LibreTextsw

23.1: Transition State Theory

Transition state theory is an equilibrium formulation of chemical reaction rates that originally comes from classical gas-phase
reaction kinetics. We’ll consider a two-state system of reactant R and product P separated by a barrier >>kgT:
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which we obtain by projecting the free energy of the system onto a reaction coordinate § (a slow coordinate) by integrating over all
the other degrees of freedom. There is a time-scale separation between the fluctuations in a state and the rare exchange events. All
memory of a trajectory is lost on entering a state following a transition.
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Our goal is to describe the rates of crossing the transition state for the forward and reverse reactions. At thermal equilibrium, the
rate constants for the forward and reverse reaction, £y and k., are related to the equilibrium constant and the activation barriers as
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E({ , E are the activation free energies for the forward and reverse reactions, which are related to the reaction free energy through
E,{ — E; = AGY,, . P; refers to the population or probability of occupying the reactant or product state.

The primary assumptions of TST is that the transition state is well represented by an activated complex RP* that acts as an
intermediate for the reaction from R to P, that all species are in thermal equilibrium, and that the flux across the barrier is
proportional to the population of the activated complex.

R=RPi=P

Then, the steady state population of the activated complex can be determined by an equilibrium constant that we can express in
terms of the molecular partition functions.

Let’s focus on the rate of the forward reaction considering only the equilibrium

R=RP?
We relate the population of reactants within the reactant well to the population of the activated complex through an equilibrium
constant
RPH?
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which we will evaluate using partition functions for the reactant and activated complex
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Then we write the forward flux in eq. (23.1) proportional to the population of activated complex
(J*) = o[RPY
= oK, gq [R]

Here v is the reaction frequency, which is the inverse of the transition state lifetime 7;,,;. v or 7,0 reflects the time it takes to
cross the transition state region.

v

To evaluate v, we will treat motion along the reaction coordinate § at the barrier as a translational degree of freedom. When the
reactants gain enough energy (E,fc ), they will move with a constant forward velocity vy through a transition state region that has a
width £. (The exact definition of £ will not matter too much).
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Then we can write the average flux of population across the transition state in the forward direction
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(23.1.1)
where vy is obtained from a one-dimensional Maxwell-Boltzmann distribution.
For a multidimensional problem, we want to factor out the slow coordinate, i.e., reaction coordinate () from partition function.

qi :%qi

g% contains all degrees of freedom except the reaction coordinate. Next, we calculate ge by treating it as translational motion:
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Substituting (23.1.2) into (23.1.1):
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We recognize that the factor v=kgT/h is a frequency whose inverse gives an absolute lower bound on the crossing time of
10713 seconds. If we use the speed of sound in condensed matter this time is what is needed to propagate 1-5 A. Then we can
write

<J i > = kys[R]
where the forward rate constant is
k= Ae Fi/ksT (23.1.3)

and the pre-exponential factor is
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A determines the time that it takes to cross the transition state in the absence of barriers (E; — 0). kyis also referred to as krsr.

To make a thermodynamic connection, we can express eq. (4) in the Eyring form

A St _AEY kLT
kf = pedS /kBe f/kB
where the transition state entropy is

!
ASt =k L
qRr
AS* represents a count (actually ratio) of the reduction of accessible microstates in making the transition from the reactant well to
the transition state. For biophysical phenomena, the entropic factors are important, if not dominant!

Also note implicit in TST is a dynamical picture in which every trajectory that arrives with forward velocity at the TST results in a
crossing. It therefore gives an upper bound on the true rate, which may include failed attempts to cross. This is often accounted for
by adding a transmission coefficient k < 1 to krst: k=kkrsT. Kramers' theory provides a physical basis for understanding k.

This page titled 23.1: Transition State Theory is shared under a CC BY-NC-SA 4.0 license and was authored, remixed, and/or curated by Andrei
Tokmakoff via source content that was edited to the style and standards of the LibreTexts platform.
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