CHEMICAL KINETICS ,

Chemical kinetics is one of the most important topics of physical
chemistry. It deals directly with the chemical reactions like the topics of chemical
thermodynamics, chemical equilibrium and electrochemistry.

We know that chemical thermodynamics tells us whether a reaction will
happen or not. Chemical equilibrium tells us the direction and extent of a
reversible reaction. Electrochemistry help us to deal with the chemical reactions
and the study of conversion of chemical energy into electrical energy and electrical

energy into chemical energy.

Chemical kinetics deals with the chemical reactions and covers three
aspects.

(i) Rate of a chemical reaction.

(11) Different factors which control the rate of a chemical reaction like
temperature, pressure, concentration, catalyst and solvent.

(i)  The mechanism of reaction. The mechanism means the study of
- the route of the reaction and to know the nature of the

intermediates.

When we study the rates of chemical reactions, then they prove to be
Valuable to understand the chemistry of reactions. With its help, we can select the )
Optimum conditions for industrial process. The knowledge of optimum conditions ik X
“n help the reaction to proceed at such a rate that we get the maximum yield. ‘\yu‘u
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111 Rate of chemical reaction: V
"Rate of a chemical reaction is a speed with which a reaction proceeds.” .-

T.hﬁ speed of a moving body is the rate of change of distance with respect to time.

Sllmlarly the rate of chemical reaction is the change in concentration of any
e o -—w-‘—. s C 1 — —— N - -

‘Cactant or product per unit time.

W . . 4 ? 4 b
Let us consider a simple reaction with reactant A’ and product ‘B’

A > B
329
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The rate of reaction can be studicd by noting the dccrease of concentratjop,

J of ‘A’ with respect to time. It can also be noted by measuring the increase in th
1 concentration of ‘B’ with the passage of timc.

d [A
Rate of reaction = —"(%l

- +
or Rateofreaction = 'id,[“Bl

A e e W

$p
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The rate with respect to reactants is given the negative sign by convention
because concentrations of reactants decrease with the passage of time (remembe;

that rate i§ never negative). The rate with respect to product is positive because the
concentration of ‘B’ is increasing cvery moment.

These two rates are equal, hence

< “d[A] d[B]
té\ cdt ST &
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dt 1S the

differential of A with respect to time. For the following reaction, the rates with

;

)

§ The square brackets [ ], show the concentrations of ‘A’ and ‘B’ in moles.
é respect to reactants and products are given as,

-3 ¢ 19 :
i- dm™. ‘d’ represents very very small change in concentration and time dIAT
L
¢

A+B———C+D

_4IA] _ d[B] _ d[C] _  d[D]
dt dt it ~ 7 dt

- Those reactions in which the reactants .and

y L roducts have th |
other than unity, their rates can be cqualized as, - - SROhicients

_1dA) - I'dB] _ 1d[C] 1 d[p)
~adt b d ~ ¢ dt T 4 g
The rates have been divided by coeffic: Tt
. . by coefficients to equilize th '
7.1.2  Units of rate of reactions: . RIS

It the concentration is expressed in moles dm=3

and time in seconds, then
d[A] moles.dm™
dt — sec. - moles dm™ sec™.

o)
j aA+bB———>chci‘D
L
é
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7.1.4 Average rate of a chemical reaction:

"Rate of a chemical reaction between two specific time internals is cal -Iea' |
average rate o{ reaction.” To denote the average rate, the change of concentration
and change of time should be denoted by A

The average rate of reaction = %%1

T!'lﬁ average rate and instantancous rate are equal for only one instant at
any time interval. At the beginning of reaction, the instancous rate is higher than
the average rate. Anyhow, the average ratec becomes equal to instantancous rate
when the time interval approaches zero. 5 > —
EXAMPLE (1) s

A hypothetical reaction in the gas phase is, 2A = 4B + C. The reaction 1s
happening in a closed vessel. The conc. of B is found to increase by 8 X 10°°

mol dm™ in 10 seconds. Calculate (i) rate of appearance of B, (ii) Rate of
reaction (iii) Rate of disappearance of "A"'.

SOLUTION:
The reaction 1s 2A = 4B+ C, So
1 d[A 1 d[B d[C
Rate of reaction = =5 —Eltl_ 1 gtl = _!__Ja?l
Increasc 1n conc. of B
Rate of appearance of B = T Time taken

8 x 10~ (mol dm™)
10 secc
=8 x 10" moldm™s™

I
Rate of reaction = 4 xrate of appecarance of B

l .
= E x8x10" = 2x 10" moldm™3 !

! .
(5 Rate of disappcarance of A) = Rate of reaction

Rate of disappearancc of A » = 2 x ratc of reaction
= 2x2x 10" moledm™ s

= [4x10* mol dm™ ]

115 Rate law:

: : _ _ ,{\J\-‘
According to law of mass action, the rate of a given chemical reaction at a Od

_ﬁ"cd temperature depends upon the concentrations of rcactants. It mcans that there 4

1S a rclationship between concentration and the rate of a reaction. This rclationship

S determined by measuring the reaction rate with different initial rcactant

“oncentrations, When we study a large number of reactjons, then we come to know

th

At the rate of rcaction is dircctly proportional to the rcaclant concentrations and
°h concentration being raiscd to SOMC POWCT.
- -

- -
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For the reaction,’
» Products

At+2D

Rate = k[A][B)?

Anyhow, it is not cssential that th

\\always equal to the co-efficients of balance €
J \&?ﬂ o rate expression of above reaction may be

P Rate = k[A]™ (B]"

: - r | |
| Q'BV/ \\,\- where ‘m’ and ‘n’ may be 1 and 2 or some other factors. So the cxpression which
|/ @t’ _shows, how the reaction rate is related to concentrations is called rate law. It 1s also

\ /,..-' called rate equation.

Rate law is determined cxperimentally. It can not be written by looking at

{
U
/ the equation and making their cocfficicnts as powers.
hich the co-cfficients of the

There arc some clementary reactions in W
balanced reactions become the cxponents in the rate law. But, usually the powers

of concentrations in the ‘rate law arc different from the co-cfficients.”Look at the

following examplcs.
(i) H, +,— 2HI Rate =k [H,] [1,]

i) 2NO,—2NO+0, Rate=k[NO,J’
(i) 2NH,——— N,+3H,  Ratc=k [NH,]°
iv)  2N,0, » 4NO, + 0, Ratc=k[N,0]

In example (iii) and (iv) the cxponents in the rate expression are different
from the co-cfficicnts. Thesc reactions arc complex and they happen in morc than

onc steps.
71.6 Molecularity of a chemical reaction:

As we mentioned above, that chemical reactions may be clementary or
complex. A clementary reaction occurs in a single step whilc a complex reaction

occurs in two or morc steps.

*The molecularity of an elementary reaction is the number of reactant
molecules involved in a reaction.” In casc onc molccule takes part In clementary
ceaction, then it is called unimolecular. If two molccules take part, then it 1S
ecular and for threc molccules it is termmolecular reaction. The breakage of

¢ powers in the rate cxpression arc
hemical equations. So we can' say that

z

| SR s—— e e - iy @B B -

- e i | ——— G gl B

. bimol :
| the brominc moleculc to brominc atoms and the conversions of malcic acid 10
t! fumaric acid arc unimqlc?cular rcactions, |
E Brg ~—) 2Br
| H — C — COOH H—C—COOH
: | — I

" H — C — COOH HOOC —C—H

Maleic acid ¥ | Fumaric acid
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biomolecular reactions.
CH,COO0C,H, +H,0 —, CH,COOH + C,H,OH
2Hl —— H, +1,
Similarly formation of NO, and NOCI arc the termolccular reactions.
2NO+0, —— 2NO,
2NO + Cl, —— 2NOClI .

7.1.7 Reactions of high molecularity are rare:

The reactions with high molccularitics arc rare. This can be cxplained on

the basis of kinctic molecular theory. Kinctic molecular theory says that the rate of

a chemical mac'tion 1s proportional to thc number of collisions taking place
between the reacting molecules. : |

The chances of simultancous collisions of threc or morc than three
molccules will go on decreasing with incrcase in number of molecules. The
slowest step ic the rate determining. In order to illustrate it, let us consider the

decompositicz of N,O,.
2N,0, — 4NO, + 0,

It occurs in following stcps, as proposcd.

] K
(1) N205 _sTEL_V_) NOJ '*'NO2
()  NO,+NO, —2— N0,

k
(i) NO, +NO, ——E;—t—} NO,+ 0, +NO

(iv) . NO+N,Oq —Ti%—’ 3NO,

' The sum of these clementary processcs gives the overall reaction. First

Step 1s slow and hence rate determining. That 1s why, it is a unimolecular reaction.
It is meaninglcss to give molecularity of the overall reaction because i1t 1s made up

of scveral clementary —reactions. Each clementary rcaction has its own

N N e i —,
molccularigx

_M-‘Xnyhow we can simply say that the molecularity of this rcaction is the

number of molecules or atoms taking part in a ratc detcrmining step.

1.1.8 Order of reaction:
: : (S O ' '
"The order of reaction 15 SUmM of the exponents of concentration terms in

the raye equation.” It is the qumber of rcacting substances whose concentrations

chﬂngc during the chemical ceaction, For the general reaction,
aA + bB I cC + dD

T

- e .

PR b et ot T
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w
Let us say that the ratc expression 1s,
Rate = k[A)* [B)® |

The value of ‘a’ is the order with respect to ‘A’ gnd the value of b’ is the
order with respect to ‘B’. The overall order is (a + b). If in the rate expression, for
the above mentioned reaction, .

Rate = k[A]™ [B]"
Then, order=m +n .

This situation arises when the reaction is complex, and it is taking place in
more than one steps. |

The molecularity and order of rcaction arc identical for clementary
reactions. The comparison of order of and molecularity 1s as follows

s ORDER . MOLECULARITY

' (1) "The number of . molecules | (1) The number of molecules
whose concentration change in involved 1n  a  chemical
a chemical reaction. rcaction.

1 (2) Itis the sum of exponentsinthe | (2) It is sum of thc moles of

rate expression. reactants that take part in a
chemical reactions.

(3) Itis atheoretical quantity.

(4) We get the order from the | (4) It is indicated from balanced
- kinetic study. equation‘

(5) It can be fractional .
(6) It may be equal to zero.

(7)

e

(3) It1s an experimental quantity.

-'-l'-'F--—u..-..-....r e — & _"' .‘.‘_‘ r-_..-

(5) Itis always wholc number.
(6) 1t is never zero.

(7)  Its values may be greater than 3.

7.2.0' ZERO ORDER REACTION o

"Those chemical reactions in which the rates are independent of the l

concentrations of reactants are called zero order reactions " :
————— e e e} | i

In order to denve the kinctic equations of sy
() substance ‘A’ is decompressed into products.

Its maximum value may be 3.

h'-—--_--""'"".-.--.-—..I-____ — -

ch reactions, consider that 3

" A I > Product
a’ moles
S | ZCro moles t=0
M/ (2 - x) moles "X’ moles t=t
., ). Rateof reaction = k[A]"

O,,/j{. - .
LA 'dt=k

l'OOther reaction. It means that the ra:g
Cs IS a constant quantity. In order ™

e
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grato. this equatio, scparate the variables by taking dt on the R.H.S, and

oping dx on the L.H.S,"
f dx = fdt
| X = kt+4c
where ‘c’ ig the constant of integration) In order to determine the value of ‘c’, put -
the boundary conditions i.c, ] :
fZ .’
0 = ku(O+4¢ ,}7 }/"
r J{( o4~
c = () /7 3/
Hence the final cquation is (U ) }: . Iy
X = ktl tieere (]) ftﬂ v 'rj'
This ‘k” is called the ratc constant for zero under reaction, If one knows .

the time of reaction and the ratc constant k, then concentration of product x canbe  p/*
calculated from cquation (1), .

7.2.1 Uniis of zero order rate constant: Al

Since, x = kt ﬂt’}/
k=T = 7. = moldm™ sc”!

These units of the rate constant arc the same as the units of rate of a
reaction, “In other words, we can say thal rate constant is equal to the rate of
reaction at all the concentrations.”

722 Examples of zero order reaction:

(i) When ammonia is decomposed in the presence of tungstun, then it obeys
the zero order mechanism., R '

INH, —Ungston , 43y,

Rate of rcaction = k[NH, |

(i ; ‘ne 1¢ de acd 1 » presence of M |
| ) , When pﬁosp'hmt:: 1s decomposed in the presence of Mo, then it obeys the
| zero order kinctics.

2PH, —MO 2P + 3H,0
Ratc of rcaction = k[PH, "

When thermal decomposition of HI is done on gold surface, then it follows
the zero order mcchanism,

old surfacc "
2HI P2 H, + 1,

Ratc of reaction = k[HI)”

i
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w
(1v) Inphm.ochmﬁcalmcﬁmsthcmﬂeconstamandthcydomtdw
upon the concentrations of reactants. They depend. upon the amount of
light absorbed. Photochemical combination of H, and Cl, to give HC],

which i1s carmied out over water saturated with the reactants is no doubt

quite complex, but is of zero order.
(v)  Reactions which are catalyzed by enzymes are also zero order.

7.3.0 FIRST ORDER REACTION

Let us take 2 substance ‘A’ which decomposes, into products. Its initial
concentration is ‘a’ moles dm™>. Let after time ‘t’ seconds the amount left behind
is (2 — x) moles dm™ and that converted into product is ‘x’ moles dm"’_‘.
| A —— > Product

‘a’ moles zero moles t=0
(2 — x) moles ‘x’ moles t=t

According to law of mass action, rate of reaction at time ‘t’ depends upon

the concentration (a2 — x) left behind.

‘% a (a-x)
Ve
n“,\ %: k(a_x) ...... (l)

V4

Here 'k' is the rate constant for first order reaction. This equation (1) tells
us the speed with which the substance ‘A’ is decomposing. Actually, we want such
an equation, which can tell us the concentration of the products “x’ at any time ‘t’.

Vg \W For this purpose we have to integrate the equation (1). Before integration, separale

ﬁ"” \
N

QV

the vanables. |
dx —
) kdt '
dx —
Jass - Wea
~ln(a-x) = k+c e (2)

(See Page 630 Art No. 11.7.7)
Where “c’ is integration constant. In order to determine its value we put 1€
' when t=0,thenx=0
Put these values in equation (2)
—lha=c¢ T (3)
Now put this value of ‘c’ m eq. (2)
~-ln(a-xF kK-lna

mh(-x)= -k+lma ... (4)
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hen we plot o

y-nxiﬂ, then o
ram

0 s inclgpq_ldlt_lgllt#_vn‘r‘inlfllu and In (n - x) in dependent variable, W

E—mph between independent variable ‘t* on x-axis and In (a -~ x) an
straight line is obtained with the negative slope ag shown in the following dia:

Fig. (1).

Y
' () /
N Tan 0 = Slope of st. line = K '*\QW 7
: , | , ! r} -‘(ﬁ J
—_ |
3 ' A
&
k=
X— »
{ —)
Yl

Fig. (1) Straight line graph for first order reaction.
(Sce Page 584 Art No. 11.2.3)

The slope of the straight linc 1s obtained by taking the tangent of the angle
which this linc makes with the x-axis. This slope of straight linc is cqual to ratc

constant ‘k’ in cquation (4).
Equation (4) cai be rearranged to get another form of the first order
cquation

In(a-x)= ~kt+Ilna e (4)
~Ina+In(a-x)= -kt

Ina-In(a-x)= kt

a - A B
In aox) kt (5)

The cquation (5) is the cquation of a straight line, When a graph is plotted
- a

between time on x-axis and In ——'—(“ - X) on y-axis, then a straight line with positive

slope is obtained passing through the origin. The tangent of the angle pives the

Value of rate constant ‘k'. The hne passcs through the origin beeause there is no

"tereept in the equation (5). Fig, (2)

.
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Tan 0 = slope of st. line =k
X

{ —>

Fig. (2) Graph for a first order reaction and measurement of rate constant k.

We can have another form of this cquation (5), by considering the

common logarithmic system. To convert the natural log to common log, we have
to multiply with 2.303,

a
@-x A
By e
%Ba-x) ~ 2303 k. e 6)
Equation (6) is again the equation of a straight line as shown in diagram

(3) and the slope of the straight line is equal to 5 ;( 03

2.303 log

Y

2.303

Fig. (3) Graph for a first order reaction ang measurement of rate constant k.
7.3.1 Exponential form of First order ¢quations:



The concentration of reactant (a - x), left behind can determined if we

(a-x) = ac™
Similarly equation (6) will have the following shape

(a-x)

know initial concentration ‘a

All those chemical reactions, whosc data gives the straight line, according
to equation (4), (5) (6) arc the first order rcactions.

Kk

llllll

lllll

(Scc Chaplcr Il Art No. 11.10.1)

"and time 't' to reach that stagc.

73.2 Units of first order rate constant:
The cquation of first order is

So,

‘' and (a — x) have the units of moles dm™, and say thc unit of time is

So first order rate constant is cxpressed in scc

kt

k

E—
i

e s, et
— el S ——

d

"(a—

'l‘ln

X)
a

(a-x)

Simply, we can say that it is expressed in per unit time.
EXAMPLE (2)

H,0, decomposes according to first order reaction. The reactioy is
‘Studied b the notm the volume of KMnO, used

as shown below:

Calculate the rate constant (k) of the reaction.
SOLUTION:

The data shows, th.u the lIIrL valuc at zero time may be taken as it
Cﬁncm!ralwn ¢ a = 37.0 cm’. At different intervals the values of (4 - «
e v

E

, minulc"',

hour

, CLC.
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Substituting the values of a, x and t in the first order ratc equation as given

below:

k = 2'103 log (aix)
W k = 2'3;03 108%::,_:('3)' = 4339x 107 min”
w k = 2‘13503 103'31';"__2 Tt 4.236 x 107 min”’
() k = 23;)3 log:g—:g = 4407 x 10 min™
).k ;= 2':2 v 103'33% = 4,447 x 10”7 min”’

The average value of rate constant k' is thus equal to | 4.335 x 10 min™' | Ans.
EXAMPLE (3) |

The decomposition of NH,NO; to give N; gas is a first order reaction.
Calculate the rate constant from the following data:

[ T R R T
Voumet e ey | 625 | 30 | i | e

SOLUTION: | -
The 1nitial concentration corresponds to the maximum value of N, produced
at infinity time
Here a = Vo= 35.05cm’
The first order equation 1s
2.303 V.,
k == leey "y,
Substituting the given values of 'V, 'V, and 't' from the sets given above
- 2.303 35.05 2.303 . 35.05 -
) k=710 183505625 = "10 1982800 ~ 0.01962min
2.303 35.05 2303 . 3505 o
(i) k=715 183505 900 = T15 19832605 = 001976 min”
2.303 35.05 2303 3505 .
(iii) k=720 1%83505_114 = "20 1983365 = 0.01964 min
| 2.303 3505 2303 . 35.05 il
(iv) k=725 '%B3505 1365~ 25 l%B3149 = 0.01971min

Since the value of k is nearly the same in cach case so, the reaction is first
order.




The hydrolysis o_f _CH;COOCH, was done by adding 1 cm” of methyl
te to a flask containing 20 cm’ of N/20 HCI maintained at temperature of

scett 3 . T
g5°C. 2 cm_ of the reaction mixture were withdrawn at different intervais and
srated with 2 standard alkali. Calculate the rate constant of this reaction:

The data is as under:
s [ 0 [ % [ [ w0 [ =
el | o4 | 24w | ew0 | 30 | 4203

sOLUTION:
Applying the first order rate equation, in which 'a' corresponds to (Vo — Vo)

and (a — x) corresponds to (Vo — Vy).
4 :k = g&'iog,vm—'-vo S A
- t Vo — Vi
Here Vo — Vo = 42.03 —19.74 = 22.79.
Substltutmg the values in the above equation.

| 2303 22.79
k — —
) 75 1983503 24.20
2.303 22.79 | 5
=~ log 1783 0.00395 mun
2303 2279 '
) k =779 log4r03-26.60
. 21303 341 22.79 '
= =79 . log 543 (= 00032 min”'
et o2 o 2303 22.79
m) k = - e =~ e et
) k= T30 '°832.03-29.30
2.303 22.79
= 0.00316 min~

180 18 12.73

The mean value of k = | 0.00344 min__ | Ans.
EXAMPLE (5)

Benzene diazonium chloride [CsHsN ® = NJCI® decomposes to give N
2
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The cxpression for rate constant is as follows in which 'a' corresponds to V,,
and (a —x) corresponds to (Vo = V)

2.303 Va
k = : log V.-V,
Pultmg'valucs from thc above data
(1) | k = 2;33 log 16;6210 = 3.22 x 107 min™
d 162 e .
(m) k = 2383 log 62 -25 3.36 x 10™> min"™’
e .303 62 330 et
(m) k = 2.:;0 log 16; “33 3.26 x 107 min™'

The fairly constant values of 'k' indicates that thc reaction is of the first
order.

7.3.3 Haif life period of first order reaction:

Half lifc of a chemical reaction is the time which is required to convert

half of the rcactants into products. It depends upon the nature of the reactants and
the conditions of the reaction.

We know that N,O, decompose into NO, and O,
‘ |
N,0, — 2NO, + 7 0,

If the reaction is occurring at 45°C, then 50% of the N,O; is decomposed
in 24 minutes. It means that 24 minutes 1s the half life period of N,O,. Out of 1
mole of N,O,, 0.5 moles 1s transferred to products in 24 minutes.

In thc next 24 minutes, 0.25 moles 1s left behind. It means in 48 minutes,
75% of N,O, is decomposed and 25% is left behind. In other words, it will take

many days to convert N,O, completely into products.

In order to derive the equation for half life period of ﬁrst order reaction,
wc proposc that when

- 2
t = _tl,z, X = 2
a
Since, kt = (2—%)
' 1 a
$g, ‘it ™= k'ln(a—x)
N 2 a _1 a
- In2 0.693
tl,..2 Tk Tk e (9)
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' order reaction

According to equation (9), the half life period of first ction
[tl’zll is inversely proportional to the rate constant and is independent of initial

concentration. So,

t,,] = 0.693/k ke (20)

EXAMPLE (6) | F r
Calculate the half life period in seconds and minutes for a first order
ceaction, whose specific reaction rate is 10~ s™".

SOLUTION: .
The formula of half life period for first order reaction 1s
~0.693 '
tin= k
Since 'k = 103 seCih 4§ -
2 0.693 - s
So, thin= 'iOTS':ch = 693 sec
693 69.3 :
_ bn= “gpiv =g * 11.55 minutes | - Ans.
EXAMPLE (7) .

. 75 % of a reaction was completed In 10 minutes. Calculate half life
period of this reaction, if it follows the first order kinetics. - ‘

SOLUTION: |
First of all determine the rate constant (k) .

Time () = 10minutes = 600 seconds.

| . ,
So, when the reaction is_ 75 % completed, it means that Eth is converted to

3
Putting values, at t = 600 sec and x =7 a
2303, 3 _
k= 7600 g( _é.)
4

5303, _a__ 2303 da
( 9_) — 600 log a
i |
303
2.303 2.392  0.6021= 231 x 10- sec™

k = 00 1°8% = 600

|
o
0Q

|
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With the help of rate constant, calculate half life period. The formula for half

life period of a first reaction is

. 0.693
Since by W e

K
Putting the valuc of k
(0.693

"= 231X 10 s
b = %"‘?—3 x 107 scc. = 0.3 x 10" scc. = 300 scc.
by ™ ':%)69' . Ans.

EXAMPLE (8)

Sucrose can be hydrolysed in the presence of an acid. It is hydrolysed to

57 % in 66 minutes. Calculate the time for 75 % hydrolysis, considering that
the reaction is first order.

SOLUTION:

Let us supposc that initial concentration is 100. Substituting a = 100; x = 57

at t = 66 minutes. In this way calculate the rate constant k, by using first
ordcr cquation

2.303 l a
t 9B (a-x)

Since, k =

Putting values

o 2303 100__ _ 2303 100
T 66 °5(100-57) 66 °B 43
2.303
k = 66 x 0.3665

k = 0.0127 min™

Now usc this valuc of ratc constant (k) to get the time for 75 % completion
of rcaction. It mcans that if a= 100, x = 75

2 303 100)
So, k = - logm( )

t 100 -75
dolyy . 2393, (100 )
or .U K3 t Ogln \l 00 ==y 75

or t

2,303 ( 100 ) 2303 100 _ 2.303
5) 00127 '°8 25 = 00127 log 4

c 127 Y819\ 100 - 7

2.303
L - 30127 X 0.6021]

t = |_109.18 minutes Ans.

The rcaction will take 109 18 minutes to get completed by 75 %.
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134 Examples of first order reaction:

(1)

2)

(3)

Cts. Th

‘Decomposition of N,O, in CC] 4 Solution.

1
20,

The progress of this reactioﬁ can be studied by measuring the volume of
oxygen from time to-time.

NZOS —_L) 2N02 +

- Let V" be the volume of oxygen at any time ‘t’ and ‘V,,’ be the final

volume of oxygen when the reaction is completed, then we can say that the
initial concentration ‘a’ of N,O; can be considered as V. (@ = x) will be

corresponding to (V, — V). So, the first order equation for this reaction
can be written as, ' "

A
K = Ypp—
t (vm_vt)

The values of ‘V ’, ‘V;I,’ and 'V’ are determined at various time intervals
and the value of rate constant ‘k’ is calculated.
Decomposition of H,O, in aquous solution.

H,0, s 22V H,0 +0

The progress of this reaction is followed by volumetric analysis. H202 IS
titrated with standard solution of KMnO - |

Hydrolysis of an ester

H®

CH,COOC,H, + H,0

'CH,COOH + C,H,0H

The progress of this rcaction is studied by volumetric analysis. i.e. acid-

base titration. The greater quantity of CH,COOH is produced with the

Passage of time, more and morc NaOH will be used, with the passage of
time, -

Inversion of cane sugar:
This reaction is catalyzed by dilutc HCI.

dil. HCI
C,H,,0,, +H,0 —— C(H,0,+CH,,0,

The progress of reaction is followed by noting the optical rotation of the
feaction mixture.

7.4.0 SECOND ORDER REACTIONS

Let us consider two substances ‘A’ and ‘B”, which react to give the
C reaction can be carned out by .

(l) By taking equal concentrations of ‘A’ and ‘R’
(11) By taking different concentrations of ‘A’ and ‘R’

Pl R P Br————— A —
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| 7.4.1 'Second order reaction with equal concentrations of reactants:
| Let the initial concentrations in moles dm™ arc ‘a’ moles dm™ and after
time ‘t’ the concentrations left behind are (a — x) for both ‘A’ and B’

A+B —— Product
1 | ata ——— zcro t=0
| @-x)+(a-x)— x t=t

_ The rate of reaction at time ‘t’ is directly proportional to the product of
| concentrations of rcactants at that time.

dx

| at — kI[A][B]
f

i

:. - = k(@a-x)(@a-x)
| dx
-&-t—= k(a-x)z ...... (1)

Where ‘k’ is the rate constant for second order reaction. This is the
cquation which tells us the speed with which this second order reaction is
progressing. Actually, we want such an cquation which can tell us the
concentrations of the products produced and the concentration of reactants left
behind at any time ‘t’. For this purpose, we have to integrate this equation. Before

integration; do the separation of variables. Take the concentration terms on the
L.H.S and the time on the R.H.S.

iy kt + ¢ (2)
where ‘c’ 1s a constant of intcgration. In order to determine its value, put
the boundary conditions 1.e., when ‘t =0’ x =0
1 4.. |
- = & Wt - R (3) ‘I
Put this value of ‘c’ in eq. (2)
— - kt + ~
(a-x) B: S sm i e e @)
Equation (4) is of straight line. When a graph is plotted below ‘t” on x-axis

and a=x) ™ y-axis, then a straight line is obtained with the positive slope
as shown in the following diagram (4). This line cuts the y-axis above the

. 1
origin, at a gap of 7 from the origin.




Y - Straight linc

Tan 0 =slope =k

{ ————>

Y

Fig. (4) Graphical representation of a second order reaction
with same concentrations of reactants.

Fuln See Page 583 Art. No. 11.2.0.
A slope of a straight line which is the value of the tan 6 gives us the rate

constant ‘k’.

By rearranging the equation (4)

S ey Kt

(a-x) a
a—at+x
aa-x) o ,
X
— i eeesss 5

a(a - x) o )

This equation (5) is again the equation of straight line. If a graph is plotted
—

between ‘t’ on x-axis and on y-axis, a straight linc is obtained passing

a(a — x)
through the origin as shown in the followed diagram (5). The value of rate constant

'k’ is the same as we have derived previously by plotting a graph.
Y _

Fig. (5) Graphical representation of a second order reaction
with equal concentrations of reactants.

k|
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7.4.2 Units of second order rate constant: |
The sccond order cquation with a same concentrations of rcactants s,

X
- - a(a - x)
] X

K t a(a-x)

The units of x, a and (a — x) are moles dm™, while.time is expressed in
seconds.
1 moles dm’ __ I3 1

sec. * moles dm=3. moles dm=>  sec. “mol dm™

k = dm’® mol™! sec™!.
7.4.3 Half life period of the second order reaction:

The equation for the second order reaction with same concentrations of
reactants 1s

X
= a(a— x)
_ 1 _ x
' k a(a-x)
when X = ';‘thcn k=L,
_ 1 _a2 1
SO, tlﬂ - k.a( E_)_kﬂ
i
1 _
L -~ (6)

[t, ], is the symbol for half life period of a second order reaction.

The half life period of ‘the second order reaction is inversely proportional
to the rate constant and inversely proportional to the initial concentrations. It
means that if we takc greater imtial concentrations of reactants, then the half life
become shorter. In other words, the reaction completes in shorter time.

EXAMPLE (9)
One mole of ethylacetate CH;COOC;H;s was hydrolysed with one mole

of NaOH. Show that the reaction is of the second order and also calculate the
value of k. The data of experiment is as follows:

Time(minutes) | 0 | 4 | 6 | 10 |
a-x) [ 804 ] 53 | ass | 35

SOLUTION:
Herc a = 8.04, thercfore 5.3, 4.58, 3.5 etc. are the values of (a - x) at
different timc intervals.
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The rate constant k for sccond order reaction is

k=, —5_
t  a(a-x)
Substituting the valucs from the about data:
- — 8.04-53
0 k=80 530 Since [x=a-(a-x)]
R 2.74
kK = 4x808 X530 = 1.615x10%dm’ mol™” s™
) _ 1 8.04 — 4.58
W)k = §x808 X 453
k= —— 3.46

. ) 2
6x80a %258 = L571x107dm’mol™ s™

. 1 8.04 —3.5
) k = 105803 %" 35

k = 3(:7 X -4—'_5?4 = 1.621 x 1072 dm’ mol™' 5!
ok = 3 ><18.04 i 3'0;._7374

k.= Ex18.04 X %}' = 1.611'x 107* dm® mol™' 5"
(v) ” k = 20_x1§_(_)z X _8_%2_-2_52_2_2

k = -2-0715_0—4 X %% = 1.635 x 10~ dm’® mol™' s

The value of k in cach case is constant, so data represents second order
reaction.

EXAMPLE (10)

A second order reaction has equal concentrations of reactants and is
25 o, completed in 20 minutes. How much time is required to complete, the

reaction by 75 %.
SOLUTION:
For a sccond order reaction the ratc constant is given by
| X
k = t ala-x)

()  When t = 20 minutes and x = 25 % then rate constant k js c

alculated ;
follows: wated as

B 25a
X = 100

t = 20 minutes

x = 0.25a
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Putting valucs
. 1 0.25a
20 a(a - 0.25a)

1 025 |
_ O R v |
k = 200753 ~ 60a (1)

(i) When the reaction is 75 % completed, then the rate constant K for
time 't' is calculated as follows:

75
X = Jo90 2 © .75 a
t = 17
B i 1 0.75 a
t a(a-0.75a)
1 0.75 3 |
= [0253 = at soovey (2,
Since k is constant for a given reaction, so (1) and (2) arc equal
S )
60a at
t = Ans,
EXAMPLE (11)

The half life period is 60 minutes when the initial concentration of a
second order reaction is 0.02 moles dm™>. Calculate the value of rate constant.

SOLUTION:
This problem can be solved in two ways.

(i)  The formula for second order reaction 1s

l X
k = - a(a - x)
According to the given data
a = 0.02moldm™
3 t = 60min
The value of x at half lifc 1s
X = "i%oc' xa = 05a
Substituting the values in the second order rate cquation
] 05a
K = %0 2(a-052)
0.5 I I
~ 05260 ~ 60a
k = l = 0.833 dm’ mol™' min™*




k =

60 min x 0.02 mol dm™

l .
= 1.2 mol dm-J min = 0.873 dl'l'lj rnol'l I'l'liﬂ-' Ans.

1744 Examples of second order reaction:
Hydrolysis of an ester by NaOH is a second order rcaction

CH,COOC,H, + NaOH ——— CH,COONa + C,H;OH

. The progress of this reaction is studied volumetrically. The amount of
NaOH being consumed is decreasing every moment. It is titrated with standard
acids taken in the burette. The graph is plotted between time on X-axis and
decreasing concentration on y-axis for NaOH. The rate at any instant can be
calculated from the slope of the point.

745 Second order reactions with different initial concentrations:

Iet us consider two substances ‘A’ and ‘B’ with initial concentrations ‘a’
and ‘b’. Suppose ‘x’ moles of each are decomposed into products. According to
law of mass action, the rate of a reaction at time ‘t’ will depend upon the

concentration (a — x) and (b — x) left behind.

A - B _ Product -

a + b Zero t=0
(a—x)+(b-x) - X t=t

& @-% ©-9

%;5: k(-x06-x e (1)

where ‘k’ is the rate constant for second order reaction.

This equation (1) is telling us the speed with which the reactants are
®averted into products.

Actually, we want such an equation which tells us the concentration of

actants left behind and those of products formed at any time ‘t’. For this purpose
We have to mtegraie ﬂliS equaﬁon_ FlISt Uf ﬂ separale thﬂ vanables E.Dd take t_he

“oncentration terms on the [ H.S and the time on the RH.S.

dx — kdt
(a-x)(b-x)
dx Y
oot = = @

The integxation of nght hand side of this equation is kt + ¢.
In order to integrate the LH.S.. we have to do the partial fractions first of all

= raneDEA A% . " T)

TF L
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Partial fractions:
Let us proceed to do the partial fractions of L.H.S of above equation.

Split as follows

I A & B | o (3)

(@a-x)(b-x) (a-x) (b-x)
‘A’ and ‘B’ arc the constants which have been proposed to be determined.

1 _ A N B
(a-x)(b-x) (a-x) (b-x)
_ A(b-x)+B(a-x)
- (a-x)(b-x)

Since, denominator is common on both sides, so it is cancclled and above
cquation can be written as

1 = A(b-x)+B(a-x)

In order to get values of ‘A’ and ‘B’ we put (a — x) and (b — x) cqual to
zcro onc by onc

1 = A(b-x)+B(a-x) e - (4)
Put (a-x)= 0
So, X = a —

Now, put x = a in above equation (4)
1 = A(b-2a)+B(a-—a)

] = A(b-a)
] = -A(a-b)
So, A = (a—-lb) ...... (5)
Let us put
(b-x)= 0"
or x = b

Put value of x = b in equation (4)
1 = A(b-b)+B(a-Db)

| 1 = B(a-b)
1 .
B = S B B4 b o e, s (6)
Now put the value of ‘A’ and ‘B’ in equation (3).

Hcence, |
| 1 1

(a - x) (b—x) _(a—b)(a-x)"'m ...... (7)




|

[In (@ -x)—In (b -x)]

(a-b)
o (a-b) (b-x)
This is the integration of L.H.S.
The complete integration of the equation 1s
1 (a-x)
In = ke i oo o e agiieeaed
(a-b) " (b-x) c o et (8)
‘o’ is the constant of integration. In order to determine its value, we put the
boundary conditions :
When t=0 , x=0
| o
T s 9
a—b) Ing c (9)
Putting this value of ‘c” from equation (9) into (8)
| a—X 1 a
= kt+ In=™ = = | 2 seewen (10)
@-b " (k-0 @b




354 Physical Chemistry

This value of thc ratc constant ‘k’ is calculated from the slope of the
straight linc and that is the valuc of tan 6.

This cquation can be rcarranged by taking the concentration term on the

L.H.S.

Il

| (a-x) 1 . a
G-0)"(b-3) @-b)"b =

1 (a - x) al
(a-b)[ln(b-x)"lnb] .
' bl-x| _ ..
(a-b)['" a(b-x)] F i -

This, is again thc cquation of a straight linc and if a graph is plotted
between time an x-axis and L.H.S of this cquation on y-axis, then a straight linc 1s
obtained passing through the origin.

The value of the rate constant is samc as calculated from thc previous
cquation (10).

7.4.6 Examples of second order reactions in gas phase:’
(i) Thermal decomposition of NO, to give N,and 0,.

2NO, —» N,+20,

(i)  Thermal decomposition of HI to give H,and 1.
2HI iy B # Lo

(m)  Thermal decomposition of NOCl to givc NOand Cl,.
INOCI ———» 2NO+Cl, . -

(1v) Thcnnal decomposition of 0zone to give oxygen.
20, —> 30,

Examples of second order reactions in solution phase:
| , O @
(1) Reaction between CH, I and C;H,ONa to give cther
Q@ ® |
CH,l + C,HONa ——— C,H,OCH, + Nal
(i) Rcaction between tricthylamine and cthyl iodide to give quartenary salt.

- . @ O
(C;Hy);N + CHl ——— (CH) (N) I

® Q
(i)  Formation of urca from NH, and CNO

® ©
NH, + CNO —— NH, - CO - NH,
(ivy  Decomposition of potassium hypochlorite
3KCI0 ———> 2KCl+KCIO,
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7.5.0 THIRD ORDER REACTIONS

"Those chemical reactions in which the sum of rhé co-efficients in the: ra{e
expression of the reaction is three are called third order reactions. " The kinctiC
equation for the third order reactions can be denived in three ways.

()  When the concentrations of all the threc reactants arc cqual.
i)  When the concentrations of two of reactants arc cqual. .
i) When the concentrations of all the three rcactants are uncqual.
15.1 Third order reaction with equal concentrations of reactants:
. (Pagc 634)
Supposc our reactants are ‘A’, ‘B’ and ‘C’ and the initial conccntlfations of

each of them is ‘a’ moles dm™. If ‘x” moles of each of them are transferred to the
products, then * e i . '

A+ B+ C ——> Products
q+a+a —> ZCro t=0
@a-x)+(@a-x)+(@a-x) — X t=t

The rate of reaction, Y depends upon the remaining concentration of “A’,

‘B’ and *C” at time “t’.

T (a-x)@-@-¥
dx a '
4 - k(@-x) | _ B (1)

Here, k is the ratc constant of third order rcaction.

This equation (1) tells us the rate with which the reaction is progressing.
Actually we want such an equation which can tell us the concentrations of
f@ctants and products at any time ‘t’.

For this purpose, we have to integrate this cquation (1).

First of all do the separation of vanables.

k dt

m ...... (2)

< ‘c‘, is the constant of integration in equation (2). In order
of ‘o put the boundary conditions in equation (2) that when t

to determine the
=0,x=0

b
k u
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| |
| 2(11-0)1“' k)(U"'C
.2_'55 & 3 SRR (3)
] Putting this value of ‘¢’ from cquation (3) into ¢q. (2)
l 1 '
2({1 — x)z = kt - '2-&72' penene (4)

Equation (4) is the cquation of straight line, If a graph is ploticd between

: . l
time -
: ¢ on x-axis and 2(a - x)?

through the onigin Fig (7).
The slope of the straight line gives the value of rate constant °k’.

[ — e — e ———— W

on y-axis, then a straight linc is obtained not passing

1 1
2(a —x)* 2a?
; a’ — (a - xf
kt = 2a%(a — x)*
a? — a? — x? + 2ax
2a%(a -x)*
2ax — x>
K= 2a%a - x)?
~ x(2a - X)
kt = 2a(a - x)*

kt =

? Y
|
|
|
| 1 T
.']t = 2 "
' 2@ - x) < 0 Tan 0 =slope =k
| wra
2a’
, X X
| _ 0 t
Y ' |
Fig. (7) Graphical representation of a third order reaction
~'with equal concentrations of reactants.
Let us rearrange the cquation (4) and join the concentration terms on the
R.H.S. and ‘kt’ on thc L H.S
|
|
|
|
I
|

kt

1 x(2a - x) ° ,
k = Y2a%@-x?2 T (%)
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By putting the values of ‘x* and ‘t* for a reaction at different time intervals
the value of the rate constant ‘k* can be calculated. If it comes out to be constant
for every reading, then the reaction is third order,

The equation (5) can be written as follows.
x(2a - x)
I y - kt
2a%(a = X)

The cquation (6) 1s of a straight linc and if a graph is plotted between ‘t"on
x-axis and L.H.S of this cquation on y-axis then a straight linc is obtained passing

through the origin, Fig (8).

Y
x(2a - X)
2a’(a - X)
. Tan 0 = slope = K
X £ X
. 70 { —————
YI

Fig. (8) Graphical representation of third order reaction when -
concenlrations of reactants are equal.

~ The value of the rate constant ‘k’ i1s the same from this graph as we
obtained from the previous graphs.

1.5.2  Units of third order rate constant:
In order to derive the units, et us put the units of ‘a’, (a - x) and ‘t’.

y 1 x(2a -x)

2t " a(a - x)?

" | moles dm™. moles dm™
) e de N (males dm=3)2
scc. " (moles dm™)* (moles dm™)°
|
T

scc. ' (moles, dm™)?

l l
k = —, |
SCC. (molt::;)2 ~dm™®
-|

: k = dm® mol™ . scc
-3 Half life period of third order reaction

0,50 Third order reaction completes ats half hfe, when the value of the *x’ is

S0, when x = 0.5a, thent =1t

il
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| x(2a - Xx)

Since, t = % * ak(a - x)?

- 1 0.5a(2a - 0.5a

1/, 2k’ a*(a- 0.5a)*

~ R E l.5a
Y, = 2k - a?. (0.5a)
3 1.5

It} = 32
It means that the half life period of third order reaction is inversely
proportional to square of initial concentrations.

7 5.4 Third order reaction when the initial concentrations of two

reactants are same:
Now suppose that, the initial concentration of ‘A’ and ‘B’ is ‘a’ molcs.

dm=3 and concentration of ‘C’ is ‘b’ moles dm™.
A+ B+ C —— Product

a+atb ——> zcro t=0
@a-x)+(@-x)+(b-x) — x =1
According to law of mass action, the ratc of chemical reaction is dircctly
proporticnal to the concentration of reactants at time ‘t’

= Ka-0@-0 6% .
%%= k(a - x)? (b - x) . wpsoer (1)

In order to do the integration, variables are to be scparated

dx
(a _ x)g (b B X) — kfdl ...... (2)

The intcgration of R.H.S of this cquation is kt + ¢’

LH.S of this cquation can only bc intcgrated after doing the partial
fractions. If we do it and complete the cquation by finding the value of intcgration :

constant ‘c’, then the final cquation comes out to be,

|

l 2x (2b - a) b(a-2x)|
(a_zb)l[ a(a_zx) + In a(b-){)]_ kKt T 5 W eeens (3)

This i3 again the cquation of a straight linc and a gmph can be piotted
between ‘t° on x-gxis and all other factors of L.H.S. on the y-axis. The slope of the
straight linc passing through the origin can be calculated and so the rate constant

‘k’ can be measied
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7.5,5--Third order reaction when the initial concentrations of all the
reactants are different:

The general third ordcr rcaction can b¢ written as follows, with initial
concentrations ‘a’, ‘b’ and ‘c | .
A+B+C ———> Products
 a+b+¢c —— Zero =0
(a-X)+(b—x)+(c—x)——> x ., t=t

S0, 5‘_?5__ k(a- F‘C)(b x)(c x)

Scparatlon of vanablcs and the process of integration . nccds the part!al
fractions. ey TN

R - SPETI N
(a—x)(b- x) (c- 1x)

dx  =AG )
(a—-x)(b- X)(c X) kfdt -,

Fmal expression 1s as follows

ki 1 [(a x)b ; .(b x)“ “(c x)“'j Hromiendo] Loy Y.
n a " b c B f_ ' .
s~ L= i (2

ThlS equatlon (2) 1s of a stralght line and if a graph 1S plottcd bctwccn t
on x-axis and the L.H.S. of this equation (2) on y-axis, then a- stralght linc 1s
. obtained passing through the origin. ' |

7.5 .6 Examples of third order reactions:
(1) The oxldatlon of NO into NO is a third order reaction.

| 2N0+O ———— 2NO,

This reaction happens with the decrcasing numbcr of molecules, The
progress of this reaction can be studied by measuning the decrcasc in
pressure at constant volume. This can be donc with the help of manometer.

The initial concentration of NO is ‘@’ and that of ‘0,’ is ‘b’, so
i | —— - x)* (b—x)

The integrated form of this cqulation will be the same as mentioned above.
_(ii) ~When FeCl, 1s reacted with SnCl,, then the reaction is observed as third

- order.

|

2FcCl, + SnCl —— > 2FcCl, + SnCl,

. The prééfess of reaction is studied by the titration of the reaction mixture
With standard solution of K,Cr,0;
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Third order reaction in gas phase: _
(«) Fhe reduction of NO with H,.

2NO + H, » N,O +H,0
'Y Formation of NOCI
2NO +Cl, — 2NOCI

(111 Formation of NOBr,
INO + Br, ———? 2NOBr

Third order reaction in solution phase:
(1 Rcaction between FeCl, and Kl

2FcCl, + 6KI ——— 2Fel, + 6KCl +1,

(11) Decomposition of HBrO in the range of pH = 6.4 — 7.8
3HBrQ0 —— 2HBr + HBrO, |

(111) The rcaction of HCOONa and CH3C00Ag'
HCOONa + 2CH,CO0Ag —> 2Ag+ CO, + CH,COOH+CH,COONa

7 6.0 METHODS TO DETERMINE THE ORDER OF REACTION
cal equations do

As we have discussed in various examples, that the chemi
not give a correct picturc of reaction. In order to understand the mechanism of

reaction, it is essential to determinc its order. Let us discuss some of the methods

to determine the order of rcactions.

(1) Method of tral: _
In this method, the data of the chemical reaction is collected in the

laboratory. The data of the reaction in chemical kinetics means that we measure the

concentrations of reactants and products, after defimte intervals of time. _
(i) - If the values of time and concentration arc substituted in first order

cquation and the value of rate constant ‘k’ comes out to be constant, then

. -the reaction is first order.
*~ The equation is as follows:

t (a-x) _ | 4
i)  If the data arc substituted in the second order cquation, and we get the
valuc of rate constant ‘k’ same In all the readings, then the reaction 1s

second order. The cquation is as follows.
1. b(a- 9.
k = " In a(b — X) .
i)  Ifthe data satisfy the third order ~quation, then the reaction is third order.’
In means that the order of reaction is detcrmined with that cquation which
ajvcs a satisfactory constant valuc of ‘k’. For this reason, this is called the

method of trial.
First of all, this method was very popular, Anyhow, it is still extensively

1u9-;¢ 5, simplc rcactions.
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kn ' '
We know that the rate of g chemical reaction decreases with the passage of

time. Thc amount of mei"“ "X’ produced in a chemical reaction becomcs less and
less with the passage of time,

When a graph is plotted between time an x-axis and concentration of

products on y-axis, then rising curve is obtaincd. The slopes of the various points

of this curve give us the Instantancous ratcs of this rcaction at various time

intervals. It mecans that the valucs of %?-:' can be calculated, at different time

intervals.

()  For first order reaction,

(A

dt =~ k@-x)
:Ixhis 1s the cquation of a straight linc, ‘(a — x)’ is independent variable and
dt Is dependent variable. When a graph is plotted between (a — x) on x-

. dx . . . '
axis and dt an y-axis, and a straight linc is obtained, then the reaction is

. first order. The graph is as follows. Fig. {9)

Y
dx /
dt :
K o Tan O =slope =k
X i X
0”0 (a-x) —>
LY
| Fig. (9) The gr. ;h of first order reaction.
(i) For the second order reactions,
dx _ 2
1 = k@ - X)
This is an cquation of a straight linc. When we plot a graph between

o dx - e
(a - x)? on x-axis and q¢ O y-axis, then the straight line convinces s that

i i the reaction is sccond order. Fig. (10)
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Ilig. (10) The graph of a second order reaction.

(11) For third order reaction

dx )
4 k(a - x)
This is an cquation of straight linc when a graph 1s plotted between

, dx . :
(a - x)’ an x-axis and qp An y-axis. Under these circumstances, the

rcaction should be third order. Fig. (11)

Tan 0 =slope =k

0 (ﬁt-x)3 —_

Fig. (11) The graph of a second order reaction.

(3) Half life method:

This 1s onc of thc good mcthods to mcasurc the order of a chemical
rcaction. In the previous articles we have derived the expressions for half life
period of first order, sccond order and third order reactions. These are as follows.

(1) For first order recaction,

l

(’lfz)l & Zﬁ

(1) For sccond order rcaction,

1
(), = 71

1/




(i)  For third order reaction,
l
() < 2

From these three expression, we conclude that the half life period of nth
order reactions is inverscly proportional to the initial concentration, onc
less than the order of rcaction. Hence

1
-1

(r“'z)n U al'l

Let us suppose that, we have rcactions whose order is to be mcasured. At

initial concentration a,’ the half life 1s ‘tl'. At initial concentration 'az' the

half lifc is 't,". Kecping above explanations in view, we can say that
1

Ky (’1)
[2 oC 111-1 o aeeees (2)
%

Let us divide two equations.

h (ﬁ)n—l .
&

In order to have the order of reaction ‘n’ in the quation in such away that,
i+ should not remain the exponents of concentrations, we should take the

log of this equation.
Now, take the natural log on both sides

L a |+
| ln't:= In 2

4 d
== (n-1)In—
lntl (n-1) a,
a _'2
(n—-l)ln'ja;= lntl
lntjltl
(n—1) = Ina,/a,
Int./t
. B i
lnallaj

So. if we know twO initial concentrations ‘a,’ and a,' and two half life

periods, t; and t; then order can be calculated.

@) Differential method: |
This method was given Dby Van't Hoff. It 1s also called Van't Hoff

differential method.
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We know that the rate of a reaction having order ‘n’ is proportional to the
nth power of concentration, so ;
dx n
-t = kc

Hence ‘c’ is the concentration of the reactants at any time ‘t’. The rate of
reaction with respect to rcactant, ¢ can be written as

dc
—— = Len
dt kc

If we do the experiment twice, with two different concentrations 'c,' and
¢, then the rates are as follows.

de, *
- = ke, e (1)
dc,
_E = kcnz ...... (2)
Take the common log of equation (1) and (2) '
dc,
log ¥ R logk+nlogec, — «--o- (3)
_, | dc,
| log ar 1 Bs logk+nlogc, - (4)

On substracting equation (4) from cquation (3)

dc, dc,
log rTy - log -

n = W .......... . (3)

In order to determine the value of order of reaction ‘n’ we should know the
two concentration r;l and ¢ c2 and two rates. The rates of recaction are determined

from the slopes of the points on the curves as we have mentioned in second
mcthod.

S. Ostwald 1solation method or large excess method:

This method 1s employed for complicated reactions. One of the reactants is
1solated by taking two reactants in large excess.

Supposec we have a reaction,
A+B+C ——— Products

We determine the order of rcaction with respect to ‘A’, ‘B’ and ‘C’. Then
the overall order is calculated by adding all the orders.

When we want to determine the order with respect to ‘A’, then ‘B’ and ‘C’

arc taken in large cxcess. In this way ‘B’ and ‘C’ do not determine the rate of
reaction. Similarly, the reaction is repeated for other two species.

Let the orders with respect to “A’, ‘B’ and ‘C’ are n,', 'ng', 'ng, then the

overall order ‘n’




7.6.1 Experimental techniques to follow the reaction rates:

For the study of kinetics of chemical reactions, various techniques arc
gencrally cmployed. Suitable analytical techniques are employed to record the data
of the progress of reactions. We note the concentration of reactants and products
with the passage of time and this thing is called data.

The suitability of any analytical technique for obtaining the kinetic data
depends upon.

(i) _ Half life of a reaction.;

(ii) = * Time scale on which the method operates. ¢

A successful method for measuring the concentrations as a function of
time should have the following characteristics.

(i) -_ The techniques should be instantaneous
(i) 'We should be able to get a record of rapidly changing¢
_concentrations. *
(iii) ~ The techniques should not influence the rate of reaction.
Categories of sampling techniques:
- Broadly speaking, there are two categories,
(@) - ~ Direct sampling technique.
(b). !Indirect method.
(1) Direct sampling technique:

, The sampling is followed by an actual chemical analysis. At a
particular instant, a small aliquot is withdrawn from the reaction vessel and
the reaction is arrested. This arresting can be done by suitable procedure.
For example, sudden cooling or addition of an acid or a base serves the
purpose.

() Indirect sampling techniques:
In these techniques, we study the property of a substance which

changes with the change of concentration. We should be able to measure
this property with convenience. Some of the physical properties which can

~ be employed are as follows.
- (1) Measurement of volume change.

(11) Measurement of density.
(i)  Measurement of optical rotation for optical active substances.

(iv) ‘Measurement of electrical conductivity.

(v)  Spectroscopy.
(vi)  Potentiometry.
(vi)  Polarography.

- (viii) Magnetic susceptibility
- (ix)  Refrative index
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Study of fast reactions:

Some special experimental techniques are employed to study the kinetics
of fast reactions. Some of the methods are as follows.

(1) Flow method

(11) Relaxation method

(i11)  Flash photolysis

(iv)  Molecular beam method

7.7.0 ENERGY OF ACTIVATION

We know that the molecules of gases and liquids arc colliding among

% themselves with certain cnergics and chemical rcactions arc duc to collisions.

Every collision docs not lcad to the chemical rcaction. Chemical rcactions take
. place when the old bonds are broken and ncw bonds are formed. In order to break
0\9\ W"h the old bonds, somec extra cnergy is required. In other words, the reacting
molecules attain the activated state and become able to convert themsclves into

" \\WV ' products.

Q It means that the rcactants do not pass directly to the products, till they
. q - acquirc on additional amount of cnergy morc than the average cncrgy of thc
Q\/\I molccules of reactants in the system. This energy which is more than the average

energy and is just sufficient to convert the reactants into products is called energy
of activation.

Those molecules which posses cnergy of activation arc said to be
activated. Take into account the hypothetical reaction

A+B : C+D

Consider the following diagram (12), in which the rcactants arc present at
higher avcrage encrgy than the products. According to thc diagram, the average ©
Wis less than those of reactants, so the reaction is cxothcrmic. But |
rcac,.%nts have to attain the activated state before forming the products.

A Y

o

A 2 i
W, M
Qﬁ% ‘&._TL

Activated state

\, b . E,
\‘”/\/7 vA (i el -
'é_ff ”0\ r\\‘\{xﬂ A+B "i'—;;"
v, -\ Y

‘ : 0 |
Lrﬂ'*h" Y Reaction co-ordinate  ——>
f\l
'] éU\ / Fig. (12) Idea of energy of activation
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The molecules of reactants must
role down the hill to form the products,

'E,' is the energy of activation for the forward reaction and 'E,' is for the
backward reaction. The exothermicity of a reaction is the difference of 'E 'and 'E;’.

_ '"- 1s clear from L!'lc diagram, that greater the cnergy barricr smaller the
possibility for the conversions of reactants into products. In other words cnergy of

climb the criergy barricr before they can

‘activation is onc of the major factors which controls the ratc of reaction.

7;7.1 What is the source of energy of activation in a system:
Duc to collisions of gas molccules, some of the molecules are activated

duc to favourable collisions, It depends upon the chance, whether it will get a.

favourable collision to be activated or unfavourable onc to be dcactivated.
Anyhow, it should be belicved beyond doubt that molecules experience millions

and millions of collisions per scconds. These are activated and deactivated millions
and millions of time per seconds.

In the activated state the molecule may get the chance to be decomposed
carlicr than to be deactivated and remain as a reactant. |

1.7.2 Effect of temperature on the reaction rates:

~In the previous discussions of reaction rates in thc whole chapter, we have
considered that the rate of reaction is influenced by the concentration of reactants.
Temperature was thought to be constant. Experiments have told that an increasing
{emperature increases the reaction rates and do not change the order of reaction.
Anyhow, high increasc of reaction rates is observed both in gascous and liquid
phase reactions. But be carcful that the formation of NO, from NO and O,, shows

the cxceptional behaviour. Its rate decreases with the increase of temperature.

Temperature co-efficient: As a rule the increase of temperature by 10°C, doubles
the reaction rate. Hence the ratio of ratc constants of a reaction at two different

imperatures, differing by 10°C, is called temperature co-cfficient.

k35 k303

T e ' = =2 === = 2103
~ Temperature co-cfficicnt kas  Kopg

113 ‘Temperature dependence of reaction rates and Arrhenius

equation: .
‘ In 1889 Arrhenius experimentally obscrved the variation of rate constant
'k' with, absolute temperature, “T’. He gave an cmpirical relationship between rate

“nstant ‘k’ and temperaturc ‘T".
~ Al s . (1)
log k T

‘A’ and ‘B’ arc thc constants v_:hich dcpcnfi upon the nature of the
icrmcal reactions. According to this cquation (l_), the Incrcase of tempcerature “T°
MCreages the rate constant ‘k’. This equation (1) 1s cquation of a straight line and if

AL

8raph jg plotted between == on x-axis and log k on y-axis, a straight linc is obtained

T

% _mﬂ“’ negative slope Fig. (13).
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Tho value ot *B* is obtained from the slope ol‘. the strqig}u Iincfand thfi'llt of
factor ‘A’ from the intercept of the straight line. Equation (1) is in the form of log,
and it can be converted into exponential form,

Y

g Tan 0 = slope =D
Nt

Ink - .
A o
X X
YI
Fig. (13) PlotofIn k and %._fbr Arrenius equation.
103 k = A'- B/T
" \,S = (A'-B/T)
L“\L . n. R ;Y A o
\\ < - k = e¢* xc™T (¢ =A)
£, t\*‘\'h/ k = AcoT TR s @ R
(1, Equation (2) is the exponential form of Arrhcnius equation and it serves
o the sume purpose as cquation (l).“"Ax:lyhgw, the factor B was replaced by Ea/R and
the accepted form of Arrhenius cquation is as follows: -
_E
< | k' = Ag RT  © © osenes (3)
_ Llu” In equation (3), ¢ ¥R is called Baltzmann factor. Its value 1s controlled
™"~ by encrgy of activation Ea and the temperature, “T”. This equation (3) is called as
' l\’b ("Y'~ Arrhenius equation. Both ‘A’ and ‘Ea' arc independent of temperature and are

determined by the properties of reacting molecules. These two factors have a great
theoretical significance. - |
‘774 Calculation of energy of activation: '

When we take the log of equation (3) and rearrange it, then we get the

following expression.
nk = InAc RT
Ink = InA+Ing “RT
Ink = InA-Ea/RT.In¢ Since (Ine=1)
SO. lﬂk = lnA-—EaIRT

or Ink = -Ea/RT+lnA ... (4)
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-+ Equation (4), is of straight lin. When a graph is plotted between 1/T on

Let us study the deccomposition of N,O, which is a first order reaction.

\ C emitta po oot o N;;O, TR 2 2N02+'%'0,

. I 1 J. | ' .
| The value of the first order rate constant ‘k’ is determined in the laboratory
at different temperatures. |

i (14)A graph is plotted between 1/T an x-axis and ‘In k* an y-axis as follows.
ig. L |

1
| |
LIl

E
Tan 0="ﬁ"'l . E, = Rtan 0

intercept =In A | \\\\

~ Fig. (16) Measurement of slope of straight line.

The value of the slope of the' straight linc comes out to rbc -3400K., The
energy of action ‘E,’ can be calculated as follows.

Ea
Slope =-5303R

Ea = — (=5400K) (2.303) (8.314 JK~ mol™)

| Ea= 103410 J mol™
. Ea=10341kImol™.
1.7.5 Calculation of Arrhenius factor ‘A’:
_ The value of intcrcept of the straight line is equal to ‘In A,
, AL i In A = ntercept
._,'_'-ii-*;‘l *'Taking the antilog on both ‘sidcs.

W, 1A =" Antilog (intercept)
e A = 4.3x 103
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Its units arc same as for the specific rate constant. The Arrhenius equation
for decomposition of N,O, becomes.

k=43 100, 0 L. (5)
When we substitute the value of temperature in cquation (35), then we can
get the rate constant for thermal decomposition of N,O, at that temperature.
EXAMPLE (12)

In the Arrhenius equation for a certain reaction, the value of 'A' and

'Ea’ are 4 x 10" 57" and 98.6 kJ mole™' respectively. If the reaction is of first
order at what temperature will its half life period be 10 minutes.

SOLUTION:

Data: ’
A= 4x10" sec
E, = 98.6 kJ mol™

tin= 10 minutes = 10 x 60 sec = 600 sec
The Arrhensius equation is

| k = Ac™RT

f'.- Let us take natural logarithum of both sides,
| Ink = InA-Ea/RT

f k

' In"~ = —Ea/RT

Converting into common log
k
2.303 Iog—A' = -Ea/RT  ...... (1)

First of all get the k from half life period

_0.693  0.693 T 3 e
k = th . 600scc - 1.155 x 107 sec

Putting the values in equation (1) '1

> 303 log 133X 10 sec”’ ~ —98.6 x 10° J mole
' % 4x10%sec' 8314JK 'mol' xT

- 98600
19.147 TK™

- 16.54 =

98600 K

T = 19147x1654 -
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We know that, |
K
Ink = - =
. In A RT
Differentiate this equation with
s & réspect to temperaturce
-i—ld.r = Do e

- (6)

Equation (6) is differentiated form of Arrhenius cquation. It tclls us the
rate of change of natural log of rate constant with respect to temperature. If we
integrate this ?quauUn (6) then we will get original equation (4). But now, we want
to integrate this equation (6) within limits. |

We suppose that at temperature ‘T,” the rate constant is ‘k,” and at
temperature “T,’ the rate constant is By

Separate the vanables by bringing temperature on R.H.S.

d(lnk) = %.dT
i h i )

k2 2
f _d(ln k) = % j (%)
. ' i

K Ear 11k
e k]kl ~ R [’ T]T1

Ea[( 1 1
mig -k, = (-] (-7 |

1" &
k, EaL-T,
« TR T, (7)

According to the equation (7), we can calculate the valuc of Ea if we knowl
t""‘0(ertlperau_lres ‘Tl’ and ‘Tz’ and two ratc constants ‘k]’ and k:

XAMPLE (13)
- The rate of particular reaction becomes four times when the
‘[?Peratm-e. changes from 20°C to 40°C. Calculate the energy of activation
samdlareaction,

LUTION.
o ;‘ﬁ"twomwwnsmnmarck; and k- so, k. .- 4

Ty = 20C°+273 = 293K and T:; =40C°+273 = 313K

NN

e

s CRL2Y

{1}

I-_::“.::rﬁl“ “e
Teey 113V
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Applying the relation of rate constant and temperature

og 2= Ea(lp-T)
ki 2303 RT,T,

Substituting the valucs in the above cquation
- E, (313 —293)
OB = 03 x 8314 % 293 X 313
20 E,
020 = 03 x 8314 x 293 x 313
Rearranging the equation
B = 0.6020 x 2.303 x 8.314 x 293 x 313

20
= 52854.55 J mol™

Hence activation cnergy = | 52.85 kJ mol™ | Ans.

1.7.7 The Arrhenius parameter for some important reactions:

Some of the following reactions which are unimolecular and bimolecular
arc mentioned along with their energies of activation and Arrhenius factor ‘A’. The

units for cnergy of activation is kJ mol™'. For first order reaction, the units of
Arrhenius factor *A” is sec™!) and for second order reaction it i dm’. mol™. sec.”!;

(1) C,H,Cl — C_H, + HCI

(11) C,HBr — C_H, + HBr

(w) | CH,COOC,H;—> C,H, + CH,COOH
(iv)

C¢H,(NO,);COOH — C(H,(NO,), + CO,

() [2H — H,+1,

(i) [2NO, —> 2NO +0,
(iii)

(1v)
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b The decompositi : ' ' -
] (') position of diazg compounds was studied by Ramspherger 1n
. Ows the following graph Fig. (15). It is a first ordcr

k' sec”!
3

002

T°C

s Al RTYRAL

5 250 260 270 280 290
- Gapat —> Temperature
Fig(15) First-order gas reaction C;H,N,C3H; = CH,,+ N,
| (Ramspherger, 1926). _ ,-
()  The reaction of CH,I with C,H;ONa was studied by Heacht and Conrad in

N S g graphs is as shown in F ig. (16). It is a second order reaction.

e - .

"h."'l-l-lnnl.-
o

=2 rrAG S

- e
= o

50

: 0 0 10 20 30

G5 rger G D R tion in solution
A T L e, (16) Cecond-order reac B
e B 'f:}f,o”a v CHyl = CHOC; 2
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The reaction of acetic acid with CH,OH in the presence of an acid ywae

studi‘t‘:d by Williamson and Hinshelwood in 1934, The graph is shown ip
the Fig. (15). Itis a sccond order reaction.

0-16

0-12

: E
mol™! sec

"= 0-08

k' dm

0-04

20 30 40
— Temperature -
Iig. (17) Acid-catalyzed reaction
~  CH,COOI + CH,0H = CH,COOCH; + H,0
1 T (Williamson and Hinshelwood, 1934).

All these graphs show that the increasc of tcmpcraturcs make the ‘k’

valucs to increasc.
7.7.9 Arrhenius Plots:

' , lll
For the above mentioned reactions, we can plot T on x-axis and ‘log k’ ar

y-axis. The straight lines arc obtained. ™= vaiucs of Intercept can be caiculated and
cnergics of activation can bg

cvaluated. The graphs arc as folls, we Fie (i8a, b, ¢)
[ Intereept (1T =0)=13.75 — Inlereept (/T = 0) = 1053
—
Al
¥ \

3.4 Slope = 8970

Slope = 4200

LTK Al ITK
R
4.6 —rsig 00019 0.0034 00035 00036
Iig. (18) '

Fig. (19)
Reaction of Cli 31 with C,l{ .ONa

Decompasition of diazo compounds




Slone =
20 ope = 2200

1/TK
0.0032 0.0034

Fig. (20) Acid-catalyzed reaction
CH 3COOH + CH ,OH =CH 3COOCH "% H 20

7.8.0 THEORIES OF REACTION RATES .«

Theones of reaction ratcs have been put forward to _underﬁénci the basic
factors which control the ratcs of reaction.

Two theonies are important:
(1) The collison theory

(2) Transition state theory
We discuss thesc two thcories onc by onc.

7.8.1 The Collision Theory
This theory is based upon two postulates.

(i) Molccules must collide among themselves to do a chemical -
reaction:

(11) The energics of the colliding molecules must be at least cqual to -
‘the activation energy 'Ez'” '
| In order to do the mathematical explanation of this theory, lct us consider a
bimolecular reaction with same type of molecules i.e., ‘A’.

2A ——> Products

According to law of mass action, the rate of reaction depends upon the
Concentration of substance ‘A’

—d[A] _
o = KAJ

. Since, collisons are must for doing a chemical reaction, so we should take
10 account the number of collisions happening among the molecules of substance
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‘A’. This is called collision number and is denoted by 'Z,,". It is the number of
collisions between like molecules per unit time per unit volume.

| e
Z,\, = '\T—E.ncznic o (@)
‘s’ is the collision diameter of the molecule and it is the quantitative

mecasurement of size of thc molecules. ‘¢’ 1s the avcragé velocity of the gas

“molecules. ‘n,’ is thc number of molccules per unit volume. .-

According to first assumption, the ratc of this bimolecular reaction should
be cqual to the collision number. Morcover, the concentration of the substance ‘A’

. v i

may be replaced by ‘n,’ which is the number of molccules per unit volume.

s —g{.i%l - k[A]Z‘-.' "1
Hence __let_ = kn} v
—d[A] _ , |
dt T faa
In other words,-
knz = Zy, "
Z
kK = =3 3)
| rAccording to the equation (3), the rate wﬁsgqﬁt.qf the _réa_;f_tiqn 1S _e:;:presscd
in terms of mﬂiﬁioﬁ number ‘Z Mf and number of mqlc;ulcs per unit volume. .
The units of the rate constant of bimolecular reaction arc dm> mol™". scc:_.'k:
The units of R H.S of cquation (3) should bc changed accordingly. Hencc cquation
(3)1s converted into j : | -
k g [Ta’};:lx-;z-dm?' r?nol ls.cc - (4)
’ Lct u§ substitutc ﬂw valuc of Z AA in cquation (4) and simplify 1t.
i k = [TNC%] )("Jl—-; TCOJE dm3 mol"l- SEC—Il,.I‘ W rad 9 ¢ ] (5) -
' <2’ is thec average velocity and has the cxpression.

|

i
o3 i Ry TRURRT
. oM

i
!
E
]
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Ifwe Join equation (4) and(6) then,

Al AA (N TRT '
GOJ Y 2(103] ™ e (7)

A

Let us know consider that the reaction is taking place at umit concentration.
Under these circumstances.
_ [NA ] 2
3 =
10 A

< 70? °*
£” 15 the collision number at unit concentration. When we give the units
of second ordcr reactions to ‘Z° then

S CARN
1000/ A

Under these circumstancces, we can say that

N, nRT
k = J9= 2[1 03] —'ﬁ- ...... (8)
Slmply, we can say that '_ et
" k - 70 dm3 mol-—l ...... (9)

Accordmg to cquation (8) and (9) we can calculate the rate constant for -
this bimolecular reaction, if we know the collision diameter ‘c’ temperature “T”
and molar mass ‘M’ of the rcactlng substance.

.- Vel‘lﬁcatlon of equatlon Ko

~ This equation can be verified by two ways.
(i) By calculating the effect of temperature on rate constant.

() By comparing the expcrlmental and theoretical rate constants.

Effect of temperature: Equation (3), tells us that if we increase the temperature
by 10°C, then therc happens an incrcascd in the rate constant by 1%. Actually,

10°C rige of temperature increases the rate 200%. It means that this equation can

"0t explain the cffect of tcmperaturc change on the ratc constant.

Compansun of theoretlcal and experimental rate constants:

~If we calculate the valuc of ‘k>.or “Z°" from equation (8) by substituting

cs of paramcters lkc ‘o’ “T” and ‘M’, then the valuc of ‘k’ comes out to
Y high, as comparcd to the cxpcrlmcnta] valuc of k’ for the same reaction,

It mcans that the number of collision ‘Z°" calculatcd by cquation (3) can

us to gwc the actual value of k. IR
| the colhslons arc not fru1tful to brm&, about a

thc Valu

Of energy of actlvatlon. -
¢ to get the correct cquatlon bccausc we did not

jvation Wthh Is our sccond assumpuon in the
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theory. The reality is that only thosc collisions are fruitful which have encrgy cqual

to cnergy of activation. Such collisions will be fruitful and will lcad to the
chemical reaction,

L —-—
g e— e — e | —— o et iy G il

How to determine the activated molecules:

In order to calculate the molecules having cnergy cqual to the energy of
activation, we should take the help of Boltzmann’s factor..Actually Boltzmann has
given a law which is called encrgy distribution law. According to this law,

Ea

n*

n* = number of activated molcculcs

n = total number of molecules

E. = cnergy of activation

T
_Ea

= tcmpcraturc

¢ RT = Boltzmann’s factor

- The valuc of ‘n™’ gives us the concentration of activated molecules which:
‘cnables us to know thc number of effective collisions! In our casc, ‘Z°’

corresponds to ‘n’ which is the total number of collisions and out of which some
are fruitful corresponding to ‘n*°. 141

. - JES ./
Hence, number of cffective collisions = Z°¢ — RT

‘ If these collisions lead to the chemical reaction then the ratec constant ‘k’
which depends upon the effective collision is written as followers.

Ea

W ————

k = Z°¢c RT .. (10)

TI'u:s cquation (10)_ 1s applicable for many rcactions which are simplc. For
tl(lﬁ!‘;c rcactions, thc cxperimental and theorctical ratc constants agrcc with cach
other. |

E - - . . iy : ——— .."r-'—uw*‘-"

Fa
7.8.2 Failures of equation k=Z° ¢ T hased on collision theory:

15 W ey P"i!“‘.’d out above, that the cuation of the collision theory is
not adequatc for determining the rate constant | '

: - , t 18 applicable to si lons
in solution and the gascous phasc reactions PP simple reactio
However, this theory fails in the following situations,

(1) When cthyl alcohol and acctic

anhydride arc reacted 0 :
experimental ratc constant is 10° Cled at 79°C, then the

T times lower than theoretical ratc constant,
(1) When ethyliodide s reacted with

cxperimental ratc constant is 10® times
(i)  When COS reacts with water va

tricthylamine at 140°C, then the
lower than theoretical rate constant.
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7.8.3 Modification of the equation: .

Eﬁ g:le lfhw valueg F’f e?ipt?rimental rate constants is due to the orientation

1L . Y tali?e collisions will prove to be fruitful which happen when the
COLSIONS =, * ng place bthccn those atoms which have to make the bonds. For
his purpose the RH.S of this equation should be multiplied with a acto less than
unity. This is called probability factor. Greater the complexity of structurcs of
reacting substances, smaller the P-factor. |

k = PZ% ~“RT ... (11)
When the reacting molecules are of very small sized, then ‘P’ approaches unity. If
BT

we compare this equation with Arrhenius cquation, k = Ae
Then A = PZ°

A
P = 7o
Arrhenius factor ‘A’ is calculated from Arrhenius plots and ‘Z% 1s
calculated theoretically. So the probability factor ‘P’ can be calculated.

Following table (1) shows the valuec of ‘A’, ‘Z° and ‘P’ for somc of th

react:ons.
Table (1) Values of A, Z° and P for some reactions

A
(1) 2HI —— H, +1, 46100 |4.6x10" '
1.00

i (2) 2NOCL —— INO + Cl,
) 1L 15 x 101° 5% 10!

04 x 10’ 16 x 101 | 6.0x 1072

300 x 107 |7.5>c10“ |4x10'3

n theory: |
the form of equation (11) 1s also not applicable to

Shﬁl‘tcomings of collisio
The collision theory 1N
tollowing cases.
(i) When the complex molec
(ii) When the ~hain mechanis
(iii) When the reaction IS surface catalyzed.

ules are involved in the chemicai rcactions.

m is to be obeyed by the chemical rcactions.
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7.9.0 TRANSITION STATE THEORY

7.9.1 Introduction:

| Transition statc thcory tclls us thc continuous scrics of changes in bond
fhstanccs when the reacting molccules approach each other. During these changes
In configuration of molecules, cncrgy changes also takc place. The molecules
which are rcacting form a spccific configuration before getting transformed into
products. Such a configuration is called as transition statc or activated complex.

The transition statc which is formed does not rcpresent an observable
\f" substancc. It cannot be isolated. It is assumed to possess propertics such as bond

.. {@%ﬂﬁh, molecular weight, cnthalpy alongwith the rotational and vibrational degrees

f freedom. These propertics are possesscd by real molecules. !

’\‘}( The transition state of the reaction corresponds to the highest point on the
\(i\ potential encrgy diagram! The two rcacting molecules 'X;' and Y,' can be visalized
; \N\ Y to form the product XY through the transition statc as shown in the diagram.

_ X Y > P Y
P‘/ | + ]| — b el TN
X Y X '

rcactant molcculces transition statc ~ product
7.9.2 Many step reactions: '

Some of the reactions take place in a single stcp but many reactions occur.
‘through several steps: Each stcp passes through a transition statc and a .
intermediate is formed. The overall rate -of the reaction is governed by the slowest
step. This stcp is called ratc determining step. - G X

7.9.3 Mathematical equation: Q[\Ob/ ‘ W UJ\ ;
) Let us consider the rcaction ‘ 1k
X+Y s———— —— Transition statc (X*) — Products

By using some fundamental propertics of reacting molccules it was shown

\ by Eyring that the rate constant k' for any reaction of this typc is given by:
W i) ‘

RT
| Chp‘q" k = NI K* _ e (1)
v

In cquatipn'L(l),; ‘Na lS Avogadro's ;numbcr and 'K* is an cquilibrium
@N constant for the formation of activated complexifrom the reacting moleculcs.
x*
* - —
T TXIY] _
-._ . The cquilibrium constant 'K*" is rclated with frec cnergy change 'AG*' by
¥  well known cquation from thermodynamics.
ln K'*. = —AG*/RT " Al

0%/
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.~ laking antilog on both sides
’ BY fwm ORI, e cpurles oo gEmen (2)
AG? is the frec energy for activation. Putting equation (2) in equation (1)
k = _B_T_ -AG*/RT
N e (3)

7.9.4 Significance of equation of transition state theory:

Equaﬁg:nﬁ) gives us the information about the cffect of temperature and
| free energy change on the rate constant of chemical reaction. This equation has two

factors 1.6. RT / Nah and ¢ %"/ RT 1£ the tom .
- : perature is constant then the first, ’
factor 1s constant and so the rate constant depends upon the second factor which

,mvolvg the free cnergy change. If 'AG* has a negative value then the sccond N
facto'r Is greater than unity and the rate constant k 1s favourable for the chemical o
rcactlpn. Greater the negative value of 'AG* greater the rate constant of the M \
chemical reaction. '

7 1 Ll

| 7.9.5 Advantages of transition state theory over collision theory: Q ><l*

! (1) In collision theory of reaction rates, we have a probability factor 'P' whichis .\t'

| introduced arbitranly. But in transition state theory the introduction of the \ {,“

entropy of activation AS* has been justificd. 0 X&
(1) - In collision theory of reaction rates, we simply assume that the molecules of
the reactants collide together and change into products, but in transition state

theory, we introduce the concept of formation of activated complex which is

| more appropnate. \¢ , ¢

\Un 47 o - \.

! el X o
'

| C :X‘ .\,f/

| | 9( Q,ﬂ"L "'y

| 7.10.1 Lindmann's mechanism: o -(.J}"

It is a known fact, that collisions between molecules must occur to attain
energy for reaction. It is believed that all the reactions must be at least bimolecular.
Therefore in a unimolecular reaction, only one molecule takes part in the chemical
reaction. In order to understand the progress of such rcactions, Lindmann (1922)
| Proposed that such reactions also proceed to the forward direction by collisions and
attain energy equal to the energy of activation.

Let us suppose that the molecules of reactant is A and is forming the

Products.
A ——> Products
- The rate of disappearance of A
d[A
| = —‘%‘]‘ < [A]

| Where, k = rate constant of this rcaction.
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According to the Lindemann, the molecules of substance A’ are colliding :
among themselves, During these collisions some of the mo]ccul::s attain the energy
equal to the cnengy of activation. The activated molecules of A" are denoted by
. A'\‘

The added cnergy increases the vibrational amp!imdc and may lcad to
dissociation. Further, Lindmann proposed that, thc activated molccules donot
decompose immediately, but remain in activated state for a fruitful period. It may
be deactivated through collisions with less cnergetic molecules.

In other words, there are two ways to disappear ‘A”
(i) They may collide with deactivated molecules of A’ and undergo

dcactivation.
(i) The activated molecules arc decomposed into products before
collisions. |
Hence, the three steps arc given as below. |
(1) A+A Ky A’ + A (activation)
Ratc = Kk,[A][A] :
Rate = k[A] L e (1) ]
(2) A'+A —Lz-——) A+A (dcactivation) |
Ratc = k[A'][A] e (2) |
3) A’ — X3, Products (decomposition) ‘
Rate = k3 [ A'] ...... (3)

Where 'k, 'k," and ’k;', arc the rate constants of three steps.

The overall ratc of this reaction is evaluated from step (3). If we want to
determine the rate of reaction from step (3), then we need the concentration of ‘A’
which is an intcrmediate. -

Steady state approximation:

In order to determine the concentration of 'A™, we apply the steady state
approximation. According to this approximation thc ratc of formation of short
lived intermediate 'A*' in low concentration is equal to the rate of disappearance of

. Rate of appecarancc of 'A™ = kl[A]2
Ratc of disappearance of 'A™ =k [A"] [A] +k,[A")
During the progress of this reaction, these two rates are equal
k(AP = KA [A]+K [A")
K[AP = [A'] (kiA] +K,)
: k A}
[A] k:_l’\] 3 k3 ......

e TR e

!
—_—
4=
—
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™ The overall progress of m————————————————

pProgress of reaction is noted from step (3), which gives the

prOdUCtS.
d[A] ;
T dt T kslA]
Putting the value of "A*" from cquation (4) into cquation (3)
” Cd[A] Kk [A]°
: 7S S e (5)

Conditions of pressure and order of reaction:

There are two situations under which such reactions can be studied.
(1)  Athigh pressure:

W'l:en, the pressurc of this reaction is higher, then the molecules of gaseous
substance ‘A’ come very close to each other. The possibility for the collisions
increase. In other words, the comparison of equations (2) and (3), shows that

K, >>k,
ky[A*] [A] >>> K, [A”]
k,[A] >>> k,

So, we neglect °k,’ in the denominator of cquation (5)

M' kL K[AP

dt k, . [A]
1) R e 6)
odt ek
" (_j_g%]_ = constant [A]l - (7)

~ So, at high pressure the reaction is first order.

) Atlow pressure:

When the pressure of gascous substance is low, then molccules of type
A* get sufficient time to be deactivated. Step '3', is more prominent than stop '2".

Hence,

k, >>> k,[A]

and k, [A] is neglected in the denominator

dgA] ki K [AF
© o dt B k3
_ glfl - kl [A]Z' ...... (3)

At low pressure reaction is sccond order. The change of first order to
*tcongd order reaction at low pressurc has been observed with unimolecular

"Cactiong

.
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Examples:
(1) Thermal decomposition of azomcthanc

3
Y

(11) Thermal decomposition of N, O

Aevel.
JJ'& The scquence of the steps, through which a reaction is supposed to take

.t.hrough a sequence of elementary reactions and simply looking ovcrall rcaction

(CH,),N, ——— C,H, +N, . i,

i
N,0, —— N,0, +10,

These two rcactions confirm the Lindmann’s mcchamsm. When the
rcactions arc happening in solutions their collisions arc very frequent with solvent
molecules. The unimoclcular change is rate controlling and mechanism is first
order 1.¢., the conditions of high pressure are prevailing,

- We know that thc chemical reactions involve thce breakage and the
formation of certain chemical bonds. It mcans that the gcometrical configuration of

atoms 1n the molecules of the products will be entircly different from thosc of
reactants. Actually, we have to find out that how these changes occur at molccular

placc 1s called reaction mechanism. The rcaction mechanism is only a tentative
proposal. It should be consistent with the available cvidence.

Anyhow, 1t can be modified with some ncw experimental facts. All those
stcps which are to be wntten to completc a mechanism of a rcaction are called

T ——

clementary steps. .
An clementary step should have the following charcteristics.

(1) It may bc rcal or imaginary.
(1) It should involve three or less than thrce rcactant molecules or ions.

_—-——'

(1) It should be in the form of a balanced chemical cquation.

The experiments involving the knowledge of reaction mechanisms may
involve thc radioactive traccrs. Spectroscopic identifications of © short-lived«
intermediates also help to proposec a mechanism. ‘The dependence of the reaction
rates on the concentrations also help us to know the mechanisms.

Kecp it iIn mind that, a comElicatcd chemical reaction may proceed

might have a complicated mechanism. Whenever, we accept the mechanism of a -
reaction; then the postulated mechanism should be consistent with the

experimental ratc law. This can be donc by subjccting the clementary steps of the
postulated mcchanism to some rules of chemical kinctics. |

7.11.1 How to assign the mechanism to a reaction:

We know that the slowest stcp of a complex rcaction determine its rate and

order. This slowest stcp may not be essentially last. Once the slowest step is
obtzined from the rate law, then ail other steps arc merc prcdictions. That is why,

more than onc mechanisms can be acvanced for the same reaction. Bricfly, we can

say that for assigning a mechamsms we should proceed as follows:
(i)  Find out the rate law of the reaction experimentally.

(i1) | The ratc .law'gc}ls qﬁs_.ﬁ* ¢ molecularly and order of the slowest step.
- (iif) Predict the'other stéps T such a way that when we add all the steps:
ot then original'equation'may be obtdined ¥or the complex reaction.
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