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Reaction mechanism  
Steady-State Treatment
Many reactions which seem to be quite simple are indeed very complex. The reactions proceed in different steps. In such stepwise complex reactions, the overall reaction rate is determined by the slowest step among different steps. Various intermediate or unstable species are produced in different steps. Thus, a reaction involving many steps will lead to complex equations. In order to express the overall rate of a complex reaction in terms of the individual rate constants, a special treatment is required. In simple procedure, the intermediates such as the atoms and free radicals, the concentrations of which are necessarily low, are assumed to have a constant concentration during the course of reaction. According to steady-state treatment, it may be assumed that the rate of formation of intermediate is equal to its rate of disappearance, or
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This way, simple expressions for the concentration of intermediates can be obtained and hence an equation for the overall rate can be derived
3.5 Chain Reactions
Many reactions proceed through series of self repeating steps involving formation of active species called free radicals, as intermediates. These species either regenerate themselves or produce other active species that can carry on the reaction and are responsible for the formation of products. Such reactions are called chain reactions.

The chain reaction, in general, involves following three steps:

(a) Initiation step: In this step the intermediate or free radicals which are responsible to carry on the reaction, are formed from the ordinary molecules.

For example in the reaction of H2 and Br2, at the first stage, the molecules of bromine are dissociated into atoms
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 (b) Propagation step: The initiation step is followed by reactions leading to the formation of the product with simultaneous generation of one or more reactive species. Such steps are called propagation steps
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Propagation step
Br atom which leads to the formation of HBr in steps (ii) and (iii) is also required to continue the cycle. These self-propagating steps are likely to continue through repeated generation of chains of H and Br atoms. Thus, for any initial Br atom, the formation of a large number of HBr would result.

(c) Termination step: The removal of the active species from the participation in the propagation steps results in breaking of the chain and stopping of the reaction. This step is called termination step. For example, when two Br atoms come together to unite into a Br2 molecule, the chain is broken and stopped
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In any controlled chain reaction steps (a) to (c) are essentially present.

However, in some chain reactions, a step, which may inhibit the process, may also be involved. This step is called inhibition step. For example, in Br2 and H2 reaction, a collision between H atom and HBr inhibit the process and inhibition step is also present
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3.5.1 Rate Determination
Let us consider a general chain reaction
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Now,

                  Rate of initiation 
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Which also rate of formation of product is equal

                    Rate of termination 
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For determination of the rate of formation of product, the concentration of intermediate free radical i.e. 
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can be applied, since it is usually present in very small concentrations. According to steady state approximation, the rate of formation of intermediate must be equal to rate of its disappearance.

Since 
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 is formed in above steps (i) and (ii) and disappears in steps (ii) and (iii), therefore
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On substituting the value of 
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in equation (27), the rate of propagation step can be given as
             Rate of propagation 
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3.5.2 Reaction between H2 and Br2
Consider the following reactions:
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Rate of formation of product       
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The summation of (b) and (c)
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From equation (b) substituting the value of [Br] in equation (c), the value of [H] becomes
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Again, from equations (a) and (b), we get
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Substituting the value of [H] from equation (f), the rate of equation is
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3.5.3 Chain Length
The average number of chain propagation steps taking place for every single chain carrier generated in the initiation step is called the chain length and can be measured by determining the ratio of overall rate of propagation reaction to the rate of initiation step, i.e.
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3.5.4 Chain Transfer Reactions
Sometimes in chain reactions, the active species are free radicals, which are initially formed and react with a reactant molecule to give a new active species. This active species in turn reacts again with a reactant molecule to form yet another new active species. This way, at every stage of propagation, a new active species of higher molecular weight is formed. The mutual combination of two chain carriers or inactivation of a chain carrier may cause the termination of the chain. Such types of reactions are called chain transfer reactions. Polymerization involving free radicals in propagation are good examples of such reactions. The general mechanism is given as
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3.5.5 Branching Chain Explosions
Some reactions proceed explosively. The explosion is of two types (i) thermal explosion and (ii) explosion depends on chain reaction. The basic reason for a thermal explosion is the exponential dependence of reaction rate on the temperature. In an exothermic reaction, if the evolved energy cannot escape, the temperature of the reaction system increases and this accelerates the rate of reaction. The increase in reaction rate produces heat at an even greater rate. As the heat cannot escape, hence the reaction is even faster. This process continues and an explosion occurs.

The other basic type of explosion depends on a chain reaction. In some chain reactions, each chain carrier produces more than one free radical in propagation steps resulting in a rapid increase in the concentration of active species with time with a consequent rapid increase in the reaction rate. This in turn would further increase the production of free radicals. The reaction thus occurs instantaneously and an explosion takes place. The chain is called to branch when an active species or chain carrier produces more than one free radical or carrier, e.g.
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In (b) and (c), it can be seen that from each H atoms, two radicals O and H are produced which propagate the chain. Thus, a branching of chain occurs.

When reactions proceed to some extent, the amount of free radicals would be very large and an explosion would occur. The free radicals may also be destroyed mainly by collision with the walls.

Below a certain pressure, the reaction takes place slowly and smoothly. At low pressure, the active species or radicals reach the surface easily and get destroyed. The rate of destruction of radicals counter balances the increase of formation of radicals from branching of the chain. Hence, the reaction proceeds smoothly.

On increasing the pressure, the rate of diffusion of the radicals to the walls decreases and therefore the rate of destruction of radicals also slows down while the rate of propagation and branching increases. Thus due to a considerable rise in concentration of radicals the rate of reaction increases enormously leading to an explosion. This is called lower explosion limit and depends upon the size and shape of the vessel. 

On further increasing the pressure, the radicals more readily destroy internally in the gas than at the walls. This results in the removal of the active species or radicals and any increase in production of radicals is again counter balanced. The reaction, therefore, proceeds smoothly. The third limit is due to thermal explosion. In exothermic reactions when the reaction is carried out in closed space, the heat generated cannot be dissipated. The reaction rate suddenly becomes very rapid and a thermal explosion occurs. These limits are shown in Fig. 2
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Fig. 2 Explosion in branching chain reactions
3.5.6 Kinetics of Branching Chain Explosion
Let n be the number of chain carrier or radicals formed from each initial radical which is produced from the reactant A. Then the mechanism, in general, will be as follows:
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The termination constant kt involves two rate constants, i.e. rate  constants, due to gas phase destruction kg and rate constant due to wall destruction kw. For smooth reaction the steady state conditions with respect to  
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 should prevail. On applying the steady state conditions with respect to ˙
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 , we get
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When n=1
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When n >1, the branching of chain is involved. If n is large enough so that kt = kp [A] (n – 1), 
[image: image37.wmf]·
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tends to infinity and explosion occurs.

At low pressure kw is large and (kw + kg), i.e. kt >> kp [A] (1 – n), i.e. rate of destruction is greater than rate of formation of intermediate species and reaction occurs smoothly.

At high pressure, when kw falls, the rate of formation of reactive species becomes large, i.e., kp [A] (1 – n) > kt and explosion occurs. Further increase in pressure lowers the value of kw but kg will increase and again the condition of (kw + kg) >> kp [A] (1 – n) prevails which slows down the rate.

3.5.7 Free Radical Chains
Rice, Hetzfeld and others explained the kinetic laws governing many organic reactions on the basis of chain propagation through free radicals. For example, the thermal decomposition of acetaldehyde, decomposition of ethane etc

(a) Thermal decomposition of acetaldehyde : The following mechanism in which formation of methyl radical is involved in initiation step has been proposed for thermal decomposition of acetaldehyde:
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Applying the steady state treatment for CHO and H, we get
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From steady state treatment for [CH3] ˙ and [CH3CO], we get
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It is probable that the CH3 radical is the most abundant chain carrier and therefore, neglecting steps (vii) and (viii), the equation may be written as
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 [H]=k1/k3                from    (a)

From equations (d) and (e), we get 
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The rate of disappearance of acetaldehyde may be given as
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If step (i) is relatively slow, the rate law (g) reduces to
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Therefore, the order of the reaction is 1.5, which has been observed experimentally.
 (b) Decomposition of ethane: Pease (1928) proposed the following chain radical mechanism for decomposition of ethane:
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Applying steady state conditions for [CH3], we get
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Again applying steady state conditions for [C2H5] and [H], we get
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From equations (a), (b) and (c), we can get
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Dividing equation (d) by (e), we get
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From equation (e)
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Now, rate of reaction is given as
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3.5.8 Chain Length and Activation Energy in Chain Reactions

The chain length of chain reaction is defined as follows:
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For example, in case of thermal decomposition of acetaldehyde


[image: image58.wmf]2

/

1

3

2

/

1

6

1

5

3

1

2

/

3

3

2

/

1

6

1

5

]

[

2

]

[

]

[

)

/

2

(

CHO

CH

k

k

k

CHO

CH

k

CHO

CH

k

k

k

÷

÷

ø

ö

ç

ç

è

æ

=

=


The energy of activation in such chain reactions can be evaluated from those of the individual steps in the process. For example, 


[image: image59.wmf]as

written

be

can

this

CHO

CH

k

k

k

dt

CHO

CH

d

2

/

3

3

2

/

1

6

1

5

3

]

[

2

]

[

÷

÷

ø

ö

ç

ç

è

æ

=

-



[image: image60.wmf]2

/

3

3

2

/

)

2

(

2

/

1

6

1

5

2

/

3

3

2

/

1

/

6

/

1

/

5

]

[

2

]

[

2

6

1

5

6

1

5

CHO

CH

e

A

A

A

CHO

CH

e

A

e

A

e

A

RT

k

k

k

RT

E

RT

E

RT

E

-

+

-

-

-

-

÷

÷

ø

ö

ç

ç

è

æ

=

÷

÷

ø

ö

ç

ç

è

æ

=


Therefore, Eact for overall reaction is E all = 1/2 [2E5 + E1 – E6]

Where A1, A5 and A6 are frequency factors and E1, E5 and E6 is the activation energies for the corresponding steps (i), (v) and (vi), respectively

Problem 3.7 (Chain Reaction) The thermal decomposition of acetone is found to follow the rate law as
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and Eact for initiation, propagation and termination steps are 350, 200 and 50 kJ mol−1, respectively. Calculate overall Eact
Solution

                    E all =(1/2)[E(ini) –E (termi)] + E(proag)

                        =1/2(350 -50)+200= 350 KJ
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