Deriving Rate Laws from Mechanisms

The rate law does not necessarily reflect the overall reaction stoichiometry. It does necessarily arise
out of the reaction mechanism, & reflects the stoichiometry of the rate-determining elementary step.

If the rate-determining step is the first step in the reaction mechanism, then the rate law for the overall
reaction is the same as the rate law for the first step.

If however, the rate-determining step comes after a faster early step, using intermediates formed in the
earlier step(s), the determination of the rate law will be complicated and will require some assumptions.

The Rapid Equilibrium Assumption

For every forward reaction, there is an equal and opposing reverse reaction. That can be described as
follows:
K1
aA +bB =—=cC+dD
K-1

No reaction ever truly goes to completion. At some point, the products build up and the rate of the
reverse reaction picks up as the reactants are depleted and the forward reaction slows down. Eventually,
the entire process comes grinding to an apparent halt when the forward rate and the reverse rate are
equal to each other. At that point the system is in equilibrium.

Forward rate = Reverse rate

Consider a two step mechanism in which a very fast step precedes a slower step.
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If the second step is very slow, then the concentration of the intermediate D will build up until the
forward rate and reverse rates are equal to each other:

k,[A][C] =k, [D]

The first step is in equilibrium. That is a useful relationship in determining the rate law predicted by this
mechanism. The rate of the slow step is:

rate = ko[B][D]

but that is no good because D is an intermediate, and we don’t know concentrations of intermediates.
But, we can relate the concentration of D to concentrations of reactants.
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lf—l = [A][C] which allows substitution for [D]:
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rate= k,[B][D]= kzl%'[B][A][C] = KA][B][C]

where k=(k,k,/k )
Steady State Kinetics

The steady state assumption is a useful method of determining a rate law from a mechanism when no
one elementary reaction is significantly slower than the others. When this happens, it is impossible to
choose one elementary reaction from which to deduce the rate law.

The steady state assumption that is used to solve these problems is that a key intermediate in a reaction
scheme is being produced and consumed at equal rates. For example, consider the same reaction

scheme as above, except now there is no assumed slow step:
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To apply the steady state assumption, note that the rate of product formation is the same as the rate of
the last step, so:

rate = k,[B][D]
Again, the concentration of D cannot be left in the rate law, so applying the steady state assumption:
rate of production of D = rate of consumption of D

k,[A][C] =k, [D] + k,[B][D]
k,[A][C] = [DI(k, +k,[B])

[D]= M, which can be substituted to give:
k., * k,[B]
rate= kz[B][D] — klkz[A][B][C]
k., + k,[B]
Note that this is a very ugly rate law. But, if k, << k , then rate= w = K[ A][B][C] which is
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the same result as with the rapid equilibrium assumption. If k; <<k,, then:
rate = kel [ AIBIIC] k,[A][C], which is what you would get if the first step in the mechanism is slow.
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A Practice Problem: Derive the mechanism for this reaction using the rapid equilibrium and the steady
state assumptions.

NoO, + Hy = N,O + H0
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So, if kp[H3] << k.1, then the two mechanisms are equivalent.




