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11. CHEMICAL KINETICS-II

LEARNING OBJECTIVES

= To study about the order and rate of reactions. To derive the expression
for rate constant of first and pseudo-first order reactions.

w To derive half life period and rate constant relations f8r arder
reaction.

= To know the experimental methods of determination of order of reaction.
Graphical method of determination of order and rate constant of a
reaction is also to be studied.

=  To learn about the effect of temperature on the rates and rate constants
of reaction. To know about Arrhenius equation and Arrhenius parameters
(E, and A).

=  To differentiate between simple and complex reactions. To learn about
consecutive, opposing and parallel reactions.

The knowledge of rate of chemical reactions is valuable to understand
the chemistry and mechanism of reactions. The study of chemical kinetics
includes the experimental determination of rate or speed of a reaction, the
rate laws and the effects of temperature, pressure, concentration, catalyst
on the rates of reaction. It is possible to deduce the mechanism of the reaction
from the chemical kinetic data.

11.1 RATE AND ORDER OF A REACTION

For any reaction, the rate expression (or) the rate law equates the rate
of the reaction to the product of its rate constant and the concentrations of
the reactants raised to certain exponential powers. The rate law for a reaction
and the power (exponent) of the concentration terms involved in it must be
determined by experiment only.

In a general reactiorgA + bB ——= products, the overall rate
expression can be written as,



rate =  K[AP[B]¢ .. (11.1)
p

q

wherek = rate constant of the reactignandq are the exponents or also
known as the orders with respect to reactants A and B respectively.

aor less thama

b or less thab

Therefore the term order can be defined as the sum of the powers of the
exponential powers to which each concentration term is raised in the
experimentally determined rate law of a chemical reaction.

In the rate expression (11.1),

rate =k[A]P, [B]Y, p andq are called the orders of the reaction with
respect to reactants A and B respectively. The total order of the reaction,
n =p + . Order with respect to A only and order with respect to B only
IS Q.

Itis found that the overall rate of a reaction, depends on the exponential
powers to which each concentration term is raised in the rate law. For
example, for a reaction with a rate law as r&@}?, when the concentration
of A is doubled, the rate is increased by four times the initial rate. Thus,
chemical reactions and the over all rates are classified and studied according
to the magnitude of the order of their reactions.

Example

From the rate equations for the reactions given below determine the
order with respect to the overall reaction

()  2HCrO/ + 6+ 14H > 2CP*+ 3L+ 8H,0
r=k[HCrO,][1I"]?[H*]> DO Order=1+2+2=5
(in) H,O,+2F+2H" ——> |,+2H0
r=k[H,0,] [I7] 00 Order=1+1 =2



Characteristics of order of a reaction

(i) The magnitude of order of a reaction may be zero, or fractional or
integral values. For an elementary reaction, its order is never fractional
since it is a one step process.

(if) Order of a reaction should be determined only by experiments. It cannot
be predicted interms of stoichiometry of reactants and products.

(i) Simple reactions possess low values of ordenl&®,1,2, Reactions
with order greater than or equal to 3.0 are called complex reactions.
Higher order reactions are rare.

(iv) Some reactions show fractional order depending on rate.

(v) Higher order reactions may be experimentally converted into simpler
order (pseudo) reactions by using excess concentrations of one or
more reactants.

11.2 Rate equation for first order reactions

The reactions in which, the overall rate of the reaction is proportional to
the first power of concentration of one of the reactants only are called as
first order reactions. Consider the reaction

Ky

A ——>  products

Rate of reaction = -d[A]

dt

wherek, is the rate constant of the first order reaction.

l’r'l[A] 1.0

At the beginning of the reaction, timg= 0, let the concentration of A
be ‘@’ mole.lit™2. After the reaction has proceeded for some tiféet the
concentration of A that has reactedbmole.litl. The concentration of
unreacted A remaining at time will be (a —x) mole.lit™. The rate of the
reaction will be dx/dt. For a first order reaction,

rate = dxdt = k, (@—X) .. (11.2)

upon integrating, equation 11.2 becomes,
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j(a(ixx) :kl j dt

which is,—In(a - x) =kt + ¢ .. (11.3)
C = integration constant
attime,t =0,x=0.
[J in equation 11.3,
—In@-0)=k,x0+C
or C = —Ina.
Substituting C value in equation 11.3

—-In@-x) =kit—Ina

. 1 a
Rearranging, k; = T In a—x

2 303 a

(o k=~ |09a_x

.. (11.9)

Unit of k, is sec™.
This equation is known as the first order rate constant equation.

This equation can be used for determining the rate constant of a first
order reaction based on the experimental data)afr{d & —x) at different

periods of timet’. Sometimes, the following expression is also used.
_ 2.3o3|0g a-x

b=y “a-x%

t, andt, periods of time.

wherex, andx, are the amounts reacted in



Characteristics of first order reaction
(i) When the concentration of the reactant is increased’ lyrtes, the

rate of reaction is also increased by n times. That s, if the concentration

of the reactant is doubled, the rate is doubled.
(i) The unit of rate constant of a first order reaction is'sactime™.

) rate _ mol.lit tsec? )
= = —— =seC
17 (a-x) mol. lit ™ S

(i) The time required to complete a definite fraction of reaction is
independent of the initial concentration, of the reactantuifs the
time of one t™ fraction of reaction to take place then from equation

11.4,
2.303 a
a log——
x=— and t,= Kk a-2
u u
2.303 u
log

Ot,= k, (u-1
sincek, = rate constant,, is independent of initial concentratica.*

Examples of first order reactions
1. Allradioactive transformations follow first order kinetics. For example,

92U238 _ 90'|'hZ34 + 2He4
2. Decomposition of sulphuryl chloride in the gas phase proceed by first

order kinetics.

SQClLy ——= SOy + Cly,

Inversion of sucrose in acidic agueous medium follows first order

3.
reaction.

H+
CHy 0 + HO ——  CH .05 + GHOq
Fructose

Glucose
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4. Decomposition of nitrogen pentoxide in G@ledium also exhibits
first order kinetics.

N,O, —— 2NO, + %2 O,

There are many other reactions that proceed by first order kinetics. We
shall study some of the reactions that are experimentally followed by first
order kinetic expressions including the parameters that change with
concentration of the reactants or products which change with time of progress
of the reaction.

Let us consider some of the first order reactions in detail :

1. Decomposition of nitrogen pentoxide in CGl

k
N,O,—-> 2NO, + %0,
Attimet = 0, the volume of oxygen liberated is zero. Leaid \V, be
the measured volumes of oxygen liberated after the reactant has reacted in
‘t' time and at completiort £ ). Initial concentration of MO, is proportional
to total volume of oxygen liberated (i.e.,) (M

(V-V} is proportional to undecomposedQy at time t'.

2303, 0 Vo oo
0 k=74 (Vo —Vy)

Example :From the following data on JD, decomposition in CGJlat
298 K, show that the reaction is first order. Also evaluate the rate constant
of the reaction.

time (min) 10 15 20 00
\ol. of O, (cc) 6.3 8.95 11.4 34.75

The first order rate constakiis given as,

2.303 Ve 1
k — log sec
1 t (Voo - Vt)

V,_,=34.75cc 1 min = 60 secs
6



2.303 Ve

Lmin) (V- V) ki = {x60 09 V,-V, sect
2303 3475 A
10 28.45 10% 60 log 2845~ 2.079% 10“sec
2.303 | 34.75 —
15 25.8 15x 60 |09 5 1.530x 10“sec
2303 3475
20 23.35 =1.267x 10%sec?

20x60°9 5335

Mean value = 1.6258 104 sec?

k, = 1.625x 10 sec? is the rate constant of reaction. Sikgealues
are nearly constant at different timings, this is a first order reaction.

2. Decomposition of HO, in aqueous solution

Pt
H202 _— HZO + 1/2@

The decomposition of }D, in aqueous medium in the presence of Pt
catalyst follows a first order reaction. The progress of the reaction is followed
by titrating equal volumes of the reaction mixture at regular time intervals
against standard KMn{olution.

Since volume of KMnQ used in the titration is a measure of
concentration of undecomposed®], volume of KMnQ, consumed at
t=0is 'V, which proportional to ‘a’, the initial concentration of@.,. V,
is proportional to unreacted,8, which is similarly & — X. Similarly
(V,-V, is proportional toX’, the concentration of D, reacted in time
interval t'. V. is the volume of KMnQconsumed after timé of the reaction.

0 The first order rate constarik * of the reaction is,

22303 Vo
== gy, sect
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Example : From the following data, show that decomposition gD}
in agueous solution follows a first order reaction. What is the value of the
rate constant?

time (min) 0 10 20 30 40
vol of KMnO, 25 20 15.6 12.7 9.4
(CC)
2303 v
time Vv k

— 90 1
(min) 17 tx60 |Og Vt sec

2.303 25 R
10 20 10% 60 log 156 2.68x10"sec
2.303 25 —
20 15.6 20% 60 log 156 - 1.72x10sec
2303 25 _ P
30 12.7 30% 60 912_7 =1.42x 10*sec
2.303, 25 o4
40 9.4 20x60 B9 = 1.43x 10™“sec

Mean value= 1.8% 10%sec!

Since all thek, are nearly constant. This is a first order reaction
k, = 1.81x 10 sec™.

Half life period ‘.,

Half life period, ‘¢, of a reaction is defined as the time required to
reduce the concentration of a reactant to one half of its initial vgjue. t
values are calculated by using the integrated rate equation of any order of a
reaction.

For first order reaction,



2303 a

|
Ky = t Oga—x

a
if amount reacted = thent =t,,

2.303 a
Ve K a-al2
2.3030g 20
t,= 7&
0.693

tl/zz k, SEecCs.

Thus half life period of a first order reaction is independent of the initial
concentration of the reactant and also, inversely proportional to the rate
constant of the reaction.

Example :Compound A reacts by first order kinetics. At 25°C, the rate
constant of the reaction is 0.45 SedVhat is the half life of A at 25°C.
What is the time required to have 12.5% unreacted A for first order reaction,

¢ = 0.693 _ 0693
% k045
= 1.54 secs
No. of t,, Amount unreacted from 100%
1 50%
2 25%
3 12.5%

[0 Time of three half-life periods =81.54

= 4.62 secs



Example : Show that for a first order reaction time required for 99%
completion is twice the time required for 90% completion of the reaction.

2. 303I 100 _2.303

= 0 = log100
foow = Tk, 0100-99 K O
2.303 100 _2.303
t = log = log10
90% k,  100-90 K

togs log100 2.0 20
tooms logl0 ~ 10 ~

[t 2.0t

99% 90%

Example : In the thermal decomposition of, & at 764°C, the time
required to decompose half the reactant was 263 seconds, when the initial
pressure was 290 mm of Hg and 212 seconds at an initial pressure of 360
mm of Hg. What is the order of this reaction ?

t a n-1
Solution : 2= (_2)

a, = 290 mm of Hg, = 263 seconds
a, = 360 mm of Hg, =212 seconds
212 290

1.24 = (1.24y1

n-1=1

n =1+1=2

Hence, the reaction is of second order.

Example :In a first-order reaction, it takes the reactant 40.5 minutes to
be 25% decomposed. Find the rate constant of the reaction.

10



Solution : Since the reactant is 25% decomposed in 40.5 min, the
remaining reactants is 75%, i.e.{X% = 0.75 a t 40.5 min.

2 303 a 2.303 a
k = log = —log
t a—-Xx 40.5min Q73

0.05686 log 1.33 mirk

0.05686x 0.1249 mint

= 7.1%x103min?

Example : Show that for a first order reaction, the time required for
99.9% completion of the reaction is 10 times that required for 50%
completion.

2 303 a
= log
k a—Xx

2.303 100

— lo
toooss = Kk 9 100-99 9

_ 2303 100

K 001

2 303
= T log,, 1000 . (1)

2.3o3|0g 100
K 10 100- 50

Ls500)

_ 2303 100

K gloa

2 303
= ——log

— l0g,, 2 .. (2)

11



2.303

——"og,,1000
O ooy k0
(2 tsowy '303Iog102
3.000
= =1
0.3010 0

Example : The rate constant for a first order reaction is $1®¥fsec?.
Calculate its half-life period.

0693

Y.
tY2 K

0.693

= I 5ax 10%sec! = 450 seconds.

11.3 PSEUDO-FIRST ORDER REACTIONS

In a chemical reaction involving more than one reactant, the overall
order of the reaction when experimentally determined by taking excess
concentrations of all the reactants except any one of the reactant, will be
found lower in magnitude than the overall order determined in presence of
smaller concentrations of all the reactants. The altered and the reduced order
of the reaction is called as the pseudo order of the reaction.

Thus in a second order reaction, when one of the reactants concentration
is in excess (10 to 100 times) of the other reactant, then the reaction follows
a first order kinetics and such a reaction is called pseudo-first order reaction.
In a reaction of the type,

k
A+B=_2 s products ... (11.5)

Rate =k, [A] [B] where k, is the rate constant of the second order
reaction. If concentration of A is very large compared to concentration of
B, then during the reaction amount of A consumed will be equal to the
amount of B reacting with A. Since B concentration is smaller than that of

12



A, change in the concentration of A after the completion of reaction is
assumed to be negligible. Hence concentration of A is considered to remain
constant even after the completion of reaction. Hence equation 11.5 becomes,
Rate’ =k,'[B] ... (11.6)
where Rate’ = rate of the reaction with excess [A].
k,' = pseudo first order rate constant
=k, [A] = second order rate constantoncentration of A.

Thus rate of the pseudo first order reaction alters when concentration
of B is altered, and shows a first order kinetics.

Determination of rate constant of acid catalysed hydrolysis of an ester

The hydrolysis reaction of an ester in pure water is a slow reaction and
when a mineral acid like hydrochloric acid is added, the rate of the reaction
is enhanced since the kbns from the mineral acid acts as the catalyst. The
acid catalysed hydrolysis of an ester follows pseudo first order kinetics. The
reaction can be represented as :

CH,COOCH,+ H,0 -~ 5 CH,COOH + CHOH
Methyl acetate

The overall rate of the reaction depends on the concentrations of reactants
and also on the catalyst concentration.

Rate =k, [ester] [H,0] [H] .. (11.7)
k3 = rate constant of the third order reaction.

Therefore the true order of the reaction is 3.0. Since water is used as the
solvent, its concentration is excess.

Weight of 1 lit (1000 cc) of water = 1000 gm = 1 kg
(O density of water = 1 gm/cc)

. . 1000
[J No. of moles of waterin 1 lit = BT
[J Concentration of pure water = 55.55 moles

13



If 1 molar aqueous solution of ester is used then, 1 mole of water will be
consumed for its complete hydrolysis. After the completion of hydrolysis,
55.55 — 1.0 = 54.55 moles water will be present in the medium. Therefore
change in the concentration of water considered as negligible and
concentration of water is assumed to be constant. Since acid acts the catalyst,
there will be, no change in the catalyst concentration before initial and after
the completion periods of times of the reactions. Hencgif-tonsidered
as a constant value. Hence the expression 11.7 can be rewritten as

Rate =k;' [ester] wherek;' = pseudo first order rate constant =
k; [H*] [H,Q]. In this rate expression rate of the reaction is directly
proportional to ester concentration only.

Procedure

Initially to a definite volume of (100 ml) hydrochloric acid (0.5 N),
10 ml of ester is added and the start of the reaction corresponds to time of
addition of ester. The rate of the reaction is followed by withdrawing a
definite volume of the reaction mixture consisting of the ester and acid at
various time intervals and arresting the further progress of reaction by adding
ice. The whole cold mixture is titrated with standard NaOH (0.1 N) using
phenolphthalein as the indicator.

Let the volume of alkali consumedtat 0 be \/ cc which is equivalent
to the amount of hydrochloric acid present in the definite volume of the
reaction mixture drawn out at regular intervals of time, fds the volume
of alkali consumed for the same definite volume of the reaction mixture
drawn out after reaction timé&,‘then (V, - V ) cc is equivalent to the acetic
acid produced by the hydrolysis of ester in titheA final titration is done
after about 8 hours or after refluxing the solution for 45 mins to complete
the hydrolysis which is Y cc. (V,— V) cc is equivalent to acetic acid
produced from complete hydrolysis of ester.

Calculations
The initial concentration of ester (Vv —V,) cc

Concentration of ester reactedtat'x [ (V, - V,) cc

[ Concentration of ester remaining at tirtie="(a —x) U (V —V,)
14



a _ (Vo _Vo)
(a-x — (Vo=Vy

[

[0 The first order rate expression for the hydrolysis of ester can be
written as

2 303 (Voo Vo)
= 00, n7 vy

K== 109 (v, -v,

By substituting Yvalues for varioust” values k is determined. These
values are found to be constant indicating k as the rate constant of the reaction.

Example : A certain amount of methyl acetate was hydrolysed in the
presence of excess of 0.05 M HCl at 25°C. 20 mL of reaction mixture were
removed and titrated with NaOH solution, the volume V of alkali required
for neutralisation after timé# were as follows :

t (min) 0 20 40 60 00
v (mL) 20.2 25.6 29.5 32.8 50.4
Show that the reaction is the first order reaction.

_ 2303 (Ve —Vo)

Solution : k 4 0g (V. -V

V,—V,=50.4-20.2=30.2

_2.303 50.4-2Q2

30.2
=0.1151 log 1.2479
=0.1151x 0.0959 = 11.0% 103 mint

whent = 40 mts

15



_2.303 50.4-202

k =% 10950 4" 295
— 0.0576x lod °%2 = 0 0576 0.1596
- 9%0090 :
= 9.19x 103 mint
_ 2303 504-202 0
k = =25 109 50 4= 3= 0:03838¢ log

0.03838x 0.2343 = 8.9% 103 min?

The constant values &fshow that the reaction is of first order.

11.4 TEMPERATURE DEPENDANCE OF RATE CONSTANT

Itis a common observation that rates of reactions increase with increase
in temperature of the reaction mixture. Keeping the concentration of the
reactants constant, the rate is found to be two times its initial value, when
measured at a temperature 10 K greater than the initial temperature. However,
the exact value of the rate constant determined at various temperature is
predicted by using Arrhenius equation. This expression is obeyed by most of
the reactions. Arrhenius equation is given as

k = A g E&RT

where k = rate constant, F= activation energy, A = frequency factor,
R = gas constant, T = temperature in Kelvik, #nd k are the rate constants
measured at two different Bind T, temperatures respectively, thepdan
be determined as follows :

Arrhenius equation for two different temperaturgsaid T, are :

Ea
log k; = log A_Wﬂ?'l‘l . (1)

Ea
logk,=1log A - WSRTZ . (2)
16



wherek, andk, are the rate constants at temperatyrantl T, respectively.

(2) - (1)

_ = =
logk, —logk, = =5 303RT, * 2.30RT,
_ Ea (LT,
= —230R | 1T,
ko Ea -
log = X
K = 230R | T.T,

If R =1.987 cals.mal, then unit of Eis 103k.cal.

Also, a plot of logk against 1/T values gives a straight line with slope
value equals to —-2.303 R and intercept value equals to log A. Wheis E
a positive value, and if ;I> T, thenk, > k,. That is, rate constant value at
higher temperature is greater than rate constant value at lower temperature.
Under such conditions, plot of log k against 1/T gives a negative slope straight
line. From the slope of the straight ling,dan be calculated.

log k
g slope = —£/2.303 R.

1T (K™Y

Reactant molecules come into contact through collisions for
transformation into product molecules. Since, not all collisions are successful
in producing the product molecules, all colliding molecules must possess
certain minimum energy called as theeshold energywhich is needed to
make the collisions effective and successful. The additional energy required

17



by the molecules to attain the threshold energy in addition to the energy of
colliding molecules is called as activation energy. ‘Ehus, activation
energy = threshold energy - Energy of colliding moleculessenerally,

this E, value is higher than the potential energies of reactants and products.
Thus, E is considered as an energy barrier that must be crossed by the
reactant molecules before getting converted to actual product molecules.
A

Threshold energy

Energy

P.E. of products

E, = activation energy

»
>

Reaction Co-ordinate

Potential energy diagram of a reaction. The molecular state present at
the Ea position in the potential energy diagram, is considered as the
intermediate product (or) the transition state. Thus Ea, is also the energy
required to form the activated state or the intermediate, which is necessary
to form the products. Ea is a characteristic value of a reaction. The rate, rate
constant, and their temperature dependance are determined by the value of
Ea. Higher the value of Ea, slower is the rate of the reaction.

Example : The following values for the first order rate constant were
obtained for a certain reaction :

Temp (°C) k x 10°sec?
25 3.46
35 13.50

Calculate the Arrhenius frequency factor and activation energy ‘E

. ko Ea -
Solution : Iogrl = 230R | T,T,
18



k, = 3.46x 10°sec! T, =298K
k,=1.35x 10*sec’! T,=308K

135¢10% E. 308- 298
109 346x 105 = 2,303« 1987| 308x 298

2.303x 1 98% 308 29(%g 1.35% 10
a 10 3.46x 10°

2.4830 cals.

Ea
logk, = Z303«RT T 109 A

24830
log 3.46x 10° = 3303x 198k 208 + 109 A

0 logA = 13.7491
OA = 5611x 1083 sec?

Examples :The activation energy of a certain reaction is 100 KJ/mole
what is the change in the rate constant of the reaction if the temperature is
changed from 25°C to 35°C ? Let the rate constants at 25kCarel at
35°C bek, respectively.

ke E {1 1}
log7~ = =TT
Ky 2303R [T, T,
ko 10000Q)/ mol [1_1}
Uk T 2303 8314K mort | 308 298
= —0.5745
k
[ k*l = antilog (—0.5745)
2
= 0.2664

19



1 )
k, = 02664 k, = 3.75 time,.
0 k,, the rate constant at 35°C will be 3.75 times the rate constant at
25°C.

Example :Decomposition of ethyl bromide and propyl bromide follow
first order kinetics, and have the same frequency factor ‘A. The rate constant
for decomposition of ethylbromide at 390°C is same as that for propylbromide
at 320°C. If the Eof ethyl bromide reaction is 230 KJ/mole, what is the E
of propylbromide reaction ?

For ethyl bromide decomposition at 3@0

) 230000
log k=109 A~ 303 8 314 663 - (1)

For propyl bromide decomposition at 320

Ea
logk=1og A =% 303x 8 314 593 - (2)

equations (1) and (2) are equal.

230000 B E,
- 2303« 8314 663 ~ 2.303« 8 314 593

230000¢ 593
UE = 663
E. = 205.7 kd/mole.

a

11.5 SIMPLE AND COMPLEX REACTIONS

A simple reaction takes place in a single step. Simple reactions are also
known as elementary reactions. One step reactions are elementary reactions.
In some reactions many side reactions occur along with the main reaction
involving product formation.

20



Reactions which do not take place in a single step but take place in a
sequence of a number of elementary steps are called as complex reactions.

Simple reactions Complex reactions

1. Occurs in single step Occurs in multi (or) many steps.

2. Overall order values are Overall order values are large and
small. Total and pseudo greater than 3.0. Sometimes
order values lie between fractional orders such as 1/2, 1/3,
0,1,2 and 3. 3/2 etc. are seen.

No side reactions Many side reactions are present.

4. Products are formed directly In some complex reactions
from the reactants products are not formed in steps

directly involving the reactants.

5. Experimental rate constant Experimental overall rate constant
values agree with the values differ from the calculated
calculated values. Theories values. Theories of reaction rates
of reaction rates apply well do not agree well on complex
on simple reactions. reactions.

Types of Complex reaction

(i) Consecutive reactions

The reactions in which the reactant forms an intermediate and the
intermediate forms the product in one or many subsequent reactions are
called as consecutive or sequential reactions. In such reactions the product
is not formed directly from the reactant. Various steps in the consecutive
reaction are shown as below :

kl k2
A—> B —= > C
A =reactant ; B = intermediate ; C = product. Initially only the reactant
A will be present. As the reaction starts, A produces an intermediate B
throughk, rate constant. As and when B is formed, it produces the product
C throughk, rate constant. After the completion of reaction only ‘C’ is
present and concentrations of A and B will be zero.

21



Example of consecutive reactions
Saponification of a diester in presence of an alkali :

k
R'OOC- (CH),~COOR—S R'OOC—(CIj)n—COOHkZ% HOOC - (CH), — COOH

(if) Parallel reactions

In these group of reactions, one or more reactants react simultaneously
in two or more pathways to give two or more products. The parallel reactions

are also called as side reactions.

kl
—>>B

k, ¢

[ TN

The reactant A reacts to give products B,C,D separately by following
three different reaction pathways involvingfdientk, k,, k; rate constants
respectively. Among the many side reactions, the reaction in which maximum
yield of the product obtained is called as the main or major reaction while
the other reactions are called as side or parallel reactions.

Examples of parallel reaction :
() Bromination of bromobenzene :

Br
Br

+ HBr
Br
o-dibromobenzene

Br

+ HBr

Br
p-dibromobenzene

22



(in) Dehydration of 2-methyl-2-butanol

ICH3 ICH3
H,C-C-CH-CH, CH,-C=CH-CH,
| ] 2-methyl 2-butene
OH
2-methyl-2-butanol CH,

|
CH, = C-CH~CH,

2-methyll-butene
(i) Opposing reactions

In opposing reactions the products formed react back simultaneously to
form the reactants. These reactions are also called as reversible reactions.

k

A+B =— C+0D,
k

;
Examples of opposing reactions
() Reaction between CO and N@ases

ke
COg) + NOyy) === CO,, + NQ,

2(9)
k.
(i) Isomerisation of cyclopropane to propene
[N\,
H,C - CH, ? CH,-CH=CH

(iin) Dissociation of hydrogen iodide in gas phase

2HL o Hog t )

@ =——

23



SELF EVALUATION

(A) Choose the correct answer :

1.

Hydrolysis of an ester by dilute HCI is an example for

(a) second order reaction (b) zero order reaction
(c) pseudo first order reaction (d) first order reaction

The unit of zero order rate constant is

(a) litre mott sec?t (b) mol litret sec?

(c) sect (d) litre? sec?

The excess energy which a molecule must posses to become active is
known as

(a) kinetic energy (b) threshold energy
(c) potential energy (d) activation energy

Arrhenius equation is

(a) k = AeLRT (b) k = AeRT/Ea (C) k = AeEa/RT (d) k = AeEa/RT

The term A in Arrhenius equation is called as

(a) Probability factor (b) Activation of energy

(c) Collision factor (d) Frequency factor

The sum of the powers of the concentration terms that occur in the rate
equation is called

(a) molecularity (b) order (c) rate (d) rate constant
Reactions in which the reacting molecules react in more than one way
yielding different set of products are called

(a) consecutive reactions (b) parallel reactions

(c) opposing reactions (d) chain reactions

The half life period of a first order reaction is 10 minutes. Then its rate
constant is

(a) 6.93x 1? min?! (b) 0.693x 102 min™!

(c) 6.932x 102 mim? (d) 69.3x 10t mint

For a reactionaA —— bB, the rate of reaction is doubled when the
concentration of A is increased by four times. The rate of reaction is
equal to
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@kI[A]® KA (©KIAIY™ (d)KkI[A]
d[N,Os] _

10.2NO; ——= 4NO, + O, e 1INL,O],
d[NO,] _ d[o,] _ .
&t 22 =K, [N O] andd—t2 =k, [N,Og], the relation betweeky, k,
andk, is
(@) & = 4k; =kg D)k, =k =k
(€) X, =k, = 4k, (d) &, =k, =k,

11. For a reaction, = 0 andk = 4.2x 10° sec’ at 300K, the value dfat
310K will be

(@) 4.2x 1P sec? (b) 8.4x 10° sec?
(c) 8.4x 1P sec? (d) unpredictable

(B) Answer in one or two sentences :
1. Define order of a reaction.

2. Derive the relationship between half-life period and rate constant for a
first order reaction.

3. What s activation energy ?

4. What is meant by zero order reaction ? What is the rate constant of such
a reaction ?

Write the Arrhenius equation and explain the terms.
Define half life period.
Give examples for first order reaction.

What are simple and complex reactions ?

© © N o o

Give examples for opposing reactions.

(C) Answer not exceeding sixty words :

1. Explain the experimental determination of rate constant of acid hydrolysis
of methyl acetate.

2. Write an account of the Arrhenius equation for rates of chemical reactions.
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Write notes on (i) consecutive reactions, (ii) parallel reactions and
(i) opposing reactions.
State the characteristics of order of reaction.

Explain the experimental determination of rate constant for decomposition
of H,0, is aqueous solution.

(D) Solve the problems :

1.

The specific reaction rates of a chemical reaction arex2.@5sec? at
273 K and 16.% 10“sec! at 303 K. Calculate the activation energy.
(Ans. 96.101 kJ/mole)

Rate constant of a first order reaction is 0.45'sealculate its half life.

(&) What are zero order reactions? Ang. 1.5 sec)

(b) Give the units of first, third and zero order rate constants.

A first order reaction completes 25% of the reaction in 100 mins. What

are the rate constant and half life values of the reaction?
(Ans. k=2.8773x 103 minm?, t¥% = 240.85 mins)

If 30% of a first order reaction is completed in 12 mins, what percentage
will be completed in 65.33 mins? A(s.85.62%)

Show that for a first order reaction the time required for 99.9% completion
Is about 10 times its half life period.

The half life period of a first order reaction is 10 mins, what percentage
of the reactant will remain after one hour? An§. 1.563%)

The initial rate of a first order reaction is 5<210° mol.lit1s? at
298 K. When the initial concentration of reactant is162 mol.lit™2,
calculate the first order rate constant of the reaction at the same
temperature. Ans.2x 103s7)

SUMMARY :

Order is defined as the exponential power of the concentration term in
the experimentally determined rate expression :

rate = rate constant [A[B]Y [C]".

Total order =p+q+r
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 Units of kand t, depend on the ordem”.
Unitofk = lit™ D moldl-" sec?t
t,, O (af=".

» Experimental determination of the pseudo first order rate constant from
the acid hydrolysis of ester is studied.

» Temperature dependance on the rate constant, Arrhenius equation and
the parameters, their significances and determinations are also learnt.

- Determination of activation energy ¥#alue from the plot of logagainst
1/T and the analysis of the potential energy diagram to know the
significance of Eare also learnt.

» Differences between simple and complex reactions are understood.
Consecutive, parallel and opposing studied.
REFERENCES::

1. Basic Physical Chemistry, by Walter J. Moore
Prentice Hall of India Pvt. Ltd.

2. Elements of Physical Chemistry, by P.W. Atkins
Oxford University Press.

3. Physical Chemistry, by Castellan
Macmillan India Ltd.
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12. SURFACE CHEMISTRY

LEARNING OBJECTIVES

x To study the adsorption, classification of adsorption and factors
affecting adsorption.

To study the catalysis and types of catalysis
To learn the theories of catalysis

To study the preparation and properties of colloids

oo ¥ W

To understand about emulsions

12.1 ADSORPTION

Adsorption is a surface phenomenon. It is observed at the surface of the
solution. Adsorption is a phenomenon of concentration of substance on the
surface of a liquid or solid.

“The condition in which concentration of a substance in the interfacial
layers between two phases is greater than in the bulk of either phase, then
the substance is said to be adsorbed at the interface and the phenomenon is
known as adsorption”.

The process of adsorption of gases by solids is a common phenomenon.
The charcoal specially coconut charcoal has a great capacity of the adsorption
of gases. Silica gel is also utilised for the adsorption of number of gases. The
solid that takes up gas or vapour or solute from a given solution is called
adsorbentand the solute or gas which is held to surface of solid is known as
adsorbate

Classification of adsorption of gases on solids

The adsorption of gases on solids has been divided in to two types based
on the nature of forces holding the gas molecules to the solids.

1. Physical adsorption (or) Vander waal’s adsorption
2. Chemical adsorption (or) chemisorption.
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1. Physical adsorption

This adsorption is due to the operation of forces between solid surface
and the adsorbate molecules that are similar to vander waal’s forces between
molecules. These forces are generally undirected and relatively non specific.
Physical adsorption can also be defined as that type of adsorption where
physical forces hold the gas molecules to the solids.

2. Chemical adsorption

Chemical adsorption is defined as a type of adsorption in which chemical
bonds serve the function of holding gas molecules to the surface. It occurs
due to the stronger binding forces, comparable with those leading to formation
of chemical compounds. It is generally an irreversible process.

The main differences can be summarised as follows:-

Physical adsorption Chemical adsorption

1. Itis due to intermolecular 1. Itis due to chemical bond
Vander waal’s force. formation.

2. Depends on the nature of gas. 2. More specific than the physical
Easily liquefiable gases are adsorption.
adsorbed readily.

3. Heat of adsorption is small. 3. Heat of adsorption is large.

4. Reversible. 4. lrreversible.

5. If occurs rapidly at low 5. Increases with increase
temperature and decreases with of temperature.
increase of temperature.

6. Increase of pressure increases 6. Change of pressure has no
adsorption. effect.

7. Forms multimolecular layers 7. Forms unimolecular layer

on adsorbent surface.

Factors affecting adsorption

The magnitude of gaseous adsorption depends upon the following
factors:
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I. Temperature

ii. Pressure

iii. Nature of the gas and

iv. Nature of the adsorbent.

Effect of temperature and pressure

Adsorption is invariably accompanied by evolution of heat. Therefore,
in accordance with Le chatelier’s principle, the magnitude of adsorption
increases with decrease in temperature. Further, since adsorption of a gas
leads to decrease of pressure, the magnitude of adsorption increases with
increase in pressure. Thus, decrease of temperature and increase of pressure
both tend to cause increase in the magnitude of adsorption of a gas on a
solid.

Nature of the gas

It is observed that the more readily soluble and easily liquefiable gases
such as ammonia, chlorine and sulphur dioxide are adsorbed more than the
hydrogen, nitrogen and oxygen. The reason is that Vander waal’s or
intermolecular forces which are involved in adsorption are more predominant
in the former than in the latter.

Nature of the adsorbent

Adsorption is a surface phenomenon. Therefore, the greater the surface
area per unit mass of the adsorbent, the greater is its capacity for adsorption
under the given conditions of temperature and pressure.

12.2 CATALYSIS

A catalyst is a substance which alters the speed of a chemical reaction
without itself undergoing any chemical change and the phenomenon is known
as catalysis.

Example,

MnQ,
2KCIO, <= 2KCI+30,
In the above reaction, Mn@cts as a catalyst.
30



General characteristics of catalytic reactions

The following characteristics are generally common to most of the
catalytic reactions.

1. The catalyst remains unchanged in mass and in chemical composition
at the end of the reaction.

2. Only a small quantity of catalyst is generally needed.

3. A catalyst cannot initiate a reaction. The function of a catalyst is only
to alter the speed of the reaction which is already occurring at a
particular rate.

4. A catalyst does not alter the position of equilibrium in a reversible
reaction.

5. The catalystis generally specific in its action.

Types of catalytic reactions
Catalytic reactions are classified into two broad types;
1. Homogeneous catalysis
2. Heterogeneous catalysis

1. Homogeneous Catalysis

In these reactions, the reactants and catalyst remain in the same phase.
The following are some of the examples of homogeneous catalysis.

i. Oxidation of SQ to SQ, with oxygen in the presence of nitric oxide
as the catalyst in the lead chamber process.

No(g)

250, + Oy, 2S0,

ii. Hydrolysis of methyl acetate is catalysed by ibins furnished by
hydrochloric acid.

HCI
0]
CH, COO CH,, + H,0, <—= CH,COOH + CHOH
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2. Heterogeneous Catalysis

The catalytic process in which the reactants and the catalyst are in
different phases is known as heterogeneous catalysis. Some of the examples
of heterogeneous catalysis are given below.

i. Oxidation of SQto SQin the presence of Pt metal oy, as catalyst
in the contact process for the manufacture of sulphuric acid.

Pt(s)
250+ Oy —>  25G,
The reactants are in gaseous phase while the catalyst is in solid phase.

ii. Combination between nitrogen and hydrogen to form ammonia in the
presence of finely divided iron in Haber’s process.

Fe(s)
Ny *3Hyg —>  2NH,
The reactants are in gaseous phase while the catalyst is in solid phase.

Types of catalysts
The catalysts have been divided into different types according to their

behaviour and pattern of action.

1. Positive catalyst

A catalyst which enhances the speed of the reaction is called positive
catalyst and the phenomenon is known as positive catalysis. Various examples
are given below :

i. Decomposition of EO, in presence of colloidal platinum

Pt
2H,0O, —> 2HO + Q

ii. Decomposition of KCIQin presence of manganese dioxide.

MnO,

2KCIO, ?2 2KCl + 30,
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2. Negative Catalyst

There are certain substances which, when added to the reaction mixture,
retard the reaction rate instead of increasing it. These are called negative
catalysts or inhibitors and the phenomenon is known as negative catalysis.
The examples are given below.

I. The oxidation of sodium sulphite by air is retarded by alcohol.

Alcohol
2NaSO, + O, ——> 2NaSQ,

ii. The decomposition of hydrogen peroxide decreases in presence of
glycerine.

Glycerine

2H0, ——> 2HO + Q

3. Auto catalyst

In certain reactions, it is observed that one of the products formed during
the reaction acts as a catalyst for that reaction. Such type of catalyst is called
auto catalyst and the phenomenon is known as auto catalysis.

In the oxidation of oxalic acid by potassium permanganate, one of the
products MnSQacts as a auto-catalyst because it increases the speed of the
reaction.

COOH
5 |  +2KMnQ +3HSO, — > 2MnSQ +K,SO, + 10 CQ + 8H,0
COOH

4. Induced Catalyst

When one reactant influences the rate of other reaction, which does not
occur under ordinary conditions, the phenomenon is known as induced
catalysis.

Sodium arsenite solution is not oxidised by air. If, however, air is passed
through a mixture of the solution of sodium arsenite and sodium sulphite,
both of them undergo simultaneous oxidation. Thus sulphite has induced
the arsenite and hence is called induced catalyst.
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Promoters

The activity of a catalyst can be increased by addition of a small quantity
of a second material. A substance which, though itself not a catalyst, promotes
the activity of a catalyst is called a promoter. Some examples of the promoters
are given below.

I. In the Haber’s process for the synthesis of ammonia, traces of
molybdenum increase the activity of finely divided iron which acts as a
catalyst.

Fe

N, + 3H, 2 NH,

+ Mo

Catalytic Poisons

A substance which destroys the activity of the catalyst is called a poison
and the process is called catalytic poisoning. Some of the examples are

(i) The platinum catalyst used in the oxidation of,80contact process
is poisoned by arsenious oxide.

Pt

so, + O, 28Q,

Poisoned
by As,O,

(if) The iron catalyst used in the synthesis of ammonia in Haber process
is poisoned by kB

Fe

+ 3H, <= 2NH,
Poisoned
by H,S

N,

Active Centres

The catalytic surface has unbalanced chemical bonds on it. The reactant
gaseous molecules are adsorbed on the surface by these free bonds. This
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accelerates the rate of the reaction. The distribution of free bonds on the
catalytic surface is not uniform. These are crowded at the peaks, cracks and
corners of the catalyst. The catalytic activity due to adsorption of reacting
molecules is maximum at these spots. These are, therefore, referred to as
the active centres. If a catalyst has more active centres, then its catalytic
activity is increased.

12.3 THEORIES OF CATALYSIS
There are two main theories to explain catalysis.
1. Intermediate compound formation theory
2. Adsorption theory

In general, the intermediate compound formation theory applies to
homogeneous catalytic reactions and the adsorption theory applies to
heterogeneous catalytic reactions.

The Intermediate Compound Formation Theory

According to this theory, the catalyst first forms an intermediate
compound with one of the reactants. The compound is formed with less
energy consumption than needed for the actual reaction. The intermediate
compound being unstable combines with other reactant to form the desired
product and the catalyst is regenerated.

For example, a reaction of the type

c
A+ B —> AB
which occurs in presence of a catalyst C, may take place as

A+ C —> AC
Catalyst Intermediate
compound

AC + B —> AB + C

Product Catalyst

Many catalytic reactions can be explained on the basis of this theory.
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The catalytic oxidation of SOto SQ, in the lead chamber process
probably takes place as;

2NO + Q ——> 2NO,

Catalyst Intermediate
compound

NO, + SO, ——> SQ + NO
Product Catalyst

Adsorption Theory

This theory explains the mechanism of heterogeneous catalysis. Here,
the catalyst functions by adsorption of the reacting molecules on its surface.

Fig. 12.1 Adsorption
In general, there are four steps involved in the heterogeneous catalysis.

Catalyst

Ag * By —> Cu*Dy

(9)

Step - 1. Adsorption of reactant molecules

The reactant molecules A and B strike the surface of the catalyst. They
are held up at the surface by weak vanderwaal’s forces or by partial chemical
bonds.

Step - 2. Formation of Activated complex

The particles of the reactants adjacent to one another join to form an
intermediate complex (A-B). The activated complex is unstable.
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Step - 3. Decomposition of Activated complex

The activated complex breaks to form the products C and D. The
separated particles of the products hold to the catalyst surface by partial
chemical bonds.

Step - 4. Desorption of Products
The particles of the products are desorbed or released from the surface.

Applications of catalysis
The applications of catalysis are summarised as follows.

Process Catalyst
1. Haber’s process for the manufacture Finely divided iron. Molybdenum
of ammonia. as promoter.
2. Ostwald’s process for the manufaciure Platinished asbestos
of nitric acid.
3. Lead chamber process for the Nitric oxide.

manufacture of sulphuric acid.

4. Contact process for the manufacture Platinised asbestos or vanadium
of sulphuric acid. pentoxide (MOy).

5. Deacon'’s process for the Cupric chloride (CuC)
manufacture of chlorine.

6. Bosch’s process for the manufactute  Ferric oxidg(@Ee Chromic oxide
of hydrogen. as a promoter.

7. Hydrogenation of vegetable oils Nickel (finely divided).
Oil + H, — Vanaspati ghee

8. Bergius process for the synthesis of Ferric oxide(be
petrol from coal.

12.4 COLLOIDS

Thomas Graham, in 1861, during his work on diffusion, found that while
certain substances, such as sugars, salts, acids and bases diffused readily
through a parchment membrane, others, such as gelatin, alboumen and glue,
diffused at a very slow rate. The substances belonging to the former category

37



which generally exist in crystalline state, were called crystalloids while the
substances belonging to the second category were given the name colloids.
These observations led to the development of a new branch known as colloidal
science.

In a true solution as sugar or salt in water, the solute particles are
dispersed in the solvent as single molecules or ions. Thus the diameter of the
dispersed particles ranges from 1A° to 10A°. On the other hand, in a
suspension as sand stirred into water, the dispersed particles are aggregates
of millions of molecules. The diameter of these particles is of the order of
2000A° or more. The colloidal solutions are intermediate between true
solutions and suspensions. When the diameter of the particles of a substance
dispersed in a solvent ranges from about 10A° to 2000A°, the system is
termed a colloidal solution.

Types of Colloids

A colloidal system is made up of two phases. The substance distributed
as the colloidal particles is called thspersed phaseThe second continuous
phase in which the colloidal particles are dispersed is calletigpersion
medium. Depending upon the physical state of dispersed phase and dispersion
medium, the following types of colloidal solutions are possible.

Dispersed Dispe_rsion Name Examples

phase medium

Solid Solid Solid-sol Ruby glass, alloys
Solid Liquid Sol paint, ink

Solid Gas Aerosol Smoke, haze

Liquid Solid Gel Curd, cheese

Liquid Liquid Emulsion Milk, Cream

Liquid Gas Liquid Aerosol Cloud, mist
Gas Solid Solid form Cork, pumice stone
Gas Liquid Foam Froths of air
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A colloidal solution of gas in gas is not possible as gases are completely
miscible and always form true solutions.

Lyophobic and Lyophilic Colloids

Colloidal solutions in which the dispersed phase has very little affinity
for the dispersion medium are termed as lyophobic (solvent hating) colloids.
Colloidal solutions of metals which have negligible affinity for solvents and
sulphur in water are examples of this type.

Colloidal solutions in which the dispersed phase has considerable affinity
for the dispersion medium are called lyophilic (solvent loving) colloids.
Gelatin, protein and starch are examples of this type.

12.5 PREPARATION OF COLLOIDS

1. Preparation of lyophilic sols: The colloidal solutions of lyophilic
colloids like starch, glue, gelatin etc., can be readily prepared by
dissolving these substances in water either in cold or on warming.

2. Preparation of lyophobic sols Lyophobic sols are prepared by special
methods. These methods fall into two categories.

I. Dispersion methods: By splitting coarse aggregates of a substance
into a colloidal size.

ii. Condensation methods: By aggregating very small particles into the
colloidal particles.

Dispersion method Condensation methods
1. Mechanical dispersion 1. Exchange of solvents
2. Electro-dispersion 2. Change of physical state
3. Ultrasonic dispersion 3. Chemical methods
4. Peptization I Double decomposition
ii.  Oxidation
iii.  Reduction
Iv.  Hydrolysis
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Dispersion Methods

1. Mechanical dispersion using colloidal mill

The solid along with the
liquid is fed into a colloidal
mill. The colloidal mill consists
of two steel plates nearly
touching each other and
rotating in opposite directions
with high speed. The solid
particles are ground down to
colloidal size and then
dispersed in the liquid.
Colloidal graphite and printing

inks are made by this method.

Fig. 12.2 Colloid mill

2. Electro-dispersion method: (Bredig's Arc Method)

This method is suitable for the preparation of colloidal solution of metals
like gold, silver, platinum etc. An arc is struck between the metal electrodes
under the surface of water containing some stabilising agent such as trace of
alkali. The water is cooled by immersing the container in a cold bath. The
intense heat of the arc vapourises some of the metal which condenses under

cold water.

Fig. 12.3 Electro-dispersion
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3. Ultra-sonic dispersion :

The sound waves of high frequency are usually called ultra-sonic waves.
Ultrasonic waves are passed through the solution containing larger particles.
They break down to form colloidal solution.

4. Peptisation :

The dispersion of a precipitated material into colloidal solution by the
action of an electrolyte in solution is termed as peptisation. The electrolyte
used is called a peptizing agent.

A few examples are

I. Silver chloride can be converted into a sol by adding hydrochloric
acid
ii. Ferric hydroxide yields a sol by adding ferric chloride

Il. Condensation methods

1. By exchange of solvent

If a solution of sulphur or phosphorus in alcohol is poured into water, a
colloidal solution of sulphur or phosphorus is obtained due to low solubility
in water.

2. By change of physical state

Colloidal solutions of certain elements such as mercury and sulphur are
obtained by passing their vapour through cold water containing a stabiliser.

3. Chemical Methods

The chemical methods involve chemical reaction in a medium in which
the dispersed phase is sparingly soluble. Some of the methods are

(i) Double decomposition An Arsenic sulphide sol is prepared by
passing a slow stream of hydrogen sulphide gas through a cold solution of
arsenious oxide. This is continued till the yellow colour of the sol attains
maximum intensity.

As,O, + 3HS —> As,S, + 3HO

Yellow
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Excess hydrogen sulphide is removed by passing in a stream of hydrogen

(i) Oxidation : A colloidal solution of sulphur is obtained by passing
H.S into a solution of sulphur dioxide.

2H,S + SQ — 2H0+3S

(i) Reduction: Silver sols and gold sols can be obtained by treating
dilute solution of silver nitrate or gold chloride with organic reducing agents
like tannic acid or formaldehyde.

AgNOQ, +tannicacid ——  Ag Sol
AuCl, + tannicacid ——  Au Sol

(iv) Hydrolysis: Colloidal solutions of the hydroxides of Fe, Cr, Al etc
can be prepared by hydrolysis of their salts. A colloidal solution of ferric
hydroxide is obtained by boiling a dilute solution of ferric chloride.

FeCL+3HO ———>  Fe(OH),+ 3HCI
red sol

PURIFICATION OF SOLS

In the methods of preparation stated above, the resulting sol frequently
contains besides colloidal particles appreciable amounts of electrolytes. To
obtain the pure sol, these electrolytes have to be removed. This purification
of sols can be accomplished by three methods:

(a)Dialysis
(b) Electrodialysis and
(c) Ultrafiltration

Dialysis

Animal membranes (bladder) or
those made of parchment paper and
cellophane sheet, have very fine
pores. These pores permit ions (or
small molecules) to pass through bu

not the large colloidal particles. I:lg. 12.4 Dialysis of a sol containing

ions and molecule
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When a sol containing dissolved ions (electrolyte) or molecules is placed
in a bag of semipermeable membrane dipping in pure water, the ions diffuse
through the membrane. By using a continuous flow of fresh water, the
concentration of the electrolyte outside the membrane tends to be zero.
Thus diffusion of the ions into pure water remains brisk all the time. In this
way, practically all the electrolyte present in the sol can be removed easily.
The process of removing ions (or molecules) from a sol by diffusion through
a permeable membrane is call@dlysis. The apparatus used for dialysis is
called aialyser.

Electrodialysis

In this process, dialysis is carried under the influence of electric field.
Potential is applied between the metal screens supporting the membranes.
This speeds up the migration of ions to the opposite electrode. Hence dialysis
is greatly accelerated. Evidently electrodialysis is not meant for non-
electrolyte impurities like sugar and urea.

Fig. 12.5 Electrodialysis

Ultrafiltration

Sols pass through an ordinary filter paper. Its pores are too large to
retain the colloidal particles. However, if the filter paper is impregnated
with collodion or a regenerated cellulose such as cellophane or visking, the
pore size is much reduced. Such a modified filter paper is called an ultrafilter.
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The separation of the sol particles from the liquid medium and electrolytes
by filtration through an ultrafilter is called ultrafiltration.

Ultrafiltration is a slow process.
Gas pressure (or suction) has to be
applied to speed it up. The colloidal
particles are left on the ultrafilter in
the form of slime. The slime may be
stirred into fresh medium to get back
the pure sol. By using graded
ultrafilters, the technique of
ultrafiltration can be employed to
separate sol particles of different
sizes.

Fig. 12.6 Ultra filtration
12.6 PROPERTIES OF COLLOIDS

The properties of colloids are discussed under three types
I. Kinetic property
ii.  Optical property
iii.  Electrical property

() Kinetic property

When sol is examined with an ultramicrosope, the suspended particles
are seen as shining specks of light. By following an individual particle, it is
observed that the particle is undergoing a constant rapid motion. It moves in
a series short straight line paths in the medium, changing direction abruptly.

The continuous rapid zig-zag chaotic
random and ceaseless movement executed by
a colloidal particle in the dispersion medium
is called brownian movement. This is due to
the unbalanced bombardment of the particles
by the molecules of the dispersion medium.

Fig. 12.7 Brownian movement
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(if) Optical property

When a strong beam of light is passed through a sol and viewed at right
angles, the path of light shows up as a hazy beam. This is due to the fact that
sol particles absorb light energy and then emit it in all directions. This
scattering of light illuminates the path of the beam. The phenomenon of the
scattering of light by the sol particles is called Tyndall effect.

Fig. 12.8 Tyndall effect

[ll. ELECTRICAL PROPERTIES

(i) Charge on Colloidal particles

The important property of colloidal dispersions is that all the suspended
particles possess either a positive or negative charge. The mutual forces of
repulsion between similarly charged particles prevent them from aggregating
and settling under the action of gravity. This gives stability to the sol.

Mol
lavier

"‘\\_ //*’

Fig. 12.9 Adsorption of ions from dispersion
medium gives charge to sol particles which Fig. 12.10 Helmholtz Double layer

do not settle on account of mutual repulsions
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The surface of colloidal particle acquires a positive charges by selective
adsorption of a layer of positive ions around it. This layer attracts counterions
from the medium which form a second layer of negative charges. The
combination of the two layers of charges around the sol particle is called
Helmholtz double layer.

(i) Electrophoresis

If electric potential is applied across two platinum electrodes immersed
in a hydrophilic sol, the dispersed particles move toward one or the other
electrode. The movement of sol particles under an applied electric potential
is called electrophoresis or cataphoresis. If the sol particles here negatively
charged, they migrate toward the positive electrode. On the other hand, if
they have positively charged they move toward the negative electrode. From
the direction of movement of the sol particles, we can determine the charge
of the sol particles.

The phenomenon of
electrophoresis can be demonstrated
by placing a layer of AS, sol under
two limbs of a U-tube. When a
potential difference of about 100
volts is applied across the two
platinum electrodes dipping in
deionised water, it is observed that
the level of the sol drops on the
negative electrode side and rises on
the positive electrode side (Fig.) This
shows that AsS, sol has migrated
to the positive electrode, indicating

that the particles are negatively
charged. Fig. 12.11 Electrophoresis

of a sol
(iii) Electro osmosis

In a sol, the dispersion medium carries an equal but opposite charge to
that of the dispersed particles. Thus, the medium will move in opposite
direction to the dispersed phase under the influence of applied electric
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potential. The movement of the dispersion medium under the influence of
applied potential is known as electro-osmosis.

The phenomenon of electro-
osmosis can be demonstrated by
using a U-tube in which a plug of wet
clay (a negative colloid) is fixed. The
two limbs of the tube are filled with
water to the same level. The platinum
electrodes are immersed in water and
potential applied across them. It will
be observed that water level rises on
the cathode side and falls on anode
side. This movement of the medium
towards the negative electrode,
shows that the charge on the medium
IS positive. Similarly, for a positively
charged colloid electro-osmosis will
take place in the reverse direction.

Fig. 12.12 Electro-osmosis

12.7 APPLICATIONS OF COLLOIDS

Most of the substances, we come across in our daily life, are colloids.
The meal we eat, the clothes we wear, the wooden furniture we use, the
houses we live in, the newspapers we read, are largely composed of colloids.

The applications of colloid chemistry are limitless. These can be divided
mainly into two classes:

1. Natural applications and
2. Technical applications

1. Natural applications

(i) Blue colour of the sky : Colloidal particles scatter blue light. Dust
particles along with water suspended in air scatter blue light which reaches
our eyes and the sky looks blue to us.
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(i) Fog, mist and rain : When a large mass of air, containing dust
particles, is cooled below its dewpoint, the moisture from the air condenses
on the surfaces of these particles forming fine droplets. These droplets being
colloidal in nature continue to float in the air in the form of mist or fog.

Clouds are aerosols having small droplets of water suspended in air. On
account of condensation in the upper atmosphere, the colloidal droplets of
water grow bigger and bigger in size, till they come down in the form of
rain. Sometimes, the rainfall occurs when two oppositively charged clouds
meet.

It is possible to cause artificial rain by throwing electrified sand or
spraying a sol carrying charge opposite to the one on clouds from an
aeroplane.

(i) Food articles : Milk, butter, halwa, ice creams, fruit juices, etc.,
are all colloids in one form or the other.

(iv) Blood : Blood is a colloidal solution of an albuminoid substance.
The styptic action of alum and ferric chloride solution is due to coagulation
of blood forming a clot which stops further bleeding.

(v)Soils : Fertile soils are colloidal in nature in which humus acts as a
protective colloid. On account of colloidal nature, soils adsorb moisture and
nourishing materials.

(iv) Formation of delta : River water is colloidal solution of clay. Sea
water contains a number of electrolytes. When river water meets the sea
water, the electrolytes present in sea water coagulate the colloidal solution
of clay which get deposited with the formation of delta.

2. Technical Applications

() Electrical precipitation of smoke : Smoke is a colloidal solution
of solid particles such as carbon, arsenic compounds, dust, etc., in air. The
smoke, before it comes out from the chimney, is led through a chamber
containing plates having a charge opposite to that carried by smoke particles.
The particles on coming in contact with these plates lose their charge and
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get precipitated. The particles thus settle down on the floor of the chamber.
The precipitator is calle@ottrell precipitator.

Fig. 12.13 Cottrell smoke precipitator

(i) Purification of drinking water : The water obtained from natural
sources often contains bacteria and suspended impurities. Alum is added to
such water so as to destroy the bacteria as well as to coagulate the suspended
impurities and make water fit for drinking purposes.

(iif) Medicines : Most of the medicines in use are colloidal in nature.
For example, argyrol is a silver sol used as an eye lotion. Colloidal antimony
is used in curing kalazar. Colloidal gold is used for intramuscular injection.
Milk of magnesia, an emulsion, is used for stomach disorders. Colloidal
medicines are more effective because these are easily assimilated.

(iv) Tanning : Animal hides are colloidal in nature. When a hide, which
has positively charged particles, is soaked in tannin, which contains negatively
charged colloidal particles, mutual coagulation takes place, which results in
the hardening of leather. The process is termé&thasng. Chromium salts
have been used in place of tannin.

(v) Photographic plates and films ‘The photographic plates or films
are prepared by coating an emulsion of the light sensitive silver bromide in
gelatin over glass plates or celluloid films.
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(vi) Rubberindustry : Latex is a colloidal solution of rubber particles
which are negatively charged. Rubber is obtained by coagulation of latex.

(vii) Industrial products : Paints, inks, synthetic plastics, rubber,
graphite lubricants, cement, etc., are all colloidal solutions..

12.8 EMULSIONS

These are liquid-liquid colloidal systems, i.e., the dispersion of finely
divided droplets in another liquid. If a mixture of two immiscible or partially
miscible liquids is shaken, a coarse dispersion of one liquid in the other is
obtained which is callezimulsion Generally, one of the two liquids is water.
There are two types of emulsions.

(i) Oil dispersed in water (O/W type),
(i) Water dispersed in oil (W/O type).

In the first system water acts as dispersion medium. Examples of this
type of emulsions are milk and vanishing cream. In milk, liquid fat is dispersed
in water.

In the second system oil acts as dispersion medium. Common examples
of this type are butter and cream.

Emulsions of oil and water are unstable and sometimes they separate
into two layers on standing. For the stabilization of an emulsion, a third
component calleemulsifying agentis usually added. The emulsifying agent
forms an interfacial film between suspended particles and the medium. The
principal agents for O/W emulsions are proteins, gums, natural and synthetic
soaps, etc. For W/O emulsions, the principal emulsifying agents are heavy
metal salts of fatty acids, long chain alcohols, lampblack, etc.

Emulsions can be diluted with any amount of the dispersion medium.
On the other hand, the dispersed liquid when mixed, forms at once a separate
layer. The droplets in emulsions are often negatively charged and can be
precipitated by electrolytes. They also show Brownian movement and Tyndall
effect. Emulsions can be broken into constituent liquids by heating, freezing,
centrifuging, etc.
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SELF EVALUATION

(A) Choose the correct answer :

1. The migration of colloidal particles under the influence of an electric

field is known as
(a) electroosmosis (b) cataphoresis
(c) electrodialysis (d) electrophoresis

. Which one is the correct factor that explains the increase of rate of reaction
by a catalyst

(a) shape selectivity (b) particle size

(c) increase of free energy (d) lowering of activation energy
. Fog is a colloidal solution of

(a) gas in liquid (b) liquid in gas

(c) gas in solid (d) solid in gas.

. The phenomenon of Tyndall’s effect is not observed in

(a) emulsion (b) colloidal solution
(c) true solution (d) None

. The Tyndall's effect associated with colloidal particles is due to

(a) presence of charge (b) scattering of light
(c) absorption of light (d) reflection of light
. In case of physical adsorption, there is desorption when
(a) temperature increases (b) temperature decreases
(c) pressure increases (d) concentration increases

. Colloidal medicines are more effective because
(a) they are clean

(b) they are easy to prepare

(c) the germs more towards, them

(d) they are easily assimilated and adsorbed

. Oil soluble dye is mixed with emulsion and emulsion remains colourless
then, the emulsion is

(@) O/W (b) W/O €)0/0  (d)W/W
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9. For selective hydrogenation of alkynes into alkene the catalyst used is
(@) Ni at 250°C
(b) Pt at 25°C
(c) Pd, partially inactivated by quinoline
(d) Raney nickel
10. For chemisorption, which is wrong
(a) irreversible
(b) it requires activation energy
(c) it forms multimolecular layers on adsorbate
(d) surface compounds are formed

11. An emulsion is a colloidal solution of

(a) two solids (b) two liquids

(c) two gases (d) one solid and one liquid
12. Colloids are purified by

(a) precipitation (b) coagulation
(c) dialysis (d) filtration

(B) Answer in one or two sentences :

Define adsorption.

Define colloidal solution.

What is electrophoresis?

What is catalysis ?

What are the two types of catalysis?

What are active centers ?

Why colloidal system in gas in gas does not exist ?
Why colloids are purified ?

© © N bk WDNPRE

What are emulsions ?
10. What is Tyndall effect ?
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(C) Answer not exceeding sixty words :

1.

© © N o O

Distinguish between physical adsorption and chemical adsorption.

2. Discuss the factors affecting adsorption.
3.
4. Write notes on

Write notes on catalytic reactions

I. Positive catalyst

ii. Negative catalyst

iii. Auto catalyst

iv. Induced catalyst

Write briefly about the theories of catalysis.

Write the applications of catalysis.

Write briefly about the preparation of colloids by dispersion methods.
Write briefly about the preparation of colloids by condensation methods.
Write notes on

I. Dialysis

ii. Electrodialysis

iii. Ultrafiltration

10. Write notes on

i. Brownian movement
ii. Tyndall effect
iii. Helmholtz double layer

11. What is electro osmosis ? Explain.

12. Write the applications of colloids.
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SUMMARY :

Adsorption is a phenomenon of concentration of substance on the surface
of a liquid or solid. The adsorption is classified into physical adsorption and
chemical adsorption.

A catalyst is a substance which alters the speed of a chemical reaction
without itself undergoing any chemical change and the phenomenon is known
as catalysis. Catalytic reactions are classified into homogeneous catalysis
and heterogeneous catalysis. The intermediate compound formation theory
and the adsorption theory are the two main theories which explain the catalytic
processes.

Colloids are intermediate between true solutions and suspensions.
Colloids are classified based on dispersion medium and dispersed phase.
Colloids are prepared by dispersion methods and condensation methods.
Colloids are purified by dialysis, electrodialysis and ultrafiltration. The
properties of colloids are discussed under the types namely, kinetic, optical
and electrical properties.
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3. Text book of physical chemistry - Louis and Glasstone.
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13. ELECTRO CHEMISTRY - |

LEARNING OBJECTIVES

22

To learn and differentiate among conductors, insulators and semi
conductors based on the conductivity differences of various substances.

To know about intrinsic and extrinsic semi conductors.

To study about the theory of electrical conductance specially about
the Arrhenius theory of weak electrolytes, lilmitations of Arrhenius
theory of electrolytic dissociation are also understood.

Onsagar equation will be known and

A=A~ (A+B\) JC,

the relation between equivalent conductance and concentration of
strong electrolytes will be studied.

Statements of Faraday’s laws of electrolysis and their significances
will be studied. Quantitative calculations on Faraday’s laws will be
learnt.

Definitions and explanations of specific resistance, equivalent and molar
conductances are to be studied.

Variations of conductance with dilution of strong and weak electrolytes
are to be explained and studied. Graphical representations of
conductance against concentrations are explained and understood.

Statement of Kohlraush’s law and its significances can be understood.

Buffer action, the nature of acidic and basic buffers, explanation of
Henderson equation, examples of buffer solutions in domestic and
industrial utilities will be explained and learnt.

Use of pH values, indicators with applications of different pH ranges
will be studied.
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The science of electrochemistry deals with the study of interconversion
of electrical and chemical energy.

13.1 CONDUCTORS , INSULATORS AND SEMI CONDUCTORS

All substances are classified into three types known as conductors,
insulators and semi conductors based on their ability to allow the electrical
current to pass through them.

Conductors : Those substances which allow electrical current to pass
through them completely are knowncasmductors.

Examples are metals, alloys and fused electrovalent compounds.

Insulators : Those substances which do not allow electrical current to
pass through them are known as insulators. Examples of insulators are wood,
silk, cotton, glass, rubber, organic compounds like benzene and carbon tetra
chloride.

Semiconductors Those substances that allow the electrical current to
pass through them partially (or) possess very low electrical conductivity are
known as semi conductors. Examples of semi conductors are Silicon,
Germanium, oxides of Manganese, Cobalt oxide, Titanium dioxide etc.

Conductors of electricity are further classified into two types depending
on their mode of transport of electrical charges inside them. These are
electronic conductorsandelectrolytic conductors.

Metallic conductors :Metals and alloys conduct electricitiy due to the
movement (mobility) of delocalised outershell electrons present inside them
and are known asectronic conductors(or)metallic conductor. Electrical
conduction through metals do not bring about any chemical transformations.

Electrolytic conductor : Electrovalent (or) ionic compounds conduct
electrical current in their dissolved state (in solutions) or in their fused state
only. These compounds consists of ions of opposite charges and in aqueous
solution they exist as ions. In the presence of applied electrical field, these
ions migrate to respective electrodes exhibiting electrical conductivity. This
mobility of ions is responsible for conduction of electricity through
electrolytes and is referred elgctrolytic conduction. Passage of current
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through electrolytes is accompanied by chemical changes also. The differences
in the properties of electronic and electrolytic conductors are given below :

S.No| Electronic conduction Electrolytic conduction
1. | Pure metals and their Electrovalent (or) ionic
solid solutions such as alloys compounds conduct electricity

are called as metallic conductofs. through their ions presentin
fused state or in dissolved state.

2. | Free and mobile electrons of lons with positive and negative
the metallic atoms or alloys charges conduct electricity and
are responsible for electrical move towards cathode and
conductance. anode respectively.

3. | Positive holes in the metals Electrolysis occurs when
move in the opposite electrical current is passed
direction to electrons. through electrolytic solutions.

4. | Thereis no chemical change in Chemical change occurs.
the material when electricity
is passed.

5. | Thereis only flow of electrical There is actual transfer of
energy but there is no transfer matter since ions move towards
of matter. respective electrodes.

6. | Conductivity of metal decreaseg ~ The conductivity of electrolyteg
with increase in temperature dye  increases with increase in
to the enhanced thermal vibratipn  temperature. This is due to
of metal atoms disrupting the increase with ionic mobility.
movement of electrons passing
through them.

Semi conductors :Certain type of solids like pure silicon and germanium
which are poor conductors of electricity at normal temperature become good
conductors either at high temperatures or in the presence of impurities like
Arsenic or Boron. There are two types of semi conductors known as intrinsic
and extrinsic semiconductors.

Intrinsic semi conductors :In the intrinsic type, these solids have very
low conductivity at room temperature but at high temperatures one of the
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interatomic covalent bonds between Silicon (or) Germanium atoms are
broken heterolytically such that free electrons and corresponding positive
holes are created. When electrical field is applied these electrons migrate
along the direction of the applied electricfield causing electrical conductivity
in them. The positive holes move in opposite direction to that of the movement
of electrons.

Extrinsic semi conductor : In the extrinsic type of semi conductors
addition of impurities like Arsenic or Boron causes appreciable increase in
the electrical conductivity. This effect can be obtained as follows :

N-type semi conductor in silicon and germanium crystals, each atom
is covalently bonded to four neighbours so that all its four valence electrons
are tied down. Thus in the pure state these elements are poor conductors.
Suppose an atom of arsenic is introduced in place of silicon or germanium in
the crystal lattice. Arsenic has five valence electrons, four of which will be
utilised in the formation of covalent bonds and the remaining electron is free
to move through the lattice. This leads to enhanced conductivity.

p-type semi conductor Now let a Boron atom be introduced in place

of Silicon atom in the crystal lattice. A Boron atom has only three valence
electrons. It can form only three of the four bonds required for a perfect
lattice. Thus it is surrounded by seven electrons (one of Si) rather than eight.
Thus electron vacancy or a ‘positive hole’ in the lattice is produced. Another
electron from the bond of the adjacent Si atom moves into this hole,
completing the four bonds on the B atom. This electron also leaves a hole at
its original site. In this way electrons move from atom to atom through the
crystal structure and the holes move in the opposite direction. Therefore the
conductivity of the material improves.

Semi conductors which exhibit conductivitiy due to the flow of excess
negative electrons, are calledype semiconductorgn for negative).

Semiconductors which exhibit conductivity due to the positive holes,
are callegp-type semiconductorgp for positive).

13.2 THEORY OF ELECTROLYTIC CONDUCTANCE

Arrhenius theory of electrolytic conductance is also known as Arrhenius
theory of ionisation since electrolytic dissociation into ions is considered
here.
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Postulates of Arrhenius Theory 1. When dissolved in watereutral
electrolyte molecules are split up into two types of charged patrticles.
These particles were calledns and the process was termiedisation.
The positively charged particles were catlatibonsand those having negative
charge were calleghions.

The theory assumes that the ions are already present in the solid
electrolyte and these are held together by electrostatic force. When placed
in water, these neutral moleculdssociate to form separate anions and
cations.

A"BD —> A"+B

For that reason, this theory may be referred to as the theory of electrolytic
dissociations.

2. The ions present in solution constantly reunite to form neutral
molecules. Thus there is a state of equilibrium between the undissociated
molecules and the ions.

AB —— A"+B
Applying the Law of Mass Action to the ionic equilibrium we have,
[A"IBT _
e

where K is called thBissociation constant.

3. The charged ions are free to move through the solution to the
oppositely charged electrode. This is called as migration of ions. This
movement of the ions constitutes the electric current through electrolytes.
This explains the conductivity of electrolytes as well as the phenomenon of
electrolysis.

4. The electrical conductivity of an electrolyte solution depends on the
number of ions present in solution. Thus the degree of dissociation of an
electrolyte determines whether it is a strong electrolyte or a weak electrolyte.
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We know that electrolytes dissociate in solution to form positive ions
(cations) and negative ions (anions).

AgNO, ——= Ag"+NO,”
CusQ ——> Cuw+S0O*
H,SO, ——> 2H"'+S0O*

As the current is passed between the electrode of the electrolytic cell,
the ions migrate to the opposite electrodes. Thus in the electrolytic solution
of AgNQO,, the cations (A9 will move to the cathode and anions (NO
will move to the anode. Usually different ions move with different rates. The
migration of ions through the electrolytic solution can be demonstrated by
the following experiments.

Fig. 13.1 Migration of ions through electrolytic solution to opposite electrodes

5. The properties of solution of electrolytes are the properties of ions.
The solution of electrolyte as a whole is electrically neutral unless an electric
field is applied to the electrodes dipped into it. Presence of hydrogen ions
(H") renders the solution acidic while presence of hydroxide ions)(OH
renders the solution basic.

6. There are two types of electrolytes. Strong electrolytes are those
when dissolved in water are completely dissociated (ionised) into ions of
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positive and negative charges. The total number of cations and anions
produced are equal to those in the formula of the electrolyte.

(e.g.,) A, (SO); ——>  2AI**+3SQ*
NaCl, KCI, AgNQ, etc., are few examples of strong electrolytes.

In the case of weak electrolytes, there is partial dissociation into ions in
water and an equilibrium exists between the dissociated ions and the
undissociated electrolyte.

(e.g.,) CHCOOH <—= CH,COO + H". Acetic acid is a weak

electrolyte in water and unionised acetic acid molecules are in equilibrium
with the acetate anions and tdns in solution.

Evidences of Arrhenius theory of electrolytic dissociation

1. The enthalpy of neutralisation of strong acid by strong base is a constant
value and is equal to —57.32 kJ. gm.eguibhis aspect is well explained
by adopting Arrhenius theory of electrolytic dissociation. Strong acids
and strong bases are completely ionised in water and produaedH
OH~ ions respectively along with the counter ions. The net reaction in
the acid-base neutralisation is the formation of water frorartd OH
ions.

H*+ OH — > H,0; AH ° =-57.32 kJ.mol.

2. The colour of certain salts or their solution is due to the ions present.
For example, copper sulphate is blue due t& @us. Nickel salts are
green due to Nt ions. Metallic chromates are yellow due to ¢fO
ions.

3. Ostwalds dilution law, common ion effect and solubility product and
other such concepts are based on Arrhenius theory.

4. Chemical reactions between electrolytes are almost ionic reactions. This
is because these are essentially the reaction between oppositely charged
ions. For example,

Ag"+ChF —>  AgCl!
5. Electrolytic solutions conduct current due to the presence of ions which
migrate in the presence of electric field.
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6. Colligative properties depend on the number of particles present in the
solution. Electrolytic solution has abnormal colligative properties. For
example, 0.1 molal solution of NaCl has elevation of boiling point about
twice that of 0.1 molal solution of non-electrolyte. The abnormal
colligative properties of electrolytic solutions can be explained with theory
of electrolytic dissociation.

Ostwald’s dilution law for weak electrolytes

According to Arrhenius theory, weak electrolytes partially dissociate
into ions in water which are in equilibrium with the undissociated electrolyte
molecules. Ostwald’s dilution law relates the dissociation constant of the
weak electrolyte with the degree of dissociation and the concentration of
the weak electrolyte. Consider the dissociation equilibrium ofGXHOH
which is a weak electrolyte in water.

CH,COOH CH,COO" + H*

[H*][CH £007]
a~  [CHLCOOH]

a is the degree of dissociation which represents the fraction of total
concentration of CECOOH that exists in the completely ionised state. Hence
(1 -a) is the fraction of the total concentration of {LOOH, that exists in
the unionised state. If ‘C’ is the total concentration of, CEOH initially,
then at equilibrium @, Ca and C (1 @) represent the concentration of,H
CH,COO and CHCOOH respectively.

Then K, =

if a is too small, then K= a®C and

o= ,/%. Also [H] = [CH,COO] = Ca.

1=c(g) = o= e
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a?C

K, = g is known as the Ostwald’s dilution law. For weak bases,
2c K, L
K,=—— anda =,/— ata = small values. K= dissociation constant
b 1-q C

for weak base.

This law fails for strong electrolytes. For strong electrolytéends to
1.0 and therefore Kincreases tremendously.

13.4 FARADAY’S LAWS OF ELECTROLYSIS

Electrolysis

When electric current is passed through an electrolyte solution, the ions
of electrolyte undergoes chemical changes at the respective electrodes. The
chemical reaction carried out by passing electricity is called as electrolysis.

There are two important laws of electrolysis proposed by Faraday and
the relation between the amount of products liberated at the electrodes and
the quantity of electricity passed through the electrolyte is established based
on these laws.

Faraday’s First law :

The mass of the substancs) (iberated at the electrodes during the
electrolysis is directly proportional to the quantity of electricity (Q) that
passes through the electrolyte.

Faraday’s Second law :

When the same quantity of electricity passes through solutions of different
electrolytes, the amounts of the substances liberated at the electrodes are
directly proportional to their chemical equivalents.

Electrochemical equivalent defined in First law

If mis the mass of substance (in grams) deposited on electrode by passing
Q coulombs of electricity, then

mQdQ ... First law
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We know that Q = Ixt
or m= Zxlxt

where Z is the constant known as the Electrochemical equivalent of the
substance (electrolyte). If | = 1 ampere and t = 1 second, then

m=Z
Thus, the electrochemical equivalent is the amount of a substance
deposited by 1 ampere current passing for 1 second (i.e., one coulomb)

The Electrical unit Faraday

It has been found experimentally that the quantity of electricity required
to liberate one gram equivalent of a substance is 96,495 coulombs. This
quantity of electricity is known &saraday and is denoted by the symbol F.

It is obvious that the quantity of electricity needed to deposit 1 mole of
the substance is given by the expression.

Quantity of electricity =n x F

wherenis the valency of its ion. Thus the quantity of electricity required to
discharge :
onemole of Ag =1x F= 1F

onemle of C&* =2x F=2F
one mole of AA* =3x F=3F

We can represent the reactions on the cathode as :

Agt+e =Ag
CwW'+2 =Cu
Al +3e =Al

It is clear that the moles of electrons required to discharge one mole of
ions Agf, Cw?* and APF* is one, two and three respectively. Therefore it
means that the quantity of electricity in one Faraday is one mole of electrons.
Now we can say that,

1 Faraday = 96,495 coulombs = 1 Mole electrons
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Importance of the First law of Electrolysis
With the help of the first law of electrolysis we are able to calculate :

1. the value of electrochemical equivalents of different substances ; and

2. the mass of different substances produced by passing a known quantity
of electricity through their solutions.

96495 coulomb of electricity liberates one gram equivalent weight of
the element.

01 lomb current liberat equivalent mass coulombt
coulomb current liberates=""o - o g.cou

[0 Z = electrochemcial equivalent mass

_ equivalent mass .
= 96495 x 103 kg.coulombt

Electronic charge.

1 Faraday equal the quantity of electricity produced by 1 mole of
electrons.

96495

[0 Charge of an electron = 6.023x 1&3

= 1.602x 1019Coulomb.

Example 1. If 50 milli ampere of current is passed through copper
coulometer for 60 min, calculate the amount of copper deposited.

Solution : Electrical charge input =3 t coulombs
=50x 103A x 60x 60 sec
= 180 coulombs.

The chemical reaction is, €u+ 2e —— Cy

1 gm atom of copper requires 2F current
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63 59.mol 1 x 180C
~ 2x9650@C

[0 amount of copper deposted

=0.0592 gm.

Example 2. 0.1978 g of copper is deposited by a current of 0.2 ampere
in 50 minutes. What is the electrichemical equivalent of copper ?

Solution : Here,t = 50 minutes = 56 60 seconds ; | = 0.2 ampere.
Quantity of electricity used is

Q=1xt=0.2x 50 x 60 = 600 coulombs
Amount of copper deposited by 600 coulombs = 0.1978 g
Amount of copper deposited by 1 coulomlg%g =0.0003296 g
Electrochemical equivalent of copper = 0.0003296 = 3:236“gc
=3.206x 107" kg c*

Example 3. What current strength in amperes will be required to
liberate 10 g of iodine from potassium iodide solution in one hour ?

Solution : 127 g of iodine (1g eqvt) is liberated by = 96,500 coulomb

96,500
10 g of iodine is liberated by = 127 %10 coulomb
Let the current strength be = |
Timeinseconds = % 60x 60

We know that the quantity of electricity, Q, used is given by the expression

Q =1 x time in seconds

96,500 10
Curernt strength, | T T 127x 60x 60

= 2.11 ampere.
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Example 4. An electric current is passed through three cells in series
containing respectively solutions of copper sulphate, silver nitrate and
potassium iodide. What weights of silver and iodine will be liberated
while 1.25 g of copper is being deposited ?

_ Wt.of copper Eqvt.wt.copper
Solution : i =i v - = .
Wt.of lodine Eqvt. wt.of lodine
or 125 _ 3817 _125¢127
x 127 -~ 317

5.0 g of iodine

Hence, Wt. of lodine  x

Wt.of Copper 125
Also, "Wt of Silver =

Eqvt.wt.of CuE 31.7)
Eqvt.wt.ofSilver (=108)

108x 125
317

4.26 g

Wit. of silver §)

13.5 ELECTRICAL CONDUCTANCE QUANTITIES

The S.I1. unit of electrical current is ampere. The unit of quantity of
electricity is coulomb. when one ampere of current is passed for one second,
then the quantity of current passed is one coulomb.

(i.e.,) Q = Ix t Coulomb

Ohm’s law : This law can be stated as, at constant temperature, the
strength of the current flowing through a conductor is directly proportional
to the potential difference and inversely proportional to the resistance of the
conductor.
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Vv
Thus, | R’ 0 V =RI, V=Wlts, | = ampere, R = ohms

Specific resistance The resistance ‘R’ ohms offered by the material of
the conductor to the flow of current through it is directly proportional to its
length () and inversely proportional to the area of cross secaprus,

I I
RO - and R=p -
a a

p is called the specific resistance and it is resistance in ohms which one
meter cube of material offers to the passage of electricitiy through it, unit of
specific resistance ahm-meter.

Specific conductance The reciprocal of specific resistance is called as
specific conductance (or) specific conductiviy [k is called ‘kappa’].

K is defined as the conductance of one metre cube of an electrolyte
solution

11
Uk = _'a

Ol
py I

Unit of specific conductance is ohihm (or) mho.mt

Since ohm = mho

_ 1 xﬂ_ h 11
K—ohmmz—om.m

Also, 1 siemen = 1 mhal K is also expressed as Stm

Conductance is the reciprocal of resistance ‘R’.

1
Conductance =

R
. _ .
a is called as the cell constant-finand is constant for a given
conductance cell.
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Thus specific conductance’ ‘= cell constank conductance

_ Cellconstant
~  Resistance

Equivalent conductance :Equivalent conductance () is defined as
the conductance of an electrolyte solution containing one gram equivalent
of the electrolyte. It is equal to the product of specific conductas)aa (
the solution and the volume (V) of the solution that contains one gram
equivalent of the electrolyte.

A =K x V
In general if an electrolyte solution contains N gram-equivalents in
1,000 cc of the solution the volume of the solution containing 1 gram

equivalent will bello\lﬁ) x 10 m3 (1 cc = 166 m3)

On= k19 o v
¢= K =~ mho.n? gm.equiv:

for 1 : 1 electrolyte normality N equals to molarity ‘C’. Then

_kx107°

Ac c mho.n?.(gm.equiv)

Ac values depend on the type of the electrolyte, concentration of the
solution and temperature.

Molar conductance : Molar conductancelt.’ is defined as the
conductance of a solution containing one mole of the electrolyte dissolved
init.

_kx107°

0 pe M

mho.nt.mole?

where M is the molarity of the electrolyte solution.

For 1: 1 electrolyte like NaCl, equivalent conductance is equal to molar
conductance.
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Summary of electrochemical quantities.

Quantity Symbol Unit
Resistance R ohm (or)Q
Resistivity (or) p ohm.m.

specific resistance

Conductance ; ohnt! (or) Siemen
Specific conductivity K ohnt! mrt

(or) specific conductancg

Volume (or) dilution \% nt

Equivalent conductance| A, ohnt! n? (gm.equiv)t
Molar conductance He ohnt! m? mole?

13.6 VARIATION OF EQUIVALENT CONDUCTANCE WITH
CONCENTRATION

The effect of concentration on equivalent conductance can be studied
from the plots ofA. values versus square root of concentration of the
electrolyte. By doing so, it has been found that different types of plots are
obtained depending on the nature of electrolyte. For strong electiplytes
decreases linearly with increaseg/iy while for weak electrolytes, there is a

curve type of non linear decrease\gvith /¢ .

Jc

Fig. 13.2 Variation of equivalent conductivityA_ with ./C for
(a) strong electrolytes and (b) weak electrolytes.
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For strong electrolytes Debye, Huckel and Onsager equation can be
applied.

Ac=A,—(A+BA,) J/c tothe linear plot oA versus/c for strong
electrolytes, the intercept value equalshipvalue which is obtained by
extrapolating the line to ‘y’ axis,{[c = 0). The slope value equals to
(A+BA_). Aand B are called as Debye constants for strong electrolytes.

In case of weak electrolytes, degree of dissociatipincreases when
concentration decreases. Hence, (] value tends to zero at infinite dilution,
such thah. increases and tendsXg value.

A, of weak electrolytes are experimentally obtained by extrapolating
the upper arm of the curve to the Y axis and the intercept value corresponds
toA,. In the intermediate concentration rangeis lower tham since the
weak electrolyte exists in partially ionised state. The degree of dissociation
a equals to the ratio & to A value. (i.e.a = A /A,).

Example 1. The resistance of a 0.01 N solution of an electrolyte was
found to 210 ohm at 25C using a conductance cell with a cell constant
0.88 cml. Calculate the specific conductance and equivalent
conductance of the solution.

Solution : R =210 ohm % =0.88 cmt

1
R

Specific conductanae x

I
a

0.88cmt

_ S 3 1
= 5100hm =4.19%x 10° mho.cm

4.19%x 103 mho.ntt

Equivalent conductancg,=k x V
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V has 1 gram equivalent dissolved given is 0.01 N in 1000 ml.

1000 _
OV = 001 - 1,00,000 ml
A = 4.19x 103 x 1,00,000
A = 419.05 mho.crhgm.equivit

= 4.1905x 102 mho n¥ (gm.equivy!

Example 2. 0.04 N solution of a weak acid has a specific conductance
4.23x 10% mho.cntl. The degree of dissociation of acid at this dilution
is 0.0612. Calculate the equivalent conductance of weak acid at infinite
solution.

Solution : Specific conductanae= 4.23x 10* mho.cm!

k1000  4.23x10*x 1000
c - ¢ - 0.04

=10.575 mho.crheq™.

Ac _10575
A, A

O A, =172.79 mho.cfaigm.equivt

a =0.0612

00

Example 3. Equivalent conductivity of acetic acid at infinite dilution
is 39.7 and for 0.1 M acetic acid the equivalent conductance is
5.2 mho.cnf.gm.equiv:l. Calculate degree of dissociation, Hion
concentration and dissociation constant of the acid.

A _52 _ .
Solution: o= N 3907 " 0.01333 =1.33%

00

CH,COOH H* + CH,COO
C@l-a Ca Ca

[0 [HT]=Ca =0.1x 0.0133 = 0.00133 M

« a’C_0.0133x 01
" 1-a (1-00133

=2.38x 10°M
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13.7 KOHLRAUSH'S LAW

This law states that, “at infinite dilution wherein the ionisation of all
electrolytes is complete, each ion migrates independently and contributes a
definite value to the total equivalent conductance of the electrolyte”. Consider
an electrolyte AB in aqueous solution. It dissociates as

A B, ——= mMA™+nB™
Then at infinite dilution, according to Kohlrausch’s law, the total
: 1 1
equivalent conductance of the electroljes = A+ e Ag~wherer *

and A_-are the cationic and anionic equivalent conductances at infinite
dilutions anah* andnt correspond the valency of cations and anions furnished
from each molecule of the electrolyte.

A,,NaCl = A Na" + A_CI-
A, BaClL, = 1A B&* + A CF
2
A, AICL, = LA AB* + A CF
3
_ 1 s L1 _
A, Al(SO,), = é)\mAI3 +2 A, S0p

For weak electrolytes,
A, CH,COCH AN H" +A ~CH,COO
A,,NHOH = A *NH,* +A~OH

Application of Kohlraush’s law : The important use of Kohlraush’s
law is to deduce thé , value of the weak electrolytes correctly by
arithmetically combining th&_ values of strong electrolyte in appropriate

manner.

For example\ , of CH;COOH which is a weak electrolyte is deduced
fromA  values of NaCl, HCI, and C)EOONa in such a manner thgtof
CH,COOH is obtained. Sodium acetate (CKDONa) is a strong electrolyte
and it ionises to acetate (GEIOO") and sodium (N9 ions at all
concentrations in water. Applying Kohlraush’s law,
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A,,CH,COONa +A_ HCI -\ _NaCl =

A,CH,COO +A Na" + A H" +A_ CI-—A_ Na" — A  CI

A, CH,COO +A_H* =\_CH,COOH

This method produces agreeable values dbr weak electrolytes.

Similarly A_NH,OH can be deduced as,

A NH,OH =A_NH,* + A\ OH
=A NH,* +A_CI- + A_Na'+A_OH —A_Na"—A_CI-
= A,NH,Cl +A_NaOH -A NaCl

Molar conductances at infinite dilution p () when an electrolyte
dissociates intgy, number of cations ang number of anions then total
molar conductance at infinite dilutir) of the electrolyte is given by

A, B, ——>V,AT+y B
then p, =y, 1, + Y 17,
wherep™_ andu®  are the ionic conductances at infinite dilution.
O u,BaCl, = p, Ba*" +2u,Cl-
H,Na,SO, = 2p Na"+pu, SO

Example 4 : lonic conductances at infinite dilution of A} and SO~
are 189 ohnttcm? gm.equiv:t and 160 ohm! cm? gm.equiv:L. Calculate
equivalent and molar conductance of the electrolyte at infinite dilution.

The electrolytes A[SO,),
1 1
A AlL(SO), = 5)\00 Al3* + 5 A, SO

189 160
A, Al(SO),;= T"‘ 5

H,Al(SO),;= 2x 189 + 3x 160 = 858 mho cAmol*

= 63 + 80 = 143 mho chgm.equi’
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The common ion effect

When a soluble salt (say"®&") is added to a solution of another salt
A*B") containing a common ion (A+), the dissociation of AB is suppressed.
g

AB — A"+B

By the addition of the salt (AC), the concentration dfiAcreases.
Therefore, according to Le Chatelier’s principle, the equilibrium will shift to
the left, thereby decreasing the concentrationofoAs or the degree of
dissociation of AB will be reduced.

The reduction of the degree of dissociation of a salt by the addition
of a common-ion is called the Common-ion effect.

Let us consider a few examples to illustrate the common-ion effect.

Example 1.In a saturated solution of silver chloride, we have the
equilibrium

+
AGCly == AG gt Clag)

When sodium chloride is added to the solution, the concentratiorn of Cl
ions will increase. The equilibrium shown above will be shifted to the left to
form more of solid AgCl. Thus the solubility of AgCl, a typical sparingly
soluble salt, will decrease.

Example 2. When solid NHCI is added to NEOH solution, the
equilibrium
NH,OH < NH,* + OH"

shifts to the left. Thereby the equilibrium concentration of @étreases.
This procedure of reducing the concentration of ©@Hk is used in qualitative
analysis.

Example 3. The common-ion effect can also be applied to the ionic
equilibrium of a weak acid as HF.

HF — H'+F
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NaF is added to the equilibrium mixture. The concentrationof F
(common ion) is increased. Thus the equilibrium shits to the left. In other
words, the degree of dissociation of HF decreases. It was found by experiment
that the degree of dissociation HF in 1M solution is 2.7 while the value
reduces to 7. 10* after the addition of 1 M NaF.

Example 4.Find the degree of dissociation of HF in 1 M aqueous
solution. The value of K for the ionic equilibrium HF £ HFis 7.2« 10*

Solution : HF dissociates in water to fornTldnd F ions. On reaching
the equilibrium we have

HF =—= H'+F
Thus one mole of HF taken initially dissociates to yield 1 mole*of H
and 1 mole of £

If x be the degree of dissociation, the concentration terms at equilibrium
are :

[HF] = (1 —x) mol/L
[F] =xmol/L
[H] =xmol/L

Substituting these values in the equilibrium expression, we have

- _[HFT _ 909
K=72x 104 = (HF] ~ (A-%)

If xis very small compared to 1, we can write :

2

7.2x 104= 2
1.00
0 x = (7.2x 10412
=2.7x%x 102

Thus the degree of dissociation of HF in 1 M solution isx2T0?.
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13.8 IONIC PRODUCT OF WATER
Water is a weak electrolyte. The dissociation equilibrium of water can
be considered as,

2H,0 H,O" + OH

According to law of mass action,

_ [HO"J[OHT]

Kea™ 1,012

Since water as a solvent is always in excess and change in concentration
due its dissociation is negligible. Hence water concentration is assumed to
be constant.

0 Keq[H,02 = [H,07] [OH] = K,,

The constant K is called as the ionic product of water and its value is
given by the product of concentrations of hydroniun#j and hydroxide
(OH) ions. At 298 K, K =1 x 10%* moP.dn®.

The pH of solutions

A knowledge of the concentration of hydrogen ions (more specifically
hydronium ions) is of the greatest importance in chemistry. Hydrogen ion
concentrations are typically quite small numbers. Therefore, chemists report
the hydrogen ion concentration of a solution in terms of pH. It is defined as
the negative of the base-10 logarithm (log) of the *Hconcentration.
Mathematically it may be expressed as

pH = —log, [H']
where [H] is the concentration of hydrogen ions in moles per litre

Alternative and more useful forms of pH definition are :

1
pH =log —[H+]

and [H]= 10PH
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The pH concept is very convenient for expressing hydrogen ion
concentration. It was introduced by Sorensen in 1909. It is now used as a
general way of expressing other quantities also, for example.

(a) Concentration of OHons in aqueous solution of a base is expressed
as

p [OH] =-log,,[OH7]
(b) Equilibrium constant for water is written as
pK,, =-—log,I[K,]

For any quantity X, we can write
pX =—log X
The ‘p’ in these expressions means “—log of the quantity”.

The pH of a given solution can be measured with the help of an apparatus
called pH meter.

Knowing the pH of the solution its hydrogen ion concentration can be
calculated.

pH Scale

In order to express the hydrogen ion concentration or acidity of a solution,
a pH scale was evolved. The pH is defined as

pH=-log[H] or [H']=10PH

The hydrogen ion concentrations of different acidic solutions were
determined experimentally. These were converted to pH values using the
above relations. Then these pH values were computed on a scale taking
water as the reference substantee scale on which pH values are
computed is called the pH scale.

Water dissociates to'Hand OH ions to a very small degree so that we
have the equilibrium.

H,O H* + OH
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Since K, = 1x 10 moP.dm®.

[H,0" = [H*] = [OH] = /1x10™* = 1 x 107 mol.dm?®

Thus the H ion and OH- ion concentrations in pure water are both
107 mol.dm?3 at 28C and it is said to be neutral. In acidic solution, however,
the concentration of Hons must be greater tharrafol. L. Similarly in
a basic solution, the concentration of Gbhs must be greater than"10
mol L. Thus we can state :

neutral solution  [H] = [OH]
acidic solution [H] > [OH]
basic solution [H] < [OH]

Expressing the [H in terms of pH for the different solutions cited above,
we get what we call the pH scale. On this scale the values range from 0 to
14. Since pH is defined as —log*Fnd the hydrogen ion concentration of
water is 10, the pH of water is 7. All solutions having pH less than 7 are
acidic and those with pH greater than 7 are basic.

ACID NEUTRAL BASE
14

.
< >

pH <7 pH>7

A
A

As shown by the pH scale, pH decreases with the increasé]oTfi¢
lower the pH, higher is the [fHor acidity.

To calculate [H] and [OH] from K. In any aqueous solution, the
product of [H] and [OH] always equal to Kw. This is so irrespective of the
solute and relative concentrations of &hd OH ions. However, the value
of Kw depends on temperature. At@5it is 1.0x 1014 Thus,

[H*] [OH] = 1.0 x 1014

Each of [H] and [OH] in pure water at Z& is 10. The concentrations
of [H*] and OH ions are expressed in gram moles per litre.
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The concentrations [H and [OH] ions can be calculated from the
expressions :

KW
1= on]
O =

Relation between pH and pOH

pH concept can be used to express small quantities a3 §DH K, .
Thus

pOH = -log,[OHT]

pK, = -—log,K,
Let us consider the log form of the expression

K, = [H'][OH]
That is logK, = log[H'] + log [OHT]
or —log K, = -log [H]-log [OH]
Thus pK, = pH+pOH
Since K, = 1.0x 10
pK,,

—log (1.0x 1014 = 14.00

Hence, for any aqueous solution at@ppH and pOH add up to 14.00.
That is,

pH + pOH = 14.00

In general, the pH problems may be of the following tpes :
Example 1. The hydrogen ion concentration of a fruit juice is
3.3x 102 M. What is the pH of the juice ? Is it acidic or basic ?
Solution : The definition of pH is
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We are given  [H] = 3.3 x 102

Substituting into the definition of pH, we get
pH —log (3.3x 10?)

—(-1.48) =1.48

Since the pH is less than 7.00, the solution is acidic.

Example 2. If a solution has a pH of 7.41, determine its ‘H
concentration.

Solution : pH = —log [H]
O [H*] = antilog [-pH] = antilog [-7.41]
O [HT] = 3.9x 108M

Example 3. pH of a solution is 5.5 at Z&. Calculate its [OH]
Solution : pH+pOH =140 0O pOH=14.0-pH

= 14.0-5.5=8.50
pOH = 8.5 [J antilog [-pOH]
0 [OHT] = antilog [-8.5]=3.2x 10°M
Example 4. Calculate the pH of 0.001 M HCI solution
HCI ——— H*+CI. HClis a strong acid.

[H*] from HCI is very much greater than [H+] from water which is
1x 107 M.

O [Hf] = [HCI]=0.001M
O pH = -log (0.001) =3.0
OO0 That is acidic solution.

Example 5. Calculate the pH of 0.1 M CHCOOH solution.
Dissociation constant of acetic acid is 1.8 10° M.

For weak acids,
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1] = JKoxC
J18x105x 01= |/18x 10°
1.34x 103M

O pH

—log [H'] = log (1.34x 1073)
0 pH = 287

Example 6. Calculate the pH of 0.02 m Ba(OH)aqueous solution
assuming Ba(OH) as a strong electrolyte.

Ba(OH,) —> B&* + 20H"
0 [OH] = 2[Ba(OH)]=2x0.02 =0.04 M

J pOH —log [OH] = 1.398 = 1.40

[ pH = 14-14=126

13.9 BUFFER SOLUTIONS

Itis often necessary to maintain a certain pH of a solution in laboratory
and industrial processess. This is achieved with the help of buffer solutions,
buffer systems or simply buffers.

A buffer solution is one which maintains its pH fairly constant even
upon the addition of small amounts of acid or base.

In other words, a buffer solution resists (or buffers) a change in its pH.
That is, we can add a small amount of an acid or base to a buffer solution
and the pH will change very little. Two common types of buffer solutions
are :

1. a weak acid together with a salt of the same acid with a strong base.
These are called Acid buffers. (e.g.,) OH + CHCOONa.

2. a weak base and its salt with a strong acid. These are called Basic
buffers. (e.g.,) NFOH + NH,CI.
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Buffer action : Let us illustrate buffer action by taking example of a
common buffer system consisting of a solution of acetic acid and sodium
acetate (CEHCOOH/CH,COONa).

CH,COOH H* + CH,COO"

CH,COONa — > Na* + CH,COO"

since the saltis completely ionised, it provides the common iog€CE"

in excess. The common ion effect suppresses the ionisation of acetic acid.
This reduces the concentration dfiBins which means that pH of the solution

is raised.

It is stated that a buffer solution containing equimolar amounts (0.10 M)
of acetic acid and sodium acetate has pH 4.74. Now we proceed to discuss
how the addition of a small amount of HCI or NaOH to the buffer solution
affects its pH.

The pH of the buffer is governed by the equilibrium

CH,COOH CH,COO +H .. (1)

The buffer solution has a large excess of,CEIO ions produced by
complete ionisation of sodium acetate,

CH,COONa — > CH,COO + Na' .. (2)

1. Addition of HCI. Upon the addition of HCI, the decrease ¢fiehs
is counteracted by association with the excess of acetate ions to form
unionised CHCOOH. Thus the added'libns are neutralised and the pH of
the buffer solution remains unchanged. However owing to the increased
concentration of CECOOH, the equilibrium (1) shifts slightly to the right
to increase Hions. This explains the marginal increase of pH of the buffer
solution on addition of HCI.
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Fig. 13.3 Mechanism of Buffer action of an acid buffer.

2. Addition of NaOH. When NaOH is added to the buffer solution, the
additional OH ions combine with CECOOH to give CHCOO™ and HO.
Thus pH of the buffer solution is maintained almost constant. The buffer
NH,OH/NH,CI can also be explained on the same lines as of an acid buffer
upon addition of HCI the Hions combine with NEOH to form NH* and
H,O. pH is retained. Similarly when NaOH is added, the ©Hs combine
with NH,* ions present in the buffer solution to give ) and hence pH
is maintained.

Fig. 13.4 Mechanism of buffer action of a basic buffer
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Henderson equation The pH of an acid buffer can be calculated from
the dissociation constanta,k@f the weak acid and the concentrations of the
acid and the salt used.

The dissociation expression of the weak acid, HA, may be represented
as

HA H* + A~
_ [HTAT
and K, = [HA]
. [HAIK,
or [HT] = —[A‘] . (1)

The weak acid is only slightly dissociated and its dissociation is further
depressed by the addition of the salt {M&) which provides A ions
(Common ion effect). As a result the equilibrium concentration of the
unionised acid is nearly equal to the initial concentration of the acid. The
equilibrium concentration [A is presumed to be equal to the initial
concentration of the salt added since it is completely dissociated. Thus we
can write the equation (1) as

[HY = K, x [[22::]" .. (2)

where [acid] is the initial concentration of the added acid and [salt] that of
the salt used.

Taking negative logs of both sides of the equation (2), we have

[acid]
—log [H"] = -log K, - log [salf . (3)
But —log [H] = pH and -logK =pK,

Thus from (3) we have
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[ sal
pH = pKa—Iog[[i(:::]" :pKa+|og[[aci;]n

[salf
Hence, pH = pK+ log[acioﬂ

This relationship is called thelenderson-Hasselbalch equation or
simply Henderson equation.

In a similar way, the Henderson-Hasselbalch equation for a basic buffer
can be derived. This can be stated as :
[salt]
[base]

POH = pK, + log

Significance of the Henderson-Hasselbalch equation. With its help

1. The pH of a buffer solution can be calculated from the initial
concentrations of the weak acid and the salt providgd #iven.

However, the Henderson-Hasselbalch equation for a basic buffer will
give pOH and its pH can be calculated as (14 — pOH).

2. The dissociation constant of a weak acid (or weak base) can be
determined by measuring the pH of a buffer solution containing equimolar
concentrations of the acid (or base) and the salt.

[salf
PH = pK, + log [acid]

. o [salf _
Since, [salt] = [acid], lo acid ~ log1=0
pK, = pH

The measured pH, therefore, gives the value qfgfithe weak acid.

Likewise we can find the pfof a weak base by determining the pOH of
equimolar basic buffer.

3. A buffer solution of desired pH can be prepared by adjusting the
concentrations of the salt and the acid added for the buffer.
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It is noteworthy that buffer solutions are most effective when the
concentrations of the weak acid (or weak base) and the salt are about equal.
This means that pH is close to the value of pkthe acid (or pK of the
base).

Example 1 : Find the pH of a buffer solution containing 0.20 mole
per litre CH ;,COONa and 0.15 mole per litre CHCOOH, K, for acetic
acid is 1.8x 10°

Solution : K. = 1.8x 107

a
pK, = —log (1.8x 10°) = 4.7447

’ [salf
pH = pK, +log [acid

... Henderson - Hasselbalch equation

0.20
= 4.7447 + Iogo—15

4
pH = 4.7447 + |Og§

=4.7447 + 0.6021 — 0.4771 = 4.8697

Example 2 : The K of propionic acid is 1.34x 10°. What is the pH
of a solution containing 0.5 M propionic and 0.5 M sodium
proportionate ? What happens to the pH of the solution when volume
is doubled by adding water ?

Solution : Ka of propionic acid = 1.34 10°
O pK, —log K, = —log (1.34x 10™)
= 4.87
By Herderson - Hasselbalch equation

[salf
PH = P, *log [acid]
0.5
= 4.87 +Iogﬁ
pH = 4.87
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Alternative solution : The dissociation equilibrium of propionic acid
will be

C,H,COOH — 5 C,H,COO" + H

« - LCHsCOOTl H'] _ 0.5x[H"]
a [C,H5COOH 0.5
= [H7]
O pH = —log[H]
= —log K, = —log (1.34x 10
0 pH = 4.87

13.10 pH INDICATORS

An indicator is a substance which indicates the completion of a reaction
by sharp colour change at the end point without taking part in the reaction.
The substances which are used to indicate the end point in acid-base reactions
are called as acid-base indicators. (e.g.,) phenolphthalein and methyl orange.

Those substances which change to specific colours in different pH range
values of the medium are called as pH indicators. Incidentally pH indicators
are used as acid-base indicators also.

Selection of pH indicators

Every pH indicator changes its colour specifically in a ranging pH which
is called as indicator range. For some of the indicators, the indicator ranges
are given as below.

Colour of the indicator
Indicator pH range Acidic solution Basic solution
Methyl orange 3.1-44 Pink Yellow
Methyl red 44-6.2 Red eflow
Phenol red 6.8-84 ellow Red
Phenolphthaleinl 8.3 -10 Colourless Pink
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When a base is added to a solution of an acid, therts will be slowly
neutalised by the OHons of the base. Hence, there is a steady decrease in
the H" ion concentration and pH value increases uniformly. At the end point
there is a steep rise in the pH value. The pH values can be plotted against the
volume of the base added and the curve so obtained is called titration curve.
The titration curves are useful in the choice of a suitable indicator in an acid-
base titration. A suitable indicator in an acid-base titration is one whose
range is well within the sharp rising portion of the titration curve. Thus the
choice of a suitable indicator for any titration depends on the nature of the
acid and base involved and the working range of the indicator.

1. Titration of a strong acid against a strong base :
(Example, HCI vs NaOH)

In this type of titration, the change in the pH value at the end point is
roughly from 4 to 10. Therefore any indicator which changes its colour
within this range may be used as a suitable indicator in the titration of strong
acid against strong base and phenolphthalein can be used as indicators for
this type of titrations.

2. Titration of a weak acid against a strong base :
(Example, Oxalic acid vs NaOH)

There is a little change in the pH value at the end point in this type of
titration. The pH value changes from 6.5 to 10. Thus phenolphthalein is the
suitable indicator for this titration as its working range is 8.3 — 10. Methyl
orange is not a suitable indicator. Since it has a working range below pH 5.

3. Titration of strong acid against weak base :
(Example, HCl vs NaCOQO,]

When a strong acid like HCl is titrated against a weak base li}@dla
the pH changes from 3.5 to 7.5 at the end point. The best indicator for this
type of titration is methyl orange which changes its colour within this pH
range.
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Volume of base Volume of base Volume of base
(a) strong acid vs (b) weak acid vs (c) strong acid vs
strong base strong base weak base
E-end point

4. Titration of weak acid against weak base :
(Example, CH,COOH vs NH,OH)

In this sypte of titration there is no sharp change in the pH value at the
end point. Therefore, in the titration of a weak acid against a weak base
none of the indicators shown in the table are quite satisfactory.

There are two theories to explain the function of acid-base indicators.

1. Ostwald’s theory

This theory was proposed by Ostwald’s in 1891. It is based on Arrhenius
theory. According to this theory, the acid-base indicator is either a weak
acid or a weak base. They are partially ionised in solution. The ionised and
unionised forms have different colours. The indicator exists predominantly
in one of the two forms depending on the nature of the medium and hence
there is colour change when the nature of the medium changes.
Phenolphthalein is a weak acid and it is partially ionised in solutions.

HPh = H" + Ph
Unionised form ionised form
(colourless) (pink)
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In acidic medium, excess*Hons are present which suppress the
dissociation of HpH due to common ion effect. Hence the indicator exists
predominantly in unionised form and it is colourless. In alkaline medium,
the OH ion neutralises Hion to form water. Consequently the dissociation
of HpH is favoured and the indicator is predominantly in the ionised form
and it is pink in colour.

Methyl orange is a weak base and its ionisation can be written as

MeOH Met + OH
Unionised form ionised form
(yellow) (pink)

In the presence of a base excess ©@Hs suppress the dissociation of
MeOH due to common ion effect. Hence in basic medium, the indicator is
mostly in unionised form which is yellow.

In acidic solution the Hions combine with OHions to form unionised
water. Hence in acidic solution, the indicator is mostly in ionised form and
has pink colour.

This theory also explains why phenolphthalein is not a suitable indicator
in the titration of a strong acid against a weak base. The reason isthe OH
ions produced by the weak base at the end point is too low to cause the
ionisation of phenolphthalein. Hence, the pink colour does not appear exactly
at the equivalence point. The pink colour appears only after a sufficient
excess of the weak base is added.

For a similar reason, methyl orange is not a suitable indicator in the
titration of a strong base against a weak acid. The weak acid does not furnish
sufficient H" ions to shift the equilibrium towards the right. A sufficient
excess of the weak acid has to be added to get the colour change.

Quinonoid Theory

According to this theory the colour change of an acid-base indicator
arises as a result of structural change. It is supposed that an indicator exists
as an equilibrium mixture of two tautomeric forms namely, benzenoid and
quinonoid forms.
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benzenoid form quinonoid form

One form exists in acidic solution and the other form in basic solution.
At least one of the tautomers is a weak acid or a weak base. The two forms
possess two different colours and as the pH of the solution containing the
indicator is changed, the solution shows a change of colour. The colour
change is due to the fact that one tautomer changes over to the other.

For example, phenolphthalein is tautomeric mixture of the two forms.

] ]
| |
O
/ o i
H+
o o
OH OH
Benzenoid form, colourless, 0
exists predominantly in acidic I
medium C\
o
C

OH

Quinonoid form, pink,
exists predominant
in basic medium
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SELF EVALUATION

(A) Choose the correct answer :

1. The process in which chemical change occurs on passing electricity is
termed as ...............

(a) neutralisation (b) hydrolysis
(c) electrolysis (d) ionisation

2. The laws of electrolysis were enunciated first by ...............
(a) Dalton (b) Faraday (c) Kekule (d) Avogadro

3. When one coulomb of electricity is passed through an electrolytic solution,
the mass deposited on the electrode is equal to ...............

(a) equivalent weight (b) molecular weight
(c) electrochemical equivalent (d) one gram

4. Faraday'’s laws of electrolysis are related to ...............

(a) atomic number of the cation (b) atomic number of the anion
(c) equivalent weight of the electrolyte (d) speed of the cation

5. The specific conductance of a 0.01 M solution of KCI is 0.0014
ohntt cnt! at 2%C. Its equivalent conductance is ...............

(@) 14 ohmt cn? eqt (b) 140 ohm? cn? eqt
(c) 1.4 ohmt cn? eqt (d) 0.14 ohm' cn? eq?t

6. The equivalent conductivity of CBOOH at 28C is 80 ohrt cn?
eq! and at infinite dilution 400 ohrhen? eq!. The degree of dissociation
of CH,COOH iS ....cvevnenee.

(@1 (b) 0.2 (c) 0.1 (d)0.3
7. When sodium acetate is added to acetic acid, the degree of ionisation of
acetic acid ...............

(a) increases (b) decreases
(c) does not change (d) becomes zero

8. NH,OH is a weak base because ...............
(a) it has low vapour pressure (b) itis only partially ionised
(c) itis completely ionised (d) it has low density
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9. Which one of the following formulae represents Ostwald’s dilution law
for a binary electrolyte whose degree of dissociatiomiand
concentration C.

(1-a)C _a’C _(1-a)C __a%c
a (b)K_l—CX (C)K_ 02 (d)K_(l—G)C

10. Ostwald’s dilution law is applicable in the case of the solution of ...............

@ K=

(@) CH,COOH (b) NaCl (c) NaOH  (d) k80O,
11. Which one of the following relationship is correct ?
1
(@) pH "1 (b) pH = log, [H"]
1
(c) log,,pH = [H'] (d) pH = log,, [H]

12. When 16° mole of a monobasic strong acid is dissolved in one litre of
solvent, the pH of the solution is ..............

(@6 (b) 7 (c) less than 6 (d) more than 7
13. When pH of a solution is 2, the hydrogen ion concentration in moles
litre-1is .............

(@ 1x 102 (b)1x 102 (c)1x 107(d)1x 10*

14.The pH of a solution containing 0.1 N NaOH solution is ..........
(@1 (b) 161 (c) 13 (d) 16%3

15. A solution which is resistant to changes of pH on addition of small
amounts of an acid or a base is known as .............
(a) buffer solution (b) true solution
(c) isohydric solution (d) ideal solution

16. The hydrogen ion concentration of a buffer solution consisting of a
weak acid and its saltis given by .............

+ — [ACId] q=
(@) [H] =K, [Salf (b) [H'] = K,[Salt]
(c) [H] = Ka[ACid] (d)[H*] =K [Salf

[ Acid]
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17. Indicators used in acid-base titrations are ...........

(a) strong organic acids

(b) strong organic bases

(c) weak organic acids or weak organic bases
(d) non-electrolysis

18. For the titration between oxalic acid and sodium hydroxide, the indicator
usedin ...........

(a) potassium permanganate  (b) phenolphthalein
(c) litmus (d) methyl orange
(B) Answer in one or two sentences :
1. Differentiate between electrolytic conductor and metallic conductor.
Define Faraday.
Define electrochemical equivalent.
What are insulators. Give examples.
State Ostwald’s dilution law.
What is common ion effect. Give examples.
What is a buffer action ?
What are indicators ?
Define specific and equivalent conductance. How are they related ?
10. What is Henderson equation ?

© 0N kWD

(C) Answer not exceeding sixty words :
Write an account of the Arrhenius theory of electrolytic dissociation.

Explain Faraday’s laws of electrolysis.
Explain Ostwald’s dilution law.
Explain buffer action with example.
Derive Henderson equation.

o g bk w b

Write notes on (i) Ostwald’s theory of indicators, (i) Quinonoid theory
of indicators.
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8.
9.

Define molar, equivalent and specific conductance and describe the effect
of dilution.

State and explain Kohlrausch’s law.
State and explain Debye-Huckel-Onsager equation.

(D) Solve the problems :

1.

What is the electrochemical equivalent of a substance when 150 gm of it
is deposited by 10 ampere of current passed for 1 secAns. 15.0]

The electrochemical equivalent of an electrolyte is 2.35 gm:tamp
sect. Calculate the amount of the substance deposited when 5 ampere is
passed for 10 sec ? Alfs. 117.5 gm]

To 1 M solution of AgNQ, 0.75 F quantity of current is passed. What is
the concentration of the electrolyte, AgNi®maining in the solution ?

0.5 F of electric current was passed though 5 molar solutions of AgNO
CuSQ, and AICI, connected in series. Find out the concentration of each
of the electrolyte after the electrolysis ?

[Ans. AgNQO;, 4.5 M ; CuSQ; 4.75 M ; AICL, ; 4.839 M]

To one molar solution of a trivalent metal salt, electrolysis was carried
out and 0.667 M was the concentration remaining after electrolysis.
Calculate the quantity of electricity passed. An$. 1F]

A conductance cell has platinum electrodes, each with*Zma and
separated by 0.5 cm distance. What is the cell constart®).1 cm?]

Using a conductivity cell with 0.9 ctcell constant, the conductance
was observed to be 265103 mho for 0.07 M KCl solution. What is the
specific conductance of the solution ? Anp. 2.25x 10 mho.cm']

Specific conductance of 1 M KNGsolution is observed to be
5.55 x 102 mho.cm!. What is the equivalent conductance of KNO
when one litre of the solution is used ?[ARS5 mho.crigm.equivi]

Explain why on dilution does the conductivity decrease whereas molar
conductivity increases for an electrolytic solution.
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10. The equivalent conductances at infinite dilution of HCI,@BIONa
and NaCl are 426.16, 91.0 and 126.45 dhen? gm.equivalent
respectively.. Calculate tfe of acetic acid.

[Ans.390.71 ohrt. cn? gm equiv']

SUMMARY :

ww Differences between electronic, electrolytic and semiconductors are
studied. Intrinsic and extrinsic semi conductors are learnt.

= Arrhenius theory of weak electrolytes and its limitations are known.

= Onsager’s equation for equivalent conductors of strong electrolytes is
learnt and its dependence wjffx is studied.

rw Statements of Faraday’s laws of electrolysis and their significances are
studied.

i Quantitative calculation on amount of electricity and mass deposited at
the electrodes are learnt.

i Definitions and mathematical expressions of resistance, conductance,
specific, equivalent and molar conductances are learnt and studied.

w= Variations of conductances with dilution for strong and weak electrolytes
are leant and understood.

ww Kohlrausch’s law is defined and studied. It's significances are also
understood.

ww Buffer action, nature of acidic and basic buffers, Henderson equation are
studied.

ww Use of pH values, indicators with applications of different pH ranges are
studied.

REFERENCES::
(i) Electrochemistry By S. Glasstone Tata McGraw Hill publication.
(i) Physical Chemistry by S.W. Castellan.
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14. ELECTROCHEMISTRY - I

LEARNING OBJECTIVES

= Properties and nature of cells will be understood. The differences between

electrolytic and electrochemical cells will be learnt. Interconversion of
electrical and chemical energy will be emphasized.

Metal - metal ion electrode and standard hydrogen electrode construction
and the electrode potential will be learnt. Nernst equation will be learnt.
AG = — nFEand the interconversion of change in free energy and
electrode potentials will be explained.

Construction of cells with specific electrodes and the EMF calculations
will be studied. Daniel cell, and its representation, EMF of cell from
two half cell potentials will also be calculated.

Complete electrochemical cell representation and writing oxidation and
reduction half cell reactions will be studied with suitable example.

14.1 CELLS

In electrochemistry, the interconversion of chemical energy and electrical

energy is an important aspect that possesses numerous applications. For
example, batteries supply electrical energy stored in the form of chemical
energy for the operation of torch, radio, calculators etc. Conversely, electrical
energy is used to bring about certain chemical reactions which are industrially
important such as purification of metals like copper, aluminium, generation
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of gaseous chlorine, oxygen, hydrogen, electroplating, metal coatings etc.
The electrochemical or electrolytic processes are carried out in a device
known as a cell. An electrolytic (or) electrochemical cell consists of two
conducting metal electrodes in contact with an electrolyte solution which
separates them (or) placed separately in compartments containing suitable
electrolytes. The electrolyte may be an aqueous solution containing mostly
the salt of the metal with which the electrode is made of (or) it may be an
ionically conducting solid.

There are two types of cells known as electrolytic cell and electrochemical
cell. Each of them possesses different characteristics and used in different
application.

Generally at the anode oxidation reaction occurs and at the cathode
reduction reaction occurs. When the electrodes are connected externally
through a wire and electrons flow through them, the electrical circuit is said
to be an open circuit. If the electrodes are not connected externally and the
electrons do not flow from one electrode into the other, the electrical circuit
Is said to be a closed circuit.

Daniel cell :Daniel cell or a galvanic cell is an example of electrochemical
cell. The overall reaction taking place in the cell is the redox reaction given
as

+ 2+
Zng + CW, —> Zn¥,+Cy

This overall reaction is made of the summation of two half reactions
such as oxidation half reaction and reduction half reaction.

The oxidation half reaction occurring at the zinc electrode in contact
with the aqueous electrolyte containing?Zrmccumulates the electrons at
the zinc rod.

2+
Ing —> InT,, t2€

The reduction half reaction occurring at the copper electrode in contact
with the aqueous electrolyte containing?Cions receives the electrons
from the zinc electrode when connected externally, to produce metallic copper
according to the reaction as,
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Cw* + 26 —> Cu,

The decrease in the energy which appears as the heat energy when a
zinc rod is directly dipped into the zinc sulphate solution, is converted into
electrical energy when the same reaction takes place indirectly in an
electrochemical cell. The zinc sulphate is placed in the porous pot while
copper sulphate is placed in a glass vessel.

The Daniel cell is also called as the voltaic cell. However for continuous
supply of current for a long period, the two half cells each comprising the
metal electrode and its aqueous electrolyte kept in separate containers and
can be connected externally as below :

Fig. 14.3 A simple voltaic (galvanic) cell

When the cell is set up, electrons flow from zinc electrode through the
wire to the copper cathode. As a result, zinc dissolves in the anode solution
to form Zr?* ions. The C& ions in the cathode half cell pick up electrons
and are converted to Cu atoms on the cathode.

Cell Terminology

Before taking up the study of the electrochemical cells, we should be
familiar with a few common terms.

Current is the flow of electrons through a wire or any conductor.

100



Electrode is the material : a metallic rod/bar/strip which conducts
electrons into and out of a solution.

Anode is the electrode at which oxidation occurs. It sends electrons
into the outer circuit. It has negative charge and is shown as (-) in cell
diagrams.

Cathodeis the electrode at which electrons are received from the outer
circuit. It has a positive charge and is known as (+) in the cell diagrams.

Electrolyte is the salt solution in a cell.

Anode compartmentis the compartment of the cell in which oxidation
half-reaction occurs. It contains the anode.

Cathode compartmentis the compartment of the cell in which reduction
half-reaction occurs. It contains the cathode.

Half-cell. Each half of an electrochemical cell, where oxidation occurs
and the half where reduction occurs, is called the half cell.

Cell diagram or Representation of a Cell

A cell diagram is an abbreviated symbolic depiction of an electrochemical
cell. For this purpose, we will consider that a cell consists of two half-cells.
Each half-cell is again made of a metal electrode in contact with metal ion in
solution.

IUPAC Conventions. In 1953 IUPAC recommended the following
conventions for writing cell diagrams. We will illustrate these with reference
to Zinc-Copper cell.

(1) a single vertical line (]) represents a phase boundary between metal
electrode and ion solution (electrolyte). Thus the two half-cells in a voltaic
cell are indicated as

Phase
Boundary

zn | zr2+ cwt | cu

ANODE HALF-CELL CATHODE HALF-CELL
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It may be noted that the metal electrode in anode half-cell is on the left,
while in cathode half-cell it is on the right of the metal ion.

(2) A double vertical line represents the salt bridge, porous partition or
any other means of permitting ion flow while preventing the electrolyte from
mixing.

(3) Anode half-cell is written on the left and cathode half-cell on the
right.

(4) In the complete cell diagram, the two half-cells are separated by a
double vertical line (salt bridge) in between. The zinc-copper cell can now

be written as
/‘\ salt
Bridge

zn | zr2+ | | cwt | cu

ANODE HALF-CELL CATHODE HALF-CELL

(5) The symbol for an inert electrode, like the platinum electrode is
often enclosed in a bracket. Feorample

F(—\ Inert
Mg | Mg?* | | H* | H,(Pt) Electrode

ANODE HALF-CELL CATHODE HALF-CELL

(6) The value of emf of a cell is written on the right of the cell diagram.
Thus a zinc-copper cell has emf 1.1 V and is represented as

zn | znsq, || cusq | cu E=+11V

——— Direction of electron flow
If the emf acts in the opposite direction through the cell circuit it is
denoted as a negative value.
Cu | cusq || znsq | zn E=—1.1V
<——— Direction of electron flow

The negative sign also indicates that the cell is not feasible in the given
direction and the reaction will take place in the reverse direction only. The
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overall cell reaction for E =—1.1 V of the daniel cell is

Cly + ZNgy —>  Clpy *+2ny
The reversal of the cell current is accompanied by the reversal of direction
of the cell reaction. Thus a reversible cell is defined as that operates by
reversal of cell reactions when the direction of flow of current is reversed.
The reversible behaviour operates only for infinitesimal changes in e.m.f. of
the cell on the positive and negative sides from the balance point which
corresponds to the actual emf of the cell.

14.2 SINGLE ELECTRODE POTENTIAL

An electrochemical cell consists of two half-cells. With an open-circuit,
the metal electrode in each half-cell transfers its ions into solution. Thus an
individual electrode develops a potential with respect to the solution. The
potential of a single electrode in a half-cell is calledShegle electrode
potential. Thus in Daniel cell in which the electrodes are not connected
externally, the anode Zn/Zhdevelops a negative charge and the cathode
Cu/Cu*, a positive charge. The amount of the charge produced on an
individual electrode determines its single electrode potential.

The single electrode potential of a half-cell depends on : (a) concentration
of ions in solution ; (b) tendency to form ions ; and (c) temperature.

Standard emf of a cell

The emf generated by an electrochemical cell is given by the symbol E.
It can be measured with the help of a potentiometer. The value of emf varies
with the concentration of the reactants and products in the cell solutions and
the temperature of the cell. When the emf of a cell is determined under
standard conditions, it is called the standard emf. The standard conditions
are : (a) 1 M solutions of reactants and products ; and (b) temperature of
25° C. Thus standard emf may be defined as the emf of a cell with 1 M
solutions of reactants and products in solution measured @t Zandard
emf of a cell is represented by the symbbIRor gases 1 atm. pressure is a
standard condition instead of concentration. For Zn-Cu voltaic cell, the

standard emf, Bs 1.10V.
zn|ze? o Il C¥q i | Cu P=110V
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Determination of emf of a half-cell

By a single electrode potential, we also mean the emf of an isolated
half-cell or its half-reaction. The emf of a cell that is made of two half-cells
can be determined by connecting them to a voltmeter. However, there is no
way of measuring the emf of a single half-cell directly. The emf of the newly
constructed cell, E is determined with a voltmeter. The emf of the unknown
half-cell E° can then be calculated from the expression

Emeasured - ER - EL
If the standard half-cell acts as anode, the equation becomes
Er = Eneasured (- E =0)

On the other hand, if standard half-cell is cathode, the equation takes
the form

EL == Emeasured (- ER =0)

The standard hydrogen half-cell or Standard Hydrogen Electrode (SHE),
is selected for coupling with the unknown half-cell. It consists of a platinum
electrode immersed in a 1 M solution of bns maintained at 26.
Hydrogen gas at one atmosphere enters the glass hood and bubbles over the
platinum electrode. The hydrogen gas at the platinum electrode passes into
solution, forming H ions and electrons.

Fig. 14.4 The standard hydrogen electrode
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The emf of the standard hydrogen electrode is arbitrarily assigned the
value of zero volts. So, SHE can be used as a standard for other electrodes.

The half-cell whose potential is desired, is combined with the hydrogen
electrode and the emf of the complete cell determined with a voltmeter. The
emf of the cell is the emf of the half-cell.

For example, it is desired to determine the emf of the zinc electrode,
Zn| zr?*. Itis connected with the SHE. The complete electrochemical cell
may be represented as :

zn | ze?* || H | H,(1atm), Pt

The emf of the cell has been found to be —0.76 V which is the emf the
zinc half-cell. Similarly, the emf of the copper electrode’*G«Cu can be
determined by pairing it with the SHE when the electrochemical cell can be
represented as :

Pt, H,(Latm) | H* || cw# | cu
The emf of this cell has been determined to be 0.34 V which is the emf
of the copper half-cell.
E%el = Ecucd —
=0.34 - Zero
= 0.34V

The two situations are explained as follows :

E)SHE

When it is placed on the right-hand side of the zinc electrode, the
hydrogen electrode reaction is

2H"+26¢ ——> H,
The electrons flow to the SHE and it acts as the cathode.
When the SHE is placed on the left hand side, the electrode reaction is
H, —— 2H" + 2
The electrons flow to the copper electrode and the hydrogen electrode
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as the anode. Evidently, the SHE can act both as anode and cathode and,
therefore can be used to determine the emf of any other half-cell electrode
(or single electrode).

According to IUPAC convention, the standard reduction potentials alone
are the standard potentials. The values of the standard potentiaf€ at 25
(298 K) for some common Reduction Half-reactions are listed in Table below.

Standard Reduction Potentials at 29C (298K)

Reduction Half - reaction BV
F,+26 — > 2F 2.87
H,0, + 2H" + 26 — > 2H,0 1.78
PbQ, + SQZ + 4H" + 26 — > PbSQ + 2H,0| 1.69
Autt+3x —>  Au 1.50
Cl,+2¢ ——> 2CI 1.36
Agr+e —>  Ag(s) 0.80
C¥'+2 — > Cu(s) 0.34
2H +26¢ —>  H,(0) 0.00
Pr*+2e —>  Pb(s) -0.13
It + 2 —— > Zn(s) -0.76

Predicting Cell EMF

The standard emf%of a cell is the standard reduction potential of
right-hand electrode (cathode) minus the standard reduction potential of the

left-hand electrode (anode). That is,
E%el = Eight — Blett
= Cathode potential — Anode potential

Let us predict the emf of the cell
Zng | 207 g |1 AG*eq | Ag

106



by using the Eo values from the table.

E°, = B — B,

cell —

= 0.80 — (- 0.763)
=0.80 + 0.763 = 1.563 V

Predicting Feasibility of Reaction

The feasibility of a redox reaction can be predicted with the help of the
electrochemical series. The net emf of the cell react'ggp,dﬁn be calculated
from the expression

E° ., =FE° B

cell cathode " anode
In general, if E..= * ve, the reaction is feasible
E° = —ve, the reaction is not feasible.

cell ™

Example 1: Predict whether the reaction
+ +
2Ag *t 2y —>  2AQqt 2N
is feasible or not.

Solution : The cell half reactions are

Anode @ 2Ag, —> 2Ag',,t2e E°=0.80V
Cathode : Zf",,+26 ——> Zng E°=-0.763 V
EOceII = Ocathode_ annode
E° =—0.763V-0.80 V
=-1.563 V

Since B_ is negative, the given reaction is not feasible.
Example 2 : Determine the feasibility of the reaction
+ 3+ +
2Al g + 3sr (aq) —> 2AIPT + 3Srt (a0)

Solution : The given reaction consists of the following half reactions
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Anode : 2Al ——> 2AP* +6e

Cathode : 3Srf* + 66 —> 3Sr* E°=-1.66V
E°, = 0.15— (- 1.66) E=+0.15V
=181V

Since B is positive, the reaction is feasible.

Metal displacement : (Predicting whether a metal will displace
another metal from its salt solution or not).

As already shown, the metals near the bottom of the electrochemical
series are strong reducing agents and are themselves oxidised to metal ions.
On the contrary, the metal lying higher up in the series are strong oxidising
agents and their ions are readily reduced to the metal itseléxBarple
zinc lying down below the series is oxidised tdZan, while copper which
is higher up in the series is produced by reduction &f ©n.

Zn —> Zn**+2e
C¥" +2¢6 —> Cul

Thus when zinc is placed in Cugédlution, Cu metal gets precipitated.
In general we can say that a metal lower down the electrochemical series
can precipitate the one higher up in the series.

Silver cannot precipitate Cu from Cug€blution, since both metals
have positions higher up in the series and are strong oxidising agents.

Hydrogen displacement : (Predicting whether a metal will displace
hydrogen from a dilute acid solution.)

Any metal above hydrogen in the electrochemical series is a weaker
reducing agent than hydrogen and will not convértdH,. This explains
why Zn lying below hydrogen reacts with dil,$0, to liberate H, while
Cu lying above hydrogen does not react.

Zn +2H (dilH,S0) — >  Zm* +Hy
Cu+2H (dil. H,SO) <> CW*+H,
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Example 1 :Calculate the standard e.m.f. of the cell : C®*q{Ci?*,

Cu and determine the cell reaction. The standard reduction potentials of
Cw*, Cu and C#, Cd are 0.34V and —0.40 volts respectively. Predict the
feasibility of the cell reaction.

E° . = Standard EMF of the cell

cell
= Eoright — Blet

= [Std. reduction potential of Gy Cu]
— [Std. reduction potentials of €4 Cd]

= E°CU?",Cu — B2t g
=0.34V-(-04V)
=+ 0.74 \olts.
Left hand electrode (oxidation half cell) reaction is
Cdy, ——> Cd"+2e
Right hand electrode (reduction half cell) reaction is
Cw'+2 ——> Cu,
The cell reaction is
Clg) *+ ClF" (g ——>> C" *+ Cuyy
ECcell is positivel] The cell reaction is feasible.
Example 2 : Determine the standard emf of the cell and predict its
feasibility.

Ag, Ag* ||H*, H Pt.

2(g)latm

The standard reduction potential of Ad\g is 0.80 volts.
The right hand side electrode is SHE.

0 E%en = Erignt ™ Elett
E°.. = [Std. reduction potential of SHE]
— [Std. reduction potential of AgAg]
=0-(+0.8V)=-0.8\olts.
Since E_,is negative, the cell reaction is not feasible.
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Relation between EMF and free energy

When a cell produces a current, the current can be used to do work - to
run a motor, for instance. Thermodynamic principles can be employed to
derive a relation between electrical energy and the maximum amount of
work, W__ . obtainable from the cell. The maximum amount of work
obtainable from the cell is the product of charge flowing per mole and

maximum potential difference, E, through which the charge is transferred.
W__ =-nFE .. (1)

max

wheren is the number of moles of electrons transferred and is equal to
the valence of the ion participating in the cell reaction. F stands for Faraday
and is equal to 96,495 coulombs and E is the emf of the cell.

According to thermodynamics, the maximum work that can be derived
from a chemical reaction is equal to the free enet@3) for the reaction,

W, =AG - (2)
Therefore, from (1) and (2), we can write
AG =-nFE .. (3)

Thus only when E has a positive valii& value will be negative and
the cell reaction will be spontaneous and the e.m.f. of the cell can be measured.

Here E refers to thecgl.

Thus, the electrical energy supplied by the celifE() equal to the free
energy decrease&G) of the cell reaction occurring in the cell.

Example : Determine the standard emf of the cell and standard free
energy change of the cell reaction.

zZn, Zr?* || Ni2*, Ni. The standard reduction potentials ofZZn and
Ni2*, Ni half cells are —0.76 V and — 0.25 V respectively.

E = ER-BEL=-0.25-(-0.76)

cell

+ 051V Ece” is + ve.l AG®=—ve.
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O0AG® = —n FE°ceII
n = 2electrons
0 AG® = —2x96495 x0.51 =—-97460 Joules = —97.46 kJ.

Thermodynamics of a reversible cell

Nernst equation :Suppose the reaction occurring in a reversible cell is
represented by the equation

A+ B=——C + D

The decrease in free energy)G, accompanying the process is given
by the well known thermodynamic equation

-AG=-/5° —RTInJ

where —AG° is the decrease in free energy accompanying the same
process when all the reactants and products are in their standard states of
unit activity and J stands for the reaction quotient of the activities of the
products and reactants at any given stage of the reaction.

Substituting the value of J, we have
acX3dp
ap*ag
If E is the E.M.F. of the cell in volts and the cell reaction involves the
passage off’ faradays (i.e.,) nF coulombs, the electrical work done by the

cell is in nFE volt-coulombs or Joules. Hence free energy decrease of the
system, AG, is given by the expression

—AG =-AG°—-RT In

—-AG =nFE
nFE = -AG° - RT In:izzz
=nFE°-RT In :ij‘:
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where Bis the E.M.F. of the cell in which the activity, or as an approximation,
the concentration of each reactant and each product of the cell reaction is
equal to unity. Eo is known as the standard E.M.F. of the cell.

RT | acxa
nF  aaXag

E=P is often referred to as the Nernst equation

Replacing activities by concentrations, as an approximation, the Nernst
equation may be written as

RT . [C][D]

E=B-TF N an8

where the quantities in parantheses represent the concentration of the species
involved. Replacing [C] [D)/[A] [B] as equal to K, the equilibrium constant
in the molar concentration units,

E=P _RT In K.
nF
This equation is known as Nernst equation.
RT
E=P- 2303& |Og K,

where B = standard electrode potential
R = gas constant

Kelvin temperature
number of electrons transferred in the half-reaction
Faraday of electricity

-
n
F
K = equilibrium constant for the half-cell reaction as in
equilibrium law.

Calculation of Half-cell potential

For an oxidation half-cell reaction when the metal electrode M gives
M™ jon,
M —> M"™+ne (1)
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the Nernst equation takes the form

[M™]

2.303RT
- log M] (2)

nF

E=P

The activity of solid metal [M] is equal to unity. Therefore, the Nernst
equation can be written as

2.303RT
nF

Substituting the values of R, F and T at@5the quantity 2.303 RT/F
comes to be 0.0591. Thus the Nernst equation (3) can be written in its
simplified form as

E=PFP-

log [M™].... (3)

E= E"—Oonsgllog M™] ... (4)

This is the equation for a half-cell in which oxidation occurs. In case it is
a reduction, the sign of E will have to be reversed.

Example 1 : What is the potential of a half-cell consisting of zinc
electrode in 0.01 M ZnSolution 28C. E>=0.763 V.

Solution : The half-cell reaction is
Zn —> Zn*+2e

The Nernst equation for the oxidation half-cell reaction is

E = 00 onsgllog [Zr?]

The number of electrons transferred n = 2 athd B.763 V.

Substituting these values in the Nernst equation we have

0.0591

E 0.763 - == (-2)

0.763 + 0.0591 = 0.8221 V
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Calculation of Cell potential
The Nernst equation is applicable to cell potentials as well. Thus,
co 00591

cell

E

cell —

log K

K is the equilibrium constant of the redox cell reaction.

Example 2 :Calculate the emf of the cell.
Zn | zr?* (0.001 M)||Ag* (0.1 M) | Ag
The standard potential of Ag/Adalf-cell is + 0.80 V and Zn/Z is
-0.76 V.

Solution :

Step 1 : Write the half-cell reactions of the anode and the cathode.
Then add the anode and cathode half reactions to obtain the cell reaction
and the value of .

Cathode : 2Ag"+ 26 — > 2Ag E°=+0.80
Anode n ——> Zn**+2e E°=-0.76 V
Cell ; Zn+2Ag <=——= Zn**+2Ag =156V
Zn?
Step 2.K for the cell reaction W

Substituting the given values in the Nernst equation and solving for

Ece”, we have

1
E° @ log K

cell ~ cell

00591 [Zn?"]
2 YA

= 156

B 00591, [1077]
= 1.56 —T |Og [10_1]2

= 1.56 —0.02955 (log 19
= 1.56 + 0.02955
= 1.58955V
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Calculation of Equilibrium constant for the cell reaction
The Nernst equation for a cell is

00591
EceII = Eocell_ Iog K
(0]
or logK = NE cell
0.0591

Example 3 :Calculate the equilibrium constant for the reaction between
silver nitrate and metallic zinc.

Solution :
Step 1 :Write the equation for the reaction

2Ag* +Zn <— Zr** + 2Ag F =156V

Step 2 :Substitute values in the Nernst equation at equilibrium

nE el
0.0591

0 = 2x156-0.03logK

logK =

—-156%x2 = -0.03logK
_ ~Ll56x 2 _
logK = 0.03 =52.79

K = 6.19x 10°?

Example 4 :Calculate the E.M.F. of the zinc - silver cell a8@%vhen
[Zn?*] = 0.10 M and [Ag] = 10 M. (B cell at 25C = 1.56 volt]

Solution : The cell reaction in the zinc - silver cell would be
2AQ" + Zn <——= 2Ag+ Zrt*

The Nernst equation for the above all reaction may be written as :
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RT . [Ag]¥Zn*]
_ 0 - >z 9. - -
E.r = FEccell °F In [Ag 12Zn]

(since concentrations of solids are taken as unity)

[Zn?*]
"[Ag?

o —|
cell

Substituting the various values in Nernst equation, we have

2.303« 8 314 298 0.1
Bear = 156" 96205 109 (10)?

1.648 volts.
Example 5 :Write the cell reactions for the following cells.
(i) zn | zZnO,%, OH | HgO | Hg
(i) Pb| PbSQ | H,SO, | PbSQ | PbQ, | Pt
(i) Pt | H, | HCI | Hg,Cl, | Hg | Pt
Solution : (i) The electrode reactions are
Zng +40H +26 ——>  ZnO,> +2HO
HgOg, + H,O+26 ——>  Hg, +20H
Cell reaction is
Zng + HgO, + 20H  ——>  ZnO,* + Hgg + H,0
(if) The electrode reactions are

Phy+SO> ——> PbSQy+ 26
PbQ,, + SO + 4H" + 26 —> PbSQ, + 2H,0

Cellreactionis
Phg + PbQ g, + 4H" + 259 —— 2PbSQ + 2H,0
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(i) The electrode reactions are
2H"+26 —> H,,
HgZCIz(S) t26 ——> 2Hg,+ 2CH
The cell reaction is
Hg,Cly+H, ——=  2Hg, +2H" +2CF
Example 6 : Calculate the potential of the following cell at 298 K
Zn/Zr?* (a=0.1) // C&* (a=0.01) / Cu
E°, 2*/Zn=-0.762 V
E°,2*/Cu=+0.337V

Compare the free energy change for this cell with the free enegy of the
cell in the standard state.

Solution : The overall cell reaction is
Zn + C#* (a=0.01)——= Zr** (a=0.1) + Cu

The cell potential given by nernst equation

2+
RT a
EceII = EOceII -5z In n angrJ
2F  azpagy
RT  m

= E° ,——InT 2+
cell 2F aCu

(Since activity of a pure metal is unity)

E°,, = 0.337-(~0.762)=1.099V
0.0591 0.1

Er = 1.099—75 log 0.01
0.0591

= 1099 -, log 10
= 1.099 - 0.02956

= 1.0694V
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The free energy chandé is given byAG = —nFE

AG =—(2 equi/mol) (1.0694 V) (96495 coulombs egdiv
= —206.4 kJ mot
The standard free energy change :
AG° =—(2 equi/mol) (1.099V) (96495 coulomb/equiv)
= =212.1 kJ/mol.

Example 7 : Calculate the standard e.m.f. of the reaction
Fe* + 3e—> Fe, Given the e.m.f. values of

Fe* +e—> Fe&*and Fé" + 2e—> Fe as + 0.771V and —
0.44 V respectively.

Solution : Let E =0.771V for F& + e —> Fe**
E,=—0.44V for F&' + 2e—> Fg

then § + E, = 0.331 V and this e.m.f. corresponds to
Fe* + 3e——> Fe,

Example 8 : The standard electrode potentials of the half celtd Ag
and Fé*, F&* / Pt are 0.7991 V and 0.771 V respectively. Calculate the
equilibrium constant of the reaction :

Agg * FE* = Ag'+Fe*
Solution : The cell formed is Ag / Ay; Fe**, Fet | Pt
At anode : Ag(S)}——> Ag" +e
At cathode : F¢+e—> Fe*
Overall reaction: Ag, + F&" — > Fe&* + Ag"
emf of the cell is given by (&~ E )
E® ,=0.771-0.7991 =-0.0281 V

cell —

_ RT &g &ee
Atequilibrium, E = E - ;g In a
e
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Since activity of solid silver is 1.0.

G n=1andK = re e
8 A
, 00591
0E el = log Keq
0.0281x 1

[ log Keq™ 0.0591 = 04751

0 Kgq=0.335

SELF EVALUATION

(A) Choose the correct answer :

1.

The potential of a single electrode is a half cell is called the

(a) Reduction potential (b) Half-wave potential
(c) Single electrode potential  (d) cell potential

The relationship between free energy change and e.m.f. of a cell is
(8)AG = —nFE (bAH =-nFE (c)AE =nFG (dAF = nEG
The feasibility of a redox reaction can be predicted with the help of

(a) Electronegativity (b) Electrochemical series

(c) Electron affinity (d) Equivalent conductance
The metals near the bottom of the electrochemical series are
(a) strong reducing agents (b) strong oxidising agents
(c) weak reducing agents (d) weak oxidising agents

The emf of a cell with 1 M solutions of reactants and products in solution
at 2% Cis called

(a) Half cell potential (b) Standard emf

(c) Single electrode potential (d) Redox potential

The relationship between equilibrium constant and standard emf of a
cellis

(a) B =0.0591 log K (b) 0.0591%= log K

(c) nE® =0.0951 log K (d) nE=0.0591 log K
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(B) Answer in one or two sentences :

1.

© ® N o

The standard reduction potentials ofee and F&/Fe electrode
systems are —0.035 V and —0.44V respectively. Predict which of the two
oxidations is easy : F&Fe and F&/Fe. [Ans. F&*/Fe]

What are the types of changes in the cathode and anode in electrolytic
and electrochemical cells.

Write the electrochemical cell for the overall cell reaction
Zngt 2AgNQ, ——> 2Ag(s) +Zn(NQ),,.

The standard reduction potential of Fe3+, Fe2+/Ptis + 0.771V. This half
cell is connected with another half cell such that e.m.f. of the cell is
0.771V. What is the other half cell ? Arjs. SHE]

Write the cell reaction for the half cell ¢,/ AgCl Ag.
[Ans. AgCl, + € ——> Ag + Cf]

What are two types of cells ?

What is single electrode potential ?

Define standard emf of a cell.

How to predict the feasibility of a cell reaction ?

10. Write the Nernst equation.

(C) Answer not exceeding sixty words :

1.
2.

Write the differences between electrolytic and electrochemical cells.
How emf of a cell is determined ?

(D) Solve the problems :

1.

2.

The standard reduction potential for the reactidii $8e—— Sr¢*
is + 0.15 V. Calculate the free energy change of the reaction.

[Ans. 28.95 kJ]
Write the Nernst equation for the half celPZg, / Zn,

[Ans. E = E%zn? 1z — ZRI-:I- In [Zn?*]

Zn?t/Zn~
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3. The emfofthe cell : Cd/CdLI25H,0 /AgCI(S) Agis 0.675 V. Calculate
AG of the cell reaction. Ans.n=2;AG =-130.335 kJ]

4. The standard free energy change of the reactrq Me—>M,
is —=23.125 kJ. Calculate the standard emf of the half cell.
[Ans. E° =+ 0.25 V]

5. The emf of the half cell €t ,/Cu, containing 0.01 M Cii solution is
+ 0.301 V. Calculate the standard emf of the half cell.
[Ans. n=2,P =0.359 V]

0.0591

EOCu Icu 2 log [Cu2+]]

Cuw'/Cu

[Hint : Eclicu=

6. If E, = 0.5V corresponds to &r+ 3e —— Cryand E=0.41V
corresponds to Ct+e ——> Cr?* reactlons calculate the emf
(E;) of the reaction Ct + 26— Cr, [Ans. 0.955V]

[Hint : E; = Bi- Ez]

7. Calculate the standard emf of the cell having the standard free energy
change of the cell reaction is —64.84 kJ for 2 electrons transfer.
[Ans. E° =0.336 V]

8. Calculate the emf of the cell Zn/ZgOOH", ., HJO/Hg given that £
values of OH, ZnQ,”/ Zn and OH, HgO/Hg half cells are —1.216 V
and 0.098 V respectively.

[Hint : E° = B2, — E°_ ; E° = 1.314V]
9. The equilibrium constant of cell reaction :
Ag *t FE* === Fe&"+Ag"is 0.335, at 2%. Calculate the standard
emf of the cell Ag/Ag ; F&*, Fe* / Pt. Calculate Eo of half cell Fe
Fe*/Pt if E° of half cell Ag/Ag is 0.7991V. Calculate%f Fe*, Fe*/
Pt half cell. Rns. E°FEX/FEt = 0.771V]
10. Calculate the emf of the cell having the cell reaction
2AQ" + Zn 2Ag + Zrf* and B, = 1.56 V at 25C when
concentration of Z#f = 0.1 M and A§ = 10 M in the solution.

RT  [zZn?']
Eei— g IN m [Ans. 1.648 V]

[Hint: E

cell —

121



11. The emf values of the cell reactions’~¢ e —> Fe&* and
Ce* — > Ce* +e are 0.61V and —0.85 V respectively. Construct
the cell such that the free energy change of the cell is negative. Calculate

the emf of the cell. Ans. E,=0.24 V]
12. A zinc rod is placed in 0.095 M zinc chloride solution &28mf of

this half cell is —0.79V. Calculage, >+, [Ans.-0.76 V]
SUMMARY :

The interconversion of chemical energy and electrical energy is an
important aspect that possesses numerical applications. The differences
between electrolytic and electrochemical cells are discussed. Standard
hydrogen electrode construction and its electrode potential is given. The
relationship between free energy change and emf of a cell is obtained. IUPAC
convention for representation of a cell is discussed.

REFERENCES :

1. Electrochemistry for chemists by S. Glasstone, TMH publications.
2. Physical Chemistry by G.M. Barrow E.E.C. Publications

3. Physical Chemistry by P.W. Atkins, Oxford University Press.
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15. ISOMERISM IN ORGANIC CHEMISTRY

15.1 ISOMERISM
Isomers are compounds having same molecular formula but differ in

physical or chemical or both physical and chemical properties. This
phenomenon is known s®merism.

Isomerism is of two types (i) Structural isomerism (ii) Stereocisomerism.

Structural isomerism arises out of the difference in the arrangement of
atoms in a molecule, (without referring to space), type of linkage and the
atoms which are linked to each other in the moelcule. Stereocisomerism arises
out of thedifference in the arrangement of atoms in the molecule, with
reference to each other in space.

Stereoisomers (have the same structure) differ in the way the atoms are
oriented in space. They have the same structure and hence do not differ
much in properties.

There aretwo types of Stereoisomerism. They are (i) Geometrical
isomerism and (ii) Optical isomerism.

(i) Geometrical Isomerism :

Isomerism that arises out of difference in the spatial arrangement of
atoms or groups about the doubly bonded carbon atoms iSeabfietktrical
isomerism These isomers are not mirror images of each other. Rotation
about C=C is not possible at normal conditions and hence the isomers are
isolable.

If different atoms or groups are bonded to the ‘C=C’ bond in a molecule,
more than one spatial arrangement is possible. For example, 2-butene exists
in two isomeric forms.

H CH, H CH,
N N
/N /C

H | CH, H,C 1l H
Cis isomer Trans isomer
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The isomer in whiclsimilar groups lie on the same side is call®is
isomer’ (I). The other in which similar groups lie @apposite directionis
calledTrans isomer’ (Il) . This isomerism is called ‘Cis-Trans’ isomerism.

The two groups attached to the carbon atoms need not be same, it may
be different also. e.g.,

2-pentene CH,CH H CH,CH
2 3 2 3
N N
C C
H” N\ ch, He” M H
Cis Trans

This isomerism arises out of the hindrance to rotation about the C=C
bond in such molecules.

The cis-trans isomers do not differ much in chemical properties. They
differ in physical properties like boiling point, melting point, crystal structure,
solubility and refractive index. Highly substituted olefin is more stable than
less substituted olefin. Among substituted olefins, trans olefin is more stable
than cis olefin. In the cis isomer because similar groups are very near each
other, Vander Waals repulsion and steric hindrance make the molecule much
unstable. In the trans isomer, similar groups are diagonally opposite to each
other. Hence there is no such steric interaction. Generally trans isomer is
more stable than cis isomer. Hence reactivity of cis isomer may be little
higher than the trans isomer. The energy of the cis isomer is greater than that
of trans isomer.

Though at room temperature, cis and trans isomers are stable and are
not interconvertible, on heating to a certain temperature, trans isomer can
be converted to cis isomer and vice-versa. ‘Breaking of carbon-carbon
t-bond and its reformation is responsible for the interconversion.’

A

Trans isomer ———  Cisisomer
D

Consider unsaturated dicarboxylic acid - Maleic acid and Fumaric acid.
These are geometrical isomers.
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H COOH H COOH

N N
/N /N
H COOH HOOC H
Cis Trans
[Maleic acid] [Fumaric acid]

‘Cis-trans’ system of nomenclature may not be suitable for many
substituted olefins.

For example,
H,C H

/
H,CCH, CH,

A newer system based on the priority of groups is the Cahn-Ingold-
Prelog convention. This system is called the (E-Z) system, applies to alkene
diastereomers of all type. If the two groups of higher priority are on the
same side of the double bond, the alkene is designated ‘Z’ (from the German
word Zusammen-meaning together). If the two groups of high priority are
on opposite sides of the double bond, the alkene is designated ‘E’ (from the
German, entgegen, meaning opposite)

The priorities follow the order of decreasing atomic number of the atom
directly bonded to the carbon.

For some compounds the priority is shown by numbers as

1 2 1 2
H,C H H,C H
% %
|| Z-isomer || E-isomer
C\ C
H,CCH, CH, H,CCH, CH,CH,CH,
2 1
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1 2 2 1
H,C H H,C Cl
N N
C E-isomer C Z-isomer
AN AN
F Cl H CH,CH,
2 1 2 1

Dipolemoment studies is one of the best methods of identifying cis-
trans isomers. Generally cis isomers have larger dipolemoment than trans
isomers. Often DPM of trans isomer is zero. e.g., Trans 2-butene and Trans
2,3-dibromo-2-butene. (Refer Chapter on disubstituted benzene)

1,3 - butadiene
CH,=CH-CH=CH,
This molecule can exist in two forms.
CH,=CH CH,=CH
I I
CH =CH, and CH=CH
| I

Though these two forms do not differ very much in their energy and
stability, the (I) form, which is similar to ‘trans’ is more stable than (II) form
which is similar to ‘cis’. These two forms do not arise out of the hindrance
to rotation about C=C, instead the restricted rotation about C—C. In order
to indicate that, this cis-trans isomerism is due to restricted rotation about
C—C bond, they are named as,

S-trans S-cis

These are easily interconvertible and exist in equilibrium.

126



S-trans form is also called ‘transoid form’
S-cis form is also called ‘cisoid form’.
The energy of S-trans form is 3 Kcals less than the S-cis form.

These two forms differ in chemical reactivity. Very often they give
different products in reactions.

Conformation in cyclic systems :

The different forms that arises out of the rotation about C-C single
bond are called conformers. Free rotation about C—C single bond is not
always possible. Very often the rotation is restricted depending upon the
nature and the size of atoms or groups bonded to each carbon atom. The
different conformers differ in energy though not appreciably.

Restriction to free rotation about C—C single bond is much pronounced
in cyclic systems. In these cases, the restriction to rotation is so appreciable
as to make the different forms isolable or identifiable.

Thus cyclopropane is flat, cyclobutane can form butterfly shape while
cyclopentane can form an open-envelope shape.

H H H
H H H H
H
H H ¥
H H
H H H
H H
H H H
Cyclopropane Cyclo butane Cyclo pentane
[Planar conformation] [non planar conformation] [non planar conformation]

Cyclohexane :

As early as 1890, Sachse suggested that cyclohexane ring exists in two
non planar forms (i.e.,) boat and chair conformations. The energy difference
between these two forms was found to be only 6.5 K.cal/mole by Pitzer. The
energy difference is small enough for interconversion to take place.

127



Both the boat form and chair form are free of angle strain called Baeyer’s
strain (i.e., the valence bond angle is°P@9

a f s
e
X X
Chair conformation Boat conformation
a = axial, e = equatorial f = flagpole,s = bowspirit,

x-x = pair of eclipsing hydrogen atoms
Chair conformation :
There are two types of C—H bonds.

Types of C—H bonds

Axial Equatorial
[Six C—H bonds parallel [Six C—H bonds subtending
to the axis of the an angle of about 70
molecule] and 110 with the axis
|
I
3-axial bonds 3-axial bonds 3-equatorial 3-equatorial
facing upward  facing downward bonds facing bonds facing
B-axial a-axial upward downward
-equatorial a-equatorial

Every pair of carbon atoms (Two carbon atoms directly bonded to each
other) in chair form exists in skew form.

Boat conformation

This form has two pairs of carbon atoms with eclipsing bonds. This
eclipsing interaction destabilies boat form.

Though the chair form is stable, it is sufficiently flexible to turn itself
upside down called ring flipping so that all bonds which are axial originally
become equatorial and vice versa.
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H

H

H
There exists an equilibrium between these two chair forms with boat
form as intermediate.

A mono substituted cyclohexane like cyclohexanol exists in the two
chair forms. These two forms are interconvertible and exist in equilibrium.

— T
OH

In one form (1) the —OH group is axially oriented. In the other form (11)
the —OH group is equatorially oriented. The energy of the axial conformer is
little higher than that of the equatorial conformer. Because the axial
substituent experiences steric interaction with the axial H-atoms present at
the third carbon atoms. This decreases the stability of the axial conformer.
This is called 1 : 3-diaxial interaction. This interaction is absent in the
equatorial conformer. Hence equatorial cyclohexanol is present to an extent
of about 90% in the equilibrium mixture. The axial isomer is present only to
10%.

Energy level diagram for axial and equatorial alcohols

0.7 KCal [ Equatorial
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Optical activity and optical isomerism :

Light is propagated in the form of waves. Ordinary monochromatic light
IS supposed to consist of waves vibrating in all planes. If such a light is
passed through a Nicol prism, the emergent light is found to consist of waves
vibrating in only one plane. Such a light is called plane polarised light.

A A

_— —_—>
\ v
Ordinary light with Nicol Emergent light consisting
waves vibrating in prism of wave vibrating in
all planes. only one plane

[plane polarised light]
When the plane polarised light is passed through certain substances or
solutions (such as lactic acid), the emergent light is found to be vibrating in
a different plane. This is called optical rotation.

A

ST ™ ¥ N\

v .
p-p light Sample Clockwise Anti-Clockwise
direction direction
Such substances are called optically active substances. This property of
such substances is called ‘Optical activity’.

If the rotation is towards the right side [clockwise] it is called dextro-
rotation and the substance is said to be dextrorotatory. Dextrorotation is
indicated by the symbol (+) od".

If the rotation is towards the left side [Anticlockwise] it is called laevo-
rotation and the substance is said to be laevo rotatory. Laevorotation is
indicated by the symbol (-) dr.!
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Conditions of optical activity :

Not all substances are optically active. For example substances like
CHCL,, CH,CH,OH, CH,CH,CH=CH,, CH,CH,COCH, are not optically
active. On the other hand substances like CHIBrClL,GHBr—CH=CH,
CH,CH(OH)COCH, CH,CHDOH are found to be optically active.

When the structures of the compounds which are optically inactive and
optically active, are compared, one thing is clear. All the optically active
compounds, mentioned above have atleast one carbon atom that is bonded
to four different atoms or groups.

A carbon atom attached to four different atoms or groups is called
“asymmetric carbon atom”.

Pasteur suggested that optical activity arises from molecular dissymmetry
which is supported by Vant-Hoff and LeBel. According to them, a carbon
atom has its four valencies directed towards the four corners of a regular
tetrahedron. In this situation a molecule with an ‘asymmetric carbon atom’
becomes asymmetric.

It so happens that an asymmetric molecule is not superimposable on its
mirror image. That means an optically active molecule has more than [atleast
two] one configuration. [configuration refer to three dimensional arrangement
of atoms in a molecule] that is, an optically active molecule exhibits isomerism
which is called optical isomerism.

Consider ethanol and deuterated ethanol

CH,CH,OH | CH,CHDOH
CH, CH, | CH,
| | |
C H— C~__ _~C—H
/ on |
H / OH / I OH \
H D D
(ethanol-symmetric (deuterated ethanol-
molecule) asymmetric and

non-superimposable)

The isomers-called optical isomers have configurations which are non
super imposable.
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Hence the criteria for a molecule to be asymmetric (hence optically active)
Is that its configuration is non superimposable on its mirror image. Such
molecules are also called ‘chiral’ molecules.

‘Chirality’ is ‘the essential and the sufficient’ condition for a molecule
to be optically active.

Chirality means handedness or non superimposability. Right hand and
left hand, Right leg shoe and left leg shoe are examples of objects having
handedness or the property of chirality and non superimposability.

The molecules which are optically inactive are ‘achiral’.

Simple optically active molecules like lactic acid, are said to have “chiral
carbon” or “chiral center”.

e.g, ‘|3Hs

H— C"~_

/ COOH

HO
The carbon with “astreik” is called the chiral carbon.

All the a-amino acids (except glycine) have chiral centres (chiral carbon)
and are optically active.

CH, | CH,
R I
| I
H —C*\ H— OH : HO —— H
H,N COOH |
|
COOH COOH

a-amino acid |
d,! pair of lactic acid

Optical isomers :

Chiral molecules can have two different configurations. Each
configuration stands for one optical isomer. Thus dextrorotatory isomer has
configuration which is the mirror image of the laevorotatory isomer. Such
optical isomers which differ only in the sign of (or direction of) optical rotation
are called “enantiomers”.
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When equal amounts of d-isomer and l-isomer are mixed one gets a
“racemic mixture” and this process is called racemisation. A racemic mixture
becomes optically inactive. Because, in this mixture rotation towards
clockwise direction by the dextro isomers is compensated by the rotation
towards the anticlockwise direction by the laevo isomers. The optical
inactivity of a racemic mixture is said to be due to ‘external compensation’.
Any how an optically inactive racemic form can be separated into two active
forms. This process of separation is called “resolution of the racemic
mixture”.

A molecule with more than one chiral carbon

A molecule can have more than one chiral centres. Correspondingly the
number of isomers is increased. In general for a moleculawdifierent
chiral centres,2isomers are possible. A molecule can have more than one
identical asymmetric carbon atoms. (e.g.,) butane -2,3-diol and tartaric acid.

CH, COOH
H— OH H— OH
HO —— H HO —— H
CH, COOH
Diol Tartaric acid

In such cases the number of optical isomers ishw#Rit is less than 4
(i.e.,) 3.
Isomerism in Tartaric acid :

Tartaric acid is dihydroxy dioic acid, having two identical chiral carbon
atoms. COOH COOH

H— OH HO ——

HO —— H— OH

COOH COOH

(d, | pair of tartaric acid)
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The enantiomers of tartaric acid, have the same magnitude but different
sign of optical rotation. They have object-mirror image relationship.

In the d-isomer, each of the two asymmetric carbon atoms rotate the
plane of the polarised light towards right leading to overall dextro rotation.
In the same way in tHe isomer, the overall rotation is laevo.

There is another optical isomer for tartaric acid in which one asymmetric
carbon atom is dextrorotatory and the other laevorotatory-both rotating to
the same extent in opposite directions. The net result is, that this isomer

becomes optically inactive and is called the “Meso” isomer.
COOH

H— OH

H— OH

COOH

Though the Meso isomer has two asymmetric carbon atoms the
configuration of one carbon is the mirror image of the other, the net result
being the molecule as a whole becomes symmetric. This molecule is said to
have a symmetric plane, which divides the molecule into two equal halves.
The molecule becomes “achiral”. It has configuration which is super-
imposable on its mirror image.

The optical inactivity of the ‘Meso’ isomer is due to the internal
compensation. Itis due to the inherent symmetry in the molecule. Mesoform
cannot be separated into optically active enantiomeric pairs. This form is a
single substance and not a mixture.

Racemic form Meso form
1. Itis a mixture that can be It is a single compound and
separated into two optically hence cannot be separategd.
active forms.
2. Optically inactive due to Optically inactive due to
external compensation. internal compensation.
3. Molecules of isomers Molecules are achiral.

present are chiral.
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When equal amounts ditartaric acid antitartaric acid are mixed, we
get racemic tartaric acid which is an optically inactive mixture. This can be
separated into two optically active forms.

d- andl-isomers have the same magnitude but different sign of optical
rotation, hence they are called enantiomers. The Meso tartaric acid differs in
the magnitude of optical rotation from ttheor|- isomer. Hence Mesoform
is said to be a “diastereomer’ of the active form.

Enantiomer Diastereomer
1. Optical isomers having the same Differ in the magnitude of
magnitude but different sign of optical rotation.
optical rotation.
2. They have configuration with They are never mirror images.

non-super imposable object mirror
image relationship.

3. Enantiomers are identical in all Diastereomers differ in all
properties except the sign of physical propeties.
optical rotation.
4. Separation of enantiomers is a Separation from the other
tedious process. pairs of enantiomers is
easy.

Representation of configurations of the molecule :

In order to indicate the exact spatial arrangement of atoms or groups in
a molecule having asymmetric carbon atom, Fischer proposed DL-system
of nomenclature. Glyceraldehyde was taken as the standard. The dextro
isomer and laevo isomer of glyceraldehyde are designated as D and L as
follows. These are Fischer’s projection formulae.

CHO | CHO

I
H OH : HO H
I
CH,OH | CH,OH
Sign of rotation d or (+) glyceraldehyde | or () glyceraldehyde
Designation of
configuration D L
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In general more oxidised group is shown at the top and the reduced
group at the bottom. The chiral molecule is viewed in such a way that H, X-
lie above the plane of the paper andR-lie below the plane of the paper.
The D, L-configurations are shown as :

R, | R,
I I I
| | |
I
| | |
I | I
R, I R,
D L
R, = Oxidised group - COOH, CHO, CO... (In the projection formula, the broken

lines indicate the bonds that are going
below and thick lines, the bonds
coming above the plane of the paper)

R, = Reduced group CHCH,0OH ...
X = a heteroatom or a group with hetero atom
(i.e.,) Cl, Br, I, -=OH, —NH, etc.,

The above projection formulae can be understood from the following
diagram.

I
R, | R,
| | |
C* : C*
<N | /N,
: X | X B
R, I R,
D L
Thus D and L lactic acids are
COOH | COOH
I
H OH I HO H
I
CH, | CH,
D L
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and tartaric acid - (R-stands for the remaining half portion of the molecule)
COOH

COOH R
H— OH
= HO H=H OH
HO — H
D-configuration  ~55, COOH R
R= —CH(OH)COOH
COOH COOH
HO ——
H
COOH COOH

L-configuration
This system of designating configuration is of limited applicability.

In Fischer’s projection formula any two exchanges of groups attached
to the asymmetric carbon atom, are allowed, then the configuration is not

changed.
R
Exchange Exchange
‘ -H by—OH ‘ OH H by COOH COOH OH
COOH COOH H

Though | and Il appears to be different but both represent the same
configuration. Both are identical.

Disubstituted benzene :
When any two hydrogen atoms of the benzene ring are replaced by any

other atoms or groups disubstituted benzene is obtained.
(e.g.,) GH,Cl,, CH, (OH),, CH, C;H,Br, HOGH.NO,
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The disubstituted benzenes can exist in three isomeric forms.

X X X

Y

X = any substituent

These are three distinct forms differing in many properties though they
have the same formula. Hence they are said to exhibit isomerism. In these
three structures the isomers differ in the relative position of the substitutents.
Hence they are called position isomers.

When the substituents are in adjacent positions in the benzene ring, it is
called ortho isomer.

When the two substituents are exactly opposite to each other, it is a
para isomer.

When the angle between two substituents i$.123 a meta isomer.

Example,
Cl Cl Cl
©/ CI @
~cl
Cl
Ortho dichloro Meta dichloro Para-dichloro
benzene benzene benzene

Isomers can also be named using the number of the carbon atom thus

Ortho isomer is 1,2-dichloro benzene
Meta isomer is 1,3-dichloro benzene
Para isomer is 1,4-dichloro benzene
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It should be remembered that there are two ortho and two meta and
only one para position to the substituent already present in a molecule of
benzene.

Cl Cl CH, CH,
and (OR) and

These two are identical and are notisomers. Similarly the following two
represent one and the same compound and are not non-superimposable mirror
images.

Cl Cl CH, CH,
@ and @ OR @ and @
NG cl (OR) ANY o, "On

Ortho, meta and para isomers differ mainly in physical properties like
melting point, refractive index, solubility. Their behaviour under an applied
electric field differs widely. This behaviour is measured by a quantity called
‘Dipole moment'. For disubstituted benzenes the magnitude of DPM depends
on the angle between the two substituents. For example, for dichloro benzene.

Cl Cl
Cl

Cl
Nl

Cl
angled = 60 0=120 0 =180

Their DPM, is in the order.
Ortho isomer > Meta isomer > Para isomer
for para dichloro benzene DPM = 0.

Hence dipole moment measurement is the best method of distinguishing
the three isomers of disubstituted benzenes.
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SELF EVALUATION

Choose the correct answer :
1. Identify chiral molecule among the following :

(a) isopropyl alcohol (b) isobutyl alcohol
(c) 2-pentanol (d) 1-bromo-3-butene
2. Which among the following is not having an asymmetric carbon atom ?
(a) 2-chloro butane (b) 2-bromo-3-butene
(c) 2-hydroxy propanal (d) isobutyric acid
3. Which among the following can be a chiral center ?
(a) C" of a cabocation (b) carbon of a radical
(c) an sp carbon (d) an sp carbon
4. Give the structural formulae for the simplest chiral.
(a) alkane (b) alkene (c) alkyne (d) alcohol

(e) aldehyde  (f) ketone (g) carboxylic acid (h) amine.
GEOMETRICAL ISOMERISM

1. Which among the following exhibit geometrical isomerism ?

(a) isobutyraldehyde (b) 1-butene
(c) 1,1-dichloro ethylene (d) 1-chloro-2-bromo ethylene
2. Which among the following does not exhibit geometrical isomerism ?
(a) CH,CH=CHBr b) CH,Br CH,l
H; (b) \ /
/ \
(c) (CH)LC = CHCH, (d) CH,CH = CHCHO

3. Give E/Z-designation for

@  cH cheH, () Bren

Neo Ne /
/\ /\

140



(c)\/(d)\/
TN, SN,

4. Arrange the following in the increasing order of stability.
CH,CH,CH=CH,, CH,CH=CHCH, (cis), CH,CH=CHCH, (trans)

CH,
\C

CH;
5. How many linear chain isomers are possible for each of the following
olefins ?
Practice Questions
(@) GHg (b) GHy,4 (©) GHg  (d) GHy,
6. Draw the cis, trans isomers for the following and designate them as E or Z.
(@) HOH,C-CH = CHCHCH; (b) CH,CH=CHCQH
(c) CH,CH=CH - CHO (d) CHCI = CHBr
7. Identify each of the following alkenes as being either cis or trans.

:CH2

CICH, cl )
@  N_ o O\

c=C c=C
RN N,
OHC
\ / H N /COOH
(c) / \ (d) c=C
H / \COOH

8. Which of the following can exist as geometric isomers ?

(a) CICH,C = CCH, (b) CICH,~CH = CH-CHCI
(c) CH,= CHCHO (d) CH,= C~-CH,CH,

|

CH,
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9. Label the following as, E, Z isomers.

CH, CH,OH

e / CH, H
@ | o e
c W’ coon
HOCH, H
H CHO cl H
N,
(©) c= C\ (d) \C = C/
CH3/ CH,CI s’ N\

10. Give the structure of Z and E forms of cinnamic acid.

CONFORMATION
1. Which among the following can have different conformations ?
(a) CH, (b) CHCJ, (c) CH,COOH  (d) CHCH,OH
2. Arrange the following conformation of n-butane with increasing order of

energy, staggared (anti), partially eclipsed, eclipsed and skew
conformations.

3. The eclipsed form of which of the following has the highest energy.
Ethane, propane, n-butane, ethylene dibromide.

4. What is the relative composition of the equilibrium mixture of all the
conformers of n-butane ?

5. Draw the different conformation of cyclohexane clearly indicating the
various C—H bonds.

6. Explain the energy level diagram for axial-equitorial cyclo hexanol
conformational changes.

7. Describe the conformations of cyclohexanol. Comment on their stability.
Short answer questions.

1. Explain the following with examples.
(a) cis-trans isomerism  (b) optical isomerism.
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2. Distinguish enantiomers and diasteromers ?
3. What is a racemic mixture ? Explain with suitable example.

4. Mesotartaric acid is an optically inactive compound with chiral carbon
atoms. Justify.

5. Distinguish racemic form from Mesoform.

6. Describe the D, L-system of designation of configurations.
OPTICAL ACTIVITY - KEY

1. (b) CHCH,CH,~CH(OH)CH,

2.(d) CH,
|
CH,~CH-COOH

3. (d)sp? carbon
4. (a) CHCH,~CH (CH,)CH, CH, CH,
(b) CH,CH,—CH (CH,) — CH=CH,

(c) CH,

I
CH,CH,CH — C=CH

(d) CH,CH,— CH (OH) CH
(e) CH,CH,—CH (CH,)CHO
() CH,COCH(CH,)CH,CH,
(9) CH,CH,CH(CH,)COOH
(h) CH,CH,CH (CH)NH,
Geometrical isomerism

1. (d) CHCI=CHBr
/

2. (c) CH, H
o=\
H,C CHe
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3.@Z ((ML)E(c)E()Z
4. CH,CH,CH=CH, < (CH,) CH=CH,CH, (cis)
< (CH,), C =CH, < CH,CH=CHCH, (trans)
5. (a) CHCH,CH=CH,
CH,CH=CHCH,; (cis, trans)
(b) CH,CH,CH,CH=CH,, CH,CH,CH=CH CH, (cis, trans)
(c) CH,CH=CH, one
(d) CH,CH,CH,CH,CH=CH,(1), CH,CH,CH,CH=CHCH, (cis, trans)
CH,CH,CH=CHCH,CH; (cis, trans)
CONFORMATIONS
1. (d)
2. Staggard < skew < partially eclipsed < eclipsed.
3. Ethylene dibromide (Br has larger size than,Qitoup).

4. eclipsed < partially eclipsed < skew < staggard.

5. refer energy level diagram of equitorial - axial cyclohexanol

SUMMARY :
ISOMERISM IN ORGANIC CHEMISTR Y

Isomerism - Stereoisomerism - Geometrical isomerism and optical
isomerism

Geometrical isomerism - difference in the relative orientation of groups
attached to C = C Condition.

Stereoisomers which are not mirror images - Cis and trans isomers -
E, Z nomenclature - examples.

Conformation - rotation about C — C bond - Conformation of
cyclopropane, cyclobutane and cyclopentane.
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Non-coplanar arrangement of carbon atoms in cyclo-hexane - chair and
boat conformation - relative stability

Cyclohexanol - conformation - axial and equitorial alcohol - energy level
diagram.

Optical isomerism - the phenomenon of optical activity - cause of optical
activity - asymmetric carbon atom

Chirality - Chiral centre - Chiral molecules - isomers with nonsuper-
imposable object - mirror image relationship - dextro rotatory and
laevorotatory isomers - enantiomers -

Racemic mixture - mixture of enantiomers - optically inactive.

Optical isomers with more than one asymmetric carbon atom - Tartaric
acid - enantiomers and diastereomer - mesoform - optically inactive.

Designation of configuration - D, L - notation.

Position isomerism - disubstituted benzene - ortho, meta and para isomers
- Identification - Dipole moment.
REFERENCES :

1. Problems in sterochemistry and conformations by Samuel Delvin.
2. Stereochemistry of organic compounds by Eliel.
3. Organic chemistry by Morrison Boyd.
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16. HYDROXY DERIVATIVES

LEARNING OBJECTIVES

=

=

¥ o¥w ¥ ¥ ¥

W

W

Alcohols - structure - isomerism.

Nomenclature - Common system, Carbinol system, IUPAC system of
naming alcohols.

Classification - monohydric, dihydric and trihydric alcohols -
Recognising primary, secondary and tertiary alcohols.

Learning general methods of preparation.

Uses of Grignard reagent in the preparation of alcohols.
Physical and Chemical properties - related to structure - uses.
Distinction between primary, secondary and tertiary alcohols.

To learn the methods of preparation, physical and chemical properties
and uses of dihydric and trihydric alcohols - ethylene glycol and glycerol.

Oxidation of glycol and glycerol - different methods.

Learning the methods of preparation, properties and uses of aromatic
alcohol - benzyl alcohol.

Phenols - classification - preparation, properties

Resonance in phenol - acidic property, difference from alcohol - uses.
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16.1 HYDROXY COMPOUNDS

These are compounds having hydroxyl group directly linked to a carbon
atom. These comprise a variety of organic compounds starting from simple
alcohols and phenols to complex naturally occuring substances like starch
and cellulose.

Alcohol is one of the most important class of compounds. Nearly every
other kind of aliphatic compounds like - alkenes, ethers, aldehydes, ketones,
acids, esters and a host of other compounds can be made from alcohol. They
are not only used as raw materials but frequently as solvents in which reactions
are carried out and from which products are crystallised.

This chapter on alcohol deals with the study of (a) structure and
classification, (b) nomenclature, (c) isomerism, (d) general methods of
preparation, (e) properties - physical and chemical - relating to structure
and (f) uses of alcohols.

16.2 CLASSIFICATIONS AND STRUCTURE

Alcohols are compounds having hydroxy group directly bonded to a
saturated carbon atom, having the general formula R—OH.

‘R’ can be (i) aliphatic saturated - ethylalcohol
(if) unsaturated - allyl alcohol
(i) aralkyl - benzyl alcohol

A compound can have more than one hydroxy group such as ethylene
glycol, a dihydric alcohol and

CH,— CH,
I |
OH OH

Glycerol a trihydric alcohol.  CkH-CH —CH,

|
OH OH OH

Alcohols can be further classified as primary, secondary and tertiary
according to the kind of carbon to which the —OH group is linked.
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R — CHOH

Primary

10

They differ in the rate and mechanism of reaction, often in reactions
which directly involve the hydrogen atom attached to the carbon bearing the
—OH group an entirely different course for each class of alcohol take place.

R R
™ CHOH R C—OH
R [~y
Secondary Tertiary
20 3

16.2.1 NOMENCLATURE
Alcohols are named by three systems of nomenclature.

For simple alcohols common names are often used. A common name
consists of the name of the alkyl group followed by the word alcohol.

The carbinol system of nomenclature considers alcohols as being derived
from methanol (called carbinol) by the replacement of one or more

hydrogen by alkyl group.

3. Inthe IUPAC system a set of rules is followed.
(a) the longest carbon chain that contains the —OH group is taken as
the parent structure.
(b) The name is arrived at by replacing the termimlof the
corresponding alkane bygl-
(c) Indicate the number and position of the —OH group in the parent
chain using the lowest possible number.
M.F Common Carbinol IUPAC
name name name
CH,CH,OH ethyl alcohol methyl carbinol ethanol
CH,CH,CH,0OH n-propyl alcohol ethyl carbinol 1-propanol
CH,-CHOHCH, isopropyl alcohol dimethyl carbinol 2-propanol
CH,CH,~CH-OH secondary butyl ethyl methyl
| alcohol carbinol 2-butanol
CH,
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CH,-CH-CH,OH Isobutyl alcohol isopropyl carbinol 2-methyl-

| 1-propanol

CH,

CH,

I
H,C-C-OH tert-butyl alcohol trimethyl carbinol 2-methyl-

| 2-propanol

CH,
CsH;CH,OH Benzyl alcohol phenyl carbinol phenyl methano
CH,CH,CHOHCH,CH,CH, ethyl, propyl carbingl 3-hexanol

CH, CH,
CH,-C -C-CH

|

H OH dimethyl isopropyl 2,3- dimethy1-2

carbinol butanol

Isomerism : Alcohols exhibit three kinds of isomerism.

1. Chain isomerism: arising out of the difference in the carbon chain
structure of the parent hydrocarbon.

CH,
4 3 2 1 |
CH;~ CH,~ CH~ CH,0OH CH,~ CH — CH,OH
1-butanol 2-methyl-1-propanol
(linear chain) (branched chain)

2. Position isomerism :arising out of the difference in the position of
—OH group, the hydrocarbon chain being the same.

CH,CH,— CHOH - CHCH,  CH,CH,CH,CHOHCH,
3-pentanol 2-pentanol
CHSCHZCHZCHZCHZOH
1-pentanol

3. Functional isomerism :

Alcohols are isomeric with ethers, having the same formula with different
functional groups.

CH,CH,CH,OH CH,OCH,CH,
n-propyl alcohol ethyl methyl ether
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16.3 GENERAL METHODS OF PREPARATION

Simple alcohols are obtained from natural sources. Thus methyl alcohol
is obtained from the liquid formed by the destructive distillation of wood.
Hence it is called wood spirit.

Ethyl alcohol is manufactured by the fermentation of sugar present in
grains and fruits and hence called ‘grain alcohol’. Other alcohols can be
prepared by using any one of the following methods.

In the light of mechanism involved, alcohol can be prepared by
(1) addition reaction, (2) substitution reaction.

(1) Addition reactions
(a) Markownikoff's addition of water to olefins in presence of dilute
sulphuric acid.

H,SO
CH,CH=CH, + HO s CH,~ CHOH-CH
propylene

Hydration normally proceeds by protonation of olefins to form
carbocation, followed by nucleophilic attack by water.

. * OH,

H* H,O
R-CH=CH—>R-CHCH ——> |
R—CH-CH,

|

OH

I
R-CH-CH,

Simple alcohol (GH,OH) can be prepared by absorbing olefin in con.
H,SO, with the formation of ethyl hydrogen sulphate, which undergoes
hydrolysis to give alcohol.

353K
CH,+HSO, —— CH.HSO,
H,0 7 +¥cH{HSO, — > HOCH, + H,S0,

150



(b) Grignard addition : Grignard reagent adds to carbonyl compounds
forming adducts which on hydrolysis form alcohols.

Primary alcohols from formaldehyde.

H H H OH X
M(\ \ /
XMg - R/ C=0—— R-C-QMgX —— RCH,0OH + Mg
A |—/| | \)H

Itis a nucleophilic addition where the nucleophile is the carbanign (R
generated by the Grignard reagent (RMgX).

(c) By catalytic hydrogenation of aldehydes and ketones

R H,/Pt AN H,/Pt
H/c =0 ——> RCH,OH; b C=0——> R,CHOH

(d) By the reduction of aldehydes and ketones using hydrides.

R i R R R

\ LiAIH NaBH

/C =0 %4 >CH2 ; >C:O%4 >CHOH
H HO R R

(2) Nucleophilic substitution

(a) Alkyl halides undergo the nucleophilic substitution reaction. Thus
alkyl halides are converted to alcohols by aqueous alkaline solution or silver
oxide suspended in water. The nucleophile is OH and the leaving group
is the halide ion.

H,0
RX + NaOH—Z2> R—OH + NaX
RX + AQOH——= R-OH + AgX

(b) Aliphatic primary amines react with Nitrous acid forming alcohols.
Diazonium ion is formed as an intermediate.

~H,0 H,0
RNH, + HONO — > [R-N=N*] — = N, + R-OH

unstable
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The nucleophile is water and the leaving group is Nitrogen molecule.

(c) Hydrolysis of esters by either acid or alkali.

R'COOR + HO — s, R'COOH + ROH

OH-
R'COOR + NaOH—— R'COONa + R—-OH

The above reactions proceed with nucleophilic addition to carbonyl
carbon atom by water or Okbn followed by elimination of ROH.

(d) Ethers can be cleaved to alcohols and alkyl iodide by treating with
HI.

+ _
R-O-R+Hl — > R—lo'l\— R@ R—OH + R-1
H

First step involves protonation which is followed by nucleophilic
displacement by lodide ion.

Ethers can also be hydrolysed by treating with dilu{€®| under
pressure.

H,SO, +
C,He—O-CH, + HO0 = C2H5—|O—C‘2H5 O 2CH.OH + Hr

H
Protonation of ether oxygen, followed by nucleophilic displacement of
ethyl alcohol by water.

16.3.1 Physical Properties

(a) Alcohols are neutral substances whereas inorganic hydroxides are
basic in nature. Physical properties of an alcohol are best understood if we
recognise that structurally an alcohol is a composite of an alkane and water.

R-H H-OH  R-OH

Hence alcohol contains alkane like alkyl group and water like hydroxyl
group. The OHgroup gives the alcohol its characteristic properties and the
alkyl group modifies it.
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The hydroxy group contains highly electro negative element oxygen
bonded to hydrogen. Hence this group is polar. This is capable of forming
hydrogen bond as shown.

|
O-H ...... O-H : O-H .....O-H
Many of the physical properties are affected by hydrogen bonding.

1. The boiling point of alcohols are far higher than the hydrocarbons
having the same molecular weight and structure.

Compound Mol.wt. Boiling point. K
CH,OH 32 333
CH,CH, 30 184.4
C,H,OH 46 351.5

C H,g 44 228.5

This is because alcohols are associated liquids. Their abnormal boiling
points are due to the greater energy needed to break the hydrogen bonds
that hold the molecules together.

Hence lower members are colourless mobile liquids. Higher members
are oils, liquids or waxy solids.

(b) Solubility

Alcohols are soluble in water and other hydroxy compounds in contrast
to hydrocarbons. This is also explained on the basis of intermolecular
hydrogen bonding. The energy required to break intermolecular forces
between alcohol molecules is provided by the formation of hydrogen bond
between a water molecule and an alcohol molecule. Lower members are
completely miscible with water and the solubility decreases with increase in
molecular weight. This is because of the increase in size of the hydrophobic
alkyl group in the alcohol.
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Chemical Properties
Alcohols can be considered to be derived from alkane as well as water.
CHH — > CH,OH «—— HOH

This is easily seen as the alcohols have properties in between methane
and water.

Properties Methane Methanol Water
m.p 89 K 176.8 K 273 K
b.p 159 K 338K 373K
Solubility insoluble soluble insoluble in
in water in water in water and hydro
slightly soluble carbon
in hydro carbon

Similar to water forming hydrate with salts, lower alcohols also form
addition compounds with salts (e.g.,) Ca@C,H.,OH, MgClL,. 6CH,0OH

In chemical reactions also alcohols bear striking resemblance to water
and alkane.

Properties due to the acidic nature of hydrogen of the —OH group.

1. Alcohols are weaker acid than water because of +I effect of alkyl
groups. Hence alcohols react only with electro positive metals evolving
hydrogen.

R-OH + N\a———= RONa + 2 H

(Sodium alkoxide)

2C2H50H +2Na—> 2C2H50Na + I—5
(Sodium ethoxide)

The acid strength decreases in the order 2 > 3° because of the
electron releasing effect of the alkyl groups.

2. Strongly basic substances like organometallic compounds are
decomposed by alcohol.

R-OH + CHMgBr ——— RO-Mg-Br + CH
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Hence alcohols cannot be used as a solvent for Grignard's reagents.

3. Alcohols react with acid chlorides and acid anhydrides to form esters.
This involves nucleophilic attack by alcohol on the carbonyl carbon. The
leaving groups are Cbr CH,COO

H
& 3
R-OH + RCO-CL—>R-O-CO-R + Cl
~__7
[

R-O-CO-R'

H
CO-R' |
R—O—H + @/ S R- o* COR + R COO
\_>CO—R' ¥
L

H* + R-O-CO-R'
Reactions in which the —OH group is involved.

1. Alcohols react with carboxylic acids in presence of con. sulphuric
acid. Alcohol molecule brings forth a nucleophilic attack on the carbonyl
carbon to form ester.

O

N

R-OH+ H-0-C-R—H> R-O-CO-R'+LD

C,H,OH + CH,COOH —""5, CH,COOCH; + H,0
(ethyl acetate)
2. Alcohols form alkyl chlorides. When treated with anhydrous zinc
chloride and hydrogen chloride.

ZnCl,
R-OH + HCl——— R-Cl + HO
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This reaction involves protonation of the alcohol followed by nucleophilic
attack by chloride ion. Protonation weakens the C—O bond considerably.

The removal of water from the protonated species is facilitated by
anhydrous zinc chloride. Reactivitiy in this reaction with respect to alcohols
is 3> 2 > 1° This reaction is used in Lucas Test.

.HCI
(CH),COH ™S, (CH,), c-Cl+ HO

anhyd. ZnCJ] (Turbidity appears immediately)

3% alcohol
at room temperature
(CH,), CHOH %’”‘HC' (CH,),CHCI + H,0
2 anhyd. ZnCJ ¥2
2° alcohol (Turbidity appears after 5-10 minutes)
at room temperature
Conc. HCI

CH,CH,OH ——  CH,CH,CI+H,0
anhydrous ZnC| o _
1° alcohol (No turbidity appears easily)

but only on heating

3. Similarly alcohols are converted to alkyl chlorides by thionyl chloride
in presence of pyridine.

Pyridine
RCH,OH + SOC} —— RCH,CI + SQ, + HCI

HCl is removed by pyridine and sulphur dioxide, being a gas escapes.
Hence there is no separation problem in this method.

This reaction involves the formation of alkyl chloro sulphite as
intermediate.

RCH,0H + CISOCl— s RCH,-0-SO-Cl

Intramolecular nucleophilic attack by the chlorine in the intermediate,
on the carbinol carbon atom, results in the removal of sulphur dioxide forming
alkyl chloride with retention of configuration.
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R—C —&—SO ~Cl——= RCH,CI + SQ,
This reaction belongs tq & Nucleophilic substitution internal)

4. Alcohols are converted to their halides by the action of phosphorous
halides.

R-OH+PCl ——= RCI+POC|+HCI

3C,H,OH + PCL, ——— 3CH.Cl + H,PQ,
Similarly alkyl bromide by phosphorous and bromine, alkyl iodide by
phosphorous and iodine can be made.

In all these cases an intermediate is formed, which undergoes nucleophilic
displacement reaction with halide ion.

. H
RCHOH +PC|, — > RCHZ—O/ + ch

PCl,

H
R—CHZCB/ —_ > RCHCI+POC}+ HCI

CIz PCl,
5. Dehydration
(a) Alcohols undergo intermolecular dehydration by treating with
con. HSO, acid to give ethers. In the first step alkyl hydrogen sulphate is formed
which with excess alcohols undergoes nucleophilic displacement reaction.

C,H.OH + H,S0, 225 CH, . HSO, + H,0

+ _H
C2H5CHSQ1 _— C2H5_O\/ + HS@

C,Hs

C,H~O-H
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>4

+

CZH5—O\ — > CHOCH, + H
CZHS

(b) Intramolecular dehydration takes place leading to the formation of
olefins. This reaction involveg-elimination. It is E reaction and the
intermediate is carbonium ion.

+

(CH),COH 5 (CH),E + HO

(CHy), C* — > (CH),C=CH, + H

It follows E, mechanism if the ethyl hydrogen sulphate is involved as
shown.

uloh-cnliso, ——> checH, + HsSO,

Thus ethyl alcohol gives ethylene on treating with excess ¢$OH
acid at 44K.

(c) Dehydration can also be carried out by passing the alcohol vapour
over alumina at 620 K.

AlLO,
CHCHOH —  CH=CH,

(d) Alcohols react with ammonia in presence of heated Alumina or thoria
catalyst at 633 K to form mixture of amines.

AlLO
R-OH + NH ——> RNH, PO, RNH Es RN
633

Heated alumina removes the water formed.
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16.3.2 Methods of distinction between three classes of alcohols
(1°, 2° and 3)
Reaction involving hydrogem- to the —OH group.

Since primary, secondary and tertiary alcohols differ in the number of
a-hydrogen atoms, these reactions can be used to distinguish them.

1. Oxidation
Oxidation of alcohols with acidified potassium dichromate gives different
oxidation products.

©)
CH;~CH-O + (O)—— CH;~CH=0—> CH,~COOH
| | -H,0
H H aldehyde
(primary alcohol)
e i
(0]
CH~C-0 + (O)—=> CH~C=0 — 5 CH,COOH
| | 2 (Ketone) (acid with lesser
H H carbon atoms)
(secondary alcohol)
CH, CH,

H,C — C — OH— CH,— C = CH — > CH,COCH, + HCOOH

I
cH, |

(tertiary alcohol)
CH,COOH

As the number ofa-hydrogen decreases, reactivity with respect to
oxidation also decreases.

Hence the presence ofhydrogen is essential for normal oxidation
reactions of alcohols.
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Acidified potassium permanganate oxidises the alcohols directly to the
carboxylic acid.

(@) (©)
CH,CH,0H —2 5 CHCHO -2 s CH,COOH

The breath analysis test for the detection of ethanol involves the oxidation
of alcohol in the breath of a person who has consumed alcohol, by acidic
potassium dichromate and observing the change in the colour of the chromium
ion (CM) from yellow orange to € which is blue green colour.

2. Reaction with chlorine water
When alcohols are treated with chlorine water, or sodium hypochlorite
or bleaching powder solution, they are oxidised.

Primary alcohols are oxidised to aldehydes

Q)
CH,CH,OH ——> CH,CHO + HO
Ethyl alcohol Acetaldehyde

Secondary alcohols are oxidised to ketones.

CH, CH
0 3
>CHOH 9 >co + HO
CH3 CH3
Isopropyl alcohol Acetone

Tertiary alcohols do not undergo this reaction because it does not contain
a-hydrogen which is involved.

The carbonyl compounds formed undergo further chlorination forming
chlorinated aldehydes and ketones.

CH,CHO %2 5 CCl, CHO (chloral)

CH,COCH, —<2 5 CCl, COCH,

Trichloro acetone
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When alcohols containing GBHOH- group is treated with iodine and
potassium hydroxide, yellow crystals of iodoform is formed. The tri-iodo
carbonyl compound formed is decomposed by the alkali to give iodoform
and potassium salt of an acid.

A

| ,/JKOH |
C,H,OH —Z5 CH,CHO 25 CI,CHO_X%%, CHI, + HCOOK

1,/KOH 1, KOH
CH,CHOHCH,”__s CH,COCH, > 5 CI,COCH, =25, CHI,+ CH,COOK

The formation of haloform in general by this procedure is called haloform
reaction. Since methanol does not contain,CHOH group, it does not
undergo haloform reaction.

2. Catalytic dehydrogenation :

Dehydrogenation of alcohols by passing the vapours over heated copper

at 573 K.

CH,CH-0O &W5BK CH,CHO +

| (aldehyde)
H H
Primary alcohol
i L
Cu/573 K
CH,-C-0 2% CH,-C=0 + H
| | (acetone)
H H
Secondary alcohol
CH3 OH CH3
Cu/573K
\C / uﬁ \C:C|_|2 + HZO
CH/ \CH3 dehydration CH3/
Tertiary alcohol Isobutylene

Absence ofa-hydrogen in tertiary alcohol under the above condition
leads to only dehydration to olefin.

3. Victor Meyers Test
This test consists of the following steps.
(a) Alcohol is converted into alkyl iodide by treatment with, P/I

(b) The alkyl iodide is then converted into nitro alkane by silver nitrite
(AgNO,).
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(c) The nitro alkane is treated with Nitrous acid (H)@nd then with
aqueous KOH.
The alcohols are identified from the colour of the product.

(a) Primary alcohol:

CHCH,0H — s, CcHCH,) AN  cH cHX =Y
I

primary alcohol

NO,
CH,~ C=NOH 8 CHC=N-OK'
I I
NO, NO,
(Nitroxime or nitrolic acid) Potassium salt of nitrolic acid
(red colour)
(b) Secondary alcohol :
CH, CH, CH, NO,
Nenoy Ney "o ~/  —
—> — + HON=0
/ / /K

CH3 CH3 CH3 H
Secondary alcohol

C ——> No Reaction but blue colour
CH3/ N N=0O remains.
(Pseudo nitrol)
blue colour

(c) Tertiary alcohol :

CH, CH, CH,

AN P/l N Ao, AN HNO _
CH37C -OH——>CH;-C - |l———> CH37C - NQ —= Noreaction
CH, H.C CH,
Nitro compound
colourless

Absence ofbi-H in tertiary alcohol makes it inactive to nitrous acid.
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USES OF ALCOHOLS

(a) Methyl alcohol is used as an industrial solvent (b) as an antifreeze in
automobile radiators, (c) for the manufacture of formaldehyde.

Methanol is poisonous in nature and when taken orally can cause
blindness and even death. Ethanol which contains 5% methanol is known as
methylated or denatured spirit. It is used as a fuel in spirit lamp and as a
solvent for wood polish, methanol is used as a motor fuel along with petrol.

Ethyl alcohol one of the most extensively used organic compound (a) in
alcoholic beverage, (b) industrial solvent, (c) in pharmaceutical preparation,
(d) as a preservative for biological specimens, (e) in the preparation of large
number of other organic compounds like ether, iodoform, acetaldehyde etc.,
and (f) as a good solvent for recrystallisation and extraction of plant materials
etc.

16.4 DIHYDRIC ALCOHOLS

Compounds having two hydroxyl groups are known as dihydric alcohols
or diols. If two hydroxyl groups are linked to the same carbon atom, it is
called‘gem diols’. These are unstableThe relative position of the two
hydroxyl groups can be 1, 2 or 1, 3 or 1, 4 and so on.

Example,

OH
|
CH3—C|2—OH — CH3—?3=O + HO

H H
‘Gemdiol’
CH,OH CH,OH
| I
CH,OH CH,

1,2 ethane diol
CH,OH
1,3 propane diol
Nomenclature of 1,2-diols
1. In the common system, the name is arrived at by adding the word
‘glycol’ to the name of the olefin from which it is derived.
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HOCH,~ CH,OH CH,CH(OH)CH,0H
ethylene glycol propylene glycol

2. In the IUPAC system, the suffix ‘diol’ is added to the name of parent
alkane.

HOCH,~ CH,0OH CH,CH(OH)CH,0H
ethane-1,2-diol propane-1,2-diol
ISOMERISM

Position Isomerism

Diols having the same molecular formula differ in the position of the
hydroxyl groups.

CH,CH(OH)CH,OH propane-1,2-diol

CH,(OH)CH,CH,OH propane 1,3-diol
Functional Isomerism

Diols areisomeric with ethers or hydroxy ethers.

CH,CH(OH)CH,OH is isomeric with
CH,OCH,0CH; and CHOCH,CH,OH

Dimethoxy methane 2-methoxy-ethanol

16.4.1 GENERAL METHODS OF PREPARATION OF GLYCOLS

1. By addition reactions
(a) Dihydroxylation

By the action of cold dilute alkaline potassium permanganate solution
which is known as Baeyer’s reagent on olefins, diols are formed.

RCH = CH,+ H,0 + (0) — > RCHOH — CHOH

(b) Addition of oxygen to form olefin oxide from olefin followed by
acid hydrolysis to give glycol.

RCH=CH,+% 0, — > R—iH;CI—&% R—CH-CH
| |
0 OH OH
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Thus ethylene forms ethylene epoxide.

A
CH,=CH,+ %0, ——> CH~CH,
473673K N\ /
O

This is hydrolysed to ethylene glycol by dil. HCI or sulphuric acid at
333 K.

Ot OH _HOS  CH,0H- CHOH

NS

This reaction proceeds via the nucleophilic attack by water on the
protonated epoxide.

N CH,-COH CH,OH
H,O : | OH—— v “H S |
"\'CHZO H,0 — CH, CH,OH
(c) Olefins are converted to chlorohydrins and are then hydrolysed with

milk of lime. Ethylene glycol itself is prepared as follows :

CH, CH,OH  caom, CH,OH

I~ + HOCl — > | —
CH, CH,CI CH,OH

In the above, first step involvesldition acrossthe double bond and
thesecond stema § 2 attack by th€®H-ion.

The latter two methods are @dmmercial importance.
2. By substitution reactions :
1,2-dihaloalkanes are hydrolysed watjueous sodium carbonate.

(a) Ethylene dibromide is heated with moist silver oxide or agueous
sodium carbonate solution to form ethylene glycol.
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CHZBI' HZO CHZOH

| — | + 2NaBr + CQ
CH,Br Na,CO, CH,OH

This reaction involves§2 attack by OH™ and the leaving group is
Br-.

(b) Action of nitrous acid on ethylene diamine leads to ethylene glycol.

CHNH,  spno,  CH,OH

| —> | + 2N, + 2HO
CH,NH, CH,OH

An unstable diazonium ion is formed in the first step, which undergoes
nucleophilic attack by OH-to form glycol.

3. By Reduction reactions

This procedure is similar to the preparation of alcohoBoyveault-
Blanc Reduction’ where aldehyde or ketone or ester can be reduced to
alcohol bysodium and ethanolThus ethylene glycol is prepared from diethyl
oxalate.

COOGH; g4 CH,OH
| _— | + 2 C‘2H5OH
COOCH; CH,OH

CHO 4 (H) CH,OH 2 () CHO

| — | <— |

CHO CHZOH CHZOH

glyoxal glycolic aldehyde

16.4.2 PROPERTIES

Because of the presence of two hydroxyl groupsrtermolecular
hydrogen bonding is made much strongeiydrogen bond can be formed
between both OH groups resulting in a polymeric structure.
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This leads to high viscosity and boiling point (470 K). This is miscible
with water and alcohol in all proportions but immiscible with ether. Water
or alcohol forms stronger H-bonding with glycol, breaking the polymeric
structure. This explains tHeygroscopic’ nature of glycol. Itis a colourless
liquid with sweet taste, but toxic in effect.

CHEMICAL PROPERTIES

The molecule of ethylene glycol contains two primary alcoholic groups.
It exhibits the general chemical characteristics of primary alcohols twice
over. However in most of the reactions both these groups are not equally
reactive. One hydroxyl group reacts completely before the other one
participates in the reaction. In general this resembles a primary alcohol in all
chemical reactions.

1. Replacement of acidic hydrogen
The hydrogen atom of the —OH group is replaced by electropositive
metals like sodium step by step, with evolution of hydrogen.

CH,OH N CHONa CH,ONa

| —=> | —> |

CH,OH CH,OH 433k CH,ONa
Monosodium Disodium
glycolate glycolate

2. Reactions in which —OH group is replaced
(a) Reaction with organic and inorganic acids to form esters.

(i) In all these reactions, protonation of the —OH is followed by
nucleophilic attack by the anion of the acid.
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CH,OH
| S X<_*CH, ﬁ <
CH,OH X | H

CH,OH

_— X—C|:H2 + HO0

CH,OH
Ethylene glycol reacts with hydrogen chloride gas as follows :
CH,OH HCI /433 K CHLCI HCI /473 K CHLCI
I —_— I
CH,OH -H,0 CH,OH -H,0 CH.CI
ethylene chlorohydrin ethylene

dichloride

(i) On heating with nitric acid in presence of catalytic amount of con.
sulphuric acid, ethylene glycol forms ethylene dinitrate, an explosive liquid.

CH,OH 1,50, CH,~-0O-NQ

| +  2HNQ, n | +2H,0

CH,OH CH,~-0O-NQ

(iii) Ethylene glycol reacts with organic acids like acetic acid in presence
of mineral acid, forming glycol mono and diacetate.

CH,OH " CH,OCOCH, CH,OCOCH,

| + CI—gCOOHH% | CH,CQQH I

CH,OH ‘H,0  CH,OH H+ CH,~ OCOCH,
glycol monoacetate glycol diacetate

Acetyl chloride, acetic anhydride also form the same products with
ethylene glycol.

(iv) Reaction of ethylene glycol with dicarboxylic acid.

Both glycol and dicarboxylic acid being molecules with two functional
groups, react forming condensation polymers. Thus with Terephthalic acid,
ethylene glycol forms the polymer ‘Terylen&lg¢o known as dacron or
terene), which is extensively used as a synthetic fibre.
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NHO — CH,~ CH,~ OH +n HOOC—((_))— COOH——>

HO—{~CH,~CH,-0-CO - (( )) CO-OJH+ (2n— 1) HO
(v) With phosphorous halides

Ethylene glycol forms ethylene chlorohydrin and ethylene dichloride with
either PCJ or PCL,.

CH,OH CHCI CHCI
| — | —> |

CH,OH CH,OH CHCI
Similarly PBr, forms mono and dibromide.

CH,OH CH,Br CH,Br
| —> | —> |

CH,OH CH,OH CH,Br

ethylene bromohydrin ethylene dibromide

With PL,, it forms ethylene diiodide, which beingstable decomposes
to form ethylene.

CH,OH CH | CH
| —> s
CH,OH CH | H2

unstable

3. DEHYDRATION

Ethylene glycol undergoes dehydration under different conditions to
form different products.

(1) When heated alone up to 773 K it forms ethylene oxide or ethylene
epoxide. This is an intra molecular reaction in which a water molecule is
eliminated from the two —OH groups.

CH,~OH 4 CHz\

|
CH,—OH 773K CH °

169



(i) When heated with anhydrous zinc chloride, ultimately acetaldehyde
is formed. This involvef-elimination.

H H
| | H
H-C-OH cloln _—s |
. S | 1) c=0
H-C-OH CHJ |
| cH,

In the second step hydrogen migrates from —OH group tpc@tbon.
(iii) Intermolecular dehydration

When heated with conc. phosphoric acid, ethylene glycol eliminates a
molecule of water forming diethylene glycol.

HO — CH,— CH,— O HO — CH,— CH,
H,PO,
3A

HO — CH,— CH, HO - CH, - CH;

This involves the nucleophilic attack by the —OH group of one molecule,
to displace the protonated —OH group of another molecule.

(iv) Concentrated sulphuric acid being more powerful acid and
dehydrating agent removes two molecules of water forchioxan.

HO — CH,~ CH, -0 HIO-CH-CHx_ hso, CH,~CH,
50 >o BN g >o

HO-CH,~CH, HO |-CH-CH; NCH,-cH;

4. OXIDATION REACTION

Ethylene glycol contains two primary alcohol groups, hence number of
oxidation products are possible. That depends on

(i) The nature of the oxidising agent.

(if) The quantity of the oxidising agent used.
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(i) Whether one or both the primary alcoholic groups are oxidised.

(a) Acidified potassium dichromate or potassium permanganate is very
powerful oxidising agent. Hence they are capable of cleaving the C—C bond
forming formic acid.

CH,OH HCOOH
| 30y + + H,0
CH,OH HCOOH

(b) Periodic acid is a specific reagent to bring about such a C-C bond
cleavage by oxidation.

CH,OH 300) HCOOH
| —> + + HO
CH,OoH %% HCOOH

This undergoes cleavage at carbon-carbon single bond forming two

molecules of aldehyde. This further gets oxidised to acids.

Both these reactions involve the formation of cyclic diester with the
reagent, as intermediate.

(c) Dilute nitric acid or alkaline KMn@oxidises ethylene glycol to the
following oxidation products. The first step involves the formation of
aldehyde by the oxidation of one —GtbH group. The second step may
involve (i) oxidation of the other —C/H group to aldehyde or (i) the
further oxidation of —-CHO group to —COOH group. Ultimately oxalic acid

is formed.
CHO
| \
/ CHO
CH,OH CHO glyoxal COOH COOH
| —> | | —> |
CH,OH CH,OH CHO COOH
glycol glycolic glyoxalic oxalic
aldehyde acid acid
\ COOH /
|
CHZOH
glycollic acid
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16.4.3 Uses :
(i) As an antifreeze in automobile radiators.

(if) As a coolant in aeroplane engines.

(i) As an explosive.

(iv) In the preparation of synthetic fibre, terylene.
(v) As a solvent and preservative.

(vi) In the preparation of numerous compounds like dioxan.

16.5 TRIHYDRIC ALCOHOLS

The compounds containing three hydroxyl groups are known as
Trihydric alcohols. These three hydroxyl groups are attached to three
different carbon atoms for stability of the compound. The most important
compound of the series is glycerol.

3 2 1
CH,OH — CHOH — CHOH

This is also known as propane-1,2,3-triol in IUPAC system. This was
first discovered by Scheele in 1779 who obtained it by the hydrolysis of
olive oll.

It occurs in the combined state as glyceryl ester of higher fatty acids in
almost all vegetable and animal oils and fats. The higher fatty acids present
in glyceryl esters (oils or fats) are usually palmitic acigKiG,COOH),
olecic acid (G,H,;,COOH) and stearic acid (¢,.COOH).

The general formula of triester of glycerol is

CH,0COR

I
CHOCOR' R, R"and R" can be same or different.

|
CH,0OCOR"

The triester is called triglyceride. If R=R'=R" it is called simple
triglyceride, if different it is called mixed triglyceride.
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Saponification Reaction

Glycerol is prepared in a large scale by the hydrolysis of oils or fats
either by using alkali (in soap industry) or by super heated steam (in candle
industry). Hydrolysing with alkali, forms sodium or potassium salt of higher
fatty acids as solids. These are called soaps.

In general hydrolysis of esters using alkali is calf&aponification’
reaction.

CH,0COR CH,OH

|
CHOCOR +3NaOH — CHOH + 3RCOON4
| | (soap)
CH,OCOR CH,OH
Glycerol is formed as byproduct in the soap industry. When the oil is
hydrolysed using steam, higher fatty acids are formed as solids. These are
used in candle industry.

CH,OCOR o CH,OH

| +3H0 gl |

CHOCOR " eam CHOH +  3RCOOH
I | (solid)
CH,OCOR CH,OH

Glycerol is the other product formed in this.

3. Synthesis of Glycerol

Starting from propylene (obtained in the cracking of petroleum) glycerol
Is synthesised as given below :

CH, CH, CH, CH,OH
] cl, ] Na,CO, ] HOCI |
CH ——» CH — > CH —— CHCI
| 773 K | 773 K/12 atml |
CH, CH,CI CH,OH CH,OH
propylene allyl chloride allyl alcohol glycerol
chlorohydrin
CH,OH
' <_|
CHOH + NacCl
| A
CH,OH
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| step involves the (chlorination) substitution of the methyl hydrogen
forming allyl chloride.

Il step involves hydrolysis - Nucleophilic substitution reaction.
[l step addition of hypochlorous acid to olefinic part of allyl alcohol.

IV step hydrolysis with Nucleophilic displacement of chlorine by hydroxyl
group.

16.5.1 Physical Properties :

It is a colourless and odourless liquid. It is a highly viscous and
hygroscopic liquid with high boiling point (536 K). The latter properties can
be explained on the basis oiftermolecular hydrogen bond leading to
complex polymeric structure. It is miscible with water and alcohol in all
proportions but insoluble in organic solvents.

Chemical Properties

Glycerol molecule containsvo primary alcoholic groups and one
secondary alcoholic groupHowever both alcoholic groups are not equally
reactive though in many of the reactions it resembles alcohol and glycol.

1. Reaction with electropositive metals like sodium :
Monosodium glycerolate is readily obtained and the disodium glycerolate
at higher temperature. The secondary alcoholic group does not react.

CH,OH CH LON CH,ONa
I I

CHOH —Na s CHOH Na s, CHOH

I

CH,OH Er LOH

2. Reaction with hydrogen halides :
Glycerol reacts with hydrogen chloride at 383 K to give kmtand
3-mono chloro derivative.

I
CH,ONa

|CH20H |CH2CI |CH20H
CHOH —HCls,  CHOH + CHCI
| 383K | |
CH,OH CH,OH CH,OH
glycerol glycerol 3-chlorohydrin

a-chlorohydrin
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With excess of hydrogen chlorideq, a' - and a, 8 dichlorohydrins
are obtained.

CH,CI CH,OH CH,CI CH,CI
| | Excess | |
CHOH + CHCI ——> CHOH + CHC
| | | |
CH,OH CH,OH CH,CI CH,OH
a-a' dichlorohydrin  a,3- dichloro
hydrin

3. Phosphorous pentachloride forms glyceryl trichloride :
CH,OH CH.CI

| |
CHOH P S cHal
| I
CH,OH CH.CI
Hydrogen bromide and phosphorous tribromide react in the same way.

With hydrogen iodide or phosphorous triiodide, allyl iodide is formed.
An unstable triiodide is formed as an intermediate which loses iodine to give
allyl iodide.

CH,OH CH,| CH,
I I § |
CHOH Hi o CHI — %5 CH
| Pl; or’l, | |
CH,OH CH,| CH,|

With excess of the reagent allyl iodide further reacts giving ultimately
isopropyl iodide.

CH, CH, CH, CH,

I I . I I

cH s CHI | —=s cH s cHi

I | | |

CH,I CH,I CH, CH,
propylene isopropyl

| Step Il Step [l Step iodide
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The first and the third step involves Markownikoff’s addition of HI to
the carbon-carbon double bond. The second step indlelsination of
iodine.

5. With awell cooled mixture of concentrated sulphuric acidand
fuming nitric acid, nitroglycerine is formed.

CH,OH CH,ONO,
|

CHOH +3HONQ 2B CHONO, +  3HO
|

CH,OH CH,ONO,

Nitroglycerine
or
Glyceryl trinitrate

Similarly with acetic acid, acetic anhydride (or) acetyl chloride mono,
di and tri acetates are formed depending upon the amount of reagent used.

CH,OCOCH, CH,OCOCH, CH,0COCH,

CHOH CHOH CHOCOCH
I I I

CH,OH CH,OCOCH, CH,O0COCH,
Glycerol Glycerol Glycerol
Monoacetate Diacetate Triacetate

6. Dehydration :

When glycerol is heated with potassium bisulphat®ac. sulphuric
acid or phosphorous pentoxidelehydration takes place. T\eelimination
reaction takes place to give acrolein or acrylic aldehyde.

H-CH-OH CH2 CH2
I | |
H-C-OH % | ¢ — S CH
I I I
H-CH-OH C/HBH CHO
unstable acrolein

7. Action with oxalic acid :
Depending upon the temperature, glycerol is converted to allyl alcohol
or formic acid. At 383 K glycerol mono formate is formed.
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CHOH HO-C=0 CH,~0-C=0

| | | m decarboxylation

CHOH + CO-0OH 38X, CHOH CO-OH
| |
CH,OH CH,OH -CQ,
monooxalate
CH,OCOH
|
CHOH  glycerol mono formate ~<———

CH,OH
This on hydrolysis gives formic acid.
CH,OCOH CH,OH
I I
CHOH — CHOH + HCOOH
| | formic acid
CH,OH CH,OH

In this reaction glycerol acts as a catalyst.

(b) At533 K, glyceryl dioxalate is formed which eliminates two molecules

of carbondioxide formingllyl alcohol.

CH,OH CH,-0~CO CH,

| HO-CO N/

CHoH + | **, chZo-co CH +2CQ

| HO-CO | |

CH,OH CH,OH CH,OH
unstable allyl alcohol

The elimination of two molecules of carbondioxide takes place by the

cyclic reorganisation of bonds in the diester.

8. Oxidation :

Theoretically glycerol can give rise to a large variety of oxidation

products. The actual product obtained depends upon the nature of the
oxidising agent and their concentration.
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(a) With dil. Nitric acid glyceric acid is formed.
(b) With con. Nitric acid glyceric acid and tartronic acids are formed.
(c) Bismuth nitrate converts glycerolMesoxalicacid.

(d) Milder oxidising agents like bromine water or Fenton’s reagent
[FeSQ, + H,0,] or sodium hypobromite-oxidises glycerol'¢dycerose’ -
a mixture of glyceraldehyde adthydroxy acetone.

(e) Strong oxidising agents like warm acidified permanganate convert
glycerol to oxalic acid and carbondioxide.

Note :
[O] [O]
—-CHOH ——> -CHO —— -COOH
primary alcohol aldehyde acid
[O] [O]
—CHOH- ——> >C=0 ——> -COOH + CQ
Secondary alcohol Ketone etc.

Oxidation reaction of glycerol

CHO COOH COOH
I I I
—>cHoH 9,  cHon O, cHon Q)
I I I
CH,OH CH,OH CHZO_H _ COOI'I _
| glyceraldehyde glyceric acid tartronic acid
cHoH (O
I
CH,OH |CH20H COOH
co OO lco
| prolonged
——> CH,OH COOH
dihydroxy acetone mesoxalic acid
| ©
(O) COOH
2 C02+ HZO < | + COZ
COOH
oxalic acid
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16.5.1 Uses :
1. In the manufacture of explosives like TNG.
2. as an antifreeze in automobile radiators.
3. as a sweetening agent in beverages.
4. in moisturising creams and other cosmetics.
5. in copying inks and stamp pad inks.

16.6 AROMATIC ALCOHOL

Benzyl alcohol :

Aromatic compounds containing hydroxyl group in the side chain are
called aromatic alcohols. A typical example is Benzyl alcohgHzCH,OH.
Itis also calledphenyl carbinol’ or in the IUPAC system phenyl methanol.

CH,OH
The structure is @

It can be considered as an arylated aliphatic alcohol. Benzyl alcohol
occurs in nature either in free form or in the form of esters in jasmine oll. It
Isisomeric with cresols and anisole.

16.6.1 Methods of preparation :

1. By the hydrolysis of benzyl chloride

Obtained by the chlorination of Toluene followed by hydrolysis with
aqueous NaOH.

Cl NaOH
CeH.CH; ——> CH.CH,Cl — = C,H.CH,OH + NaCl
Toluene —HCI Benzyl chloride Benzyl alcohol

The formation of benzyl alcohol from benzyl chloridevolves
nucleophilic substitution.

This method is used in the large scale preparation of benzyl alcohol.

2. Reduction of benzaldehyde
Benzaldehyde is reduced to benzyl alcohol on treatment with sodium
amalgam and water or zinc and hydrochloric acid or Lithium aluminium
hydride.
C¢H;CHO + 2 [H] —— CH.CH,OH
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3. By Cannizzaro Reaction :

Simple Cannizzaro reaction of benzaldehyde or a crossed Cannizzaro
reaction of a mixture of benzaldehyde and formaldehyde is effected by treating
them with 50% caustic soda solution.

(i) C¢HCHO o CcHsCH,OH  Benzyl alcohol
+H,0 +
CgH,CHO CeH-COOH Benzoic acid
(simple)
(i) C4H.CHO ~ CH,CH,OH Benzyl alcohol
+ HO OH > ¢
HCHO HCOOH Formic acid
(crossed)

This reaction involves oxidation of one aldehyde molecule to acid, while
the other aldehyde molecule is reduced to alcohol.

In the crossed Cannizzaro reaction of benzaldehyde with formaldehyde,
it is the formaldehyde that is converted to the acid and benzaldehyde to
alcohol. Because formaldehyde can be more easily oxidised than
benzaldehyde.

4. Grignard’s synthesis

Since benzyl alcohol is a primary alcohol, it is prepared by the action of
phenyl magnesium bromide on formaldehyde.

CgHg H H,O*
CAMgBr C[\b sther - ¢
H - \O MgBr
CGHS
\CH,—OH
Br
+ Mg
OH
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16.6.2 Properties :

Itis a colourless pleasant smelling liquid with b.p. 478 K. It is sparingly
soluble in water, because of the presence of hydrophobic phenyl group (larger
in size when compared to methyl or ethyl group). But it is soluble in organic
solvents like benzene and alcohol.

Chemically it resembles aliphatic primary alcohol.

1. Itis not so acidic as to dissolve in sodium hydroxide but reacts with
sodium metal forming sodium benzylate or sodium benzoxide.

2CH.CH,OH + 2Na — > 2CH.CH,ONa + H,

Sodium benzoxide brings about nucleophilic substitution at methyl carbon
atom of the methyl iodide forming ethers.

CeH-CH,O
+ — CH,LCH,-O-CH, + Nal
CH)
2. Reagents like PCISOCL and HCI readily forms benzyl chloride
with benzyl alcohol.

CH;—CH, ~-OFH
/ | — CH;—-CHCI + POC] +HCI
Cl+PCLtCI

CeHs —CH, - O+ H
I —> CH,CH,ClI + SO, + HCI
Cl+SO +4Cl

4. On heating with phosphorous and hydriodic acid, it is reduced to
Toluene. Benzyl iodide is the intermediate in this reaction.

C,H.CH, L OH CgH— CH, L1
-H,0
I I—H —_ HI—I%CGHE’CH3+I2
lodine is removedby phosphorous.
Hydrogen in presence of Palladium is the other reagent that can reduce
benzyl alcohol to Toluene.
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5. Benzyl alcohol forms esters with carboxylic acids presence of
conc. sulphuric acid, and also with acid chlorides and acid anhydrides.

CH.CHJOH + HococH — s CH.CH,0COCH,
~H,0

X benzyl acetate
CeHCH, -0
652 ALNG CeHsCH,OCOCH,
CH,CO
Acetylchloride CO — Cl'g
CeHsCH,~O—H + 0O —>  CgHCH,0COCH,
CO-CH, + CH,COOH

Acetic anhydride
6. Oxidation :
(1) With mild oxidising agents like copper nitrate or lead nitrate, benzyl
alcohol is converted to benzaldehyde.
Pb(NQ),
CHCHOH ——» CHLCHO + HO
or Cu(NQy),
Decomposition of the metallic nitrate provide the source for the above
oxidation.

(if) In the oxidation with acidified potassium dichromate or alkaline
potassium permanganate, benzaldehyde is first formed which undergoes
further oxidation to benzoic acid.

Na,Cr,O,/H* or
CHCHOH ——> CH.CHO — >  C,H.COOH
Na,CO,/KMnO, Benzaldehyde Benzoic acid

7. In addition to the above reactions, it undergoes reactions characteristic
of the benzene ring-namely electrophilic substitution reactions like
halogenation, nitration, sulphonation etc. In all these cases substitution takes
place in the benzene ring. Like GHand CHCI- groups, CHOH-is also
ortho, para directing group. Hence ortho or para substituted products are
formed.
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CH,OH CH,OH CH,OH CH,OH CH,OH

Cl
Q" 0 = OS50
+
HSO

SO,H
o- and p- chloro o- and p-
substituted compounds sulphonic acid derivatives
16.6.3 Uses

(i) Used as a local anaesthetic in intravenus subcutaneous injections.
(if) as an antiseptic in ointments.

(iii) as esters in perfumery. (Benzyl acetate has fragrance of Jasmine)
(iv) as benzyl benzoate in the treatment of asthma and whooping cough.
(v) in the manufacture of synthetic resins.

16.7 PHENOLS

Phenols : These form a class of compounds in which one or more
hydrogen atom of the benzene nucleus are replaced by hydroxyl group. The
simplest members are phenolGOH] and cresols [CH-C.H,~OH].

Classification and Nomenclature
1. Phenols may be classified as monohydric, dihydric and trihydric
according to the number of hydroxyl groups.

(i) Monohydric phenols :

CH,
CH, CH,

o" O O, O

H OH

Hydroxy benzene o-hydroxy toluene ~ m-hydroxy toluene p-hydroxy toluene
(Phenol) (o-cresol) (m-cresol) (p-cresol)

(if) Subsituted phenols :
These are named as derivatives of phenol or as hydroxy compounds.
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CHO OH COOH

@OH OH O,N NO,

NH, |
NO, OH
0-aminophenol o-hydroxy 2,4,6-trinitro p-hydroxy
benzaldehyde phenol benzoic acid
(iii) Dihydric phenols :
OH OH CH,
@EOH
/ N
OH H HO OH
OH
1,2-dihydroxybenzene 1,3-dihydroxybenzene 1,4-dihydroxybenzene 3,5-dihydroxytoluene
or or or or
ortho dihydroxy meta dihydroxy p-dihydroxy Orcinol
benzene benzene benzene
or or or
Catechol Resorcinol p-quinol
(iv) Trihydric phenols :
OH OH OH
OH OH
/
OH HO OH
OH
1,2,3-trihydroxybenzene 1,2,4-trihydroxybenzene 1,3,5-trihydroxybenzene
(Pyrogallol) (Hydroxy quinol) (Phluroglucinol)
Occurence :

Coal tar is the most important source of phenols like phenol, cresol etc.,
from which they are obtained industrially. Some substituted phenols occur
in essential oil of plants like eugenol in clove oil, thymol in mint oil.
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16.7.1 Preparation

1. From aryl halides :Phenols can be prepared by heating aryl halide,
with caustic soda at high temperature and pressure.

623K
Ar-CIl + NaOH ——— ArOH + NacCl

300 atm.

623K
CeHgCl + NaOH s, C,H.OH + NaCl
Chloro benzene 300 atm. phenol

This reaction is an example of aromatic nucleophilic substitution.
The replacement of nuclear halogen is difficult because of the stronger C—ClI
bond compared to that in alkyl halides. Yet, this reaction is used for the large
scale preparation and is knownxsn’s process.

2. Phenol is also manufactureldy heating chlorobenzene with steam
in presence of silica as catalyst.

Sio
CHCl + H,0 —~"%, C;H,OH + HCl
3. From sulphonic acids

Sodium salt of sulphonic acids when fused with sodium hydroxide yield
phenoxides. These on treatment with dil. hydrochloric acid give phenols.

ArSOH + NaOH ——> ArSO,Na + HO

573 K
ArSO,;Na + 2NaOH ———= Ar—-ONa + N3SQ,
Sodium phenoxide

ArONa + HCI —> ArOH + NacCl

4. By boiling weakly acidic aqueous solutionf diazonium chloride,
phenol is formed.

H*
CHN,Cl + HO _—> CHOH + HCl + N,
Benzene diazonium
chloride
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This method is useful for the preparation of phenols which cannot be
prepared by other methods.

5. By the decarboxylation of phenolicacids. This is carried out by
heating sodium salt of phenolic acids with sodalime.

OH OH
NaOH / CaO
_— + Na,CO,

COONa A

Sodium salicylate Phenol

6. Industrially phenol is prepared from cumene. Cumene is prepared
from benzene and propylene in presence of Lewis acid like anhydrous
aluminium chloride.

Cumene
This is oxidised to hydro peroxide by oxygen of the air.
CH,
CH(C I
(CHy, H,C— C-0-O—H

O2
>

Cumene hydro peroxide

This is cleaved to phenol and acetone by aqueous hydrochloric acid.

CH,
| OH
H,C - C-0-O-H
H+
E /CH3
H,0 +0=C
2 CH,
Phenol Acetone
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16.7.2 Properties
1. Pure phenols are colourless liquids or crystalline solids. They turn
pink or red on exposure to air and light due to oxidation.

2. Lower phenols have characteristic ‘Carbolic acid’ - odour.

3. They are insoluble or sparingly soluble in water but dissolve readily in
alcohol and ether. Relatively high boiling point of phenols and solubility
in alcohols can be explained by intermolecular hydrogen bonding.
Insolubility in water is explained by the presence of hydrophobic phenyl
group.

16.7.3 General chemical properties

Phenols exhibit reactions of both the hydroxyl group and aromatic ring.
They differ from alcohols in having weakly acid character and in not
undergoing elimination and substitution reactions.

Reactions of hydroxyl group
In some reactions phenols resemble alcohols. In many others they differ
from alcohols.

Reactions different from alcohols
1. They form water soluble coloured complexes with neutral ferric
chloride. The colour of the complex vary from violet, red, blue or
green. Since different phenols give different colours.

Phenol itself gives violet colour. It is a characteristic test for phenol.
2. Acidic character

Phenols are weakly acidic. These are stronger acids than alcohols but
weaker than all mineral acids, carboxylic acids and even carbonic acid.

Hence phenols dissolve in sodium hydroxide (a strong base) but not in
sodium bicarbonate (weaker base). This property is used in the
separation of phenols from carboxylic acids.

CH,OH + NaOH ——> CH.ONa + HO

Sodium phenoxide

Similarly phenols evolve hydrogen on reaction with electropositive metals
like sodium.
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2CHOH + 2Na ——> 2CHONa + H,1

16.7.4 Acidic nature of phenols
Factors that enhance the stability of the anion of acid and that increase
the ease of release of proton, enhance the strength of an acid.

Thus in the case of phenol, the phenolateion is more stabilised by
resonance than phenol itself.

OH o
| H,0 |

@ @ -

Phenol Phenolate ion

Resonance in phenolate ion

O O )
B . .
@)M pa— g PR
) o
In the case of alcohols there is no stabilisation of the anion.
RCH-OH ——» RCHZ—O(-)

Presence of —I, —M groups in benzene ring enhances its acid strength.

OH OH OH OH
I | I
] @ ] @ ] @
NO, cl CHO CH,
At para position the resonance effect effectively operates.

OH OH
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Resonance in p-nitrophenol and its anion

:OH

C/r N
e
1
j <=

AN
7

OH
etc.
N+
o }3(—)
O
etc.
(—6 }3(—)

Phenolate ion has no +ve charge on oxygen and hence is more stabilised

by resonance than phenol itself.

Consequence of this Resonance

1. Phenols are stronger acid than alcohols (because thalRQide

ions are not stabilised by resonance).

2. The electron density is increased in the benzene ring and hence the
benzene ring is activated towards electrophilic substitution reaction.

3. Ortho and para positions are more electron dense, and the electrophilic
substitution takes place at ortho and para positions.

4. Oxygen s strongly bound to the nucleus hence it is not easily removed.

The acid strength of phenols depend on the nature of the substituent
present in the benzene ring. Electron withdrawng groups like -Nitro, cyano
groups increase the acid strength. Electron donating substituents like —NH
CH,- groups decrease the acid strength. (e.g.,) strength of phenol varies in

the order.
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OH OH OH OH OH
NO, C=N CHO CH,
Reaction with zinc dust
Phenols on distillation with zinc dust give aromatic hydrocarbons.

ArOH + Zn —> ArH + ZnO
CHOH+ Zn —> CH, + ZnO

This reaction is useful in the identification of aromatic ring present in a
natural product.

1) Reactions similar to alcohols
The hydrogen of the —OH group of phenol can be replaced by acyl
group forming esters.

Direct esterification of phenol using carboxylic acid in presence of
dehydrating agent like con. sulphuric acid forms phenol esters but the reaction
does not go to completion.

H*
CH;COOCH, + H,O

Phenyl acetate

CHOH + CHCOOH

Acid chlorides and acid anhydrides react with phenols giving esters more
easily, especially in presence of a base.

CgHg— OH + CH—COCI —CHs,  CH.OCOCH, + HCl
C¢Hs— OH + CHCOOCOCH — 2% 5, C,H,OCOCH,+ CH,COOH

The reaction of phenols with benzoyl chloride in presence of sodium
hydroxide to form benzoates is knownSxhotten-Baumannreaction.
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CH.OH + GH.cOCl 2%, ¢.H,0COGH + HCl
Phenyl benzoate
2) Etherification
Phenols react with alkyl halides or alkyl sulphates in presence of alkali
to form phenolic ethers. Aryl halides do not react with phenols. This alkylation
of phenol is a nucleophilic substitution reaction. This reaction is known as
Williamsons synthesis.

AroH  NORS Ar00  + Na

ArO((}‘ R —/;

CgH.OH + (CH,), SO, 222", CH.OCH, + CH,OSQOH
Dimethyl sulphate Anisole Methyl hydrogen sulphate

— Ar-O-R + X

OH-
C6H5OH + C‘2H5Br —_— CeHso C2H5 + HBr
Phenetole or
ethoxy benzene

3) Reaction with phosphorous halide

The oxygen of the hydroxyl group in phenol is strongly bound to the
benzene ring hence it cannot be easily replaced. Though phenols react with
PCL to give chloro benzene, other reagents like HCI;Pdd not give
chloro benzene.

CHs + O 4H—>cCHLCI + POC, + HCI
Cl 4 PCL+ ClI

The yield of chloro benzene is very small and the main product s triphenyl
phosphate ({H:0),PO. (Compare this reaction with alcohol)
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4)Diazomethane directly converts phenol to anisole in alkaline medium.

AT TN ok
C6H5OH + CH2N2 %CGHE’OCH3 + N2
diazomethane Anisole

5) Reaction with Ammonia

When heated with NiHunder pressure in presence of catalysts like
anhydrous zinc chloride or calcium chloride, hydroxyl groups of phenols are
replaced by amino groups.

ZnCl/473K
ArOH + NH,—>  ANH, + HO

ZnCl/473K
C6H5OH + Nl-gﬁ C6H5NH2 + HZO
Phenol Aniline

Reactions characteristic of the benzene ring

The phenolic —OH group increases the reactivity of benzene especially
with respect to electrophilic substitution reaction. Also it is ortho and para
directing group. But due to greater reactivity, phenols undergo poly
substitution and oxidation. Hence only under milder conditions mono
substitution is expected.

1. HALOGENATION

Halogens directly react with phenols, substituting the hydrogen at ortho
and para positions. When phenol is treated with bromine water the colour of
bromine disappears with the formation of white precipitate. The white
precipitate consists of 2, 4, 6-tribromo phenol.

OH OH
3B, Br Br
_— + 3 HBr
H,O
Br

2, 4, 6-tribromo phenol.

This is one of the tests for phenols.
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Mono bromoderivative can be prepared at lower temperature and in the
presence of non polar solvents like Caid CS.

OH OH OH
2 Br, Br
_— + + 2HBr
ccl,
Br

ortho bromo phenol para bromo phenol

2. NITRATION

Reaction with nitrating mixture - con.,BO, acid and con. Nitric acid
mixture-gives picric acid.

OH OH
ON NO,
+ 3HO

298 K
H,SO/HNO,
NO,
2, 4, 6-trinitro phenol (Picric acid)

With dilute nitric acid, a mixture of ortho and para nitro phenols are

formed.
OH OH OH
NO,
HNO,
% +
NO,

ortho nitro phenol para nitro phenol

NO," (nitronium ion) is the electrophile in the reaction.
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SULPHONATION

Reaction with con. H,SQO,. It forms a mixture of ortho and para phenol
sulphonic acid.

OH
@ 293 K @
Conc HSO,

SO,H
Ortho hydroxy benzene Para hydroxy benzene
Sulphonic acid Sulphonic acid

NITROSATION

It reacts with nitrous acid (a mixture of sodium nitrite and sulphuric
acid) to givep-nitrosophenol.

OH OH
200K
— >
HNO,
NO

para nitroso phenol
This reaction involves electrophilic attack by N@itrosonium ion).

Coupling with diazonium chloride :

Phenol couples with benzene diazonium chloride in alkaline medium to
formp-hydroxy azobenzene. Diazonium iogHgN = N* is the electrophile
in this reaction.

(O)mmnear v w)—on 2 ()—nan—)—on

(Benzene diazonium chloride) (p-hydroxy azobenzene-
a red orange dye)

This is also called dye test, which is Characteristic of phenol.
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Kolbe schmidt or Kolbe’s reaction

When sodium phenoxide is heated with carbon dioxide at 400 K under
pressure, sodium salicylate is formed. This is decomposed by dilute
hydrochloric acid, when salicylic acid is formed. {®the electrophile in
this reaction.

ONa
@ @\ @ ' NaCl
400 K COONa \COOH

4 -7 atm

Riemer-Tiemann reaction

This reaction is an example of formylation reaction. When phenol is
refluxed with chloroform and sodium hydroxide, a formyl group —CHO is
introduced at the ortho or para position to —OH group.

OH
I @ @
NaOH
Ortho Para

(Hydroxy benzaldehyde)
Similarly with CCl, and NaOH, hydroxy benzoic acid is formed.

O = 0L O

HOOC
Ortho Para
(Hydroxy benzoic acid)

Phthalein fusion

Phenols are heated with phthalic anhydride and cg8Oto give
Phenolphthalein. This can be tested by the formation of pink colour when it
Is treated with sodium hydroxide.
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Phenolphthalein
Oxidations

Phenol undergoes oxidation to quinone on treatment with chromyl
chloride (CrQCl,).

@OH + 2(0) Crozc'; o;<:>:o

Catalytic hydrogenation
Phenol on hydrogenation in presence of nickel forms cyclohexanol.

OH
OH

(Cyclohexanol)
Condensation :

Phenol, when treated with formaldehyde and sodium hydroxide,
undergoes condensation reaction.

HO NaOH  HO

\@ + HCHO — > \@
AN

CH,OH
p-hydroxy phenyl methanol

This is calledLederer-Manasse reaction’.
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In presence of excess of formaldehyde, three dimensional polymer called
‘Bakelite’ is formed.

OH OH
------ H,C CH, (Ca—

Bakelite
16.7.4 Uses

Phenol is of much industrial importance. It is used in the manufacture of
dyes, drugs, plastics, explosives, pesticides etc. Phenol is an antiseptic and
germicide. It is used in some soaps and lotions.

SELF EVALUATION

(A) Choose the correct answer :
1. Which has the highest boiling point ?
(@ CH,CH;  (b) CH,OH  (c) CGH.OH (d) CH,
2. Which is soluble in kO ?
(a) Phenol (b) Alkanes  (c) Alcohols (d) Alkenes
3. Order of reactivity of alcohol towards sodium metal is

(a) primary < secondary > tertiary
(b) primary > secondary > tertiary
(c) primary < secondary < tertiary
(d) primary > secondary < tertiary

4. The boiling point of ethyl alcohol should be less than that of
(a) propane (b) formic acid
(c) dimethyl ether (d) None of the above

5. Ethyl alcohol cannot be used as a solvent foyNiH because

(@) CH,Mgl reacts with alcohol giving methane

(b) The reaction between them is explosive in nature
(c) CH;Mgl is converted to gH-Mg|

(d) Alcohol is immicible with CHMgl
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6. When alcohols are converted to alkyl chlorides by thionyl chloride in
presence of pyridine the intermediate formed is
(a) sulphonium ion (b) chlorosulphonic acid
(c) alkyl chlorosulphite (d) chlorosulphite
7. On oxidation of an alcohol gives an aldehyde having the same number of
carbon atoms as that of alcohol. The alcohol is
(a) I alcohol (b) 2 alcohol (c) 3alcohol (d) None
8. A compound that gives a positive iodoform test is
(@) 1-pentanol (b) 2-pentanone (c) 3-pentanone  (d) pentanal
9. The compound that reacts fastest with Lucas reagent is
(a) butan-1-ol (b) butan-2-ol
(c) 2-methyl propan-1-ol (d) 2-methyl propan-2-ol
10. The ionization constant of phenol is higher than that of ethanol because
(a) phenoxide ion is bulkier than ethoxide
(b) phenoxide ion is stronger base than ethoxide
(c) phenoxide ion is stablized through delocalisation
(d) phenoxide ion is less stable than ethoxide ion
11. Among the following compounds strongest acid is
(@ HC=CH (c) GH, (c) CHq (d) CH,OH
12. The most unlikely representation of resonance structures of
p-nitrophenoxide ion is

o (@)
(@) (b)
N 2N
o/ \O(_) o oo
il)_ (@)
(©) @ @ -
| |
/N /N
(@) (@) (O (@)
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13. p-nitrophenol is having lower gkalue than phenol because

(&) phenolis more acidic than p-nitro phenol

(b) anion of p-nitrophenol is more stabilised by resonance than that of
phenol

(c) degree of ionisation of p-nitro phenol is less than that of phenol

(d) anion of p-nitrophenol is less stable than that of phenol

14.The reaction of Lucas reagent is fast with

(a) (CH,),COH (b) (CH,;),CHOH
(c) CH,(CH,),OH (d) CH,CH,OH

15. When phenol is distilled with Zn dust it gives
(a) benzaldehyde (b) benzoic acid
(c) toluene (d) benzene

16. A compound that undergoes bromination easily is

(a) benzoic acid (b) benzene
(c) phenol (d) toluene

17.1somerism exhibited by ethylene glycol is

(a) position isomerism (b) chain isomerism
(c) functional isomerism (d) both (a) and (c)

18. Ethylene diamine is converted to ethylene glycol using

(@) Na,CO; solution (b) nitrous acid

(c) NaHCQ, (aqueous) (d) Baeyer’s reagent
19. Ethylene glycol forms terylene with

(a) adipic acid (b) phthalic anhydride

(c) terephthalic acid (d) oxalic acid

20. 1-propanol and 2-propanol can be best distinghished by

(@) oxidation with KMnQ followed by reaction with Fehling solution

(b) oxidation with acidic dichromate followed by reaction with
Fehling solution

(c) oxidation by heating with copper followed by reaction with
Fehling solution

(d) oxidation with concentrated,BO, followed by reaction with
Fehling solution
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21. Glycerol is used

(a) as a sweeteing agent

(b) in the manufacture of good quality soap
(c) in the manufacture of nitro glycerin

(d) in all the above

22.The alcohol obtained by the hydrolysis of oils and fats is
(a) pentanol (b) propanol (c) glycerol (d) glycol

23. The number of secondary alcoholic group in glycerol is
(@1 (b) 2 (c) 3 (d)o

24. The active component of dynamite is

(a) Keiselghur (b) Nitro glycerine

(c) Nitro benzene (d) Trinitro toluene
25. The reaction of ethylene glycol with;ives

(@) ICH,CH, (b) CH, = CH,

(c) CH, = CHI (d) ICH = CHI

(B) Pick Out the incorrect statements :

1. (a) Secondary alcohol with heated copper at 570 K gives ketone
(b) Isobutyl alcohol in Victor Meyer’s test gives blue colour.
(c) Methyl alcohol is more toxic than ethyl alcohol
(d) Methyl alcohol is used in alcoholic beverages

2. (a) Theintermediate compound in the preparation of ethylene from
ethyl alcohol and con J$0, is CH..HSO,.
(b) An organic acid reacts with alcohol to form an ester.
(c) The acidity of phenol is due to the presence of benzene ring
(d) Tertiary alcohols can not be easily oxidised

3. (a) Benzyl alcohol and phenol can be distinguished by usisfig &
reagent.

(b) Formation of phenol from chlorobenzene is an example of
electrophilic aromatic substitution.

(c) The IUPAC name of ethylene glycol is ethane 1,2-diol

(d) when ethylene glycol is heated to 773 K dehydration reaction
takes place.
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4.

(a) Ethylene glycol reacts with con$0, to form ethylene oxide.

(b) When acidified potassium permanganate reacts with ethylene glycol
C—C bond cleavage takesplace.

(c) Glycerol on dehydration forms GHCH-CHO

(d) Ethylene decolourises bromine water.

(C) Answer not exceeding sixty words :

1.
2.

What are alcohols ? How do they differ from inorganic hydroxides ?

Account for the following :

(a) lower members of alcohols are soluble in water but higher members
are not

(b) Alcohols cannot be used as solvent for grignard reagent.
Give reason.
Methanol is miscible with water while iodo methane is not.

4. Give chemical test to distinguish between ethanol and methanol.

5. Compare the acid strength fy 2° and 3 alcohol giving reason.

6. Write the mechanism briefly when alcohols are treated with anhydrous

9.

zinc chloride and HCI.

Why is that tertiary alcohols show greater reactivity towards hydrogen
halides than secondary and primary alcohols ?

How do primary, secondary and tertiary alcohols differ in terms of their
oxidation ?

How will you convert GH.OH to CH,OC,H, ?

10. Complete the reaction and write the names of products.

AlLO,

CHOH + NH, —>

11. Explain the mechanism of acid catalysed dehydration of ethanol at high

temperature.

12. How do primary, secondary and tertiary alcohols differ in terms of their

dehydrogenation ?
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13. Give chemical tests to distinguish between propan-2-ol and 2-methyl-
propan-2-ol.

14. Explain ‘esterification’ reaction with an example.

15. Why is glycol more viscous than ethanol ?

16. What happens when ethylene reacts with alkaline K\dotion ?
17. Explain oxidation reactions of ethylene glycol.

18. How is terylene prepared from glycol ?

19. Write the conversion of ethylene glycol to 1,4-dioxan ?

20. How is glycerol obtained commercially ? State its two uses.
21. How does glycerol react with (i) RGli) KHSO,.

22. Give a brief account of the following reaction. (i) esterification, (i) Riemer
Tiemann reaction.

23. Explain Kolbe’s reaction.

24. Account for the following :
(i) Phenol has a smaller dipole moment than methanol.

(i) Phenols do not give protonation reaction readily.

25. Explain why phenol does not undergo substitution of the —OH group
like alcohol.

26. Complete the following reaction giving names of products.

con.H,SO,
@OH+ HNO3 excess ?

27. Give chemical test to distinguish between methanol and phenol.
28. Give a brief account of coupling reaction.

29. What happens when phenol is treated with diazonium chloride in presence
of NaOH ?

30. Explain Dow'’s process.
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31. Identify the product A and B.

OH
CHCI A Ag* B
Naoﬁa

CH,

ANS.

OH
OH CHO COOH

CH, CH,

32. Identify C and D.

ONa
CO, c dil. HCI
403 KE -
6 atm
Ans.

OH OH
COONa COOH
C= D=

33. Identify the product. A and B

CH
3
"\ CHOH Oy A 95 8
CH3/ prolonged
Ans. A= CH;-C-CH CH, COOH
B

|
o
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34.What are monohydric alcohols ? How are they classified ? Give any
three methods of preparing ethyl alcohol.

35. How will you distinguish the primary, secondary and tertiary alcohols by
Victor Meyer’'s method ?

36. Write equation for the following conversions.
(a) Ethyl alcohol——— ethylene
(b) Ethyl alcohol——— diethyl ether
(c) Ethyl alcohol——— ethyl amine
37. Explain the mechanism of esterification.
38. Give short notes on the following :
(a) Kolbe’s reaction
(b) Riemer Tiemann reaction
(c) Coupling reaction
39. Explain the action of glycerol with

() oxalic acid at 383 K
(i) oxalic acid at 530 K
(i) concentrated HNQand H,SO,.

40. What are the oxidation products of glycerol ?
41.How is ethylene glycol prepared ? Give three methods.

42. Starting from phenol how would you obtain the following compounds ?
(a) p-quinone, (b) picric acid and (c) Anisole.

43. How would you distinguish between

(i) methyl alcohol and ethyl alcohol
(if) benzyl alcohol and phenol
(iii) ethyl alcohol and benzyl alcohol

44. Give any four methods of preparing benzyl alcohol.
45. Write a note on the ‘Acidic nature of phenol'.
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Problem.
1. How is the following conversion effected ?

Ethyl alcoho——— Ethylene glycol

ANS.
CHscHZOH

Al,O, cold alkaline
CH, = CH,
2
620K KMnO,

(Baeyer’s reagent)

CH, - CH,
I |
OH OH

2. Give the IUPAC names of
(i) CH,CH(OH)CH,OH
(i) HO—CH,~CH,-OH

(iii) CH,~CH-COOH

|
OH

Ans. (i) propane-1, 2-diol
(i) ethane-1,2-diol
(iii) 2-hydroxy propanoic acid
3. ldentify the isomerism in each of the following pairs.
(i) CH;OCH,0CH, and CHOC,CH,OH
(i) CH,CH(OH)CH,OH and CHOHCH,CH,OH

(iii) CH ,~CH-CH~OH and CH-CH,-CH,-CH,OH

I
CH,

Ans. (i) functional isomerism
(a) dimethoxy methane
(b) 2-methoxy ethanol
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(i) position isomerism -diol position is changed
(a) propane-1,2-diol
(b) propane-1,3-diol

(iii) chain isomerism - carbon chain is changed.
(a) isobutyl alcohol
(b) n-butyl alcohol

4. Complete the following equations by writing the missing A, B, C, D etc.

() CH = CH dil.H,SO, A [0] B socl, c
HgSQ,

Ans. A= CHscHO
B = CH,COOH
C= CI—gCOCI

.. PClS\ KCN H,O/H* sodalime
(i) C,H;,OH A C

Ans. A=CHLI

B = CH.CN
C = GH.COOH
D = CHs

5. Why alcohols cannot be used as solvents with (a) Grignard reagent
and (b) LIAIH,.

Ans. Alcohols are sufficiently acidic to react with strong bases R
and H:
H

|
CHOH + H —|C — MgX———= CH, + (CH,0) — MgX
H

ACHOH + LIAH, ——> 4H, + LiAI(OCH
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6. When tertiary butyl alcohol and 1-butanol are separately treated with a
few drops of KMnQ, in one case only the purple colour disappears and
a brown precipitate is formed. Which of the two alcohols gives the above
reaction and what is that brown precipitate.

Ans. 1-butanol, being primary alcohol gets oxidised by dilute KiInO
The brown precipitate is due to the formation of manganese dioxide.

2KMnO, + H,O ——> 3KOH + 2MnO, + 3(0)
manganese dioxide
(brown precipitate)

2(0
CH,~CH,~CH,~CH, <OH + —= s, CH, CH, CH, COOH + HO

1-butanol room temp. butanoic acid
7. Write the conversion of acetic acid to t-butyl alcohol.

Ca(OH), A
CH,COOH — > (CH,CO0),Ca ——> CH,COCH,
calcium acetate acetone
\L CH;MgBr
T
CH, - C - OH
H3

Tert. butyl alcohol

8. Compound (A) ¢H,,0, on reduction with LiAlH yields two compounds
B and C. The compound (B) on oxidation gave (D) which on treatment
with aqueous alkali and subsequent heating furnished E. The latter on
catalytic hydrogenation gave (C). Compound (D) on oxidation gave
monobasic acid (molecular formula weight = 60). Deduce the structure
of (A), (B), (C), (D) and (E).

Ans.E is monobasic acid (RCOOH) having molecular weight 60 and it
is formed from D on oxidation. So E must be acetic acid and D must be
acetaldehyde. (B) on oxidation gives LHIO. So (B) must be alcohol
(CH,CH,OH).
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Acetaldehyde (D) on treating with aqueous alkali (NaOH) gives aldol
which on heating gives 2-butenal (E).

NaOH heat
CH,CHO ——>  CH,CHOHCH,CHO W
2

(D) aldol

CH,— CH = CH CHO
2-butenal (E)

Compound E on catalytic hydrogenation gives butyl alcohol.

H
CH, - CH = CHCHO—2> CH, CH, — CH,— CH, OH
1-butanol (C)

Hence compound (A) must be an ester. Ester (A) on reduction with
LiAIH , yields two alcohols (B) and (C).

A'is ethyl butyrate

LiAIH
CH,CH,CH,COOCHCH, —*> CH,CH,OH + CH,CH,CH, CH,0H
ethyl alcohol butyl alcohol

(B) (©)

‘A can also be CHCO-0O-CH,CH,CH,CH,. This structure will be
answering all the above reactions.

PRACTICE
1. Write the IUPAC names of (i) GBCH,CH,OH (ii) CH;,OCH,OCH,

and (ii) @/CHZOH

(i) 2-methoxy ethanol ; (i) dimethoxy methane and
(iii) phenyl methanol
2. Why sodium metal cannot be used to dry alcohols but it can be used to

dry ethers ?
Ans. Alcohols are acidic enough to react with sodium but ethers are

ANS.

inert.

208



3. An organic compound has the formulgHGO. It reacts with metallic
sodium liberating hydrogen.
(i) Write down the formula of three possible isomers of the compound
which are similar and react with sodium.

(i) What will be the product if any one of the isomers reacts with acetic
acid ?
Ans. The three isomers are
(i) CH,CH,CH,CH,OH
CH,CH(OH)CH,CH,
CH, - CH - CHOH
ch,
(i) CH,CH,CH,CH,OH + CH,COOH ——— CH,CH,CH,CH,00CCH,

PRACTICE QUESTIONS.
1. Give the IUPAC names of each of the following and classify thef as 1

2°and 3.

(@) CH,(CH,),CHOHCH(CH)), (b) (CH,),C-CH,OH

(c) (CH,), C-OH (d) BrCH,CH, — CH - C (CH),
I I

CeHs OH
(e) CH,= CH-CHOHCH  (f) PhCH,OH
(9) HOCH,CH,CH,CH,CH; (h) (CH;),COH
2. Give all the isomers of alcohols differing only in the position of —-OH
with molecular formula ¢H, O.
3. Give the structure of all primary alcohols with molecular formglté, (O.
4. Give the Grignard reagent and carbonyl compound that can be used to

prepare
(a) CH,CH,CH,OH (b) (CH,),C(OH)CH,CH,CH,
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(c) GH; CH,CH(OH)CH, (d) CHs

I
CH,CH,-C-CH

CGHS
5. Why dry ether is to be used as a solvent for Grignard reagent ?
6. Which of the following does not give lodoform reaction ?

CH,CH,OH, CH,CH(OH)CH,CH,, CH,CH(OH)CH,, (CH,),COH

7. How can ethyl alcohol be converted to isopropyl alcohol ?
8. How can isobutyl alcohol be converted to t-butyl alcohol ?
9. How can 1-butanol be converted to 2-butene ?

10. An organic compound,8,0, yields on acetylation with acetic anhydride
CH,,O5. How many —OH groups are present in the substance ? What is
the possible structure ?

11. Assignd+andd— to each atom joined by the covalent bond shown in the
following structures.

(@) CH, - Br, (b) CHOCH,, (c) CHNH,, (d) CH,— O - SQ- OCH,
12. Predict the species produced during heterolytic fission of the following:
(a) (CH,),CHOH (b) (CH),CBr
(c) CH,CH,Li (d) (CH,),C - lO* - CH,
H

13. Which member of the following pairs would you expect to be more water
soluble ?

(@) CH; CH, OH or CH, CH, OCH,
(b) CH, COOH or HCOOCH

14. Which member of the following pairs would you expect to have higher
boiling point ?

CH, O CH, CH, O CH, or CH, OH CH, CH, CH, OH
CI CH, CH, OH or CH, OH — CH, OH
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GLYCOLS & GLYCEROLS
1. What happens when - give equation.

(i) ethylene + alkaline permanganate—

N KHSO,
(i) glycerol ?

KOH (aq)
(iii) Ethylene + chlorine—— product———

2. How can the following conversion be effected ?
(1) glycerol— acrolein
(i) glycol ——— dioxan
(iii) oxalic acid——= formic acid
3. What is the action of
(1) anhydrous ZnCJlon glycol
(i) Con.HI on glycerol

(iif) heat on a mixture of glycerol and oxalic acid (533 K)

4. Complete the following :

O CHooe A

) HNO, HNO,

(i) glycerol o A o B
Na,CO/H,0 HOCI NaOH

(iii) Allyl chloride

5. Convert the following :

() glycol ——— Formaldehyde
(i) glycerol ———= TNG

(ii) glycerol —— Glycerol Triacetate
211



Phenols

1.

How can the following be obtained ?

(a) phenol from benzene diazonium chloride

(b) 2, 4, 6-tribromo phenol from phenol

How will you convert

(a) chloro benzene to phenol

(b) phenol to 2-acetoxybenzoic acid

How can the following conversion be effected ?

(a) phenol to phenolphthalein

(b) phenol to benzene

Write the reaction which takes place when

(i) Sodium phenoxide is treated with C@nd the product is acidified
(i) Phenol is heated with chloroform and NaOH

(iii) Phenol is reacted with dilute HNO

Account for the following :

(i) Phenol exhibits acidic character

(i) Phenol does not get protonated readily

(i) Phenol, Benzendiazonium chloride, NaOH solution gives red dye.
How are the following conversions done ?

(i) phenol to phenyl ethanoate

(i) aniline to phenol and (iif) phenol to anisole

Arrange the following in the decreasing order of acid strength ?

@OH , MeO@OH LON @OH , CH@OH

8.

Account for the following :

(i) phenol is soluble in NaOH and regenerated on adding HCI.

(ii) phenol is insoluble in NaHC{Xolution while acetic acid is soluble
(iii) Ethyl alcohol and phenol are miscible in all proportions
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9. (i) What happens when phenol is warmed with d€Ipresence of
NaOH ?
(i) When phenol is treated with benzoyl chloride in presence of NaOH.
(iif) When phenol is treated with con,5iO,.

10. Distinguish between
(a) Ethanal and phenol
(b) Phenol and acetic acid
(c) Phenol and aniline
(d) Phenol and anisole

SUMMARY :

Structure and isomerism of alcohols - chain isomerism, position
iIsomerism and functional isomerism.

Nomenclature - common system, carbinol system and IUPAC - system
of naming alcohols. Classification of hydroxy compounds - alkyl, aryl and
aralkyl hydroxy compounds. Classification as primary, secondary and tertiary
alcohols.

General methods of preparation - Hydration of olefins, hydrolysis of
alkyl halides, reduction of carbonyl compounds and use of Grignard reagents.

Properties : Hydrogen bonding and molecular association and abnormal
boiling point.

Chemical properties of alcohols - acidic property, elimination to form
olefins, substitution of hydroxy group, to form ethers, alkyl halides, esters
and oxidation to carbonyl compounds. Distinction betwégrz?land 3
alcohols - uses of methyl alcohol and ethyl alcohol. Preparation and properties
of benzyl alcohol. Differences between aliphatic alcohol and benzyl alcohol.

Dihydric alcohol - ethylene glycol

Trihydric alcohol - glycerol - oil and fat - preparation - physical and
chemical properties. Special emphasis on oxidation reactions - reaction with
HI and dehydration - uses.

Phenols - Substituted phenols - structure and nomenclature - methods
of preparation - physical properties - presence of hydrogen bonding. Chemical
properties - Acidic property and resonance - properties of hydroxyl group.
Properties of benzene ring - activation of benzene ring towards electrophilic
substitution - formation of azo dyes and phenolpthalein.
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17. ETHERS

LEARNING OBJECTIVES
= Ethers - structure, classification, isomerism and nomenclature.

»  General methods of preparation - properties - physical and chemical
properties - uses.

> Aromatic ethers - nomenclature.

= The methods of preparation of anisole - its physical and chemical
properties - uses.

17.1 ETHERS

These are compounds of the type R—O—R, where oxygen atom is linked
to both sides by either saturated, unsaturated or aromatic carbon. Their
general formula is R—O-R'.

CLASSIFICATION

Simple ethers:
If the two alkyl groups attached to the oxygen atom are the same
(R =R’) then it is called simpleor symmetrical ether.

CH,-0-CH C,H; - O - CH,
dimethyl ether diethyl ether

Mixed ethers :

If the two alkyl groups are different then they are calleche®d or
unsymmetrical ethers.
(e.9.) CH;— O —-CHq
ethyl methyl ether

If one or two aryl groups are attached to the oxygen atom then they are
called as aromatic ethers. For example
CeH—O-CH, CeH—O-CGH,
anisole diphenyl ether
Nomenclature :

Common system- Ethers are named by prefixing the names of alkyl
groups attached to the oxygen atom before the word ‘ether’. Thus
CH,~O-CH, is dimethyl ether CE+O-CH. is ethyl methyl ether.
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IUPAC name - Here ethers are named as alkoxy derivatives of alkanes.

Formula IUPAC name Common name
CH,-0-CH Methoxy methane Dimethyl ether
CH;— O -CH, Methoxy ethane Ethyl methyl ether
CH;- 0O - CH-CH, — CH, | 1-methoxy propane methyl n-propyl ether
CH,-~O-CH-CH 2-methoxy propane methyl iso propyl ethgr
CH,
Isomerism :

Ethers are functional isomers of alcohols as both have the same general

formula GH, . O.
The CHO stands for both C}{€H,0H and CH- O — CH.

Functional Isomerism

Molecular formula Ethers Alcohols
C,HgO CH,~O-CH~CH, CH,CH,CH,OH
ethyl methyl ether n-propyl alcohol
CH,— CH - CH
|
OH
isopropyl alcohol
C,H, 0 CH,CH,~O-CHCH, CH;~CH,~CH,~CH,~OH
diethyl ether n-butyl alcohol

CH,~O-CH~CH,~CH, [ CH,~CH-CHOH
methyl-n-propyl ether |

CH
isobutyl alcohol
CH;~O-CH-CH CH;~CH,~CH-CH,
| |
CH, OH
methyl isopropyl ether sec.butyl alcohol
CH,
CH3—(::—OH
CH,

tert. butyl alcohol
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Metamerism :

It is a special isomerism in which molecules with same formula, same
functional group, differing only in the nature of the alkyl group attached to
oxygen.

CH,

|
CH;— O - CHCH,CH, CH,;—CH,~O-CH,CH, CH,-O-CH-CH
methyl-n-propyl ether diethyl ether methyl isopropyl ether

17.2 GENERAL METHODS OF PREPARATION

1. Intermolecular dehydration of alcohol. When excess of alcohol is
heated with con. k80, or H,PO,, two molecules condense losing a
molecule of water forming ether.

H,SO,
R-OH+H-OR %5 R-O-R+HO

413
CHg—O—H+H-0-Gi s CHy—0-GHs
' 4

This reaction proceeds by a nucleophilic substitution mechanism. The
nucleophile alcohol, brings abautcleophilic attackon protonated alcohol.

CHs  CoHg
| I
O: O"-H ——~ CH;,-O-CH; + H"+ HQO

I |
H H

Dehydration can also be brought about by passing vapours of alcohol
over heated Alumina or Thoria.

2507
2C,H,OH ﬁo CH,—O-GCH, + HO
2~3

2. Williamson’s synthesis

This is the most important method. It consists of heating alkyl halides
with sodium orpotassium alkoxide.
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RX + NaOR' ——~  R-O-R'+ NaX
CHpBr + NaOCHy ——~ CH,-O-CH, + NaBr

CHpBr + NaOCHy ——~ CH;-O-CH; + NaBr

methyl bromide sodium ethoxide ethyl methyl ether

This involvesiucleophilic attack by RO on the carbon atom attached
to the halogen.

R-0+ RO Br —— R-0O-R'" + Br
This method is suitable to prepare all kinds of ethers - simple and mixed
ethers.

3. From alkyl halides
By heating alkyl halides with dry silver oxide, ethers may be prepared.

A
R-X +Ag0 + X-R——> R-0-R + 2AgX

CH.—1 + AgO+1-CH,—2 > C,H,—O-CH, + 2Agl

Mixed ethers can be prepared by taking different alkyl halide with dry
silver oxide.

CHJ + Ag,0 + |-CH;——> CH,—O - CH, + 2AgI
methyl iodide ethyl iodide ethyl methyl ether

R-O-Ag Silver alkoxide may be an intermediate.

4. Using Grignard reagent.

Using Grignard reagefdwer halogenated ethemay be converted to
higher ethers.

R-O0O-CHX+X-Mg R —— R-0-CHR'+ MgX,

Br
/
CH,~O-CHCI + BrMgCH, ——~ CH,~O-CH,CH, + Mg

monochloro dimethyl ether ethyl methyl ether Cl
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17.2.1 Properties

(i) Lower members are gases, higher members are pleasant smelling volatile
liquids.

(i) insoluble in water, soluble in organic solvents. These can be explained
on the basis of the absence of hydrogen bonding.

(i) Ethers are lighter than water. Lower members are inflammable.
(iv) Lower ethers act as anaesthetics.

Chemical Properties :

These are chemically almost inert and do not react with acids, alkalies,
electro positive metals like sodium.

(i) Reaction of the alkyl radicals (substitution reactions)
(i) Ether oxygen-capable of donating a pair of non bonding electrons.
(i) The C-O bond which is not as stable as C-C bond, is cleaved.

Reaction of alkyl groups :

1. Halogenation

Ethers undergo substitution at the alkyl group when treated with chlorine
or brominan absence of sunlightUsuallya-hydrogenis substituted more
readily.

Cl
a B cl |
R-O-CHCH, —~> R-0O-CH-CH

a-chloro ether

cl cl
C,Hg — O — GHy ——2> CH, — CHCI — O — CHCH, — 2>
dark a-chloro diethyl ether

CH,CHCI - O — CHCI - CH
a, a'-dichloro diethyl ether

In sunlight, substitution is complete. Thus diethyl ether forms perchloro
diethyl ether.
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CH,—O—-CHg+10C, ™5 ccl.—0-GCl,

2. Reaction of ether oxygen :
(i) Formation of peroxide :

Ether oxygen is capable of forming a coordinate covalent bond with
electron deficient species. Thus it forms peroxide by the action of air or
oxygen.

R—'(')—/\R:L'C —_— R-O-R or R-O-R

T

10
Ether forms Diethyl peroxide

(®)
CH;-O0-CH, —— (CH),0,
diethyl peroxide

These peroxides are unstable and decomposes violently with explosion
on heating. Hence ether should not be evaporated to dryness.

(i) Formation of oxonium salt.

Strong mineral acids protonate the ethereal oxygen foroxogium
salts.In this reaction diethyl ether acts as Lewis base.

H
. |
R-O-R+HX—> [R-0-R X

. +
CH;-0O-CH; + HCl ——> CH;— O - CH; Crk
diethyl ether |
H

diethyl oxonium chloride
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H

I
R-O-R+HSO, —> (R-O-R)HSQ
+

dialkyl oxonium hydrogen sulphate

H
|
CH; - O - CH; + H,SO, —— (C,H, — O — GH,) HSO,~
+
diethyl oxonium hydrogen sulphate

(i) Reaction with Lewis acids.
Similarly with Lewis acids like BE AICI.,.

TN R
R-O-R+BE—— /O_>BF3
R
(Boron trifluoride etherate)
CZHS
CH,—O-CH,+BF, —> /o: - BF,
diethyl eth
iethyl ether C2H5

(iv) With Grignard reagent

An ether solution of Grignard reagent contains the following complex
of ether. Thus the Grignard reagent is stabilised in dry ether.

R OR,

N

2RO + RMgX —> Mg\

RZO/ X
CH O(C,Hy,)
3 \ / 2 '5/2
2 CH-~O-CH, + CHMgl ——> Mg
diethy! ether methyl magnesium O(C H5)2\|
iodide
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Hence ether is used as a solvent for Grignard’s reagent.

3. Reaction involving C-O bond : Hydrolysis

(i) Ethers on boiling with water in presence dilute acids are hydrolysed to

form alcohols.
H*
R-O-R+H-O-H——— 2R-0OH

H,SO
C,H,-O-CH,+H-0-H~—- 2CH.OH
This reaction proceeds wiglrotonation of ether oxygen.

7N +
RO+H ——> R,OH

A/[V\OHZ

R-Q-R——> R-OH+R-OH+H

I
H

(i) Reaction with HX

On treating with HBr or HI ether gets cleaved to form alcohol and alky!
halide.

N

|
R-O-R+H ——> R-0O-R— > RI+HOR
|

H

Halogen prefersto attack the carbon atomtbe smaller alkyl group.

HI
CH,-0-CH ——> CHOH + CHJ
(iif) With excess hot concentratedhydroidic acid, alkyl iodides are formed.

CH,—O0-CH,—2's CHJ| + CHJ + H,0

This reaction also follows the mechanism mentioned in the previous
reaction.
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This reaction is used in tEeisel's method of detection and estimation
of alkoxy (especially methoxy) goupin natural products like alkaloids.

4. With PClg
Phosphorous pentachloride cleaves the ether into alkyl chlorides.

R:—O %R' ___> RCl + RCl + POC]

Cl 1 PCL Cl
C,H—O-CH+PCL — > 2CH.Cl + POC}

17.2.2 Uses of diethyl ether

Diethyl ether is used agefrigerant, as ananaestheti¢c as a medium
for the preparation @erignard reagent, as a solvent for thextraction of
organic compoundsmixed with ethanol asubstitute for petrol.

17.3 AROMATIC ETHERS

Aromatic ethers or phenolic ethers are a class of compounds obtained
by the replacement of the phenolic hydrogen by an alkyl or aryl group. The
general formula can be Ar—O-R or Ar—O-Ar.

Nomenclature :

Formula Name in common Name in IUPAC
system system
CeH;OCH, methyl phenyl ether methoxy benzene
(or)
anisole
CeH-OC,H, ethyl phenyl ether ethoxy benzene
(or)
phenetole
CeH; — O — GH; | diphenyl ether phenoxy benzene
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17.3.1 Preparation
1. Williamsons synthesis :

By heating sodium phenoxide with methyl iodide. This reaction
follows S, pathway. The nucleophile is H.O— (phenoxide ion) and the
substrate is methyl iodide.

v
CGH5O@ CH,— | ———= CH;— O — CH (Anisole) + I” + Na&

A
CHO + CHJl —— CH.—O-CH +1I"
(phenetole)
In this preparation lodobenzene as a substrate and sodium ethoxide as
the reagent cannot be used to prepare anisal®e is strongly bonded
to carbon atom of benzene hence it cannot be easily replaced.

2. Using diazomethane :

Phenolic —OH haacidic hydrogenatom hence diazomethane could
convert this to methyl groupﬁ

CH,-O-H + CH-N,—>CH.-O-CH+N
6 5 g 2 6 5 2
\__/ diazomethane
3. Manufacture of ether :
Large scale methylation of phenol is carried out using dimethyl
sulphate in presence of sodium hydroxide.

NaOH
CHOH + (CH),SO, ——> CHOCH, + CH.HSQ,
[ . _
CgHeO + CH,— O — SQ— OCH, — > CH,~OCH, + O-SQ-OCH,

This reaction involves nucleophilic attack by the phenoxide ion on
dimethyl sulphate.

17.3.2 Properties

It is a pleasant smelling liquid insoluble in water, soluble in organic
solvents, it gives general reaction of ether though differing in a few reaction.

It is not as reactive as phenol or methyl alcohol.
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Chemical Properties
1. It forms oxonium compounds with Lewis acids

-AlCl
2 N, |

C,HsOCH, — > C,H,— O — CH,
+

BF;

N BF |

CH--O-CH,— 2> CH.-O-CH
+
2. Heating with hydroiodic acid cleaves the ether linkage.

Anisole reacts with hydroiodic acid to give phenol and methyl iodide.
cHs—olL cH

HJIrI —> CH,OH + CHjl

anisole

I‘(} CF&—/\&F - GHg ——= | - CH, + HOGH,
| phenol

H

(protonated ether

Here iodide is the nucleophile and the leaving group is ‘phenol’.
Because of the strong C—O bond in anisole, cleavage of the C-O bond
does not occur and iodobenzene, methyl alcohol are never formed.
3. Reaction due to the benzene ring :

Similar to —OH group, —OMe, group increase the reactivity of the
benzene ring with respect to electrophilic attack andrtho, para -
directing. With a mixture of con.HNQand con. HSQ, it gives a mixture

of ortho and para nitro anisole. oc
OCH, OCF%NO &
2
con. HNQ, N
con.H,SO,
NO,
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Bromination yields ortho bromo anisole and p-bromo anisole.

OCH, OCH, OCH,

Br, Br

E +

17.3.3 Uses of anisole Br

Itis used in perfumery.

Itis used as a starting material in organic synthesis.

Distinction between Aromatic and aliphatic ethers.

Aromatic ethers Aliphatic ethers
(Anisole) (Diethyl ether)

1. Comparatively high boiling \olatile liquid
liquid.

2. Used in perfumery. Used as anaesthetic.

3. Not used as solvent. Used as a solvent.

4. Can not be used as Mixed with alcohol, used as
a substitute for petrol. a substitute for petrol.

5. On heating with HI It forms CH.OH, and CH.l.
forms phenol and Cltionly.

6. With nitrating mixture Nitration does not take place.
forms nitro anisoles.

7. Does not form peroxide Forms peroxide in air.
easily.
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SELF EVALUATION

(A) Choose the correct answer :
1. The isomerism exhibited by,8.OC,H. and CH - O - CH - CHis

CH,
(a) Functional (b) metamerism
(c) position (d) chain
. Which one of the following is simple ether ?
(@) CH,— O - CHq (b) CH,— O -CH
(c) CH;— O - CH, (d) GH, - O - CH,
. Diethyl ether can be decomposed with
(@) HI (b) KMnO, (c) NaOH (d) HO

. Oxygen atom of ether is

(a) very active (b) Replacable

(c) oxidising  (d) Comparatively inert

. According to Lewis concept of acids and bases, ethers are
(a) Neutral (b) Acidic (c) Basic  (d) Amphoteric
. Intermolecular hydrogen bonds are not present in

(@) CH,COOH (b) CH,OCH,

(c) CH,CH,OH (d) CHNH,

. When ethyl lodide is treated with dry silver oxide it forms

(a) Ethyl alcohol (b) diethylether
(c) silver ethoxide (d) ethylmethyl ether
. Williamson's synthesis is an example of
(a) nucleophilic addition (b) electrophilic addition

(c) electrophilic substitution  (d) Nucleophilic substitution reaction

. When ether is exposed to air for sometime an explosive substance
produced is

(a) peroxide (b) oxide (c) TNT (d) superoxide

10. Ether is formed when alkylhalide is treated with sodium alkoxide. This

method is known as
(a) Hoffmann reaction (b) Wiamson's synthesis
(c) Wurtz synthesis (d) Kolbe's reaction

227



(B) Pickout the incorrect statement :

1.

(@) An example of unsymmetrical ether is O&,H,

(b) Ethers exhibit functional isomerism with alcohols

(c) Halogenated ether on treating with alcohols forms higher ether
(d) Ether is lighter than water

(a) Diethylether with chlorine in presence of sunlight form&(g,0
(b) The formula of diethyl oxonium chloride is€;),~O"CI

(c) In anisole oxygen is strongly bonded to benzene ring.

(d) Ether is used as solvent for Grignard reagent.

. (@) CHOCH, Y™ CH,I + CH,0H

(b) Ether is used as substitute for petrol

(c) In Williamson synthesis, ether is formed using alkoxide and alcohol

(d) Ethers act as Lewis base due to the presence of non-bonding electrons
on oxygen.

(C) Answer in one or two sentences :

1.

w N

ol

©®~N o

Write the IUPAC names of
(@) GH,OCH; (b) GH;OC,H,

. Ethers should not be heated to dryness. Why ?

Ethers are the best solvents of Grignard reagents- Account for this
statement.

. Write a note on williamson synthesis.

. Complete and balance

CHOH 2.2
AlLO,

Why are ethers not soluble in water ?

Mention the uses of diethyl ether.

What happens when anisole is treated with Lewis acid ?
What happens when anisole is nitrated ?

10 Write equation for the conversion of phenol to anisole
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(D) Answer not exceeding sixty words :

1.

w

Write all possible isomers with the molecular formulel O and name
them.

Give any three methods of preparing diethyl ether.

Mention the methods of preparation of anisole.

How does diethyl ether react with the following reagents ?

(@) G,/ long contact (b) HI'in excess

(c) PCL (d) dilute H,SO,

Give any two chemical differences between anisole and an aliphatic ether.
lllustrate electrophilic substitution reactions of anisole.

Explain the formation of CH and phenol when anisole is heated with
HI.

Diethyl ether forms peroxide easily while anisole does not form peroxide
easily - Explain.

SUMMARY :

Ethers - aliphatic and aromatic ethers.
Structure - nomenclature - common and IUPAC system.
Preparation - From alcohol, alkoxide and alky! halide.

Properties - absence of hydrogen bonding - inert nature - formation of

oxonium salt - cleavage of ether linkage.

Diethyl ether and anisole - Distinction.

Uses.

REFERENCE :

1.

Text Book of Organic Chemistry - P.L. Soni.
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18. CARBONYL COMPOUNDS

ALDEHYDES AND KETONES

=

=

Introduction

Structure and classification

Nomenclature and isomers

General methods of preparation

Properties - physical and chemical related to structure

Knowledge of Carbanion addition reactions.
Learn about Condensation reactions.

Distinction between aldehydes and ketones.
Uses.

General methods of preparation of aromatic aldehydes and aromatic
ketones.

Properties - Physical and Chemical - related to structure.
Distinction between aliphatic aldehyde and aromatic aldehyde.

Distinction between aliphatic ketones and aromatic ketones.
Uses of aromatic aledhydes and ketones.
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Aldehydes and ketones are compounds with the oxidation state of
carbon lying in between —2 in alcohol and +2 in carboxylic acid. Hence they
are chemically and even biochemically an important class of compounds.
Because they can either be oxidised or reduced.

H H @)
Reduction\ / Oxidation ”
H,C — OH C _— H-C-O0OH
(Oxidation state I (Oxidation state
—2 in alcohol) O +2 in carboxylic acid)

(Oxidation state
is zero in aldehyde)

Thus‘Pyridoxal” an aldehyde derived from the vitamig(Byridoxine)
functions as a coenzyme, because of the dual nature.

Aldehydes and ketones come under the class of compounds called
“carbonyl compounds”. They have the carbonyl! group.

Cc=0

/

Aldehydes differ from ketones in the presence of a hydrogen atom directly
bonded to the carbonyl group.

Aldehydes Ketones
\c = N\ c=
/C @) Y c=0
H
Example
CH, CH,
>C =0 >C =0
H H,C
(Acetaldehyde) (Acetone)
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The general formula can be
R R

Nc=0 Nc=0
0 o

When R = R' = H that represents formaldehyde, the simplest member of
this series. R and R' can be alkyl or aryl.

If R is an aralkyl group we have an aralkyl aldehyde (e.g.,) phenyl
acetaldehyde

CeH-CH, N
>c=
H
18.1 NOMENCLATURE

Common names of aldehydes are derived from the common names of
carboxylic acid or by adding the suffix “aldehyde” to the prefix that indicates
the chain length.

CH,COOH CH,CHO CHCHO
Acetic acid Acetaldehyde Pentanalehyde

In the IUPAC system, the prefix indicating the length of the carbon
chain is followed by the sfik al in place ofe’.

CH,CH,CH,CHO
Butane + al = butanal

Since the aldehyde group is always present in the end it is not shown by
any number.

Common name for ketones is arrived at by adding thHsketone”
to the name of alkyl groups present

CH,COCH,CH,
Ethyl methyl ketone
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A ketone is named by adding the sufire’ in place ofe’ in the name
of the parent hydrocarbon.

CH,CH,COCHCH, ——=  3-pentanone
The number of carbon forming the keto group should be mentioned.

For example, ethyl methyl ketone is named as 2-butanone in the IUPAC
name.

Formula Common name IUPAC name
HCHO Formaldehyde Methanal
CH,CHO Acetaldehyde Ethanal

CH,
CHs_J;HCHO Isobutyraldehyde 2-methyl propanal
CH, = CH-CHO Acrolin or acraldehydge 2-propenal
CH,CH=CHCHO [Crotonaldehyde 2-butenal
CHCHO Benzaldehyde Phenyl methanal
C¢HCH = CH-CHO [Cinnamaldehyde 3-phenyl-2-propena
CH,CHOH — CH, CHO [aldol 3-hydroxy butanal
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KETONES

Formula Common name IUPAC name
CH,COCH, Acetone Propanone

CH,COCH,CH, Ethyl methyl ketone 2-butanone
CH,CH,COCH,CH, | Diethyl ketone 3-pentanone

CH, COCH,CH,CH, [ methyl, n-propyl ketone 2-pentanone
O

|
CH,— CCH, CH = CH, | Allyl methyl ketone 4-pentene-2-onF

ISOMERISM
Aldehydes exhibit (i) chain isomerism and (ii) functional isomerism.
Chain Isomerismarises due to changes in carbon chain.

(i) CHy—CH,—CH,—CHO  and cH

butanal |
CH, - CH — CHO
2-methyl propanal
(iiy CH, CH, CH, CH, CHO CH,
Pentanal |
H,C — C - CHO
H3

2,2-dimethyl propanal
Functional isomerism :
Aldehydes are functional isomers of ketones and unsaturated alcohols.

@)
CH,;CH, CHO I CH,=CH-CHOH
propanaldehyde CH, - C — CH unsaturated alcohol
acetone 2-propen-1-ol

Ketones exhibit chain isomerism and metamerism.
Chain isomerism :

| |
CH, CH, CH, C - CH, CH3—|CH—C—CI§I

2-pentanone CH 3-methyl-2-butanone
3
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Positional Isomerism :
The carbonyl group may occupy different positions in the carbon chain
to give Positional Isomers.

O O
I I
CH,- CH,- C - CH - CH, CH, CH, CH,- C - CH
3-pentanone 2-pentanone

18.3 GENERAL METHODS OF PREPARATION
1. (a) Oxidation of alcohols with acid dichromate :

Primary alcohols give aldehydes

Secondary alcohols give ketones.

K,Cr,0/H+

CH;—CH,O ——> CH,CH=0+HO
I—\* | =+ acetaldehyde
H" H (O)
primary alcohol
ethyl alcohol
(CHy), C

-0 +  K,Cro/H

0 I gcoem
HYH (O) acetone

secondary alcohol (isopropyl alcohol)

(b) Catalytic oxidation : By passing a mixture of alcohol vapours and
air over silver catalyst at 520 K aldehyde or ketone is formed.

O,/Ag

CH;CH,OH —— CH,CHO
520K acetaldehyde

(CHp, CHOH 225 (CHy), CO
520K

acetone
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(c) By the catalytic dehydrogenation of alcohols. The vapours of alcohol
are passed over heated copper at 573 K gives aldehyde or ketone.

RCH-0 2%, RCH=0+H

cu aldehyde
H H

1° alcohol

CH, — CHOH % CH,-CHO +H
u

| acetaldehyde
H
Ethyl alcohol
R,C -0
~U 573 RC=0+H
HY H cu ketone
2° alcohol
CH, CH
573K 3
Sc —o 2y NC=0+H

cHy RNL|  ©7  cH
] e

Isopropyl alcohol acetone

2. Dry Distillation. By the distillation of calcium salt of fatty acids with
calcium formate - aldehyde is formed.

CH,COO OCOI—IA CH,
\Ca + C{ — |
N 2 HC=0 + 2CaCQ
CH,CO OCOH
Calcium acetate Calcium formate Acetaldehyde
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By the distillation of calcium salt of fatty acid, ketone is formed.

CH,COO0 A CH,
/Ca _— | + CaCQ

CH,COO CH,-C=0

calcium acetate acetone

3. Use of acid chloride :

(i) Rosenmund Reduction.Acid chlorides are reduced to aldehydes
by hydrogen in presence of palladium suspended in barium sulphate as
catalyst.

R-C=0 o R-C=0 + HCI
I — I
Cl + H-H BasQ, H

CH,—C=0+H % CH,—C=0 + HCl
| o I
cl H

acetyl chloride acetaldehyde

As formyl chloride is unstable at room temperature, formaldehyde cannot
be prepared by this method.

This is calledRosenmund’s reduction.BaSQ is used as a catalytic
poison, to stop the reduction at the stage of aldeh@dleerwise, the
aldehyde formed will be further reduced to primary alcohol.

(if) Using Dialkyl cadmium. Ketones can be prepared by the action of
organometallic reagent on acid chlorides. (e@iglkyl cadmium is the
reagent of choice.

R-C=0 O=C-R——> 2R-C=0 + Cdg
Cd |
Cl Cl R’
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4. By the hydrolysis of gem dihalides

(i) A gem dihalide is a compound in which two halogen atoms are
attached to the same carbon. Aldehydes are prepared by hydrolysis of gem
dihalides in which two halogen atoms are attached to the terminal carbon
atom using alkali.

MCl el
CH-CH + 2NaOH ——> CH,CH —> CH,CHO
NCl NOH
ethylidene chloride acetaldehyde

(if) Ketones are prepared by hydrolysis of a gemdihalides in which two
halogens are attached to non terminal carbon atom.

CH, cl CH, OH CH,
/ HoH N/ -H,0 \
/C\+ 2NaOH ——> /C\ —> C=0
CH{ ClI CH; OH CH;
2,2-dichloro propane acetone

5. By ozonolysis :
Ozone forms addition product with olefin called ozonide, which on
reductive cleavage gives aldehyde or ketone.

@)
/ \ Zn/HCl
RCH = CHR' + Q% RCH CHR—— RCH + R'CH
I Il +HO
—0 @] @)
(Ozonide) (Aldehyde)
@]
x Zn/HCI
RC=CRy+ Og——> RC CRy—— R + RyC + HO
O (¢}
O—0 (ketone)

(ozonide)
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Thus if formaldehyde is obtained, that indicategptiesence of double
bond at the terminal carbon. Henceldoate the positionof double bond,

ozonolysis is helpful.

6. By theoxidative cleavage of 1, 2-diols using periodic acid.
C-C bond in 1,2-diols is cleaved by periodic acid.

R-CHOH HIO, RCHO + R'CHO
....... bovernnnnnn. _— Aldehydes
R'-CHOH
CH,; - CHOH HIO
......... v ——> 2CH,CHO
CH,; - CHOH acetaldehyde
butane-2,3-diol
R,—C OH HIO,

........ bovvreeeen —— RCO+R)CO
R,—C OH (ketone)
(CH,;),-C - OH HIO

......... [ ——>  2CH; COCH,

butane-2,3-dimethyl-2,3-diol

7. Hydration of Alkynes

acetone

By the hydration of alkynes in 42% sulphuric acid containing Hg&0
a catalyst. Acetaldehyde is obtained when acetylene is used. Acetone is

obtained using propyne.
(Acetylene) CH¥ CH

H*
I ng+E
H, - O
(Propyne) CHC :ECH
H*
| E——
O + H, Hg*
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8. Stephen'’s reaction :
Aldehyde can be prepared Byephen'’s reactionpy the reduction of
alkyl cyanide dissolved in ether with Stannous chloride and hydrochloric

acid. |
CH;—C#%£N

SnCl,
I CH, CH = NH.HCI
HlH HCI Ir%inimum hydro chloride
methyl cyanide
Ot+H,
Hydrolysis
CH,CHENHHCI 2™25  CHCHO + NHCI

[ acetaldehyde

18.3.1 PROPERTIES
Physical properties

Except formaldehyde (a gas) the other lower members of aldehydes and
ketones are volatile liquids and the higher members are waxy solids. Ketones
have pleasant odour. They have boiling points higher than hydrocarbons
(polar nature of carbonyl group) and lower than alcohols (absence of —OH
group). Solubility of carbonyl compounds decreases with the increase in
their molecular masses. Because with the increase in the length of carbon
chain the capacity of the carbonyl group to form hydrogen bonds with water
decreases.

Chemical Characteristics

Aldehydes and ketones contain the carbonyl group >C = O. Oxygen
being more electro negative, the >C = O bond is polarised so that oxygen
becomes negatively charged and carbon positively charged.

NP N

1. Therefore the nucleophilic reagents attack the electron deficient carbonyl
carbon.

N N
/i—O % /C—O_
N_u Nu
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Both charged and uncharged nucleophiles can attack the carbonyl carbon
to form addition products. This is the most common reaction for aldehydes
and ketones.

2. Another kind of reaction of aldehydes and ketones which contain atleast
onea-hydrogen atom.

H Zch CH

a AN B AN
C=0 —> cC=0 + BH
/ /
R R
(Deprotonation ofi-hydrogen forming carbanion)

a-hydrogen is the hydrogen attached to dhearbon of the carbonyl
group. This hydrogen is acidic, hence a strong base (NagpH(Bla) can
remove this hydrogen as a proton, generating a carbanion of the aldehyde or
ketone. The carbanion being nucleophile brings forth nucleophilic attack on
any electron deficient carbon normally carbonyl carbon leading to
condensation reaction.

Reactivity :

Aldehydes are more reactive than ketones for both steric and electronic
reasons.

The presence of alkyl grouprreases the crowdingear carbonyl group
and also increases the electron density at the carbonyl carbaiuistive
effect (+l effect)

H R R
>C =0 >C =0 \ C=0
H H
Most reactive less least
Reactions common to aldehydes and ketones.
(a) Reactions of alkyl group. (b) Reaction of carbonyl group.
(a) Reactions of alkyl group :

In aldehydes tha-hydrogen atomsare more easily replaced than in
ketones.
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CH,CHO + 3CL, —> CCLCHO + 3HCl

(Acetaldehyde) (Trichloro acetaldehyde)
CH,COCH, + 3Cl,—— CCIl,COCH, + 3HCI
(Acetone) (Trichloro acetone)

This reaction proceeds with the formation of carbanion.

Cl
CHS\ Ly CHZ\ |
C=0 ——~ C= O% CH, N
o / / C=0 +Ct
R R’
(ketone) (carbanion) (a-chloroketone)

(b) Addition reactions.

The carbon of the carbonyl groughe site ofnucleophilic attack. (X
IS a nucleophile).

The negative part of the addendum adds to the carbon and the positive
part to the oxygen.

In the addition of sodium bisulphite to give bisulphite compound
— OSQONa anion is the nucleophile.

CH,CHO + HOSQNa ~— —> CH3\ 9H

H” \osoNa
acetaldehyde bisulphite compound
CH,
AN
HC/C O +HOSONa ——> CH3\/ OH

3

H,C \osgNa
acetone bisulphite
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Aldol Condensation :

This reaction is catalysed by base. The carbanion generated is nucleophilic
in nature. Hence it can bring about nucleophilic attack on carbonyl group.

Step1:

The carbanion is formed as tnnydrogen atomis removed as a proton
by the base.

CH,-C=0-2"5 CH,-C=0 + HO
| |
H H
Step 2:
The carbanion attacks the carbonyl carbon of another unionised aldehyde
molecule.

H H

| | _
CHS—CC\b s CH3—|C—O

CH,- CHO CH,-CHO
alkoxide ion
Step 3:
The alkoxide ion formed is protonated by water to ¢aleol’.
H H
et | _
CH;,-C-0 CH;,—-C-OH + OH
| |
CH,CHO CH,CHO
Aldol

Acetone also undergoes this type of condensation as shown.

CH3—C:O o CH,-C=0 + HO
I —_— I
CH3 CH3
Acetone Carbanion
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A

CH;-C=0 ——>

CH,-C-0
- Now

CH,
CH, COCH, CH,COCH,
(Nucleophilic attack)
CH,-C-0 Ho CH, OH
2
/\CH3 Protongtion \C/
CH,COCH, CH,COCH, CH,

When an aldehyde and a ketone react in the same way it iscaksed
aldol condensation’.

CH,-C=0 oH CH,-C=0 + HO

I —_— I
H H
CH
\ 3 _
0y >c ~0
HC«EH CHO HC  CHCHO
CH OH
\ } H,0 3\C/
/ AN > /N
H,C  CHCHO HC  CHCHO

Characteristics of Aldol condensation :
(i) Itis an irreversible change.

(i) It is an addition reaction with or without elimination of water.

(i) A new carbon to carbon linkage is set up.

(iv) The aldols formed easily eliminate water to form unsaturated
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compounds. For example aldol on heating gives crotonaldehyde.
CH;— CH - CH.CHO CH;— CH=CH-CHO

A

| |

I I Crotonaldehyde
_Hza: Y

OH H

(v) This reaction is characteristic of carbonyl compounds hasing
hydrogen atom. If there o a-hydrogenatom in the carbonyl compound,
aldol condensation does not take place.

HCHO, Q;H5CHO, Q;H5COCBH5.
Formaldehyde, Benzaldehyde Benzophenone

(ii) Addition of hydrogen cyanide

Aldehydes and ketones react with hydrogen cyanide to form cyanohydrin.
The reaction is carried out in the presencleasle as a catalyst.

R R OH

\C =0 + HCN — > \C/

« X
' R' CN

Cyano hydrin
Mechanism : The mechanism involves the following steps :
Step 1 :The base removes a proton from hydrogen cyanide to produce
cyanide ion.

HCN + OH — > H0O + CN
Nucleophile

Step 2 :The cyanide ion attacks the carbonyl carbon to form an anion.

0

AN — N~
C=0 + CN —> °C

/ N CN

>

C
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Step 3 : The proton from the solvent combines with the anion to give
cyanohydrin.

O OH
TN N
/N /N

C CN

Cyano hydrin

Like other nitriles cyanohydrin can be hydrolysed to give carboxylic
acid.

N

C%—CH—CNT%%> CH, — CH — COOH

| I
OH OH

Acetaldehyde cyanohydrin Lactic acid

This is a very efficient method of preparing lactic acid and other
a-hydroxy acids like Mandelic acid (8.CHOH COOH).

Grignard addition

Grignard addition to aldehydes and ketones are nucleophilic addition.
The addition product formed is hydrolysed to alcohols.

+Mg

R R X
\C/—\+R VX \C/ Ho" N\ /
/ \./9 N N

OMgX OH OH

Formaldehyde gives primary alcohol and other aldehydes give secondary
alcohol with Grignard reagent. Ketones give tertiary alcohol.

CH, CH,
| H,0 |
 H-C=0+CH-Mgl——>H-C-OMgl—2—>H-C-OH
[\ | |

formaldehyde primary alcohol
(ethyl alcohol)
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(ii) CH, CH,
/\ | o |
CH, - lc\:jp + CH-Mgl —— CH,— c|: — OMgl—=2=> CH, — f — OH
H H H

acetaldehyde Secondary alcohol
Iso propyl alcohol
/‘\ CH, CH,
(i) ! H,0 |
CH,-C=0 + CH—- Mgl —— CH, - C - OMgl—2—= CH, - C - OH
I | I
CH, CH, CH3
acetone tertiary butyl alcohol
Addition of ammonia

Formaldehyde and ketones do not form addition compounds with
ammonia. They yield complex condensation products. Other aldehydes form
addition product with complex structure.

Examples : Acetaldehyde forms simple product while others form
products with complex structure with ammonia.
CHs\me %CHE'\ /o i CH,CH = NH
SR N :
H NH, Aldimine
Acetaldehyde ammonia
Formaldehyde forms hexamethylene tetramine with.NH

6CHO + 4NH, — > (CH) N, + 6HO0

hexa methylene tetramine
This is used as Urinary antiseptic in medicine, in the name of ‘Urotropine’.

N

H,C - Clin\CH
|

2
N
CHZ/ \CHZ

N/ “N
\CH/
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Benzaldehyde undergoes condensation reaction with ammonia to form
hydrobenzamide.

CHsCH £0O HINFH

+ + O|=CHGHy ——— C,H.CH=N
N
CHsCH O H,IN-H CHCH,
/
CeHsCH=N

Hydro benzamide

Acetone with ammonia forms acetone ammonia initially at room
temperature. On heating it forms diacetone amine.

CH, CH,
| |
CH,-C=0 + HN CH,-C-0OH
3 —> L, |

NH,
acetone ammonia
CH, CH,
| high temp |
CHy—C—OH + CH-C—CH —>CH;~C-CH-C-CH
I I 2 I |
NH, O NH, O

diacetone amine
1. Reaction with hydroxylamine : Aldehydes and ketones react with
hydroxylamine to form oximes.
OH

(@) CH3 CH=0 + HI_\IH OH ——> CHS—CH\
\/ NHOH
acetaldehyde hydroxylamine \L—HZO

CHS—CH = NOH
acetaldehyde oxime
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™ A o

2 —
CgHCHO + HNHOH—— CH, - CQ —2 > C,H,~CH = NOH

benzaldehyde NHOH Benzaldoxime
CH CH OH H.C
3\ / o 3 \
C=0+HNHOH— 'C —2> C=NOH
o~ / \ /
CH, CH, NHOH H,C

Acetone oxime
2. Reaction with hydrazine (NH~NH,)

Aldehydes and ketones react with hydrazine to form hydrazones.

CH CH, OH CH,
Kc:o+NHNr5ﬁ ¢ Oy \C—NNHZ
/ /C\ /

H H NHNH,, H
acetaldehyde acetaldehyde hydrazone
CH, CH OH CH,
AN _ S\C/ -H,0 \ _
/C—O+H—NHNI—4%/\ ——> C=NNH,
CH3 CH3 NHNH,, CH3
Acetone Acetone hydrazone

3. Reaction with phenyl hydrazine GH.NHNH ,
Aldehydes and ketones react with phenyl hydrazine to form phenyl

hydrazones.
CeHs CeH OH CH,
\c = O + HNHNHGH %\C/ %Hp \c = NNHGH
(@) / ° N J 5
H H NHNHCH, H
benzaldehyde benzaldehyde
phenyl hydrazone
CH, CH,  OH CH
. N -HOo N\
C =0 + HNHNHGH, C /C: NNHGH,
CH, CH, NHNHCH, CH,
(b) acetone acetone phenyl

hydrazone
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4. Reaction with semicarbazide NENHCONH,

Aldehydes and ketones react with semicarbazide to form semicarbazone.

(@)  CH, CH3\ . OH
C =0 + HNHNHCONH ——— C
H / \ NHNHCON
acetaldehyde H,
| no
CHS\
C =N-NHCONH
e
acetaldehyde semicarbazone
(b)  CcHy CiHs OH
\C=0+HNHNHCONH ——>  \C
H H”" \NHNHCONH,
Benzaldehyde

o

H5
\C = NNHCONH,
H/

benzaledehyde semicarbazone

Co

Reduction of aldehydes and ketones

The products of reduction depends upon the reagents used and the
conditions of reactions. Hence a variety of reagents are used for reduction.

(i) Catalytic reduction : Aldehydes are reduced to primary alcohols by
hydrogen gas in presence of platinum metal as a catalyst.

R\
— H._ /Pt
c=0 Iy CHOH
H” H”
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Ketone on catalytic reduction gives secondary alcohol.

R
c+o0 P R,CHOH
R'H{—H

CH, CH
Ncx0 Pty 3>CH—0H

H
CHy H--H 2 CH;

Isopropyl alcohol
It is an example of heterogeneous reaction.

Reduction using metal hydrides :

Metal hydrides like Lithium aluminium Hydride (LiAlj Sodium
borohydride (NaBh) reduce them to alcohols.

These aréHydride ion” (H") donors. Hydride ion is a nucleophile.
Hence it is nucleophilic addition reaction.

CH3 CH CH OH
NaBH 3 .
Ncfo Ncoo Ay N
I AN
H/( H~ H / H I—( H
Acetaldehyde Ethanol

(b) Reduction of carbonyl compounds to hydrocarbons.

(i) Clemmension Reduction :

Aldehydes and ketones can be reduced to hydrocarbons by zinc amalgam
and con.HCI.

CH CH
3 Zn/H 3N
>c =0 +4 (H) %nH(j CH, + H0
H.C CH,”
(Propane)

This reaction proceeds by electron addition to carbonyl carbon followed
by protonationZinc metal is the electron source.
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In the absence of mercury, hydrogen gas will be evolved and the reduction
Is incomplete. This reduction is callE@temmenson reduction.
(if) Reduction under strongly basic condition :

Wolff-Kishner Reduction

Aldehydes and ketones are reduced to hydrocarbons by heating with
hydrazine and sodium ethoxide.

Foeo S Tk e+ HO
= +N, +
b/ C,H.ONa T

Hydrazones are formed as intermediates. The base removes the —-NH
hydrogen atoms as protons generating carbanion. Proton addition to
carbanion gives alkanes.

CH
3
C = NNH,
/
H

Hydrazone
This is calledNVolff-Kishner reduction.

Oxidation : _Cc=0
Aldehydes have |H bond which is responsible for their reducing
properties. Ketones do not have such a structure and are not reducing agents.

All the oxidising agents like acidified potassium dichromate or acidified
or alkaline potassium permanganate (powerful oxidising agents) and even milder
oxidising agents likeTollen’s reagent’ and ‘Fehling’s solution’ oxidise
aldehydes to monocarboxylic acids having the same number of carbon atoms.
(0)
RCHO —>  RCOOH
Aldehyde Acid

Ketones are oxidised only by the strong oxidising agents (acidified
potassium dichromate or permanganate) to mono carboxylic acids having
lesser number of carbon atoms.

CH,COCH, —>  CH,COOH
(3c) (2¢c)
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Popott's Rule :

During oxidation of unsymmetric ketones with oxidising agent which
brings about the cleavage of C—C bond, the smaller alkyl group goes
preferentially with the carbonyl group resulting in the carboxylic acids.

ao b
e
CH;— C-—CH- CH,- CH,

‘a’ cleavage b’ cleavage
l
[ I I [ 1
HCOOH CH;-CH,—CH,~COOH CHCOOH CH,CH,COOH
acetic acid propionic acid

CO, + H,0 n-butyric acid

minor products major produts
Because aldehydes are easily oxidised, they are reducing agents. They
reduce ammonical silver nitrate (Tollen’s reagent) to metallic silver and
Fehling’s solution (copper sulphate, sodium potassium tartrate) to red cuprous
oxide.

CH,CHO + 2A¢ + 30H — > CH,COO" + 2Ag + 2HO

Acetaldehyde Acetate ion (silver mirror)
CH,CHO + 2C¢* + 50H ——— CH,COO + Cu,0 + 3H,0
(blue) (red precipitate)
cupric ion cuprous ion

Aliphatic aldehydes restore the original colour (red-pink) oSittaff's
reagent.(when SQis passed through intensely pink coloured Schiff's reagent
in water. It forms a colourless solution. This colourless solution is used for
this test). This is characteristic test for aldehydes. Ketones do not restore
this colour.

Polymerisation :

(i) When aqueous solution of formaldehyde is evaporated to dryness it
forms a white crystalline polymer callpdraformaldehyde.
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H H
I I
n C=0 _ - C-0
I I
H H n

(ii) Acetaldehyde polymerises to a cyclic structure called paraldehyde
when a drop of concentrated sulphuric acid is added to it.

CH,

con.H,SO, Cl:H

7N\

O O

3CH,CHO

CH3C<O/CH—CI—5
Paraldehyde
Benzaldehyde does not under