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Link between Chemical Equilibria and Rate equations
One of the features the stoichiometric equation for a chemical reaction is that it is legitimate and useful to be able to write down the relationship for the equilibrium constant directly. For example, the equilibrium between nitrogen, hydrogen and ammonia (all gases) is represented by the equation:

2N2  +  3H2    (        2NH3  

The equilibrium constant can be written down directly from this – and for any particular temperature when equilibrium has been reached:

Kc  =   .    [NH3]2   .            or, in terms of partial pressures:  Kp  =   .    (PNH3)2   .            


  [N2]2 [H2]3 






(PN2)2 (PH2)3  

However, it is NOT correct to write the rate equation for either the forward or back reaction by inspection of the stoichiometric reaction unless it is known that the reactions are ‘elementary’. An elementary reaction is one in which the reaction occurs by a collision between the particles represented in the equation.

In the particular case of the reaction between gaseous iodine and hydrogen to give hydrogen iodide gas both the forward and back reactions are normally elementary and from the equation it is legitimate to write the following equalities (at equilibrium at a particular temperature.)

Equation

I2  +  H2    (        2HI 

Kc  =   .    [HI]2   .              also               
Rate (reverse)  =  kr [HI]2      


  [H2][I2] 



Rate (forward) =  kf [H2][I2]          

Since, at equilibrium the rate of the forward reaction is equal to that of the reverse reaction it can readily be seen that:

kr [HI]2   =  kf [H2][I2]

thus:

.             kf  =   .    [HI]2   .   =   Kc
kr
  [H2][I2]

This simple proof of the relationship between the rate constants and the equilibrium constant is very seductive but in general it is not valid.

For most reactions, the actual reaction mechanism is not a single collision between the reactants as written in the equation (indeed random collisions requiring the simultaneous contact of more than two species are statistically so unlikely that they could not be used to explain a reaction taking place at a measurable speed.)  Although most reactions are not elementary they do take place via a number of intermediate steps, each of which is elementary. Thus the reaction:

A + 2B  ( X + Y

Might take place by the following series of elementary steps  (In this representation you may care to consider C and/or Q as a catalyst – it may have been  present in the system from the start, in which case it will not have been used up as the reaction moves to equilibrium. Otherwise they are ‘reaction intermediates’.)

Reaction step 1:
A + B  ( C + Z

Reaction step 2:
Z + B  ( Q + X

Reaction step 3:          
C + Q  ( Y      .

Overall Reaction: 
A + 2B ( X + Y
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Figure 1: A generalised energy profile for an exothermic reaction (reversible) that takes place in three ‘elementary’ reaction steps.

Since the three stages of the reaction are elementary it is possible to derive the equilibrium constant for each of them from the rate equations exactly as was done for the hydrogen/iodine/hydrogen iodide on the previous page. This produces the following three equilibrium constants:

Kc1    =   k1f  =   . [C] [Z]  .   ;   Kc2    =   k2f  =   . [X][Q]   ;   Kc3    =   k3f  =   .    [Y]  .   
   k1r
    [A][B]

    k2r
       [Z][B] 

   k3r
    [C][Q]

Kc (for overall reaction) is obtained when the three equilibrium constants are multiplied together:

=    Kc1. Kc2. Kc3      = 
 [C] [Z].[X][Q].[Y]    .  

=
[X][Y]   



 [A][B]. [Z][B]. [C][Q]


[A][B]2 

This is the accepted formula – note that this derivation does not make any false assumptions about rate equations – in practice most of the rate constants cannot be measured experimentally.
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