Chemical Kinetics
UNIT V, BSc lll year

Topic : Activation energy, collision theory
and it’s limitation
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Concept of Activation Energy. Two important questions relating to reaction rates have been answered

s?tisfactoril}' on the basis of the collision theory. We have also to answer two more questions based op
simple laboratory observations :

(@) A mixture of oxygen and hydrogen (1 : 2 by volume) may remain as such at room temperature
appal‘”eml_\' without reacting. However, the moment an electric spark is passed through the mixture, the
reaction proceeds instantaneously, almost explosively. Similarly, a mixture of methane and oxygen remains
Im:ict without reacting noticeably until a lighted match-stick is introduced into the mixture. Why is it
s0 ?

(b) Even when the concentrations of reactants involved in two reactions may be the same, one reaction
may be very fast and the other very slow (cf. effect of nature of reactants on rates of reactions, discussed
in previous pages). Why is it so ?

We may answer these questions also on the basis of the collision theory by involving the concept of
activation energy.

As has already been explained, there is a certain minimum energy (threshold energy) which the
colliding particles (molecules or atoms) must acquire before they are capable of reacting. Most of the
molecules. however, have mmch less kinetic energy than the threshold energy. The excess energy that the
reactznt molecules having energy less than the threshold energy must acquire in order to react to yield
products is known as activation energy. Thus,

Activation Energy = Threshold energy — Energy acmally possessed by molecules.

According to this concept, non-active molecules (having energy less than the threshold energy) can
be “activaied’ by absorption of extra energy. This extra energy is, evidently, the activation energy.

There is, thus, an energy barrier placed between
reactants and products (Fig. 5). This barrier has to
be crossed before reactants can yield products. This Threshold energy
barrier determines the magnitude of threshold energy )
which reactant molecules must acquire before they
can yield products.

Energy barrier

As is evident from Fig. 5, E, is the activation
energy of the reactants. They must absorb this much
energy before they can react and change into products. Reac
The energy of the products is shown 10 be less than S
that of the reactants. This indicates thar the reaction . Soncs
¢ ; REACTION COORDINATE
Is exothermic. N hnin )

) Fig. 5. The concept of energy barrier in chemical
Now we are in 2 position to znswer guestions reactions.

BNERGY

(a) and (b) posed zbove. If a reaction, say,
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(ween A and B is feasible, it will occur only if the re

is is the reason that although the reaction betwee quired activation energy is supplied to the molecules.

.+ of view of thermodynami n hydrogen and oxygen is highly feasible from the
oint 0 ynamics at the room temperature, yet it takes ;lgace at agt,ll:)ticeable rate only if

equired activation energy i ;
" anjlrther different reactioiy N ﬂ-le form of an electric ‘spark or heat is supplied to the reactants.
high activ;ltion energy is Slm:r ;iqwr? different amounts of activation energy. A reaction which requires
3= ordinary temperatures. Consider the following two reactions :

NO (g) + ¥4 0, (g) —> NO, (g) (Fast)

CO (g) + %2 0,(g) —> CO, (g) (Slow)

The first reaction i - N
The second rezistfaﬂ at ordinary temperatures because it requires a comparatively low activation
energy- ction is slow because it requires a comparatively high activation energy.

s thus evident that whether a given reaction is slow or fast at a given temperature depends on the
activation energy of the reaction. A reaction which has lower activation energy will proceed at 2 faster
rate, at a gn‘/en temperature. Thus, differences in activation energies are largely responsible for observed
differences in rates of different reactions. This answers question (2) posed above.

Effect of Catalyst. A
catalyst is a substance that can
increase the rate of a reaction
put which itself remains
unchanged in amount and
chemical composition at the end
of the reaction. When a catalyst

-
is added, a new reaction path 2| A
with a lower energy barrier is Z [ Reactants / i
rovided (cf. dotted curve in E, without SN
P ( brve ! Catalyst Ea With ~

Fig. 6). Since the energy barrier catalyst ~Products
is reduced in magnitude, alarger | S ACTION COORDINATE

number of molecules of the
reactants can get over it. This
increases the rate of the reaction.

Fig. 6. Effect of catalyst on the rate of reaction.

A catalyst does not alter
the position of equilibrium in a reversible reaction. It simply kastens the approach of the equilibrium by

speeding up both the forward and the backward reactions.
Calculation of Energy of Activation. The Arrhenius Equation. Arrehenius proposed the following
empirical equation for calculating the energy of activation of a reaction having rate constant k at

temperature 7 :
k = Ae EalRT _ ..(59)

where E, is called the Arrhenius activation energy and 4 is called the Arrhenius pre-exponential
factor. Since the exponential factor in Eq. 59 is dimensionless, the pre-exponential factor A has the
same units as the rate constant k. The units of k for a first order reaction are s™!, which is the unit of
frequency. Hence, 4 is also called the frequency factor. E; and 4 are called the Arrhenius parameters.

Taking logs of Eq. 59, we have
Ink = -E,/(RT) +InA ..(60)
From Eq. 60, it is evident that a plot of In k versus the reciprocal of absolute temperature (1/7)
would give a straight line with slope = —E,/R and intercept = In A.
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iff we have
Differentiating Eq. 60 with respect t0 temperature,

dnkldl = En/RTZ . o
and 7, when the corresponding rate cop Stants are k..(61
1

cgrati : es T
Integrating Eq. 61 between temperatures 11 § L emperature range, we obtain

ky, respectively and assuming that E, is constant ov

In—2 = £¢|:__—T2 — Tl]
& R L ‘ (6
quation. Thus, knowing the rate constants at ty,

can be readily determined.

tion is 5-70x107° dm® mol™! s 4 5,
Example 13. The rate constant of a second order reac s ! 0
1-64% 10~ sm3 mol-! s at 40°C. Calculate the activation energy and the Arrhenius pre-exponential factgr, = 2

Solution : Substituting the given data in Eq. 62, we have

g

This is the integrated Arrhenius e differey,

temperatures, the energy of activation £,

E T I;
g -1 142
n . ——“[—&-—L] or E, = R(nkyk)) [Tz _ Tl]

ky R | Th
1.64 x 10 dm’ mol's™' | | 298K x 313K
Ea = @314J K mol™) [m 570x105dm’mol ' | | 313K -298K

= 54478 I mol™! = 54-478 kJ mol™!
To calculate the Arrhenius pre-exponential factor A, we incorporate one of the given data in Arrhenius equation, iz,

k = AeEa/RT  Thus,
Ink =InA-E,/RT or InA=Ink+ E,/RT
At T =298K, k=57x10"%dm’mol! s
54478 J mol ™!
(8-314 T K" mol™")(298 K)

InA = In(57%10°5 dm? mol™' s +

A = 201x10° dm® mol™! s

Note that the units of A are the same as those of the rate constant.
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[1] Collision Theory of Bimolecular Reactions

If every collision b.etween reacting gases were to result in chemical combination, the
velocity of the reaction Vi{ould be far greater than the one actually observed by
experiments. Therefore, this theory received a serious setback. But the concepts of

activated molecules and activation energy given by Arrhenius led to the revival of this
theory in a modified form.

“The postulates of the collision theory are:

(1) A reaction occurs on the collision of two molecules only if they possess a certain
minimum amount of energy in excess to the normal energy of the molecules.

(2) The collisions between the molecules other than activated molecules do not lead to
chemical reaction at all.

" (3) The minimum energy in excess to their normal energy which the molecules must
possess before chemical reaction on collision is known as and equal to the activation energy.
The probability that a molecule will possess energy in excess of an amount E per mole

at a temperature T is given by the Boltzmann factor, e B/BT If the energy is restricted to
two components for a single molecule or two components for each of the two molecules
making a total of two square terms, then the fraction of molecules which have energy in
excess of £ is actually equal to el

For a chemical reaction to occur when two molecules collide, it is supposed that
molecules must have energy greater than E1 and the ?ther than E92, where
E1+E2=E = energy of activation. The probability of collisions is then given by

| o (E1+E2)/RT _ e—E/RT
For simplicity, this is the condition that a pair of molecules must have the energy
Decessary for the reaction. Consider a biomolecular gaseous reaction, e.g.,

2HI (g) == Ha2 @)+ 12 (®)

The reacti resent purpose can be considered to take place in the forward
dirocticr _'_aac::;)t;};ef;‘:::?;gpﬁon g)nly in the initial stages of the reaction. Evidently, two

. ——
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molecules of HI must collide with each other, before the bonds existing between H and |
can break to form new bonds between H and H; I and I. This gives rise to one molecule
cach of Hz and I2.

If 2’ is the number of molecules per ml of the gas taking part in binary collisions per
second and E be the energy of activation, then the reaction velocity is given by

dx _ . -EvRT

dt
_ If n number of molecules of the same kind are involved jn the biomolecular reaction,
then .
dx |, 9
-
Hence _z'c“E’RT= kn?
2’ -E\RT
or k= ) e ™1 k1)

Now 2’ is twice the number of molecular collisions per ml per second, as two molecules
take part in every collision. Hence,

n 1/2

2’ =4 n? 02[—-":22‘)

where, ¢ is the molecular collision diameter and M is the molccular weight.
Therefore, equation (1) reduces to

_ 4n® o? [ TRT /2 o~E1/RT

(")

172 '
=452[—“ﬁ—7’) ¢~EV/RT (2

2 Ze-El/RT

k

-~

' nRT \1/2
where Z = 4062 —M-—] and is known as collision number. It is defined as, number of

collisions per second when there is only one mole of reactant per unit volume’.
On taking logarithm of equation (2), we get
| 1/2
- TRT _E
logk-log|:402[ M ] ] RT
Differentiating the above expression with respect to temperature, we get

dlogk 1 E

gk _1  E_ (3)
dT 2T K RT?

Neglecting 51-7-, (as in most cases 27 is small as compared to E/ RTZ), then equation (3)

reduces to
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| :;lwhiu equation In ldentienl with Ay

*H““wlur) la known, the collision number (%) ean bha ¢

campare i with the exporimontal value of the lroquane

: It the bimoleeulnr renction involves two moloe v Aife
collirlon numbeor (4) in glvon hy oloculan of difforant, wpecion, then the

dh)

rhantuu oquation, If the value of a (collision

enlftululml. It 18 thus possiblo 1o
y fnetor,

M\ My

' ) ) I/v‘
Z n’-\ Hnlt'l'(M .+ "] ‘
where M1 and My are tho roupoctive moloculnr wolghtn of difforent spocies,

The equationn developod are applieablo to simplo homogoneous reactions but will not
apply to hetorogenooun roactions or chanin ronctions, A plot botwooen log £ and 1/7 will not

o gxuplly linoar, but losn dovintions arg nhnurvud on plotting log k/ /2 against 1/7T.

I Ronctionn E (enloulatod) In enlories |E (uxpcrlma‘nrltnl) in cul})rié;.
: ; | (1) 2N20 - ‘-!Nu"l Oy BN ‘r.‘(}l,()-(‘)-()dw TR r,goo() -

| (2) 211 = Hg + 1y 44,000 44,000

9 MeelasaWl | 40000 0| __99600

The succonn of the collision theory can bo judged from the above table in which the

activation onorgion caleulntod according to oquation (k = Ae” E/RT \g well as those based

upon exporimental data havo boon compared. It will thus be seon that there is a very good
agrooment botwoen thoe ealeulatod and oxporimoental values.

(1) Faillures of Collision Theory

Howeover, thoro are cortain reactions where the experimental and calculated values
diffor, e.g., the reaction botwooen vapours of othanol and acetic anhydride, combination of
two molecules of othyleno ote.

In the bimolecular polymorisation of ethylene, tho reaction occurs only once in about
2,000 collisions botweon activated molecules, In tho polymurmut\-ou of 1: 3 butadiene the
ronction oceurs only once in about 10,000 collisions botweon activated molecules.

(] Steric Factor
A sufficiont number of slow renctions aro known which show that the phenomenon is
~KIRT

limitod to fow instances and the zlquut,iun k = Ze roduces to,

ko= Pz‘.‘h"”f’l'

where P = probability factor or steric factor, which makes allowances for aﬂ:cts cuuimg

B J " 1% 1 : ! 1
deviations from the ideal behaviour, Tho valuo of P varios from unity to 10 depending
upon the nature of tho reaction,
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Anomalies were al'so found to exist in liquid systems. These were assumed o he 4,
to solvent effects, but in some cases these were found to be present in gasesus _‘-;':g*w.,
also. Several weaknesses of collision theory have been found in recent years. -

(1) Firsi:.ly, attempts to correlate the value of P-probability factor-with the strucs,..
and properties of reacting molecules have not been successful. o

(2) Secondly, on this basis it is not ibl lanation for abnorman,
o e possible to advance an exp Tmally

(3) Thirdly, a logical weakness is observed when reversible reactions are consider=3.

Consider the following reaction :

k1
X+Y :XY
k1

For the forward reaction : k1=P1Z; e Z1/RT
For the backward reaction : k2 =P2Z2 ¢ E2/RT
Since, K = k1 /k2, we have, _
P1Z1 ¢ TV/ET e K= PiZ1 oB1—E2)/RT
Pozs PR T Paly

According to thermodynamics, we have
K = ¢~AG/RT _ ~ASIRT -AHIRT

K=

where, AG = increase in free energy, AS = increase in entropy,
AH = increase in heat content.

Comparing these expressions for K it is clear that e E1— B2 and e :
correspond with one another. If the molecules of the reactants and products ares of
: » . /RT & s FPs T+

comparable dimensions, Z1 = Z2, so that entropy terme Al must be equal to P1/P2 It

is, therefore, not sufficient to correlate the probability of certain reacting groups beinz
together in collision. They should be interpreted in terms of entropy factor.
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