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Syllabus
B. Sc. II Sem.

CHEMISTRY—I : Chemical Energetics, Equilibria & Organic Chemistry

UNIT 1
Chemical Thermodynamics: Intensive and extensive variables; state and path functions; isolated, closed and open, 
systems; zeroth law of thermodynamics.
First law: Concept of heat, q, work, internal energy, U, and statement of first law; enthalpy, H, relation between 1 Lea/fc 
capacities, calculations of q, w, U and H for reversible, irreversible and free expansion of gases (ideal and real) ur .cier 
isothermal and adiabatic conditions.
Thermo Chemistry: Heats of reactions: standard states; enthalpy of formation of molecules and ions and enthalp y of 
combustion and its applications; calculation of bond energy, bond dissociation energy and resonance energy from 
thermoChemical data, effect of temperature (Kirchhoff s equations) and pressure on enthalpy of reactions. Adiabatic 
flame temperature, explosion temperature. I
Second Law: Concept of entropy; thermodynamic scale of temperature, statement of the second law of 
thermodynamics; molecular and statistical interpretation of entropy. Calculation of entropy change for reversible arxcl 
irreversible processes.
Third Law: Statement of third law, concept of residual entropy, calculation of absolute entropy of molecules.
UNIT 2
Chemical Equilibrium: Free energy change in a chemical reaction. Thermodynamic derivation of the law of chen lical 
equilibrium. Distinction between AG and AGo, Le Chatelier's principle. Relationships between Kp, Kc and K:: foir 
reactions involving ideal gases.
Ionic Equilibria: Strong, moderate and weak electrolytes, degree of ionization, factors affecting degree of ioniza :iorx, 
ionization constant and ionic product of water. Ionization of weak acids and bases, pH scale, common ion effect. Salt 
hydrolysis-calculation of hydrolysis constant, degree of hydrolysis and pH for different salts. Buffer solutions. 
Solubility and solubility product of sparingly soluble salts - applications of solubility product principle.
UNIT 3
Aromaticity; Hiickel's rule, aromatic character of arenes, cyclic carbocations/carbanions and
heterocyclic compounds with suitable examples. Electrophilic aromatic substitution: halogenation, nitra iiorx, 
sulphonation and Friedel-Craft’s alkylation/acylation with their mechanism. Directing effects of the groups.
Aromatic hydrocarbons : Preparation (benzene): Reactions: (Case benzene): Electrophilic substitution: nitra :i.on? 
halogenation and sulphonation. Friedel-Craft's reaction (alkylation and acylation).
Alkyl Halides Types of Nucleophilic Substitution (SN„ SNZ and SNi) reactions.
Reactions: hydrolysis, nitrite & nitro formation, nitrile & isonitrile formation, Williamson's ether synthesis. Ajryl 
Halides Preparation: (Chloro, bromo and iodo-benzene case): from phenol, Sandmeyer & Gattermann reactions.
Reactions (Chlorobenzene): Aromatic nucleophilic substitution (replacement by -OH group) and effect of nitro 
substituent.
UNIT 4
Alcohols: Preparation: Preparation, Reactions: With sodium, HX (Lucas test), esterification, oxidation (with POO, 
alk. KMnO„ acidic dichromate, conc.HNOa)- Oppeneauer oxidation Diols: oxidation of diols. Pinacol-Pinacol 
rearrangement.
Phenols: Preparation, Reactions: Electrophilic substitution: Nitration, halogenation and sulphonation. Reirner - 
Tiemann Reaction, Gattermann-Koch Reaction, Houben-Hoesch Condensation, Schotten-Baumann Reaction.
Aldehydes and ketones (aliphatic and aromatic): (Formaldehye, acetaldehyde, acetone and benzaldehyde) 
Preparation: From acid chlorides and from nitriles.
Reactions: Reaction with HCN, ROH, NaHS03, NHo-G derivatives. Iodoform test. Aldol Condensation, Canniz2 aro’s 
reaction, Wittig reaction, Benzoincondensation. Clemensen reduction and Wolff Kishner reduction.
Meerwein-Pondorff Verley reduction.
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Chemical ThermodynamicsU N I T - 1

i
CHEMICAL THERMODYNAMICS

LEARNING OBJECTIVES

Terms Used in Chemical Thermodynamics 
Zeroth Law of Thermodynamics 
Nature of Work and Heat 
Internal Energy 
Enthalpy

First Law of Thermodynamics 
Heat Capacity
Work Done in an Isothermal Reversible Expansion of a Gas
Work Done in Adiabatic Reversible Expansion of a Gas or Deduction of PVy - Constant
Second Law of Thermodynamics
Entropy
Entropy Changes for Different Processes 
Criteria of Spontaneity of a Reaction 
Molecular and Statistical Interpretation of Entropy 
Thermodynamic or Kelvin Scale of Temperature 
Nernst Heat Theorem 
Third Law of Thermodynamics
□ Summary
□ Student Activity
□ Test Yourself

Thermodynamics is that branch of natural science which deals with energy transformations 
accompanying the physical and chemical processes. Thermodynamics shows the quantitative relations 
between various forms of energy and heat. The subject is of theoretical nature but has proved of immense 
importance in physics, chemistry and engineering. The advanced physical chemistry is now often 
studied from the standpoint of thermodynamics. It also helps us to lay down the criteria for predicting 
feasibility of a process including a chemical reaction under a given set of conditions. In the other words, it 
helps us to predict whether a given process or a chemical reaction is possible under given conditions of 
pressure, temperature and concentration. Thermodynamics also helps us to determine the extent to which 
a process including a chemical reaction, can proceed before attainment of equilibrium.

• 1.1. TERMS USED IN CHEMICAL THERMODYNAMICS
In the study of thermodynamics, few terms are frequently used. These are 

described as follows:
1. Thermodynamic system. It is defined as any specified portion of matter 

under study which is separated from the rest of the universe with a bounding surface. A 
system may consist of one or more than one substance.

2. Surroundings. The rest of the universe which might be in a position to 
exchange matter and energy with the system is called the surroundings. For example, 
when a chemical reaction is carried out between two aqueous solutions in a beaker, the 
contents of the system form the surroundings.

3. Types of systems (Open-, Closed- and Isolated systems).
(a) A system which can exchange matter as well as energy with its surroundings is 

said to be an open system.
(b) A system which can exchange energy but not matter with its surroundings is 

called a closed system.

Self-Instructional Material 1
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(c) A system which can exchange neither energy nor matter with its surrounding's 
is called an isolated system.

If a system is maintained at a constant temperature, it is termed an isother l 
system. If a system is so insulated from its surroundings that no heat flows in or o at of 
the system, it is termed an adiabatic system.

4. Homogeneous and heterogeneous systems. A system is said U* t>e 
homogeneous if it is completely uniform throughout. In such a system, there is only- 
one phase, e.g.,a pure solid, pure liquid or a mixture of gases.

A system is said to be heterogeneous, when it is not uniform throughout. In sticli 
a system there are two or more phases, e.g., a system consisting of two immiskiloel 
solvents.

5. Macroscopic systems. A system is said to be macroscopic when it consists of 
a large number of molecules, atoms or ions. (The word macroscopic means on a ictr-gre 
scale and is, therefore, used to convey the sense of appreciable quantities). Tti© 
properties associated with macroscopic system are known as macroscopic properties, 
e.g., pressure, temperature, volume, density, viscosity, surface tension etc.

6. State of a system. When macroscopic properties of a system have fixed va L vie s, 
the system is said to be in a definite state. When there is any change in the prop er*ty, 
the system changes into a different state. Therefore, the state of a system is fixed t »y its 
macroscopic properties.

7. Thermodynamic variables or state variables. The quantities whose values 
determine the state of a system are called its thermodynamic variables or state 
variables. The most important state variables are mass, composition, pressvive, 
temperature and volume. It is, however, not necessary that we should always specify 
all the variables, because some of them are inter-dependent. For a single pure gas, 
composition may not be one of the variables, as it remains only 100%. For one mole lof an 
ideal gas, the gas equation PV = RT is obeyed. Evidently, if only two out of the tlnree 
variables {P, V, T) are known, the third can be easily calculated. The two varik-lales 
generally specified are pressure and temperature. These are known as indeper^d^nt: 
variables. The third variable, uiz., volume is known as dependent variable, its 
value depends upon the values of pressure and temperature.

8. Extensive variable. The variable of a system which depends upon the an ovint 
of the substance or substances present in the system is known as extensive van able, 
e.g., mass, volume, energy, etc.

9. Intensive variable. The variable of a system which is independent c f tbe 
amount of the substance present in the system is known as intensive variable5 e.g: , 
pressure, temperature, viscosity, refractive index.

10. State functions and path functions. State variables which are deternained 
by the initial and final states of the system only and not by the path followed are called 
state functions. These depend upon how the change from initial to the final st a.te is 
carried out.

State variables, on the contrary which are determined or depend on the jaatb 
followed are called path functions.

Consider the expansion of a gas from P\,V\, 7i to P2, V2 and T2 (i) in steps ap.d (if) 
adiabatically. In adiabatic expansion, let the work done by the system be W and beat 
absorbed is zero. j

In stepwise expansion, heat absorbed = Q and work done = W. Here W * Q and tbe 
heat absorbed in the two cases are also different even though the system has under-gome 
the same net change. Thus, W and Q are path functions and not the state funcjtions. 
However, the change in internal energy (heat absorbed-work done) in the two cases will 
be seen to be constant. This is possible only if Ej and E2 have the same values in tile two 
states of the system. Internal energy of a system is thus a state function. Entropy-, 
energy, enthalpy are other state functions.

11. Thermodynamic equilibrium. A system in which the macroscoipic 
properties do not undergo and change with time is said to be in thermodycxamic 
equilibrium. When an isolated system is left to itself and the pressure and temper atutire 
are measured at different points of the system, it is seen that although these quar L-titio s 
may initially change with time, the rate of change becomes smaller and smaller ui util no-
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further observable change occurs. In such a state, the system is said to be in 
thermodynamic equilibrium.

Thermodynamic equilibrium means the existence of three kinds of equilibria in 
the system. These are termed thermal equilibrium, mechanical equilibrium and 
chemical equilibrium.

(a) Thermal equilibrium: A system is said to be in thermal equilibrium if there 
is no flow of heat from one part of the system to another. This is possible when the 
temperature remains the same throughout in all parts of the system.

(b) Mechanical equilibrium. A system is said to be in mechanical equilibrium if 
there is no mechanical work done by one part of the system to the other. This is possible 
when the pressure remains the same throughout in all parts of the system.

(c) Chemical equilibrium: A system is said to be in chemical equilibrium if the 
concentration of the various phases remain the same throughout in all parts of the 
system.

Chemical Thermodynamics

12. Thermodynamic process : A thermodynamic process is a path or an 
operation by which a system changes from one state to another. Four different 
thermodynamic processes are known which are as follows :

(a) Isothermal process: A process is said to be isothermal if the temperature of 
the system remains constant throughout the whole process. This is obtained by making 
a perfect thermal contact of the system with a thermostat of a large heat capacity.

(b) Adiabatic process : A process is said to be adiabatic if no heat is allowed to 
enter or leave the system during the whole process. In such a process, therefore, the 
temperature gets altered because the system is not in a position to exchange heat with 
the surroundings. It is obtained by having the will of the system made of perfect heat 
insulating substance.

(c) Isobaric process : A process is said to be isobaric if the pressure remains 
constant throughout the whole process.

(d) Isochoric process : A process is said to be isochoric if the volume remains 
constant throughout the whole process.

13. Reversible and irreversible processes : A process which is carried out 
infinitesimally slowly so that the driving force is only infinitesimally greater than the 
opposing force is called a reversible process. In a reversible process, the direction of the 
process can be reversed at any point by making a small change in a variable like 
pressure, temperature etc.

Any process which does not take place in the above way, i.e., a process which does 
not occur infinitesimally slowly, is termed an irreversible process.

A reversible process cannot be realised in practice, it would require infinite time 
for its completion. Hence, all those reactions which occur in nature or in laboratory are 
irreversible. A reversible process is thus theoretical and imaginary. The concept of 
reversibility can be understood as follows :

Consider a gas cylinder provided with a frictionless and weightless piston upon 
which is kept some sand. At the beginning, when an equilibrium exists between the 
inside pressure of the gas and outside pressure of atmosphere plus sand, the piston is 
motionless. If we remove a grain of sand, the gas will expand slightly, but the 
equilibrium will be restored almost instantaneously. If the same grain of sand in 
replaced, the gas will return to its original volume and the equilibrium remains 
unchanged.

14. Exact and inexact differentials : An exact differential is one which
integrates to a finite difference, dE = Eg - EA , where EA and EB are the internal

energy of the system in the initial and final states, respectively. It is independent of the 
path of integration. In a cyclic process, the final state is the same as the initial state, 
i.e., Eg =Ea, the cyclic integral of an exact differential,^ dE = 0. The difference, 
Eg - Ea is denoted by AE. • .

An inexact differential is one which integrates to a total quantity depending upon 
the path of integration, e.g.,

L 5W = w
Self-Instructional Material 3



where W is the total quantity of work appearing during the change from initial state 
A to the final state, B. Small changes in path, independent of state functions are 
represented by symbols like dE, dEm, etc., while small changes in path depenc ent 
functions are represented by symbols like Sq.bW etc. Finite changes in the former are 
represented by symbols likes Ai?, AF etc., but symbols like Aq, AW are meaning 
when we deal with path dependent functions. This is so, because the system in 
two states is not associated with any heat or work. Heat and work appear during 
process only. Moreover, the cyclic integral of an inexact differential is generally 
zero.

Chemical Energetics, Equilibria & 
Organic Chemistry
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• 1.2. ZEROTH LAW OF THERMODYNAMICS
We know that temperature is one of the quantities necessary to define the stat e of 

a thermodynamic system. In other words, every thermodynamic system must posse 3 s a. 
temperature. This postulate of the existence of temperature is sometimes called 
zeroth law of thermodynamics. In other words, this law states that, if body A u ■ in 
equilibrium with body C and body B is also in equilibrium with body C, then 
bodies A andB are in equilibrium with each other.

Energy manifests itself not only in the form of mechanical work, but also as 1 .eert 
energy, electrical energy and chemical energy. Energy is composed of two factors ^isz., 
intensity factor and capacity factor. The product of these two factors gives the energ; r.

Heat energy is measured by the product of temperature (intensity factor) and lie at 
capacity (capacity factor) of the system. The product gives the energy of the system, 
substance of mass m kg and specific heat is s kJ per kg is heated through t, the Heat 
energy involved is given by mst kJ.

The precise experimental basis for this assumption is the law of thermal 
equilibrium from which it can be shown that in a thermodynamical system for every 
participant in equilibrium, there exists a certain single valued function / of the s :ate 
variables, P and V, which have the same values for all participants. Mathematical! y, it 
can be expressed as,

If a

fl(Pl,V1) = f2(P2,V2) = fz(P2>V3)---T .
where the subscripts 1, 2, 3 refer to different participants. The identical numeiical 
value has been put down as 7’, which may be called the temperature, any one of tlxe 
bodies being used as a thermometer reading the temperature T on a suitable sc ale. 
The above equation thus defines an empirical temperature. It is true that it has not 
been found possible to express the last equation in finite or closed form for npiost 
substances. Its existence for most substances will, however, be taken for granterd-

• 1.3. NATURE OF WORK AND HEAT
It has been seen that when a system changes from one state to another, ::t is 

accompanied by change in energy. The change in energy may appear in the forr n of 
work, heat, light etc.

In CGS system, the unit of energy is erg. In SI system, the unit of work, heat ancl 
energy is joule (l calorie = 4.184 joules = 4.184 x 107 ergs). An erg is defined as the uior'/z 
done when a resistance of 1 ohm is moved through a distance of 1 cm. As erg is a si nail 
quantity, a bigger unit, called joule (1 joule = 107 erg) is used. Joule (1850) showed tlnat. 
there is a definite relationship between mechanical work done W and heat produ seel, 
q, i.e.,

W cr.q or W =Jq
where J is known as Joule mechanical equivalent of heat.

Energy is made up of two factors, viz., (i) Intensity factor and (ii) Capacity factor'. 
The product of these two factors gives the energ)7. Heat energy is measured by tine 
product of temperature (intensity factor) and the heat capacity (capacity factor) of tine 
system. The product gives the energy of the system. If a substance of mass m kg and 
specific heat s kJper kg is heated through t°, the heat energy involved is given by mst 
kilo joules.

Similarly, when a body of mass m kg is moved through a height h m, the work c ona 
against gravity is obtained by multiplying the intensity factor (mg newtons) and
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Chemical Thermodynamicscapacity factor {h metres). The work done is mg/i joules. This work is stored in the body 
as potential energy and is released when the body falls to its original position.

• 1.4. INTERNAL ENERGY (U)
Every substance is associated with a certain amount of energy, which depends 

upon its chemical nature, temperature, pressure and volume. This energy is known as 
internal or intrinsic energy. The exact value of this energy is unknown because the 
chemical nature includes several indeterminant factors, e.g., translational, rotational 
and vibrational motion of the molecules, the manner in which the molecules are put 
together, the nature of individual atoms, the energy possessed by the nucleus and the 
arrangement and number of electrons. Internal energy of a substance or system is, 
however, a definite quantity, and it is a function of the state of the system at the given 
instant, irrespective of the manner in which that state has been brought about. The 
absolute value of internal energy cannot, thus, be determined. However, in 
thermodynamics, it is the change in internal energy (A 17) accompanying a physical or 
chemical process that is of importance. At/ is a measurable quantity. Internal energy of 
a system is an extensive property, as its value depends upon the amount of the 
substance or system present.

If Ua and Ug be the internal energy of the system in the initial state (A) and 
final state (B), respectively then change in internal energy (At/) is given by,

At/ = t/g — t/j4
Internal energy (£7) is related to enthalpy {H) according to the relation,

H = U + PV
where P and V are the pressure and volume, respectively.

From kinetic molecular theory, the internal energy of a given mass of an ideal gas 

at constant temperature is independent of value, i.e. dll = 0WJT
If such a gas is expanded isothermally, i.e., T is constant then dT = 0. 

Substituting these values in above equation, we get
dU = 0.

So, the change in internal energy when an ideal gas is expanded isothermally is
zero.

• 1.5. ENTHALPY (H)
Suppose the change in the state of a system is carried out at constant pressure. In 

such a case, there will be a change in volume. Let the volume changes from to Vg, at 
constant pressure P. The work done (VF) by the system will be given by,

W=P(VB -VA)
From first law of thermodynamics,

AU =Q-W
So, combining equations (1) and (2) we get,

AU = Q - P (Vg -VA)

UB -I/A =Q-P(Vb -va)
Q = (Ub+PVb)~(Ua +PVA)

The quantity U + P V is known as enthalpy of the system. It is represented by H 
and shows the total energy contained in the system. Therefore,

H=U + PV

...(1)

...(2)

or
...(3)or

As, U, P and V are definite properties depending upon the state of the system, it 
follows that H is also a definite property depending upon the state of a system. From 
equation (3), therefore,

.••(4)Q = Hb — H A = AH

Self-Instructional Material 5
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represents the increase in enthalpy of a system when it changes from state ^4. 
to state B. Like At/, AH depends on the initial and final states of a system and it is gt 
definite quantity. According to equation (4), the change in enthalpy is equal to the hfctt 
absorbed when the change is carried out at constant pressure.

From equations (1), (2) and (4), we get,
At/ = {Hb -HA)-P<yB -VA)
At/ = AH - P AV 
AH=AU + PAV

or
...(5)or

• 1.6. FIRST LAW OF THERMODYNAMICS
The first law of thermodynamics, also known as law of conservation of enei gy 

states that energy can neither be created nor destroyed, although it can 
converted from one form to another. In other words, it can also be stated as lt 
total energy of an isolated system always remains constant, although th^r^ 
may be change from one form to another.' Thus, whenever energy in one form, 
disappears, an equal amount of energy in some other form appears. This law was based 
on the failure to construct a perpetual motion machine, i.e., a machine which could 
produce energy without expenditure of energy.

It is now known that energy can be produced by the destruction of mass accordi ig 
to Einstein’s expression, U - me2,where [/is the energy produced by the destruction of* 
mass m and cis the velocity of light. In the light of this fact, the modified first law c irx 
be defined as, the total mass and energy of an isolated system remains constan ■.

Mathematical statement of first law of thermodynamics : Let f/l and l 
be the energy of the system in state Aand state ^respectively. Suppose a system wh le 
undergoing change from state A to state B absorbs heat Q from its surroundings arid 
also performs some work W, either mechanical or electrical. On checking the amount of* 
heat supplied and work done we find that Q is not equal to W.

According to first law of thermodynamics, the total energy must remain constaiit. 
In order to balance, we say that energy equivalent to (Q - W) is stored in the system. It 
means that:

^2

Q - W = Energy of the system in its final state
- Energy of the system in its initial state

au=q-w
When small changes are involved, equation (1) may be written as, 

dU = dQ-dW
Equations (1) and (2) are the mathematical statements of first law 

thermodynamics.

•••(!>or

...(2)
z>£

• 1.7. HEAT CAPACITY

The heat capacity or more accurately the mean heat capacity of a system 
defined as the quantity of heat required to raise the temperature of the system from 
lower to higher temperature divided by the temperature difference. The heat capacity 
a system between temperatures and T2 is given by,

LS

Ct

QC(T2,r1) = ...d>

As heat capacity varies with temperature, the true heat capacity is represented 
the differential equation,

c = *2
dT

For one mole of the gas, the heat capacity is called molar heat capacity and 
denoted by the symbol, C.

s
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Molar heat capacity of gases have two values, one at constant volume (Cy ) and 
the other at constant pressure (Cp). At constant volume, no external work (P AV) is 
done either by the system or on the system, as there is no change in volume. So, from 
first law of thermodynamics (AU = Q - W),

Q = AU

Chemical Thermodynamics

AUCv (72,7!) = (From equation 1).
T2 -ti)v

dU ...(2)Cv =or dTJv
So, molar heat capacity of a system at constant volume is defined as the increase in 

internal energy of the system per degree rise in temperature.
At constant pressure P, the heat supplied is used in raising the internal energy of 

the system and also in doing work by expansion. Let the volume increases by AV. So, 
the value of Cp is always greater than the value of Cy. So, from first law of 
thermodynamics,

Q = At/ +JV=At/ + PAV
AU + P AVQ AHCP (72,7!) =

Tz-Tjp AT AT )pJP

dHCP - ...(3)or
57 /P

So, molar heat capacity of a system at constant pressure is defined as the increase 
in enthalpy of the system per degree rise in temperature.
Derivation o\ Cp - Cv = R

We know that,
dH dUCP = and Cy =-----

v dT
dH dU d (U + P V) dU dU , d(PV) dU 
dT dT 

d (P V)

dT

Cp — Cy = +
dT dT dT dTdT

Cp — Cy - ...(4)or
dT

For an ideal gas, PV = RT. Differentiating this equation with respect to 7, we
get

d(PV) = R
dT

So, equation (4) becomes, 
Cp - Cy = R.

• 1.8. WORK DONE IN AN ISOTHERMAL REVERSIBLE AND 
IRREVERSIBLE EXPANSION OF A GAS

A process is said to be reversible if the properties of the system at every instant 
remain uniform during the process. In a reversible process, the change from one 
equilibrium state to another is brought about in infinitesimal steps so that the 
properties of each step change infinitesimally from those of the next step. A reversible 
process is extremely slow and requires infinite time to complete. Reversible process is 
an ideal process which is difficult to be realised in actual practice. However, the 
reversible processes are very helpful in studying thermodynamics. From a reversible 
process maximum amount of work can be obtained from a given net process. This is 
explained as follows:

Consider a gas enclosed in a cylinder fitted with a weightless and frictionless

Self-Instructional Material 7
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piston. The pressure, volume and temperature of the gas be Pi, Vj and 7\, respectively. 
Suppose the volume is expanded from Vj to V2 isothermally and reversibly. Let thie 
final pressure be P2. The work done (VVrrcv) in a reversible process is given by,

= nRT log f 1 + Pl ~?2= nRT log ^ = nRT log —
^2

Wrr rev

Expanding the logarithmic term and neglecting the higher powers 
(Pi ~ P2 V P2 >218 ^is quantity is small, we get

= nRT

of

Wrrrev [v log (1 + X)»X] ...(!>
P2

When the work done by the same volume expansion from to V2 is considered Ln 
an Irreversible way by suddenly reducing the pressure from Pj to P2, the work done 
(WifT) is given by,

W\n = External pressure (P2) * Volume change
nRT nRT = nPr(l-^= P2 (V2 -V1) = P2 ...(B)

Pl

Subtracting equation (2) from (1). we get

i-VnRT Pl ZP* = nRT P1-P2

Pi .
^rev -^irr =

P2 Pl P2 \

= nRT (Pi -P2) ------- ^
[P2 Pl

('•' Pl>Pl>= Positive quantity
Thus, work done in a reversible isothemal process is definitely greater ths n 

the work done in an irreversible process. No other process will give greater amourx't 
of work than this. So, it proves that the work done in reversible expansion process Ls 
maximum.

Consider n moles of an ideal gas enclosed in a cylinder fitted with a weightless ancL 
frictionless piston. Let its pressure be P which in equilibrium state is equal to tl 
external pressure on the piston. Keeping the temperature constant at T, the pressure is 
decreased by an infinitesimal amount dP, so that there is an infinitesimal increase in. 
volume, dV. The very small amount of work done (dW) during this isothermk.1 
reversible expansion is,

dW =(P-dP) dV = PdV -dP.dV 
dW =P dV (Neglecting dP. dV)

Since the step is reversible, the value d W corresponds to the maximum work. Tl e 
maximum work, for the isothermal expansion of the gas from volume Vj to V2 (>:r 
pressure Pj to P2 will be :

or

iv,2 = f1'2 PdV 
Jv,w ...(?>max max

For n moles of an ideal gas, PV = nRT, i.e., P = nRT/V
= nRT $y2 ^ = nRT In ^ = 2.303 nRT logW ...(4)max..

I

From Boyle’s law, P\! P2 = VV V\, therefore

= nRT In = 2.303 nRT log
P2 P2

W. ...(*>max

For 1 mole of an ideal gas, equations (4) and (5) become 
Wmax -firing = 2.303 RT log ^ ...(4)Vi

8 Self-Instructional Material
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p p Chemical Thermodynamics= In -J- = 2.303 RT logW” max ...(7)
Pi Pi

For n moles of an ideal gas, we can write equations (4) and (5) as,

iymax = nRT In = nRT In ...(8)
Vi Pi

Vi Pi
= 2.303 nRT log — = 2.303 nRT log -±- ... (9)

PiVi

• 1.9. WORK DONE IN ADIABATIC REVERSIBLE EXPANSION OF A GAS
OR DEDUCTION OF PVy = CONSTANT

In adiabatic expansion, no heat is absorbed or evolved in the system, i.e., Q = O.So, 
from first law of thermodynamics,

AU =-W

In adiabatic expansion, work is done by the system on the surroundings, so W 
must be positive. So, AU is negative, i.e., there is a decrease in internal energy of the 
system. Thus, the temperature of the system falls.

Let P be the external pressure and AV be the increase in volume. The external 
work done by the system is equal to P AV.

AU = -W = -P AV

If AT be the fall in temperature, then we know that,
AE

v Cv =AU =CV AT
AT

Cv AT = - P AV = -W 
W =P AV =-CvAT

= -cv(r2-r1)
Equation (1) gives the maximum work involved.
For infinitesimally small quantities, equation (1) becomes

or

or

...d)

dV
Cv dT = -P dV = -RT

V
-C

dT dVCy . = -Ror
T V

r T2 „ dT
It, Cv~t~

Cy in in AA = R ]n ^-L

dVjT2 Ror
T, V

T2 v2 V7! ...(2)or
Ti Vi Vl

Knowing Cp - Cy = R and Cp/Cy = y, equation (2) becomes

Cp - Cy -1 1„ 21in 21 = CPVi= —— In —— =
v ' ^2c Cy Vi Cy V2Ti

-1vkVTl ViIn — = (y - 1) In — = Inor
V2Ti V2

xy - 1
ViT2 .••(3)or

Ti V2

As PjVi = RTi and P2V2 = PP2, it follows from equation (3)
\r -1P2V2/P_f'V1■

PiVi/P v2
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P\ 1^2 

JW =P%VJ
PV"1 = constant. 

Pj1-'1 .r/ =p^-1' .P21,

-.(k)or
5.

or

Also, (From equations 3 or 4)

...(&)
^2

Ex. 1. Calculate Q, W, AC/ anrf A///or £/ie isothermal reversible expansion of oh,e 
mole of an ideal gas from an initial pressure of 1 atm to a final pressure of 0.1 atm at ct 
constant temperature of 273 K.

Solution. Here P\ = 1; P2 = 0-1, n = \,R = 2,T = 273.

W = Z303 nRT log = 2.303 x 1 x 2 x 273 log —
Pi 0.1

= 1257.43 calories
For an ideal gas expansion at constant temperature,

AC/ = Cy dT = 0
From first law of thermodynamics,

AC/ = Q-W = 0orQ = W 

$ = 1257.43 calories
When temperature is constant, PV = constant, i.e.,

APV = 0.
AH =AC/ +APV = 0.

Ex. 2. Calculate the work done when 1.0 mole of water at i 00° C vaporises against 
an atmospheric pressure of 1.0 atm (assuming ideal gas behaviour).

Solution. Work done, W = P x AV = P (Vg - V;)
P = hdg = 76 x 13.6 x 981/ dyne cm 

Vl = 18 ml

— Volume of steam at 100°C =

!

-
■>

-2

(••• V = m/

■a22400x 373
= 30600 ml

273 Ti

W = 76 X iae X 981 (30600 - 18) erg 
76 x 13.6 x 981 x 30582

cal
4.184 x 107

(.‘.4.184 x 107 erg = 1 cal)
Ex. 3. Calculate the work that must be done at 25°C on two moles of CO2 \to 

compress them from a volume of 20 litres to a volume of 1 litre. (Assume ideal gas 
behaviour for CO2/.

Solution. Here V\ = 20, V2 = 1, n = 2, 71 = 298, /? = 2.

W = 2.303 nRT log

= 741.4 cal

= 2.303 x 2 x 2 x 298 log —
20

= - 3571.47 calories.
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Chemical ThermodynamicsEx. 4. Calculate the work done during isothermal expansion of one mole of an 
ideal gas from 10 atm to 1 atm at 300 K

Solution. Here re = 1, Pj = 10, Pg = ^ = 300, i? = 2.
W = 2.303 nRT \ogP1/P2 

= 2.303 x 1 x 2 x 300 log y

= 1381.8 calories.
Ex. 5. Calculate AU and AH when 10 litres of an ideal gas at S'TP is heated to

f 3 N100° C in a closed container. I Given Cy = — R

Solution. We know that
.AHCy (T2,T1) =

T2-TJ
At/= Cy (T2 - 7i) -1 x (373 - 273)

= -x 2x 100 
2

We know that, AH = AU + P AV

or

= 300 calories.

V pv1=rt1>pv2=rt2
P(V2-Vi) = R(T2-T1)

AH = AU + PATor

= 300 + 2 (373 - 273) = 500 calories.
Ex. 6. To what pressure must a given volume of nitrogen originally at 100°C and 

1 atm. pressure be adiabatically compressed in order to raise its temperature to 400° C? 
{CptCy for nitrogen = 1.4).

Solution. For adiabatic expansion :
P ^1_Y \yTipi-y Ty =pl-Y TV or 

1 ^ Pi Tz)
(1 - y) (log P2 - log Px) = Y (log Tj - log T2)

Here P± = 1, ^ = 373, T2 = 673, y = 1-4, P2 = ?
(1 - 1.4) (log P2 - log 1) = 1.4 (log 373 - log 673)

log P2 = — (log 673 - log 373) = 3.5 (2.8280 - 2.5717)

or

or
0.4

= 0.89705.
P2 = antilog 0.89705 = 7.889 atmospheres 

Ex. 7. What is the enthalpy of NH2 if,
N2 + 3H2 -> 2NH3, AH = -22 kcal.

-(^n2,+37?h2) = ^nh3 -(0 + 0)
or H

Solution. AH = 2H 
-22 = 2 H

nh3
= - 11 kcal.or nh3 NHS

• 1.10. SECOND LAW OF THERMODYNAMICS
We know that first law of thermodynamics tells us about the relation between 

heat and work and their equivalence. It also tells us about the conservation of energy 
during all processes, physical and chemical. It does not, however, give us any idea 
about the extent of convertibility of one form of energy into another. It also does not 
give us an idea about the spontaneity of a reaction, i.e., whether a given change is 
possible under given conditions of pressure and temperature or not.

If we study the relationship between work and heat, we see that whereas different 
forms of energy can be readily and completely converted into heat, it is not possible to
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completely reconvert heat into work. In order to represent the limitations on ttxe | 
convertibility of heat into work and to predict the direction of change of all natura Lly [ 
occurring processes, Kelvin, Clausius, etc. put forward a law, known as second law of \ 
thermodynamics. This law tells us the direction of change under given conditions of I 
temperature and pressure. !

Second law of thermodynamics states that, “whenever a spontaneous proa i
occurs, it is accompanied by an increase in the total energy of the universe* **

Second law of thermodynamics can also be stated in a number of ways as follows :
(1) Planck’s definition : It is impossible to construct a machine working in 

cycles which can convert heat completely into an equivalent amount of work withe u.t ' 
producing any changes elsewhere.

(2) Kelvin’s definition : It is impossible to take heat from a hotter reservoir a -hd
convert it completely into work by a cyclic process without transferring apart of heat th cl 1 
cooler reservoir. \

(3) Clausius’ definition : It is impossible for a cyclic process to transmit hi ett ,
from a body at a lower temperature to one at a higher temperature, without at the sarnts I 
time converting some work into heat. j

Second law of thermodynamics gives us an idea about free energy, entropy e ;c- :
which tell us about the spontaneity or feasibility of a process. j

• 1.11. ENTROPY

Clausius (1850) introduced a new thermodynamic state function and termed 
entropy. From Carnot’s cycle, we can show that

<72 ~ Qi

it

t2-t, (1>
T2<?2

where is the heat absorbed at a higher temperature T2 and gj is the heat evolveci 
at a lower temperature 7j. From equation (1),

t292
91 _ T\ or = 92 

7\ T2
•••(2)or

92 ?2
Giving proper signs, i.e., positive to heat absorbed and negative to heat evolve 

we can write equation (2) as
~ <?i _ + <?2
Tx T2

^- + ^- = 0 .-(3)or
Tx t2

2
Equation (3) shows that in a Carnot cycle, the ^ 

summation of all q! T terms is zero. Any reversible “ 
cycle, say ABA, may be taken to be made up of a larger 
number of small Carnot cycles as shown in figure (1) 
(horizontals are adiabaticals and verticals are 
isothermals). For each Carnot cycle, the sum of two 
qfT terms involved is zero vide equation (3).

For the complete reversible cycle ABA, we can

Volume-------- ►
Fig. 1. Concept of entropy

write
" 1^ = 0 ...(f)

T
For an infinitesimal change, equation (4) can be written as

j ^ = 0J T ...($)

The cycle ABA can be performed in two steps, viz, from A to B along path I ai lcI ;
then from B to A along path II. We can thus write from equation (5), ;
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If-!
(Path 1) = -Jg ^ (Path ID

(Path I) = J

B dq 
A t (Path I) + (Path II) = 0 Chemical Thermodynamics

B dq 
A ~f 
B dq 
A T

\or

B dq 
A tI (Path II).

This shows that is the same and independent of the path taken from A to

or

B. Its value depends only on the initial and final states, i.e., AandBof the system. This 
quantity, like AU or AH, is dependent only on the states of the system. This function is 
called entropy and is denoted by S.

If and Sq be the entropy of the system in the initial and final states, then 
change in entropy (AS) is given by

AS =SB -SA = J B dq 
A t

For a finite change, equation (6) can also be written as, 

AS = -^

...(6)

...(7)
T

For an infinitesimally small change,

dS = *± ...(8)
T

[i] Physical Significance of Entropy
Entropy of a substance is a real physical quantity and like pressure, temperature, 

internal energy, it is a definite function of the state of the body.
Entropy* is also defined as the degree of disorder of a system. Greater the disorder 

or randomness of a system, greater will be the entropy of the system.
Entropy is related to thermodynamic probability according to Boltzmann’s

equation,
S = k\ogW + K

where k = Boltzmann’s constant, K = another constant and W = thermodynamic 
probability. Planck (1912) showed that K = 0 and so

S = & log VF
This equation is known as Boltzmann’s-Planck equation. It is not possible to 

evaluate the absolute value of entropy. It is only the entropy change which can be 
measured and is of great value as it provides valuable information regarding the 
spontaneity or feasibility of a process.
[II] Unit of Entropy

As entropy change (AS) is given by. AS = q/ T, the unit of entropy will be calorie 
per degree per mole (in C.G.S. unit) or joule per degree Kelvin per mole (in S.I. unit). This 
unit is generally referred to as entropy unit (e.u.).
[III] Entropy Change During Isothermal Expansion

Suppose one mole of an ideal gas is allowed to expand reversibly and isothermally 
from volume to volume V2 a constant temperature T.

The amount of work done when 1 mole of an ideal gas is allowed to expand 
isothermally from volume to volume V2 is given by

w = 2303 AT log10-^2

*Second law of thermodynamics tells us that all the internal energy of any substance cannot be converted into 
useful work. The portion of this total energy which is used for doing useful work is called available energy and 
the remaining part which cannot be converted into useful work is called unavailable energy. Entropy is thus a 
measure of this unavailable energy. Entropy is thus the unavailable energy per unit temperature, i.e..

Unavailable energyEntropy =
Temperature
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In an isothermal process, A L/ = 0 and so according to first law of thermodynamic s 
(At/ = q - w), we have

0 = q - w

q = w = 2.303 RT logjo — d>or
Vi

We know that change in entropy (AS) is given by
^2

2303 RT log10 —
ViAS = =

TT
V2 Pi C2)AS = 2303 R log10 — = 2.303 R log10or
Vi P2

(•: Pi Vj = Pj V2, at constant temperati re)
For n moles of an ideal gas, equation (2) can be written as

P
AS = 2303 nR log10 — = 2303 nR logjo -7- (3)

P2V,

[IV] Standard Entropy of a Gas
If the entropy of the gas at 1 atmospheric pressure and 298 K is expressed in ter ncx s 

of an ideal gas at the same pressure, then this value is referred to as the standar'cl 
entropy of the gas. I

• 1.12. ENTROPY CHANGES FOR DIFFERENT PROCESSES

[I] Entropy Change Accompanying Change from Solid to Liquid Phase
A solid changes into liquid state at its fusion point. The process requires 

absorption of heat (i.e., latent heat of fusion).
Consider melting of 1 mole of a substance reversibly at fusion point Tf at constant: 

pressure. Let A/f be the molar heat of fusion. The entropy change (AS/-) will then toe 
given by.

AH/
(1)AS/ =

Tf
[II] Entropy Change Accompanying Change from Liquid to Vapour Phase

Suppose 1 mole of a substance changes from the liquid to vapour state reversi z>ly 
at its boiling point, Tf, under constant pressure. If &HV be the molar heat of
vaporisation, then the entropy change (ASy) is given by,

(2)ASy = n
[As AH/ and AHy are positive, hence processes of fusion and vaporisation xxre 

both accompanied by increase of entropy.]
(Ill) Entropy Changes in Reversible and Irreversible Processes

Suppose a system undergoes a change of state by a reversible process at constAn't 
temperature, T.The heat that it absorbs from the surroundings may be represented toy 
qTev. The increase in entropy of the system ASsystcm will be given by the equation)

A*5SyStem 9 rev (3)
T

Since the surroundings have lost heat equal to grcv reversibly at the same 
temperature T, the entropy change of surroundings. AS^n- will be given by ttoe 
equation,

-<?rcv <4)ASsurr
T

As heat is lost by the surroundings, it is given a negative sign. The sum total of ;toe 
entropy of the system and its surroundings during a reversible process is zero, i.e • ?
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universe ° + AS Chemical Thermodynamicssystem 

Qrev 9 rev
surr

= 0. ...(5)T T
Therefore, the net entropy change of the universe is constant in a reversible

process.
Suppose the same system undergoes the same change of state by irreversible or 

spontaneous process at constant temperature, T.The work done by the system will now 
be less and so the heat absorbed qirT will be less than qTey/. Since entropy is a function of 
the state of the system, the increase in entropy of the system will be the same 
irrespective of the fact whether the change has been brought about reversibly or 
irreversibly. Hence, AS 
by equation (3). But as the work done by the system during irreversible process is less, 
the heat absorbed by the system will also be less, say equal to qiTT. It follows that the 
heat lost by the surroundings will be less than q

However, the loss of heat by the surroundings can be considered to take place 
infinitesimally slowly, i.e., reversibly in view of an infinitely large size of the 
surroundings. So, the entropy change of the surroundings is given by,

Sin-

will remain the same as before, i.e., equal to q as givensystem rev

rev •

AS ...(6)SUIT T
The sum total of entropy change of the system and its surroundings during an 

irreversible process is given by,
+ AS 9 rev <7irrAS system surr T T

9 rev <?irrSince >
T T

9irr9 rev >0
T T

AS + AS •••(7)>0system SUIT

Thus, we can conclude that entropy of the system and its surroundings taken 
together increases in a thermodynamically irreversible or spontaneous process at 
constant temperature, but it remains constant in a thermodynamically reversible
process.

Combining equations (5) and (7), we get
A'S’universe — + ASsurr > 0system

An equal sign refers to a reversible process, while the greater sign refers to an 
irreversible process.

As most of the processes going on in nature are spontaneous and irreversible^it can 
be said that the "entropy of the universe always tends towards a maximum”. So, 
AS also helps us in predicting whether a reaction is feasible or not. In case, AS is 
positive, the process is feasible or spontaneous.

Ex. 1. Calculate the entropy increase in the evaporation of a mole of water at 
1000C. Latent heat of evaporation of water is 540 calorie per gram.

Solution. We know that

N

AS=:q_=rnL± 
T Tb

where m = molecular weight, Le = latent heat of evaporation per gram, 
Tb = boiling point

18 x 540 = 29.058 cal deg’1 mole’1AS =
373

Ex. 2. Calculate the entropy change during the formation of water from 1 gram 
mole of ice at 0°C. The latent heat of fusion of ice is 80 calorie per gram.

q mLf
T=^~

where Lf = Latent heat of fusion per gram, Tf = freezing point and m = molecular 
weight.

Solution. AS = —
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.11AS = = 5.274 cal deg* mole
273

Ex. 3. Calculate the entropy change involved in the isothermal expansion 
moles of an ideal gas from a volume of 10 litres to a volume of 100 litres at 300 K i 
units.

of S 
k ST

Solution. In an isothermal expansion, 

AS = 2.303 nR logxo
Vi

= 2.303 x 5 x a3l4 x log10 —
10

O-!100v log-----= log 10 == 2.303 x 5 x 8.314 x 1
10 .i

i .1= 95.735 JK mole
Ex. 4. 10 moles of H2 gas having ideal behaviour at 300 K is expanded undeT* 

isothermal and reversible conditions from 15 litres to 150 litres. Calculate W ctnd. 
AG (R = 2 cal).

Solution. ^2
W = 2303 nRT logl0 —

V,
150= 2303 x 10 x 2 x 300 log
15 1

= 2303 x 10 x 2 x 300 = 13818 cal.
ViAG = 2303 nRT log^ —-
V2

15= 2303 x 10 x 2 x 300 log — = - 13818 cal.
150

Ex. 5. From the following values, calculate entropy change when 1.2 Um of 
diamond is converted into graphite at 300 K. ’

(i) C {graphite) + 02 -» C02 A// = -94 kcal j
(ii) C(diamond) + 02 —» C02 AH = - 91 kcal '■
Solution. Subtracting equation (i) from (ii), i.e.,

C (diamond) = C (graphite), A/f = +3 kcal.
Heat change when 12 g diamond is converted into graphite = 3 kcal

. So, heat change when 1200 g diamond is converted into graphite = 300 kcal.
AH 300 x 1000 calAS = — =

T T 300 K
•1= 1000 cal K

Ex. 6. Calculate the entropy change in 400 kg of water at 55°C when 75 J 
flows out of it into the surroundings at 20° C.

Solution. AS = Loss in entropy of hot water + Gain in entropy of surroundir
-75

T 328 
= -0.2286 JK'1.

Gain in entropy of surroundings ~ + q/T

foeett

gs.
-9Loss in entropy of hot water =

/

. t 75 -1= + = + 0.2559 JK,•
293

-1 -i. AS = - 0.2286 JK" + 0.2559 JK
-1= 0.0273 JK

> 1.13. CRITERIA OF SPONTANEITY (IRREVERSIBILITY) OF A REACTIONV
The following are the thermodynamic c6ndi.tions.of spontaneity and equilibritp. 
/■I) Spontaneous change is uni-directional or-irreversible. Now work has t<

m. : 
o
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done for spontaneous change. It occurs by itself. On the other hand, reversible change is 
bi-directional. For a reversible change to occur, work has to be done.

(2) There is no time factor for spontaneous change; it may occur rapidly or very

Chemical Thermodynamics

slowly.
(3) Conditions in terms of entropy change

dS > — (Second law of thermodynamics)
T

(First law of thermodynamics)dq = dU + P dV 
TdS > dll + P dV ...(1)

If, U = constant, then dU = 0 
If, V = constant, then dV = 0 
So, from equations (1) and (2), we get

T(dS)EtV >0 or (dS)UfV >0 
From equation (3), we conclude that
(a) If (dS)u y = 0, i. e., S is maximum, then process is reversible, i.e., this is 

the condition of equilibrium.
(b) If (dS)u y > 0 or positive, then the process is spontaneous.
(4) Conditions in terms of internal energy change.

dS> —

-.(2)

...(3)

T
dU + PdVdS>or

T
TdS >dU + PdVor

dU + PdV - TdS < 0 
If S = constant, then dS = 0 

V = constant, then dV = 0 
From equations (4) and (5), we get 

T(dU)S!V<0 
(dU)s, y ^ 0

Therefore, from equation (6), we can conclude that :
(a) If (dU)s y =0, the process will be reversible. This is the condition of 

reversibility (equilibrium). When equilibrium state is reached, the internal energy 
becomes minimum.

(b) If (dU)s, y < 0, then the process will be spontaneous. This is the condition of 
spontaneity.

(5) Conditions in terms of enthalpy change.
H = U + PV 

dH = dU + PdV + VdP 
dH - VdP = dU + PdV 

TdS > dE + PdV

...(4)or

...(5)

or

...(7)or
We know that -.(8)
From equations (7) and (8), we get 

TdS > dH - VdP
dH - VdP - TdS < 0 

If S = constant, then rfS = 0 
P = constant, then dP = 0 

From equations (9) and (10), we get 
{dH)s p < 0 
(dH)s p < 0

That.is, in a real process dH < Oor H diminishes. When equilibrium is reached, H 
is minimum. We can say,

(a) For spontaneity (irreversibility), {dH)s, p < 0
(b) For equilibrium, {dH)g p = 0
(6) Conditions in terms of work function (A) change.

...(9)or

...(10)

...(H)or

We know that, A = U -TS or dA = dU - TdS - SdT
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dA + SdT = dU - TdS 
TdS > dU + PdV 

-PdV>dU -TdS 
From equations (12) and (13), we get 

-PdVzdA + SdT 
dA + SdT + PdV<0 

If, T = constant, then dT = 0 
If,V - constant, then dV = 0 
Hence, from equations (14) and (15), we get 

(dA)j'i y < 0 

,V — ®
{a) For spontaneity (irreversibility). (SA)^ ^ <0 
(b) For equilibrium (reversibility). (dA)^ ^ = 0 

(7) Conditions in terms of Gibbs free energy (G) change. 
We know that,

But <12)
OL3Sor

or
0-4)
05)

<ie)or

G - H - TS
dG = dH-TdS-SdT

= d(E + PV) - TdS - SdT 
dG = dU + PdV + VdP - TdS-SdT 

dG - VdP + SdT = dU + PdV - TdS 
TdS £ dU + PdV

0 £ dU + PdV - TdS 
From equations (17) and (18), we get 

dG - VdP + SdT < 0
If P = constant, then dP = 0 

T = constant, then dT = 0 
From equations (19) and (20), we get

{dG)p y 5 0 or {dG)p y 5 0
(a) For spontaneity (dG)p p < 0
(b) For equilibrium, (dG)p y = 0
The criteria for spontaneity of a process can be summarised as follows :

;i7)or
or

Also
OS)or

OS)

<20)

<21)

S.No. Spontaneity (Irreversibility) Equlibrium (Reversibility)
1. 0S)U' v >0

0U)s,v <0
W)s. P < 0
0A)pt v < 0 
0G)p y < 0

(dS)u,V =0
0U)S, V = 0
(dH)ss p = 0 
(dA)pt y = 0 
(dG)p y = 0

2.
3.
4. 1
5. I

Usually, the physical or chemical changes occur at constant temperature a.nd 
pressure. The direction of such changes can be predicted with the help of free ei er*gy 
change. We know that at constant pressure and constant temperature, i

(5G)pty £ 0 ...
From equation (22), it is clear that, I
(a) When (5G)py = 0, then process is reversible, i. e., state of equilibrium exists.
(b) When (5G)p y <0, i.e., free energy change is negative, the process i's

non-spontaneous. ■,
(c) When (dG)p p <0, i.e., free energy change is positive, the process is

spontaneous. | !
The above conclusions can be used to predict whether a given process is possible oar 

not, provided free energy change (AG or dG) is known. The value of AG can t>e 
calculated from the equation G = H - TS. j

.'. At constant temperature, we can write

022)

i
i
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Chemical ThermodynamicsAG = AH - TAS
The equation (23) can be used to predict the possibility of chemical reactions. The 

following cases may arise :
Case 1. When AH = positive and AS = positive.
Under such conditions, if TAS > AH, then only AG will be negative and so the 

process will occur spontaneously otherwise not.
Case 2. When AH = negative and AS = negative.
Under such conditions, if AH > TAS, then only AG will be negative and so the 

process will occur spontaneously.
Case 3. When AH = positive and AS = negative.
Under such conditions, AG will be positive and so the process or reaction can never 

take place.
Case 4. When AH = negative and AS = positive.
Under such conditions, AG will be negative and so the process will take place 

spontaneously.

...(23)

• 1.14. MOLECULAR AND STATISTICAL INTERPRETATION OF ENTROPY
(I) Molecular interpretation of Entropy : As discussed above that total 

entropy of the universe increases. But there are many processes in which system's 
entropy, increases AS > 0 e.g.

• Increasing the volume that a gas can occupy will increase the disorder of a gas.
• Dissolving a solute into a solvent will increase the entropy of the solute.
• Phase changes from solid to liquid, liquid to gas, lead to an increase in the 

entropy of the system etc.
On the other hand there are some processes in which system’s entropy decreases, 

AS < 0 e.g.
• Dissolution of a gas in a liquid.

' • Phase changes from liquid to solid, gas to liquid.
• A chemical reaction between gas molecules that results in a net decrease in the 

overall number of gas molecules will decrease the disorder of the system and 
decrease in the entropy.

2CO (g) + 02 (g) -> 2C02 (g) AS < 0
Evidently in the product new C—0 bonds are formed in the molecule. Thus 

molecular degree of freedom decreases.
(II) Statistical Definition of Entropy : The microscopic description of the 

entropy of a system C, composed of parts A and B should be given by
Sc =Sa +Sb

The average of the function over all the microstates is defined by
S=(f) = Z Pif(Pi)

where the function f(pi) is to be found. Let system A has n microstates and system B 
has m microstates.Thus the entropies of systems A, B and C are defined by

. sA =£
m
X pjf(pj)

n m n m
Sc =£ Z Pijf(Pij)=iL pi kpoH pj(pj)

i=l j=l
n m

Sc Pi f(Pi)+l Pjf(Pj) = SA +SB.
i=l j=l

If /■() = ln(), the above equation may be written as :
n m n m

Sc=Z Z PiP;ln(Pi) + Z Z PiPj^P})-
i=l >=1

i=l

SB =

1=1 >1

i=l ;'=1
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Since

t=i

We can write,
n m

Sc =Z A ln(Pi)+Z P; ln(Pj)
i=l

Reynold and Perkins show that the most general /(p,-) is ^ = Cln(p,-), where ^ is ■ 
an arbitrary constant. Because the values of pi are less than unity, the value of C is 
chosen to the negative to make the entropy positive. Based on the above a statist ica.1 
definition of entropy can be given as :

S = p; ln(pi).
t

where k is the Boltzmann constant. It may be given as R/N. Its value 
1.38x 10

is
-23 jk'1. ;

[R = Universal gas constant (8.314 JK-1 mol-1) and = Avogadro number ■ 
(6.023 xio23 mol-1)]. I

• 1.15. THERMODYNAMIC OR KELVIN SCALE OF TEMPERATURE
It follows from Carnot’s theorem that the efficiency of a reversible engine is 'solely 

a function of the two temperatures between which it works and does not depend in any 
way on the nature and properties of the working substance. I

This led William Thomson who later became Lord Kelvin to show that ifc is 
possible to define temperature in terms of energy with the aid of Carnot theorem. 'Tine 
scale he obtained in 1894 is independent ofthe nature and properties of any substance. ; 
This scale of temperature is known as absolute scale of temperature, in the sense tha.'t it , 
is different from conventional temperature scale (which depends on the nature and ! 
properties of the substance). This Kelvin’s scale of temperature is also known^ as 
thermodynamic scale of temperature or work scale of temperature. This scale seirvres 
as the standard scale in forms of which all temperature measurements must ultimately 
be expressed. To define this scale of temperature, we proceed as follows : |

Let us consider a reversible engine working between two temperatures 9^ anc. © 2 
on any scale. If r| be its efficiency, then

Qi
= / (©I, 62)according to Carnot’s theorem.

Hence, it follows that.
1-% = /'(©i-g2)

Qi

where,/■ denotes some function of Gj and 02-
Clearly and, therefore, ^ must be a function of these two temperature! 

Qi Q2
and 02. Therefore,

-^-=F(01,02) <1>
<?2 I

where, F is some other function of ©j and 02-
If the reversible engine works between 62 and 63 (02 > 83), then we have,

^-=F(02,03) <2>
Q3

Multiplying equations (1) and (2), we get 
^x|i = F(01,02)xF(02,03)

Qi^•=F(01,02)xF(02s03) Ior
Q3
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Qi Chemical ThermodynamicsButcan be represented by F (Sj, 63) for we may employ the reversible engine
Q3

to work between the temperatures Qj and 63. 
Therefore, F(e1,03) = JF’(9lte2)x F(e2,e3)
Equation (3) is known ‘functional equation’.

...(3)

As there is no 0 2 on the left hand side, it enables us to choose the form of the 
function F such that 02 may disappear from the right hand side when substitution is 
made of this new form for F in equation (3).

¥ (61)
V (62)’

Choosing the form for F (0lt 02) to be where y is another function which

solely depends upon temperature, we have
¥ (Qi)
¥ (02) ’ 
¥ (62)

^(01,02) =

and ^(02.03) =
¥ (03>

Hence,
¥ (0i) x ¥ (82) _ ¥ (61) 
¥(62) ¥(83) ¥(83)

¥ (81)
¥ (82)’

equation (3). The fact that F (0j_, 02)can be expressed as

F(01,02)xF(02,03) =

Thus, by choosing F (Gj, 02)as we can eliminate 02 from the right side of

¥ (81)
¥ (02) ’

carries an important

consequence, for it involves the simple relation,
^(01.02)=-^-- 't'(9l)

Q2 ¥ (82)
Since temperature can be measured in terms of any property which depends upon 

it, we can made use of the temperature dependent function V f°r measuring 
temperature. Assuming that \|/ (0) represents temperature f on a scale called the 
absolute scale of temperature, we have

Qi rx
... (4)

Q2 r 2
Equation (4) defines the absolute scale of temperature mathematically. This new 

scale of temperature is such that, “any two temperatures on this scale bear to each other 
the same ratio as the quantities of heat taken in and rejected by a reversible heat engine 
working between these two temperatures.”

In terms of this scale, the efficiency of the reversible engine is given by
Qi -Q2 _ 1 Q2 _1 r2

Qi Qi rx
Fi -r2

ri
where T j and f 2 are the two temperatures on the absolute scale between which the 
engine works.

Suppose Q2 = 0, then q = 1 or in other words, the whole quantity of heat 
absorbed at the higher temperature is converted into external work.

Also r| =* 1, when F2 = 0. So, this temperature of the sink, when the efficiency of the 
engine is unity corresponds to the zero of the absolute scale of temperature. This zero 
temperature really forms the limit of the lowest temperature that we can think of 
because if f2 is less than zero i.e., negative, then it will mean that more heat is being 
converted into work than what is absorbed at a higher temperature, which is contrary 
to the second law of thermodynamics.

It has been seen that the absolute scale of temperature is identical with the 
perfect gas scale. Hence, it is in this indirect way that this absolute scale can be realized 
practically. In order to make the two scales exactly identical it is only necessary to 
make the size of a degree the same on both the scales, viz.,ice point and the steam point 
on the thermodynamics scale differ by 100 degrees.
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rice +100steam
r icc

• 1.16. NERNST HEAT THEOREM
Nernst heat theorem gives the variation of enthalpy 

change (AH) and free energy change (AG) of a system with 
decrease of temperature. According to Gibbs-Helmholtz 
equation, t

id(AG)' 
dT )P

<ag = ah + t o
0

From this equation, it is evident that at absolute <J 
zero, i. e., when !T = 0, AG = AH. However, Nernst observed 
that as the temperature is lowered towards absolute zero, 
the value of 5(AG)/ dT decreases and then approaches zero 
asymptotically. This means that AG and AH are not only Fig. 2. Nernst heat theorem 
equal to the absolute zero but the values approach each ]
other asymptotically in the vicinity of this temperature. This result is known as Ner7i.st 
heat theorem. Mathematically, it may be expressed as:

d(AH) _ o

H

Temperature
i

d (AG)
C1>Urn 

7' -> 0
Graphically, the result may be represented by fig. (2). In fig. (2), AG has b sen. 

shown to be greater than AH at temperature away from absolute zero. However, tlxe 
reverse is also possible because d (AG)/ dT can be both positive or negative.

Since gases do not exist at absolute zero, this means that the heat theorem is not ' 
applicable to gases. Similarly, it has been found to be inapplicable to liquids also. 
Nernst heat theorem is applicable to solids only.

Lim 
T->0 dT dT

• 1.17. THIRD LAW OF THERMODYNAMICS
[I] Third Law of Thermodynamics

According to third law of thermodynamics, The entropy of all perfectly crystal in,G 
solids may be taken as zero at the absolute zero temperature.

This law is also stated as follows : :
Every substance has finite positive entropy but at the absolute zero of temperatz.m, 

the entropy may become zero and in fact it does become zero in case of perfectly ■ 
crystalline solids. !
[II] Importance of Third Law of Thermodynamics

Calculation of absolute entropies from heat capacity data : It helps us in tlio 
calculation of the absolute entropies of chemical compounds at any desired, 
temperature. This is shown as under:

The infinitesimal entropy change is given by
dS = ^ <1>T

dqBut Cp = —— so that dq = CP dT
dT

Substituting this value in equation (1), we have
CP dTdS =

T
Hence, the entropy change of a substance when its temperature changes from 

absolute zero to temperature (T) can be obtained from the equation,
T~T 
7=0

dTS=SI dS = j

S-So=Jor CPf
Cp

S=S0 T
<2)or
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where Sq is the entropy of the substance at absolute zero and S is the entropy of the 
substance at temperature T.

According to third law of thermodynamics, S0 = 0. 
c_fr r dTS-Jo Cp^

= J^ CpdlnT

Thus, the entropy (5) of the substance at temperature T can be calculated from the 
measurements of heat capacities (Cp) at a number of temperatures between 0 K to T K. 
The integral in equation (3) can be evaluated by plotting Cp vs In T, or 2.303 log T and 
then measuring the area under the curve between T = Oto T = T as shown in fig. (3).

Chemical Thermodynamics

...(3)

25 25

fI 15

20 

I 15a a.
O O

10 10

5 5

0 50 100 150 200 250 300 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4
Log!-----►T(K)

Fig. 3. Plot of heat capacities (Cp) vs T in the first case and vs log T in the second case.

If Cp is supposed to remain almost constant in the temperature range 0 to T K, 
equation (3) can be simplified to :

S = CP In T = 2.303 CP log T
This equation helps to calculate the value of S directly from the values of Cp and

T.
For liquid and gaseous substances : The total absolute entropy of the 

substance at the given temperature will be the sum of all the entropy changes which 
the substance has to undergo in order to reach that particular state starting from the 
crystalline solid at absolute zero. Thus, if a substance is gaseous at 1 atm pressure and 
25° C, the entropy of the gas at 25° C will be the sum of the following entropies involved 
at different stages :

(1) The entropy of heating the crystalline solid from T = 0 to T = Tm, the melting
point;

AHm(2) The entropy of melting, is latent heat of melting;
Ti m

(3) The entropy of heating the liquid from Tm to , the boiling point;
(4) The entropy of vaporization, AH, where AH, is latent heat of vaporisation;

Tb '
(5) The entropy of heating the gas from to 25°C (i.e., 298 K).
Thus, the complete expression for the calculation of entropy at temperature T 

may be written as :
S=Jor- Cp (s) d InT + AHm 

Tm ;
AH,Q Cp(/)dlnr + cP(g)dlnT+
Tb

(5)1 • 32 4

• 1.18. CONCEPT OF RESIDUAL ENTROPY
Certain chemical reactions between crystals do not give AS = 0 at OK, which 

seems to show that exceptions to this law exist. Nearly all these exceptional reactions 
involve either ice, carbon monoxide, nitrous oxide or hydrogen. In the crystalline state, 
these four substances appear to retain a finite entropy at OK. Thus, any reaction in 
which one mole of ice is a product gives AS = 3.3 JK-1, at OK and any reaction in which 1 
mole of ice is a reactant gives AS = - 3.3 JK-1 at OK. This shows that if entropies of zero
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are assigned to the other substances involved, then ice at OK appears to have a residiia.1 
entropy of 3.3 JK-1. Similarly at OK, CO has a residual entropy of 5.8 JK-1, N2Ohas a 
residual entropy of 5.8 JK-1 and hydrogen has a residual entropy of 6.2 JK-1.This leatis 
to the suggestion that the molecules in the crystals of the substances are not in trtie 
thermodynamic equilibrium at OK. The molecular origin of residual entropy is w4ll ! 
understood with the help of statistical thermodynamics. |

A number of liquids are readily supercooled below their thermodynamic freezirig- ; 
points and can exist in this state even at OK. For such substance the entropy change of I 
the reaction, Crystal Liquid, at OK can be determined and it has been found th at; i 
liquid has a greater entropy than the crystal. Thus, the third law is also not applicat le ! 
to supercooled liquids c.g, glass etc. |

• 1.19. APPLICATIONS OF THIRD LAW OF THERMODYNAMICS
Third law of thermodynamics has been useful in calculating (i) the absohrte 

entropies of solids, liquids and gases at different temperatures, and (ii) the entro; >y 
changes of chemical reactions and other processes.

(1) Determination of absolute entropy of solids : The variation of entro ;i>y 
with temperature at constant pressure is given by,

Cpas
••• (i)dT)P T 

For a pure crystalline substance,
Lim S = 0
7=0

From equation (1),

Jo lo p t

ST Cp . T

= \lcp.d\osT
In order to calculate the absolute entropy (Sp) at temperature T, we must know 

the values of Cp from T = 0 to T = T. The value of the integral of equation (2) can 
calculated by plotting a curve between Cp and log T.The area under the curve between 
T = OtoT = T gives the value of the integral as shown in fig. (4). It is not always possibjle 
to calculate the value of Cp at OK, hence heat capacities are measured upto as lowl a 
temperature as possible, say upto 25K. The value of Cp at OK can then be calculated 
from extrapolation. A curve between Cp and log T is plotted and extrapolated to ofcc. 
The area under the curve directly gives the value of Sy* as given in equation (2). [

(2) Determination of absolute entropy of gases and liquids : The third law^ 
is also used to calculate the value of absolute entropies of gases and liquids at any 
temperature. In every case, we start with crystalline solid state at OK, when its 
absolute entropy is taken to be zero. The total absolute entropy of the substance is th< sn. 
taken to be the sum of all the entropy changes that the substance has to undergo in. 
order to have the given state.

Suppose we want to find the absolute entropy of a gas at T°C under atmosphei ic 
pressure. This is done as follows :

(i) The crystalline solid is heated from absolute zero to its fusion point, i. e., fro m 
T = 0toT = 7y,where7y is the fusion point. The entropy of this process is given by,

■ 4S>-fo"

Ji Jo Cp d logT
^JlllllllllllilllllllllllldT T-0 T = Tor LogT 

Fig. 4
...(2)

dTTf (CD)P'S' rp

where, (Cp)s = heat capacity of the solid. The value of ASj can be evaluated 
graphically as discussed above.

(ii) The entropy in changing solid into the liquid state at the fusion temperatutre 
Tf is given by,

&Hf
as2 —

Tf
where, bHf = molar latent heat of fusion.
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Chemical Thermodynamics(iii) The liquid is heated from its fusion point (7y) to its boiling point (Tb). The 
entropy in this process is given by,

(Cph-f
where, (Cp)i = heat capacity of the substance in the liquid state.

(iv) The entropy in changing the liquid into the gaseous state at the boiling point 
(Tb) is given by,

AHV
A54 = n

where, AHV = molar latent heat of vaporisation.
(v) The entropy involved in heating the gas from temperature Tb to the given 

temperature T is given by,

as5=J^ (cp)g..f
where, (Cp)g = heat capacity of the substance in the gaseous state. 

The absolute entropy (Sf) of the gas at temperature T is given by, 
St = AS! + AS2 + AS3 + AS4 + AS5 

dT dT AHV In (V dT\Tf fCp '^ T

The absolute entropy (Sy) of a liquid at a temperature T is given by, 
St = ASl + AS2 + ASg

= J0r'(Cp)..f

ST =\v' (Pp). • T f+ + + + § fpTf Tb

AHf

The absolute entropy (Sy) of a solid at temperature T is given by,

=Jor (Cp)s .f:
Absolute entropies of some of the elements and compounds in their standard 

states at25°C, calculated from the third law of thermodynamics, are given in table 1.
Table -1. Standard absolute entropies (5°) of elements and compounds at 298K

+ +
Tf

Substance Absolute entropy 
UK1 molU

Substance Absolute entropy 
(JK-1 mol-U

Hydrogen (g)
Nitrogen (g)
Oxygen (g)
Hydrogen chloride (g) 
Hydrogen bromide {g) 
Hydrogen iodide (g) 
Carbon (diamond) 
Carbon (graphite) 
Water {l)
Water (g)

Ammonia (g)
Carbon monoxide (g) 
Carbon dioxide (g) 
Nitric oxide (g) 
Sulphur dioxide (g) 
Sodium (s)
Magnesium (s) 
Sulphur (rhombic) 
Sulphur (monoclinic) 
Chlorine (g)
Bromine (g)
Bromine (/) 
Aluminium (s)
Iron (s) .
Copper (s)
Silver (s)
Iodine (s)
Iodine (g)
Zinc (s)
Lead (s)

Mercury (/)
Mercury (g)
Mercuric chloride (s) 
Mercurous chloride (s) 
Cuprous iodide (s) 
Lead bromide (s) 
Silver bromide (s) 
Silver chloride (s) 
Silver iodie (s)
Silver oxide (s)

Ferric oxide (s)
Cupric oxide (s) 
Magnesium oxide (s) 
Mercuric oxide (s) 
Sodium chloride (s) 
Potassium chloride (s) 
Potassium bromide (s) 
Methane (g)
Ethane (g)
Ethylene (g)
Acetylene (g) 
Methanol (/) '
Ethanol (l)
Benzene (l)
Phenol (F)
Acetone (/)
Acetic acid (/)
Methyl chloride (g) • 
Methyl chloride (l) 
Ether (/)

130.60
191.62
205.01
186.22
199.15
206.27

77.40
174.83
144.76
98.32

6.65
161.50
96.11

107.15
115.57
121.75

2.43
5.69

70.29
188.74

192.46
197.90
213.80
210.45
247.86

51.04
32.51
31.88
32.55

222.96 
245.34
153.97 
28.32 
27.15 
83.34 
42.67

116.73
260.62
41.00
64.85

89.95 
43.55 
27.00 
71.46 
72.38 
82.62 
93.72 

186.14 
229.49 
185.35 

- 201.10 
126.69 
160.66 
172.79 
142.24 
200.03 
159.82 
234.05 
245.22 

85.27

Self-Instructional Material 25



Chemical Energetics, Equilibria & 
Organic Chemistry

-1 -1Ex. 1. Cy for uranium metal is 3.04 JK 
entropy of the metal in. JK-1 mo/-1 at 20K.

Solution : At low temperature, (0 < 71 < 20K), Cp =CV = aT 3

at 20K. Calculate the absolutemol

[Debye’s - T 3 law]

Cy / T3 = 3.04 JIT1 mOr1/(20K)3 = 38.03 x 10"6 JK"4 mol"1 

Hence, CP =aT 3 =(3&03x 10“6 J mol'1 K^)T 3

We know that, dS=CP — = 3&03 x 10"5 J mol'1 K*4 T 2dT

a =

T
$20 -So = 38.03x 10"5 JK-4 mol-1 (20K)3 / 3 

S2o =1-01 JK
Ex. 2. Show that the entropy of any substance at very low temperatures 

(0 < 71 < 20/0, where Debye’s relation for heat capacities of crystals is valid, is one-third 
of the molar heat capacity.

Solution : At low temperature (0 < 7* < 20K),
CP=aT 3

J/T1

We know that, dS -CP----

or
-I•i [v S0=0]molor

[The Debye-T 3 law]

T
T ^.dTC dS=lo T
T dT 3ST -S0 - J dTor

T
= ofT T 2 dT = — T 3 

Jo 3
St- = aT313or

Evidently,
Ex. 3. The heat capacity, CP (in JK-1 of a substance is given by t ~te

following equations :

Sp — CP / 3 [v $0=0]

Cp(s) = 16.74 X 10"5 r3 (0 < r< 50K)
Cp(s) = 20.92 (50 < T < 150 K)
Cp (/) = 25.10 (150 < r < 400 K)

At the melting point (150 K), kHf =1255.2 J mo/-1. Calculate the absolute entroi

of the substance in the liquid state at 300 K.
50 C/>(g) 50 16.74 X 10-5 T 3

A$i-fo dT » f T Jo

16.74xl0"6r3

dT (Debye's T3 law >Solution :
T

3 o
= 5.58 x 10-6 x (50)3 = &97 JK 

150 Cp(s)

-i mol 1

150AS2=f50 dT = 20.92 JK"1 mol-1 In
T 50

= 20.92 JK-1 mol-1 x 1.09861 = 22.98 JK-1 mol-1 

= &37 JK-1 mol"1
-l1255.2 J molAS3 = hSf - 

A$4=J.
150K

dT = 25.10 JK-1 mol" 1 In300 Cp(i) 300
150 T 150

mol-1 x 0.6931 = 17.40 JK"1 mol-1 

AS = Sy — Sq = AS! + AS2 + AS3 + AS4 
ST = 6.97 + 22.98 + 8.37 + 17.40 = 55.73 JK;1' molA

-1= 25.10 JK
Hence,

(v $0=0)
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Chemical Thermodynamics(3) Determination of entropy changes accompanying chemical reactions: 
The values of absolute entropies can be utilised in calculating the entropy changes 
accompanying chemical reactions.

Ex. 1. For the reaction, Pb{s) + 5r2 (0 = PbBr2 (s), the values of absolute entropies 
of Pb, Br2 and PbBr2 are 15.5, 36.8 and 38.6 e.u./mole, respectively. Calculate the 
increase in entropy.

Solution : We know that, AS° = AS°pbBr2 - S0p& - S°pr2
= 38.6 — 15.5 — 36.8 - - 13.7 e.u./mole.

Ex. 2. Calculate the standard entropy change of the reaction,
C(s) + H2O(0------ >CO(g) + H2(g)

Solution : From table-1, the total standard entropy of products
= 197.90 JK-1 mol-1 for CO + 130.60 JK-1 mol-1 for H2 

= 32a50 JK-1 mol-1

From the same table, the total standard entropy of reactants
- 5.69 JK-1 mol-1 for C(s) + 70.29 JK-1 mol-1 forH20(Z)

- 75.98 JK-1 mol-1

The standard entropy change (AS°) of the reaction is given by 
AS°'r = ^■5°/)r0(fuc(s — ^•S°peac(an[s

= 32&50 - 75.98 = 252.52 JK-1 mol-1

Ex. 3. Calculate the standard entropy change of the reaction,
N2 (g) + 02 (g)------ >2NO(g)

Solution : The standard entropy change (AS°)for the reaction is given by
AS = S Products — S Reactants

= (2 mol x 210.45 JK-1 mol-1) - (1 mol x 191.62 JK-1 mol-1)

+ Imolx 205.01 JK-1 mol-1

= 2427 JK-1 mol-1

Ex. 4. Calculate the standard entropy change of the reaction,
Ag20(s)

Solution : The standard entropy change (A5°) of the reaction is given by 
AS0 = SSopr0(^ucjs — ^S° j{eactants

= (2 mol x 42.67 mol"1 JK-1 + 1/2 mol x 205.01 JK-1 mol"1

- (1 mol x 121.75 JK"1 mol-1)

»2Ag(s) + 1/ 202(g)

= 66.09 JK-1 mol-1.

Ex. 5. Calculate the standard entropy change in the formation of sodium chloride 
from its elements at 25°C.

Solution : The reaction is : Na(s) + — Cl2(g) = NaCl(s)
2

AS° = S° [NaCl(s)] - [Na(s)] + -i S° [Cl2te)]}
Zi

= 72.38-[51.04 + 1/2 (222.96)] = 72.38 - (51.04 + 111.48)
= -90.14 JK-1 mol-1

(4) Calculation of free energy change : Once the entropy change for a certain 
reaction is known, the free energy can also be calculated by means of the relation, 

AG° = AF° - TAS°
where, AH° = heat of reaction at constant pressure.

• SUMMARY
• System is a specified portion of matter which is separated from the rest of the 

universe with a bounding surface.
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Organic Chemistry Surroundings : The rest of the universe which might be in a position to excharige j 

matter and energy with the system is called surroundings. I !
Extensive variables: The variable of a system which depends upon the amounjt of 
the substance(s) present in the system is known as extensive variable, e.g. mass, 
volume, energy etc. | |
Intensive variables : The variable of a system which is independent of tlio j
amount of the substance present in the system is known as intensive variable, 4 - !
pressure, temperature, viscosity, refractive index etc.
If a process is carried out infinitesimally slowly so that the driving force is o nly 
infinitesimally greater than the opposing force, it is called a reversible process.
If the temperature of the system remains constant during each step of a process , it 
is called an isothermal process.
If the heat neither enters nor leaves the system during any step of the process, it is : 
called an adiabatic process.
Zeroth Law of thermodynamics states that, if body A is in equilibrium witln j 
body C and body B is also is in equilibrium with body C, then bodies A and B an * in | 
equilibrium with each other.
First law of thermodynamics : The total energy and mass of an isolated syst em 
remains constant, though one form of energy can be converted into another fo *m. 
Mathematically, S(•

dU = dQ-dW
The relation between A// and At/ is A// = At/ + PaV.
In an isothermal expansion of an ideal gas, the work done is ipven by

VaWm = 2.303 nRT log = 2.303 nRT log -k
Vi P2

When a system after completing a series of changes returns to its original state, it is 
called a cyclic process.
The degree of disorder of a system is called its entropy.
The net entropy change of the universe is constant in a reversible process.
The entropy of the universe always tends to a maximum.
Third law of thermodynamics : Every substance has a finite entropy but at ritie 
absolute zero of temperature, the entropy may become zero and in fact it does 
become zero in case of perfectly crystalline solids.

• STUDENT ACTIVITY
1. State and explain first law of thermodynamics.

i

2. Define isothermal and adiabatic processes. l

Define extensive and intensive variables.3.

4. What do you know about entropy ? .
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5. Explain thermodynamic scale of temperature.- Chemical Thermodynamics

••,***.

6. State and explain third law of thermodynamics.

-v

7. What is residual entropy ?

• TEST YOURSELF
Answer the following questions :
1. Define thermodynamics. State its main objectives and limitations.
2. Differentiate between the terms ‘isolated system’ and ‘closed system’'as used in 

thermodynamics.
3. Explain the term ‘isolated system’.
4. Distinguish clearly between extensive and intensive properties.
5. Write short note on the criteria for reversible and irreversible processes.
6. Explain what is a reversible process according to thermodynamics ?
7. Write if the following processes are^reversible or not ?

(i) Mixing of gases by diffusion,
(ii) Dissolution of a solute in pure solvent.
(iii) Expansion of a gas in vacuum.
(iv) Melting of ice without rise in temperature

8. What are isothermal and adiabatic changes or differentiate clearly between 
isothermal and adiabatic processes ?

9. What is meant by an adiabatic change ?
10. Explain the difference between isobaric and isochoric processes.
11. Define a cyclic process.
12. Explain the terms :

(i) Thermodynamic system
(ii) Types of thermodynamic system.

13. Discuss the nature of work and heat.
14. State and explain first law of thermodynamics. Give its mathematical statement 

also.
15. Write a short note on first law of thermodynamics.
16. Write an explanatory note on the following :

(i) Internal energy
17. Derive the relation Ai? = At/ + PAl7.
18. Derive the relation Cp - Cy = R.
19. Derive an expression for maximum work done during an isothermal reversible 

expansion of n moles of an ideal gas.
20. Derive the expression = constant.

/

(ii) Enthalpy (iii) Heat capacity
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21. Derive the expression for the maximum work done in an adiabatic revers 
expansion of an ideal gas.

22. Discuss thermodynamic scale of temperature.
23. Describe zeroth law of thermodynamics.
24. State and explain second law of thermodynamics.
25. What do you mean by residual entropy ?
26. State and explain entropy from the point of view of second law of thermodynamics.
27. Write a short note on entropy.
28. Discuss and derive the various entropy changes for the following processes :

(i) Change from solid to liquid phase
(ii) Change from liquid to vapour phase.
(iii) Change for reversible and irreversible processes.

29. Discuss the criteria of spontaneity or irreversibility and conditions of equilibriu m .
30. Describe briefly the applications of third law of thermodynamics.
31. Describe Nernst heat theorem. .
32. State and explain third law of thermodynamics.
33. Find the work done when 2 moles of an ideal gas expand isothermally from 2 litjres

to 5 litres against a constant pressure of 1 atm at 298 K. '
34. Calculate the entropy change involved in isothermal expansion of 2 moles of 

gas from a volume of 5 litres to a volume of 50 litres at 30<5C.
35. Calculate the entropy increase in the evaporation of a mole of water at lOO^C (Heat 

of vaporisation = 540 cal g”1).
36. Thermodynamics is applicable to which system :

(i) Microscopic systems only (ii) Macroscopic systems only 
(iii) Homogeneous systems only (iv) Heterogeneous systems only

37. A thermos flask is an example of:
(i) Isolated system 
(iii) Open system

38. .The dymensions of entropy is :
(i) work x temperature 
(iii) energy x temperature

39. The entro

(ii) Closed system
(iv) Heterogeneous system

(ii) energy 
(iv) work

py change at constant pressure is given by :
2 (ii) CV log±f

(iv) nRTlog^-

(i) Cp log—
Tl

V2■ (iii) rti?Tlog—
V, V2

40. Which of the following is not an intensive property ?
(ii) Concentration 
(iv) Volume

41. Which of the following condition holds good for an adiabatic process ? 
(i) dQ<0

(i) Pressure
(iii) Density

(iii) dQ - 0(ii) dQ > 0
42. The enthalpy change of a reaction is independent of :

(i) State of the reactants and products
- (ii) Nature of the reactants and products

(iii) Initial and final enthalpy change of the reaction
(iv) Different intermediate reactions

43. When the total energy change in an isothermal cycle is zero, it represents :
(ii) An adiabatic change 
(iv) An irrerversible cycle

44. The work done when 1 mole of a gas expands reversibly and isothermally fror n. S 
atm to 1 atm at 300 K is :

(iv) dQ = 1

(i) A reversible cycle
(iii) A thermodynamic equilibrium

(iii) Zero
45. The first law of thermodynamics may be given as : 

(i)U=_q-w-
. (iii), &U = q + w

46. When water is cooled to ice, its entropy :
(i)'Increases 
(iii) Remains the same

(i) - 4015 J (ii) + 4015 J (iv) 150 J

(ii)U = q + w 
(iv) AU = q -w

(ii) Decreases 
(iv) Becomes zero
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Chemical Thermodynamics47. For a spontaneous process :
. (i) AG > 0 (ii) AG < 0

48. The entropy change of a spontaneous process is :
(i) positive (ii) negative (iii) zero

49. The entropy of a solid at OK is :
(i) positive (ii) zero

50. Which is the correct unit for entropy ?
(i) kJ mol (ii) JK-1 mol (iii) JK-1 mol (iv) kJ mol-1

51. Cp , Cy and R are related as :
(i) Cp+Cv =R

(iii) CpxCy =R

52. Fill in the blanks :
(i) In a process AH = 100 kJ and AS = 100 JK-1 at 400 K. The value of AG 

will be.........
A spontaneous process occurs with a........in free energy.

(iii) The change in free energy is a measure of net........
For solid, liquid and gas, the entropy of the system increases in the 
order ..........

(v) The entropy of a pure crystal is zero at absolute zero. This is a statement of
.........law of thermodynamics.
Entropy is a measure of

(vii) A spontaneous change is accompanied by 
enthalpy.

(viii) In an adiabatic process 
In an adiabatic process

(x) For the reaction H2 + I2 = 2HI, AH is equal to

(iii) AG = 0 (iv) None of these

(iv) none of these

(iv) none of these(iii) negative

(ii) Cp - Cy =R

(iv) = R
Cy

(ii)

(iv)

of the molecules of the system.
of internal energy or

(vi)

can flow into or out of the system, 
must change.(ix)

ANSWERS
33. 1085 cal 34. 38.29 JK-1 35. 26.06 cal K'1 mol'1 36. (ii) 37. (i) 38. (iii)
39. (i) 40. (iv) 41. (ii) 42. (iv) 43. (i) 44. (i) 45. (iv) 46. (ii) 47. (ii) 48. (i) 
49. (ii) 50. (iii) 51. (ii) 52. (i) 60 kJ (ii) decrease (iii) work done (iv) solid < 
liquid < gas (v) third (vi) randomness or disorder (vii) decrease (viii) no heat 
(ix) temperature (x) AU □□□

Self-Instructional Material 31



Chemical Energetics, Equilibria & 
Organic Chemistry U N I T - 1

2
THERMOCHEMISTRY

\
LEARNING OBJECTIVES

Heat of Reaction {Enthalpy of Reaction)
Heat of Formation (Enthalpy of Formation) 
Heat of Combustion (Enthalpy of Combustion) 
Bond-, Dissociation- and Resonance Energy 
Kirchoff’s Equation 
Flame and Explosion Temperature 
o Summary 
a Student Activity 
□ Test Yourself

It is a well known fact that chemical reactions are usually accompanied by er eargy 
change. These change occur, ordinarily in the form of evolution or absorption of he at. A. 
chemical reaction is said to be exothermic, if it is accompanied by evolution of flaeat 
and endothermic, if it is accompanied by absorption of heat. The study o'f the 
conversion of chemical energy into heat energy or vice-versa is know? 
thermochemistry.

An equation which show the amount of heat change (evolved or absorbed) in. ttie 
chemical reaction is called a thermochemical equation.

>C02(g)
->C02 (g)+ 94380 cal (Thermochemical equation)

A thermochemical equation must essentially (i) be balanced (ii) mention tine 
physical state of the reactants and products. The physical statesare represented by tine 
symbols (s), (1), (g) and (aq.) for solid, liquid, gas and aqueous states respectively (iii) 
gives the values of AH or AEcorresponding to the quantities of substances given b; r tine 
equation. Such an equation can be multiplied, added or subtracted just like si mpl© 
algebraic equation.

cts

C(s) + 02(g) (Chemical equation)
C(s)+02(g)

• 2.1. HEAT OF REACTION (ENTHALPY OF REACTION*)
Heat of reaction is defined as the, "the amount of heat evolved or absorbed in cl 

reaction when the number of moles of reactants as represented by the balanced eque ition 
have completely reacted."

For example, C (s) + 02 (g) = C02 ig) + 94380 calories
According to the equation, when 12 g of carbon redets with 32 g of oxygen to 'omn 

44 g of carbon dioxide,-94,.380 calories of heat is evolved. Thus, the heat of reaction, is 
94,380 calories. ' b ■ '

Similarly, in the,1 equation : *
^ 6 (s),+2S (s) = CS2 (/)-20,000 calories 

When 12 g of,carbon reacts with 64 g of sulphur to form 76 g of carbon disulphncle, 
20,000 calories of he&6jis absorbed. Thus,, the heat of reaction is -20,000 cals.

/Heat of reaction^epends on the following factors :
((i) .Physical state "of substances : Heat of reaction is different for diffe rent 

•physical state of substances, e.g. ', 
r . 'C (diimond) +q2'(g)‘=F OO2 (g) + 94380 cals.

r ■ ■f.
■t

$

, t V

•»
.‘/Enthalpy of reaction : It is defined .as the enthalpy change when the number of gram moles >f the 
substances as’Tpecified by the chemical*reaction have completely reacted.
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ThermochemistryC (graphite) + 02(g) = C02 (g) + 94700 cals.
(ii) Temperature : The heat of reaction varies with temperature due to 

variation in its specific heat and is related by Kirchoffs equation, i. e.,
Ai/2 -Af/j =ACp (T2 -Tj)

where, AHi and AH2 are the heats of reaction at temperatures Tj and T2 respectively. 
ACp is difference in the heat capacities of products and reactants.

(iii) The heat of reaction depends on the fact whether the reaction is carried out at 
constant pressure (AH) or at constant volume (AE). The two are related by the 
expression :

AH = AE + AnRT
where, An = Difference in the number of moles of gaseous products and gaseous 

reactants.
T = Absolute temperature.

The standard state of a substance is taken as its natural state at 25°C, at one 
atmospheric pressure. It is represented by AH0.

• 2.2. HEAT OF FORMATION (ENTHALPY OF FORMATION)
Heat of formation is defined as, “the amount of heat evolved or absorbed (or 

enthalpy change) when one mole of a compound is formed from its constituent elements. ” 
For example :

C (s) + 02 (g) = C02 (g) + 94380 cals.
(ii) H2 (g) + (1/2) 02 (g) = H20(/) + 68400 cals.
(iii)
The heats of formation of CC^O?), ^0(7) and CH4(g) are 94380 cals, 68400 cals 

and 17900 cals, respectively.
In the equation :

(i)

C (s) + 2H2 (g) = CH4 (g) + 17900 cals.

H2 (g) + Cl2 (g) = 2HC1 (g) + 44000 cals.
The heat of formation of HC1 is not 44000 cals., but 44000/2, i. e., 22,000 cals, as

one mole of HC1 is formed by the evolution of 22,000 cals, of heat.
If ion is formed during the reaction in place of molecule then it is called enthalpy of 

formation of ion.
Standard heat of formation or standard enthalpy of formation. The

standard enthalpy of formation of compound is the enthalpy change when one mole of a 
compound is formed from its elements, all substances being in their standard states. It is 
represented by AHf. The standard state of any substance is taken as its natural state

at 298 K and under one atmospheric pressure.
By convention, the standard heat of formation of all elements is taken as zero.

• 2.3. HEAT OF COMBUSTION (ENTHALPY OF COMBUSTION)
Heat of combustion is defined as the, “amount of heat evolved (or enthalpy change) 

when 1 mole of a compound is burnt completely in excess of air or oxygen at a given 
temperature and under normal pressure."

For example :
C (s) + 02 (g) = C02 (g) + 94380 cals.

H2 (g) + (1/2) 02 (g) = H20(Z) + 68400 cals.
C12H22O11 (s) + 1202 (g) = 12C012 (g) + 11H20(Z) + 13,49,000 cals.

The heats of combustion of carbon, hydrogen and cane sugar are 94380 cals., 
68400 cals, and 1349000 cals, respectively.
[I] Determination of Heat of Combustion

The calorimeter used to carry out the determination of heat of combustion is 
called a bomb calorimeter (fig. 1). The inner vessel or the bomb is a strong walled 
tight fitting air tight vessel coated inside with gold or platinum or some other 
non-oxidisable material. The cover can be fitted tightly to the vessel by means of a 
metal lid screwed down on a lead washer. A weighed quantity of the substance is taken 
in a platinum cup C which is supported on a rod R. This bomb is placed inside a double
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O2 T
Stirrer

4 il1
Q.
3O '

%E
1 m. BombGR
a.

W

C
Fig. 1. Bomb calorimeter

jacketed polished and metallic calorimeter and-the substance is^hurnt electrically 
passing a current through a copper wire W from which -heat is ‘'conducted to: tlxe 
substance through a platinum loop touching it. A-mechanical stirrer is also providecl as 
shown.

Tby

- ... ^.K. . .

When the current is passed, the temperature of water starts rising. The rise in 
temperature of waterin the calorimeter is noted by means of an accurate thermom 
upto an accuracy of ± 0.01°. The difference between the final and initial temperat mares 
gives the rise of temperature. The heat capacity of the calorimeter system is obtained 
by taking and burning a known weight of a substance, whose heat of combustion is 
known. Generally, we take benzoic acid of very high purity, whose heat of combusti >n is 
taken to be 771.2 kcal.

If the heat capacity of the calorimeter system is Z and AT is the rise 
temperature produced by burning wg of the given substance of molecular weigh 
then

- f''
>■. *

in 
t .MV

MHeat of combustion - Z x AT x — calories
w

[II] Applications of Heat of Combustion ': '
(i) Calculation of heat of formation : The heats of combustion of organic 

compounds can be determined very easily, so these values are used to calculate t Ineii* 
heats of formation. The direct determination of these is often impossible.

(ii) Calculation of heat of transition : Suppose we want to calculate the neat; 
of transition of diamond into graphite. It is done as follows :

C (diamond) + O2 (g) = C02 (g) + a cals.
C (graphite) +02(g) = COg (g)+ b cals.

On subtracting the two equations, we get,
C (diamond) = C (graphite) + (a - b) cals.

Heat of transition = (o - 6) cals.
(iii) Determination of calorific values of foods and fuels : The he; t of* 

combustion helps us in calculating the calorific values* of foods and fuels.
(iv) In deciding constitution : Heat ofcombustion of organic compounds is to 

a large extent an additive property and so has proved very valuable in deciding trieir*

* The amount of heat produced in calories (or joule) when 1 g of a substance is completely burnt, 
expressed in cal g ,kcal g-*or kJ g_*.

It is
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• 2.4. BOND ENERGY, DISSOCIATION ENERGY AND RESONANCE 
ENERGY

The amount of energy required to separate an atom by breaking a bond is the 
dissociation energy of that bond. The dissociation energy (Qp) is dependent on the 
nature of the atoms united by a bond as well as the nature of the molecule. For example, 
the dissociation energy of a C—H bond in methane and of the same in benzene will be 
different because the residual portions of the two molecules are different.
[I] Bond Energy (AHd )

Bond energy is defined as the average amount of energy required to dissociate 
bonds of that type present in one molecule of the compound or it is simply the average 
value of the dissociation energies of a given bond in a series of different dissociating 
species. Bond energy is also known as the enthalpy of formation of the bond and the 
enthalpy of formation of a bond of a particular type is largely an additive property. For 
example, in water the dissociation energy of separating a H-atom is 120.0 kcal., i.e., 

H20 = H + O; — H = 120.0 kcal.
But when second H-atom is separated from the residual OH group, a similar

O—H bond is broken as before, but the dissociation energy is different.
O—H

/

OH = H + OH; = 101 kcal.

But the enthalpy of dissociation of water into hydrogen and oxygen is 100 kcal.,
i.e.,

1 AHd = 110 kcal.H20 = H2 + - 02 ;2 2
If we take the average of dissociation energies of the two bonds of O—H in water,

we have
Qd + Qd' _ 120+ 101 110.5 kcal.,

2 2

which is practically equal to the bond energy (AHd).

Bond energies are very useful in the calculation of thermal changes in chemical 
processes. Some of the values of bond energies are given in the table-1.

Table-1. Bond energies (AHD) in kcals.

Bond AHnBond AHP
H—H 
0—0 
0 = 0 
Cl—H 
N = N 
O—H' 
01—Cl 
Br—Br

103.2C—C
c = c 
c = c
C—0 
C = 0 
C—H 
C—N 
C—Cl

83.1
33.0140.0

198.0 118.0
103.0
225.0
110.5’

84.0
173.0
99.0

57.869.5
46.078.5

[II] Heat of Atomisation
The standard state of an element is the state in which the element occurs at 25°C 

and one atmospheric pressure. The enthalpy of atomisation of an element is defined as 
the amount of heat required to produce one mole of atoms in the standard state. Some 
values are given in table-2.

Table-2. Enthalpies of atomisation (AH) in kcals.

Elements Atomisation AH

Carbon
Hydrogen

C (s) -> C (g)
| H2 (g) -> H (g)

170.8
52.1
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2

1 n2 (g) ^ N (g)
2 ■

Oxygen 59.5

• Nitrogen 113.1

[HI] Calculation of Bond Energies
' (i) C—-'H bond energy : The heat of formation of methane is —17.9 keal. 

(a)C(s)+2H2 (g) = CH4 (g);
C(s) = C(gy,

2H2(g) = 4H(g>,
. On rearranging and subtracting, we get 

C (g) + 4H (g) = CH4 (g);

AHf = -17.9 
AH =170.8 
AH = 4 x 5Z1

also (b)
(c)

Q = 17.9 + 170.8 + 208.4 = 397.1 keal.
Here Q is the total net heat evolved and conversely, in breaking the four C----H

bonds, the energy required is 397.1 keal.
C—H bond energy = — =

4 4
= 99.3 keal.

(ii) C = C bond energy : The heat of formation of ethylene is +12.5 kcstl.
Therefore,

(a) 2C<s)+4H(g) = C2H4(g>,
2C (s) = 2C (gy,

2H2 (g) = 4H (g);
On rearranging and subtracting, we get 

2C(g) + 4H (g) = C2H4 (g)
Q = - 12.5 + 2 x 170.8 + 4 x 5^1 = 537.5 keal.

Hence the necessary energy to break one C = C bond and four C—H bonds is 53

AH f — ~ 12.5 
AH = 2 x 170.8 
AH = 4 x 521

(b)
(c)

7.S
keal.

The bond energy of 4 C—H bonds = 4 x 99.3 = 397.2 keal.
The C = C bond energy= 537.5 - 397.2 = 140.3 keal.

[IV] Resonance Energy
By the use of bond energies given in the above table, it is possible to calculate the 

heats of formation and reaction in many cases, provided the substances involved do not 
contain certain double bonded compounds. Whenever wave mechanical resonance is 
possible, the energy required to dissociate the molecule, as calculated from the ab( 
results, is too small. It is, however, necessary in such cases to make allowance for tho 
resonance energy. Although its value varies from one compound to another, its vah los 
for different groups are given in the following table.

C10H8Groups

Res. energy (keal.)
COOH COOEtC6H6 C02

38 33 2475 28

• 2.5. KIRCHOFF’S EQUATION
Heat of reaction, in general, varies with temperature and its variation with 

temperature can be deduced as follows :
Let Xi moles of a substance A react with x2 moles of B to form moles of M, a - a 

constant temperature; each substance being in a certain specific state. Thus,
x±A + x2£ -» y-JA

The enthalpy of the reactants (H\) is given by,
Hi = X!Ha + x2Hb

The enthalpy of the products (H2) is given by,
H2=y\Hu

The increase in enthalpy (AH) for the change at constant pressure is,
AH = H2-Hi =y1HM -XjHa -*2Hb 

Similarly, the increase in internal energy (A£) at constant volume is,
(1>
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ThermochemistryAE = £% - E\ = yiEM - x^Ej^ - x2£b - 
where, E terms represent the respective internal energy.

...(2)

Differentiating equation (1) with respect to temperature, at constant pressure, 
and differentiating equation (2) with respect to temperature at constant volume, we
get,

(Ma) ' 
, dT )p

dHM dHd(AH)
ST \p 

d(AE)
. ST \v

We know that, 

CP =

B ...(3)— x2= yi\ ST Jp ST Jp
(SEaSEm dEB ...(4)-x2= yi ST )v ST Jy ST Jy

dH'] SEX. and Cy — —
ST)P STJy

Therefore, equations (3) and (4) reduce to,

= y\ (Cp)M ~xi (Cp)A -x2 (Cp)B -ACpd(AH) ...(5)
ST Jp 

’d{AE)
. ST \y

where, ACp and ACy refer to overall changes in heat capacities in the reaction, i.e.,to 
their algebraic sum. Expressions (5) and (6) are mathematical forms of Kirchoffs 
equation and represent the variation of heat content and internal energy of the 
reactants and products with temperature.

Integrating equations (5) and (6) between proper limits, we have 
| "2 d (iff) = Aif2 - AHj = jACp d T

Assuming ACp to be independent of temperature, we get 
AH2 -AHX=ACP (T2 - Tx) 

where, AHX and AH2 are the heats cf reaction at constant pressure at temperatures 
Tx and T2, respectively.

Integrating equation (6) between proper limits, we get
j^(dAE) = \^ACy.dT

AE = AE2 — AEX = f 2 ACy. dT
JTi

- )m - *1 (Cy )a - x2 (Cy )b = ACy ...(6)

...(7)

or

Assuming ACy to be independent of temperature, we get 
AE2 - AEX = ACy (T2 ~TX) 

where, AEX and AE2 are the heats of reaction at constant volume, at temperatures 
Tx and T2, respectively.

Kirchoffs law is valid for physical and chemical changes and is independent of 
nature and complexity of the systems. For an extended range of temperature, it is 
necessary to take into account the variation of heat capacities with temperature. The 
above expressions (5) and (6) may be used quite accurately over a range of temperature 
for which mean heat capacities remain constant.

Since, AH = AE + AnRT as the value of An (Difference in the number of moles of 
gaseous products and gaseous reactants) changes the value of AH changes. An is 
related with pressure therefore AH depends upon pressure.

...(8)

• 2.6. ADIABATIC FLAME TEMPERATURE
If a spontaneous process takes place at once and the heat produced during the 

chemical change does not have a chance of going to the surroundings, then obviously 
the heat evolved will increase the temperature of the resultant system. This process 
can be taken to be equivalent to an adiabatic change. Such condition gives rise to the 
production of flames. The gas or gases undergoing combustion produce an enormous
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produced after combustion. We can easily calculate to what temperature these gas es 
can be raised by the heat of combustion in the flame, provided we know the values of" 
heats of reaction and combustion and heat capacities of the resultant gases. We c an 
then easily know the maximum flame temperature.

As an illustration, we can cite the example of acetylene, whose heat of combusti :>n 
is -310600 cals. The thermochemical equation is thus j

02 =2C02 + H20+ 310600cals.
I

c2h2 +- 
J 1 2

In the flame zone, the gases present after combustion are carbon dioxide, wat&jc 
vapour and unreacted nitrogen of the air. Since 5/2 moles of oxygen are used in 
combustion, therefore, the nitrogen present would be nearly 10 moles. The compositi >n 
of the gases after combustion would, therefore, be 2 moles of carbon dioxide, 1 mole [of* 
water vapour and 10 moles of nitrogen. The approximate heat capacities of these gases 
are :

2 x (Cp )co2 = 2 (6.4 + 10.1 x 10“3 T) = 12.8 + 20.2 x 10’3 T 

(Cp)n20 = 7.22 + 2.4 x 10"3 T 
10 x (CP )N2 = 10 (6.45 x L4 x 10-3 T) = 64.5 + 14 x 10-3 T 

ZnCp = 84.52 + 36.6 x 10-3 T.Thus,
The gases have been heated from room temperature, say 25°C (298°K) to a high 

temperature (T) by the heat of combustion.
Q = Jj8 ZnCp dT = {Ja (8452 + 366 x ICT3 T) dT 

= [84.52T + l&3xlO

84.52 (T-298) +183x 10'3 (T 2 ~ 2982) = 310600 

84.52 T + 183 x 10"3 T 2 = 337415

ex*

r2 ~\T
J 5

-3
298

or
or

This is a quadratic equation and if we solve it, we will find that T = 2450 K. Thus, 
the maximum attainable temperature during the combustion of acetylene is 2450 
But the actual flame temperature is somewhat less than 2450 K, because of heat 
radiation as well as dissociation of water vapour and carbon dioxide at hign 
temperatures. |

• 2.7. EXPLOSION TEMPERATURE
As discussed above the flame temperature is considered at constant pressure, on 

the other hand if the combustion is carried out under adiabatic conditions at constant
volume, the maximum temperature attained is called explosion temperature. [ 

At constant pressure i.e. isobaric adiabatic process the flame temperature may be
given as :

d(Aff) = ACp
dT

d(AH) = ACp.c/T ... (lj>
On integration within the limits, T; (initial temperature) and Tf (fim 1 

temperature),

or

J d(AH) = ACpJ^ dT

AH =&Cp (Tf -Ti) ... (2 '
At constant volume, AH is replaced by A17. The pressure required for the reactin ? 

system at the explosion temperature is called the explosion pressure.

or

NUMERICAL PROBLEMS
Ex. 1. Calculate the heat of formation of ethylene from the following data :
(1) C(s) + 02(g) -+ C02(g): AH = - 94.0 keal.
(2) H2(g) + (H 2) 02(g) -> H20(l): AH = - 64.4 keal.
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. f Thermochemistry(3) C2H4(g) + 302(g) ~> 2C02(g) + 2H20(l); AH. =;- 337.0 kcal. 
Solution. We should aim at:

Atf=?2C(s) + 2H2(g)->C2H4(g);
Multiplying equation (1) by 2, equation (2) by 2 and reversing equation (3) and 

adding, we get, . ,
A#! =-188.0 kcal. 
AH 2 = - 128.8 kcal. 
Atfg =+ 337.0 kcal.

2C(s) + 202(g) -> 2C02(g); . •
2H2(g) + 02(g) —> 2H20(/);

2C02(g) + 2H20(/) ^ C2H4(g) + 302(g);
AH - ^ AH^ + AH 2 + AH $2C(s) + 2H2(g) —> C2H4(g); '

AH = (-18&0 - 12a8 + 337.0) kcal.
= + 20.2 kcal.

Heat of formation of ethylene, AH = 20.2 kcal.
Ex. 2. Calculate the heat of formation of methane from the following data :

or

(1) CH4 + 40 -> C02 + 2H20 + 213.3 kcal.
(2) C + 02 CO2 + 96.9 kcal.
(3) H2 +0-+ H20 + 68.4 kcal.
Solution. We should aim at:

C + 4H -> CH4 ± Heat
Multiplying equation (3) by 2, reversing equation (1) and adding both with 

equation (2), we get,.
2H2 + 20 2H2 O + 136.8 kcal.

C02 + 2H2Q t> CH4 + 40 - 213.3 kcal.
• : C + 02 -> C02 + 96.9 kcal.

C + 2H2 -> CH4 + (136.8 - 213.3 + 96.9) kcal. 
C + 2H2 -> CH4 + 20.4 kcal.

Heat of formation of methane = 20.4 kcal.
or •

Ex. 3. Calculate the heat of formation of ethyl alcohol, given that AH for 
combustion of ethyl alcohol, AH for formation of carbon dioxide and water are -326.7, 
-94.05 and -68.3 kcal. respectively.

Solution. We should aim at :
2C + 3H2 + O = C2H5OH ± AH kcal.

Given : '
(1) C2 H5 OH + 302 = 2C02 + 3H20; 

C + 02 = C02;
AH = - 326.7 kcal. 
AH = - 9405 kcal.
AH = - 68.3 kcal.

<2)
1

(3) H2 + — 02 — H20;

Multiplying equation (2) by 2, equation (3) by 3, reversing equation (1) and 
adding, we get,

AHi = - 188.10 kcal. 
AH^ = - 20490 kcal.

AH3 =+ 326.70 kcal.

2C + 202 = 2C02;
3H2 +- 

. 2
02 = 3H20;

2C02 + 3H2 O = C 2 H5 OH + 302;
2C + 3H2 +0 = C2H5 OH; AH =AHl + AH2 + AHZ 

= (- 18&10 - 20490 + 326.70) kcal.
= - 66.30 kcal.

.•. Heat of formation of ethyl alcohol, AH = - 66.3. kcal.
Ex. 4. If the heats of combustion of benzene, carbon and hydrogen are 

qi, q2 and q3 cal. respectively, what will be the heat of formation of benzene1? 
Solution. Given that,
(1) + — 02 = 6C02 + 3H20 + qx cal

C + O-} = C02 +^2 tial 
H2 h— O7 = H20 + q3 cal

We should aim at :

(2)
(3)
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6C+3H2 =C6H6
Multiplying equation (2) by 6, (3) by 3, reversing equation (1) and then adding, we

6C + 602 = 6CO2 + 6^2 cal.
3H2 +- 2 2

6C02 + 3H20 = C6H6 + — 02-Qi cal.
2

6C + 3H2 = C6H6 + (6q 2 + 3q 3 - q ]) cal.
Heat of formation of benzene= (6q2 + 3^3 - q\) cal.

Ex. 5. Calculate the heat of formation of hydrocarbon CxHy, if its heat <yf 
combustion is a cals and the heats of formation of CO2 and H20 are b and c cals, 
respectively.

Solultion. We should aim at :

get.

i

02 = 3H20 + 3(?3 cal.

xC + — H2 = ± Qcals.
2

Given : /
(1) CXHy + X + 2- xCOo + — H?0 + a cals.2 2 2

C + 02 — C02 + b cals.
H2 + ^ = H2O + c cals.

Multiplying equation (2) by x, equation (3) by yf 2, reversing equation (1) ant 
adding we get,

— Oo =4j 2
(2)
(3)

HhXCO2 + “ H20 = CjHy +1 x + — 

xC + x02 = XCO2 + xb cals.
^h2 +-o2 =^h2o+^
2 4 2 2 2

- a cals.

c cals.

xC + — H2 - + j x6 + —
2 \ 2

c - a cals.

Heat of formation of = xb +—

Ex. 6. Calculate the heat of reaction :
co2 + h2 =h2o + co

The heats of formation of C0,C02, and H20 are 25.4, 90.5 and 55.0. cal., 
respectively.

Solution. Given :
(1) C + i 02 =

(3)H2 +^02 = H20 + 55.0 keal.

Reversing equation (2) and adding it with equations (1) and,(3), we get,
C02 = C + 02 - 90.5 keal.

C + - 0 = CO + 25.4 keal.

c-a cals.
2

(2) C + 02 = C02 + 90.5 keal.CO + 25.4 keal.

2
1H2 +^02 =H20 +55.0 keal.

C02 + H2 = CO + H20 + (25.4 + 55.0 - 90.5) keal. . 
C02 + H2 =CO+ H2O-l0.1 keal.

Heat of reaction = - 10.01 keal.
Ex. 7. Given the following thermochemical equations :

C (graphite) + 02(g) -^C02(g): AH = -94.1 keal.
C(graphite) —► C(diamond); AH = - 0.5 keal.

or
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(i) Calculate AH for burning of diamond to CO2.
(ii) Calculate the quantity of graphite that must be burned to evolve 1000 kcals. of

Thermochemistry,

\heat.
Solution.
(i) C (graphite) + 02 (g) C02 (g);

C(diamond) —» C(graphite);
Adding the above equations,

C (diamond) + 02(g) —> C02(g);
AH = - 94.6 kcal.

(ii) . According to the equation,
. C (graphite) + 02(g) C02(g);

94.1 kcal. of heat is evoived. by the burning of Ig atom or 12 g of C (graphite). 
So, quantity of graphite required to evolve 1000 kcals. of heat on burning 

_ 12 x 1000 
~ 941
= 127.52 g

Ex. 8. At 17°C, the heat of combustion at constant pressure of amorphous carbon 
into CO2 is 96,960 cals and that of CO into CO2 is 67,970 cals. Determine the heat of 
formation of CO at constant volume.

Solution. The heat of formation of CO is given by :

AH -■ - 941 kcal. 
AH = - 0.5 kcal.

AH = (- 941-0.5) kcal.

g

IC(s) + - 02 (g) = CO(g) + Heat
Negligible 2 i/2 vo| 1 vol

vol

Given (At constant pressure) :
C + 02 = C02 + 96,960 cals.

CO + io2 = C02 + 67,970 cals.

Subtracting equation (2) from (1), we get,

~02 = CO + (96,960 - 67,970) cals.

= CO + 28,990 cals.

0)
(2)

C +

1c + -o2 
2

or

.•. Heat of formation of CO. at constant pressure = 28,990 cals. 
AH ~ - 28,990 cals.
AH = AE + AnRT

or
We know that,

Given : AH = - 28,990 cal, An = 1 - -
-(I)

- , i? = 2 cals., T = 2WK
2 2

Putting the above values in equation (1), we get
1- 28990 = AE + - x 2 x 290
2

AE = - 28990 - 290 = - 29,280 cals.or
.•. Heat of formation of CO at constant volume = 29,280 cals.
Ex. 9. At 27°C and constant volume, the heat of combustion of ethylene is -335.8 

kcal. Calculate the heat of combustion at constant pressure at the same temperature. 
(R = 2 cal deg'1 mole'1)

Solution. The heat of combustion of ethylene is represented as :
C2H4(g) + 302(g)

3 vol
2C02(g) + 2H2O(0

Negligible vol

Given : AE = 335.8 kcal. An = 2- 4 = -2, 7’ = 300 K, R = - 0.002 kcal., AH =7 
We know that,

1 vol 2 vol

AH = AE + AnRT
AH = - 335.8 + (-2) x 0.002 x 300 = - 335.8 - 1.2 = - 337.0 

Heat of combustion at constant pressure (AH) - - 337 kcal.
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. Ex. 10. Enthalpy ofbdrnbuMion of glucose at constant pressure and atl7°C wt^,s 
found to be -6,51,000 cals. Calculate the enthalpy of combustion of glucose at constant 
volume considering water to^be.in 'gaseous state.

Solution. The enthalpy'of combustion of glucose is represented as : 
C6H1206(s);'+ 602.(g) = 6C02(g) + 6H20(g)
Negligible voL‘,

Given : &H = - 6,51,000 cal. An = 12 - 6 = 6.
r = 17 + 273 = 290 K, i? = 2 cal deg

6 vol 6 vol6 vol

-I mole 1, AE = ?
We know that,

AH = AE + AnRT 
- 6,51,000 = A# + (6) x 2 x 290

AE = - 6,51,000 - (6) X 2 X 290 
= -6,51,000-3,480 
= - 6,54,480.

Enthalpy of combustion at constant volume = - 6,54,480 cals.

or
or

Ex. 11. Enthalpy of formation of CO 2 (g), H2O (l) and C2H4 (g) are -94, -68ar d 
-36 kcal, respectively at constant pressure and 300 K. Calculate the enthalpy >/* 
following reaction at constant volume and at 300 K.

C2H4 (g) + 302 (g) -► 2C02 (s) + 2H20 (l)
Solution. Given
(1) 0(s) + 02(£)C02(s), 
(2) H2C?) + -io2te)->H2O(0,

£t

AH = - 94 kcal 
AH = - 68 kcal

(3) 2C(S) + 2H2te)-4C2H4te), AH = - 36 kcal
Multiplying equations (1) and (2) by 2, reversing equation (3) and then adding, v> &

get,
20(s) + 202 ->2C02(g),

2H2(g) + 02(g)-> 2H20(/),
________ C2H4(j?) —> 2Q(s) + 2H2(g)
C2H4(g) + 302(g)2C02(g) +2H20(/),

AH = - 188 kcal 
AH =-136 kcal 
AH = 36 kcal 

AH = (- 188 - 136 + 36) 
= - 288 kcal.

Now AH =AE + AnRT 
- 288 = AE + (2 - 4) (0.002) (300) 

AE = -288 + 1-2 - - 286 8 kcal.or
Ex. 12. At 27°C the enthalpy of reaction {AH) for

N2 (g) + 3H2 (g) -> 2NH3 (g) '
is-21.974 kcal. Calculate the enthalpy of reaction at 50°C. The molar heat capacities < t 
constant pressure and between the given temperature range for N2 (g), H2 (g) and NH# 
(g) are 8.86, 6.77 and 8.86 cal deg-1, respectively.

Solution. From KirchofFs equation, we have

= ACp = lCp (products) - SCp (reactants)
AH2 - AH 1

t2-t,
Given : AHj = - 21 • 974 kcal., AH2 = ? 

Ty = 300 K, T2 = 323 K
The given reaction is : .

N2(g)+3H2(g) = 2NH3 (g)
ACp = I Heat capacity of products - I Heat capacities of reactants 

= (2 x 8-86)- [6-86 +(3 x 6 -77)]
= 17-72-(6-86+ 20-31) = -9-45 cal.
= - 0-00945 kcal.

Substituting the given values in equation (1) we get, 
AH2 -(-21-974) = 0 -00945

(323 - 300)
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ThermochemistryAH2 = 23 x (-0-00945)-21-974
= -0-21735 - 21 ■ 974 = 0 - 22 • 19135 kcal 

Enthalpy of reaction of 50°C = - 22.191 kcal.
Ex. 13. If the bond energies for H—H, 0=0 and O—H bonds are 104, 118 and 

111 kcal mol-1, respectively, calculate the enthalpy of the reaction,
H2(g) + ^02(g)^H20fe)

Solution. In this reaction, two O— H bonds arc formed and one H —H bond is 
broken. So we can write for AH,

AH =

or

12Aif (O — H) + AH (H— H) + - AH (0=0)

, =(-2x 111) + 104 + ^ x 118

= - 222 + 104 + 59 = - 59 kcal. mol'1
Ex. 14. Calculate the bond energy of HCl, if the H—H bond energy is 433 kj 

mol-1, Cl—Cl bond energy is 242 kJ mol-1 and Hf for HCl is - 91 kJ mol-1. 
Solution. Given :

1 1 AH = - 91 kJ(1) ~ H2 (g) + - Cl2 (g) -» HCl(g)

AH =+ 433 kJ 
AH =+ 242 kJ

(2) H2 (g) -> 2H(g)
CI2 (g) 2Cl(g)

Multiplying equation (1) by 2, we get,
(g) + Cl 2 (g) —> 2HCI (g)

Adding equations (2) and (3) we get,
H2(g)+Cl2(g)->2H(g) + 2Cl(g)

Subtracting equation (4) from (5), we get
2HCl(g) -> 2H(g) + 2CI(g)

Dividing the last equation by 2, we get 
HCl{g) —» H(g) + Cl(g),

Bond energy of H—Cl bond is 428.5 kj 
Ex. 15. Calculate the dissociation energy and resonance energy for energy (CqHq)

(Kekule structure). Given that AH q_q =347.3,AHq=q = 615.0 and AHq_# =416.2
(kJ mol-1). The experimental value is 5535.1 kJ mol-1.

(3)

AH = - 182 kJ(4)

AH = + 675 kj(5)

AH = + 857 kJ

AH =+ 428 - 5 kJ

Solution. According to Kekule structure of benzene there are 3C—C, 3C=C and 
6C—H bonds in benzene.

&Hd = 3(AHc_c)+3(AHc==c) +6(AHc_h)
= 3 (347.3) + 3 (615.0) + 6 (416.2)
= 5384.1 kJ mol-1

But the experimental value is 5535.1 kJ mol-1.
.■. Resonance energy of benzene is 5535.1 — 5384.1 = 151 kJ mol-1.
Ex. 16. In a Bunsen burner, methane gas (CH±) is premixed with excess air (20% 

02, 80% N2) to allow complete combustion. At flame temperature water is converted into 
steam. Using the following thermochemical equations. Calculate the flame temperature.

AH0CH4 (g) + 202 (g) -> C02 (g) + 2H20 (l) 
H20(l)—> H20(g)

= - 890.3 kJ298 -
= +40.7 kj

Assume that lCp = 41.8 JK-1 mol-1 and initial temperature = ^5°C
AH298

Solution. Since at flame temperature water is converted into steam hence 
thermochemical equation may be written as :

CH4 (g) + 202 ig) C02 (g) + 2H20 (g) = - 890.3 + 2 (40.7) 
= -802.3 kj

ACp of the gaseous products (C02, H20 and N2) = 41.8 JK-1 mol-1

The total number of moles of gaseous products = 1 + 2 +(4x2) = 11 
(Since the ratio of 02 and N2 is 1 : 4 in air).
According to Kirchoff s equation

AH0 298
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n.lCp {Tf -Ti) = AH
(11 mol) (41.8 JK-1 mol"1 XT/ - 298 K) = 802.3 kJ

802.3 kJ(Tf - 298 K) =or
(11)(41.8 JK"1) 
8023 x 1000J

/
/

llx 4L8JK"1 |
= 1746 K !

7) =(1746+ 298) K ' ,
= 2043 K j

Thus flame temperature = 2043 K
Ex. 17. In a closed vessel H2 gets is mixed with air at 25PC at 1 atm pressure c ’.rtd \ 

exploded. At constant volume the enthalpy of the reaction :

The CD s for H20 (g) and No in the temperature range 298 K and 3200 K are 1
and 26.4 (JK~ mol~ ) respectively. Calculate the explosion temperature under' 
adiabatic conditions.

AU298 ^ “ 240.6 kJ

Solution. Since at constant volume for a process 
AU = AU + au = 0heating

Cheating =“^298 ="1298 I'nCV 

= - 240.6 kJ
Since — 02 mole is associated with 2N2 moles, hence 

2
ZnCy = Cy- (H 20, g) + 2Cy (N 9,5)

= (39.1 + 2 x 26.4) JK"1 = 91.9 JK

298
Hence

-1

On integration eq. (i), we get
91.9 JK_1(7y -298) = 240.6 kJ

240.6 x 1000J(Tf -298) =or
-191.9 JK 

= 2618 K 
Tf = 2618 K + 298 K = 2916 Kor

• SUMMARY
• Thermochemistry is that branch of physical chemistry which deals with |

thermal or heat changes caused by chemical reactions.
• In an exothermic reaction heat is evolved and the internal energy of reactants is i

greater than the internal energy of the products. I
• In an endothermic reaction, heat is absorbed and the internal energy of reactants i s |

less than the internal energy of the products. j
• The change in internal energy (AS) is the heat change accompanying a chemical | 

reaction at constant volume because no external work is performed.
• While the heat change in a process is equal to its change in internal energy (^J57> 1 

at constant volume, it gives at constant pressure the enthalpy chai ige 1
1 Reactants
5;
O-
(O Products£c

AH < 0
Heat released

o>
.£ AH >0

Heat absorbed
V)
<Q
£o
£ Products Reactants

t Exothermic Endothermic
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(AH), i. e., AE ~ Heat change in a reaction at constant volume, AH = Heat change in 
a reaction at constant pressure.

• Heat of reaction may be defined as the amount of heat evolved or absorbed in . a 
reaction when the number of moles of reactants as represented by the balanced 
chemical equation change completely into products.

• Kirchoff s equation may be represented bs

dT =(Cy)2 ~(Cy\= ACy

i.e., change in heat of reaction at constant volume per degree change in 
temperature is equal to the difference in heat capacities at constant volume of 
products and reactants.

= (Cp)2-(Cp)! =ACP
al ' -

i.e., change in heat of reaction at constant pressure per degree change in 
temperature is equal to the difference in heat capacities at constant pressure of 
products and reactants.

• Heat of formation is defined as the change in enthalpy that takes place when one 
mole of the compound is formed from its elements.

• Heat of combustion is defined as the chang^ in enthalpy of a system when one mole 
of the substance is completely burnt in excess of air or oxygen.

• Heat of combustion of a substance (A^Q^is always negative
• Flame temperature is considered at constant pressure while explosion 

temperature is considered at constant volume.
• Bond energy is defined as the average amount of energy required to break all bonds 

of a particular type in one mole of the substance.

Thermochemistry

d (AE)
(i)

d(AH)
• (ii)

i ■

• STUDENT ACTIVITY
1." Describe the factors on which heat of reaction depends.

2. State and explain heat of combustion. /

!

3. State and explain bond energy ?

4. What do you mean by flame temperature ?
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6. Describe briefly the determination of heat of combustion.

7. Write Kirchoffs equation.

t

• TEST YOURSELF
Answer the following questions :
1. Define or explain the following terms : 

(a) Thermochemistry 
(c) Heat of formation 
(e) Standard heat of formation 
(g) Bond energy

(b) Heat of reaction 
(d) Standard heat of reaction 
(f) Heat of combustion 
(h) Thermochemical equation

2. Explain the terms : heat of reaction at constant pressure and heat of reactio 
constant volume. How are they related ?

3. State and explain heat of combustion with examples.
4. How will you determine the heat of combustion experimentally ?
5. Derive Kirchoffs equation.
6. Discuss the variation of heat of reaction with temperature.
7. Mention the factors on which heat of reaction depends.
8. Define bond energy.
9. The heat of formation of methane at 27°C is —19.3 kcal, when the measurem 

are made at constant pressure. What will be the heat of formation at cons 
volume ?

irx at

srxts
baxxtl

10. In the reaction,
C(s) + 02(g) -» C02(g) + 94-5 kcal., 94-5 kcal.is 

(i) Heat of formation of C02(g) (ii) Heat of combustion of C02(g)
(iii) Heat of solution of C02ig) (iv) Heat of reaction of C02(£)

11. If the heat of formation of a compound is - 100 kJ, its intrinsic energy will be
(iv) 100 kJ(iii) 50 kJ(ii) - 50 kJ

12. Which is correct equation for AH and AE ? 
(i) AE = AH + AnRT 
(iii) AE = AH + nRT

13. From the following data,

(i) -100 kJ

(ii) AH = AE + AnRT 
(iv) AH = AE + nRT

2H2(g) + 02(g) -> 2H20(/) + 571 -831 kJ
1H2(g) + - 02(g) H20(Z) + 285-906 kJ

the enthalpy of combustion (AH) of hydrogen will be : 
(i) - 285 ■ 925 kJ (ii) - 185 • 91 kJ (iii) 285 • 925 kJ 

14. The thermochemical equations may be :
(ii) Added (iii) Subtracted

(iv) 185-91 kJ

(iv) All of the abovt(i) Multiplied 
15. Fill in the blanks :

is the magnitude of(i) Greater the heat of fusion of a substance, 
intermolecular forces.
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(ii) Flame temperature is considered at constant......
(iii) The fuel efficiency of methane (mol. mass = 16) is 

(mol. mass = 30).
(iv) In an exothermic reaction, the heat energy is......

endothermic reaction it is.......
(v) For exothermic reaction, A# is

Thermochemistry
that of ethane

while in an

, while for endothermic reaction it is

(vi) The calorific value is defined as the amount of heat produced in calories 
when of a substance is completely burnt.

ANSWERS

9. 18.70 k cal 10. (i) 11. (iv) 12. (ii) 13. (i) 14. (iv) 15. (i) higher (ii) pressure 
(iii) greater (iv) released, absorbed (v) negative, positive (vi) one gram

□□□

/■
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3
CHEMICAL EQUILIBRIUM

LEARNING OBJECTIVES

Chemical Equilibrium 
Free Energy 
Law of Mass Action

Thermodynamic Derivation of Law of Mass Action 
Le Chatelier’s Principle 
□ Summary 
Q Student Activity 
o Test Yourself

• 3.1. CHEMICAL EQUILIBRIUM

[I] Reversible and Irreversible Reactions
It was observed that when BaCl2 and Na2S04 are mixed in molecular proportio 

the reactants are completely converted into products. Such reactions proceed in o 
direction only and can be represented as :

ns
rxe

BaCl2 + Na2S04 -> BaS04 + 2NaCl 
NaCl + AgN03 -► AgCl + NaNOgSimilarly,

Hence, the reactions which proceed only in one direction, and it is not easily possible
to convert the products into reactants, are known as irreversible reactions.

But certain reactions can proceed in both directions. For example, when we pass 
steam over red hot iron, the formation of iron oxide takes place with an evolution of* 
hydrogen.

3Fe + 4H20 -> Fe304 + 4H2
On the other hand, when we pass a current of dry hydrogen over red hot oxide of

iron, the formation of iron and water takes place.
Fe304 + 4H2 -> 3Fe+ 4H20

Thus, those reactions which proceed in both the directions and do not rea zlm 
completion in any way are called reversible reactions and can be represented as, 

3Fe+4H20 Fe304 + 4H2
-2NH3

f .

N2 + 3H2?
H2 +I2^^2HI 

PC16^PC13+C12

[II] Chemical Equilibrium
If we study a reversible reaction in a closed vessel, 

then we clearly observe the conversion of reactants 
into products and vice-versa. BuUafter sometime, a 
state is reached when the concentrations of reactants s' 
and products become constant. This state is known as “■ 
equilibrium state. Therefore,

"The state of reversible reaction in which the 
concentrations of the reactants and products do not 
Change is called chemical eguilibrium".

Rate of 
y forward 
\ reaction

Equilibrium
state

Rate of ! 
backward 

reaction
i

Time
Fig. 1.
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Chemical Equilibrium[III] Characteristics of Chemical Equilibrium
(i) Chemical equilibrium, at a given temperature, is characterised by constancy of 

certain observable properties such as pressure, concentration, density or colour.
(ii) Chemical equilibrium can be attained from either direction.
(iii) Chemical equilibrium is dynamic in nature.
(iv) A catalyst can hasten or delay the approach of equilibrium, but does not change 

the state of equilibrium. In other words, the relative concentrations of the reactants 
and products remain the same irrespective of the presence or absence of a catalyst.

• 3.2. FREE ENERGY
We know that neither only entropy nor only enthalpy decides the feasibility of the 

reaction. For this Gibb proposed a new function which is known as Gibbs free energy 
function or only Free energy. It is represented by G. It may be defined as :

G = H - TS
where, H = Enthalpy, T = Temperature in Kelvin and S = Entropy.

If at constant temperature T, the thermodynamic functions at initial state areG^ 
Hi and Sj and at final state are G2, H2 and S2 then

G2-Gi=(H2-Hi)-T(S2-Si)
AG = &H -T.&S

... (1)

• •.(2)or
But at constant pressure,

AH = AE + P.AV 
AG = AE + P.AV-TAS 
AG = AA + P.AV 

where AA is change in work function,
AA = AE-T.AS 
AA = -w 

AG = —w + P.AV 
~AG = w-P.AV

■ -O)or -

and
But

...(4)or
In eq.(4) iv and P.AV represent maximum work and work done in expansion of gas 

respectively. Difference of these two terms is called net work. Therefore,
-AG = network = w- P.AV ' ’

Evidently, -AG represents maximum work of the system at a definite temperature 
and pressure. Since this term is used by Gibbs, hence it is known as Gibbs free 
energy. Generally it is known as only Free energy.

Change of free energy with temperature and pressure
G = H ~TS 
H=E + PV 
G = E + PV-TS

We know that, 
and 
Thus
On differentiation of eq. (5)

...(5)

dG = dE + P.dV + VdP - TdS -SdT ...(e)
But according to first law of thermodynamics,

q = E+ w 
dq = dE + dwFor small change,

If work done, dw, is only expansion, then
dq = dE + P.dV
dS = —For reversible process,

T
dq=T.dS = dE + P.dV ...(7)or

dE + P.dV-T.dS = 0 ...(8)or
On substituting the value of dE + PdV - dq from eq. (8) in eq. (6)

dG = VdP-SdTWe get,
Eq.(9) represents the change in free energy for the small change of pressure and

...(9) .

temperature.
* At constant pressure dP = 0. Thus according to eq. (9)

dG = SdT
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(xmtP)'\'x(xm2P)n* ■ 
/ \

, *«1 X«2 
K.P = Kx(P)Al 

• where (mj + m2)-(n1 + n2) = An 
From eq. (4) and (5) i I»:

KP=Kc{RT)f’' =KI(Ptn . -.(W I
If An = 0 i.e m! + m2 = nj + n2 (i.e. the number of moles of products equals tjo tlx© 

number of moles of reactants) then 
KP = Kq =Kx

• 3.4. THERMODYNAMIC DERIVATION OF LAW OF MASS ACTION
The law of mass action can be derived from two concepts, viz., chemical potential 

concept and equilibrium box concept.

[I] Chemical Potential Concept
The chemical potential (p) of ith component in a mixture is defined as,

ac"

1

L d)
1 JP, T, , ng........

etc. represent the number of moles of constituent components g£ tlx©

Mi an.-
where nj_, n2, 
mixture.

Consider the following reversible reaction : j
nxA + n2-S x- rriiC + m2-D |

Suppose all the reactants and products are in the gaseous states and behave as i<i©al 
gases. The Gibbs potential, i. e., Gibbs free energy of reactants is given by

reactants = MA + n2 MB, 
where and p p are the chemical potentials of the constituents A and B, respectively^ 
Similarly, the Gibbs potential of the products is given by 

^products = ^1 MC ^2 MZ5
The pressure and temperature remain constant in each case. We know that the 

energy of the reaction is equal to the difference between the free energy of the produLcts 
and that of reactants, i.e..

G <2>

<3)
fir©©

Abreaction - breaclants
= (m1 pc + m2 pD)-(wi Ma + "'2 Mb)

When the reaction attains equilibrium, AGreactiori = 0, so from equation (4),
(m! Me + m2 Pd) "(n! Pa + ^2 Mb) = 0 

The chemical potential of the i,h component in the gaseous reaction is given bjr
p(- =p“ + In pi ^ ..I (B)

where pt is the standard chemical potential and p,- is the partial pressure or i th 
component. I

From equations (5) and (6), we get
[ml (Pc + RT In Pc) + m2 (Md +-Rr In pD)] - [n! (pX + RT In pA)

+ p-2 (Mb + RT In P3)] J= O

(4)

m2 ^
Pc1 • PD

= - [(mi pc + m2 MD)“(rti Ma + n2 Mb)1RT Inor
pi' ■ pi2)

9 0 O'*

— “ [bproducts — breactants) — ~ AGrcaC(jon <V>

p?1 • p^2
<S)or = e

r? - p7

52 Self-Instructional Material



The right hand side of equation (8) is constant, because AG°eaction depends only on 
; temperature and i? is a constant. Therefore,

•Pc1 ■ Pv2

Chemical Equilibrium

= constant = Kp ' ... O)
d"1 d”2PA • PB

Since partial pressures are proportional to molar concentration of the components, 
so from equation (9), we have

[C]mi . [D]™2
... (10)= KC

[A]^ .[E[n*
Equations (9) and (10) represent the expressions for equilibrium constant as 

obtained from law of mass action and chemical equilibrium.
(2) From equilibrium box* : Consider the gaseous reaction

A + B C + D ,
Suppose there are two large vessels at the same temperature, in each of which the 

four substances A, B, C and D are always in equilibrium. Suppose each of the four walls 
of the vessels is permeable to only one of the substances.

Let Pa t PB’ Pc and Pd be the partial pressures of A, B, C, D in the first vessel, 
whereas Pa* Pb* Pc and p'd that of A, B, C, D in the second vessel. The vessels are 
supposed to be so large that the transfer of relatively small quantities of the material 
from one vessel to the other results in no appreciable change in the concentrations or 
partial pressures of the substances. It is also assumed that all substances are ideal 
gases.

First a reversible and isothermal process is carried out. Suppose 1 mole of A is 
transferred isothermally and reversibly from the first vessel to the second. This is done 
by means of the wall permeable to A. If Pa and p'^ represent the initial and final 
pressures, respectively, then the change in free energy (AG) is given by,

AG = f '
Jpi

So, increase of free energy of the substance A is given by,
AGa = f Pk VdP = S 

A *PA bA

= RT log

P2 VdP

Pk dPPk RT dP = RT f
P bA P

Pa

Pa

Similarly, for the transfer of 1 mole of B from pQ to pg in the same direction, the 
change in free energy is given by,

p'b
AG^ = RT log

PB
During the time A and B are transferred in one direction, 1 mole of C and 1 mole of D 

are transferred isothermally and reversibly in the opposite direction.
Thus, the free energy change for the transfer of 1 mole of C from p'q to Pq is given

by,

AGC = RT log
PC

For the transfer of 1 mole of D, we have
AGd = RT log

PD
The total change of free energy is given by, 

AG = AGa + AG# + AGc + AG#

= RT log
p'a p'b + AT log^ + log ...(11)+ RT log
PA pb PC PD

*An equilibrium box is a very large vessel and it is assumed that if small amounts of substances are 
withdrawn or introduced in them, no change in concentrations or partial pressures of the substances 
contained therein occur.
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As the vessels are large and the system is in equilibrium at constant temperature 
the total change of free energy of constant temperature is zero, i.e., AG = 0.

[From equation (12)]log + log — + log + log = 0
PBPa PC Pd

p'a p'b p'dp’clogi^L + logi^- = log^ + log-^or
Pa pb pc Pd

p'a p'b pcpd
log = logor

Pa Pb 
p'a p'b _ p'c p'd

pc P d
or

Pa Pb pc Pd 
Pc pd _ p'c p'd _ 
Pa Pb p'a p'b

... (I2r>Constant (Kp)or
i

As the partial pressure is proportional to the molar concentration, equation (12) 
becomes,

Gc • Cp, [Q[D) = KC ...(13LCA ■ CB
The equations (12) and (13) are different forms of law of mass action which ha\[ 

been deduced thermodynamically.

[A)[E\

• 3.5. Le CHATELIER S PRINCIPLE

[I] Definition
A system attains the state of equilibrium under a given set of temperature, pressui e 

and concentration of the components. If any change is made in either of the above 
condition or variable, the equilibrium is disturbed. In other words, the reaction wi LI 
occur and helps to attain the equilibrium again, though the new state of equilibrium i n. 
different from the earlier one. In order to predict the effect of changes of pressures, 
temperature and concentration on the course of two opposing processes at equilibriuni, 
Henry Louis Le Chatlelier (French chemist) and Braun (1888) put a generalisation.. 
The principle is known Le Chatelier’s principle, Le Chatelier-Braun’s principle or la> v 
of mobile equilibrium. This can be stated as follows :

(i) When a stress (or constraint) is applied on a system at equilibrium, the syster a 
behaves in such a way so as to counteract the stress.

(ii) If a system at equilibrium is subjected to a change which displaces it from th 3 
equilibrium, a net reaction will occur in a direction that opposes the change.

,,Le Chatelier’s principle is of a general nature and can be applied to any physical o c 
chemical system at equilibrium. To a chemical system at equilibrium, the constrainjt 
can be applied by changing the temperature of the system by changing the pressure of 
the system or by changing the concentration of reactants or products. Therefore, for a. 
chemical system at equilibrium, Le Chatelier’s principle can also be stated as follows : I

‘If a system is in equilibrium and one of the factors involved in the equilibrium is 
altered, i.e., pressure, temperature or concentration, the equilibrium will shift so as tc* 
tend to annul the effect of the change.* [

Examples of Le Chatelier’s principle are : I
(a) Heat added or temperature increase The equilibrium will shift in the endothermic 

direction, i.e.. it is shifted to high enthalpy side.

(b) Pressure increase Reaction will shift in a direction where the number of 
gaseous molecules is reduced, thus lowering the 
pressure.

(c) One of the components of the system 
is added

Reaction proceeds in a direction so as to reduce the 
amount of this component.

[II] Effect of Temperature Change on the Position of Equilibrium I
In reactions which proceed entirely in the gas phase, phosphorous pentachlorida 

dissociates to phosphorous trichloride and chlorine or hydrogen iodide dissociates top 
hydrogen and iodine in a reversible reaction as follows :
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Chemical EquilibriumPC15 (^)^PCl3 (g) + Cl2 (*);
2HI (g) H2 (g) +12 (g);

In the above, forward reaction (dissociation of PCI5 or HI) is accompanied by the 
absorption of heat. If the temperature is increased, the equilibrium will be disturbed. 
Le-Chatelier’s principle requires the reaction to respond to oppose this change, that is 
to lower the temperature. This can be achieved if the forward reaction which is 
endothermic, is allowed to predominate over the backward reaction, which is 
exothermic. In such a case, the position of balance of the reaction is disturbed and we 
say that the position of equilibrium has been shifted from left to right. In other words, 
the dissociation of PCI5 or HI increases.

We may summarise the effect of temperature on a chemical equilibrium as follows :

AH = Q kcal 
AH = x kcal.

Change in 
temperature

Effect on position of equilibriumForward reaction 
(left to right)

New equilibrium has more of substances on left 
(reactants in forward reaction).
New equilibrium has more of substances on right 
(products in forward reaction).
New equilibrium has more of substances on right 
(products in forward reaction).
New equilibrium has more of substances on left 
(reactants in forward reaction).

Exothermic Increase

Decrease

Endothermic Increase

Decrease

[III] Effect of Pressure Change on the Position of Equilibrium
Consider the gas phase reaction involving the decomposition of dinitrogen 

tetra-oxide into nitrogen dioxide.
N204(g)^2N02te)
PC15 (g) PCl3(g) + Cl2 (g)Other reaction is :

At equilibrium, the mixture will contain the two compounds in a definite proportion. 
If the pressure is increased, Le Chatelier’s principle demands that the equilibrium 
position of the reaction should change in order to restore the balance and this can occur 
by a decrease in volume (since the total capacity of the reaction vessel is fixed, a 
decrease in volume of the gases is equivalent to a decrease in pressure). An increase of 
pressure will thus shift the equilibrium to the left, i. e., dissociation of N204 or PCI5 is 
decreased.

However, pressure will have no effect on those reactions in which there is no change 
in the number of molecules as a result of the reaction, i. e., in the reaction

2HI^H2 +I2.
The effect of pressure on an equilibrium system may be summarised as follows:

Effect of increase in 
pressure

Effect of decrease in pressureType of reaction

Position of equilibrium moves to the 
right, i.e., more dissociation of PCI5.

Increase in number of 
molecules, left to right,
e.g.,PCl5^PCl3 + Cl2.

Decrease in number of 
molecules left to right, 
e.g., N2 + 3H2

Position of equilibrium moves 
to the left, i.e., less 
dissociation of PCI5.

Position of equilibrium moves 
to the right, i.e., more NH3 
will be formed.

1.

Position of equilibrium moves to the 
right, i.e., more NH3 will be formed.

2.

2NH3

No change in number of 
molecules, left to right, 
eg.,H2+I2^2HI

No effect.
Position of equilibrium maintained.

No effect
Position of equilibrium 
maintained.

3.

[IV] Effect of Concentration Change on the Position of Equilibrium
If the concentration of one of the substances present in an equilibrium reaction is 

changed without change in any of the other conditions, then by Le-Chatelier’s 
principle, the position of equilibrium will move to decrease the concentration of the 
added substance. Thus, in the reaction

N2.(*) + 02 (*)* - 2ND (*),
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at a given temperature, adding^ or02 would shift the equilibrium from left to rifftft, 
i.e., more nitric oxide will be formed.

The effect of changes in concentration of substances on the position of equilibriurfi ira ■ 
a chemical reaction may be summarised as follows :

\

Change in concentration of 
substance

Effect on equilibrium position of reaction 
' A + B;^C + D

Proportion of C and D increased, i.e., equilibrium shifts to 
right
Proportion of C and D decreased, i.e, equilibrium shifts to

Increase in concentration of /t or Z?

Decrease in concentration of A or ZJ
left

Increase in concentration of C or D Proportion of A and B increased, i.e., equilibrium shifts to
Proportion of A and B decreased, i.e, equilibrium shifts to 
right.

left
Decrease in concentration of C or D.

[V] Applications of Le Chatelier’s Principle '
(1) Physical Equilibria

(a) Melting point of ice : Ice melts with decrease in volume as well as absorp :ioxTi | 
of heat, e.g., H2O (s) ^ - H2O (/). It is represented as :

Water - Heat 
(Less volume)

0°C
Ice

(More volume)
Increase of pressure or temperature will shift the equilibrium from left to right. Ini 

other words, melting point of ice is lowered by an increase of pressure or

1 • irn is

1

temperature.
(b) Vaporisation of water : The equilibrium between water and stea 

represented as :
Water t—^ Water vapour - Heat j

(More volume)
On increasing the temperature, the equilibrium will shift in that direction in w rxiclri 

heat is absorbed, i. e., forward reaction. So, more steam will be produced. Similarly-, on 
increasing the pressure, the equilibrium will shift in that direction in which voluiAe is 
decreased, i.e., backward reaction. So, steam will condense into liquid. In other wc ircLs 
formation of steam will be favoured by increase of temperature and decreai e of 
pressure. 1

(c) Solubility of substances : Certain substances like sugar, NaCl etc. dissolve 
with an absorption of heat, e.g.,

(Less volume)

I.Sugar+(aq) Sugar (oq) -Heat
So, increase of temperature will shift the equilibrium to the right. So, the solubi 

of such substances increase on increasing the temperature.
Certain substances like Ca(OH)2 etc. dissolve with an evolution of heat, e.g.,

Ca (OH)2 + (cm?) ;—kCa(OH)2 (aq) + Heat
So, increase of temperature will shift the equilibrium to the left, i.e., direction in 

which heat is absorbed. So, the solubility of such substances decreast ort 
increasing the temperature.

(d) Solubility of gases in liquids : Consider the solution of a gas in equilibriu. rri 
with the gas. '

The equilibrium can be represented as : 1
Gas + Solvent T—1 Solution of gas ,

(Less volume) . • 1I1
j (More volume)

Ifipressure is increased, volume will be reduced without affecting the pressure 
some of the gas will dissolve in the solvent. Thus, the solubility of the gas incre 
on increasing the pressure.

an<A

(2) Chemical Equilibria | j
(a) Synthesis of ammonia by Haber’s process : Haber's process involve 5 

reaction
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Chemical EquilibriumN2 (g) +3H2 (g); 
3 vol.

- 2nh3 (gy,
2 vol

AH = - 22 kcal
1 vol.

. (i) Effect of temperature : If the temperature of the reaction is lowered, the 
equilibrium must shift so as to tend to raise the temperature again (Le-Chatelier’s 
principle). That is, heat must be liberated by the production of ammonia. That is, low 
temperature favours the formation of ammonia. But lowering of temperature reduces 
the rate of reaction, so it is necessary to use a catalyst which will give a sufficient 
reaction rate inspite of a relatively low temperature.

(ii) Effect of pressure. Ammonia is produced from its elements with reduction of 
volume. Therefore, if the system is in equilibrium and the pressure is then raised, the 
equilibrium must shift so as to tend to lower the pressure (Le-Chatelier’s principle). To 
do this, the volume must be reduced by the production of more ammonia. That is, high 
pressure favours the formation of ammonia.

(Hi) Effect of concentration. If the system is in equilibrium and more N2 is added to 
increase its concentration, then according to Le-Chatelier’s principle, the equilibrium 
will shift so as to tend to reduce the N2 concentration. That is, more ammonia will be 
produced to use up N2. This increases the yield of ammonia relative to H2, and vice 
versa if the H2 concentration is increased.

The formation of ammonia is favoured by :
(i) Low temperature
(ii) High pressure, and
(iii) High concentration of the reactants.
(b) Formation of sulphuric acid by the contact process: The first step in the 

production of sulphuric acid is the conversion of sulphur dioxide into sulphur trioxide 
according to the reaction

A# = -47 kcal-2S03 {g)-,
2 vol.

2S02 {g) +02 (g).
2 vol. 1 vol.

This reaction is just similar to the synthesis of ammonia described above. So, the 
effect of pressure, temperature and concentration will be the same as mentioned in the 
synthesis of ammonia. Low temperature, high pressure and increased concentrations 
of S02 and 02 will favour the formation of sulphur trioxide.

The S03 is removed from the equilibrium mixture by dissolving it in fairly 
concentrated sulphuric acid, forming oleum which is then diluted to get the acid of the 
required concentration.

(c) Formation of nitric oxide : The reaction is represented as
N2(£) +02(g) 2N0(g); AH = + 43.2 kcal.

1 vol. 1 vol. 2 vol.
(i) Effect of pressure : As no change of volume occurs during the formation of 

nitric oxide, there will be no effect of pressure on the equilibrium.
(ii) Effect of temperature : If the temperature is increased then the 

equilibrium will shift in that direction in which heat is absorbed, i.e., in the forward 
direction. So, high temperature favours the formation of nitric oxide.

(iii) Effect of concentration : If to the system in equilibrium N2 is added, the 
equilibrium will shift in that direction so as to reduce the concentration of N2. So, more 
nitric oxide will be formed. Similar is the effect of adding oxygen.

So, the formation of nitric oxideis favoured by ..
(i) high temperature and
(ii) high concentrations of N2 or 02.

NUMERICAL PROBLEMS
Ex. 1. At 300 K and 1 atmosphere pressure N204 is 20% dissociated to N02. 

Calculate the standard free energy change for the reaction.
-2N02 \ .N204..Solution.

[Initially]
[At equilibrium]

01
(1-0.2)

Total number of moles = 1 — 0.2 + 0.4 = 1.2
0.4
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0.8
PN*°« 1.2XP 1.2 3

0.4 1and DmD =-----X 1 - —
N°2 1.2 3

On applying the law of mass action,
_2
pNQ2

pn2o4
Standard free energy change (AG°) is given by,

AG° = ~RT logc Kp = - 2.303 RT log10 Kp

= - 2.303x 1.98x 300 log-= 1075.22 cals.
6

1/9 _ 1 
2/3 6

Kp =

Ex. 2. JOOt/ K water vapour at l atmosphere pressure has been found tc 
dissociated into hydrogen and oxygen to the extent of Z* 10“5%. Calculate the

£><2
c7~e&

energy decrease of the system in this reaction. (R = 1.98 cal/mole/degree).
Solution. The partial pressures in the equilibrium mixture are thus given as,

PeH20 = PcH2 = 3x 10-7; 10-7Pe02=2
as one molecule of water yields one molecule of hydrogen and half a molecule of 
oxygen.

For the reaction 2H2 + Oo v— 2H2O 
^h2o

The change in free energy is given by,

1 1We have Kp =
9x 10-14 x 1.5x 10’7 1.35x 10 -20

&G = -RT logc Kp = - 2.303 x RT log10 Kp
1= - 2.303x 1.98x 1000 log

-201.35x 10
= - 2.303x l.98x 1000 (log 1020 - log 1.35)
= - 2.303x 1.98x 1000x 19.8697 
= -90,610 cals.

Decrease in free energy of the system is 90,610 cals.
Ex. 3. Calculate the standard free energy change (AG°)/br the reaction :

C0(g) + -02(g) -»C02(g) AH° = -282.84feJ 
2

Given that,
SCO =197-9'S02 =205 ° and $r 

Is the reaction feasible at 25^ ?
Solution. Since,

= 213.8 (JK-1)
C02

AS0=S°prod.

= SC02 “ 5

react.
0 1 ^ 0

CO 2 o2 
205.0*

= -86.6 JK-1= 2ia8- 197.9 +
2

AG0=AH°-TAS0
= -282840J -(298if)(- 86.6JiT1)
= -257033 J =- 257.033 kJ 

Since AG° has a negative value hence the reaction is feasible at 25°C. 
Ex. 4. Calculate Kc and Kx for the reaction.

N20Aig) ^=±2N02(g)
At 21°C and 1 atm. pressure Kp = 0.157 aim

N204(£) ^ 2N02te)
An =2-1 = 1 
Kp = Kc (RT)&n

Now,

Solution.
Here,
Since,
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KP Chemical Equilibrium-ATKc = = Kp (RT)or
(RT)An

=(0.157 atm) (0.082dm3 atmif-1 mol-1 SOOK)'1 
Kc = 6.38 x 10“3 mol dm 
Kp =Kx(P)An 

Kx =Kp (P)An
=(0.157 atm) (latm)-1

-3

Since,

or

Kx = 0.157.
Ex. 5. Calculate the degree of dissociation of Bi2 (g) into Br atoms at 160QK and 0.5 

atm. pressure. Given thatKp =0.255 aim.
Br2 (g) 2Br(g)Solution.

moles initially 
moles at equil.

01
2a1-a

Total ho. of moles = l- a + 2a = l + a 
1-a 2aP and P3r = .PPBr2 = 1 + a 1 + a

22a P(PBr)2 1 + a
kp = 1-aPBr2 P

1 + a
4a2

P
(1-a2)

On substituting the values
4. a 2

27<ai)0.255 atm =
(1-a ) 
0.255a2

= 0.64or
1-a2 0.4

a =0.62
Thus, the degree of dissociation is 0.62 or 62%.
or

• SUMMARY
• The state of reversible reaction in which the concentrations of the reactants and 

products do not change is called chemical equilibrium.
• Gibbs free energy function (Free energy) is represented by G. It may be defined as:

G ~ H -TS.
• Change in free energy may be given as :

AG = AH -TAS = nRT\oge — = nRT\oge —P \rV2i
• iiLp ,i^c and iCj. are related as :

Kp =Kc{RT)An - Kx{P)An ■ .

• According to Le Chatelier's principle, if a system is in equilibrium and one of the 
factors involved in the equilibrium is altered (temp, press, or cone.) the equilibrium 
will shift so as to tend to annual the effect of the change.

• STUDENT ACTIVITY
1. What do you understand by chemical equilibrium ?
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2. Explain the term free energy.

. S'--

3. Derive the relationship between Kp ,KC and Kx.

4. Discuss Le Chatalier’s principle and its applications.

5. Differentiate between AG and AG0

• TEST YOURSELF .\
Answer the following questions
1. What is reversible reaction ? What do you understand by equilibrium constant of 

reversible reaction ? What are the factors affecting it ? Describe in detail.
2. What is Gibb's free energy function ? How it is changed with temperature a: icL i

pressure. ^ !
3. Derive Law of mass action thermodynamically. , i
4. What is Le-Chatelier's principle? Discuss its use for any two physical ancL

chemical equilibria. '
5. What is the equilibrium constant of reversible reaction ? Which factors affect it ?
6. Explain free energy of a reaction.
7. Define Le-Chetelier’s principle.
8. Explain the application of Le-Chetelier’s principle on the following equilibrium :

(i) Melting of ice ^
(ii) Vaporisation of water
(hi) Synthesis of ammonia |

, (iy)'Dissociation of phosphorus pentachloride ' j
. (v) .Formation .of nitric oxi^e

9. The equilibrium constant is.-the .
backward reactions. •

10. The equilibrium, constant for'the formation of ammonia from its element is.... .......
of the equilibrium constant for the dissociation of ammonia.

with the rise of temperature when heat is evolved'

of the velocity constant of forward'atad

11. The solubility of a solute 
during dissolution of the solute.

12. The decomposition of nitric oxide
.2N0(£):^=±.N2te) + 02te) •. 7 Aff =- 21.5kcal

is favoured by........ of temperature. «
13. The equilibrium constant...!....with temperature.
14. In the formation of ammonia by Haber's process .........pressure is favourabl i.
15. At high'pressure, the melting of ice........
16. Calculate the standard free energy change (AG°) for the reaction

iH2te)+il2(s)—>HI(g) "AH0= 25.95 kJ
2,2

Whether it is feasible at standard state of not.
Given that, $HI(g)'= 206.27, Sh^ = 130.6, = 116.72(e/A'”1)
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17. Calculate the standard free energy change (AG°) for the reaction :
4NH3 (g) + 5O2 (g)

The standard free energies of formation of NH3 (g),NO(^)and H20(/) are -16.65, 
86.61 and -237.2kJ mol-1 respectively.

Chemical Equilibrium
4N0te) + 6H20(/)

18. Calculate Kc for the reaction.
2S03(£)^A2S02(£) + 02(£) Kp = - 3.5xl0-23 atm at 27°C

19. Calculate the degree of dissociation of N2O4 ifthei<Lp = 0.12 atm at 298 if and a 
total pressure of 2 atm.

20. At one atm pressure PCI5 dissociates upto 20%. Calculate the pressure at which 
PCI5 half dissociated at the same temperature.

21. In a chemical reaction equilibrium is said to have been established when the :
(a) operating reactions ceases
(b) concentrations of reactants and products are equal.
(c) velocities of opposing reactions become equal.
(d) temperatures of opposing reactions are equal.

22. The equilibrium constant of a reversible reaction at a given temperature :
(a) Depends on initial concentration of the reactants.
(b) Depends on the concentration of the products at equilibrium.
(c) Does not depend on the initial concentration.
(d) It is not a characteristic of the reaction.

23. For a reaction in equilibrium.
(a) There is no volume change
(b) The reaction has stopped completely.
(c) The rate of forward reaction equal to the rate of backward reaction.
(d) The forward reaction is faster than reverse reaction.

24. In the reaction :
N2(£)+3H2(g)^2NH3te) 

The value of the equilibrium constant depends on :
(a) Volume of the reaction vessel
(b) Total pressure of the system
(c) The initial concentration of nitrogen and hydrogen.
(d) The temperature.

25. In a reversible reaction : H2 +I2 ^ 
increases, the value of Keq 
(a) decreases 
(c) remains the same

26. For the equilibrium reaction :

2HL If the concentration of H2 and I2

(b)increases
(d) changes exponentially

2N02 <£) N204 (£) + 6UJ
increase of temperature would :
(a) favour the decomposition of N204 (b)
(c) no effect on equilibrium (d) stop the reaction 

27. The expression for equilibrium constant K, of the reaction :
Cl2 + 2HBr 2HC1 + Br2 is 

(h) PCI]2 [Br2]

favour the formation ofN204

[HC1] [Br]
(a)

[Cl2] [HBr]2[2HBr] [2 Cl]
[HBr]2 [Cl2][2HC1] [2Br](0 (d)
PCI]2 [Br2][2HBr] [2Cl]

28. For a reversible reaction, at equilibrium :
(a) AG = 0 
(c) AE = 0

29. Which of the following statements is incorrect :
(a) reversible reactions proceeds to completion
(b) reversible reactions takes place both in forward and backward direction.
(c) irreversible reactions takes place only in forward direction.
(d) At equilibrium the amount of reactants and products do not undergo change.

(b) AH = 0 
(d) None of these
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30. When chlorine gas dissociates into atoms, then which of the following conditions 
are favourable for forward reaction :
(a) High temperature and low pressure
(b) High temperature and pressure
(c) Low temperature and pressure
(d) Low temperature and High pressure 

31. - In the synthesis of ammonia :
N2(5)+3H2(^)^2NH3(g)

When 100 mL of N2 have reacted the volume of H2, which has also reacted 
ammonia produced are :
(a) 100 mL H2 and 100 mL NH3 
(c) 300 mL H2 and 200 mL NHg

and

(b) 100 mL H2 and 200 mL NH3 
(d) 300 mL H2 and 300 mL NH3

ANSWERS

10. Reciprocal 11. Decreases 12. Decreases 13. Changesl4. Higl l
17. -1010.02 kjl8. 1.42 x 10"26 moldik

9. Ratio 
15. Increases 16. -13.2e7, Feasible . —3

24. (d) 
30. (a)

22. (c) 
28. ’ (a)

23. (c) 
29. (a)

19. 12.1% 
25. (c)
31. (c)

20. 0.213 atm 21. (c) 
26. (a) i27. (b)

□dia:
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Ionic EquilibriaU N I T - 2

4
IONIC EQUILIBRIUM

LEARNING OBJECTIVES

Nature of Electrolytes
Ionization and Ionization Constant
Ionization Constant and Ionic Product of Water
Ionization of Weak Acids and Bases
pH Scale
Common Ion Effect

Salt Hydrolysis

pH for Different Salts

Buffer Solutions

Solubility and Solubility Product
□ Summary
□ Student Activity
□ Test Yourself

• 4.1. NATURE OF ELECTROLYTES

On the basis of degree of ionization, the electrolytes may be classified as :
(a) Strong Electrolytes are the electrolytes which dissociate almost 

completely into ions e.g., strong acids like HC1, HBr, HI, HN03, H2SO4, HC104, strong 
bases like NaOH, KOH, Ba(OH)2 and salts like NaN03, Na2S04 etc.

(b) Weak Electrolytes are the electrolytes which show poor dissociation 
into ions, e.g., HF, H2C03, CH3COOH, H3P04, HN02, HCN, NH4OH etc. (weak bases, 
weak acids and their salts).

(c) Moderate Electrolytes are the electrolytes which show dissociation 
moderately into ions i.e. neither very high nor very low such as strong and weak 
electrolytes.

• 4.2. IONIZATION AND IONIZATION CONSTANT

Arrhenius (1887) put forward a theory to explain the behaviour of electrolytes in 
solution. This theory is known as Theory of ionization or Theory of electrolytic 
dissociation. According to this theory :

(i) When an electrolyte (acid, base or salt) is dissolved in water, it breaks 
up or dissociates into two types of particles, one carrying positive charge while one 
carrying negative but equal charge. These charged particles are called ions. The 
particles carrying positive charge are called cations and those carrying negative 
charge are called anions.

AB^A+ +B~
(ii) The ions present in solution are constantly re-combing to form neutral 

molecules which again dissociate. Thus there is a state of equilibrium set up between 
the ionized and unionized molecules. Thus,

AS A+ + B~
Applying the law of mass action to the ionic equilibrium,
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[AB\
(iii) The extent to which an electrolyte dissociates into ions is known 

degree of dissociation or ionization (a) and depends upon the following factors
(a) Nature of the electrolyte : Strong acids, bases and their salts j sure 

almost completely ionized, while the weak acids, bases and their salts are fe' 
ionized.

as

dbly

(b) Temperature : Ionization increases with the increase of temperat -lire.
[a cc T)

(c) Dilution : Ionization also increases with the dilution at infinite dilution ot 
is maximum.

(d) Nature of the solvent : It also affects ionization to a marked degre* . It
cuts the lines of forces binding the two ions and separates them in solution. This effect 
of the solvent is measured by its dielectric constant. The dielectric constant of* a | 
solvent may be defined as Its capacity to weaken the force of attraction between\ !
dielectrical charges immersed in that solvent’’. Water having a high dielectric constant 
(82) is a good and strong ionizing solvent.

(e) Presence of other ions : Degree of ionization of weak electrolyte:
effected by the presence of other ions (common ion effect etc.) e.g., solubility of A'grCl 
decreases in presence of NaCl. I

(iv) When an electric current is passed through the solution, negative ions 
(anions) move towards the anode and positive ions (cations) move towards tlxe 
cathode.

xs

The movement of the ions is thus responsible for the conduction of electri 2ity ' 
through solution and hence explains the phenomenon of electrolysis. The electrical j 
conductivity of a solution depends, therefore, on its power of ionization. Glucose, inrea : 
etc. which do not ionize are regarded as bad conductors of electricity and string 
electrolytes e.g., NaCl, HNO3 etc. which ionize almost completely are considerec. as 
good conductors. !

(v) The ions behave as molecules in causing osmotic pressure, lowering of* 
vapour pressure, depression of freezing point and elevation of boiling point wherst>y 
their abnormal values can be accounted for.

(vi) The properties of electrolytes in solution are the properties of the i^xxs j
which they produce. j

Ostwald's Dilution Law : Ostwald's dilution law is the application of the law- of* : 
mass action to weak electrolytes in solution. Suppose an acid HA is dissolved in wa 
it will ionize as under :

HA ^ H+ + A~
C (Initial cone.) 

(Eq. cone.)
0 0

C(l-a)
Applying law of mass action,

Ca Ca

[H+][A~]
Ka = [HA]

(Ca)(Ca) Ca2
Ka =

C(l-a) 1-a
where Ka is the ionization constant of the acid HA and a is its degree ionizati >rx. 

If a « 1 then the above equation may be written as :

Ka =Ca2

As C oc — then a = -JkV

or a =
C

yfv (at constant temperature)or a cc
V

• 4.3. IONIZATION CONSTANT AND IONIC PRODUCT OF WATER
Water ionizes as :

H++OH"h2o ?;•*
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According to the law of mass action, Ionic Equilibria
[H+ ] [OH-]K = (K = ionization constant of

[H20]
water)

tfx[H20] = [H+] [0H“]
Water dissociates to a very small extent, so the concentration of undissociated 

water may be regarded as constant.
Kw=\R+]m-]

where is known as ionic product of water. Therefore,
‘the product of hydrogen ion and hydroocyl ion concentrations in an 

aqueous solution is known as ionic product of water. It is constant at a constant 
temperature. Its value can be measured from conductivity data as follows :

The specific conductivity of purest water is 5.54 x 10-8 ohm-1 cm-1. So, the
conductivity of 1 litre of water will be 5.54 x 10-8 ohm-1 cm-1 x 1000 cm3 = 5.54 x 10-5 

—1 2ohm cm . The equivalent conductivity of water, if it is completely ionised to give 1 g 
equivalent ofH+ ions and 1 g. equivalent of OH- ions, can be obtained by adding the 
ionic conductance of H+ and OH- ions.

or

= 349.8+198.5 = 548.3 ohm-1 cm2 eq-1.So, conductivity of water =

As conductivity is proportional to the number of ions, it follows that when the 
conductivity of 1 litre of water is 5.54 x 10-5 ohm-1 cm2, the number of g equivalent (or 
g moles) of hydrogen ions per litre

+ A. OH

-55.54x10 -7= 1.011 X 10
54a3

[OH-] = (H+] = 1.011x10-7

Kw = [H+ ] [OH-]
-7 -7= 1.011 X 10 

= 1.02 x IQ"14 
Kw v 1.0 x 10

x 1.011 x 10

-14At 25°C,

• 4.4. IONIZATION OF WEAK ACIDS AND BASES
Let us consider a weak acid, acetic acid (CH3COOH). Its ionization may be given

as : +CH3COOH ^CHgCOCT +H
moles initially 
moles at equil.

1 00
1-a aa

where a is degree of ionization.
Let volume of the solution of CH3COOH be VL.

1-a [CH3COO“] = [H+]= “Therefore [CH3COOH] =
V ’ V

Acording to law of mass action,
[CH3COO"][H+]K = (K = ionization constant)

[CH3COOH]
a a

a2y v
1-a (1 — a) y

K =

V
If a « 1 then, a may be negleted w.r.t. 1,

a2
K = —

V
a = -JKVor

Now we consider a weak base, ammonium hydroxide (NH4OH). Its ionization may 
' be given as :

NH4OH^^ NH+ + OH-»
moles initially 

moles at equil.
1 0 0

1-a
where a is degree of ionization.

aa
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Let volume of the solution of NH4OH be VL.. 
Therefore, [NH4OH] = 1-a [NH;] = [OH-] = ^

V ’
According to law of mass action,

(K = ionization constant)K =
[NH4OH]

a a
— x — a2V V 
1-a (l-a)V

K =

V
If a «1 then, a may be neglected w.r.t. 1,

V
a = VKV.or

• 4.5. pH SCALE
r 1.

Since pure water is neutral, it follows that it contains equal concentration, of 
hydrogen and hydroxyl ions. At a certain temperature, the product of the concentration.
of H+ and OH* ions in pure water is known as ionic product of water at! tlnat

— 14temperature. The ionic product of water at 25°C is approximately equal to 1 x LO 
[H+ ] [OH- ] = 1 x 10”14

'!

[H+]2 =1x10 
[H+] = lxl0“7 = [OH-].

It means that in pure water the concentration of H+and OH" ions k lOT7 
g ion per litre each. Therefore, both the degree of acidity and the degree of alkaliniity of 
a solution can be expressed quantitatively in terms of hydrogen ion concentration.

In neutral solution.
In acidic solution,
In alkaline solution, [H+ ] < 10-7.
Sorensen in 1909 expressed, hydrogen ion concentration in terms of hydro/gen 

ion exponent, i.e., a number obtained by giving a positive value to the negative |
of 10 in the expression 1 x 10-n. This was originally represented as P# but nov^ mo;st

-14 {since [H+j = [OH"]}or
i

-7[H+ ] = fOH"] = 10 
|H+ ] > 10-7

ower*

suitably written as pH. Thus,
pH of a solution is numerically equal to the negative power to whi 

must be raised in order to express the hydrogen ion concentration.
For example, if [H+] = 10~x, then pH = x.
Thus, we have a scale in which degree of acidity can be expressed in terms of 
Mathematically, we can write,

[H+] = 10“pH 

log [H+] = - pH log 10 
-log l'H+] 

log 10

c/i. 1C

pH.

or

PH =

= - log [H
[v log 10 = 1]

1
= log------

[H+]
Thus, pH may also be defined as the logarithm of the reciprocal of the hydr~o&ler 

ion concentration. j
Acidic Neutral Alkaline

«■ ♦
1

...JO'10 I0'11 !0"12 I0‘13 
...10 11 12 13

[H+J = 10'° 
pH = 0

JO*3 10’7 JO-?4JO'2 JO'4...JO*1

143 721 4 ...
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Since the pH value of pure water (neutral) is 7, any solution having pH less than 7 
will be acidic and greater than 7 will be alkaline.

Ex. 1. Calculate the pH of N/1000 HCl and N/1000 NaOH, assuming both to be 
completely ionized.

Solution. For N /1000 HCl,
[H+]=J^- 

1000

Ionic Equilibria

g eq / litre = 10 3 g ion / litre

pH = 3
For iV /1000 NaOH, [OH- ] = N g eq / litre = 10 3 g ion / litre

1000
pOH = 3
pH = 14 - pOH = 14-13=11

Ex. 2. Calculate the pH of 0.001 M Ba(OH)2 solution, assuming complete 
ionization.

Solution. [OH-] =2x 0.001 M 
IQ-14 

2 x 0.001
pH = - log [H+] = - log (5 x 10"12 ).

= 12-0,6990 = 11.3010.
Ex. 3. Calculate the pH of 0.001 N acetic acid, if it is 10% ionised. 
Solution. [H+] = Degree of dissociation x normality

= 50x 10-12[H+] =

10 .'-4= a . N = x 0.001 = 10
100

pH = 4.
Ex. 4. Calculate the pH of a solution containing 4 g/litre of NaOH.

4 NSolution. Normality of NaOH solution = — N =
40 10

-iFor 0.1 iV NaOH solution [OH ] = 10 pOH = 1 
pH = 14 - pOH = 14 - 1 = 13.

Ex. 5. The dissociation constant of acetic acid at IS^C is i.cSxiO-5. Calculatethe 
pH of N/100 solution of acetic acid.

Solution. From Ostwald’s dilution formula,
a2 a2

K = or K =
(l-a)V

a=V(KV)=7(l-8x 10
V

N-5 , V = 100 litresx 100) Foror
100

-2a = 0.0424 = 4.24 x 10or
-2424 x 10[H+ ] = — -4 g ion / litre= 4.24 x 10

V 100
pH = - log [H+] = - log (4.24 x 10"4 )

= 4-log 424 = 4-0.6274 
pH = 3.3726.

Ex. 6. Calculate the pH of the following :
M(i) Solution containing 100 ml of

or

MHCl and 150 ml of H2S04.
100 500

(ii) Solution containing 40 ml of 0.5 M HCl and 30 ml of 0.3 M NaOH.
M(Hi) Solution containing 60 ml of MNaOH and 40 ml of— Ba(OH)2.
100 50

MSolution, (i) 100 ml

150ml— H2SO4 = ^150x ^JmlNH2S04 =0.6mlNH2SO4 

Total volume of the mixture = (100 + 150) ml = 250 ml

HCl = 1.0 ml N HCl
100

500
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1.0+0.6 1.6Strength of the mixture = N = — N = 0.0064 N
250 250

[H+] = 0.0064 mol litre"1 =6.4xl0"3 M 
pH = - log (6.4 x 10"3 ) = - (- 3 + 0.8062) = 2.1938.

40 ml 0.5 M HC1 s 40 ml 0.5 N HC1 = 20 ml N HC1 
30 ml 0.3 M NaOH s 30 ml 0.3 N NaOH = 9m\ N NaOH 

As HC1 is in excess, the mixture now contains residual acid HC1
= (20 - 9) ml N HCi = 11 ml W HCI 

Total volume of the mixture = (40 + 30) ml = 70 ml
Strength of the mixture = — N

(ii)

70
11[h+] = 44
70

pH = - log [H+] = -log 1-^1 =-(log 11-log 70)
10)

= - (L0414 -1.8451) = 0.8037 
M N60 ml — NaOH s 60 ml — NaOH s 0.6 ml N NaOH(iii)
100 100

2NM40 ml — Ba(OH)2 s 40 ml — Ba(OH)2
50 50

s 1.6 ml 2V Ba(OH)2
Total volume of the mixture = (60 + 40) ml = 100 ml

0.6 + 1.6Strength of the mixture = N = 0.022 N
100

The mixture solution contains only alkalies, so 
[OH" ] = 0.022 N

pOH = - log (0.022) = - (2.3424) = - (- 1.6576) = 1.6576 
pH = 14 - 1.6576 -12.3424.

• 4.6. COMMON ION EFFECT

The degree of ionization of a weak electrolyte is suppressed by the addition of & 
electrolyte containing a common ion. It is known as common ion effect.

For example, ammonium hydroxide dissociates in solution as :
NH+ +OH"4

'trongg

NH4OH ^

On applying the law of mass action, we get
m+4] [oh-]

= K
[NH4OH]

T.n the presence of ammonium chloride i.e., addition of ammonium ions (Nf ) to 
the solution and NH^ ions are also obtained from the compound NH4OH i tl tile 

solution; hence it is named as common ion. Thus the concentration of NHT
«T

increases, but K is constant at a particular temperature, there must be an incres ls© i!xi 
the value of [NH4OH] or decrease in the value of [OH"].

NH+ +cr4
Thus the ionization of NH4OH is diminished by the addition of NH4C1 wtricTh. 

furnishes the common ion NH^. In the same way the ionisation of CH3COOH is

ion.

NH4CU

diminished in the presence of CHgCOONa which furnishes the common ion CH3CO O L
The principle of common ion effect has a great importance in qualit i-fciv©

analysis.
Dissociation of hydrogen sulphide in the presence of hydrochloric acid.

hci?=^h+ +cr '
•, H+ ion being common

2H+ +S= 4H2S^
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Ionic EquilibriaDissociation of ammonium hydroxide in the presence of ammonium chloride :
NHJ+Cl"4
NH+ +OH"4

Thus, in above system [S2-] and [OH-] decreases in comparison the usual [S2-] 
and [OH" ] obtained from H 2S and NH4OH, respectively in water.

The common ion effect provides a valuable method for controlling the 
concentration of the ions furnished by a weak electrolyte.

nh4cu
, NH^ ion being common

NH4OH^

• 4.7. SALT HYDROLYSIS

Pure water is neutral, as the concentration of H+ and OH" ions is the same. When 
water reacts with any salt and makes the solution either acidic or alkaline, then this 
phenomenon is called salt hydrolysis. It is defined as :

"The phenomenon of the interaction of the salt with water giving acidic or 
alkaline solution is known as salt hydrolysis.

We can explain the salt hydrolysis by taking the following examples :
[I] Salts of Strong Acid and Strong Base

Salts like NaCl, KNO3, K.2SO4 etc., belong to this category. For example, sodium 
chloride (salt) is obtained by the combination of strong acid (HC1) and strong base 
(NaOH). In solution, this salt gives Cl" and Na+ ions which combine with H+ and OH’ 
ions, respectively, funished by water, as follows :

NaCl^ Na +
H20^=^ OH"

NaOH
(Strong base)

Both the acid and base are strong, they ionize practically to a large extent and so 
there is neither an excess of H+ ions nor OH" ions. The solution is thus neutral, i.e., 
there is no effect on litmus. In other words, the pH remains nearly 7. So, NaCl does not 
hydrolyse.
[II] Salts of Weak Acid and Strong Base

Salts like Na2C03, NaHC03, C^COONa, KCN etc. belong to this category. For 
example, sodium acetate (salt) is obtained by the combination of weak acid(CH3COOH) 
and strong base (NaOH). In solution, sodium acetate gives CH3COO~ and Na+ ions 
which combine with H+ and OH" ions, respectively, furnished by water, as follows :

CH3COONa ^^CHjCOO" + Na +

H+ + OH"

cr+
H++

4. I
HCI

(Strong base)

11 11
CH3COOH
(Weak acid)

The base (NaOH) thus formed, being strong, ionizes to a large extent, while the 
acid (CH3COOH) formed, being weak, ionizes to a very small extent. Thus, the solution 
contains an excess of free OH” ions, whereby the solution becomes alkaline. So, 
aqueous solutions of all salts belonging to this category are alkaline in nature, i. e. ,turn 
red litmus to blue or the pH is greater than 7.

Relation between hydrolysis constant and ionization constant of the 
acid. The hydrolysis of a general salt AB of weak acid and strong base can be 
represented as : '

NaOH
(Strong base)

AB + H20? BOH
Strong base

HA +
Weak acid

In ionic form :
A- + B+ + H20^=iHA + B+ + OH” 

HA + OH- ... (1)A" + H20 

According to the law of mass action,

or
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■ [A- ]tH2P]
The molar concentration of water remains constant, so

[HA][OH- ]

(K = constant)

Kx[H20] =
[A-]

[HA3IOH-] (2)Kh =or
[A-]

where, = hydrolysis constant.
The ionisation of the weak acid (HA) can be represented as :

H+ + A"HA
[H+][a“]

(3)Ka =
'[HA]

where, Ka = ionization constant of the acid.
The ionic product of water (K^) is given by 

Kw = [H+][OH- ] C4)
Dividing equation (4) by (3), we get

KW _[H+][OH~][HA] _tOH~][HA] _ 
[H+][A“]

Kh
Ka [A‘]

Kw
Kh =

[III] Salts of Strong Acid and Weak Base
Salts like NH4Cl, CuS04, FeCl3, aniline hydrochloride etc. Belong to this categc ry. i 

For example, copper sulphate (salt) is obtained by the combination of strong acid 
(H2 S04 ) and weak base [Cu(OH)2 J, In solution, copper sulphate gives Cu 2+ and Soli 2 " 
ions which combine with OH' and H+ ions, respectively, furnished by water, as followjs: 

CuS04 Cu2+ + S042-
2H20^=^ 20H“

C5>

2H++

Cu(OH)2 
(Weak base)

H2S04
(Strong acid)

The acid H2S04 thus formed, being strong, ionises to a large extent, while the bg s© 
Cu(OH)2 formed being weak, ionises to a very small extent. Thus, the solution contai ns 
an excess of H+ ions, whereby the solution becomes acidic. So, aqueous solutions of a.11 
salts belonging to this category are acidic in nature, i.e., turn blue litmus to red or t 
pH is less than 7.

Relation between hydrolysis constant and ionisation constant of trie 
base. The hydrolysis of a general salt AB of this type can be represented as :

AB + \i20^=± HA BOH+
Strong acid Weak base

In ionic form :
A" + B+ + H20^ 

B+ + H20^
- H + A" + BOH 

± H+ + BOH ...<?>or
According to the law of mass action,

[H+][BOH]
K = (K = constant)

IB + J[H20]
The molar concentration of water remains constant, so

[H+][BOH]K x IH20] =
[B+]
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Kh = ... (7)or

[B+ ]
where, = hydrolysis constant.

The ionization of weak base (BOH) can be represented as :
iB+ + OH~BOH

[B + ][OH“]
Kb = ... (8)

[BOH]
where, = ionization constant of the base.

The ionic product of water {Kw) is given by 
Kw = [H+][OH“ ] ... O)

Dividing equation (9) by (8), we get
K-W _ [H+][OH"][BOH] _ [H+][BOHJ
Kb [B+][OH- ] [B + ]

Kw ... (10)Kh =or
Kb

[IV] Salts of Weak Acid and Weak Base
Salts like (NH^COj, CH3COONH4, aniline acetate belong to this category. For 

example, ammonium acetate (salt) is obtained by the combination of weak acid 
(CH3COOH) and weak base (NH4OH). In solution, ammonium acetate gives CH3COO' 
and NH4+ ions which combine with H+ and OH' ions, respectively, furnished by water 
as follows :

CH3COONH4 CH3COO- +NH4+ 

h2o^=^ H+ OH"+

CH3COOH
(Weak acid)

Both the acid (CH3COOH) and base (NH4OH) formed are weak and so are feebly 
ionised. Thus, the solution contains neither an excess of H+ ions nor OH' ions. So, the 
solution remains almost neutral. If the acid is slightly more ionised than the base, the 
solution will be acidic and if the base is slightly more ionised than the acid, the solution 
will be alkaline.

Relation between hydrolysis constant and ionisation constants of the 
acid and base. The hydrolysis of a general salt AB of this type can be represented as:

AB + H20^=^ HA
Weak acid

NH4OH
(Weak base)

BOH+
Weak base

In ionic form :
A” + B+ + H2Ox ... (ID- HA + BOH

According to the law of mass action,
[HA] [BOH]

K =
[A"][B + ][H20]

(K = constant)
The molecular concentration of water remains constant, so

[HA][BOH]
tfx [H20] =

[A"][B+]
[HA][BOH]

Kh = ... (12)or
[A"][B+]

where, = hydrolysis constant.
The ionization of the weak acid (HA) can be represented as :

±H+ + A"HA ^
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I HA]
where, Ka = ionization constant of the acid.

The ionization of the weak base (BOH) can be represented as : 
BOH?^ B+ + OH"

■i

[B + ]fOH“ ] •U 4)*6 =or
[BOH]

where, = ionization constant of the base.
The ionic product of water ) is given by 

Kw =[H+][OH-]

Dividing the above equation by the product of equations (13) and (14), we g 
Kw |H+]|OH"][HA]|BOH]

Ka.Kb |H+][A-][B + ][OH'] 
^ [HA][BOH]

[A-][B+]
... (h.5)

KwKh = ... (L6>or
Ka.Kb

Degree of Hydrolysis of Salt
Degree of hydrolysis of a salt is defined as, “the fraction of the total sa.lt 

hydrolysed”. It is represented by h and is generally expressed in percentage. I 
Effect of Dilution on Degree of Hydrolysis I

Suppose 1 g mole of a salt is dissolved in V litre of solution, in which its degree of 
hydrolysis is h.

Salt + Water Acid + Base
i 0 o (Initial cone.) 

(Equilibrium cone.)

[Acid] = i;[Basc] = £; [Sail] =

The value of hydrolysis constant (A/,) is written as
A A_ [Acid] [Base] _ V X V 

[Sait]

h h
l-h

V

Kh = l-h

h2
Kh =or

(\-h)V
As the value of h is very small, (1 - h) can be taken to be nearly equal to uni .y.

V
h = ^j(Kjt V) or h cc JV

Therefore, the degree of hydrolysis is proportional to the square root of dilution.
or

• 4.8. pH OF SALT SOLUTIONS
We will derive expressions for different types of salt solutions as shown belo\^. 
(1) Salts of weak acid and strong base : Let cbe the initial concentration of tl'ie 

salt AB in solution and let h be its degree of hydrolysis. We can thus represent th.e 
following equation similar to equation (1).

A" + H20 ? HA + OH" ... (17>
0 0 (Initial cone) 

(Cone, at 
equilibrium)

ch chc(\-h)

At equilibrium,
[A~] = c(l - h). [HA] = ch, [OH" ] = ch
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ch2

c(l-h) (1-h)

If h is small, then 1 - ft * 1, so 
Kh =ch2

ch . ch
Kh =

Kh ... (18)ft =or
c

Substituting the value of ft from equation (17) in equation (5), we get
Kw ... (19)ft =

Ka.c

We know that in the hydrolysis of a salt of a weak acid and strong base, [OH- ] = eft. 
Kw = Kw 

[OH- ] eft
+ ... (20)[HT] =

Combining equations (19) and (20), we have 
Kw n1/2Ka.c Kw . Ka Kw ■ Ka[H+ ] =

Kwc c c

We know that,
pH = - log [H+]

Substituting the value of [H+] in the above equation, we get
\1V2Kw.KapH = - log

pH = - log ~ log loS c

pH = ^ pKw + i pKa +^ogc

(v pKw =■ — logKw , pKa =-logKa)
Thus, we can calculate the pH of the salt solution from equation (21).
(2) Salts of strong acid and weak base : Let cbe the initial concentration of the 

salt AB in solution and let ft be its degree of hydrolysis. We can thus represent the 
following equation similar to equation (6).

B+ + H20 H+ + BOH

c

or

... (21)or

... (22)

(Initial cone.)

(Cone, at 
equilibrium)

0 0

c (1 - ft) ch ch

At equilibrium
+[BT] = c(l - ft), [W] = ch, [BOH] = eft

Substituting the above values in equation (7), we get
ch2ch . ch

Kh =
c(l-ft) (1-ft)

If ft is small, then 1 - ft » 1, so 
Kh =ch2

Khft = ... (23)or
e

Substituting the value of ft from equation (23) in equation (10), we get
Kwft = ... (24)

Kb.c

We know that in the hydrolysis of a salt of a strong acid and weak base, [H+j = eft.
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Substituting the value of h from equation (24), we get

[H+] = c Kw
lKhc
Kw .c[H+] = ... (&5>or

We know that,
pH = - log [H+]

^ \V2
KW. c

Kb )
^\ogKw + I Jog iir6 - ^ log c.

~ pKw - \pKb -^logc

So, we can calculate the value of pH of the salt solution from equation (26).
(3) Salts of weak acid and weak base : Let cbe the initial concentration of tlie 

salt AB in solution and let h be its degree of hydrolysis. We can thus represent tfcie 
following equation similar to equation (11).

A" + B+ + H20 HA + BOH

pH = - log

pH = -or

... (2B>pH =or

0 (Initial cone.) 
(Cone, at equilibrium)

0

c(l-A) ch chc(l-h)
At equilibrium.

[A- ] = c (1 - h), [B+ ] = c(l - h), {HA] = ch, [BOH] = ch
Substituting the above values in equation (15),

ch . ch h2
Kh =

c(l - h). c(l - h) (i - A)2

If h is small, then 1 - A «1, so 
Kh = h2

Substituting the value of h from equation (27) in equation (16), we get
... (2t7>or

Kwh = ... (2-S)
Ka.Kb

From equation (13), we have
[H+] [A“ 1

Ka =
[HAJ

[HA][h+] = a:0 . ... (29)or
[A-]

Substituting the values of [HA] and [A ] in equation (29), we get 

[H+] = ifa. ch h
— Ka .c(l-A) 1-h

If h is small then 1 - A *s 1, so
[H+} = Ka .A ... (3ft)

Substituting the value of A from equation (28) in equation (30), we have
Kw m Kw . KaW+]=Ka .

Ka.Kb Kb
We know that,

pH = - log [H+]
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pH = - log

Kb
~ logKw -^ogK. +±\ogKb 

±PKW + ±pKa -\pKh

PH = -or

... (31)pH =or

So, the pH of the salt solution can be calculated from equation (31).
Ex. 1. Calculate the hydrolysis constant of NH4Cl at 25°C, if dissociation 

constantofNH^OH{Kb) = 1.4 x 10-5 and ionic product of water (Ky/ ) = L4 x 10
Solution. Ammonium chloride is a salt of strong acid and weak base. Therefore,

-14

-14

g - _ Ky/ _ 1.4 x 10 
h . Kb 1.4x10

Ex. 2. At 25<>C, the ionic product of water is 1 x 10~14 and dissociation constant of 
acetic acid is 2.00 x 10-5. Calculate the hydrolysis constant for sodium acetate. What is 
the degree of hydrolysis of N/200 solution?

Solution. Sodium acetate is a salt of weak acid and strong base.
lx 1Q~14

Ka 2.00x10

= 1 x 10"9
-5

Kw = 5 x 10’8Kh = -5

h2
Kh =

(l-h)V
h2

( v h <<l)Kh =

h =^(Kh x V) =V(5x 10

or
V

-8 x 200)

(For JV/200 solution, V = 200 L)
-3= 3.16 x 10

Degree of hydrolysis = 0 • 316%
Ex. 3. At 18°C, the dissociation constant of acetic acid is L8 x 10-5 and ionic 

product of water is L2 x 10-14. Calculate the degree of hydrolysis of normal sodium 
acetate solution. Calculate the pH of the solution also.

Solution. CH3COONa is a salt of weak acid and strong base.
Kw _ 1.2 x 10~14 

Ka 1.8x10
= &66x HT10Kh = -5

h=J(Kh . V)
We have

A = V(6.66 x 10“10 x 1) = 2.58 x 10 

Degree of hydrolysis = 2.58 x. 10~5 x 100 = 2.58 x 10'3 % 

From equation (21), we have

-5

pH = ^ pKw + | pKa + i log c

pH = “ loS Kw -1 log Ka +^lo%c

= - - log (1 X 10“14) - - log (1.8 X 10“5) + - log (1) 
2 2* 2
^ (log 1.8 - 5 log10) + i log (1)

- (0.25535) + 0 
2

= 1 + 2.3723 = 9.3723

or

= 7-

= 7-

Self-Instructional Material 75



Chemical Energetics, Equilibria & 
Organic Chemistry

Ex. 4. Calculate the degree of hydrolysis of N/100 NH 4Cl solution, if at 25°C, lh*2 
ionic product of water is 1 x 10-14 and dissociation constant of NH^OH is L7 x lOr"5 . 
Calculate the pH of the solution also.

Solution. NH4CI is a salt of strong acid and weak base.
Kw _ lx 10~14 

Kb 1.7 xlO"5
= 5.88 x 10“10Kh =

From h = . V), we have
h = V(5.88 x 10"10 x 100) = 2.42 x 10-4

Degree of hydrolysis = 2.42 x 10‘2 %. 
From equation (26), we have

PH = pK w

= log^w +“ log/Cb logc

= - - Gog 1 x 10"14) + — (log 1.7 x 10"5) - - log (0.01)
2 2 2

= - - (-14) + - Gog 1.7 + log 10“5) - - (log 1 - log 100) 
2 2 2 *

= 7 + - (0.2304 - 5) - - (0 - 2)
2 2

= 7 - 23848 + 1 = 5.6152.

\pKb-\\oSc

• 4.9. BUFFER SOLUTIONS

The pH value of pure water is 7, but it gradually changes on standing either due to 
the absorption of atmospheric CO2 or impurities of the vessel. Moreover, the addition of 
a drop of HC1 or NaOH in 1 litre of water, increases its H+ ion or OH" ion concentration 

considerably. I
But it is observed that the addition.of HC1 to a solution containing a mixture! of 

weak acid and a salt of it with a strong base (i.e., CH3COOH + O^COONa) is v< icy 
slightly influenced and its pH value remains nearly the same. Similarly, a mixture of 
weak base and a salt of it with a strong acid (i. e., NH4 OH + NH4 Cl) is very sligh ;ly 
influenced and it maintains its pH value. Such combinations possess the followi i g 
characteristics :

(i) They possess a definite pH value.
(ii) The pH value remains steady on keeping it for a long time or on dilution
(iii) The pH value is not appreciably changed on the addition of suitable quantity

of either an acid or a base to the buffer solution. I
So, those solutions which have both reserve acidity and alkalinity are called buffer

solutions.
Buffer solutions are of two types :
(i) Acidic buffer solution : It is a mixture of weak acid and a salt of it wit! sl 

strong base, e.g., mixture of acetic acid and sodium acetate. The pH of this buffer 
solution is always less than 7.

(ii) Basic buffer solution : It is a mixture of weak base and a salt of it with a 
strong acid, e.g., mixture of ammonium hydroxide and ammonium chloride. The pH of 
this buffer solution is always greater than 7.

Explanation : An acidic buffer solution like CH3COOH + CH3COONa contains a 
very small concentration of H+ ions. The formation of common acetate ion furth er 
suppresses the dissociation of acetic acid.
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Ionic EquilibriaCH3COONa CH3COO“ + Na

HCI H+ + C"

ch3cooh
Slightly ionised

When a drop of an alkali, say NaOH, is added to the solution, it reacts with 
CH3COOHto form CH3COONa and water. Thus, the OH~ ions of the base are removed 
and the pH value of the solution remains nearly the same.

Moreover, the addition of NaOH to a basic buffer solution containing 
NH4OH + NH4CI does not change its pH value because the OH" ions produced from it 
readily combine with NH4 + ions obtained from NH4C1 to form slightly ionized NH4 OH.

- NH4+

OH"

NH4C1 

NaOH v

+ cr
+ Na +

NH4OH
Slightly ionized

Therefore, buffer solution contains actually a very small concentration of H+ or 
OHT ions, but they possess a large reserve of opposite ions. Hence, they are known as 
solutions with reserve acidity and reserve alkalinity.

. Buffer solutions find several applications in laboratory as well as in industries. A 
few important applications are given below : .

(i) In determining pH of unknown solution.
(ii) In studying the rate of chemical reactions.
(iii) In the removal of phosphate radical in qualitative analysis.
(iv) In preparing cultures in biological specimens.
(v) In the manufacture of ethyl alcohol from molasses (pH lies between 5 and 6.8)
(vi) In paper manufacture, sugar manufacture, leather tanning etc.

Calculation of pH Value of Buffer Mixture (Henderson-Hasselbalch Equation)
Consider an acidic buffer solution of a weak acid (HA) and a salt (AB) of it with a 

strong base (BOH). Let Ci and C2 be the molar concentrations of the acid and the 
strongly ionized salt (AB), respectively.

Consider the dissociation of a weak acid HA as follows :
HA H+ + A"

Applying the law of mass action,
[H+][A~]

[HA]
[HA]

[H+] = /C, • ...(1)or
[A" ]

where, if a = ionization constant of the acid.
The feeble dissociation of the weak acid is further suppressed by the presence of 

A " ions with the result that the concentration of the unionised acid may be taken to be 
equal to the concentration of the total acid, i. e., [HA] = Cj. The concentration of [ A “ ] ions 
may be taken to be equal to the concentration of the salt, as it is nearly totally 
dissociated, i. e., [A " ] = C2.

.-. From equation (1),
[Acid][H+ ] = Kq ' ~ = Kq •
[Salt]c2

Taking logarithm and then reversing the sign, we get 

- log [H+] = - log Ka + log [Salt]
[Acid]
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[Acid]

Equation (2) is known as Henderson-Hasselbalch equation from which w"e; car 
calculate the pH of any acidic buffer solution.

Similarly, for a mixture of a weak base and its salt, Henderson-Hassel eq latior 
may be written as, |

[Salt]
pOH = pK*, + log

[Base]
where, = ionization constant of the base.

Knowing pOH, we can calculate the value of pH, from the eqt ation 
pH + pOH = pKw = 14

Ex. 1. What will be the pH value of a solution obtained by mixing 0.20 moles pea* 
litre sodium acetate with 0.15 moles per litre acetic acid? Dissociation constant of acetic 
acid is 1.8 x JO'5. \

Solution. From Henderson’s equation, 

pH = pKa + log [Salt]
[Acid]

0.20= - log 1.8 x 10 5 + log
0.15

= 4,7448 + 0.1249 = 4.8697
Ex. 2. Prove that the pH of a solution of an acid with dissociation constant 

degree of dissociation a is given by

i

KT ctrbcn

/ . a
— + log jo -------K / - a

pH - log jo

Solution. Consider the dissociation of an acid HA which occurs as folio'
H+ + A"

Krs :
HA

I - a a a

(a = degree of dissociation)
On applying the law of mass action,

[H+][A- ] (K = dissociation con star)!tf>K =
[HA]

[A']logio K = logjo [H+] + logi0 

-log10|H+] = -log10*: + log10 [A] 

pH = logio + log10 ■

pH = ]og10 + log10

or
[HA]

or
[HA]
a/Vor

(1-a)/V

or
K 1-a

• 4.10. SOLUBILITY AND SOLUBILITY PRODUCT
Solubility

Solubility is a property referring to the ability for a given substance (solid, lx quid 
or gas), the solute, to dissolve in a solvent (water or non-aqueous) at a specific 
temperature and pressure. It is measured in terms of the maximum amount of uolufce 
dissolved in solvent at equilibrium. The resulting solution is called saturated solution. 
It is expressed in gram of solute per millilitre of solvent. It can be expressed in any! mass 
unit of solute per any volume unit of solvent. It is an important.parameter to aclxiove 
desired concentration of solution. • • ’ I
Solubility Product > .

When a sparingly soluble sub'st&nce, say ASB is’kept in contact with water for some
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Ionic Equilibriatime at a definite temperature the following equilibrium is established :
AB A+ +B~

Dissolved 
in solvent

AB ^
Solid Ions

Applying the law of mass action,
[A+)[B~] = K

[AB\
But the concentration of the unionized [AB] is constant at a given temperature; if 

excess of AB is present.
Hence [A+ ] [B~ ] = K [AB\ = constant {Ksp or S)
Hence in saturated solution, the product of the ionic concentrations of sparingly 

soluble substance is constant at a given temperature. This constant product is called the 
solubility products (S or Ksp).

Relation between solubility ‘s’ and solubility product (Ksp). Consider a reaction:
A+ + B~AB

(s = solubility)
Ksp =[A+][B~] 

Ksp

Now
n

At constant temperature= s

S - -yjKsp
AgX^Ag+ +X~ 

BaS04^^ Ba2+ +S02" 

CaC03^^ Ca2+ +C02+

For Ax By type of Salt :
AxBy^=± XA^y + YB~x

Xs Ys
Ksp ={X.s)x.{Y.Sy 

Ksp =Xx.Y>(s)x+> 

AlClg t——— Al+3 + 3C1" 

Ksp =s1(3s)3 =27s4
e.g., (i)

/
A12(S04)3 2A1+3 + 3SO“2

= 108s5.
e.g., (ii) ' //

Kap = 22 33 (s) 2+3 //
IWhen the ionic product exceeds the solubility product, the solution is super 

saturated and precepitation occurs and if the ionic product is less than the solubility 
product, the solution will be unsaturated and the precipitation will not occur.

This is also called the theory of precipitation.
Ionic product < Solubility product, the salt dissolves.
Ionic product < K$p , more salt can dissolve.
Ionic product > Solubility product, precipitation takes place.
Ionic product > Ksp , the salt precipitates.
Since precipitation is governed by the principles of solubility product, the latter 

receives important applications in the field of analytical chemistry.
Precipitation as Sulphides of Radicals of Group II and IV: Precipitation of 

the sulphides can occur only when the ionic product [M2+ ] [S2_ ] exceeds the solubility 
product of the sulphide (MS) at that temperature i.e.,

[M2+ ] [S2- ] > solubility product of MS.
In the presence of acid (HC1), the ionization of ^Sis low,

i 2H+ + S
i.e., suppressed due to the increase ofH+ ions (produced by acid). Due to low [S2~] in the 
solution, the solubility product of the sulphides of Group IV radicals is not reached. It 
is, however, enough to cause the precipitation of the II group radicals e.g. CuS, CdS,

2-H2S
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PbS etc., which possess a low solubility product.
In the presence of NH4OH the OH" ions obtained from 

[NH40H^=^ NH^ +OH-] combines with the H+ ions produced firojrxx 
2H+ + S2-)to give unionized water, so that more ofH2S ionizes and t h.ULS 

the concentration ofS

it

ions in solution increazes. In this way it becomes so high ctLSLt. 
the solubility product of IV group radicals e.g., ZnS, MnS etc. is exceeded and tlae 
precipitation takes place.

[M2+ ] [S2“ ] > S [Solubility product] 
Precipitation occurs

Since the solubility product governs all the precipitation reactions in qualita :iv© 1 
analysis, it is of great importance and is intensively used in qualitative analysis.

Ex. 1. The concentration o/M2+ ion in a given NiS solution is 2* 10-6 mol 1‘. 
Find the minimum concentration o/S2- ions necessary to cause precipitation of foi£>. \ 
(Solubility product of NiS is 1.4 x 10-14]. |

Solution. Since Ksp = [Ni2+ ] [S2_]

KsP 
[Ni2+]
1.4 x 10~14

[S2] =

-62x 10
= 7x 10-7 mole L"1

Thus any concentration greater than 7x 10 7 mole L 1 for S2 ions will calxse
precipitation of NiS.

Ex. 2. Calculate the solubility product of silver chromate (molar mass - 332) if ett 
25°C it requires 0.0435 g of Ag2Cr04 to form its 1 litre saturated solution.

Solution. Cone, of Ag2Cr04 =0.0435 gL-1
0.0435 mol L 1

332
= 1.31 x 10-4 mol L - 

KspAg20r04 ~ 4s3 = 4(L31 x 10“4)3

*&99xlO"12mol3L~3

-i

Ex. 3. The solubility product of SrF2 in water is 8* 10 10 .Calculate its solubility irz 
0.1 M NaF aqueous solution.

Solution. For SrF2
Ksp =|Sr2+](F-]2

Let the solubility of SrF2 in 0.1 M NaF be x mol L-1.
= (x) (2x + 0.1)2 
= 4x3 + 0.4x2 + 0.0 lx

-108 x 10

Neglecting x2 and x3 terms, we get 
8xl0"10 = 0.0 lx

x = 8 x 10 8 mol L 1or

• SUMMARY
• Electrolytes are the substances which ionized in water into their ions. These are 

three types strong, weak and moderate on the basis of their degree of ionization.
• Arrhenius put forward his theory of ionization for electrolytes.
• Degree of ionization depends upon nature of electrolytes, temperature, dilutio 

nature of solvent and presence of other ions.

or

n.

• Ionization constant of water (K) may be given as :
[H+] [OH']K = m2o]

Ionic product of water (K^) may be given as :
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• Degree of ionization of weak electrolytes (acid, base or salt) is directly proportion to 

square root of its dilution.
• pH value of solution indicates concentration of hydrogen ion |H+] and may be 

expressed as :
(H+] = 10-pH or pH = -log10|H+]

• According to common ion effect, the degree of ionization of weak electrolytes is 
suppressed by the addition of strong electrolyte containing a common ion.

• Salt hydrolysis is a phenomenon of the interaction of the salt with water giving 
acidic or alkaline solution.

• Hydrolysis constant (K^ ) is related with ionization constant of acid (Ka), of base 
(Kf,) and both acid and base as :

Kw _ Kw _ Kw 
KaKb

• pH value for different types of salts may be given as : 
(i) Salt of weak acid and strong base :

Kh =
Ka Kb

±pKw +i^a+ilogCpH =

(ii) Salt of strong acid and weak base :
= ~^pKb -ilogC

(hi) Salt of weak acid and weak base.
PH = ^ pKw + \pKa

• Buffer solutions are the solutions which have both reserve acidity and alkalinity. 
These are of two types acidic and basic buffer solutions.

• The pH and pOH of acidic and basic buffer solutions may be given as :
pH = pKa + log [Salt]

[Acid]
(Salt]pOH = pKb-v log
[Base]

• Solubility is a phenomenon which refer the ability of solute dissolve in solvent at a 
specific temperature.

• Solubility product is used for sparingly soluble electrolytes at a given temperature. 
It is represented by Ksp. For an electrolyte ^By^K^ =xx.yysx+y. This
phenomenon is very useful in analytical chemistry.

• STUDENT ACTIVITY
1. Describe briefly Arrhenius theory of ionization.

2. Discus ionization constant and ionic product of water.

3. Explain pH value of an acid.
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What is common ion effect ?4.

ate is5. What do you know about salt hydrolysis ? Why the solution of copper sulph 
acidic in nature ?

6. Derive an equation for pH value of a salt of weak acid and strong base.

7. What do you mean by buffer solutions ?

8. Derive Henderson-Hassel equation for a buffer solution.

9. What is solubility product of a sparingly soluble salt ?

• TEST YOURSELF
Answer the following questions :

1. What do you understand by pH value of a solution?
2. Define buffer solution.
3. Define hydrolysis. Find out a relation between hydrolysis constant a.n.cL 

ionization constant for :
(a) Salts of strong acid and weak base
(b) Salts of weak acid and strong base
(c) Salts of weak acid and weak base

4. Derive Henderson-Hasselbalch equation.
5. Define degree of hydrolysis.
6. Derive a relation between ifh, Kw and if b for the hydrolysis of a salt of s srorxgr 

acid and weak base.
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(a) Salt of strong acid and weak base (b) Salt of weak acid and strong base 
(c) Salt of weak acid and weak base.

8. Explain why the pH of an aqueous solution of NaCl is 7?
9. How will you calculate the degree of hydrolysis of a salt of strong acid and weak 

base?
10. What is the effect of dilution on the degree of hydrolysis of ammonium acetate?
11. Why an aqueous solution of CuS04 turns blue litmus to red?
12. Mention the nature of an aqueous solution of the following salts :

(iii) FeCl3 (iv) KN03(ii) NaHC03 
(vi) CH3COOK

13. Explain why salts of strong acids and strong bases do not hydrolyse ?
14. Explain why an aqueous solution of ferric chloride is acidic in nature?
15. Explain why an aqueous solution of KCN is alkaline in nature?
16. Calculate the pH of a 0.01 M solution of CH3COOH The dissociation constant of the

(i) Na2C03
(v) Aniline acetate

acid is 1.8 x 10 5.
17. Calculate the pH of 0.001M H2SO4 solution.
18. Calculate the pH value of the following :

(i) O.OlMNaOH
19. Calculate the pH of a buffer solution containing 0.15 moles of CH3COOHand 0.1 

mole of CH3 COONa per litre. The dissociation constant of acetic acid is 1.8 x 10”5.
20. Calculate the hydrolysis constant, degree of hydrolysis and pH of a 0.1M NH4C1 

solution at 25°C. Kb for NH4OH = 1.8 x 10’5.
21. Calculate the hydrolysis constant, degree of hydrolysis and pH of a 0.1M aqueous 

solution of ammonium acetate at room temperature. KA of acetic acid is 
9.55 x 10-10 t, of ammonium hydroxide is 1.8 x 10-5.

22. A buffer solution with pH 9 is to be prepared by mixing NH4C1 and NH4OH. 
Calculate the number of moles of NH4CI that should be added to 1 litre of
1 mnh4oh(a:6 = 1.8 x 10“5)

23. The dissociation constant of a 0.12N weak acid is 1.7 x 10-5.Calculate its pH value.
24. Find the pH and pOH of a 1.0 x 10-3 molar solution of Ba(OH)2.
25. Sodium acetate and acetic acid have been mixed in the proportion 16 : 1 (g eq) in a 

solution. Calculate the pH of the solution (Ka = 1.8 x 10~5).

— solution of HC1 is :

(ii) 0.001 MHC1

26. The pH of
10

(d) 13(c) 10
27. The aqueous solution of KN03 is neutral because :

(a) Both K+ and N03 ions interact heavily with water
(b) Both K+ and NOJ ions interact moderately with water
(c) Both K+ and N03 ions do not interact at all with water
(d) K+ is a strong acid and N03 is a strong base.

28. The value of pH + pOH is :
(a) 0

29. The pH of a solution containing 4gL 1 of NaOH is :
6 (c)

30. The pH of 10 8 M HC1 is nearly :
(a) 8
(c) Slightly more than 7

31. Mark the correct relationship :
(a) pH = log [H+]
(c) log pH = [H+]

(b) 1(a) 0

(d) 14(c). 10(b) 7

(d) 13(a) 1 (b) 7

(b) Slightly less than 7 
(d) 14.

(b) pH = - log [H+]
(c) log pH = — log [H+]

32. What is the [OH ] of 0.01 M NaOH solution?
(b) 10-1 mole/litre-2 mole/litre(a) 10
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33. Which of the following is not a buffer solution ?
(a) CH3COOH + CH3COONa 
(C) CH3COONH4

34. What is the [H+] of a solution which is obtained by mixing 100 mL 1.0 ^ MSIC

1
(b) NH4OH+NH4CI 
(d) Borax + boric acid

with 100 mL 0.1 M KOH ?
(a) 0.5

35. Solutions with reserve acidity or alkalinity are known as : 
Isohydric solutions

(b) 0.45 (c) 0.55 (d) 0.40

(a) (b) Colloid
solutions
(c) Buffer solutions (d) True solutions 

36. Which one of the pairs will form a buffer solution?
(a) CH3COONa and NaOH

NH4CI and NH4OH
(b) CH3COONH4 and NH4C1

(c) (d)
CH3COONa and HCl |

37. 20 mL of 0.1N HCl is mixed with 20 mL of 0.1N KOH solution, the pt of tl: 
solution will be :
(a) 1 (b) 7 (c) 2 (d) 9

38. An acidic buffer solution can be prepared by mixing solution of :
(b) NH4CI and NH4OH(a) CH3COONa and CH3COOH 

(c) H2SO4 and Na2S04 (d) NaCI and WaOljl
39. At90°CpurewaterhasH3O+ = lO"6 mole/litre,whatisthevalueofiCw at7

(c) lO"14
40. The dissociation content of an acid HA is 1 x 10 5. The pH of 0.1 molar soli itiori c

the acid will be approximately : I
(a) Three

(b) 10"12(a) 10-6 -8(d) 10

(b) Five
41. The pH of a 0.001 M solution of hydrochloric acid is :

(a) 1.0
42. The pH of a solution containing N/10 NaOH is :

(a) 10“12
43. As aqueous solution of K.2CO3 is :

(b) Acidic
44. The pH of 0.05 N solution of HCl is :

(a) 5.0
45. The pOH of a solution is 4, the H+ ion concentration will be :

(c) 1010

(c) One (d) Six

(b) 3.0 (c) 5.0 (d) 10.0

(b) IQ-1 (c) 2 (d) 13

(a) Alkaline (c) Neutral (d) Highly acidic,

(b) 0.5 (c) 1.3 (d) 3.0

-10-4 (d) 104(a) 10
46. The pH of a neutral solution is.......... .
47. The ionic product of water is...............
48. The aqueous solution of CuS04 is......
49. An aqueous solution of CHsCOONa is
50. The fraction of the total salt hydrolysis is known as

(b) 10

in water.
.... in nature.

ANSWERS
16. 3.37 17. 2.7 18. 12, 3 19. 4.569 20. 5.56 x IQ-10, 7.45 x 10"5, 5.13
21. 0.582 m 0.763, 9.14 22. 1.82 moles 23.2.45 24.11.3,2.7 25.5.96
26. (b) 27. (c) 28. (d) 29. (d) 30. (b) 31. (b) 32. (a) 33. (b) 34. (b
35. (c) 36. (c) 37. (b) 38. (a) 39. (b) 40. (a) 41. (b) 42. (d) 43. (a
44. (c) 45. (b) 46. 7 47. 10-14 48. acidic 49. alkaline 50. degree of
hydrolysis

r~ii—If—
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5
BENZENE AND AROMATICITY

LEARNING OBJECTIVES

Aromaticity : The Huckel Rule 
Electrophilic Reagents or Electrophiles 
Halogenation of Benzene 

Nitration of Benzene 
Sulphonation of Benzene 

Friedal-Crafts Reaction 
Directing Effects of the Groups 
Preparation of Benzene 
Reactions

□ Summary
□ Student Activity
□ Test Yourself

• 5.1. AROMATICITY: THE HUCKEL RULE
It is clear that benzene is an especially stable compound. A number of other 

compounds have a similar special stability, which is called aromaticity. To be aromatic 
a compound must conform to all of the following criteria : -

(i) Aromatic compounds have a cyclic arrangement of p orbitals. Thus 
aromaticity is a property of certain cyclic compounds.

(ii There is a p-orbital on every atom of an aromatic ring.
(iii) Aromatic rings are planar; this planarity allows the p-orbitals on every 

atom to overlap.
(iv) The cyclic arrangement of p orbitals in an aromatic compounds, must 

contain (4n + 2) n electrons, where n is any integer (0,1, 2, 3, 4,...). In other words, 
aromatic compounds have 2, 6, 10, 18, ..., pi electrons.

These criteria for aromatic behaviour were first recognised by Erich Huckel. They 
are often called collectively the Huckel 4n +2 rule or simply the 4n +2 rule.

On the other hand, if such system contains (4n) n electrons it will be antiaromatic. 
Antiaromatic systems are specially unstable. Thus in antiaromatic compounds 
delocalisation of the pi electrons over the ring results in an increase in the electronic 
energy. Thus in antiaromatic compounds delocalisation decreases stability of the 
system by increase in energy. Antiaromatic compounds are much less stable even than 
similar nonaromatic compounds.

Huckel rule can be applied to simple annulenes.
Application of Huckel Rule to Simple Annulenes

An annulene is monocylic hydrocarbon with alternating single and double bonds. 
Since carbon atoms occur as doubly bonded pairs, an annulene must have an even 
number of carbon atoms. Annulenes are named [x] annulene where x is the number of 
carbons in the ring. Thus, cyclooctatetraene becomes [8]annulene, cyclodecapentaene

l
i
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Organic Chemistry becomes [10]annulene and so on. Huckel rule is easily used to determine whether 

annulene is aromatic or antiaromatic. fl
Etrx

Cyclobutadiene : The simplest annulene is [4]annulene or 
cyclobutadiene. [4]Annulexxe

Cyclobutadiene has four sp2 hybrid carbon atoms with the four unhybridised jp 
orbitals forming a continuous ring. There are four pi electrons (two pi bonds in t 
classical structure), so it is a 4n system, with n=l. Thus cyclobutadiene is 
antiaromatic and its conjugation should make it less stable.

7
7 I

Cyclobutadiene is an antiaromatic system with four pi electrons.
Benzene : Benzene is [6]annulene. It is a cyclic compound with the ring composed, 

of sp* hybrid carbon atoms. The molecule can easily achieve a planar structure with| a. 
continuous ring of overlapping p orbitals. There are six pi electrons in benzene, so it is 
a (4n + 2) 7i system with n = l. Thus benzene is aromatic.

l

671-electrons

Overlapping p-orbitals in benzene 
Benzene is an aromatic system 

with six 7i electrons

Aromatic Ions
Up to this point we have discussed aromaticity using the annulenes as example s. 

Annulenes are uncharged molecules having even number of carbon atoms. Huckel ru e 
also applies to the systems having odd number of carbon atoms and bearing positive c r 
negative charges.

The Cyclopentadienyl Ions : Cyclopentadienyl anion with six pi electrons is 
aromatic.

/

Cyclopentadienyl anion
It is prepared from cyclopentadiene. Cyclopentadiene is 108 times more acidic tha i 

a terminal alkyne. In fact, cyclopentadiene is nearly as acidic as water and more acidi 2 
than any alcohol. It can be deprotonated by potassium ter£-butoxide. l

©© 0
(CH3)3C ok
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Benzene and AromaticityHiickel rule predicts that the cyclopentadienyl anion is aromatic, and this explains 
why cyclopentadiene is much more acidic than other hydrocarbons. Cyclopentadiene is

Q

neither aromatic nor antiaromatic because its ring contains an sp hybrid (—CH2—) 
carbon atom. This carbon has no unhybridised porbital, so there can be no continuous 
ring of p orbitals. Deprotonation of the — CH2 — group leaves an orbital occupied by a 
pair of electrons. This orbital can rehybridise to a p orbital, completing a ring of p 
orbitals containing six pi electrons; the two electrons on the deprotonated carbon, plus 
the four electrons in the original double bonds. Thus, the cyclopentadienyl anion is 
aromatic.

p-orbital

H + (CH3)3CO

Cyclopentadienyl anion
When we say that the cyclopentadienyl anion is aromatic, this does not imply that it 

is as stable as benzene. The fact that this ion is aromatic implies that it is more stable 
than the corresponding open chain ion.

CH2
©

More stable 
(aromatic)

Less stable 
(non-aromatic)

Cyclopentadienyl Cation]

Cyclopentadienyl cation, 
4 Ti-electrons antiaromatic; 

highly unstable.

The Cycloheptatrienyl Ions

Cycloheptatrienyl 
anion; 8 n-electrons, 

antiaromatic if planar.
Cycloheptatrienyl cation is prepared from cycloheptatrienol. When this compound 

is treated with sulphuric acid, the formation of cycloheptatrienyl cation takes place 
very readily. This is the first cation that is stable in an aqueous solution.

H, pH = 3

Cycloheptatrienyl 
cation, (tropylium ion); 
6 Tt-electrons, aromatic.

0

Tropylium ion

Some tropylium salts can be isolated and stored for months without decomposition. 
Aromatic tropylium ion is not necessarily as stable as benzene. The tropylium ion’s 
aromaticity implies that the cyclic ion is more stable than the corresponding 
open-chain ion.

1 Non-aromatic 
(less stable)

Aromatic 
(more stable)
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Organic Chemistry In contrast to the easy formation of the tropylium cation, the corresponding anip-n is 

difficult to prepare because it is antiaromatic, hence highly unstable. Cycloheptatriene^ 

is about as acidic as propene (pKa = 53).

Cyclopropenyl ions
© ©

AA
Cyclopropenyl cation, 
2;i-electrons aromatic

Cyclopropenyl anion,
4fr-electrons anti-aromatic

Cyclopropenyl cation is prepared from cyclopropenyl bromide. When this compou.n.cL 
is treated with water, it ionises and gives cyclopropenyl cation. I

Since aromatic properties in the molecule are due to the presence of aromatic sextet 
hence some heterocyclic compounds like pyridine, thiophene, pyrrole, furan exhibits 
aromatic properties.

Benzene Pyndine Thiophene Furan
Pyrrole

• 5.2. ELECTROMERIC AROMATIC SUBSTITUTIONS

Electrophilic Reagents or Electrophiles
An electrophilie (electron loving) is a reagent that is electron deficient and t Tie 

deficiency accounts for its affinity for electrons. Electrophiles can be of two types :
(i) Neutral Electrophiles : The neutral electrophiles, through electi on 

deficient do not carry positive charge. They have incomplete valence shells. Tine

example are AICI3, BF3,CH2 (carbene), etc. They are electron deficient due to 
incomplete outermost shell.

Cl F
ai:ci, b:f, H—C—H, etc.
Cl . F
(Only six electrons instead of eight 
electrons in the outermost shell)

(ii) Positive Electrophiles : The positive electrophiles are those which carry 
positive charge on central atom and have incomplete octet.

EL

R
© ©
H, N02, SOsH, R—C

©
®

R
The positive electrophile attacks the substrate (negative nucleophile) and accepts 

an electron pair for sharing, thus forming a neutral molecule. On the other hand, a 
neutral electrophile will attack an electron rich substrate (negative nucleophile) to 
produce a negatively charged molecule.

— C®+ F* — C—E
I

I e
— Ce + F — C—E

Substitution Reactions
Substitution reactions are characteristic of benzene and many other aromati 

compounds. In these reactions a hydrogen on the ring is replaced by an electrophilt
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Benzene and Aromaticityformed in the presence of a suitable catalyst (usually, a Lewis acid). These reactions are 
grouped as aromatic electrophilic substitutions (e.g., halogenation, nitration, 
sulphonation and Friedel-Crafts reactions), as all of them are initiated by electrophiles. 
Aromatic electrophilic substitution reactions have been discussed in detail ahead.

General Pattern of the Mechanism
According to the most accepted theory of aromatic electrophilic substitution, it 

proceeds by a bimolecular mechanism via the formation of an intermediate and that 
the formation of this intermediate is the rate-determining step. In this mechanism, 
which is called the arenium ion mechanism, the electrophile attacks in the first step
giving rise to a carbocation intermediate [known as arenium (benzenium) ion

©
or Wheland intermediate or a complex] and the leaving group (H) departs in the 
second step. The second step is (nearly always) faster than the first step. The attacking 
electrophile may be a positive ion or a positive end of a dipole or induced dipole. The a 
complex is stabilised by resonance. The resonance energy of the arenium ion 
intermediate will be much less than that of benzene, but by expulsion of a proton the 
molecule can revert to the more stable benzenoid (aromatic) state. Sometimes this 
mechanism is called SE2 mechanism, as it is bimolecular.

Slow
first step

o-complex
or arenium ion
or Wheland intermidiate

Fast
second step

Evidence in support of the arenium ion mechanism
(1) Isolation of arenium ion intermediates : The intermediate arenium ions 

have not only been detected but also have been isolated in many cases. This gives a very 
strong evidence for the arenium ion mechanism. For example, the arenium ion I has 
been isolated and when it was heated the normal substituted productII was obtained.

BF3. -80°C
Me .

(ID(I)Mesitylene
mp -15°C

(2) Isotope effect: In the arenium ion mechanism the C—H bond is not broken in 
the rate-determining step, hence no isotope effect should be observed. This is the case 
also because in general, aromatic electrophilic substitutions do not exhibit isotope 
effect. For example, the rates of nitration of deuterio- and tritiobenzenes are the same 
as the rate for benzene. Thus, the removal of proton is not the rate-determining step of 
the reaction therefore, an aromatic electrophilic substitution is not a single step 
process.

A more detailed picture of the arenium ion mechanism may be presented by its 
energy profile. Similar energy profiles can be constructed for substituted benzenes 
also.
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\

O
O)
Q)
C

Ui

’

Reaction coordinate (Progress of the reaction)
Energy profile for a typical aromatic electrophilic substitution reaction

Role ofo and ti Complexes in Aromatic Electrophilic Substitution

The intermediates in aromatic electrophilic substitutions are commonly calleci cr 
complexes. In a complexes there is a covalent bond between the electrophile to a ring 
carbon. Experimental evidence suggests that the formation of a o complex takes plltce 
after the initial formation of a ti complex. A n complex does not involve actual bonding 
but the electrophile is held near the n electron cloud of the aromatic ring, i.e., 
electrophile is strongly attracted'to the electron rich n electron cloud of the aromatic 
ring and ti complex is formed.

it-complex
Attraction of electrophile to pi electron cloud of benzene to form n complex

As the electrophile penetrates the pi electron cloud and approaches bondi 
distance, it acquires two electrons from the pi system and bonds to benzene ring, 
other words, n complex is converted into a complex.

ng
In

©
E

n-complex o-complex
a complex (carbocation) stabilised by reasonance

This a complex loses a proton which before departing from the <j complex again 
forms a pi complex. This pi complex then converts into the product.

ti-complex

Thus the overall mechanism can be written as shown ahead.
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® SlowFast x
E

a o-complexn-complex

Fast
♦

n-complex :
Available data suggest that in most of the aromatic substitutions the first step is the 

rapid reversible formation of the pi complex and a high energy transition state is 
reached during the conversion of the pi complex to the sigma complex. This conversion 
is rate determining step. The energy profile of the substitution is shown below.

Product

\

\

t a complex
>1

o>
Q)
C

it complexLU
it complex

©
+ H

Reaction coordinate
Energy profile showing n and o complex formation in aromatic electrophilic 

substitutions where the a complex is the rate-determining step.

Evidence for the formation of o and n complexes
In the presence of A1C13, benzene forms a complex with HC1. The complex is 

coloured and its solution conducts electricity showing its ionic character. Moreover, 
when DC1 is used in place of HC1, the deuterium exchanges with the benzene protons. 
This can only be explained if there is the formation of a a complex I as shown below.

©
+ HC1 (DC1) AICI4

(I)

In the absence of AICI3, benzene still forms a 1:1 complex with HC1, but in contrast 
to the a complex, the solution of this complex is colourless and does not conduct 
electricity. In this case when DC1 is used in place of HC1, the recovered benzene is not 
found to contain any deuterium. This type of complex is called a n complex.

H—Cl+ HC3

(H)
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It is formed by the loose association of a proton (or any other electrophile) with the re 
electron cloud of the benzene ring (II). There is no actual bonding in this case, heneje 
deuterium exchange does not occur.

• 5.3. HALOGENATION OF BENZENE

Benzene does not react with chlorine or bromine unless a Lewis acid is used as catalys 
In the presence of Lewis acid, benzene reacts readily with bromine and chlorine to giv ^ 
bromobenzene and chlorobenzene, respectively in good yield.

The most common catalyst for the halogenation reaction is anhydrous FeX3 ana. 
anhydrous A1X3.

FeBr3 
+ Br2 -j-

75% yield

FeCl3
+ Cl2 —r-* A HC1

90% yield

Mechanism of Bromination
Step I: In the first step of the reaction bromine donates a lone pair of electrons to

e e
the Lewis acid to form a complex. This complex on dissociation gives Br and FeBr4.

© © ©©
:Br—Br: + FeBrj —► :Br—Br—FcBr3 

•• Of-
Step II: The positive end of the halogen*Lewis acid complex (halogen dipole) or

Br + :Br—FeBr3

Br attacks benzene to form a complex (arenium ion).

® SlowBr Step

Arenium ion
e

Step III: In this step a proton is removed from the arenium ion by FeBr4. This 
results in the formation of bromobenzene and hydrogen bromide. At the same time 
catalyst FeBr3 regenerates in this step.

e
Br—FeBrjt Br

Fast + HBr + FeBr3
Step

Note :
1. Fluorine is highly reactive. It reacts so rapidly with benzene that aromatic 

fluorination requires special conditions and special types of apparatus.
2. The mechanism of the chlorination of benzene in the presence of FeCl3 is 

analogous to the one for bromination.
3. Iodine is so unreactive that a special technique has to be used to effect direct 

iodination. The iodination is carried out in the presence of an oxidising agent such 
as HN03.

Cone. HNO 2I+ + 2e"h
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+ HN03

Thus the overall reaction is
I

HN03
I2 + + HI

• 5.4. NITRATION OF BENZENE

Nitration of benzene requires sulphuric acid as a catalyst. Sulphuric acid protonates 
nitric acid. Loss of water from the protonated nitric acid forms a nitronium ion, the 
electrophile required for nitration.

Step I:

HO3SO—H + H—O—N^© ^
© ©^O 

- HS04 + H—O-tN^©

10 \2)
©^°0

+ HOH
Oacid base H

Here nitric acid acts as a base.

Step II : The electrophile, NO2, attacks benzene ring to form <7 complex or 
arenium ion. Arenium ion is stabilised by resonance.

©

H H H .Slow no2 no2 no2o Step

Step III: In the third step the arenium ion loses a proton to a Lewis base (HOH or
®

NO3 or HSO4) and gives nitrobenzene.
®

H N02 ©
+ BHFastN02 + B

Step
Nitrobenzene

Besides mixed acids (HNO3 + H2SO4), nitration can also be performed with cone. 
HNO3 alone which also occurs via nitronium ion. Here HNO3 acts as both as an acid 
and a base.

© e e e
Salts of nitronium ion, e.g., N02 CIO4 and N02 BF4 have been isolated and used as 

nitrating agents. This is a very strong evidence for the existence of nitronium ion.

• 5.5. SULPHONATION OF BENZENE

Fuming sulphuric acid or concentrated sulphuric acid is used to sulphonate 
benzene. Fuming sulphuric acid is sulphuric acid that contains added sulphur trioxide 
(S03).

In either reaction the electrophile appears to be sulphur trioxide. In concentrated 
sulphuric acid, sulphur trioxide is produced in an equilibrium in which H2SO4 acts as 
both an acid and a base.

Step I:
O o o o

© ©
H—O —S —O—H + H—O —S—O H H —O—S-^-O—H + :0 —S—O—H

O o O H O
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Oo H

Step II: Sulphur trioxide is the actual electrophile that reacts with benzene to for rn 
an arenium ion which is stabilised by resonance.

O©
Hll © 
'-S—o

Slow Slep
i

|
o £

:2ca<

9
Step III: In the third step a proton is removed by base (HOH or HS04) fron 

arenium ion to form the benzenesulphonate anion.

©O0
^11 © .. Fast Step
■^S —O + B ,

—o ©
+ BH

O
Step IV : The benzenesulphonate anion accepts a proton to bee 

benzenesulphonic acid
i

© ©
— O + H —0 —H — OH + HOHFast

H
All the steps (Step I to Step IV) are reversible steps. Therefore, sulphonatiori of 

benzene is a reversible reaction.
S03H

^ [OJ + hoh
Because all of the steps are reversible, the position of equilibrium can be influenced, 

by the conditions we employ. For example :
(i) If we want to sulphonate benzene we use concentrated sulphuric acic or* 

better fuming sulphuric acid under these conditions the position of equilibrium Lies 
appreciably to the right and we obtain benzenesulphonic acid in good yield.

(ii) On the other hand, we may want to remove a sulphonic acid group from ttie ! 
benzene ring. To do this we employ dilute sulphuric acid and usually pass ste am 
through the mixture. Under these conditions with a high concentration of water tire 
equilibrium lies appreciably to the left and desulphonation occurs.

S03H ©H2SO4/HOH + so3h
iOO°c

Desulphonation takes place as follows :
so3h 
T-h® ©so3H

+ S03H

• 5.6. FRIEDEL-CRAFTS REACTION
Alkylation of aromatic compounds with aliphatic compounds like halides, 

alcohols, esters, ethers, alkenes, aldehydes and ketones in the presence of Lewis acid or*
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proton acid as catalyst is known as Friedel-Crafts alkylation. This reaction is an. 
example of aromatic electrophilic substitution reaction. If alkylating agent is halide, 
alcohol, ester or ether then catalyst is Lewis acid, but when alkylating agent is alkene, 
aldehyde and ketone, catalyst is proton acid.

Halides are the reagents of most frequent choice in alkylation and aluminium 
halides are usually employed as the catalyst.

Benzene and Aromaticity

Anhy. A1X3/A

Mechanism :
© ©8-+5

[R—CH2AIX4]R—CH2—X + A1X3 R—CH2—XA1X3
Alkyl halide-Lewis 

acid complex
Ion pair

H CH2—R
rrS® ©

+ A1X4

H CH2—R H CH2R

©1

a complex ©
0 complex is 

stabilised by resonance

CH2—RR—H2C H
© ©

+ H

©©
HX + A1X3AIX4 + H

If alkyl halide is tertiary, then reaction starts with the formation of carbocation and 
this carbocation acts as the electrophile. With primary alkyl halide the electrophile is 
an alkyl halide-Lewis acid complex with a positively polarised carbon.
Mechanism :

H3Cx h3C\ e ©
CH—X: + AlXo ^CH + A1X4Step I.

H3C/ ' H30
Step II.

ch3ch3 ch3
H CH

ch3 ch3 ch3ch3©-/
\ch3

©Stabilised by 
resonance

ch3
ch3

©
+ H

H + A1X4 ----- - HX + A1X3

/CH3

ch3
o°c+ ch3—ch=ch2 HF

I ® in 84%
©

CH3—CH—CH3
As electrophile
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Acylation

II
The R— C— group is called an acyl group and a reaction whereby an acyl grou.;p is 

introduced into a compound is called acylation reaction. Acylation of aromatic 
compounds takes place in the presence of excess amount of Lewis acid becaus4 tine 
product of the reaction is ketone which forms complexes with Lewis acid. j

0
Anhy. AJCls

0

C6H5—H +R_c—Cl C6H5—C—R +HC1
97% yield 
ifR = CH3

A

0 0
Anhy. AICI3

c6h5 H +C6H5—C—Cl C6H5-C^C6H5 +HC1 

Friedel-Crafts acylation also takes place with acid anhydride.
A

O
O

CH3—Csf© 
®->0 

CH3-C/
Anhy. AICI3/AC6H5-H + C6H5-C-CH3 ch3cooh+

80°C

0
Friedel-Crafts acylation also takes place with acid anhydride.

Mechanism :
O O

© ©
Stepl. R—C—Cl: + A1C13 ^ R—C—C1A1C13

cr0
II © ©

R—C-pClAlCli ^
©

Step II. AICI4+R—C R—C
©

O
©

Acylium ion
stabilised by delocalisation

Step III.

©Arcnium ion 
(Stabilised by 
delocalisation)

o
C—RR

©
AICI4

Step IV. + HCI+AIC13

0 R
, ' I ©0

Step V. C6H5—C+tA1C13 ^ C6H5—C=0A1CI3

R
0R

© e
C6H5—C—R + Al(OH)3 + 3HC1 -Step VI. C6H5—C=0A1C13 +3H20
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Arenes and Aromaticity• 5.7. DIRECTING EFFECTS OF THE GROUPS
When a monosubstituted derivative of benzene is converted into a disubstituted 

derivative, the product is either a mixture of ortho and para derivatives or it is a meta 
derivative. Thus, when toluene is nitrated, the -NO2 group enters the ortho and para 
positions and a mixture of ortho and para nitrotoluenes is obtained.

Cone. HNO3 +
Cone. H2SO4

Toluene

o- and p-Nitrotoluene

But when benzoic acid is nitrated, the —NO 2 group enters in the meta position and 
m-nitrobenzoic acid is obtained.

COOH COOH

Cone. HNO3 +
Cone. H2SO4

no2
m-Nitrobenzoic acid

From the above, it is clear that the group already present in the benzene ring is 
responsible for the position taken by incoming group. This is known as directive 
influence of groups in aromatic substitution.

It has also been observed that o- and p-directive groups possess activating effect on 
the substituent reactions, whereas meta directive groups deactivate the whole ring so 
that further substitution becomes difficult.

Certain empirical rules have been given to explain the nature of the groups already 
present in the ring.j These are :

(1) Crum-Brown-Gibson's rule (1892) : According to this rule.
If the substituent X already present in the benzene ring forms a compound HX with 

hydrogen which can be directly oxidised to HXO, then X is meta-directing group, 
otherwise it is ortho and para directing.

Group X HX HXO Directive influenceOxidation

-CH3 ch4 DifficultCH3OH

H2O2

nh2oh

HOC1

HN03

H2CO3

H2SO4

HCOOH

O; p-

h20 Difficult— OH 0; P-

nh2 Difficultnh3 0-, p-

HC1— Cl Difficult O; P-

— no2
— COOH

hno2
H.COOH

Easy m-

Easy m-

— SO3H H2SO3

HCHO

Easy m-

Easy— CHO m-

Objections : The main objection against the rule was that the word 'direct 
oxidation’ was vague. For example, —CN forms HCN which is oxidised to HCNO but 
not easily and so it should be 0-, p-directing but actually it is m-directing. This rule is 
silent about the orientation of a trisubstituted product formed form a disubstituted 
product containing two different groups. This rule also does not give the proportions of 
ortho and para-isomers.

(2) Vorlander's rule (1902) : According to this rule,
Unsaturated groups are meta directing, whereas saturated groups are ortho and 

para directing.
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Organic Chemistry Objections : This rule had exceptions, e.g., in cinnamic acid C6H5CH = CH.C(J>OH, 

the group — CH = CH.COOH is unsaturated but it is o-, p-directing. |
(i) Unsaturated groups:

/> II—Nf • —C—OH, —C=N, —C=0 etc.
H

I
m-directing:

0
(ii) Saturated groups or atoms

H H
o-and p-directing \ —0—H,—N—H, —C—H, Cl etc.

I
H

(3) Hammic-Illingworth’s rule (1930) : According to this rule, in the benzerx© 
derivative Cgl^XY,

(a) If Y belongs to a higher group in the periodic table than X, the group already
present is meta directing |

(b) If Y belongs to a lower group in the periodic table than X, the group air sady
present is ortho and para directing. I

(c) If X and Y belong to the same group in the periodic table and Y has lower 
atomic weight than X, the group already present is meta directing.

(d) If there is no Y, the group already present is ortho and para directing.

Group X and its group Y and its group Directive influence
-N02 N 0 m-directing

(Group V) (Group VI)

— nh2 N H o-, p-directing
(Group V) (Group I)

-ch3 C H o-, p-directing
(Group IV) (Group I)

— CN C N m-directing
(Group IV) (Group V)

— OH 0 H o-, p-directing
(Group VI) (Group I)

— COOH C 0 m-directing
(Group IV) (Group VI)

— SO3H S 0 m-directing
(Group VI) 

(At. wt. -- 32) 01
(Group VI) 

(At. wt. = 16)
Cl O’, p-directinge

Modern view : According to modern view, the directive influence and tibia; 
activating or deactivating effect of substituents on the benzene ring can be accountacij 
for in terms of the mechanism of aromatic substitution and electron displacement effect 
of the substituent already present. :

Introduction of a Third Substituent Into the Benzene Ring
When a third group enters in the benzene ring, its position is ascertained by tlia 

nature of the two substituents already present in it.
(a) If the two substituents already present have the same directive influe ice, 

then directive influence will be in the following order.
Ortho-and para-directing substituents:

0“ >NH2 >NR2 >OH>OCH3 >—NHCOCH3 >—CH3 > — Cl> — Br>-----I
Meta directing substituents:

—N02 > —CN > —S03H > —CHO > —COCH3 > —COOH j
(b) When the two substituents already present have different direc :ive1

influence, then the influence of o-and p-directing groups predominates. In case, tlie 
influence of the two substituents reinforce each other, the third substituent will eAter- 
almost entirely in reinforced position. \
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Arenes and Aromaticity• 5.8. PREPARATION OF BENZENE

(i) Laboratory method : Benzene is prepared in laboratory by the distillation
of a mixture of sodium benzoate and soda lime.

Distil.C6H5COONa +NaOH(CaO) >C6H6 +Na2C03
BenzeneSoda limeSodium benzoate

Experiment: A mixture of 20 g of sodium benzoate and 30 g of soda lime is taken in 
a round-bottom flask fitted with a thermometer and a delivery tube attached to a water 
condenser. On heating, benzene is formed and is collected in a receiver along with
water. Benzene is then separated using a separating funnel. It is then dried over 
anhydrous calcium chloride and finally obtained in the pure form by distillation.

(ii) From derivatives of benzene :
(a) From phenol: By distillation with zinc dust.

DistilC6H5OH +Zn ■> CgHg + ZnO
(b) From chlorobenzene : There are two ways : 
(i) By its reduction with Ni—A1 alloy and NaOH.

Ni-Al alloyC6H5C1 + 2[H]
Chlorobenzene

(ii) By first preparing Grignard's reagent and then hydrolysing it.

»C6H6 +HC1
and NaOH

OHMg H20CeHsCI C6H5MgCl C6H6 + Mg
Dry ether ClChlorobenzene Phenyl magnesium 

chloride

(c) From benzene sulphonic acid : By its hydrolysis with super heated
steam.

C6H5S03H + H20 ------ >C6H6+H2S04
Benzene sulphonic Steam 

acid

(d) From aniline or benzene diazonium chloride : Aniline oil diazotisation 
forms benzene diazonium chloride which is then reduced to benzene by SnCl2 and 
NaOH or absolute alcohol.

C6H5NH2 +HN02 +HC1
Aniline

0°- 5°C C6H5N2C1 + 2H20->
Diazotisation Benzene

diazonium chloride
SnCl, + NaOHC6H5N2C1 + 2[H] ->C6H6 +N2 +HC1

Benzene
diazonium chloride

AbsoluteC6H5N2C1 +ch3ch2oh »C6H6 +N2 +HC1 + CH3CHO
alcohol

(e) From homologues of benzene : Monoalkyl benzenes, on oxidation with 
KMn04, form benzoic acid which is then decarboxylated by heating with soda lime (See 
laboratory method), e.g..

[AL» C6H5C00H NaOH >C6H5C00Na —»C6H6
NaOH 

(CaO)

c6h5ch
Toluene 3 KMn04 Benzoic acid Sodium benzoate

(iii) Synthesis: Benzene is synthesised by passing acetylene through red hot tube.
Red hot3C2H2

Methylene
♦ c6H6

Benzenetube

• 5.9. REACTIONS

Electrophilic Substitution
(1) Halogenation : The phenomenon of replacement of one or more hydrogen 

atoms from benzene nucleus by halogen atom is known as halogenation. Thus, 
benzene reacts with chlorine in presence of halogen carrier Fe orI2 and in cold dark to 
form chloro substitution products.
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O]+ 012 Cold, dark
. Fe or I2

Chlorobenzene

o-and p-Dichlorobenzene |
Bromine reacts similarly but with iodine the reaction is reversible. In order to 

the reaction irreversible, the reaction is carried out in the presence of an oxidizing 
agent cone. HNO3 ,HgO or HIO3. I

2 [O] + I2 + 0 Oxidizing
agent

lodobenzenes |
(b) Nitration : The phenomenon of replacement of one or more hydrogen a :oms 

from benzene nucleus by nitro group is known as nitration. Thus, benzene reacts w Ltix st 
mixture of cone. HNO3 and cone. H2SO4 at 60°C to give nitrobenzene whereas at 100° G 
it gives meta dinitro benzene.

Cone. HNO3 +
h2so4Cone. H2SO4

+ Cone. HNO3 60,,C-H2O 100°C
no2

Nitro benzene m-Dinitro
benzene

(c) Sulphonation : The phenomenon of replacement of one or more hydrogeri 
atoms from benzene nucleus by —SO3H group is known as sulphonation. ittmis; 
benzene reacts with cone. H2SO4 at 80°C to form benzene sulphonic acid. If furrxi 
sulphuric acid is used, the reaction takes place further and benzene m-disulphonic acid 
is formed at 200°C.

irxg

S03H

+ Cone. H2SO4 200®C
-H20t 80°C Fuming

H2SO4

sulphonic acid
(d) Friedel-Craft's reaction : The reaction involves the introduction o:T 

alkyl or acyl group into the benzene nucleus in the presence of anhydrous A1C1 
catalyst.

m-disulphonic acid

3

Anhy. AICI3o + CH3C1 HC1

Toluene
COCH3

Anhy. AICI3o o+ CH3COC1 + HC1

Acetophenone
COC6H5

Anhy. AICI3o 0+ C6H6C0C1 + HC1

Benzophenone
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Arenes and AromaticityBenzene also shows the following reactions in the presence of anhydrous AICI3 to 
form a number of benzene derivatives.

C2H5

Anhy. A1C13+ c2h5oh + h2o

Ethyl benzene
CONH2

Anhy. AICI3
+ C1C0NH2 + HC1

Benzamide
COC1 COOH

Anhy. AICI3 H20
+ COCl2

-HC1 -HC1

Benzoyl
chloride

Benzoic
acid

• SUMMARY
• The unique property of aromatic compounds is called aromaticity.
• Huckel's (4n + 2) rule: A cyclic compound which has (4n + 2) ^electrons (where n = 

an integer) should be markedly stable, typical of benzenoid aromatics.
• Cyclic compounds which have (4n)rt electrons are called anti-aromatic compounds 

and this quality is known as anti-aromaticity.
• A group already present in the benzene ring is responsible for the position taken by 

the incoming group during substitution. This is known as directive influence of 
groups in aromatic substitution. It is governed by three rules, namely 
cum-Brown-Gibson’s rule, Vorlander’s rule and Hammic-Illingworth rule.

• An electrophile is a reagent that is electron deficient. These are of two types

(i) Neutral electrophile (e.g., AICI3, BF3,CH2 etc. and (ii) Positive electrophile 
(e-g-, H+ , Cl+ , NO* , S03 etc.)

• During electrophilic substitution reactions a and n complexes are formed. The 
energy of the product is lower than that of reactants.

• Benzene is prepared in' laboratory by the distillation of a mixture of sodium 
benzoate and sodalime.

• Benzene can also be prepared from the derivatives of benzene such as phenol, 
chlorobenzene, aniline etc.

• STUDENT ACTIVITY
• Write a short note on aromaticity.

• What is aromatic sextet ?

• What is (4n + 2) rule ?

• Discuss the mechanism of halogenation of benzene.
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• Write a note on Friedel-Craft’s alkylation process.

• Describe the preparation of benzene.
i

• TEST YOURSELF
1. Write a note on aromaticity.
2. What is Huckel rule ?
3. Explain why pyridine, thiophene and pyrrole are aromatic compounds.
4. What is meant by directive influence of groups in aromatic substitution ?
5. Explain why nitro group (—NO2) is a meta directive.
6. Explain why chloro group (—Cl) is a ortho and para directive.
7. Describe the mechanism of the electrophilic substitution of following :

(a) Halogenation 
(c) Sulphonation

8. How is benzene prepared ?
9. Describe electrophilic substitution reactions of benzene.
10. What happens when benzene is treated with acetyl chloride or methyl chloride in. 

the presence of anhydrous AICI3 ?
11. Classify the following as ortho-, meta- and para - directing in an aromatic 

nitration reaction.
(a) -CH3

12. The directive influence of - CHO group is 
(a) ortho 
(c) para

13. Benzene undergo substitution reaction by which mechanism 
(a) SN1

14. The ion responsible for nitration is :
(a) NO-

15. According to Huckel rule, in aromatic compounds number of ^-electrons are :
(a) 4n + 2

16. Characteristic reactions of aromatic hydro-carbons are initiated by :
(b) electrophiles 
(d) unchanged molecule

17. Benzene undergoes substitution reaction more easily than addition reaction
because I

!s

(b) Nitration
(d) Friedel Craft reaction

(b) -N02 (c) -NH2 (d) -OCH3

(b) meta
(d) both ortho and para

(b) SN2 (d) SE2(c) SE1

(c) N02+ (d) NO+(b) NO-

(b) 2n + 4 (c) 4(n + 2) (d) 4n-2

(a) nucleophiles 
(c) free radicals

(a) It has a cyclic structure
(c) It has six hydrogen atoms (d) There are delocalisation of electron

18. Benzene reacts with cone. HN03 in the presence of cone. H2S04 to gr^e 
nitrobenzene. The reaction is an example of:
(a) electrophilic addition 
(c) electrophilic substitution

19. Which of the following reagents is used in order to make benzene react with con 
HN03 to give nitrobenzene.
(a) FeCl3 catalyst 
(c) Lindlar's catalyst

20. In chlorination of benzene, FeCl3 is used to generate 
(b) Cl+

(b) It has double bond

(b) nucleophilic addition 
(d) nucleophilic substitution

(b) Cone. H2SO4 
(d) U.V. light

(a) cr (d) HC1
In the Friedel Craft acetylation of an aromatic ring. The role of A1C13 fs

(c) Cl2
21
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(a) form a CH3 —C ion

(b) function as Lewis base
(c) chloronation of aromatic ring
(d) withdraw electrons from the aromatic ring

22. In sulphonation of benzene, following species is used :
(b) S03

23. Benzene reacts with benzoyl chloride in the presence of anhydrous AICI3 to form
(d) S02+(c) so;(a) S02

24. The directive influence of nitro group is.......
25. The directive influence of methyl group is.......
26. The catalyst used in Friedel Crafts reaction is...................
27. Benzene reacts with acetyl chloride in the presence of anhydrous AICI3 to give

28. According to Huckel rule in aromatic compounds number of n electrons is
29. In the preparation of benzene by laboratory method 

sodalime.
30. Benzene on sulphonation gives.................

is heated with

ANSWERS

16. (b) 17. (d) 
22. (b)

13. (d) 
19. (b)

14. (a) 
20. (b) 
24. meta

15. (a)
21. (a)
25. ortho and para 26. anhyd. AICI3

12. (b)
18. (c)
23. Benzophenone
27. Acetophenone 28.4n + 2 29. Sodium 30. Benzene sulphonic acid.

benzoate

□□□
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6
ALKYL AND ARYL HALIDES

LEARNING OBJECTIVES

Nucleophilic Reagents 
Nucleophilic Substitution Reactions 
Reactions of Alkyl Halide 
Preparation of Aryl Halides 
Reactions of Chlorobenzene
□ Summary
□ Student Activity
□ Test Yourself

• 6.1. NUCLEOPHILIC REAGENTS OR NUCLEOPHILES
Reagents having an unshared pair of electrons are known as nucleophilic 

reagents or nucleophiles. Because they have a tendency to share this pair of electrons 
with electron deficient substrate. These nucleus loving species are known sls 
nucleophiles. Nucleophiles can be classified into three groups :

(i) Neutral Nucleophiles : Electron rich species due to the presence of 
non-bonding electrons are known as neutral nucleophiles. Central atom of such spec ios 
should have complete octet. They are not charged and are electrically neutral. I 'or | 
example

•• «• • • •••• •« ••
H—O—H, R—O-H, R—0—R1( R—NH2, R2 NH, R3 N.NH2—NH2, R—S—L

The addition of neutral nucleophile to a positively charged substrate will givi 
positively charged product.

3L

+ +• 4
■>CH3—Nu

(ii) Negative Nucleophiles : Negative nucleophiles are those which car xry 
an electron pair and are negatively charged because of one extra electron. For exampl e

X, R—0, — N02, OH, R3C, RCOO, ch3
Addition of a negative nucleophile to a positively charged substrate results ir a 

neutral molecule.

CH3 +Nu

+
R3C + Nu

(iii)Ambident Nucleophiles : The nucleophiles which can attack throu^Ti 
two or more atoms are called ambident nucleophiles. For example, CN can attack 
through N or C to give cyanide (R—CN) or isocyanide (R—NC). Other examples of 
ambident nucleophiles are :

»R3C — Nu

44

0 —N=0, — C— CH — C— etc.
& A

• 6.2. NUCLEOPHILIC SUBSTITUTION REACTIONS
The C—X bond in alkyl halides is polar, withdrawal of electron pair towards 

halogen makes the carbon electron deficient, hence it becomes a good target for atta< k 
by nucleophiles. H H

©5+ 5- 
Nu + R—C—X R—C—Nu + X

H H
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Alkyl and Aryl HalidesIn nucleophilic substitution two changes occur—breaking of the bond with 
leaving group and formation of bond with nucleophile. The principal mechanistic 
variations are associated with changes in the timing of the two processes. The following 
are the possible mechanisms of nucleophilic substitutions :

(1) Two steps reaction (SN1 Mechanism, Substitution Nucleophilic
Unimolecular)

First Step : Breaking of the C—X bond 
Second Step : Making of the C—Nu bond
(2) One step reaction (SN2 Mechanism, Substitution Nucleophilic

Bimolecular): In this reaction the bond breaking and bond making are simultaneous.
Before discussing one step and two steps reactions let us first discuss leaving 

group and incoming nucleophile of the reaction.
A general nucleophilic substitution reaction may be schematically represented as:

R — L + Nu------ >R — Nu + L e
where Lis a leaving group (or leaving nucleophile or nucleofuge) andNuis an incoming 
nucleophile.
Incoming Nucleophile

An incoming nucleophile may either be negatively charged or it may be an 
uncharged species with unpaired of electrons :

•• ••
N02, N3, f?COO, CN, I, Br, Cl, OH, OCH3, H20, ROH, NH3, J?NH2, SH, etc. 
The reactivity of nucleophile is called its nucleophilicity. The nucleophilicity 

increases with increasing polarisability. Nucleophilicity can be compared as given 
below :

(1) A species with a negative charge is a stronger nucleophile than a similar 
species without a negative charge. In particular, a base is a stronger nucleophile than

its conjugate acid. Therefore, OH is a stronger nucleophile than HOH and SH is a 
stronger nucleophile than CH3—S—H.

(2) Nucleophilicity decreases on going from left to right in the period of the
e ©

periodic table. Therefore, OH is more nucleophilic thanF; NH3 is more nucleophilic than 
© ©

HOH; and CH3 is more nucleophilic than NH2-
(3) Nucleophilicity increases on going down in the group of the periodic 

table. Therefore,
«• ••

r , Br" , Cl" ; SeH > SH > OH, H3P > f?3N 
(4) Bulky group present on nucleophilic centre decreases nucleophilicity 

and increases basicity of the negatively charged species.

HO CH3—0 (CH3)2—CH —O (CH3)3—C —0
Basicity in increasing order; nucleophilicity m decreasing ordei^

Leaving Groups or Leaving Nucleophiles
The leaving group must have the following three important characteristics :
(1) A leaving group is electron—withdrawing so that it creates a partial 

positive charge on the carbon atom.
(2) The leaving group should be stable after leaving with the bonding pair 

of electrons. In general, good leaving groups should be weak bases, and therefore, they 
are the conjugate bases of strong acids.

(3) Finally, the ability of a species to act as a good leaving group depends on 
its polarisability. That is its ability to continue bonding with a carbon atom while it is
leaving. This bonding stabilises the transition state, minimising the activation energy. 

The leaving power of some nucleophilic groups are given below in decreasing
order :
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C6H5—s—O > CH3—S—O > I > Br > CF3—COO >

O O
© © ©

H20 > Cl > F > CH3COO

• 6.3. SN1 MECHANISM OR SN1 REACTION : TWO STEP PROCESS
A typical example of this process is the hydrolysis of tertiary butyl bromide in 

presence of sodium hydroxide.
CH3

tine

CH3 
I

CH3 —C —OH + Br 
CH3

In this reaction, the rate of reaction is not increased by addition of NaOH ev^n 
though hydroxide ions are consumed in the reaction. The rate of the reaction depericls 
only on the concentration of the organic halide and hence, the first-order rate law' is 
followed :

I © ©
CH3—C—Br + OH

CH3

ch3
I

CH3 —C—Br 3 I
ch3 J

This can be explained, if it is assumed that the reaction takes place in two ste ds . 
The First one being the ionization of alkyl halide producing carbocation. This w-ill 
obviously be a slow (rate determining) step as it involves breaking of a covalent bond.l

This is followed by the fast (non-rate determining) step which involves addition of* 
nucleophile to the reactive carbocation.

CH3
CH3—C —Br 
CHa7

The energy profile diagram of SNl mechanism is depicted below : .

Rate = K

CH ch3x
► CHo—C —OHV

3 \ e .
► CH3 —C+ BrV

©\ ©Slow OH Fast
First step Second stepch3 ch3

TS1 TS2

t
E

Carbocation intermediate

Reactant
Product

S'

-------► Reaction coordinate
Energy profile diagram of SNl mechanism

This two step mechanism (SNl mechanism) of nucleophilic substitution is 
unimolecular because in the rate-determining step (slow first step) only the alky-l 
halide is undergoing covalency change. The nucleophile does not come into play untjil 
the fast second step. |

Stereochemistry of SNl Reaction : The reaction of alkyl halide in whicpx 
halogen is bonded to a chiral carbon leads to the formation of enantiomers. One wibfi 
the same relative configuration as the reacting alkyl halide and other with the inverte-d 
configuration.
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R Ri Alkyl and Aryl Halides
Slow step VC2R—C—X

r2 r2 Path-IPath-II
©

Nu

Ri Ri

R—C—Nu Nu —C—R

r2 r2
Retention of configuration Inversion of configuration

Formation of enantiomeric pair is due to the formation of carbocation whose 
geometry is planar.

The SNl reaction that transforms an optically active substrate into an 
enantiomeric pair or racemic mixture is said to proceed with racemisation. If 
enantiomers are formed in equal amounts then reaction is said to proceed with 
complete racemisation. In the case of complete racemisation no optical activity is 
detected in the mixture.

Only very few reactions are known where optically active alkyl halides undergo 
complete racemisation (i.e. 50% retenion of configuration and 50% inversion of 
configuration). In most of the cases optically active alkyl halides undergoing SNl 
reaction give partially racemised products instead of completely racemised products. 
The products usually consist of more inversion product than retention product. In most 
of the cases the product usually consists of 5-20% inverted product and 80-95% 
racemised species.

H H H
IHOHCH3 —C—Cl »CH3 — C—OH +HO—C—CH3

I acetone
SNl i

C6H5 C6H5 c6h5
Inversion

53%
Retention

47%
This result may occur if the carbocation is not sufficiently stable and if the leaving 

group is not far enough removed from the carbocation (it is present as ion pair). Ion pair 
blocks front face of carbocation for the attack of nucleophile. Thus attack of nucleophile 
on the ion pair can occur more easily at the backside producing more of inversion 
product and less of retention product.

Partial racemisation proceeds as follows :

Ri
©

R—C—X x
R2 r2r2

ion pair
front side of carbonium 

ion is blocked

free ions
both faces of carbocation 

are free
© ©

Nu Nu
can attack 
from back only

can attack 
from front or back

Ri Ri Ri

Nu—C—R R—C—Nu + Nu—C—R

R2 r2 r2
Inversion Racemic mixture
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SN1 Reactions are Accompanied by Rearrangement j
If carbocation is primary or secondary having at least three carbons Itieia 

rearrangement takes place in carbocation. This leads to the formation of two or r lore 
products, one is normal and others are roarrangeds products.

For example :
CH3 

I
CH3 — C — CH2 — Br

ch3

ch3 ch3
I IHOH >ch3 — c—ch2 —oh+ch3 — c—ch2 —ch3 

ch3
(Normal product)

I
ch3

Rearranged product 
(Major product)

Factors Influencing SN1 Reaction Rate
1. Effect of Substrate Structure on Rate : A carbocation being 

intermediate in an SNl reaction, its stability determines the rate of the reaction, 
greater the carbocation stability, the higher is the rate. This is reflected in 
reactivity order of alkyl halides towards SNl reaction. The reactivity order is :

3° » 2® > 1° > CH3
Thus the SNl mechanism will be most preferred in fert-halides and l&a-St: 

preferred in case of primary alkyl halides.
If the carbon site having leaving group is highly crowded with bulky group; 

tends to get relief from the steric strain with 109° bond angle (sp3) and it does so wlb. 
it approaches 120° bond angle in the carbocation intermediate. In other words, 
greater the crowding around the carbon having leaving group, the greater is 
possibility of SNl reaction.

ttie
rtie
tine

r

, it.
era

I

tine
tine

ch3 —ch2 —ch2 —ch2 —X
does not give SNl reaction

ch3 
I

CH, —C—CH2 — Cl

/ ch3
Crowding around a-carbon gives SNl reaction

2. Effect of Solvents on Rate : A solvent with high ionising power (i. e., pc 1 a.z* 
protic solvent) enhances the rate of SNl reactions. Thus polar hydroxylic solvents like 
HOH, ROH, CH3COOH, etc. are good solvents for SNl reaction. |

This is because the negative pole of such species interacts with the incipient 
positive charge; while hydrogen bond is formed with the incipient negative chalrge 
through the H5+ pole. In other words, polar protic solvent stabilises carbocation And 
hence increases rate of the reaction.

R R
6- \©/

5+ 6+ 8+
HH H 6+ © 8+

O——H mmiiiinXOmmimiiC"""iiiiiiO H 5-5->HH &- O6+8+ R
H
8+

Ion-solvent interactions
Non-polar, non-hydroxylic solvents retard the’rate of an SNl reaction.
3. Effect of Nucleophiles on Rate : Since the rate determining step of anS >T1 

reaction does not involve the incoming nucleophile, neither its nucleophilicity, nor its 
concentration has any effect on the rate of the reaction. So an SNl reaction can proc* ed 
with weak nucleophiles of low concentration.

4. Effect of Leaving Groups on Rate : More is the leaving power of the grou.p>, 
more will be reactivity of the substrate for SNl reaction. Thus reactivity order amo^rxg- 
the halide ions is :

e ee e
I > Br > Cl > F

(1) Competitive Reactions : Carbocation is the intermediate in SNl reaction, 
e I

It may give up a H from the ^-position with respect to the leaving group. Thisleafds
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to the formation of a double bond and then the reaction is an elimination 
reaction.

Alkyl and Aryl Halides

ch3 ch3
© ©

-Br -HCH3—c—Br -► CH3—C-rCH2-pH CH3—C==CH2

ch3 ch3
On the other hand, a carbocation may rearrange to give a stable carbocation.

Cl Nu
© ©

NuCH3—CH—CH—CH3 CH3—C—CH—CH3 CH3—CH—CH—CH3

ch3 ch3 ch3
Normal product

Nu♦
©© Nuch3—c—ch2—ch3 -► ch3—c—ch2—ch3

ch3 ch3
Rearranged product

Thus elimination and rearrangement reactions complete with substitution in SN1
reaction.

Strong nucleophiles being strong bases, they can abstract a H and thus favour 
elimination reaction. It is therefore, better to use weak nucleophiles in SN 1 reactions.

• 6.4. SN2 MECHANISM OR SN2 REACTION : ONE STEP PROCESS
A typical example of this process is the hydrolysis of methyl bromide in the 

presence of NaOH.

CH3—Br + OH »CH3 —OH + Br

Kinetic studies have revealed that the reaction rate depends on the concentration 
of alkyl halide (CH3Br) as well as the concentration of the nucleophile. Both the 
reactants being involved in the rate determining step.

Rate = K [CH3Br] [OH]
Increasing the concentration of either species will increase the reaction rate and

vice-versa.
In this mechanism, the formation of carbon-nucleophile bond and cleavage of the 

carbon-halogen bond occurs simultaneously. In other words, the bond between carbon 
and nucleophile starts forming and at the same time the bond between carbon and 
halogen starts breaking. Such a reaction, therefore, involves a transition state in which 
the carbon atom appears to be pentavalent, i. e., it is attached to three hydrogens by full 
covalent bonds and to the nucleophile and halogen atom by partial bonds. The three 
hydrogens acquire a coplanar geometry.

The nucleophile attacks the carbon from the side just opposite to that from which 
the halide is leaving. This is sterically favourable in that the nucleophile and halide do 
not hinder movement of each other as well as there is minimum repulsion between 
them.

\/
► Nu.......C........X

© HH 5- ©NuC—X * X + Nu—C—HH H
H H

TS

The SN2 mechanism is bimolecular because both reacting species are undergoing 
covalency change in the rate determining step. The energy profile diagram of SN2 
reaction is shown below :
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H H
TS 6- \ / 8-
7"^\ HO'ii'ii C mill X

H1
E e

ch3—x + OH i
©

CH3—OH + X

------► Reaction coordinate
Energy profile diagram of SN2 reaction

I

Stereochemistry of SN2 Reactions
In an SN2 reaction, the nucleophile enters as the halide is leaving. Consequer 

the nucleophile attacks from the rear to avoid the path of the leaving group. If the a 
halides is optically active, inversion of configuration will occur.

R H
&- \ / 6- 

Nu...... C.......X

t.ly,
kyl

R0 Nu—C—HH—C—X + Nu e XR-X
R' Optically active 

inversion of configuration
Optically active

tlxe
kyl

The nucleophile is attached just opposite side to the leaving group. Thus, 
substitution product is still optically active but of opposite configuration to the a 
halide.

Thus it can be said that as SN2 reaction proceeds with complete inversion, of* 
configuration usually referred to as Walden inversion. I
Factors Influencing SN2 Reaction Rate |

(1) Effect of Substrate Structure on Rate : Electrical effect on the carbon, 
site has the minimum to do with the SN2 reaction rate. The carbon atom usually bears ! 
a partial positive charge owing to the bond dipole of the C—X bond. Any thing trial: 
decreases the positive charge on the carbon site by giving electrons, decreases 
reaction rate while anything that increases positive charge on the same t>y | 
withdrawing electron, increases the rate of the reaction. Thus the reactivity order is

CH3—X>10>20>3° j
On the other hand, steric factor has profound effect on SN2 reaction re te. 

Availability of space for attack on the carbon site by the nucleophile decreases with tine : 
increasing steric hindrance and consequently the rate of the reaction diminislies 
largely. Since alkyl groups are larger than hydrogen atom, steric crowding increases in 
the direction from primary to tertiary alkyl halides and thus primary will be m ist 
reactive.

(2) Effect of Solvents on Rate : Polar hydroxyl solvents form hydrogen bond, 
with the incoming nucleophile. Thus solvent molecules envelop the nucleophile. It: 
becomes difficult for the nucleophile to attack the carbon site. Hence hydroxy lie 
solvents retard the rate of an SN2 reaction. The rate, however, increases to a lai 
extent in the presence of polar non-hydroxylic solvents like PMF (dimethylformami< Le) 
DMSO (dimethyl sulphoxide) and acetone.

(3) Effect of Nucleophiles on Rate : Since the single step SN2 reaction
involves the substrate and the nucleophile, the rate of the reaction depends largely on 
the concentration of the nucleophile and on its nucleophilicity. Strong nucleophiles 
increase the rate of the SN2 reaction while weak nucleophiles decrease it. I

(4) Effect of Leaving Groups on Rate : The rate of an SN2 reaction is j 
dependant on the nature of the leaving group. Groups of lower basicity and higKex* 
polarisibility increase the rate of the reaction. Thus the reactivity order among t rxe 
halide ions is :

e ee e
I > Br > Cl > F
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Alkyl and Aryl HalidesComparison of SN1 and SN2 Substitutions
SNl. SN2

(1) Two step mechanism.(1) One step mechanism.

Unimolecular reactionBimolecular reaction (2)(2)

Product formation takes place by carbocation 
intermediate

Product formation takes place by TS (3)(3)

Carbocation rearrangementNo carbocation rearrangement (4)(4)

Reaction is favoured by polar protic solventsReaction is favoured by polar aprotic 
solvents

(5)(5)

Given mainly by tertiary alkyl halidesGiven mainly by methyl halides (6)(6)

Reactivity of RX; 3° > 2° > 1° > methylReactivity of RX; CH3X > 1° > 2° > 3° (7)(7)

Mechanism is favoured when nucleophile is 
neutral

Mechanism is favoured when nucleophile is 
an anion

(8)(8)

Reaction velocity is independent of the 
concentration of nucleophile.

Reaction velocity depends on the concentration 
of nucleophile, i.e., mechanism is favoured by 
high concentration of nucleophile

(9)(9)

RacemisationInversion of configuration. GO)(10)

• 6.5. SNi MECHANISM INTER- AND INTRAMOLECULAR NUCLEOPHILIC 
SUBSTITUTION REACTIONS

Bifunctional compound that contains both a nucleophile and a leaving group gives 
either intermolecular or intramolecular nucleophilic substitution reaction.

(A) Intermolecular Nucleophilic Substitution Reactions :
(1) In intermolecular (inter means between) nucleophilic substitution 

reactions, the nucleophile of one molecule displaces the leaving group of a second 
molecule of the compound.

(2) Higher concentration of reactant favours intermolecular nucleophilic 
substitution reaction.

0©
Br-CH2-(CH2)n-CH2-0 +

Intermolecular SN 
reaction

©
Br—CH2—(CH2)n—CH2 — O — CH2—(CH2)„—CH2 — O

(B) Intramolecular Nucleophilic Substitution Reactions :
(1) An intramolecular (Intra means within or single) nucleophilic 

substitution takes place within the molecule.
(2) Low concentration of the reactant favours intramolecular reaction.
(3) Intramolecular reaction gives cyclic product. If intramolecular reaction 

would form a five or six membered ring, it would be highly favoured over the 
intermolecular reaction because of the stability.

(4) Intramolecular reactions are less favourable for other size of the ring (i.e., 
three, four, seven, etc.)

,CH2

ch2 ch2
ch2 ch2

O Cl

©SN + Cl
intramolecular

©
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ch2—ch2 SN
intramolecular

reaction

1

• 6.6. REACTIONS
.1

The alkyl halides are reactive compounds. The reactivity depends upon the n atu-nre 
of halogen atom as well as the nature of alkyl group.

Nature of halogen atom : The order of reactivity is :
Iodide > Bromide > Chloride 

Nature of alkyl group : The order of reactivity is :
Tertiary > Secondary > Primary 

The order of reactivity among primary alkyl halides is :
CH3X>CH3—CH2—X>CH3—CH2—CH2—X>

CH3—CH2—CH2—CHo----- X
The high reactivity of alkyl halides is due to the polarity of C—X bond. The CU----X.

8+8- I ;
bond is highly polarized covalent bond (C— X) due to the large electronegativity
difference between carbon and halogen atoms. Due to partial positive ctlarge 
nucleophiles (electron rich species) attack at the carbon atom to which the haljogfen. 
atom is attached and replace the halide ion. Such reactions in which a strdxi.g’eir 
nucleophile replaces a weaker nucleophile are known as nucleophilic substitution 
reactions. j

I I
—C—X+Nu" C—Nu + X"

I I
Hydrolysis

Reaction with aq. NaOH or aq. KOH or aq. AgOH: Alcohol is obtained. 
R —X + KOH »R —OH+KX

Aq.
CH3 —CH2 — Br + AgOH CH3 —CH2OH + AgBr

Aq.
Nitrile and Isonitrile Formation

Reaction with alcoholic KCN: Alkyl cyanide or nitrile is obtained.
*R —CN + KXR—X+ KCN

Alcoholic

CH3 —CH2 — Br + KCN + CH3—CH2—CN + KBr
Alcoholic (Propane nitrile)

Reaction with alcoholic AgCN : Alkyl isocyanide or carbylamine is obtained
■> R — NC+ AgX 

-> C2H5NC + AgBr
(Ethyl isocyanide)

(Carbylamino ethane)
When silver cyanide is used in place of KCN. the major product is alkyl isocyanicie.

e
Silver cyanide though covalent in nature, contains traces of Ag which attacks at tine 
halogen atom generating a carbocation. The carbocation reacts with silver cyar ide 
forming the isocyanide.

R —X+AgCN
C2H5Br + AgCN

-
i
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© e Alkyl and Aryl HalidesAgCN Ag + CN

© [r*.....X......Ag]-----^R+AgXR—X: + Ag

.O^©
Ag—C=N + R Agi-CsN—R[ 1 © © © 

------►Ag + R—N=C
Alkyl isocynnide

Nitro and Nitrite Formation :
Reaction with AgNOz : When alkyl halides are treated with alcoholic AgN02, a 

mixture of nitroalkane and alkyl nitrite is obtained.
®/0

+ R—0—N = 0 + AgX 
Alkyl nitrite

R—X + AgN02 R—N
^8

Nitroalkane

®X°
+ C2H5—0—N = 0 + AgBr 

Ethyl nitrite
C2H5Br + AgN02 C2H5-N

\ ©

Treatment with silver nitrite gives a mixture of alkyl nitrite and nitroalkane 
because silver nitrite exists in two forms :

®/°
Ag—NAg—O—N = 0

r§\
Nucleophilic

centre Nucleophilic centre
Reaction with KNO2 •' When alkyl halides are heated with KNO2 in the presence 

of alcohol, alkyl nitrites are obtained.
R—X + KN02 

CzHgBr + KN02
^ R—0 — N — 0 + KX 

^C2H5—0 —N = 0+ KBr
Ethyl nitrite

Williamson's Ether Synthesis : Reaction with sodium alkoxide : Ether is 
obtained. The reaction is known as Williamson's ether synthesis and is used for the 
preparation of symmetrical and unsymmetrical ethers.

R_0—R' + NaX 
C2H5—O—C2H5 + NaBr

Diethyl ether
C2H5—O—CH3 + NaBr
Ethyl methyl ether 
(Methoxy ethane)

=*■

R—|X + Na[— 0—R’-

C2Hs|Br + Na) — O—C2H5 

C9Hfi[Br + Na! — O—CH3

• 6.7. ARYL HALIDES
Aryl halides : These are nucleus substituted aromatic halogen compounds in 

which the halogen atom is directly attached to the aromatic nucleus. The general 
formula is ArX (Ar = phenyl or substituted phenyl group and X = halogen atom) e.g.

Cl

chlorobenzene o-Bromo
toluene 1, 3, 5-Trichloro 

benzene
Preparations :

(1) By direct halogenation : Aryl chlorides and aryl bromides are prepared 
from benzene by the reaction with chlorine or bromine in the presence of a catalyst such 
as FeClg, FeBr3 or AICI3.
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Organic Chemistry FeCI3 ^ C1 + HC1+ ci2

Chlorobenzene

FeBr3 ^ Br 4- HBr+ Br2

Bromobenzene

AgC104 ^
or

HN03
I + HC1+ h

lodobenzeneor
HgO

(2) From Phenol : Phenol reacts with PC15 to form chlorobenzene.

1 + POCI3 + HC1H + PC15 >

(3) By Sandmeyer Reaction : Aryl halides can be prepared most satisfactorily 
by the decomposition of aryldiazonium salts in the presence of suitable metal haliqlos.

Njcr + cuci tiori)Cl + N2 (Sandmeyer rea(

ChlorobenzeneBenzene diazonium 
chloride

NgCr + CuBr (Sandmeyer reaction)Br + N2

Bromobenzene

Njcr + KI i + n2
lodobenzene

Njcr + hbf4—► F + N2 + BF3
Fluoroboric

acid Fluorobenzene

(4) By Gatterman Reaction : In this reaction aryl halides are prepar 
the decomposition of aryldiazonium salts in the presence of copper powder and sui 
acid

h>y
a.t>le

ArN^Cl" —^->ArCl + N2
HC1

ArNgCl” —^->ArBr + N2
HBr

Reactions :
Unlike alkyl halides, aryl halides do not undergo nucleophilic substiti .tion 

reactions under ordinary conditions. Because halogen atom in aryl halides is vory 
firmly held by the benzene nucleus and cannot be easily replaced by nucleophile s. |

Amother reasons for the low activity of aryl halides towards nucleopriilio 
substitution reaction is the presence of six electrons in the delocalised n electron c .otxci 
in aromatic ring. This discourages the nucleophile from attacking the ring ca: *l>ori. 
bearing halogen.

But under drastic conditions, halogen atom can be replaced by a suit able 
nucleophile.

114 Self-Instructional Material



. ;i.

OH Alkyl and Aryl Halides

NaOH, 300°C
200 atm

Cl

NH3,200°C
CuO

CuCN/Pyridine
200°C

On the other hand, when a powerful electron-withdrawing group (m-director) is 
present at ortho and/or para to the halogen atom, replacement of X by nucleophilic 
reagents is facilitated. Thus m-directors activate nucleophilic substitution reaction. 
Some examples are :

OH Cl NH2

NaOH NH3/EtOHo oo 200°C 150°C

no2no2 no2
ohC!

no2no2
Na2C03/H20

70-80°C oo
no2no2
oh

no2no2h2o oroom temp

no2no2
Mechanism of Nucleophilic Aromatic Substitutions

Nucleophilic substitutions involving replacement of H by a nucleophile in
e

e
aromatic hydrocarbons do not occur because H is one of the strongest nucleophiles. 
However, if there is suitable leaving group in the ring (halogen atoms or other groups) 
nucleophilic substitution may take place by one of the following mechanisms :

(1) Bimolecular mechanism or Addition-elemination mechanism : If the 
benzene ring bears strongly electron withdrawing substituents as well as a good 
leaving group, nucleophilic substitution reactions take place under mild conditions. 
Kinetic studies have revealed that the reaction rate depends on the concentration of 
aromatic substrate and the nucleophile. Thus both the reactants being involved in the 
rate-determining step.

Rate = K [Aromatic substrate] x [Nucleophile]
Available evidence suggests that the reaction takes place by addition- elimination 

process involving attack by nucleophile in the first step, which in many cases is the 
rate-determining step.

i
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a
G G

G = electron withdrawing 
group placed in ortho/para

position/positions

Fast <3

a-complex or 
cyclohexadienide ton

The energy profile diagram is similar to aromatic electrophilic substitution
reactions.

TS2

E

o-complex

!G® Reactants

Products

----------► Reaction coordinate
Energy profile diagram of aromatic nucleophilic substitution reaction.

The formation of a-complex is not possible unless some group capable of* 
accommodating the negative charge is present in the o- or p-position. Such grou.;p 
stabilises the intermediate carbanion.

(ill)

(IV)
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*■ >

(IV)

meta

O
©
O

Since the delocalisation of the negative charge via structures (II) to (IV) in the 
case of ortho and para derivatives is not possible with meta derivatives, they do not 
undergo such a reactions.

• SUMMARY
• Nucleophiles have an unshared pair of electrons. These are neutral, negatively 

charged and ambident.
• Nucleophilic substitution reactions are of three types e.g. SN1, SN2 and SNl.
• SN1 type reactions take place in two steps while SN2 type reactions take place in 

one step.
• The alkyl halides are reactive compounds. The reactivity depends upon the nature 

of halogen atom and alkyl group. The order of reactivity is :
Iodide > Bromide > Chloride 

Tertiary > Secondary > Primary > Methyl 
CH3X > CH3CH2X > CHgCHaCHaX > CH3CH2CH2CH2X

• Alkyl halides react with KCN to form nitrile compounds while with AgCN to form 
isonitrile compounds.

• Alkyl halides react with KN02 to form nitrite compounds while with AgN02 to 
form nitro compounds.

• Aryl halides are the compounds in which halogen atom is directly attached to the 
aromatic nucleus and represented as ArX.

• Aryl halides can be prepared satisfactorily by the decomposition of aryldiazonium 
salts in the presence of copper powder or cuprous salts.

• Aryl halides show low activity because halogen atom directly attached with the 
arene ring as well as the presence of six delocalised 7t-electrons in the ring.
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1. Discuss the nucleophilic substitution reactions in ethyl halides.

2. Differentiate between SNl and SN2 reactions. 1

3. Discuss the formation of nitro and nitrite alkyl compounds.

4. Describe any two preparations of aryl halides.

5. Discuss the nucleophilic substitution reactions of aryl halides.

• TEST YOURSELF
Answer the following questions :

1. What are the nucleophiles ? Classify them.
2. Describe briefly nucleophilic substitution reactions.
3. Discuss the SNl type reactions with suitable example.
4. Describe the SN2 type reaction with proper example.
5. Explain stereochemistry of SNl reaction.
6. What are the factors which influence SN2 reaction rate.
7. Compare SNl and SN2 reactions.
8. What do you know about SNi reactions.
9. What happens when :

(i) Bromoethane reacts with KOH (aq.)
(ii) Chloroethane reacts with alcoholic KCN and AgCN separately.
(iii) Ethyl bromide reacts with KNO2 and AgNC>2 separately.
(iv) Ethyl bromide reacts with sodium ethoxide.

10. Describe Williamson's ether synthesis.
11. What are the aryl halides ? Give examples.
12. How do you prepare aryl halides by Sandmeyer's as well as Gatterman 

reactions?
. 13. Describe atleast three methods for the preparation of aryl halides.
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Alkyl and Aryl Halides14. Why do aryl halides are less reactive than aikyl halides.
15. Show that p-nitrochlorobenzene is more reactive than chlorobenzene.
16. Describe nucleophilic substitution reaction of chlorobenzene and nitro derivatives 

of chlorobenzene.
17. Explain the order of reactivity of alkyl halides with respect to halogens and alkyl 

groups.
18. Arrange different primary alkyl halides in the increasing order of their reactivity.
19. When ethyl iodide reacts with sodium methoxide it gives :

(a) ethyl iodide 
(c) ethyl ether

20. An alkyl halide can be converted into alcohol by
(b) Elimination

21. The decreasing order of reactivity of the following compounds towards SN1 
reactions is :

ch3

(b) ethyl methyl ether 
(d) methyl ether

reaction.
(c) Substitution (d) Dehydration(a) Addition

CH3 ch3
ClIBr

(IV)(I) (II) (III)
(b) III > I > IV > II 
(d) I > IV > II > III

(a) II > I > III > IV 
(c) IV > II > III > I 

22. The order of decreasing SN2 reactivity,of the following alkyl halides is : 
CH3C1, CH3Br, (CH3)2CHC1, CH3CH2C1

IVI II III
(b) I > II > IV > III 
(d) I > IV > II > III

(a) I>II>IV>III 
(c) IV>II>I>III 

23. The order of reactivity of the following halides with alcoholic AgNC>2 is :

BrCH3CH2Br CH3BrCH3Br H3

(IV)(III)a) (id
(b) I > II > III > IV 
(d) IV > III > I > II

(a) I > II > IV > III 
(c) m>II>I>IV

24. Chlorobenzene is prepared by :
(a) Dow's process 
(c) Friedel-Crafts reaction

25. Which of the following alkyl halide is most reactive ?
(c) R—Br

(b) Williamson's method 
(d) Sandmeyer’s reaction

(d) R—I
26. Aryl halides are less reactive towards nucleophilic substitution reaction as 

compared to alkyl halides due to :
(a) Large carbon-halogen bond 
(c) Formation of less stable carbonion ion

(b) R—Cl(a) R—F

(b) Resonance stabilisation 
(d) Inductive effect

27. Which of the following does not undergo nucleophilic substitution reaction so 
readily under ordinary conditions :
(a) Chlorobenzene 
(c) Alkyl chloride

28. Alkyl halide on treatment with alcoholic AgN02 forms
29. Alkyl halide on treatment with alcoholic KCN forms ...
30. Ether is an example of
31. Cyanide ion (CN“) is an example of

(b) Benzylchloride 
(d) Tetrabutyl chloride

nucleophile.
nucleophile.

32. SNl mechanism is of step process.

ANSWERS
19. (b) 20. (c) 21. (b) 22. (a) 23. (c) 24. (d) 25. (d) 26. (b) 27. (a)
28. Nitro alkane 29. Nitrile 30. Neutral 31. Ambident 32. Two

□□□
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7
ALCOHOLS AND PHENOLS

LEARNING OBJECTIVES

Introduction
Primary, Secondary and Tertiary Alcohols 
Method of Preparation of Alcohols 
Reactions of Alcohols 
Oxidation of Diols 

Pinacol-Pinacolone Rearrangement 
Phenols

Preparation of Phenol 

Reaction of Phenol
□ Summary
□ Student Activity
□ Test Yourself

!

• 7.1. INTRODUCTION

Alcohols are compounds of the general formula ROH, where R is any alkyl or 
substituted alkyl group. The hydroxyl group (- OH) is the functional group of alcohols)
The hydroxyl group in alcohol is usually attached to a carbon atom whose othen 
valencies are satisfied by hydrogen or other carbon atoms and not by any other atom or 
group.

Those alcohols which contain one hydroxyl group are called monohydric alcohols. 
Alcohols with two, three or more hydroxyl groups are called dihydric, trihydric and 
polyhydric alcohols, respectively. For example,

R-CH—OH
R_CH—OH

R —OH I R'_CH —OH
IMonohydric alcohol R'_CH—OH

Dihydricalcohol R"—CH—OH
Trihydric alcohool

• 7.2. PRIMARY, SECONDARY AND TERTIARY ALCOHOLS AND THEIR 
INTERCONVERSIONS

[I] Primary, Secondary and Tertiary Alcohols
(i) Primary alcohol: Primary alcohols contain —CH2OH group. They have the 

general formula, R—CH2OH (where R is H atom or alkyl group), e.g.,
H — CH2OH
Methyl alcohol

They are also known as 1° alcohols, because —OH group is attached to primary 
carbon atom.

(ii) Secondary alcohol : Secondary alcohols contain >CHOH group. They
R\

have the general formula ^^CHOH 

3)>CHOH
3

Isopropyl alcohol

R—CH2OH ch3—ch2oh
Ethyl alcoholGeneral formula

,e.g.,
CH3 CH

c2h53>choh

Secondary butyl alcohol
CH
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They are also known as 2° alcohols, because —OH group is attached to secondary 
carbon atom.

(iii) Tertiary alcohol : Tertiary alcohols contain —C — OH group. They have

Alcohols and Phenols

/
R CH 3\\

the general formula R—C — OH, e.g., CH 3 — C — OH
ch3/

Butyl alcohol

/ 4*R

[ii] Conversion of Primary Alcohol into Secondary Alcohol and then to Tertiary 
Alcohol

PCL AlcoholicCHg—CH2~-CH2OH
n-Propyl alcohol 
(Primary alcohl)

*ch3 ch2 — ch2 — Cl
KOHn-Propyl chloride

ch33^choh <
3 7

Aq. KOH ch3—CHI—CH3^-^
Isopropyl iodide

CH3—CH = CH2
CH Propylene
Isopropyl alcohol 
(Secondary alcohol)
CH 3 ^CHOH 

3 XCH
Oxidation [0]

OHCH3 CH
->C\ch3

ch3 

ch3
Butyl alcohol 

(Tertiary alcohol)

;> CH^Mgl H?0=0 4 ->
CH CH3 I

• 7.3. METHODS OF PREPARATION OF ALCOHOLS
Alcohols are prepared by the following methods :
(1) Hydration of alkenes : Alkenes react with sulphuric acid to from alkyl 

hydrogen sulphates, which on hydrolysis give alcohols. For example,
0S03H 

I
CH3—CH —CH3

Isopropyl hydrogen sulphate

H
+ - + 0—H >ch3 —ch=ch2+ hoso3h

APropylene OH
I

H2S04 + CH3 —CH—CH3
Isopropyl alcohol

The overall result of the above reaction appears to be Markownikoff s addition of 
H20 (hydration) to a double bond.

OH

CH3 —CH = CH2 +H — OH ———>CH3 — CH—CH3
Isopropyl alcohol

(2) Hydrolysis of alkyl halides : Alkyl halides react with aqueous sodium 
hydroxide to form alcohols.

R—X + NaOH

APropylene

H?0 ■>R—OH +NaX
Alcohol

^CH2CH2—OH+NaBr
Ethyl alcohol

(3) Hydrolysis of esters : Alcohols may be prepared by acidic or basic 
catalysed hydrolysis of esters.

A
h2oCH3CH2—Br + NaOH

A

0 0
r' — C—Tor+h -I— oh ———» r1 — c— oh+r—oh

AlcoholAcid

(4) Hydroboration-oxidation of alkenes: Alkenes react with diborane, B2H6 
to form trialkylboranes. Diborane adds as borane, BH3.The positive part of BH3 is the 
boron, the negative part is hydrogen. For example,

Ester A
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Propylene
(CH3CH2CH2)3B

Tripropyl borane

Trialkylboranes are used to prepare primary alcohols by reaction with alkaline 
aqueous solution of H202.

(CH3CH2CH2)3B + H202 -OH ^3CH3CH2CH20H+H3B03
n*Propyl alcohol 

(1-propanol)

The overall result of the above reaction appears to be anti-Markownikoff addition 
of H20 to a double bond.

(i) BsHr,
2 (ii)H20/0H

CH3 —CH=CH
Propylene

>CH3CH2CH2OH
n-Propyl alcohol

(5) Fermentation of carbohydrates : Some alcohols can be prepared 
fermentation of starches and sugars under the effect of suitable enzymes. For exampl

Fermentation

k>y

»2CH3CH2OH +2C02T
Ethyl alcohol

(6) Reduction of aldehydes and ketones : Aldehydes and ketones can :>e 
reduced with H2/Ni or lithium aluminium hydride (LiAlH^ to form the correspondirug 
alcohols. Aldehydes give primary alcohols. Ketones give secondary alcohols.

+ Yeast
Glucose

0
Ni —CH2 —OH

1° Alcohol
R—C— H +H2

Aldehyde A

OH0
IL1AIH4 »R—CH—R’

2°Alcohol

(7) Addition of Grignard reagent to aldehydes and ketones ; 
Grignard reagents react with aldehydes or ketones to form the addition compounci 
which on hydrolysis with dilute acid gives the corresponding alcohols.

R—C—R' +2[H]
Ketone

5- ' OMgX" OH0
8+ H20/H+ 

—------->—C— —C— + MgX (OH)—C— + R—MgX5+^—__________ -

Aldehyde 
or Ketone

>

L R
Unstable

RGrignard
reagent Alcohol

(i) Primary alcohols are obtained by treating a Grignard reagent with. 
HCHO or ethylene oxide.

OMgX" 

H—C—H

OHO
HoO/H*H—C—H +RMgX 

Formaldehyde
>H —C—H+ MgX(OH)

k - k
1° Alcohol

H20/H+
RMgX + CH2—CH2 (RCH2CH2OMgX] ► RCH2CH2OH + MgX(OH)

1® Alcohol0
Ethylene oxide

(ii) Secondary alcohols are obtained by treating a Grignard reagent with 
aldehydes other than formaldehyde.

OMgX" 

CH3 —C—H

OHO
IH^O/H4CH3 —C—H + RMgX

Acetaldehyde
^ CH 3 — c—H + MgX(OH)

ll
■>

2® Alcohol

(iii) Tertiary alcohols are obtained by treating a Grignard reagent with
ketones.
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HoO/HR_C —R'+R''MgX ^R— C — R' + MgX(OH)
ll R"

3° Alcohol

• 7.4. REACTIONS OF ALCOHOLS
1. Reaction with Alkali Metals :

Because of the presence of lone pair of electrons on the oxygen of the —OH group, 
alcohols behave as bases. However, they also behave as weak acids. The acidity of 
alcohols can be explained on the basis of the fact that hydrogen atom is attached to 
electronegative oxygen atom, which attracts the pair of electrons of the 0—H bond, 
hence there is tendency for the loss of hydrogen as proton. In other words, the acidic 
nature of alcohols is due to the ability of oxygen to accommodate the negative charge 
after the loss of proton. Thus alcohols react with strongly electropositive metals like Li, 
Na, K with evolution of hydrogen to form alkoxides.

2ROH + 2Na ->• 2RONa + H2 
-> C 2 H5 ONa + ^

Alkoxides are also obtained from alcohols and metal hydride. With the relatively 
unreactive tertiary alcohols, KH is particularly effective.

ButOH+KBulOK + i H2 

* Bu lOK + H2

C2H5OH + Na h2

BuIOH+ KH
2. Reaction with carboxylic acids: Esterification

Alcohols react with acids in the presence of catalyst (cone. H2S04) to form esters. 
This reaction is known as esterification reaction.

O
h2S04 II

R—OH + R'COOH R—0—C—R'+H20
O

h2so4
C2H5—0—C—CH3 + H2O 

Ethyl acetate

The esterification is a reversible process and is carried out in the presence of 
dehydrating reagent.

C2H5OH + CH3COOH ^

©
OH0

H®
R—C—0H^=± R—C —OH

conjugate acid

©. OHqfH
©

R—C + H—O—R' ^ R—? R—C—O—Rf0—R'

OH H H2OH
©

OOH
©-h2o -H
- R_C—0—R’R—C—0—R' ;

The reaction is acid catalysed, the function of the strong acid is to convert 
carboxylic acid into its conjugate acid. The mechanism of the reaction is as follows:

Isotopic tracer technique has established that esterification involves the cleavage 
of O — Hbond of the alcohol. The reaction is carried out with alcohol having O and the 
resulting ester contains this radioactive isotope of oxygen. This confirms that ester 
formation is taking place due to the breaking of O — Hbond. If the C — Obond of alcohol
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would have gone to the resulting water.
0 0

18 18
R—C— OH + H — 0— R'

Reaction with acid chloride and acid anhydride:
With acid chloride or acid anhydride alcohols form esters:

R—C—0—R' + H20

O

R—OH + R'COCl----- ► R—0—C—R'
0

CH3COCl + C2H5OH ■»ch3 — C—0—c2h6
0

R' —CO 

R'—CO>°R — OH + »r_0 —C—R' + R'COOH

0

C2H5OH + (CH3CO)2p
When alcohols are treated with acetyl chloride or acetic anhydride, the hydrogen 

of the —OH group is replaced by an acetyl group (—COCH3) and the reaction is kno 
as acetylation reaction. This reaction is catalysed by pyridine. The mechanism of tti 
acetylation reaction is as follows:

*c2h5 — o—c—ch3 +ch3cooi-

wn,
G i

0
e ©

► R—0—C—CH3 + CH3COO + H

0 0
fe©

+ ch3—C—0► CH3—C—N

0 H
It I '

CH3—C—0—R +
° ©CHg—C—N

!0
Rx XH 0

©
CH3—C—0—R + H

3. Reaction with HX (Lucas Test)
Alcohols react with HX to form the corresponding alkyl halides. The order of* 

reactivity of HX is HI > HBr > HC1. Hence HCI reacts only in the presence of a cataly st 
(anhydrous A1C13 or ZnCl2). No catalyst is required in the case of HI and HBr.

-> R—I + H20 
* R—Cl + H20

Reaction with HCI in the presence of anhydrous NiCl2 Lucas Reactio n 
Primary and secondary alcohols are less reactive and require the help of cataly st 

before they can undergo reaction with less reactive HCI in a reasonable period of time. I 
In Lucas test Lucas reagent (anhydrous ZnCl2 and cone. HCI) is used. When a[n 

alcohol is mixed with Lucas reagent, an alkyl chloride is formed. Since alkyl chlorides 
are insoluble in water, a turbidity is obtained. At room temperature, a tertiary alcohol 
gives the turbidity immediately, a secondary alcohol gives the turbidity within 5 
minutes, while a primary alcohol does not give any turbidity at room temperature.

R—OH + HI
ZnClgR—OH + HCI
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4. Oxidation Alcohols and Phenols
The compound that is formed by oxidation depends upon the nature of alcohol. 

The main oxidising agents are acidic and alkaline KMn04 and dil. HNO3, and
Cr03.

(i) Primary alcohols are oxidised to aldehydes which are, in turn, easily 
oxidised to carboxylic acid containing the same number of carbon atoms as the parent 
alcohol.

JO]JO]r_CH2—OH
(ii) Secondary alcohols are oxidised to ketones containing the same 

number of carbon atoms. This, on further oxidation under drastic condition, form 
mixture of acids each having lesser number of carbon atoms than the alcohol.

OH

*R—CHO *R —COOH

O
joi JOl -> Mixture of acidsR—CH— R' *R—C—R'

OH O
H/CroOl"C2H5 — CH— CH3 >ch3—c—c2h5

^CHgC^COOH+CHgCOOH +HCOOHH®
K2Cr207

(iii) Tertiary alcohols do not undergo oxidation, rather in the presence of acid 
along with the oxidising agent they undergo dehydration forming alkenes which are 
oxidised to acids having fewer number of carbon atoms than the parent alcohol.

OH

C-lC-2C-3

I CHH/Cr20?~ 3\ch3 —c—ch3 c=ch2->•
CH3/

ch3
H/Cr2072' >ch3cooh+hcooh

The oxidation of the primary alcohol with chromic acid begins with the formation 
of chromic ester.

H 0 H 0
I©

R_C—o —H + Oe — Cr— OH —S > R — C— 0 — Cr— OH +H20
A b A b

• ' • • Chromic ester

In the next step this chromic ester undergoes an elimination reaction. This 
elimination reaction forms a carbon-oxygen double bond instead of carbon-carbon 
double bond.

H O O O

► R—C—H + eCr—OH + H30©R—C r—0—H

0 0
o

H^H
The aldehyde which is formed is hydrated to produce a 1, 1-diol, i

OH0

R—C—H+H20 R— C — H
OH

This gem-<Mo\ is then oxidised to carboxylic acid as follows : 
OH OHO O

I©
(i) R— C— OH + 0@ — Cr— OH *R_ C—O — Cr—0H + H20

k bk b
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> R—C=0 + eCr—OH + HgO®(ii) R— r—OH

00
0

Aldehyde can also be prepared in excellent yield by the oxidation of a primary 
alcohol with Pyridinium Chlorochromate (PCC) and Pyridinium Dichromate (PDC, 
Sarret reagent) both are used in CH2C12- This reagent is prepared as follows :

-► Cr03.(C5H5N)2
PDC (Sarett reagent)

PCC is obtained by adding pyridine to a solution of chromium (VI) oxide in HC1.

Cr03 + 2

+ HC1 . H. CrOg.CrCrOg + 2 >
PCC

The oxidation is done in CH2CI2 solvent at 25°C.
CH2C12R- CH2 -OH + Cr03(C5H6N)2 ->R—CHO

25°C
Sarret ^CH3-(CH2)5-CHOCH 3 —(CH2)5 —CH2 —OH

Reagent

5. Oppenenauer Oxidation
Oxidation of secondary alcohols into ketones by aluminium ter. butoxide in 

presence of acetone or cyclopropanone is known as Oppenenauer oxidation. In this 
reaction, acetone is employed as a hydride ion acceptor (as oxidant) as well as a solvent.

CH3 0

OH0CH3— C— 03—AI/CH3—c—ch3 /A
IR^>CH — OH CHa. *R—C—R+CH3 — CH—CH3

R
Mechanism

OH7 ch3 - 
0—C—CHg

OH
Exchange

r/CH—0 —A1 + CHg—C—CH3R—CH—R + Al
Reaction 3

CHgCHg (A)3

/R0—CH\ /R0—A1—^0—CHR/3*0
XR/3

C C
CH^CH3 cCCH3

(B)
This new complex (B) is set up for an intramolecular transfer of hydrogen in the 

form of hydride ion which simultaneously reduces acetone and oxidises secondary 
alcohol into ketone.

/R/R 0 0—CH0—CH

k^o—ch/R

V
/ XR/ XRe

R—C—R+ Alv
$1

C
/R0—CH
XRXR

/ V
h3c ch3

Reduced
CHC

HgC^ XCH3H<|NR' •
R

Oxidised.
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Alcohols and PhenolsThus, three moles of acetone (solvent) react with one mole of the new complex (A) 
to give three moles of the product and a new alkoxide ion.

-OH0
/ft /CH3

\CH± 3R—CH—R + Al O —CH3CH3 —C—CH3 + A1 O —CHv
L • xrj3

Since reaction is reversible, the oxidant i.e. acetone is usually added in. excess 
amount so that the equilibrium .mixture favours the desired product.

3J3

• »

• 7.5. OXIDATION OF DIOLS
On oxidation, glycols give a variety of products which depend on the nature of 

oxidising agent and other reaction conditions. The product may arise with or without 
the breaking of carbon-carbon bond. This has been illustrated below by taking the 
example of ethylene glycol.

(a) When nitric acid or alkaline KMn04 is used as oxidising reagent. The 
following products are obtained.

CHO COOHCH2OH COOH COOH[O]

COOHCH2OH
Glycollic

acid

CHOCH2OH
Ethylene

glycol

CH2OH
Glycolaldehyde Oxalic

acid
Glyoxalic

acid
[0] i k

CHO [O]

CHO
Glyoxal

(b) Oxidation with periodic acid : When treated with aqueous HI04, 
glycols undergo carbon-carbon bond fission to give aldehyde and/or ketones. This is a 
specific reaction of 1, 2-diols. The reaction proceeds through the formation of a cyclic 
ester of para periodic acid (HsIOg) which is formed by the reaction of water with meta 
periodic acid (HI04). Aqueous HI04 or H5I06 is called Malaprade reagent and this 
reaction is referred to as Malaprade reaction.

The active species of HI04 in aqueous solution is H4IO®.
The mechanism of oxidative cleavage of vicinal glycols with aqueous HI04 is as

follows:
OH O

ch2T0 I
► \Zs 5* —oe

CH2 o

CH2OH OH\[^OH

ch2oh oh

ch2—o 

ch2 —
OH -HOH-2H0HI >

o e
Io

o
H—C —H

I —0^ + +
H—C —H

O
O

(c) Oxidation with Lead tetracetate: Similar to periodic acid, with Pb(OAc)4 
also the oxidation of 1, 2-diols takes place via the formation of cyclic ester.

OCOCH3
^ OCOCH3CH2 —OH

CH2^

OCOCH3
+ Pb

OCOCH3 -2CH3COOHCH2 —OH OCOCH3
OCOCH3

I S
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/ OCOCH3 

OCOCH3

• 7.6. PINAC0L-PINAC0L0NE REARRANGEMENT
Acid-Catalysed rearrangement of glycols is also called Pinacol-Pinacolone 

Rearrangement. 1, 2 Glycols on treatment with acid rearrange to form carbonyl 
compounds, the classical example being the acid catalysed rearrangement of pinacol to 
pinacolone.

CH3oCH3CH3
1 1 Hch3 — c—c—ch3 —-—>ch3 — c—c—ch3©

I I I
OH OH CH3
Pinaco) Pinacolone

Mechanism:
Step-I:

H

OH ^O —HOH 0—H 
I T H

ch3—c—c—CH3----►CH3-C —c—CH3

OH
I ©

CH3 — c — C—CH3
©

ch3 ch3ch3ch3
Step-11: Carbocation (I) undergoes rearrangement in this step.

ch3 ch3

^1 f®
©
o —H CH3

Methyl migrationch3—c — c—ch3 > ch3—c c—ch3
ch3 j ch3 ch3ana)

We know that carbocations rearrange by hydrogen or alkyl shift to get as stable as 
they can be but carbocation (I) is already tertiary and there is no ring strain, so why. 
should it rearrange?

Due to migration of methyl group, positive charge moves on oxygen thus giving 
oxonium cation. In carbocation (I) carbon has incomplete octet but in cation (II) every 
atom has complete octet. Hence (II) is more stable than (I). Thus stability is the driving 
force for rearrangement.

©
Q^J-H ch3 0 CH,

-II . I 3
CH3—C—C—CH3

©
-HCH3—G c—ch3

ch3ch3
This reaction is intramolecular rearrangement; thus actual mechanism can be 

written as follows:
»©h£oh20—OH OH

© Slow step ^
-h2o

H v C — CH3CH3—CCH3 — c — c — ch3 ^
I I 
ch3 ch3

o-^-h
l‘ ©

ch3—c — c — ch3 —
II 
ch3 ch3

ch3 ch3

oh ch3 
+s| +s|

► ch3—c — c — ch3
Vch3

+8
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©O —H CH3 C?—H CH3

CH3-C c— ch3 < ► ch3— c
3 ©

c—ch3
ch3 ch3

©
-H

o ch3
ch3— c — c—ch3

ch3

• 7.7. PHENOLS
Introduction

The compounds in which —OH group is directly attached to the benzene nucleus 
are called as phenols. These phenols may be monohydric, dihydric or trihydric 
depending upon the number of —OH groups present.

(a) Monohydric phenols : These contain one —OH group directly 
attached to the benzene nucleus. For example,

OH

o-Cresol (o-Methyl phenol)

(b) Dihydric phenols : These contain two —OH groups directly attached 
to the benzene nucleus. For example,

Phenol (carbolic acid)

OH

O
OH

Catechol
(o-Dihydroxy benzene)

(c) Trihydric phenols : These contain three 
attached to the benzene nucleus.

Resorcinol
(m-Dihydroxy benzene)

Hydroquinone or Quinol 
(p-Dihydroxy benzene)

—OH groups directly

OH
OH

O
OH OH

Hydroxy quinol 
(1, 2, 4-trihydroxy benzene)

Pyrogallol
(1, 2, 3-trihydroxy benzene)

Phloroglucinol 
(1, 3, 5-trihydroxy benzene)

• 7.8. METHODS OF PREPARATIONS OF PHENOL
(i) From aniline : Benzene diazonium chloride obtained by the 

diazotination of aniline, is boiled with water then phenol is formed.
NoCl OH

h2oNaNQ2 + HC1 
0-5°C * 0 + HC1 + N2Boil *

Aniline Benzene diazonium 
chloride

Phenol
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(ii) From benzene sulphonic acid : Sodium salt of the acid when fused 
with NaOH, gives sodium phenoxide which on treatment with mineral acid gives 
phenol.

ONaS03Na

FuseO + Na2SC>3 + H2O+ 2NaOH >300°C

Sodium
phenoxide

Sodium benzene 
sulphonate

OHONa

> [ O ] + NaCl+ HC1

Phenol

(iii)Frpm Grignard's reagent : The oxidation of phenyl magnesium 
bromide and subsequent hydrolysis gives phenol.

OMgBr OH

OHh2o /o + Mg>
xBr

PhenolPhenyl oxy 
magnesium bromide

(iv) From middle oil fraction : The middle oil fraction contains 
compounds like phenols, naphthalene, pyridine etc. This fraction is first of all cooled 
when naphthalene crystallizes out first. The remaining fraction is now treated with 
NaOH which dissolves phenol and its homologues.

OH

0] + NaOH + H2O*•

Sodium phenoxidePhenol
Now this solution is acidified with dil. H2SO4 which neutralizes the excess of 

NaOH and phenol separates out as a brown oily liquid. This is washed with water and 
fractionally distilled. The fraction distilling between 181-183°C is collected, it may still 
contain the impurity of o-cresol. Hence, it is cooled at 0°C, when phenol solidifies first.

ONa OH

Qj +NaHS04O +h2so4 >

Phenol '
(v) Raschig process : This is the modern method for the preparation of 

phenol. In this method, vapours of benzene, air and HC1 gas is passed over CuCl2 
catalyst heated to 250°C. The chlorobenzene so obtained is treated with steam at 425°C 
when phenol is obtained.

Cl

CuClg
250*0*+ HCl+j02 OJ +h2o

Air
Benzene Chlorobenzene

Cl OH

Si02
425°C + HC1+ H20

Phenol
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Alcohols and Phenols(vi) Dow's process : Chlorobenzene when treated with 10% caustic soda 
solution at 300-350°C and under high pressure in the presence of copper salt (catalyst), 
gives sodium phenoxide which on treatment with mineral acid gives phenol.

ONaCl

300-350°C+ 2NaOH + NaCl + H20High
pressure

Chlorobenzene Sodium
phenoxide

ONa OH

O +HC1 > [O] + NaCl
Sodium 

phenoxide

In the above reaction, some diphenyl ether is also formed, the formation of which 
can be checked by adding 10% diphenyl ether to the reaction mixture.

»C6H5 —0 —C6H5+NaCl
Diphenyl ether

Phenol

CcHsOlNa + ClICcH*
Chloro-Sodium phenoxide
benzene

(vii) From cumene : This is the most important commercial method for the 
preparation of phenol and is known as cumene-phenol process. In this method, cumene 
(isopropyl benzene) is oxidised to the hydroperoxide, which is then decomposed by acid 
into acetone and phenol.

CeHg c6h5
Oo I ino°c I ®
-2—► (ch3)2c-o-oh t: n > (CH3)2CT0-0H2

OH, 130°C • H2bU4 ^
|-h2o

C6H5CH(CH3)2 e
Cumene

CeHs*OH
(i) H20 6 ©

(CH3)2C—o—c6h5 < (CH3)2C—0(CH3)2C^pC6H5 < ©
(ii)-H

I 0
© e > c6h5oh + ch3—c—ch3(CH3)2C—OH + C6H50

• 7.9. REACTIONS OF PHENOL
1. Electrophilic Substitution Reactions

(i) Halogenation : Phenol can be readily halogenated due to the strong 
o- andp-directive influence of—OH group. With Br2 water, it gives a white precipitate 
of 2, 4, 6 tribromo phenol.

OH OH
Br. Br

O+ 3Br2 + 3HBr

Br
2, 4, 6-Tnbromo phenol 

(White ppt.)

At low temperature and in presence of CS2 or CHC13, phenol on controlled 
halogenation gives mono halogen derivatives. i
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CS2 or CHCI3 ^
+ Br2 0°C

Phenol
1

o- & p-Bromo phenol
(ii) Sulphonation : Phenol can be readily sulphonated. On treatment with 

cone. H2SO4 at room temperature, o-hydroxy benzene sulphonic acid and at 100°C, 
p-hydroxy benzene sulphonic acid is obtained as the main product.

OHOH
S03H

Cone. H2SO4 
100°C

Cone. H2SO4
Ordinary

temperature
o

Phenol o-Hydroxy benzene 
sulphonic acidS03H

p-Hydroxy benzene 
sulphonic acid

(iii) Nitration : On nitration with dil. HNO3,0- and p-nitrophenol is obtained but 
on nitration with a mixture of cone. HNO3 and cone. H2SO4, picric acid is obtained in 
small amount.

OH OHOH
N02

O] + Cone. HN03 Con" H2S°< ► [O +

Phenol no2
0- & p-Nitrophenol 

^ Nitration

OH OH
o2n- no2 no2Nitrationo o<

no2
2, 4, 6-Trinitrophenol 

(Picric acid)
(iv) Friedel Crafts reaction : Phenol reacts with CH3CI in presence of 

anhydrous AICI3 to form p-cresol (main product) and o-cresol (less quantity).

N02
2, 4-Dinitrophenol

OHOHOH

Anhy. A1C13 ^ fo] +CH3C1 +

o-Cresol 
(Less quantity)Phenol CHg

p-Cresol 
(Main product)

2. Riemer-Tiemann Reaction
Riemer-Tiemann reaction is a reaction for synthesising phenolic aldehydes and 

acids when heated with chloroform and alkali at 60°—70°C. On refluxing phenol and 
chloroform and sodium hydroxide, a formyl group (—CHO) is introduced into the 
benzene ring at o-position to —OH group. Small amounts of p-isomer is also obtained. 
The mixture can be separated by steam distillation, as only ortho isomer is steam 
volatile.

132 Self-Instructional Material !

L



The use of CCI4 in place of CHCI3 leads to the formation of phenolic acid.
*C6H4(OH)COOH+ 4NaCl+ 2H20

Phenolic acid '

Alcohols and Phenols
C6H5OH + CCl4+NaOH

OH OH
CHO

CHClg/NaOH o+
70°C

o-Hydroxy benzaldehyde 
(Salicylaldehyde) 
(Main product)

Phenol
CHO

p-Hydroxy 
benzaldehyde

Mechanism : This reaction shows electrophilic substitution of the aromatic 
substrate and the electrophile dichlorocarbene; SCCI2 (carbon has only a sextet of 
electrons) formed by the action of strong alkali on chloroform.

OH + CHCI3 H20 + tCClg

«CC13 > *CC12 + Cl

*»e*0*
CHC12

+ *CC12 >

CHOCHO
H+ >

Salicylaldehyde
The 0- and p-hydroxy benzoic acids are also obtained by similar reaction of alkali

and CCI4.
3. Gattermann-Koch Reaction

When phenol is treated with a mixture of hydrogen cyanide and hydrogen chloride 
in presence of anhydrous aluminium chloride, an aldehydic group is introduced in the 
para position to —OH group. This is known as Gattermann's synthesis.

OHOH

Anhy. A1C130] +H—C=N + HC1 >

CHO
If para position is blocked, then —CHO group goes to ortho position. This reaction 

is an electrophilic aromatic substitution reaction and proceeds as follows :
Cl

H —C=N + HC1 H—C=NH->
Imidoformyl chloride

H H
I

HN=C—CI + AICI3 >NH=C—Cl —AICI3
§+ s_

© e
HN=CH+AICI4
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Mechanism
o ©
0AIC12OH

+ AICI3 >

OH

*

=NH CH=NH
A1 dimine

OH

h2o
4 -nh3

CHO
4. Houben-Hoesch Reaction

This reaction is an extension of Gattermann's synthesis and involves acylation of 
highly reactive polyhydric phenols. When a polyhydric phenol is treated with an alkyl 
cyanide and hydrogen chloride gas in presence of anhydrous AICI3 or ZnC^, ketimine 
hydrochloride is formed. This on hydrolysis with hot water gives acyl derivative of 
phenol. Acyl group is generally introduced at ortho position with respect to —OH 
group.

O

C—CH3
Anhy.
ZnClj

+ CH3—feN + HC1
OH

Mechanism.
Cl
I © eAnhy. ZnCl2 4CH3 —C=NH + ZnCl3CH3C=N + HC1---- > CH 3 — 0=NH

ch3
C=NH

OH

CH3

C=NH

OH
5. Schotten-Baumann Reaction

Benzoylation of alcohols and primary or secondary amine by benzoyl chloride in 
aqueous basic medium is known as Schotten-Baumann reaction. Here both these 
examples are presented.

00
aq. NaOH *R —0 —C—C6H5R—OH +C6H5C—Cl

- HCl
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Iaq. NaOH »R—NH — C—C6H5R—NH2+C6H5—C—Cl

-HCl
0o

r>n
R/

r^nh+c
R/

aq. NaOH — C—CgHg6H5-C^C1 ■>

-HCl

• SUMMARY
• The compounds having one or more —OH group in saturated or unsaturated alkyl 

groups are called alcohols. These are mono-, di-, tri- or poly hydridic.
• Monohydric alcohols are primary (R—CH2—OH), secondary (R2CH — OH) and 

tertiary (R3C — OH) alcohols.
• The reactions of alcohols depends upon —OH group and nature of alkyl group.
• Diols give different products on oxidation, depending nature of oxidising agent.
• Phenols are the compounds in which —OH groups is/are directly attached with 

arene ring.
• In electrophilic substitution reaction of phenol —OH group is ortho and para 

directive.
• Phenolic aldehydes are prepared by Riemer-Tiemann or Gattermann-Koch 

reaction.

• STUDENT ACTIVITY
1. Write atleast four methods for the preparation of primary alcohols.

2. Explain the esterification of alcohol.

3. What is Lucas test ?

4. Discuss the oxidation of alcohols or diols.

What is Pincol-Pinaclone reaction ?5.
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6. Describe any four methods for the preparation of phenol.

7. Describe the electrophilic substitution reactions of phenol.

8. What do you know about Riemer-Tiemann reaction ?

• TEST YOURSELF
Answer the following questions :

1. What are the alcohols ? Classify them.
2. Classify the primary alcohols.
3. Write any five methods for the preparation of alcohols.
4. How do you prepare alcohols from Grignard reagent ?
5. Why does alcohol react with alkali metals ?
6. Write a note on esterification of alcohols.
7. Discuss the Lucas test for the identification of prim-, sec- and ter- alcohols.
8. What happens when prim-, sec.- and ter.-alcohols oxidised ?
9. What is PCC reagent ? How do this reagent used for the oxidation of primary 

alcohol ?
10. What is Oppeneauer oxidation reaction ?
11. Describe the oxidation of diols using different oxidants.
12. What is Pinacol-Pinacolone reaction ? Describe its mechanism.
13. What are the phenols ? Classify them.
14. Write any five methods for the preparation of phenol.
15. Describe electrophilic substitution reactions of phenol.
16. Write short note on the following name reactions :

(i) Riemer-Tiemann reaction
(ii) Gattermann-Koch reaction
(iii) Houben-Hoesch reaction
(iv) Schotten-Baumann reaction.

17. Which one of the following will give tertiary alcohol by reacting with Ci^Mgl ?
0

/ \(d) ch2-ch2(b) CH3CHO (C) CH3COCH3(a) HCHO
18. An alcohol of molecular formula C^^Oon oxidation gives C4H802. The alcohol 

is most likely :
(a) Primary alcohol 
(c) Tertiary alcohol

19. Phenol on heating with CCI4 and alcoholic KOH gives salicylic acid. The reaction

(b) Secondary alcohol 
(d) All the above

is known as :
(a) Friedel Crafts reaction 
(c) Riemer-Tiemann reaction 

20. The general formula of primary alcohol is :
(a)R—CH2OH (b) R2—CHOH (c) R3—COH

(b) Schmidt reaction 
(d) Kolbe's reaction

(d) R2C=0
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Alcohols and Phenols21. Which one of the following give Lucas test rapidly :
(a) primary alcohol 
(c) tertiary alcohol

22. Lucas test is used to determine the type of :
(b) Alkene

23. Tertiary alcohols are resistant to oxidation :
(a) Due to large + / effect of alkyl group
(b) They do not have a-hydrogen atom
(c) Duetto greater steric effect
(d) All the above

24. Ethylene glycol on oxidation with periodic acid give :
(a) formaldehyde (b) glycolic acid (c) oxalic acid (d) glycol

25. The first prodiict of the oxidation of primary alcohol is :
(b) Ketone 
(d) Carboxylic acid

(b) secondary alcohol 
(d) all the above

(a) Alkane (c) Phenol (d) Alcohol

(a) Aldehyde 
(c) Ester 

26. Phenol is :
(b) strongly acidic 
(d) strongly basic

27. Which one of the following group is ortho and para directive :
(a) —N02

28. Formation of phenol from chlorobenzene is an example of aromatic 
substitution.

29. Phenol is

(a) slightly acidic 
(c) slightly basic

(c) —CHO (d) —COOH(b) — OH

in nature.
30. The catalyst used in Friedel-Crafts reaction is............
31. Any alcohol reacts with carboxylic acid to form...........
32. The alcohols containing two —OH group are called as
33. Primary alcohol can be prepared by
34. The reagent PCC is used for oxidation of primary alcohol in the presence of
35. Pinacol is changed into pinnacolon in

..... of aldehyde.

medium.

ANSWERS
17. (c) 18. (a) 19. (c) 20. (a)
26. (a) 27. (b) 28. nucleophilic 29. acidic
32. glycols 33. reduction 34. CH2Cl2

21. (c) 22. (d) 23. (b) 24. (a) 25. (a)
30. anhydrous AICI3 31. ester 

35. acidic

□□□
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8
ALDEHYDES AND KETONES 

(Aliphatic and Aromatic)
(Formaldehyde, Acetaldehyde, Acetone and Benzaldehyde)

LEARNING OBJECTIVES

• Introduction

• Preparations

• Reactions 
a Summary
□ Student Activity 
a Test Yourself

• 8.1. INTRODUCTION
Both aldehydes and ketones have the general formula CnH2n0. Both types of 

compounds contain the carbonyl (> C = O) group. In aldehydes, one valency of this group 
is united with one hydrogen atom and the other is united with an alkyl group (except 
formaldehyde). In ketones, both the valencies are united with alkyl groups. For 
examples,

R\ R\
C==0c=o

h' R'/
KetoneAldehyde

(a) Aldehydes
ch3H C2H5\ C6H5N\\ c=o c=o c=oc=o

h/
Formaldehyde Acetaldehyde Propionaldehyde Benzaldehyde

h/ h/

(b) Ketones
CH3 

ca/
Dimethyl ketone 

(Acetone)
Aldehydes are the first oxidatign products of primary alcohols and their functional 

group is aldehydic group, —C<^ which can occur at the end of the carbon chain.

Ketones are the first oxidation products of secondary alcohols and their functional

CH3 C2H5\\ \ c=o c=oc=o / /C2H5
Ethyl methyl 

ketone

■ C2H5
Diethyl ketone

o
C=0 which being bivalent cannot occur at the end ofgroup is ketonic group — C—I

the C-chain.

• 8.2. PREPARATIONS
(1) From acid chlorides : When acid chloride is reduced with H2 in the 

presence of palladium suspended in BaS04, aldehydes are formed (Rosenmund's 
reduction).
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Pd/BaS04

RCH=0 + HC1R —C—Cl + H2
Acid chloride

0 0
Is,

Pd/BaS04 CH3—C—H + HC1
Acetaldehyde

CHg—C—Cl + H2
Acetyl chloride

o 0
Pd/BaS04 C6H5— C— H + HC1

Benzaldehyde

The function of BaSC>4 is to poison the catalytic activity of Pd and thus prevents 
further reduction of aldehyde into alcohol. {Only aldehydes can be prepared, while 
ketones cannot be prepared by this method).

The following mechanism seems to occur :

CeHg-C-Cl + H2
Benzoyl chloride

®OH 0QOH
*R-^C1

O
+
JL_*r_C—HR — C—Cl + H2 ♦ R —C

HH

(2) From nitriles : When alkyl cyanide is reduced by anhydrous stannous chloride 
and HCl in absolute ether, aldehydes and ketones are produced (Stephen’s reaction).

HCl H h20SnCl2 + HCl RC ► R—CRC=N+ HCl RC X
(R = H, CH3, C6H5)

X -nh32HNH NH
Iminochloride

• 8.3. REACTIONS

1. Nucleophilic Addition Reactions
(a) Addition of HCN : Hydrogencyanide adds to the carbonyl group to form 

cyanohydrin.
CH3 OHCH3\ \ n// Os 

x
C = 0 + HCN/•H CN

Acetaldehyde
cyanohydrine

Acetaldehyde

CeHs CeHs OH
\ \ p /H/C^C = 0 + HCN/H CN

Benzaldehyde Benzaldehyde
cyanohydrine

OHCH CH3\ 3\c/
/C\C = 0 + HCN

ch3ch3 CN
Acetone Acetone

cyanohydrine

Mechanism
It involves nucleophilic attack of carbonyl carbon by the cyanide ion followed by 

attachment of hydrogen to carboxylic oxygen, as illustrated below :
Step 1. The base removes a proton from hydrogen cyanide to produce cyanide ion.

■> h2o + cn
Nucleophile

Step 2. The cyanide ion attacks the carboxyl carbon to form an anion.

HCN + OH
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.^0=0 + CN C-0

Step 3. The proton from the solvent usually water combines with the anion to give 
cyanohydrire.

‘.'Sv

CNCN\
C—O + H+ C—OH

Cyanohydrire

(b) Addition of alcohols : Alcohols add to the carbonyl group of aldehydes to form 
hemi-acetals and then form acetals in presence of an anhydrous acid.

OH0
IOH"

- R —C—H
I
och3

R — C—H + .CH3 —OH r

Hemi-acetal

OH

R_C—R:+ CH3—OH^
OH"

i r — c—R'
I
OCH3

Hemi-ketal

CeHs h+ CgHs OC2H5\r/
Hx XOC2H5

Diethyl acetal of benzaldehyde

^C = 0 + 2 C2H5OH t + H20
H

Mechanism
OHC6H5 C6H5C = 0 + C2H5OH ^==± 

Nucleophile

\ \ n/ /C\/ OC2H5H H
Benzaldehyde Hemi-acetal

+
oh2. C6H6>c< -H20 v.C6H5

X9I/i' Noc2H5H:
oc2h5

11 HOC2H5 _h+ c6h5x

oc2h5
CeHs,

>c< 
H/ X

^C-OC2H5. 
H/ I ®

oc2h5! Acetal of benzaldehyde

(c) Addition of sodium bisulphite : When aldehydes or ketones are treated with 
a saturated solution of sodium' bisulphite, a crystalline white precipitate of addition 
product is formed.

R R 0S02Na
\ p/

H' n0H
Aldehyde.sodium 

bisulphite

>C = 0 + NaHS03 
H/

. (R = H, CH3. C6H5)

CH* CH3 0S02Na3\ \ p/ /C\^C = 0 + NaHSOs
CH3 OHCH3

Acetone sodium 
bisulphite

All ketones do not show this reaction. Only those ketones produce crystalline 
products in which at least one methyl group is attached to the carbonyl group.
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Mechanism :
The mechanism is not well established. However, from kinetic studies the following 

mechanism has been proposed.

Aldehydes and Ketones

o
^SOgNa

^C^OH
\ ^so3H
^ ^ONa

\c^O+':S —ONa+

- +OH
(2) Nucleophilic Addition Reactions Involving Loss of Water Molecule
A number of substances with -NH2 group condense with carbonyl compounds to

form = N compounds along with water. These reactions usually occur in weakly
/

acidic solutions.
v/\ \c=o+h2ng c = ng + h2o

/-
#•

Mechanism : The general mechanism with H2NG (where G is —OH, —NH2, 
—NHCgHg,—NHCONH2)can be explained as follows :

C = 0 + H2NG——\ \C = NG + H20
/

\ \ +
C=0 + H+ C—OH/ /

++ ^\C+ ^\c=NG\ \ \C — OH + H2NG C — OH C —OH2/ / /
H-^NGH— NHG H— N—G

+
(i) Reaction with hydroxylamine : Form oxime.

ch3 ch3
\ \-H20c=o + h2noh C = NOH

/HydroxylamineH H
Acetaldehyde
ch3

Acetaldehyde oxime
ch3

\ \c = 0 + h2noh C = NOH
/

ch3 ch3
Acetone

(ii) Reaction with hydrazine and phenyl hydrazine : Form hydrazones and 
phenyl hydrazones.

Acetone oxime

ch3 ch3
\ \-h2oc = o + h2n.nh2 c = nnh2

HydrazineH H
Acetaldehyde

ch3
Acetaldehyde hydrazone
ch3

\ \-H20
C==0 + H2N.NH2 c = nnh2

/ /Hydrazinech3 ch3
Acetone hydrazoneAcetone

ch3 ch3
\ \-h20c = o + h2n.nhc6h5

Phenyl hydrazine
c=n.nhc6h5

/ /H h
Acetaldehyde Acetaldehyde phenyl 

hydrazone
ch3 ch3

\ \-h2oc = o + h2n.nhc6h5 c = nnhc6h5
/ch3 ch3

Acetone Actone phenyl hydrazone

\

Self-Instructional Material 141



G'h.&mical Energetics, Equilibria & 
O/v^rini'c Chemistry

(iii)Reaction with semicarbazide : Form semicarbazones.
ch3 ch3

\ \-h2o
C = N.NHCONH2C^O + H2N.NHCONH2 )

// Semicarbazide HH
Actaldehyde semicarba?x)neAcetaldehyde

ch3 ch3 \\ \-h2o
c = n.nhconh2c = 0 + h2n.nhconh2

// Semicarbazine ch3ch3
Acetone semicarbazoneAcetone

(iv)Reaction with 2, 4-dinitrophenyl hydrazine (2, 4-DNPH) : Form 2, 
4-dinitrophenyl hydrazone.

CH3 ch3-h2o \)C
H/

N02= 0 + H2N—NH N02C = N—NH-
H/

Acetaldehyde 2, 4,—dr— 
nitrophenyl hydrazone

no2
2, 4—DNPH

CH CH3\c = 0 + H2N.NH 3\ C=N.NH
ch3/ch3/

no2
2, 4—DNPH

(/
Acetone 2, 4,—dinitro 

phenyl hydrazone

Similarly we can show the reactions with formaldehyde (HCHO) and benzaldehyde 
(C6H5.CHO).

3. Some Specific Reactions
(I) Iodoform Test : Methyl ketone (ethyl alcohol and acetaldehyde) give an 

important oxidation reaction known as haloform reaction. When such compounds 
are treated with hypohalite (alkaline solution of halogen), they are oxidised to acids 
and haloform (chloroform, bromoform or iodoform) is formed.

0

R—C— CH3 + 3NaXO *RCOONa+ CHX3 +2NaOH
Haloform

0

This is a characteristic test of —C— CH3 group. For this purpose, sodium 
hypoiodite solution (mixture of I2 and NaOH or Na2C03) use^ which produces a 
yellow solid i.e., iodoform, CHI3. This is known as iodoform test.

00

R __C—CI3 + 3NaOHR —C—0H3 + 3NaIO
0 O

- +
R —C—CI3 + NaOH R —C—ONa + CHI3

Iodoform

-» CHI3 + CH3COONa + 3NaI + 3H20 

+ CHIg + HCOONa + 3NaI + 3H20

CH3COCH3+ 3I2 + 4NaOH
Acetone

CH3CHO + 3I2 + 4NaOH
Acetaldehyde

Acetone gives this test in the presence of NH4OH, while acetaldehyde and ethyl 
alcohol do not.

(II) Aldol Condensation : Acetaldehyde in presence of dilute NaOH, K2C03 or 
HC1, undergoes condensation to form a syrupy liquid known as aldol.

Dil. NaOH
» CH3CH(OH)CH2CHO

Aldol
CH3CHO + H.CH2CHO

(Acetaldehyde, 2 moles)

,Acetone, in presence of Ba (OH)2, gives diacetone alcohol (aldol condensation). ^
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Solid Aldehydes and Ketones(CH3)2C = 0 + HCH2COCH3 *► (CH3)2C(OH)CH2COCH3
Ba(OH)2

[Aldol condensation is possible only when the carbonyl compound 
contains at least one a-hydrogen atom].
Mechanism :

Diacetone alcohol

One molecule of aldehyde loses a proton under the influence of OH ion to form a 
carbanion. It is resonance stabilised.

H H H
± CH^C'£o ^ 1

CH2 = CJ-0 + h2o
I

HO +H —CH2—C = 0 ^

The carbanion is a nucleophile, so it adds to a molecule of aldehyde at the carbonyl 
carbon, yielding aldol anion. This anion takes a proton from water yielding aldol and

releasing the base OH ion.
O OH

+H+
CH3 —C + CH2—CHO ; ^H3C —C —CH2CHO- H3C—C—CH2.CHO ^

-OH-
H H H

Aldol
(III) Cannizzaro's Reaction : Aldehydes (except HCHO) from resinous mass 

when warmed with concentrated NaOH solution. Aldehydes which have no alpha 
hydrogen, e.g., HCHO, CgH5CHO etc. undergo disproportionation in presence of strong 
base to form equal amounts of the corresponding alcohol and carboxylic acid. This 
reaction is known as Cannizzaro's reaction, and involves the reduction of one molecule 
of an aldehyde at the expense of the other.

_ +
2 HCHO + NaOH ^ HCOONa + CH3OH

MethanolSodium formate

Mechanism :
It is given as follows : t

O 0
t

OH
i R —C—H ; R—C—HR —CHO + OH ^

(Hydride
acceptor)

/
0OH

O o0
\

R—c—H -P" R —C—H * R —C + R—C—H

0 0 H
(Hydride acceptor)

> RCH2OH + 0H~
(1° alcohol)

(TV) Wittig Reaction : Wittig reaction involves the treatment of aldehydes and 
ketones with phosphorus ylide to form alkenes.

R—CH20“ + H20

\ + \/ C=0 + R2C — P (C6H5)3
Ylide

/NC = CR2 + (C6H5)3P=0
Carbonyl 
compound

An ylide is a molecule possessing adjacent opposite charges. Phosphorus ylides are 
prepared from primary alkyl halides and triphenyl phosphine.

Alkene

H
(C6Hb)3P:'+ RgCH-^Br +

(C6H5)3P-CR2 + Br-
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■^WaP^CRz + C2H5ONa (CeH^P-CRa + C2H5OH
Ylide

Mechanism :
Step 1. The negative carbon of the ylide attacks the carbonyl carbon to form a 

betaine, which is a molecule having non-adjacent opposite charges.
\ s+/s*- />. +
/Q=° -P(C6H5)3

Ylide

^C —0 
I +

R2C-P(C6H5)3
/

f:
Betaine

Step 2. The betaine undergoes elimination of triphenyl phosphine oxide to form an 
alkene.

\^c —6 \ C— CR2 + (CeHs),^ p=o
Alkene

Ct-0 

LR2C-1-P(C6H5)3
// /+

R2C -P(C6H5)3

Wittig reaction forms an excellent method of preparing alkenes from aldehydes and 
ketones, e.g..

CHs CH3
+

CH3-C=0+H2C-P (C6H5)3->CH3-C=CH2 + (C6H5)3 p = o
2-Methyl propene

(V) Benzoin Condensation : When aromatic aldehydes are refluxed with 
alcoholic solution of potassium cyanide they undergo self condensation and form 
a-hydroxy ketone. When benzaldehyde is the aromatic aldehyde the product formed is 
called benzoin and the reaction is known as benzoin condensation. For aromatic 
aldehydes, the general name acyloin condensation is applicable.

0 OH

Acetone

CN- -> C6H5 C—CH-CgHg2C6H5CHO
Benzoin

Mechanism :
CN ON

- h2o C6H5-CH(OH) —CNC6H5~CH=0 C6H5—CH— 0
O OH

c6h5ch=oC6H5C(OH).CN c6h5-ch-c-c6h5
CN

OH OH OH O
h2o -HCN c6h5-ch-c-c6h5CfiHs—CH— C — C6H5

Benzoin
CN

It is observed that the carbanion intermediate is resonance stabilised and is 
obtained preferentially, in the above sequence, from the cyanohydrine intermediate.

f C—C=NC —C=N C=C=N

OHOHOH
(VI) Clenunensen Reduction : When a carbonyl group in an organic compound is 

reduced into methylene group by means of zinc amalgam and concentrated acid, the 
process is called Clemmensen reduction. Thus, aldehydes and ketones are reduced to 
give the corresponding hydrocarbons.

144 Self-Instructional Material



Aldehydes and KetonesZn/Hg + HC1* CH3.CH3 + h2o

^c6h5ch2ch3+h2o
Ethyl benzene

CH3CHO + 4H
Zn/Hg + HC1C6H5COCH3 + 4H

Acetophenone

Mechanism
:0: (T

R-.C-R'- 

v_'1

OH
©+

r —c—R' — R —C—R' —

IZn Cle 
ZnCl

ZnCl
ZnCl

-ZnCl2 -h2oR-^C-R' R —C—R’ R —C—R'© e © c ©+ci
ZnCl:ZnCl:ZnCl Cl

H
©© ee © HH +C1

r —C —R' R -r=C—R' R —C—R'
(\
\ZnCl Cl

— ZnCl2
e

HZnCl
H

R—C—R'

H
(VII) Wolf-Kishner Reduction : The conversion of the carbonyl group of 

aldehydes and ketones to methylene group by heating the semicarbazone, hydrazone or 
azine (or carbonyl compound) in the presence of an alkaline catalyst such as sodium 
ethoxide or hydroxide is called Wolf-Kishner reduction.

R\R\
c=nnhconh2c=o + h2n.hncohn2 R'/R"7 -H20

SemicarbazoneKetone Semicarbazide

R\-h20
c=n.n2 + nh3 + co2* R'7 

NaOC2H5 R \R\
ch2 + n2c=n.nh2 R’7R'7 or KOH

The mechanism is as follows :

x C —N.NHNH2.NHo \\ OH-c=n.nh2c=o /// -h20
Hydrazone

Semicarbazide

OH- \ /H 
-H20 / \

\ /H

TT ot-OH-
H2° -N2

h2o
C—N=NH/-OH-N=NH

H\r7 
7C7h

Methylene group

(VIII) Meervein-Ponndorf-Verley (MPV) Reduction : This is a common 
method for the reduction of carbonyl compounds particularly of unsaturated aldehydes 
and ketones. This reagent attacks only carbonyl compounds.

When ketone is dissolved in a solution of isopropyl alcohol containing aluminium 
isopropoxide, the ketone is reduced to corresponding alcohol. An equimolar amount of

V

Self-Instructional Material 145 •



lerrticctl Energetics, Equilibria & 
n.ic Chemistry isopropyl alcohol is changed into acetone. This method which is very selective in that it 

reduces only carbonyl compounds is known as Meervein-Ponndorf-Verley 
reduction.

0

R—1^— /R' + CHo—CHOH—CHo+Al— O —CH
Solvent \CH 3/3

0
3 —^—CH3R—CHOH—R' + CH

Product
In this reduction, metal salt of secondary alcohols (generally, aluminium 

isopropoxide) can transfer hydride to carbonyl group of aldehyde and ketone. Since 
metal alkoxides undergo fast hydrogen-metal exchange reaction, an alcohol may be 
used as the source of hydrogen in presence of catalytic amount of aluminium 
isopropoxide. Isopropanol and aluminium isopropoxide are mostly used. If acetone is 
continuously removed, the reaction can be forced to high conversion.
Mechanism

/CH3\
CH3J2

ch3//'Al-(-OCH 
CT t \

CH*\' Vo:
ch3/ nh I

/\, 
R R

A1--OCH\ \V CH3/2
©

/C
CH/ |.nH cch3

/\. 
R RCH — 0 — A1

Hydride ion transfer

11 ch3OH /CH© ^ /O 
0 —AK

— CH3\H \R — C —R' CH — CH3
h2° CH3/I IH

Product
o CH3\ c=oCH +
/\, ch3

R R
/

Acetone

• SUMMARY

0
Aldehydes and ketons have carbonyl group

— C—

These compounds^ may be prepared from acid chlorides and nitriles. 
These compounds show nucleophilic addition reactions.

0
\ 11 -

Iodoform testis used for the identification of—C—CH3 group. In this testl2 and 
NaOH is used.
Aldol condensation is carrie’d out by the aldehydes and ketones having a — H 
atom(s) e.g., CH3CHO, CH3COCH3 .etc.
Cannizzaro’s reaction is carried out liy the aldehydes which do not contain a — H 
atom e.g., HCHO, CgHs-CHO.etc. In this reaction both oxidation and reduction 
takes place of aldehyde.
In Wittig reaction ylide is used which changes carbonyl compound into alkene. 
Benzoin condensation takes place by benzaldehyde in the presence of ale. KOH. 
By Clemmensen reduction carbonyl compound is reduced to hydrocarbon.
In Wolf-Kishner reduction semicarbazicle is used which reduces ketone into alkene. 
By MPV reduction one ketone changes to other ketone using aluminium iso 
propoxide in the presence of sec. alcohol as a solvent.

N

■1.

1 .

I
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Aldehydes and Ketones• STUDENT ACTIVITY
1. Describe two methods of preparation of aldehyde and ketone.

2. Describe the addition reaction of aldehyde or ketone with HCN and NaHS03.

3. Discuss the nucleophilic substitution reaction of aldehyde or ketone in which water 
molecule is eliminated.

4. Explain aldol condensation or Cannizzaro's reaction.

5. What is Wittig reaction ? Explain its mechanism.

6. How do you prepare benzoin from benzaldehyde ?

7. Discuss Clemmensen or Wolf Kishner reduction.

• TEST YOURSELF
1. What are the aldehydes and ketones ?
2. How do you prepare aldehydes from acid chloride ?
3. What are cyanohydrine ? How do you prepare them ?
4. What is the use of NaHSC^ in aldehydes or ketones ?
5. Discuss the reaction of alcohol on aldehyde or ketone.
6. What do you know about nucleophilic addition reactions of aldehydes and ketones 

you? Give two examples.
7. Describe nucleophilic addition reactions in which water molecule is eliminated. 

Give three examples.
8. What is the condition for aldol condensation ? Describe aldol condensation with 

mechanism.
9. What is iodoform test ? Give its equations.
10. What happens when benzaldehyde shows Cannizzaro's reaction.
11. Describe Wittig's reaction?
12. Discuss the benzoin condensation along with its mechanism.
13. How does Clemmensen reduction reaction take place ? Give the examples of 

acetaldehyde and acetone.
14. What is the difference between Clemmensen reduction and Wolf Kishner reduction ?
15. What is MPV reaction ? ^
16. Acetone undergoes reduction with hydrazine in the presence of NaOH to give 

propane. This reaction is known as :
(a) Clemmensen reduction

. (c) Aldol condensation
(b) Wolf Kishner reduction 
(d) None of these
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17. Which of the following give aldol condensation, 
(a) CH3CHO 
(c) CgHgCHO

18. Acetyl chloride on reduction gives :
(a) Formaldehyde (b) Acetaldehyde

(b) CH3COCH3 
(d) Both (a) and (b)

(d) All the above(c) Acetone
19. In Rosenmund's reduction, acyl chloride changes to aldehyde using Pd and BaSO^ 

In this reaction BaS04 acts as :
(a) Poison of catalyst >(b) Promoter of catalyst 

(d) None of these(c) Negative catalyst
20. Carbonyl compounds react with HCN to form :

(a) Cyanides 
(c) Cyanohydrine

21. Aldehydes reacts with alcohol to form hemiacetals. The reaction takes place in' 
.......medium.

(b) Isocyanides 
(d) Isocyanohydrine.

(a) Acidic
22. The molecular formula of semicarbazine is :

(b) Alkaline (c) Neutral (d) All the above

(a) NHgNHg 
(c) NH2NH.CONH2

(b) NH2NH4NH2 
(d) NH2NH.C6H5

23. Iodoform test is performed for the identification of the group.
0 0 0

(a) -C- (b) -C-CH3 (c)-COOH (d) — C—H
24. The colour of iodoform is :

(a) Blue (b) White
J25. By Wittg's reaction carbonyl compounds changes to 

(a) Alkane

(c) Red (d) Yellow
L(b) Alkene

26. The general formula of aldehydes is : 
(a) CnH2n02

27. Ketones are isomeric with :

(c) Alkyne (d) All the above

(b) CnH2„0 (c) CnH2fl+102 (d) C„H2n+20

(a) Ethers (c) Esters
28. Acetaldehyde reacts with hydroxylamine to give :

(a) Acetal oxide (b) Acetal amine

(b) Alcohols (d) Aldehydes

(c) Acetaloxime
29. Which one of the following shows aldol condensation

(c) HCOOH
30. Which of the following does not have alpha hydrogen 

(a) Acetaldehyde 
(c) Acetone

(d) Amino acetal

(a) CH3COOH (b) CH3CHO (d) HCHO

(b) Formaldehyde 
(d) Phenyl acetaldehyde 

31. The reaction between two molecules of an aldehyde (or a ketone) having at least one 
alpha hydrogen atom in the presence of dilute alkali is called.......

Pd/BaS0432. The reaction RCOC1 + H2
33. Formaldehydes on shaking with cone. NaOH solution undergoes
34. The reaction between an aldehyde and saturated solution of sodium bisulphite is

test of........

»RCHO + HClis called reaction.
reaction.

35. In benzoin condensation, two molecules of benzaldehyde condense in presence of

ANSWERS

16. (b) 
22. (c) 
27. (d)

17. (d) 
23. (b) 
28. (c)

18. (b) 
24. (d) 
29. (b)

19. (a) 
25. (b) 
30. (b)

20. (c) • 21. (b)
26. (b)
31. Aldol

condensation
35. KCN32. Resenmund 33. Cannizzaro 34. Carbonyl 

group
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