zn?] 2)

Cell potential : E, = E ot 1cn) — Bzal* | zm)
RT 1
2F [Zn™)

RT 1
= EO(O.'IZ"'|C1.'|) - Efﬂm — Eo(?nz"'lm +

RT 1 RT 1
- b _ RO el —-— -
=R (€2 1Cw) E @2 | Z0) 2Fil:l [Cum'] + 21:r.ln 2+]
RT . [Zn?*]
v Boy=Elqy — —=in 3
cl 2 [Cu?*] ®
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It can be said from this that B, depends on the concentration of Cu?* and Zn®* jons. Its value
increases with increase in concentration of Cu?* and decreases with increase in concentration of Zn?*.

Putting the valoes of R, F and T and converting natural logarithm to the base-10 then, the
equation (3) will be like this.

2,303 RT = 0.059

0.059 . [Zn**]
2 PG
As same number of electrons(n) are taken for both the electrodes, cell can be shown as above.

Thus, B, = By — @

In the same way, if we have different electrons for the two electrodes, the cell can be shown
as below :

© Ni(s) | Ni2* I Ag*l Ag(s) &
Cell reaction : Ni(s) + 2AgH(aq) = Ni**(aq) + 2Ag(s)

It can be written according to Nernst equation as follows :

0.059_  [Ni**]
0 ClAg'P

EC]]= Eum—
The general equation of electrochemical equation will be like this
aA + bB === ¢C + dD
According to Nernst equatiom,

Ecq= E° _Ehﬂ( Where K = equilibrium constant
nF

d
“E, - Ehrcf_wlb
oF  [AP[B]

The potential of non-standard half cells can be calculated by Nernst equation. If we write
Co®" | Co half cell reaction as reduction reaction then it will be, Co?*(aq) + 2~ = Co(s).

0.059 Io 1
wticy ~ 2 g [C°"+]

E =

(o2 | Co)
But if we write Co | Co?* half cell reaction as oxidation reaction, then, it will be
Co(s) = Co?'(aq) + 2¢~

Ehico?y =

0.059
Eo(CnlCoz"') - > log [Co""']

in which the potential expressed is oxidation potential.
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Example 5 : Calculate the cell potential of the following cell as 298 K.

© Zn(s) 1 Zn(0.6 M) Il Cu>(0.3 M) ICu(s) &
Eo(':n”"l!n) = — (.76 volt, Eo(cuz"l o= 0.34 volt,

Solution : Here zinc electrode is anode and copper electrode is cathode. Its standard
electrade potential values are given. On the basis of which Eoc.en can be calculated.

By = Eo(ﬁl2+|Cu) - Bl | Zm)
= 0.34 volt — (- 0.76 volt)
= 0.34 + 0.76
= 1.10 volt
Cell reaction :
Cathode : Cu?'(aq) + 2~ = Cu(s) (Reduction)
Anode : Zn(s) = Zn*'(aq) + 2¢~ (Oxidation)

Zn(s) + Cu*(ag) = Zn®**(ag) + Cu(s)
Here n equal to 2.

2+

= 0.059 o [Zn“"1]

Eca Cell 2 4 [Cu2+]
=110 - 0.059 log [0.6]
2 [0.3]

= 1.10 — 0.0295 log 2.0
1.10 - (0.0295) (0.3010)

1.10 — 0.0089 = 1.0911 volt

Example 6 : The following reaction occurs in the cell
Mg(s) + 2Ag*(0.0001M) = Mg?*(0.130M) + 2Ag(s) Calculate By Boy = 3.17 volt
Solution : The cell can be written like this

© Mg(s) | Mg?(0.130M) 1l Ag*0.0001M) | Ag(s) &

Cell reaction
Cathode : 2Ag(ag) + 2" = 2Ag(s)
Anode : Mg(s) = Mg>*(aq) + 2¢

Mg(s) + 2A2"(aq) <= Mg™'(aq) + Ag(s)
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Hence n equal to 2

_ _ RT_[Mg*]
ECell - EoCrll IR n [Ag+]z

0.059 . Mg**]
Eeg= 317 - 1
2 [Ag*T

0.059 [0.130]
lo >
2 (0.0001)

Egyg = 3.17 —

= 3,17 - 0.21 = 2.96 volt

3.6.1 Concentration Cell :

If the two electrodes of the electrochemicsl cell are same hut the concentrations of the
solutions of the electrolyte are different, then it is called comcentration cell. viz
Cu(s) | Cu?* (C)) Il Cu?* (C,) | Cu(s)

The concentrations of ions change in cell reaction of conceniration cell as shown below; which
is the resuli of redox reaction. The ions of concentrated solution move towards dilute solution and so
this type of cell is called concentration cell.

In this cell for the reaction © Cugs) | Cu?*(C) Il Cu**(C,) | Culs) D Bl = 0.0 volt

Cathode : Co?™(C,) + 2~ = Cu(s)

Anode : Cu(s) = Cu(C,) + 2¢~

Cell reaction : Co’C,) = Cv**(C))

Genexally reduction occurs in concentrated solution and so it will be written on right hand side
and will act as cathode. The cell potential of concentration cell is calculated by the following fornmila.

g0 _ 0059 [C,]
Fear= B = == 108 10,1

Hexe, Eocal = 0.0 volt because both the electrodes are same and the values of their standard
oxidation and reduction potentials are same but the sign is positive or negative and so its sum will be
zero. In both the half cells, concentrations of Cu?* are different, but positive ion is same in the solution.
The values of electrode potentials of anode half cell and cathode half cell are same but of opposite signs.
Hence, E®.;, = 0.0 volt.

0.059 . [C]
Eeg = 0.0- log
n [C,]

Example 7 : The standard reduction potential of Ag* | Ag half cell is 0.80 volt. Calculate the
potential of the following given cell at 298 K.

© Ag(s) | Ag*(0.25M) Il Ag*(0.75M) | Ag(s) @

Solution :
Cathode : Agt(0.75M) + & = Ag(s) (Reduction)
Anode : Ag(s) = Ag'(0.25M) + e~ (Oxidation)

Cell reaction : Ag*(0.75M) = Ag*(0.25M)
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It appears from the above equation that when cell is in operation the ions of concentratred
solution move towards the dilute sclution. For this cell, Eac.n = 0.0 volt

0.059 [C,]
R log —L
n [C,]
0.059 0.25
= 0.00 - log — i =
1 og 575 (Here taking n = 1)

- 0.059 x (log%J = — 0.0592 x (logl—log3)

= —0.059 x (— 0.4771) = + 0.0282 vok

Example 8 : The rednction potential of half cell Cu?* | Cu is 0.34 volt. Calculate the potential
of the given following cell.

© Cu(s) 1 Ca?*€0.1M) Il Cu?*(1M) | Cu(s) D

Solutoin :

Cathode : Co®' (M) + 26 = Cu(s) (Reduction)
Anode : Culs) = Cu*H(0.1M) + 2¢~ (Oxidation)
Cell reaction : Co*'(IM) = Cuv*(0.1M)

(C,) )
In concentration cell, the iong of the solution travel towards dilute solution and in concentration
cel B9, = 0.00.

Bear = Bl — 00% log [C]

[C,]

- 000 - 508, 0D

e 0= 2
2 (1.0) (Hers taking n = 2)

= - 0.0295 x log % = — 0.0295 x log %

= — 0.0295 x (—1) = 0.0295 volt

The potential of concentration cell is comparatively less. As the ioms from the concentration
solution travel towards dilute soultion, there is an effort for equalisation of same concentration of both
the hali cells.

If the value of the potential of the cell obtained is negative it is believed that the electrode which
wasg agsumed io be anode is in fact cathode and the electrode which was assurmed to be cathode is in
fact anode.

3.7 Some Applications of Cell Potentials

(1) On the basis of the values of cell potential the equilibrium constant of the reaction taking
place in the cell can be calculated

(2) By construction of proper cell and on the basis of its potential valoe the pH of acidic
solutions and ionic product of water can be calculated.

(3) Some titrations can be carried out using cell potentials.
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Calculation of Equilibrium constant : Daniell cell (fig.3.1) possesses closed circuit and we
have, noted the following reaction.

Zn(s) + Cu?* (ag) = Zn2*(aq) + Cu(s)

In the cell indicaﬁngthisreaction,themncmﬂ‘aﬁononn""‘ increases and the concentration of
Cu?* decrease with the lapse of time, At this time, the potential of the cell can be read on the voltmeter
or potentiometer in which the decrease in volt will appear. After some time, we can record that there
is mo change in concentrations of Cu?* and Zn?* ions at that time. This situation is the indication of
equilibrium. In this case, Nexnst equation can be written as follows :

2303RT . [Za*]
E: = EP - 1o
® O [Ca¥]
_ g, - 0059 [Zn**]
cell T Tl Ty [Cu®]
2+
But at equilibrium %=KC Hence, the above equation can be written for this reaction

(reaction equation) and T = 298 K.

e BORT ®

0.059
= logKe =Llvolt (- E%, = 1.1 volf)

_Wixy .

K. = 288
log K¢ (0.059)

At 298 temperatre K = 1.941 x 10%7

Thus, equation (5) shows the relation between standard elecirode potential and the equilibrium
constant for the reaction taking place. Thus, it is difficult to measure equilibrivm constant; but the
calculation related to E® can be carried out.

Example 9 : Calculate the equilibrium constant of the reaction.
Cu(s) + 2Ag"(ag) = Cu™(aq) + 2AgG); Ely = 0.46 volt
Solution :

0.059

0A46x2 _ s 503

log Kp =

- Ko =392 x 10"




Example 10 : The potential of the following given cell ia 1.02 volt at 298 K temperamre.
Calculate the pH of HCI solution. (E“A‘+|A‘ = 0.80 volt).

O pt | Hy(l bar) | HCl M) 1| Ag* ©.01M) | Ag(s) ©

3 - 0 — o
Solution : E'qy = B’y (catodsy = E'red cAnotey

= Eugriag ~ Ewt %Hz)

= 0.80- 0.0
E°,; = 0.80 volt

Ceﬂrencﬁon:%ﬂz(g)+Ag+(aq)‘—_= H*(ag) + Ag(s) Here, n = 1

0059,  [H']
= EU _— Io
Been cetl nCAg']
1.02= 0.80 — 0.059 log ]
[0.01]

022 _ _ op (W] + (2.0)
0.059

3720 = pH — 2.0

.. pH = 5729

Example 11 : The poteatial of the given following cell is 0.096 volt at 298 K terperature.

Calculate pH of HCI solution (g 2+ 5= — 0.14 volt)
© Sn1502*0.05M) NH'M) 1H, (1 bar) | Pt @
Solution : By = Eom"'l %1{ » " Eo(Snz+| 5n)
E’y = 0.0- (- 0.14) = 0.14 volt

Cell reaction : Sn(s) + 2H'(aq) = Su’*(aq) + H,(g); (Here, n = 2).

0.059_ [Sn**]
=E., — Io
Ecan cell L oF H'T
~ 0.096 = 0.14 — 0.0295 log %
, —0.096-0.14 _log(o.OS)
00295 P
—0.044
= —log (0.05)+ 2log[H"
0.0295 og (0.05) g[H"]
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e b
044
004 __ 1.3010 4+ 2log[H*]

0.0295
s — 1491 = — 1.3010 + 2log [H*]
.. 1491 + 1.3010 = —2log [H]

~» 1491 + 1.3010 = 2 x pH

2.792
= —pH
5 p
s pH = 1.396
Example 12 : The potential of the given following cell is 0.53 volt. Calculate the ionic product
(Ky) of water.
o Pt | H,(1 bar) | KOH(0.002M) 1 HCI(0.005M) | H,(1 bar) | Pt$
Solution :
1
Cathode : H*'(0.005M) + e~ ‘——‘E H,(1 bar) (reduction)
1

Anode Y H,(1 bar) = H' (xM) + ¢~ (oxidation)

Cell reaction : HY(0.005 M) = H'(xM)
The change is only in concentrations of HY
+, B0 = 0.00 volt in this cell.

The concentration of OH™ in 0.002 M KOH is 0.002 M. In any aqueous solution, existence
of H" and OH" is there and the product of their concentration is K. Hence, for KOH solution.

[E*][0H] = K, but [OH] = 0.002 M

-, [H*] in KOH solution = —¥
(0.002)
g0 _ 0.059 log (Concentration H* in KOH solution)
Cell = ™ Cell 1 (Concentration H* in HCI solution)
053 = 0.00 - 2959, Ky/0.002

1 0.005

0.53 Kq
0,059=_1°g[0.002xo.005] = -~ log K, + log (107°)

8.983 = — log K, — 5.0
log K, = — 8.983 — 5.0 = — 13.983

-, Ky = antilog 14,017 = 1.04 x 107




3.8 Electrolysis

Electrolysis is redox reaction. In electrolysis, electrical energy is transformed to chemical en-
ergy. The apparatus used for this i3 called electrolytic cell. 'When electric current is passed through an
arqueons golution of electrolyte or molten electrolyte, by dipping propex electrodes in the solution, this type
of redox reaction resulting from oxidation and reduction reactioms at the electrodes, of products are
obtained The result of this type of redox reaction is known as electrolysis. viz. If few drops or sulpharic
acid are added to distilled water and it is electrolysed with imert electrodes of platinum, dihydrogen gas
is produced at the cathode and dioxygen gas at the anode.

i 1
H,0()) —EBlectrolysis Hy(g) + 502(3)

Similarly, by electrolysis of molien sodiurn chloride, sodium metal is obtained at the cathode and
dichlorine gas at the anode.

INaCI(l) —ecolyals | HNaGs) + %Cl.z(g)

Faraday’s laws of Electrolysis : Scientist Michael Faraday, in 1834, established the following
relations, regarding the amounts of the products obtained by the reaction and the quantity of the
electricity used for it. They are called Faraday's laws of clectralysis.

(i) First law : The amount of products produced at the ¢lectrodes by clkectrolysis are directly
proportional to the quantity of the electricity passed through the electrolytic cell. If W is the mass of

the product produced and Q ig value of the quantity of electricity passed, then W = (.

(ii) Second law : If the different electrolytic cells, containing different electrolytes are joined in
series and same quantity of electricity is passed through them, then the amounts of products obtained
at the electrodes are directly proportional to their equivalent weights.

W o= Eq, where, W = Mass of product obtained and Eq = Equivalent weight of product.

After the establishment of above Faraday's laws, in the starting years of the twentieth century,
the kmowledge about the clectronic configuration of the atom was developed and hence the basic
information about redox reaction could be obtained. During this, the concept of mole was alsc accepted.
Hence, the modern presentation of Faraday’s law was made as follows:

“The products, obtained at the electrodes by oxidation and reduction half-reactions
have the relation with the moles of the products and stoichiometry of the reaction and the
quantity of electricity.” The explanation of this law can be understood in detail by the following
illustrations.

Na*(y + € — Na(s) or Na*(l) + & — Na(s)
Mg2t(D) + 26 = Mg(s) or % Mg+ ¢ = %Mg(s)

AP + 3¢~ — Al(s) or % AP + & o LAlg)
3
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This reduction half cells indicate that if 1 mole electrons electric current is passed, 1 mole

1 |
sodinm, E mole magnesinm and ; mole aluminium msasses will be respectively obtained

The quantity of electricity passed by 1 mole electrons is called one Faraday. It is expressed as F.
The electric quantity on one electron is  1.602 x 107'* coulomb
Hence, the electric quantity of one mole of electron is
1 Faraday (F) = 1.602 x 107" x 6.022 x 10?* electron mole™!
= 96487 (= 96500) Coulomb mole™ (electrom)
In Coulomb uvmit, 1 Faraday = 96487 coulombs
But generally 96500 coulombs is accepted for calculations.
If I ampere current is passed through electrolytic cell for t seconds, the quantity of electricity
Q in coulomb units can be calculated by the following equation.
Q =1x1t (1= electric current in ampexes, t = time in seconds)
The amounts of substances liberated at the electrodes depend upon the quantity of electricity

passed. If quantity of electricity equal to 1 Faraday is passed then % mole substance will be liberated
at the electrods; where n is the number of moles of electrons associated with the reaction at the

cathode.
Table 3.2 Electricity Quantity and Electrolysis

Sr Reaction occurring Number of Quantity Moles
at the electrode moles of electron | of electricity (F) F
1. Ag'(aq) + € — Ag(s) 1 1 1
2 1
2 Cu“*(ag) + 2¢~ — Cu(s) 2 2 2
. 1
3. AFT() + 3¢~ o Als) 3 3 3
1
4, 2T (aq) — CLi( + 2¢” 2 2 5
1
5. 2H,O() — OLp) + 4H'(ag) + 4< 4 4 *

The efficiency of the electrolytic cell is not always 100 percent. Hence, the efficiency of
the cell can be calculated by the following formula,

Experimental value of product x
Theoretical value of product

Efficiency of cell (%) = 100




( Example13:InthcdewolysisofaquetmssohltionofCuClzooppc:isdcpositedonthcncgnﬁvc\
electrode and chlorine gas liberated on the positive electrode at 800 K temperature and 1 bar
pressure. How much copper and chlorine gas will be liberated if 2.0 ampere current is passed for
1 hour 2 (F = 96500 Coulomb ) (Cu = 63.5u, C1 = 35.5 u) (R = 0.08314 bar Litre mol™! K™1).

Solution : We will calculate the total quantity of elsctricity passed according to the definition
Q=Ixt

Quantity of electricity = 2 x 60 x 60 = 7200 coulomb

_ 7200
96500

Reaction occurring at cathode : Cu**(ag) + 2e- — Cu(s)
(2 mole) (63.5 gram mole™)

In the sbove reaction, 2F are associated with 1 mole Cu. Hence, the Cu associated with

= 0075 F

0.07SE
mole of Cu = 2975 _ 0.0375 mole
= 0.0375 x 63.5
= 2.38 gram Cu will be obtained.
Similarly,

At the anode 2CT(aq) — Cl, () + 2¢~

ie. 1 mole Cl, gas is associated with 2F quantity of electricity.

Cl, gas associated with 0.075 F quantity of electricity = @ = 0.0375 mole
According to aimplke gas equation. PV = nRT

The volome of Cl, gas at 300 K temperature and 1 bar pressure

_ 00375 x0.08314 x 300
1

= 0.9353 litre

Example 14 : How much O, gas will be collected at the anode at 300 K temperature and
1 bar pressure if 2.5 ampere electric current is passed for one hour in electrolysis of aqueous
soaltion of N2,80,. (F = 96500 coulomb) [1 mole gas volume is 22.4 litre at STP].
Solution : 2H,0()) — 4H"(aq) + O,(g) + 4¢
1 mole 4F (224 litre at STP)

The volume of liberated O, at 300 K tcmperature and 1 bar pressure

25x60x60 _ 1 _ 22400 _ 300 _ 1
m — X — X b 4 x -
96500 4 1 273 1
| = 573.93 ml
v
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Example 15 : 2,68 ampere electric curent is passed for 1 hour from the solutions of Hg,(CIO,),,
Hg(ClO,),, CuSO, and AgNO,. How many moles of each metal will be deposited on cathode ?

Solution : % ngz* (aq) + e—>Hg()

1 B (aq) + & —>> Hg®)
2 2

1
2
Ag™(aq) +e—> Ag(s)

As the electrolytes are arranged in the series and same quantity of electricity will pass through
them,

Quantity of electricity = 2.68 x 3600 = 9648

Cu*(ag) + e—> Cu(s)

= ——=009998F =0.1F
96500

Thus, 0.1F quantity of electricity will pass through cach electrolyte. Hence, as shown earlier
0.1 mole Hg,™*, 0.05 mole Hg?*, 0.05 mole Cu®* and 0.01 mole Ag* will be reduced to metal
geiting deposited on the cathode.

Example 16 : How many grams of Cu and what volume of O, gas will be obtained at 300 K
temperature and 1 bar pressure by passing 10 ampere curent for 193 minutes from an aqueous
solution of CuSQ, ? The efficiency of the electrolytic cell is B0% ( Cu = 63.5 u ).

Solution : The quantity of electricity passed = T x t
= 10 x 193 % 60 coulomb

_ 10 x 193 x 60
T 96500

Chemical reactions :

=12F

Cathode : Cu®*(aq) + 26" — Cu(s)

(2F) (1 mole)
Anode : 2H, 00 — 0, (g) + 4H(ag) + 4¢~
(1 mole) @4r)

Acoording to the reaction; by passing 2 Faraday eleciric current 1 mole Cu and by passing
4 Faraday electric current 1 mole O, gas are produced.

For Cu : when 2 Faraday electric qunrent is passed 1 mwole Cuo will be obtained

1.2
‘When 1.2 Faraday electric current is passed -5 = 0.6 mole Cu will be obtained.
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Weight of copper = 0.6 x 63.5 = 38.1 gram

38.1x 80

As the efficiency of the cell is 80 % so, 00

= 30.48 gram Cu will be obtained.

For O, gas, when 4 Faraday, electric current is passed 1 mole O, gas is produced.

Whenl.ZFmdnyehcuiccurmntispmed=% = 0.3 mole O, gas will be obtained

According to simple gas equation, PV = nRT

v IRT _ 0:3x 008314 x 300

= 7.4826 litre.
P 1
As the efficiency of the cell is 80 % so, %‘0"30 = 5.986 litre

Example 17 : 0.972 gram Ag is obtained by passing 5 ampere electric cureent for 193
seconds through an aqueous solution of silver nitrate (AgNO,) between graphite electrodes,
calculats the efficiency of the eletrolytic cell.

Solution : The quantity of electricity passed =1 x t

= 5§ x 193 = 965 conlomb

_ 5x193
96500

=0,01 Faraday

Cathode : Ag* (ag) + ¢~ — Ag(s)

According to the reaction when 1 Faraday of electric current is passed 1 mole Ag is obtained.
So, 0.01 Faraday electric current is passed, 0.01 mole Ag will be obtained.

-~ Weight of Ag = mole of Ag x atomic weight of Ag
= 0.01 mole x 108 g mol™! = 1.08 gram Ag will be obtainad

This is the value obtained by calculation and go it is congidered as theoretical value. 0.972 gram
Ag 18 released in the electrolytic cell during electrolysis. it becomes experimental value.

_ Experimental value

Efficiency of the cell = x 100
Theoretical value
_ 0.972x100 - 20%
1.08

The efficiency of the cell is 90%.
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3.9 Products Obtained by Electrolysis

Which products will be obtained by electrolysis of aqueous solutions of salts depend upon the
nature of the electrodes used for it, concentration of solutions and the electromotive force. Some of the
illustrations strenghtening this statement are given below @

3.9.1 Electrolysis of NaCl :

(a) Electrolysis of molten NaCl : Na metal and Cl, gas are obtained on the cathode and
anode reapectively when molien NaCl is electrolysed using cathode of steel and anode of graphite.

Reaction : NaCl(f) — Na*'() + CI'(D)
Cathode : Na*(l) + ¢ — Na(s)

Anode (Graphite) : CI()) — % CL(g)y+ &

(b) Electrolysis of dilute agueous selution of NaCl : When dilute aquecus solution of NaCl
is clectrolysed using graphite electrodes, dibydrogen gas at cathode and dioxygen gas at anode are
obtained by net reaction of only electrolysis of water. In dilute solution as concentration of CI™ ion is
less, Hence, dioxygen O, is obtained instead of Cl,. Similarly reduction Na*(aq) on cathede being difficult
it is difficult to have its reduction on cathode. Instead of Na, H, gas is obtained by reduction of H,O
and OH (aq) are formed.

Cathode : 2ZHLO(D) +2¢ — Hy(®) + 20H (2g)

Anode : H,0() —» %Oz(g) + 2H"(aq) + 2¢

Cell reaction : 2H"(aq) + 20H (ag) — 2H,0()

Net reaction : H,0() — Hy(g) + %02(3)

Thus, the electrolysis of dilute aqueous solution of NaCl, in fact is the electrolysis of water.

(c) Electrolysis of Concentrated Aqueous Solution of NaCl : During the electrolysis of
concentrated aqueous soultion of NaCl between praphite elecirodes, takes place by following reaction.
As concentration of CI” is more in concentrated solution of NaCl, CI” ions are oxidised at the anode
instead of H,O and so Cl, gas is obtained.

Cathode : 2H,0() + 26 — H,(®) + 20H (ag)
Anode : 2CI(aq) = CL(g) + 2&~

Na'(aq) ions of the solution does not undergo reduction reaction because reduction of H,O is
eagier, H, gas ig obtained at the cathode. Thus, by elecirolysis of concenirated aqueous solution of NaCl,
Cl, gas is obtained at the cathode and Na* ions of the solution combine with OH™ near the cathode and
gives NaOH,

It is observed from all the above three illustrations, that differemt prodwcis are obtained by
electrolysis of a substance in jts different concentrations and also in its molten state.
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3.10 Electrolysis of aqueous solution of Na,SO,

In the electrolysis of dilute aqueous solution of Na,SO, between graphite electrodes, O, gas
is obtained at the anode and H, gas is obtained at the cathode in the net reaction of electrolysis of water.
Reduction at Na* ion and oxidation of SO,2~ ions being difficult, these ions do not experience the
reaction.

Cathode : 2H,0 (D + 2 — Hy(® + 20H (ag
Anode : HO0) — %Oz(g) + 2H"(aq) + 2¢~

Cell reation : 2H'(aq) + 20H (aq) = 2H,0(0)
Net reaction : H,0()— H,(g) + %Oz(g)

3.11 Electrolysis of aqueous solution of CuSO,

(a) If the electrolysis of agueous solution of CuSO, between copper electrodes, is carried out,
the copper of anode deposits on the cathode as the net reaction. The copper electrode (anods) being
active, it experiences oxidation reaction during electrolysis.

Cathode (Copper) : Cu?*(aq) +2¢ — Cu(s)

Anode (Copper) : Cu(s) = Cu?* (ag)y+2e

Net reaction : Cu(s) (anode) — Cu(s) (cathode)

Ag the reaction preceeds (cathode) further, the weight of copper anode decreases becaunse the
anode of copper being active produces Cn>* by experiencing oxidation reaction.

Copper metal Cu(s) is deposited at the cathode by axperiencing reduction reaction and 8o weight
of cathode increases. If electrolysis is carried out using impure copper as anode at proper electrical
potential the impuries which do not experience oxidation, remain in the solution. In the metallurgy of
copper, the inert metals like Au, Pt which do not experience oxidation, are released from the anode and
deposited at the bottom of the cell. It is called anode mmd.

(b) If electrolysis of aqueons solution of CuSO, between imert electrodes like graphite or
platinum is carried ont, the reactions take place as follows:

Cathode : Cu**(aq) + 26~ — Cu(s)

Anode : HO()) = 2H*(aq) + %Oz(g) + 26"

The oxidation of $O,2~ in the solution is difficult in comparison to oxidation of H,O. H,O
gets oxidised and H*(ag) and O, gas are produced. The reduction take place of Cu**(aq) ion and
they are removed from the solution. In this electrolysis, copper is deposited on cathode and O, gas
is produced anode and H,80, is produced in solution.

Electrolysis being very important reaction, production of metals like Na, Ag, Al and production
of NaOH, KOH and refining (purification) of metals like Cu, Ag, Au are carried out by electrolysis.
Electrolysis-reaction is also used in electroplating of metals.
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3.12 Gibbs’ Free Energy and Cell Potentinl

You have necessary information about Gibbs’ free energy in thermodynamics. You have studied
in detail that for spontaneous reactions the free energy of the system decreases that means the change
in free energy bscomes nagative. For ths electrochemical cells, when electrodes ars connectad the
chemical reactions occur spontancously and so the value of AG is negative. If the potential of the cell
is By and if n Faraday electricity is obtained from the cell then, AG = —nFE_,

where F is Faraday constant. The above aquation for a standard cell can be written like this
AGO:_DFEOC&I].

If the evolved electrical energy is completely transformed into electrical work then,

AG =W, . .= —0FEy,
Thus, change in free epergy is equivalent to electrical work

Example 18 : The electric current is produced in an electrochemical cell by the given
following reaction.
Fe(s) + Cu?*(aq) > Fe**(aq) + Cu(s)

If 0.85 Faraday electricity is obtained from standard cell, then what maxiymm work can be
done 7 The value of potential of this standard cell is 0.78 volt.

Solution : Maximum electrical wotk AG® = W__. . = — nFEC,
= — 0.B5 x 96500 x 0.78
= — 63979.50 vol¢ coulmbous
= — 6.398 x 10 joules (1 volt coulmbous = 1 joule)
The equilibrium constant of a cell reaction can be calculated on the basis of value of cell
potential. For this we will see the following example.

Example 19 : Calculate the equilibrium constant and free energy change of given following
reaction for Daniell cell at 298 K temperature,

Zn(s) + Cu**(aq) = Zn’*'(ag) + Cu(s)
Cell potential = 1.1 volt {( F = 96500 conlomb)
Solution : For this reaction n = 2,

AGP = — nFE°, = — RTiK = — 2.303RTlogK
nFE'ca
K= ——
log 2.303RT
_ 2x 96500 x 1.1
" 2.303 x 8.314 x 298

log K = 37.2074
K = 161 x 10*7

AGP= — oFE; = — 2 x 96500 x 1.1 volt conlomb
= — 2123000 joule = — 2.123 x 10° joule




/—v—'—'——\

3.13 Difference between Electrochemical Cell and Electrolytic Cell
The difference between electrochemical cell and clectrolytic cell can be understood by the

following points ;

Electrochensical cell Electrolytic cell

(1) Chemical energy is iransformed to (1) Electrical energy is transformed to chemical
clectrical energy in this cell. encrgy in this cell.

(2) Electrical energy is produced by sponta- | (2) Redox reaction takez place by supplying
neous redox reaction elecirical energy doez not take placs on its own.

(3) Two electrodes are generally in two (3) Both the electrodes are dipped in the same
different vessels containing solutions. vessel containing solution of electrolytes or

molten salts.

(4) The clectrode on which reduction occurs | (4) The clectrode which is connacted to the positive
is called cathode and the electrode on electrode of battery is called anode and
which oxidation occurs is called anode. oxidation takes place there and similarly the

electrode connected to the negative electrode
of the battery is called cathode and reduction
takes place there.

(5) Salt bridge is required in construction of | (5) Salt bridge is not required in the construction
this cell. of this cell.

(6) eg. Daniell cell, Galvanic cell, storage cell (6) e. g. Electroplating, Electrorefining

3.14 Electrolysis for Industrial Products
As shown in the table 3.3, important chemicals are obinined at the cathode and anode

a 3R
b wlanr

Sr. Electrolyte Cathode Anode
1. NaCl (Molten) Na a,
2, NaCl (concentrated solutiom) H,, NaOH in solution q,
3. N1Cl (dilute solution) H, o,
4, ALO, Al 0,, CO,
5. KHF, in anhydrous HF H, F,

3.15 Electrical Conduction
Substances are of (wo types-solid or liquid from ¢lectrical conduction point of view.

Solid or liquid substances which conduct electric current are called conducting substances and
from which the electric current does not conduct are called insulators.

Generally, two types of conducting substances are available (1) Metallic conductors and
(2) Conduction of electricity through solutions of electrolytes.

(1) Metallic conductors : Metals and alloys are electric conductors. The conduction of
electricity through them iz due to the delocalised electrons in the outer orbit of the atoms of metals.
There is no chemiical change in the substance during electrical conduction but in physical change, the
temperature increases.
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(2) Conduction of electricity through solution of electrolytes : The substances which
release ions in water by iomisation are called electrolyte substances and such solutions are called
electrolytic solutions. If electric current is passed through aqueous solutions of acid, base as well as salts,
the electrcial conduction takes place through ions. It is necessary to know the concept of electrical
resistance to understand the electrical conduction in electrolytic substances.

Less proportion of conduction of electricity occurs due the resistance of the ions present in the
solutions of electrolytes. If more is the resistance by ions, less will be the conduction of electricity and
lesser the resistance by ions, more will be the conduction of electricity. The electrical resistance is
expressed by R and is measured by Wheatstone bridge.

The resistance of a uniform conductor is directly proportional to its length (/) and inversely
proportions to its area of cross section (A)

Ra —
A

R=p% where, R = Resitance, A = Area of cross sectian, [ = length, p = propartionality
constant.

The propoctionality constent (p) is called resistivity or specific resistance. The SI ynit of resistivity
is ohm meter (£ m) but mostly chm cm (€2 cm) unit is used.

3.16 Resistivity (Specific Resistance)

The resistance of a conductor having one meter length and one square meter of unit cross
sectional area is called its resitance (specific resistamce).

1Qmeter =100 cmor 1 Qem =001 Qm

Conductivity : The inverse of resistance R is called conductivity G

G=—=— =K— where K=l K=C}ti
R pl l p A
The SI unit of conductivity is Siemens which is expressed as S. It is expressed as chm™! or

Q! or mbho or U.

Specific conductivity : The inverse of reaistivity is called specific conductivity. It is accepted
by ITUPAC that specific conductivity be accepted as conductivity. Hence, the word conductivity is used
instead of specific oundnctivity.'rhcvalucof% in the formula of conductivity is the cell constant of

the apparatus used to measure conductivity. Its valoe can be determined from % or in chemistry, by
vaing a solution of KCl of known concentration. Its value is determined at the sxperimental temperature
by measuring ita conductivity and obtaining its value from literature. The obtained conductivity G is
multiplied by cell constant and so specific condnctivity is obtained which is expressed as K from the
Greek word kappa.

Specific conductivity K = observed conductivity G x cell constant

The SI unit of specific conductivity is S m™ or § cm™!. The conductivity of the conductor having
unit length of 1 meter and unit area of cross section 1 square meter is S m™. 1 Sem™ = 0.01 Sm™.
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Table 3.4 The values of comductivity by of some selected materials at 298.15 K
Material Conductivity § m™ Material Conductivity S m™
Conductors Agqueouns-solutions
Sodium 2.1 x 10° Pure water 35 x 1073
Copper 59 x 10° 0.1 M HCl 3.91
Silver 6.2 x 10° 0.1 M KCl 0.14
Gold 45 x 10° 0.1 M NaCl 0.12
Iron 1.0 x 10° 0.1 M CH,COOH 0.047
Graphite 1.2 % 10 0.01 M CH,COOH 0.016
Insulator Semiconductors
Glass 1.0 % 10716 CuO 1 x 1077
Teflon 1.0 x 10718 Si 1.5 x 1072
Ge 2.0

It is clear from the above table, that the values of conductivities of different substances have
very large difference. Thia depends on the characteristica of substance; tamperature, pressurs are also
the factors affecting the measurement of conductivity.

The classification of conducting substances is carried out on the basis of the magnitude of their
conductivity values, as follows :

(1) Good conductors : As the conductivities of metals and alloys are more, they are called
good conductors, Some non metallic substances like graphite, organic polymets are also good conductors.

(2) Insulators : The conductivity of glass and ceramic substances is in very less proportion and
50 they are called insulators.

(3) Semiconductors: The values of conductivities of the substances, which are in beitween the
values of good conductors and insulators are knmown as semiconductors. Silicon, germanium, gallium
arsenide etc, are semiconductors,

The registivities of some substances are zero and their conductivities are extremely high. They
are called superconductors. Earlier metals and alloys were considered superconductors at low temperature
(0 to 15 K) but many ceramic susbtances and mixed oxides are known as superconductors at higher

temperatre (150 K).

The conduction of electricity through metals is called metallic or electronic conduction. It occurs
due to migration of electrons. The electromic conductivity depends on the following factors:

(1) Structure of metal and its characteristics.

(2) The number of electrons in the valence shell of atoms of metal,

(3) The electrical conductivity of metal decreases with increase in temperature.
There is oo chaoge in the structure of the metal during electrical conduction.
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3.17 Ionic Mobhility

The proportion of hydrogen and hydraxyl ions in water is very less, 1077 M. Because of this, water
is known a8 bad conductor of electricity (conducitivity = 3.5 x 10° s m™).

When electrolyte is disgolved in water, the conductivity of solution increase: due 1o ionigation
of the electrolyte in water. The conductivity of the solution is mostly due to the ions present in the
solution. This type of conductivity is called ionic conductivity. The dependence of ions conductivity is on
the following factors :

o Nature of the added clectrolyte

* The size of the ions produced and their hydration.

® The nature of the solvent and its viscosity

@ Coocentration of clectrolyte

@ Temperature

In the jonic solutions, when electric current is passed, electrochernical reactions take place and
the structure of solution changes.

Molar conduoctivity : The solutions of different electrolytes in the same solvent have different
conductivities at the same temperature. The reason for this is the size of ions produced and the electrical
charge on the ions. The migration of ionz under the sffect of concentration of elactrolyte and electrical
pressure are responsible for different conductivities. So it is more meaningful to express the conductivi-
tics of these solutions as molar conductivities,

Molar conductivity is expressed as A (Greek alphabet lambda).

K x 1000
C

where, K = (Kappa) specific conductivity, C = Concentration if solution in unit of molarity.

The unit of molar conductivity is mho cm® mwol™. If the concentration of solution is taken in
normality or gram equivalent weight, then the unit will be mho cm? gm eq”.

The changes in conductivity of the solution with changes in its concentration : I there
ia change in conceatration of electrolyte dissolved in solution then its conductivity as well as molar
conductivity changes. In both weak and strong electrolytes the conductivity increase with decreases in
concentration of solution. With the decrease in concentration of solution, the number of ioms in unit
volume carrying electric charge increases. K is clear from this fact that the conductivity of solution
increases.

The electrical conduction by the solution of electrolyte a given concentration having unit volume,
between two platinum electrodes possessing unit cross section amd at a distance of unit length is called
conductivity of solution.

The above fact will be clear from the following forrmula.

=%=K,Ta]dngthcunitsAandlinlhcmitmctc:orcm

Molar conductivity A, =

Thus, ths conductivity of V volume having 1 mole electrolyte solution between two electrodes
possessing unit cross section and at a distance of unit length is called mwlar conductivity.
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Am=%=x { =1 and A = V (volume of solution of electrolyte)

WA, =KV

If the total volume V of a solution of 1 mole electrolyte is increased, the concentration of the
solution decreases and 3o the molar canductivity increases. When the value of concentration becomes
about zero ie. at infinite dilution the molar conductivity is called limiting molar conductivity or molar
conductivity at infinite dilution. Limiting molar conductivity is expressed as :\m and gives different
proportions of ions which may be mwore or less. Hence, one which gives more ionis will show more
conductivity. It is called strong electrolyte viz. Aqueous solutoms of NaCl, KCl, MgCl,, KNO,. If an
electrolyte ionises less in aqueous solution and gives less number of ions and therefore shows less
conductivity is called weak electrolyte ¢.g. Aqueous solutions of CH,COOH, NH,OH, HCN.

Conductivity of strong electrolytes : There is increase in the value of A of a strong

electrolyle on dilution of its solution.
0 1

Ay = Am—AC2 ]

If a graph of values of A, against C2 is plotted,
a straight line iz obtained The intercept of this graph will
be the value of /u\m and the value of the slope will be A.
The value of A depends on the type electrolyte (its
dissociation into positive ion and negative ion), given solvent
and temperature. NaCl, KCl, CaCl, and MgCl, are strong
clectrolyes having 1:1, 1:1, 2:1, and 2:1 type valencics. KCl1
The values A are same for all the same type of electrolytes. CH,COOH

Ay, Gen? molY)

Conductivity of weak electrolytes : The study 4 @omy%
of changes in condnctivity with dilation was carried out
by scientist Ostwald, It was found ¢hat the conductivity of weak electrolyte increases more with dilution,
This type of study is known as Ostwald’s law of dilution.

The degree of dissociation is very less for such weak clectrolyte like acetic acid having more
concentration. When a solution of such electrolytes having 1 mole electrolyte is diluted, and with chat
volume increases and with that the degree of dissociation increases. As a result the number of ions
increases and molar conductivity (A ) also increaes. It is clear from the graph that the molar

[
conductivity at infinite dilution increases in the form of a curve when the graph of A. for such solutions
is extrapolated towards X-axis, The value of limiting mwolar conductivity at infinite dilution (almost
Zero concentration) is not obtained.

The values of lintiting maolar conductivity at such electrolytes can be obtained by Kohlrausch's
law of independent migration.
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The value of degree of dissociation for such an electrolyte at the given concentratin will be as
below :

Molar conductivity of the solution of a given concentration A
0
Moler conductivity of the sohation at infinits dilution Am

Degree of dizsociation (o) =

Ca’®
(1—-a)
C = concentration of solution, & = degree of dissociation of weak electrolyte

where, K = Dissociation constant of weak electrolyte,

We know that, K =

CA; C A

= 0
i}
Am

0
Am

Example 20 : The conductivity of 0.001028 mole litre™ acetic acid is 4.95 x 10 § an™, If the
limiting molar conductivity of acetic acid is 390.5 S cm’? mol™! cakculate dissociation constant.

- K 495x107°Scm™ 1000 cm®
Solution : Agp =— =

= = 0001028 mor L =48.15 S cm? mol ™!
N mo.

Am _ 48158 cm” mol ™’

= — = =0.1233
v 390.5 S cm? mol ~!

s

Ca® _ 0.001028 mol L™ x (0.1233)°
1-a 1—0.1233

K

(]

K, = 1.78 x 107° mol L™!

3.18 Kohirawich’s law of Independent migradion of Ions

The valoe of molar conductivity (A_) for different electrolytes can be obtained. In addition, the
values of molar conductance (A, ) will also change with change in concentration. It is found from the
stndy that a straight line graph iz obtainead for the molar conductivity (A ) at different concentrations
of the strong electrolyte like KCI. In thig graph, the value of limiting, molar conductivity extended to zero

0
concentration (infinite dilution), the intercept is obtained or molar condnetivity (Am ) at infinite dilution
will be obtained. But for weak clectrolyte like CH,COOH the graph of moler conductivity at different
dilutions of weak electrolyte does not give straight line but a curve. So their intercepts obtained are not
carrect and the true values of molar conductivity at infinite dilution cannot be obtained.

o
Scientist Kohlrausch studied the Am values of some strong electrolytes. He observed some

0
characteristics viz. The difference between the value of Am of two sirong electrolyte like NaX and KX
(X =Cl, Br, I) was found to be same. e€.g.,
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/] 0 D 0 i 0
Am KCl—Am NaCl= Am KBr — Am NaBr=Am KI—Am Nal=23.4 mho cm’ mol™’

- 0 0 0 0 )
Similarly, Am NaBr—Am NaCl= AmKBr—Am KCl= 1.8 mho cm? mol™.

It can be concluded from this study, that the molar conductivity of a strong ionic electrolyte ia
equal to the snm of the mnlar ionic conductivity of the positive ion and the molar ionic condnctivity of

0 0 0
negative ion. Am NaCl = Am Na*+Am CI”
If the electrolyte gives v, and v_ ions due to dissociation, then their molar conductances, can

0 0 0
be written a8 Awm =V, Am* + V- An—  (where, ;m... and im_ respectively are iomic molar conductivity
of pogitive and negative ion.)

From this, Kohlrausch’s law can be written as follows. ““The molar conductivity of an electrolyie
[

at infinite dilution Am is the sum of the values of the molar conductivities of positive ion and
o 0
pnegative ion present in them in+and 3.~ ”.

In the use of Kohlrausch's law, the molar conductivity at infinite dilution for a weak. electrolyte
can be obtained by adding of subtracting the values of molar conductivities at infinite dilution of the
solutions of propar strong electrolytes. This will be clear from the following exampls.

Suppose the molar conductivity of weak electrolyte CH,COOH is to be determined, then it can
be obtained by determining molar conductivities of strong electrolytes like CH,COONa, HCl and NaCl;
then computing.

0 0 0 0
Am CHyCOOH = Am CH;COONa + Am HCl1—Am NaCl
According to Kohlrauach law,

0 0 [} 0 0 0 0
Aw CH,COOH = A CH;CO0™ + Am Na* + dan H*+ A T — (M Na* + Au CT7)
0 _ 0 0 D B 4
= Am CH3C00 + Am Na"' + Am H++ AmCl —im Na"’ —Am Cl_

a 0 0
Am CH,COOH = Am CH,COO + Am H*

Table 3.5 Limiting molar conductivity for some ions in water at 298 K

jon 2 (S cm®mol ) iom ) S cm®*mol 1)
H* 349.6 OH™ 199.1
Na* 50.1 cr 76.3
Ca?* 119.0 CH,COO™ 40.9
Br- 78.1
Mg2* 106.0 S0~ 160.0
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Example 21 : Calcnlate the limiting molar conductivities of CaCl, and MgSO,

Ion Limiting molar conductivity S em’mol™!
Ca?* 119.0
Mg 106.0
so 160.0
cr 76.3

Solution : According to Kohlrausch’s law,

e o, 0 _
O AnCaCl, = 3ca?42001

= 119 + 2 (76.3)

= 271.6 S cm? mal™?

.0 0 0
(i) AmMgSO, = AMg* + ASO%~
= 106.0 + 160.0

= 266.0 S co* mol™!

Example 22 : If the values of limiting molar conductivities of NaCl, HC, and CH;COONa
are 126.4, 425.9 and 91.0 S cm? mol™! respectively, then calculate the limiting molar conductivity
of acetic acid

. 0 ) 0
Solution : A, CH,COOH = AH"+ ACH,CO0"~

0 0o _ o _ o o _ 0
= AH"+ ACl” + ACH,CO0™ + ANa*— ACI"— ANa"

0 0 0
= Aam HCl + Am CH3COONa — Am NaCl

= (425.9 + 91.0 — 126.4)= 390.5 S cm? mol™!

3.19 Batteries
Commercinl cells and Fuel cells :

Any battery is a source for obtaining electric current. In a cell (battery) the chemical emergy
obtained by chemical reaction in it, iz transformed to electrical energy.

Dry cell, Ni-Cd storage cell, lsad storage cell, fuel cell etc. are included in the cells for industrial
use. It can be divided into two types. (1) Primary cell and (ii) Secondary cell.

(1} Primary cell : The cell which is dead after a long use and which cannot be regenerated
Le. which cannot be reproduced, is called primary cell. e.g. Dry cell.
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(2) Secondary cell : The cell which can be

regenerataed orreproduced is called secomdary cell. < Scal
e.g. lead storage cell and Ni-Cd storage cell. | graphite

3.19.1 Dry cell : This type of dry cell or primary cathode
cell was first of all prepared by French Scientist Lechlanche ——MnO, + C
in 1867. Hence, it is also called Leclanche cell, Paste of

In thig cell, there ig a thin parous layer of paper on — NH,CI +
inner side of a cylinder of zinc metal, closed at the bottom. ZnCly)
In this cyliner, graphite rod is placed in the centre so that it Zine anode
does not touch the bottom and small amount of mixture of

MnO, and carbon is filled, the remaining part is filled with
a pasts of the mixture of NE,Cl and ZnCl, and the mouth
of the cyliner is sealed with a special type of wax in a such a way that graphite rod is slightly outgide.
The insulating layer of thick paper is applied on the outer part of the cylinder (Fig. 3.3)

Fig. 33 Dry cell

When the cylinder of zinc and the rod of graphite are comnectied  Carbon rod (Cathode)
by a conducting wire, zinc acts as anode and the rod of graphite in the
contact of MnO, acts as a cathodse. The reactions occurring at these
clectrodes are as follows :

Reaction at cathode :2MnO,+2NHj +2¢ — Mn,0;+2NH, + H,0
Reaction at anode : Zn(s)— an*(aq)+ 2e

In fact, the product-containing manganese-obtained depends on
the time of continuous use and the interval between times of the two
uses. The potential of this cell is about 1.5 volt. Here oxidation of Mn (IIT)
to Mn (IV) can not be possible by reversing the direction of the current
and so, once this cell is dead means has become useless, it
cannot be regenerated or reproduced. Hence this cell is known as primary
cell. Dry cell is not really dry becane wet paste of NH,Cl and ZnCl, is
filled in it. If this cell iz completely dry, then the electric current cannot
pass throught it. To obtain more voltage, two or more cells are
joined in sexies and more voltage can be obtained; so dry cell is
used in torch, trangistor, radio and other big or small electronic
devices.

Mercury cell : Mercury cell ig a systematic device to
produce low electric current. It is used mostly in hearing aids,
watches efc. In this cell layer of zinc-mercury (Zn-Hg) is in the
form of anode and paste of mercuric oxide and carbon is as
cathode. In it, electrical paste filled is prepared from KOH and
ZnO. The reactions occurring at the electrode in this cell are as  Gasket  genargior  Cathode
wader ; Fig. 3.5 Mercury cell

Cell can
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Reaction at cathode : HgO + H,O + 2¢~ = Hg(l) + 20H™

Reaction at anode : Zn(Hg) + 20H™ — ZnO(s) + H,O + 2¢

The complete equation of these reactions is as follows :

Zn(Hg) + HgO — ZnO(s) + Hp(D)

The cell potential of this cell is about 1.35 volt and during the whole life of this cell, no ions are
produced in the complete reaction.

3.19.2 Secondary cells : The cells which can be regenerated or reproduced are called sec-
ondary cells, Lead storage cell and Ni-Cd storage cells are secondary cells,

Lead storage cell : When two or more cells are joined in series to obtain more voltage which
can be recharged are called storage cells.

In the construction of this cell, sponge like lead plate and thin plate of lead on which layer of
PbO, is applied are dipped in 38 % (W/W) concentration sulphuric acid containg vessel. When these
two plates are comnected by conducting wire the following discharging reactions take place and electric
current is produced.

Reaction at cathode : PbO,(s)+ 4H" (ag) + SO (ag) + 26—+ PbSO, (s) + 2H,O(!)

Reaction of anode : Ph(s)+ SO%'(aq) —>» bSO, () + 2~

Anode Cathode

Pb plate PbO,

L~ A-H,50,
NS )

Fig. 3.6 Lead storage battery

PbSO, produced here remains stuck to the surface of the electrodes. The cell potential of this
cell is about 2 volt. When the cell is in operation the density of sulphuric acid solution in reaction
decreases. In the beginning the density of the solution is 1.25-1.30 gmmI™' but when cell stops
producing electric current, the demsity of the solution decreases and becomes 1.10-1.15 gmmi™L, If the
cell is joined to a high electrical voltage containing any cell and passing the electric curent in opposite
direction, the reverse reactions take place on the electrodes and the cell becomes capable fo produce
electric current again. Even then, the efficiency of the method to regenerate is not 100 %. Hence, at
intervals, solution of H,SO, containing 38% (W/W) concentration is to be added. After a long time use,
this cell becomes useless. The charging reactions taking place in lead storage cell are as follows :
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Cathode : PbSO,(s) + 26" = Pb(s) + SO2~(aq)
Anode : PbSOs) + 2H,0() — PbO,(s) + 4H*aq) + SO? (ag) + 2¢"

If in one vesgel of lead storage cell more than one anodes and cathodes are dipped in the vessel
containing solution and joining them in series, mare than 2.0 volt potential can be obtained. In the car
battery, six cells are joined and 12 volts can be obtained. 22 to 24 vaolt electric current can be obtained
by combining 11 to 12 cells in series.

Ni-Cd storage cell : Nickel-cadmium cell is imporiant as a secondary cell like the lead
storage cell. Its life is more than that of lead storage cell but its production is very costly. There are
charging and discharging reactions in the method of working of this cell. The complete reaction of
discharging is as follows.

Cd(s) + 2Ni(OH),(s) — CdO(s) + 2Ni(OH),(s) + H,0(D

3.19.3 Fuel cell : The cell which can transform the
energy obtained by combustion of fuels like H,, CO ar methane,
into electrical energy in only one step is called fuel cell, When
hydrogen is oxidised large amount of energy is produced in the
form of heat.

Pogitive
H,(g) + O,(g) — ZH,D + 571.70 kJ plate
Separator
We know that when fuel is combusted, heat is produced. Negative
plate

In the thermal power stations like Sabarmati, Gandahinagar,
Dhuvaran, Vanakbori, etc. mainly minersal coal is8 used as the
fuel and water is transformed into steam by this produced heat.
Blectricity is produced by wsing this steam using turbine.
Maximum 35% of this combustion energy is converted to electrical energy that is, its working efficiency
is nmich less. But, if the enesgy produced by combustion reaction is directly obtained in the form of
electrical energy, then the wastage of energy can be decreased. This purpose is achieved in foel cell.
Different types of fuels can be used in fuel cell. First of all, the fuel cell was presented by scientist

Fig. 3.7 Ni-Cd Siorage battery

Bacon.
H,0
Hydrogen Fuel cell : The simple understanding of a Anods T Cathode
fuel cell uging hydrogen as fuel is given in fig 3.8. In a vessel, \ I /
two porous carbon membrancs are arranged and concemtrated *____,..—*—emy:e
aqueous solution of NaOH is filled between them. This
membranes work as inert electrodes. Platinum is used for Hy = — 0,

electrode acting as anode and mixed powder of paltinum and
gsilver oxide is used as a catalyst in the electrode which acts as
cathode. On passing hydrogen pag from anode and oxygen gas
from cathode, the reactions take place at the electrodes and
electric current is produced. Fig. 3.8 Fuel cell
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Cathode : 0,(g) + 2H,0() + 46 = 40H (ag)

Anode : 2H, () + 40H (aq) —> 4H,O() + 4€
Cell reaction : 2H,(g)+ 0,(g) - 2H,0() +571.7 XJ

Theoretically the efficiency for the production of electricity by this type of cell can be expected
to be 100% but, really, the efficiency obtained is about 70 - 75%. The potential of this cell is about
1.23 volt.

Advantages : There are number of advantages of fuel cell in comparison o other cells, Air
is not polluted by fuel cell. Also, it does not create sound and possesses very high efficiency in
comparigon to electricity produced by thermal power stations. This type of cell was used in space
shuttle programme Appolo carried out by American scientist. In addition, the vapour of water obtained
during cell reaction was cooled and was used for drinking purpose. In foreign countries, the uae of such
fuel cells is increasing.

3.20 Corrosion

Some metalg are slowly corroded in coniact with air or the rust forme on iron. Green coloured
salt produced on the vessels of copper and brass. The lustre of silver also fades. The reason for this is
the chemical reaction between the surface of the metals and oxygen. The real reactions are mostly
complicated. Even then, here we shall study the reaction with iron by the following illustration :

Air
O?-(S) F&z + +

Rust (F2;09) ¥ /) é
Cathode > Anode
w

O, + 4H (aq) + 46 — 2H,0(D
Pe(s) = Fe?* (ag) + 26~

ron

Fig. 3.9 Reaction of corrogion of iron

The arrangement of atoms can never be systemetic in the rod or vessel of iron viz. In the rod,
where there i a bent, its structores in a trace proportions will not be systematic. In addition, its crystal
lattice is also defective. Also, there are impurities of other metals like copper is present in iron in trace
proportions.,

This microscopic surface being active, the atoms on the surface lose electrons easily and pet
transformed into positive ions. Hence, the atoms of iron near the bent on the surface of iron oxidation
reaction ocours.

Fe(s) — Fe**(aq) + 2¢~

The molecules of water required for this reaction to occur, are available from moisture of air,
Hence, the surface near the bent acts as anode. The flow of the electrons produced takes place through
the rod of iron and will reach to that point on the surface where oxygen of the air will carry out reduction
reaction in presence of H*. This point acts as cathode because following reaction takes place.
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0,(®) + 4H'(ag) + 4 — 2H,0()) (reduction)

H* required for this reaction can also be available from dissociatoin of H,CO, produced by
dissolntion of carbon dioxide in water on the surface of the iron rod. Thus, one type of electorochemical
cell is formed on the surface of the iron rod and it acts as anode. The formation of rust starts from this
point. Fe** ions produced by oxidation are oxidised to F&** ions by the oxygen of the air which diffuses
towards the cathode and finally Fe,O,. xH,0 is formed I H* are not available then oxygen dissolved
in moisture get reduce by electrons.

0, () + 2H,0(0) + 46 —> 40H " (aq)

Methods of prevention of Corrosion : Iron is an important metal industrially and in different
transportation devices. A huge lose occurs in the world due to corrosion. Hence, one of the methods
to prevent is that the moisture should not be allowed to have contact with the surface, This purpose is
achieved by applying layer of zinc on iron. This iron is called galvanised iron. In case, if the layer of
zine from the surface of the galvanised iron is removed. even then iron does pot get rusted; because
the value of %, p2+ it more than that of E%, ;. 2+. Hence, the atoms of zinc diffuses on the open
surface of iron.

In the other method of prevention of corrosiom, it is the combination of metals like Mg or Zn
having higher values of E°,,, with the sheets of iron and buried under the soil. To prevent the iron plates
of steamers. being corroded; they are connected with iron plates and then allowed to come in contact
with sea water. By doing so, the plate of iron acts as cathode, and blocks of Mg or Zn as anode. These
blocks are continuously corroded and so are to be replaced at intervals. Such blocks of Mg or Zn act
as anode. These block are contimiously corroded and so are sacrificlal anodes.

In addition, to apply wax, to paint and use some chenrical substances called inhibitors are used
By using them there is no direct contact of gases present in air with the surface of the metal. As a
result chemical reaction does not occur and so corrosion is prevented.

SUMMARY
® The reaction taking place in electrochemical cell is a redox reaction.

® In electrochemical cell, chemical energy is transformed to electrical energy and produce
elecirical energy.

:pg

Electrochemical cell is kmown as voltaic or galvanic cell.

# The salt bridge functions to connect the two solutions and to maintain electrical neutrality
of solutions.

® The symbolic representation of chenical reaction Zn(s) + Cu?*(aq) = Zn?*(ag) + Cug(s) is
expressed as follows © Zn(s) | Zn2*(AIM) Il Co?*(IM) | Cu(s) ® where one vertical line |
indicates the electrode and two vertical lines N indicate the salt bridge.
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The types of electrodes are (i) Active electrodes of metal (ii) Inert electrodes (iii} Gaseous
electrodes. The combined system consisting of electrode and the solution in which it is
dipped is jointly kmown as half cell. The representation of half cell is made by putting
a vertical line between the electrode and the formula of the active ioms.
e.g. Zn(s) | Zn**(aq); Fe(s) 1 Fe**(aq).

®

© The representation of gaseous electrode is made by inert metal, formula of gas and the
formmla of active ions e.g. Pt | H,(g) (1 bar) | H"(ag).

® Standard hydrogen electrode acts as a reference half cell. Itg standard potential is accepted
as 0.0 volt. The values of standard potential of unknown elecirodes are determined with
the help of H-electrode.

@ Electrochemical cell is a device to comvert chemical energy to electrical energy.

® The flow of electrons, when two electrodes are combined, obtained on the basis of chemical
reaction under the evolved electromotive force is from anode to cathode in the external
circuit. This electramotive force is called cell potential B .
Iftheoe]lissta.ndaxdone,thantheoel]potenﬁalisaxptmdns%u.mtenﬁmisused
to determine the correct potential of the cell.

Cell potential E;; = Reduction potential of E ., .. — Reduction patential of E, .
B’y = Standard potential of B, . — Standard potential of B, .

‘When the potential of the electrical cell is determined with reference to hydrogen electrode,
then it is known as electromotive force (emf).

L]

_ 0039 s 1G] Ghere the value 0.059 is the value of

¢ Nernst equation Eng = E%, - =
2

2I0RT ot 298 K temperature. (R = 8.314 J K~ moi!) and F = 96500 coulomb.

® With the help of the Nernst equation, K, equilibrium constant, pH, K, (ionic product of
water) can be determined

Even if the anode and cathode may be of same electrode, but if the concentrations of the
solutions of their salts are different, electrochemical cell is formed which is called concen-
tration cell. e.g. © Fe(s) | Fe?* (0.6M) Il Fe** (0.8M) | Fe(s) @ is a concentration cell.

Electrolytic cell is the cell of opposite type of electrochemical cell. In the elecirolytic cell
the electrical energy is transformed to chemical energy. During electrolysis of acidic water,
hydrogen gas is obtained at the cathede and oxygen gas is obtained at the amode.

e The modern law as proposed afier the firat and secomd law of electrolysis by Michael
Faraday. “The mumber of moles of products obtained at the electrodes by axidation and reduction
half reacations, is related with the electrical quantity passing through cell according to their
stoichiometry.”
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® The quantity of electricity flowing by one mole electrons is called one Faraday which is
expressed by the symbol F. | Faraday (F) = 96487 = 96500 coulomb.

For clectric charge (Q) = dlectric current () % time ()

B Ixit
96500

The products obtained by electrolysis,
@ Viz. Na metal and Cl, gas are obtained by electrolysis of molten NaCl.

In electrolysis of concentrated NaCl between graphite electrodes, Cl, gas is obtained and
NaOH can be obtained in solution which is industrial production of NaOH.

Impure metal is taken as anode and the electrolysis is carried out in the solution of salt of

that metal, the metal can be refined and pure metal can be obtained on the cathode. The
noble metalz remain a8 anode mmd.

The electrolysis of aqueous solution of Na,S0O,, 1s in fact electrolysis of water.

@ The relation between Gibbs” free encrgy (G) and the potential of the clectrochemical cell
in which sponteneous reaction, can be be shown by the formula. AG°=-nFE°cm
To obtain equilibrium constant from AG® = —nFE’., = — RTInK_

@ The solid or liquid substances are of two types according to their elactrical conduction :
The substances which conduct electric current are called conductors and which do mot
conduct electric cutrent are called non-conductors (insulators).

@ The two types of conducting substances are (i) metallic conductors (ii) conduction of
electrical current by electrolytic solutions. It is necessary to bave the idea about electrical
registance in electrical conduction by electrolytic solutions, so that electrical conductivity can
be understood.

The resistance of any uniform conductor is directly proportional to its length (I) and inversely
proparﬁona]toitsar&aofaosssecﬁom(A).Ru% R=pi,pisﬂ1e.propmﬁonality
comstant which is called resistivity. It is also called specific resistance.

@ The SI unit of resistivity is Ohmmeter (€2 m). The reciprocal or resistance R is called

conductance
1 A A 1
OG=—=—=K— where. K=—
R pl 1 " o

The SI unit of comductance is Siamens expressed as S. It is expresed as ohm™, (ohm™! or
Q1) Mho (mbo or U). Specific conductance which is expressed by Greek letter K (Kappa)
is obtained by multiplying specific registivity by cell constant.
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Specific conductance (K) = observed conductance x cell constant. The S1 nnit of specific
conductance is Smtor Scm .

® The classification of conducting substance is carried out on the basis of the magnitudes of
the values of their conductance. (i) Good conductor (ii) Semiconductor (iii) Bad conductar
(msulator). The substances whose resistivity 18 zero and whose conductivity is very high are
called superconductors. The metals and non-metals are superconductors at 0 to 15 K
temperatare. The ceramic substances and mixed oxides are superconductors at 150 K tam-
perature.

® Jonic mobility and molar conductivity A_ = w where, K (Kappa) = Conductivity
C = molar concentration of solution. The unit of molar conductivity is mho ¢cm? mol™?, If
the concentration of solution is in normality or gram equivalent weight then, the unit of
equivalent conductivity is mho cm? gmequ.™.

“The conduction of electricity by a solution at a given concentration of solution between two

platinum electrodes at a distance of unit length having unit area of cross section is called
the conductivity of solution.”

®

Hencc,G=%=K (A and [ are in unit measure)

oy

® Molar conductivity Ae =2 = K where, ! = 1 and A = V (volume of solution of 1 mole
electrolyte) !
o A, =K-V

e The molar conductivity at infinite dilution is expresed as limiting molar conductivity .gm . The
law of Kahlransch regarding independent mobility of ions,” The value of molar conductivity
at infinite dilution (/{:m) of an ealectrolyte iz equal to the sum of molar conductivities at
infinite dilution of positive ion and negative ion (;.m"' + ;’.m_ ).

® In the utility of Kohlrausch’s law, the molar conductivity of weak electrolyte can be obtained
by addition or subtraction of molar conductivities of suitable strong electrolytes.

® Any battery is a source of obtaining electric current. The cells for industrial use are of two
types (i) primary which can not be regenerated or reproduced after a long use. (ii) Second-
ary cell which can be regenerated or reproduced when it has bacome dead after a long use.
Dry cell is a primary cell and storage cell is a secondary cell. Dry cell is also called
Leclanche cell. The reaction taking place in dry cell are.

Cathode : 2MnO,(s) + 2NH} (aq) + 2¢ —»Mn, 0, (s) + 2NH, (g) + H,O())

Anode : Zn(s)—>Zn* (aq) + 2e About 1.5 volt electric current is obtained by chemical
reaction.
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@ Mercury cell is also a primary cell whose cell potential is about 1.35 volt,

Storage cell : Lead storapge cell is a secondary cell The chemical reactions are :
Anode : Pb(s)+SO; (ag)—»PbSO,(s) + 26
Cathode : PbO,(s)+ SO} (aq) +2¢ + 4H" (ag—»PbSO, (s) + 2H,0(})

In this cell, about 2.0 volt electric current is produced during chemical reaction. Nickel
cadmivm storage cell can be used for a long time because it possesses long life.

Cd(s) + 2Ni(OH), (s) = CdO(s) + 2Ni(OH), + H,0

@ Electrical energy is produced only in one step from the heat of combustion produced by the
combustion of gaseous fuels. Such a cell is called fuel cell. Nowadays foel cells are used
because of less efficiency in production of clectricity by thermal power staton and to
prevent pollution due to it.

® A loss of billions of rupees occur due to metallic corrosion. Metallic corrosion is a redox
reaction in which the chemical reactions of electrochemical cell are taking place at anode
and cathode. Its prevention can be carried out by inhibitors or electroplating.

EXERCISE
1. Select the proper choice from the given mmltiple choices :
(1) Which reaction takes place in electrochemical cell ?
(A) Oxidation (B) Reduction (C) Redox (D) All the given
(2) Which of the following reactions is for Daniell cell ?
(A) Cu*(ag) + Fe(s) =Fe*(ag) + Cu(s)
(B) Za?(aq) + Mg(s) = Zn(s) + Mg>*(aq)
(©) Cu*(ag) + Zn(s) = Zno*(aq) + Cu(s)
(D) All the given reactions,
(3) Which cell differs from principle point of view?
(A) Storage cell (B) Electrolytic cell (C) Fuel Cell (D) Leclanche cell.
(4) Which phenomenon does not ocor in Daniell cell ?
(A) Increase in weight of plate of Cu.
(B) The conduction of electricity takes place by salt bridge.
(C) Increase in weight of plate of Zn.
(D) There is no change in colour of ZnSO, solution.
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(11

(12)

(13)

The electrochernical cell stops working after sometime, Why ?

(A) Increase of temperature

(B) The difference of cell potentials of both electrodes become zero.

(C) By reversing the direction of reaction taking place in the cell.

{D) Dupe to change in concentration

What is used for the measurement of accurate potential of electrochemical cell ?
(A) Galvanometer (B) Armmeter (C) Voltmeter (D) Potentiometer

If M, N, O, P and Q are in the increasing order of their standard potentials in standard
conditions of their standard half cells, then by combination of which two half cells maxinmm
cell potential will be obtained ?

(A) M and N @M and Q (COMand P ®)M and O
B, =
A B, ®) -E',, ©) —E%y ©) iy

‘What will be the symbolic representation of the cell for the given following reaction :
Fe(s) + Cd**(ag) = Fe?*(ag) + Cd(s)

(&) ©Fe(s) | BHIM) Il Cd(s) | Cd+(1M) @

@ © cd) | Cd2(AM) 1 Fe*(IM) | Fe(s) @

(© © cd(s) | (M) 1 Fe(s) | R (M) ©

M@ © Fez) | Fe*(IM) | CA2(IM) | Cd(a) ©

The solution of silver nitrate becomes colomred when pieces of nickel are added to solution
of silver nitrate because

(A) Nickel is oxidised B) Silver is oxidised
(C) Nickel is reduced (D) Silver is precipitated

The values of standard reduction potential of X, Y and Z metals are 0.34 V, 0.80 V and
—0.45 V. Menticn their order of strength as reducing agent

AWZ>Y>X ®Z>X>Y (©OX>Y>Z O)Y>Z>X

If one mole electrons are passed through solutions of MgSO,, AgNO, and AICl,, in what
mole ration the metals Mg, Ag and Al will be deposited at the electrodes ?

(AMl:1:1 @1:2:3 C2:1:3 MD3:6:2

What will be obtained at cathods and anode obtained respectively when elsctrolysis of
aqueous solution of concentrated NaCl, cut between graphite electrodes ?

(A) Cl, and Na metal (B) H, and O,
(©) Cl, and H, (D) H, and C,
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(14

(15)

(16)

17)

(18)

The resistance of any uniform conductor is

(A) in inverse proportion to its length

(B) in direct proportion to its length

(C) in the inverse proportion of the square of its arca of cross section
(D) in direct proporiton of the area of ita cross section.

Which is more corroded when the iron plates of steamers are commected with block of Zn
metal and kept in contact of sea water ?

(A) Iron (B) Zinc (C) Both (D) Neither of the metals
Which is the device nsed for measurement of electrical resistance ?

(A) Voltmeter (B) Wheatstone bridge

(C) Galvanometer (D) Ammeter

At which temperatures ceramic materials are known as superconductor ?
A OK (B) 200 K (C) 150 K D) 15 K
! = length, R = resistance, A = area of crogs section, then,

H A 1
(A) R“X (B)R“T (C)R°'=§ (D) R = IA

2. Answers the following question in brief :

1)
@
E)
4)
&)
©)
)
(8)
©
(10)
(1D
(12)
(13)

(14)

What is an electrochemical cell ?

Write the function of salt bridge 7

Write the names of the solation used for filling in salt bridge.

What is a gas electrode ? Describe any one of them.

Write definition of cell potemtial.

By which two instruments cell potential is determined ?

Write Nernst equation and on the basis of which rules it can be derived.
From which the value 0.059 is obtained in Nemst equation

What is concentration cell ?

In which parameters the values of E.,; and E’.,, become 0.0 volt.
Write usefulness of cell potential,

Write Faraday’s modemn law of electrolysis.

What will be the value of cell potential under the circumstances of concentration of anode
in concentration cell is more than concentration in cathode 7 What it will indicate ?

On which factors do the products obtained during electrolysis of aqueous solution of salt
depend ?
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as)
(16)
an
(18)
(19)

(20)

@n
(22)

23)

4
(25)
26)
27

(28)
(29)
(30)
(1)
(32)
(33)
(G4)

(35)

What is meant by primary and secondary cells ?
Write usefulness of electrolysis,

Writs the names of the chemicals used in dry cell.
Write names of catalysts nsed in hydrogen fuel cell.
Dry cell cannot be regenerated 7 Why ?

‘What fault is produced in the lead storage cell so that the production of electric current is
stopped ? Why ?

Write the principle of fuel cell.
Mention advantages of fuel cell.

The ring of silver hag fallen into ths solution of an acid ? Will there be reason to worry ?
Why ?

Can the solution of copper sulphate be filled in the bucket of aluminmm ? Why ?
What is emf serics 7
What will you observe with naked eye when the Daniell cell is operative ?

If 1.93 ampere currenf is passed from an electrical conductor. How many electrons will
pass through that point in one second ?

How electrical resistance is expressed and write a law pertaining to it ?

What is meant by specific conductivity ?

Write Kohlrausch's law.

Classify the conducting substances on the basis of their values of conductivity
What is indicated by /u\m =v, ;n++v. ;::,nr ?

What are called superconducting substances 7 Write the effect of temperature on it
Write reduction reaction of mwisture containing oxygen gas for comrosion of metal

Explain the terms ; *Sacrificial anode’ and ‘Inhibitors’.

3. Write answers of following questions :

)

)

What is electrochemical cell 7 Write equation of Daniell cell and mention anode and
cathode ?

Write the construction of salt bridge and explain its function.

108



€)
)
(5)

(&)

@
®)
©9)
(10}

(11)

12)

(13)

(14)

(15)
(16}
an
(18}
(15)

(20)

What is electrode ? Write its types and give one example of each.
What is emnf series ? Write the information available from it.

Write the reaction of the clectrochemical cell formed with the help of
Elytig = — 023 V, EoAs*'M = 0.80 and give aymbolic representation.

H, gas iz liberated by reaction of Fe with HCI, but H, gas iz not liberated when Cu reacts
with HC). Explain.

Write usefulness of cell potential

Write Nernst equation and explain the terms involved in it.

Write laws of Faraday for electrolysis.

Explain the clectrolysis of dilute aqueous solution of NaCl between graphite electrodes.

If 1.08 gram Ag is deposited on the cathode when 7.5 ampere current passed through
aqueous solution of AgNO, for 200 seconds, then calculate efficiency.
(Ag=108u,N=14u0= 16 u)

The electrolysis of aqueous solution of sodium sulphate is in fact the electrolysis of water.
Explain.

Explain Gibbs’ free energy and cell potential

Find the change in free energy and equilibrium constant of an electrochemical cell having
standard potentials, cell having

Bl 1g = 34 V and E°p 24 = - 045 V.

Explain resistivity and specific conductance.

Write the classification of cells which are industrially useful and give example.
Explain Lec Lanche cell.

Write methods of preventing corrosion.

Writs reactions of corrosion of irom.

Find the value of B of electrochemical cell.

Zxn(s) | Zn2*(0.6M) Il C&*(0.85M) | Cd(s).
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4. Write the answers of the following questions in detail :

1)

)

(3)

C)
(&)
®
@
@)
®)
(10)

an

(12)

(13)

Draw the labelled diagram of electrochemical cell based on the reaction
7n(s) + Agt(aq) = Zn**(ag) + Ag(s) and answer the following questions.
(i) Show the anode and the cathode and write the reactions on them

(ii}) Show the direction of flow of electrons

(iii) Carry ont symbolic reprazentation

What is electrolysis : Explain the electrolysis of aqueous solution of CuSO, betwsen graph-
ite electrodes.

Explain the ¢lectrolysis of aqueous solution of CuSO, by active electrode of Cu and write
its usefulness.

Write the Kohlrausch’s law of independent migration of ions and explain,
What is storage cell 7 Explain lead storage cell

What is fuel cell 7 Explain hydrogen fuel cell.

Explain metallic corroison.

Explain ionic mobility: Explain the factors on which it depends.

Explain in detail “Standard hydrogen gas electrode.”

Explain electrical conduction.

Explain molar conductivity and also explain the effect of changes in concentration ©m

Explain mercury and Ni-Cd cells
Calculate the following examples :

(1) By using the standard clectrode potentials pgiven below, construct the cell having
maxinmm and minimm potentials, write cell reactions and calculate equilibrium con-
stant.

E%p2+ip, = — 0.45 V, E? = 0.80 V, B, 2+),, = - 237 V.

Ag' 1Ag Mg IMg
(2) Find the value of cell potential of the following cells at 298 K temperature
() © cd 1 C#0.02M) | H*OM) | % H,(l bar)1 Pt ®
®) © Mg | Mg2+(0.18M) 1| Ag*(0.01M) | Ag(s) ®

© © Al | AP*©0.25M) || Zn?*©.15M) | Zn(s) @

110



(3) The values of standard poientials of the half cells, Sn** | Sn and Ni* INi are —0.14
V and —0.23 V respectively. Calculate the equilibrium constent at 298 K temperature.

(4) The cell potential of the given following cell is 0.52 V at 298 K temperature, calculate
the pH of HC1 solution (E°, 2+, = 0.34 V)

© Pt | Hy(lbar) | HC1 (M) || Cu®*(0.02M) | Cu(s) ©.

(5) The potential of the given following cell is 0.586 V at 298K tempexature, calculate
the ionic prodoct (K ) of water.

Op| H,(1 bar) | NaOH (0.01M) || HC] (0.01M) | H, (1 bar) | pt ®

(6) How many grams of Cu and what volume of O, gas will be obtained if 18.4 ampere
electric current is passed through the electrolytic cell of CuSO, for 1 hour and 42
minutes betwean graphite electrodes at 298 K temperature and 1 bar pressure ?
(Cu = 63.5u O = 16u)

(7) How many amperes of current should be passed when aqueous solutoin of Na,SO,
is electrolysed between graphite electrodes at 300 K temperature so, that
250 ml min™! O, gas is obtained under 1.0 bar pressure.

(8) How many spoons can be electroplatad by silver when 5 ampere current is passed
through electrolytic cell of AgNO, for 2.7 hours ? 0.01 gram Ag layer is deposited
on cach spoon (Ag = 108 u).

(9) For how much time 48 ampere current should be passed through 400 ml 0.04M
AgNO, solution during electrolysis so that Ag is completely deposited?

(10} How many grams of Cu will be obtained by passing 4.5 ampere curreat through 1 litre
0.6M CuCl, aqueous solution by dipping inert electrodes 7 What will be the change
in concentration ?
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Unit
4

General Principles and Processes
of Isolation of Elements

4.1 Imtroduction

A few elements are available in free state in nature. Metal like copper, non-metals like carbon,
sulphur and inert gases like belium and other are available in free form in nature. Many more metals
and non-metals other than theze are available naturally in combined form in the crust of the earth. Asa
you know, that metals being important in our everyday life, they can be obtained in the form of metal
from their compounds. For this, processes like extraction, isolation involving physico-chemical principles
can be used to obtain metal. This total process is known as ‘metallurgy’ The methods developed and
used to obtain metals are based on the economical and indwostrial aspects. Some principles to obtain
clements are same, even then, some special methods are developed depending on the nature of the ore.

Mingral is the substance available in nature, which is presemt in the crust of the carth and is
being dug out, All the minerals available are not usefyl for obtaining metal because very legs amount
of metal is available from them. The mineral from which metals can be obtained in pood proportion is
called ore. e.g. It i3 not practical to obtain almminium from aluminogilicate but it can be obtained in good
proportion from its mineral bauxite. There may not be only the element to be obtained being present but
undesirable and certain earthly substances are present which can be called impurities. This is called
gangue. The main steps to obtain metal from the ore are as follows :

{1) Concentration of ore (2) Isolation of metal from concentrated ore (3) Purification (Refining)
of metal.

Thus, the total procedure to isolate metalz from their ares using scientific and indnstrial processes
is called ‘metallurgy’.

In this wmit, we shall study steps for effective concentration of ores, certain general principles of
metallurgy in which the thermodynamical and electrochemical aspects have been included as well az to
obtain metal by reduction.
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4.2 Occuxrrence of Metals

The abundance of different elements in the crust of the earth is different. In metals, the abun-
dance of aluminium is the highest. [ts place is third in the elements available from the carth’s crst. Tt
is about 8.3% by weight. Its chief minerals are mica and china clay. Some of the gem stones are impure
farms of AlO,. e.g. Ruby contasine Cr as impurity, sapphire contains Cd as impurity. The elernent
available at second place is iron. It is available in many combined forms and it i8 also very important
element, It is also present in combinad form in the haemoglobin present in blood in our body. We shall
gtudy in this unit, the extraction of metals like aluminium, copper, iron and zinc. Principal ores of
aluminium, copper iron and zinc metals are shown in table 4.1

1 Ores of some importamt metals
Metal Ore Composition proportion
Alumininm Bauxite AlO (OH); , where 0 < x < 1
Kaolinite (one type of china clay) [AL,(OH),Si,0,]
Copper Copper pyrites CuPeS,
Malachite CuCO, » Cu(OH),
Cuprite Cu,0
Copper glance Cu,S
Iron Haematite Fe,O4
Magnetite Fe 0O,
Siderite FeCO,
Iron pyrites FeS,
Zinc Zinc blende or ZnS
Sphalerite
Calamine ZnCO,
Zincite ZnO

The oxide mineral is preferably selected to obtain metal from ores because SO, gas evolved from
sulphide minerals causes pollution and their reduction is also difficult. So, bauxite for aluminium and
haematite for iron etc, oxides are used. For copper and zinc, the ores mentioned in table 4.1 and their
availability and the related factors are taken into consideration for the selection of ores. Before carrying
out concentration of ores, they are crushed or grinded so ¢hat they become of the required size of
particles.
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4.3 Concentration of Ores

As we have seen earlier, there are impurities in the ores. viz. sand, clay etc. To obtain ore by
removel of impurities as much as possible, is callad concentration. There are many steps. The selection
of these steps depends on the physical properties of the ore and the properties of the gangue. Two things
are important during the concentration of ores : (1) To obtain maximum concentrated form by proper
method. (2) The environment may not have any risk by the factors affecting the environment.

We shall understand one by one, all the four methods. (1) Hydraulic washing (2) Magnetic
separation (3) Froth Floatation method (4) Leaching.

(1) Hydraulic washing : In this method, the principle of relative density of ore and gangue is
involved so this method is also called relative dengity isolation. In such method, the are is taken in a
vessel and water flow is passed from the upper parts, so that the powdered are is washed and all the
light particles of the gangue are washed ont. Ore is finally collected

Grinded powder (2) Magnetic separation ; In this

method, the principle of magnetic properties
of the components of the oce is involved. If
any ono of the ores and the gangue possesses
magnetic attraction, then magnetic field can
be applied. Thus, the components attracted
by the magnet and not atiracted by the mag-
Magnetic net are separated. This method can be applied
particles to the ares of iran. As shown in figure 4.1,
the grinded powder like ore 13 placed on a
magnetic roller and magnetic field is applied.
Tig- b1 Mgt Tapicithi The magnetic roller is also called conveyor
belt which is placed on magnetic roller. As shown in figure 4.1 the components which are being attracted
are dragged towards the roller while the components which are not being attracted fall away from the
roller. Thus, concentration of ore can be carried cut by magnetic separation.

Air (3) Froth Floatation method : This
method is mostly used for the ores containing
sulphide. The are is grinded and brought into
powder form and then suspended in water.
Substances which can produce froth and
concentrate the ore are added to it. viz
substances like pine ail, fatty acids, xanthates,
turpentine etc. arc added as the substances
wi| Ore + Water + U0 collect the ore. As they do not mix with
‘| Turpentine  water, they keep the are concentrated and

moistureless. In addition froth stabilisers like

cresol, aniline are also added The particles

of the mimeral are wetied by substances like
Fig. 4.2 Froth floatation method pine oil and the particles of the gangue are

Froth contsin-
img salphide

— Clay, samd
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wetted by water. As shown in figure 4.2 air is introduced in the mixture. As a result the solution gets
agitated and the particles of the ore are carmried on the upper part by the light froth produced. As this
froth is light it is takem out by sieves skimmed off from the upper part and it is heated to obtain
patrticles of ore. The remaining impurities remain suspended in the solution containing water. Some
times two ores containing sulphide can also be scparated. For this, the proportion of oil and water is
properly selected and some depressants are used. viz, If NaCN is added as depressant to the ore
containing ZnS and PbS, then PbS, skims off on the upper part with the froth and ZaS does not come
with the froth. The reason for this may be the formation of complex - Na,[Zn(CN),] soluble in water
from the insoluble ZnS in water.

{4) Leaching : This method is wsed when the ore ig soluble in some suitable solvent. This method can
be understood by the following illustrations.

(A) Leaching of Alumina from Bauxite : As you know bauxite is the ore of alurminium which is
leaching of alumina from bauxite. We shall study further in this unit.

(B) The second example of leaching is metallurgy of silver and gold. In this, leaching of silver by
NaCN and leaching of gold by KCN in presence of oxygen ig carried out. The metals are obtained in
displaced form by the reactions as shown below :

4M(s) + 8CN™(aq) + 2H,0() + O, (g) —> [4M(CN), 1™ (aq) + 40H ™ (aq)
(where M = Silver or Gold)
2[M(CN), ™ (aq) + Zn(s) = [Za(CN), 1% (aq) + 2M(s)

4.4 Extraction of Crude Metal from the Concentrated Ore

The metal to be obtained is in the ionic form of the compound of concentrated ore, so that they
can be obtained by reduction. But for this, the concentrated ore has to be converied into the suitable
form so that it can be reduced. viz. Sulphide ore can be reduced only afier it being converted to oxide
form of ore; because the reduction of oxide is easier. Steps to obtain metal from the ore can be divided
mto two parts :

{1) Conversion to oxide (2) Reduction of oxide to metal

(1) Conversion to oxide : For this, two reactions have to be carried out. (i) Calcination
(ii) Roasting.

{i) Calcination : The ore is heated very strongly during calcination, so that all volatile substances
are removed and metal oxide is left out. e.g.

Fe,0,°XH,0(s) = Fe,0,(s) + XH,0(g)
ZnCO,(8) — ZnO(s) + CO, (@)

CaCOy*MgCO4(s) — CaO(s) + MgO(s) + 2CO,(®)
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(li) Roasting : As shown in figure 4.3, the ore is heated below the melting point of the metal
in a reverberatory furnace by infroducing air continuously. The roasting of sulphide containing ore takes
places according to the following reactions :
2PbS(8) + 30,(x) — 2PHO(8) + 250,(»)
2ZnS(s) + 30,(g) — 2Zn0O(s) + 250,(g)
2Cu,S8(s) + 30,(2) — 2Cu,0(s) + 250,(g)

If the ore of copper is

Charge containing sulphide then it is heated in

reverberatory furnace. If the ore is
ircen containing, then silica is added to
it before heating so that iron oxide
combines with silica and forms iron
silicate (FeSi0,). It is kmown as slag.

Alr and ol pe0(g) + SiOLs) _A, FeSiO(s)

Charge

-----------

Similarly, copper metal forms
one mixed substance which is
a mixture of Cu,S and ReS. It is called
“Matte”. SO, gas produced can be
used in the manufacture of sulphuric
acid.

(2) Reduction of Oxide of Ore to metal : During reduction reaction suitable reducing agemt
( viz. C or CO or any other metal) is used with the are. Reducing agent like carbon combines with oxide
of metal and reduces the metal oxide giving metal. viz.

M0, + yC — 1M + yCO

Metal oxides can be reduced easily or with difficulty depending upom their stabilities. In the case
of oxides which are easily reducible, common reducing agents are used and metal can be obtained by
reduction. e.g. Fe metal from Fe,O,. But the reduction of stable oxides like AlLO, is possible by
accepting the ¢lectrons. You know that acceptance of receiving of electron is the reduction reaction
Thus, the reduction reaction by accepting electron is called electronation. Heat is required during both
the types of reduction reactions. To undesstand these phenomena explanation about principles, functions
etc. of thermodynamics is essential. We shall study this in detail in point no 4.5.

Faor understanding the thermal reduction, the necessary changes in temperature, and which substance
will be suitable for reduction reaction of metal oxide, the calculation of Gibbs® free energy and its
interpretation is necessary. The study of metallurgy with changes in temperatvre is called
“Pyrometallurgy”,

4,5 Thermodynamic Principles of Metallurgy

It is essential to have information about certain basic principles of thermodynamics. You are
familiar with the terms like chemical equilibrinm, equilibriom constant, Gibbs' free energy, entropy,
enthalpy etc. From these, the understanding about equilibrium constant, Gibbs® free energy etc. will be
useful here.

Fig. 43 Reverberntory farnace
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You heve learnt Gibbs-Helmholtz equation AG = AH = TAS, where AG is the change in free
energy. AH is change in enthalpy and AS is the change in entropy and T is the temperature in Kelvin
unit. You have also leamt the other important relation AG" = — RT/nK, where K = equilibrium constant,
R = Gas constant and AGC is standard free encrgy change. Three valuecs of AG® can be possible-
positive, zero and negative. If the value of AG? is positive, then the reaction will not be sponatenous.
If it is zero, reaction will be equilibrium state and if it is negative reaction will be spontaneous. Also the
values of K can be <1, O and >1. If the value of K is < 1, then the proportion of products will be less
in comparison to reactants ie. product obtained will be less. If it is one, then equilibrium will be there
ie. both reactants and products will be in same proportion. If it is greater then 1 the proportion of
product obtained will be more. In addition (o this, Le Chatelicr’s principle also plays an ingportant role.

As we have secn, the negative value of AG will lead the reaction to products. In the equation
AG = AH — TAS, if the value of temperature T is increased, the value of AS will increase. Consequently,
the product TAS will also increase, so that AH — TAS or AG will become negative and so the reaction
will go towards praduct.

The value of AG? is constant at definite temperature and so in the process, after mixing reactants
and products the factors like concentration, temperature, pressure, affecting the reaction should be so
arranged that the value of AG becomes negative. If it happens so, the reaction will become spontancous
in the direction towards products. Scientist H. J. T. Ellingham had studied the relations by plotting graphs
of AG? versus T, and so these graphs are kmown as Ellingham diagrams. They are useful but have
certain limitations also. We will not study it in detail here.

When reducing agent takes part in the reaction, then ity oxide is formed and metal oxide gets
reduced. The function of reducing agent is to make the value of AG? negative. Thus, free energy change
of oxidation-rednction reaction should be zero.

On the basis of the thermodynamic principles associated with obtaining metal, it can be said that
increase in temperature will lead to negative value of AG®. Hence the redox reaction should be such
that the value of AGP obtained will be negative. But increase in temperature is harmful for exotherrmic
reaction but can be advantageous for endothermic reaction. In the end, it should be kept in mind that
the reducing agent sbould be such that its reductioa reaction with metal oxide shonld be as spontanesous
as possible. i.e. it gives maximum negative value of AG® and the efficiency of metal oxide reduction can
be more. Thus, we can decide about the use of carbon, carbon monoxide, or any metal for the reduction
and so the product obtained will be more or metal obtained will be more. In short, the selection of the
reducing agent will depend on the magnitude of the negative value of AG®. We have studied in the mnit
of equilibrium that to obtain maximum product the value of equilibrium constant K shounld be as high as
possible and the corresponding values of free enexgy change shonld be as less as possible so that the
process will be advantageous. Hence, we can have combination of iemperature, pressure, reducing agent
in such a manner that the ‘optimum’ state can be formulated and maxivmm product, i.e. maximum
amount of metal, can be obtained by redunction. Such thermodynamical principles are also called physico-
chermical principles.

4.6 Electrochemical Principles of Metallurgy
We have earlier leamnt, the principles of thermodynarmics, in obtaining metals from their oxides
during pyrometallurgy. In addition to this, the principles of electrochemistry can be useful for reduction

of metal ions present in the aqueous solutions or in molten states. For this electrolysis, or addition of
some other metal (comsidering their reduction potentials) and ions of the metals can be reduced and
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metals can be obtained. Metal can be obtained by reduction reaction during electrolysis of molten salts,
in which electrochernical principles are involved. We have studied some equations viz,

AG® = AH*-TAS?, AG® = -RThK

AG® = - nFE and E = ST pK

From these, if we think of the equation combining thermodynamics and electrochemistry, then the
equation AG® = —nFE? is useful; where n is the number of electrons associated with the reaction,
F = value of Faraday = 96500 coulomb, E° is the standard reduction potential of the complete cell of
the redox reaction and it is the difference between standard reduction potentials of the two metals and
AG® = standard frec energy change. The oxidation potentials of the electrodes doing reactions will be
very high and positive, 3o their reduction potentials will be very low and negative and so their reduction
will be very difficult. But if the value of E? is positive, the valne of AG? will be negative and so the
reaction will be spontaneous. Hence, if active metal is added, into the solutions of ions of the metal
which is less active, the metal ions from the solution will be reduced and converted to metal- forrm and
the added metal will be obtained as ions in the solution. viz,

Cu?®*(aq) + Fe(s)—>Cu(s) + Fe** (aq)

Activity : Prepare solution of copper sulphate in the laboratory. Place the iron nails in this
golution. After two hours, observe what has happenad ? The blue colour of the solution will become light
blue coloured and red particles will be deposited on the iron nails. This cbservation is of the reaction
shown above; then explain which metal is oxidised, which metal is reduced, which ions from the solution
arc reduced and which ions have gome into solution by oxidation. If you have studied the umnit on
electrochemiatry, calculate By of the reaction and calculate the value of AG? from its value and prove
the use of electrochermistry in metalllurgy.

Also, you do the experiment in reverse form. Place a strip of copper metal in the solution of
FeSO,. What happens? Explain. Give reason, This type of experiment is included in your practical book.

In electrolysis, you have studied that metal ions from the solution are deposited on cathode.
Always reduction will occur at cathode. For thig reduction, the electrons of the cathode have entered,
metal ions receive them and metal is obtained from metal ions. Generally, cathode of any metal can be
used because the metal is to be deposited on the cathode. Cathode does not dissolve, but will not allow
the impurities to cnter, inert cathode or the cathode prepared of the metal to be obtained is advisable
for use. We shall discuss this in detail in the point of metal refining.

The electrolyziz of molten solid can be carried out as ahove but if the melting point of malten soild
is very high, same substances are added to bring it down which is kmown as flux and so electrolysis can
be carried out at lower temperature. Cryolite (Na,AlF,) ar calcium fluoride (CaF,) is added in the
process of obtaining Al from Al,O,. We shall study this in detail in the extraction of aluminigm retal.

4.7 Oxidation-Reduction

You have gtmdied the diffarent definitions of oxidation and redunction. We shall stady here one
of these definitions. Oxidation means loss of electron and reduction means gain of electrons. Formation
of metal ions from metal by loss of electron is oxidation reaction and formation of metal from metal ions
by pain of electron is reduction reaction. This method is mostly for non-metals. We shall stody the
following reactions which is the reaction to obtain chlorine from sea water (brine).

2Cl1 (aq) + 2ZH,O(!)=—>20H (aq) + H,(g) + Cl,{g)
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The value of AG® is + 422 kJ for this reaction if we calculate the value of E® from this by the
equation AG® = —nFEC then, its value obtained is —2.186 V. As we have studied earlier, the value of E°
being negative, the reaction will not occur in forward direction. Hence, if we apply external e.m.f. higher
than —2.186 V, then the reaction will occur and Cl, gas will be obtained on anode and NaOH will remain
in solation because H, will be obtained as gas at cathode. Formation of Cl, from CI” ions is oxidation
reaction and will occur at anode. Suppose we electrolyse molten NaCl, then Cl, will be obtained on
anode and Na metal will be obtained on cathode and NaOH will not be obtained in solution. As seen
earlier in leaching sodium cyanide (NaCN) is used to obtain gold and silver. Formation of Ag* from Ag
and Au* from Au are oxidation reactions. Hence, cyanide complex ions of gold and silver- [Au(CN),]™
and [Ag(CN),]™ complex ions will be obtained respectively. It can be reduced by zinc metal and so gold
and silver metals can be obtained viz.

4Au(s) + 8CN"(aq) + 2H,0(@) + O, (g)—> 4[Au(CN), " (ag) + 4OH " (ag)
4Ag(s) + BCN™ (2q) + 2H,0(1) + O, (g)—> 4[Ag(CN), T (ag) + 40H ™ (ag)
and then,

2[Au(CN),]"(ag) + Za(s) —> 2Au(s) + [Za(CN), 1> (ag)

2[A(CNY,]” (ag) + Za(s) —> 2Ag(s) + [Zn(CN), 1" (aq)
Zinc acts as reducing agent in above reactions.

4.8 Reflning of Impure Meials

There is & possibility to have impurity in the metals obtained by any of the methods or processes
discussed earlier. Hence, to obtain very pure metals, their refining can be carried out and refining as high
as possible can be obtained. For thiz, the methods used for refining are applied after caking into
consideration the propertieg of the metal, impurities present in it etc. some of these are listed below :

(1) Distillation {2) Liquation (3) Electralysis
(4) Zone refming (5) Vapour phase refining (6) Chromatographic methods

(1) Distillation : This refining method is used for metals like zinc and mercury which have
comparatively low melting points. The vapours obtained by distillation of impure metals, is cooled and
the metal is obtained The pressure is to be reduced for distillation of metal like mercury. Low
pressure can be achieved by vaccum distillation method.

(2) Liguation : This method iz used for the refining of metals like tin which have low melting
points, For this, the impuyre metal is passed over a hot slopping surface, 50 that the pure metal having
low melting point iz obtainad from the impurities which are melting at higher temperatures. The
temperature of slopping surface can be adjusted.

(3) Electrolysis : In this, the impure metal ic made anode and the gririp of pure metal is made
cathode. Now, these two electrodes are dipped in the aqueous solution of proper salt. If suitable
electric current is passed in the solution, electrolysis takes place and pure metal is deposited on the
cathode and the impure metal on the anode undergoes oxidation and enters imto the solution as ioms.
Some noble metals are collected near the anode in the form of mmd which is called anodic mud. In
this method, the principle of electrochemiatry is involved You have earlier stmdied about standard
potential of cell (BE%) and free energy change (AG). Hence, if the reduction potential is high, the ions
in the solution are reduced and deposited as pure metal on the cathode. The impure metal at the
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anode, enters into the soluibion as ions by oxidation reaction. If suitable potential is adjusted then
amount of the metal obtained is directly proportional to the quantity of the electricity passed. Yon have
smdied this in the first law of Faraday's laws of electrolysis.
Anode : M(s)=—»M™ (aq) +mne”
Cathode : M"™ (aq) +ue” —>M(3)
The refining of impure copper is carried out by this method in which the reactions take place as
follows :
Anode : Cu(®)—»Cu**(ag) +2¢
Cathode : Cu®*(aq) +2¢ = Cu(s)
combining both the reactions.
Cu(s) (Impure) — Cu(s) (Pure)
Thus, pure copper metal is obtained from impure metal Metal like zinc can also be obtained
in pure form by this method
(4) Zone Refining : Semimetals like silicon and germanium can be refined by this method. The
principle of this method is that, the impurities of some metals are more soluble in molten state but is less
soluble in solid state. This principle is wsed in the zone refining method.

In this method spherical mobile heater
.I.I. is fixed at cne end of the cylinder of impure
semimetal. As shown in figure 4.4, the

molten zone is advanced further with the
heater. As the heater advances further, the

Noble gas atmnsphere

Metal Indutiom-coilheaters

rod P ovina as shown  LDDUrE semimetal (clement) is separated from
Moalten molten fluid and the impurities advance
rone Fig. 44 Zooe refining process further with impure molten fluid. This method

is repeated and the heater is moved in ons direction only. It is cut in cylindrical form and removed The
vapourised semimetal gets cooled and obtained in pure form. The inert gas atmosphere is created with
inert gas kept in the cylinder so that there is no effect of air and heat. Very pure silicon required for
gemiconductors ie obtained by this method. In addition to this, metals/semimetals like germanium, baren,
gallium, and indiom are refined by this method,

{5) Vapour phase Refining : In this method, the impure metal is reacted with suitable substance
and its volatile compound is prepared which is in gaseous form and so can be collected in other vessel.
Then, thig volatile compound i decomposed so that pure metal is obtained and the by-product obtained
can be used again and can be reactad with impure metal. Thus, there are two aspects in the principle
of this methed : (1) To prepare volatile compound of the said metal with any other suitable substance
(2) The obtained volatile compound can be casily decomposed. If it happens so, it will be casy to obtain
metal. We shall see the refining of nickel. Imnpure nickel is reacted with hot flow of carbon monoxide
gas at 330-350 K temperature so that complex compound named nickel tetracarbonyl [Ni(CO),] is
formed. In thig, nickel metal combines directly with neutral ligand like carbonyl. If nickel carbonyl
compound obtained this way is heated at 450470 K temperature, it decomposes and pure nicle] metal
is obtained. Obtained carbon monoxide can be used again for the formation if nickel carbonyl from
impure nickel metal, so that the expenses will be less. This method was developed by scientist Mond
and so it is called Mond Carbonyl process.
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Similarly, metals like zirconium or titaniom can be refined by using Van Arkel method, By this
method, oxygen and nitrogen present in the form of impurics in the mctals like zirconium and titanium

can be removed. Impure metal is heated with iodine in an evacuoated vessel. The iodides of metal being
volatile, are changed into vapour.

Ze(s) + 2L, (£)—> Z:1, ()
Ti(s) + 21, @) —>Til, ()

The metal iodides obtained in this way are beated electrically on tungsten filament at 1800 K
temperature 3o that they are decomposed and the pure metal is deposited on the wire.

Zi, (g)—>Zx(s) + 2L, (g)
Til, (g) —Ti(s) + 20, (g)

(6) Chromatographic method : In this method, the principle of adsorption is imvaolved. The
adsorption order or efficiency of different metal jons on any one adsorbent is different. Hence, if the
mixture of any metal ions is passed over any suitable solid adsorbent, the components (ions) in the
mixture are adsorbed in different parts of the adsorbent. These adsorbed parts in the adsorbent are
separated and obtained by suitable eluent because that ion or substance becomnes soluble in that eluent
You will study in detail about adsoxption in the unit of surface phenomena. Solid like Al,O,, paper like
filter paper or any suitable inert gas can be vsed as adsorbent. If solid substance like AL O, is vsed then
it ig filled in a glass mbe and it can be nsed; so that the glass ube will become one columm and so this
chromatography is called colwnn chromatography. If we cut filter paper strip and carry out separation
of metal icus by suitable solvent om it, it is called paper chromstography. If on any suitable support,
gaseous substance is used and separation is carried out, it is called gas chromatorgaphy. Demonstration
experiments on adsorption and paper chromatography are included in your practicals book. Do it as an
activity, with the belp of the teacher. You will experience how interesting, nice, pleasant and irmovative
science is ! Some dyez, catioms, amions etc. can be separated by switable chromatographic method

4.9 Extraction of Almminium (Al), Copper (Cu), Iron (Fe) and Zinc (Zn) Metals
(1) Extraction of Aluminium : The extraction of Aluminivm can be divided into two parts :
(A) To obtain pure alumina (AL O,) from ore (bauxite )
(B) To obtain aluminium metal by reduction of alamina.

(A) To obtain pure slumine from ore (bauxite) : Bauxite is one of the principal minerals of
aluminium from which aluminium is obtained. Silica (Si0,), oxides of iron and titanium dioxide (TiO,)
are as impurities in impure bauxite. As seen earlicr, the mineral bauxite is grinded and converted to small
particles. Afterwards it iz digested with 6 to 8% concentrated NaOH solution at 473 - 523 K temperature
and 35 - 36 bar pressure, Because of this reaction amphoteric oxide ALO, reacts with base like NaOH
and soluble hydrated sodium aluminate complex Na[AKOH),] is formed which we express as sodium
tetrahydro aluminate (IIT) according to IUPAC. The remaining components also dissolve in sodinm
hydroxide and form scluble sodium silicate but hydroxides of iron and titatnium being insoluble get
precipitated.
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Al,O,(s) + 2NaOH(aq) +3H,0(/) —» 2Na[ALOH), 1(aq)
By filtering the solution, sodinm alumminate is obtained in solution. By neutralising the solution by passimg CO,
gas, hydrated AL, O, pete precipitated. At this stage, frechly prepared  precipitatez of Al,O, or AHOH), are
added which create induced effect in precipitation of AL O, from solution.

INa[AI(OH), Xaq) + 2C0, (g) —»Al, 05 °XH,0(s) + 2NaHCO, (aq)

Sodium gilicate remains in soludon. Insoluble hydrated alumina is  filtered. On heating it at 1470 K
temperature, pure aluming is obtained.

AL, +XH,0(s) — 470K _ A1,0,(s) + XH,0()

(B) To obtain pure aluminimm from alhimina : Al,O, does mot conduct electricity and it
mehling point is very high; so that electric current can flow before getting pure aluminium metal and
aluminium meatal can be obtained
on cathode by electrolysis. Hence,
substances like cryolits (Na,AlF,) or
CaF, are added to AL, O,. Hence, as
studied earlier the physico chemical
principles of thermo-dynamics are used
go that the systemn formed is such that
the value of AG? becomes more
negative. This mixture is taken into an
Molten aluminium iron vessel in which there is layer of
graphite on the inner side and it works
as cathode. As shown in figurc 4.5,
carbon anodes are used and the molten ALO, + Na,AlF, mixture is taken as electrolyte. For this, high
temperature is to be maintained. Aluminium metal is obtained on graphite cathode by reduction. It is
being in molten state at high temperature of the cell, aluminium comes out in the liquid form from the
hole in the lower part of the cell. On cooling, aluminiurn metal is obtained in solid forrn. Thus, carbon
of graphite functions as reducing agent.

2A1,0,(8) + 3C{(s)—>4Al(s) + 3CO,(g)

This method was discovered independently by scientists Hall and Hercult and so it is known as
Hall-Heroult process. Oxygen liberated from Al,O, at anodes reacts with anode becanse amode is
made up of carbon and temperature is high, so carbon monoxide (CO) and carbon dioxide (CO,) are
formed.

Cuarbon smode Copper

Iromvessel

Fig. 4.5 Electrolytic cell for extraction of sluminivm metal

Reactlon at cathode : AP() +3c=—> Al()
Reaction at smode : C(s)+ O (Molten sal)—>CO(g) + 2¢~
C(s) + 20*" (Molten salt)—>CO,(g) + 4e~

Thus, catbon of the anode is used up or gets corroded. According to one estimate 0.5 kilogram
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carbon is cotroded or used up for 1 klogram sluminivm produced. Hence, the anodes of carbon are to

be changed frequently. The production of alumina at the international level is about 100 million tons, India
is producing about 1 million ton.

Uses of Aluminium : As aluominium is a light metal, it is used in the preparation of paris of
aeroplane, household vessels, parts of cars for race. As it is good conductor of electricity, it was used
in the electric wires. At present, its use has diminishad. It can be used as reducing agent and metals
like chromium manganese, are obtained from oxides of these metals. Alum is its important and useful
compound. It also forms alloys like duralumin, magnalium, almico and aluminium bronze are used
in preparation of parts of the acroplancs, parts of scientific balances, coinage, ete. Its thin sheets are
used in cigarette cases, to keep hot substance hot and in packaging for the things instead of packaging
by papers.

(2) Extraction of copper : For the extraction of copper, copper pyrites (CuFeS,) is used even
when many ores of copper are available, Copper available in free state, is obtained as copper metal by
removal of the inmpurities exisiting with it. By this method, about 5% copper metal is obtained. If the ore
is in carhonate or oxide form, it is heated with suitable reducing agent in fire farnace. Then it is heated
with coke and sand so that copper metal is obtained by reduction of oxide; But if the ore is sulphide,
it is not reduced directly as seen earlier and so it i3 to be converted to oxide. Sulpbur dioxide gas
produced during this reaction, causes pollution in atmosphere. Wet metallurgical process is used for
pyrites ores of lower grade;, while dry metallurgical process is used for the higher grade of pyrite ores.
As copper has more atiraction for sulphur, its reduction is difficult. With (he increase in terperature, this
attraction also increases. Iron has got more attraction for oxygen. Dry metallurgical method can be
divided into five steps : (i) Concentration (ii) Roasting (iii) Smelting (iv) Bessemerization (v) Refining.

(i) Concentration : About 2% copper is present in copper sulphide minerals available in nature,
Froth floatation process is used for concentration of ore (Hecollect : As studied earlier froth floatation
process is used for comcentration of solphide ores). The grinded mineral is suspended in water and
turpentine oil ar cryolite oil is added to it. Then air iz blown into it, so that oil sticks to the mineral and
with the bubbles of the air it is collected as froth on the nupper part and the impurities as well as waste
is collected at the botom. The froth is skimmed off with sieves. By concentrating in this way, about 25%
copper containing ore is obtained.

(ii) Roasting : The ore obtained by froth floatation method is roasted in air so that moisture as
steam, sulphur and arsenic as their oxides i.e., sulphur dioxide and arsenicus oxide are removed because
of high temperature. During roasting, until iron sulphide is not converted into iron oxide, cuprous sulphide
is not converted to its oxide.

2CuFeS, (8) + 40, (g) —> Cu,S(s) + 2FeO(s) + 380,(g)

(iii) Smelting : The mixture obtained by roasting is smelted with sand (Si0,) in blast furnace so
that sand and iron oxide combine to form iron silicate (FeSiO,) which is called slag. As it is light it floats
on the mixture and so it is repeatedly removed. This iron oxide is removed as slag during the smelting,

2FeS(3) + 30, (g) —> 2Fe0(s) + 280, (g)

FeO(s) + SiO, (5)—>FeSi0, (s)
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If cuprous oxide is formed with cuprous sulphide during roasting is converted to cuprous sulphide.

Cu,0(8) + FeS(s)—> Cu,5(s) + FeO(s)

PeO obtained this way can be removed as slag. Then, mixture of iron sulphide (FeS) and curpous
sulphide (Cu,S) is seen there which is called matte. As it is heavy, it seftles at the bottom of the vesgel
and the light slag of iron silicate - remains floating, so it is easy to remove it.

(iv) Bessemerisation : The iron left out in
the mixture is removed in Bessemerisation process.
For this the fluid (mixture) obtained by smelting is
poured in Bessemer’s converter and required amount
of sand is added. Then the converter is kept in
vertical position as shown fignre 4.6. Air at high
pressure is introduced into it, so that iron sulphide is
converted to iron oxide which combine with sand
and form iron silicate (slag).

2FeS(8) + 30, (g) == 2Fe0(8) + 280, (g)

FeO(s) + Si0, (s)—>FeSi0, (3)

Fig. 4.6 Bessemerisation

During Bessemerigation, cuproug oxide is formed by oxidation of cuprous sulphide only after all
the iron sulphide is converted to iron oxide, When cuprous oxide is formed in the sufficient proportion,
introduction of air is stopped. Because of self oxidation between cuprous sulphide and cuprous oxide,
copper is ohtained in fluid state.

2Cn,8(8) + 30, (g) —>2Cu,0(s) + 280, (g)
Cu,S(g) + 2Cu,0{s)—>6Cu(s) + SO, (g)

Copper is8 taken out in fluid state, from the Bessemer converter. As this copper gets cold,
bubbles of sulphur dioxide gas from the fluid are evolved Hemce, it appears that blisters are there
on the surface of copper and is called blisier copper. This copper is about 95% pure. Mainly
impurities of sulphur and iron are present in it. Impuritiea like Zn, Si, As, Sb, Bi, An, Pt are present
in trace amounts.

(v) Refining :

(A) Thermal Refining : Blister copper is heated in presence of air in furnsce, go that volatile
oxides of As, Sb, etc. are removed Silicates of Fe, Bi, Zn etc. float as slag on copper, which are
removed. The remaining impurities lilke Ag, An, Pt, can not be removed. During this some cuprous
oxide is produced which dissolves in copper and so it becomes brittle. Hence, to stop this, powder
of coal is spread on the fuid copper amd the fluid is shaken with the freshly cut branches of
tree. Because of the heat of copper, destructive distillation of branches of wood produces gas like
methane. It reduces cuprous oxide to copper. Copper obtained this way is about 99.5% pure. It being
very strong, it is wsed for common uses.
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(B) Electrolysis : Copper obtained by thermal refining contains some impurities and g0 it is not
a good conductor of electricity. Noble metals lile Ag, An and Pt are present in it and 2o it ig advigsable
to obtain themn Hence electrolysis method is used for obtaining very pure copper. As shown in
Ggure 4.7, solution of copper sulphate in dilute sulphuric acid is takem as an electrolyte, in a vessel,
In this, small strips or rod of impure copper is dipped as the anode and strip of pure copper is dipped
as cathode. As the clectric current is passed through the solution, following reactions take place at
anode and cathode during electrolysis.

e
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% 7 7

é f?.'; 2 Impure Cu
414 |0

2 A g Cus0,

Pure Cu Acdic solution
Tank having Isyer of lead
Fig. 4.7 Electrolysis of copper
Anode :  Cu(s) (Impure) —> Cu?* (ag) + 2¢~ (Oxidation)

Cathode : Co®(ag) + 267 —> Cu(s) (Reduction)

Net reaction : Cu(s) (Impure)} — Cu(s) (Pure)

Thus, as long as electric current is passed copper of impure copper gets oxidised and entars into
the solution as copper ions and the copper ions of the solution are changed to copper metal by reduction
reaction which is deposited on the cathode. As noble metals like Ag, Au and Pt are not oxidised, they
are collected below the anode which is known as anode mud. Ag, Av and Pt metals cam be obtained
from it. The purity of copper obtained at the cathode is about 99.96 to 99.99%.

Uses of copper : Copper is used in preparation of elecirical appliances, tubes of boiler, sheet,
honsehold vessels, currency coing and algo it iz added to gold ornaments so that they become strong.
It is also used far obtaining metals like Ag and Au from their ions in the solutions of their salts, by
reduction. In addition to this, it is also used in preparation of many more alloys. Some of the known alloys
of copper are brass, bronze, german silver, Momnel metal, Bell metal, Delta metal, constantant, Muomntz
metal, phosphor bronze, aluminium bronze etc.

(3) Extraction of Iron mefal : From the ores of the iron, hacmatite (Fe,0,) is used to obtain
iron. There are three sieps for this.

(i) Ronsting and Calcination (ii) Reduction and amelting (iii) Refining.

(i) Roasting and Calcination : The oxide form ore containing iron is first roasted by beating with
gsome coal in a furnace, so that the volatile impurities like the moigture and carbon dioxide obtained due
to decomposition of carbonate are removed. Ferrous oxide is oxidised to ferric oxide which does
not combine with silica and doez not form slag, in the smelt. The mixtore in the furmace becomes porous,
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(ii) Reduction and smelting : The porous
mixture obtained by roasting is mixed with lime stone.
Coke, etc. are added into the blast furnace from the
upper part as shown in figure 4.8. Here, oxide is reduced
to iron metal. Thermodynamics is useful in understanding
the reactions occuring in blast furnace e.g. How carbon
monoxide formed from coke, carrics out redoction ?
Why such a furnace is selected ? The main function of
this farnace is to carry ont the following reactions :

FeO(s) + C(s) —>Fe@/7) + CO(@) 4.1)

The coke can camry ocut reduction directly. CO
gas is formed by combination of carbon with oxygen
available from FeO.

FeO(s) —>Fe(s) + %Oz(g) [AG (FeO, Fe)]  (4.2)

c@® + %0,@—»00(5) [AG(C,CO  (43)

Reaction 4.1 is obtained by computation of simple
reaction (4.2) and (4.3). Hence, the free energy change
of the reaction (A,G) will be as follows.

A.G = AG (C,CO) + AG (FeO, Fe) (4.4)

I the value of AG obtained is negative, then only the reaction will occur. Hence, from the study
of A/G and tanperature, the changes in A/G can be studied and the temperatures of the reactions
occurring in blast furmace can be controlled and the conditions can be so created that the reaction
occurs. You have studied in standard 10 that blast furnace is a very tall fuornace and there are different
temperatures at different heights in the fornace. At the temperatare 500-800 K (Range of low tempera-
mres in blast fumace) the reaction takeg place.

Fig. 48 Blast furnace

3Fe,0,(8) + CO(g)—>»2Fe40(8) + CO,(g)
Fe;0, (s) + CO(g)—>3Re0(s) + CO, ()
Fe,0;(s) + CO(g)—>2Fe0(s) + CO,(g)
At temperatures 900 - 1500 K, (Range of high tempezatures in blast furnace), following reactions
occur,
C(s) + CO,(gy—>2CO(®)
FeO(s) + CO(g)—>Fe(s) + CO,(g)
Calcium oxide obtained by the decomposition of lime stone combines with gilica which is the
impurity from the ore and forms slag which is removed as slag. Slag baing in molten condition, separates

from the iron. Hence, the reaction occurring at different temperatures in blast furnace can be shown
as below .
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(i) In the tomperature range of 500-900 K.

3Fe, 0, (8) + CO(g)—>2Fe,0,(s) + CO,(2)
(Oze)

Fe,0,(s) + CO(g)—»3Fe0(s) + CO,(g)

CaCO, (8)—»Ca0(s) + CO,(g)
(Limestone)

Ca0(s) + Si0, (8)—>CaSi0,(s)
Sy

(ii) At 1270 K temperature
FeO(s) + CO(g) —>Fe(s) + CO, (g)

C(8) + CO, (g)—>2CO(g)
{Cake)

FeO(s) + C(s) —> Fa(s) + CO(g)
(iii) Molten glag iz formed at 2170 K temperature.
(iv) At temperature higher than 2170 K, pig iron is formed.

Iron obtained from blast furnace contains 4% carbon and many impuritics, Alse, it contains S, P,
Si, Mn etc. in trace. It iz called pig iron. It can be casted into different shapes. Cast iron is different
from pig iron. Cast iron can be prepared by blowing hot air in the mixture of pig iron, iron scrap and coke.
The proportion of carbon in it is comparatively less (about 3%). It is bard and brittle.

(iii) Refining : Wrought iron or malleable iron is the purest form of general iron. Wrought iron is
prepared from cast iron in reverberatory furnace in which there is a layer of haematite. Haematite
changes carbon to carbon monoxide.

Fe, 0, () + 3C(s) —> 2Pe(s) + 3CO(g)

Limestone is added as a flux and is removed with oxidation of sulphur, silicon and phosphorus.
Metal is taken out of the furnace and passed through the rollers so that slag is removed and iron metal
is obtained.

Uses of Iron: The most important form of iron i3 cast iron which is used in stoves, rails of
railway, pipes of gutter, toys etc. because it can be casted. It is used in preparation of wronght iron and
steel. Wrought rom is used in preparation of anchors, wires, bolts, chaing, agricultural tools, etc. Steel
has many uvses. Diffexrent types of steel, having desirable propertiss can be prepared by mixing other
metals with iron. Steel containing nickel is used in ropes, automobile, parts of seroplanes,
pendnlums, measurement tap etc. Steel containing chromium is nsed in machines for cutting and grinding
and stainless steel is used in cycles, automobiles, vessels, pans etc.

(4) Extraction of Zinc : The ores of zinc are available in forms of oxide, carbonate and sulphide.
From these, the zinc sulphide ore is known as zinc blende. It is mostly used in obtaining zinc metal. Zinc
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metal can be obtained by reduction with carbon. This, extraction takes place in four different steps :
{i) Concentration (ii) Roasting (iii) Reduction (iv) Refining

(i) Concentration : As studied earlier, ZnS which is the sulphide containing ore of zinc, froth
floatation process is used for its concentration. It contains galena (lcad sulphide-PbS) sand etc. as the
impurities. It is grinded and converted to powder form. It is taken in a vessel and water is added to it.
Air is passed through after adding turpentine cil As zinc sulphide mineral is light it comes up with the
light froth obtained by bubbles of air, while other impurities remain in the solution or settle down. The
froth obtained by froth floatation process is frequently removed with sieves. Concentrated ore is col-
lected. If mineral is calamine, this method is not necessary becane the ore does not contain galena.

(ii) Roasting : Concentrated ore-ZnS or calamine is roasted in presence of air, so that it is
converted to oxide form ZnO. If the ore is ZnS, it becomes necessary to keep in mind that it is converted
to ZnQ» as nmch as possible otherwise it combines with liberated SO, gas and changes to zinc sulphate.

27n8(s) + 30,(g) A) 27n0(s) + 280, ()
If mineral is carbonate, ZnQ is obtained as follows ;

ZnCO4(s) 25 ZaO(s) + CO, (g)

Thus zinc oxide is obtained.

(iii) Reduction : Zinc oxide obtained by roasting is mixed with powder form coal or anthracite
coal and heated in the cylindrical retort which is made up of fire clay bricks; so strongly that it becomes
red hot. One end of the retort is closed and other retort is joined with the other open part so that it
works as a condensor and cools the vapour of zinc that is coming out. Many such retarts can be
connected in series. It is kept ben towards its mouth. When it is heated, carbon combines with oxygen
of zin¢ oxide and forms carbon monoxide. Carbon monoxide burns with a blae flame at the end of the
china clay tbe. After some time the flame becomes brighter which indicates that now the vepour of
metal has started forming, A small condensor which is prepared from iron and called as prolong or
nozzle. It is connected with the end of each of the china clay tube; so that zinc metal gets cooled and
collected in it. This metal is taken out and is casted into blocks. The zinc metal that we get on
commercial basis is called spelter.

Za0s) + C(s) -2 Zn(s) + COE)

In the distillate coming out in the beginning, impurity of cadmium is removed, becanse it can be

casily reduced and is more volatile than zinc.

(iv) Refining : Zinc obtained by reduction, which is called spelter contains impurities like Fe,
Al, As, Sb etc. which can be removed by repeated distillation. But zinc is reacted with dilute H,50,,
€0 a8 to obtain pure zinc. By this reaction solution of zinc sulphate is obtained. Intencive refining of thig
zinc sulphate is carried out. Cadmium is precipitated by zinc dust. Iron is converted to ferric state. Al,
Sb, and As are separated from solutions of suitable acidity. Afterwards, the solution is filtered out so that

128 Chemistry 12



T ——————————

pure zinc sulphate solution is obtained As seen sarlier in copper, hers also impure zinc is made anode
and pure zinc strip or rod is made cathode. The eleciralyte is zinc sulphate solution containing dilute
H,S0,. Reactions occurring at anode and cathode are as follows :

Anode : Zn(s) (Impure) —> Zn>* (aq) + 2¢~ (Oxidation)

Cathode : Zn?*(aq) + 26™—> Zn(s)+ 2¢~  (Reduction)

Net reaction : Zn{s) (Impure)—>Zn(s) (Pure)

Uses of zinc : Zinc is used in preparation of electrical cells, in electroplating of zinc and also in
palvaniging. It is used in certain alloys like brass, german zilver, in combination with copper. It i used
as zinc powder in reduction reactions. Metals like silver (Ag) and gold (Au) can be obtained from Ag*
or Au* ions containing solutions by reduction with zinc. It is also used for protection of metal from
carrozion by electroplating them on iron strips (galvanised iron).

SUMMARY

Metals and non-maetals are associated with luman life from very long time. viz. metals like
iron, copper, gald, mercury, and nom-metals like dioxygen and dinitrogen. We use these metals in
pure form or their alloys formed by metals combined with other substances. Many reactions and
processes are to be used before obtaining such metals.

Metals are mostly combined in their oxide, sulphide or carbonate compounds and very rare
cases the metals are in free form. Their proportions are different in the earth’s crust. The
substances which are obtained from earth’s crust or mines are called mineral. There can be mare
than one mineral for a particular metal. Same amount of metal or clement is not obtained from
each mineral. Hence, the part in which the maximom quantity and good quality metal can be
obtained is called are. viz. Haemetite far iron, banxite for aluminium, copper pyrites for copper
and zinc blende for zine.

The complete process to extract metal from ore is called metallurgy. In this mnit, we have
studied about the extraction of certain metals from their minerals or ores. The combined form of
metal alongwith impurities and earthly snbstances is called gangue. Three important stepg are
there to obtain metal from ore. (i) concentration of ore, (ii) isolation of metal from concentrated
ore and (iii) refining of metal. The abundance of alnminiom ore available from earth’s crust has
position three in the order of elements available from carth’s crust. The methods used for con-
centration of ores are developed after taking into consideration, impurities, etc., physico-chemrical
principles, physical and chemical properties of the metal as well as the matters which ghould not
be harmful to environment. Amongst the methods of concentration of ore are (1) hydraunlic
washing (2) magneteic separation (3) froth floatation method and (4) leaching. The principle of
bhydraulic washing is the relative density of gangue. Principle of magnetic attraction-repulsion is
involved in magnetic separation. In foth fleatation process, comceniration of sulphide ore by
producing artificially foam is carried out. In leaching, the principle of solubility of different solutes
in different solvents is involved.

Several steps are associated with extraction of crude metal from ore. viz. conversion to
oxide and reduction of oxide to metal. The steps which are followed for conversion into oxides
are (1) calcination (2) roasting - by which metal is obtained in oxide form. Some substances are
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added to remove certain substanceg viz, to remove irom oxide, sand (Silica) is added so that iron
silicate (FeSi0,) is obtained in slag form. As it ig light, it can be removed. The fumaces for such
finctions, farnaces like reverberatory furnace, fire furnace amd blast furnace are used.

After obtaining oxide of metals, they are reacted with suitable reducing agents and metals
are obtained. Carbon, coal, carbon monoxide, active metal etc. can be used as reducing agents.
Metallurgy studied with changes in temperatures is called pyrometallurgy. Reduction can also be
carried by electromg through electric current.

The study and information about the principles of thermodynamics, chemical equilibriam, Le
Chatelier’s principle, as well as the study of terms like free energy change, equilibrinom constant,
enthalpy, entropy ete. become very essential in the process of metallurgy. For any reaction to
result in products, the value of equilibrivm constant should be more than 1 and the corresponding
value of free encrgy change should be as negative as possible. Scientist Ellingham studied the
relations between free energy decrease (—~AG?) and it is known as Ellingham disgrams. The use
of phygico-chemical principles associated with metallurgy are explained in thig unit. Oxidation
means to lose electron which takes place at anode in the electrochemical cell and reduction means
to gain electran which takes place at cathode in the elactrochamical cell. Hence, impure metal can
be oxidised with the help of anode and pure metal is reduced from the solution by reduction and
pets deposited on the cathode viz, From anode of impure copper, pure copper can be oblained on
the cathode. The purity of the metal obtained by this method is almost 100%. Certain metals can
be convertad io their complex compound forms by addition of certain substances and can be
separated. Viz. reaction of metals like silver and gold with substance like sodium cyanide.

The following methods are used for refining of impure metals. (1) Distillation
(2) Liquation (3) Blectrolysis (4) Zone refining (5) Vapour phase refining.

Metal like mercury can be refined by distillation. Metal like tin can be refined by liquation
metal like copper can be refined by electrolysis, semimetal like gilicon can be refined by zone
refining method and metal like nickel can be converted to gaseous compound like nickel carbonyl
and then refined by vapour state method. Metals like zirconium and titanium can be refined by
Van Arkel method. The jons of some metals can be obtained in pure form by chromatographic
method and then metals of ions can be obtained by reduction.

In addition, the extractions of aluminium, copper, iron and zinc have been smdied in this unit.
This study can be shown as summary in the following table.

Sr. No. Ore Pure metal Method and iis name

1. | Bawmite (ALO,*XH,0) | Aluminium |Hall-Heroult method - by elecirolysis

2 Copper pyrites (CuFeS,) | Copper Thermal refining and electrolysis method
3 Haematitz (Fe,O,) Tron Use of blast furnace method
4, Zinc blende (ZnS) Zing Blectralysis method

In addition, in this unit, the uses of each metal, their alloys with other metals etc. are also
included. The products etc. obtained by extraction of metals and non- metals plays an important
role in the economic condition of the country.
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EXERCISE

1. Select the proper choice from the givem mmitiple choices :

¢y

2

E))

@

5

©)

Q)

(8)

®

(10)

Which is the ore of aluminium ?

(A) Bauxite (B) Haematite  (C) Copper pyrites (D) Zinc blende
‘Which is the ore of copper ?

(A) Bauxite (B) Haematite (C) Coppex pyrites (D) Zinc blende
Which is the ore of zinc ?

(A) Bauxite (B) Haematite (C) Copper pyrites (D) Zinc blende
Which is the ore of iron ?

(A) Bauxite (B) Haematite (C) Coppexr pyrites (D) Zinc blende
Which metal is refined by zone refining method ?

(A) Copper ®) Zinc () Silicon (D) Aluminium
Which metal is refined by electrolysis method 7

(A) Mercury (B) Zinc (C) Tin (D) Silicon
What it name of the method used in refining of aluminium?

(A) Van Arkel (B) Bessemerisation (C) Hall-Herault (D) Heitler-London
What is called the strongly heating of ore and converted to oxide ?

(A) Roasting (B) Distillation (C) Liquefaction (D) Electrolyzis
In which method do the ranges of temperature play an important role ?

(A) Electrolysis (B) Zone refining (C) Blast funace (D) Liquation
‘Which principle is involved in chromatographic separation ?

(A) Precipitation  (B) Hydration (C) Decomposition (D) Adsorption

2. Answer the following guestions in brief :

ey
)
)
0
&)

Explain the principle of zone refining method and show which metal can be refined by it.
Explain in detail roasting and calcination,

Describe the use of carbon and carbon monoxide as reducing agent.

Electrolyzgis ig a rednction method BExplain.

Write chemical reactions occurring in the different ranges of temperature in blast furnace.
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3. Write the answers in detail, of the following questions :

(1)
2
Q)
@
(5)

Describe in brief the methods for obtaining ore froan minexal.
Explain the use of physico-chemical principles in metallurgy.,
Describe Hall-Herault method.

Explain the electrolysis of impure copper.

Explain in detail, the zone refining method.

4. Write in detail, the answers of following questions :

1)
2)

3

@
&)

What is slag 7 Why is it required and in extraction of which metal it is used ?

Discuss the physico-chemical principles regarding cryollite and calcium fluoride used in Hall-
Heroult method.

Explain the terms giving suitable example-Roasting, Calcination, Refining, Electrolysis, Zone
refining,

Describe in detail the method to obtain pure alumina from bauxite.

Give reasons for the following phenomena :

(1) The anodes of carbon have to be changed in refining of aluminiom.

(2) Froth floatation method becomes inevitable for the ore containing sulphide.

(3) Fron oxide does not get reduced till there is presence of iron sulphide.

(4) Cryadllite is added in refining of aluminium.

(5) Inrefining of metaly like gold and silver, the solutions of their complex compounds are
used.




Unit
5
p-Block Elements 11

5.1 Introduction

We have studied in standard 11, that the last electron is filled in p-orbital in the elements of groups
13 ¢o 18. Hence, these elements are called p-block elements. The outermost electronic configuration of
these elements is ns?np!™® (Except He; Electromic configuration of He is 1s2). The properties of the
elements of p-block, depend on their atomic size, ionisation enthalpy, electron gain enthalpy and elec-
tronegativity. A large diversity is observed in properties of elements of p-block because of absence of
d-orbital in the second period and presence of d- ar/and f-orbitals in the electronic configuration of third
to seventh period. In addition, diversity is also observed because of the presence of metals, non-metals
and semimetal elements.

5.2 Elements of Group-15

Nitrogen, phosphorus, arsenic, antimony and bismmth are included in group 15. As the first
element of the group is nitrogen, it is also known as nitrogen groop. In any group if we move from
top to bottom, non-metal to sanimetal and then, increase in metallic properties is observed. Nitrogen and
phospheorus are non-metals, arsenic and antimony are semimetals and bismuth is a metal element.
Dinitrogen gas is present in air as 78 % by volume. Nitrogen slement from the earth's crust is obtainad
in the form of sodinm nitrate-NaNO, (Chile salt petre} and potassium nitrate-KNO, (Indian salt petre).
Phosphorus element is obtained from apatite minerals Cay(PO,) > CaX, (X = F, Cl, OH) eg.
fluorapatite Cag(PO,), ¢ CaF,. Phosphorus is the impartant component in the constitution of animals and
plants. It is present in living cell as well as in bones. Phospho-protein is present in eggs and milk. The
important atomic and physical properties of the elemenis of this group are shown in table 5.1
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Property N P As Sb Bi
Atomic number 7 15 33 51 83
Atomic mass 14.01 30.97 74.92 121.75 208.98
(g mol™)
Electronic configuration | [He2s?2p’ | [NeJ3s%3p® | [Ar]3d'%4e’4p” | [KeMd™5a?5p | [Xelf*5d"%s%6p’
Ionisation enthalpy  (I) | 1402 1012 47 834 703
(AH) (kI mol™) () | 2856 1903 1798 1595 1610

() | 4577 2910 2736 2443 2466

Electronegativity 30 2.1 2.0 L9 19
Covalent radius (pm) 70 110 121 141 148
Ionic radius (pm) 171 212 22 76 103
Melting Point (K) 63 317 1089 904 544
Boiling Point (K) 772 554 838 1860 1837
Density (g cm™?) 0.879 1.823 577 6.697 9,808
(295 K)

5.2.1 Electronic configuration, occurrence, oxidation states :

Electronic configuration : The electronic configuration of valence shell of elements of group
15 is ns?np’. As the s-crbitals of these elements are completely filled and p-orbitals are partially filled,

these elements are exceptionally stable.

Occaurrence : The chief minerals of the elenents of group-15 are shown in table 5.2

.. o e
ahkle 5§72 ()

Elements Structores of chief minerals and their names

Nitrogen Approximately 78% in the form of free gas in the earth’s atmosphere.
Approximately 17% in animal and plant proteins, NaNO, (Chile salt
petre); KNO, (Indian salt petre).

Phosphorus Approximately 60% Ca;(PO,), in bones and teeth, Cay(PO,), * CaF,
Fluorapatite; Cag(PO,)s * CaCl, Chlor aptatite; Cag(PO,), » Ca(OH),
Hydroxyapatite,

Arsenic As,S, -Riclger (Volcano regions); As,S,-Orpiment; FcAsS,
Arsenopyrites.

Antimony Sb,S,-Stibine; Sb,0,-Antimony ore.

Bismuth Bi,S,-Bismuthine; Bi,0,-Bismite; (Bi0),CO,-Bismmthspar.
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Oxidation State : The common oxidation states of elements of group-15 are -3, +3 and +5.
The tendency to show —3 oxidation state decreases as we go down the group because of increase
in the atomic size and metallic properties. Similarly the stability of +5 oxidation state also decreases
as we go down in the group. When nitrogen element reacts with axygen element, it shows +1 to +5

oxidation states. In certain oxoacids, phosphorus shows +1, +3, +4 and +5 oxidation states. The
oxidation states of elements of group 15 are gshown in table 5.3,

Table 5.3 Oxidation States of Elements of Group 15

Elements N P, As Sb Bi

Ozxidation states -3 to +5 -3, 43, +5 43, +5 +3

5.2.2 Periodicity in physical and chemical properties :

(1) Periodicity in physical properties : It can be said on the basis of table 5.1, that in the
elements of group 15 with the increase in atomiic number, there is general tendency of increase in atomic
size, decrease in ionisation enthalpy and decrease in clectronegativity. Hence, the metallic property
increases with atomic number.

(i) Atomic and Jomic Radii : Going down the group 15, atosnic and ionic radii increase. There
is remarkable increase in the atomic radii while moving from nitrogen to phospharus; but there is slight
increase I atomic radii while poing from As w Bi; the reason for this, is that in heavy clements,
d-orfand f-orbitals arc present. (Table 5.1).

(ii) Yomisation Enthalpy : The value of ionisation enthalpy decreases while going down the
group becouse of increase in atomic size. The order of the first ionisation enthalpy (A;H,), second
ionisation enthalpy (A;H,) and the third ionisation enthalpy (A;H,) is AJH, < AFL, < AjH, (Table 5.1).
As the p-orbitals in elements of group 15 are half filled and so they posgess characteristic stability.
Hence, electron is not removed easily from these elements. Thus, in the sams period, the values of
ionigation enthalpy of elements of group 15 are more than the valnes of ionisation enthalpy of elements
of group 16.

(iii) Electronegativity : Generally the atomic size increases with atomic number while going
down the group, hence electronegativity decreases. The difference in electronegativities of heavier
clement is found to be less (Table 5.1).

The clements of this group are polyatomic. There are allotropes of all the elements of this group
except nitrogen and bismuth.

(2) Periodicity in chemical properties :

() Reaction with hydrogen element : All the elements of group-15 form hydrides of the type
MH, (where M= N, P, As, Sb or Bi) by combining with hydrogen. The stability of the hydride compounds
decreases as we go from NH, to Bill, in the group, but its property as reducing agent increases. The
order of basicity of these hydride componnds is NF, > PH, > AsH, > SbH, > BiH,.

(ii) Reaction with oxygen element : All the elements of group-15 combine with oxygen and
form two types of oxides M,O; and M,0O,. The oxides of the elements having higher oxidation state
are mare acidic than the oxides of the elements having lower oxidation states. The acidic character
decreases as we move down the group. The M,0, type oxides of nitrogen and phosphorus are acidic,
oxides of arsenic and antimony are amphoteric and oxide of bismmth is basic. Thia shows the development
in metallic property as we go down the group.
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(iii) Reaction with halogen elements : The elements of group-15 react with halogens amnd
form halide compounds of the type MX, and MX,. As there are no d-orbitals in valence ghell of nitrogen
atom, it is not able to form pentahalide. Pentahalides are more covalent than trihalides. All the trihalides
except the nitrogen element are stable; while only one trihalide of nitrogen element-NF, is stable.
Trihalide compounds except BiF, are covalent compounds.

(iv) Reaction with metal elements : All the elements of group-15 combine with metal
clements and form binary compounds like Ca,N, (Calcium nitride), Ca,P, (Calciom phosphide),
Na,As (Sodium arsenide), Zn,Sh, (Zinc antimonide and Mg, Bi, (Magnesiom bismmthide). In these, the
oxidation state of N, B, As, Sb and Bi is (-3).

5.3 Nitrogen
5.3.1 Preparation, Properties and Uses of Dinitrogen Gas :

(1) Preparation of Dinitrogen : Commercially, dinitrogen is prepared by liquefaction and frac-
tiona] distillation of air. As the boiling point of dinitrogen is 77.2 K, it is first obtained during distillation.
While, the boiling pomt of dioxygen is 90 K and so remains in the vessel. In the laboratory, dinitrogen
gas can be prepared by the reaction of aqueous ammonium chloride with aqueous codium nitrite.

NH,Cl(sg) + NaNO,(ag) = N,(& + 2H,0() + NaClag)

During this reaction, NO and HNO, are formed in smaller proportions. To remove them, the gas
produced during the reaction is passed through the mixrture of potassium dichromate and aqueous
sulphnric acid. Dinitrogen gas can also be prepared by thermal decomposition of ammonium dichromate.

(NH),Cr,0,() _4 , Ny + 4H,0() + Cr,04()

Very pure dinitrogen gas can be obtained by thermal decomposition of sodium or barium azide.
Ba(Ny),(s) —A Ba(s) + 3N,(®)

(2) Properties :

(i) Physical properties :

© Dinitrogen gas is colourless, odourless, tasteless and noopoisonous.

® It possesses two stable isotopes "N and N.

® It is sparingly soluble in water.

e It i3 inert at room temperature but itR reactivity increages with the increase in tempera-
ture.

(ii) Chemical properties : At high temperature, it combines with cartain metals and forms
ionic nitrides while with non-metals it forms covalent nitrides.

¢.K 6Li(s) + N,(g) _A, 2LiN(s)
3Mg(s) + Ny(®) -2 Mg, Ny(s)

2B(s) + Ny(g —A 2BNGs)
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It reacts with dihydrogem and dioxygen and forms ammonia gas and nitric oxide gas respectively.

71K

200 bar pregsure
[FeO]

N,(® + 3H,(g) =<

> INH,(g)

Ny(®) + Oy(g) === 2NO()
(3) Uses :

® Dinitrogen gas is useful in indusiry in the manufacture of ammonia gas and other nitrogen
® In the metallurgical processes to maintain inert atmosphere, in clectric bulbs and prepa-
ration of mitric acid.
® The reactivity of oxygen in the air is decreased because of the presence of dinitrogen gas
and s0 it becomes useful in respiration. Liquid dinitrogen is used as coolant in preservation
of biological substances and food materials.
5.3.2 Distinction from other elements of group (Anomalous behaviour) :

(@) The diatomic molecule of nilrogen it in gaseons form as dinitrogen (N,) while, other
elements are in solid state in the form of M, molecule (except Bi).

(ii) Nitrogen elemsnt does not possess allotropes but other elements possess allotropes.

(i) Nitrogen trioxide N,0O, and nitrogen pentoxide N,O; are monomolecular (momomers);
while the trioxides and pentoxides of other elements are bimolecular (dimers) e.g. P,Og,
AsOq PO, and AsOy

(iv) The trihydride of nitrogen element (NH,) is non poisonous while trihydrides of other
elements are poisonous, (e.g. Phospine (PH,), Arsine (AsH,) etc).

(¥) As npitrogen is mon-metal, its oxide compounds possess acidic property.

(vi) The halides of nitrogen except NF, are explosive, while the halides of other elaments
are stable.

(vii) Because of the smaller size and higher electronegativity of nitrogen element, there is
characteristic property of formiing pm—px bond in it; while this property is not possessed
by the other clements of the group. As a result, nitrogen elanent exists as dinitrogen gas
having triple N=N bond; while other elements of the group possess P-P, As—As and
Sb—Sb single bond. Bi forms metallic bond.

(vili) There are no d-orbitals available in the orbits of nitrogen element, its maximom bonding
capacity is 4. As a result it cannot form dn— prt bond. The other elements of this group
are able to form this type of bond. e.g. R;P=0 ar R,P=CH, where R is the alkyl
group. Phosphorus and arsenic elements form dx — dt bonds with tranistion metal elements
in which the compounds of phosphorus and arsenic like P(C,H,), and As(C(H;), act
as ligands.
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5.3.3 Compounds of Nitrogen Element @

(1) Ammonia (NH,) :
(i) Preparation : Ammonia gas is present in very less proportion in air. In addition ammonia
gas is formed by the decay of nitrogen containing arganic compounds like urea.
NH,CONH,(s) + H,O() = 2NH,(@ + COy®

By reaction of ammonium salt with sodivm hydroxide or calcium hydroxide, ammonia gas can
be obtained.

(NH,),50,(s) + 2NaOH(aq) — 2NH,(g) + 2H,0() + Na,SO,(aq)
INH,CKs) + Ca(OH)(aq) — 2NH,(g) + 2H,0()) + CaCl(aq)
Indusirially ammomnia gas is manufactured by Haber’s process.

N,@® + TH() e, INH,(p) A;H = - 46.1 Kmol™!
+ 5 2 = = 4f. mo
2 773K, [FeO]

According to Le Chatelier’s principle 773 K temperature, 200 bar pressure and FeO as catalyst
are used alongwith K,0 and ALQ, in less proportions as promoters. By hydrolysis of magnesiom
nitride, ammonia gas is obtained.

Mg,N,(s) + 6H,0() = 3Mg(OH)(s) + 2NH,(g)
(i) Properties :

(A) Physical properties :

© Ammonia is a colourless gas with pungent smell

® [Its freezing point and boiling point are 198.4 K and 239.7 K
respectively. q o N

QYA \
@ Ammonia molecule possesses trigonal pyramidal structure in %,:;""'\

which three bonding and ome nonbonding electron pairs are H
present. H

(B) Chemical properties :

@& Ammonia gas digsolvez in water and forms armmoninm hydroxide which acts as weak
base.

NH, (g) + H,0¢) = NH; (ag) + OH (aq)
® Aqgueous solution of ammonia gas reacts with acid and forms ammonium salt.
NH,OH(aq) + HCl(ag) = NH,Cl(aq) + H,0())

® Aqueous solutiom of ammonia gas forms hydroxides of metals by reaction with aqueous
solutions of metal salts.

NH,OH(ag) + ZnSO,(aq) = Zn(OH),(s) + (NH,),50 ,(aq)
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@ As nitrogen atom in ammonia molecule has got non-bonding pair of clectron, it acts as
a Lewis base. It forms co-ordinate covalent bond with metal ion and forms complex ion.

Cu™ (aq) + 4NH, (aq) = [Cu(NH,),1™ (aq)
(Blue) (Dark Blue)
(iif) Uses :
® Ammonia gas is used in the formation of nitrogenous fertilisers like ammonium nitrate,
urea, amonium phosphate and ammonium sulphate.
® It is also useful in preparation of certain important inorganic compounds like nitric acid.
® Liguid ammonia is used as refrigerant.
(2) Nitric acid (HNO, ) :
(i) Preparation : To prepare nitric acid in laboratory, sodium nitrate or potassium nitrate is
beated with concentrated sulphuric acid in a glass retort.
NaNO,(s) + H,50, (aq) —25 NaHSO, (ag) + HNO, (aq)

Anhydrous nitric acid is obtained by distilling concentrated aqueous solution of nitric acid in
presence of P,Q,,. Infustrial production of nitric acid is carried out by catalytic oxidation of ammonia.
This process is known as Ostwald’s method, in which the following reactions are involved
[Pt (90%) + Rh (10%)]

500K, 9 bar

2NO(g) + O,(g) = 2NO,(g)
3NO,(g) + H,((})) = 2HNO,(aq) + NO(g
The agueous nitric acid obtained in this way is distilled and acid with 68.5 % by weight
concentration can be obtained To obtain nitric acid with 98 % concentration it is dshydrated with
concentrated H,SO,.

ANH,(g) + 50,(g) > ANO(g) + 6H,0()

(il) Properties : " 0
(A) Physical properties : H 102° Qi/
®  Nitric acid is a colourless lLiquid. %,
”? Ty N 130°

®  Its freezing point and boiling point are 140.6 pm

231.4 K and 355.6 K respectively.
® It demsity at 298 K temperature is 1.504 Structure of nitric acid

gram ml™, ©

®  Nitric acid possesses plapar structure in gaseocus state,
(B) Chemical properties :
® Agueons solution of nitric acid acts as a strong acid in which H,O* and NOj; jons are

present.

HNO, (aq) + H,0(!)—> H,07 (aq) + NOJ (an))
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® Concentrated nitric acid is & strong oxidising agent. It reacts readily with metals except

the noble metals like gold and platimum. Certain metalzs like Cr, Al do not dissolve in
concentrated mitric acid becanse inert oxide layer is formed on these metals, Generally,
nitrate salts are formed by reaction of metals with nitric acid If dilute nitric acid is used
in the reaction NO or N,O are produced and if concentrated mitric acid is used NO, gas
is produced

4Cu(s) + LO0HNO, (dil., ag)—>4Cu(NO; ), (aq) + N,O(g) + 5SH,0(1)
3Cu(s) + 8HNO,(10 to 30 %, aq)—>3CuNO,),(aq) + 2NO(g) + 4H,0(!)

Cu(s) + 4HNO,(con., aq)—>» Cu(NO, ), (aq) + 2NO, (g) + 2H,O0(!)

Za(s) + 4HNO, (con., aq) —» Zn(NO, ), (aq) + 2NO, (g) + 2H,0()
® The non-metals and their compounds are oxidised by concentratsd HNO,.
I,(3) + 10HNO, (1)—>2HIO; (a) + 10NO, (g) + 4H,0(!)
Todic acid
C(s) + 4HNO, (1) —> CO,(g) + 2H,0()) + 4NO, (g)

Se(8) + 48HNO, (1) —> 8H,SO, (aq) + 48NO, () + 16H,O()

P, (s) + 20HNO, () —>4H,PO,(aq) + 20NO, (gi+ 4H,0()

® Aqueouns solution of nitric acid gives ring test. This ring test is given by NO, ion in
aquecus solution, So nitric acid also gives this test

Ring test : Freshly prepared solution of ferrous sulphate is added to aqueous solution com-
taining NO, ion. Then after, concentrated sulphuric acid is added slowly from the inner wall of the
test tube. (if required solution is cooled). Brown coloured ring is observed mear the swrface
where concentrated sulphuric acid and mived solution meet. This ring is duoe to formation
of nitroso complex. The ring test is carried out during inorganic qualitative analysia for detection of

NO; ion
NOj3 (aq) + 3Fe?* (aq) + 4H* (aq)—>NO(g) + 3Fe™ (ag) + 2H,0())
[Fe(H,0)¢ I** (ag) + NO(g) —> [Fe(H,0); (NO)I** (ag) + H,O(D)
(brown)
(iii) Uses :

© The main use of nitric acid is made in preparation of fertilisers like ammonium nitrate and
explosive substances like trinitrotoluene and nitroglycerine.

@ It is used as oxidising agent in rocket fuels.
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(3) Oxides of nitrogen :

Preparation, structure and properties of oxides of nitrogen : Nitrogen forms many oxide
compounds in different oxidation states of nitrogen Names of compounds of mitrogen oxides, molecular
formula, oxidation states of nitrogen element, preparation and general properties are shown in Table 5.4.

Name of oxide of | Molecnlar | Oxidation State Physical

Nitrogen formula of nitrogen appearance and

clement chemical nature
Dinitrogen oxide NHNO, _A, colourless gas
[Nitrogen(I) oxide] N,O +1 N,0 + 2H,0 neutral
Nitrogen monoxide 2ZNaNOQ, + 2FeS0, + colourless gas
[Niwogen(Il) oxide] NO +2 3H,50, - Fey(S0,), + | neutral
NaHSQ, + 2H,0 + 2NO

Dinitrogen trioxide 2NO + N,0, 250K, | blue solid,
[Nitrogen([I) oxide] N,0, + 3 2N,0, acidic
Nitrogen dioxide 2PB(NO,), 673K, brown gas
[Nitrogen(IV) oxida] NO, + 4 4NO, + 2PbO acidic
Dinitrogen tetroxide N0, =2l N,0, | colourless solic/
[Nitrogen(IV) oxide] N,O, + 4 liquid, acidic
Dinitrogen pentoxide 4HNO, + P,O,, colomless solid
[Nitrogen(V) oxide] N,O, +5 4HPO, + 2N,0; | acidic

Nitric oxide (NO) partially polymerises in liquid state becavse of presence of one unpaired
eletrcon. It acts as dimeric molecule in salid state. Nitric oxide combines with oxygen and forms nitrogen
dioxide.

2NO(g) + O, (g)—>2NO, (g)

Nitrogen dioxide in gaseous state forms compound having dimeric structure N,O, by aitaining
equilibrium state as follows :

2NO, (B) = N,O,(g) (Dinitrogen tetroxide)
(Brown-Paramagnetic) (Colmulens-Diamagnetic)

Oxides of nitrogen, react with water and forms oxoacid compounds of nitrogen.
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2NO, () + H,O() —3HNO, (ag) + HNO; (aq)
N,04(g) + H,0() &= 2HNO, (sq)

N,Os(@) + H,O() = 2HNO;(ag

Because of this, N,O, and N,O, are called anhydrides of HNO, and HNO, respectively.
The rezonance structureg of oxides of nitrogen and the information about their bonds are given in

table 5.5
Table 5.5 Resonance Structures of Oxides of Nitrogen
Molecular Resomance structare Detalls abont hond
formmla
N0 | N=N=0 ¢ :N=N-O: N—N—0O
113pm 119pm
.a L) .w Lhm
NO | :N=0: ¢ N=0: N -0
115 pm
( ‘o O_ 105°
s 2 P 20 A ,
N;0, N—N > N—N o N m@_)m
o ‘07 117”}0
o : 121 pm
Planar
N «—> N N
NO, S % & .- 120 pm
o 0 0 0. 0 134° O
Angular
‘0. o I 0" 0 %
8 P AN P 175 pm A
NO | " SNy T s >N—N 135;N pmN{’
w7 Ny 0 o+ 0 0
-0 " 2 0': .:d‘ s g): O ‘J\Q‘?) \\9 O
N A0 e e T N K
N,0;s /N NG < /N N\ /N e NJ134
0 b 4 No| o 0
Planar

5.4 Phosphorus

5.4.1 Allotropes of Phosphorus : The kmown allotropes of phosphorus are white (yellow),
red and black, The white phosphorus prepared by indnstrial synthegis, is poisonous and wax like white

substance in which discrete terahedral P, molecules are present. Red phosphorus is monpoisonous and
it is in polymeric form. The allotropes of phosphorus are shown in figure 5.1
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(8) White (yellow) phasphorms {b) Red phoupherua
Fig. 5.1 Allotropes of Phosphorus

White phosphorous is ingoluble in water but soluble in solvent like carbon disulphide (CS,).
It glows in the dark. In the inert atmosphere, phosphorons undergoes redox reaction with boiling
NaOH solution and forms phospine (PH,).

P, (8) + 3NaOH(aq) + 3H,0(!)—>PH,(g) + 3NaH, PO, (aq)
(Sodium hypophosphite)

The melting point of white phosphorus is 317 K. It is highly reactive and burns when kept open
in air. Hence, it ig stared in water. If whits phosphorus is heated at 573 K in absence of sir, it is changed
to stable red form. The melting pomt of red phosphorus is 873 K. It is less soluble in solvent like CS,
in comparison to white phosphorus and ig less reactive. Hence, it does not burn when it comes in contact
with air. The more reactivity of white phosphorus is due to its abnormal structure. Becanse of this, strain
is generated in P, molecule. Hence, the bond angle is 60° in geometrical structure of P,. Becanse of
this, p-orbitals do not overlap head to head. As a result of this p—p bond is bent. Hence this bond is weak
and reactive. As a result, white phosphorous bunrs as soon as it comes in contact with adr.

Two fromg of phosphorous found are ¢—black phsphorns and B-black phosphorus, o—black
phosphorus is obtained by heating red phosphorue in cloged tube at 803 K temperature. White phospho-
rus is heated under high pressure at 473 K to obtain p—black phosphorus,

5.4.2 Compounds of Phosphorus :
(1) Phosphine (PH,):
(i) Preparation : Phoshphine is obtained by reacting calcium phosphide with water or dilute
hydrochloric acid.
Ca,F; (8) + 6H,0(1)—>»3Ca(CH), (aq) + 2PH,(g)
Ca,P, (5) + 6HCl(ag)—>3CaCl, (ag) + 2PH, (@)

In laboratory, phosphine is prepared by reacting white phosphorus with concentrated NaOH in
inert atmosphere

P, (8) + 3NaOH(aq) + 3H,0()—>PH, (g) + 3NaH,PO, (aq)
Sodium hypophaosphite
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(ii) Properties :

(A) Physical properties :

® Phosphine is a colourless gas having smell like rotien fish and is very poisonous gas.
® It is sparingly soluble in water.

(B) Chemical properties :

® Phosphine explodes when it comes in contact with oxidising agents like HNO,, Cl,
and Br,.

e If phosphine is absarbed in aqueous solution of copper sulphate or mercuric chloride,
corresponding phosphide ia formed

3CuSO,(aq) + 2PH, (g)—>Cu,P; (g) + 3H,50, (aq)
JHgCl,(aq) + 2PH, (g)—>Hg;P; (g) + 6HCl(aq)
® Phosphine is a weak base. It gives phosphomivm bromide (PH,Br) by reaction with HBr.
PH, (g) + HBr(g)—>PH,Br(g)
(iii) Uses :

® Becasue of spontaneous combustion property of phosphine, it is used in Holme's signals.
By making a bhole in the vessel containing calcium carbide and calcium phosphide is
thrown into the sea and so the gags produced burms which works as signal,

® It is wsed in preparation of smolke screen.
(2) Phosphorus trichloride (PCL,) :
(i) Preparation : Phosphorus trichloride is obtained by passing dry chlorine gas on white
phosphorus at high temperature.
P,(s) + 6CL,(g) =2~ 4PCL (D)
Phospharus trichlaride is obtained by reaction of white phosphorus with thionyl chlaride (SOCL,).
P, (s) + 8SOCL,({) —> 4PCl,(l) + 450,(g) + 25,CL,(g)
Sulphur chleride
(ii) Properties :
(A) Physical properties :
@ Phosphorus trichlovide is a colourless fuming Homid.
® Its boiling point is 349 K
® It is soluble in solvents like benzene, chloroform, ether, carbon disulphide

® Its shape is pyramidal.
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(B) Chemical Properties :

&
P

Cl

Phosphorus trichloride forms fumes when it comes in contact
with air or water-because the P-Cl bond present in PCl,

is decomposed and is converted into the resulting product phos-
pborus acid (H3P03).

PCL, (1) + 3H,0()—»H, PO, (aq) + 3HCl(aq)

Cl

It reacts with organic compounds having -OH group. viz.
CH,COOH, C,H,OH as follows:
Cl

3CH,COOH(Y) + PCl, (1) —»3CH,COCI() + H,PO, (1)

3C, H;OH() + PCl, (f) —»3C,H;CI(l) + HyPO,4 (I)
(3) Phosphorus pentachloride (PCl;)
(i) Preparation : Phosphorus pentachloride is obtained by reaction of white phaspharns with
excess amount of dry chlolrine gas.

P, (8) + 10CL, (g)—>4PCL (5)
(SO,CL,).

Phosphorus pentachloride is obtained by reaction of white phosphorus with sulphuryl chloride

P4(5) + 108020‘2(‘)_)41’(:15(5) + 10802@
Properties :

(i)

(A) Physical properties

@ Phosphorus pentachloride is yellowish white coloured sclid substance.
® TIts melting point is 440 K

® PCl; possesses trigonal bipyramid shape in liquid and gaseous states.
(B) Chemical properties

@ Phosphorus pentachloride is comverted to phos-
phorus oxychloride by hydrolysis by moisture of
air and finally phosphoric acid is formed.

PClg (8) + H,O(g) —>POCl, () + 2HCI(®)

POCL (1) + 3H,0(z) —> H, PO, (ag) + 3HCN(a)

Phosphorus pentachloride sublimes on heating but
decomposes when heated more.

Structore of lquid or gaseous
phosphorus pentachloride

PCls(s) —2 BCL (D) + Cl,(g)
@ It forms chkwo compounds by reaction with or-

ganic compounds having —OH group.
Pp-Block Elements TX
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CH,COOH(J) + PCl;(8)—>CH,COCI() + POCLy({) + HCI(I)
C,H;OH(1) + PCL5(1)—>C,HCI{{) + POCL({) + HCI(I)

® On heating PClLwith metal picce, it forms corresponding metal chlorides.
2Ag8(s) + PCLy(s) —&5 2AgCl(s) + PCL, ()

Sn(s) + 2PCl(s) —25 SnCl, (8) + 2PCl, (1)

(4) Oxoacids of phosphorus : Different oxoacids of phosphorus are obtained by reactions
of phosphorus oxides with water.

P,04(s) + 6EL,O() — 4H,PO, (ag) Orthophosphorus acid

P4'010 (S) + 6H20([) — 4H3PO4(H1) Ol’thophosphoric acid

Orthopbosphorus acid (H,PO,) is a weak diprotic acid because its only two hydrogen atoms
are combined with oxygen atom. Hydrogen atom directly combined with phosphorus is not acidic
because, the electronegativities of both P and H are same and g0 P-H bond is non polar. As all the three
hydrogen atoms in orthophosphoric acid are combined with oxygen atom, it is a weak triprotic acid. In
both these molecules, the other atoms around the phosphorus atom are arranged in tetrahedral shape.
Also, the successive dissociation comstamts in both the molecules are decreasing by the approximate

multiple of 10°.

O O
1 ]

H—O—i’ —H H—0O0—p—0—H
@] O
| I
H H

Orthophosphoric acid (H;PO,) Orthophosphoric acid (H,PO,)
Ka, = 1.0 x 1072 Ka, = 7.5 x 1073
Ka, = 26 x 10~ Ka, = 62 x 10°®

Ka, = 4.8 x 10712

Diphospharic acid (H,P,0,) is also called pyrophosphoric acid which is obtained by removal of
one molecule of water when two molecules of H,PO, combine.

O 0 ) O

|l |l |l ||
H—o—1|>—o——ﬂ + H—O——f—O—H — H—o—ll)—o—lp—o—H +H,0

0 0 0o 0O

| | | |

H H H H

Pyrophosphoric acid
In trimetaphosphoric acid H,P,0,, the HPO, unit is repeated three times. (I-[PO;,)n is kmown
as polymetaphosphoric acid,

146 Chemistry 12



0 0 0 0 o

Il Il | |l [l ||
H—o—||> —o—r —0—P—0—H _O_I_O_I —0-—f —0—

0 o) o) O 0 0

I I I I I I

H H H H H H

Trimetaphosphoric acid HgP,0,,

Polymetaphosphoric acid
(HPO, unit is repated)

In all the acids, the oxidation number of phosphorus is +5. Hypophospharus acid is also called
phosphonic acid. Its fornmla is H,PO, and the oxidation mumber of phosphorous is +1.

0
|l

P

/|\
H H OH
Strm:lm-ecnt’lil._.,l‘()z

5.5 Elements of Group-16

Oxygen, sulphur, selenium, telluriom and polonium elements are included in group 16. These
elements are mown as oxygen group elements or ag chalcogens. The impartant atomic and physical
properties are gshown in table 5.6

]

Table 5.6 Atomic and Physical Properties of Elements of Group-16

Properties O § Se Te Po
Atomic mumber 8 16 3 52 4
Atomic mass (gm mol™!) 16.00 32.06 78.96 127.60 210.00
Electronic structure Heps22p* | Ne3s23p* | [Ar]ad"4e24p* | [Kr14d!05s25p* | (XeJa£453"6s%6p*
Ionisation Enthalpy
(AH,) (J mol™) 1314 1000 941 869 813
Electronegativity 3.50 244 248 201 1.76
Covalent radius (pm) 66 104 117 137 146
Tonic radins (pm) 140 184 198 21 20
Melting point (K) 55 393 490 725 520
Boiling point (K) 9% 718 958 1260 1235
Density (gm em™)
(298 K) 1.32 2.06 419 6.25 -
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5.5.1 Electronic configuration, occurrence, oxidation states :

Electronic configuration : The electronic configuration of valence shell of elements of group
16 is ns’npt.

Occurrence : Oxygen clement is the most abundant element available in highest proportion on
the earth, Oxygen element possesses about 46.6% mass of earth’s crust. In dry air oxygen is 20.9461%
by volume. Sulphur present on the earth is about 0.03-0.1% by mass of earth’s crust. It is available in
combined forms i.e. sulphate compounds like gypsum (CaSO,~2H,0), Bpsom salt (MgSO,~7H,0),
Baryte (BaSO,) and sulphide compounds like galena (PbS), zinc blende (Zns), copper pyrrites (CuFeS.,).
Sulphur is also present in organic campounds present in eggs, proteins, garlic, onion, hair and woal.
Selenium and tellurium are available as selenide and telluride compounds. Polonium is obtained by decay
of minerals of thorium and uraminm.

Oxidation states : There are six ¢lectrons in valence shell of ¢lements of group-16 ie. two
electrons are less for completion of octet. Hence, the oxidation state of such elements is —2, The stability
of —2 oxidation states of these elements decreases as we go down the group. Polonium does not show
-2 oxidation state. The electronsgativity of oxygen element is more and so it possesses —2 oxidation
state but in OF, its oxidation state is (+2). The other elements of this group show +2, +4, +6, oxidation
states. Sulphur, selenium and tellurium generally show +4 oxidation states in compounds with oxygen and
+6 oxidation state in compounds with flluorine. As we go down from above in the group, the stability
of +6 oxidation state decreases and stability of +4 oxidation state increases. Oxidation states of clements
of group 16 are shown in Table 5.7.

Table 5.7 Oxidation states of Elements

Elements O S Se Te Po

Oxidation | 2, -1, +1, +2 | -2, 42, +4, +6 | -2, +2, +4, +6 | -2, +2, 4, 16 +2, +4
state

5.5.2 Periodicity in physical and chemical properties :

(1) Periodicity in physical properties : On the basis of table 5.6, it can be said that there
is general tendency of mcrease in atomnic size, decrease in jomisation eathelpy, decrease in electronega-
tivity with the increase in atomic number of elements of group-16. Hence, the metallic property increases
with increase in atomic mumber.

(i) Atomic and Jonic radii : The atomic and jonic radii increase with increase in pumber of
orbits in the elements when we go down the group. As an exception, the atomic radivs and ionic radius
of oxygen element is comparatively less than other clements (Table 5.6).

(ii) Tonization Enthalpy : The value of ionisation enthalpy decreases with increase in aotmic
number as we go down the group. The values of ionisation enthalpy of the elements of this group are
comparatively less than those of the elements of corresponding period of group 15; because the elements
of group 15 have half filled p-orbitals and 20 possess characterigtic stability (Table 5.6).

(iiif} Electronegativity : Amongst all the eslements, after fluorine element, oxygen element has
highest elactronegativity. Generally, as we go down from above in the group as atomic number increases,
atomic gize increases and so electronegativity decreases (Table 5.6).

148 Chemistry 12




(2) Chemical properties :

(i) Reaction with hydrogen element : All the elements of group 16 form hydrides of the type
H,M (where M = §, Se, Te, Po). The acidic property of the hydride compounds increases on going froam
H,0 to H,Te because as we go down from above in the group the value of dissociation enthalpy of
M-H bond decreasss.

(ii) Reaction with oxygen element : All the elements of group 16 form oxides of two types
—MO, and —-MO, when react with oxygen element (where M = §, Se, Te, Po). Ozone (O,) and sulphur
dioxide (SO, ) are in gaseous form and selenium oxide (Se0,) is in solid form. The propexty as reducing
agents of these dioxide compounds, decreases as we go from SO, to TeO,. SO, is a reducing agent,
while TeO, is an oxidising agent. All these oxides possess acidic nature.

(fii) Reaction with halogen elements : Flements of group 16 react with halogens and form
MX,, MX, and MX, type halide compounds, (where M = elements of group 16 and X = halogen
clement). The order of stability of halide compounds is ¥~ > Cl 7> Er ™~ > 1". Amongst the hexahalide
compounds, only hexafluoride compounds are found to be stable.

5.6 Oxygen
5.6.1 Preparation, Properties and wuses of dioxygen gas:

(1) Preparation of Dioxygen gas : In laboratory, dioxygen (0,) gas is prepared by following
methods.

(1) By thermal decompositoin of oxygen cootaining elements like KClO, and KMnO, or by
electrolysis of acidic watar.

2KCIO,(s) _m“;,_gf 2KCI(s) + 30, (g)

2H,0() —Betelsisy 7y, (g) + 0,(g)
(i) Dioxygen gas is obtained by thermal decompogition of oxides of certain metals.
2A8,008) A, 4Ap(s) + O,(8)
2HgO(s) A, 4Hg() + O,(®)
2Pb,0,(s) _4, 6PbO(s) + O,(®)
2PbO,(s) _A , 2PbO(s) + Oy(g)
(iii) Dioxygen gas is obtained by decomposition of H,0, in presence of manganese dioxide.
(MnO, ]
For industrial production of dioxygen gas, first carbon dioxide and water vapour are removed

from air. By liquefaction and fractional distillation of remaining air mixture dinitrogen and dioxygen gases
are obtained.
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(2) Properties :

() Physical Properties :

® Dioxygen ia a colourless and odourless ga=.

® It posseszes three atabls isotopes 10, 1’0 and 1%0.

® It is paramagnetic,

® About 3.08 cm® of dioxygen gas dissolves in 100 cm® of water at 293 K temperature,
which is sufficient to sustain life of marine and aquatic living beings.

® It is converted in liquid form at 90 K temperature and in solid form by cooling at 55 K
temperature.

(ii) Chemical properties : Dioxygen gas reacts with most of metal elements except inert
(e.g. An, Pt) and noble gar elements. The reactions of dioxygen gas with certain metal elements,
non-metal elements and other compounds are shown as below :

2Ca(s) + O,(g) = 2Ca0(s)

4A1(8) + 30,() = 2AL0,(s)

P(s) + 50,(g) — P,0,,(s)

C(s) + O,(g) = COy(g)

27nS(s) + 30,(g) & 2Zn0(s) + 250,(g)
CH,(g) + 30,(g) = 2C0,(g) + 2H,0(g)

0
280,(g) + O, (g) —[V2—5'—> 280,(g)

4HCIg) + 0,(g) onchl, 2C1,(®) + 2H,0(g)
(3) Uses :
® Dioxygen gas is useful in respiration reaction and combustion reaction,
® Dioxygen gas is useful in preparation of steel.

@ Dioxygen gas is used in oxyacetylene flame. As very high temperature is obtained by this
flame, it is wsed in welding work of metals.
@ The cylinders of dioxygen gas are useful for treatment of patients in the bospital, moun-
taineers and divers going deep in the water as well as respiration process.
5.6.2 Distinction from other elements of group (amomalous behaviour) :

(i) Oxygen is in gaseons form at room temperatire while other elements of the group are
in solid form.
(ii) Oxygen exists as diatomic molecule (O,) while other elements exists as polyatomic molecule.

(fi) Oxygen is a non-metal. With the increase in atomic number the metallic property of
elements increases.
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(iv) d-orbitals are not available in valence shells of oxygen atom. Hence, it possesses lower
oxidation states (-2, —1, 1, 2). While in other elements, as d-orbitals are available, the
expansion of valence orbit in elements is postible. Here, these elements possess higher
oxidation states (-2, 2, 4, 6). (See table 5.7)

(v) Oxygen because of its smaller size and higher electronegativity, farms hydrogen bond with
hydrogen atom in water, Hence, strong hydrogen bond is observed in water and not
observed in H,S.

5.6.3 Compounds of Oxygen :

(1) Simple Oxides : Oxygen combines with other elements and forms bimary compounds
called oxides. Az notad earlier, oxygen elemeant combinag with most of the elements of periodic table.
Certain clements combine with oxygen and form more than one compounds. Oxygen clement is able
to form both the types ionic and covalent type compounds. Simple oxide compounds are classified as
acidic, basic and amphoteric on the basis of their properties.

The oxides which give acid by reaction with water are called acidic oxides ¢.g. 8O,, CLO,,
C02| NzOs Ctl:.
SO, + H,0() — H,S80,(ag
Generally oxides of non metals are acidic.

The oxide compounds which give base by reaction with water are called basic oxides. e.g.
Na, 0, Ca0, BaO :

Ca0(s) + H,0() — Ca(OH),(aq)

Generally oxides of metal are basic. Some oxides possess both the acidic and bagic nature.
These oxides are called amphoteric oxides. They react with both acid and bage. Some oxides are guch
which possess neither of the acidic nar basic nature, These axides are called nentral oxides, e.g. CO,
NO and N,O. Al,O, reacts both with acid and base as shown below and so it is amphoteric oxide.

ALO,(s) + 6HCl(aq) + SH,0() = 2[AH,0)s** (ag) + 6CI (aq)

ALO,(s} + 6NaOH(ag) + 3H,0()) = 2Na,[Al(OH)(aq)
(2) Ozone : Ozone is the allotrope of oxygen. Ozone is formed from oxygen in atmosphere
in presence of sunlight at the height of 20 kilometer above sea level. This layer of ozone gas protects
the earth from harmful effect of ultraviolet rays.

(i) Preparation : Ozone gas cen be prepared in laboratory by the use of ozonizer of Siemens
or Brodie. Ozone i obtained by passing cold and dry oxygen in presence of silent electric charge in
Siemen’s ozonizer.

30, — 204(g) AH = 142.7 kJ mole™

In industrial production the ozonizer of Siemens and Halteske is used in which 8000 to 10000
volt electromotive force is used between rods of aluminivm. In electrolysis method, 5% ozone can be
obtained at the anode by electrolysing acidic waler uvsing platitum electrodes.
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(ii) Properties :
(A) Physical properties :

Ozone possesses light blue colour in gaseous form, dark blue colour in liquid form and
dark violet colonr in solid form.

Ozone possesses characteristic odour,

Less proportion of ozome is not harmful but if its propartion, exceeds 100 ppm, them
difficulty in respiration develops. As a result of this there is experience of headache and
suffocation.

The resomance structure of ozone are as shown below :

. . -0 .

0 0 ' N
. / . —> " \ ) ’! 4 \\
(gl ol /‘-’ .

O O 17° 0

Resonance structures of ozone molecule

(B) Chemical Properties :

Nascent oxygen [0] is released from decomposition of ozone. Hence, it is a strong
oxidising agent.

0,(8) = O, + O®
Hence, ozone gas oxidises lead sulphide to lead sulphate and iodide ion to iodine.
PbS(s) + 40,(g) - PbSO,(s) + 40,(g)
20 (aq) + H,O() + 04(g) —> 20H (aq) + L, (@) + O, (g)
Nitric oxide coming out from the exhaust of supersonic jet planes, react with ozone and
farm nitrogen dioxide gas.
NO(®) + O4(g) > NOL(E) + 0,

In the same way, it forms oxo- acids by reaction with moisture comtaining sulphur, phos-
phorus and arsenic.

S@) + H,0 + 30,(8) — H,S0,(ag) + 30,()
2P(s) + 3H,0() + 50,(g) > 2H,PO,(aq) + 50,(g)
2As(s) + 3H,0() + 50,(8) = 2H,AsO,(aq) + 50,(g)

(iii) Uses :

Ozone is used to sterilise drinking water.

It iz useful as bleaching agent for bleaching of diffarent oils, flour and starch.

It is useful as oxidising agent in production of potassium permanganate.
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5.7 Sulpbur
5.7.1 Allotropes of Sulphur :

Amongst the different alliropes of sulphur, yellow thombic sulphur (a-sulphur) and monoclinic

sulphur (B-sulpbur) are very important. The stable form of sulphur at room temperature is rhombic
sulphur. When it is beated at 369 K temperature it is converted into monoclinic sulphur,

Rhombic sulphur (a-sulphur) : Rhombic sulphur is of yellow colour. Its melting point is

385.8 K. On evaporation of solution of sulphur prepared in CS,, rhombic sulphur is obtained, It is
insoluble in water but soluble in organic solvents like benzene, alcohal

5, melecule
Fig. 5.2 Molecular structure of sulphur

Monoclinic sulphur (B-sulphur) : Momoclinic sulphur is soluble in CS,. Its melting point is
393 K. When rhombic sulphur is melted in a dish and then cooled, monoclinic sulphur is obtained.
Monoclinic snlphur is atabls at temperature higher than 369 K and it is changed to rhombic sulphur at
lower temperatures. As contrast to this, thombic sulphur is stable at temperature lower than 369 K but
is changed to monoclinic sulphur at higher temperatore. At 369 K temperature, both the allotropes are
stable. This tenperature is celled the transition temperature. Both these possess S; molecule. In both
these farms S; molecule is in the form of a crown which is shown in fig 5.2 (a). In the last two decades,
it has heen possible to prepare sulphur molecnles containing & to 20 atoms, as a result of rersearch. The
cylic structure of S; molecule is of chair form which is shown in fig 5.2 (b).

5.7.2 Compounds of Sulpbur :
(1) Sulphur dioxide (80, :

(i) Preparation : When sulphur is combusted in air or oxygen gas, sulphnr dioxide (with about
6 to 8% sulphur trioxide) is obtained

8(s) + O,(8) = SO,

In laboratory, sulphur dioxide gas is obtained by reaction of hydrochlaric acid with sodium
sulphite.

Na,80,(3) + 2HCl(ag) — S0,(g) + H,O()) + 2NaCl{ag)

In industries, sulphur dioxide is obtaimed as a bye product during roasting of sulphide mineral.

4FeS,(s) + 110,(g) — 2Fe,0,() + 850,(p)
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Sulphur dioxide gas obtained this way is dried and stored in liquid state under pressure in ateel
cylinder.

(ii) Properties :
(A) Physical Properties :
® Sulphur dioxide i8 a colourless gas having intense smell and possessing burning effect.
® It is solnble in water in very high proportions.
® Iis boiling point is 263 K. It gets liquefied at room temperature at 2 bar pressure.
@ Sulphur dioxide molecule is angular. Itz resonance stouctures are as follows :
o? " No: Tier T S
Resonance structures of SO, molecule
(B) Chemical properties :
® Solution of sulpburous acid is obtained when sulphur dioxide iz passed through water.
SO,(® + B0 = H,50,(aq)

¢ It forms sodium sulphite in first step by reaction with NaOH which reacts with more
proportion of sulphur dioxide and form sodium hydrogen sulphite,

INaOH(2q) + SO,(g) = Na,80,(ag) + H,0()

Na,S0,(ag) + H,0() + SO, — 2NaHSO,(ag)

® Sulphur dioxide reacts with chlorine gas in presence of catalyst and forms sulphuryl
chloride (802C12). Sulphur trioxide is formed by oxidation in presence of vanadium pen-
toxide catalyst.

SO(g) + Cl(g) > SO,CLWY)

IV,0;]
250,(8) + O,(®) — 23 5250,(s)

It makes coloured acidic solution of KMaO, colourless. Thus it acts as a reducing agant.

580, (g) + 2MnO; (ag) + 2H,0() — 5805 (aq) + 4H*(ag) + 2Mn** (ag)
(iif) Uses :
® Tt iz useful in purification of petroleum and sngar.
® It is also used to bleach wool and silk.

® To dissolve certain organic and inorganic substances liquid sulphur dioxide is wsed as
solvent.

e Sulpbwr dioxide i5 useful in industrial production of sulphuric acid, sodivm hydrogen sulphite,
and calcium hydrogen sulphite.
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(2) Sulphuric acid (H,SO,) :

() Industrial manufactore : Mainly the following ateps are included in the mampfacture of
sulphuric acid by contact process.

(1) To obtain sulphur dioxids gas by combusting sulphnr ar sulphids minersl in air.

(2) To convert sulphur dioxide to sulphur trioxide with the help of oxygen in presence of
vanadium pentoxide catalyst.

(3) Sulphur trioxide obtained this way is absorbed in concentrated sulphuric acid and so
fuming sulphuric acid or olevm (H,S,0,) is obtained.

Water wpruy  Conc. H,SO, Cone. HLE80,
Impure 8O, + O, 1 ll['ﬂ!
,j L—\ Dry 50, + O, 80,
THITW ' e AN —
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Fig 53 Indusivial manufacture of sulphuric acid by comtact process

First of all, arsenic compounds and other impurities are removed from sulphur dioxide gas and
purification is carried out. The important step in production of H,S0, by contact process is to prepare
sulphur trioxide gas by catalytic oxidation in presence of vanadium pentoxide catalyst.

250,(g) + O,(8) —2255250,(g) AH = — 196.6 kimole™

This reaction is exothermic. The volame of the systemn decreases during forward reaction.
Hence, to obtain more product, accarding to Le Chatelier’s principle, lower temperature and higher
pressure are required. But by decreasing the temperature very low, the rate of oxidation reaction
decreases. In practice, this reaction is carried out at 2 bar pressure and 720 K temperature. Sulphur
trioxide gas obtained in this way is absorbed in concentrated sulphuric acid. As a result fummg sulphuric
acid or oleum (H,S,0,) is obtained. Sulphuric acid of required concentration can be obtained by its
dilution with water.

804(g) + H,S0,() = H,S,0,() (Olenm)

9 to 98% pure H,SO, can be obtained by contact process.
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(ii) Properties :

(A) Physical properties :

® Sulphuric acid is colourkess, dense oily liquid.

® Itz specific gravity at 298 K temperatore is 1.84,

@ [Its freezing point is 283 K and boiling point is 611 K.

® It evolves beat when dissolved in water. Hence it is necessary to take utmost care when
solution of sulphuric acid is prepared. For this, concentrated sulphuric acid is slowly added
into water with constant stirring or ice is kept around the vessel

(B) Chemical properties :

@ The ionisation of sulphuric acid in aqueous solution takes place in two steps.
H,S0, (aq) + H,0()—>H,0" (aq) + HSO_ (2q) Ka, > 10 (very high value)
HSOj (aq) + H,00)—>H,0" (aq) + SOI"(aq) Ka, = 1.2 x 1072

® The higher value of Ka,, indicates that H* and HSO, ions are obtained by its ionication
in more proportion. The higher value of Ka, indicates the more strength of acid.

® Sulphuric acid forms two types of salts-common sulphate (e.g. Na,SO,, CuSO4) and acid
sulphate or bisulphate or sodivm hydrogen sulphate (NaHSO,) by reaction with NaOH.

@ It is used in preparstion of other acids due to low volatility.
2MX(s) + H,S0,(D) — 2ZHX() + M,SO,(ag)
(where M = metal jon, X = F~, CI", NO3)

® Concenterated sulphuric acid is a strong dehydrating substance. (Gases containing moisture
when passed through concentrated H,SO, they become dry. (These gases mnst not be
reacting with H,50)). It removes water from organic compounds.
CpoHp0,; 22045 12¢ 4+ 11H,0

By this charring reaction sugar becomes black

Hot concentrated sulphuric acid acts as oxidising agent. Metals and non-metals are oxidised by
concentrated H,SO, and sulphuric acid is reduced and converted to SO,.

Cu(s) + 2H,SO,{con.){) = CuSO,(aq) + SO,(g) + 2H,0(})
S(8) + 2H,80,(can.)(’) — 350,(g) + 2H,00)
C(s) + 2H,80,(con.)() — CO,(g) + 280,(g) + 2H,0()
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(ii) Uses :

® Sulphuric acid is an important industrial chemical.

® As sulphuric acid is very useful in preparation of most of the chemical substances like
fertilizers, dyes, synthetic fibres, soap and detergenmt, it is called “King of Chemicals.’

e It is nsed as reagent in laboratory.

(3) Ozoacids of sulphuric acid : Sulphur forms diffarent types of oxoacaid compounds - like

H,S0;, H,S,0,, H,8,0,, H,5,05, H,S,0 (x = 2 10 5), H,S0,, H,S,0,, H,SO,, H,5,0, Here, we
shall study only structrures of some oxoacids. They are shown below.,

Sulphurous acid Sulphuric acid Peroxodisulphuric acid Pyrosulphuric acid (Oleum)
H,80, H,80, H,8,0, H;8,0,

5.8 FElemenis of group 17

Flourine, chlorine, bromine, iodine and astatine are the elements of group-17. These clements are
collectively known as halogen elementz. They are reactive non-metallic elemants. As a whole more
similarity is observed in the propertics of the clements of this group. Astatine is a radioactive element.
Important atomic and physical properties of the elements of this group are shown in table 5.8.

Table 5.8 Atomic and Physical Properties of Elements of group-17

Property F Cl Br I At
Atomic number 9 17 35 53 85
Atomic mass (g mol™) 19.00 3545 79.90 126.90 210
Electronic configuration | [Hel2s2p’ | [Ne[3s3p° | [Ar]3d"4¢%4p” | [Krldd'%5s’Sp’ | [Xeldf*5d%6s%6p”
Ionisation enthalpy (AH, )
(kJ mol™) 1680 1256 1142 1008 -
Electron gain enthalpy
(kI mol™) -328 —349 -325 -295 -
Electronegativity 4.0 32 3.0 2.7 22
Covalent radius (pm) 64 9 114 133 -
Ionic radivs (pm) 133 184 196 220 -

F, (o N Br, I, -

Melting point (K) 544 172.0 265.8 386.6 -
Boiling point (K) 84.9 239.0 3325 458.2 =
Density (g cm™)
(298 K) 15 1.66 3.19 494 -
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5.8.1 Electronic configuration, occurrence, oxidation states :

Electronic configuration : The electronic configuration of valence shell of elements of
group-17 iz nsnp®. They have one electron kess far obtaining electronic configuration like their neighbouring
inert elements.

Occurrence : The chief mineralz of elements of group-17 are shown in table 5.9.

.....

Elements Structures and names of Chief Minerals

Fluarine CaF,~fluorspar, Na,AlF ~Cryollite, Ca,(PO,),CaF, ~Fluor apatite

Chlorine NaCl-Sodium chloride, KCl-Potassium chloride, (in form of soluble salt)

Bromine NaBr-Sodium bromide, KBr—Potassimm bromide, MgBr,—Magnesium brotmide
(in form of soluble salt)

Todine NalO,-Sodium iodate.

Oxidation state : Amongst the elements of this group flomrine is the most electronegative
element. As a resnlt, its oxidation state is (~1) in all its compound: avan then, going down from above
in the group the tendency to attain positive oxidation state increases. ¢.g.0xoacids of chlorine.
Sometimes, the oxidation states of chlorine, bromine and iodine in their compounds are found to be
=1, +1, 43, 45, +7.

5.8.2 Periodicity in Physical and Chemical Properties :

(1) Periodicity in physical properties : It can be said on the basis of table 5.8, that there
is general tendency of increase in atommic size, decrease in ionisation eothalpy and decrease in electrone-
gativity with increase in atomic number of elements of this group.

(i) Atomic and Jonic Radii : The atomic radii of elements of halogen group are the least in
comparison to other elementes in the corresponding period; becanse halogen elements possess maximmm
effective nuclear charge. e.g. fluorine element of group 17 in second period possesses least atomic
radius in comparison to all the elements. As we go down from above i.e. going from fluorine element
to iodine element, atomic and iomic radii increase because of increase in principal quantum number in
going from fluorine to iodine.

(ii) Ionisation Enthalpy : The values of ionisation enthalpy decrease with increase in atomic
gize while going down froan above in the group.

(iii) Electron Gain Enthalpy : The value of electron gain enthalpy of halogen elements of the
period is highest negative. The reason for this is that there is one electron less than the stable electronic
configuration of elements of neighbouring noble elements. The value of electron gain enthalpy goes on
being less negative as we go down from above in the elements of group 17; But table 5.8 shows that
the value of clectron gain enthalpy of Cl atom is more negative than the value of gain enthalpy of
F-element. The reason for this is that new added electron takes place in 2p-orbital of F-element and in
3p-orbital of Cl element. You have stndied in unit 3, std-11 (semester-T) that thers is mare alectron repulsion
in 2p-orbital than that in 3p-orbital and so electron enters into 3p-orbital very easily.

158 Chemistry 12



(iv) Electronegativity : The electronegativity of halogen elements is more. The electronegativity
decreases as we move down from above in group 17. The electronegativity of fluorine element is
maximum amongst all the elements in the periodic table.

(2) Periodicity in chemical properties :

(i) Reaction with hydrogen element : All the halogen elements react with hydrogen element,
and form hydrogen halide compounds; but the tendency of reaction with hydrogen decreases as we
move from floorine to iodine element. These compounds dissolve in water and form hydrohalic acids.
The ordexr of acidic strength of these acid compounds is HF < HCI < HBr < HL The stability of these

halide componnds decreases with dacreace in value of disgociation enthalpy of H-X bond. The arder of
stability of compounds is HF > HCI > HBEr > HIL

(ii) Reaction with oxygen element : Halogen clementes react with oxygen clement and form
many oxides, and most of them are unstable. e.g. fluorine element forms two oxides OF, and O,F,.
Amongst the two, OF, compound is thermally stable at 298 K temperature. In oxides that are formed
by elements chlorine, bromine and iodine, the oxidatian state of halogen elements is +1 to +7. The order
of stability of oxides is I > Cl > Br.

(iil) Reactlon with halogen elements : Halogen elements react with other elements of their
group and form compounds called interhalogen compounds e.g. XX, X.'X':,, }CX'sandJC{'? compounds,
where X = higher volume halogen element and X = halogen element of small size.

(iv) Reaction with metal elements : Halogen clements react with metal elements and form
corresporling metal-halide compounds. e.g. Bromine clement reacts with sodium metal and forms
sodium bromide.

2Na(g) + Bz, (I)—> 2NaBr(s)

The order of iomic character in metal halides is MF > MCI > MBr > ML

5.8.3 Distinction of fluorine element from other elements of group (Anomalous behaviour) :

(1} Fluorine element has small size, more electronegativity, less value of dissociation enthalpy of
F-F bond, zo it shows anomalous behaviour from other elements. Ionisation enthalpy and electromegativity
of element is more than the expectation, while value of atomic and ionic radii, melting paint, boiling point
and electron gain enthalpy are less in comparison to expected values of other elementes of this group.

(ii) Fluorine fanms only one stable oxoacid: while other halogen elements form many oxoacids.

(iii) Because of the presence of strong hydrogen bond, hydrogen fluoride is in liquid state while
other hydrogen halides are in gaseous state.

5.9 Chlorine

5.9.1 Preparation, Properties and Uses of Dichlorine Gas :
(1) Preparation : Dichlorine gas can be prepared by any of the following reactions :
(i} By reaction of mangancse dioxide with concentrated HCL, dichlorine gas is formed.

MnO,(s) + 4HCI) —»MnCl, (ag) + Cly (@) + 2H,0()
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(ii) Chlorine gas is obtained by reaction of potassium permanganate with hydrochloric acid.

2KMnO, (s) + 16HCI(})—> 2KCl(aq) + 2MnCl,(aq) + 8H,O() + 5C1,(g)

(iii} Deacon’s process : Chlorine gas can be obtained by oxidation of hydrogen chloride with
oxygen of the air in presence of catalyst [CuCL).

AHCKD) + O, (g) —2—2H,0(!) + 2CL, (g}

(iv) Electrolysis method : Chlorine gas can be obtained by electrolysis of brine (saturated solution
of NaCl), chlorine gas is depogited at the anode. Chlorine gas is obtained as a by-product in certain
industries.

Chlorine gas can be prepared in laboratory by reactions (i) and (ii) and chlorine gas can be
produced in industry by reactions (iil) and (iv).

(2) Properties :

(i) Physical properties :

® Chlorine is a suffocating and intense smelling gas.

e Itig 2 to 5 times heavier than air.

® [Tt can be converted to greenish yellowish coloured liquid

(ii) Chemical properties : Chlorine gas is a strong oxidising agent and so reacts with metals
and non-metals and forms corresponding chloride compounds.

2A1(s) + 3CL(g) = 2AICL(s)
2Na(s) + CL(g) = 2NaCl(s)
2Fe(s) + 3Cl(g) — 2FeCly(s)
P(s) + 6ClLy(g) = 4PCl()
Sg(s) + 4CL(e) — 4S,CL(D)

® As it bas very strong attraction towards hydrogen, it forms HCl by combination with
dibydrogen gas or compounds containing hydrogen.

Hy(® + Cl(g) > 2HCl(g)
H,S(g) + CL(g) = 2HCI(g) + S(s)

® In the reaction of chlorine gas with excess amount of ammonia, ammonium chloride and
dintrogen gas are formed. If proportion of dichlorine gas is more in this reaction, nitrogen
trichloride (explosive substance) is obtained.
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8NH,(2) + 3CL(g) = 6NH,CIs) + Ny(®)

(excess)

NH,(g) + 3CL(g) &> NCl,(p) + 3HCl(g)

{excess)

@ It gives mixture of chloride and hypochlorite by reaction with cold and dilute alkali, while
it gives chloride and chlorate by reaction with hot and concentrated alkali.

2NaOH(ag) + CL(g) = NaCl(aq) + NaOCl(ag) + H,O@)

(Cold and diluted))

6NaOH(ag) + 3Cl(g) - 5NaCl(aq) + NaClO,(aq) + 3H,0()
(Hot and concentrated)

e It forms bleaching powder by reaction with slaked lime.
2Ca(OH),(ag) + 2CL(g) = Ca(OCD,(ag) + CaCly(aq) + 2H,0())

The composition of bleaching powder is Ca(OCl),*CaCl,*Ca(OH),*2H,0.

e Dichlorine gas reacts with saturated hydrocarbons in presence of sunlight and gives
substituted product but reacts with unsaturated hydrocarbons giving addition product,
cH, + ¢, Y, CHQO+HA
Methme Dichlorine gas Chloromethane
CH, + (1, _Roomtempemtue , (C,HClL,

Ethene Dichlorine gas 12-Dichlorocthane

e If chlorine water is kept for a long time, it Joses its yellow colour becanse of formation
of HCl and HOCI. The hypochlarous acid (HOCI) formed this way gives nascent oxygen
which is responsible for its oxidation and bleaching property.

IReSO(s) + H,S0,() + Cly(g) = Fel (SO, + 2HCI)
Na,S0,(s) + Cly(g) + H,O(}) - Na,SO,(aq) + 2HCKaqg)

(3) Uses :

e Dichlorine gas is used for bleaching the wood pulp used in preparation of paper and jute.

® Chlorine gas is useful in extraction of gold and platinum, and preparation of medicines,
dyes and organic compounds.

® It is used in preparation of poisonous gases like phasgene (COCLy), tear gas (CCLNO,)
and mwstard gas [CLCE,CH,SCIL,CH.CI].
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5.9.2 Preparation of Hydrogen Chloride Gas, Properties and Uses :

(1) Preparation : Hydrogen chloride can be prepared in the laboratory by reaction between
sodium chloride and concentrated sulpburic acid.

NaCl(s) + H,SO,aq) 40K | NaHSO,(aq) + HCKg)
NaHSO,(ag) + NaCl(s) = Na,SO,(ag) + HClg)
By passing this HC] gas from concenirated sulphuric acid, it becomes dry.
(2) Properties :
() Physical properties :
® It is colourless gas with pungent smell.

® It is converted into colourlezs liquid (b.p.189 K) and in white crystalline solid substance
{f.p. 159 K).

® It i3 highly soluble in water.

(i) Chemical properties :

e The aquecns solution of hydrogen chloride is called hydrochloric acid.

® As hydrogen chloride is completely ionised in water, it acts as a strong acid.
HCl(p) + H,0() > H;0%(aq) + CI (ag)

® Hydrochloric acid gives white fames of NH,Cl by reaction with armnonia gas.
HCl{aq) + NH (&) & NH,Cl(g)

® For dissolving noble metals like gold, platinum etc. mixtare of three parts of HCl and one
part of HNO, (which is called aquaregia) is used

An(s) + 4H* (aq) + NO; (aq) + 4CT (aq) — AuCI; (ag) + NO(g) + 2H,0())

3Pi(s) + 16H* (aq) + 4NO; (aq) + 18CI (aq) —> 3P(CIZ™ (aq) + 4NO(g) + 8H,0()
o Tt decomposes salts of weak acid

Na,CO,(s) + 2HCKaq) — 2NaCl(ag) + H,O()) + CO, ()

NaHCO,(s) + HCl(aq) — NaCl(ag) + H,0(!) + CO,(g)
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(iif) Uses :
© Hydrogen chloride gas; is useful in the production of glucose and ammonium chlaride.
® It is useful as a reagent in laboratory.

5.10 Preparation, Properties and Uses of Inderhalogen Compounds

When two different halogen elements react with each other and form the compounds, they are
called interhalogen compounds e.g. XX, XX';, XX'; and XX', compounds, where X = halogen
elements with bigger size, X' = halogen elements with amaller size,

(1) Preparation : Interhalogen compounds are obtained by direct reaction of halogen elenents
with each other.

CL(g) + F,() ANK 2CIF(g)
Equal volums Chlarine, finoride

CLE + 3F@E 2K, 20FpE

L + Cl® — 2Cks)
Bqual mole Iodine chioride

L + 3CL(e — 2UCLE
axcesa Indine trichloride

Br(g) + 3F,(® = 2BF,(0)
Bromine trifluncide

Brg) + SRy — 2BrF,()
cXCEds Bromine pentafloodide

(2) Properties : Some properties of Interhalogen compounds are given in ¢able 5.10.

Table 5.10 Some Properties of Interhalogen Compounds

Type Formula Physical state and colowr Structure (shape)
< CIF colourless gas -
BrF pale brown gas -
IF detected spectroscopically -
BrCl gas —
1l ruby red solid (c-from) -
brown red solid {B-form) =
IBr black solid —
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XXy CIF, colourless gas Bent T-shaped
BrF, yellow green liquid Bent T-shaped
IF, yellow powder Bent T-shaped
ICL, orange solid Bent T-ghaped
XX'g IF; colourless gas but solid below 77 K Square pyramidal
BrF, colourless liquid Square pyramidal
CIF colourless liquid Square pyramidal
XX, IF, colowrless gas Pentagonal bipyramidal

(i) Physical properties : Most of the interhalogen compounds are in volatile solid or liquid
form, Some compounds are in gaseons form, (Table 5.10).

(ii) Chemical properties : Generally interhalogen compounds are mwre reactive than their
carresponding halogen elements (Except flnorine) becanse the X-X' bond in interhalogen compounds
is relatively weak in comparison to X—X bond. By hydrolysis of interhalogen compounds halide ion
is formed from smaller size from them and hypohalite (for XX'), halite (for XX';), halate (for XX')
and perhalate (for XX') ions are formed from bigger size halogen.

XX' + L, O — HX' + HOX
(3) Uses :
Intezhalogen compounds are used as non-aguecus solvent.
® They are very good fluorinating reagents.
e CIF, and BrF, are used o obtain U™ for concentration of UF,.
U@) + 3CIF, () — UF(p + 3CIF(g)
5.11 Oxoacid Compounds of Halogen Elemenis

Flucrine forms only one oxoacid because of smaller gize and more elecirnegativity of fluorine
element. HOF is called fluoric (I) acid or hypofluorons acid Other halogen elements form oxoacid
compourxls in more number. Most of the compounds cannot be separated in pure form. They are stable
as aqueous solutions or in the form of salts. The oxoacid compounds of halogen elements are shown
in table 5.11.
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Table 5.11 Oxoacid Compounds of halogens

Halic (T) acid HOF HOCI HOBr HOI
(Hypohalus (Hypoflourous | (Hypochlourous | (Hypobromous | (Hypeiodous
ncid) acid) acid) acid) acid)

Halic (I) acid - HOCIO - -
(Halous acid) (Chlorous acid)
Halic (V) acid - HOCIO, HOBrO, HOIO,
(Halic acid) (Chloric acid) (Bromic acid) (fodic acid)
Halic (VI) acid - HOCIO, HOB1O, HOIO,
(Perhalic acid) (Perchloric acid) | (Petbromic acid) | (Periodic acid)

The strength of oxoacids of halogens increases with the mcrease in oxidation state of halogen
e.g. HCIO is a very weak acid, in which oxidation state of Cl element is (+1). HCIO, is a very sirong
acid in which oxidation state of Cl clement is (+7).

Here we will have struchires of zome of the oxoacids which are ghown below :

Chloric acld Perchloric acid

£.12 Elements of Group 18

In this group six elements helium, neon, argen, krypton, xenon and radon are present. These
elements are also known as, ‘Imert gases’ or “Noble gases’. These elements are not comsgidered as
metals or non metals. All these elements are in gaseous form at the room temperature and are chemically
inert. Hence they form very few compounds. The atomic and physical properties of the elements of this
group are shown in table 5.12.
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Table

5.12 Atomic and Physical Properties of group 18 Elements

T —————————

Property He Ne Ar Kr Xe Rn
Atomic number 2 10 18 36 54 86
Atomic mass 4.00 20.18 39.95 83.80 131.30 222.00
(g mor™)

Electronic

configuration 12 | [Hel2s2p5 | NeBe*3p® | [Ar]3d"04s24p® | [K:14d'%56%5p° | [Xe4f 454" %6s%6p°
Tonisation enthalpy

(AH) (kT mol™) 2372 2080 1520 1351 1170 1037
Electron gain

enthalpy (kJ mol™) 48 116 96 96 77 68
Atomic radius (pm) 120 160 190 200 20 =
Melting point (K) - 24.6 83.8 1159 161.3 202
Boiling Point (K) 42 DAl 87.2 1197 165.0 211
Density

(g ™) (298 K) | 1.8x107*] 9.0x107* | 1.8x107° | 3.7x107° 5.9x1072 9.7x107°

5.12.1 Occurrence, Electronic Configuration, Oxidation States :

Electronic configuration : Except helivm (1s?) the elements of group 18 have their clec-
tronic configuration in valene orbits is ns?np®. Except helium, all the elementes have outermost orbit
completely filled with electrons. Hence, these elements are chemically inert.

Occurrence : All the noble gases except radom are available from atmosphere. Helium is
obtained mostly in nature. It is available from natural gas. Argon is 1% by volume in dry air.

Oxidation state : Xe posseases +2, +4, +6, or +8 oxidation states in itsa compounds.

5.12.2 Periodicity in Physical and Chemical Properties :

(1) Periodocity in physical properties : On the basis of table 5.12 it can be said that
general tendency of increase in the atomic size, decrease in ionisation enthalpy with increase in atomic
number in clements of group-18 is observed.

(i) Atomic radii : As we go down in the group from above, the atomic radii increases with
increase in atomic number.

(ii) Ionisation enthalpy : Very high values of ionisation enthalpy because of stable electronic
configuration of group 18 is observed As we go down in the group the value of ionisation enthalpy
decreases with increase in atomic number.

(iii) Electron gain enthalpy : Because of the stable electronic configuration of the elements

of this group, they have no tendency to accept the electrons. Hence, the values of the electron gain
enthalpy of thege elements is more positive.
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5.13 Xenon-Fluorine Compounds

Xenon element forms three compounds with fluorine viz. XeF,, XeF, and XeFy To obtain
these compounds, xenon is to be reacted with fluorine under definite conditions.

Xe(g) + Fy@ —BEMS XeRys)
[+ fa ] ]

Xe(g) + 2F,(g EREIbr,  y.p (s
1:5 proportion

Xe( g) + 3F2® 573 K, 60-70 bar > XEFG( 3)

120 proportion
By reaction of XeF, and O,F, at 143 K temperature, XeF; is obtained.
XeF,(s) + O,Fy(g) — XeF () + O,(p)

XeF,, XeF,, XeF, are colourless crystalline solid substances. They sublime easily at 298 K
temperature. They are atrong fluorinating agents. In very small amount of water they get hydrolysed e.g.

2XeF,(s) + 2H,0() — 2Xe(g) + 4HF(aq) + O,(p)
The structores of some important xenon fluorine compounds are shown below !

XeF,
(Linear) (Square planar)

(Distorted octahedral)
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5.14 Xenon-Oxygen Compounds
Xenon wioxide XeO, is formed by hydrolysis of XeF, and Xel, with water.
6XeF (s) + 12H,0(I) = 4Xe(g) + 2XeO,(s) + 24HF(ag) + 30,()
XeF(s) + 3H,00) = XeO,(s) + 6HF(aq)

Because of partial hydrolysis of XeF, oxyfluaride compounds of Xenon XeOF, and XeO,F,
are formed.

XeFy(s) + H,0() - XeOF,(l) + 2HF(aq)
XeFy(s) + 2H,0() = XeO,F,()) + 4HF(aq)

XeO, is a colourless explosive solid substance. It posseases trigonal pyramidal structure.
XeOF, is a colourless volatile liquid. It possesses square pyramidal structure. The structure of XeO,
and XeOF, are shown bellow :

Xel, Trigonal pyramidal XeOF, Square pyramidal

SUMMARY
The elements of groups 13 to 18 in the periodic table are knownm as p-block elementes.
The general electronic configuration of these slements is na’np!=S. We have studied abont the
clemeniz of groups 15, 16 ,17 and 18 in this unit.
General imtroduction of elements of groups 15, 16, 17, 18
group 15 group 16 group 17 group 18
Common name/ Nitrogen | Chalogens or | Halogen Group | Noble Gas
Identification group Oxygen group Grouvp
Electronic configuration ns’np? ns’np* ns’np® ns2np®
of valence shell
N O F Ne
3, t045 | 2, -1, +1, +2 -1 =
Oxidation state P, As S, Se, Te ClL Br, 1 Xe
=3, +3,+5 | 2,+2, +, +6 | —1,+1, 43,45, +7 +2, +4, 46, 48
Shb, Bi Po - -
+3, +5 +2, +4 — —
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The periodicity in properties of elements of groups 15,16,17,18.

s |4 The first element of group 15, differs

'E 15 16 17 He 5 in many aspects from the other elements in
g € the group. The reason for which is its smaller
% & o L 2 B size, the capacity of formation of pr-pm
g P P g a Ar | triple bond between, nitrogen atoms and the
8 nponavailability of d—orbitals. As we go down

§ | ies i e .E-" from above in the group, variations are found
E 5| = T 1 Xo in properties. Dinitrogen (N,) can be
E prepared in the laboratory as well as on
« @ = T a¢ i commercial level. The oxides of nitrogen
v element are N,0, NO, N,0,, N,0, and
- N,O; which possess resonance forms.

Atomic radius, metallic character Ammonia and nitric acid are compounds of

nitrogen. Phosphorus element exists as P, molecule. It has many allotropes. It forms hydrides,
halides and oxoacid compounds.

Polonium eletnent of group 16 is radiouctive. Oxygen foems metal oxides with metals.
Ozone i3 a strong oxidising agent. Sulphur element possessess different allotropes. Ouc of these
o and [ allotropes are very important. Sulphur element combines with oxygen and farms oxide
compounds like SO, and SO,. Out of the different oxoacids of sulpbur, sulphuric acid is very
important, It is called 'King of Chemicals.’

Astatine element of group 17 is radicactaive. As these elements require one electron to
have stable electronic configuration, they are very reactive. Ag a result of this, the elements of
thie group are not available in free state, but are availalbe in the combined state as negative
ions. The elements of this group form oxides, hydrogen halides, interbalogen compounds and
oxoacid compounds.

Radon element of group 18 is radioactive. As the octet structure is complete in all the
elements of this group they are chemically inert. Xenon element of this group, under specific
reaction conditions combine with fluorine and oxygen elements and form fluoride and oxide
compounds.

EXERCISE
Select the proper choice from the given multiple choices :
(1) How many groups are there in p-block element ?
A) 3 (B) 4 © 5 D) 6
(2) 'What 15 the molecular formula of chilic salt petre ?
(A) KNO, (B} NaNO, (©) Ca(NO,), (D) Ba(NO,),
(3) For the presence of which of the following iomns, ring test is useful ?

(A) NO~ (B) NO, (C) NO, (D) N,O
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Which of the following groups of four clements is called chalcogens ?
(A) Nitrogen, phosphorng, arsenic and antimony

{B) Oxygen, sulphur, selenium and tellurium

(C) Fluarine, chlorine, bromine, iodine

(D) Helium, neon, argon, krypton.

Which of the following electronic configurations is the general electronic configuration of
clements of gromp 16 ?

(A) nsnp’ @) ns’np* (©) os’np® (D) os’mp®
‘Which of the following oxoacids of chlorine is most stable 7

(A) HCIO, ®) HCIO (©) HCIO, (D) HCIO,
Which of the following orders with reference to stability is correct ?

{(A) HF » HBr > HCl > HI (B) HI < HCl < HBr < HF
{C) HF > HCIl > HBr > HI (D) HF > HI > HCI > HBr
Which of the following is the interhalogen compound ?

(A) XeF, ®) TF, (©) NaCl (D) CaF,
What is the molecular formmla of oleum ?

(A) H,;80, (B) H,SO; (C) H,;8,0, D) H,8,0,
In which of the following oxides of nitrogen, the oxidation state of nitrogen element is (+4) ?

(A) N,0, @) N,0, (©) N,0, @) N,0

Write the answers of following guestions in short :

(¢)
@

3
@
&)
G

Mention the important allotropes of phosphorus.

Mention the oxidation state of underlined elements in the following compounds.
@ QL0 @) clo, Giii) KBro, (iv) NaClO,
Draw resonance forrulas of NO,.

Write molecular formula of four oxoacids of sulphur element.

Mention the name and molecular formula of the oxoacid of fluorine element.

Write reaction for preparation of phosphorus trichloride.
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Mention two uses of sulphur dioxide gas.

Which allotrope of phosphorus is stored in water ?

Mention the transistion temperature for the two allotropes of sulphur-rhombic and monocline.,
Write molecular formmla of polymetaphosphaoricacid.

3. Write answers of the following :

(1

@
3)
(4)
(5)

(6)
)
®
)
(10)
4. Give
(1)

@
(3)
“)
&)
(6)
)
®
®
(10)

The values of iomisation enthalpy of elements of group 15 are more than the values of
ioniration enthalpy of the group 14 in the same period, why ?

Write two chenrical properties of ammonia gas.
Write ring test for the detection of nitrate ion.
Mention the interconversion of sulphur allotropes.

What is meant by interhalogen compounds ? Mention ite types and give ome example of
each.

Wriie reacticn of chlorine gas with ammonia gas.

Write two examples of oxide compounds of pbosphorus with water.

Write two examples of each of xenon-fluorine and xenmon-oxygen compounds.
Mention oxidation states of elementes of group 16.

Write two reactions of preparation of dioxygen gas.

answers of the following in detail :

Discuss the reactions of elements in group 15 with hydrdogen element, oxygen element,
balogen cdements and metallic elements.

Explain the anomalous behaviour of nitrogen element from other elements of group 15.
Discuss preparation, properties and uses of nitric acid.

Whrite a short note on ‘oxides of nitrogen’.

Discusgs preparation, properties and uses of dioxygen gas.

Discuss the industrial production of sulphuric acid by contact process.

Write names, molecular formulas and structural formulas of four oxoacids of sulphur.
Discus: chemical properties of hydrogen chlocide.

Write preparation and properties of phosphorus.

Discuss preparation, properties and uses of ozone gas.
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Unit

Haloalkane and Haloarene
Compounds

6.1 Introduction

Amongst the elements included in the periodic table, maximmm mumber of compounis are of
carbon, If tetravalency of carbon element i3 satisfied by hydrogen then the compounds formed are
called hyrdocarbons. If the hydrogen in the compounds of hydrocarbons is substituted by one or more
halogen functional group (X = F, Cl, Br, I), then the compounds obtained are called halogen containing
organic compounds. These compounds are also called organic halides.

By substitution of hydrogen atom in hydrocarbons of alkane serics (methane, ethane, propane)
by halogen atom, the compounds obtained are called haloalkanes (alkyl halides); while substitution
of hydrogen atom by halogen atoms in the hydrocarbons of arene series are called haloarenes (aryl
halide). In haloalkane and haloarene compounds covalent bond {(C-X) is formed between carbon and
halopen. These compounds are not available in free farm in natore, but are chemically gynthesised.
These compounds are useful for introducing alkyl or aryl group in other organic compounds.
These compounds have unique importance as initial reactant or as initial raw material to obtain organic
compounds in the form of product. In addition, haloalkans and haloarene compounds are good
solvents. These compounds are useful in obtaining immunity against diseases in human body, physical
growth and as enzyme secretion in biochemical reactiong in hormone (ioding in thyroxine), substance
used as ancsthesia in surgery of the body (chloroform), in drugs for the reanedy of discases like
typhoid, malaria. Haloalkane and haloarene compounds are very important in everyday life and in industries.
We will study about preparation, physical and chemical properties and uses of haloalkane and haloarene
compounkdz. In addition, we will have information about the effect of polyhalogen compounds on
enviornment.
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6.2 Classification
The classification of haloalkanes and haloarenss is catried out as follows :

(1) Classification on the basis of number of halogen atoms : On the basis of the number
of same halogen element ome, two, three or four or more combined with alkyl or aryl group, they are
classified respectively as mono, di, tr, tetra or polyhalogen form. e.g., For halpalkane,

() R-—X mono haloalkane —> As only one halogen atom is present.
e.g.. CH,CH,Cl monochloroethane —> as only one chlorine atom is present.
(i) R-X, Dihaloalkans —> As there are two halogen atoms.
e.g., CHy—CH, 1,2-dibromo ethanc — asg there are two bromine atoms.
Br Br
(i) R—X; Trihaloalkane —> As there are three balogen atoms.

e.g., CH—CH—CH; 1, 2, 3-trichlorcpropane — As there are three chlorine atoms.

c1 Cl c

In aromatic compounds, the classification can be carried out as follows on the basis of halogen

atoms.
For haloarenes,
X X
@ -
X X
Monochalobenzene Dihalobenzene Trihalcbenzene
-9 48
cl Br Br cl
Br ’ Cl
« O
Br Cl
Chlorobenzene 1,2-Dibromobenzene 1,4-Dibromobenzene 1,2,4-Trichlorobenzene
{o-Dibromobenzens} (p-Dibromobenzene)
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(2) Halogen attached to carbon possessing sp® hybridisation, in halogen containing
orgamic compounds : In halogen containing organic compounds, halogen (X = F, Cl, Br, I) containing
carbon is pogsessing sp* hybridigation, the compounds can be clasgified in three types as follows :

(a) Haloalkane or Alkyl halide : Halogen containing carbon which is gp® hybridised when
attached to only one other carbom atom it is called primary (1°) alkyl halides.

i |
R—C—X CH3_T_CI
L A
Primary (1% haloallcane Primary (1% chlorocthane.

(Primery alkyl helids)
Halogen containing carbon atom which is sp® hybridised when combine with other two carbon
atoms, it is called secondary (2°) alkyl halide.

R, CH;
Rz—(!_i—x HQC—(IJ —a
) A
Secondary (2%) haloakane Secondary (2%} 2-chloro propans

(Secondary alkyl halide)

Halogen atom having carbon which is sp’ hybridised when combine with other three carbon
atoms, it is called tertiary (3°) alkyl halide,

R, CH;
Rﬁ_(l; —R, l-I3C—(I: —CH,
X Cl
Tertisry (3% baloalkane 2-chloro-2-methyl propane
(Tertinry aliyl hafide) (Testinry batyl chloride)

(b) Allylic halides : Halogen containing carbon atom which is sp® hybridised when combine
with other carbon having double bond (—C=C-) then such compounds are called allylic halides.

eg (1) CH=CH-CH, X Allylic halide (3-haloprop-1-ene)

(2) CH,CH=CH-CH,—Cl 1-Chlorobut-2-ene
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5 1
6
3-Halocyclobex-1-ene 3-Chlorocyclohex-1-ene

(c) Benzylic halide : Halogen containing carbon which is sp® hybridised when combine with
carbon of benzene ring, then the compounds are called benzylic halides.

CH,
CH;—X CH—X (|:_x
O/ &, CH,
() 2% @
‘|3Ha
CH—CI cI:H—c1 c—al
I
©)f L Ok
Benzyl chloride {1-Chlosoeihyhbenzene (1-Chloro-1-methylethyljbenzene

(3) Halogen attached to carbon possessing sp? hybridisation in halogen containing
organic compounds : In halide compounds, carbon atom containing halogen (X = F, Cl, Br, I)
possesses sp” hybridisation then the compounds can be classified in two types as follows :

(a) Vinyl halide : In this type of halide compounds halogen atom is combined with carbon
atoms having (-C=C-) double boud carbon atom possessing sp? hybridisation.

1) CH,=CH—X or NG
X

€. g CH,—CHCl

1-Chloro ethene (Vinyl chloride)

@ &8 O/

1-Chlorocyclo hex-1-ene
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(b) Aryl halide : In this type of halide compounds halogen atoms are combined with sp?
hybridised carbon atom of aromatic ring.

X

Halobenzene Chlorobenzene
6.3 Common and IUPAC Nomenclature of Haloalkane and Haloarene Compounds

Far TUPAC nomenclature of haloalkane and haloarene compounds, the longest carbon chain
is decided to which halolgen atom is attached and the prefix halo is actached to the name of
hydrocarbon. viz. for fluorine, chlorine, bromine, iodine; fluoro, chloro, bromo, iodo prefix are used
respectively. For halcalkane comtaining three or more than three carbon atoms the least number
showing the position of halogen is shown as prefix viz, 1-chloropropane (CH,—CH,-CH,-CI),
2-chloropropane (CH,—CHCI-CH,), etc.

If two, three, four or more same halogen atoms are present then the number showing the
prefix di, tri, tetra etc. are used respectively viz 1,2-dichloro ethane CH,— CH,.

Cl Cl

The common name of haloarene is aryl halide. For JUPAC nomenclature of haloarenes, after
the corresponding halogen elements, the name of aromatic nucleus is joined after the name of cor-
responding prefix. e.g. chlorobenzena Cl

For dibalogen derivatives, 0, m and p prefix are used in common nomenclature, but in TUPAC
nomenclature, 1, 2; 1, 3 and 1, 4 are uged. The classification of dihalo compounds containing only onz
type of halogen atoms, is made as geminal halide and vicinal halide. Geminal halide means both the
halogen atoms are on one carbon only and m vicinal halide both the balogen atoms are combined with
adjacent carbon atoms. In common nomenclature method, geminal dihalide is called alkylidine halide
and vicinal halide is called alkylene dihalides; while in TUPAC nomenclature method, they are called
dibhaloalkanes.

e.g. (1) The common name of H,C-CHCL, is ethylidine chloride while ITUPAC name is
1,1-dichloro ethane,
(2) CH,— CH, Common name is Ethylene dichloride and IUPAC name is

Cl Cl
1, 2-dichloro ethane.
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Structural Formula TUPAC name Common name
CH,C1 Chloromethane Methyl chloride
CH,CH,CI Chloroethane Ethyl chloride
CH,CH,CH,C1 1-Chloropropane n-Propyl chloride
CH,~CH-CH, Iso propyl chloride

| 2-Chloropropane or secondary(2%)

c propylchloride
CH,CH,-CH, CH, Br 1-Bromobutane n-butyl bromide
CH,—CH-CH,-Br 1-Bromo 2-methylpropane Iso butyl bromide

I
CH,

CH,-CH-CH,—CH,
|
Br

2-Broanobutance

Secondary (2°) butyl
bromids

CH,
I
CH,-C-Br 2-Bromo-2-methylpropans Teri-butyl bromide
I
CH,
CH,
I
H,C—-C-CH,-Br 1-Bromo-2, 2-dimethyl Neopentyl bromide
| propane
CH,
H,C=CH-C1 Chloroecthene Vinyl chloride
H,C—-CH=CH-CH-CH, 4-Bromopeat-2-ene =
I
Br
H,C=CH-CH,-Br 3-Bromopropene Allyl bromide

Haloalkane and Haloarene Compounds
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O Chlorobenzene Phenyl chloride
I

Ox (Chloromethyl)benzene Benzyl chloride

6.4 Nature of C-X Bond
As the electronegativity of halogen atom is more than that of carbon atom, the bond between
>
carbon and halogen (C—X) becomes polar. —(|3— as the electron pair of covalent bond is moare

attracted towards halogen nucleus having more electronegativity, partial negative electric charge
{8-) on halogen atosn and partial positive electric charge (5+) on the carbon atom is created.

The atomic sizes of halogens F, Cl, Br, and I present in haloalkane increases respectively, so the
bond length of C-X increases successively and the bond enthalpy decreases successively.

CH,—F > CH,~Cl > CH,-Br > CH,-1

The changes in the values of bond length, bond enthalpy and bond polarity as we move from
C-F to C-I are given in table 6.2.

-~ ®T 3

Table 6.2 V

Bond Bond length Bond emthalpy Polarity of bond
(pm) (kJ mol™) (Debye)
CH,—F 139 452 1.847
CH,-Cl 178 351 1.860
CH,-Br 193 293 1.830
CH,-1 214 234 1.636

6.5 Preparation of Halnalkane ardl Haloarene Compounds

(1) From Alcohol : The method of formation of haloalkane from alcohol is simple. Haloalkane
is obtained by substilution of hydroxyl group —OH of alcohal by halolgen, Sorne reactions of preparation
of haloalkane from alcohol are as follows :

{a) Haloalkane is obtained by pasging dry hydrogen halide gas from alcohol in presence of
anhydrous zinc chloride or by heating alcohol and concentrated hydrogen halide at high temperature.
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R-OH + H-X
Alochol  Hydrogen halids Haloalkans

y R-X + H,0

eg, CH,—CH,-OH + HCO 8% , CH,-CH,-Cl+ H,0
Ethanol Hydrochloric acid 1 - Chloroethane

By teaction of ethanol with hydrochloric acid in presence of anhydrous zine chloride at high
temperatire, molecule of water is liberated and chlaroethane is obtained. Haloallane is obtained by the
above method from primary and secondary alcohols but haloalkane is obtained by mixing tertiary alcobol
with concentrated HCl in presence of anhydrous ZnCl, at room temperature. The order of reactivity of
alcohol with haloacid is 3% > 2% > 1°. On the basis of this reaction primary, secondary and tartiary alcohol
can be identified by a test Inown as Lucas test.

For preparation of aryl halide, this method cannot be used because oxygen of the hydroxyl
group in phenol is attached to carbon having double bond of benzene ring. Carbon-oxygen bond
possesses partial double bond characteristic, which is very strong so it is difficult to break.

(b) Haloalkane is obtained by reaction of alcohol with sodiuin halide and concentrated sulphuric acid,

R-OH + NaX + H,S0,——R-X + NaHSO, + H,0

Alcohol Sodivm halide Haloalkene Sodium hydrogen sulphats

€.g., Bromoethane is obtained by reaction of ethanol with sodium bromide and concemtrated
H,S0,.

CH,CH, 0OH + NaBr + H,S0,—CH,;CH,Br + NaHSO, + H,0

Ethanol  Sodinm bromide 1-bromoethane
(Eihyl bromide)

(c) Haloalkane is obtained by reaction of alcohol with halides of phosphorus. By this reaction,
high purity and more quanticy of haloalkanes are obtained.

3R-OH + Px, — 3R —-X + H3P03 (whﬂre, X=0q, Br)
Alcohol  Phosphorus frihalide  Haloallome Phoaphorus acid

R-OH + PCly—R-C1 + POC, + HCI
Alcohol Phospharns Chloroalkene Phosphorus

Pentachinride cxychlowide
R-OH + Xx, 2B Rp_x {where, X =Br,1)
Alcohaol Dihalogen Haloalkana

(d) Haloalkane is obtained by reaction of alcohal with thionyl chloride.

R-0OH + SOCl,—>R —Cl +HCI1+80,
Alcohol  Thionyl chloride  Haloalkane

CH, -CH, —CH, —OH +$0Cl, — CH, —CH, — CH, —Cl + HCl + SO,
Propan-1-ol 1-Chlotopropans
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{e) To prepare haloarens from phenol; phenol is reacted with reactants like PBr, or SOCL,.

OH Br
3 + PBr, —> 3@ + H,PO,
Phenol  Phosphorug Bromo  Phosphorus acid
tribromide benzene

OH

a
@ + SOCl, —‘r + HCl + SO,
Chlarohenzene

The products bromobenzene and chlorobenzene obtained by above two reactions are in very less
proportion.
(2) From Hydrocarbon :
(a) Free radical halogenation : Haloalkane is obtained by substitution reaction of alkane
compound with free radical X obtained by homolytic fission of dihalogen e.g.,
(i) Chloromethane is obtained by doing reaction of methane with dichlorine gas in presence of

ultraviolet Light.
CH,+0l, 2 cH .l + BHOL
Methane Chloromethanc

(ii) Mixture of isomers of chloropropane is obtained by halogenation reaction of propane with
dichlorine gas in presence of ultraviolet light.

CH,CH,CH, +Cl,—¥5 CH, —CH, —-CH, —Cl + CH, - CH-CH,
|
Propanc 1-Chloropropancs (45 %) cl
2-Chikwopropane (55 %)

(b) By electrophilic substitution : In the chlorination or bromination reaction of benzene
and toluene, first of all dihalogen gas (Cl, or Bry) react with catalyst Fe or FeX, and gives
electrophilic ion X+ (Lewis acid). It is called electrophilic reagent. H' attached to carbon having =
electron cloud of benzene is removed and X' enters in its place 50 electrophilic substitution reaction
takes place.

Bromobenzene is obtained by bromination reaction of benzene with Br, at 303 to 313 K
temperature in presence of FeBr, catalyst.

Br
. Br.
Febi;1 > @ + Hbr
Benzene Bromobenzene
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Cl

Tolsene 1-Chliwo-2-methylbenzene 1-Chloro-4-methylbenzene
(o-Chlcrotolucnc) (p-Chlorotolwene)
CH, Br CH,
@ + 231'2 [F"‘Brs] @ +
Br
Toluene 1-Bromo-2-methylbeazene 1-Bromo-4-methylbenzene
{o-Bromotolaene) {p-Bromotoluene)

The ortho and para products obtained can be easily separated because of large difference
between their boiling points. Since reactivity of difluorine is very high, fluoroarenes are not produced by
this reaction.

{c) Sandmeyer reaction : Benzenediazoniumchloride is obtained by dissolving primary
amine like aniline at low temperature (273 K to 278 K) in hydrochloric acid in presence of sodium

nitrite (NaNO,).
NH, NaNOp+ N =N-Cl
0 = O
—
ZI3K-21BK
- NaCl, — 20,0
Aniline Benzenediazonimmchloride

Benzene diazonium chloride obtained i3 an unstable product at room temperature. Hence,
chlorobenzene is obtamed by heating freghly prepared benzenediazonimmehloride with solution of cuprous
chloride prepared in hydrochloric acid. This reaction is called Sandmeyer reaction.

N=N-Cl Cl
A
Sandmeyer reaction
—
Cu5Cly+ HC + N
Beazenediazominme hlorides Chlarorhenzene

In the zalution of freshly prepared benzenediazoniumchloride if cuprous bromide is mixed in
place of cuprous chloride, diazoninm group is substituted by bromine.

N=N-Cl R Br
CugBg+ HEr + N, + HCI
Benzenediazoninmchloride Bromobenzene
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Iodobenzene iz obtained by reaction of freshly prepared benzenediazoniumchloride with potas-
sium iodide at higher temperature.

N =N-Cl I
? K1
Benzepediazoninmcehlorside Todobeazene

(d) From Alkenes :

(i) Addition reaction with hydrogen halide : In the reaction of alkene with hydrogen halide
(HX) the x-bond between carbon-carbon atoms breaks and addition reaction takes place such that
H is attached to one carbon and X to the other carbon. This reaction is called hydrohalogenation,

x=cZ +Hx —»>?—(I:< (Where, X = CL Br, D
H X
Alkene Hydrogen Haloalkane
halide

€.g., Chloroethane is obtained by reaction of ethane with hydrochloric acid.
CH2=CH2 + HCI —p CHa_CHZ_CI

Ethene Hydrochloric acid Chlarocthane

Two isomers of bromo propane are obtained by addition reaction of propene with hydrobromic
acid.

According to Markonikov's rule, the product 2-bromopropane is obtained in maxinnnn propostion
(see Std-11, Semester II, Unit 6 Hydrocarbons)

CH3_CH=CH2+ HBr —> CH3_CH2_CH2_BI' +

Propene 1-Bromopeopane
(minimum)

CH3— CH — CHS

Br
2-Bromopropane
(maximmiv)
(ii) Addition reaction with dihalogen gas : Dibalogen containing alkane is obtained by
addition of both the atoms of dihalogen molecule o an alkene and addition reaction occurs by breaking
of x bond of ethylenic double bond. This reaction is called halogenation reaction e.g. 1,2-dibromoethane

is obtained by addition reaction of ethene with solution of bromine prepared in CCl,.

CCl
CH,=—=CH, + Br, —%» CH,—CH,

Br Br
Ethene Dibromine 1,2-Dibcomoesthme
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(4) By halogen exchange : Iodoalkane is obtained by the reaction of bromoalkane or
chloroalkane with solution of sodium iodide prepared in dry acetone. This reaction is known as
Finkelstein reaction.

R-X + Nal _Astoe. p_ [+ NaX (where,X=C], Br)

Haloalkane  Sodium iodide Todoalkane
&g, CH,-Cl + Nal A%, CH. _J4+NaCl
Chloromethane Sodium iodide Iodomethane

CH, —CH, - Br + Nal —AZ12E_ C}[, ~CH, -1 + NaBr
Bramoethane Sodinm iodide Indoethane

By reaction of bromomethane or chloromethane with metallic fluorides like AgF, Hg,F,, CoF,
or SbF, flvoromethane is obtamed. This reaction is called Swartz reaction.

CI-[; -Br + AgF—PCl-Ia—F + AgBr
Brosmomethame  Silver fluoride Fluoromethane Sitver tromide

6.6. Physical Properties
® Pure haloalkane compounds are colourless.
® Bromide and iodids compounds are coloured in presence of light.
@ Volatile halidle compounds possess sweet smell

¢ Halides having one, two or three carbon atoms are in gaseous state at mormal termperature
while halides having more than three carbon atoms are in liquid or solid state.

&+ .
® In haloalkane and halocarene compounds ;;C—X being polar, inter-moloecular forces
(van der Waals) increases. As a result, the boiling points of haloalkanes are higher than
their corresponding alkanes.

eg CH,CI (249 K) > CH, (109 K)

@ As the number of carbon atoans increases in maonohaloalkanes, there is mcrease in their
boiling points. &.g.,

CH,C1 (249 K) < CH,CH,C1 (285 K) < CH,CH,CH,Cl (320 K)

® There is decrease in boiling points of isomeric haloalkanes having equel number of carbon
atoms and equal halogen atam, as we move from primary (1%) to secondary (2°) and
secondary (2% w tertiary (39). e.g.,
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Tﬂa
CH,CH, CH, CH, Cl (351K) > CH,CH,CH CH, (341K) >CH,C CH, (324 K)

a cl

® The boiling points decrease in the following arder as the halogen atoms change in haloalkane
containing simmilar alkyl group.
CH,l > CH,Br > CH,Cl > CH,F

® The boiling points of haloarene compounds are high becanse of the presence of strong

bond because of short C—X bond length in haloarene compounds than haloalkane
compounds.

® In dihaloarene compounds, there is much less difference in the boiling points of (1,2)
ortho, (1,3) meta and (1,4) para isomers.

1 T €l
of
~ & -
453 K 448 K 446 K
1,2 Dichkws benzene 1,4 Dichlowo benzene 1,3-Dichlore benzene
® The densities of polychloroalkane, bromoalkane and iodoalkane are more than density of

water and the density increases as the number of carbon atoms or halogen atoms or the
atomic mags of halogen atom increases.

Table 6.3 Densities of some Haloalkanes (298 K)

Compound Density gml™! Compound Density gmlI™!
»-C,H.Cl 0.89 CH,CL, 133
0—C,H,Br 1.335 CHCI, 1.489
n—C H,1 1.747 cal, 1595

Haloalkane compoumds are sparingly soluble in water, while they are soluble io orgamic sol-
vents like acetone, ethanol.

To understand chemical properties of haloalkanes, soms concepts of stereochemistry should be
understoed.
6.7 D, L (Relative conflgaraiion) and R,S (Absolute conflguration) Nomenclature

The branch of organic chemistry in which the study of three dimensional structure is carried out
is called stereochemistry. Isomerism it the basic property in stereochemistry. Mainly two types of
isomerism are there : (1) Structural isomerism and (2) Stereoisomerism
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You have studied about structural isomerism in standard 11, Semester-I. The classification of
sterepisomerism i3 ag follows :

Stereoisomerism
d b
Conformational Configurational
isomerism (Conformer) isomerism
Optical Geometrical
isomeriam lsomerism

To understand optical isomerism, it s necessary to study the terms like plane polarised light,
optical activity, chirality connected with it.

(1) Plane polarised light : There are seven colours in a white light. The light consisting the
different wavelengths is vibrating in each possible plane. When such a light is passed through Nichol
prism or polaroid, then the electromagnetic vibrations in the emerging light are found to be in the same
plane. Such a light is called polarised Hght.

k-0

(2) Optical activity : The substance which has the capacity to rotate the plane of polarised
light, is called optically active substance. Certain optically active substances which rotate the plane
of polarised light towards left hand side are called levo rotatory. They are expressed by ! or (—)
symbol. The substances which rotate the plane of polarised light towards right hand side are called
dexiro rotatory substance. They are expressed by d or (+) symbol

Plane polarized light

(3) Chirality : The main reason for optical activity is molecular asymmetry. There muost be
minimum one chiral carbon in each optically active compound. The carbon whose all the four valencies
are satisfied by four different groups, is called asymmetric carbon. The substances whose mages can
not be superimsposed are called chiral substances. This property is called chirality e.g., the hand or
foot, and English alphabets like B, C, D, E etc.

The substances which can be superimposed on their images, are called achiral substances.
e.g., spoon, and English alphabets like A, H, I, M ete.

If ome chiral carbon i present in a compound, then the following enantiomers are obtained which
cannot be superimposed on one another.

&g 2-Bromobutane is a chiral molecule. It gives following two enantiomers which can not be
superimposed on each other.
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| c

/CT H H7C
QS’Q&’ Br Br \% %

2-brernobutane

D and L configuration (Relative configuration) :

D and L terms are generally nsed to explain configuration of carbohydrates and amino acids.
In the Fischex structure, if the -OH group is attached to the right hand side of the chiral carbon
prezent at the end of the chain, then D-configuration and if attached on the left hand side, it iz called
L-configuration. In amino acids, D and L configurations are determined from the position of —NH,

group <.g.,

CHO CHO
H—C—O0OH HO—C—H
CHO CHO
| | HO—C—H H—C—OH
H—C—OH HO—C—H
| | H—C—OH OH—C—H
CH,OH CH,OH | |
H_T_OH OH—T —H
CH,O0H CH,OH
D-Glyceraldehyde L-Glyceraldehypde D-Glucose L-Glacose

Hexe, it is necessary to note that there is no direct relation of D with d and of L with 7, that
is compound having D-configuration can be of d or I type. Similarly compound having L-configuration
can be of d or I type. e.g., D-Glyceraldehyde and D-Lactic acid are found experimentally to be d{+)

and I(-).
cI:Ho C|!00H
H—(|:—0H H—(|3—0H
CH,OH CH,
D-(+)-Glyceraldehyde D-()-Lactic acid

D- or L-configuration of the compound are determined theoretically; while d or [ configuration
is determined experimentally with the help of polarimeter. D- and L-configurations of one substance are
enantiomers.

R-S Nomenclatore (Absolute configuration) : For the identifications of chiral compounds
having asymmetric carbon R, S nomenclature method is well-known.

This R, S nomenclature method was proposed by Cahn, Ingold and Prelog. In this method the
configurations are exprezsed as K (Latin word Rectus = right) and 5 (Latin word Sinister = left).
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For this nomenclature, all the four gromps attached with asymmetric carbon are given sequence
order (1,2,3,4). For this methods two steps are used.

Step-1 : To determine sequence order of group attached with asymmetric carbon :

(1) To determine sequence order, the atomic number of first atom or group attached to an
asymmetric carbon iz taken into consideration. The atom whose atomic number is the highest will
recave first sequence e.g., —H, -NH,, —CH,, —Br are attached then sequence order i3 given as
follows.

Br > 1, -NH, > 2, CH, > 3, -H - 4
Z=35) Z=7 Z=6 (Z=1)

(2) If two isotopes are combined with asymmetric carbon atom, then the sequence number
is given to isotope having more atomic mass in comparison to igotope having less atomic mass. e.g.,
H, Br, C, D (deuterium) atoms are aitached with asymmetric carbon atom, then sequence order is
given as 1,2,3, and 4 respectively to Br, C, D and H.

(3) If the first atom of two groups attached to asynmmetric carbon atom, is same, then the
atomic number of the second atom of the group ia taken into consideration. e.g. If -CH,NH,, -CH,,
-CH,0H, —-CH,CH; groups arc attached to asymmetric carbon atom, then the sequence number
1,2,3,4 are piven to -CH,OH, -CH,NH,, —-CH,CH, and —CH, respectively.

(4) In giving sequence number to groups having double bond or triple bond, imaganary atoms
are assumed to be attached to each m bond after breaking them.

R o c
TEETETT T —C=C— = e
© © © ©
- H
—(|:=0— — —tlt—o—
o ¢

On the bagic of the above sequence rules, the order of some impartant groups can be shown
as follows : 1 > —Br > —Cl > -SO,H > -SH > -F > -OCOR > -OR > -OH > -NO, > -NR,
> -NHR > -COOR > - COOH > -COR > -CHO > -CH,OH > -CN > -CH, > -D > -H

Step-2 To determine R and § configuration : After determination of selection of sequence
number according to step 1, in the three dimensional structure, the group having lowest sequence,
number ie group number 4 is placed away from the observer. Then, the molecule is observed such
that, the group having minirmum sequence goes on opposite side. Then the increasing order of the
remaining three groups (1, 2 and 3) i3 in clockwise direction (right hand side), then configuration of
isomer is considered as R but if this sequence is in anticlockwise direction (left side) them it is
considered as S-configuration.
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@
Clockwise Anti clockwise
o
" _ N Q
R - configuration 8 - confignration

According to the rules discussed above, the three dimensional, structure is to be assumed,
which is difficult. Generally, showing chiral compounds in two dimensiom Fischer structure is more
convenient. In the Fischer structure, the group showing lowest sequence mumber (4) is placed in
vertical line and 1—52—3 are in clockwise direction then it i= R and if it is anticlockwise direction
it is considered as S-configuration.

Cl(l) H(4)
4"—\
@3) %CH CH,CH,(2) (3)H,C —— CHCH, O
H @) Br(1)
R-Configuration S Configuration

In Fischer structure if gromp showing sequence number (4) is in hogizontal line, then the
configuration of the compound is determined as above is opposite to that configuration. i.e. in such
cases if 1 > 2 — 3 is in clockwise direction then S and if in anticlockwizse direction then
R-configuration is considered. This explanation was given by Epling in 1982. e.g.,

@ o o

4 H—C—D 3) @ H—C—-C1 (2)
S-Configuration R-Configuration

6.8. Chemical Properties (Chemical Reactions)
6.8.1 Reactions of haloalkane compounds :

(1) Nucleophilic substitution reactions : As polar bond C**-X% is present in haloalkane
compounds, nucleophilic reagents (SNu~) are attracted by partially positively charged carhon atoms
and substitutes halogen. Nucleophilic ions which are Lewis bases are called nucleophilic reagents.
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The substitution reactions that take place through them are called mucleophilic sobstifution reac-
tions. In ghort it is called SN reaction.

Nee &5 e o

:Nu + /C X—’/C Nu + :X

Some of the nocleophilic reagents are as follows :

sOH", 0R7, :X~, :CN-, RCOO™:, :SH, :NH, , “0—N=0 ecic. Which are Lewis
bases alzso.

Nucleophilic reagents like cyanide and nitrite possess two nucleophilic centres. The structure
of cyanide group is expressed in (wo ways. Cyanide group reacts as mucleophilic reagent in two
different methods, In ome of them carbon acts as a nucleophilic reagent. So that (—CmN) becomes
mucleophilic ion and alkyl cynide product is obtained; while in second structures, nitrogen acts as a
nucleophilic reagent; so isocyanide product is obtained by ($C=N") mucleophilic ion,

In the same way, in the nucleophilic ion nitrite (O —N=0) alkyl nitrite product is
obtained but when nitrogen atom combines nitroalkane compound is obtained.

The reaction mechanism of nucleophilic substitution is classified in two ways as follows :

(a) Bimolecular Nucleophillic Substitution (SN?) reaction : The reaction of chloromethane
(CH,C1) with hydroxide ion (2OH™) is second order micleophilic substitution reaction. According to
the principle of chemical kinetics, the order of reaction depends on the concentrations of both the
reactants and so it is second order reaction.

We will understand by following example.

H
| H
oH + H% o122 ol —, — éH + Q1

H

For Information only J

In the above reaction the bond shown by dark shading is outside the plane. Bond shown
by light shading is on the rear side of plane. While bond shown by straight line is in the plane
of paper.

O d{%’

Fig. 6.2
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Green dots indicate the entering hydroxyl group.
Blue sphare is the removing halide iom.

In 1937, scientist Edward Davies Hughes and Sir Christopher Ingold proposed the reaction
mechanism of SN? reaction which can be studied from below :

Bimolecular Nucleophilic substitution reaction is called SN* reaction.

SN? reaction is the bimolecular reaction occurring between substrate (S) and mucleophilic
reagent (2Nuv~). SN? reaction occurs in only one step without formation of intermediate product. In
this reaction the substrate (reactant) does not undergo beterolytic fission. Carbon taking part in this
reaction possesses sp° hybridization; but at transition state it possesgez sp? hybridization. In transition
state, the bonds are partially formed and broken. During the first step in the presence of realeased
group CI-, nucleophilic reagent OH™ reacts with substrate and trangition state is obtained. Thus,
in transition state, both reagent and substrate combine.

At the cransition state, the bond with CI” becomes weak and the formation of bond of
nucleophilic OH™ starts. At this time, all the three hydrogen atoms with carbon are arranged in one
plane only. As both the nucleophile OH™ and the group that is released, being negative, the nucleophile
always combines in the direction totally opposite to the releasing group. The spatial arrangement of the
obtained product is totally in opposite direction of the spatial arrangement of reactant. This means that,
inverted product from subsirate as a result of SN2 reaction, is observed which is shown in fig 6.2.

The rate of SN? reaction depends on concentrations of both substrate and nucleophilic re-
agent.

Rate of reaction = K [S]! [Nu]! where S = substrate
Nu~™ = Nucleophilic reagent.

Hence, SN? reaction is a second order reaction. Thus, in rate determining step, when
nicleophile reacts on carbon having less electron dengity, the rate controlling is done by both reacting
agent and reagent in transition state; such substitution reactions are called bimolecular nucleophilic
substitation (SN?) reaction..

(b) Unimolecular Nucleophilic Substitution (SN') Reaction : SN' (unimolecular nucleophilic
substitution) reaction takes place in two steps. In SN reaction, firstly heterolytic fission of substrate
takes place and carbocation (carbomium ion) is forrned. The energy required to break C-X bond in
the formation of carbocation is obtained from polar solvents like water, alcohnl, acetic acid. In second
step, nucleophile is attached to carbocation.

Tertiary butyl alcohol is obtained as prodict by reaction of tertiary butyl bramide with hydroxide ion.

This reaction is first order reaction from chemical kinetics point of view.

(CH,),C - Br + OH —>(CH,), -C—-OH + Br~
Tertiarybutyl bromide Tertiarybutylalcohol

The order of this reaction depends only on the conceatration of substrate and so it is a first

order reaction.
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~. Rate of reaction o [(CH,),C-Br]

= K [C(CH,),C-Br]

The reaction mechanism of this reaction is i two sieps as shown below :

Step-1
CH,
Step-l
(CHp)—C—Br — - c". + BF
Slow / \
RE  Cn,
Carbocatiom
(Catbonium ion)

The polar C-Br bond breaks slowly and carbocation and bromide ion are formed. As this step
iz slow, it is rate determining step.

Step-2 :

Nucleophilic reagent completes the substitution reaction by attacking the carbocation.

CH,
- c+. + OH- =22 (CH,);—C—OH
/ \ Fast
BL CH,
Carbocation Tertisry butyl alcohol
CH.3 (:HG
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As shown above, the mucleophilic reagent (OH™) can attack carbocation from both the sides,
they will be mirror image of eachother. In the above example substrate tertiary butylbromide is not
optically active, bence the obtained product is optically inactive. If haloalkane substrate is optically
active (e.g., secondarybutyl bromide) then product obtained will be optically active. As nucleophilic
reagent OH™ can attack carbocation from both the sides, equal proportion of dextro and levorotatory
optically active isomer which forms a racemic mixture.

In this second step of reaction carbocation readily combines with nucleophilic reagent
(OH") and gives the product. Hence, the rate of reaction of SN! reaction does not depend at all
on the concentration of mucleophilic reagent but it depends on the concentration of substrate.

Rate of reaction = K[S]' where S = substrate. Thus, SN! reaction is a first order reaction.

The rate of SN! reaction depends on concentration of substrate, easy formation of carbocation
and stability of carbocation. In SN! reaction weak mucleophilic reagent also reacts easily. As the
stability of carbocation is more, the rate of SN! reaction will be fast. As stable carbocation is formed
on tertiary carbon SN! reaction becomes ensy; while SN2 reaction iz difficult.

The order of case of SN! and SN? reactions in alkyl halides iz as follows :

SNZ? reactions
B
Tertiary halide, Secondary halide, Primary halide, CH,X
-«
SN! reactions

Stability of carbocation : 3%butyl carbocation is obtained as intermediate by heterolytic fission of
C-Cl1 bond during nucleophilic substitotion of 3%-butylchlaride as follows :

i [
Hac—(i‘.—CI Hoemlyle , yo—ce + el
CHsy CH;
3% butyl chloride 3% butyl carbocation

The stability of carbocation increases because of distribution of positive charge on carbon, any
factor which tends to distribute the positive charge of carben having deficiency of electron and the positive
charge i8 equally distributed on the remaining part of ion must increase the stability of carbocation. Hence,
if electron donating group is attached with carbocation, the stability increases. As contrast to this if
electron aftracting group combines with carbo cation, the stability decreases.

RN A~CO > v~ Ch > GV —CO

R = electron donating group G = electron accepting group
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The alkyl group attached with carbon atom having positive charge possesses electron releasing
inductive effect (I). Hence, the carbon to which alkyl group is attached the effact of positive charge
of carbon will be less. Hence, alkyl group will be partially positively charged. The stability of carbocation
will increase because of distribution of this positive charge.

-»
i 1 I I
H—(I:d‘-J R,—clza‘-) Ri—(l;'ea Rl—(l: ®
H H H R,

Methylcation 19 (primary) carbocation 27 (Secondary carbocation) 3 (Tertiary carbocation)
Tertiary carbocation posgesses maximum stability becaunse three alkyl groups are attached to it;

while two alkyl groups are attached with secondary carbocation. It possesses more stability than primary
carbocation, The stability of the carbocation with which no alkyl group is attached hag minimum stability.

Thus, the order of stability of carbocation can be shown as below
30¢C®>200251°C% » CPH, o

Tertiary C® > Secondary C® > Primary C® > C®H,. The rate of reaction depends on the
stability of the carhocation obtained.

The stability of carbocation decreases if electron attracting atom or group is attached with
carbocation having electron deficiency.

Resonance is also an important factor in deciding the stability of carbocation. The resonance
structure can be drawn if electron pair deficient carbon is attached with unsaturated system in which
positive charpe is delocalized on the whole molecules.

The carbocation having passibility of resonance structure, is more than the carbocation having
simple alkyl group; which can be made clear by the following example.
& &
H,C =’:’£l*cn,<—> Hp"—/gH\:E CH,
(2) Elimination Reactions : Alkene is formed by reaction of ethanolic solution of potassinm
hydroxide with haloalkanes containing hydrogen on B—carbon. Alkene compound is formed by forma-
tion of double bond betwen o and B—carbon atoms by releasing halogen atom of a—carbon atom and

hydrogen atom of f—carbon atom of haloalkane, This reaction is called fi—elimination reaction. This
reaction is also called dehydrohalogenation.

BCH, - *CH, - C1+KOH —E2228ly, Ol = CH, +KCl+H,0
Chiocoethane Etheae
When there are more than one f-hydrogen in haloalkane, then more than one alkenes are

obtained as product. Generally one product of alkene whose proportion is more is called major product
and whose proportion is less called minor product.
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In 1875, Russian scientist Alexander Zaitsev (it is also pronounced as Sayizeff) gave one
formula. In dehydrohalogenation reaction, the alkene product having more number of alkylgroups
attached to carbon atom contaming double bond is obtained in higher proportion e.g.
—>»CH,—CH—=— CH — CH,4

But-2-ens
(higher propartion)

Ethanol
CH,—CH,— CH — CH - ]
,— CH, | » + KOH “H.o —KBr

Br
2-Bromobutans

—» CH,— CH,— CH ==CH,
But-1-¢ne
(lower propartion)
(3) Reactions with metals : By reaction of haloalkane with mstals, chemical bond between
carbon and metal are formed and the compounds obtained are known as organometallic compounds.

{a) Grignard reaction : In 1900, Victor Grignard discovered one important compound amongst

organornetallic compounds called alkyl magnesium halide. Tt became well known as Grignard reagent
RMgX. Alkane is obtained by reaction of Grignard reagent with halpalkane,

R-X+Mg 23 | p_Mg-X

Halo alkeans Alkyl magnesinm halide
(Crignaed reagent)
R—Mzg—-X T R—-H + MgX,
ether Aqueous HCI
CH,—CH;—C1+Mg—DW—> CH; —-CH,—-Mpg-Cl Mgl CH; - CH,
Chlorosthane Ethyl magnesium chlorids FEthane
(Grdgnard regent)

Eiher Hydrolysia B0
CH, —1+Mg —DYE® o oy —Mg-—1 s> CH. + Mg(OH)!
Todomcthane Methyl magnesium iodide Methane

(Gtignard reagent)

(b) Wurtz Reaction : Alkane having double the number of carbon atoms compared to initial
haloalkane is obtained by reaction of haloalkane with sodium metal in dry ether. This reaction is called
Wurtz reaction.

2R—X +2Na DT | p_R+2NaX
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e.g. 2CH,Cl+2Na ST  CH, — CH, +2NaCl
Chloromethane Ethane

2CH,CH,Cl+2Na D¥%%*,  CH.CH,CH,CH, +2NaCl
Chloroethane: n - Butane

6.8.2 Reaction of Haloarene Compounds :

(1) Nucleophilic substitution reaction : The nucleophilic substiition reactiong in haloarenss
are not 80 eagy as in haloalkanegs. The reasoms far nucleophilic substimtion reactions in haloarene
compounds being difficult are az under :

(i) Resonance effect : Halocation is formed because of electron pair on halogen atom in
haloarene compound The following resonance structures are possible for this cation.

' + ¥ +X: + 3@
-
~ >
— A — —p

C-X bond becomes shorter due to resomance structures. As a result, carbon-halogen bond is
stronger in haloarenes as compared to haloalkanes. Hence, strong reaction conditions are essential for
micleophilic substitution reaction in halparenes e.g., The bond lemgth of C—Cl in chlorobenzene is
169 pm which is less than the C—Cl bond length in chloromethane which is 177 pm. Hence, nucleo-
philic substitution reactions in chlorobenzene are difficult.

(ii) Difference in hybridisation of carbon atom in C-X bond : Carbon atom attached with
halogen in haloarene compounds possesses sp? hybridisation while carbon atom attached with halogen
in haloalkane compounds possesses sp® hybridisation.

sp2 hybridisation H  sp3 nybridisation
. p< hy |/
R—(II—X

H

The carbon atom of haloarene, having sp? hybridisation possesses more electronegativity as

compered to sp> hybridisation cortaining carbon atomn in haloalkane; hence it attracts electron pair of
C-X bond towards it. As a regult the C-X bonl length becomes shorter (169 pm). More energy will
be required to break C—X bond which is shorter than C-X bond length in haloalkanes. As a result
the reactivity of nucleophilic substitution of haloarens compounds is less in comparison to reactivity of
haloalkanse compounds,
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(fif) Unstable phenyl cation : As phenyl cation is formed in haloarene compounds, generally
self ionisation iz not possible under general conditons. The resonance form of phenyl cation decreases
the stability of self-ionisation reaction. Hence, SN! reaction is not possible in halcarene compounds.

CH, —Cl+: Nu ™ —>CH, —Nu +:Cl~
1-Chloromethans

Cl + :Nu ——> Product is not obtained

Chlorobenzene
Reactions : The muicleophilic substitution reactions in haloarencs under, strong conditions are as
follows :
(i) Substitution by OH™ group : Phenol is formed by reaction of chlorobenzene with 6 to
8% aqueons NaOH at 633 K temperature and 300 bar pressure. This process called Dow process.

¢ (i) 608 % oH
aqueows NaOH
—_— + NaCl
633 K, 300 bar
a +
Chlorobenzene @ H Phenol
(i) Substitution of Cl atom by OH ™ group in presence of electron attracting group (—NOZ):
(1) aqueous NaOH H
443 K
+ NaCl
(il} Ht
NO,
1-Chloro-4-nitrobenzene 4-Nitro phenol
(55 % product)
OH
NO, (i) aqueous NaOH NO,
368 K
+ NaCl
ay HY
NO, NO,
1-Chloro-2, 4-Dinitrobenzenc 2, 4-Dinitrophenol
{76 % product)
1 H
NO, 0, NO, NO,
+ H,O0 —r333 K + HCl
NO, NO,
1-Chloro-2,4,6-trinitrobenzene 2,4,6-trinitrophencl
(93 % product)
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If the electron attracting gronp (-NO,) is attached in ortho or para position of chlarobenzens,
then in stroug reaction conditions like high termperature about 443 K chloride (CI™) is substituted by
(sOH") group and 55% product is obtained. If the electron attracting group (-NO,) are in both ortho
and para positions, then substitation of (CI7) by (:OH™) group takes place at high temperature like
368 K and 76 % product is obtained. But, when electron attracting group (-NO,) attached to two
ortho and one para positions i.e. at all the three places, then by heating at 333 K temperature, chloride
(CI") is substituted easily by (:OH™) group and about 93 % 24,6 trinitrophencl (TNP) product is
obtained.

(ili) Substitution by :CN~ group : Phenyl cyanide is formed by reaction of chlorobenzene
with NaCN in presence of Cu,(CN), at 473 K temperature.

1

NaCN + Cu(CN)»

_ 473K
+ :ICN

High pressure
Chlorobenzene Phenyl cyaride
{Cyanobenzene)

(2) Electrophilic substitution reactions : In haloarene compounds inspite of halogen group
producing ortho-para directing effect, it decreases reactivity of benzene nucleus. Hence, halogen
groups differ from other ortho-para directing group.

Negative inductive effect (-1 effect) is produced in chlorobenzene because of eletronegative
chlarine in chlorobenzene. The posgibility of resonance structures increase because of non-bonding
electron pairs on chlorine atom; which can be seen from the following structures :

Beacause of resonance, the electron demsity of ortho and para positions, increases more
than meta position. Because of negative inductive effect (—I) of chlorine, attracts electron from
phenyl nucleus. As a reszult the negative inductive effect {—I) increases more than the resonance.
Because of this benzene ring tries to be inert. Hence clectrophilic substitution in haloarene
compounds by chlorine are slow. In relation to benzene, in chlorobenzene, strong reaction conditoins
are necessary.

Certain electrophilic substitution reactions found in chlarobenzene such as halogenation, nitration,
sulphonation and Friedel-Crafis reaction are shown below :
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(a) Chlorination :
Cl Cl C1
303K -313K 1
O-+= =22 © . O
[FeCla)
—2HC1 1
Chlorobenzene 1, 4-dichlorobenzene 1,2-dichlorobenzens
(p-dichlorobenzene) (o-dichlorobenzene)
(b) Nitration :
Cl Con. HNO, Cl Cl
@ [Con. H5504] @ @AﬂOz
ﬁ +
323K -333K
—2H,0 NO,_
Chlorobenzene 1-Chloxo-4-nitorbenzene 1-Chloro-2-nitorbenzene
(p-nitrochlorobenzene} {o-nitrochlorobenzene)
(c) Sulphonation :
Cl1 [Con. H,SO, ] Cl Cl
@ 353K-363K @ ©/503H
— +
- 21'[20
SO3H
Chlorobenzene 4-Chlororhenzene sulphomic acid  2-Chlororbenzens sulphonic acid

(p-Chlorcbenzene sulphonic acid}  (o-Chlorobenzene sulphonic acid)

(d) Friedel-Crafts Alkylation :

Ct Friedel-Craft Cl Cl
alkylation CH,4
@ + CHCl ————> . @’
[Anhydrous AlCl,]
34 K-3MK
—2HCI CH,
Chlorobenzene 1-Chloro-4-methylbenzene  1-Chloro-2-methylbenzene
(p-Chlorotolucne) {o-Chlorotolnzne)
(e) Friedel-Crafts Acylation :
Cl Friedel-Crafts, Cl Cl
@ + ! acylaﬁm @/ COCH3
I [Anhydrous AICI,] *
JRIK-394 K
— 2HC COCH,
Chlorobenzene 1-(4-Chlorophenyl) 1-(2-Chlorophenyl)
1-one ethan-1-one

(p-Chloroacetophenone) (o-Chloroacetophenone)
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(3) Reaction with metal :

(i) Wurtz-Fittig reaction : Toluecne is obtained by reaction of mixture of chlorobenzne and
methyl chloride with sodium metal in dry ether This reaction iz called Wurtz-Fittig reaction.

Cl CH,
Na metal
@ +CH,C1 m @ + NaCl
Chlorobenzene Toluene

Similarly ethyl benzene is obtained by the reaction of chlorobenzene with ethyl chloride.

Cl CH,CH,

Na metal
@ +CH,CH,Q1 — == + NaCl
Chiorobenzene 1- Chlorocthane ethylbenzene
(ethyl chlaride)

(ii) Fittig reaction : When aryl halide is reacted with sodium metal in dry ether, two aryl
groups combine and give the product. This reaction is called Fittig reaction

X
Dry ether
2(Q) + 20 222 OO0+ 2k
Chlocobenzene Diphenyl

6.9 Polyhalogen Compounds
(1) Dichloromethane -CH,Cl, (Methylene chloride) :
Preparation :
(i Dichloromethane is formed by reduction of chloroform (CHCl,) in presence of Zn + HCL
CHC, +2[H] =225 CH,Cl, +HCl
Dichloromethane

(methylene chloride)

(ii) In recent time dichloromethans is prepared by chlorination of methans.
. . h
CH, —ornabon v, CH,Cl ——enedion B oH,Cl,
Cl, -HCL Cl, -HCl

Methane Chloromethane Dichloromethane
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(iii)) Dichloromethane is obtained by reduction of chloroform.

Reduction H,
CHC]S Tb CH,Cl, +HCl
Chloroform Dichloromethane

Properties and Uses :
® Dichloromethane iz a colourless ligquid.

e Tts boiling point is 313 K.

@ It is useful as solvent in industrics. Mostly it is used as solvent in the production of
chemicals used in removal of colour. It is harmful to nervous system, If it comes in direct
contact of eye it damages the cornea

® In addition, if it comes in direct contact of zkin, red rashes are formed.
(2) Trichloromethane CHCl, (Chioroform)
Preparation :

(i) Chloroform is obtained by reaction of ¢thanal with dichlorine gas in presence of bleaching
powder.

[0] \ 3CL, .
CH,CH,OH +Cl, —grae » o> CH,CHO —p 2o CCL,CHO
—2HC1 —2HCI
Ethanol Ethanal Chloxal

(Acetaldehyde)

2CC1L,CHO + Ca(OH)z — 2CHO, -+ (HC00)2Ca
Chloral Calcium Trichloromethane Calcium formate
hydroxide {Chloroform)

(ii) Chloroform is formed by partial reduction of carbon tetrachloride with the help of water
in the presence of irom.

cCl,, + H, ng) CHCl, + HCl1
2
Tetrachloro methane Trichloromethane
(Carbon tetrachloride) {Chloroform)

(iii) Pure chloroform is obtained by reaction of chloral hydrate with concentrated alkali.

CCL,CH(OH), + NaOH = CHCI, + HCOONa + H,0
Chloral hydrate Concentrated Chlorofonm Sodinm fonmate
Sodium hydroxide
Properties and uses :
® Chloroform iz a colourless liquid.

® Its boiling point is 334 K




Its vapour is combustible.
It posscsses sweet smell
It is soluble in alcohol and ether.

If kept open in air, poisonous substance carbomyl chloride (COCL,) is formed which is
known as phosgene.

® Chloroform used as anesthetic should not be converted to phosgene and so alcohol is
added to it.

@ Chlaroforin is used as solvent. In addition, it is used as anesthetic for making patient
unconcious during operation.
(3) Tetrachloromethane : CCl, (Carbon tetrachloride) :
(i} Tetrachloromethans is formed by reaction of carbon disulphide with dichlorine gas in
presence of anhydoroue AICL, as catalyst.

‘AnhydronsAl

CS, + 3ClL, [ Cly] > ccCl, + S,Cl,

Carbon disulphide Tetrachloromethane Sulphur
(Carbon tetra chloride) dichloride

(ii) Tetrachloro methane is formed by chlorination of methane.

cH, + 40, —™ 5 ca, + aHCI
Tetrachloro
methane

Properties and uses :

® Carbon tetrachloride is a colourless, fragrant liquid heavier than water.
® It is insoluble in water; but is soluble in ethanol and ether.

¢ Iis boiling point is 350 K.

® CCl, is vsed under the name of pyrene for extinguishing the fire in substances like oil,
fat and petrol because its vapour is nmot combustible,

It iz stable at higher temperature {(about 773 K). When it comes in contact with water at high
teroperature, poisonous substance phosgene is formed. Heace, care is (0 be taken while extinguishing
the fire. It is useful as solvent in industry and drycleaning,

(4) Triiodomethane CHI; (Iodoform) :
Preparation : Jodoform is formed by the reaction of alcohol containing CH,CHOH-group or
acetone with iodine and solution of sodium carbonate or dilute NaOH solution.

CH,CH,OH + 3Na,CO,+4Il,—>CHI; + 5Nal+HCOONa +3CO, +2H,0
Triiodomethane
(Iodoforms)
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CH,COCH, + 4NaOH + 3[,—»CHI; + 3Nal+CH,COONa+3H,0
Triodomethans Sodium acetate
(Tlodoform)

Properties and Uses :
® Jodoform is light yellow coloured crystalline, smell prosessing substance.

® [tz melting point is 392 K. It is insoluble in water but dissolves in organic liquids like
cthanol, ether ete.

e As iodine is liberated from iodoform, it is useful as antiseptic in medicines.
(5) Dichlorodifluore methane (CClez) Freon (Chlorofluorocarbon) :

Preparation : Chlorofluoro carbon is prepared by reaction between carbon tetrachloride and
antimony trifluoride at high pressure in presence of antimony pentachloride,

Sb

30Cl, + 2SbF, ool > 3CCLE, + 25bCl,
Carbon tetra Freon (CPC)
Chloride Dichlorodifluoromathens

These compounds have pot a long series in which CCLF, is known as freon 12,
Properties and Uses :

® Freon is a coloorless, odourless gas.

® [is boiling point is 243 K.

® Metal does not corrode because of its effect.

It is more used in refrigerator and air conditioner. Freons CCLF, and C,CLF, series are used
in them. Fragrant substances are used in aerosol mixtures of insecticide substances. In this, Freon-
22, CCIF,, CCLF,, CCLF etc. are also useful

CFC it proved harmful to ozone layer.
(6) p—p' Dichlorodiphenyl trichloro ethane (DDT) :

Structural formula :

e T“_O—C‘
ccl,
p—p' Dichlorodiphenyl trichloroethane (DDT)




T ——————————

Preparation : DDT is formed by reaction of chloral and chlorobenzene in presence of
concentrated sulphuric acid.

Cl

h—c—cay, + 2| N mso., / " wd Va
4 ] e
. %,_;"‘fﬂ \1‘ \—— | ?\'k=-=j

O Cdl,
Chlacal Chioro p—p' Dichlarodiphenyl trichloroethane (DDT)
benzene
Properties and Uses :
DDT is a white solid substance.

® It gives pungent amell of chlorine and the eyes pet irritated, there is a possibility of
cancer, if it enters the body.

It is useful as houschold imsecticides.

SUMMARY

The classification of haloalkane and haloarene compounds is made on the basis of one, two,
three or more halogen atoms, respectively as mono, ditri and polyform. They are classified into
primary, secondary, and tertiary halides according to their characteristics combined with carbon
with functional group halogen. Tn addition, the classification of halo compounds, halogen having carbon
possessing sp® ar sp? hybridisation as alkyl, allylic, benzylic, vinyl and aryl halide is also made.

Prefix halo is used for IUPAC nomenclature of alkyl halide and aryl halide viz. for F, Cl,
Br, I as fluoro, chloro, bromo, iodo respectively.

In these compounds, the electronegativity of halogen is more than that of carbon.
C¥*_X% bond becomes polar and partial positive charge on carbon and partial nctagive
charge on halogen are produced.

Preparation of haloalkane compounds can be made by substitution of hydroxyl-OH group
by halogen —X. Alkyl halides, or aryl halides can be prepared in the same way by halogenation
from hydrocarbon, by electrophilic substitution in cyclic hydrocarbon, by addition reaction in
alkene, by exchange of halogen etc.

In halocarbon compounds C%—X% bond being polar, intermolecular attraction farces are
moee and €0 their boiling points are found to be higher in comparison to their corresponding
hydrocarbons. As C-X bond length is shorter in haloarene than in haloalkane, their boiling points
are higher. Halocarbon compounds are sparingly soluble in water but becomes soluble in organic
solvents.
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In alkyl halide because of the polarity of C*-X* bond in alkyl halide, nucleophilic
reagents (3Nu™) are attracted by carbon having partial positive charge, they give nucleophilic
substitution reactions. The reaction mechanisin of these substitution reactions are classified in
two parts in the form of SN! and SN2

I
B, e o+ X |

| L, np—c—
Fast I

& o N/ | _
Z » {Nu —C—X » —3» No—C— + X

According 1o chemical kinetics principle, SN! is a first order reaction, while SN? is a
second order reaction. The stability of carbocation depends on electron donating gromp, inductive
effect {I) eand resomance factor.

From stereochemistry point of view, because of the optical activity of chiral carbon
produced from halocarbon componds, racemic mixture is obtained in the form of product.

On the bagis of chemical characteristica of haloalkanes compounds, elimination rsaction,
Grignard reaction with metals, Wurtz reaction, different products can be obtained.
The reactions carried out by haloarene compounds viz. in nucleophilic substitution

reactions, resonance effect, difference in hybridisation of C—X bond, effect of unstable phenyl
cation, different products can be obtained.

Haloarene compounds give electrophilic substimtion reactions. In addition, under strong
reaction conditions gives nucleophililic reactions also.

Phenol can be obtained by substitution of functional group —X of haloarene by —-OH
group. Similarly arylcyanide can be obtained by substimtion of -X by —-CN. Electrophilic
substitution reactions occorring in phenyl nucleus of haloarens, are more stahle becanse of ther
resonance structures. In these reactions the ortho-para products of halogenation, nitration,
sulphonation, Friedel-Crafts explains ortho-para directing effect of halogen functional group.

Haloarens with sodium metal gives different reactions like Whurtz, Fittig reaction.

In certain important halacarbon compounds dichloromethane (CH,CL,), trichloromethane
(CHCL,), Chloral (CCL,CHO), tetrachloromethane (CCl,), iodoform (CHIL,), freon, DDT etc.

are included. Most of these compounds are not easily decomposed and so they are harmful to
ozone layer; they are proved to be dangerous for enviromment.
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EXERCISE

1. Select the proper choice from the given multiple choices :

(1)

2

3

)

&)

6

M

®

€)

(10)

In haloalkape ............ccovrvveree.. bond is formed between cartbon and halogen.

(A) Tomic (B) van der Waals (C) Covalent (D) Hydrogen

In haloarene compounds, halogen combines with carbon having which hybridisation ?
*) sp? ®) sp’ © sp ®) dsp’

In haloalkane, carbon in C—X bond possesses which partial electric charge ?

(A) Chargeless (B) Positive (C) Negative (D) Anionic

Which of the following bonds is the strongest ?

A) ;C—F ®) B:—Cl © ;:—Br D) 9—1

Which of the folloiwng is vinyl halide ?

(A) CH,CL, (B) CH=CH-Cl  (C) CH=C—Cl (D) CH — CH

Cl 1
What is B in R-OH + PX;, > R-X + B + HX ?
(A) HPOX, (8) H,PO, ©) POX, @) H,PO,
Which catalyst is used in preparation of bromobenzene by bromination of benzene ?
(A) FeBr, (B) HBr (©) AlBr, (D) Br,
By which name the reaction CH,-Br + Ag-F — CH,F + AgBr is known ?
(A) Grignard (B) Wurtz (G) Fittig (D) Swartz
What are mucleophilic reagenis according to Lewis theory ?
(A) Acid (B) Base (C) Neuntral molecules (D) Positive ions
On which of the following factors the stability of carbocation depends ?

(A) Resonance (B) Temperature (C) Tramsitiom state (D) Reaction rate
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(13)

a4

What is called an optically active substboce ?

{A) Which reflects polarised light

(B) Which rotates the plane of polarised light

{(C) Which increases rate of polarised light

(D) Which absorbs polarised light

Arrange giving the sequence arder to Br, Cl, F and H combined with asymmetric carbon.
AHCLBLF @®HC,FEFB C)Br,CLEH (D) H, F, Br, Cl
2CH X + 2Na M,, A + 2NaX. What will be the product A obtained in the
reaction ?7

(A) CH,CI ®) C,H, {C) CH,-C,H; (D) C,H;Na

Which is the structural foromla of DDT ?

OO~ OO

c—Cc—cl
cl
; H f
T a—¢—a CH,A
a
(15) Which substance is inflamable ?
(A) DDT (B) Freon (C) CHI, (D) CHCIL,
2. Answer the following questions in short :
(1) Write TUPAC names of the following substances.
@ (CH),—CH-CH(C)-CH, (i) CH,—CH(CH,)-CH(CH,)-Cl
(i) CH,~C(C,H,),~CH,~Cl (iv) CH,~C(CIC,H)-CH,-Br

@)

(¥) CHCH,~C=C~CH,~Cl

Classify the following compounds in the form as alkyl, allylic, benzylic, vinyl or aryl halide.

() CH,CH,Br (i) CH,~CH=CH-C1
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3

“
()
6
@
®
®
(10)
(1)
(12)

(13)

(iii) CH_,—CHZCl'.—('.‘Hz—CI-I3 (iv) CH;-CH,—CH,—Br
Br

™) (CHy), C—CH,— Clil-I—C6 H,
Br

Write the structural forrmlas of the following :

(i) 2-bromo-3 methyl pentane

(ii) 1-chloro4-methyl cyclohexane

(iii) 1, 4-dichloscbut-2-ene

(iv) 1-chloro<4-secondary butyl-2-methyl benzene

Give examples of 19, 2, 3° haloalkanes.

Give reason for polarity of C-X bond in haloalkane

Give examples of 1%, 2°, 3% benzy] balide.

What is meant by chirality ?

In haloalkanes intermolecular attraction forces are more than those in alkancs 7 Why ?
What is called SN’ reaction 7

Why SN? reaction is called bimolecular substitution reaction ?

Which poisonous substance is formed by keeping chloroform open in air ?
On which factor, the stability of carbocation depends ?

Mention D or L configurations in following compounds :

CHO
CH; COOH
| | H—C—OH
(1) H—C—OH (2) HO—C—H 3
H—C—OH
HO |
CH,0H
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3. Write answers of the following questions :

1)

(2)
3)
“@
&)
©
)
®
®)
(10)
4. Give

(1)

(2)
3)
(C)

)
()
@)
®
C)

10

Mention the classification of haloalkanes on the bagis of number of halogen atomg giving
suitable examples.

Explain the reaction for preparation of haloalkane from alcohol giving reaction equation,
Deacribe Zaitsev’s formula giving suitable example,

Give only equations of substitution reaction in haloarenes by OH™ group.

Write preparation of methylene chloride.

Mention properties of dichloromethane.

Is 2, 3-dibromobutane optically active ?

Explain the factors affecting the rate of rcaction in SN! and SN2 reactions.

‘Writa physical properties and nses of chloroform

Writs a note on resonance effect in the nucleophilic substitution reaction of haloarenss.
answers of the following gquestions in detail :

Explain classification of haloalkane and haloarene compounds on the basis of mamber of
halogen atoms.

Write a note on C-X bond.

Write a note on P—climination reaction in haloalkane.

Give following electrophilic reactions :

(i) Chlorination (i) Nitration (iii) Sulphonation

(iv) Friedel-Crafts acylation (v) Friedel-Crafts alkylation
Explain in detail Fittig reaction of baloarene.

Explain in detail SN® reaction.

Write a note on SN2 reaction,

Mention preparation, properiies and uses of tetrachloromethane.

Give preparation of iodoform and its importance in medical field.

Menticn types of freon and explain frecn as coolant.
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(11) Explain stability of carbocation.

(12) Explain the two steps to determine R—S nomenclature.
(13) Explain D-L nomenclature,

(14) Write a note about any three polyhalogen compounds.

(15) Mention R or § configuration of following compounds :

CH,0H Br
(1) Hy,C CH,CH, @ I c1
COCH H
CH, CH,CH,
o H_|_Br @ H_}_OH
CH,CH, CH,
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Unit

Alcohol, Phenol and
Ether Compounds

7.1 Introduction

‘We have learnt carlier that when one or more hydrogen atoms of a hydrocarbon, are
substituted by another atom or a group of atoms (functional group) then new organic compounds are
formed. When the hydrogen atom attached to saturated carbon of hydrocarbon, is substituted by
hydroxyl group (— OH) then alcohol is formed.

e.g.,

Hydrocarbon Alcohol
CH, CH,OH
Oren Oy-onon
H,C=CHCH, H,C=CHCH,O0H
HC=C—CH, HC=C—CH,0H

Thug, the general formula of alcohol is R—OH; where R = alkyl group or alkenyl or
alkynyl or aryalkyl group. If the hydrogen atoam attached to the carbon atom of an aromatic, is
substituted by hydroxyl group then phenol is formed.
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Hydrocarbon Phenal

@
w @ e Oron

Thos, the general formula of phenol is Ar— OH; where Ar = aryl group. If the hydrogen
atom of bydroxyl group of alcohol or phenol, is substitnted by alkyl or allenyl or alkynyl or aryl group
then ether is formed.

eg.,
Alcohol/Phenol Ether
CH,OH CH,OCH,
H,C=CHCH,OH H,C=CHCH,OCH,
HC=CCH,OH HC=CCH,OCH,

@OH <C:)>—ocu3

Thus, the general formula of ether is R/Ar, —O-RJ/Ar,; where R, and R,=alkyl or
alkenyl or alkynyl group and Ar, and Ar, = aryl group.

Alcobols and ethers have same general formwla C H, ,,O but due to different functional
groups, they are called functional group isomers. For example, ethanol and methoxymethane have
same molecular forrmla C,H O but their structural forrmla CH,CH,OH and CH,0CH, possess
different functional groups.

7.2 Classification of Alcohols

The classification of alcohnlz is carried cut in three types depending on the carbon which has
been attached to the hydroxyl group in structure of alcobol, viz (1) Primary (1°) alcohol,
(2) Secondary (29) alcohol and (3) Tertiary (3°) alcohol.

(1) Primary (1°) aleohol : Alcohol, in which the hydroxyl group is attached to primary carbon
is called primary (1°) alcohol.
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(2) Secondary (2°) alcohol : Akohol, in which the hydroxyl group is attached to secondary

carbon is called secondary (2%) alcohol.

(3) Tertiary (3°) alcohol : Alcohol, in which the hydroxyl group is attached to tertiary

carbon is called tertiary (3%) alcohol.

H

R—C—0OH
Primary (19} alcohol.
R—(IZ—OH

H

Secondary (2°) alcohol.

Tertiary (39) alcohol.

7.3 Nomenclature of Alcohols

H
b1, — ol
i
Primary (1°) alcohol.
CH,
H,C—(I:—OH
&

Secondary (2°) alcohol.

CH
I 3
I-13C—(|3—0H

CH,

Tertiary (3°) alcohol.

Common name : For the common name of alcohols, the aloohol, word is added after the
name of hydrocarbon group which is attached to the =OH group.

e.g, CH,0H Methyl alcohol

CH,CH,0H Ethyl slcohol

CHZOH Benzyl alcohal

IUPAC name :

(1) In alcohol, the longest carbon chain of hydrocarbon containing hydroxyl group is selected.
Then dropping the last letter ‘e’ from the name of hydrocarbon, the suffix ‘ol’ is added. For
example, by dropping ‘e’ from methane and adding the suffix ‘ol’, the derived name will be methan
4+ ol = methanol and in that manner from ethane, ethan 4+ ol = ethanol is denived.

eg, CH,OH Methanol

CH,CH,0OH Ethanol
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(2) In alcohols containing more than two carbon atoms the smallest number for location of
the pogition of hydroxyl group is placed before the suffix ‘ol’.

eg.,
3 21
CH,CH,CH,0H Propan—1-ol
1 23
CH,CHCH, Propan—2—ol
I
OH
3 2 1
H,C=CH,CH,0H Prop—2—en—1-ol
3 21
HC=CCH,0H Prop—2-yn—1-ol
4 3 21
| 4—Chlorobutan—2-ol
OH
5 4 3 21
CH,CH,CH,CHCH,0OH
| 2-Ethylpentan—1—ol
CH,CH,
2 3 4 5
CH,CH,CHCH,CH,CH, 2-FEthylpentan—1-ol
I
1 CH,OH
e
CH,CH,CH, - CCH,CH, 3-Methylhexan—3—ol
I
OH

(3) If more than one substituents are present in alcobol molecule then in nomenclature they
are presented in alphabetical order.

e.g.,

7 6 35 4 3 2 1
CH, CHCH, CHCH, CHCH, 6—Bromo—4—ethylheptan—2—ol
|
Br CH,CH, OH
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4 3 21

CICH,CH,CHCH,OH 4-Chloro—2-methylbutan—1—ol
I
CH,
5 43 21
CH,CHCH,CHCH, OH 2, 4-Dimethylpentan—1-ol
I I
CH, CH,

(4) I alcohols comtaining more than one hydroxyl groups, the di, tri......etc. prefix for two,
three.... etc. number of hydroxyl groups respectively, are written before the suffix ‘ol’. Here last
alphabate ‘e’ is not removed from name of hydrocarbon.

e.g.,
CH,CH,
I Ethane—1,2~diol
OH OH
CH, CH CH,
| [ Propane—1,2,3—triol
OH OH OH
4 3 21
CH,CHCH,CH,OH Butane-1,3—diol
I
OH
5 4 3 2 1
HOCH,CH,CH = CHCH,OH Pent—2—ens—1,5-diol

(5) In alcohols the hydroxyl group attached to the carbon of cyclic systam is given the first
number.

C.E.,

OH
O Cyclopentanol

OH

Cyclohexanol
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CH,
@ 3-Methyleyclohexanal
“OH
oH
H
é/c 3 2-Methyleyclopentanol
~Nr
3,4-Dimethylcyclopentanol
CHy

2-Ethyl-5-methylcyclohexanol

The structural formula, IUPAC name, common name, their type and boiling point of some
alcohol molecules are presented in table 7.1.

Table 7.1 Alcohol compounds

Structural IUPAC Common Type Boiling

formmla name name point (K)
CH,O0H Methanol Methyl alcohol 10 338
CH,CH,0OH Ethanol Ethyl alcohol il 351
CH,CH,CH,0H Propan-1—ol n-Propyl alcohol 10 370
CH,CHCH,

Cl)H Propan-2—ol Isopropyl alcohol 20 355
CH,CH,CH,CH,0H | Butan-1-ol n-Butyl alcohol il 390
CH,CHCH,OH

I 2-Methylpropan—1—cl | Isobutyl alcobol i 381

CH,
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CH,CH,CHCH,
I Butan—2-—ol Secondary butyl alcohol 22 3713
OH
CH,
|
HsC-'llf-CHa 2-Methylpropan—2-ol | Tertiary butyl alcohol 30 356
OH
CH,CH,
| Ethane-1,2~diol Ethylene 1 1°1° 47
OH OH FEREI B
CH, CH CH,
[ Propane—1,2,3-triol Glycerol (Glycerine) 102019 563
OH OH OH 2
CH,OH
Benzyl alcohol 1° 478

—0
H / \H
Methanol

CO and O-H c-bond
C and O sp® hybridisation
C-0O-H angle 108.5°

7.5 Physical Properties of Alcohols

In alcobol comnpounds, the electronegativity of oxygen stom (3.5) of hydroxyl group is higher
than the elecironegativity of hydrogen atom (2.1). Due to this, it induces partiel negative charge
() on oxygen atom and partial positive charge (§+) on hydropen atom. So O%— H5 bond becomes
polar and in liquid alcohols intermolecular hydrogen bond is formed, as a result intermolecular
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attraction increases. The higher energy is required to break these atiraction forces. If there are
more attractive forces in the molecules of liquid alcohol, then more thermal energy is required to
break and to convert it in gaseous forms. So the values of boiling point increase. This type of
hydrogen bond is not formed in alkanes because the polar bond is absent in them. Therefore the
boiling points of slcohols are higher than those of alkanes having approximately egual
molecular mass. e.g., boiling point of ethanol (molecular mass = 46 gram mole™, b.p. = 351 K)
is higher than that of propane (molecular mass = 44 gram mole™, b.p. = 231 K) and beiling point
of propanol (molecular mass = 60 gram mole!, bp. = 370K) is higher than that of butane
(molecular mass = 58 gram mole™!, b.p. = 273K).

T e N N\

..............................

R

Intermolecular hydrogen bond between alcohol molecmles

In linear series of primary alcohols, the boiling point increases gradually as the
number of carbon atoms increases; because increasing with the number of carbon, intermolecular
distance is decreased, as a result intermnolecnlar attraction forces imcrease. ¢.g., while going from
methanol to butan-1-ol, the boiling point gradually increases (Table 7.1), as compared to primary (19)
alcohols containing three or more than three carbon atoms and with the cgame molecular formula, in
secondary (2°) alcohol and as compared to secondary (2% alcohol, in tertiary (3°) alkcohols having
more branched chains. As a result it decreases the area of surface and decreases the intermolecular
attraction with increase inintermolecular distance. Therefore among alcohols containing same
molecular formula, secondary alcohol has lower beolling peint than primary alcohol and
tertiary alcohol has lower bolling point than secondary alcohol. This is due to decrease in the
intermolecular attraction. e.g., boiling point of propan-2-ol (secondary) (b.p. 355 X) is lower than that
of propan-1-ol (primary) (b.p. 370 K) and alcohols having molecular formula C,HOH have three
isomers butan-1-ol (primary) (b.p. 360 K), butan-2-ol (secondary) (b.p. 373 K) and 2-methyl
propan-2-ol {tertiary) (b.p. 356 K) whosc boiling points are decrcasing reapectively.

In aqueous solution of alcohals, the intermolecnlar attraction between them increases due to
the formation of hydrogen bond between polar molecule water and polar molecule alcohol. Therefore,
lower molecular mass containing methanol and ethanol are more soluble in water. As the oumber of
carbon atoms of hydrocarbom group in alcohol increases, the molecular masses also increase; as a
result solubility in water decreases, because of formation of hydrogen bond cannot be possible with
gn increruse in length of chain,

I-I\ R\ H
........... O ————H errene O H s H e O H--
Intermolecular hydrogen bond between alcohel and water molecnles

As we atudied earlier, there is formation of hydrogen bond between two molecules of
alcohol and the alcohol and water molecules. This results in the increase in the boiling point and
solubility in water with increase in number of hydroxyl groups in alcohols. For example,
boiling points and solubilities in water of ethanol (b.p. 351 K), ethane-1,2-diol (b.p. 471 K) and
propans-1,2,3-triol (b.p. 563 K) increase gradually.
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Acidity of Alechols : Aqueous solution of alcobols possess slight acidic property due to polar
O-H bond present in them. Alcohols have acidic property similar to that of water, Most of aleohols
(except methanol) are less acidic than water.

-
L]

R—O0—H + H0= R—0: + HO'

Alcohol Alloxide iom

In alcocbol compounds, an electron releasing group—R(—CH,, —-C,H,) increases the electron
dengity of O-H bond, 20 results in decrease of the polarity of O-H bond Ag a resnlt the acidic
property decreases. Thuns, the order of acidic strength of aleohol compounds is,

R R
R—»—CH,OH > CHOCH > R—»— C—0H
R/ R/
Primary alcohol Secondary aloohol Tertiary alcohol

7.6 Preparation of Alcohols
Alcohols can be prepared by different methods,
(1) Alcohol from alkene compounds :

(i) By acid catalysed hydration : Alkene compounds form alcohols by reaction with
water in presence of acid catalyst.

+

~ ~ H: ~~ -~
C=C + H, O — C—C
- . = - | I\
H OH
Alkene Alcohol

If vosymmetrical alkene is used as a starting rmaterial then the addition reaction follows the
Markonikov’s rule and give alcohols.
H‘i—
CH,CH=CH, + H,0 = CH;— CH — CH,

OH

Propene Propan-2-ol
Mechanism :

Step-1 : Alkene molecule accepts a proton from aqueous acid H,;O" and forms carbocation.

H,0: + H —»H,d:
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Step-Z : Nucleophilic reagent (water) attacks on carbocation and forms protonated alcchol.

H
. " o l Fast . -~
— & el s | -—
"'(I: c< + 10 —— "'(I: (I:\

H H :(I)*—H
H

Protonated aleohol

Step-3 : Proton is removed and an alcohol is formed

H H
~. .~ Fast N~ |
C—C__+:0—H T—— C—C  + H—0—H

1S | 1
H :(E-H H :0H

Alcohol

Note : Concept sbout drawing of Curved Arrow (™) : It is easy to understand
the transfer of electrons by curved arrow (,~y or y—\) in the mechanism of reaction. This
curved arrow is always drawn away from more electron containing (gencrally negatively charged)
species towards a less electron containing (generally positively charged) species. The arrow
starts from the electron source (electron pair or bond). It does not start from an atom. This
curved arrow does not indicate the tramsfer of an atom.

(ii) By hydroboration-oxidation : For the preparation of alcohol in laboratory, the indirect
addition of water in alkene compounds can be achieved in presence of diborane (BH,),. Diborane
reacts with alkenes to give trialkylboreme as addition product, which is called hydroboration reaction.
Trialkylborane is oxidised to alcohol by hydrogen peroxide in the presence of aqueous sodium hydroxide.

(P, =) o @A (ot CH,Crt, B B0, scir i, 0
Propeoe Tripropylborane Propan-1-ol
Mechanism :

Step-1 : Alk-1-ene like propene reacts with diborane and forms trialkyborane. It is the resuli
of addition of boron hydride to doubls bond of three molecnles of alk-l-ens. This hydrobaration
reaction follows the amti-Markonikov rule. So, boron atom gets attached to the carbon atom
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involved in double bond in alkene with more hydrogen atoms and hydrogen gets attached to the carbon
atom with fewer hydrogen atoms.

CH, — CH=CH, + (H —BH,),—> CH, —CH—CH, —BH,
I

Propene
H
i.e., CH,~CH,~CH,~BH-H
- CH, —CH-CH, —BH—-CH, ~CH, —CH,
!

H
ie, (CH,CH,CH,),B-H

SO, CH, -CH-CH, - B (CH,CH,CH,),
!
H

ie., (CH,CH,CH,),B
(Tripropylboranc)
Step-2 : Tripropyl borane is oxidised to tripropy]l borate by of hydrogen peroxide.

?H3CH2CH3 CH,CH.CH,
/BQ/:\":E):—:O:—H H3CH2CH2C—,I?—§—§-H
o
HCHCHL  CHCH,CH, CHCH,CH,
Tripropylborane Unstable intermediate
(IZHQCHQCH3
— B + :0—H
/ \ ., N
% .O
el TS,
g_; O
ads go
o :
°%
-
Two times repetition of this reaction forms
’80& CH,CH,CH,
"’C:S‘\ - l L]
‘)C\ . I L]
\ LN ] B
/B —O0—CHCHLCH; and "O/ \ .,  respectively
Pt AR
e o <,
Q\"\, O \.’C}
o > "
& Q5
3 >




Step-3 : The hydrolysis of tripropylborate forms three molecules of propan-1-ol and borate ion

in basic mediom,
tOH
C«:_([): :Eii:"
B _ B + 3CH,CH,CH,OH
% /N o} s Nuk— 2
S9. 20 0° "of
Q: QS, L =7 Propan-1-ol
Cz”% éqﬁo
Y %
OH :OH

Thus, during the preparation of alcoholz by acid catalysed hydration, the —OH group
gets attached to the carbon atom involved in double bond of alkene, with fewer hydrogen
atoms. In contrast to this, during the preparation of salcohols by bydroboration-oxidation, the
—OH group gets attached to the carbon atom involved in double bond of alkene with more

hydrogen atoms.
eg.,
—Ls CHOBLHCRLHCE,
OH
CH,CHCHCH,CH=CH, —— Hexan-2-ol
Hex-1-ene
0 C2  CH,CHLCH.CH.CH.CH,OR
{2) H,0,,
OH— Hexan-1-0l

(2) Alcohols from carbonyl compoumis :

(i) By reduction of aldehydes and ketomes : Alchols can be obtained by reduction of
aldehydes and ketomes with sodium barohydride (NaBH,) or lithjum aluminium hydride (LiAIH,).
Reduction of aldehyde gives 1° alcohol and reduction of ketone gives 2° alcohol.

NaBH
s4rcHO D NBH, 4RCH, OH
(i) Hzo
1]

Aldehyde 1" Alcobol
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() NaBH
4R,COR, W—MRI —-CH-R,
I
Ketone OH

2° aleohal
Mechanism :

Step-1 : Hydride ion (¢H™) of sodium borohydride reagent combines with carbomyl carbon
and forms alkoxide ion.

NaBH, = Na* + BH,"

H

|
R.j_l I—RQ + H_? —_-H —> Rl_ ?H—RQ -+ BH3
6: sO8

Step-2 : Alkoxide ion reacts with water and forms aleohal.

R—CH—R, + H—Ot«, —>» R—CH—R, +:0—H
| 1 |

108 H OH
29 aleotiol

If the reaction is repeated three times more then as a result four moles of ketone form four
moles of 2° alcohols. For this 1 mole of sodium borohydride is consumed.

In this mechanism, putting the H instead of R, the mechanism of formation of aleohols by
reduction of aldehyde can be understood.

NaBH
4CH._,CH2CH2CHOT;> 4CH,CH,CH,CH,OH
Butansl Butan-1-0l

NaBH
4CH,CH,CCH, ———> 4CH,CH,CHCH,
I 7 I

(8] OH
Duotanone Buotan-2-ol

(il) By reduction of carboxylic acids or esters : Reduction of carboxylic acids and esters
is achieved by use of stromg reducing agent like lithium aluminium hydride and primary alcohols can
be obtained.
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R,COOR, R,CH,0H + R,OH
1]

Bater 1% Akeahiol 1° Aleahol

) LiAIH
2

e&gn,

CH,COOH— 90> “‘HZ "24 3 CH,CH,OH

Acctic acid or Ethancl
Ethanoic acid
(i} LiAlH,
COOH ——— — CH,OH
() Hzo
Benzoic acid Phenylmethanol
(Benzyl alcohol)
G) LiATH,
CH,COOCH,CH, —— CH,CH,OH + CH,CH,OH
(i) H,O
Ethylathanoats Ethanal Bthannl
(Ethyl acetate)
(N LiAIH,,
COOCH2CH3 _— CHon +CH3CH20H
(i} H,0
Ethylhenzoate Phenyimethanol Fthannl

(3) Alcohols by Grignard reagents :

If Grignard reagents are added to carbonyl compounds then 1°, 2° and 3¢ alcohols are
formed.

~ I Hydrolysi I
_C=0 +RMgX —> R—(IZ—OME| Tg‘". R—(II—OH + Mg(OH)X

Cauboayl  Grignard Intermedipte product Alcohol
compounds Reagent
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(i) Grignard reagent reacts with formaldelyde and gives 1% alcohol.

HCHO + RMgX ——» [RCH,0MgX] —H%.'&mmzoru Mg(OH)X
0

Formaldechyde  Grignard Intermediate 1" Alcohol
or Reagent product
Methanal

(i) Grignard reagent reacts with aldchyde compounds except formaldchyde and forms 2°
alcohols,

R

R'CHO + RMgX —[R’- Cl-I ma%—%ﬂg“—m'—(:ﬂ —OH + Mg(OH)X

Aldehyde Grignard 2 Aleohol
rebgent Intermadiats product

(iii) Grignard reagent reacts with ketone compounds and forms 3° alcohols.

R R
) I
R'COR” + RMgX — |R’-C-OMgX —deflo&)l{'—c—OH+Mg(OI-DX
Ketone | |
R” R”
Intermediate product 3% Aleohol
Mechanism :

Step-1 : Grignard reagent is added to carbonyl compound and it forms intermediate compound.
In Grignard reagent RMgX, the electronegativity (2.5) of carbon atom in R is higher than electrtonegativity
(1.2) of magnesium atom and as a result the common electron pair of bond R—-Mpg is more attracted
towards R, due (o this partial negative charge on R and partial positive charge on Mg atom are induced.

B
R—(/—ng\+—> R—c—g: Mg X

Intermediste compound
Helomagnesiom alkoxide

Step-2 : Intermediate product reacts with water and farms alcohol.
H
k—(::—:q:i' Mg X +H P‘(l) —)R—(:Z—:O:'—H + Mg(OH)X
Aleoho]

Examples of alcohols formed by Grignard reagent




CHMgBr + HCHO —»[C H;CH,0MgBi] H’d’};o""’ " » C,H,CH,OH
Mg(OH)Br
Phenylmagnesimm  Formaldehyde OR Phenylmethanol
bromide Methmnzl

CH,

CH, CH; MgBr + CH, CHO ——>|CH,CH, — C— OMghr —H%V'L CH3CH,fH(:H3

H ~Mg(OH)Br OH
Bthyl magnesium  Acctzldehyde OR Butan-2-0l
bromide Ethanal
CH,
CH, CH,CH,CH,MgBr +CH,COCH, CH,CHLCHLH, — <::— OMgBr
Butyl magnesium Propanone CH,
hromide {Acetane) (i_']{s
o CHCHCHCH,— C—OH
— Mg(OM)Be CH,

(4) Preparation of alcohol by fermentation method :

Fermentation method is most useful for preparation of ethanol. This method is extensively used
for industrial production of ethanol. Sugar present in molasses is fermented by enzyme invertase, as
a result glocose and fructose are formed.

Tnveriase
Sugmr Glucose Pructose

Glucose and fructose are fermented by enzyme zymase found in yeast; due to this ethanol
and carbon dioxide gas are formed.

Enzyme
Glocose OR Ethanol
Fructose

Distillation of final solution produces an azetropic mixture of 95% ethanol and 5% water i.e.
only one compenent C,H;OH-H,O is produced. Pure chanol is obtained by membrance technology.

Pure cthanol is a colourless liqmid. Its boiling pomt is 351 K [t is used as a solvent in paint
industry. It is also used in preparation of a number of organic compounds.
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7.7 Chemical Reactions of Alcohols

There are two types of reactions in alcohols. Looking (o the structure R—O-H in some
reactions O-H bond is broken and in others R—O bomd is brokem. These reactions form different

types of compounds.
(1) Reactions involving clevage of O-H bond :

(i) Reaction of alcohol with active metals : Like water, alcohols react with Li, Na, K, Mg,
Al and ocher active metals to liberate dihydropen gas and form metal alkoxides. These metal alkoxides
act as stronger base than sodimn hydroxide.

e.g.,

2H,0 + 2Na —> 2NaOH + H,(®
‘Water Sodium metal Sodium hydroxide Dihwdrogen gas

2CH,OH + 2Na ——» 2CH;ONa + H,(p)
Methanol Sodiummethoxide

Ethanol Magnesinm metal Magnesingm ethoxide

(ii) Reaction of alcohol with acids : Alcohols react with carboxylic acids in presence of
acid catalyst to form esters through a condemsation reaction It is called esterification.

R-OH + R'-COOH=L— R'COOR + H,0

Alrohol Arid Ester
_Ht
¢y, CHsOH+CgH;COOH = C¢HCOOCH, +H,0
' Methanol  Benzoic acid Methylbenzoate
CH,CH,0H + CH;COOH é CH,COOCH,CH, +H,0
Bthanol Acetic acid Ethyl ethannate
(Bthylacetate)

When benzoic acid reacts with methanol that has been labelled with radicactive O!%, the
labelled O'® appears in the ester product. It is indicated that during the esterification the aggregate
water molecule is removed as OH™ is removed from acid molecule and H* is ranoved from alcohol
molecule.

C,H,CO'0H + CH,0"™H L= ¢ H,C00"CH, +H,0
Beazoic | Methanol Methylbenzoate
acid

(iii) Oxidation of alcohols : During the oxidation of alcohols, one or more hydrogen atoms are
lost from the carbon bearing the —OH group. The products obtained by oxidation of alcohols depend upon
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the type of alcohols and reagents. The reagents most commonly used as oxidising agents for the oxidation
of alcohols are chromic acid (H,CrO,) or potassium permaganate (KMnO,) or pyridinium
chlorochromate (PCC).

0
NaCn0; OR K,Cn0; + HyS0, ——grgo—> HiC0, 2H,Cr0,
Sodinm Potassium _ 15;:) Chromic acid
dichramate dichromate 4
(N4 cogena —— () N—Hcwo,al
Pyridine Chromium pyridinium chlorochromsate
o

The primary alcohol is oxidised by KMnO, or H,CrO, initislly to an aldehyde. However, this
aldehyde is very difficult to obtain as product becaunse this aldachyde is more easily oxidised than the
alcohol and so is convexted rapidly to the caboxylic acid. Thus, the normal product of oxidation
of 1° alcohol with a strong oxidizing agent lke KMnO, or H,CrO, is a carboxylic acid.

O O
R -CH,0H [0] » R-CHO Ol » R-COOH
NazC::DT.’HzSO 4 Na2Cr20 O A
Hzo
1° Aleohol Aldehyde Carboylic acid
[O]
N32&207IH2504
Butan -1-0l Butanoic acid
[O]

CHCH,OH ——— CH,CHCOOH
C}E(I—!}lg NaZCrQO-;f I-]3$
H, S0, Hy
2-Methylpropan-1-cl 2-Methylpropanoic acid
1° alcohol is oxidised by mild oxidizing agent like pyridinium chloro-chromate (PCC) and

aldehyde is formed. Then after oxidation of aldehyde does not occur. This reaction is carried out in an
anhydrous solvent such as dichlaromethane (CH,Cl,).

R —cnzon% R —CHO
1° Alcobol 2 Aldehyde

PCCIO]
CH,CH,CH,CH,0H————» CH,CH,CH,CHO
Butan -1 - al T, Butansl
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PCC
CH3CHCH20HTP CHacHCHO
I H,Cly I
CH, CH,

2-Methylpropan-1-ol 2-Methylpropanal

2" Alcohols are oxidised by H,CrO, or KMnO, and form ketones.
(0]

R-CH-F » R-C-R’
I NaZCr207!HzSO N I
OH O
2% icohol Ketono
[O]
I Na,Cr,0,/H,30, I
OH O
Prapan-2-ol Propanane (Asetons)
OH 0O
[O] 5
Na;CqO?IHzSO‘;
Cyclohexanol Cyclohexanone

In 3° alcohols, the carbon bearing the —OH group has no hydrogen, so they are not
oxidized by strong oxidizing agents.

R.f

0
R—C—OH 9] No oxidation reaction

>
L NaQCrzo-;)‘Hg 304
M

10 Alcohol
(2) Reactions involving cleavage of C-O bond :

(i) Reaction of alcohol with halogen acid : Alcohol when heated with comcentrated bydro-
chloric acid in presence of anhydrous zinc chloride gives chlaro alkane. This reaction is fast with
tertiary alcobols, slow with secondary alcohols and difficult with primary alcohols.

Ashydrons ZaCl,

R-0H + HC1 A & R-C1 + H,O
Alcohol Concentrated Chloroalkane
Hydrochloric acid

In laboratory primary, secondary and tertiary alcohols can be detected by this reaction and the
method to do so is called Lucas test. In this test, a given sample of alcohol is mixed, shaken and
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warmed slightly with anhydrous zinc chloride and concentrated hydrochloric acid and kept for some-
time. If an qily drop appears in short time on the upper layer of the mixture, it must be 3° alcohol,
ifittnkesaboutﬁveuﬂnumstobeoomenﬁ]ky,itmustbezoalcohol;ifmixtuteremainsclearwithom
any reaction, it nst be loalcohnLWewillundmtandmedmnismofreacﬁonofterﬁaryalcoholwith
concentratad hydrochlaric acid

Mechanism :

Step-1 : Tertiary alcohol is converted into an oxouinm ion through protonation by H* of acid.
This step is fast,

i i
"e Famt ~H
R—C—OH+H =—/— R—C—O;
NH
4 4
30 Ateohol Oxonimm ion

Step-2 : 3% carbocation is formed by the Joss of a water molecule from the oxonium éon. This
step is slow so it is called the rate determining step.

Ir lli

H
. Slow Y
e () » R— 0—
R Ck?\ Rate determining step R—C" + (|) H

I H |

r 4 H

3% Carbocation

Step-3 : 3% carbocation reacts with CI~ rapidly and forms chloroalkane,

‘f F
R—(|3+ v Cr —> r—C—dlit
24 K’
Chlororalkenc

(i) Reaction of alcohol with phosphorus tribromide : 1° and 2° alcohols react with
phosphorus tribromide to form bromoalkane.

3R-OH) + PB, ——»3(R-Bn +  H,PO,
[H

lo OR 2 Phosphomg Bromoalkane FPhosphoros acid
Alcohol tribronnide
P
—H,PO,
Ethamnol Bromoethane
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PBr;

3CH,CH,CHCH,OH ——— 3CH,CH,CHCH,Br
| e |
CH, CH,
2-Methylbutan-1-ol 1-Bromo-2-methylbutane
P Br3
3 -CH—CH, ————— 3 CH—CH,
I —H;PO, [
OH Br
1-Phenylethanol (1-Bromoethylibonzene

Mechamism :

Step-1 : Alcobol reacts with phosphorus tribromide and as a result intermediate compound
alkyldibromophosphite is formed.

RCH, OH +:]:3}—r-—1:§:r: ——— RCH,0™—PBy, + :Br:

“Bri H
Protonated alicyl
dibromophosphite

Step-2 : Bromide ion attacks on carbon atom sand forms haloallcane.

OW set
Bri + RCH;,—(l)—PBrz —» RCH, Br + HOPBg,
H

This HOPB1, reacts with other molecules of alcobol. Thus, at the end of the reaction three
moks of haloalkancs arc formed from thwee molkes of alcobols. For this 1 mole of phosphorus
tribromide is consumexd,

(iii) Dehydration of alcohols : An alkene is formed by elimination of a molecule of water
from adjacent carbon astoms of an alcohol. Elimination of a molecule of water is called
dehydration, In the laboratory, dehydration of alcohol is carried out by heating it in presence of 85 %
phosphoric acid or concentrated sulphuric acid at 373 K to 473 K.

RS % H,PO,/

b Gl N

+ H,O
373-473K ~ 2

Alcohol Alkene

Ethano] (primary alcohol) is converted into ethene by beating it at 473 K




2% and 3% alcohols give dehydration reaction under milder conditions.

H
|
cH,—cH— C—p 22 B HaFO, CH,—CH =CH,
| 440K
OH H _[-]20 Propene
Propan-2-ol
CH, IiI CH,
20 % H,PO,
CH,—C — C—H =" 3 4, — =
BT K
OH H -H,0 2-Methylpropene

2-Methylpropan -2-ol

Thus, the order of ease of dehydration reaction of alcohols is 3° alcohol > 29 aleshol > 1°
alcohol. Hexre we will understand mechanism of dehydration reaction of ethanol

Mechanism :

Step-1 : Ethanol is converted into ethyl oxanium jon through protonation by H* of acid

11 T 117
(1) Fast
H—(I:—(I:—__-—H + H —/]/ H—(IJ —(IJ—_o_liH
H H H H
Alcohol Protnated aleohnl
(Ethanol) (Ethyloxonium jon)

Step-2 : Carbocation is formed by the loss of a water molecule from the ethyloxomium ion.
This step is slow so it is called rate determining step.

H H H H H H
H—cl—cl—_c'f’—H H—tl:—tlz" + :.c';—H
Hoon EooH
Pr:tb?h;lmd Carbocation

Step-3 : Behene is formed by climination of a proton from carbocation,
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(iv) Reduction of alcohols : Reduction of alcohals by heating with red phosphoruz and
concentrated hydroiodic acid im a closed vessel give alkanes. By this reduction reaction, methanol
gives methane and ethanol gives ethame.

CH,OH + 2HI

Methanol Concentrated
Hydroiodic acid

CH,CH,OH + 2HI

Red
phoshoers y  CH, + I,

Methane

M A
phesphonis ,  CH,CH,4

Ethanol Concentrated Ethane

7.8 Nomenclature of Phenols

Phenol and some of its derivatives are known by their common names. ¢.g., Phenol, ortho-
cresol, meta-crecol, para-cresol, catechol, resorcinol, hydroquinone, picric acid etc. The common names
of phenol are also accepted as TUPAC names. For IUPAC nomenclature of phenol derivatives, to
consider the phenol as parent hydrocarbon and mention the position of substituted other groups in
aromatic ring. For this -OH group is attached to which carbon, the first number is given to it. Ortho
(1, 2-disubstituted), meta (1,3-disubstituted), para (1,4-disubstituted) words are used (o mention the
position of substituted groups in common name. Substituted groups are writien in alphabetical order.
The structural formnla, TUPAC name, common name of some phemol compounds are presented in

table 7.2,

Table 7.2 Phenol compounds

+ H,O

+ I, + H,0

Structural formula TUPAC name Common name
Phenol Phenol
OH
1. CHj
© 2-Methylphenol o-Cresol




3-Methylphenol

m-Crecol

4-Methylphenol

p-Cresol

Benzene -1, 2-diol

Catechol

Benzene -1, 3-diol

Benzemne -1, 4-dicl

Hydroquinone (Quinol)

2,4,6,- Trinitrophenol

Picric acid

5-Chloro -2-methylphenol
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7.9 Electronic Structure of Phenol 9

C-O-H angle

o—bond
C sp? hybridisation O sp® hybridisation ©_ O
109° \
H

7.10 Physical Properties of Phenols

Phenol coniains hydroxyl group, therefore in liquid state it forms intermolecular hydrogen bond
with other molecule of phenol and with water molecule just like alcohols. Hence intermolecular
attraction is increased. Due to this, phenol has higher boiling point and more solubility in water than
toluene (arene compounds) and fluorobenzene (halo arene compounds) having approximately same
molecular mass (table 7.3).

Table 7.3 Comparison of physical properties of phenol,
arene and haloarene compounds (298 K)

Physical property Compounds
Phenol Toluene Fluorobenzene
Molecular mass (gram mole™) 94 92 9%
Boiling point (K) 455 384 358
Solubility in water 82 0.05 0.2
(Gram/100 ml)

Intermolecnlar hydrogen bond between phenol and water molecules

Some ortho substituted phenols like o-nitrophenol has lower melting point and less solubility in
water than its m-and p- isomers (table 7.4), because m- arxl p- nitrophenol form intermolecular hydrogen
bond with their other molecules and water molecule, But in o-nitrophenol the intramolecular hydropen
bond is formed. The hydrogen atom of hydroxyl group engaged in this bond cannot form intermoloccular
hydrogen bond with other molecule of o-nitrophenol and water molecule.
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Table 7.4 Physical properties of isomers of nitrophenols (298 K)

Physical properties
Compound
Melting point (K) Solubility in water (gram/100 mi)
o—Nitrophenol 45 0.2
m—Nitrophenal 96 14
p—Nitrophenol 114 1.7

<0:
[

—_No 2

Intermolecular hydrogen bond Intermolecular hydrogen bond between  Intramwlecular hydrogen
among the p-nitrophenol molecules p-nitrophenol and water molecules bond in o-nitrophenol

Acidity of phenol : Aqueous solution of phenol changes blue litnmis paper into red. Moreover
it is neutralised with solution of sodium hydroxide, but not with a solution of sodium carbonate. It
indicates that phenol possesses weak acidic nature. Polar O-H bond prescat in phenol is responsible
for acidity.

Phenol Phenoxide jon

Here naturally a question will arise that which of the two from alcohol and phenol will have more
acidity 7 We will think about this. As we discussed previously the alkoxide ion is formed from alechol.

R— OH + H,0==R—0: + HO'
Alcohol Alkoxide inn

In alkoxide the negative charge is localised on oxygen atom, that is its resonance forms are
oot possible. In phenoxide ion the negative charge oo an oxygen atom becomes delocalised. Due to
this more than one resonance forms of phenoxide ion are possible. Therefare stability of phenoxide
ion is higher than that of alkoxide ion.
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Due to higher stability of phenoxide ion, its reaction with HyO* to form phenol means reverse
reaction is less easy as compared to alkoxide ion. So, concentration of H,O" is higher in aqueous
solution of phemol than in aqueous solution of alcohol Therefore aqueous soultion of phenol is
more acidic than alcohol.

7.11 Preparation of Phenol

Phenol is most important chemical for industries. It i3 being used in manufacture of some
dyes, drugs and polymer compounds. Phenol can be produced by different processes.

(1) Dow process : This processs is wsed for industrial production of phenol. In this process
a mixture of chlorohenzene and 6-8 % agneous solution of sodium hydroxide is heated in a closed
vessel at 300 bar pressure and 633 K as a result the sodium selt of phenol (sodium phenoxide) is
produced as an intermediate product. Excess of chlorobenzene is removed from reection mixture and
acid is added into ramaining solution to obtain phenol.

Cl ONa
633 K
H——> N
+2NaQ 300 bar ©+ aCl + HO
Chlored . Sodium thencxid
OH
—Ha @ +NaCl
Sodium phenoxide Phenol

During this reaction sodium phenoxide and remaining chlorobenzens react with each other and
produce phenoxybenzene (diphenyl ether) as a by-product. It decreases production of phenol. To
overcome this difficulty, phenoxybenzene (diphenylether) is added into reaction mixture before carrying
out reaction. Therefore according to principle of Le Chatelier the proportion of by-product is
decreased, because following reaction occurs in reverse direction.

ON: . Clg ;# @—

phenoxide (Diphenyl ether)




(2) Comene Process : In this process a mixture ol benzene and propene is heated a¢ 523 K
in a closed vessel in presence of phosphoric acid (H,PO,) catalyst to form cumene (isopropylbenzene).
On pasgsing air in a mixture of cumene and 5% aqueous sodium carbonate solution, cumene hydroperoxide
is formed by oxidation. It is reacted with dilute sulphuric acid to form phenal and propanone (acetome).
In this process propanome is obtained as a by-product. It is a useful solvent.

By this process highly pure phenol can be produced with less cost. Therefare most commonly
this method is used for industrial production of phenol

— [H3PO,]
@ + CH3CH—CH2W

Benzenc Propene
H,
HC—C—0—0—H OH
dilute aqueous
Air 02 sto“
5 % aqueous = + CH4CO CH,
N
a2C03 Propancac
Cumene hydroperoxide Phenol (Acctone)

(3) Phenol from sodium benzene sulphonate : Benzene is reacted with fuming H,SO, and
then with NaOH gradually to form sodium benzene sulphonate.

SO,H SO;Na

Q e Q) . Q)
T —

Benzeng Benzene Sodium benzene
sulphonic acid sulphonate

Sodium benzene sulphonate is melted with sodinm hydroxide at 623 K temperatire to obtain
sodium phenoxide. It is reacted with acid and phenol is formed.

SO3Na ONa
SNaOH 623K HCI1
+ —Na,S0, —NaCl
—H0
Sodinm phenoxide Phenal

In 1890 this method was developed first of all in Germany for production of phenol.
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(4) Phenol from dinzomium salt : Aniline reacts with nitrous acid-HNO, (NaNO2 + HCl1)
at lower temperature to form benzene diazonmium chloride and heated it with water to farm phenol.

+
NH, N=NCI
HNO,(NaNO+ 2HCY ' H20
273278 K
—NaQl, - 2H,0 ~ -N,, 2
Aniline Benzene digzomiim Phenol

or chioride
Benrcnamine

7.12 Chemical Reactions of Phenol
Two types of reactions are possible in phenol :
(1) Reactions due to-OH group (2) Reaction occurring in aromatic ring
(1) Reactions due to-OH group :

(I) Formation of salt : Reaction of phenol with aqueous sodium hydroxide forms salt and

ONa
+ NaOH — @ + H,0

Phenol is weak acid so it does not give reaction with sodium carbonate and sodium hydrogen
carbonate.

waler.

OH

Phanol

OH

+ Na,CO; — No reaction occurs

OH

+ NaHCO;—> No reaction occurs

(ii) Formation of phenyl ester : Phenol forms phenyl ester through reaction with acid
anhydride or acid chloride m alkaline medium,




OCOR
+ RCO),0 —2OH @ + RCOONa + H,0

Asid anhydride Fhenyl ester

OH OCOR

+ RCOCI& + NaCl +H,0

Acid chloride Phenyl sster
OH OCOCH3

+ CH,COC1 Na_OH’ + NaCl + Hy,0

Ethanoyl chlocide Phenyl acetate
(Acetyl chlaride)

OH QCOCH,

+ (CHyCO)0—2OH + CH3COONa+ H,0

Edianoyl suohydride Phenyl acetate
(Acetic anhydride)

—Na(l

Benzoyl chloride Phenyl benzoate

(iii) Formation of aryl ether : Heating the solution of phenol prepared in agueouns solution
of sodium hydroxide, after addicion of haloalkane it forms ether, This formation reaction of ether is
called Williamson synthesis.

ArOH—NﬁQg—) Ar0"Na* —E52X5 ArOR + NaX

eg.
OCH;

OH
NaOH CH31
@ —“Ro” @ +Na

OR
Methoxybenme
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OH
NaOH C2H51
—Hzo @ @

Phennl Sodium Phenoxide
(Ph-ltnb)

(iv) Formation of benzene : The mixture of aqueous phenol and zinc powder is heated As
a result benzene and zinc oxide are formed. In this reaction hydroxyl group attacbed to aromatic

nuclens is eliminated.
znT)©+Zn0

Benzene Zmc oxide
(2) Reactions occurring in aromatic ring :

(i) Electirophilic substitution reaction: The hydroxyl group of phenol being ortho-para
directing, eclectrophilic subsdtution reaction like nitration and beomination of phenol give ortho-para
derivatives.

OH

(A) Nitration of phenol : The chemical reaction between pbenol and dilute nitric acid forms
mixture of 2-nitrophenol (ortho-nitrophenol) and 4-niwophenol (para-nitrophenol). It is called first nitra-
tion reaction. Second mitration of it occurs by heating with mixmre of concentrated HNO, and
concenirated H,50,to form 2,4-dinitrophenol and by third mitration 2,4,6-trinitrophenol (picric acid) is
formed. Reaction of phenol with concentrated nitric acid also forms picric acikl but prodoct of this
reaction iz less.

OH Con. HNOy
0, +
Con. H;SO,
+ Niustion
A
-H,0

2-Nitrophenol 4-Nitrophenol
Oﬂ {o-Nitrophenol) (p-Nitzopheunol)
E v % - - A 4
g 25 Con. HNO, OH

+ 02
_ Con.H,80,
Nitration
A
—-H,0 NO,
2.,4,6-Trinitrophenol 2 4-Dinitrophenol

(Picric acid)




(B) Bromination of phenol : When bromine water is added io phenol at room temperature
then white precipitates of 2,4,6-tribromophenol are formed. When the solution of bromine in carbon
disulphide is added to phenol at 273 to 278 K temperatare as a result 4-bromophenol is formed.

OH OH
Bromination
=Brominnion 3Br, B,/ CS, >
-3HBr 273 - 278K, -HBr
Br
2,4,6-Tribromophenol FPhenal 4 Yramopheacl
{p-bromophenol)

(ii) Fries Rearrangement : For preparation of phenolic ketone from phenol, phenol is
reacted with acid chloride or acid anhydride and it formg phenylester. Reaction of this ester with
anhydrons aluminium chloride is the resulting acylgroup (-COR) attached with phenolic oxygen is
transfexred at its ortho and para position in aromatic nuckus. This reaction is called Fries rearrangement.

OH QCOR OH OH
_ Anhydrous OR |
NaOH AIC] -
+ RCOCl —— —— +
— —NaCl _
Pheadl Acid Phenyl COR
chlarids eqter 1-(2-Hydroxyphenyl)
alkan-1-one 1-{4-Hydroxyphenyl)
(o-Hydroxyphenyl alkan-1-cne
alkyl ketone) (p-Hydroxyphenyl
allcyl ketone)
OH OCOCH, OH OH
| Anhydrous COCH,3
: H AICI
+ CH,coc1 NeOh, e +
—NaCl
—Ha
Phenol  Pthanoyl chloride :ch:unt!: 1-(2-Hydroxyphenyl) COCH;
(Acetyl chloride) ethan-1-one 1-(4-Hydroxyphenyl)
cthan-1-one
H OH OH
Anhyd'nns COC,H;
_NaOH _AICT,
+ CszCOCl _NaCl
~H,0
Pheacl Pheny! 1-2-Hydroxypheny?) COC, Hy
Propanoyl chioride propionate Propan-1-one

1-(4-Hydroxyphenyl)

{propiony] chloride) -one
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(i) Kolbe-Schmitt Reaction : Pbenol dissolved in 10% aqueous solution of sodium hydroxide,
heated with carbon dioxide at 398 K temperature and 4 to 7 bar pressure in 2 closed vessel; unstable
phenoxy sodium formate is formed in the first step which is converted to sodium-2-hydroxy benzoate
(sodinm salicylate) by rearrangement. After completion of reaction, acidification of the solutdom by
concentrated hydrochloric acid gives white precipitate of 2-hydroxybenzeic acid (galicylic acid).
2-Hydroxybenzoic acid is used in the preparation of analgesic drugs like 2-Acetyloxybenzoic acid (Aspirin)
and Methyl-2-hydroxy benzoate (Methyl salicylate).

OH
10 % NaOE. @

OH

OCOONa

(unstable)

COONa
Reamangement Con. HCI
—p —
—-NaQl :

Sodinm-2-hydroxybenzoate 2-hydroxybenznic acid
(Sodinm salicylae) (Salicylic acid)

(iv) Reimer-Tiemann Reaction : Phenol is heated with trichloromethane (chloroform) in
presence of aqueous sodium hydroxide solution, aldchyde group enters into aromatic ring. This reaction
iz called Reimer-Tiemann reaction. Substimted dichlarophenylmethane (benzal chlaride) produced as an
intermediate compound is hydrolysed in alkaline medium to produce 2-hydroxybenzaldehyde
(salicyladchyde).

OH

CHCl;+

- Aqueous NaOH
—_—

—HC], -H,0

Phennl Intermediste compound

(v) Oxidation of Phenol : Phbenol is oxidized by chromic acid (Na,Crzo-, + Concentrated
H,SO,) to produce 1, 4-benzoquinone.

Oxidation
Na /Cr,0 4+ ConH, SO,

0

Phenol Cyclohexa-2,5-diene-1,4-dione
(1.4-Benzoquinonc)




T —————————

7.13 Nomenclature of Ether Compounds

As we have studied in the beginning of this unit, general formula of ether is R /Ar —O-R,/Ar,
where R, and R, = alkyl or alkenyl or alkynyl group; Ar, and Ar, = aryl group. If both hydrocarbon
groups attached to oxygen of ether compounds are same, then it is called sino or sy
ether. e.g.,, CH,OCH,, C,H,OC,H,, st*O- O etc. If both hydmcarbon gruups attached to oxygen
ofethercompoundsamdlﬂ‘eremmenltmcaﬂed 1 o1

CH,0CH,CH,CH,, (O-OCH,getc.

For common name of ethers, the names of two hydrocarbon groups are cited in alphabetical
order and the word, ‘ether’ is added at the end. If both the hydrocarhon groups are the same, the
prefix ‘di’ is added bcforc the name of hydrocarbon group and wurd ‘cther’ added at the cnd
(sce table 7. 5) '

43

“_‘;, as if’ia-..@f%a\-'-‘z “-’1‘

- _ A].koxy or phenoxy groups are named
by removing the ‘yl' from the end nf name of alkyl or phenyl group and adding suffix ‘oxy’. e.g.,
CH,O0Amethoxy), C,H;O-(ethoxy), .—0—(phenoxy). Thus, TUPAC name of ether is written by
adding the name of substituent alkoxy or phenoxy group as prefix before the name of
hydrocarbon containing long chain of carbons attached to ths oxygen of ethaer (aee table 7.5).

Stouctural forrmmla IUPAC name Common name Type
CH;—0O-CH, Methoxymethane Dimethyl ether Symmetrical
CH,-O-CH,CH, Methoxyethane Ethylmethyl ether Unsymmetrical
CH,CH,-O-CH,CH, | Ethoxyethane Diethyl ether Symmetrical
CHgO Methoxybenzene or Anisole | Methyl phenyl ether Unsymmetrical

(Anisole)
CH;CH, 0 Ethoxybenzene Ethylphenyl ether Unsymmetrical
(Phenetole)
0 Phenoxybenzene Diphenyl ether Symmetrical
H,C=CHCH,0CH, 3-Methoxy prop-1-ene Methyl propenyl cther | Unsymmetrical
HC=CCH,OCH, 3-Methoxy prop-1-yne Methyl propynyl cther | Symmetrical
CH,=CH-0O-CH=CH, | Eihenoxyethene Divinyl ether Symmetrical
CH,CH,0 CHCH,
(|:H3 2-Ethoxypropane Ethyl isopropyl ether Unsymmetrical
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7.14 Electronic Structure of Ether

c-0 o-bond )
H Y e H
C and O sp° hybridisation / \
‘\c CI
C-0-C angle 111.7°
R /.,
7.15 Physical Properties of Ether H H

For equal molecular mass comtaining alcohols and ethers, ethers have lower boiling points
than alcohols, because in ethers, intermolecular hydrogen bonds are not present. e.g., Boiling point
of methoxy-methane (molecular mass = 46 gram mole™, b.p.= 248 K) is lower than that of ethanol
(molecular mass = 46 gram mole™, b.p =351 K) and boiling point of cthoxycthane (molecular
mass = 74 gram mole 1, b.p. = 308 K) is lower than that of butan-l-ol (molecular mass = 74
gram mole™!, b.p. = 390 K). Like alcohal, ether forms intermolecular hydrogen bond with molecule
of water. Therefore, solubilities of ethers in water are similar to those of alcohols with the same
molecular mass. e.g., same molecular mass containing butan-1-ol and ethoxyethane have solubility
in 100 g water iz approximately 8 gram.

H
R T H o
R

Intermolecular hydrogen bond

Intermwlecular hydrogen bond between ether and water molecules
7.16 Preparation of Ethers
Mainly two methods are famous for preparation of ethers :

(1) By dehydration of alcohols : Dehydration of alcohols can be possible in presence of acid,
Product of this reaction will be cither alkene or ether. It depends on the reaction conditions. e.g.,
Dehydration of ethanol in presence of snlphuric acid gives ethens at 443 K temperatore and ethoxyethane
at 413 K temperature as a main prodoct.

Excess
Con, 1"2 5»04

CH, CH, OH W HLC —CH,

Ethanol EBthene

Con. H,SO;4

2CH; CH,OH — ¢ > C;H;0 C;H;5

Rthanal Hthoxyethane

(Dicthyl ether)




2 moles of ethanol and concentrated sulphuric acid are reacted at 413 K temperature; ag a result
obtained product ethoxyethare is in vapour form at temperature of reaction due o its lower boiling point
308 K. This vapour when cooled by passing through a water condenser gives liquid ether. In this
reaction, if conditions are set in such a way that if ethanol is continwously added from one end so that
liquid ethoxyethans is obtained continuously at the other end, the method is known as continuous
etherification, Ether ig produced industrialty by this method.

Mechanism :

Step-1 : Alcchol accepts proton fram the sulphoric acid to form protonated alcohol.
H

CH,CH,— O H + H—> CH,CH, — 0*—H

Ethanal Protonated
ethanol
Step-2 : Second molecule of alcohol acts as nucleophilic reagent to attack on protonatied
alcohol.
H

CHy CH,— OH + CH,CH, f%+ H—> CH,CH,— O*— CH,CH; + 0

H

Protonated ether

Step-3 : Ether is formed by climination of proton from the protonated ether.

H H H
aﬁdﬁ—qémslz — H—> CH,CH,— 0 — CH,CH, +H—§|>.'*—H

EBthoxyethane

(2) By Williamson synthesis : English Chemist Alexander William Williamson discovered
the nucleophilic substitntion reaction for symthesis of unsymmetrical ethers. This reaction is called
Williamson synthesis. This synthesis is bimolecular nuckophilic substimtion (SN2) reaction of sodium
alkoxides and haloalkanes.

R—ONa + F—X——>R—0—FK + NaX

Sodinm alkoxide Haloalkane Unsymmetrical
ether

If -R is a secondary or tertiary alkyl group in sodium salkoxide then ether is also syhthesised

by this reaction,
P il

CH,—C— O Na + CH;—Br—» CH,—0 —tlz— CH, + NaBr
CH, CH,
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Only primary haloalkane can synthesise ether easily. If secondary or tertiary haloalkane is
used then elimination reaction ocours to form alkene. Therefore ether can be prepared alzo from
phenol,

7.17 Chemical Reactions of Ether

Ether compounds having less chemical reactivity, they do not undergo oxidation and reduction.
Mareover they do not react with active metals and base. However it givez some reactionz with strong
acids. Generally two types of reactions occur in ethers :

(1) Reactions imvolving cleavage of C—O bond
(2) Electrophilic substitution reaction occurring in aromatic ring.
(1) Reactions involving cleavage of C-O bond :

(i) Reaction with dilute acid : A mixture of ethoxyethane (diethyl ether) and dilute sulphuric
acid is heated in closed vessel under pressure; as a result two moles of ethanol are produced by
hydralyzia.

Hydrolysis, dil. H,SO,
CH, -CH,-0-CH, -CH; +H,0 PN — » 2CH,CH,OH
Ethoxyethane Edhanol

(ii) Reaction with hydrogen halide : If a mixture of ethoxyethans and two moles of
concentrated hydro bromide is heated at high temperature, two moles of bromoethane are produced.

CH,CH,OCH,CH, + 2HBr -4, 2CH;CH,Br + H,0
BEihonxyethane Hydrogen hromide Bromnethsne
Mechanism :

Step-1 : Ethoxyethane is converted to protomated ether by accepting H* from hydrogen
bromide.

HCHC /-\ [}. Fast  H,CH,C< , se—

H,CHL” H,CHC”
Protonated ether

Step-2 : Bromide ion acts as muncleophilic reagent to attack on carboa of protonated ether.
During this step one mole bromoethane (ethylbromide)} and one mole of ethanol are formed
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C e
At \ — 5 CH;CH,Br: + CH,CH,—O0—H

H;CHZC\/
Bromoethsne Ethanol

Step-3 : Ethanol iz converted to protonated ethancl by accepting proton from hydrogen
bromide.

ﬂ(’-\'ﬂ_ H .

CH;CH,CH + H—Bri =——= CH,CH,— U} +:Br:
H
Protonated cthanol
Step-4 : Bromide ion acts a8 nucleophilic reagent to attack on carbon of protonated ethanol
During thiz step bromoethane and water are formed.

~H -
CH,CH,— ¢ R +:Br: —S% , cH,CH,Br: + :0—H

M~

(2) Electrophilic substitution reaction occurring in aromatic ring : The -OR group of
alkoxyarene (alkyl aryl ether) compounds being ortho-para directing, their electrophilic substittion
reactions give mixture of ortho-para products. These reactions will be understood by following example
of anisole.

(i} Nitrmtion : Nitration reaction of anisole with mixture of concentrated nitric acid and
concentrated sulphuric acid gives mixture of 1-methoxy-2-nitrobenzene (o-nitroanisole) and 1-methoxy-
4-nitrobenzene (p-nitroanisole).

OCH, OCHS
: Nitration
! Con. HNO, + Con. H,SO4
Anisole N’oz
1-Methoxy-2-nitrobenzene 1-Methoxy-4-nitrobenzene
(o-Nitroanisole) {(p-Nitroanisole)

(il) Bromination : Bromination reaction of anisole with bromine in acetic acid gives 1-bromo-
2-methoxybenzene (o-bromoanisole) and 1-bromo-4-methoxybenzene (p-bromoanisole).

O#0 - ©

—HBr
1-Bromo-2-methorybenzens 1-Bromo-4-methoxyhenzens
(o-Bromownisole) {p-Bromosnisole)
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(iii) Friedel-Crafts alkylation : Priedel-Crafts alkylation reaction of anisole with chloromethane
(Methyl chloride) in presence of anhydrous aluminium chloride gives 1-methoxy-2-methylbenzene (o-
methoxytoluenz) and 1-methoxy-4-methylbenzene (p-methoxytoliene).

OCH,
.
CH,
o omtaryotiensy . meberybmebybesaene

(iv) Friedel-Crafts acylation : Friedal-Crafts acylation reaction of anisole with ethanoyl
chloride (acetyl chloride) in presence of anhydrous aluminium chloride gives 1-(2-methoxy phenyl)
ethan-1-one (o-methoxy acetophenome) amd 1-(4-methoxy phenyl) ethan-1-one (p—methoxy

acetophenone).
OCH, OCH,
Fridel-Crafts acylation _ OCH,
CH,00C @
> +
Anhydrous AlCl,
-HC1
Anisole

1-(2-methoxyphenyl)ethan-1-one 1-(4-methoxyphenyl)ethan-1-ane
{o-methoxy acetophenone) (p-methoxy acetophenone)

Some organmic conversions :

(1) 1-Methoxy-2-nitrobenzene amd 1-methoxy-4-nitrobenzene from sodivm phenoxide

OCH, OCH,
02
Nitrauon
Con, [-IND; + *
NO

Con. H,$0,
. —H,0
Sadinm Aninole

Phenaride 1-methoxy-2-nitrobenzene  1-methoxy-4-nitrobenzene
(o-nitroanisole) (p-nitroanisele)

(2) Ethanal (acetaldehyde) from acetic acid

(@ LiAH Pyridinium chlerochramate (PCC
CH,COOH ————» CH,CH,OH n (PeC)

(i H20
Agetic acid Bthanol Ethanal
{Acetadehyde)

s CH,CHO
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(3) Bromoethane from ethanol

]{2304 “HBr
2CH3CH20HW C2H50C2H5 —A}ZCH:]CHZBI' + H20
Ethanol Ethoxyethane Bromocthane

(4) Propan-2-ol from ethanal

CH,
I Hydrolysis
CH/~ C—H + CH,MgBr — CH,=—C =—OMgBr =————— CHy—CH—CH,
Il H,0
o CH, -Mg(OH)Br OH
Ethonal ~ Methyl magnesium Propan-2-ol
brosmide

(5) Nitrobenzene from phenol

Phenol Benzene Nitrobenzene

SUMMARY

e Alcohol is formed when the hydrogen atom attached to satmated carbon of hydrocarbon
is snbstituted by hydroxyl group (—-OH). The general forrmla of alcohol is R—OH, where

R = alkyl or alkenyl or alkynyl ar arylalkyl.

® If the hydrogen atom attached to the carbon atom of an aromatic nucleus, is substitoted
by hydroxyl group then phenol is formed. The general formmula of phenol is Ar—OH, where
Ar = aryl group.

@ If the hydrogen atom of hydroxyl group of alcobol or phenol, is substimted by alkyl or
alkenyl or alkynyl or aryl group them ether is formed. The general formula of ether is
R,/Ar -O-R./Ar,, where R, and R, alkyl or alkenyl or alkynyl group and Ar, and
Ar, = aryl group.

@ Alcohol, in which the hydroxyl group is attached to primary carbon is called primary

alcohol, attached to secomdary carbon is called secondary alcohol and attached to tertiary
carbon is called tertiary alcohol
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Primary (1°) alcohol  Secondary (2°) alcohol —Tertiary (3°) alcohol

Physical Properties of Alcohols : The boiling points of alcobols are higher than those
of alkanes having approximately equal molecular mass. In linear series of primary alcohols, the
boiling point increases gradually as the number of carbon atoms increases. Among alcohols
containing same molecular formula, secondary alcobol has lower boiling point than primary
alcohol and tertiary alcohnl has lower boiling point than secondary alcohol. In alcohal molecules,
increase in the boiling point and solubility in water will increase with increase in number of
hydroxyl groups.

Preparation of Alcohols :
(1) Alcohol from alkene compounds

(I} By aclid catalysed hydration

N H., ~._~
Pt — /f ‘f\
H oH

Alene Alcohol

(ii) By hydroboration-oxidation

@BH;), Hz0,/0H™
3(CH,CH=CH,) H_’ (CH,CH,CH,), B ————» 3CH,CH,CH,0H
Propene Tripropylborane Propan-1-ol

(2) Alcohols from carbonyl compounds

(i) By reduction of aldehydes and ketones

NaBH
4RCHO L‘—) 4RCH,OH

@ H,0
Aldshyde 1° Alrahol
{iyNaBH
Ketone OH
2° aleohol




(ii) By reduction of carboxylic acids or esters

RCOOH ————t s RCH,OH
(i) 5,0 2

Carboxylic acid 1°-Alcohbol

) LiAIH,
RCOOR, —or» R.CH,OH + R,OH
Ester 1° Akeohol 2% Alconal

(3) Alcohols by Grignard reagents

~ | drolysis |
_C=0 +RMgX—> R—tlz—ong H’H—or R—C—OH + Mg(OH)X
2
wd M — I
reagent
Carbonyl Intermediate product Alcobol
compounds

(49) By fermentation method

Tovertase
C»H20;; +H,0 ———— CeHy205 + CgH 504

Sugar Glucose Pructose
Zymase
C:H,;,0, —_—> 2C.H.OH+2CO
6 *12%~6 B ZEE L] 2
Glucose OR Ethanol
Fructose

Chemical Reactions of Alcohols :
(1) Reactions involving cleavage of O-H group

(i) Reaciion of alcobol with active metals

2CH,0H + 2Na ——>» 2CH,ONa + H,(®)
Methanol Sodium metal Sodivm methoxide

2CH,CH,0H + Mg ——»(CH,CH,0),Mg + H,(®)
Ethanol Magnesinm metal Magneaium ethoxids

(ii) Reaction with acids

R-OH + R —-COOH=E= R'COOR + H,0
Alcohol Acid Bster
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(iif) Oxidation of alcohols

(8] 01

R-CH,0H » R—CHO »> R—-COOH
Na,Cx,0,/t1,S0, Na,Cr,0,/H,50,
H,0
1° Atcohol Aldehyde Carboxylic acid
PCCO
R - CH,0H —— 2L, R —CHO
o CH,Cl,
1° Alcohol Aldehyde
[O]
R-CH-R’ » R—C—-R’
I Na,Cr,0,/1,80, I
OH O
2%Akshol Ketone

(2) Reactions involving clesvage of C—0 bond

(i) Reaction with halogen acid (Lucas test)
Anhydroms Zn
R-0OH + HCl1 A < > R-Cl + H,0
Alcohol Concentrated Chloroalkans

Hydrochlocic acid

(ii) Reaction with phosphorus tribromide

3®-OH) + PBy —> 3(R-B) +  H,PO,

10 OR 20 Phosphorus Bromoalkzne Phosphorus acid
Alcobhol tribromide
(iii) Dehydration of alcohols
| | 85 % H,PO,/
Con HSO, ~ -~

—C—C— ———» C=C + H,O0

[ [ 3m3-413k -~ N .

H OH

Aleghol Alkcene
The order of case of dehydration reaction of alcohols is
3% alcohol > 2% alcohol > 19 alcohol
(iv) Redunction of alcohol

Red phosphoru
R-OH + 2HI = s} R-H + I, + H,0

Alcohol  Con. Hydroiodic A alkame
acid




Physical Properties of Phenol : Phenol hag higher boiling point and solubility in water
than toluene (arene compounds) and fluorobenzene (halo arene compounds) having approximately
same molecular mass. Some ortho substituted phenols like o-nitrophenol has lower melting point
and less solubility in water than its m- and p- isomers. Aqueous solution of phenol shows acidic
natmre.

Preparation of phenol :

(1) Dow process

HL—C—0—0—H OH
dilute aqueocus
Air 02 R H2804 .
5 % agueous - + CH,CO CH,
Na,CO
% 3 Propanone
(Acetone)
Cumene hydroperoxide Phenol

(3) From sodium benzene sulphonate

ONa
623K e HCl1
+2NaOH —oo? | e
_H20 Badinm phenomride

Sodium benzene
suiphanate

503 Na
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(4) From diazonium salt

NH, N=NCl
HNG,(NINO)+ ZHCD Hzo
273-278 K @
—NaCl, —H0 Ny, —HCI
Aniline Benzene diazoninm Phennl
or chlaride

Benzenamine
Chemical Reactions of phenol :
(1) Reactions due to —OH group

(i) Formation of salt

OH ONa
+ NaOH —— @ + Hy0
Phencl Sodium phenoxide
OH
+ Na,C0, —> No reaction occurs
OH

+ NaHCQ ;—— No reaction occurs

Thus, the nature of phenol is liks weak acid

(ii) Formation of phenyl ester
OH OCOR

+ (RCO),0 B NaOE + RCOONa + H,0

phenol Arid anhydride Phenyl ester
OH OCOR

+ RCOCI& + NaCl +H,0

phenol Acid chloride Phonyl ester




(iii) Formation of aryl ether

NsOH — 4 R-X
A:OHTO"AIO Na —A’A10R+Nax

2
Arylether

(iv) Formation of benzene

OH
QO
Phenol

Beuzene Zinc coxide
(2) Reactions occurring in aromatic ring
(1) Electrophilic substitution reaction

(A) Nitration of phenol

OH OH Con. HNO,
0, £
dilute HN% Con. H,S0O,
Nitration S i Nitration
~H,0 | A
Phenol = Hzo
2-Nitrophenol 4-Nitrophenol
S - (o-Nitrophenol) (»-Nitrophenol) | l
& 42
g |8 Con. HNO, Ll
: + %
> Con. Hgso4
Nitration
A
2.4,6-Trinitrophenol 2,4-Dinitrophenol
(Picele acid)
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(B) Bromination of phenol

(ii) Fries Rearrangement

OCOR
+ Rcoct 225,
—NaCl
0
Phenal Chlocide Phenyl
caber

(ifli) Kolbe-Schmitt Reaction

OH
@ 10 % NaOH @
—H0
Phenol

Acemngement]

Sodium-2-hydroxyhenzoate
{Sodivm salicylate)

Sodiom phenoxide

COONa

OH OH
Br Bromination
Brominstion 31!1'2 - Br,/ CSz >
-3HB!r 273 -278 K, —HBr
Fheaol o
2,4,5-Tribtomophenol 4-bromophencl
(p-bromophenol)

e @f @

1-(2-Hydroxyphenyl) 1-(4-Hydrozyphenyl)
alkan-1-one alkzn-1-ome
(o-Hydroxyphenyl alkyl {p-Hydroxyphenyl alkyl
ketone) ketone)
OCOONa
CO,gas
9B K
4-7 bar pressurc

Phenoxy sodium formate
(nnatahle)

f COOH

2-hydroxybenzoic acid
(Salicylic acid)

le HCl




(lv) Reimer-Tiemann Reaction

OH [
CHCl3+ ey CHO
"1 Aqueous NaOH o, - H* e
EE—
—HCI, -H,0 | SNect” I
— . 2.-hydroxybenzaldehyde
Phenol Intermediate compound (Salicylaldehyde)

(v) Oxidation of phenol

OH O
Oniclati
@ Na,Cr, 0, +Con. stal
0]
Phenol Cycbhexa2 5-diene-1,4-dione
(1,4-Benzoquinone)

Physical Properties of Ether Compounds : For equal molecular mass containing
alcohols and ethers, ethers have lower boiling points than alcohols., because in ethers, intermolecular
hydrogen bonds are not present.

Preparation of Ether :

(1) By dehydration of alcohols

Exczas

Con. Hy 50,
CH,; CH, OH W HL —CH,
Ethanal Ethene
Con. H,80,
2CH,CH,OH W C.HsOCoHg
Fthanal Bthoxyethane

(Dicthyl ether)
(2) By Williamson synthesis

R—ONa + F—X——>R—O0—K + NaX

Sodinm alkoxide Haloslkena Unsymmetrical
ether

Only primary haloalkane can synthesise ether easily.
Chemical Reactions of Ethers :
(1) Reactions involving cleavage of C-0 bond
(i) Reaction with dilute acid
Hydrolysis, H,S0,
CH, -CH, -0-CH, —CH; +H,0 T » 2CH,CH,OH
Ethaxyethane Ethanol
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(ii) Reaction with hydrogen halide
CH,CH,0CH,CH, + 2HBr — 8 , 2CH,CH,Br+H,0
Bthoxyethme Hydrogen bromide Bromoethane
(2) Electrophilic substitution reaction occurring in aromatic ring
The —OR group of alkyaryl ether compounds being artho-pare divecting, their electrophilic
substitution reactions give mixture of ortho-para products.
OCH,
Nitration
+
Con. HNO, +
Con. H»80,
—H,0 1-Methoxy-2-nitrobenzene
{o-Nitroanisole)
OCH,
| pr
G Bromination -
szicrl,_,coOH’ hi
—HBr '
1-Bromo-2-methoxybenzene
(o-Bromoanisole) 1-Bramo-4-methaxybenzene
{p-Bromoanisole)
on,
Fridel-Craits All:ylauoP
CH,, Anhydrous +
A0,
i 1-methoxy-2-methylbenzene
(o-methoxytolucac) 1-methoxy-4-methylbenzene
{p-methoxytoluene)
OCH, OCH,
— Fridel-Crafis Acylation COCH,
CH,00Q1
g +
Anhydrous
AlCl,
1-2-methoxyphenyl)ethan-1-one 1-(4-methoxyphenyl)ethan-1-one
{o-methoxy acetophenone) (pmethoxy acctophenone)
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EXERCISE

1. Select the proper choice from the given multiple choices :

(1)

@

©))

“

&)

(6

o))

3

£)

Which general forrmla is that of alcohol ?

(A) R-O-R, (B) Ar-OH (C) R-OH (D) Ar,—O-Ar,
Which formmla is of tertiary alcohol ?

(A) CH;0H B) (CH),CHOH (C) (CH;);,COH (D) CH,CH,OH
Which order from the followng is true for boiling points ?

(A) Chloroethane < ethane < ethanol (B) Ethane < chlorocthane < ethanol
(C) Ethanol < ethane < chloroethane (D) Ethane > chlorocthane > ethanol
Which substance from the following is a reducing agent ?

(A) Potassium permanganate (B) Lithium aluminium hydride

(C) Chromic acid (D) Pyridinium chloro chromate

Which substance from the following is unsymmetrical ether ?

(A) B) C,H~0-CH,CH,

(C) CH,-O-C,H; (D) CH,-O-CH,
What will be formed after oxidation reaction of 2% alcohol with chromic acid ?

(A) Aldehyde (B) Ketone (C) Carbaxylic acid (D) Ester

In which from the following intermolecular hydrogen bond is not present ?

(A) alcohol-alcohol (B) alcohol-water (C) ether-ether (D) ether-water

Which species from the following is nucleophilic reageat ?

(A) E ®) E* ©) E ®) E

Which statement from the following is true ?

(A) During dehydration reaction H,O molecule is added to reactant

(B) Lucas test iz used for detection of ethers

(C) During esterification OH™ from acid molecule and H* from alcohol are removed.
(D) During esterification H* from acid molecule and OH™ from alcchol are removed.
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(10) Which siructural forroula is of o-cresol ?

OH
CHy T ca, OH
A @ ® © @' ®) @
OH OH OH

2. Answer the following guestion in short :

(A) Write IUPAC name of the following compounds :

(1) CH,OCH(CH,), @ cns—tlcn— CH;~CH=CH,
OH
OH
3) @—OH ) C“@"OH
OH
5) (6) CH,CH,CH,CH(OCH,)CH,CH,CH,
CH,CH,
cl
%) cu,—tI:H—cuz—OH @®) CHa—(fH—CHrCIH—Cﬂa
CH3 OH C6H5
OH
9 (10) CHS—(I:H—(I:H—CHZ—CH,,
NO, C1 OH
CH,CH,

(B) Mention the structures of the following IUPAC named compoumds :

(1) 1-Ethoxy-3-methylpentane (2) 2-Chloropentan-3-01

(3) 3-Bromophenol (4) 2-Nitrophenol

(5) Cyclohexane-1,2-diol (6) 2-Isopropoxypentane

(7) 2,2-Dimethylpropan—1-ol (8) 2,4-Dimethylpentan-1—ol
(9) 2,6-Dimethylphenol (10) 1,2-Dimethoxyethane




(C) Complete the following chemical reactions :

TCOMs panydrous

) AlCl4

> 7

ONa 0C2H5

2 >

7+ 21-|BTA,QCH30H,B:

OH OH

? -

G >

Br
(i) LiAIH,
? OH

5y ?+ (ﬁ)—Hzo*%:zHi

(i) NaBH,

(7) 3CH,CH,CHCH,OH —'23 4 7
1
C:HB

+
(®) C,H,OH + ? === CH;COOCH,CH, + H,0

O, H,0
) CH,CH,CH,CH,CH=CH, —2 "2, 5

i) LiAIH
(10) @—— COOCH, gz) o 4, 4

(11y CH,—CH—CH,0H—'5 CH,—CH-COOH
| |
CH, CH,

Alcohol, Phenal and Ether Componnds 261



?
(12) + CH,COCl ——> +NaCl +Hy0

ONa
a3) @ L:W, ?
OH
(14) NagCryOq + Con HpSQy

(15) CH,CH,0H —-> C,H,0C,H,

OCH,
(16) Brp/CHaCO0H
OH
a7 —ZoPowdar
Exess Con. H,S0
(18) CH,CH,OH 257

443K
?
(19) CH,CH,OH +2HI —> C,H, +I, +H,0

@ BH),
(20) CHsCH;CH,CH =CH, — > ?
(i) H,0,,OH ™

Answer the following gquestions :
(A) Explain the following statements giving scientific reasons with example :

{1} The boiling points of alcohols are higher than those of alkanes having equal
molecular masses.

{2) While poing from primary to tertdary isomeric alcohols, their beiling points are
decreasing.

(3} Phenol has higher boiling point than toluene and fluorobenzene having approximately
same molecular mass.
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O
®
C)

o-Nitrophenol has lower melting point and solubility in water than m-and p-nitropbenol.
Agqueous solution of phenol is more acidic than alcohol.

Ethers have lower bailing point than alcahols having same molecular mass.

(B) Write equation of chemical conversions for following organic compounds :

0y
@
®
@
L)
©
D
®
©

Acetone from propene
Propan-1-01 from propene
Hexan-2-01 from hex-1-ene
Butan-2-01 from acetaldehyde
Phenol from chlorobenzene
Phenol from aniline
Ethoxybenzene from phemol

2, 4-Dinitro phenol from phenol

2-Hydroxy benzoic acid from phenol

(10) 2-Hydroxy benzaldehyde from phenol
(11) 1-Methoxy-2-methylbenzene and 1-methoxy-4-methylbenzene from sodium phenoxide.

(12) 1-(2-Hydroxyphenyl) propan-1-one and 1-(4-Hydroxyphenyl) propan-1-one from phenol

(C) Write chemical equations for the following reactions :

0y
@
(&)
@
(&)

©®
M

Oxidation reactions of primary, secondary and tertiary alcohols.

Reactions of ethanol with (i) Mg (ii) CH,COOH (iii) PBr, (iv) HL

Reactions of preparation for (i) phenyl acetate (ii) anizole (iii) benzene from phenol
Nitration and bromination reactions of phenol

Reactions of ethoxyethane with

(i) dilute H,SO, (ii) concentrated HBr.

Nitration and bromination reactions of anisole.

Friedel-Crafts alkylation and acylation reactions of aniscle
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4. Apswer the following questions in detail :

(A) Explain the following reactions with mechanism :

(B)

1
(2)
3)
)
(5)
(6)
N
(8)
9)

Preparation of alcohols from alken= compounds by acid catalysed hydration.
Preparation of alcohols from alkene compounds by hydroboration-oxidation.
Preparation of alcohols by reduction of aldehydes and ketones.

Preparation of alcohols from carbonyl compounds by Grignard reagent.
Reaction of tertiary alcohol with hydrochlaric acid.

Reaction of alcchol with phosphorus tribromide.

Preparation of cthene by dehydration reaction of ethanol.

Preparation of ethers by dehydration reaction of alcchols.

CH,CH,0CH,CH, + 2HBr—4 3 2CH,CH,Br + H,0

Write short notes on following :

(1)
(2)
(3)
4
()
(6)
)
(8)

Preparation of alcohols by fermentation method

Indnstrial production of phenol by Dow process and Cumene process
Lucas test

Pries rearrangement

Kolbe-Schmiit reaction

Reimer-Tiemann reaction

Williamson syhnthesis

Classification of alcohols and ethers
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LOGARITHMS
0 1 2 3 4 5 é 7 B 9 Mean Difference

1 2 3|4 5 6|7 8 9

10 [JOMOO 0043 | 00BS | O128 | O170 | (212 (0253 JO0O4 |34 | 374 | 4 & 12|17 21 25 |2 3 37
11 0414 | 0453 | 0492 | 0531 | 0569 |06G07 (0645 JO6B2| 0719|0755 | 4 8 1L |15 19 3|26 0 M
12 [J0792 | 0828 | 0864 | 0800 § 0934 |00 | 104 J 1B8| 1072|1106 | 3 7 W |14 17 2A |M¥ 2 3
13 (1121173 | 1206] 1239] 1271|1306 (1335 J1367|130|1430 | 3 6 W |13 16 © | 2B 2% B
14 [|1461 [ 1492 | 1523 1S53 ]| 1584 | 1614 | 1644 J 1673 | 1708|1732 | 3 6 9|12 15 18 |21 M 27
15 |J1761 | 1700 | 1818 | 1847 | 1875|1008 (1931 J 1952|1987 |2014 | 3 & 8|11 M 17|20 22 25
16 [[2041 [ 2068 | 2095 | 212 [ 2148|2175 | 201 2227|283 |20 |1 3 S5 R |11 13 16|18 21 M
17 [|2304 | 2330 | 2355 | 2380 ] 2405 | 2430 | 2455 J M8 | 2504|2529 | 2 5 7|10 12 15|17 0 22
I8 (2553|2577 | 2001 | 2025 | 2648|2672 | 295 J 2R | Z/42| 2765 | 2 S 7| 9 12 M4 |16 19 2
19 27BB | 2810 | 2R33 | 2BS6 | 2B78 (2000 | 2023 I 45 | 2067|2980 § 2 4 7| 9 11 1B |16 18R 2O
20 ||3010 | 3032 | 3054 | 3075 3006|3118 (3139 | 3160|3181|3201 J 2 4 6| 8 11 13|15 17 19
21 ||3222 3243 | 3263 3284 | 3304 (3324 (3345 | 3365|385|344 | 2 4 6| 8 10 12|14 16 18
22 |34 | 3444 | 3464 3483 2 |32 |341 3560|3538 | 2 4 6| 8 10 12|14 15 17
23 [13617 | 3636 | 3655 | 3674 | 32 |31 |37 3M47|3766|3T84 | 2 4 6| 7 oS 11|13 15 17
24 ||3902 | 3820|3833 | 3856 | 3574|3802 (3000 | 27| W5 W2 1 2 4 5| 7T 9 1|12 14 16
25 ||3979 | 3997 | 4014 | 4081 | 4048 | 4065 (4082 | 4099 | 4116|4133 1 2 3 5| 7 9 10|12 14 15
26 ||4150 | 41656 | 4183 | 4200 | 4216 (4232 (4249 | 4265|4281 |48 1 2 3 5| 7 B 10|11 13 15
27 ||4314 | 4330 | 4345 | 432 | 4378|4393 |4400 | 4425 |4440| 4456 | 2 3 5| 6 8 9|11 13 14
28 ||4472 | 4487 | 4502 | 4518 | 4533 |4548 |4564 4579|4504 |4600 | 2 3 5| 6 B 9|11 12 14
29 |14624 | 4639 | 4654 | 4GE0 | 4683 |4C0R |4713 JA72B | 4782|4757 | 1 3 4| 6 7 9|10 2 1B
30 ||4771 | 4786 | 4B0O| 4814 | 4820 |4B43 (4857 | 4871|4886 |00 J 1 3 4| 6 7 9|10 11 13
31 [|4914 | 4928 | 4042 | 4055 | 40D (4083|4907 I S011L|S4|Sm8 J 1 3 4| 6 7 8|10 1 12
32 ||5061 | 5065 | 5070 | S002 | 5105|5119 |51R2 | 514551991512 11 3 4| 5 7 8|9 11 12
33 ||5IRS | 5198 | 211 | S24 | S37 5290 |53 26|50 |53 1 3 4| 3 6 8| 9 10 12
4 5315 5540 | 5355 | 5366 | 5378 | 5391 | (B | 416 | 5428 1 3 4|5 6 &| 9 10 11
35 ||5441 | 5453 | 5465 | 5478 | 5400 | 5502|5514 | 5527|559 |5551 J 1 2 4| 53 6 7| 9 w0 1
36 ||5563 | 5575 | 55BT| 5566 S611 |S623 |56 | 5647|568 S50 1 2 4| 5 6 7| 8 10 11
37 ||5682 | 5604 | S705 | STI7 | STO |50 |S57Ts2 | 53575561 2 3|5 6 718 9 10
A8 ||570B | 5809 | SB21 | SBR2 | 5843|5855 |SBG6 | 5877|888 |S800 4 1 2 3| 5 6 7| 8 9 1o
30 ||5911 | 5922 | 5033 | 5944 | 5955|5066 |5077 | 982|060 J 1 2 3| 4 5§ 7| & 9 10
40 |Ja21 | 60831 | 6042 | 6053 | 6064 |GDTS |60RS JaO6|607|6117 J 1 2 3| 4 S5 &) & 9 10
41 6128 | 8238 | 6149 | 6160 | 6170 | 6130 | 6191 | 611 | 6212 | 6222 1 2 3|14 § &a|7 & 9
42 || 6232 | @243 | @253 D74 |6284 |62 6304 |314|6325 1 1 2 3| 4 § 6|7 R 9
43 |]6335 | G35 | G3S5| G5 | Q375|685 | 6395 |05 | dI5|625 1 1 2 3| 4 5 6|7 8 9
44 |16435 6345 | 6454 | 6454 | 6474 (6484 |64 | G5B |6513|652 1 2 3| 4 5 6|7 8 9
45 ||16532 | 6542 | 6551 | 6561 | 6571|6580 |[6590 | 6599|6600 |6618 § 1 2 3| 4 5 6|7 8 9
46 ||6R2R | 6637 | 6646 | 6656 | 66GS (6675|6684 J 63|62 6712 1 2 3| 4 5 6| 7 T 8
47 |61 |80 | 61| 6140 | BTR (6767|6706 | e13S|64 6B 1 2 3| 4 S 5| 6 7 B
48 ||6B12 | 6821 | 6830 | 6830 | GB4B |6B57 6866 J OB7S|6BB4 (6803 1 2 3| 4 4 S| 6 T B
49 || | D11 | G20 M8 | 637 | M6 | D55 | BA|F2| D81 J 1 2 3| 4 4 5|6 7 8
50 ||6990 | 6998 | 7007 | MDIS| A4 | 783|702 050|700 087 1 2 3|3 4 5|6 7 8
51 ||7076 | 7084 | 7093 | 7101 | 7110|7118 | 7126 | 7135|7143 | 7152 4 1 2 3| 3 4 5|6 7 8
52 ||7180 | 7168 | 7177 | TISS | 7193 | 7202 | 7210 | 7218|726 |7235 4 1 2 2| 3 4 5|6 7 7
S3 |73 | 7251 | 2| W RIS| 2|72 73| 7he|Bel1l 2 2|13 4 5|6 6 7
54 ||734 | 7332 | 7340 | 7TMB| 7356|734 |32 | 7380|7388 |76 1 2 2| 3 4 5| 6 & 7
0 1 2 3 4 5 6 7 8 9 1 2 3|4 5 6|7 8 9
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0 1 2 3 4 5 6 T 8 9 Mean Difference
1 2 3|4 5 6|7 8 9
55 ||7404 | 7412 | 7409 | 7AZT | 435 | 7443| FAS1 | 7459 | 7A66| MMM 1 2 2|3 4 5|5 6 7
56 ||7482 | 7490 | 7497 | 7SS | 7513 | 7S] TS 76| TSM3| 55111 2 2|3 4 5|5 6 7
57 ||7559 | 7566 | 7574 | 7582 | 7589 | 7T97| 7TA4 612 | T619| &P 1 2 2|3 4 S5 |5 6 7
58 ||7634 | 7642 | 764D | TEST | 764 | TER2| T6O | T6B6 | e | TTOL 1 1 2| 3 4 4|5 6 7
50 ||770 | THE |T/A | TRI TR | 7TAS| T2 | TleO | T/67| 774001 1 2|3 4 4|5 & 7
60 (|72 |78 | 770 | 7803 | 7810 | 7818 7TRDS | 7832 | 7BW| 7B46 1 1 2|3 4 4|5 & 6
61 FES3 | 786D | TRGR | TRIS 7R | TREO| A M | P17 1 1 2|13 4 4|5 6 6
62 17924 | 7931 | O | 7MS |02 | 790|673 80| TR7 1 1 2|3 3 4|5 6 6
63 [|7993 | 800D | 8007 | 8014 | A21 | OB 8BS J 804l | 8048|8050 1 1 2|3 3 4|5 5 6
64 |]9062 | A0GD | 8075 | BOR2 JACAO | BOOG| SHE2 8109 | R116| 812201 1 2|3 3 4|5 S5 6
65 8120 | 8136 | 8142 |BI4O J 8156 | RIG2| 816D | B176 | BIR2| 81800 1 1 2| 3 3 4|5 5 6
66 ||2195 |02 RO RIS [ ROR| RS R4 | 248|240 1 1 2|3 3 4|35 5 &
67 [|B261 | 8267 | 8274 | 8280 | K287 | 3293 | 89 I E306 | B312| 831911 1 2|3 3 4|5 S5 6
68 [|B8325 8331 | 8338 | 8344 | 8351 |B7| VG B30 | WG| B3 Y1 1 2|13 3 4|4 5 6
69 BIO5 | 8401 [ B407 | B414 | 8420 B426 8432 | 8430|8445 1 1 2| 2 3 4| 4 5 6
TO ||8451 | 8457 | B463 | B470 | B475 | B482| B4BR 8404 | BS00D| 85061 1 1 2| 2 3 4|4 5 6
71 8513 | 8519 |RS2S | RS31 JRS37 | RS43| 2540 JR5SS | RSGL| 886701 1 2| 2 3 4| 4 5 5
T2 ||8573 |R570 | R5RS | RSU1 JRSO7 |RAD| RO I B6IS | RR21|R27Q0 1 1 2| 2 3 4|4 5 5§
73 BAI3 8630 | 8645 | 8651 | 8657 | 8653 BaD | 8675 | BoBL| 8GR/ 1 1 2| 2 3 4|4 5§ 5
T4 ||BGB2 | 8608 | 8704 | 8710 | 8716 | BS7R2| 827 873 | 79| 84511 1 2| 2 3 4|4 5 5
15 751 | 8756 |B7R2 | SPGB |B774 | RTIO| STRS I 8MO1 | Ro7| 8820 1 1 2|2 3 3| 4 5 5
76 ||8808 | 8814 | 8820 | B82S | 5831 | 8837|8842 5848 | 8854|8852 1 1 2|2 3 3|4 § S5
T7 18865 | 8871 | 8876 | BB82 JB8R7 | 8RO BEOO | BOD4 | BO10| 80151 1 2| 2 3 3|4 4 5
T8 |I8921 8927 | 8932 | BUBE | 9043 | BO40| BOS4 | OG0 | BOGS| 8OTL Q1 1 2|2 3 3|4 4 5
TO ||8Y76 | BUSZ | $987 | 8993 | 8998 | 9004| 9000 J901S | 9020|9025 1 1 2|2 3 3|4 4 5
80 (19031 |9B6 |9042 | 947 |03 | 0SB | 963 Jo02 |04 |90@) 1 1 2|2 3 3|4 4 5
81 D0RS | 9000 | 9096 |9101 | 9106 | 9112|9117 | 9122 | 9128|5133 1 1 2| 2 3 3| 4 4 §
B2 ||9138 | 9143 |9140 [ O154 | 9199 [0165| 9170 9175 | 918D| 91860 1 1 2| 2 3 3| 4 4 5§
R3 9191 9196 |9201 | 9206 9212 | 9217|222 | 92T | 22| 9381 1 2| 2 3 3| 4 4 5
B4 |]9243 | 9248 | 9253 | O258 | 9263 (92D | N4 O | 9284|9280 1 1 2|2 3 3|4 4 5
85 |]9294 9299 | 9304 | 9300 J 9315 | 9320|9325 9330 | 9335|900 1 1 2|2 3 3|4 4 5
86 [|9M5 9350|9355 | 9360 |65 | 930| 9375 [ NBO| 9385|9301 1 2|2 3 3|4 4 5
87 119395 |00 | 9406 | MI0 | MIS | 9420|9425 | M30 | M35| 400 0 1 1| 2 2 3|3 4 4
B8 |]Od445 [ 9d50 | 0455 | 46D | MGS | 4D M4T4 | MO | Q434 | 4200 0 1 1| 2 2 3|3 4 4
8O 119494 [ 9490 | OS50 | 9500 J 9513 | SSIR| OS3 OS2k | 0S| oS8 0 1 1| 2 2 3|3 4 4
90 [|9542 | 9547 | 9552 | 9557 |62 | 9565| O5T1 9576 | O5RL o586 0 1 1| 2 2 3|3 4 4
91 950 (9595 | 9600 | 9605 9609 | 9614| 9619 | 9624 | 962B| 96330 0 1 1|2 2 3|3 4 4
92 19638 [9643 | 9647 | 9GS2 J96ST7 | 966L| DGG6 9671 | 9675 | 6RO 0O 1 1| 2 2 3|13 4 4
93 OGBS |9GBD | 9694 | 9699 J9A3 | 908|713 | 9717 | 972|9727J 0 1 1|2 2 3|3 4 4
94 19731 |9736 |9741 |OTAS | 970 | 9TS4| OO 9763 | 9768|9773 0 1 1| 2 2 3|3 4 4
O5 [|9777 | 9782 | 9786 | 9701 |95 | 9300| OB0S yEOP | 9BI14|o8IS 0 1 1|2 2 3|3 4 4
06 19823 [9827 |9R32 |ORI6 9841 | 9BAS| ORSO J9RS4 | 930|883 0 1 1| 2 2 3|3 4 4
OT ||9868 | 9872 | 9877 | 9881 | 9885 | 9890| 9804 JOBOO | 903 | 0 1 1|2 2 3|3 4 4
08 [|9912 |9917 | 9921 | 9926 | 9930 | 9934|9030 § 9843 | od8| 0520 60 1 1| 2 2 3|3 4 4
00 []9956 | 9961 | 9965 | 9969 | 9974 | 9978 9983 J 9987 | 999l |86 0 1 1|2 2 3|3 3 4
1} 1 2 3 4 5 6 7 2 9 1 2 3|4 5 6|7 & 9
266 Cheminstry




M

ANTILOGARITHMS
0 1 |2 |3 4 5 |s 7|8 |9 Mean Difference

1 2 3|4 5 6|7 8 o

D0 1000 § 1002 | 1005 | 1DOT7 § 1009 | 1012 ] 1014 | 1016 | 1019 | 1021 [1] 0 1 1 1 | 2 2 z
01 [|1023 | 1026 | 1028 | 1030 | 1033 | 1035|1038 | 1040 | 1042|1045 0 0 1|21 1 1|2 2 2
02 || 1047 | 1050 | 1052 | 1054 | 1057 | 1059|1062 | 1064 | 1067|1065 0 0 1|1 1 1|2 2 2
03 ||1072 | 1074 | 1076 | 1079 | 2081 | 1084|1086 | 1089 | 1091|1004 0 o 1|21 1 1|2 2 2
o4 1096 J 1099 | 1102 ] 110« Q1107 | 11091112 § 1114 ) 1117 111599 O 1 1 1 1 2 2 2 2
05 ||z [1izs | w27 wso fuusz | 13s|ass |10 | 1143|1146 0 1 1|1 1 2|2 2 2
06 ||1148 | 1151 | 1353 | 1156 J 1159 | 1161|1164 | 1167 | 118|120 1 1|1 1 2|2 2 2
07 1175 J 1178 | 1180 ] 1183 J 1186 | 1180 1151 | 1194 | 1197 | 119908 O 1 1 1 1 2 2 2 2
o8 [|1202 | 1208 | 1208 | 1211 [ 1213 | 1216|1210 J 1222 | 1225|1220 0 1 1|1 1 2|2 2 3
00 [|1230 | 1233 | 1236 | 1230 | 1242 | 1248|1247 | 1290 | 1283|1286 0 1 1|1 1 2|2 2 13
10 1259 J 1262 | 1265 | 1268 J 1271 | 1274|1276 | 1279 | 1282 | 12850 O 1 1 1 1 2 2 2 3
a1 || 1288 | 1201 | 1204 | 1207 1300 | 1303|1306 | 1309 | 1312|3150 0 1 1|1 2 2|2 3 3
12 |1318 [ 1321 | 1324 1327 | 1330 | 1334|1337 | 1340 | 1343|1346 0 1 1|1 2 2|2 2 3
A3 1349 J 1352 | 1355 1358 J 1361 | 1365 1368 J 1371 | 1374| 13770 O 1 1 1 2 2 2 3 a
14 1380 | 1384 | 1387 | 1390 § 1393 | 1396 | 1400 | 1403 | 1406 | 14020 O 1 1 1 2 2 2 3 3
15 ||1413 | 1416 | 1419 | 1422 | 1426 | 1420|1432 | 1435 | 1430 | 14a2] 0 1 1|1 2 2|2 3 3
16 1445 | 1449 | 1452 ] 1455 | 1459 | 1462 | 1466 | 1462 | 1472 | 14760 O 1 1 1 2 2 ) 3 3
17 || 1479 | 1483 | 1486 | 1480 | 1493 | 1496|1500 | 1503 | 1so7 |50 0 1 1|1 2 2|2 3 3
18 || 1514 1517 | 1521 | 1524 Jas28 | 1531|1535 | 1538 | 1542 15a50 0 1 1|1 2 2|2 3 3
19 || 1540 | 1552 | 1556 | 1560 | 1563 | 1567|1570 | 1574 | 1578|1581 0 1 1|1 2 2|32 3 3
20 || 1585 | 1289 | 1592 | 1596 1600 | 1603 1607 1611 | 1614|1618 0 1 1|1 2 2|3 3 3
21 ||1622 | 1626 | 1629 1633 | 1637 | 1641|1644 | 1648 | 1652|1656 0 1 1|2 2 2|3 3 3
22 || 1660 | 1663 | 1667 | 1671 | 1675 | 1679|1683 | 1687 | 1690|1634 0 1 1|2 2 2|3 3 3
23 ||1so8 | 1702 | 1706 | 1710 J 1714 | 17181722 |16 | 1730|1734 0 1 1| 2 2 2|3 a2 a4
24 1738 J 1742 | 17468 | 1750 Q1754 | 1758 | 1762 | 1766 | 1770 | 1774 O 1 1 2 ] 2 3 3 4
25 ||1778 | 1782 | 1786 | 1791 | 1795 | 1799|1803 | 1807 | 1811|1816 0 1 1|2 2 2|3 3 4
26 || 1820 | 1824 | 1828 | 1832 | 1837 | 1841|1845 | 1849 | 1854 1essJ 0 1 1|2 2 3|3 3 4
27 || 1862 | 1866 | 1871 | 1875 | 1879 | 1884|1838 | 1302 | 1897|1001 0 1 1|2 2 3|3 3 4
28 || 1905 | 1510 | 114 | 1910 | 1023 | 1928|1932 | 1936 | 1941 |10asf 0 1 1|2 2 3|3 4 a4
29 1950 | 1954 | 1959 | 1963 | 1968 | 1972|1977 | 1982 | 1986 | 1991 1] 1 1 z 2 3 3 4 4
30 || 1995 | 2000 | 2004 | 2009 | 2014 | 2018|2025 | 2028 | 2032|2037 0 1 1|2 2 3|3 4 4
31 || 2042 | 2046 | 2051 | 2056 | 2061 | 2065|2070 | 2075 | 2080|2084 0 1 1|2 2 3|3 4 a4
32 2089 | 2004 | 2000 | 2104 | 2100 | 2113 2118 2123 | 2128 | 21330 O 1 1 2 2 3 3 4 4
23 [|213a | 2143 | 2142 | 2153 | 2158 | 2163|2168 2173 | 2178|2183 0 1 1|2 2 3|3 4 a4
a4 ZI188 2193 | 2198 | 2209 | 2208 | 2213 | 2218 | 2223 | 2228 | 223490 1 1 2 2 3 3 4 4 5
a5 2239 | 2244 | 2249 | 2254 1 2259 | 2265|2270 | 22751 228022860 1 1 2| 2 3 3| 4 4 5
36 [[2201 | 2206 | 2301 | 2307 | 2812 | 2317|2323 | 028 | 2333|2330 1 1 2|2 3 3|4 4 s
37 ||2344 | 2350 | 2355 | 2360 | 2366 | 2371|2377 | 2380 | 2388|2303 1+ 1 2|2 3 3|4 4 s
38 [|2399 | 2404 | 2410 | 2415 | 2421 | 2427|2432 | 2438 | 243|240 1 1 2|2 3 3|4 4 s
39 ||2455 | 2460 | 2466 | 2472 | 2477 | 2483 | 2480 | 2495 | 250025060 1 1 2|2z 3 3|4 5 s
40 ||2512 | 2518 | 2523 | 2520 | 2535 | 2541|2547 | 2553 | 2550|2564l 1 1 2|2 3 4| 4 5 s
41 || 2570 | 2576 | 2582 | 2588 | 2504 | 2600 | 2606 | 2612 | 2618|2624 1 1 2|2 a3 4|4 5 s
42 || 2830 | 2636 | 2642 | 26490 | 2635 | 2661 | 2667 | 2673 | 2670|2685 1 1 2|2 3 4|4 5 6
43 ||2692 | 2608 | 2704 | 2710 | 2716 | 2723|2720 | 2735 | 2742|2748 1 1 2|3 3 4|4 5 &
44 || 2754 | 2760 | 2767 | 2775 | 2780 | 2786|2793 | 2799 | 2805|2812 1 1 2|3 3 4|4 5 6
45 ||2818 | 2825 | 2831 | 2038 | 2844 | 2851 | 2858 | 2864 | 2871|282 1 1 2|3 3 4|5 5 6
46 || 2884 | 2801 | 2807 | 2004 | 2011 | 2017|2024 | 2031 | 2938|2044 1 1 2|3 3 4|s 5 6
47 || 2951 | 2058 | 2065 | 2972 | 2979 | 2085 2992 | 2999 | 3006|3013 1 1 2|3 3 4|5 5 6
48 [|3020 | 3027 | 3034 | 2041 | 3048 | 3055|3062 | 2069 | 3076|3083 1 1 2|3 4 4|l s 6 6
49 ||3000 | 3097 | 3105 | 2112 | 3119 | 3126|3133 | 3141 | 314831550 1 1 2|3 4 4|5 6 6
0 1 |2 |3 4 |5 ]s 7|18 |o 1 2 3|4 5 6|7 8 o

Log table 267




M

|

ANTILOGARITHMS

0 1 |2 |3 4 5 |6 7|8 |o Mean Difference
1 2 3|4 5 6]7 8 o
50 |[3162 | 3170 | 3177 3184 | 3192 | 3199 3206 | 3214 3221|3228 1 1 2| 3 4 4| s & 7
51 || 3236 | 3243 | 3251 | 3258 | 3266 | 3273 3281 | 3289 3296|3304 1 2 2|3 4 s| s 6 7
52 || 3311 | 3319 | 3327 3334 | 3342 | 3350|3357 | 3365 3373|3381 1 2 2|3 4 s|s & 7
53 || 3388 | 3396 | 3404 | 3412 | 3420 | 3428|3436 | 3443 3451|340 1 2 2|3 4 s| s & 7
54 || 3467 | 3475 | 1483 | 3401 | 3499 | 3508 3516 | 3524 | 3532|3500 1 2 2|3 4 5|6 & 7
55 || 3548 | 3556 | 3565 | 3573 | 3581 | 3589 3597 | 3606 | 3614|3622 1 2 2|3 4 s| & 7 7
56 || 3631 | 3630 | 2648 | 3656 | 3664 | 3673 3681 | 3690 | 3602|3707 1 2 3|3 4 s| 6 7 8
57 ||3715 | 37124 | 3733 3741 | 3750 | 3758|3767 | 37796 | 384|303 1 2 3| 3 4 s| 6 7 8
s¢ || 3802 | 3811 | 3819 | 3828 | 3837 | 3845|3855 | 3864 | 3873|2882 1 2 3| 4 4 5|6 7 8
59 || 3890 | 3899 | 3008 | 2917 | 3926 | 3936|3945 | 3954 | 063 |3w72 1 2 3| 4 5 5| s 7T 8
60 || 3981 | 3990 | 3909 | 4009 | 4018 | 4027| 4036 | 4046 4055|4064l 1 2 3| 4 s 6| s 7 8
61 || 4074 |a083 | 4093 | 4202 | 4111 | 4121] 4130 | 4140 4150|4150 1 2 3| 4 5 6|7 s o
62 || 4160 | 4178 | 4188 | 4198 | 4207 | 4217] 4227 | 4236 | 4245|4256 1 2 3| 4 5 6|7 8 o
63 || 4266 | 4276 | 4285 | 4205 | 4305 | 4315 4925 | 4335 | 4345|43ss] 1 2 3| 4 5 6|7 8 o9
64 || 4365 | 4375 | 4385 | 4395 | 4406 | ad16] 4426 | aa36| aaas|aas7] 1 2 3| 4 5 6| 7 8 9
65 || 4467 | 4477 | 4487 | 4498 | 4508 | 4519]| 4529 | 4539 4550|4560 1 2 3| 4 5 6|7 3 9
66 ||as71 | 4581 | 4502 | 4603 | 4813 | 2624 4634 | 4645 | 4656|467 1 2 3| 4 5 6| 7 o 10
67 || 4677 | 4688 | 4699 | 4710 | 4721 | 4732 4742 | 4753 | 4764|475 1 2 3| 4 5 7| &8 9 10
68 || 4786 | 4797 | 4808 | 4819 | 4831 | 4842 4853 | 4864 | 4875|4887 1 2 3| 4 6 7| 8 9 10
69 || 4808 | 4909 | 4920 | 4932 | 4943 | 4055|4966 | 4977 | 4080|5000 1 2 3|5 & 7| &8 9 10
70 || 5012 | 5023 | s03s| 5047 | 5058 | 5070 s082 | ses3| s105|s17] 1 2 s| 5 & 7|8 9 n
71 || 5129 | s140 | 5152 | 5164 | 5176 | 5188 5200 | 5212 5224|5238 1 2 4| 5 6 7| 8 100 11
72 || 5248 | s260 | 5272 | s284 | 5207 | 5300 5321 | 5333 | sa4s|sasel 1 2z 4| 5 6 7| 9 100 1
73 || 5370 | 5383 | 5205 | 5408 | 5420 | 5433 5445 | 3458 | 5470|5483 1 3 4| 3 6 8| 9 10 1
74 || 5495 | s50a | 5521 | 5534 | 5546 | 5550 5572 | 5585 | ss0z|se10] 1 3 4| 5 6 a|l o9 10 12
75 || s623 | s636 | sea9| s662 | 5675 | sea9| 5702 | 5715 | 5722 |s7arl 1 3 4|5 7 8| 9 10 12
76 || 5754 | s768 | 5781 | 5704 | 5808 | se21|smad | snam| see1|sers) 1 3 4|5 7 ']l 9 m 12
71 || 5888 | 5002 | 5016 | s929 | 5043 | 5057|5970 | 5984 | so0s|so12] 1 3 4| 5 7 |10 u 12
78 || 66 | 5020 | 6083 | e067 | 6081 | 609s| 6100 | 6124 | 6138|6152 1 3 4| 6 7 88|10 1 13
79 || 6166 | 6180 | 6194 | 6200 | 6223 | 6237|6252 | 6266 | cani|a2os] 1 2 4| & 7 9|10 1 13
80 || 6310 | 6324 | 6339 | 6353 | 6368 | 6383 6397 | sa12| 6427|621 3 4|6 7 9|10 12 13
81 || 6457 | 6471 | 6486 | 6501 | 6516 | 6531 | 6546 | asen| 6577|6592 2 3 s| 6 B8 9|11 12 14
82 || 5607 | s622 | 6537 | 6653 | 6s6n | eena] 6avo | 6715 | 6730|6745 2 3 s| 6 B8 9|11 12 14
83 || 5761 | 6776 | 6792 | 6808 | 6823 | 6830 6rss | 6a71| 6sr7|6002) 2 3 s| 6 8 9|11 13 14
84 || 6915 | 5934 | s950| 6966 | 6982 | 6998|7015 | 7031 | 7047|7063 2 3 s| 6 & 1w |11 13 15
85 || 7079 | 7006 | 7112| 7129 | 7145 | 7161 7178 | 7194 7211|7228 2 3 s| 7 8 10|12 13 15
86 || 7244 | 7261 | 7278 | 7295 | 7311 | 7328| 7345 | 7362| 7379|7396 2 3 s| 7 & w|12 13 15
87 || 7413 | 7430 | 7447 | 7464 | 7482 | 7499|7516 | 7534 | 7551|7568 2 3 s| 7 o 1w |12 14 16
88 || 7586 | 7603 | 7621 | 7638 | 7656 | 7674 7601 | 7700 | 7727|7745 2 4 s| 7 9 m|uz 14 16
89 || 7762 | 7780 | 7798 | 7816 | 7834 | 7852|7870 | 7889 | 1907 |7e2s] 2 4 5|7 9 1|12 14 16
90 || 7943 | 7962 | 7980 | 7098 | 8017 | 8035] 8054 | 8072 | g001|s110) 2 4 s| 7 o 11|13 15 17
91 || 8128 | 8147 | 3166 | 8185 | 8204 | 8222 8241 | 8260 | 8279|8298 2 4 6| 8 9 11|13 15 17
92 || 8318 | 8337 | 8356 | 8375 | 8395 | 8414|8433 | 8453 | 8472|8492 2 4 6| 8 10 12|14 15 17
93 || 8511 | 8531 | 8551 | 8570 | 8590 | 3610] 8630 | 8650 | 8670|8600 2 4 6| 8 10 12|14 16 18
94 || 2710 | 8730 | 8750 B770 | 8790 | 8810|8331 | RRsa | w2 |gmo2)] 2 4 6| 8 w0 12|14 16 1B
95 || 8913 | ws33 | 8954 | 8974 | 8995 | 9016|9036 | 9057 | 078 |so9s) 2 4 & 8 10 12|15 17 19
96 ||9120 | 9141 | 9162 | 9183 | 9204 | 9226 9247 | 9268 | 9290 |9311] 2 4 6| 8 11 13|15 17 19
7 || 9333 | 9354 | 9376 | 9397 | 9419 | 9441|0462 | 0484 | 9506|0528 2 4 7| 9 M 13|15 17 2
ot || 9550 | 9572 | 9594 | o616 | 9638 | 9661|9683 | 9705 | 9727|9750 2 4 72| 9 11 13|16 18 2
99 9772 | 9795 | 9817 | 9840 | 9863 | 98EG| 9908 | 9931 | 9954 | 9977} 2 5 7 9 11 14 |16 18 2D
0 1 |2 |3 4 5 | s 718 |9 Jr 2 3|4 5 6|7 8 o
268 Chemisiry




