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FOREWORD

Punjab School Education Board has continuously been engaged in
preparation and review of syllabi and textbook. In today's scenario, imparting
right education to students is the joint responsibility of teachers as well as
parents. With a view to carry out entrusted responsibility, some important
changes pertaining to present day educational requirements have been made
in the textbooks and syllabus in accordance with NCF 2005.

Science has an important place in school curriculum and a good
textbook is the first requisite to achieve desired leaming outcomes.
Therefore, the content matter of Chemistry for the class XII has been so
arranged so as to develop reasoning power of the students and to enhance
their understanding of the subject. Graded guestions and exercises have
been given to suit the mental level of the students. This book is prepared by
NCERT, New Delhi for class XII and is being published by Punjab School
Education Board with the permission of NCERT, New Delhi. This step was
taken to maintain the uniformity in the Chemistry Subject so that Science
Student will have no problem while facing the common entrance test at a
senior secondary stage.

Every ellort has been made to make the book useful for students as well
as lor the teachers. However, constructive suggestions for its [urther
improvement would be gratefully acknowledged.

Chairman

Punjab School Education Board
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Constitution of India
Part IV A [Article 51 A)

Fundamental Duties

It shall be the duty of every citizen of India —

i)

(h)

(e)
()

e}

()
(z)

(h)
{1

()

|k{’k,

Note:

to abide by the Constitution and respect its ideals and institutions, the
National Flag and the National Anthem:

to cherish and follow the noble ideals which inspired our national struggle
for freedom;

to uphold and protect the sovereignty, unity and integrity of India;

o defend the country and render national service when called upon 1o
do so;

to promote harmony and the spirit of commaon brotherhood amongst all
the people of India transcending religious, linguistic and regional or
sectional diversities: to renounce practices derogatory to the dignity of
wiomen;

to vilue and preserve the rich heritage of our composite culture;

to protect and improve the natural environment including forests, lakes,
rivers, wildlife and to have compassion for living creatures;

to develop the scientific temper, humanism and the spirit of inquiry and
reform;

to safeguard public property and to abjure violence,

lo strive towards excellence in all spheres of individual and collective
activity so that the nation constantly rises to higher levels of endeavour
and achievement:

who is a parent or guardian, o provide opportunities for education o

his child or, as the case may be, ward between the age of six and
fourteen years,

The Anicle 51A containing Fundamental Daties was inserted by the Constitution
(42md Amemlment ) Act, 1976 (with effect from 3 January 1977),

¥k was inserted by the Constitution {86 Amendment ) Act, 2002 (with effect from
1 Al 2000).



1.1 Types of

Alter studying this Unit, you will be
able to

describe the formation of different
types of solutions;

express concentration of solution
in different units;

state and explain Henry's law and
Raoult's law;

distinguish between ideal and
non-ideal solutions;

explain deviations of real solulions
from Raoult's law;

describe colligative properties of
solutions and correlate these with
molar masses of the solules;

explain abnormal colligative
properties exhibited by some
solutes in solutions,

Solutions

Almost all processes in body ocerr in some kingd of Hguid soluttons.

In normal life we rarely come across pure substances.
Most of these are mixtures containing two or more pure
substances, Their utllity or importance in life depends
on their composition. For example, the properties of
brass (mixture of copper and zine) are quite different
from those of German silver (mixture of copper, zinc
and nickel) or bronze [(mixture of copper and tin);
1 part per million (ppm) of fluoride lons in water
prevents tooth decay, while 1.5 ppm causes the tooth
to become moltled and high concentrations ol lluoride
lons can be poisonous (for example, sodium fluoride is
used in rat poison); intravenous injections are always
dissolved in water containing salts at particular ionic
concentrations that match with blood plasma
concentrations and so on.

In this Unit, we will consider mostly ligquid
solutions and their formation. This will be followed by
studying the properties of the solutions, like vapour
pressure and colligative properties, We will begin with
types of solutions and then various alternatives in
which concentrations of a solute can be expressed In
liquid solution.

Solutions are homogeneous mixtures of two or more than two
components. By homogenous mixture we mean that its composition
and properties are uniform throughout the mixture. Generally, the

component thai is present in the largesi quantity is known as solvent,
Solvent determines the physical state in which solution exists. One or
more components present in the solution other than solvent are called
solutes. In this Unit we shall consider only binary solutions (i.e.,



consisting of two components). Here each component may be
solid, liquid or in gaseous state and are summarised in Table 1.1,

Type of Solution

Craseous Solutions

Liguid Solutions

Solicd Solitions

Table 1.1: Types of Solutions

Solute Salvent Common Ezamples

Gas (Gas Mixture of oxygen and nitrogen gases
Liguid Gas Chloroform mixed with nitrogen gas
Solid Gas Camphor in nilrogen gas

Gas Liquid Oxygen dissolved in water

Liquid Liguid Ethanol dissolved in water

Solld Liguid Glucose dissolved in water

Cas Solid Solution of hydrogen in palladium
Liguid Solid Amalgam of mercury with sodium
Solid Solid Copper dissolved in gold

2 Ex . Composition of a solution can be described by expressing its
l.2 pressig  concentration. The latter can be expressed either qualitatively
Concentration or guantitatively. For example, qualitatively we can say that the
ﬂf Sui'utinns solution is dilute (i.e., relatively very small quantity of solute)

or it is concentrated (i.e., relatively very large quantity of

solute). But in real life these kinds of description can add to
lot of confusion and thus the need for a gquantitative description
of the solution.

There are several ways by which we can describe the concentration
ol the solution quantitatively,

(1]

(i)

Chemistry gl

Mass percentage ( w/w) : The mass perceniage ol a component of a
solution is defined as:

Mass % of a component

_ Mass ol the component in the solution
Total mass of the solution

For example, il a solution is described by 10% glucose in water by
mass, it means that 10 g of glucose is dissolved in 90 g of water
resulting in a 100 g solution, Concentration described by mass
percentage is commonly used in industrial chemical applications.
For example, commercial bleaching solution contains 3.62 mass
percentage of sodium hypochlorite in water.

Vofume percenfage ( VW) : The volume percentage is defined as:
Volume ol the component
Total volume of solution

=100 (1.1)

=100
(1.2)

Volume % of a component =



(i)

(i)

v

For example, 10% ethanol solution in water means that 10 mL
of ethanol is dissolved in water such that the total volume of
the solution is 100 mL. Solutions containing liquids are commaonly
expressed in this unit. For example, a 35% (v/v) solution of
ethylene glycol, an antifreeze, is used in cars for cooling the
engine, At this concentration the antifreeze lowers the freezing
point of water to 255.4K (-17.6°C).

Mass by volume percentage ( w/V): Another unit which is
commonly used in medicine and pharmacy is mass by
volume percentage. It is the mass of solute dissolved in
100 mL of the solution.

Parts per million : When a solute is present in trace quantities, it
is convenient to express concentration in parts per million (ppm)
and is defined as;

Parts per million =

Numberol parts ol the component
Total number of parts of all components of the solution

x10°% (1.3)

As in the case ol percenlage, conceniration in parts per million can
also be expressed as mass to mass, volume o volume and mass to
volume, A litre of sea water (which weighs 1030 g) contains about
6 % 107 g of dissolved oxygen E‘Dg}- Such a small concentration is
also expressed as 5.8 g per 107 g (5.8 ppm) of sca water. The
concentration of pollutants in water or atmosphere is often expressed
in terms of ug mL "' or ppm.

Mole fraction : Commonly used symbol for mole fraction is x and
subscript used on the right hand side of x denotes the component.
It is defined as:

Mole fraction of a component =

Number of moles of the component
Total number ol moles of all the components

For example, in a binary mixture, if the number of moles of A and B are
r, and my respectively, the mole fraction of A will be

(1.4)

Xy = A (1.5)
Mg+ Ng

For a solution containing i number of components, we have:

n -
x= = : 1.6
My Mt S, 5

It ean be shown that in a given solution sum of all the mole
fractions is unity, i.e.

Ny B e ® sicsmmnse +x=1 (1.7)
Mole fraction unit is very usetul in relating some physical properties
of solutions, say vapour pressure with the concentration of the

solution and quite useful in describing the calculations involving
gas mixtures.

G Solutions



Example 1.1

Solution

Example 1.2

Solution

Chemistry odo

Caleulate the mole fraction of ethylene glyeol [C,H O,) in a solution
containing 20% of C,H O, by mass.

Assume that we have 100 g of solution (one can start with any amount of
solution because the resulis obiained will be the same). Solution will
contain 20 g of ethylene glycol and 80 g of water.

Molar mass of C,H,0, =12x 2+ 1 x 6+ 16 x 2 =62 g mol ",

262
20 g
Moles of C,H.O, = ———=—==0.322 mol
2HeO; 62 g mol *
80
Moles of water = ——— £ = 4 444 mol
18 g mol

- B moles of C,HO,
el moles of C,H,0, + moles of H,0

. 0.322 mol
0.322mol+4.444 mol ~ V-068
Shrlarly; ¥ = 4444 maol —0.932

0.322 mol + 4.444 mol
Mole fraction of water can also be calculated as: 1-0.068 = (0,932

(vi) Molarty : Molarity (M) is defined as number of moles of solute dissolved
in one litre {or one cubic decimetre) of solution,

Molarity = Moles of solute (L.8)

Volume of solution in litre

For example, 0.25 mol L™ {or 0.25 M) solution of NaOH means that
0.25 mol of NaOH has been dissolved in one litre (or one cubic decimetre).

Caleulate the molarity of a solution containing 5 g of NaOH in 450 mL
solution,

Moles of NaOH = —2& __ = 0,125 mol
40 g mol

Volume of the solution in litres = 450 mL / 1000 mL 17
Using equation (2.8),

0.125 mol % 1000 mL L

Molarity = 250 mlL =0.278 M

=0.278 mol L™
=0.278 mol dm >




Calculate molality of 2.5 g of ethanoic acid (CH,COOH) in 75 g of benzene. E»}mmph' I.3 l-
Molar mass of C,H,0,: 12x2+1 x4+ 16 x 2=60gmol ' Solution
Moles of C,H,0, =

Mass of benzene in kg = 75 g/1000 g kg ' = 75 x 10°° kg

{vif) Molafity : Molality (m) is defined as the number of moles of the solute
per kilogram (kg) of the solvent and is expressed as:
Maoles of solute
Molgticy: () Mass of solvent in kg (1.8)
For example, 1.00 mol kg™ (or 1.00 m) solution of KCl means that
1 mol (74.5 g) of KCI is dissolved in 1 kg of waler.
Each method ol expressing concentration of the solutions has ils
own merits and demerits. Mass %, ppm, mole fraction and molality
are independent of temperature, whereas molarity is a function of
temperature. This is because volume depends on temperature
and the mass does not.

e

2.5¢

—_— = 0.0417 mol
2 60 g mol™

Moles of C,H,0, _ 0.0417 mol” 1000 g kg™

Molality of C_H,0, =
oy O O, = s (T benzene 75 g
= (.556 mol kg*
Intext Questions
1.1 Calculate the mass percentage of benzene (CgHg) and carbon

1.2

1.3

1.4

1.5

tetrachloride (CCly) if 22 g of benzene is dissolved in 122 g of
carbon tetrachloride,

Calculate the mole fraction of benzene in solution containing 30%
by mass in carbon telrachloride.

Calculate the molarity of each of the following solutions: (a) 30 g of
Co[NO.)y, BHLO in 4.3 L of solution (b) 30 mlL of 0.5 M H.50, diluted to
500 mL.

Calculate the mass of urea [NHiCONH;) required in making 2.5 kg of
.25 molal agueous solution.

Caleulate (a) molality (b) molarity and (¢) mole [raction of Kl il the density
of 20% [mass/mass) aqueous Kl is 1.202 g mL™'.

L3 Sﬂiub”ity Solubility of a substance is its maximum amount that can be dissolved

in a specified amount of solvent at a specified temperature. It depends
upon the nature of solute and solvent as well as lemperature and
pressure. Let us consider the effect of these factors in solution of a solid
or a gas in a liquid.

s Solutions



1.3.1 Solubility of Every solid does not dissolve in a given liquid. While sodium chloride
aSolidina and sugar dissolve readily in water, naphthalene and anthracene do
Liquid not. On the other hand, naphthalene and anthracene dissolve readily in

benzene bul sodium chloride and sugar do not. It is observed that
polar solutes disselve in polar solvents and non polar solules in non-
polar solvents. In gencral, a solute dissolves in a solvent il the
intermolecular interactions are similar in the two or we may say like
dissolves like.

When a solid solute is added to the solvent, some solute dissolves
and its concentration increases in solution. This process is known as
dissolution. Some solute particles in solution collide with the solid solute
particles and get separated out of solution. This process is known as
cryvstallisation. A stage is reached when the two processes occur at the
same rate. Under such conditions, number of solute particles going
into solution will be equal to the solute particles separating out and
a state of dynamic equilibrium Is reached.

Solute + Solvent = Solution (1.1

At this stage the concentration of solute in solution will remain
constant under the given conditions, i.e.. temperature and pressure.
Similar process Is followed when gases are dissolved in liquid solvents.
Such a solution in which no more solute can be dissolved at the same
temperature and pressure is called a saturated solution. An
unsaturated solution is one in which more solute can be dissolved at
the same temperature. The solution which is in dynamic equilibrium
wilh undissolved solute is the saturaled solution and conlains the
maximum amount of solule dissolved in a given amount of solvent.
Thus, the concentration of solute in such a solution is its solubility.

Earlier we have observed that solubility of one substance into
another depends on the nature of the substances. In addition to these
variables, two other parameters, Le., temperature and pressure also
control this phenomenon.

Effect of temperalure

The solubility of a solid in a liquid is significantly affected by temperature
changes. Consider the equilibrium represented by equation 1.10. This,
being dynamic equilibrium, must follow Le Chateliers Prineiple. In
general, If in a nearly saturated solution, the dissolution process is
endothermic (A, H > 0), the solubility should increase with rise in
temperature and if it is exothermic [A;z H<0) the solubility should
decrease. These trends are also observed experimentally.

Effect of pressure

Fressure does not have any significant effect on solubility of solids in
liquids. It is so because solids and liquids are highly incompressible
and practically remain unaflected by changes in pressure.

1.3.2 Solubility of Many gases dissolve in water. Oxvgen dissolves only to a small extent
a Gas in a in water. It is this dissolved oxygen which sustains all aquatic life. On
Liquid the other hand, hydrogen chloride gas [HCI) is highly soluble in water.

Solubility of gases in liquids is greatly affected by pressure and

Chemistry b
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temperature, The solubility of gases increase with increase ol pressure.
For solution of gases in a solvenl, consider a system as shown in
Fig. 1.1 (a). The lower pari is solution and the upper part is gaseous
system at pressure p and temperature T, Assume this system to be In
a state of dynamic equilibrium, i.e., under these conditions rate of
gaseous particles entering and leaving the solution phase is the same.
Now increase the pressure over the solution phase by compressing the
gas to a smaller volume [Fig. 1.1 (b]l. This will increase the number of
gaseous particles per unit volume over the selution and also the rate
at which the gaseous particles are striking the surface of solution to
enter it. The solubility of the gas will increase until a new equilibrium
is reached resulting in an increase in the pressure of a gas above the
solution and thus its solubility increasces.

IISSTIIreiiseriids K

Fig. 1.1: Effect of pressure on the solubility of a gas. The
concentration of dissolved gas is proportional to the
pressure on the gas above the solution,

1000

500

tal

- Piston s

(b)

Henry was the first to give a
guantitative relation between
pressure and solubility of a gas in

W, | W, W, ] a solvent which is known as
PP FEFrPrrrss f{f.r". | Henry's law. The law stales that
e T at a constant temperature, the

. .. == el solubility of a gas in a liquid is
- * = «*_* .| directly proportional to the

partial pressure of the gas
present above the surface of
liguid or seolution. Dalton, a

Partial pressure of HCl ftorr

Lt 0.010

Fig. 1.

0.020

Male fraction of HCI in its
solution in cyclohexane

2: Experimental resulis for
the solubility of HCI gas in
cyclohexane al 293 K. The
slope of the line is the
Henry's Lae constant, K.

conlemporary ol Henry, also
concluded independently that the
solubility of a gas in a liguid
solution is a hunction ol partial
pressure of the gas. If we use the mole {raction of a gas in
the solution as a measure of its solubility, then it can be
said that the mole fraction of gas in the solution is
proportional to the partial pressure of the gas over
the solution. The most commonly used form of Henry's
law states that "the partial pressure of the gas in
vapour phase (p) is proportional to the mole fraction
of the gas (x) in the solution” and is expressed as:

p=Kgsx (1.11)

Ilere K, is the Henry's law constant. Il we draw a
graph between partial pressure of the gas versus mole
fraction of the gas in solution, then we should get a plot
of the type as shown in Fig. 1.2.

Different gases have different K, values at the same
temperature (Table 1.2). This suggests that K, Is a
function of the nature of the gas.

It is obvious from equation (1.11]) that higher the
value of K at a given pressure, the lower is the solubility
of the gas in the liguid. It can be seen from Table 1.2
that K, values for both N, and O, inerease with increase
of temperature indicating that the solubility of gases

b Solutions



Table 1.2: Values of Henry's Law Constant for Some Selected Gases in Water

| Gas Temperature /K K, /kbar Gas Temperature /K K, /kbar
He 2835 144 .97 Argon 298 40.3
H, 234 69,16 co, 298 1.67
¥ & i F Idehyd 258 1.83x10°

rormaldehyde ;

N, 303 88.84 4
D& 203 a4 86 Methane 298 0.413
o, 303 46.82 Vinyl chloride 298 0.611

E«mmpfe l.4  If N, gas is bubbled through water at 293 K, how many millimoles of N,

Chemistry g

increases with decrease of temperature. It is due to this reason that
aquatic species are more comfortable in cold waters rather than in
warm waters.

gas would dissolve in 1 litre of water? Assume that N, exerts a partial
pressure of 0.987 bar. Given that Henry's law constant for N, at 293 K is
76.48 kbar.

The solubility of das is related to the mole fraction in aqueous solution.

The mole fraction of the gas in the solution is calculated by applying

Henry's law, Thus:

p (nitrogen) _ 0.987bar
Ky 76,480 bar

As 1 litre of waler contains 55.5 mol of it, therelore il nrepresents
number of moles of N, in solution,

x (Nitrogen) = =1.29 % 10"

n mol . n
n mol m55.5mol  55.5
{r in denominator is neglected as it is << 55.5)
Thusn=1.29 x 10° x 55.5 mol = 7.16 x 10* mol
_ 7.16x10™* mol % 1000 mmol
a 1 mol

X (Nitrogen) = =1.29x 107

= (0.716 mmol

Henry's law finds several applications in industry and explains some
biological phenomena. Notable among these are;

e To increase the solubility of CO, in soft drinks and soda water, the
bottle is sealed under high pressure,

* Scuba divers must cope with high concentrations of dissolved gases
while breathing air at high pressure underwater. Increased pressure
increases the solubility of atmospheric gases in blood. When the
divers come towards surface. the pressure gradually decreases. This
releases the dissolved gases and leads to the formation of bubbles
of nitrogen in the blood. This blocks capillaries and creates a medical
condition known as bends, which are painful and dangerous to life.



To avoid bends, as well as, the toxic effects of high concentrations
of nitrogen in the blood, the tanks used by scuba divers are filled
with air diluted with helium (11.7% helium, 56.2% nitrogen and
32.1% oxygen).

s Al high altitudes the partial pressure of oxygen is less than that at
the ground level. This leads to low concentrations ol oxygen in the
blood and tissues of people living at high altitudes or climbers. Low
blood oxygen causes climbers to become weak and unable to think
clearly, symptoms of a condition known as anoxia .

Effect of Temperature

Solubility of gases in liquids decreases with rise in temperature. When
dissolved, the gas molecules are present in liquid phase and the process
ol dissolution can be considered similar to condensation and heat
is evolved in this process. We have learnt in the last Section that
dissolution process involves dynamic equilibrium and thus must
follow Le Chatelier's Principle. As dissolution is an exothermic
process, the solubility should decrease with increase of
temperature,

Intext Questions

1.6 H_5, atoxic gas with rotten egg like smell, is used for the qualitative analysis. If
the solubility ol H,S in water al STP is 0.195 m, caleulate Henry's law constani.
1.7 Henry's law constant for CO, in water is 1.67x10% Pa at 298 K. Calculate

the quantity of CO,, in 500 mL of soda water when packed under 2.5 atm
CO, pressure at 298 K.

.4 Fi.:';::;:-'t‘.tur
Dressure of
Liguid
Solutions

1.4.1

Vapour
Pressure of
Liquid-
Liguid
Solutions

Liquid solutions are formed when solvent is a liquid. The solute can be
a gas, a liquid or a solid. Solutions of gases in liquids have already
been discussed in Section 1.3.2. In this Section, we shall discuss the
solutions of liquids and solids in a liquid. Such solutions may contain
one or more volatile components. Generally, the liguid solvent is volatile.
The solute may or may not be volatile. We shall discuss the properties
of only binary solutions, that is, the solutions containing two
components, namely, the solutions of (i) liquids in liquids and [ii) solids
in liquids.

Let us consider a binary solution of two volatile lguids and denote the
two components as 1 and 2. When taken in a closed vessel, both the
components would evaporate and eventually an equilibrinm would be
established belween vapour phase and the liguid phase. Let the total
vapour pressure al this stage be p ., and p, and p, be the partial
vapour pressures of the two components 1 and 2 respectively. These
partial pressures are related to the mole [ractions x, and x, of the two
components 1 and 2 respectively.

The French chemist, Francois Marte Racult (1886) gave the
quantitative relationship between them, The relationship is known as
the Raoult's law which states that for a solution of volatile liquids,

L. Solutions



Vapour pressure —»

Fig. 1.3: The plot of
Sfraction ef an (deal solution at consteont
temperature. The dashed lines | and I

represenl  the partial pressure of the

the partial vapour pressure of each component of the solution
is directly proportional to its mole fraction present in solution.

Thus, for component 1
Doy
and p,= p’x, (1.12)
where _r.:af is the vapour pressure of pure component 1 at the same
temperature.
Similarly, for component 2
Pa= Py X (1.13)
where p,” represents the vapour pressure of the pure component 2.
According to Dalton's law of partial pressures, the total pressure
[ Pyt ) Over the solution phase in the container will be the sum of the
partial pressures of the components of the solution and is given as:
Pota =P1 ¥ Py (1.14)
Substituting the values of p; and p,, we get
Prgat = X1 Py + %, By
=(1-x) p," + %, p,° (1.15)
=p,"+(p, - p°) %, (1.18)
Following conclusions can be drawn from equation (1.16).

(i) Total vapour pressure over the solution can be related to the mole
fraction of any one component.

(ii) Total vapour pressure over the solution varies linearly with the
mole fraction of component 2.

b

(i) Depending on the vapour pressures
ol the pure components 1 and 2,
E, total vapour pressure over the
solution decreases or increases with
the increase of the mole fraction of
component 1.

A plot of p, or p, versus the mole
fractions x; and x, for a solution gives a
linear plot as shown in Fig. 1.3. These
lines (I and 11} pass through the points for
which x; and x; are equal (o unity.

.K‘, =]
X =0

Mole fraction x, =0

Similarly the plot (line III) of py, versus
X =1 Xy is also linear (Fig. 1.3). The minimum
value of pyy is p,” and the maximum value
is py’, assuming that component 1 is less
volatile than component 2, ie., p < p

The composition of vapour phase in

XN —
vapour pressure and mole

components, (It can be seen from the plor  equilibrium with the solution is determined
that p, and p, are directly proportional to x, by the partial pressures ol the components.

arel X,

respectively). The total vapour If y, and y, are the mole fractions of the

pressure s given by line markeed I in the

figure,

Chemistry
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components 1 and 2 respectively in the vapour phase then, using Dalton's
law of partial pressures:

P1 = Y1 Pl (1.17)

P2 = VaPiow (1.18)
In general

P=Y: P {1.19)

Vapour pressure of chloroform (CHCL) and dichloromethane (CH,CL,) E.‘mmpff L5
at 298 K are 200 mm Hg and 415 mm Hg respectively. (i) Calculate

the vapour pressure of the solution prepared by mixing 255 g of

CHCI, and 40 g of CH,Cl, at 298 K and, (ii) mole fractions of each

component in vapour phase.

Solution

(i) Molar mass of CH,Cl, = 12x 1 +1x2+355%x2=85 ¢ mol™?

Molar mass ol {:Hn‘:l3

Moles of CH,Cl,

Moles of CHCIE

IZKl+1?¢1+35.5x3=119.5gm01'1

40

- an_iﬂ_—l = .47 mol
255 g

- m =0.213 mol

Total number of moles = 0.47 + 0,213 = 0.683 mol

0.47

X = —
CHaCly 0.683 mol

mol — _ ;688

Xepagy = 1.00 - 0.688= 0.312

Using equation

(2.16),

P =Py *+ (0,° - p,%) x, = 200 + (415 — 200) % 0.688
= 200 + 147.9 = 347.9 mm Hg

(if) Using the relat

ion (2.19), ¥, = p./Pu: We can calculate the mole

fraction of the components in gas phase (y).
Peayen, = 0.688 x 415 mm Hg = 285.5 mm Hg
Peue, = 0.312 x 200 mm Hg = 62.4 mm Hg

y[tHzr_‘,h =28
Ueniny = 62

Note: Since, CH,CL,

5.5 mm Hg/347.9 mm Hg = 0.82
4 mm Hg/347.9 mm Hg = 0.18

is a more volatile component than CHCL,. Ip'&{zmﬁ:-

415 mm Hg and Pgnqa = 200 mm Hg| and the vapour phase is also richer

in CH,CL [Herpen, =
thal at equilibrinm,

.82 and ygnma = (. 18], it may thus be concluded
vapour phase will be always rich in the component

which is more volatile.

sy Solutions



1.4.2 Raoult’s According to Raoult's law, the vapour pressure of a volatile component
Lawasa in a given solution is given by p, = x; ,ﬂ]", In the solution ol a gas in a
special case liquid, one of the components is so volatile that it exists as a gas and
of Henry's we have already seen that its solubility is given by Henry's law which
Law states that

p=K; x
If we compare the equations for Raoult's law and Henry's law, it
can be seen (hat the partial pressure of the volatile component or gas
is directly propoertional to its mole fraction in solution. Only the
proportionality constant Ky differs from p.". Thus, Raoult's law becomes
a special case of Henry's law in which K, becomes equal to p,".

1.4.3 Vapour Another important class of solutions consists of solids dissolved in
Pressure of  liquid, for example, sodium chloride, glucose, urea and cane sugar in
Solutions of water and iodine and sulphur dissolved in carbon disulphide, Some
Solids in physical properties of these solutions are quite dillerent from those of
Liquids pure solvents. For example, vapour pressure. We have learnt in Unit 5,

Class X1, that lignids at a given temperature vapourise and under
equilibrinum conditions the pressure exerted
by the vapours of the liquid over the liguid

phase Is called vapour pressure [Fig. 1.4 (a)].

In a pure liquid the entire surface is

occupied by the molecules of the liguid. If a

non-volatile solute is added to a solvent to

give a solation [Fig. 1.4.(b)], the vapour

Pure Solvent 1 mol of solvent pressure of the solution is solely from the

VIR RoiLe solvent alone. This vapour pressure of the

solution at a given temperature is found to

@ Solvenl 2 Solule be lower than the vapour pressure of the

fal (b pure solvent at the same temperature, In

Fig. 1.4: Decrease in the vapour pressure of the the solution, the surface has both solute and
solvent on account of the presence of  selvent molecules; thereby the fraction of the
solute in the solvent {a) evaporation of the  gyrface covered by the solvent molecules gets
molecules of the solvent from its surface  pogqy,ced. Consequently, the number of
& dEi:.lDI‘Ed by @, (b In a solution. solute oeny molecules escaping from the surface
particles have been denoted by @ and they | _ Fot -
ARSI S ey is correspondingly reduced, thus, the vapour

pressure is also reduced.

The decrease in the vapour pressure ol solvent depends on the
quantity of non-volatile solute present in the solution, irrespective of
its nature. For example, decrease in the vapour pressure of water Ly
adding 1.0 mol of sucrose to one kg of water is nearly similar to that
produced by adding 1.0 mol of urea to the same guantity of water at
the same temperature,

Raoult’s law in its general form can be stated as, for any solution
the partial vapour pressure of each volatile component in the
solution is directly proportional to its mole fraction.

In-a binary selution, let us denote the solvent by 1 and solute by
2. When the solute is non-velatile, only the solvent molecules are
present in vapour phase and contribute to vapour pressure. Let p, be

Chemistry gl



Fig. 1.5

If a solution obeys
Raoult's law for all
concerirations, its
UQpour pressure
wwowld vary linearly
[from zero to the
vapour pressure of
the pure solvent,

1.5 Ideal and Vin-
ideal Solutions

1.5.1 Ideal
Solutions

1.5.2 Non-ideal
Solutions

Vapour, pressuwe the vapour pressure of the solvent, x; be
of pure salvent its mole fraction, p," be its vapour pressure

in the pure state, Then according to
Raoult's law
Py e Xy
and p; = X p; (1.20)

The proportionality constant is equal
to the vapour pressure of pure solvent, pf,
A plot between the vapour pressure and
0 Mole fraction of solvent 1 the mole fraction of the solvent is linear

o = (Fig. 1.5).

Vapour pressure —3

Liquid-liquid solutions can be classified into ideal and non-ideal
solutions on the basis of Raoult's law.

The solutions which obey Raoult's law over the entire range of
concentration are known asideal sofufions . The ideal solutions have
two other important properties. The enthalpy of mixing of the
pure components to form the solution is zero and the volume
of mixing is also zero, ie.,

AgH = 0, Ay V=0 (1.21)

It means that no heat is absorbed or evolved when the components
are mixed, Also, the volume of solution would be equal to the sum of
volumes of the two components. At molecular level, ideal behaviour of
the solutions can be explained by considering two components A and
B. In pure components, the intermolecular attractive interactions will
be of types A-A and B-B. whereas in the binary solutions in addition
to these two interactions, A-B type ol interactions will also be present.
Il the Intermolecular attractive forces between the A-A and B-B are
nearly equal to those between A-B, this leads to the formation of ideal
solution. A perfectly ideal solution is rare but some solutions are nearly
ideal in behaviour. Solution of n-hexane and n-heptlane, bromoethane
and chloroethane, benzene and toluene, etc. fall into this category.

When a solution does not obey Raoult’'s law over the entire range of
concentration, then it is called non-ideal solution . The vapour pressure
of such a solution is either higher or lower than that predicted by
Raoult's law [equation 1.16]. If it is higher, the solution exhibits positive
deviation and if it is lower, it exhibits negative deviation from Raoult's
law. The plots of vapour pressure as a function of mole fractions
for such solutions are shown in Fig. 1.6.

The cause for these deviations lie in the nature of interactions at the
molecular level. In case of positive deviation from Raoult's law, A-B
inleractions are weaker than those between A-A or B-B, i.e., in this case
the intermolecular attractive forces between the solute-solvent molecules
are wealier than those between the solute-solute and solvent-solvent
maolecules. This means that in such selutions, molecules of A {or B) will
find il easier to escape than in pure stale. This will increase the vapour

Lads Solutions



Fig.1.6

The vapour
pressures of {wo
companent sysftems
as a function af
composition (a) a
solution that shows
positive deviation
Jrom Raoult's law
and (bl a solution
that shoes negative
deviation from
Raoult's e,
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pressure and result in positive deviation. Midtures of ethanol and acetone
behave in this manner. In pure ethanol, molecules are hydrogen bonded.
On adding acetene, its molecules get in between the host molecules and
break some of the hydrogen bonds between them. Due to weakening ol
interactions, the solution shows positive deviation from Raoult's law
[Fig. 1.6 (a)]. In a solution formed by adding carbon disulphide to
dcetone, the dipolar interactions belween solute-solvent molecules are
weaker than the respective interactions among the solute-solute and
solvent-solvent melecules. This solution also shows positive deviation.

In case of negative deviations from Raoult’s law, the intermolecular
attractive forces between A-A and B-B are weaker than those between
A-B and leads lo decrease in vapour pressure resulling in negative
deviations. An example of this type is a mixture of phenol and aniline,
In this case the intermolecular hydrogen bonding between phenolic
proton and lone pair on nitrogen atom of aniline is stronger than the
respeclive intermolecular hydrogen bonding belween similar
molecules. Similarly, a mixture of chloroform and acetone
forms a solution with negalive deviation [rom Raoull's law.
This is because chlorolorm molecule is able to form hydrogen
bond with acetone molecule as shown.

HsC Cl

\c:c}— -H—cZ-Cl
chy” Nal

This decreases the escaping tendency ol molecules for each
component and consequently the vapour pressure decreases resulting
in negative deviation [rom Raoult's law [Fig, 1.6. (b)].

Some liquids on mixing, form azeotropes which are binary mixtures
having the same composition in liguid and vapour phase and boil at
a constant temperature. In such cases, it is not possible to separate the
components by fractional distillation. There are two types of azeotropes
called minimum boiling azeotrope and maximum boiling
azeotrope. The solutions which show a large positive deviation from
Raoult's law form minimum boiling azeotrope at a specific composition.



For example, ethanol-water mixture (obtained by fermentation of sugars)
on fractional distillation gives a solution containing approximately 95%
by volume of ethanol. Once this composition, known as azeoirope
composition, has been achieved, the liguid and vapour have the same
composition, and no further separation occurs.

The solutions that show large negative deviation from Raoult's law
form maximum boiling azeotrope at a specitic composition. Nitric acid
and water is an example of this class of azeotrope, This azeotrope has
the approximate composition, 68% niiric acid and 32% water by mass,
with a boiling point of 393.5 K.

Intext Question

1.8 The vapour pressure of pure liquids A and B are 450 and 700 mm Hg
respectively, al 350 K, Find out the composition of the liquid mixture if total
vapour pressure is 600 mm Hg. Also find the composition of the vapour phase.

1.6 Colligative
Droperties and
Determination

of Molar Mass

1.6.1 Relative
Lowering of
Vapour
Pressure

We have learnt in Section 1.4.3 that the vapour pressure of solution
decreases when a non-volalile solule is added lo a volalile solvent.
There are many properties of solutions which are connected with this
decrease of vapour pressure. These are: (1) relative lowering of vapour
pressure of the solvent (2) depression of freezing point of the solvent
(3) elevation of beiling point of the solvent and (4) osmotic pressure of
the solution. All these properties depend on the number of solute
particles irrespective of their nature relative to the total number
of particles present in the solution. Such properties are called
colligative properties (colligative: from Latin: co means together, ligare
means to bind). In the following Sections we will discuss these
properties one by one.

We have learnt in Section 1.4.3 that the vapour pressure of a solvent in
solution is less than that of the pure solvent. Raoult established that the
lowering ol vapour pressure depends only on the concentration ol the
solute particles and it is independent of their identity. The equation (1.20)
given in Section 1.4.3 establishes a relation between vapour pressure of
the solution, mole [raction and vapour pressure of the solvent, i.e.,

py =X p,° (1.22)
The reduction in the vapour pressure of solvent (Ap,) is given as:
"ﬁpl = plﬂ =Ry T pln_pLD Xy

= p," (1-x) (1.23)
KEnowing that X, = 1- X,. equation (1.23) reduces to
Ap, = X, p,° (1.24)

Ini a solution containing several non-volatile solutes, the lowering of the
vapour pressure depends on the sum of the mole fraction ol different sohites,

Equation (1.24) can be written as

Ap, _ Py —-D _
L=l Sl =x (1.25)
By F o
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The expression on the left hand side ol the equation as mentioned
earlier is called relative lowering of vapour pressure and is equal to
the mole fraction of the solute. The above equation can be written as:

i ;
i i Ny
by u‘pl = 2 sinee x, = (1.26)
P ny + 1y n, +ny
Here n; and ny are the number of moles of solvent and solute
respectively present in the solution. For dilute solutions ny < < niq,
hence neglecting ny in the denominator we have

E —
H = 1 (1.27)
Py n,
]
of PL= By o Wa XMy (1.28)
By M, % w,

Here w, and w, are the masses and M, and M, are the molar masses
of the solvent and solute respectively.

From this equation (1.28], knowing all other quantities, the molar
mass of solute (M) can be calculated,

Cxample 1.0 The vapour pressure of pure benzene at a certain temperature is 0.850
bar. A non-volatile, non-electrolyte solid weighing 0.5 g when added to
39.0 g of benzene [molar mass 78 g mol *). Vapour pressure of the solution,
then, is 0.845 bar. Whal is the molar mass of the solid substance?

Salution The various quantities known to us are as follows:
p,"=0.850 bar; p=0.845bar; M, =78 gmol™; w,=05g w,=39¢

Substituting these values in equation (2.28), we get

0.850 bar - 0,845 bar _ 0.5 g X 78 g mol™
0.850 bar = M, x39¢g

Therefore, M, = 170 g mol ™

1.6.2 Elevation of Class XI, that the vapour pressure of a liquid increases with increase
Boiling Point of temperature. It beils at the temperature at which its vapour
pressure is equal to the atmospheric pressure. For example, water

boils at 373.15 K (100" C) because at this temperature the vapour

pressure of water is 1.013 bar (1 atmosphere). We have also learnt

in the last section that vapour pressure of the solvent decreases in

the presence of non-volatile solute. Fig. 1.7 depicts the variation of

vapour pressure of the pure solvent and solution as a function of

temperature. For example, the vapour pressure of an aqueous

solution of sucrose is less than 1,013 bar at 373.15 K. In order to

make this solution beil, its vapour pressure must be Increased to

1,013 bar by raising the temperature above the boiling temperature

of the pure solvent (water). Thus. the boiling point of a solution is

Chemistry glbs



Boiling point of
Solvent .
Solation
1.013 bar 3 */
or 1 Atml——o - -

Vapour pressure —>

Fig. 1.7: The vapour pressure curve for
solution lies belov the curve for pure
water. The diagram shows that AT,
denotes the elevation of boiling
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point of a solvent in solution,

always higher than that of the boiling point of
the pure solvent in which the solution is prepared
as shown in Fig. 1.7, Similar to lowering of vapour
pressure, the elevation of boiling point also
depends on the number of solute molecules
rather than their nature. A solution of 1 mol of
sucrose in 1000 g of water boils at 373.52 K at
one atmospheric pressure.

Let T be the boiling point of pure solvent and
T, be the boiling point of solution. The increase in
the boiling point AT, =T, -T¢ is known as
elevation of boiling point.

Experimenis have shown that lor dilute
solutions the elevation of boiling point (AT is
directly proportional to the molal concentration of
the solute in a solution. Thus

AT, = m (1.29)

or AT, =K m (1.30)

Here m (molality) is the number of moles of solute dissolved in 1 kg
of solvent and the constant of proportionality, K, is called Boiling Point
Elevation Constant or Molal Elevation Constant (Ebullioscopic
Constant). The unit of K, Is K kg mol™. Values of K, for some common
solvents are given in Table 1.3, If w, gram of solute of molar mass M,
is dissolved in w, gram of solvent, then molality, m of the solution is
given by the expression:

x
oo DMy 1ODO®E (1.31)
W/ 1000 M, x W
Substituting the value of molality in equation (1.30) we get
K, x X
AT, = By ¥ 1000 % Wy (1.32)
M, xw
b
= 1000 * w, X K, (1.33)
AT, ¥ W,

Thus, in order to determine M,, molar mass of the solute, known
mass of solute in a known mass of the solvent is taken and AT, is
determined experimentally for a known solvent whose K value is known.

18 g of glucose, C.H,,0,, is dissolved in 1 kg of water in a saucepan. l(.‘x:rm,‘.lr'r: .7
At what temperature will water boil at 1.013 bar? K for water is 0.52

K kg mol .

Moles of glucose = 18 g/ 180 g mol? = 0.1 mol
Number of kilograms of solvent = 1 kg

Thus molality of glucose solution = 0.1 mol kg
FFor water, change in boiling point

&) "
Solution

i7

Solutions



| Example 1.8

Selution

AT, = K, x m=0.52 K kg mol' x 0.1 mal kg* = 0.052 K

Since walter boils al 373.15 K at 1.013 bar pressure, therelore, the
boiling point of solution will be 373.15 + 0.052 = 373.202 K.

The boiling point of benzene is 353.23 K. When 1.80 ¢ of a non-vaolatile
solute was dissolved in 90 g of benzene, the boiling point is raised to
354.11 K. Calculate the molar mass ol the solule. K for benzene is 2.53
K kg mol™

The elevation (AT,) in the boiling point =354.11 K- 353, 23 K=0.88 K
Substituting these values in expression (2.33) we get

_253Kkgmol? x 1.8 g x 1000 g kg!
M 0DB88Kx90g
Therefore, molar mass of the solute, M, = 58 g mol 1

=58 g mol™*

1.6.3 Depression The lowering of vapour pressure of a solution causes a lowering of the
of Freezing freezing point compared to that of the pure solvent (Fig. 1.8). We know
Point

Vapour pressure —»

T

that at the Ireezing point of a subslance, the solid phase is in dynamic
equilibrium with the liguid phase. Thus, the
freezing point of a substance may be defined as
the temperature at which the vapour pressure of
the substance in Its liguid phase is equal to its
vapour pressure in the solid phase. A solution
will freeze when its vapour pressure equals the
vapour pressure of the pure solid solvent as Is
clear from Fig. 1.8. According to Raoult’s law,
when a non-volatile solid is added to the solvent
its vapour pressure decreases and now it would
become equal to that of solid solvent at lower
temperature. Thus, the freezing point of the
solvent decreases.

Let T} be the freezing point of pure solvent

: ETJ’ and T; be its Ireezing point when non-volatile
Temperaturs /K —— solute is dissolved in it. The decrease in freezing
point.

Fig. 1.8: Diagram showirg .-i'.']}. depression
of the freezing point of a solvent in AT = 7? —T; 1s known as depression In

a solution.

Chemistry
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freezing point.

Similar to elevation of boiling point, depression of freezing point (AT)
for dilute solution (ideal solution) is directly proportional to molality,
m ol the solution. Thus,

:il.‘.'.l!"T e TN
or AT, = K; m (1.34)

The proportionality constant, K, which depends on the nature of the
solvent is known as Freezing Point Depression Constant or Molal



Depression Constant or Cryoscopic Constant. The unit of K, is K kg
mol?!, Values of K, for some common solvents are listed in Table 1.3.

If w, gram of the solute having molar mass as M,, present in w,

gram of solvent, produces the depression in freezing point AT, of the
solvent then molality ol the solute is given by the equation (1.31).

w, [ M,
m = W,/ 1000 (1.31)
Substituting this value of molality in equation (1.34) we get:
Ky = W /M,
ATr = "\ 71000
_ Ky xwy x 1000
ATy ~. M, X W (1.35)
K, x W ® 1000
My =t ;% W (1.36)

Thus for determining the molar mass of the solute we should know
the quantities w,, w,, AT, along with the molal freezing point depression
constant.

The values of K, and K, which depend upon the nature of the
solvent, can be ascertained from the following relations.

_ RxM xT} 5
= 1000 X A, JH LA23%)
- 'Rleng '

K = 7000 % A, H (1.38)

Here the symbols R and M, stand for the gas constant and molar
mass of the solvent, respectively and T; and T, denote the freezing point
and the boeiling point of the pure solvent respectively in kelvin. Further,
A H and A H represent the enthalpies for the fusion and vapourisation
of the solvent, respectively.

Table 1.3: Molal Boiling Point Elevation and Freezing Point

Depression Constants for Some Solvents

Solvent b. p./K K /K kg mol - Lp/E K/K kg mol™’
Water 373.15 0.52 273.0 1.86
Ethanol 351.5 1.20 1556.7 1.99
Cyclohexane a53.74 2.79 279.55 20.00
Benzene 353.3 2.83 2786 5:12
Chloroform 3344 3.63 209.6 4.79
Carbon tetrachloride 350.0 5.03 250.5 31.8
Carbon disulphide 319.4 Z.34 164.2 3.83
Diethyl ether 307.8 2.02 156.9 1.79
Acetic acid 391.1 2.93 2900 5.90

i Solutions



Example 1.0

Solution

E.‘-.'nmph- LIO

45 g of ethylene glycol (C,H,O,) is mixed with 600 g of water. Calculate
(a) the freezing point depression and (b) the freezing point of the solution.
Depression in freezing point is related to the molality, therefore, the molality

moles of ethylene glycol
mass of water in kilogram

of the solution with respect to ethylene glycol =

45 g
Moles of ethylene glycol = m =0.73 mol

600g
Mass of water in kg = W =0.6 kg

) 0.73 mol .
Hence molality of ethylene glycol = 0.60 ke kg - 1.2 mol kg

Therefore lreezing point depression,

AT=1.86 Kkgmol'x 1.2 mol kg ' =22 K
Freezing point of the aqueous solution = 273. 15 K-2.2 K= 27095 K
1.00 g ol a non-electrolyte solule dissolved in 50 g ol benzene lowered the

freezing point of benzene by (.40 K. The freezing point depression constant
of benzene is 5.12 K kg mol ™. Find the molar mass of the solute.

Solution Substituting the values ol various terms involved in equation [1.36) we get,
5.12 Kkgmol™ x 1.00 gx 1000 g kg*
= = =1 -1
M, 0.40 X 50 g 256 g mol
Thus, molar mass of the solute =256 ¢ mol !

1.6.4 Osmosis There are many phenomena which we observe in nature or at home.
and Osmotic For example, raw mangoes shrivel when pickled in brine [salt water);
Pressure wilted flowers revive when placed in fresh water, blood cells collapse

when suspended in saline water, ete, If we look into these processes we
tind one thing common in all,

that is, all these substances

p T are bound by membranes.
L Tlehpg Thi_;*.::ar: membranes can bf:‘ _ul'
animal or vegetable origin

l and these occur naturally
Sulvant such as pig's bladder or

oo parchment or can be
synthetic such as cellophane.

L sotuftan These membranes appear to

Fig. 1.9 , i

i ) . be conlinuous sheels or

vel af solution : )

rises in the thistle films, yet they contain a

funne! due to Semipermeable network of submicroscopic

asmosis of solvent. o oy membrane holes or pores. Small solvent
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Faiw + H

Solution

Fig. 1.10: The excess pressure equal to the
osmotic pressure must be applied on
the solution side to prevent osmosis.

molecules, like water, can pass through these holes but the passage of
bigger molecules like solute is hindered. Membranes having this kind
ol properties are known as semipermeable membranes (SPM).

Assume that only solvent molecules can pass through these semi-
permeable membranes. If this membrane is placed between the solvent
and solution as shown in Fig, 1.9, the solvent molecules will flow through
the membrane from pure solvent to the solution. This process of flow
of the solvent is called osmosis.

The flow will continue till the equilibrium is attained. The flow of the
solvent from its side 1o solution side across a semipermeable membrane
can be stopped if some extra pressure is applied on the solution. This
pressure that just stops the flow of solvent is called osmotic
pressure of the solution. The flow of solvent from dilute solution to
the concentrated solution across a semipermeable membrane is due to
osmosis. The important point (o be kepl in mind is that solvenl molecules
always flow from lower concentration to higher concentration of solution.
The osmotic pressure has been found to depend on the concentration
ol the solution.

The osmotic pressure of a solution is the
excess pressure that must be applied to a
solution to prevent osmosis, lLe., to stop the
passage of solvent molecules through a
LU semipermeable membrane into the solution. This
is illustrated in Fig. 1.10. Osmotic pressure is a

P

colligative property as it depends on the number

of solute molecules and not on their identity.
For dilute solutions, it has been found
experimentally that osmotic pressure is
proportional to the molarity, C of the
solution at a given temperature T. Thus:

Salvent MI=CcRrRT (1.39)

Here [l is the osmotic pressure and R is the
gas constant.

I=(n, /MRT (1.40)

Here Vis volume of a solution in litres containing n, moles ol solute.
If W, grams of solute, of molar mass, M‘2 is present in the solution, then
n, =w, / M, and we can wrile,

w, RT

nv= (1.41)
M,
W, RT

or M, :f—v (1.42)

Thus, knowing the gquantities Wy, T I and V we can calculate the
molar mass of the solute.

Measurement of osmotic pressure provides another method of
determining molar masses of solutes. This method is widely used to
determine molar masses ol proteins, polymers and other

el Solutions



macromolecules. The osmotic pressure method has the advantage over
other methods as pressure measurement is around the room
temperature and the molarity of the solution is used instead of molality.
As compared to other colligative properties, its magnitude is large
even [or very dilute solutions. The technique of osmotic pressure for
determination  of molar mass of solutes is particularly useful for
biomolecules as they are generally not stable at higher temperatures
and polymers have poor solubility.

Two solutions having same osmotic pressure at a given
temperature are called isotonic solutions. When such solutions
are secparated by semipermeable membrane no osmosis occurs
between them, For example, the osmotic pressure associated
with the fluid inside the blood cell is equivalent to that of
0.94% [mass/volume) sodium chloride solution, called normal saline
solution and it is safe to inject intravenously. On the other hand, if
we place the cells in a solulion containing more than 0.9% (mass/
volume) sodium chloride, water will flow out of the cells and they
would shrink. Such a selution is called hypertonic. Il the salt
concentration is less than 0.9% [mass/volume), the solution is said
to be hypotonie. In this case, water will flow into the cells if placed
in this selution and they would swell.

f:xrrmpie LI 200 em® of an aqueous solution of a protein contains 1.26 g of the
protein. The osmotic pressure of such a solution at 300 K is [ound o
be 2.57 % 107 bar. Calculate the molar mass of the protein.

Solution The various quantities known to us are as follows: [1=2.57 x 107 bar,

Chemistry g2

V=200 cm” = 0.200 ltre
T=300K
R=0.083 L bar mol* K

Substituting these values in equation (2.42) we get

M. = 1.26 g x 0.083 L bar K™ mol™ x 300 K

= 61,022 ¢ mol™
2 2.57%10%bar % 0.200 L 8

The phenomena mentioned in the beginning of this section can be
explained on the basis of osmosis. A raw mango placed in concentrated
salt solution loses water via osmosis and shrivel into pickle. Wilted
HNowers revive when placed in fresh water, A carrot that has become
limp because of water loss into the atmosphere can be placed into the
water making it firm once again. Water will move into its cells through
osmaosis. When placed in water containing less than 0.9% (mass/
volume) salt, blood cells swell due to flow of waler in them by osmosis.
People taking a lot ol sall or salty [ood experience water retention in
tissue cells and intercellular spaces because of osmosis. The resulting



1.6.5 Reverse
Osmosis and
Water
Purification

pulfiness or swelling is called edema, Water movement from soil into
plant roots and subsequently into upper portion of the plant is partly
due to osmaosis. The preservation of meat by salting and of fruits by
adding sugar protects against bacterial action. Through the process
of osmosis. a bacterium on salted meat or candid fruit loses water,
shrivels and dies.

The direction of osmosis can be reversed il a pressure larger than the
osmotic pressure is applied to the solution side. That is, now the
pure solvent flows out of the solution through the semi permeable
membrane. This phenomenon is called reverse osmosis and is of
great practical utility. Reverse osmosis is used in desalination of sea
water. A schematic set up for the process Is shown in Fig. 1.11.
When pressure more than osmotic pressure is

applied, pure waler is squeezed oul ol the sea

YPiston  water through the membrane, A variety of

Pressure =1 polymer membranes are available for this

nni‘.‘;t‘hﬂ!
—

purpose.

The pressure required for the reverse osmosis

Sl AL =Sl is quite high. A workable porous membrane is a
film of cellulose acetate placed over a suitable

waler 3 . ;
auitlet 4 support. Cellulose acetate is permeable Lo water
SPM but impermeable to impurities and ions present

Fig. 1.11: Reverse osmosis ocours when a

in sea water. These days many countries use

pressure larger than the osmotic desalination plants to meet their potable water
pressure s applied to the solution,  requirements.

Intext Questions

1.9 Vapour pressure of pure water at 298 K is 23.8 mm Hg. 50 g of urea

1.10

1.11

1.12

(NH,CONH,) is dissolved in 850 g of water. Calculate the vapour pressure
of water for this solution and its relative lowering.

Boiling point of water at 750 mm Hg is 99.63°C. How much sucrose is to
be added to 500 g of water such that it beils at 100°C.

Calculate the mass of ascorbic acid (Vitamin C, C_H,O,) to be dissolved in
75 g of acetic acid to lower its melting point by 1.5°C. K;=3.9 K kg mol ™,

Calculate the osmotic pressure in pascals exerted by a solution prepared
by dissolving 1.0 g of polvmer of molar mass 185,000 in 450 mL of water

at 37°C.

1.7 flbnormal
Molar
Masses

We know that lonic compounds when dissolved in water dissociate into
cations and anions. For example, il we dissolve one mole of KCI (74.5 g)
in water, we expect one mole each of K* and CI” ions to be released in
the solution. If this happens, there would be two moles of particles in
the solution. Il we ignore interionic attractions, one mole of KCI in
one kg of water would be expected to increase the boiling point by
2 x 052 K =1.04 K. Now il we did nol know about the degree of

e Solutions



dissociation, we could be led to conclude that the mass of 2 mol particles
is 74.5 g and the mass of one mole of KCl would be 37.25 g. This
brings into light the rule that, when there is dissociation ol solute into
ions, the experimentally determined molar mass is always lower than
the true value.

2 CH,COOH (CH,COOH), Molecules of ethanoic acid (acetic acid) dimerise in

//D —T—0

H,C-C

No—t—07
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benzene due to hydrogen bonding. This normally happens

in solvents of low dielectric constant. In this case the number
c-cH, of particles is reduced due to dimerisation. Association of

molecules is depicted as follows:

It can be undoubtedly stated here that if all the molecules of ethanoic
acid associate in benzene, then AT, or AT, for ethanoic acid will be half
ol the normal value. The molar mass calculated on the basis of this AT,
or AT, will, therefore. be twice the expected value. Such a molar mass
that is either lower or higher than the expected or normal vadue is called
as abnormal melar mass.

In 1880 van't Hoff Introduced a factor { known as the van't Hoff
factor, o account for the extent of dissociation or association. This
factor i is defined as:

_ Normal molar mass

Abnormal molar mass

~ Observed colligative property
Calculated colligative property

.1‘ _ Total number ol moles of particles alter association/dissociation
Number of moles of particles before association/dissociation

Here abnormal molar mass is the experimentally determined molar
mass and calculated colligative properties are obtained by assuming
thal the non-volatile solute is neilther associaled nor dissociated. In
case of association, value of iis less than unity while for dissociation it
is greater than unity. IFor example. the value of i for agqueous KCl
solution is close to 2, while the value for ethanoic acid in benzene is
nearly 0.5.

Inclusion of van't Hoff factor modifies the equations lor colligative
properties as follows:

Relative lowering of vapour pressure of solvent,
Bi-P_ T

D m
Elevation of Boiling point, AT,= i K, m
Depression of Freezing point, AT, = { K, m
Osmotic pressure of selution, Il = in, RT / V



Table 1.4 depicts values of the factor, i for several strong electrolytes.
For KCI, NaCl and Mg50,, i values approach 2 as the solution becomes
very dilute. As expected, the value of i gets close to 3 for K,50,.

Table 1.4: Values of van't Hoff factor, i, at Various Concentrations
for NaCl, KCl, MgSO, and K, SO,.

e T

Salt 0.lm 0.0lm 0.001 m dissocistion of solute

NaCl | 1.87 | 194 1.97 2.00
KCl 1.85 | 1.94 1.98 2.00
MgS0, | 1.21 | 1.53 1.82 2,00
Xs50, |23z | 270 2.84 3.00

© represent | palues for incomplete dissoctation,

2 g of benzoic acid (C H,COOH) dissolved in 25 g of benzene shows a E:l.'ﬂmplll'.' L2

depression in freezing point equal io 1.62 K. Molal depression constant

for benzene is 4.9 K kg mol 1. What is the percentage association of acid

il'it forms dimer in solution?

The given quantities are: w, =2 g K,=4.9Kkgmol '; w, =25 g, Solution

:'.‘1.'1}= 1.62 K

Substituting these values in equation (2.36) we get:
_ 4.9 Kkgmol™ x2 g x 1000 g kg™
- 25 8% 1.62 K

Thus, experimental molar mass of benzoic acid in benzene is

=241.98 g mol™
Now consider the lollowing equilibrium for the acid:

2 CH,COO0H  (C,COO0H),

=241.98 g mol™'

If x represents the degree of association of the solute then we would
have (I — x) mol of benzoic acid left in unassociated form and

X
correspondingly g a8 associated moles of benzoic acid at equilibrium.
Therefore. total number of moles of particles at equilibrium is:

X X
l-x+—=1-=
2 2

Thus, total number of moles of particles at equilibrium equals van't Hoff
factor L

But i= MNormal molar mass
Abnormal molar mass

@&&.& Solutions



Example 113

Solution

122 g mol™
= 241.98gmol”

122
241.98

or x =2x0.496=0.992
Therefore, degree of association of benzoic acid in benzene Is 99.2 %,

=1-0.504 = 0496

X
or —=1
2

0.6 mL of acetic acid (CH,COOH]), having density 1.06 g mL %, is
dissolved in 1 litre of water. The depression in freezing point
observed [or this sirength ol acid was 0.0205°C. Calculate the van't
Hoff factor and the dissociation constant of acid.

0.6 mL x 1.06 g mL*
60 g mol™’
= 00106 mol =n

Number of moles of acetic acid

0.0106 mol
1000 mL x 1 g mL1!

Using equation (2.35)
AT, = 1.86 K kg mol ! x 0.0106 mol kg' = 0.0197 K

‘ ) __Observed freezing point  0.0205 K
van't Hoff Factor (3 = Calculated [reezing pointl ~ 0.0197 K

Acetic acid is a weak electrolyle and will dissociale into two ions:
acetate and hydrogen lons per molecule of acetic acid. If x is the
degree of dissociation of acetic acid, then we would have n (1 - x)
moles ol undissociated acetic acid, nx moles of CH,COO" and nx
moles of H ions,

CH,COOH = H' + CH,CO0"
nmol 0 0
n(l-—x) nxmol  nx mol

Molality = = 0.0106 mol kg*

=1.041

Thus total moles of particles are: n{l —x+x+x) =n(l + x)

j=m+x) . 041
n
Thus degree of dissociation of acetic acid =x= 1.041- 1.000 =0.041
Then [CH,COOH]|=n(l1-x)=0.0106(1-0.041),

[CH,CO0T = nx = 0.0106 X 0,041, [H'] = nx=0.0106 X 0.041.
_ [CH,COOTIH']  0.0106 X 0,041 x 00106 x 0,041

[CH,COOH] 0.0106 (1.00 —0.041)
= 1,86 x 10°°
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Summary

A solution s a homogeneous mixture of two or more substances. Solutions are
classilied as solid, liquid and gaseous solutions. The concentration ol a solution is
expressed In terms of mole fraction, molarity, molality and in percentages. The
dissolution of a gas in a liguid is governed by Henry's law, according to which, at a
given temperature, the solubility of a gas in a liguid is directly proportional to
the partial pressure of the gas. The vapour pressure of the solvent is lowered by
the presence of a non-volatile solute in the solution and this lowering of vapour
pressure ol the solvent is governed by Raoull's law, according to which Lhe relative
lowering of vapour pressure of the solvent over a solution is equal to the mole
fraction of a non-volatile solute present in the solution. However, in a binary
liquid selution. il bolth the components of the solution are volatile then another
form of Racult’s law is used. Malthematically, this lorm of the Raoull's law is staled
ast Poal = p;’x1 + pgxg . Solutions which obey Raoult’'s law over the entire range
of concentration are called ideal solutions. Two types of deviations from Raoult's

law, called positive and negalive deviatlons are observed, Azeoiropes arise due Lo
very large deviations from Raoult's law.

The properties of solutions which depend on the number of solute particles and
are independent of their chemical identity are called colligative properties. These
are lowering of vapour pressure, elevation of boiling point, depression of freezing
point and osmotic pressure. The process ol osmosis can be reversed il a pressure
higher than the osmotic pressure ls applied to the solution. Colligative properties
have been used lo delermine the molar mass of solutes, Solutes which dissociate in
solutlon exhibit moelar mass lower than the actual molar mass and those which
associale show higher molar mass than their actual values.

CGuantitatively, the extent o which a solute is dissocialed or associated can be
expressed by van't Hoff factor §, This factor has been defined as ratio of normal
molar mass o experimentally determined molar mass or as the ralio of observed
colligative property to the caleulated colligative property.

Exercises

1.1 Define the term solution. How many types of solutions are formed? Write briefly

about each type with an example.
1.2 Give an example of a solid solution in which the solute is a gas,
1.3 Define the lollowing terms:
f{) Mole fraction (1) Molality {iil) Molarity fiv) Mass percentage,

1.4 Concentrated nitric acid used in laboratory work is 68% nitric acid by mass in
agqueous solution. What should be the molarity of such a sample of the acid if

the density of the solution is 1.504 g mL™'?

2

Solutions



1.6

1.7

1.8

1.9

1.10
1.11

1.12
1.13

1.14

1.15

1.16

1.17

1.18

1.20

1.21

“hemistry b

A solution of glucose in water is labelled as 10% w/w, what would be the
molality and mole fraction of each component in the solution? If the density of
solution is 1.2 g mL™, then what shall be the molarity of the solution?

How many mL of 0.1 M HCl are required (o react completely with | g mixture
of Na_CO, and NalHCO, containing equimolar amounts of both?

A solution is oblained by mixing 300 g ol 25% solution and 400 g of 40%
solution by mass, Caleulate the mass percentage of the resulting solution.

An antilreeze solution is prepared from 222.6 g ol ethylene glycol (C,H.0,) and
200 g of water. Calculate the molality of the solution. If the density of the
solution is 1.072 ¢ mL™", then whai shall be the molarity of the solution?

A sample of drinking water was lound Lo be severely contaminated with
chloroform (CHCI,) supposed (o be a carcinogen. The level ol contamination
was 15 ppm (by mass):

(i} express this in percent by mass

(ii} determine the molality of chloroform in the water sample.

What role does the molecular interaction play in a solution of alecoheol and water?

Why de gases always tend to be less soluble in liquids as the temperature
i raised?

State Henry's law and mention some important applications.

The partial pressure ol ethane over a solution coniaining 6.56 % 10 7 g of elthane
is 1 bar. If the solution contains 5.00 x 102 g of ethane, then what shall be the
partial pressure ol the gas?

What Is meant by positive and negative deviations from Raoult's law and how is
the sign of Ay.H related to positive and negative deviations from Raoult's law?

An aqueous solution of 2% non-volatile solute exeris a pressure of 1.004 bar
at the normal boiling point of the solvent. What is the molar mass ol the solute?

Heptane and octane form an ideal solution. At 373 K, the vapour pressures of
the two liguld componenis are 105.2 kFa and 46.8 lkPa respectively. What will
be the vapour pressure of a mixture of 26.0 g of heptane and 35 g of octane?

The vapour pressure of water is 12,3 kPa at 300 K, Calculate vapour pressure
of 1 molal solution of a non-volatile solute in it

Calculate the mass of a non-volatile solute {molar mass 40 g mol™) which
should be dissolved in 114 g octane to reduce its vapour pressure (o 80%,

A solution containing 30 g of non-volatile solute exactly in 90 g of water has a
vapour pressure of 2.8 kPa at 298 K. Furiher, 18 g of water is then added to
the solution and the new vapour pressure becomes 2.9 kPa at 298 K. Caleulate:

{i] molar mass of the solute (if} vapour pressure of water at 208 K

A 5% selution [by mass) of cane sugar in water has [reezing poinl of 271K
Caleulate the freezing point of 5% glueose in waler il [reezing point of pure
water is 273,15 K

Two elements A and B form compounds having formula AB, and AB,. When
dissolved in 20 g of benzene (C.Hy), 1 g of AB, lowers the [reezing point by
2.3 Kwhereas 1.0 g of AB, lowers it by 1.3 K The molar depression constant
for benzene is 5.1 K kg mol '. Caleulate atomic masses of A and B.



1.22 AL 300K, 36 ¢ of glucose present in a litre of its solution has an osmotic pressure
of 4.98 bar. Il the osmolic pressure ol the solutlon is 1.52 bars al the same
temperature, what would be its concentration?

1.23 Suggest the most important type of intermolecular attractive interaction in
the following pairs,

(i} n-hexane and n-oclane
{ti) I, and CCl,
(it} NaClO, and water
{iv] methanol and acelone
(v] acelonitrile (CH,CN) and acelone {DaHsD]‘

1.24 Based on solute-solvent interactions, arrange the following in order of increasing
golubility in n-octane and explain. Cyclohexane, KCl, CH,0H, CH,CN.

1.258 Amongsi the followlng compounds, |dentify which are insoluble. partially
soluble and highly soluble in water?

(i} phenol i) toluene (1) formic actd
{iv] ethylene glycol {v] ehloroform {vi) pentanol.

1.26 If the density of some lake water is 1.25g mL ™" and contains 92 g of Na* ions per
kg of water, calculate the molarity of Na* ions in the lake.

1.27 If the solubility product of CuS is 6 ¥ 107, caleulate the maximum molarity of
CuS in agueous solution,

1.28 Calculale the mass percentage of aspirin [CJH,0,) in acetonitrile (CH,CN) when
6.5 ¢ of C;H,O, is dissolved in 450 g of CH,CN.

1.29 Nalorphene (C,H,,MO,), similar to morphine, is used to combat withdrawal
symptoms in narcotic users. Dose of nalorphene generally given is 1.5 mg.
Calculate the mass of 1.5 % 10°% m aqueous solubion required for the above dose.

1.30 Calculate the amount of benzoic acid (C.H.COOH) required for preparing 250
mbL of 0.15 M solution in methanol,

1.31 The depression in freezing poinl of water observed for the same amount of
acetic acid, trichloroacetic acid and trifluorcacetic acid increases in the order
given above, Explain briefly.

1.32 Calculate the depression in the freezing point of water when 10 g of
Gﬂa{.‘fI*IiCI-ICiCDD]] Is added to 250 g of water. K = 1.4 ¥ 1079, K, = 1.BG
K kg mol™,

1.33 19.5g of CH,FCOOH is dissolved in 500 g of water. The depression in the freezing
point of water observed Is 1.0% C. Caleulate the van't Hoff factor and dissociation
constant of Nuoroacelic acid,

1.34 Vapour pressure of water at 293 K is 17.535 mm Hg. Calculate the vapour
pressure of water at 293 K when 25 g of glucose is dissolved in 450 g of water.

1.35 Henry's law constant for the molality of methane in benzene at 298 K s
4,27 * 10° mm Hg. Caleulate the solubility of methane in benzene al 298 K
under 760 mm Hg.

1.36 100 g of liquid A (molar mass 140 g mol™) was dissolved in 1000 g of liquid B
{molar mass 180 g mol '), The vapour pressure of pure liguid B was found to be
500 torr. Calculate the vapour pressure of pure liquid A and its vapour pressure
in the solution il the total vapour pressure ol the solution is 475 Torr.

sl Solutions



1.37

1.38

1.39

1.40

1.41

Vapour pressures of pure acetone and chloroform at 328 K are 741.8 mm
Hg and 632.8 mm Hg respectively. Assuming that they form ideal solution
over the entire range of composition. plot p_o. Pom: 20d B as a
function of 2, . The experimental data observed for different compositions
of mixture is:

100xx,.,,., 0 118 234 360 508 582 645 72.1
Jmm Hg 0 549 110,1 202.4 3227 4059 454.1 521.1

fmmHg 632.8 548.1 468.4 3587 257.7 193.6 161.2 1207

plﬂl‘tLlI'Jl."

pthh.‘prf.lruﬂ'li

Plot this data also on the same graph paper. Indicate whether it has positive
deviation or negative deviation from the ideal solution,
Benzene and toluene form ideal solution over the entire range ol composition.
The vapour pressure of pure benzene and toluene at 300 K are 50,71 mm Hg
and 32,06 mm Hg respectively. Calculate the mole fraction of benzene In vapour
phase if 80 g of benzene is mixed with 100 g of toluene,

The air s a mixture of a number of gases. The major components are oxygen
and nitrogen with approximate proportion of 2086 is to 79% by volume at 298
I The water is in equilibrium with air at a pressure of 10 atm. At 298 K if the
Henry's law constants for oxygen and nitrogen at 298 Kare 3.30 x 10”7 mm and
6.51 x 10" mm respectively, calculate the composition of these gases in water,

Determine the amount of CaCl, (i = 2.47) dissolved in 2.5 litre of water such
that its osmotilc pressure is 0.75 atm at 277 C,

Determine the osmotic pressure of a solufion prepared by dissolving 25 mg of
K50, in 2 litre of water at 25° C, assuming that it is completely dissociated,

Answers to Some Intext Questions

1.1 CJH, = 15.28%, CCl, = 84.72%
1.2 0.459, 0.541

1.3 0.024 M, 0.03 M

1.4 36.946 g

1.5 1.5molkg!, 1.45 mol L' 0.0263
1.9 23.4 mm Hg

1.10 121.67 g

1.11 5.077 g

1.12 30.96 Pa
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After studyving this Unit, yvou will be
able Lo

describe an electrochemical cell
and differentiate between galvanic
and electrolvtic cells;

apply Nernst eguation  for
caleulating the emf of galvanic cell
and deline standard potential of
the cell;

derive relatlon between standard
potential of the cell, Gibbs energy
ol cell reaction and its equilibrinm
constant:

define resistivily (p), conductivily
(x) and molar conductivity (A} of
ionic solutions;

differentiate between ionic
{electrolytic)] and electronic
conductivity,

describe the method for
measurement of conductivity of
electrolytic  selutions  and
caleculation of their maolar
conductivity;

Justily the  wvarlation of
conductivity and maolar

conductlivily of solutions with
change in their concentration and

dellne A"m imolar conduclivity at

zero concentration or infinite
dilution);

cnunciale Kohlrausch law and
learn its applications;
understand quantitative aspects
of electrolysis;

describe the construction of some
primary and secondary batieries
and fuel cells;

explain  corrosion  as  an
electrochemical process.

Elecirochemlsirv

Chemical reactions can be used lo produce electrical energy,
congersaely, elecirical energy oon Be used to earny out chemical
reactions that do not proveed spontansousiy,

Electrochemistry is the study of production of
electricity from energy released during spontaneous
chemical reactions and the use of electrical energy
to bring about non-spoentaneous chemieal
transformations. The subject is of importance both
for theoretical and practical considerations. A large
number of metals, sodium hydroxide, chlorine,
fluorine and many other chemicals are produced by
electrochemical methods. Batteries and fuel cells
convert chemical energy into electrical energy and are
used on a large scale in various instruments and
devices. The reactions carried out electrochemically
can be energy cfficient and less polluting. Therefore,
study of electrochemistry is important for ereating new
technologies that are ecofriendly. The transmission ol
sensory signals through cells to brain and vice versa
and communicaiion between the cells are known 1o
have electrochemical origin, Electrochemistry, is
therefore, a very vasi and interdisciplinary subject. In
this Unit, we will cover only some of its Important
elementary aspects.



21 Electrochemical We had studied the consiruction and functioning of Daniell cell

Coll (Fig. 2.1). This cell converts the chemical energy liberated during the
aldl) redox reaction
Electron flow Zn(s) + Cu*'lagq) — Zn*‘(ag) + Culs) (2.1)

to electrical energy and has an electrical
potential equal to 1.1 V when concentration
of Zn*' and Cu® ions is unity (1 mol dm™),
Such a device Is called a galvanic or a
— Copper voltaic cell.

If an external opposite potential is applied
in the galvanic cell [Fig, 2.2(a)] and increased
slowly. we find that the reaction continues to
take place till the opposing voltage reaches
the value 1.1 V [Fig. 2.2(b)] when, the reaction
stops altogether and no current flows through
the cell. Any further increase in the external
potential again starts the reaction but in the

salt bridge

S S - B opposite direction [Fig. 2.2(c)]. It now functions
Solution containing Solution containing as an electrolytic cell, a device for using
salt of Zine salt of Copper electrical energy to carry non-spontaneous

chemical reactions. Both types of cells are
guite important and we shall study some of
their salient features in the following pages.

Fig. 2.1:  Danijall cell having elecirodes of 2inc and
copper dipping in the solutions of thefr
respective saits.

E<l.1V o= 1.1V

(@) [ i b) | i

E . 4
4"’—@—{_’— @
- current |[cathocde 1=0
Zn— salt Cu Zn— Cu
] bridide +ve
A When B = 11V
{i] No llow of
electrons or
currcnt.
e i : i i ! 1 (1) No chemical
Inso, Cuso, Zns0y, Cus0, reaction.
When E, < 1.1 WV Eg>1.1
i} Electrons Dow Fom Zn orod Lo )
Cu rod hence current flows
from Cu to Zn. When E,, > 1.1V
(i) Zn dissolves al anede and il {i] Electrons Mow

voltage E ,,, opposing the copper dissolves at
cell potential is applied. copper clectrade,

copper deposits at cathade. Cathode -@m Anode from Cu to Zn
e s and current fows
Zn from #n to Cu,
Fig. 2.2 (i) Zinc is deposited
Funclioning of Danfelf al the #inc
cell when external electrode and

* Strictly speaking activiy showld be used instead of concentration. It is direclly praporional to concentration, In dilute
aolulions, i fs equal to concentrabion. You will study more about 1 in higher classes.
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2.2 Galvanic Cells

As mentioned earlier a galvanic cell is an electrochemical cell that
converts the chemical energy of a spontancous redox reaction into
electrical energy. In this device theGibbs energy of the spontaneous
redox reaction is converted into electrical work which may be used for
running a motor or other electrical gadgets like heater, fan.
gevser, elo,

Daniell cell discussed earlier is one such cell in which the following
redox reaction occurs.

Zn(s) + Cu*'fag) — Zn** (aq) + Culs)

This reaction is a combination of two half reactions whose addition
gives the overall cell reaction:

i) cu* + 2¢ - Culs) (reduction half reaction) (2.2)
(i) Zn(s) — Zn*" + 2e (oxidation hall reaction) (2.3)

These reactions occur in two different portions of the Daniell cell,
The reduction half reaction occurs on the copper elecirode while the
oxidation half reaction occurs on the zine electrode. These two portions
of the cell are also called half-cells or redox couples. The copper
electrode may be called the reduction hall cell and the zine electrode,
the oxidation hall-cell.

We can construcet innumerable number of g ic cells on Lthe palltern
of Daniell cell by taking combinations of different half-cells. Each half-
cell consists of a metallic electrode dipped into an electrolyte. The two
half-cells are connected by a metallic wire through a voltmeter and a
switch externally. The electrolytes of the two half-cells are connected
internally through a salt bridge as shown in Fig. 2.1. Sometimes, both
the electrodes dip in the same electrolyte solution and in such cases we
do not require a salt bridge.

Al each electrode-electrolyte inierface there is a lendency of meial
ions from the solution to deposit on the metal electrode trying o make
it positively charged. At the same time, metal atoms of the electrode
have a tendency to go into the selution as lons and leave behind the
elecirons at the elecirode trying to make it negatively charged. At
equilibrium, there is a separation of charges and depending on the
tendencies of the two opposing reactions, the electrode may be positively
or negatively charged with respect to the solution, A potential difference
develops between the electrode and the electrolyte which is called
electrode potential. When the concentrations of all the species involved
in a half-cell is unity then the electrode potential is known as standard
electrode potential. According to IUPAC convention, standard
reduction potentials are now called standard electrode potentials. In a
galvanic cell, the half-cell in which oxidation takes place is called anode
and il has a negalive potential with respect Lo the solution. The other
half-cell in which reduction takes place is called cathode and it has a
positive potential with respect to the solutioffhus, there exists a
potential difference between the two electrodes and as soon as the
switch is in the on position the electrons flow [rom negative electrode
to positive electrode, The direction of current flow is apposite to that of
electron flow.
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The potential difference between the two electrodes of a galvanic
cell is called the cell potential and is measured in volis, The cell
potential is the dillerence between the elecirode potentials (reduction
potentials) of the cathode and anode. It is called the cell electromotive
force (emf) of the cell when no current is drawn through the cell. It
is now an accepted convention that we keep the anode on the left and
the cathede on the right while representing the galvanic cell. A galvanic
cell is generally represented by putting a vertical line between metal
and electrolyte solution and putting a double vertical line between
the two electrolytes connected by a salt bridge. Under this convention
the emf of the cell is positive and is given by the potential of the half-
cell on the right hand side minus the potential of the half-cell on the
left hand side i.e.,

El:'l:ll = EI!‘I.L*J.I.I - Elcl’l
This is illustrated by the following example:
Cell reaction:

Culs) + 2Ag'fag) — Cu®(ag) + 2 Agls) (2.4)
Hall-cell reactions:

Cathode freduction ): Zﬂg"[aq} + 2 — 2Ag(s) (2.5)

Anode lexidation );  Culs) — Cu®*'(aq) + 2¢ (2.6)

It can be seen that the sum of (3.5) and (3.6] leads to overall reaction
[2.4] in the cell and that silver electrode acts as a cathode and copper
electrode acts as an anode. The cell can be represented as:

Cu(s) | Cu**(ag) || Ag'(aq) | Agls)
and we haveE ., =E ., — By =E oy — Ecoica (2.7)

221 The potential of individual half-cell cannot be measured. We can
Measurement measure only the difference between the two half-cell potentials that
of Electrode gives the emf of the cell. If we arbitrarily choose the potential of one
Potential electrode (half-cell) then that of the other can be determined with respect
to this, According to convention, a half-cell
called standard hydrogen electrode (Fig.3.3)
represented by Pi(s) | H,(g) [ H (ag), is assigned
Ha(g) at a zero polential at all temperatures
1 Bir corresponding to the reaction
\ {
: - H (ag) + e — éHﬂ{g]
q;:i % The standard hydrogen elecirode consisis
. g of a platinum electrode coated with platinum
. .. black. The electrode is dipped in an acidic
5] 0 solution and pure hydrogen gas is bubbled
i 8 through it. The concentration of both the
o %0 reduced and oxidised forms of hydrogen is
\ 1LOOMH ?ﬁﬁ;ﬁ‘:ﬂ maintained at unity (Fig. 2.3). This implies
o plattraam foll that the pressure of h].fdrogen gas is one bar
and the concentration of hydrogen fon in the
Fig. 2.3: Slandard Hydrogen Elecirode (SHE). solution is one molar.
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At 298 K the emf of the cell, standard hydrogen electrode || second
half-cell constructed by taking standard hydrogen electrode as anode
{reference half-cell) and the other half-cell as cathode, gives the reduction
potential of the other half-cell. If the concentrations of the oxidised and
the reduced forms of the species in the right hand half-cell are unity,
then the cell polential is equal Lo standard electrode polential, E i of
the given half-cell.

Er=E. B
As E7 [or slandard hydrogen elecirode is zero.
E® = E°% -0 = E,

The measured emf of the cell:

Pt(s) | Hylg. 1 bar) | H'(ag. 1 M) || cu® faq, 1 M) | Cu

is 0.34 V and it is also the value for the standard electrode potential
of the half-cell corresponding to the reaction:

cu® (aq, IM) + 2 & -3 Culs)

Similarly, the measured emf of the cell:

Pt(s) | Hylg. 1 bar) | H (ag, 1 M) || Zn® (ag, 1M) | Zn

is -0.76 V corresponding to the standard electrode potential ol the
half-cell reaction:

Zn® (ag, 1 M) + 2¢” = Zn(s)

The positive value of the standard electrode potential in the first
case indicates that Cu®' ions get reduced more easily than H' ions. The
reverse process cannol oceur, thal is, hydrogen ions cannol oxidise Cu
(or alternatively we can say that hydrogen gas can reduce copper ion)
under the standard conditions described above. Thus, Cu does not
dissolve In HCL In nitric acid it is oxidised by nitrate ion and not by
hydrogen ion. The negative value of the standard electrode potential
in the second case indicates that hydrogen ions can oxidise zine (or
zine can reduce hydrogen ions).

In view of this convention, the half reaction for the Daniell cell in
Fig. 2.1 can be wrillen as:

Left electrode: Zn(s) = Zn* (aq. 1 M) + 2 e
Right electrode: cu® {ag. 1 M) + 2 e — Culs)
The overall reaction of the cell is the sum of above two reactions
and we obtain the equation:
Zn(s) + Cu® [ag) — Zn* [aq) + Cu(s)
emf of the cell = E%y = E% - E%
=034V - 078V = 110V

Sometimes metals like platinum or gold are used as inert electrodes.
They do nol participate in the reaction but provide their surface for
oxidation or reduction reactions and lor the conduction of electrons.
For example, Pt is used in the following half-cells:

Hydrogen electrode: Pt(s) | H,(g) | H'(ag)
With half-cell reaction: H" (ag)+ ¢ — % H,(g)
Bromine elecirode: Pi(s) | Br,laq) | Brag)
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With hall-cell reaction: Y2 Brylaq) + ¢ — Bri{ag)

The standard electrode potentials are very important and we can
extract a lot of useful information from them. The values of standard
electrode potentials for some selected half-cell reduction reactions are
given in Table 2.1, If the standard electrode potential of an electrode
is greater than zero then its reduced form is more stable compared to
hydrogen gas. Similarly, if the standard electrode potential is negative
then hydrogen gas is more stable than the reduced form of the species.
It can be seen that the standard electrode potential for fluorine is the
highest in the Table indicating that [luorine gas (F,) has the maximum
tendency to get reduced to fluoride ions (F) and therefore fluorine
gas is the strongest oxidising agent and [luoride ion is the weakest
reducing agent, Lithium has the lowest elecirode potential indicating
that lithium ion is the weakest oxidising agent while lithinum metal is
the most powerful reducing agent in an agueous solution. It may be
seen that as we go from top to bottom in Table 2.1 the standard
electrode potential decreases and with this, decreases the oxidising
power of the species on the lefl and increases the reducing power ol
the species on the right hand side of the reaction. Elecirochemical
cells are extensively used for determining the pH of solutions, solubility
producl, equilibrium constanil and other thermodynamic properties
and for potentiomelric titrations.

Intext (uestions

2.1 How would you determine the standard electrode potential of the system
Mg*' | Mg?
2.2 Can you store copper sulphate solutions in a zinc pot?

2.3 Consult the table of standard electrode potentials and suggest three
subslances thal can oxidise lerrous ions under suitable conditions.

2.3 Hernst We have assumed in the previous section that the concentration of all
Equﬂ tion the species involved in the electrode reaction is unity. This need not be

always true. Nernst showed that for the electrode reaction:
M™(aq) + ne — Mis)

the electrode potential at any concentration measured with respect to
standard hydrogen electrode can be represented by:

— E° RT . M|
Epyms )= Bpune ) — Pt V™ ]

but concentration of solid M is taken as unity and we have
=) RT 1
B o) = Bowme o) — 7R ey (2:3)
Eﬁ{m o has already been defined, R is gas constant (8.314 JK ' mol™),
F is Faraday constant (96487 C mol™), T is temperature in kelvin and

[M™] is the concentration of the species, M™.
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Table 2.1: Standard Electrode Potentials at 298 K

lons are present as aqueous species and H,O as liquid: gases and solids are shown by gand s.

Reaction [Oxidised form + ne

A Falg) + 2¢

Co™ + e

H,O, + 2H" + 26
MnO, + 8H" + 5¢
Au® + 30

Clalg) + 2¢
Cr0-° + 14H" + B
Oglg) + AH' + de”
MnOsis) + 4H™ + 2
Br; + 2e

NOg + 4H" + 3&
iﬁl—lg"+ + 2

Ag +e

Fe** + e

Oalg) + 2H" + 2
I, + 2&°

Cu’ + e

Cudt + 2a
AgCl(s) + e
AvBris} + e
2H" + 2¢

Pb*" + 2¢”

snt + 26

Ni** + 2e

Fe?t + 06"

Cr't + 3¢

Zn™ + 2

ZH,O + 2e
AP+ 80

Mgt + 2e
Na'+e

Ca® + 2e
K+e

Li* + e

Increasing strength of oxidising agent

~» Reduced form)

— 2F

— Co*'

—» 2H,0

— Mo® + 4H,0
— Auls)

— 2C1

— 200" + THO
— 2H,0

— Mn® + 2H,0
— 2Br

— NO(g) + 2H,0
— Hg™

— Agls)

— Fe?*

— Hy0,

—» 2

— Culs)

—» Cufs)

— Agls) + CI
— Agfs) + Brr
— Halg)

— Phis)

—» Snis)

— Nils)

=3 Frf=]

— Crls)

=3 Znls]

— Halg) + 20H (aq)
—» Al(s]

— Mgls)

—r Nals)

— Cals)

— Kis]

— Lifs]

Increasing strength of reducing agent

Y

EYV
2.87
1.81
1.78
1.51
1.40
1.36
1.33
1.23
1.23
1.09
0.97
0.92
0.80
0.77
0.68
0.54
D.52
0.34
0.22
0.10
0.00
-0.13
-0.14
-0.25
-0.44
-0.74
-0.76
-0.83
-1.66
-2.36
!
-2.87
-2.93
-3.05

1. A negative E means thal the redox couple is a stronger reducing agent than the H*/Il, couple.
2. A positive B means that the redox couple is a weaker reducing ageni than the H'/H; couple.

-y
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I Daniell cell, the electrode potential [or any given concentration of
Cu® and Zn*" lons, we write

For Cathode:

- E° RT 1
Bonte jo) = Blesjon) — 37 ‘ﬂm (2.9)
For Anode:
— = RT' 1
o jze) = Blat/a) ~ F In[zn’*{aq]] —

The cell potential, E = E_ o, = Fo 00

E® _ Er 1 =) + B i 1
lou®® foul o [Cu" {aq]] |20 r 2al e I:Zl'lz" {aq]:l

E® _E° ) o W SRS W
eetvol st 2k Tl cu™ (aq)] T [Zn™ (aq)]

2+
RT . [Zn®7]

O ey |
Epn:m [gen? aF [Cu2+]

It can be seen that E_,, depends on the concentration of both Cu®
and Zn** ions. Il increases with increase in the concentration of Cu®?
ions and decrease in the concentration of Zn®' ions.

By converting the natural logarithm in Eq. (2.11) to the base 10 and
substituting the values of R, Fand T = 298 K, it reduces to

(2.11)

_ 0.059, [Zo" |
By = Efos — " 2 mg[,:um I (2.12)

We should use the same number of electrons (n) for both the
electrodes and thus for the following cell
Ni(s) | Ni*'(ag) || Ag'laq)| Ag
The cell reaction is Nils) + %g"[aq] — Nia”[aqj + 2Ag(s)
The Nernst equation can be written as

Eey = Bl ~ ap lag™ P

and for a general electrochemical reaction of the type:
aA+bB _n , cC+dD

MNernst equation can be written as:

i RT
Elccu] = E‘Ee&t} 5 n_ﬁ*]ﬂﬂ
ool Rr . [cIpr
= Eqan — wF Miarme (2.183)
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Represent the cell in which the [ollowing reaction takes place Cxample 2.1
Mg(s) + 2Ag*(0.0001M) — Mg? (0.130M) + 2Ag(s)

Calculate ts E ., if Ef ; =3.17 V.

Eoa =

3.17 V -

2.3.1 Equilibrium
Constant
from Nernst
Equation

i RT 24+
ES i~ Elu %&f_]—g
0.059V 1 0.130

0 = — = 3

If the circuit in Daniell cell (Fig. 2.1) is closed then we note that the reaction

Znls) + Cu*'(ag) = Zn*'(ag) + Culs) (2.1)

takes place and as time passes, the concentration of Zn** keeps

on increasing while the concentration of Cu®** keeps on decreasing.

Al the same time voltage of the cell as read on the voltmeter keeps

on decreasing. After some time, we shall note that there is no change

in the concentration of Cu® and Zn*" fons and at the same time,

voltmeter gives zero reading. This indicates that equilibrium has been
attained. In this situation the Nernst equation may be written as:

2 303RT . |Zn®)

i i k=]
Ejeny =0 = Egqy - oF log e
2.303RT ., [Zn*]
or B .= lo
Coall} aF g ICUE"]
But at equilibrium,
[Zn*]

ooty = K. for the reaction 2.1
and at T = 298K the above equation can be written as
a 0059V
Epan = 2
(1.1v=2) |,
lo = ———— =37.288
g5 0.059 V

K. =2 x 10" at 298K.

log K,= 1.1V (Ef. = 1.1V)

In general,
a _ 2.303RT
E{::u} = T Iﬂg f{c (2.14)

Thus, Eq. (2.14) gives a relationship between equilibrium constant
of the reaction and standard potential of the cell in which that reaction
takes place. Thus, equilibrium constantls of the reaction, diflicult to
measure otherwise, can be calculated from the corresponding E? value
of the cell.
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Cufs) + 2Ag"(aq) = Cu*'lag) + 2Ag(s)

Epp = 046 V

Solution ES, = 0.059 V

log K. =046 V or
046 V"2
log K, = 5psov = 15.6
K. =392 x 10

2.3.2 Electro- Elecirical work done in one second is equal to electrical potential

chemical

multiplied by total charge passed. If we wani to obtain maximum work

Cell and from a galvanic cell then charge has to be passed reversibly. The
Gibbs reversible work done by a galvanic cell is equal to decrease in its Gibbs
Energy of energy and therefore, il the emf of the cell is E and nF is the amount

the Reaction of charge passed and A G is the Gibbs energy of the reaction, then

AG=-nFE . (2.15)

It may be remembered that E,,, is an intensive parameter but A,G

is an extensive thermodynamic property and the value depends on n.
Thus, if we write the reaction

Zn(s) + Cu*'(ag) — Zn*'(ag) + Culs) (2.1)
AG = - 2FE
but when we write the reaction
2 Zn (s) + 2 Cu*'fag) —2 Zn'(aq) + 2Cu(s)
AG = - 4FE
If the concentration of all the reacting species is unity, then
ey = E‘:,m and we have

AG =-nFE, (2.16)

Thus, from the measurement of E{E;m we can obtain an important
thermodynamic quantity, A G, standard Gibbs energy of the reaction.
From the latter we can calculate equilibrium constant by the equation:

AG =-RTIn K.

. . -{".\:nul;:h.- 2 3 The standard electrode potential tor Daniell cell is 1.1V, Calculate

the standard Gibbs energy [or the reaction:
Zn(s) + Cu*'fag) — Zn**(aq) + Cu(s)

Solulion AG =- “FE'Eﬂn

rt in the above equation Is 2, F = 968487 Gno 1! and Eﬁﬂﬁ 1.1V
Therefore, AG' =-2 x 1.1V x 96487 C mol ™
= — 21227 J mol™?
= - 212.27 kJ mol™
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Intext Questions

2.4 Calculaie the potential of hydrogen elecirode in contact with a solution
whose pH is 10.

2.5 Calculate the emf of the cell in which the following reaction takes place:
Ni(s) + 2Ag" (0.002 M) — Ni** (0.160 M) + 2Ag(s)

Given that EZ = 1.05V
2.6 The cell in which the following reaction occurs:

2Fe™ (aq)+ 2l (aq)— 2Fe™ (aq)+1,(s) has E2, = 0.236 V at 298 K.

Calculate the standard Gibbs energy and the equilibrium constant of the
cell reaction.

2.4 @ﬂnductqn:u It is necessary to define a few terms before we consider the subject of
ml' 6;“:“}@:& conductance of electricity through electrolytic solutions. The electrical
14 ; resistance is represented by the symbol ‘R and it is measured in ochm (£2)
Solutions which in terms of SI base units is equal to (kg m?) /(5% A%. It can be

measured with the help of a Wheatstone bridge with which you are
familiar from your study of physics, The electrical resistance of any object
is directly proportional to its length, L and inversely proportional to its
area of cross section, A That is,

1 - |
R ee ) orR =p ) (2.17)

The constant ol proportionality, p (Greek, rho), is called resistivity
[specific resistance). 1ts SI units are ohm metre 2 m) and quite often
its submultiple, ohm centimetre [ ¢m) is also used. [UPAC recommencds
the use of the term resistivity over specific resistance and hence in the
rest of the book we shall use the term resistivity. Physically, the resistivity
for a substance is ils resistance when it is one metre long and its area
of cross section is one m®. It can be seen that:

1O0Om=100GCGemor 1 O em =001 0Om

The inverse ol resistance. R, is called conductance, ¢, and we have
the relation:

1 _ A

G=R~ pl

The SI unit of conductance is siemens, represented by the symbol

'S" and is equal to ohm™ (also known as mho) o2 L. The inverse of

resistivity, called conduetivity (specilic conductance) is represented by

the symbol. x (Greek. kappa). IUPAC has recommended the use of term

conductivity over specific conductance and hence we shall use the term

conductivity in the rest of the book. The SI units of conductivity are

S m! but quite often, x is expressed in S cml. Conductivity of a

material in S m™! is its conductance when it is 1 m long and its area

of cross section is 1 m* It may be noted that 1 S em™ = 100 S m™,

(2.18)
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Table 2.2: The values of Conductivity of some Selected
Materials at 298.15 K

Material Conductivity/ Material Conductivity/
S m' & m'
Conductors Agqueous Solutions
Sodium 2.1x10° Pure waler 3.5%10°
Copper 5.9%10° 0.1 M HCl 391
Silver 6.2x10" 0.01M KCI 0.14
Gold 4.5%10° 0.01M NaCl 0.12
Iron 1.0x10° 0.1 M HAe 0.047
Graphite 1.2x10 0.01M HAc 0.016
Insulators Semiconductors
Glass 1.0x107"'® Cu0 1%10°7
Teflon 1.0x1078 Si 1.5x107
(e 2.0

It can be seen from Table 2.2 thatl the magnitude of conductivity
varies a great deal and depends on the nature of the material. It also
depends on the temperature and pressure at which the measurements
are made. Materials are classified into conductors, insulators and
semiconductors depending on the magnitude of their conductivity. Metals
and their alloys have very large conductivity and are known as conductors.
Certain non-metals like carbon-black, graphite and some organic
polymers® are also electronically conducting. Substances like glass.
ceramics, efc., having very low conductivity are known as insulators.
Substances like silicon, doped silicon and gallinm arsenide having
conductivity between conductors and insulators are called
semiconductors and are important electronic materials. Certain materials
called superconductors by definition have zero resistivity or infinite
conductivity. Earlier, only metals and their alloys at very low temperatures
{0 to 15 K) were known to behave as superconductors, but nowadays a
number of ceramic materials and mixed oxides are also known to show
superconductivity at temperatures as high as 150 K.

Electrical conductance through metals is called metallic or electronic
conductance and is due to the movement of electrons. The electronic
conductance depends on

(i) the nature and structure of the metal

(ii} the number of valence electrons per atom

(iii) temperature (it decreases with increase of temperature).

Elecironteally conducting polymers - In 1977 MacDiarmid, Heeger and Shirakawa discovered that acetylens gas can be

poliymerised o produce a polymern, polypaceiylene when exposed to vapours of lodine acquires metallic lusire and
conductivity, Sinee then several organic conducting polymers have been made such as polyaniline, polypyrmole and
polythiopherne, These argartic poelymers which hove properfies lilke metals, being composed wholly of elements lice
earbor. hudrogen and ocoasionally nitrogers. oxgpgen or sulphor, are much lighter thon normal metals and can be used
Jor makdng Ught-weight batleries. Besides, they have the mechanical properties of polymers such as lexibility so thay
e ean make electronic devices such as transistors that can -bend liice a sheet of plastie. For the discoveny of canducting
polymers, MacDiarmid, Hesger and Shiralemea were auxarded the Nobel Prize in Chemistry for the year 2000,
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2.4.1 Measurement
of the
Conductivity
of lonic
Solutions

Fig. 2.4
Two different types of
conductivity cells,

As the electrons enter at one end and go out through the other end,
the composition ol the metallic conductor remains unchanged. The
mechanism of conductance through semiconductors is more complex.

We already know thal even very pure water has small amounis of
hydrogen and hydroxyl ions (~107"M) which lend it very low conductivity
(3.5 * 107 SmY). When electrolytes are dissolved in water, they furnish
their own ions in the solutlion hence its conductivily also increases. The
conductance of electricity by ions present in the solutions is called
electrolytic or ionie conductance. The conductivity of electrolytic (ionic)
solutions depends on:

{1} the nature of the electrolyte added
(ii] size of the ions produced and their solvation
(iii) the nature of the solvent and its viscosity
(iv) concentration of the electrolyte
(v} temperature (it increases with the increase ol temperature),

Passage of direct current through ionic solution over a prolonged
period can lead to change in its composition due to electrochemical
reactions [Section 2.4.1).

We know that accurate measurement of an unknown resistance can be
performed on a Wheatstone bridge. However, for measuring the resistance
of an lonic solution we face two problems. Firstly, passing direct current
(DC) changes the composition of the solution. Secondly, a solution cannot
be connected to the bridge like a metallic wire or other solid conductor.
The first difficulty is resolved by using an alternating current (AC) source
of power. The second problem is solved by using a specially designed
vessel called conductivity cell, [t is available in several designs and two
simple ones are shown in Fig. 2.4,

Connecting

Connecting ( wires
wires i

|| —— Platinized Pt
‘il elecirodes

Matinized Pt electrode Platinized Pt electrode ke

Basically il consists of two platinum electrodes coaled with platinum
black (finely divided metallic Pt is deposited on the electrodes
electrochemically). These have area ol cross section equal to A’ and are
separated by distance !, Therefore, solution confined between these
electrodes is a column of length [ and area of cross section A. The
resistance of such a column of solution is then given by the equation:

(2.17)
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The quantity //A is called cell constant denoted by the symbol, G*.
It depends on the distance between the electrodes and their area of
cross-section and has the dimension of length™ and can be calculated
if we know ! and A. Measurement of [ and A is not only inconvenient
but alse unreliable. The cell constant is usually determined by measuring
the resistance of the cell containing a solution whose conductivity is
already known. For this purpose, we generally use KCI solutions whose
conductivity is known accurately at various concentrations (Table 2.3)
and at different temperatures. The cell constant, G*, is then given by
the equation:

I S
G = i R K (2.18)
Table 2.3: Conductivity and Molar conductivity of KCl solutions
at 298.15K
Concentration/Molarity Conductivity Molar Conductivity

mol L1 | mol m3 5 eml Smt 5 em®mol! | S m2 molt

1.000 1000 0.1113 11.13 111.3 111.3x10-4

0.100 100.0 0.0129 1.29 122.0 129.0x10-+4

0.010 10.00 000141 0.141 141.0 141.0x10-4
Conductivity Once the cell constant is determined, we can
el use it for measuring the resistance or conductivity
of any solution. The set up for the measurement

R of the resistance is shown in Fig, 2.5.

It consists of two resistances R, and R, a
variable resistanceR | and the conductivity cell
having the unknown resistance R,. The
Wheatstone bridge is fed by an oscillator O (a
source of a.c. power in the audio frequency range

Ay 550 to 5000 cycles per second). P is a suilable
detector (a headphone or other electronic device)
" and the bridge is balanced when no currenl passes
o through the detector. Under these conditions:
Fig. 2.5: Arrangement for measurement of . _ R, R,
resislance of a solution of an Unknown resistance R, = “R. (2.19)
electrolyle. i

These days, inexpensive conductivity meters are
available which can directly read the conductance or resistance of the
solution in the conductivity cell. Once the cell constant and the resistance
of the solution in the cell is determined, the conductivity of the solution
is given by Lhe equation:

cell constant G*
A= T = E {2.20]

The conductivity of solutions of different electrolytes in the same
solvent and at a given temperature differs due to charge and size of the

Chemistry o444



ions in which they dissociate, the concentration of ions or ease with
which the ions move under a potential gradient. It, therefore, becomes
necessary to define a physically more meaningful guantity called molar
conductivity denoted by the symbol Am (Greek, lambda). It is related
to the conductivity ol the solution by the equation:

Molsir condiebity = Ag= f (2.21)

In the above equation, if x is expressed in S m™ and the concentration,
¢ in mol m™ then the units of Aparein 5 mZmol™, It may be noted that:

1 mol m™ = 1000(L/m? % molarity (mol/L), and hence

x(Sem™)
1000 L m™ x molarity (meol L™)

A S cm® mol™) =

If we use S em™ as the units for x and mol em™, the units of
concentration, then the units for A_are S em? mol . It can be caleulated
by using the equation:

x(Sem™)x 1000 (em® /L)
1y -
dm (5 E[I'I.2 mol ) = Iﬂﬂlﬂl’ﬂ}’ [II'IDI / L]

Both type of units are used in literature and are related to each
other by the eguations:

1S m*mol® = 10* 5 coo®*mol®  or
1 S em*mol™? = 10* 5 m?mol ™.

Resistance of a conductivity cell filled with 0.1 mol L' KCI1 solution is Example 2.4

100 Q. If the resistance of the same cell when filled with 0.02 mol Lt
KCl solution Is 520 £2, calculate the conductivity and molar conductivity
of 0.02 mol L' KCI solution, The conduectivity of 0.1 mol L' KCl
solution is 1.29 5/m.

The cell constant is given by the equation:

Cell conslanl = G*= conduclivity ¥ resistance

=1.29 S/m = 100 2= 129 m™"' = 1.29 cm™

Conductivity of 0.02 mol L ! KCI solution = cell constant / resistance

129 m”
520 0

Concentration =0,02 mol L*
= 1000 * 0.02 mol m™> = 20 mol m™®

=%= =0.248Sm

LY
Molar conductivity = A, = =

_248x10° Sm’

TR 10* S m*mol ™

_1.29 cm ¥
520 €

Alternatively, = 0.248 x 102 S em™

wdba Electrochemistry
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{xample 2.5

Su_fg[iuu

2.4.2 Variation of

e B or-1 |
and A_=xx 1000 cm” L molarity

_0.248x102 S em 'x1000 cm® L
0.02 mol L™
= 124 S em® meol™

The electrical resistance of a column of 0.05 mol L™ NaOH solution of
diameter 1 cm and length 50 cm is 5.55 % 10% ohm. Calculate its
resistivity, conductivity and molar conductivity,

A=nrP =514 % 0.5 cm® = 0.785 cm® = 0.785 x 10* m*
[=50cm=05m

ol RA 5.55x10°Qx0.785cm? _
RE? ar P=T= 50cm =$?-135 £} cm
Conductivity = &= L= : S em™

Rl s |87.135)° 0
=0.01148 S cm’!
Molar conductivity, 4, = <1090 gpaq

c

0.01148 S em™ x1000 em® L
0.05 mol L
229.6 S cm® mol !

If we want to calculate the values of different quantities in terms of ‘'m’
instead of ‘cm’,

1]

RA
g =5

5.55 x 10° Q x 0.785%10 * m®

= =R87.135 x10 * Qm
0.5m
g, 100 go, 1.148 S m™*
p - 87.135 R £
i 1.148 S m™

and 4;,=— = ——— =2296x 10 *Sm2moll

¢  50molm™®

Both conductivity and molar conductivily change with the

Conductivity concentration of the electrolyte. Conductivity always decreases with

and Molar

decrease in concentration both, for weak and sirong electrolytes,

Conductivity This can be explained by the fact that the number of ions per unit

with

volume that carry lhe current in a solution decreases on dilution.

Concentration The conductivity of a solution at any given concentration is the

Chemistry 48,

conductance of one unit volume ol solution kept between two
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platinum electrodes with unit area of cross section and at a distance
ol unit length. This is clear from the equation:
cA

G= F"T = & (both A and ! are unity in their appropriate units in
m or cm)

Molar conductivity of a selution at a given concentration is the
conductance of the volume V of solution containing one mole of
electrolyte kept between two electrodes with area of cross section A and
distance ol unit lengih. Therelore,

kA

A =—=K
el

Since [ =1 and A = V( volume containing 1 mole of electrolyte)
An=x V (2.22)

Molar conductivity increases with
decrease in concentration. This is
because the total volume, V, of solution
containing one mole of electrolyte also
increases. It has been found that decrease
in ¥ on dilution of a solution is more
than compensated by increase in its
volume. Physically, it means that at a
given concentration, A can be defined
as the conductance of the electrolytic
solution kept between the electrodes of a

Kl conductivity cell at unit distance but
having area ol cross section large enough
to accommodate sufficient volume of
solution that contains one mole of the

Fig. 2.6:

L]
0.2 04
(\_]_-'illlr [mo] ,l'rL}lm
Molar conductivity versus ciz for acetic
acid {weak electrolyte) and potassium
chioride (strong electrolyle) in aqueocus
solulions.

electrolyte, When concentration
approaches zero, the molar conductivity
is Kknown as limiting molar
conductivity and is represented by the
symbol Am. The variation in Am with
concentration is difterent (Fig. 2.6) for

strong and weak electrolytes.

Strong Electrolytes

For strong electrolytes, A_ increases slowly with dilution and can be
represented by the equation:

An=An-Ac"” (2.23)

It can be seen that if we plot (Fig. 2.6) Am against
¢, we obtain a straight line with intercept equal to AW and slope
equal to -A". The value of the constant 'A’ for a given solvent and
temperature depends on the type of electrolyte i.e., the charges on the
cation and anion produced on the dissociation of the electrolyte in the
solution. Thus, NaCl, CaCl,, Mg50, are known as 1-1, 2-1 and 2-2
electrolytes respectively. All electrolytes of a particular type have the
same value for "A'.

A Electrochemistry



ﬁmmpl'r 2.0 The molar conductivity of KCI solutions at different concentrations at
298 K are given below:

¢/mol L™ A, /8 em® mel™
0.000198 148.61
0.000309 148.29
0.000521 147.81
0.000989 147.09

Show that a plot between Am and ¢ is a straight line. Determine the
values of Apand A for KCL

Solution Taking the square root of concentration we obtain:
c’#ffmol L™ )**  Am/S cm®*mol™

0.01407 148.61
0.01758 148.29
0.02283 147.81
0.03145 147.09

A plot of Ay ( y-axis) and cM? (x-axis) is shown in (Fig. 3.7).

It can be seen that it is nearly a straight line. From the intercept
(¢! = 0), we find that

Am=150.0 S cm® mol™ and
A =-slope = 87.46 S cm® mol™/(mol /L7,

149.8 1
1494+
149.0 7
g 148.64

148.2

A/ (S cm'mel™)

147.8+

147 .4

147.0

T 1 T
0 005 010 .015 .020 025 .030 .03
'/ (mol /L)

Fig. 2.7: Variation of Aw against c's.

=
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Kohlrausch examined Am values for a number of strong E]EC[I‘G'?’IE&
and observed certain regularities. He noted that the difference in A, of
the electrolytes NaX and KX for any X is nearly constant, For example
at 298 K

"dm el m [NaC) A‘m [KEr| - Am {MaEr)
_ c a . a3 _1
= Amm— A Hiaty ™ 23.4 S ecm” mol

and similarly it was found that

"'imm;nlm_
On the basis of the above observations he enunciated Kohlrausch
law of independent migration of ions. The law states that fimiting
molar conductivity of an electrolyte can be represented as the sum of the
Individual contributions of the anfon and cation of the electrolyte . Thus.
if Ay,+and A are limiting molar conductivity  of the sodium and chloride
fons respectively, then the limiting molar conductivity for sedium chloride
is given by the equation:
A Nach k;-;r; az ’ljll_ (2.24)

In general, if an electrolyte on dissociation givesy | cations and v_
anions then its limiting molar conductivity is given by:
Am=v L+ v A (2.25)

Here, .1 and A are the limiting molar conductivities of the cation
and anion re*-pectwelv The values of A for some cations and anions at
298 K are given In Table 2.4,

] B e

Amacn = Micuer = Mgy =18 3 cem? mol?

Table 2.4: Limiting Molar Conductivity for some
Ions in Water at 298 K

A°/(S em*mol}

H* 349.6 OH 189.1
Na* 50.1 cr 76.3
K’ 73.5 Br- 78.1
Qa2+ 119.0 CH,C00 40.9
Mg 106.0 S0y 160.0

Weak Electrolytes

Weak electrolytes like acetic acid have lower degee of dissociation at

higher concentrations and hence [or such elecirolyies, the change in Am
with dilution Is due to increase in the degree of dissociation and
consequently the number of ions in total volume of solution that contains
1 mol of electrolyte. In such cases Am increases steeply (Fig. 2.6) on
dilulion, t:bpt:ualhr near lower concentrations. Therefore, Am cannot be
obtained by extrapolation of Am to zero concentration. At infinite dilution
(i.e.. concentration ¢ — zero) electrolyte dissociates completely (o =1).

but at such low concentration the conduetivity of the solution is so low
that it cannot be measured accurately. Therefore, Ay, for weak electrolytes
is obtained by using Kohlrausch law of independent migration of ions
(Example 2.8). At any concentration ¢, if o is the degree of dissociation

A, Electrochemistry



Example 2.

Solulion

Example 2.8

Selulion

Example 2.0

Solution

Chemistry o5ds

then it can be approximated to the ratio of molar conductivity Am at the
concentration ¢ to limiting molar conductivity, A%,. Thus we have:

—_— ﬁ
a= (2.26)

But we know that for a weak electrolyte like acetic acid (Class XI,
Unit 7),
K. = el cd? = cA?
& (1-9) 4;’(1_&] A (A7 - A) (2.27)

A?
Applications of Kohlrausch law

Using Kohlrausch law of independent migration of ions, it is possible to
calculate A for any electrolyte from the A° of individual ions. Moreover.
for weak eclectrolytes like acetic acid it is possible to determine the value
of its dissociation constant once we know the z"lﬂm and Aqn at a given
concentration c.

Caleulate A for CaCl, and MgS0, from the data given in Table 3.4,
We know [rom Kohlrausch law that
Amicacyy = Wpw + 202, = 119.0 S em® mol™* + 2(76.3) S em® mol *
=(119.0 + 152.6) S cm® mol™
= 271.6 S ¢m® mol™
Anioyy = Fyge + Kz = 106.0 S em? mol™ + 160.0 S em? mol™
=266 S cm® mol™ .
A for NaCl, HCI and NaAc are 126.4, 4259 and 91.0 S em®* mol™?
respectively. Calculate A for HAc.
‘41':1H!|.4:J = x:]li" T ?I:.IM' = }":I' + l:.!‘ +* 1’?‘.-:‘ H }Luk.:-" | }L‘::!I' _?l'u'l‘-rsn*
= Al':lilil'.'li + A:n:m: = !11:1an:|}
= (425.9 + 91.0 - 126.4 ) S em® mal
= 3905 5 cm® mol™ .
The conductivity of 0.001028 mol L™ acetic acid is 4.95 x 10°S em™.

Calculate its dissociation constant If A for acetic acld is
390.5 S cm? mol™!.

x_495x10°Sem ™’ 1000cm?
¢ 0.001028molL* L

_ <, _ 4815 Sem’mol”
0 = 7 " 3805 Semimol’ - 01233

=48.15S cm ° mol™

k = e 0001028 molL "=({0,1233)

_ - 5
{I—a}“ e =1.78x= 10 " mol L




2.5 Llectrolylic

Cells and
Clectrolysis

Intext Cuestions

2.7 Why does the conduectivity ol a solution decrease with dilution®?
2.8 Suggest a way to determine the Ay, value of water,

2.9 The molar conductivity of 0.025 mol L methanoeic acid is 46.1 S em® mol ™,
Calculate its degree of dissociation and dissociation constant. Given A%(H")
= 349.6 S cm® mol™ and A"(HCOO") = 54.6 S em® mol™.,

In an electrolytic cell external source ol vollage is used to bring aboul
a chemical reaction. The electrochemical processes are of great importance
in the laboratory and the chemical industry. One ol the simplest electrolytic
cell consists of two copper sirips dipping in an aqueous solution of
copper sulphate. If a DC voltage is applied to the two electrodes, then
Cu? ions discharge at the cathode (negatively charged) and the following
reaction takes place:
Cu*'(ag) + 2 — Cu (s) (2.28)

Copper metal is deposited on the cathode, At the anode, copper is

converted into Cu®* lons by the reaction:
Cufs) = Cu*'(s) + 2e (2.29)

Thus copper is dissolved (oxidised] at anode and deposited
(reduced) at cathode, This is the basis for an industrial process in
which impure copper is converted into copper of high purity. The
impure copper is made an anode that dissolves on passing current
and pure copper is deposited at the cathode. Many metals like Na, Mg,
Al, ete. are produced on large scale by electrochemical reduction of
their respective cations where no suitable chemical reducing agents
are available for this purpose.

Sodium and magnesium metals are produced by the electrolysis of
their fused chlorides and alumininum is produced by electrolysis of
aluminium oxide in presence of cryolite.

Quantitative Aspects of Electrolysis

Michael Faraday was the first scientist who described the quantitative
aspects of electrolysis. Now Faraday's laws also flow from what has
been discussed earlier.

Faraday's Laws of Electrolysis

Alter his extensive investigations on electrolysis ol solutions and meltls
of electrolytes, Faraday published his results during 1833-34 in the
form of the following well known Faraday's two laws ol electrolysis:

(i} First Law: The amount of chemical reaction which occurs at any
electrode during electrolysis by a current is proportional o the
guantity ol electricity passed through the electrolyte (solution or
melt).

{ii] Second Laiw: The amounts of dilferent substances liberated by the
same quantity of electricity passing through the electrolytic solution
are proportional to their chemical equivalent weights (Atomic Mass
of Metal + Number of electrons required to reduce the cation).

Ble Electrochemistry



Example 2.10

Solution

2.5.1 Products of
Electrolysis

Chemistry bl

There were no constant current sources available during Faraday's
times, The general practice was to pul a coulomeler (a standard electrolytic
cell) for determining the quantity of electricity passed from the amount
of metal (generally silver or copper) deposited or consumed. However,
coulometers are now obsolete and we now have constanl current (1)
sources available and the quantity of electricity Q, passed is given by

@=1I

) is in ecoloumbs whenl is in ampere and £ is in second.

The amount of electricily (or charge] required lor oxidation or
reduction depends on the sloichiomeiry of the elecirode reaction. For
example, in the reaction:

Ag 'lag) + € — Ag(s) (2.30)

One mole of the electron is required for the reduction of one mole
of silver ions.

We know that charge on ene electron is equal to 1.6021* 107°C.

Therefore, the charge on one mole of electrons is equal to:

N, % 1.6021 % 107% € = 6.02 x 10®mol™ x 1.6021 x 107
C = 96487 C mol*

This quantity of electricity is called Faraday and is represented by
the symbol F.

For approximate calculations we use 1F = 96500 C mol™.

For the electrode reactions:

Mgl + 2 —> Mgls) (2.31)

AP + 3¢ — Alls) (2.32)

It is obvious that one mole of Mg®* and AP require 2 mol of electrons

(2F) and 3 mol of electrons (3F) respectively, The charge passed through

the electrolytic cell during electrolysis is equal to the product of current

In amperes and time in seconds. In commercial production of metals,

current as high as 50,000 amperes are used that amounts to about
0.518 F per second.

A solution of CuS0, is electrolysed for 10 minutes with a current of
1.5 amperes. What is the mass of copper deposited at the cathode?

t= 600 s charge = current > time = 1.5 A x 600 s = 900 C
According to the reaction:
Cu*'(aq) + 2e” = Cul(s)
We require 2F or 2 % 96487 C to deposit 1 mol or 63 g of Cu.
For 900 C, the mass of Cu deposited

= (63 ¢ mol? x 900 C)/(2 * 96487 C mol?) = 0.2038 g.

Products of electrolysis depend on the nature of material being
electrolysed and the type ol electrodes being usedll the electrode is

inert [e.g., platinum or gold), it does not participate in the chemical
reaction and acts only as source or sink for electrons. On the other
hand, if the electrode is reactive, it participates in the electrode reaction.
Thus, the products of electrolysis may be different for reactive and inert



electrodes. The products of elecirolysis depend on the different oxidising
and reducing species present in the electrolvtic cell and their standard
electrode polentials. Momover, some ol the electrochemical processes
although feasible, are so slow kinetically that at lower voltages these do
not seem to take place and extra potential (called overpotential) has to
be applied, which makes such process more difficult to occur,

For example, if we use molten NaCl, the products of electrolysis are
sodium metal and Cl, gas. Here we have only one cation (Na') which is
reduced at the cathode (Na® + ¢ — Na) and one anion (CI) which is
oxidised at the anode (CT" — '.Cl, + 7). During the electrolysis of aqueous
sodium chloride solution, the products are NaOH, Cl, and H,. In this
case besides Na® and Cl ions we also have H" and OH ions along with
the solvent molecules, H,0.

At the cathode there is competition between the following reduction
reactions:

Na' (aq) + € — Na (s) Efy, =-271V
H' (ag) + & = % H, (g ES., =000V

The reaction with higher value of E- is preferred and therefore, the
reaction at the cathode during electrolysis is:

H' (ag) + ¢ — % H, (g) (2.33)
but H" (aq) is produced by the dissociation of H,0, L.e.,
H,O (1) = H' (ag) + OH (ag) (2.34)

Therefore, the net reaction at the cathode may be written as the sum
of (2.33) and (2.34) and we have

H,O (1) + ¢ — %H, () + OH" (2.35)
Al the anode the following oxidation reactions are possible:
Cllag) =% CL (g +e Efmm =136V (2.36)

1l

2H,0 (1) — O, (g) + 4H'(ag) + 4&= E2 = 1.23 V (2.37)

The reaction at anode with lower value of E® |s preferred and
therefore, water should get oxidised in preference to CI” (aq)., However,
on account of overpotential of oxygen, reaction (2.36) is preferred. Thus,
the net reactions may be summarised as:

NaCl (ag) 2% Na' (aq) + CI” (aq)
Cathode: HO@) + e — % Hylg) + OH (ag)
Anoce; CI" (ag) - & ClL(g) + &
Net reaction:
NaCllag) + H,O(l) — Na'(aq) + OH (ag) + ¥eH,(g) + .CL(g)
The standard electrode potentials are replaced by electrode potentials
given by Nernst equation (Eq. 2.8) to take into account the concentration

effects. During the electrolysis of sulphurie acid, the following processes
are possible at the anode:

2H,0(1) — O,(g + 4H'{aq) + 46= EZ2, = +1.23 V (2.38)

Bd. Electrochemistry



280,* (ag)— S,0.," (ag) + 2¢¢ E;,, = 1.96V (2.39)

For dilute sulphuric acid, reaction [2.38) is preferred but at higher
concentrations of H,50,, reaction (2.39) is preferred.

of Cr,0,%?

Intext Questions

2.10 If a current of 0.5 ampere flows through a metallic wire for 2 hours,
then how many electrons would flow through the wire'?

2.11 Suggest a list of metals that are extracted electrolytically.

2.12 Consider the reaction: Cr,0,% + 14H" + 6e” — 2Cr™ + 7H,0
What is the quantity of electricity in coulombs needed to reduce 1 mol

2.0 Batteries Any battery (actually it may have one or more than one cell connected

in series) or cell that we use as a source of electrical energy is basically

a pgalvanic cell where the chemical energy of the redox reaction is
converted into electrical energy. However, lor a battery to be of practical
use it should be reasonably light, compact and its voltage should not
vary appreciably during its use. There are mainly twoe types of batteries.

2.6.1 Primary In the primary batteries, the reaction occurs only once and after use
Batteries over a period of time baltery becomes dead and cannot be rensed
again. The most familiar example of this type is the dry

Carlbon rod cell (known as Leclanche cell after its discoverer) which is

used commonly in our transistors and clocks. The cell

(earhode)

Zinc cup MO, +

(anode} carbon black
+ NIL,Cl pasie

Fig. 2.8: A commercial dry cell
consists of a graphite
(carbon) cathode in a
Zinc container; the latter
acts as the anode.

Chemistry B4

consists of a zine container that also acts as anode and
the cathode is a carbon (graphite] rod surrounded by
powdered manganese dioxide and carbon (Fig.2.8). The
space between the electrodes is filled by a moist paste of
ammonium chloride (NFH,C1) and zinc chloride (ZnCL). The
electrode reactions are complex, but they can be writlen
approximately as follows :

Anode: Zn(s) — Zn®* + 2¢

Cathode: MnOg+ NH4'+ e — MnO(OH) + NH,

In the reaction at cathode, manganese is reduced
from the + 4 oxidation state to the +3 state. Ammonia
produced in the reaction forms a complex with Zn®' to give
[Zn {NHE]‘LIZ'. The cell has a potential of nearly 1.5 V.

Mercury cell, (Fig. 2.9] suitable for low current devices
like hearing aids, watches, ete. consists of zine - mercury
amalgam as anode and a paste ol HgO and carbon as the
cathode, The electrolyte is a paste of KOH and Zn0O. The
electrode reactions for the cell are given below:

Anode: ZnfHg) + 20H —— ZnOl(s) + H,0 + 2¢

Cathode: HgO + H,0 + 2¢” — Hgl) + 20H



Fig. 2.9
Commaonly used
mercury cell. The
reducing agent is
Zing and the
oxidising agent is
meroury (1) oxide,

2.6.2 Secondary
Batteries

Anode cap The overall reaction s represented by
Zn(Hg) + HegOl[s) — ZnO(s) + Hgl )

The cell potential is approximately
1.35 V and remains constant during its
life as the overall reaction does not
involve any ion in solution whose
concentration can change during its life
time.

! Cell can
Separator Caithode

A secondary cell after use can be recharged by passing current
through it in the opposite direction so that it can be used again. A
good secondary cell can undergo a large number of discharging
and charging eycles. The most important secondary cell is the lead
storage battery (Fig. 2.10) commonly used in automobiles and
invertors. It consists of a lead anode and a grid of lead packed with
lead dioxide [PbDEj as cathode. A 38% solution of sulphuric acid
is used as an elecirolyie.
The cell reactions when the battery is in use are given below:

Anode:  Pb(s) + SO,* (ag) — PbSO,(s) + 2e

Cathode: PbO,(s) + S0 (aqg) + 4H(aq) + 2¢~ — PbSO, (s] + 21,0 (1)

i.e., overall cell reaction consisting of cathode and anode reactions is:
Pb(s) + PbO,(s} + 2H,S0,[aq) — 2PbSO,(s) + 2H,0()

On charging the battery the reaction is reversed and PbS0,(s) on
anode and cathode is converted into Pb and PbO,, respectively.

i
]
i
i
5 Negative plates:
| lead grids filled
i with spongy
| lead.
Positive plates:

38% sulphu . S
» : lead grids filled
acid solulion with PbO,

Fig. 2.10: The Lead sforage batlery.
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Fig. 2.11

A rechargeable
nickel-cadmium cell
in a jelly roff
arrangement and
separated by a layer
soaked in moist
sodium or potassium
hydroxide.

2.7 fuel Cells

Anode —

HO

f

Another important secondary
cell is the nickel-cadmium cell
(Fig. 2.11) which has longer life
than the lead storage cell but
more expensive to manufacture.
We shall not go inlo details of
W working ol the cell and the

H; E P electrode reactions during

: Separator charging and discharging.
— Negallve plate The overall reaction during
: discharge is:

I

Cd (s) + 2Ni(OH), () — CdO (s} + 2Ni(OH), (s) + H,O (1)

Production ol electricity by thermal planis is not a very eflicient method
and is a major source of pollution. In such plants, the chemical energy
(heat of combustion) of fossil fuels (coal, gas or oil) is first used lor
converting waler into high pressure steam. This is then used to run
a turbine to produce electricity. We know that a galvanic cell directly
converts chemical energy into electricity and is highly efficient. It is
now possible to make such cells in which reactants are fed continuously
to the electrodes and products are removed continuously from the
electrolyte compartment. Galvanic cells that are designed to convert
the energy of combustion of fuels like hydrogen, methane, methanol,
ete, directly into electrical energy are called fuel cells.

One of the most successful [uel cells

1 Cathode uses the reaction of hydrogen with oxygen
/ to form water (Fig. 2.132). The cell was
used for providing electrical power in the

fﬁmms clectrolyte Apollo sl:}aee pfnglmnme. The water
vapours produced during the reaction
were condensed and added to the
%0, drinking water supply for the astronauts.
i In the cell, hydrogen and oxygen are
bubbled through porous carbon
electrodes. into concentrated agueous
sodium hydroxide solution. Catalysts like
finely divided platinum or palladium

metal are incorporated into the electrodes

Fig. 212 Fuel cell using H , and O, produces electicity. for increasing the rate of electrode

Chemistry bb.

reactions, The electrode reactions are
given below:

Cathode: O,lg) + 2H,0O(l) + 46 —— 40H (ag)
Anode; 2H, (g + 4O0H(aq) — 4H,O(l) + 4e
Overall reaction being:

2H,(g) + O, (g) — 2H,0(l)

The cell rmins continuously as long as the reactants are supplied.
Fuel cells produce electricity with an efficiency of about 70 % compared



2.8 Corrosion

to thermal plants whose efficiency is about 40%. There has been
tremendous progress in the development of new electrode materials,
better catalysts and electrolytes for increasing the efficiency of uel cells.
These have been used in automobiles on an experimental basis, Fuel
cells are pollution free and in view of their future importance, a variety
of fuel cells have been fabricated and tried.

Corrosion slowly coats the surlaces of metallic objecls with oxides or
other salts of the metal. The rusting of iron, tarnishing of silver,
development of green coating on copper and bronze are some of the
examples of corrosion. It causes enormous damage to
buildings, bridges, ships and to all objects made of
metals especially that ol iron. We lose crores ol rupees
every year on account of corrosion.

In corrosion, a metal is oxidised by loss of electrons
to oxygen and formation of oxides. Corrosion ol iron
(commonly known as rusting) occurs in presence of
water and air. The chemistry of corrosion is quite

complex but it may be considered

i ¥ T+ =
Oxidation: Fe (sl» Fe™ (ag) +2e essentially as an electrochemical

Reduction: O, (g) + 4H'laq) +4e” — 2H,00)

Atomospheric

phenomenon. At a particular spot

oxidation: 2Fe**(aq) + 2H,0() + 40,(g) — Fe,0,(s) + 4H'ag) (F1&: 2.13) of an object made ol iron,

Fig. 2.13:

oxidation takes place and that spot

Corrosion of iron in atmosphere behaves as anode and we can write

the reaction
Anode: 2 Fe (s) —» 2 Fe? + 4 ¢ ES o iy = - 044V

Electrons released at anodic spot move through the metal and go
to another spot on the metal and reduce oxygen in the presence of H*
(which is believed to be available from H,CO, formed due to dissolution
ol carbon dioxide [rom air into water. Hydrogen ion in waler may also
be available due to dissolution of other acidic oxides [rom the
atmosphere). This spot behaves as cathode with the reaction

Cathode: O,(g) +4 H'ag) +4 ¢ — 2H,0 ) E. ;o =123V

The overall reaction being:

2Fe(s) + O,(g) + 4H(aq) — 2Fe* "(ag) + 2 H,O (1) Jl':’}‘:'[mn'I =167V

The lerrous ions are further oxidised by atmospheric oxygen to
ferric lons which come out as rust in the form of hydrated ferric oxide
(Fe,O.. x IL,O) and with l[urther production ol hydrogen ions.

Prevention of corrosion is of prime importance. It not only saves
money but also helps in preventing accidents such as a bridge collapse
or failure of a key component due to corresion. One of the simplest
methods of preventing corrosion is to prevent the surface of the metallic
object to come in contact with atmosphere. This can be done by covering
the surface with paint or by some chemicals {e.g. bisphenol). Another
simple method is to cover the surface by other metals (Sn, Zn, etc,) that
are inert or react to save the object, An electrochemical method is to
provide a sacrificial electrode of another metal (like Mg, Zn, etc.) which
corrodes {tself but saves the object.

B Electrochemistry



Intext Questions

2.13 Write the chemistry of recharging the lead sterage battery, highlighting
all the materials that are involved during recharging.

2.14 Suggest two materials other than hydrogen that can be used as fuels in
[uel cells.

2.15 Explain how rusting of iron is envisaged as setting up of an
electrochemical cell.

Al present the main source of energy thal Is driving our economy is fossil luels
such as coal, oll and gas. As more people on the planet aspire to improve their
standard of living, their energy requirement will increase. In fact, the per
capita consumption of energy used is a measure of development. Of course, it
iz assumed that energy is used for productive purpose and not merely wasted.
We are already aware thal carbon dioxide produced by the combustion of lossil
fuels is resulting in the 'Greenhouse Effecl. This is leading to a rise In the
temperature of the Earth's surface, causing polar lee to melt and ocean levels
to rise. This will [lood low-lying areas along the coast and some island nations
such as Maldives face total submergence. In order to avoid such a catastrope,
we need fo limit our use of carbonaceous fuels. Hydrogen provides an ideal
alternatlive as ils combustion resulls in water only. Hydrogen production must
come [rom splitting water using solar energy. Therelore, hydrogen can be used
as a renewable and non polluting scurce of energy. This is the wvision ol the
Hydrogen Economy. Both the production of hydrogen by electrolysis of water
and hydrogen combustion in a fuel cell will be important In the future, And
both these technologies are based on electrochemical principles,

SHMI‘J‘IEI‘H

An electrochemical cell consists ol two metallic electrodes dipping in electrolylic
solution{si. Thus an imporiant component of the electrochemical cell is the lonic
conductor or electrolyte. Electrochemical cells are of two types, In galvanic cell,
the chemical energy ol a spontaneous redox reaction is converled into electrical
worll, whereas in an clectrolytic cell, electrical energy is used (o carry out 4 non-
spontaneous redox reaction. The standard electrode potential for any electrode
dipping in an appropriate solution is defined with respeet to standard electrode
poiential of hydrogen electrode taken as zero. The standard potential of the cell
can be obtained by taking the dilference of the standard potentials of cathode and

anode [Eﬁma = Bliathade— B avicte The standard potential of the cells are

related to standard Gibbs energy (A/G° =— nF Er.-_uue—' and  equilibrium constant
(AGY = - RTIn K of the reaction taking place In the cell, Concentration dependence
of the potentialz of the elecirodes and the cells are given by Nemnst equation.

The conductivity, x. of an electrobvtic solution depends on the concentration
of the electrolyte, nature ol solvent and temperature. Molar conductivity, Am, is
defined by = &/c where ¢ is the concentration. Conductivity decreases but molar
conductivity inereases with decrease in concentration. It inereases slowly with
decrease in conceniration lor strong electrolytes while the Increase is very steep
for weak electrolytes in very dilute solutions. Kohlrausch found that molar
conductivity at Infinite dilution, for an electrolyte is sum of the contribution of the

Chemistry GB&



molar conductivity of the lons n which it dissociates, It Is known as law of
independent migration of ions and has many applications. lons conduct electricity
through the solution but oxdation and reduction of the lons take place at the
electrodes in an clectrochemical cell. Batteries and fuel cells are very uselul
forms of galvanic celCorrosion ol metals is essentially an electrochemical
phenomenon. Electrochemical principles are relevant to the Hydrogen Ecomomy,

Cxercises

2.1 Arrange lhe following metals in the order in which they displace each other

from the solutlon of their salts,

Al, Cu, Fe, Mg and Zn.
2.2 Given lhe standard electrode polentials,

E'/K = -2.93V, Ag'/Ag = 0.80V,

Heg*' /Hg = 0.79V

Mg®* /Mg = -2.37 V, ¥ /Cr = - 0.74V

Arrange these metals in their increasing order of reducing power,
2.3 Depict the galvanic ecell in which the reaction

Zn(s}+2Ag (aq) —Zn*'(ag)+2Ag(s) takes place. Further show:

(i) Which of the electrode is negatively charged?

(i} The earriers of the current in the cell

{1} Individual reaction al each electrode.

2.4 Calculate the standard cell potentials of galvanic cell in which the following
reactions take place:

(il 2Cr{s) + 3Cd*(ag) — 2Cr'fag) + 3¢d
(if) Fe**(aq) + Ag'fag) — Fe™(aq) + Agls)
Calculate the AG and equilibrium constant ol the reaclions,
2.5 Write the Nernst equatlon and emf of the following cells at 298 K
{i} Mgfs) | Mg**{0.00 1M) || Cu®™{0.0001 M) |Culs)
{ii) Fe(s) | Fe (0.001M) || H' (1M} | Hyle)( 1bar) | Pt(s)
(it) Sn(s) |Sn?'(0,050 M) || H'(0.020 M)|iL(g) (1 bar)|Pi(s)
(iv} Pt(s)| Bri(0.010 M)|Br,{1)||H"(0.030 M)| Hyg (1 bar)|Pt(s).
2.8 In the button cells widely used In watches and other devices the following
reaction takes place:
Znls) + Ag,Ols) + HO(l) — Zn*(ag) + 2Ag(s) + 20H 7 ag)
Determine A G and E for the reaction.
2.7 Deline conductivity and molar conductivity for the solution ol an electrolyte.
Discuss their varialion wilh concentration.
2.8 The conductivity of 0.20 M solution of KCI at 298 K is 0.0248 S em™. Caleulate
its molar conductivity.
2.9 The resistance of a conductivity cell containing 0.00IM KCI solution at 298
K is 1500 £. What Is the cell constant If conductivity of 0.001M KCI solution
al 298 K is 0.146 x 10°3 em™

80, Electirochemistry
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2.10

2.11

2.12

2.13

2.14

2.15

2.16

2.17

2.18

icedl)

The conductivity of sodium chloride at 298 K has been determined at different
concentrations and the results are given below:
Concenlration/M 0.001 0010 0.020 0080 0100
10% % x/S m! 1.237 11.85 23.15 5553 106.74
Caleulate A, for all concentrations and draw a plot between A and ¢
Find the value of A,
Conductivity of 0.00241 M acetic acid is 7.896 % 10° 5 an™?, Calculate its
molar conductivity, 1f A2 for acetic acid is 390.5 S em® mol™, what is its
dissociation constant?
How much charge is required for the lollowing reductions:
(i) 1 mol of A* to Al?
(1) 1 mol of Cu* te Cu?
(iii) 1 mol of MnO, lo Mn®*?
How much eleciricity in terms ol Faraday is required to produce
(1) 20.0 g of Ca from molien CaCl,?
(i) 40.0 g ol Al from mollen Mnﬂa‘?
How much eleciricity is required in coulomb for the oxidation of
() 1 mal of H,O to 0,7
{ii) 1 mol of FeO to Fe,0,7

A solution of NING,), is electrolysed between platinum electrodes using  a
current of 5 amperes for 20 minutes, What mass of Ni ls deposited at the
cathode?

Three electrolytic cells A.B.C containing solutions of ZnS0,, AgNO, and Cus0,,
respectively are connecled in series. A sieady currenl of 1.5 amperes was
passed through them until 1.45 g of silver deposited at the cathode of cell B.
How long did the current flow? What mass of copper and zine were deposited?

Using the siandard electrode potentials given in Table 3.1, predict if the
reaction between the following Is feasible:

(i) Fe*(ag) and T(ag)

(i) Ag” (ag) and Cufs)

[itl) Fe? (ag) and Br (ag)

(iv) Agls) and Fe * (ag)

{v} Br, [ag) and Fe*" [ag).

Predict the products of electrolysis in each of the following:
(i) An aqueous solution of AgNO, with silver electrodes,
(i) An agqueous solution of AgNO, with platinum electrodes.
(iif) A dilute solution of H, S0, with platinum electrodes.

(iv) An aqueous solution of CuCl, with platinum electrodes.

Answers to Some Intext Questions

=091V

2.6 AG"=-4554kJmol™, K, =9.62 x107
2.9 0.114, 3.67 x 10* mol L1

Chemistry
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After studying this Unit, you will be
able Lo

define the average and
instantaneous rate of a reaction;
express the rate of a reaction in
terms of change in concentration
of either of the reactants or
products with time;

distinguish between elementary
and complex reactions;
differentiate between the
molecularily and order ol a
reaction;

define rate constant;

discuss the dependence of rate of
reaclions on concentration,
temperature and catalyst;

derive integrated rate equalions
lor the =zero and first order
reactions,

determine the rate constants for
zeroth and first order reactions;

describe collision theory,

Chermnical Kinetics helps us (o iunderstand how chermival reactions
SoCun

Chemistry, by its very nature, is concerned with change.
Substances with well deflined properties are converted
by chemical reactions into other substances with
different properties. For any chemical reaction, chemists
iry 1o find out

{a) the feasibility of a chemical reaction which can be

predicted by thermodynamics [ as vou know that a

reaction with AG < 0, at constant temperature and

pressure is feasible);

(b) extent to which a reaction will proceed can be
determined from chemical equilibrium;

{¢) speed of a reaction i.e. time taken by a reaction to
reach equilibrium.

Along with feasibility and extent, it is equally
imporiant to know the rate and the [actors controlling
the rate of a chemical reaction for its complete
understanding. For example, which parameters
determine as to how rapidly food gets spoiled? How
to design a rapidly setting material for dental [illing?
Or what controls the rate at which fuel burns in an
auto engine? All these questions can be answered by
the branch ol chemistry, which deals with the study
of reaction rates and their mechanisms, called
chemical kinetics. The word kinetics is derived from
the Greek word ‘kinesis’' meaning movement.
Thermodynamics tells only about the feasibility of a
reaction whereas chemical kineties tells about the rate
of a reaction. For example. thermodynamic data
indicate that diamond shall convert to graphite but
in reality the conversion rate is so slow that the change
is nol perceptible at all. Therefore, most people think



3.0 Kale of a
Chemical

Reaction

Chemistry &2,

that diamond is lorever. Kinetic studies not only help us to determine
the speed or rate of a chemical reaction but also describe the
conditions by which the reaction rates can be altered. The lactors
such as concentration, temperature, pressure and catalyst affect the
rate of a reaction. At the macroscopic level, we are interested in
amounts reacted or formed and the rates of their consumption or
formation. At the molecular level, the reaction mechanisms involving
orientation and energy of molecules undergoing collisions,
are discussed.

In this Unit, we shall be dealing with average and instantaneous
rate of reaction and the factors affecting these. Some elementary
ideas about the collision theory ol reaction rates are also given.
However, in order to understand all these, let us first learn about the
reaction rate.

Some reactions such as ionic reactions occur very fast, for example,
precipitation of silver chloride occurs instantaneously by mixing of
agueous solutions of silver nitrate and sodium chloride. On the other
hand, some reactions are very slow, for example, rusting of iron in
the presence of air and moisture. Also there are reactions like inversion
of cane sugar and hydrolysis of starch, which proceed with a moderate
speed. Can you think of more examples from each category?

You must be knowing that speed of an automobile is expressed in
terms of change in the position or distance covered by it in a certain
period of time. Similarly, the speed of a reaction or the rate of a
reaction can be defined as the change in concentration of a reactant
or product in unit time. To be more specific, it can be expressed in
terms of:

(i) the rate ol decrease in concentration ol any one of the
reactants, or

(ii) the rate of increase in concentration of any one of the products.
Consider a hypothetical reaction, assuming that the volume of the
sysien remains constant,
R—->P

Omne mole ol the reactant R produces one mole of the poduct P, If
[R]l and Il:']1 are the concenirations of R and P respeciively al time L,
and [R], and [P], are their concentrations at time t, then,

At =t -t
ARl = [Rl, - [R],
A [F] = [P, - [F],

The square brackets in the above expressions are used to express
molar concentration.

Rate of disappearance of R

_ Decrease in concentration of R~ AR
Time taken At

(3.1)
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Conceniiration of reactants

R

(R,

Rate of appearance of P

i Increase in concentiration of P=+ AlP] (3.2)
Time taken At ’
Since, A[R] is a negative quantity (as concentration of reactants is
decreasing], it is multiplied with -1 to make the rate of the reaction a
positive guantity.
Eqguations (3.1) and (3.2) given above represent the average rate of
a reaction r_.
Average rate depends upon the change in concentration of reactants
or products and the time taken for that change to occur (Fig. 3.1).

I r= ﬂ = slope
P
g
=
E dp|
-8R ~{RHR]} B dt
T =gy o iRl 4
e L] é AlE]
o A R~ s (BRI
E 1/ Tyt =)
b B £ Time ——— h & . Time —
[al (b

Fig. 3.1: Instantaneocus and average rafte of a reaction

Units of rate of a reaction

From equations (3,1) and (3.2), it is clear that units of rate are
concentration time™. For example, if concentration is in mol L™ and
time is in seconds then the units will be mol L's™. However, in gaseous
reactions, when the concentration of gases is expressed in terms of their

partial pressures, then the units of the rate equation will be atm s,

From the concentrations of C,H,Cl (butyl chloride) at different times given Cxample 3.1

below, calculate the average rate of the reaction:
c,H,Cl + H,0 — CH,0OH + HCI
during different intervals of time.

t/s 0 50 100 150 200 300 400 700 800
[C,H,CIl]/mol L™ 0.100 0.0905 0.0820 0.0741 0.0671 0.0549 0.0439 0.0210 0.017

We can determine the difference in concentration over different intervals — Ooelulion
of time and thus determine the average rate by dividing A[R] by At
[Table 3.1).

B3 Clhiemical Kinetics




Table 3.1: Average rates of hydrolysis of butyl chloride

[CHCH, / [CHCN, / t/s t/s r, %104/mal Lis*
mol L =—Jle.m.c1), -[om,cl], /(ts - t,) 10
 0.100 0.0905 o | so 1.90
. 0.0905 0,0820 50 100 1.70
| 0.0820 0.0741 100 | 150 1.58
. 0.0741 0.0671 150 | 200 | 1.40
. 0.0671 0.0549 200 | 300 | 1.22
 0.0549 0.0439 300 | 400 1.10
00439 0.0335 400 | 500 1.04 _
. 0.0210 0.017 700 | 800 0.4 |

Fig 3.2

Instanianeous rate
of hydrolysis of buiyl
chloride(C H.CI}

Chemistry yiide

It can be seen (Table 3.1) thal the average rate falls from 1.90 ¥ 0*molL's ! to
0.4 % 10" mol L 's. However, average rate cannot be used to predict the
rate of a reaction at a particular instant as it would be constant for the
time interval for which it is calculated. So, to express the rale at a particular
moment of time we determine the instantaneous rate. It is obtained
when we consider the average rate at the smallest time interval say di(ie.
when At approaches zero). Hence, mathematically for an infinitesimally
small di instantaneous rate is given by

-A[R] _ A[P] :
. = - 3.3
e At 58
[R] _d[P]
As At = 0 e o
o Fis = "¢ 1
0.12
T 0.1 \
.08
g \\
7006
S Instantancous [rate
E at 1 = 600 sec
= 0.04
0.02
Q
200 400 a0 800 1000

Time (8] ——>



It can be determined graphically by drawing a tangent at time t on
either ol the curves lor concentration ol R and P vs time t and calculating
its slope (Fig. 3.1). So in problem 3.1, r__, at 600s for example, can be
calculated by plotting concentration of butyl chloride as a function of
time. A tangent is drawn that touches the curve at =600 s (Fig. 3.2).

The slope of this tangent gives the instantaneous rale.
0.0165-0.037
SD. t 600 s =< irlar B
Mt AEEEY ST 800 - 400) s
ALi=250s r__,=122x10"molL's"’
t=350s 7, =1.0x10%mol L''s™

t=450s 71, =6.4%x10 molL7's™

molL1=5.12 * 10 ° mol L' 's™

Now consider a reaction
Hgfl) + Cl, (g) - HgClL (s)

Where stoichiometric coefficients of the reactants and products are
same, then rate of the reaction is given as

AlHg]__AlcL]_ AlHgCL]

Rate of reaction = -
At At At

i.e., rate of disappearance of any of the reactants is same as the rate
of appearance of the produets. But in the following reaction, two moles of
HI decompose Lo produce one mole each of Hyand L,

OHI(g) — Hylg + Lyg

For expressing the rate of such a reaction where stoichiometric
coeflicients of reactants or products are nol equal to one, rate of
disappearance of any of the reactants or the rate of appearance of
products is divided by their respective stoichiometrie coefficients. Since
rate ol consumption of HI is twice Lhe rate ol formation of H, or 1, lo
make them equal, the term A[HI] is divided by 2. The rate of this reaction
is given by

Rate of reaction =_£.ﬁ[[—11] = ﬁ[H2]= ﬂl[IE]
2 At At At

Similarly, for the reaction
5 Br (aq) + BrO; (ag) +6 H'{ag) — 3 Br, (ag) + 3 H,O (1)

Rate — - L AlBr] z_é[BrU;]z_la{H-jzla[Brz] _14[H,0]
5 Al At 6 At 3 At 3 Al

For a gaseous reaction at constant temperature, concentration is
directly proportional to the partial pressure of a species and hence. rate
can also be expressed as rate of change in partial pressure of the reactant
or the produect.
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Example 3.2 The decomposition of N,O, in CCl, at 318K has been studied by
monitoring the concentration of N O, in the solution. Initially the
concentration of N,O, is 2.33 mol L™ and after 184 minutes, it is reduced
to 2.08 mol L', The reaction takes place according to the equation

Calculate the average rate of this reaction in terms of hours, minutes
and seconds. What is the rate of production of NO, during this period?

Solulion

i

Intext Questions

N0
Average Rate I—{——&[ ;t °]}='

It may be remembered that

A[NO, |

2 N,0, (g) — 4 NO, (g + O, (2

2 2 184 min
6.79 x 10~ mol L™ /min = (6.79 x 107" mol L™ min™") » (60 min/1h)
4.07 x 102 mol L' /h
6.79 x 10 mol L' ¥ 1min/60s
1.13 % 10%mol L'ls™

1[[2_._93-2.@_@_}::1-:1:;*_]

e {20

=B.79x 10** 4 mol L min?! =2,72 x 10 mol L''min™?

At

3.1 For the reaction R— P, the concentration ol a reactant changes from 0.03M
to 0.02M in 25 minutes, Calculate the average rate of reaction using units
of time both in minutes and seconds.

3.2 In a reaction, 2A — Products, the concentration of A decreases [rom 0.5
molL ! to 0.4 mol L ! in 10 minutes. Calculate the rate during this interval?

3, s Factors fﬂﬂﬂﬂﬂﬂiﬂg Rate of reaction depends upon the experimental conditions such
Rate ﬂ‘f a Reaction as concentration of reactants (pressure in case of gases),

3.2.1 Dependence
of Rate on
Concentration

3.2.2 Rate
Expression
and Rate
Constant

Chemistry pbbe

temperature and catalyst,

The rate of a chemical reaction al a given temperature may depend on
the concentration of one or more reactants and products. The
representation of rate of reaction in terms of concentration ol the
reactants is known as rate law. It is also called as rate eguation or
rate expression.

The results in Table 3.1 clearly show that rate of a reaction decreases with
the passage of time as the conceniration of reactants decrease, Conversely,
rates generally increase when reactant concentrations increase, So, rate of
a reaction depends upon the concentration of reactants,



Consider a general reaction
aA +bE = cC+dD
where a, b, ¢ and d are the stoichiometric coefficients of reactants
and products.
The rate expression for this reaction is
Rate = [A]" [BF (3.4)
where exponents x and y may or may not be equal to the
stoichiometric coefficients (a and b) of the reactants. Above equation
can also be wrilten as
Rate = k [A]" [B¥ [3.4a)

—% =k[al [BF (3.4b)

This form of equation (3.4 b} is known as differential rate equation,
where k is a proporticnality constant called rate comstant. The
equation like (3.4), which relates the rate of a reaction to concentration
of reactants is called rate law or rate expression. Thus, rate law is the
expression in which reaction rate is given in terms of molar
concentration of reactants with each term raised to some
power, which may or may not be same as the stoichiometric
coefficient of the reacting species in a balanced chemical
equation. For example:

2NO(g] + O,(g) — 2NO, (g
We can measur the rate of thisaaction as a function of initial
concentrations either by keeping the concentration of one of the reactants
constant and changing the concentration of the other reactant or by
changing the concentration of both the reactants. The following results
are obtained (Table 3.2).

Table 3.2: Initial rate of formation of NO,

Experiment Initial [NO]/ mol L  Initial [0,]/ mel L Initial rate of
formation of NO,/ mol L''s™
1. 0.30 | 0.30 0.096
2 0.60 ' 0.30 0.384
3. 0.30 0.60 0:192
4. 0.60 0.60 0.768

It is obvious, after looking at the results, that when the concentration
of NO is doubled and that of O, is kepl constant then the initial rate
increases by a factor of four [rom 0.096 to 0.384 mol L's™. This
indicates that the rate depends upon the square of the concentration of
NO. When concentration of NO is kept constant and concentration of
0, is doubled the rate also gets doubled indicating that rate depends
on concentration of O, to the first power. Hence, the rate equation for
this reaction will be

Rate = k [NOJ*|0,]

gy Chemical Kinetics



3.2.3 Order of a
Reaction

Chemistry b

The differential form of this rate expression is given as

d[RI = k[NOF [0.]

Nuw. we ubserve that for this reaction in the rate equation derived
from the experimental data, the exponents of the concentration terms
are the same as their stoichiometric coefficients in the balanced
chemical equation.

Some other examples are given below:
Reaction Experimental rate expression
1. CHCY, + Cl, — C©Cl, + HCl Rate = k [CHCL, | [CL]"*
2. CILOOOCH, + O — CHLOOOH + CHLOH Rate = k [CHLCOOC,H,]" [0
In these reactions, the exponents of the concentration terms are not
the same as their stoichiometric coefficients. Thus, we can say that:

Rate law for any reaction cannot be predicted by merely looking at
the balanced chemical equation, i.e., theoretically but must be determined
expernmentally .

In the rate equation (3.4)

Rate = k |A]* [B]Y

¥ and ¥ indicate how sensitive the rate is to the change in concentration
of Aand B. Sum of these exponents, i.e., X + y in (3.4) gives the overall
order ol a reaction whereas x and y represent the order with respect
to the reactants A and B respectively.

Hence, the sum of powers of the concentration of the
reactants in the rate law expression is called the order of that
chemical reaction.

Order of a reaction can be 0, 1, 2, 3 and even a fraction. A zero
order reaction means that the rate of reaction is independent of the
concentration of reactants.

1.3 Calculate the overall order of a reaction which
has the rate expression

[a) Rate = k [A]Y* [B]¥2
(b) Rate =k [A]** [B]”
(a) Rate = k [A]* [BY
order = x +y
So order = 1/2 + 3/2 =13, Le., second order
(b} order = 3/2 + (-1) = 1/2, i.e.. half order.

Cxample 3

Q ;
Solulion

A balanced chemical equation never gives us a true picture of how
a reaction takes place since rarely a reaction gets completed in one
step. The reactions taking place in one step are called elementary
reactions. When a sequence ol elementary reactions (called mechanism)
gives us the products, the reactions are called complex reactions.



These may be consecutive reactions (e.g., oxidation of ethane to CO,
and H,O passes through a series of intermediate steps in which alechol,
aldehyde and acid are formed), reverse reactions and side reactions
{e.g.. nitration of phenol yields o-nitrophenol and p-nitrophenol).
Units of rate constant
For a general reaction

afh + bB — cC + dD

Rate = k [A]* [BFY

Where x + y = n = order of the reaction

_ _Rale
~ |AF[BF
conceniraton 1
= ® where [A]=[1B]
tme (concentration )’ ( )

Taking Sl units of concentration, mol L™ and time, s, the units of
k for different reaction order are listed in Table 3.5

Table 3.3: Units of rate constant

Renction Order Units of rate constant
molL 1 et
Zero order reaction 0 = x = =molL s
| (molL. ")’
molL™? - 1 1
First order reaction 1 =
8 (molL '}
mell ™ 1 ”
Second order reaction 2 & e molLs
(motr, " f

Identify the reaction order from cach of the following rate constanis, Example 3.4
() k=23 x10° L mol* s
i) k=3x 10" s

fi) The unit of second order rate constant is L mol® s, therelore S_nl' lulion
lc=2.3 x 10° L mol s represents a second order reaction,

{ti) The unit of a first order rate constant is & therefore
k=3 x 10" s represents a lirst order reaction.

3.2.4 Molecularity Another property ol a reaction called molecularity helps in

of a understanding its mechanism. The number of reacting species

Reaction {atoms, ions or molecules) taking part in an elementary
reaction, which must collide simultaneously in order to bring
about a chemical reaction is called molecularity of a reaction.
The reaction can be unimolecular when one reacling species is involved,
for example, decomposition of ammonium nitrite.

gy Chemical Kinetics
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NH,NO, — N, + 2H,0
Bimolecular reactions involve simultaneous collision between two
species, lor example, dissocialion ol hydrogen lodide.

2HI = H, + 1,
Trimolecular or termolecular reactions imvolve simultaneous collision
between three reacting species, for example,

2NO + 0, — 2NO,

The probability that more than three molecules can collide and
react simultaneously is very small. Hence, reactions with the
molecularity three are very rare and slow to proceed,

It is, therefore, evident that complex reactions involving more than
three molecules in the stoichiometric equation must take place in more
than one step.

KClO, + 6FeSO, + 3H,80, — KCl + 3Fe,(S0O,), + 3H,0

This reaction which apparently seems to be of tenth order is actually
a second order reaction. This shows that this reaction takes place in
several steps. Which step controls the rate of the overall reaction? The
guestion can be answered if we go through the mechanism of reaction,
for example, chances to win the relay race competition by a team
depend upon the slowest person in the team. Similarly, the overall rate
of the reaction is controlled by the slowest step in a reaction called the
rate determining step. Consider the decomposition of hydrogen
peroxide which is catalysed by iodide ion in an alkaline medium.

T

2H;0, Alkaline medium

s 2H,0 + O,

The rate egquation for this reaction is found to be

_ —d[H,0,]

Rate - =k [H 0, |[1°]

This reaction is first order with respect to both H,0, and I'. Evidences
suggest that this reaction takes place in two steps

(1) H,0, +T - H,0 + 10

(2) H,0, +10" - HO+T + O,

Both the steps are bimolecular elementary reactions. Species [0 is
called as an intermediate since it is formed during the course of the
reaction but not in the overall balanced equation. The first step, being
slow, is the rate determining step. Thus, the rate of formation of
intermediate will determine the rate ol this reaction.

Thus, from the discussion, till now, we conclude the following:
(i) Order of a reaction is an experimental quantity. It can be zero and
even a [raction but molecularity cannot be zero or a non integer.
(if} Order is applicable to elementary as well as complex reactions

whereas molecularity is applicable only for elementary reactions.
For complex reaction molecularity has no meaning.



(iil} For complex reaction, order is given by the slowest step and
maolecularity of the slowest step is same as the order of the overall
reaction.

Intext Cuestions

3.3 Fora reaction, A + B — Product; the rate law is given by, r=k [ A]Y* [BJ*.
What is the order of the reaction?

3.4 The conversion of molecules X to Y follows second order kineties. If
concentration of X is increased to three tmes how will it affect the rate of
formation of Y 7

3.3 Jﬂiﬂgﬂtlﬂd We have already noted that the concentration dependence of rate is
Rate called differential rate equation. It is not always convenient to

. determine the instantaneous rate, as it is measured by determination
{:q“ﬂtm"s of slope of the tangent at point 'Y In concentration vs time plot

(Fig. 3.1). This makes it difficult to determine the rate law and hence
the order of the reaction. In order to avoid this difliculty, we can
integrate the differential rate equation to give a relation between directly
measured experimental data, i.e., concentrations at different times
and rate constant.

The integrated rate equations are different for the reactions of different
reaction orders. We shall determine these equations only for zero and
first order chemical reactions.

3.3.1 Zero Order Zero order reaction means that the rate of the reaction is proportional

Reactions to zero power of the concentration of reactants. Consider the reaction,
R—=P
diR] .
= ——=k
Hate T [RY
As any quantily raised to power zero is unity
diRI
e = ———==kx1
Rate a
diR] = - Ik dt
Integrating both sides
IRl =-kt+]1 [3.5)

where, I is the constant of integration.

At t =0, the concentration of the reactant R = [R],. where [R], is
initial concentration of the reactant.

Substituting in equation (3.5)
[Rl, =-k=0+1

[Rl, =1
Substituting the value ol | in the equation (3.5)
[Rl =kt + [R], (3.6)

giide Chemical Kinetices



Comparing (3.6) with equation ol a straight line,
v = mx + ¢, if we plot [R] against t, we get a straight
I line (Fig, 3.3) with slope =l and intercept equal
[Rl,.
o Further simplifying equation (3.6), we get the rate
o constant, k as
g _IRL ~[R]
2 e (3.7)
E Zero order reactions are relatively uncommon but
E they oceur under special conditions, Some enzyvme
&) catalysed reaclions and reactions which occur on
metal surfaces are a few examples of zero order
0 Time ——> reactions. The decomposition of gaseous ammonia

Fig. 3.3:; Variation in the concentration
vs time plot for a zere order

3.3.2 First Order
Reactions

Chemistry

reaction

72

on a hot platinum surface is a zero order reaction at
high pressure.

INH, (8) e Na (8)+3H, (g)
Rate = k [NH,]° = k

In this reaction, platinum metal acts as a catalyst. At high pressure,
the metal surface gets saturated with gas molecules. So, a further
change in reaction conditions is unable to alter the amount ol ammonia
on the surface of the catalyst making rate of the reaction independent
of its concentration. The thermal decompaosition of Hl on gold surface
is another example of zero order reaction.

In this class of reactions, the rate of the reaction is proportional to the
first power of the concentration of the reactant R. For example,

R — P
Rate = — déR' klR]
or SR

[R]
Integrating this equation, we get
In |R] =~k +1 (3.8)
Again, 1 is the constant of integration and its value can be determined
easily,
When (=0, R=[R], where [R]; is the initial concentration of the
reactant.
Therelore, equation (3.8) can be writien as
In[Rl,=-k =0 +1
In [R], = 1

Substituting the value ol I in equation (3.8)
In[R] = -kt + In[R], 3.9)



Rearranging this equation

R’
[R_}o ket
1, [R],
or k— In ] (3.10)
At time f, from equation (3.8)
“In[R], = - kt, + *In[R], (3.11)
At time t,
In[R], = - kt, + In[R], (3.12)

where, [R], and [R], are the concentrations of the reactants at time
1, and i, respectively.

Subtracting (3.12) from (3.11)
ln[R] - In[R], =~k t, - [-kt))

mBh g, 1)

[R]z
S 1 R |
G- "Rl et
Equation (3.9) can also be writien as
IRl _

Rl
Taking antilog ol bolh sides

[R] = [R], €** (3.14)

Comparing equation (3.9) with vy = mx + ¢, if we plot In [R] against
t(Fig. 3.4) we get a straight line with slope = -t and intercept equal to

In [R}[J
The first order rate equation (3.10) can also be writlen in the form
' 2.303, R
¢ °R] ‘
gI Rl _ Kkt
IR] "~ 2.303

If we plot a graph between log [R],/IR] vs (, [Fig. 3.5),
the slope = k/2.303

Hydrogenation of ethene is an example of first order reaction.
C,H,lg + H, (g — C,H.g
Rate = k [C,H,]

All natural and artificial radioactive decay of unstable nuclel take
place by flirst order kinetics,

* Refer to Appendic-IV Jor In and Iog flogoriiumns),
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| Z
-
% = Slope = k/2.303
g
0 ¢ : . Time ———>
Fig. 3.4: A plot betwween InfR and t Fig. 3.5: Flot af log [Rl;/IR] vs time for a

for a _first order reaction first arder reaction

Rgg'Ra — g.'HE+ ﬁé“*Rn
Rate = Ik [Ra]

Decomposition of N,O. and N,O are some more examples of first
order reactions.

{ xample 3.5 The initial concentration of N,O. in the following first order reaction
N,0,(g) — 2 NO,(g) + 1/20, (g) was 1.24 x 10* mol L'" at 318 K. The
concentration of N,O, after 60 minutes was 0.20 x 10% mol L *. Calculate
the rate constant of the reaction at 318 K.

Splulion For a first order reaction

lgg.[.lill_. =2 k[tQ _tl}

RL, —  2.303
2.303 . |Rh
k= -5) gl

2.303 o 1.24x102 mol L!
(60min-0min) — 0.20x107% molL*?

2303 log6.2min*
B0

k = 0.0304 min!

Let us consider a typical first order gas phase reaction
Alg) — Blg) + Clg)
Let p be the initial pressure of A and p, the total pressure at
time ‘. Integrated rate equation for such a reaction can be derived as
Total pressure p, = p, + p, *+ p. (pressure unitsj



Py Py and p, are the partial pressures of A, B and C, respectively.
If x atm be the decrease in pressure of A at time t and one mole each
of B and C is being formed, the increase in pressure of B and C will also

be x atm each.
Alg) =5 Big] + Clg)
At t=10 p, atm 0 atm 0 atm
At time { (p—x) atm % atm % alm
where, p, is the initial pressure at time t = 0.
B = B, -x)+x+x=p +x
x=(p, - p)
where, p, =p—-x=p - (p.— p)
=2p, - p
(20mst)
2.308 | P,

og
t (2P, - )

The following data were obtained during the first order thermal menpl'e 3.0

decomposition of N,O, (g] al constant volume:

2N,0; (g) - 2N, 0, (g)+ O, (g)

5.No. Time/s Total Pressure/(atm)
1. ] 0.5

2. 100 0.512

Calculate the rate constant.

Let the pressure of N,O.(g) decrease by 2x atm. As two moles of ﬁ)}}_{_{ﬂm
N, 0. decompose to give two moles of N,O,(g) and one mole of O, (g).

the pressure of N,O, (g) increases by 2x atm and that of O, (g

increases by x atm.

2N,0; (g) —> 2N,04(g) + O,(g)

Start t =0 0.5 atm 0 atm 0 atm
At time t (0.5 — 2x) atm 2x atm X atm
P = Puo, t Py, *Po,

=05 -2x%) +2x+x=05+x
x=p —0.5

Pyo, = 0.5 -2x
0.5-2 (p,- 0.5) = 1.5 - 2p,
100 s p, = 0,512 atm

At
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Prvo, =1.5-2x0.512 = 0.476 atm
Using equation (3.16)

: . 5
_2.303,  p,_ _2.303, ~ 05atm

'y -
100s "£0.476atm

t Ba

= 2'3[}3- «0.0216=498x101s!
00 =

3.3.3 Half-Life of The hali-life of a reaction is the time in which the concentiration of a

a Reaction reactant is reduced to one halfl of its Initial concentration. It is
represented as f .

For a zero order reaction, rate constant is given by equation 3.7,

k- [Rb ~IR]

t
At t=t,, ER]=%[R1”

The rate constant at L, 2 becomes

o [RL-1/2[R],
tl_.-'ﬂ
.
YT ok

It is clear thatt , for a zero order reaction is directly proportional
to the initial concentration of the reactants and inversely proportional
to the rate constant.

For the first order reaction,

2.303. [R],
= log =2 (3.15)
t EIR]
at 1, LRJ=% (3.16)
So, the above equation becomes
2303 [R],
I = lo
.  PIRI/2
2.303
or bys= Tlﬂgz
£y =200
0.693
lyg = i (3.17)

Chemistry b



It can be seen that for a first order reaction, hall-life period is
constant, i.e., it is independent of initial concentration of the reacting
species. The hall-life of a [irst order equation is readily calculated [rom
the rate constant and vice versa.

For zero order reaction ¢, , o [R], For first order reaction
t,,, is independent of [R],.

A first order reaction is found to have a rate constant, k = 5.5 x 102 s, Cxample 3.7
Find the hall-life of the reaction.

Half-life for a first order reaction is Sulution
0.693
Lig = I
0.693

b = 5Ex]0Hg1 = 1.26 = 10'%s

Show that in a first order reaction, time required for completion of

99.9% is 10 times of half-life (e, m:' ol the reaction.

When reaction is completed 99.9%, [R]_ = [R], - 0.999(R], Cxample 3.8
2.303 . [R], :
k = Tlﬂgﬁ' Solution
2,303 Ry 2.303
- 1o -
="t ¥iRl,-099%[R], = ¢ °¢¥
t = B.909/k

For hall-lile ol the reaction
i = 0.693/k

_ 6.809 lc

t
L k X 0.693 =

10

Table 3.4 summarises the mathematical features of integrated laws of
zero and first order reactions.

Table 3.4: Integrated Rate Laws for the Reactions of Zero and First Order

Order Reaction Differential Integrated Straight Half- Units of k
type rate law rate law lHne plot life
0 RaP diR]/dt = -k kt=[Rl-IRl | [Rlvst [Rl,/2k | conc time™
or mol L'is
1 RP dRl/dt = kIRl | [Rl=[Rlg™ | In[Rlvst | W 2/k | time‘ors?
or kt =
In{[RI,/[RI)

&_ Clhiemical Kinetics




The order ol a reaction is sometimes altered by conditions. There
are many reactions which obey first order rate law although they are
higher order reactions. Consider the hydrolysis ol ethyl acetate which
is a chemical reaction between ethyl acetate and water, In reality, it
is a second order reaction and concentration of both ethyl acetate and
water affect the rate of the reaction. But water is taken in large excess
for hydrolysis, therefore, concentration of water is not altered much
during the reaction. Thus, the rate of reaction is affected by
concentration of ethyl acetate only. For example, during the hydrolysis
of 0.01 mol of ethyl acetate with 10 mel of water. amounts of the
reactants and products at the beginning (t = 0} and completion () of
the reaction are given as under,

CH,COOC, I, + I,0 —T 5 CcH JL00H  + CIHOH
t=0 0.01 mol 10 mol 0 mol 0 mol
t 0 mol 9.99 mol 0.01 mol 0.01 mol

The concentration of water does not getl altered much during the
course of the reaction. So, the reaction behaves as first order reaction.
Such reactions are called pseudo first order reactions

Inversion of cane sugar is another pseudo lirst order reaction.

H*
Cpl.0,; + Ho —E CH.0, + CH,O,

12" 22 6126
Cane sugar Glucose Fructose
Rate = k [C 1,0, ]

ntext Questions

3.5 A lirst order reaction has a rate constant 1.15 =107 g, How long will 5 g
of this reactant iake to reduce (o 3 g?

3.6 Time required to decompose S50,CL to half of its initial amount is 60

minutes. If the decompesition is a first order reaction, calculate the rate
constant of the reaction.

34 Temperature
Dependence of
the Rate of a

Keaction

Chemistry i

Most of the chemical reactions are accelerated by increase in temperature,
For example, in decomposition of N,Og, the time taken for half of the
original amount of material to decompose is 12 min at 50°C, 5 h at
25°C and 10 days at 0°C. You also know that in a mixiure ol polassium
permanganate (KMnO, and oxalic acid (H,C,0,), potassium
permanganate gets decolourised faster at a higher temperature than
that at a lower temperature,

It has been found that for a chemical reaction with rise in
temperature by 10°, the rate constant is nearly doubled.

The temperature dependence of the rate of a chemical reaction can
be accurately explained by Arrhenius equation (3.158). It was first
proposed by Dutch chemist, J H. van't Holl but Swedish chemist,
Arrhenius provided its physical justification and interpretation.



k= N o BfRE (2.18)

where A is the Arrhenius factor or the frequency factor. It is also called
pre-exponential factor. It is a constant specific to a particular reaction.
R is gas constant and E_is activation energy measured in joules/mole

(J mol Y,
It can be understood clearly using the following simple reaction
H; (g)+1; (g) — 2HI(g) H 1 - H—1
According to Arrhenius, this reaction can take place | + | — —
only when a molecule of hydrogen and a molecule of jodine H 1 R I H—1

collide to form an unstable intermediate (Fig. 3.6). It exists Intermediate

for a very short time and then breaks up to form two pig. 3.6: Formation of HI through
molecules of hydrogen iodide. the intermediate
The energy required to lorm this
intermediate, called activated complex
(C), is known as activation energy (E ).

Fig. 3.7 is obtained by plotting potential Aciivated
energy vs reaction coordinate. Reaction complex
coordinate represents the profile of energy ™ o | A - C
change when reactanis change into T

products, Activarion

Some energy is released when the YALES

complex decomposes to form products.
So, the final enthalpy of the reaction
depends upon the nature of reactants Hy+h, T 2HI B
and products.

_—
Potential energy

All the molecules in the reacting Reaetin cmra PHEHER

species do mot have the same kinetic Fig. 3.7: Diagram showing plot of potential
energy. Since il is dillicull to predict the energy vs reaction coordinate

behaviour of any one molecule with
precision, Ludwig Boltzmann and James
Clark Maxwell used statistics to predict
the behaviour of large number of
molecules. According  to them, the
distribution of kinetic energy may be

of molecules,

The peak of the curve corresponds to
the most probable kinetic energy, i.c.,
kinetic energy of maximumn [raction of Kinetic energy —3
molecules. There are decreasing number
of molecules with energies higher or
lower than this value. When the

described by plotting the fraction of T
molecules W_/N,J with a given kinetic
energy (E) vs kinetic energy (Fig. 3.8). ;.;“
Here, N_ is the number of molecules with % Mast probable
energy E and N, is total number g kinstic snergy
2
£

Fig. 3.8: Distribution curve showing energies
dmong gaseous molecides
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Energy of
activabion

(6+10) This aren shows
molecules which

Thus area react at {i+10)

shenee fraction
of molecules
reacting at t

Kinetic energy ——>

Fraction of molecules —

Fig. 3.9: Distribution curve showing temperature
dependence of rate of a reqaction

fraction of additisnal

temperature is raised, the maximum
of the curve moves to the higher
energy value (Fig. 3.9) and the curve
broadens out, i.e,, spreads to the right
such that there is a greater proportion
of molecules with much higher
energies. The area under the curve
musl  be constanl  since  lotal
probability must be one at all times,
We can mark the position of E, on
Maxwell Bollemann distribution curve
(Fig. 3.9).

Increasing the temperature of the substance increases the fraction
of molecules, which collide with energies greater than E,, It is clear
from the diagram that in the curve até( + 10), the area showing the
fraction of molecules having energy equal to or greater than activation
energy gets doubled leading to doubling the rate of a reaction.

In the Arrhenius equation (3.18) the factor e
the fraction of molecules that have kinetic energy greater than E,.

2 /BT corresponds to

a

Taking natural logarithm of both sides of equation (3.18)

In k= £+lnﬂ
T RT

(3.19)

The plot of In k vs 1/T gives a siraight line according to the equation

(3.19) as shown in Fig. 3.10.

Thus, it has been found from Arrhenius equation (3.18) that
increasing the temperature or decreasing the activation energy will
result in an increase in the rate of the reaction and an exponential

increase in the rate constant,

Intercept = In A

In Fig. 3.10,

4

slope = - R&

and intercept = In

0
1/T —

Fig. 3.10: A plot betiween In ke and 1/7T

Chemistry 856

A. 50 we can calculate E, and A using these values,
Al temperature T, equation (3.19) is

EJ-‘-
Ink, =-ppr +InA (3.20)
1

At temperature T, equation (3.19) is
]
" RT,
(since A is constant for a given reaction)
k, and k, are the values of rate constants at
temperatures T, and T, respectively.

In k, = +In A (3.21)



Subtracting equation (3.20) from (3.21), we obtain

B - i P
In kﬂ ]Il kl m'-l RTB
AL

(3.22)

Example 3.0 The rate constants of a reaction at 500K and 700K are 0.02s' and
' 0.07s ! respectively. Calculate the values ofE _and A.

Sulution hgﬁ _ _E&._[M]
k, -~ 2.303R| LT,

0.07 E, 700 -500
0.02 | 2.303%8.314JK 'mol™ | 700500
0.544 = E_ x 5.714 x 107/19.15

E = 0.544 x 19.15/5.714 x 107 = 182308 J

a

Since ko= AnTHET
0.02 = Aﬂ-ll’-‘lﬁ[i.ﬂfﬂ-.ﬂ]# ® 500
A =002/0012 = 1.61

Cxample 3.0 The first order rate constant for the decomposition of ethyl iodide
by the reaction

C,ILIg — C,H, (g + Hi(g)

at 600K 1s 1.60 x 107 &, Its energy of activation is 209 kJ/mol.
Calculate the rate constant of the reaction at 700K,

Soxbliitmon We know that

__E,_ |1 1
log k, —logk = 5 303R| T, T,

gl el Bt



3.4.1 Effect of
Catalyst

E, [1 1

- k by S g —

198 K = 00 1+2_303R[1; ']':J
= og {1 aos1e5) + 209000 Jmol L™ [ 11 ]
R 2.303x8.314 Jmol L. 'K ' | 600K 700K

log k, = — 4.796 + 2.599 = - 2.197
k, =6.36 x 107 g

A catalyst is a substance which increases the rate of a reaction without
itsell undergoing any permanent chemical change. For example, MnO,
catalyses the following reaction so as to increase its rate considerably.

[ ful®)
2KC10, 2, 2 KCl + 30,

The word catalyst should not be used when the added substance
reduces the rate of raction, The substance is then called inhibitor. The
aclion ol the calalyst can be explained by intermediate complex theory.
According to this theory, a catalyst participates in a chemical reaction by
forming temporary bonds with the reactants resulting in an intermediate
complex. This has a transitory existence and decomposes to yield products
and the catalyst.

It is believed that the catalyst provides an
alternate pathway or reaction mechanism by
reducing the activation energy between

Eneigy of e o ;
A reactants and products and hence lowering
without the potential energy barrier as shown in
caralyst -

o Fig. 3.11.
It is clear from Arrhenius equation (3.18)
ruducts that lower the value of activation energy faster

will be Lhe rate ol a reaction.

Reaction coordinate

- A small amount of the catalyst can catalyse

Fig. 3.11:Effect of catalyst on activation = large amount of reactants. A catalyst does

energy

3.5 Collision
Theory of
Chemical

Reactions

Chemistry B

not alter Gibbs energy, AG of a reaction. It
catalyses the spontaneosus reactions but does
not catalyse non-spontaneous reactions, It is
also found that a catalyst does not change the equilibrium constant of
a reaction rather, it helps in attaining the equilibrium faster, that is, it
catalyses the forward as well as the backward reactions to the same
extent so thal the equilibrium state remains same bul is reached earlier.

Though Arrhenius equation is applicable under a wide range of
circumstances, collision theory, which was developed by Max Trautz
and William Lewis in 1916 -18, provides a greater insight into the
energetic and mechanistic aspects ol reactions. It is based on Kinetic
theory of gases. According to this theory, the reactant molecules are



assumed to be hard spheres and reaction is postulated to occur when
molecules collide with each other. The number of collisions per
second per unit volume of the reaction mixture is known as
collision frequency (Z). Another [actor which affects the rate of
chemical reactions is activation energy (as we have already studied).
For a bimolecular elementary reaction

A+B = Products
rate of reaction can be expressed as
Rate = Zze =/ (3.23)

where Z,; represents the collision frequency of reactants, A and B
and ¢® ™ represents the fraction of molecules with energies equal to
or greater than E,. Comparing (3.23) with Arrhenius equation, we can
say that A is related to collision frequency.

Equation (3.23) predicts the value of rate constants fairly
accurately for the reactions that Involve atomic species or simple
molecules but for complex molecules significant deviations are
observed. The reason could be that all collisions do not lead to the
tormation of products. The collisions in which molecules collide with
sufficient Kinetic energy (called threshold energy®) and proper
orientation, so as to facilitate breaking of bonds between reacting
species and formation of new bonds to form products are ealled as
effective collisions.

For example, formation of CHBr + OH — CHOH + Br
methanol from bromoethane depends

upon the orientation of reactant Imprper HH‘E"_];? EH_, No
molecules as shown in H,, . _ e products

Fig. 3.12. The proper orientation of !I-HC--Br + OH — & g
reactant molecules lead to bond H P R - _
formation whereas improper e |EIO----IC{---Br] =¥ O —~S=Hivr
ortentation makes them simply el 3!

bounce back and no products are Intermediate

Jormed. Fig. 3.12: Diagram showing molecules having proper and
To account for effective collisions, improper orientation

another factor P, called the probability

or steric factor is introduced. It takes into account the fact that in a

collision, molecules must be properly oriented f.e.,

Rate = PZ, e /%"

Thus, in collision theory activation energy and proper orientation of
the molecules together determine the criteria for an effective collision
and hence the rate ol a chemical reaction.

Collision theory also has certain drawbacks as it considers aloms/
molecules to be hard spheres and ignores their structural aspect. You
will study details about this theory and more on other theories in your
higher classes,

* Threstold energy = Activation Energy 4+ energy possessed by reacting species.

E\a Clhiemical Kinetics



Intext Questions

3.7 What will be the effect of temperature on rale constant 7

3.8 The rate of the chemical reaction doubles for an increase of 10K in ab=solute
temperature from 298K. Calculate E_.

3.9 The activation energy for the reaction

2 Hl(g) =H, +L, (g

is 209.5 kJ mol™ at 581K.Calculate the fraction of molecules of reactants
having energy equal to or greater than activation energy?

Summary

Chemical kinetics is the study of chemical reactions with respect to reaction
rates, effect ol various variables, rearrangement of aloms and formation of
intermediates. The rate of a reaction is concerned with decrease in concentration
of reactants or increase in the concentration of products per unit Hme., It can
be expressed as instantaneous rate at a partlcular instant of time and average
rale over a large interval of me. A number ol factors such as temperature,
concentration of reactants. catalyst, affect the rate of a reaction. Mathematical
representation of rate of a reaction is given by rate law. It has to he determined
experimenlally and cannol be predicled. Order of a reaction with respect o
a reactant is the power of [ts concentration which appears In the rate law
equation. The order of a reaection is the sum of all such powers of concentration
ol terms lor different reactanis. Rate constant is the proportionalily faclor in
the rate law. Rate constant and order of a reaction can be determined from rate
law or its integrated rate equation. Molecularity is delined only for an elementary
reaction. Its values are limited from 1 to 3 whereas order can be 0. 1, 2, 3 or
even a fraction. Molecularity and order of an elementary reaction are same.

Temperature dependence of rate constants Is described by Arrhenius equation
(ke = A B/BT) E_ corresponds to the activation energy and is given by the
energy difference between activated complex and the reactant molecules, and A
(Arrhenius factor or pre-exponential factor] corresponds to the collision frequency.
The equation clearly shows that increase of temperature or lowering of E_ will
lead to an increase in the rate ol reaction and presence ol a catalyst lowers the
activation energy by providing an allernate path for the reaction. According to
collision theory, another factor P called steric factor which refers to the orientation
of molecules which collide, is important and contributes o eflective collisions,
thus, modifying the Arrhenius equation to J=PZ, e 5/,
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Exercises

3.1 From the rate expresslon for the following reactions, determine their
order ol reaction and the dimensions of the rate constants.

(i) 3NO(g) — N,O (g) Rate = k[NOF
(i) H,0, (ag) + 31 (ag) + 2H" — 2H,0 () + I, Rate = k[H,0,]II
fiil) CH,CHO (g) — CH, (g) + CO(g) Rate = k [CIL,CHOP?
(iv) CH,Cl (8] = CH, (@) + HCI (g Rate = k [CH.C]
3.2 For the reaction:
2A+B — AB

the rate =k |A|[BF with k = 2.0 = 10° mol® 1L? s, Calculate the initial
rate of the reaction when [A] = 0.1 mol L'}, [B] = 0.2 mol LY. Calculate
the rate of reaction after [A] is reduced to 0.06 mol 17

3.3 The decomposition of NH; on platinum surface Is zero order reaction. What
are the rates of production of N, and H, #f k=2.5% 10" mol'' Ls'?

3.4 The decomposition of dimethyl ether leads to the formation ol CH,, H,
and CO and the reaction rate iz given by
Rate = & [CH,OCH,]*"
The rate of reaction is lollowed by Increase in pressure in a closed

vessel, s0 the rate can also be expressed in terms ol the partial pressure
of dimethyl ether, ie,,

3
Rﬂie = k{_pm;pg” 3]5
If the pressure is measured in bar and time in minutes, then what are
the units of rate and rate constants?
3.5 DMention the factors that affect the rate of a chemical reaction.

3.6 A reaction Is second order with respect to a reactant. How ls the rate
ol reaction allected il the concentration of the reactant is

(1] doubled (if) reduced to half ¢

3.7 What is the eflect ol temperature on the rate constant ol a reaction?
How can this effect of temperature on rate constant be represented

quantitatively?
3.8 In a pseudo first order reaction in water, the following results were
obtained:
/s ¢ 30 60 90
[Al/ mol L .55 | 0.31 0.17 0.085

Caleulate the average rale of reaction between the (ime Interval 30

to B0 seconds,

3.9 A reaction is first order in A and second order in B.

(1) Write the ditferential rate eguation.

(if) How is the rate affected on increasing the concentration of B three
Limes?

(iii) How is the rate affected when the concentrations of both A and B
are doubled?
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3.10 In a reaction between A and B, the initial rate of reaction (ry) was measured
for different initial concentrations of A and B as given below:

A/ mol L' 0.20 0.20 0.40
B/ mal L 0.30 0.10 0.05
r,/mol Lig! 5.07x 10° | 5.07x 10% | 1.43x 10%

What is the order of the reaction with respect to A and BY
3.11 The following results have been obtained during the kinelic studies ol the reaction:
2A+B—=3C+D

Experiment |A] fmol L7 |B]/mol L1 Indtial rate of formation
of D/mol L™ min™
I 0.1 0.1 6.0 x 102
1l 0.3 0.2 7.2 » 107
I 0.3 0.4 2.88x 107
v 0.4 0.1 240 % 107%

Determine the rate law and the rate constant for the reaction,

3.12 The reaction between A and B Is first order with respect to A and zero order
with respect to B. Fill in the blanks in the following table:

Experiment [Al/ mol L' | [B)Y mol LT Initial rate/
mol L7 min™
1 0.1 0.1 2.0 x 102
i - 0.2 4.0 x 10°?
I 0.4 0.4 -
v - 0.2 2.0 = 1072

3.13 Calculate the hall-life ol a first order reaciion [rom their rate constanis given
below:

i) 200 st (i) 2 min™?t (iii) 4 years?

3.14 The halflife for radicactive decay of "C is 5730 years, An archaeological

artifact containing wood had only 8046 of the € found in a living iree. Estimate
the age of the sample,

3.15 The experimental data for decomposition of N, O,
[2N,0, — 4NO, + Q,]
in gas phase al 318K are given below;

t/a 0 400 | 200 | 1200 | 1600 | 2000 | 2400 EEUDLEZGU
10° x IN,0,0/ |1.63 | 1.36 | 1.14 | 093 | 0.78 | 0.64 | 053 | 0.43 | 0,35
mol LT

{i) Plot [N,O.] against t

{ii) Find the half-life period for the reaction.
{iii) Draw a graph between log{N,O,] and ¢
{iv) Whal is Lthe rate law ?
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(v) Calculate the rate constant.
(vi) Calculate the half-life period from k and compare it with (i),

3.16 The rate constant for a lirst order reactlion is 60 s'. How much time will
it take to reduce the initial concentration of the reactant to its 1/16™
value?

3.17 During nuclear explosion, one of the products is *Sr with hall-life of
28,1 years, If 1g of *Sr was absorbed in the bones of a newly born
haby instead of calehmm, how much of it will remain after 10 vears and
60 years if it is not lost metabolically.

3.18 For a first order reaction, show that time required for 99% completion
is twice the time required for the completion of 9% of reaction.

3.19 A first order reaction takes 40 min for 30% decomposition. Caleulate t, .

4.20 For the decomposition of azoisopropane to hexane and nitrogen at 543
K. the following data are obtained.

t (sec) Pimm of Hg
(4] 35.0
360 54.0
720 63.0

Caleulate the rate énnstmﬂ.

3.21 The following data were obtained during the first order thermal
decomposition of SOClL, at a constant volume.

S0,Cl, (g) = 50, (g) +Cl; (g)

Experiment Time/s* | Total pressure/atm
1 0 | 0.5
2 100 | 0.6

Calculate the rate of the reaction when total pressure is 0.65 atm.

3.22 The rate constant for the decomposition of N,O, at various temperatures
is given below:

/¢ | o | 20 | a0 | e0 | 80

« ez

10% % kfs!t | 0.0787 1.70 25.7 178 2140

Draw a graph between In k and 1/T and calculate the values of A and
E,. Predict the rate constant at 30° and 50 C.

3.23 The rate constant for the decomposition of hydrocarbons is 2.418 » 10°%!
at 546 K. If the energy of activation is 178.9 kJ/mol. what will be the value
of pre-exponential factor.

3.24 Consider a certain reaction A — Preducts with = 2.0 » 10-%s". Calculate
the concentration of A remaining after 1040 s if the initial concentration
of Ais 1.0 mol L,

3.20 Sucrose decomposes in acid solution into glucose and fructose according
to the first order rate law, with £ . = 3.00 hours. What fraction of sample
of sucrose remains after 8 hours ¥

3.268 The decomposition of hydrocarbon follows the equation
k= (4.5 » 105"} gy
Calculate E,
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3.27

3.28

3.29

3.30

3.1
3.2

3.3
3.4

3.8
3.6
3.8
3.9

The rate constant lor the first order decomposition of H O, is given by the
following equalion:

log k= 14.34 - 1.25 =« 10°K/T
Caleulate £ for this reaction and at what temperature will its hall-period
be 256 minutes?

The decomposition of A into product has value of k as 4.5 x 10 5" at 10°C
and energy of activation 60 kJ mol'. At what temperature would k be
1.5 = 10419

The time required for 1086 completion of & first order reaction at 298K is
equal to that required for its 25% completion at 308K, If the value of A i=
4 » 10%s ! Caleulale k at 318K and E.

The rate of a reaction quadruples when the temperature changes from
203 K to 313 K. Caleulate the energy of activation of the reaction assuming
that it does nol change with temperature.

Answers to Some Intext Questions
r, =666 x 10% Ms!
Rate of reaction = rate of diappearance ol A
= (0.005 mol litre 'mint
Order of the reaction is 2.5

X=+Y

Rate = k[3*

The rate will increase 9 times
L =444 s

1.825 = 10t 5!

Ea = 52.897 kJ mol!

1.471 = 10®
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After studylng this Unit, you will be
able to

learn the positions of the d- and
Jblock elements in the periodic
table;

know the electronic configurations
of the transition (d-block] and the
inner transition (Fblock) elements;
appreciate the relative stability of
various oxidation stales in lerms
ol electrode potential values,

describe the preparation,
properties, structures and uses
of some important compounds
such as K,Cr,0; and KMnO,;
understand the general
characteristics of the d- and
Fblock elements and the general
horizontal and group trends in
them;

describe the properties of the
S-block elements and give a
comparative account of the
lanthanoids and actinoids with
respect to their elecironie
configurations, oxidation states
and chemical behaviour,

e ¢ | and f-
plocKREIPmenie

Tron, copper, stheer and gold are among the transition elements thet
hape plageed irportant roles in the development of human cioilisation.
The inner transition elemenis stch os Th, Pa aned L7 are prooing
excellent sources of nuclear energy in moderm Hmes.

The d-block of the periodic table contains the elements
ol the groups 3-12 in which the d orbitals are
progressively filled in each of the four long periods.
The f-block consists of elements in which 4 fand 5 f
orbitals are progressively filled. They are placed in a
separale panel at the botlom ol the periodic table. The
names transition metals and inner transition metals
are ofien used to refer to the elements ol d-and
Jblocks respectively.

There are mainly four series of the transition metals,
3d series [Sc to Zn), 4d series [Y to Cd), bd series (La
and Hf to Hg) and 6d series which has Ac and elements
from Rf to Cn. The two series of the Inner transition
metals; 4f (Ce to Lu) and 5/ (Th to Lr) are known as
lanthanoids and actinoids respectively,

Originally the name transition metals was derived
from the fact that their chemical properties were
transitional between those of 5 and p-block elements.
Now according to TUPAC, transition metals are defined
as metals which have incomplete d subshell either in
neutral atomm or in their ions. Zine, cadmium and
mercury of group 12 have full d'* configuration in their
ground state as well as in their common oxidation states
and hence, are not regarded as transition metals.
However, being the end members of the 3d, 4d and bd
transition series, respectively, their chemistry is studied
along with the chemistry of the transition metals.

The presence of partly filled d or {orbitals in their
atoms makes transition elements different from that of



4.1 Position in the
Deriodic Table

2.2 Electronic

Configurations
of the d-Block

Elements

the non-transition elements. Hence, transition elements
and their compounds are studied separately. However,
the usual theory of valence as applicable to the non-
transition elements can be applied successfully to the
transitlon elements also,

Various precious metals such as silver, gold and
platinum and industrially important metals like iron,
copper and titanium belong to the transition metals series.

In this Unii, we shall first deal with the electronic
configuration, oceurrence and general characteristics ol
transition elements with special emphasis on the trends
in the properties of the first row (3d) transition metals
along with the preparation and properties of some
important compounds. This will be [ollowed by
consideration of certain general aspects such as elecironic
configurations, oxidation states and chemical reactivity
of the inner transition metals,

THE TRANSITION ELEMENTS (d-BLOCK)

The d-block occupies the large middle section of the periodic table
Hanked between s- and p- blocks in the periodic table. The d-orbitals
of the penultimate energy level of atoms receive electrons giving rise (o
four rows of the transition metals, i.e., 3d, 4d, bd and 6d. All these
series of transition elements are shown in Table 4.1.

In general the electronic configuration of outer orbitals of these elements
is (n-1)d" “ns' *except for Pd where its electronic configuration is 4d5s",
The (n-1) stands for the inner ¢ orbitals which may have one to ten
electrons and the outermost ns orbital may have one or two electrons.
However, this generalisation has several exceptions because ol very
little energy difference between (n-1)d and ns orbitals. Furthermore,
half and completely filled sets of orbitals are relatively more stable. A
consequence of this factor is reflected in the electronic configurations
ol Cr and Cu in the 3d series. For example, consider the case ol Cr,
which has 3d° 4s' configuration instead of 3d'4s’; the energy gap
between the two sets (3d and 4s) of orbitals is small enough to prevent
electron entering the 3d orbitals. Similarly in case of Cu, the
configuration is 3d'°4s' and not 3d°4s, The ground state electronic
conligurations of the outer orbitals of transition elements are given in
Table 4.1.

Table 4.1: Electronic Configurations of outer orbitals of the Transition Elements
(ground state]
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T T e

Y Zr Nb Mo Te Bu Eh Pd Ag Cd

& 39 40 41 42 43 4% 45 4G 47 48
55 2 2 1 1 1 1 1 0 1 2

Al 1 2 4 5 (3] T b 10 10 10

3rd Series

La HI Ta W Re Os Ir Pt An Hg

b 57 72 73 74 7h 76 7 78 79 a0
65 p 2 2 2 2 S ) 1 1 2
Bel 1 2 3 4 5 6 T 2] 10 10

4th SBeries

Ac Rf Db Sg Bh Hs Mt Ds Rg Cn
z 89 104 105 106 107 108 109 110 111 112
7= 2 2 2 2 2 2 2 2 1 2
Bed 1 2 3 4 5 6 7 2] 10 10

The electronic configurations of outer orbitals of Zn, Cd, Hg and Cn
are represented by the general formula (n-1)d**ns®. The orbitals in
these elements are completely filled in the ground state as well as in
their common oxidation states. Therefore, they are not regarded as
transition elements.

The d orbitals of the transition elements protrude to the periphery of
an atom more than the other orbitals (i.e., s and p), hence, they are more
influenced by the surroundings as well as affect the atoms or molecules
surrounding them. In some respects, ions of a given o' configuration
(n =1 - 9) have similar magnetic and electronic properties. With partly
filied d orbitals these elements exhibit certain characteristic properties
such as display of a variety of oxidation states, formation of coloured
ions and entering into complex formation with a variety of ligands.

The transition metals and their compounds also exhibit catalytic
property and paramagnetic behaviour, All these characteristics have
been discussed in detall later in this Unit.

There are greater similarities in the properties of the transition
elements of a horizontal row in contrast to the non-transition elements.
However. some group similarities also exist. We shall first study the
general characteristics and their trends in the horizontal rows
[particularly 3d row) and then consider some group similarities.

On what ground can you say that scandium (Z = 21) is a transition ﬂxﬂmm'u .0

element but zinc (£ = 30) is not?

On the basis of mmmpletr:l}r filled 3d orbitals in case of scandium atom &,

in its ground state (3d), it is regarded as a transition element. On the
other hand, zine atom has completely filled d orbitals (3d) in its
ground state as well as In its oxidised state, hence it is not regarded
as a transition element.

Lion
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Intext Question

4.3 General
Droperties

4.1 Silver atom has completely filled d orbitals (4d") in its ground state,
How can you say that it is a transition clement?

We will discuss the properties of elements of first transition series
only in the following sections.

4.3.1 Physical Properties
t}f Nearly all the transition elements display typical metallic properties

the Transition Such as high tensile strength, ductility, malleability, high thermal and

Clements

electrical conductivity and metallic lusire. With the exceptions of Zn,
Cd, Hg and Mn, they have one or more typical metallic structures at

( d'Blu:k) normal lemperatures,

Lattice Structures of Transition Metals

Sc Ti v Cr Mn Fe Co Ni Cu 2Zn
hep hep bee bee X bee cep cop cep X
bee) (bee) (bee, ccp)  (hep) (hep) (hep)
L Zr Nb Mo Te Ru Rh Pd Ag Cd
hep hep bee boe hep hep cep cep cep X
(bec) (bee) (hep)
La Hf Ta w Re Os Ir Pt Aun Hg
hep hep bee bee hep hep cop cop cep X
(cep.bee)  (bec)

4

M.p./10°K
b
I

fhoe = hody centred culde; hep = hevagonal close packed)
cep = cubic close packed; X = a typical metal strucrure),

w

The transition metals (with the exception
of Zn, Cd and Hg) are very hard and have low
volatility., Their melling and boiling points are
high. Fig. 4.1 depicts the melting points of
transition metals belonging to 3d, 4d and 5d
series. The high melting points of these metals
are attributed to the involvement of greater
number of electrons from (n-1)d in addition to
the ns electrons in the interatomic metallic
bonding, In any row the melting points of these
metals rise to a maximum at d® except for
anomalous values of Mn and Tc and [all
regularly as the atomic number increases.
They have high enthalpies of atomisation which

Fig. 4.1: Trends in melling points of

Chemistry gide

are shown in Fig. 4.2, The maxima at about
the middle of each series indicate that one
freisttion etemenits unpaired electron per d orbital is particularly

Atomic number — =



Fig. 4.2

Trends in enthalpies
af afomisation of
transition elements

4.3.2 Variation in
Atomic and
Ionic Sizes
of
Transition
Metals

favourable for strong interatomic interaction. In general, greater the
number of valence electrons, sironger is the resultant bonding. Since
the enthalpy of atomisation is an important factor in determining the
standard electrode potential of a meial, metals with very high enthalpy
of atomisation {i.e., very high boiling point) tend to be noble in their
reactions (see later for electrode potentials),

Another generalisation that may be drawn from Fig. 4.2 is that the
metals of the second and third series have greater enthalpies of
atomisation than the corresponding elements ol the first series; this is an
important factor in accounting for the occurrence of much more frequent
metal — metal bonding in compounds of the heavy transition metals.

900

—— 38ries 3
— Serles 2
Series 1

500~

400+

AIT [l mol' —

3004

Atomic number ——

In general, ions of the same charge in a given series show progressive
decrease in radius with increasing atomic number, This is because the
new electron enters a d orbital each time the nuclear charge increases
by unity. It may be recalled that the shielding effect of a d electron is
not that effective, hence the net electrostatic attraction between the
nuclear charge and the outermost electron increases and the ionic
radius decreases. The same trend is observed in the atomic radii of a
given series. However, the variation within a series is quite small. An
interesting point emerges when atomic sizes of one series are compared
with those of the corresponding elements in the other series, The curves
in Fig, 4.3 show an increase [rom the first (3d) to the second (4d) series
of the elements but the radii of the third [5¢) series are virtually the
same as those of the corresponding members of the second series, This
phenomenon s associated with the intervention of the 4f orbitals which
musi be [illed before the 5d series of elements begin, The [illing of 4f
before 5d orbital results in a regular decrease in atomic radii called
Lanthanoid contraction which essentially compensates for the expected

L3, The d- and F Block Elements



increase in atomic size with increasing atomic number. The net result
of the lanthanoid contraction is that the second and the third d series
exhibit similar radii (e.g., Zr 160 pm, HI 159 pm) and have very similar
physical and chemical properties much more than that expected on
the basis of usual family relationship.

1189
<418

bl
=]

Radius/nm

12

1 | 'l L L

L

¥V Cr Mn Fe Co NI Cu Zn
e ¥ FZr Nb Mo Tc Ru Rh Pd Ag Cd

i

1
—_— G

La Hf Ta W Re Os Ir PL Au Hg

Fig. 4.3: Trends in atomic radil of
transition elermnents

The factor responsible for the lanthanoid
contraction is somewhat similar to that observed
in an ordinary transition series and is attributed
to similar cause, Le., the imperlect shielding of
one electron by another in the same set of orbitals.
However, the shielding of one 4/ electron by
another is less than that of one d electron by
another, and as the nuclear charge increases
along the series, there is fairly regular decrease
in the size of the entire 4" orbitals,

The decrease in metallic radius coupled with
increase in atomic mass results in a general
Increase in the density of these elements, Thus,
from titanium (Z = 22) to copper (Z = 29) the
significant increase in the density may be noted
(Table 4.2).

Table 4.2:Electronic Configurations and some other Properties of
the First Series of Transition Elements

Element Sc Ti v

Atomic number 22 23

| Electronic configuration

21

M 3d'ds? 3884 3dPds?
M 3d'ds'  5d'4s' 3didst
M 3 34’ 3
MY laz] ad' ad*
 Enthalpy of atomisation, 4,4 /kJ mol®
306 473 515
lonisation enthalpy/AH /kJ mel’
CAHT i 631 656 G50
~H® I 1235 1309 1414
MM 1l 2393 2657 2833
| Metallie fionic M 164 147 185
radii/pm M 78
M 73 67 64
' Standard
electrode M /M = -1.63 -1.18
| potential E°/V  M¥/M® - —0.87 -0.28
Density/g cm® 3.43 4.1 6.07

“hemistry o894,

Cr Mn Fe Co Ni Cu Zn
24 25 26 27 24 29 30
Ad54s? 8f4s® 34 3074 a848°  3dVW4s adMad
3d°  Het4s' 3F4st Fd4st 3P4 300 3aMW4s
3! gd" 3d° 3d” 34 3d° 3da"
ad®  ad' 3a* 3d® ad” - -
a6y 281 416 405 430 aag 126
653 717 762 754 736 745 a6
1592 1500 1561 16844 1752 1958 1734
2990 32260 2062 4243 3402 4556 4837
1253 157 126 195 125 128 1a7
52 H2 77 74 70 T3 75
52 65 G5 51 GO = =
0,90 -1.18 -0.44 -0.28 -0.25 +0.34 -0.76
-0.41 +1.57 +0.77 +1.97 - - -
7.le 7.4 7.5 8,7 &0 a4 b |



Why do the transition clements exhibit higher enthalpies of Example 4.2

atomisation?

Because of large number of unpaired electrons in their atoms they Solution
have stronger interatomic interaction and hence stronger bonding
between atoms resulting in higher enthalpies of atomisation.

4.2 In the series Sc (Z= 21) to Zn (Z = 30), the enthalpy of atomisation
of zine is the lowest, L.e., 126 kJ mol ™. Why?

4.,3.3 Ionisation
Enthalpies

There is an increase in ionisation enthalpy along each series of the
transition elements from left to right due to an increase in nuclear
charge which accompanies the filling of the inner d orbitals, Table
4.2 gives the values of the first three ionisation enthalples of the first
series of transition elements. These values show that the successive
enthalpies of these elements do not Increase as steeply as in the case
of non-transition elements, The variation in ionisation enthalpy along
a series of transilion elements is much less in comparison to the variation
along a period of non-transition elements. The first lonisation enthalpy,
in general, increases, but the magnitude of the increase in the second
and third ionisation enthalpies for the successive elements, is much
higher along a series.

The irregular trend in the first ionisation enthalpy of the metals of
3d series, though of little chemical significance, can be accounted for
by considering that the removal of one electron alters the relative energies
of 45 and 3d orbitals. You have learnt that when d-block elements form
ions, ns electrons are lost before (n— 1) d electrons. As we move along
the period in 3d series, we see that nuclear charge increases from
scandium to zinc but electrons are added to the orbital of inner subshell,
i.e., 3d orbitals. These 3d electrons shield the 4s electrons from the
increasing nuclear charge somewhat more effectively than the outer
shell electrons can shield one another. Therefore, the atomic radii
decrease less rapidly. Thus, ionization energies increase only slightly
along the 3d series. The doubly or more highly charged ions have "
configurations with no 4s electrons. A general trend of increasing valiues
of second ionisation enthalpy is expected as the effective nuclear charge
increases because one d electron does not shield another electron [rom
the influence of nuclear charge because d-orbitals differ in direction.
However, the trend of steady increase in second and third ionisation
enthalpy breaks for the formation of Mn®* and Fe® respectively, In both
the cases, ions have & configuration. Similar breaks occur at
corresponding elements in the later transition series.

The interpretation ol variation in ionisation enthalpy for an electronic
configuration " is as follows:

The three terms responsible for the value of ionisation enthalpy are
attraction of each electron towards nucleus, repulsion between the
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4.3.4 Oxidation

States

Chemistry

L6

electrons and the exchange energy. Exchange energy is responsible for
the stabilisation ol energy stale. Exchange energy is approximately
proportional to the total number of possible pairs of parallel spins in
the degenerate orbitals. When several electrons occupy a set of
degenerate orbitals, the lowest energy state corresponds (o the maximum
possible extent of single occupation of orbital and parallel spins (Hunds
rule). The loss of exchange energy increases the stability. As the stability
increases, the ionisation becomes more difficult. There is no loss of
exchange energy al d® configuration. Mn* has 3d°4s' configuration and
configuration of Cr* is o, therefore, ionisation enthalpy of Mn* is lower
than Cr'. In the same way, Fe*" has d® configuration and Mn?* has 3d°
configuration. Hence, ionisation enthalpy of Fe** is lower than the Mn*'.
In other words, we can say that the third fonisation enthalpy of Fe is
lower than that of Mn.

The lowest common oxidation state of these metals is +2. To
form the M* ions from the gaseous atoms. the sum of the first and
second ionisation enthalpy is required in addition to the enthalpy of
atomisation. The dominant term is the second ionisation enthalpy
which shows unusually high values for Cr and Cu where M’ ions
have the d° and d" configurations respectively. The value for Zn is
correspondingly low as the ionisation causes the removal ol one 4s
electron which results in the formation of stable d'° configuration.
The trend in the third lonisation enthalples is not complicated by
the 4s orbital factor and shows the greater difficulty of removing an
electron from the ¢ (Mn*) and d** (Zn™) fons. In general, the third
lonisation enthalpies are quite high. Also the high values for third
ionisation enthalpies of copper, nickel and zinc indicate why it is
difficult to obtain oxidation stale greater than two for these elements.

Although ionisation enthalpies give some guidance concerning the
relative stabilities of oxidation states, this problem is very complex and
not amenable to ready generalisation.

One of the notable features of a transition elements is the great variety
ol oxidation states these may show in their compounds. Table 4.3 lists
the common oxidation states of the first row transition elements.

Table 4.3: Oxidation States of the first row Transition Metal
(the most common ones are in bold types]

Sc Ti v Cr Mn Fe Co Ni Cu Zn

+2 +2 +2 +2 +2 +2 +2 +1 +2
+3 +3 +3 +3 +3 +3 +3 +3 +2
+4 +4 +4 +4 +4 +4 +4
+5 +5 +5
+6 +6 +6
+7




The elements which give the greatest number of oxidation states
occur in or near the middle ol the series. Manganese, lor example,
exhibits all the oxidation states from +2 to +7. The lesser number of
oxidation states at the extreme ends stems from either too few electrons
to lose or share [Sc, Ti) or too many d electrons (hence fewer orbitals
available in which to share electrons with others) for higher valence
{Cu, Zn), Thus, early in the series scandium(Il) is virtually unknown
and titanium (IV) is more stable than Ti{lll) or Ti(ll). At the other end,
the only oxidalion state of zinc is +2 [no d electrons are involved). The
maximum oxidation slates of reasonable stability correspond in value
to the sum of the s and d electrons upto manganese (Ti"0,, V'O,
Cr'o,”, Mn'™0,) followed by a rather abrupt decrease in stability of
higher oxidation states, so that the typical species to follow are Fe'"™,
Ca™ W o 2

The variability of oxidation states. a characteristic of transition
elements, arises out of incomplete filling of d orbitals in such a way
that their oxidation states differ from each other by unity, e.g., V%, v,
V¥ V¥, This is in contrast with the variability of oxidation states of non
transition elements where oxidation states normally differ by a unit
of two.

An interesting feature in the variability of oxidation states of the -
block elements is noticed among the groups (groups 4 through 10).
Although in the p-block the lower oxidation states are favoured by the
heavier members (due to inert pair effect], the opposite is true in the
groups ol d-block. For example, in group 6, Mo(V]) and W(V]) are
found to be more stable than Cr(VI). Thus CriVI) in the form of dichromate
in acidic medium is a strong oxidising agent. whereas MoO; and WO,
are not.

Low oxidation states are found when a complex compound has
ligands capable ol nm-acceptor character in addition to the o-bonding.
For example, in Ni(CO), and Fe(CO);, the oxidation state of nickel and
iron is zero.

Name a transition element which does not exhibit variable E'xnmpfu 4.3 [

oxidation states.

=1

Scandium (Z = 21) does not exhibit variable oxidation states. Solution

Intext Question

4.3 Which of the 3d series of the transition metals exhibits the
largest number ol oxidation states and why?

Lfs The - and f Block Elements



4.3.5 Trends in the Table 4 .4 contains the thermochemical parameters related to the
MY /M

Standard
Electrode
Potentials

transformation of the solid metal atoms to M*"ions in solution and their
standard electrode potentials. The observed values of E¥ and those
calculated using the data of Table 4.4 are compared in Fig, 4.4,

The unigue behaviour ol Cu, having a positive E®, accounts for its
inability to liberate H, from acids. Only oxidising acids [nitric and hot
concentrated sulphuric) react with Cu, the acids being reduced. The
high energy to transform Cu(s) to Cu®{aq) is not balanced by its hydration
enthalpy. The general trend lowards less negative E° values across the

0.5

Standard electrode poteniial /V

_2_ Il L ! i i i ]
L] T L] i T L

Ti ¥V Cr Mn Fe Co NI Cu Zn

B Observed values # Calculated values
Fig. 4.4: Observed and ecalculaded values for the standard

electrode potentials
i — M°) of the elements Ti to Zn

series is related to the general increase in the sum of the first and second
ionisation enthalpies. It is interesting to note that the value of E® for Mn,
Ni and Zn are more negative than expected from the trend.

Why is Cr*" reducing and Mn® oxidising when both have o configpuration? Cxample 4.4

cr” is reducing as its configuration changes from d* to d’, the latter Solution
having a half-filled Lz level (see Unit 5). On the other hand, the change
from Mn”' to Mn®' results in the half-filled (d°) configuration which has

exira stability.

Intext Question

4.4 The E® [Mz"f'M} value for copper is positive (+0.34V). What is possible
reason for this? (Hint: consider its high AH® and low f_\.h,.fHE )

Chemistry
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4.3.6 Trends in
the M*' /M**
Standard
Electrode
Potentials

4.3.7 Trends in
Stability of

Higher

Oxidation

States

Table 4.4:Thermochemical data (kJ mol"') for the first row Transition
Elements and the Standard Electrode Potentials for the
Reduction of M" to M.

Eiement (M) AH® (M) AH]

Ti 469 B58 1309 -1366 -1.63

V 515 BS0 1414 -1895 -1.18
Cr 398 633 1592 -1925 -0.90
Mn 279 717 1509 -1862 -1.18
Fe 418 762 1561 -1898 -0.44
Co 427 758 1644 -2079 -0.28
Ni 431 736 1752 -2121 -0.25
Cu 338 745 1955 2121 0.54
Zn 130 906 1734 -2069 -0.76

The stability of the half-filled d sub-shell in Mn*" and the completely
filled d"* configuration in Zn*" are related to their E° values, whereas
E® for Ni is related to the highest negative ﬂmHG

An examination of the E2(M® /M®) values (Table 4.2) shows the varying
trends. The low value for Sc reflects the stability of Sc¢® which has a
noble gas configuration. The highest value for Zn is due to the removal
of an electron from the stable d configuration of Zn’. The
comparatively high value for Mn shows that Mn*'(d°) is particularly
stable, whereas comparatively low value for Fe shows the extra stability
of Fe*' (d”). The comparatively low value for V is related to the stability
of V¥ (hall-filled 15, level, Unit 5).

Table 4.5 shows the stable halides of the 3d series of transition metals,
The highest oxidation numbers are achieved in TiX; (tetrahalides), VFy
and CrFg. The +7 state for Mn is not represented in simple halides but
MnO,F is known, and beyvond Mn no metal has a trihalide except FeX,
and CoF;, The ability of fluorine to stabilise the highest oxidation state is
due to either higher lattice energy as in the case of CoF;, or higher bond
enthalpy terms for the higher covalent compounds, e.g., VF; and CrFg.
Although V™ is represented only by VF.. the other halides, however,
undergo hydrolysis to give oxohalides, VOX,;. Another feature of fluorides
is their instability in the low oxidation states e.g., VX, (X=CI, Bror )

Tahle 4.5: Formulas of Halides of 3d Metals

Oxidation
Number |

.I.

N L

6

R s

%,
b >
TIX,

CrE:
VF, CrF,
VX, CrX, MnF,
VXs CrX, MnF,;  FeXi CoFs
VL, CrX;  MnX, FeX, CoX,; NI, Cux,"' ZnX,
Cux™

Byt X=F 1 X=F <+ Br;, X"=F, Cli '= CL =1
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Oxidation
Number

and the same applies to CuX. On the other hand, all Cu" halides are
known except the lodide. In this case, Cu® oxidises I fo I

2Cu™ +4I" - Cu,ly (s)+1,
However, many copper (l) compounds are unstable in agueous
solution and undergo disproportionation.
2Cu" — Cu®™ + Cu

The stability of Cu® (ag) rather than Cu'(ag) is due to the much
more negative a,,:,,.,l-rﬁ of Cu™ (aq) than Cu’, which more than
compensates for the second ionisation enthalpy of Cu.

The ability of oxyvgen to stabilise the highest oxidation state is
demonstrated in the oxides, The highest oxidation number in the oxides
(Table 4.6) coincides with the group number and is attained in Sc,0,
to M0, Beyond Group 7. no higher oxides of Fe above Fe;0,, are
known, although ferrates (VI)(FeQ,)*, are formed in alkaline media but
they readily decompose to Fe,(; and O,. Besides the oxides, oxocations
stabilise V' as VO,', V'V as VO’ and Ti" as TiO*. The ability of oxygen
to stabilise these high oxidation states exceeds that of fluorine. Thus
the highest Mn fluoride is MnF, whereas the highest oxide is Mn,0,.
The ability of oxygen to form multiple bonds (o metals explains ils
superiority. In the covalent oxide MngQ,;, each Mn is tetrahedrally
surrounded by O's inc]uding a Mn—O-Mn bridge. The tetrahedral [MO,™
ions are known for V¥, Cr', Mn", Mn" and Mn*".

Table 4.6: Oxides of 3d Metals

Groups

7

+ 7
+ &

+5
+ 4

+ 3

+ 2
+ 1
mixed axddes

560,

MO,
Oy
VO
n(.}g v:D,' Cro! hmﬂﬂ
T1,0; Vo0 Cr0, Mu0;  FeO,
MngOy Fe0, Cos0,
TiOo VO {CrO) MnO Fe@d  CoO Ni0 Cu0® ZnO
Cr, 0

How would you account lor the increasing oxidising power in the Example 4.5
series VO, < Cr,0,% < Mn0O, 7

This is due to the increasing stability of the lower species to which they Solution
are reduced.

Intext Question

4.5 How would yvou accountl for the irregular variation ol ionisation
enthalpies [first and second) in the first series of the transition elements?
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4.3.8 Chemical
Reactivity
and E®
Values

Example 4.0

thdiml

Cxample 4.7

Solulion

Transition metals vary widely in their chemical reactivilty. Many ol
themn are sulliciently electropositive (o dissolve in mineral acids, although
a few are ‘noble’—that is, they are unaffected by single acids.

The metals of the first series with the exception of copper are relatively
more reactive and are oxidised by 1M H', though the actual raie at
which these metals react with oxidising agents like hydrogen ion (H') is
sometimes slow, For example, titanium and vanadium, in practice, are
passive to dilute non oxidising acids at room temperature. The E° values
for Mﬂ'f M [Table 4.2) indicale a decreasing tendency io [orm divalent
cations across the series. This general trend towards less negative E°
values is related to the increase in the sum of the first and second
ionisation enthalpies. It is interesting to note that the E° values for Mn,
Ni and Zn are more negative than expected from the general trend.
Whereas the stabilities of half-filled d subshell (&) in Mn™ and completely
filled d subshell (d'% in zine are related to their E© values: for nickel, E°
value is related to the highesl negative enthalpy of hydration.

An examination of the E° values for the redox couple M*' /M*' [Table
4.2) shows that Mn® and Co® ions are the strongest oxidising agents
in aqueous selutions. The ions TH*', V*' and Cr*" are strong reducing
agents and will liberate hydrogen from a dilute acid. e.g..

2 Cr'*'faq) + 2 H'(ag) — 2 Cr(aq) + Halg)

For the first row transition metals the E values are:

E* v Cr Mn Fe Co i Cu
(M*/M) -1.18 -091 -1.18 -044 -028 -025 +0.34
Explain the irregularity in the above values.

The E° [MM! M) values are not regular which can be explained from
the irregular variation of ionisation enthalpies (A H, + A,H, ) and also
the sublimation enthalpies which are relatively much less for
manganese and vanadium.

Why is the E° value for the Mn*/Mn® couple much more positive
than that for Cr*'/Cr*" or Fe" /Fe*'? Explain.

Much larger third ionisation energy of Mn [where the required change
is o to d' is mainly responsible for this. This also explains why the
+3 state of Mn is of little importance.

[ntext Questions

4.6 Why Is the highest oxidation state of a metal exhibited in its oxide or
fluoride only?

4.7 Which is a stronger reducing agent Cr*" or Fe*" and why ?

4.3.9 Magnetic
Properties

When a magnetic field is applied to substances, mainly two types of
magnetic behaviour are observed: dinmagnetism and paramagnetism.
Diamagnetic substances are repelled by the applied field while the
paramagnetic substances are attracted. Substances which are

Il The d- and f Block Elements



attracted very strongly are said to be ferromagnetic. In fact,
ferromagnetism Is an extreme form of paramagnetism. Many of the
transition metal ions are paramagnetic.

Paramagnetism arises from the presence of unpaired electrons, each
such electron having a magnetic moment associated with its spin angular
momentum and orbital angular momentum. For the compounds of the
first series of transition metals, the contribution of the orbital angular
momentum is effectively quenched and hence is of no significance. For
these, the magnetic moment is determined by the number of unpaired
clectrons and is calculated by using the ‘spin-only” formula, Le.,

L=4nin+2)

where n is the number of unpaired electrons and n is the magnetic
moment in units of Bohr magneton (BM). A single unpaired electron
has a magnetic moment of 1.73 Bohr magnetons (BM),

The magnetic moment increases with the increasing number of
unpaired electrons. Thus, the observed magnetic moment gives a uselul
indication about the number of unpaired electrons present in the atom,
molecule or jon, The magnetic moments calculated from the "spin-only’
formula and those derived experimentally for some ions of the first row
transilion elements are given in Table 4.7, The experimenlal data are
mainly tor hydrated ions in solution or in the solid state.

Table 4.7: Calculated and Observed Magnetic Moments (BM |

Configuration | Unpaired Magnetic moment |

sc¢* 3d" 0 0 0
T 3d’ 1 1.73 1.75
T 34 2 2.84 2.76
v ad 3 3.87 3.86
ot ad 4 4.90 4.80
Mu™ 3 5 5.02 5.96
Fe® 3 4 4.90 53 - 5.5
Ca* 3d 3 3.87 44 - 52
N B 2 2.84 29 -3, 4
cu® 3d 1 1.73 1.8 =22
Zn™ 3d" 0 0

Calculate the magnetic moment of a divalent ion In aqueous solution E:i:ﬂmpfe %8
il ils alomic number is 25,

With atomic number 25, the divalent ion in aqueous solution will have Solution
d configuration (five unpaired electrons). The magnetic moment, 11 is

L=45(5+2)=592BM
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Intext Question

4.8 Calculate the 'spin only’ magnetic moment of I‘u’l*"l,,,IJ lon (Z= 27).

4.5.10 Formation
of Coloured
Ions

4.3.11 Formation
of Complex
Compounds

When an electron from a lower energy d orbital is excited to a higher
energy o orbital, the energy of excitation corresponds to the frequency
of light absorbed (Unit 6). This frequency generally lies in the visible
region. The colour observed corresponds to the complementary colour

of the light absorbed, The
frequency of the light
absorbed is determined by
the nature of the ligand.
In aqueous solutions
where water molecules are
the ligands, the colours
of the ions observed are
listed in Table 4.8, A few
coloured solutions  of
d-block elements are
illustrated in Fig. 4.5,

Table 4.8:Colours of Some of the First Row
(aguated) Transition Metal Ions

Configuration
3d°

3d”
3d'

Sd]ﬂ-

Fig. 4.5: Colours of some of the first row
transition metal ions in aguieois solitions, From
left to right: V& V= Mn® Fe™ .Co® Niftand Cu® |

Example

S
T
T
-‘.ir* a
1|"|&r
‘i,i'ﬂ 0l
C.Ta +
Mn™
CI_E +
Ilﬂnﬂ-l-
Fe

Fe*

Co*'Cco®”

Ni**
cu®
al.'xf

Colour

colourless
colourless
purple
blue
Ereen
violet
violet
violet
blue
pink
yvellow
green
bluepink
green
blue

colourless

Complex compounds are those in which the metal ions bind a number
of anions or neutral molecules giving complex species with
characteristic properties. A few examples are: [Fe{CN)y|". [Fe(CN)]",
[CulNH.),*" and [PICL]". (The chemistry of complex compounds is
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4.3.12 Catalytic
Properties

4.3.13 Formation

of

Interstitial
Compounds

4.3.14 Alloy

Formation

Chemistry
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dealt with in detail in Unit 5). The transition metals form a large
number of complex compounds. This is due to the comparatively
smaller sizes of the metal ions, their high ionic charges and the
availability of d orbitals for bond formation.

The transition metals and their compounds are known [or their catalytic
activity. This activity is ascribed to their ability to adopt multiple
oxidation states and to form complexes. Vanadium(V) oxide (in Contact
Process), finely divided iron (in Haber's Process), and nickel {in Catalytic
Hydrogenation) are some of the examples. Catalysts at a solid surface
involve the formation of bonds between reactant molecules and atoms
ol the surface of the catalyst (first row transition metals utilise 3¢ and
4s electrons for bonding). This has the eftect of increasing the
concentration of the reactants at the catalyst surface and also weakening
of the bonds in the reacling molecules (the activation energy is lowering).
Also because the transition metal ions can change their oxidation states,
they become more effective as catalysts. For example, irton(Ill) catalyses
the reaction between iodide and persulphate ions.
2 +5,05 =, +2 507>

An explanation of this catalytic action can be given as:
2Fe”+21 — 2Fe™ +1,
2 Fe¥ + 5,0, — 2 Fe' + 250,"

Interstitial compounds are those which are formed when small atoms
like H, C or N are trapped inside the crystal lattices of metals. They are
usually non stoichiometric and are neither typically ionic nor covalent,
for example, TiC, MnN, Fe;H, VH,.q and TiH,;, ete. The formulas
guoted do not, of course, correspond to any normal oxidation state of
the metal. Because ol the nalure ol their composition, these compounds
are referred to as inferstitinl compounds. The principal physical and
chemical characteristics of these compounds are as follows:

(i) They have high melting points, higher than those ol pure metals.
{ii) They are very hard, some borides approach diamond in hardness.
{iii) They retain metallic conduectivity.
(iv) They are chemically inert.

An alloy is a blend of metals prepared by mixing the components.
Alloys may be homogeneous solid solutions in which the atoms of one
meial are distributed randomly among the atoms of the other. Such
alloys are formed by atoms with metallic radii that are within about 15
percent of each other. Because of similar radii and other characteristics
of transition metals, alloys are readily formed by these metals. The
alloys so formed are hard and have often high melting points. The best
known are ferrous alloys: chromium, vanadium, tungsten, molybdenum
and manganese are used [or the production of a variely ol steels and
stainless steel. Alloys of transition metals with non transition metals
such as brass [copper-zinec) and bronze ([copper-tin), are also of
considerable industrial importance.



example.

4.2 Some
[mportant
@Oﬂlpnundﬁ [lf
Transition
Elements

& xample 4.0 What is meant by ‘disproportionation’ of an oxidation state? Give an

Solulion When a particular oxidation state becomes less stable relative to other
oxidation states. one lower, one higher, it is said to undergo disproportionation.
For example, manganese (VI) becomes unstable relative to manganese(VIl) and
manganese [IV) in acidie selution.

sMn0, ¥ +4 H - 2 Mn"0, + MnV0, + 2H,0

Intext Question

4.9 Explain why Cu' ion is not stable in aqueous solutions?

4.4.1 Oxides and Oxcanions of Metals

These oxides are generally formed by the reaction of metals with
oxygen at high temperatures, All the metals excepl scandium form
MO oxides which are jonic. The highest oxidation number in the
oxides, coincides with the group number and is attained in Sc,O; to
Mn,O,. Bevond group 7. no higher oxides of iron above Fe,0, are
known. Besides the oxides, the oxocations stabilise V¥ as VQ,", V" as
VO™ and Ti" as TiO*.

As the oxidation number of a metal increases, ionic character
decreases. In the case of Mn, Mn,0; is a covalent green oil. Even CrQ,
and V05 have low melting points. In these higher oxides, the acidic
character is predominant.

Thus, Mn,0. gives HMnO, and CrO,; gives H,Cr0O, and H,Cr,0,.
V,0, is, however, amphoteric though mainly acidic and it gives VO,* as
well as VO,  salts, In vanadium there is gradual change [rom the basic
Vo035 to less basic V0, and to amphoteric V05 Va0, dissolves in acids
to give VO™ salts. Similarly, V,0, reacts with alkalies as well as acids
to give UDE' and VO respectively. The well characterised CrO is basic
but Cr,0; is amphoteric,

Potassium dichromate K.Cr,0,

Potassium dichromate is a very important chemical used in leather
indusiry and as an oxidant for preparation of many azo compounds.
Dichromates are generally prepared from chromate, which in turn are
obtained by the lusion ol chromite ore (FeCr;0, with sodium or
potassium carbonate in [ree access ol air, The reaction with sodium
carbonate occurs as lollows:

4 FeCr,0, + 8 Nay,CO, + 7 O, — 8 Na,CrO, + 2 Fe,0, + 8 CO,

The yellow solution of sodium chromate Is filtered and acidified
with sulphuric acid to give a solution from which orange sodium
dichromate, Na,Cr,0,. ZH,0 can be crvstallised.

2Na,Cr0, + 2 H — Na,Cr,0, + 2 Na' + H,0
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Sodium dichromate is more soluble than potassium dichromate.
The latter is therefore, prepared by treating the solution of sodium
dichromate with potassium chloride.

Nﬂzcrg{}-? + 2 H.CI S Kgcrg{}? + ?—- NEC]-

Orange crystals of polassium dichromate crystallise out. The
chromates and dichromates are interconvertible in agueous solution
depending upon pH of the solution. The oxidation state of chromium
in chromate and dichromate is the same.

2 Cro,* + 2H" = Cr,0," + H0
Cr, 0, + 2 OH — 2 CrO* + H,0
The  structures ol

O 2- chromate ion. CrO,” and

| 3 2 2= the dichromate ion, Cr,0."

& :ij\ {.‘1"& 2 !,fw_-_:f i:l}];li'! shown bEIuw.h ghei

0o —Cr . F ) chromate lon is tetrahedra

4 Y / K o o xgg E: 9/ whereas the dichromale ion

0 Q 8 % Q) consists of two tetrahedra

= ; = ) T sharing one corner with
Chromaie ion Dichromaie ion Cr-O-Cr bond angle of 126",

Sodium and potassium dichromates are strong oxidising agents;
the sodium =salt has a greater solubility in water and is extensively
used as an oxidising agent in organic chemistry. Potassium dichromate
is used as a primary standard In volumetric analysis. In acidic solution,
its oxidising action can be represented as follows:

Cr,0;7 + 14H" + 6¢” — 2Cr™ + 7H,0 (E° = 1.33V)

Thus, acidified potassiuun dichromate will oxidise iodides to iodine,
sulphides to sulphur, tin{ll) to tin{IV) and iren(ll) salts to iron{[). The
half-reactions are noted below:

6 53, +6¢; 380" »35n" +6¢e
3 H,S —» 61" + 35 + B¢ ; 6 Fe" 5 6Fe™ +6¢

The [ull ionic equalion may be obtained by adding the half*reaction lor

potassium dichromate to the half-reaction for the reducing agent, for e.g,,
Cr,0; + lAH' + 6 Fe" 52 Cr" +6 Fe™ + 7 H,0

Potassium permanganate KMnO,

Potassium permanganate is prepared by fusion of MnO, with an alkali
metal hydroxide and an oxidising agent like KNO,. This produces the
dark green KMnO, which disproportionates in a neutral or acidic
solution to give permanganate,

2MnoO, + 4KOH + O, — 2K,Mn0, + 2H,0

3MnO& + 4H" — 2MnO, + MnO; + 2H,0

Commercially it is prepared by the alkaline oxidative fusion of MnO,
followed by the elecirolytic oxidation of manganate (VI).

FusedwithKOH, oxidise  d Eteetrolyticoddationin

withairor KNGO g ablcalir Luwtd N

MnO, 5 sMnO2~  ; MnOj RS MnO,
manganateion manganate permanganaie ion
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permanganate
fon (purple)

In the laboratory, a manganese (II) ion salt is oxidised by
peroxodisulphate to permanganate.
oMn™ + 55,04 + 8H,0 — 2MnO, + 1050, + 16H'
Potassium permanganate forms dark purple (almost black) crystals which
are isostructural with those of KC10,. The salt is not very soluble in water
(6.4 g/100 g of water at 293 K), but when heated it decomposes at 513 K.
2ZEMnO, — EMnO, + MnO, + Oy
It has two physical properties of considerable inlerest: ils inlense colour
and its diamagnetism along with temperature-dependent weak
paramagnetism. These can be explained by the use of molecular orbital
theory which is beyond the present scope.

The manganate and permanganate ions are tetrahedral; the n-
bonding takes place by overlap of p orbitals of oxvgen with d orbitals
of manganese. The green manganate is paramagnetic because of one
unpaired electron but the permanganate is diamagnelic due to the
absence of unpaired electron.

Acidified permanganate solution oxidises oxalates to carbon dioxide,
fronfll) to iron(Il), nitrites to nitrates and iodides to free iodine.
The hall-reactions of reductants are:

coor
5 —> 10CO, + 10e
coo
5 Fe* = 5 Fe™ '+ Ge™
5NO, + 5H,0 — 5NO; + 10H" + 10e
10" — 5L + 10e

The full reaction can be written by adding the halif-reaction for
KEMnOy to the half-reaction of the reducing agent, balancing wherever
necessary.

Il we represenl the reduction of permanganale to manganate,
manganese dioxide and manganese(ll) salt by half-reactions,

MnO,; + ¢ = MnQ,* (E% =+ 0.56 V)
MnO, + 4H' + 3¢ — MnO, + 2H,0 (E® = + 1,69 V}
MnO, + 8H* + Be~ — Mn? + 41,0 (E® = + 1.52 V)

We can very well see that the hydrogen ion concentration ol the
solution plays an important part in influencing the reaction. Although
many reactions can be understood by consideration of redox potential,
kinetics of the reaction is also an important factor., Permanganate at
[H'] = 1 should oxidise water but in practice the reaction is extremely slow
unless either manganese(ll) ions are present or the temnperature is raised.

A few important oxidising reactions of KMnO, are given below:
1. Inacid solutions:
(&) Iodine is liberated [rom potassium iodide :
10T + 2MnO,” + 16H' — 2Mn*' + 8H,0 + 5l,
(b) Fe™ ion (green) is converted to Fe™ (yellow):
5Fe” + MnO, + 8H' — Mn"" + 41,0 + 5Fe®
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4.5 The

Lanthanoids

) Oxalate ion or oxalic acid is oxidised at 333 K
5C,0,% + 2MnO, + 16H' ——> 2Mn*" + 8H,0 + 10CO,
(d) Hydrogen sulphide is oxidised, sulphur being precipitated:
H,S —> 2H" + 8%
58* + 2MnO 7, + 16H" —> 2Mn™" + 8H,0 + 5S
(e} Sulphurous acid or sulphite is oxidised to a sulphate or
sulphuric acid:
550,” + 2MnO,” + 6H —> 2Mn?" + 3H,0 + 550,
[} Nitrite is oxidised to nitrate:
5NQ, +2Mn0O, +6H —> 2Mn** + 5NO, + 3H,0

2. Inneutral or faintly alkaline solutions:

[a) A notable reaction is the oxidation of iodide to iodate:
2MnoO, + H,0+ 1 —> 2Mn0, + 20H +10,

(b) Thiosulphate is oxidised almost quantitatively to sulphate:
8MnO, + 35,0, + H,0 —> 8Mn0O, + 650,* + 20H

(e}l Manganous salt is oxidised to MnO,; the presence ol zinc sulphale

or zinc oxide catalyses the oxidation:

2MnO, + 3Mn*" + 2H,0 —> 5Mn0O; + 4H*

Note: Permanganate titrations in presence of hydrochloric acid are
unsatisfactory since hydrochleric acid is oxidised to chlorine.

Lises: Besides its use in analytical chemistry, potassium permanganate is
used as a favourite oxidant in preparative organic chemistiry. Its uses for the
bleaching ol wool, cotton, silk and other textile fibres and lor the decolourisation
of oils are also dependent on its strong oxidising power.

Chemistry
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THE INNER TRANSITION ELEMENTS ( f~BLOCK)

The fblock consists of the two series, lanthanoids (the fourteen elements
following lanthanum) and actinolds (the fourteen elements following
actinium). Because lanthanum closely resembles the lanthanoids, it is
usually included in any discussion of the lanthanoids lor which the
general symbol Ln is often used. Similarly, a discussion of the actinoids
includes actinium besides the lourteen elements constituting the series,
The lanthanoids resemble one another more closely than do the members
of ordinary transition elements in any series. They have only one stable
oxidation state and their chemistry provides an excellent opportunity io
examine the effect of small changes in size and nuclear charge along a
series of olherwise similar elements. The chemistry of the actinoids is, on
the other hand, much more complicated. The complication arises partly
owing to the oceurrence of a wide range of oxidation states in these
elements and partly because their radioactivity creates special problems
in their study; the two series will be considered separately here.

The names, symbals, eleetronic configurations of atomic and some
fonle stales and atomic and lonle radii of lanthanum and lanthanolds
(for which the general symbol Ln is used) are given in Table 4.9,



4.5.1 Electronic

Configurations

4.59.2 Atomic and
Ionic Sizes

It may be noted that atoms ol these elements have elecironic
configuration with 6s° common but with variable oecupancy of 4f level
(Table 4.9). However, the electronic configurations of all the tripositive
ions (the most stable oxidation state of all the lanthanoids) are of the
form 41" (n = 1 to 14 with increasing atomic number).

The overall decrease in atomic and ionic radii fom lanthanom to
lutetium (the lanthanoid contraction) is a unique feature in the
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chemistry of the lanthanoids. It has far reaching
consequences in the chemistry of the third
transition series ol (he elements. The decrease
in atomic radii (derived from the structures of
metals) is not quite regular as it is regular in
M* ions (Fig. 4.6). This contraction is, of
course, similar to that observed in an ordinary
transition series and is attributed to the same
cause, the imperfect shielding of one electron
by another in the same sub-shell. However, the
shielding of one 4 felectron by another is less
than one d electron by another with the increase
in nuclear charge along the series. There is
[airly regular decrease in the sizes with
[nereasing atomic number.

The cumulative effect of the contraction of
the lanthanoid series, known as lanthanoid
contraction, causes the radil of the members
of the third transition series {o be very similar

to those of the corresponding members ol the
second series, The almost identical radii of Zr

57 59 61

Atomic number —s

Fig. 4.6: Trends (n fonic radit of lanthanoids

4.5.3 Oxidation
States

(160 pm) and Hf (159 pm), a consequence of
the lanthanoid contraction, account for their
occurrence together in nature and for the
difficulty faced in their separation.

63 65 67 69 71

In the lanthanoids, Lafll} and Lnflll] compounds are predominant
species. However, occasionally +2 and +4 ions in solution or in solid
compounds are also obtained. This irregularity [as in ionisation
enthalpies) arises mainly from the extra stability of empty, half-filled
or filled f subshell. Thus, the formation of Ce" is favoured by its
noble gas configuration, but it is a strong oxidant reverting to the
common +3 state. The E° value for Ce'/ Ce” is + 1.74 V which
suggests that it can oxidise water. However, the reaction rate is very
slow and hence Ce(lV) is a good analytical reagent. Pr, Nd, Tb and Dy
also exhibit +4 state but only in oxides, MOQ,. Eu*" is formed by losing
the two s electrons and its f* configuration accounts for the formation
of this ion. However, Eu®™ is a strong reducing agent changing to the
common +3 state. Similarly Yb® which has [ '* configuration is a
reductant, Tb™ has half-filled forbitals and is an oxidant. The
behaviour of samarium is very much like europium, exhibiting both
+2 and +3 oxidalion slates.
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Table 4.9: Electronic Configurations and Radii of Lanthanum and Lanthanoids

Electronic aunﬂgumtinm‘ Radii/pm
N = _
| |

Number

57 Lanthanum 5d 65" 4" 187 106
58 Cerlum c: 4f5d'6s «.‘Ff 2 4f! 4f"° 183 | 108
59 Praseodymium Pr 4f'6s" 4 4f* 45! 182 | 101
80 Neodymium wd 4f*6< 47 47* 4 | 181 | 99
G1 Promethium Pm 4f*65™ 4f° 44 181 a8
62 Samarium Sm 4f °6s” 4f® 4f° 180 | 96
63 Europium Eu 4f"6s" 457 4f° 199 | 95
64 Gadolinium Gd 4f'sd'6s® | 4f '5d 45" 180 | 94
65 Terbium Tb 4f 6" 4f " 4" 4" 178 | 92
66 Dysprosium Dy 4f g5 4 4f* 4f 5 177 a1
67 Holmium Ho 4f ' 6s* 4r" z 176 | B89
68 Erbium Er 426" 4f ' 47 175 | 88
69 Thulium Tm 4f P65t 41t 45 174 | 87
70 Ytterbium Yb 4f 65 4™ 4f® 173 86
71 Lutetium Lu 4fUsdi6s® | 4fMadt | 4f M - - -

* Oy electrons outside (Kel core are indicated

4.5.4 General
Characteristics

Chemistry Jdg

All the lanthanoids are silvery white soft metals and tarnish rapidly in air.
The hardness increases with increasing atomic number, samarium being
steel hard. Their melting points range between 1000 to 1200 K but
samarium melts at 1623 K. They have typical metallic structure and are
good conductors of heat and electricity. Density and other properties
change smoothly except for Eu and Yb and occasionally for Sm and Tm.

Many trivalent lanthanoid ions are coloured both in the solid state
and in agqueous solutions. Colour of these ions may be attributed to
the presence of felectrons. Neither La® nor Lu® ion shows any colour
but the rest do so. However, absorption bands are narrow, probably
because ol the excitation within J level. The lanthanoid ions other
than the [ 5 type {Laa" and CE""! and the f 1 Lype I,"'g’i:-"’|+ and Lua'] are
all paramagnetic.

The first ionisation enthalpies of the lanthanoids are around
600 kJ mol *, the second about 1200 kJ mol ' comparable with those
of calcium. A detailed discussion of the variation of the third ionisation
enthalpies indicates that the exchange enthalpy considerations [as in
3d orbitals of the first transition serles], appear to impart a certain
degree of stability to empty, hall-lilled and completely lilled orbitals
S level. This Is indicated from the abnormally low value of the third
ionisation enthalpy of lanthanum, gadolinium and lutetium.

In their chemical behaviour, in general, the earlier members of the series
are quite reactive similar to calcium but, with inereasing atomic number,
they behave more like aluminium. Values for E° for the half-reaction:

Ln™'(ag) + 3¢~ — Ln(s)



Ln{OH], + H,

Fig 4.7: Chemical reactions of the lanthanoids.

are in the range of -2.2 to 2.4V
except for Eu for which the value is
—2.0 V. This is. of course, a small
variation. The metals combine with
hydrogen when genily heated in the
gas, The carbldes, LnsC, Ln,Cs and LnC;
are formed when the metals are heated
with carbon. They liberate hydrogen
from dilute acids and burn in halogens
to form halides. They [orm oxides MO,
and hydroxides M{OH])s. The
hydroxides are definite compounds, not
just hydrated oxides. They are basic
like alkaline earth metal oxides and
hydroxides. Their general reactions are
depicted in Fig. 4.7.

The best single of the

useg

lanthanoids is for the production of alloy steels for plates and pipes. A
well known alloy is mischmetall which consists of a lanthanoid metal
[~ 95%) and iron (~ 5%) and traces of 5, C, Ca and Al. A good deal of
mischmetall is used in Mg-based alloy to produce bullets, shell and
lighter flint. Mixed oxides of lanthaneids are employved as eatalysts in
petroleum cracking. Some individual Ln oxides are used as phosphors
in television screens and similar Muoreseing surfaces.

4.6 rﬂlﬂ chtiﬂofds The actinoids include the fourteen elements from Th to Lr. The names,

Atomic
Number

89
80
a1
52
83
94
a5
85
a7
98
99
100
101
102
103

symbaols and some properties ol these elements are given in Table 4.10.

Table 4.10: Some Properties of Actinium and Actinoids

Name

Actinium
Thorium
Protactinium
Uranium
Neptunium
Plutonium
Americium
Curium
Berkellum
Californium
Einsteninm
Fermium
Mendelevium
Nobelium
Lawrencium

Symbol
Ac
Th
Pa
u

Np
Fu
Am
Cim
Bk
Cf
Es
Fm
Md
Mo
Lz

6d'7s®
6d 75"
57%6d'7s"
5f *6d' 75
5f 675"
5575
5 77s"
5f'6d' 75
5f*7s*
5f 1747
5f H7s"
5f 13y 2
5f'%75
5f 1757
5f6d'74

5/°

5f° 5 99
5f* 5f 06
5f? 5f°% 103 a3
51 5f3 101 92
5/ 5" 100 a0
5/° - 99 a9
5f7 5F% 214 a5
517 5f° a8 87
519 gré 98 86
ﬁfln Ef" _ _
5‘[” SJ—E:} - =
5f]! Sf” = =
Efu 5f 1 _ _
Ef“ Efm = =
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4.6.1 Electronic

Configurations

4.6.2 Ionic Sizes

4.6.3 Oxidation
States

The actinoids are radioactive elements and the earlier members have
relatively long hall-lives, the latter ones have hall-life values ranging [rom
a day to 3 minutes for lawrencium (£=103). The latter members could be
prepared only in nanogram guantities, These facts render their study
more difficult,

All the actinoids are believed to have the electronic configuration of 75°
and variable occupancy of the 5f and 6d subshells. The fourteen electrons
are formally added to 5f, though not in thorium (Z = 90) but from Pa
onwards the 5f orbitals are complete at element 103. The irregularities in
the electronic configurations of the actinoids, like those in the lanthanolds
are related to the stabilities of the [°, /7 and /™ oceupancies of the 5[
orbitals, Thus, the confisurations of Am and Cm are [Rn] 5f 775" and
[Rn] 5f'6c'75". Although the 5f orhitals resemble the 4f orbitals in their
angular part of the wave-function, they are not as buried as 4f orbitals
and hence 5felectrons can participate in bonding to a far greater extent.

The general trend in lanthanoids is observable in the actinolds as well.
There is a gradual decrease in the size of atoms or M ions across the
series. This may be referred to as the actinoid contraction (like lanthanoid
contraction). The contraction is, however, greater [rom element to element
in this series resulting from poor shielding by 5 electrons.

There is a greater range of oxidation states, which is in part atiributed to
the fact that the 5f 6d and 7s levels are of comparable energies. The
known oxidation states of actinoids are listed in Table 4.11.

The actinoids show in general +3 oxddation state. The elements; in the
first half of the series frequently exhibit higher oxidation states, For example,
the maximum oxidation state increases from +4 in Th to +5, +6 and +7
respectively in Pa, U and Np but decreases in succeeding elements (Table
4.11). The actinoids resemble the lanthanoeids in having more compounds
in +3 state than in the +4 state. However, +3 and +4 ions tend to hydrolyse.
Because the distribution of oxidation states among the actinoids is so
uneven and so different for the former and later elements, it is unsatisfactory
to review their chemistry in terms ol oxidation states.

Table 4.11: Oxidation States of Actinium and Actinoids
Ae Th Pa U Np Pu Am Cm Bk ©€©f Es Fm Md No Lrx
3 3 3 3 4 3 3 3 3 3 3 3 3 3
4 4 4 4 4 4 4 4
5 5 5 5 5
G G G G
T r
4.6.4 General The actinoid metals are all silvery in appearance but display
Characteristics a variety of structures. The structural variability is obtained
and Comparison due to irregularities in metallic radii which are far greater

with Lanthanoids t(han in lanthanoids,

Chemistry Jddd



The actinoids are highly reactive metals, especially when finely divided.,
The action of bolling water on them, for example, gives a mixture of oxide
and hydride and combination with most non metals takes place at
moderate temperatures, Hydrochloric acid attacks all metals but most are
slightly affected by nitric acid owing to the formation of protective oxide
layers; alkalies have no action.

The magnetic properties of the actinoids are more complex than those
of the lanthanoids. Although the variation in the magnetic susceptibility
of the actinoids with the number of unpaired 5 f electrons is roughly
parallel to the corresponding results for the lanthanoids, the latter have
higher values.

It is evident from the behaviour of the actinoids that the ionisation
enthalpies of the early actinoids, though not accurately known, but are
lower than for the early lanthanoids. This is quite reasonable since it is to
be expected that when 5f orbitals are beginning to be occupied, they will
penetrate Jess into the inner core of electrons. The 5felectrons, will therefore,
be more ellectively shielded [rom the nuclear charge than the 4felectrons
of the corresponding lanthanoids. Because the outer electrons are less
firmly held, they are available for bonding in the actinoids.

A comparison of the actinoids with the lanthanoids, with respect o
different characteristics as discussed above, reveals that behaviour similar
to that of the lanthanoids is not evident until the second half of the
actinold series. However, even the early actinoids resemble the lanthanoids
In showing close similarities with each other and in gradual variation in
properties which do not entail change in oxidation state. The lanthanoid
and actinoid contractions, have extended effects on the sizes, and
therefore, the properties of the elements succeeding them in their
respective periods. The lanthanoid contraction is more important because
the chemistry of elements succeeding the actinoids are much less known
at the present time.

i &:mupfe 410 Name a member of the lanthanaid series which is well known

to exhibit +4 oxidation state.
Solulion Cerium (Z = 58)

Intext Cluestion

4.10 Actinoid contraction is greater [rom element to element than

4.7 Some
Fpplications
of d- and
[-Block

Elements

lanthanoid contraction. Why?

Iron and steels are the mosi important construction materials, Their
production is based on the reduction of iron oxides, the remowval of
impurities and the addition of carbon and alloying metals such as Cr, Mn
and Ni. Some compounds are manufactured for special purposes such as
TiO lor the pigment industry and MnO, for use in dry battery cells. The
battery industry also requires Zn and Ni/Cd. The elements of Group 11
are still worthy of being called the coinage metals, although Ag and Au
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are restricted to collection items and the contemporary UK ‘copper’ coins
are copper-coated steel. The ‘silver’ UK coins are a Cu/NI alloy. Many of
the metals and/or their compounds are essential catalysts in the chemical
industry. V,0; catalyses the oxidation of SO, in the manufacture of
sulphuric acid. TiCl, with A1{CH,),; forms the basis of the Ziegler catalysts
used to manufacture polyethylene (polythene). Iron catalysts are used in
the Haber process lor the production of ammonia from N,/H; mixiures,
Nickel catalysts enable the hydrogenation of fats to proceed. In the Wacker
process the oxidation of ethyne to ethanal is catalysed by PdCl,. Nickel
complexes are useful in the polymerisation of allkynes and other organic
compounds such as benzene. The photographic industry relies on the
special light-sensitive properties of AgBr.

Summary_

The d-block consisting of Groups 3-12 occupies the large middle sectlon of the periodic
table. In these elements the inned orbitals are progressively filled. The Fblock is placed
outside at the bottom of the periodic table and in the elements of this block, 4f and
5f orbitals are progressively filled.

Corresponding to the f[lling of 3d, 4d and 5d orbitals, three seres of transition
elements are well recognised. All the transition elements exhibit typical metallic properties
such as ~high lensile strenglh, ductility. malleability, thermal and electrical conductivity
and metallie character. Thelr melting and boiling points are high which are attributed
to the involvement of (n—1)d electrons resulting into strong interatomic bonding. In
many of these properties, the maxima oceur al about the middle of each series which
indicates that one unpaired electron pemd orbital is particularly a favourable configuration
for strong interatomic interaction.

Successive ionisation enthalpies do nol increase as steeply as in the main group
elements with increasing atomic number. Hence, the loss of variable mumber of elecirs
from (n-1) d orbitals is not energetically unfaveurable. The involvement of (n-1) d electrons
in the behaviour of transition elements imparl certain distinet characteristics to these
elements. Thus, in addition to variable oxidation states, they exhibit paramagnetic
behaviour, catalytic properties and tendency lor the formation of coloured lons, Inlerstitial
compounds and complexes,

The transition elements vary widely in thelr chemical behaviour. Many of them are
sufficiently electropositive to dissolve in mineral acids, although a few are ‘noble’. Of the
frst series, with the exception of copper, all the metals are relatively reactive.

The transition metals react with a nuwmber of non-metals like oxygen, nitrogen,
sulphur and halogens Lo form binary compounds. The [irst series transition melal oxides
are generally formed [rom the reaclion of metals with oiygen at high temperatures. These
oxides dissolve in acids and bases to form oxometallic salts. Potassium dichromate and
potassium permanganate are common examples. Potassium dichromate Is prepared from
the chromite ore by fusion with alkall In presence of air and acidifving the extract.
Pyrolusite ore (MnO,) is used for the preparation of polassium permanganate. Both the
dichromate and the permanganale ions are strong oxidising agents.

The two series of inner transition elements, lanthanoids and actinoids constitule
the fblock of the periodic table. With the sueccessive filling of the inner orbitals, 4f there
Is a gradual decrease In the atomic and fonlc sizes of these metals along the series
lanthanold contraction). This has far reaching consequences in the chemistry of the
elements succeeding them. Lanthanum and all the lanthanoids are rather soli white
metals. They react easily with water to give solutions giving +3 ions. The principal
oxidation state is +3. although +4 and +2 oxidation states are also exhibited by some
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occasionally. The chemistry of the actinoids is more complex in view of their ability to
exist in different oxidation states, Furthermore, many of the actinold elements are radioactive
which make the study of these elements rather difficult.

There are many uselul applications of the d- and J~block elemenis and their
compounds, notable among them being in varieties of steels, calalysls, complexes,
organic syntheses, etc.

i .

CXCrcises

4.1 Write down the electronic configuration of
i) cr¥ (111) Cu! (v} Co+ [wil) Mn?®
(it} Pm™ (iv) Ce* (vi) Lu® [vili) Th*

4.2 Why are Mn®’ compounds more stable than Fe® towards oxidation to their
+3 state?

4.3 Explain brieflly how +2 state becomes more and more stable in the first hall
of the first row transition elements with increasing atomic number?

4.4 To whal extenl do the electronic confligurations decide the stability of
oxidation slates ln the [rst serles ol the transition elements? Hlusirate
your answer with examples,

4.5 What may be the stable oxidation state of the transition clement with the
following d electron configurations in the ground state of their atoms : 3d’,
3d°, 8d" and 3d'?

4.6 Name the oxometal anlons of the first serles of the transilion metals in
which the metal exhibits the oxidation state equal to Its group number,

4.7 What is lanthaneid contraction? What -are the consequences of lanthanoid
contraction?

4.8 What are the characteristics of the transition elements and why are they
called transition elements? Which ol the d-block elements may nol be
regarded as the transition elements?

4.9 In what way iz the electronic configuration of the transition elements different
from that of the nom transition elements?
4.10 What are the different oxldation states exhibited by the lanthanolds?
4.11 Explain giving reasons:
i} Transition metals and many of their compounds show paramagnetic
behaviour,
(ii} The enthalpies of alomisation of the transition metals are high.
(i) The transition metals generally form coloured compounds,
{iv) Transilion metals and their many compounds act as good catalyst,

4.12 What are interstitial compounds? Why are such compounds well known for
transition metals?

4.13 Heow is Lhe variabllity in oxidation states ol transition metals differeni [rom
that ol the non transition meials? [lusirate with examples,

4.14 Describe the preparation ol potassinum dichromate from fron chromite ore,
What is the effect of increasing pH on a selution of potassium dichromate?

4.15 Describe the oxidising action of potassium dichromate and write the lonic
equations for its reaction with:
(i} iodide [ii]) iron(ll) solution and (iii}] HyS
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4.16

4.17

4.18

1.19

4.20

4.21

4.22

4.23

4.24

4,25

4.26

4.27

4.28

4.29

4.30

Describe the preparation of potassium permanganate. How does the acidified
permanganate solution react with (i) iron(ll} ions (i) S0, and  (iii) oxalic acid?
Write the lonic equations for the reactions.

For M /M and M /M* systems the E° values for some metals are as follows:

e Cr -0.9V c/cr™ 0.4V
Mn* /Mn 1.2V Mn*/Mn™ +1.5 V
Fe*" /Fe -0.4V Fe¥ /e +08V

Use this data to comment upon:
(i} the stabilily of Fe™ in acid solution as compared Lo that of Cr* or Mn™ and

(i} the ease with which lron can be oxldised as compared to a similar process
lor either chromium or manganese metal.

Predict which of the lollov will be coloured in aqueous solution? Ti*, V™,
Cu', 8™, Mn™, Fe* and Co®™. Give reasons for each.

Compare the stability of +2 oxidation state for the elements of the first
transition series.

Compare the chemistry of actinoids with that ol the lanthanoids with special
relerence to:
{1} electronic configuration fiil] oxidation state
(ii) atomic and jonic sizes and (iv) chemical reactivity.
How would you account for the following:
(i) Of the d* species, Cr?* is strongly reducing while manganese(Ill)
is strongly oxidising.
(i) Caobalt(ll] is stable in aquecus solution but in the presence of
complexing reagents it Is easlly oxidised.
{iif) The ' configuration Is very unstable in ions.
What is meant by ‘disproportonation’ Give two examples of disproportionation
reaction in agueous solution.
Which metal in the firsl series of transition metals exhibits +1 oxidation
state most frequently and why?

Caleulate the number of unpaired electrons in the following gaseous lons: Mn®,
Cr', V' and Ti"'. Which one of these is the most stable in aqueous solution?

Give examples and suggest reasons for the following features of the transition
metal chemistry:
{i) The lowest oxide of transition metal is basic, the highest is
ampholeric/acidic.
(i) A transition metal exhibits highest oxidation state in oxides
and fAuorides.
{1if) The highest oxddation state Is exhibited ln oxcanions ol a metal

Indicate the steps in the preparation ol
(1] EyCry0y from chromite ore. (ii) KMnOy, from pyrolusite ore,

What are alloys? Name an important alloy which contains some of the
lanthaneid metals. Mention its uses.

What are inner transition elementis? Decide which of the following atomie
numbers are the atomic numbers of the inner iransition elements : 289, 58,
74, 95, 102, 104,

The chemistry of the actinold elements is not so smooth as that of the
lanthancids. Justify this statement by giving some examples from the
oxidation state of these elements.

Which is the last element in the series of the actinoids? Write the electronic
configuration ol this element. Comment on the possible oxidation stale of
this element.
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4.31 Use Hund's rule to derive the electronic configuration of Ce' ion, and caleulate
its magnetic moment on the basis of ‘spin-only’ formula.

4.32 Name the members of the lanthanoid series which exhibit +4 oxidation states
and those which exhibit +2 oxidatlon states. Try to correlate this type of
behaviour with the electronic configurations ol these elements.

4.33 Compare the chemisiry of the actinoids with that of lanthancids with reference to:
(i] electronic configuration (i) oxidation states and (iii) chemical reactivity.

4.34 Write the electronle configurations of the elements with the atomile numbers
61, 21, 101, and 109,

4.35 Compare the general characleristics of the first series of the ransilion metals
with those of the second and third series melals in the respective vertical
columns. Give special emphasis on the following points:

(1) electronic conflgurations (i) oxidation states (i) lonisation enthalples
and (v} atomic sizes,

4.36 Write down the number of 3d electrons in each of the following ions: Ti", V¥,
cr™, Mn®, Fe', Fe*, Co*, Ni*’ and Cu®. Indicate how would you expect the five
3d orbitals to be occupied for these hydrated ions (octahedral),

4.37 Comment on the statement that elements of the first transition sertes possess
many properties different from those of heavier transition elements.

4.38 What can be inferred from the magnetic moment values of the following complex

species ¥
Example Magnetic Moment (BM)
KL [Mn(CNJg 2.2
[FelHy0)5* 5.3
K [MnCL] 5.9

Answers to Some Intext Questions

4.1 Silver (£ = 47) can exhibit +2 oxidation state wherein it will have
incompletely filled d-orbitals (4], hence a transition element.

4.2 In the formation of metallic bonds, no eletrons from 3d-orbitals are involved
in case of zinc, while in all other metals of the 3d series, electrons from
the d-orbitals are always involved in the formation of metallic bonds.

4.3 Manganese [Z = 25). as ils atom has the maximum number of unpaired
clectrons.

4.5 Irregular variation of lonisation enthalples is mainly attributed to varving
degree of stability of different 3d-configurations (e.g., d° d°. 4% are
exceplionally stable).

4.6 Because of small size and high electronegativity oxygen or luorine can
oxidise the metal to its highest oxidation state.

4.7 C*° is stronger reducing agent than Fe®
Reason: o — o occurs in case of Cf™ to OO
But & = o occurs in case of Fe™ to Fe¥
In a medium (like water] d® is more siable as compared to d° (see CFSE)

4.9 Cu' In agueous solution underoes disproportionation, Le.,
2Cu'fagq) — Cu®lag) + Cu(s)

The E® value for this is favourable.

4.10 The 5f electrons are more effectively shielded from nuclear charge. In other
words the 5f elecirons themselves provide poor shielding from element 1o
element in the series.
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After studying this Unit, you will be
able to

5.0 Werner's

appreciate the postulates of
Werner's theory of coordination
compounds:

know the meaning ol the lerms:
coordination entity, central atom/
ion, ligand, coordination number,
coordination sphere, coordination
polyhedron, oxidation mumber,
homoleptic and heteroleptic;
learn the rules of nomenclature
of coordination compounds;
write the formulas and names
of mononuelear eoordination
compounds;

define different types of isomerism
in coordination compounds:;
understand the nature of bonding
in coordination compounds In
terms of the Valence Bond and
Crystal Field theories;
appreclate the importance and
applications ol coordinalion
compounds in our day Lo day life.

Theory of
Coordination
Compounds

Gopyd ih'aii_g;;n_
Lompounas:

Coordination Compounds are the backbong of modem inorganic
ang bio-norgands chemistry and chemical industng.

In the previous Unit we learnt that the transition metals
form a large number of complex compounds in which
the metal atoms are bound to a number of anions or
neutral molecules by sharing of electrons. In modern
terminology such compounds are called coordination
compounds. The chemistry of coordination compounds
is an important and challenging area ol modern
inorganic chemistry. New concepts of chemical bonding
and molecular structure have provided insights into
the functioning of these compounds as vital components
ol biological systems. Chlorophyll, haemoglobin and
vitamin By, are coordination compounds of magnesium,
iron and cobalt respectively. Variety ol metallurgical
processes, industrial catalysts and analytical reagents
involve the use of coordination compounds.
Coordination compounds also find many applications
in electroplating, textile dyeing and medicinal chemistry.

Alfred Werner (1866-1919), a Swiss chemist was the [irst to lformulate
his ideas about the structures of coordination compounds. He prepared
and characterised a large number of coordination compounds and
studied their physical and chemical behaviour by simple experimental
techniques. Werner proposed the concept of a primary valence and
a secondary valence for a metal ion. Binary compounds such as

CrCl,, CoCl; or PdCl, have primary valence of 3, 2 and 2 respectively.
In a series of compounds of cobalt(lll) chloride with ammonia, it was
found that some of the chloride ions could be precipitated as AgCl on
adding excess silver nitraie solufion in cold bul some remained in

solution.



1 mol CoCl,.6NH; (Yellow) gave 3 mol AgCl
1 mol CoCl:.5NH; (Purple) gave 2 mol AgCl
I mol  CoCly 4N, (Green) gave 1 mol AgCl
1 mol CoCl,.4NH, [Violet) dave I mol AgCl

These observations, together with the results of conductivity
measurements in solution can be explained il (i) six groups in all,
either chloride ions or ammonia molecules or both, remain bonded Lo
the cobalt ion during the reaction and (ii) the compounds are formulated
as shown in Table 5.1, where the atoms within the square brackets
form a single entity which does not dissociale under the reaction
conditions. Werner proposed the term secondary valence for the
number of groups bound directly to the metal ion: in each of these
examples the secondary valences are six.

Table 5.1: Formulation of Cobalt{Ill) Chloride-Ammonia Complexes

Colour Formula Solution conduotivity
corresponds to
Yellow [ColNHg)*3CT 1:3 electrolyte
Purple [CoCHNHIT 2CT 1:2 elecirolyte
Green [CoCLINH.)JCl 1:1 electrolyte
Wiolet [CoClNH, CI 1:1 electrolyte

Note that the last two compounds in Table 5.1 have identical empirical

formula, CoCl;.4NH;, but distinet properties. Such compounds are

termed as isomers. Werner in 1898, propounded his theory of

coordination compounds. The main postulates are:

1. In coordination compounds metals show two types of linkages
{valences)-primary and secondary.

2. The primary valences are normally ionisable and are satisfied by
negative ions.

3. The secondary valences are non ionisable, These are satisfied by
neutral molecules or negative ions. The secondary valence is equal to
the coordination number and is fixed for a metal.

4. The ions/groups bound by the secondary linkages to the metal have
characteristic spatial arrangements corresponding to different
coordination numbers,

In modern lormulations, such spatial arrangements are called
coordination polyhedra. The species within the square bracketl are
coordination entities or complexes and the ions outside the square
bracket are called counter ions.

He further postulated that octahedral, tetrahedral and square planar
geometrical shapes are more common in coordination compounds of
transition metals. Thus, [Co(NHglg]™', [CoCINHg)s]*" and [CoCly(NHj)]'
are octahedral entities, while [Ni{CO),] and IPtClgf' are tetrahedral and
square planar, respectively.

Adl: Coordination Compounds



On the basis of the following observations made with aqueous solutions, Cxample 5.1
assign secondary valences to metals in the following compounds:

Formula Moles of AgCl precipitated per mole of
the compounds with excess AgNO,
{i] PACl 4NH, 2
{ii) NiCl,. 6H.C 2
(iii) PACL.2I1C1 0
{iv) CoCl,.4NH, 1
v) PtCl,.2NH, 0
(i) Secondary 4 (ii] Secondary 6 Srg_!'_l_{,!i_rm
(lil) Secondary 6 (iv] Secondary 6 (v] Secondary 4

Difference betireen a double salt and a complex

Both double salts as well as complexes are formed by the combination
ol two or more stable compounds in stoichiometric ratio. However, they
differ in the fact that double salts such as carnallite, KCl.MgCl,.6H,0,
Mohr's salt, FeS0,.(NH,),S0,.6H,0, potash alum, KAISO,),. 12H,0, etc.
dissociate into simple ions completely when dissolved in water. However,
complex ions such as [Fe(CN)J* of K, [Fe(CN)s] do not dissociate into
Fe* and CN’ ions.

w}emﬂr was born on December 12, 1866, in Milhouse,
a small community in the French province of Alsace.
His siudy of chemisiry began in Karlsruhe [Germany)
and continued in Zurich (Switzerland)., where in his
- doctoral thesis in 1890, he explained the diflerence in
properties of certain nitrogen containing organic
(1866-i1g1g) substances on the basis of isomerism, He extended vanit
Holls theory of tetrahedral carbon atom and modified
it lor nilrogen. Werner showed oplical and electrical differences belween
complex compounds based on physical measurements. In fact, Werner was
the first to discover optical activity in certain coordination compounds.
He, at the age of 29 years became a full professor at Technische
Hochschule in Zurich in 1895, Alfred Werner was a chemist and educationist.
His accomplishments Included the developmen! ol the theory of coordination
compounds. This theory, in which Werner proposed revolutionary ideas about
how atoms and molecules are linked together. was formulated in a span of
only three yvears, from 1890 to 1593. The remainder of his career was spent
gathering the experimental support required to validate his new ideas. Werner
became: the first Swiss chemist to win the Nobel Prize In 1813 for his work
o1 the linkage of atoms and the coordination theory.
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5.9 @Eﬁﬂltlﬂfﬂﬁ ul{ fa) Coordination entity

Some

{ mporlant
Terms
Pertaining to
Coordination
Compounds

_.',...-""
H,C — N

H,C — N _

j,.rﬂ

(b}

A coordination enlity constitutes a central mefal atom or ion bonded
to a fixed number of ions or molecules. For example, [CoCl3{NH3)s]
is a coordination entity in which the coball ion is surrounded by
three ammonia molecules and three chloride ions. Other examples
are [Ni(CO)], [PLCLINH,),1, [Fe(CNI", [ColNHl™.

Ceniral atom/fion

In a coordination entity, the atom/ion to which a fixed number
of ions/groups are bound in a delinite geometrical arrangement
around it, is called Lthe ceniral alom or ion. For example, the
central atom/ion in the coordination entities: [NICl{H.0],],
[CoC1{NH,)s]* and [Fe(CN),]* are Ni*’, Co™" and Fe™, respectively.
These central atoms/flons are also referred to as Lewis aclds,

fe) Ligands

The ions or molecules bound to the central atom/ion in the
coordination entity are called ligands. These may be simple ions
such as CI', small molecules such as H;O or NH;, larger molecules
such as Hy;NCH,CH;NH, or NI(CH,CH,NH,); or even macromolecules,
such as proteins.

When a ligand is bound to a metal ion through a single donor
atom, as with C1, H;O or NH;, the ligand is said to be unidentate.

CH,C00" When a ligand can bind through two donor atoms as in

CH,CH.NH, (ethane-1.2-diamine) or C,0,* (oxalate), the
2 Z 24

e CH,CQO" ligand is said to be didentate and when several donor atoms are

present in a single ligand as in N{CH,CIHNH)s, the ligand is said

—CH,COO g be polydentate. Ethylenediaminetetraacetate ion (EDTAY) is
CH,CO0"

an Important hexadentate ligand. It can bind through two
nitrogen and four oxygen atoms to a central metal ion.

When a di- or polydentate ligand uses its two or more donor
atoms simultaneously to bind a single metal ion, it is said to be a
chelate ligand. The number of such ligating groups Is called the
denticity of the ligand. Such complexes, called chelate complexes
tend to be more stable than similar complexes containing unidentate
ligands. Ligand which has two different donor atoms and either of
the two ligetes in the complex is called ambidentate

Me—N Me&—O——N=—0 ligand. Examples of such ligands are the NO, and

o

niirito-N
Me—50N

M <—NCS
thiocyanaios3 thiocyvanaiosN

SCN ions. NO, lon can coordinate either through
nitrita-0 nitrogen or through oxygen to a central metal
atom/ion.

Similarly, SCN ion can coordinate through the
sulphur or nitrogen atom.

{d) Coordination number

The coordination number (CN) of a metal ion in a complex can be
defined as the number of ligand donor atoms to which the metal is
direcily bonded. For example, in the complex ions, [PICL]* and
[Ni{NH4),)*, the coordination number of Pt and Ni are 6 and 4
respectively. Similarly, in the complex ions, [Fe(C,0..]" and
[Colen)s}”", the coordination number of both, Fe and Co, is 6 because
CECI.,E‘ and en (ethane-1.2-diamine] are didentate ligands.

lZl. Coordination Compounds



It is important to note here that coordination number of the central
atom/lon Is determined only by the number of sigma bonds formed by
the ligand with the central atom/ion. Pi bonds, if formed between the
ligand and the central alom/ion, are not counted [or this purpose.
{e] Coordination sphere

The central atom/ion and the ligands attached to it are enclosed in

square bracket and is collectively termed as the coordination

sphere. The ionisable groups are written outside the bracket and
are called counter ions, For example. in the complex K [Fe(CN]g,

the coordination sphere is [Fe[CN]aj”" and the counter ion is K.
{f] Coordination peolyhedron

The spatial arrangement of the ligand atoms which are directly
attached tp the central atom/ion defines a coordination
polyhedron about the central atom. The moest common
coordination polyhedra are octahedral, square planar and
tetrahedral. For example, [Co(NHg)*" is octahedral, [Ni{CO),] is
tetrahedral and [PtCl]* is square planar. Fig. 5.1 shows the
shapes of dilferent coordination polyhedra.

L L L
| : k | I
L'"-. _.*"'L ‘\"\\\ / it L L 4 I ‘1.‘\. L
M. i M L—M
% M Ly L \ M
L o L
Cctahedral Tetrahedral Square planar Trigonal Square
bipyramidal pyramicdal

Fig. 5.1: Shapes af different coordination polyhedra. M
represenis the central atom/lon and L. a unidentate
ligpeand,

{g) Oxidation number of central atom

The oxidation number of the central alom in a complex is defined
as the charge it would carry if all the ligands are removed along
with the electron pairs that are shared with the central atom. The
oxidation number is represented by a Roman numeral in parenthesis
following the name of the coordination entity. For example. oxidation
number of copper in [Cu(CN),* is +1 and it is written as Cuf(l).

{h) Homoleptic and hetercleptic complexes

Complexes in which a metal is bound to only one kind of donor
groups, e.4g., [Co(NHy)", are known as homoleptic, Complexes in
which a metal is bound to more than one kind of donor groups,
e.d., [Co(NHgl,Cly]", are known as heteroleptic,

5.3 Humeuciaturﬂ Nomenclature is important in Coordination Chemistry because of the
af need to have an unambiguous method of describing formulas and
Bicrik . writing systematic names, particularly when dealing with isomers, The

vordimation g0 and names adopted for coordination entities are based on the
@umpuuﬂds recommendations of the Internmational Union of Pure and Applied

Chemistry (TUPAC).
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5.3.1 Formulas of
Mononuclear
Coordination
Entities

Note: The 2004 [UPAC
draft recommends that
ligands will ba sarted
alphabetically,
irrespective af charge.

5.3.2 Naming of
Mononuclear
Coordination
Compounds

Note: The 2004
ILPAC drafi
recommeneds  thal
armioniic lgoands ol
end with-Ido so that
chioro woildd become
chioridn, eic,

The formula of a compound is a shorthand teol used to provide basic

information about the constitution of the compound in a concise and

convenient manner, Mononuelear coordination entities contain a single

central metal atom. The following rules are applied while writing the formulas:
i} The central atom is listed first.

[if} The ligands are then listed in alphabetical order. The placement of
a ligand in the list does not depend on its charge.

[iii} Polydentate ligands are also listed alphabetically. In case of
abbreviated ligand, the first lelter of the abbreviation is used to
determine the position of the ligand in the alphabetical order.

(iv)] The formula for the entire coordination entity, whether charged or
not, is enclosed in sguare brackets, When ligands are polyatomic,
their formulas are enclosed In parentheses. Ligand abbreviations
are also enclosed in parentheses.

(v} There should be no space between the ligands and the metal
within a coordination sphere,

fvi)] When the formula of a charged coordination entity is to be written
without that of the counter ion, the charge is indicated outside the
square brackeis as a right superscript with the number before the
sign. For example, [Co[CN)J%, [Cr(H,0)]". etc.

(vii) The charge of the cation(s) is balanced by the charge of the anion(s).

The names of coordination compounds are derived by following the
principles of additive nomenclature. Thus, the groups that surround the
cenitral atom must be identified in the name. They are listed as prefixes
to the name of the central atom along with any appropriate multipliers.,
The following rules are used when naming coordination compounds:
[i} The cation is named first in both positively and negatively charged
coordination entities.
(i} The ligands are named in an alphabetical order before the name of the
central atom/ion. (This procedure is reversed from writing formula).
[iif) Names of the anionic ligands end in —o, those of neutral and cationic
ligands are the same except aqua for H,0, ammine for NH,. carbonyl
for CO and nitrosyl for NO. While writing the formula of coordination
entity, these are enclosed in brackets ( ).
fiv] Prefixes mono, di, tri, ete., are used to indicate the number of the
individual ligands in the coordination entity. When the names of
the ligands include a numerical prefix, then the terms, bis, tris,
tetrakis are used, the ligand to which they refer being placed in
parentheses. For example, |[NiCl;(PPhy),| is named as
dichloridobis(triphenylphosphine)nickel(I1).
fr} Oxidation state of the metal in cation. anion or neutral coordination
entity is indicated by Roman numeral in parenthesis.
(vi) If the complex lon is a cation, the metal {s named same as the
element. For example, Co in a complex cation is called cobalt and
Pt is called platinum. If the complex ion is an anion, the name of
the metal ends with the suffix — ate. For example, Co in a complex
anion, [Dn{sgm] % T_ is called cobaltate. For some metals, the Latin
names are used in the complex anions, e.g., ferrate for Fe.
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Notice how [he nome
aj the meial differs in
cation and anion even
thowgh they contain the

same metal ons,

Cxample 5.2

Solulion

f::mmpfu 3}

{(vi) The neutral complex molecule is named similar to that of the

complex cation.

The lollowing examples illusirate the nomenclature for coordination
compounds.

1.

[CriNH)HLO0):]1C; is named as:
triamminetriaquachromium(Ill) chloride

Explanatior: The complex ion is inside the square bracket, which is
a cation. The amine ligands are named before the aqua ligands
according {o alphabetical order. Since there are three chloride ions in
the compound. the charge on the complex ion must be +3 (since the
compound is electrically neutral). From the charge on the complex
ion and the charge on the ligands, we can calculate the oxidation
number of the metal. In this example, all the ligands are neutral
maolecules. Therefore, the oxidation number of chromium must be
the same as the charge of the complex ion. +3.

. [Co(H,NCH,CH,NH,).]5(S0,)sis named as:

trisfethane-1,2-diaminejcobalt{Ill) sulphate

Explanation: The sulphate is the counter anion in this molecule.
Since it talkes 3 sulphates to bond with two complex cations, the
charge on each complex cation must be +3. Further. ethane- 1,2~
diamine is a neutral molecule, so the oxidation number ol cobalt
in the complex lon must be +3. Remember that you never have to
indicate the number af cations and anions in the name of an
fonic compound.

. |AgINH,)|[Ag{CN),] is named as:

diamminesilver(l) dicyanidoargentate(l)

Write the formulas for the following coordination compounds:

Su.l[ sulton

L]
-
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(a) Tetraammineaquachleridocobalt(lll) chloride
(b) Potassium tetrahydroxidozincate{ll)

{c) Potassium trioxalatoaluminate{Ill}

(d) Dichloridobis{ethane-1.2-diamine)coball{I11)
{e] Tetracarbonviniclkel(O)

(a) [ColNH,),LOICICL,  (b) K,[Zn(OH),) (©) K,[AlIC,0,),]

(d) [CoCl,(en),]" fe) [Ni{CO),]

Write the [UPAC names of the following coordination compounds:

fa) [PLNHg,CIINO,]] (b) Ka[Cr{Cy04)sl fe) 1CoClafen);]Cl
(d) [ColNH,)s(CO,)IC] (e} HE[Co(SCN)4

(a) Diamminechloridonitrito-N-platinum(Il)

(b) Potassium trioxalatochromate(lll)

(c) Dichloridobis(ethane- 1, 2-diamine)cobalt(lll) chloride
(d) Pentaamminecarbonatocobalt(lll) chloride

(el Mercury (1) tetrathiocyanato-S-cobaltate{lll)



[ntext (uestions

B.1

5.2 Write the TUPAC names of the following coordination compounds:

Write the formulas [or the [ollowing ecoordination compounds:
i} Tetraamminediaquacobalt{lll) chloride

(ii) Potassium tetracyanidonickelate(ll)

(iti) Tris(ethane-1,2—diamine) chromium(II) chloride

{iv) Amminebromidochloridenitrito-N-platinate(ll)

(v] Dichloridobis(ethane-1.2—-diamine}platinum(IV) nitrate

ftvi) lronflll) hexacyanidoterrate(ll)

() [CONHZICl,  (il) [CONHg,CUCL, (ifi) Ke[Fe(CN)q]
(iv) KolFe(Ci0ds]  (v) Ko[PACLy] (vi) [PH{NH),CLINH,CHZ)ICL

3.5 Isomerism in [somers are two or more compounds thal have the same chemical
Coordination  formula but a different arrangement of atoms. Because of the different

arrangement of atoms, they differ in one or more physical or chemical

Compounds properties. Two principal types of isomerism are known among

coordination compounds. Each of which can be further subdivided.

() Stercoisomerism

i} Geomeltrical isomerism (ii) Optical isomerism
{h) Structural isomerism
(i) Linkage isomerism (ii] Coordination isomerism
{iiij lonisation isomerism (iv] Solvate isomerism

Stereoisomers have the same chemical formula and chemical
bonds but they have different spatial arrangement. Structural isomers
have different bonds. A detailed acecount of these isomers are
given below.

5.4.1 Geometric Isomerism This type of isomerism arises in heteroleptic

complexes due to different possible geometric

. _NHj .. _NHg arrangements of the ligands. Important examples

_-Ft ~ H..Ptﬁ_\‘ of this behaviour are found with coordination

cl NHg Nty Cl numbers 4 and 6. In a square planar complex of

P s formula [MX,L.,] X and L are unidentate), the

two ligands X may be arranged adjacent to each

Fig. 5.2: Geometrical isomers (cis and trans)  piher in a eis isomer, or opposite to each other
Af Pt INH ), Ch in a trans isomer as depicted in Fig. 5.2,

1 —‘ + 1 —‘"’ Other sgquare planar complex of the type

NH, | - N, ] - MABXL (where A, B, X, L are unidentates)

L e o) e shows three isomers-two cis and one trans.

NIL /T”\NHE — f,(]:n Ny, You may attempt to draw these structures.

' Such isomerism is not possible for a tetrahedral

NH, Cl geomelry but similar behaviour is possible in

i s octahedral complexes of formula [MX,L,] in

Fig. 5.3: Geometrical isomers (cis and trans) vaHet el ipanchs & iy, beorlened Sl

of [Co{NH,) ,CL,]* trans to each other [Fig. 5.3).
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Fig. 5.4: Geomeirical isomers (cis and (rans)
of [CoCl,fen,I
MIL
NH, HH
Fig. 5.5 =
The facial (fac) and SNH, o
meridional {mer)

isomers of
[CofNI, LINO, ]

Why is geometrical isomerism not possible in tetrahedral complexes
having two dillerent lypes ol unidentate ligands coordinated with

the central metal ion ?

Tetrahedral complexes do not show geometrical isomerism because
the relative positions of the unidentate ligands attached to the central
metal atom are the same with respect to each other.

5.4.2 Optical Isomerism

3+
enl

‘\IH
mer—

7 N (/_) t? s
= pee s co_en
o I A o

dextro mirror o

Fig.5.6: Optical isomers (d and 1) of [Colen},] *

e
Cl C]._l
ke :

an Pt X
Fig.5.7 7 ﬂ E
Optical {somers '
fel and 1) of cis- en
[PLCL fen) J** dextro irror
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This type of isomerism also
arises when didentate ligands
L-L [e.g.. NHy; CH; CH; NH; (en)]
are present In complexes of formula
IMX,(L—L};] (Fig. 5.4).

Another type of geometrical
ispmerism occurs in octahedral
coordination entities of the type
[Magb,] like [Co(NH,)3(NO,),]. If
three donor atoms of the same
ligands occupy adjacent positions
at the cormers of an octahedral
face, we have the facial (fac)
isomer. When the positions are
around the meridian of the
octahedron, we get the meridional
{mer) isomer (Fig. 5.5).

Example 5.4

Solution

Y

Optical isomers are mirror images thal
cannot be superimposed on one
another., These are called as
enantiomers. The molecules or ions
that cannol be superimposed are
called chiral. The two forms are called
dextro (d) and laevo (1) depending
upon the direction they rotate the
plane of polarised light in a
polarimeter (d rotates to the right. [ to
the left), Optical isomerism is common
in octahedral complexes invelving
didentate ligands (Fig. 5.6).
In a ceoordination
2+ entity of the type
T [PtClL{en),]™, only the
cis-isomer shows optical
activity (Fig. 5.7).

lasvo



Cxample 5.5

Solution

l"::k‘ﬂmp.ln 5.0

Solution

5.4.3 Linkage
Isomerism

5.4.4 Coordination
Isomerism

5.4.5 Ionisation
Isomerism

Draw structures of geometrical isomers of [Fe(NH,).(CN),|

NI, _l' NI—I 4‘

NCH‘FI'E'/NI.IJ NC -..H _,-("N
NC!' H‘CN .r" |

CN WH,

cls trans

Out of the following two coordination entities which is chiral
(optically active)?

(a) cis-[CrClfox),| (b) trans-|CrClL(ox) >

The two entities are represented as

— ="
Al
(/)“cr Ml Sy

{a) cis — [CrCl(ox),]* b) tramns - [CrCljox),]*
Out of the two, (a) cis - [CrClyfox),)* is chiral (optically active),

Linkage isomerism arises in a coordination compound containing
ambidentate ligand. A simple example is provided by complexes
containing the thiocyanate ligand, NCS ', which may bind through the
nitrogen to give M-NCS or through sulphur to give M-5CN. Jergensen
discovered such behaviour in the complex |[Co(NHgs(NO,)|Cl;, which is
obtained as the red form, in which the nitrite ligand is bound through
oxygen (-ONQOJ, and as the yellow form, in which the nitrite ligand is
bound through nitrogen (-NO;),

This type of isomerism arises from the interchange of ligands between
cationic and anionic entities of different metal ions present in a complex,
An example is provided by [Co[NHlg][Cr{CN)g]. in which the NH; ligands
are bound to Co®™ and the CN ligands to Cr”. In its coordination
isomer [Cr{NHa)l[Co(CN)gl, the NH; ligands are bound to Cr*" and the
CN ligands to Co™.

This form of isomerism arises when the counter ion in a complex salt
is itsell a potential ligand and can displace a ligand which can then
become the counter ion. An example is provided by the ionisation
isomers [Co(NH;)s(SO,)|Br and [Co(NH3)BriSO,.

¥  Coordination Compounds



5.4.6 Solvate This form of isomerism is known as ‘hydrate isomerism’ in case where
Isomerism water s involved as a solvent., This Is similar to lonisation lsomerism.
Solvate isomers differ by whether or not a solvent molecule is directly
bonded to the metal ion or merely present as free solvent moleculesin
the crystal lattice. An example is provided by the aqua
complex [Cr{H,Q)ICl; (violet) and its solvate isomer [Cr{H;0).Cl|Cl,. H,O

(grey-green).

Intext Questions

5.3 Indicate the types of isomerism exhibited by the following complexes and
draw the structures for these isomers:

i} RICr{H;0),(C-0,), i} [Colen)ylCly
(iii) [ColNHg)s(NOJIINO,), {iv) [PLINH,)(H,0)Cly]

5.4 Give evidence that [Co(NH3),Cl|SO, and [Co[NHy)s(SOLICI are ionisation
isormers,

8.5 T;Dmilfllg " Werner was the first to describe the bonding features in coordination
Coordination  compounds. Bul his theory could nol answer basic questions like:

@ﬂmpﬁunds () Why only certain elements possess the remarkable property of

forming coordination compounds?

(i) Why the bonds in coordination compounds have directional
properties?

{iii) Why coordination compounds have characteristic magnetic and
optical properties?

Many approaches have been put forth to explain the nature of
bonding in coordination compounds viz. Valence Bond Theory (VBT),
Crystal Fleld Theory (CFT), Ligand Field Theory (LFT) and Molecular
Orbital Theory (MOT). We shall focus our attention on elementary
treatment of the application of VBT and CFT to coordination compounds,

5.5.1 Valence According to this theory, the metal atom or ion under the influence of
Bond ligands can use its (n-1)d, ns, np or ns, np, nd orbitals for hybridisation
Theory to vield a set of equivalent orbitals of definite geometry such as octahedral,

tetrahedral, square planar and so on [Table 5.2). These hybridised orbitals
are allowed to overlap with ligand orbitals that can donate electron pairs
for bonding. This is illustrated by the following examples.

Table B5.2: Number of Orbitals and Types of Hybridisations

Coordination Type of Distribution of hybrid
number hybridisation orbitals in space
4 sp’ Tetrahedral
4 dsp’ Square planar
5 spid Trigonal bipyramidal

& spicf Octahedral
5 d'sp? Octahedral

Chemistry J&8.



It is usually possible to predict the geometry of a complex from

Orbitals of Co™on |T4| T[T | T | T
3d 4s 4p
' sp” hybridised -
orbitals of Co™ T
d'sp* tybrid
[ColNE) ™
[inner orbital or LT e A G o R

low spin complex)

Six pairs of cleclrons
from six NH, melecules

the knowledge of its
magnetic behaviour on
the basis of the valence
bond theory.

In the diamagnetic
octahedral complex,
[Co(NH,)*", the cobalt ion
is in +3 oxidation state
and has the electronic
configuration 3d° The
hybridisation scheme is as
shown in diagram.

Six pairs ol electrons, one from each NH; molecule, occupy the six
hybrid orbitals, Thus, the complex has octahedral geometry and is
diamagnetic because of the absence of unpaired electron. In the formation
of this complex, since the inner d orbital (3d) is used in hybridisation,
the complex, [CofNHy)*" is called an inner orbital or low spin or spin
paired complex. The paramagnetic octahedral complex, |CoFgl™ uses
outer orbital (4d ) in hybridisation (sp’ d®). Tt is thus called outer orbital
or high spin or spin free complex. Thus:

Orbitals of Co™lon g Rl Bl il R
ad 45 4p 4l
2 S
sp'd” hybridised
orbitals of Co™ L L Bl
3d spel’ hybrid 4d
[CoFJ*
[outer orbital or T TFIT|IT|T THTL T T T T
high spin complex) 3d Six pairs of electrons Add
[rom six Fions
In tetrahedral complexes
one s and three p orbitals
Orhitals of Niml-.ﬂﬂ T-l- T'\L T'\L T. T. are hyb[idl&ﬁd to -?Um lour
3d 4s 1p equivalent orbitals oriented
sp’ hybridised tetrahedrally. This is ill-
arbitals af Ni” THTHTHT|T . ustrated below for [NiCLJ*.
3d sp” hybrid Here nickel is in +2
(NiCLP oxidation state and the ion
{h.i.gh E]:I‘l 1 [:Dmple}:] T\L‘ T 11" T 11- T T T 'L T 'L T 'L T WL haﬁ I..he EI.ECT.'['U‘HII:

Four pairs of electrons
from 4 CTI

configuration 3d°. The
hybridisation scheme is as
shown in diagram.

Each CI ion donates a pair ol electrons, The compound is
paramagnetic since it contains two unpaired electrons. Similarly,
[Ni[CD],] has tetrahedral geometry bul is diamagnelic since nickel is in
zero oxidation state and contains no unpaired electron.
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5.5.2 Magnetic
Properties
of
Coordination

Compounds

Chemistry 30

In the square planar complexes, the hybridisation involved is dsp’.
An example Is [NI{CN),J*. Here nickel is in +2 oxidation state and has
the electronic configuration 3d” The hybridisation scheme is as shown
in diagram:

Orbitals of Ni**jon FLTLTE T T

3d 45 4n
dsp’ hvbridised = I
orbitals of Ni*" 4 LA LR LSS

3d dsp” hydrid 4p
[NI[CN)J*
(low. spin complésd T T B EE S g e S

ad Four pairs of electrons  4p

from 4 CN groups

Each of the hybridised orbitals receives a pair of electrons [rom a
cyanide fon. The compound is diamagnetic as evident from the absence
of unpaired electron.

It is important to note that the hybrid orbitals do not actually exist.
In fact, hybridisation is a mathematical manipulation of wave equation
for the atomic orbitals involved.

The magnetic moment of coordination compounds can be measured
by the magnetic susceptibility experiments. The results can be used to
obtain information about the number of unpaired electrons and hence
structures adopted by metal complexes.

A critical study of the magnetic data of coordination compounds of
metals of the first transition series reveals some complications, For
metal ions with upto three electrons in the d orbitals, like Ti* [d’]: v
[d'z]: Cr* (d%: two vacant d orbitals are available for octahedral
hybridisation with 45 and 4p orbitals. The magnetic behaviour of these
free fons and their coordination entities is sitnilar, When more than
three 3d electrons are present, the required pair of 3d orbitals for
octahedral hybridisation is not directly available [as a consequence of
Hund's rule]. Thus, for d' (Cr*, Mn™), & (Mn®, Fe), ¢ (Fe*', Co™)
cases, a vacant pair of d orbitals results only by pairing of 3d electrons
which leaves two, one and zero unpaired electrons, respectively.

The magnetic data agree with maximum spin pairing in many cases,
especially with coordination compounds containing ions. However,
with species containing d* and & ions there are complications., []"n-'i]'h{(l‘]"«!]E]EI
has magnetic moment of two unpaired electrons while IMnClJ® has a
paramagnetic moment of four unpaired electrons. [Fe(CN)* has magnetic
moment of a single unpaired electron while [FeFg]* has a paramagnetic
moment of five unpaired electrons. [CoF,]" is paramagnetic with four
unpaired electrons while [Cn{CﬂDdg]a' is diamagnetic. This apparent
anomaly is explained by valence bond theory in terms of formation of
inner orbital and outer orbital coordination entities. [Mn[CN]E]E'. [FE[CME]E_
and [Co(C;0,)5 are inner orbital complexes involving o*sp® hybridisation,
the former two complexes are paramagnetic and the latter diamagnetic.
On the other hand, [Mnﬂlgla_, [FeF,I" and [CoFg]* are outer orbital
complexes involving sp’d® hybridisation and are paramagnetic
corresponding to four, five and four unpaired electrons.
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Salulion

5.5.3 Limitations
of Valence
Bond
Theory

5.5.4 Crystal
Field

Theory

The spin only magnetic moment of [MnBrJ* is 5.9 BM. Predict the
geometry of the complex ion ?

Since the coordination number of Mn® ion in the complex lon is 4, it
will be either tetrahedral [51.‘33 hybridisation) or square planar ld.-*;;:aﬂ
hybridisation). But the fact that the magnetic moment of the complex
ion is 5.9 BM, it should be tetrahedral in shape rather than square
planar because of the presence of live unpaired elecirons in the dorbiials.

While the VB theory, to a larger extent, explains the lormation, structures
and magnetic behaviour of coordination compounds, it suffers from
the lollowing shortcomings:
) It involves a number of assumptions.
{ii) Il does not give quantitative interpretation ol magnetic data,
(ii) It does not explain the colour exhibited by coordination compounds.
(iv] It does not give a quantitative interpretation of the thermodynamic
or kinetic stabilities of coordination compounds.
[v) It does not make exacl predictions regarding the tetrahedral and
square planar structures of 4-coordinate complexes.
(vi) It does nol distinguish between weak and strong ligands.

The crystal field theory (CFT) is an elecirostatic model which considers
the metal-ligand bond to be ionic arising purely from electrostatic
interactions between the metal ion and the ligand. Ligands are treated
as point charges in case of anlons or peint dipoles in case of neutral
molecules. The five d orbitals in an isolated gaseous metal atom/ion
have same energy, Le., they are degenerate, This degeneracy is
maintained if a spherically symmetrical field of negative charges
surrounds the metal atom/ion. However, when this negative field is
due to ligands (either anions or the negative ends of dipolar molecules
like NH; and H,0) in a complex, it becomes asymmetrical and the
degeneracy of the d orbitals is lifted. It results in splitting of the d
orbitals. The pattern of splitting depends upon the nature of the crystal
field. Let us explain this splitting in different erystal fields.

fa] Crystal field splitting in octahedral coordination entities

In an octahedral coordination entity with six ligands swrounding
the melal atom/ion, there will be repulsion between the electrons in
metal d orbitals and the electrons (or negative charges) of the ligands.
Such a repulsion is more when the metal d orbital is directed towards

the ligand than when it is away from the ligand. Thus, the d . o

andd_ orbitals which point towards the axes along the direction of

the ligand will experience more repulsion and will be raised in
energy: and the d,,, d; and d,; orbitals which are directed between
the axes will be lowered in energy relative to the average energy in
the spherical crystal field. Thus, the degeneracy of the d orbitals
has been removed due to ligand eleciron-metal electron repulsions
in the octahedral complex to yield three orbitals of lower energy, iz,
set and two orbitals of higher energy, e, set. This splitting of the

Ldl. Coordination Compounds



d orbitals -
r

Free metal jon

Fig.5.8: d orbital splitting in an octahedral erystal field

Chemistry

degenerate levels due to the
presence of ligands in a
definite geometry is termed as
crystal Held splitting and
the energy separalion is
denoted by A, (the subscript
o is for octahedral) (Fig.5.8).
d ‘J‘,.-r: € Thus, the energy of the two g
I%f'ix ‘[

orbitals will increase by (3/5)
A, and that of the three {; will

—_—= -"-,-___—H}g.\-, A, decrease h}" (2/5B)A,.
d d ‘;1-._ i t, The crystal field splitting,

o A, depends upon the lield
produced by the ligand and
charge on the metal ion. Some

Average energy  Splitting of d orbitals ligands are able to produce
of the d orbitals in in octahedral strong fields in which case. the
spherical crystal field crystal field splitting will be large whereas
others produce weak fields
and consequently result in
small splitting of d orbitals.
In general, ligands can be arranged in a series in the order of increasing
field strength as given below:
I'<Br <SCN <Cl <8" <F <OH <0, <H,0 < NCS
< edia* < NH, <en < CN™ < CO

Such a serles Is termed as spectrochemical series, Il Is an
experimentally determined series based on the absorption of light
by complexes with different ligands. Let us assign electrons in the d
orbitals of metal ion in octahedral coordination entities. Obwviously,
the single d electron occupies one of the lower energy ty, orbitals. In
d® and & coordination entities, the d electrons occupy the 1y, Orbitals
singly in accordance with the Hund's rule. For d* ions, two possible
patterns of electron distribution arise: (i) the fourth electron could
either enter the fy, level and pair with an existing electron, or (ii) it
could avoeid paying the price of the pairing energy by occupying the
g, level. Which of these possibilities oceurs, depends on the relative
magnitude of the crystal field splitting, A, and the pairing energy, P
(P represents the energy required for electron pairing in a single
orbital). The two options are:

{i) If A, <P, the fourth electron enters one ol the g, orbitals giving the
configuration tggeé . Ligands for which A, < P are known as wealk
field ligands and form high spin complexes.

(ii} If A, = P, it becomes more energetically favourable for the fourth
electron to oceupy a t,, orbital with configuration tz‘g‘tegﬂ. Ligands
which produce this effect are known as sirong field ligands and
form low spin complexes.

Calculations show that d* to d’ coordination entities are more
stable for strong field as compared to weak field cases.

b
g1



{b) Crystal field splitting in tetrahedral coerdination enfities

In tetrahedral coordination entity formation,
the d orbital splitting (Fig. 5.9) is inverted
and is smaller as compared to the octahedral
field splitting. For the same metal, the same
ligands and metal-ligand distances, it can
be shown that A, = [4/9] A,;. Consequently,
Lthe orbital splitting energies are not
sufficiently large for forcing pairing and,
therefore, low spin configurations are rarely

o orhitals Averspe energy of the  Spliting of 4 arnimls t i ‘
e el Mitabds oy Observed. The °g subscript is used for the
erystal fiekd ficld octahedral and square planar complexes

Fig.5.9: d erbital splitting in a tetrahedral

crystal fleld.

5.5.56 Colour in
Coordination

Compounds

which have centre of symmetry. Since
tetrahedral complexes lack symmetry, ‘g
subscript is not used with energy levels,

In the previous Unit, we learnl that one of the most distinctive
properties of transition metal complexes is their wide range of colours.
This means that some of the visible spectrum is being removed from
white light as it passes through the sample, so the light that emerges
is no longer white. The colour of the complex is complementary to
that which is absorbed. The complementary colour is the colour
generated from the wavelength lelt over; if green light is absorbed by
the complex, it appears red. Table 5.3 gives the relationship of the
different wavelength absorbed and the colour observed.

Table 5.3:Relationship between the Wavelength of Light absorbed and the
Colour observed in some Coordination Entities

Coordinaton
entity

[CoCINH4l*
[CoiNH,)s (O™
[ColNH™
[ColCN)*
[CufH,0),[*
[THELOl]™

Wavelength of light

Colour of light Colour of coordination

absorbed (nm) absorbed entity
535 Yellow Violet —]
500 Blue Green N Red [=—]
475 Blue -— Yellow Orange b
310 Ultraviolet ' gen " | Pale Yellow
600 Red —— Blue =
408 Blue Green DN Violet [ |

The colour in the coordination compounds can be readily explained
in terms of the crystal field theory, Consider, for example, the complex
[Ti[HzG].E]S'. which is violet in colour. This is an octahedral complex
where the single electron (Ti*" is a 3d' system) in the metal d orbital is
in the t;; level in the ground state of the complex. The next higher state
available for the electron is the empty e, level. If light corresponding to
the energy of blue-green region is absorbed by the complex, it would
excite the electron [rom f,, level to the ¢, level [tgale;’ . Iﬂiﬂe:].
Consequently, the complex appears violet in colour (Fig. 9.10). The
crystal field theory attributes the colour of the coordination compounds

to d-d transition of the electron.

ABs,
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It is important to note that

. in the absence of ligand,

| L crystal lield splitiing does

not occur and hence the

by substance is colourless, For
example, removal of water
from [Ti(H,0)glCls on heating

I

b " renders it colourless.
Similarly, anhydrous CuS0O,

ground state excited state ]
is white, but Cu50,.6H,0 is
Fig.5.10: Transiilon of an eleciran in blue in colour. The inlluence
of the ligand on the colour
of a complex may be illustrated by considering the [NIH,O0) " complex,
which forms when nickel(ll) chloride is dissolved in water. If the
didentate ligand, ethane-1,2-diamine{en) is progressively added in the
molar ratios er:Ni, 1:1, 2:1, 3:1, the [ollowing series ol reactions and
their associated colour changes occur:
INI(HO)el™" (aq)  +en (ag) = [NHO)len)"(aq) + 2H,0
green pale blue
[Ni(H,0), (er)*(aq) +en faq) = [Ni(HO)(en)[(ag) + 2H,0
blue/purple
[NifH,0)x(em)s]* (ag) + en (aq) = [Nifen),]* (ag) + 2H,0
violet
This sequence is shown In Fig. 5.11.
1 N N[ T
L} ¥ T ¥ Lil L] 1
| B O B |
n =
| s B
Fig.5.11 | i =
Agueous solutions of ' —_;1

complexes af
nickel(ll} with an
increasing number
of ethane-1.
2-diamine ligards.

TEBREl I
[NHH,O),]" (aq) 4"[4: I r %— [Nifen),* (aq)

[Ni(H,OLen]* [aq) [Ni(H,O)Len,]" (aq)

Colour of Some Gem Stones

The colours produced by electronic transitions within the d orbitals of a
transition metal ion occur frequently in everyday lite. Ruby [Fig.5.12(a)] is
aluminium oxide (Al;0,) containing about 0,5-1% Cr* jons (d¥), which are
randomly distributed in positions normally occupied by Al*. We may view
these chromium(lll) species as octahedral chromium(IIl) complexes incorporated
into the alumina lattice; d—d transitions at these centres give rise to the colour.

Chemistry 34



In emerald |Fig.5.12(b)]. Cr™'
ions occupy octahedral sites

in the

(Be,AlSig045). The absorption
bands seen in the ruby shift ()

mineral  beryl

(h) A

to longer wavelength, namely
yellow-red and blue, causing  Fig.5.12: (al Ruby: this gemstone was found in

emerald to transmit light in
the green region,

5.5.6 Limitations
of Crystal
Field
Theory

marble from Maogok, Muyanmar: (bl
Emerald: this gemsione was found in
Muzo, Columbia.

The crystal field model is successful in explaining the formation,
structures, colour and magnetic properties of coordination compounds
to a large extent. However, from the assumptions that the ligands are
point charges, it follows that anionic ligands should exert the greatest
splitting effect. The anionic ligands actually are found at the low end
ol the spectrochemical series. Further, it does not take into account
the covalent character of bonding between the ligand and the central
atom. These are some of the weaknesses of CFT, which are explained
by ligand field theory (LFT) and molecular orbital theory which are
bevond the scope of the present study.

Intext uestions

5.5 Explain on the basis of valence bond theory that [NHCN)J* ton with square
planar structure is diamagnetic and the [NiCLJ* ion with tetrahedral
geomelry is paramagnetic.

5.6 [NiCL]™ is paramagnetic while [Ni(CO),| is diamagnetic though both are
tetrahedral. Why?

5.7 [Fe(H,0)l* is strongly paramagnetic whereas [Fe(CN)J* is weakly
paramagnetic. Explain.

5.8 Explain [Co{NH.)]™ is an inner orbital complex whereas [NifNH,).]** is an
outer orbital complex.

5.9 Predict the number of unpaired electrons in the square planar [PHCN),)* ion.

5.10 The hexaguo manganese(ll) ion contains five unpaired electrons, while the
hexacyanoion contains only one unpaired electron. Explain using Crystal
Field Theory.

5.0 Bonding in
Metal
Carbonyls

The homoleptic carbonyls (compounds containing carbonyl ligands
only] are formed by most of the transition metals. These carbonyls
have simple, well defined structures. Tetracarbonylnickel(0) is
tetrahedral, pentacarbonyliron(0) is trigonalbipyvramidal while
hexacarbonyl chromium(0)] is octahedral.

Decacarbonyldimanganese(0) is made up of two square pyramidal
Mn(CQ) units joined by a Mn - Mn bond. Octacarbonyldicobalt(0)
has a Co = Co bond bridged by two CO groups (Fig.5.13).

Liah:. Coordination Compounds



Fig. 5.13
Structures of some
repreésentatineg
homoleptic meial
carbonyls,

| oc_
oc”” IT‘\o::- oc jc_m
co 0

Ni(CO), Fe(CO), 0Cy s Lo
Tetrahedral Trigonal bipyramidal DC—)G—-—-C — 0

ge” ol D
T co 0

CC\ co
00—

)Im/ n—i_C0 [Co,[CO),)
| e
co/ | \\ 5| b
CO o
CriCo), Dt:la hedral Wi (0N

The metal-carbon bond in metal carbonyls
possess both o and © character. The M-C ¢ bond
is formed by the donation of lone pair of electrons
on the carbonyl carbon into a vacant orbital of
the metal. The M-C n bond is formed by the
donation of a pair of electrons from a filled d orbital
of metal into the vacant antibonding 7* orbital of
carbon monoxide. The metal to ligand bonding

Fig. 5.14:Example of synergic bonding creates a synergic effect which strengthens the
interactions in a carbonyl bond between CO and the metal (Fig.5.14).

complex.

5.7 Importance
and
Fpplications
of
Coordination
Compounds

Chemistry Jd36

The coordination compounds are of great importance. These compounds

are widely present in the mineral, plant and animal worlds and are

known to play many important functions in the area of analytical
chemistry, metallurgy, biclogical systems, industry and medicine. These
are described below:

* Copordination compounds find use in many qualitative and
guantitative chemical analysis, The familiar colour reactions given
by metal ions with a number of ligands (especially chelating ligands),
as a result of formation of coordination entities, form the basis for
their detection and estimation by classical and instrumental methods
of analysis. Examples of such reagents include EDTA, DMG
(dimethvlglvoxime). g-nitroso-f-naphthol, cupron, elc.

* Hardness of water is estimated by simple titration with Na,;EDTA.
The Ca* and Mg* ions form stable complexes with EDTA, The
selective estimation of these ions can be done due to difference in
the stability constants of calcium and magnesium complexes,

* Some important extraction processes of metals, like those of silver and
gold, make use of complex formation. Gold, for example, combines with
cyanide in the presence of oxygen and water to form the coordination
entity [Au[CN),]” in aqueous solution. Gold can be separated in metallic
form [rom this solution by the addition of zinc.

* Similarly, purification of metals can be achieved through formation
and subsequent decomposition of their coordination compounds.



For example, impure nickel is converted to [Ni(CO),], which is
decomposed to yvield pure nickel.

s  Coordination compounds are ol greal imporiance in biological
systems. The pigment responsible for photosynthesis, chlorophyll,
is a coordination compound of magnesium. Haemoglobin, the red
pigment of blood which acts as oxygen carrier is a coordination
compound of iron. Vitamin B,;, cyanocobalamine, the anti-
pernicious anaemia factor, is a coordination compound of cobalt.
Among the other compounds of biological importance with
coordinated metal ions are the enzymes like, carboxypeptidase A
and carbonic anhydrase (catalysis of biological systems).

* (Coordination compounds are used as catalysts for many industrial
processes. Examples include rhodium complex. [[PhF);RhCll. a
Wilkinson eatalyst, is used for the hydrogenation of alkenes.

=  Articles can be electroplated with silver and gold much more
smoothly and evenly from solutions of the complexes, [Ag(CN)]
and [Au(CN),] than from a solution of simple metal ions.

* In black and white photography, the developed film is fixed by
washing with hypo sclution which dissolves the undecomposed
AgBr to form a complex ion, [Ag(S;0.).".

* There is growing interest in the use of chelate therapy in medicinal
chemistry. An example is the treatment of problems caused by the
presence of metals in toxic proportions in plant/animal systems.
Thus, excess ol copper and iron are removed by the chelating ligands
D-penicillamine and desferrioxime B via the formation of coordination
compournids. EDTA is used in the treatment of lead poisoning. Some
coordination compounds of platinum effectively inhibit the growth
of tumours. Examples are: cis-platin and related compounds.

Summary

The chemistry of coordination compounds s an important and challenging
area of modern inorganic chemistry., During the last {ifty years, advances in this
area, have provided development of new concepts and models of bonding and
molecular structure, novel breakthroughs in chemical industry and vital
insights into the functioning of critical components of biological systems.

The first systematic attempt at explaining the formation, reactions, structure
and bonding of a eoordination compound was made by A, Werner. His theory
postulated the use of two types of linkages (primary and secondary) by a
metal atom/ion in a coordination compound. In the modern language ol chemistry
these linkages are recognised as the ionisable (ionic) and non-ionisable (covalent)
bonds, respectively. Using the property of isomerism, Werner predicted the
geometrical shapes of a large number of coordination entities.

The Valence Bond Theory (VBT) explains with reasonable success. the
formation, magnetic behaviour and geometrical shapes of coordination compounds.
It, however, fails to provide a guantitative interpretation of magnetic behaviour
and has nothing to say about the optical properties of these compounds.

The Crystal Field Theory (CFT] 1o coordination compounds is based on
the eflect ol different crystal fields (provided by the ligands taken as point charges),
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on the degeneracy of d orbital energics of the central metal atom/lon. The
splitting of the d orbitals provides different electronic arrangements in slrong
and weak crystal llelds. The lreatment provides for quantilative estimalions of
orbital separation energies, magnetic moments and speeiral and stability
paramelers. However, the assumption thal ligands consitilute point charges
creales many theoretical difficulties.

The metal-carbon bond in metal carbonyls possesses both ¢ and = character.
The ligand Lo metal is @ bond and metal Lo ligand is © bond. This unique synergic
bonding provides stability o metal earbonyls,

Coordination compounds are of great importance. These compounds provide
critteal insights Into the lunctioning and siructures ol vital components of
biological svstems. Coordination compounds also find extensive applications in
metallurgical processes, analytical and medicinal chemistry,

(" ;
CXCICISes

5.1 Explain the bonding in coordination compounds in terms ol Werner's postulates,
5.2 Fe50, solutlon mixed with [NHg):50, solution in 1:1 molar ratio gives the
test of Fe®™ ion but CuSQ, solution mixed with agueous ammonia in 1:4
molar ratio does not give the test of Cu™ ion. Explain why?
5.3 Explain with lwo examples ecach of the [ollowing: coordination enlity, ligand,
coordination number, coordination polvhedron, homoleptic and heteroleptic,
5.4 What Is meant by unldentate. didentate and ambildentate ligands? Give two
examples for each.
5.5 Specify the oxidation numbers of the metals in the following coordination entities:
(i} [ColHzOl(CN){en),I™ (iii) [PLCLI* (v) [CriNHz)5Clsl
(i) [CoBrylen),]’ (iv) K;[FelCN)g
5.6 Using IUPAC norms write the formulas for the following:
i} Tetrahvdroxidozincate(II) (vi) Hexaamminecobalt(IIl} sulphate
(ii) Potassium tetrachloridopalladate(ll] (vii) Potassium trifoxalato)chromate(111)
{iif) Diamminedichloridoplatinum(ll)  (viii} Hexaammineplatinum{IV)
{iv) Potassium tetracyanidonickelate{ll} (ix} Tetrabromidocuprate(Il}
(v) Pentaamnmminenitrito-Q-cobalt(Ill) (x) Pentaamminenitrito-N-cobalt(111)
5.7 Using IUPAC norms write the systematic names of the following:

(i} [ColNHg)elCly (iv) [ColNHa)CINOJICT  (vii} [NilNH)ClL,
(ii} [PLNH;),CHNH,CHZ)]C1 (v) IMo(H,0)* (viif) [Colen)s]™
(i) [THHLO)I* fvi) [NiCl]” (ix) [Ni(CO),l

5.8 List various lypes of isomerism possible [or coordination compounds, giving
an example of each,

5.9 How many geometrical Isomers are possible in the following coordination entities?

(1} [Cr(C40).™ (1) [Co{NHs):CL]
5.10 Draw the structures ol optical isomers ol
{1} [CriC,0051* (i) [PtChien)y)™ (i) [Cr(NHg),Clylen)l*

“hemistry g3



5.11 Draw all the isomers (geometrical and optical) of:
(1) [CoClylen)yl (i) [ColNHCHen)s*  ({ii) [Co(NHs)Clylen)]’
5.12 Write all the geometrical isomers of [Pt{NHg)(Br)(Cl)ipyl] and how many of
these will exhibit oplical isomers?
5.13 Agueous copper sulphate solution (blue in colour] gives:
(i) & green precipitate with agueous potassium fluoride and

(i} a bright green solution with agqueous potassium chloride. Explain these
experimental results.,

5.14 Whal is the coordination entity formed when excess ol aqueous KCN s
added to an agueous solulion ol copper sulphate? Why is it thal no precipitate
of copper sulphide 1s obtained when H 5(g) Is passed through this solution?

5.15 Discuss the nature of bonding in the lollowing coordination entilies on the
basis of valence bond theory:

() [FelCN)gl™ () [FeF ™ (i) [ColC,0Js"  (iv) [CoFgl™
5.16 Draw figure to show the splitting ol d orbitals In an octahedral crystal feld,

5.17 What Is spectrochemical series? Explain the difference between a weak
field ligand and a strong field ligand.

5.18 What is crystal field splitting energy? How does the magnitude of A, decide
the actual configuration of d orbitals in a coordination entity?

5.19 |Cr(NHy* is paramagnetic while [Ni{CN)J* is diamagnetic. Explain why?

5.20 A solution of [NI(H;0)e*" is green but a solution of [NI[CNLF Is colourless.
Explain.

5.21 |FelCNJg* and |Fe(H,0)]" are of different colours in dilute solutions. Why?

5.22 Discuss the nature of bonding in metal carbonyls.

5.23 Give the oxidation state, d orbital occupation and coordination number of
the central metal lon in the following complexes:
(i) HIColC04)5] (iif) (NHg),ICoF,]
(if) wis-[CrCllen);lCl (fv) [Mn(H0)50,

5.24 Write down the IUPAC name for each of the following complexes and indicate
the oxidation state, electronle configuration and coordination number. Also
give slereochemisiry and magnelic momeni of the complex:

() KICHH,0L(C;0.,].3H,0 (i) [CrCly(py)al (v) K [Mn(CN)
(i) [ColNHCLICL [fv) Cs|FeCly]

5.25 Explain the violet eolour of the complex [TifH,0)"" on the basis of crystal
field theory.

5.268 What is meant by the chelate effect? Give an example,

5.27 Discuss briefly glving an example In each ease the role of coordination
compounds n:

(i] biological systems (iif] analytical chemistry

[ii) medicinal chemistry and [iv) extraction/metallurgy of melals.
5.28 How many ions are produced from the complex Co[NHy)eCl: in solution®?

i) 6 fii} 4 (iii} 3 [iv] 2
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5.29

5.31

5.32

5.3

5.4

5.6

5.7

5.8

5.9

Chemistry 440

Amongst the following lons which one has the highest magnetic moment valug?

(i) [Cr{H,004™ (i) [FelHO)gl™ (i) [Zn(HO)gl™
Amongst the lollowing, the mosl slable complex is
(1) [FeH0)]™ (1) [Fe(NHslgl™ (1) [Fe(CiOuaf™ (iv) [FeCll’

What will be the correct order for the wavelengths of absorption in the visible
region for the following:

[NI(NOZI" . [NiNH) ™, [Ni(H,0)J*" ?

Answers to Some Intext Questions

([} [ColNH . (H;0)5]1Cly (iv) [PLINH3)BrCl[NG,)]
i) KaINI{CN],] ] [PECllen) 1N O,
(it} |Crien)s]Cly (vi) FeyFe(CNsls

{i) Hexaamminecobalt(lll) chloride

(i) Pentaamminechloridocoball(Ill) chloride

(i) Potassium hexacyanidoferrate(ll)

(1v) Potassium (rioxalatoferrate({lll)

(v] Potassium lelrachloridopalladate(ll)

vi} Diamminechlorido{methanaminelplatinumill) chloride

{{) Both geometrical {¢ls-, frans) and opfical lsomers for cls can exist.
([ii] Two optical isomers can exist
(iii} There are 10 possible isomers. (Hint: There are geometrical. jonisation and
linkage isomers possible).
(ivl Geometrical (cis-, trans-] isomers can exist.
The ionisation isomers dissolve in water to yicld different ions and thus reacl
differently to various reagenis:
[CofNH,):BriSO, + Ba® — BaSoO, (&)
[ColNH,)sS0,Br + Ba® — No reaction
[ColNH4)sBr]S0, + Ag' — No reaction
[Co[NHalsSO4Br + Ag —» AgBr (s)
In NifCO),, Niis in zero oxidalion state whereas in NiC.lf". it is in +2 oxidation
state. In the presence of CO Ugand, the unpaired d electrons of NI pair up but
CI belng a weak lgand is unable o palr up the unpaired electrons,
In presence of CN, (a strong ligand) the 3¢ electrons palr up leaving only one
unpaired electron. The hybridisation is d®sp® forming inner orbital complex. In
the presence of H,0, (a weak ligand), 3d electrons do not pair up. The
hybridisation is sp®d® forming an outer orbital complex contalning five unpaired
electrons, it Is strongly paramagnetic.

In the presence ol NHy, the 3d electrons pair up leaving two d orbitals empty
to be involved in ’sp® hybridisation forming inner orbital complex in case of [CoNHgl]™".
In Ni[NHaJ,Eh. Ni is in +2 oxidation state and has d° conliguration, the
hybridisation involved is sp’d® forming outer orbital complex.

For square planar shape, the hybridisation is -:Isp‘. Henee the unpaired electrons
in 5d orbital pair up to make one d orbital empty for dsp® hybridisation. Thus
there is no unpaired electron.
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Elements, their Atomic Number and Molar Mass

Element Symbal Atomio Malar Element Symbol  Atomic Molar
TMumiber mass Number mass,

g moal ) ig mol?)

Actinium A BB 22703 Mercury Hg BO 20454
Alrmirdam Al 13 2688 Malvbdenum Mo 42 095,04
Americium fam 85, (2431 Mendymium M 60 144.24
Amtirmony Eh Bl 12178 bleon Ne 10 20.13
Aryin AT 18 49.95 Meptunium Hp a3 {237.05]
Arsenic A a3 7432 Mickel Ni 28 54.71
Astatine Al BE 210 Miohdom Nb 41 92.81
Barium Ba 5 137.94 Nilrogen H T 1400637
Berkelium Bk aF [247) Mobelium Ma 02 {259)
Byl He 4 4.01 Cramibum Os TE 1a0.2
Bismuih Bi B3 RO GH Crygieny Q B 16.00
Baolerium Bh 107 (2564) Palladiiim Pd 46 108 .4
Boron B 5 10.81 Phosphorus P 16 30.97
Broanine Br ag 79.91 Flatinum Bt TE 195,040
[E AT od A L1240 Pluitin il T B4 {244])
Caeivmi Ca BB 132,91 Poloninm Po B 210
Calrfum Ca 20 40.08 Polassium R 19 39,10
Caltformium cf a8 251.08 Praseodymium Pr iii: ] 140,91
Carbon ) 6 12.01 Promisthium Bm Bl {L4E5]
Cerium Ce g 144,12 Prostiactindum Ia a1 25104
Chborine <l 17 33.45 Raelinng e BB {226
Chromdum Cr 24 S2.00 Railon Bo BB (223)
Cubsalt Co 27 58843 Rhenlum BFe 75 186.2
Copper Cu 20 A5 Ithodium Eh 45 10281
Curjum Cm 96 247.07 Hubidium Eb a7 B5.4Y
Duibrsum Do 106 (2631 Futlwnium ] 44 101.07
Dysprostum Dy 66 1650 Rulherfordum Bt 104 1261)
Ednsteminm Es o9 252] Samarium am B2 150,35
Exblubn Er (=3 167 26 Scamdinm Sc 21 A4
Eairagsium Eu 83 15094 Sealaorgium g 106 (266
Fermium Fm 100 [257.100 Sulenium Ze 34 78.96
Fluorine F k-] 19.00 Siticon i 14 28.08
Francium Fr a7 (223) Silver Ag 47 107.47
Cadoliniun Gd B4 15725 Sondinum Na 11 23.99
Cialbium Ga, 21 H53.72 Strurtim &r a8 av.62
Ciermarium Ge 32 TZ.61 Sulphur s 16 32.06
Crold A 9 L1996 97 Tardalum Ta 73 180,85
Halfndnum =il 72 178.49 Technetium Te 43 B9H.91)
Hagslom Ha 108 [2649] Tellurium Te 52 127,80
Hestumi He 3 .00 Tethium Tk BB 154,92
Holnrum T GBT 164,83 Thallivim T Bl 204,37
Hydrogen H o | 10078 Thortum Th 30 233,04
Inicdivim nn 45 114.82 Thulium Tm B2 168.083
Todin I B3 12600 T &n 50 11869
Irkilim Ir iy 192 Titanium T L A7.88
o Fe 26 55.85 Tungsien W T4 183.856
Ervpton Er a8 HAHD Untmibsium Uub 112 277
Lanthamm Ia &Y 13891 Unumnilium Tun 110 {269
Lawretcliim Ir 103 {2652.1) Ulnusryurdum T 111 {274)
Lead Flr an 207,19 Uraralum u 82 2HH,05
Lathiiuem Li 3 824 Sraedivm W 23 20,04
Lutethum Iu 71 174.96 Kemon Xe E4 131.30
Magnesivm Mg 1% 24.31 Yiterblum ¥b 7O 173.04
Margatese T 26 S4.494 ¥itrium ¥ a5 BE.81
Meiteaidim M 109 (268) Fine In a0 65.87
Mendeleiom Md 101 (25810 Zhrconium ar 40 91.22

The value given in parenibesis Is the molar mass of the isofope of largest konown hal-1fe,
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Some Useful Conversion Factors

Common Unit of Mass and Weight
1 pound = 453.59 grams

| pound = 453.59 grams = 0.45359 Kilogram
1 kilogram = 1000 grams = 2,205 pounids
I gram = 10 decigrams = 100 centigrams

= 1000 milligrams
| gram = 6,022 x 1023 atomic mass units or u
I atomic mass unit = 16606 « 10 24 gram
I medrie tonne = 1000 kilograms

= 2205 pounds

Commeon Unit of Volume
1 quart = 0.8463 Htre
1litre = 1.056 quarts

I litre = 1 cubic decimetre = 1000 cubic
centimetres = 0,001 cubic metre
1 millilitre = 1 cuble centlmetre = 0,001 llire
= 1.056 = 109 quart
1 cubic foot = 28,316 litres = 29.902 guarts
= 7.475 gallons

Common Units of Energy
1 joule = 1% 107 ergs

| thermochemical ealorie**
=4.1B4joules
=4.184 % 107 ergs
=4 129 % 1072 litre-atmospheres
= 2,612 % 10'? electron volts
1ergs =1 x 10 7 joule = 2.3001 x 10 8 caloric
lelectronvelt=1,6022 =10 7% jouls
= 1,6022 % 10 12 erg
= 964587 lkJ/molt
I litre-atmosphere = 24,21 Fealories
= 101.32 joules
= 1.0132 109 ergs
1 Britishthermalunit =1055.06{oules
= 106506 x 10 eryy
= 2522 calories

Commeon Units of Length
1inch = 2,54 centimetres (exactly)

1 mile = 53280 feet = |.609 kilometrez
1 yard = 36 inches = 0.9144 metre
1 metre = 100 centimetres = 3937 Inches
= 3.281 feet
= 1.094 yards
1 kilometre = 1000 metres = 1094 vards
= 06215 mile
1 Angstrom = 1.0 x 10°% centimetre
= .10 nanometre
= L0 % 107" meire
= 3.037 % 10 ¥ inch

Commaon Units of Force* and Pressure

1 atmosphere = 760 millimetres of mercury
=1.013 = 107 pascals
= 1470 pouncds per square inch
I bar = 10" pascals
1 torr = 1 millimetre of mercury
1 pascal = 1 kg/ms® = | N/m*

Temperature
SI Base Unit: Kelvin (K]

K =-273.15C
E = "C+273.15
F=18(C) + 32
F-32
1.8

=

' Farce: 1 newlan (Nl = 1 kg m/s%, Lethe force that. when applicd for | second, glves a

1kilagram mass a velocity of 1 metre per second,

“* The amount af heat required o raise the lemperature of one gram of water from 14.5°C 10 15.55C.
I Note that the other anits are per particle and must be muoliiplied by 6022 <109 (o be strictly

conmparable.
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Standard potentials at 298 K in electrochemical order

Reduction half-reaction EY /W Reduction half-reaction E-/V
HXeO, + 2H" +2¢ — X0, + 3H,0 +3.0 Cu’ +e — Cu +0.52
F, + 26 — 2F- +2.87 NiOOH + H,0 + & — Ni{OH), + O  +0.49
Oy + 2H' + 26— 3 O, + H,0 +2.07 Ag,CrO, + 26" — 248 + CrOy +0.45
5,08 + 20" — 2807 +2.05 0, + 2H,0 + 4" — 40H +0.40
A’ +& — Ag’ +1.98 €10, + H,0 + 2" — CIO; + 201" +0.36
o + & — 5 O™ +1.81 !FEECN] o+ e —— [Fe(CN)J* +0.36
H,0, + 2H" + 20 — 2H,0 +1.78 Cu® + 26— Cu +0.34
B 1.0 Hg,Cl, + 26 — 2Hg + 2C1 +0.27
Pb™ + 26— Ph™ +167 ‘;‘lﬁ‘ﬂj 3‘;:‘;‘% e ﬁ;g
A T e SO +4I +26 — SO, +1,0 4017
2HBrO + 2H' + 2¢ — Br, + 2H,0  +1.60 ;1‘.. o csunm Ei:
Il.hg.+8H*+ 53';—-1 Mn® + dHO  +1.51 AgBr + ¢ — Ag+ Br 40.07
Mn™+e — Mn +1.51 T + & — 3 T 0.00
ﬁ'l.l&. + 3 —— Au +1.40 A+ S — E[.E 0.0 h!f
L +.3’E_‘__’ 2cr +1.36 ' definition
Cr,07 + 14H" + 62" —= 201" + TH,O  +1.33 Fe™ + 32— Fe —0.04
0, +H,0+ 2 —— 0, + 20H +1.24 0, + H,0 + 26" —— HO; + OH -0.08
0, +4H' + 4e"— 2H,0 +1.23 Pb* +2¢ — Fh -0.13
ClO, + 2H' +2¢ — ClO; + 2H,0 +1.23 In'+e —in -0.14
MnQ, + 4H + 2¢— Mo®™ + 2H,0  +1.23 Sn” + 2" — Sn -0.14
PR+ 26— Pt +1.20 Agl+ e —s Ag+T -0.15
Br, +2e — 2Br +1.09 NI+ 26— Ni -0.23
Put + e — Pu® +0.97 Ve -0.26
NG, + 4H" + 32— NO + 2H,0 +0.06 Co** +2¢ — Co -0.28
2Hg™ +2e — Hg¥ ' +0,92 In™+3: ——1In -0.34
ClO + H,0 + 26— CI + 20H +0,89 W+e—T -0.34
Hg" +2e — Hg +0.86 PhSO, + 26— Ph + 503 —0.36
NO; + 2H" + & —3 NO, + H,0 +0.80 T +e— " -0.37
ﬂg+ + G_—bﬁg +0.80 Gd"’ + 26— Cd -0.40
Hgg‘l_i_ﬂe— - ZH‘E +0.79 In*™ + ¢ — In' —0.40
Fe* + & — Fe®* +0,77 Gp e e
BrO™+ H,0 + 26— Br + 20H°  +0.76 3575 <t g
Hg, SO, +2¢ — 2Hg + SO} +0,62 - 2 '
MnO? + 2H,0 + 2¢ —5 MnO, + 40l +0.60 Isﬂ: i: sz, :g'j:
ﬁ‘;’gﬁ_}; MnGy :g;j Ut + e U 061
2 Cr** + 3¢ —Cr —0.74
I, +2¢ — 30 +0.53 Zn® + Ze — 3 Zn -0.78
foontinued)
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Reduction half-reaction E/W Reduction half-reaction EY /v
CdiOH), + 28" —» Cd + 20H" ~0.81 La¥ + 83— la -2.52
2H,0 + 2¢"— H, + 20H" ~0.B3 Na'+e—Na 271
Cr+ 20— Cr -0.91 Ca* +2e — 5 (Ca 2.87
Mn®* + 22— Mn -1.18 Sr¥* + 2¢— Sr -2.89
V42—V -1.19 Ba® + 2¢ —— Ba —Z2.01
Ti®* + 26— Ti -1.63 Ra** + 2e° — Ra -2.92
Al?* + e Al -1.66 Cgt+e—— Cy —2.82
Ur+ 3 —5U -1.79 Rb"+ ¢ —— Rb 2,03
S+ B0 — Ee —2.00 K+ —3 K 293
Mg +2¢ —— Mg -2.36 Lif+e——11 -3.05
Ce¥ + 36— Ce -2 48
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Avprnnix IV

Sometimes, a numerical expression may involve multiplication, division or rational powers of large
numbers, For such caleulations, logarithms are very useful, They help us in making difficull caleulations
easy, In Chemistry, logarithm values are required in solving problems of chemical kinetics, thermodynamics,
electrochemistry, etc. We shall lirst intreduce this concept, and discuss the laws, which will have to be
followed in working with logarithms, and then apply this technigque (o a number of problems to show
how it makes difficull caleulations simple.

We know that

=8 32=9 68=1325 V=1

In general, for a positive real number a, and a rational number m. let a -
where b iz a real number. In other words

the m" power of base a is b.

Another way of stating the same [act is

logarithm of b to base a is m.

Il for a positive real number a, a # 1

a™ = b,

we say that m is the logarithm of b to the base a.

We write this as ]-ug:' = m.

“log" being the abbreviation of the word “logarithm”,
Thus, we have

log, 8 = 3, Since2® = 8
logy =2, Since3® = 9
log, 125=3,  Since5® = 125
lag, 1= 0, Since7? =1

Laws of Logarithms

In the lollowing discussion, we shall take logarithms to any base a, (a > 0 and a 2 1)
First Law: log, (mn)] = logym + log,n

Proof: Suppose thal log,m = x and logan = v

Then a*= m, af = n

Hence mn = a“a¥= a™"

It niow follows from the definition of logarithms that

Iog, (mn) = x + y = log, m — log; n

{m
Second Law: log, [;]= log, m - log,n

Proof: Lel logm = x, log,n = ¥

sl Appendix



Then a*=m, a¥=n

m
Henge: — == =42
n a

Thercfore

log, [E]-_— X-y=log, m-log, n
1

Third Law : logm" = n log,m

Proof : As before, if log,m = x, then a8 = m
Then m" = {El.x)n =a

giving log,(m?) = nx = n log, m

Thus according to First Law: “the log ol the product of lwo numbers s equal to the sum ol their logs.
Similarly, the Second Law says: the log of the ratio of two numbers is the difference of their logs. Thus,
the use of these laws converts a problem of multiplication /division into a problem of addition/subtraction,
which are far easler to perform than multdplication/diviston. That s why logarithms are so useful in
all numerical computations,

Logarithms to Base 10

Because number 10 is the base of wriling numbers, il is very convenient to use logarithms to the base
10, Some examples are:

logy 10 = 1. since 10' = 10
logyp 100 = 2, since 10% = 100
loggp 10000 = 4, sinee 10* = 10000
logy, 0.01 = -2, since 107 = 0.01
log;e 0.001 = -3, since 109 = 0.001
and log,gl = 0 since 10% =1

The above results indicate that if n is an integral power of 10, i.e., 1 followed by several zeros or
1 preceded by several zeros immediately to the right of the decimal point, then log n can be easily found.

Il n s not an integral power ol 10, then It iz not easy {o calculate log n. But mathematicians have
made tables from which we can read off approximate value of the logarithm of any positive number
between 1 and 10. And these are sufficient for us to calculate the logarithm of any number expressed
in decimal form. For this purpose, we always express the given dectmal as the produet of an integral
power of 10 and a number between 1 and 10,

Standard Form of Decimal

We can express any number in decimal [orm, as the product of () an lntegral power of 10, and (i)
a number between | and 10, Here are some examples:

{i} 25.2 lies between 10 and 100

25.2
gE o = ——x1D= 2.52:'-61(3;l
10

{ii} 1038.4 lies between 1000 and 10000,

5 1098.4 = 10288 0% = 1.0384 x10°
1000

(iii) 0.005 lies between 0.001 and 0.01
5 0.005 = (0,005 » 1000) * 10% =50 x 107
{iv) 000025 lles between 0.0001 and 0.001
2 D.00025 = (0.00025 % 10000) x 10* =25 10%
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In each case, we divide or multiply the decimal by a power of 10, to bring one non-zero digit to the lelt
of the decimal point, and do the reverse operatlon by the same power of 10, indicated separately.

Thus, any positive decimal can be written in the form
n=mx l0°
where p Is an integer (positive, zero or negativel and 1< m < 10. This 1s called the "standard form of n.”

Working Rule
1. Move the decimal point to the left, or to the right, as may be necessary, to bring one non-zero digit
to the left of decimal point.

2. (i} If vou move p places Lo the lefl, multiply by 107

{) I vou move p places to the righl, multiply by 107,

{iii) If you do not move the decimal point at all, multiply by 107

[iv) Write the new decimal obtained by the power of 10 (of step 2) to oltain the standard form ol

the glven decimal.

Characteristic and Mantissa
Consider the standard [orm of n
n=m*1® where | < m < 10
Taking logarithms to the base 10 and using the laws ol logarithms
log n=log m + log 107
log m + p log 10
p + log m

Here p is an integer and as 1 <m < 10, 200 < log m < 1. i.e., m lies between 0 and 1. When log
n has been expressed as p o+ log m, where p ois an integer and 0 log m-< 1, we say that p Is the
“characteristic” of log n and that log m is the “mantissa of log n. Note that characteristic is always an
integer - positlve, negative or zero, and mantissa s never negative and is always less than 1. If we can
find the characteristics and the mantissa of log 0, we have to just add them to get log n.

Thus o find log n. all we have to do is as [ollows:
1. Put n in the standard form, say

n=mx 108 1 < m <10

2. Head off the characteristic p of log n from this expression (exponent of 10}
3. Look up log m from tables. which is being explained below.
4, Write log n = p + log m

If the characteristie p of a number n {5 say. 2 and the mantissa Is 4133, then we have log n = 2

+.4133 which we can write as 2.4133. I[. however, the characteristic p of a number m is say -2 and the
mantissa is 4123, then we have log m = =2 + 4123, We cannot write this as -2.4123, [Why?) In order

to avaid this confusion we write 3 for -2 and thus we write log m = 3 4723

|

Now let us explain how to use the table of logarithms to find mantissas. A table {s appended at the
end of this Appendix.

Observe that in the table, every row slarts with a two digit number, 10, 11, 12,... 97, 958, 99. Every
column is headed by a one-digit number, O, 1. 2, ...9. On the right, we have the section called “Mean
differences”™ which has o columns headed by 1, 2.9,

0 1 2 3 4 5 G T B 9 1 2 3 4 5 6 7 8 9
Gl TALH3 Ta60 TEGE THTH THEERX TREQD THOG TEQ3 YBIO Y8IT 11 2 3 4 4 5 6 6
62 7924 7981 7945 7954 7958 THGEE TOT3 TOSQ TOHT 11 2z 3 4 5 6 6
63 7993 8000 8007 8014 85021 8028 8035 804| 3043 5055 11 2 3 & 4 5 6 6
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Now suppose we wish (o find log (6.234), Then look into the row starting with 62, In this row, look
at the number in the column headed by 3. The number is 7945, This means that

log (6.230) = 0.7945%

But we wani log (6.234]. So our answer will be a lttle more than 0.7945. How much more? We look
this up in the sectlon on Mean differences. Since our fourth digit is 4, look under the column headed
by 4 in the Mean difference section (in the row 62). We see the number 3 there. So add 3 to 7945, We
get 7948, So we finally have

log [6.234) = 0.7948,

Take another example, To find log (8.127), we look in (he row 81 under column 2, and we find 9096,
We continue in the same row and see that the mean difference under 7 is 4. Adding this to 9096, and
we get 9100, 50, log (B.127) = 0.2100.

Finding N when log IV is given

We have so [ar discassed the procedure for finding log n when a positive number i given, We now turn
to fts converse le., to find n when log n is given and give a method for this purpose, If log n = t, we
sometimes say n = antilog L. Therefore our task is given ( [ind its anlilog. For this, we use the ready-
made antilog tables.

Suppose log n = 2.5372,

To find n, first take just the mantissa of log n. In this case it Is 5372, (Make sure |t Is positive.)
MNow take up antilog of this number in the antilog table which is Lo be used exactly like the log lable.
In the antilog table, the entry under column 7 in the row .53 is 3443 and the mean dilference for the
last digit 2 in that row is 2, so the table gives 3445, Hence,

antilog (:53372) = 3.445

Now since log n = 2.5372, the characteristic of log n is 2. So the standard [orm of n is given by

n = 3.445 x 107

or n = 344.5

Ilustration 1:
If log x = 1.0712, find x.

Solution: We lind that the number corresponding to 0712 is 1179, Since characteristic of log s 1, we
have

x=1.179 ¥ 10¢
=11.79
Mlustration 2:

If loghe % = 2.1352, find x,
Solution: From antilog tables, we find that the noumber corresponding to 1352 §s 1386, Since the

characteristic is 5 i.e, =2, 80
x= 1366 % 10? = 0.01366

Use of Logarithms in Numerical Calculations
Mustration 1:
Find 5.3 ® 1,29
Selution: Let x = 6.3 = 1.29
Then log, x = log (6.3 % 1.29) = log 6.3 + log 1.29
Now,
log 6.3 = 0.7993
log 1.29 = 0.1106
& logyy x = 0.9099,

* It showdd, however, be noted that the values glven in the table are not exact. They are only approximate values,
although we use the sign of equality which may give the impression that they are exact values. The same
conpention will be followed i respect af antiogarithm of a number,
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Taking antilog
x= 8.127
Mlustration 2:

{123/ %
Find —————
11.2x23.5
&
a
Solution: Let x = &
11.2x23.5
a
1 929)2
Then log x = log -—!—2-3}—-
11.2x23.5

log 1.23 - log (11.2 x 23.5)

log 1.23 - log 11.2 - 23.5

b en b2 e

Morwr,
log 1.23 = 0.0899

3
3 log 1.23 = 0.13485

log 11.2 = 1.0492
log 23.5 = 1.3711
log x = 013485 - 1.0492 - 1.3711

= 3.71455
Sox = 0,005153
Mustration 3:

[71.24)° w55

Find
A 2.3) k21

Soluti let x = (71.24)" x Y56
RO S (2.3)7 x+21

1 (71.24)° x /56
Then log x = 5 log m—

1
= 5 llog (71.24)° + log /56 —log (2.3)" - log/21]

5 1 7 1
= log 7124+ = log 56— —log 2.3 - = log 21
Eﬂg &4 > 2 & 4 G

MNow, using log tables
log 71.24 = 18527
log 56 = 1.7482

log 2.3 = 0.3617

log 21 = 1.3222

B 1 T 1
- log x= —log (1.8527) + — (1.7482)— (0.3617) —— (1.3222)
Ex= 38 4 2 4

= 34723
LXK o= 2867

149 Appendix



LOGARITHMS

TABLE 1
N 1] i | 3 a 5 [} 7 B 9 1 2 3 L] 8 =& 7 & 9
10 ) Q000 Cadd | Dot f o128 | ol To § o Ly _I'." 21 G | M 2408
D2AR | SR o2had | O3S | G374 | 4 B 12 16 20 24 | 24 8238
1L | (14 0A5S | Dde | 053] | (i5ae 4 B i ME 200 25 | 27 41 A5
DEOT | DA% DEED [ GT 19| 075G | 4 T 1 ED 18 &% | 2 29033
12| o7z los2E | ose4 | o809 | oo 3 7 1} 4 18 I |25 2832
LoEd | L0 TUSR] 107 ] Lios | 3 7 [ £1] b4 17 | 34 37 H1
13 | 1aa8i?a [ 1300 | 1238 | 1271 3 & 0| % 16 9| 2 263
baid | LS5 PEET | 1] L4480 | 3T 4] 168 i | 23 9528 |
14 | 146811482 | 1523 ) 66D | 1804 a & 3 12 16 (H |22 25248
Ifi4 | 18] IRV [ 170k 1732 | 3 B B B 14 K7 | 2 23283
A5 | s (ivan | iBIR§ 1A4T | 1875 a & 3 14 I7 | 20 2838
Poieh | =51 1050 | 1987 2014 | 3 B & Il 14 k7 |9 235
16 | 2041 2008 | 20086 | 2102 (2138 3 & B |11 14 18] 1% 2224
SETH | R | 2UET Q258 ) 29T |3 B ] i) 13 6 18 3123
17 | 2A0g e | XRRR | 2080 | 2908 3 nok L S . I - T L B
A3 | 24551450 | 250 | 2529 | 3 B B m 12 ¥6 1T b2
18 | wenmafesTy | 2600 | waun | wees F ] ? | 124 b4 1T sl
2672 | RS ITER | 2742 | 2765 | 2 al 7 B 11 4 & 1821
19 | 27aafisin | araa | wane | aara 2 4 7 4 [ (LA LR
ZH00 | 203|045 | 2987 | 2080 |3 4 B B [ | 15 17 1%
an [ aoiofbeee | womd | ao75 | oo | sl | aias]seen | sl | s |2 4 B B 11T s 1% 17 149
21 | S2e2IEIAN | 2G5 | 0284 | 000 | 553 | M) AGGE | A58 | 3404 2 4 H B e B [ 14 1618
22 | 424 a4 | NG | 4483 | A% | JEFD | D54 | 366D | A5TS | A5k | 2 4 B B (R &1 4 151%
23 )| AG17 MG | BGEE | 074 | A6l | BTLI | FTASIST4T |76 | T84 | 2 4 @ ) g Il 13 1517
4 | 3E02 (SRR | ERES | UESE | BuTS | SIRQD | o] gy | 9485 s | 2 & ] 7 3 Ll 14 14 18
S | AUFo T | J0Ed | 40a] | QOaE | 0EE | Jos ey | 4116 4133 | 2 A ] ) 9 |12 1415
26 | 41504 16GH | 41ES | 4200 | 4216 4200 | 40490 AF6R [ AD8] | 429K | 2 ] ] 7 4 41 LL 1318
T o LARD | GATH ] 4500 | 4900 4405 | 3440 | J454 | 2 g ] 5] 5 B 1L 1314
28 4618 | 4530 | 454K | 45&d | 46T | 4558 | 4500 | 2 H ] L - LL 1214
ag AGAL | R dGEE | AT1IO) AT FAT42 | ATET | | 4 d i 7 ® o 1214
an AEIA [ G825 ) ARAA | AEST]ARTE | aEEG | 00 | ] e | 1 i 7 -8 o 1A
al 4056 | A% | 49RD | 4907 | GO | SO0y | Hoas | ] | 4 B T B (AT B £
ag GOO2 [ 5105 ) GIe9 | 10200045 | G188 §102 | 1 a 1 i T 9 1112
F-F- a2e4 | faay | m2en | o] nde | dosds | o 1 | 4 fr g A 9 1412
a4 GAGT | G | GAYE | 5080 HA03 | 5116 SadE | a 1 i B H 9 1611
a8 GATH | St | BEOL ] 5614) GHDT | S50 | S0%1 | 1 3 1 i 6 ¥ L] 1611
a8 GOOY | B61] | BEED | SGLG) 5647 | DESM | Sard | L 4 fr 6 7 H 1411
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Answers to Some Questions in Exercises

1.4 1623M 1.5 0.617m. 0.01 and 0.99, 0.67
1.6  157.8mL 1.7  33.5%

1.8  17.95mand 9,10 M 1.9  1.5x107%, 1.25%10%m

1.16  40.907 gmol” 1.16 73.58 IPa

1.17  12.08iPa 1.18  10g

1.19 23 gmol’, 3.58kPa 1.20 260.07K

1.21  A=2558uand B=4264u 122 0.061M

1.24  KCl, CH,OH. CH,CN, Cyclohexane

1.26  Toluene, chloroform; Phenol, Pentanaol;
Formie acid, ethylelne glyeol

1.26 5m 1.27  2.45x10%M
1.28  1.424% 1.29 3.2 ¢ of water
1.30 4.575g 1.32 065
1.3 |=1.0753 K, =3.07<10°7 1.34 1744 mmHg
1.35  178x10" 1.86  280.7 torr, 32 torr
1.38 0.6and0.4 1.39  x(0,) £4.6x10%, x(N,) 9.22x10°F
1.40  0.03 mol of CaCl, 1.41  527x10%atm.
UNIT 2

2.4 (i} E® = 0.34V, AC® = - 196.86 kJ mol’, K = 3.124 » 10™
(it} E® = 0.03V, AG® = - 2.895 kJ mol?, K = 3.2

2.5 (i) 2.68 V, (i} 0.53 V, (i) 0.08 V, (iv) -1.298 V

2.6 .56 V.

2.8 124.0 S em? mol !

2.9 0.219 cm !

2.11 1L85x10°

2,12  3F. 2F. 5F

2,13  IF, 4.44F

2.14 2F, IF

2,15 1.B258¢

2.16  14.40 min, Copper 0.427g, Zinc 0.437 g

UNIT 3
3.2 i) B0x 10°mol L' s 380 x 10 mol L' s!
3.4  bar'?s’
3.0 i1 4 times (i) ¥ times
3.8 i) 4.67% 10¥mol L's? jii) 1258 x 10% =

3.8 (i) rate = K[A)BI (if] © times



3.10
3.11
3.13
3.14
3.17
3.20
3.23
3.26
3.27
3.29
3.30

4.2
4.6

4.6

4.10

4.13

4.18

4.21

4.23
4.24
4.28
1.30
4.36

4.38

Orders with respect (o A is 1.5 and order with respect 1o B is zero.
rate law = klA]|BI%; rate constant = 6.0 M *min™

(1) 3.47 x 107 seconds (1) .35 minutes (Lif) 173 vears
1845 years 3.16 46x% 10%s
0.7814 pg and 0.227 pg. 3.19 77.7 minutes
2.20 x 10% 87 3.21 223 x107%s", 7.8 x10™ atm s~
3.9x 10" g 3.24 0.135 M
0.158 M 3.26 232.79 kJ mol !
239,439 kJ mol™ 3.28 24°C
E, = 76.750 lJ mal™, [ = 09965 % 107 g
52.8 k) mol’
UNIT 4

It is because Mn® has 347 configuration which has extra stability.
Stable oxidation states,

S (Vanadium}: (+2), +3, +4, and +5

3P (Chromium); +3. +4, +6

38 (Manganese); +2, +4, +6, +7

3c® (Nickel): +2, +3 (in complexes)

3! There is no ' configuration in the ground state.,

Vanadate VOg. chromate Crofi',p-erma_nganate Ma,

+3 is the common oxidation state of the lanthanoids
In addition to +3, oxidation states +2 and +4 are also exhibited by some of the lanthanoids.
In transition elements the oxidation states vary from +1 to any highest oxidation state by one

For example, lor manganese it may vary as +2, 43, +4, +5, +6, +7. In the nontransition elements the
variation is selective, always differing by 2, e g, +2, +4, or +3, +5 or +4, +6 etc.

Except S¢®, all others will be coloured in agueous solution because of Incompletely filled
Sd-orbitals, will give rise 1o d-d transitions.

({) Cr* s reducing as it involves change from off to o the latter s more stable configuration
[1251 Muflll) to Mafll) is from 3d* ta 34 again 34° is an extra stable configuration.

(il) Due to CFSE, which more than compensates the 39 [E.

(i) The hydration or lattice energy more than compensates the ionisation enthalpy involved in re-
mowving electron [rom d'.

Copper, because with 41 oxidation state an extra stable configuration, 3d' resules.
Unpaired electrons:Mn?* =4, Cr™ = 3, V¥ =2, Ti* = 1. Most stable Cr?*
Second part 59, 95, 102,
Lawrencium, 103, +3
TE =2, V=3, =3, Mn* =5 Fe" =6, Fe*=5 CO"=7 Ni*"=§8, Cu*=9
Mynin+2) = 2.2, n=1, & 5p° CN strong ligand

= 5.3. n=4,8p%, & H,0 weak lipand

=5.9 n=>5, sp? Cl weak ligand.

ABS,



3.5
5.6

B.9

5.12
5.13

5.14

5.23

5.28
5.29
5.30
5.31
§.32

UNIT 5

fi)+3 (1] +3 {11y +2 fiv] +3 (v} +3
(i) |Zn(OH), (ii) K, [PACL] (iif) [PEINH,CL]  {iv) K, [NI(CN),]
(v} [ColNH,) (ONOJI™ (vi) [CoflNHL(SO,), (vil] EJ[Cr(C,0l (vild} |PNH] M
{ix) [CuBr,)? (x) [ColNH,), (NG,

(1) [Cr{C,0O,) >~ Mil

{ii} [ColNH,CL] ~ Twe (fac- and mer-)

Three (two cis and one frans)

Agueous CuS0, solution exists as [Cu(T1,0),150, which has blue colour due to [Cu{I,0LF ions.

(i} When EF is added. the weak H O ligands are replaced by F ligands, [orming [CuF J* ions
which s a green precipitate;

[CulHO) 2" +4F — [CuF,* +4H0
(ii} When KCl is added, C] ligands replace the weak H,0 ligands forming [CuClL)* ions which has
bright grecen colotir,

[CufH,0),]** + 4C1° — [CuCL)? + 4H,0
[CufH,0),]" + 4 CN- = [CulCN),J* + 4H,0

As CN is a strong ligand, it forms a highly stable complex with Cu®* ion. On passing H,S, free Cu®
ions are nol available to form the precipitate of Cus.

{1} OS = +3, CN = 6, d-orbital occupation is t, 8 e,
(ii} O3 = +3, CN = 6, d® (L),
(i) S =+2, CN =4, d" (17 ).
fiv) OS5 = +2, CN =5, * ['L,; ::!’].
{1ii)
{1}
fiid)
(11}
(i} The order of the ligand in the spectrochemical series
H,0 =< NH, < NGO,
Henee the energy of the observed light will be in the order !
[NI{H OB = [NINH ™ < [NilNG, )]
Thus, wavelengihs absarbed [E = he/A) will be in the opposite order.

Chemistry JdB6&6
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