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6. Chain Reactions

Recall, what I have been saying all semester, that in the history of the universe, the chemical reaction:

Has never occurred at the molecular level.  Somehow, though all of the carbon, oxygen, and hydrogen present in the fuel and oxidizer eventually get converted into H2O and CO2 and some other stuff.  How does this happen?

Answer:

This series of chemical reactions is called a chain reaction.

All combustion systems actually react in chain reactions.  Chain reactions always contain the following major steps:

1.

2.

3.

The Hydrogen/Bromine System

The first time that a chain reaction was postulated was in 1913 by Bodenstein.  For the following reacting system:

The Law of Mass Action:

Was not observed experimentally!

Rather, the rate of creation of HBr appeared, experimentally, to obey the following expression:

Bodenstein proposed that H2 and Br2 were not reacting with each other directly.  Rather, a series of reactions were taking place in which radicals are first created and then the radicals react with the H2 and Br2 .

Chain Initiation Step

The first question is, what chemical reaction is responsible for creating radicals in the first place?

Two possibilities:

Both of these reactions are endothermic, i.e. they require an input of energy to get started.  But this is true of all initiation steps.  Why is that?

In this case, since it requires much less energy to break a Br2 molecule in half, much more Br radical will be created than H radical.  So the Br2 dissociation reaction is the major chain initiating step:

(1)

Once a pool of Br radicals has been created, the chain propagation steps can kick in:

(2)

(3)

(4)

Note:  once the chain propagating reactions kick in, the initiation reaction is no longer important.  For example, reaction 3 and reaction 4 create all of the Br to keep the chain reaction going.

Chain Termination

Chain termination reactions are always competing with chain propagation reactions. The termination reactions remove radicals from the system.  In this case the following chemical reaction removes radicals from the system:

(5)

Note:  this reaction is so energetic that a third body M, must be present to remove energy from the system so that Br2 actually can settle down before it flies apart again!

Having proposed a series of elementary chemical reactions (1) to (5), we can now use the law of mass action to formulate equations for the time rate of change of each of the components:

I.

II.

III.

Now, we want to determine the d(HBr)/dt from the above equations.  We do this by invoking the Steady State Approximation.  The steady state approximation assumes that once a radical pool is built up, the rate of change of radicals is small.  

So, we set equations II and III equal to zero:

Note:  This approximation would not be true at the beginning or end of the reaction.  Another way to look at the steady state approximation is to look at the concentration of radicals vs. time:

Having employed the steady state approximation, it is possible to solve equations  II and III for (H) and (Br) concentrations:

Substituting back into equation I yields:

This agrees with the original experimental observations.

7. Lindemann Reactions

Since most elementary gas phase chemical reactions are the result of bimolecular collisions, one would assume that each of these reactions are second order.  Lindemann (1922) found that for some reactions:

At Low pressure:  

At High pressure:

Lindemann considered the following reaction:

Where A is some molecule,  M is a collision partner, A* is some activated intermediate and P are the final products.

i. Physically, the above mechanism proposes that a collision with M causes the original species to change form into some "activated" intermediate.  The activated intermediate can then either

ii. Go to products, P, if nothing comes by to calm it down.

iii. Go back to its original form, A, if another M comes by to calm it down.

We can rewrite the above proposed mechanism as follows:

(1)

(2)

Formulating the law of mass action:

I.

II.

Employing the steady state approximation for A*, d(A*)/dt = 0.   Solving equation II for the concentration of A*:

Substituting the relation for (A*) back into equation I yields the following:

This results in the final expression for the rate of change of species A:

This expression varies widely with varying pressure since (M) = n/V = P/RT

At high pressure, kb(M) >> kp, therefore:

Reaction appears to be first order!

At low pressure, kb(M) << kp , therefore:

Reaction appears to be second order!

These results make sense physically.  At low pressures, there is not a lot of (M) around to de-activate A* before it has a chance to go to products.  At high pressures there is more of a chance that a lot A* will be deactivated by a collision with (M) before it goes to products.

The Punch Line:

So the punch line is that in some cases the reaction rate constant can actually vary with pressure.  In this case, at low pressures the reaction rate constant is merely:

Whereas, at high pressures, the reaction rate is actually equal to:










