
CHAPTER 10

COMPOSITE REACTION MECHANISM

(
This chapter is concerned with how the rates of composite reactions are related to the characteristic of the elementary steps. 

(
The majority of chemical reaction are not elementary instead they involve two or more elementary steps.

(
In some of them, relatively stable molecules occur as intermediates. 

10.1 Evidences for composite mechanism: 


1)

When kinetic law does not correspond to stoichiometric 




Equation: e.g:
H2 + 2ICl ( I2 + 2HCl


(
If the above reaction involved a single elementary step, it would be third order; first order in H2 and second order in ICl. However, the rate is:     ( ( [H2] [ICl] 


(
This can be explained if there is initially a slow reaction between one molecule of H2 and one of ICl:

H2 + ICl ( HI + HCl

R.D.S
HI + ICl ( I2 + HCl

__________________

H2 + 2ICl ( I2 + 2HCl


(
The rate of the second step (fast) has no effect on the overall rate. 


(
In this scheme the first step is said to be the rate-determining step (RDS).

Another example is the oxidation of bromide ion by hydrogen peroxide in aqueous aid solution: 

 


2Br- + H2O2 + 2H+ ( Br2 + 2H2O


(
The rate is given by the expression: 





( ( [H2O2] [H+] [Br-]


(
This reaction occurs in two steps: 




H+ + Br- + H2O2 ( HOBr + H2O

R.D.S
 


HOBr + H+ + Br- ( Br2 + H2O


(
The fact that the rate is proportional to [H2O] [H+] [Br] suggests at once that reaction 1 (slow) is the rate determining step

2) 
When the kinetic equation is complex: 


e.g: for the reaction : 
H2 + Br2 ( 2HBr


The rate is:
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3) 
When intermediate can be detected experimentally.

10.2 Types of Composite Reaction: 

1) Simultaneous reaction: 


Are reactions occurring in parallel: 




A ( Y




A ( Z

2) Competition reaction: 

When there are simultaneous reactions, there is sometimes competition, e.g: when B and C compete to react with A: 




A + B ( Y




A + C (  Z

3) Opposing reaction: 


Are reactions occurring in forward and reverse directions:




A + B ( Z

4) Consecutive reaction: 


Are reactions occurring in sequence:




A ( X ( Y ( Z

5) Reactions exhibit feedback: 

In which a substance formed in one step effects the rate of a previous step: 

 


a.
Positive feedback: if the substance catalyzes the previous reaction.


b.
Negative feedback: if the substance inhibits the previous reaction. 

10.3 
Rate Equations for Composite Mechanisms: 


1) 
Consider the consecutive reaction (first-order): 
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By integration: 
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Then
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(3)



From (1) and (3) into (2) for [A] and [X]: 
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(
A complex equation to be integrated.



(
By applying the conditions of the Steady State Approximation (SSA) conditions that when:

a. k2 >> k1
the term (k2 – k1) ( k2
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b.
t >> 1/k     then the term   k1t >> 1   and
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(SAA)

(
This means that once X is formed it converts to Z very rapidly.

(
On the basis of the steady state approximation the rate of change of the concentration of an active intermediate to a good approximation, can be set equal to zero. Whenever the intermediate is formed slowly it disappears very rapidly. 


SSA:
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where, X is an active intermediate
(
Will apply steady state approximation to the following two reactions: 


1) 
A ( X ( Z


2) 
A + B ( X



       X ( Z


1) 
For the reaction:







A ( X ( Z
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By integration: 
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(1)


By applying SSA:
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or

k1[A] = k2[X]
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(2)



But

[A]o = [A] + [X] + [Z]



(

[Z] = [A]o – [A] – [X]



and
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(
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(3)

(
The steady–state-treatment is of great importance in the analysis of composite mechanism, since often there are mathematical difficulties that make it impossible to obtain an exact solution of the rate equation for the reaction. 


(2) 
For the reactions:

                                                  k1


1.

A + B ( X





            k-1 



                               k2


2.

        X ( Z


Determine the rate of reaction (() in terms of the rate of formation of Z ((z):
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By applying steady-state approximation to equation (2): 
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or
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and
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(4)



From (4) into (3) for [X] we get:
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or
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(2nd order kinetic)



Similarly from (4) into (1) for [X] we get:
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or
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(2nd order kinetic)


Rate–Determining (Controlling) Steps: 


For the reactions:

                                                  k1


1.

A + B ( X





            k-1 



                               k2


2.

        X ( Z

To test the validity of SSA we consider two possibilities:


1.
When:
 k2 >> k-1


(reaction 2 is fast)

This means that as soon X is formed in reaction (1) it disappears very fast to Z in reaction (2). Therefore reaction (1) will be the rate-determining step and 





( = k1 [A] [B] 

(2nd order kinetic)


2.
When:
k2 << k-1 


(reaction 1 is fast)

Therefore, reaction (2) will be the rate-determining step and:





( = k2 [X]



But
 
Kc = (k1/k-1) = [X] / [A][B]



(
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(2nd order kinetic)


(Therefore, SAA is valid approximation)

10.4 
Relationship between the rate constants and  the equilibrium constant Kc:


Consider the reaction:





H2 + 2ICl ( I2 + 2HCl
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The above reaction occurs in two steps: 


1.

H2 + ICl ( HI + HCl


2.

HI + ICl ( HCl + I2
At equilibrium the rate of each elementary reaction and its reserve must be the same:




Rate forward = rate reverse




k1 [H2] [ICl] = k-1 [HI] [HCl]




k2 [HI] [ICl] = k-2 [HCl] [I2]


The equilibrium constant for each reaction is: 
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The product of these two equilibrium constants is:
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where, Kc is the equilibrium constant for the overall reaction.


In general: 



Kc = Kc1 Kc2 Kc2 …… = k1 k 2 k 3…/ k -1 k -2 k -3 ……

(
The principle that at equilibrium each elementary process is exactly balanced by its reverse reaction is known as the principle of detailed balancing.

10.5 
Free–Radical Reaction: 

(
Reactions frequently occur by a series of reactions in which free radicals play an important part (very reactive):

1)
Chain Reactions: 

(
Ions play little part in ordinary gas-phase reactions, owing to the difficulty with which they are formed in the absence of an ionizing solvent. Atoms and free radicals are produced more easily in the gas phase and because they enter readily into further reaction they are important intermediates in reactions.

(
For example, consider the reaction between hydrogen and bromine: 




H2 + Br2 ( 2HBr
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The rate equation can be explained by the mechanism: 

1.   
Br2 ( 2Br




(initiation step)

2.     
Br + H2 ( HBr + H


(propagation step)

3.    
H + Br2 ( HBr + Br


(propagation step)

4.    
H + HBr ( H2 + Br


(inhibition step)


5.      Br2 ( 2Br




(termination step) 

(
The rate in terms of the rate of formation of product HBr is:


( = (HBr = k2[Br][H2] + k3[H][Br2] - k4[H][HBr]

(1)

(
Two active intermediates are present in the mechanism H and Br radicals.

(
By applying the SSA to the two unstable intermediates H and Br: 
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(2)
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(3)

By adding the two equations (2) and (3) we get: 
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(4)

From (4) into (2) for [Br]: 


[image: image45.wmf]0

]

][

[

]

][

[

]

[

]

[

4

2

3

2

2

/

1

2

2

/

1

1

1

2

=

-

-

÷

÷

ø

ö

ç

ç

è

æ

=

-

HBr

H

k

Br

H

k

H

Br

k

k

k

    and


[image: image46.wmf]]

[

]

[

]

][

[

]

[

4

2

3

2

/

1

2

2

2

/

1

1

1

2

HBr

k

Br

k

Br

H

k

k

k

H

-

÷

÷

ø

ö

ç

ç

è

æ

=

-







(5)

By subtraction of equation (2) from equation (1) we get:

( = vHBr = 2k3 [H] [Br2]       






(6)

from (5) into (6) for [H]:
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where,    k = 2k2 (k1/k-1)1/2      and        m = (k3/k4)

2)
Organic Decompositions: 


Typical organic free radical chain reactions are: 

I) Dehydrogentation of ethane to ethylene:



C2H6 ( C2H4 + H2
1.   
C2H6 ( 2CH3



(initiation)

2.    
CH3 + C2H6 ( CH4 + C2H5

(initiation)

3.    
C2H5 ( C2H4 + H


(chain propagation)

4.   
H + C2H6 ( H2 + C2H5

(chain propagation)

5.    
2C2H5 ( C4H10



(termination)


(
The initiation process involves the breaking of a C-C 

                
bond, which is the weakest bond in the molecules.


(   
Methane CH4 and butane C4H10 are observed as minor products of the reaction. 

(
The rate in terms of the rate of formation of product 

               
C2H4 is:



v = vC2H4 = k3 [C2H5]





(1)


(
Apply SSA to the three active intermediates H, CH3 

       

and C2H5 radicals:
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(3)
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(4)


By adding equations (2), (3) and (4) we get: 
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(5)


From (5) into (1) for [C2H5] we get:
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where, k = k3(k1/k5)1/2
II)
Thermal decomposition of acetaldehyde: 


CH3CHO ( CH4 + CO


1.
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3.
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4.
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(
The rate in terms of the rate of formation of product methane CH4 is:



v = vCH4 = k[CH3CHO]3/2




(1)


(
By applying the SSA to the two radicals CH3 and CH3CO: 



(CHO is not going to be used in the SSA)
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(2)
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(3)


By adding equation (2) to equation (3) we get: 
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(4)


From  (4) into (1) we get:: 
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This agrees with the experimental fact that the order is three-halves with respect to acetaldehyde.

10.6
Photochemical reaction: 

(
The reactions we have considered in section 10.5 are known as thermal reactions where the activation energy is provided by the thermal motions of the molecules and radicals (heat). It is also possible for reactions to be brought about by electromagnetic radiation (light energy). 

(
An example is the photochemical Hydrogen-Bromine reaction: 
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The mechanism of the overall reaction is:


1. 
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(initiation step)


2.
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(propagation step)


3.
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(propagation step)


4.
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(inhibition step)


5.
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(termination step)

The rate of reaction in terms of the rate of formation of product hydrogen bromide HBr is given as:


( = (HBr = k2[Br][H2] + k3[H][Br2] - k4[H][HBr]

(1)

By apply the SSA to H and Br we get: 
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(2)
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(3)

By adding (2) and (3):

0 = 2Ia – k3[Br]2
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(4)

From (4) into (3) for [Br]:
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(5)

Subtraction of equation (3), from equation (1) we get:

v = vHBr = 2k3[H][Br2]







(6)

From equation (5) into equation (6) for [H] we get: 
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  or
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where, Ia is the intensity of the light absorbed (that replaced rate law of initiation step)


[image: image79.wmf](

)

]

)[

(

]

[

]

][

[

/

2

2

4

2

3

2

2

2

/

1

5

3

2

HBr

k

Br

k

Br

H

k

I

k

k

v

a

HBr

+

=

    or

Dividing by the term (k3[Br2]) we get:


[image: image80.wmf](

)

]

[

/

]

)[

(

1

]

[

/

2

2

2

3

4

2

2

/

1

5

2

Br

k

HBr

k

H

k

I

k

v

a

HBr

+

=

    or


[image: image81.wmf]]

[

'

/

]

[

1

]

[

2

2

/

1

2

Br

m

HBr

I

H

k

v

a

HBr

+

=


where,    Ia is the intensity of the absorbed light
Quantum yield Ф:

(
The ratio of the number of molecules under going reaction in a given time to the number of photons absorbed is known as the photon yield, or quantum yield, or quantum efficiency, and given the symbol in Ф. It is given as:


Ф = number of molecules in sec/number of photons in sec

Example 10.7: 

a)
Suppose that a 60-watt lamp, operating with 100% efficiency, emits radiation only at a wave length of 313 nm. 


How many photons does it emit per second?

Answer: 

Frequency of radiation = 
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Energy of each photon E = hγ= 9.57x1014s-1 x 6.626x10-34Js 

                                                   = 6.346x10-9J

The 60-watt lamp emits 60 J each second. Therefore in one second emits n photons:


n = [(Total energy) / Energy of a photon)] 

    
   = 60 J / 6.346x10-19 J = 9.45x1019 photons

 b)  
Suppose that all of the radiation emit is absorbed by di-n-propyl ketone and that one product is ethylene which is formed with quantum yield of 0.25. How much ethylene is produced in one second? 


Answer:

                                                     h(

 
di-n-propyl ketone  (  ethylene      
(in 1:1 ratio)

The number of ethylene molecules (N) produced in one second is the product of the quantum yield (Ф) times the number of photons produced in a second (n): 



N = Ф x n = 0.25 x 9.45x1019  = 2.36x1019 molecules

                                        = 3.92x10-5 mol

10.8 Explosions: 

(
Explosions are chemical reactions that occur extremely rapidly with the release of a considerable amount of energy. 

(
The release of this energy causes every rapid rise in pressure in the gaseous products of the reaction. 

(
Gas-phase reactions that occur explosively occur by mechanism that has a special feature. Some of the free radicals involved in the mechanism are capable of undergoing branching reactions, in which one radical produces more than one radical: 


e.g.: 
the catalytic reaction of H2 and O2 in the gas phase.




H + O2 ( OH + O




O + H2 ( OH + H

(
When reactions of this type occur to a significant extent, the total number of free radical in the system may increase rapidly, and the reaction occurs with very high velocity, and since energy is released, the result is explosion. 

10.9 Catalysis: 

(
The energy difference (ΔE) is the same for the catalyzed and the un-catalyzed, but the activation energies in both directions are lower for the catalyzed reaction. 


(See Figure 10.5)

(
The present section is concerned mainly with homo-gaseous catalysis. 

(
The rate of a catalyzed reaction is often proportional to the concentration of the catalyst [C]: 
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v = k[C]

Acid-Base Catalysis: 

1)
Specific Acid-Base Catalysis: 

(
Many reactions do exist for which only the hydrogen ion H+ and hydroxide ion OH- are effective catalysts, and then say that the catalysis is specific


v = kH+ [H+][S]


v = kOH- [OH-][S]

e.g: 
hydrolysis of ethyl acetate (catalyzed by hydroxide ion OH-)



CH3COOC2H5 + OH- ( CH3COO- + C2H5OH


v = kOH- [OH-][CH3COOC2H5]

(
Such a reaction would be overall of second order kinetic.


When: 
[OH-] = [CH3COOC2H5]
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where, kOH- is base catalytic constant. 

2)
If catalysis is effected simultaneously by H+ and OH-: 


v = ko [S] + kH+[H+][S] + kOH-[OH-][S]


Dividing by [S] we get:


k = ko + kH+[H+] + kOH-[OH-]

3)
pH dependence of acid-base catalysis: 


(
There are regions of catalysis by hydrogen and hydroxide ions, separated by a region in which the amount of catalyst is unimportant in comparison with the spontaneous reaction. When the catalyst is largely by hydrogen ions: 






S + H+ ( products



v = kH+ [H+][S]



k = kH+[H+]
and



log k = log kH+ + log [H+]



log k = log kH+ - pH



where, k is rate constant of un-catalyzed reaction. 




  kH+ is rate constant of acid catalyzed reaction. 



when:  slope = 0 

(un-catalyzed) 




   slope = ± 1 

(catalyzed)



(See Figure 10.6)



Problem 10.27: 

The hydrolysis of ethyl acetate catalyzed by HCl 
(v = kH+ [H+][ester]). kH+ = 2.80 x 10-5 M-1 s-1. 
Calculate t1/2 when [ester] = 0.1 M and [HCl] = 0.01M.



Answer:



v = kH+ [H+][ester]



v/[ester] = k = kH+ [H+]



t1/2 = ln 2/k
Bronsted Relationships:

1) Relationship between acid catalytic constant ka and acid dissociation constant Ka:

ka = 
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For mono-acid

(1)

2) Relationship between base catalytic constant kb and base dissociation constant Kb: 
kb = 
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For mono-base

(2)


  = 
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where, Ga, 
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, Gb, and ( are constants. 

Enzyme Catalysis:

(
The enzymes, which are proteins, are the biological catalysts. Their action shows some resemblance to the catalytic action of acids and bases but is considerably more complicated. The details of the mechanisms of action of enzymes are still being worked out, and much research remains to be done. Only brief account can be given here. 

(
The simplest case is that of an enzyme-catalyzed reaction where there is a single substrate (S) an example is the hydrolysis of an ester. 

(
The rate varies linearly with the substrate concentration (i.e. concentration dependent). At low concentration it is first-order kinetic and at high concentration it is zero-order kinetic. 

(
Consider the single substrate enzyme-catalyzed reaction;


                                           k1
 


           E + S ( ES

                                                    k-1
                                                    k2




       ES ( E + Z

(
The rate of reaction in terms of the rate of formation of product Z is given as:





v = vZ = k2 [ES]




(1)

(
By applying the SSA to the active intermediate ES we get: 
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(2)


But 


[E]o = [E] + [ES]


(


[E] = [E]o – [ES]



(3)


Form equation (3) into equation (2) for [E] we get:




k1 ([E]o – [ES])[S] – (k-1 + k2)[ES] = 0         


and

k1 [S][E]o – k1[S][ES] – (k-1 + k2) [ES] = 0


and



[image: image91.wmf]]

[

]

[

]

[

]

[

1

2

1

1

S

k

k

k

S

E

k

ES

o

+

+

=

-




(4)


From (4) into (1) for [ES] we get: 
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Dividing by k1 we get: 
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where,

V = k2[E]o


(Limiting rate)




km = (k-1 + k2)/k1
(Michaelis constant)
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or
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Dividing by the term (v km [S]) we get:
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Plotting 1/v versus 1/[S] we get a slope of V/km and an intercept of 1/km

Limiting cases: 
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1)    
At very low [S]: 
[S] << km 





and
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(first-order kinetic)


2)     At high [S]:
[S] = km





and

v = V[S] / 2[S] = V/2
(zero-order kinetic)


3)
At very high [S]: [S] >> km





and

v = V[S] / [S] = V 

(zero-order)
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