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Classical and Modern Methods in Reaction Rate Theory

Bruce J. Berne,* Michal Borkovec,! and John E. Straub!
Department of Chemistry, Columbia University, New York, New York 10027 (Received: February 9, 1988}

The calculation of chemical reaction rate constants is of importance to much of chemistry and biology. Here we present
our current understanding of the physical principles determining reaction rate constants in gases and liquids. We outline
useful theoretical methods and numerical techniques for single- and many-dimensional systems, both isolated and in solvent,
for weak and strong collision models and discuss connections between different theories from a unified point of view. In
addition, we try to indicate the most important areas for future work in theory and experiment.

1. Introduction ' influence the rate of chemical reactions is beginning to emerge.

The influence of solvents on rate constants of chemical reactions This feature article presents our personal view of classical, as well
has been studied for over a century and has recently received
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Figure 1. Schematic representation of the reaction coordinate potential
for (a) isomerization, (b) recombination, and (c) atom-transfer reactions.
The arrow denotes the dividing surface.

as modern, theories of chemical reaction rate constants.

It is useful to classify common chemical reactions into three
types: isomerization reactions, dissociation-recombination re-
actions, and atom-transfer reactions (see Figure 1). Isomerization
reactions are unimolecular whereas atom-transfer reactions are
bimolecular. In dissociation—recombination reactions, the dis-
sociation step is unimolecular but the recombination step is bi-
molecular. The potential energy surfaces, as a function of the
reaction coordinate, have a characteristic structure for each re-
action type. Isomerization reactions correspond to transitions
between metastable wells in a double or multiple minima potential
(Figure 1a). Dissociation—recombination reactions involve a
transition between a metastable well and isolated species in a single
minimum potential (Figure 1b). In atom-transfer reactions, the
potential energy surface has a barrier as a function of the reaction
coordinate but no metastable wells (Figure 1c).

We can distinguish reactants from products by asking whether
they lie to the left or right of a dividing surface (arrows in Figure
1) known as the transition state.® The precise position of this
surface is unimportant for the exact calculation of the rate constant
provided the barrier separating the metastable species is high
enough. Reactants of unimolecular reactions are bound, i.e.,
surrounded by potential walls, whereas reactants undergoing
bimolecular reaction are not. The ratio of the rate constant for
the forward reaction to the rate constant for the backward reaction
is related to the equilibrium constant by detailed balance.

To make this more explicit, let us mention a few prototypical
examples. Trans-gauche isomerization of butane represents an
isomerization reaction.”® Here the reaction coordinate is the
dihedral angle which moves on a periodic tristable potential curve
and the dividing surface is located at the trans—gauche barrier.
In the iodine dissociation—-recombination reaction the reaction
coordinate is the bond length!®!! which moves on a Morse-like
potential curve; the dividing surface is located at a distance of
a few equilibrium bond lengths. Finally, a typical atom-transfer
reaction is a hydrogen exchange reaction.!? In the simplest case,
the reaction coordinate is the difference in the bond lengths moving
on a Porter-Karplus-like surface and the dividing surface is
characterized by equal bond lengths.

Important classical theories for calculating rate constants can
be divided into three groups: transition-state theory,® unimolecular
rate theory in gases,!3 and the theory of diffusion-controlled re-
actions.*!'* Transition-state theory assumes that there is equi-
librium between the reactant A and an activated transition state
A* which decomposes with a characteristic vibrational frequency
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Figure 2. Log-log plot of the transition-state theory normalized rate
constant as a function of the static friction constant vy typical of (a) an
isomerization or dissociation-recombination reaction and (b) an atom-
transfer reaction.

to products. The resulting rate constant, which is an upper bound
on the true rate constant, depends on the properties of the reactant
and on the solvent density only through the potential of mean force.
Transition-state theory (TST) does not explain the behavior
of unimolecular reactions at low pressures; Lindemann proposed
a mechanism for the activation of the reactant!? which describes
k
A+M k:: A*+M  activation
k
A* — P barrier crossing
a unimolecular reaction proceeding in two steps. First, a reactant
A is activated by a collision with a solvent molecule M; i.e., it
acquires enough energy to cross the barrier. Second, the activated
reactant A* crosses the barrier region to become product P.
Assuming that [A*] reaches a steady state, the rate constant
for the formation of the product is

k(M]

KM = K v

(1.1)

At very low pressures, or very small k; such that k > k,[M], k(M)
= ki[M] increases linearly with [M] or collision rate; collisions
with solvent are infrequent and the activation step is rate limiting.
At high pressures, such that k « k,[M], k(M) = kk;/k;, and the
rate constant becomes independent of the collision rate. In this
limit, the theory of unimolecular reactions reduces to TST. The
theory of unimolecular reactions predicts that at low pressures
the rate constant increases linearly with the solvent density and
becomes independent of the density at high pressures.
However, it is often noted that as the density of the solvent,
and the solvent viscosity, increases, the reaction rate constant
decreases. In this case, the crossing of the barrier is strongly
hindered by frequent collisions with the solvent and the rate
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Figure 3. Log-log plot of the transition-state theory normalized rate
constant as a function of the static friction constant v for a diatomic (—)
and a polyatomic (-—) molecule.

constant is proportional to the diffusion coefficient which decreases
with solvent density.

By continuously increasing the density of the solvent from a
dilute gas to a dense liquid, the system will pass through the energy
activation regime to the diffusion-controlied regime. Each process
can act as the rate-limiting step and the rate constant displays
a maximum (turnover). This was recognized by Kramers! in his
seminal attempt to treat all these different models within the same
theoretical framework and is a topic of active research interest
today.

The rate constant of an isomerization or dissociation—recom-
bination reaction, as a function of the friction constant, will
therefore behave in the characteristic fashion shown in Figure 2a.
In a low-density gas, the rate constant will increase in proportion
to the friction or collision rate due to energy activation. In a dense
solvent, it will be proportional to the diffusion coefficient, or
inversely proportional to the friction, and therefore will decrease
with increasing density. In between, it will go through a maximum
which will lie below the value given by transition-state theory.

The physical reason that the recombination rate constant
vanishes at zero pressure is that an incoming trajectory will always
rebound from the repulsive potential wall and will therefore always
be unreactive. For atom-transfer reactions, the situation is dif-
ferent. No repulsive wall is present in this case (see Figure 1)
so that such a trajectory will always have a nonvanishing rate
constant. Therefore, in an atom-transfer reaction the energy
activation step is missing and the rate constant will be given by
transition-state theory at low pressures. Again, in dense solvents
diffusion control will cause the rate constant to decrease (see
Figure 2b). In summary, rate constants for atom-transfer re-
actions simply decrease as a function of density whereas isom-
erization reactions and dissociation-recombination reactions first
increase and then decrease, showing a maximum (turnover) as
a function of the solvent density. The maximum is sharp for a
diatomic reaction and very broad for a polyatomic reaction (Figure
3). Of course, nature is often complex and several effects modify
this simple picture of chemical reactions. The most important
are equilibrium solvent effects, non-RRKM effects, and non-
Markovian effects.

First, equilibrium solvent effects modify the interaction potential
and thereby the barrier height and frequency, which in turn affects
the rate constant. At low pressures and high temperatures the_
pressure dependence of the transition-state rate constant is.
characterized by a constant reaction volume—the volume dif-
ference between the molecule in the transition state and in the
reactant state.!’ In dense or strongly interacting solvents, this
effect arises from many-body interactions with the solvent.!* In
some cases the bare potential can be replaced by the potential of
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Figure 4. Log-log plot of the transition-state theory normalized rate
constant as a function of the static friction vy for Markovian (—) and
non-Markovian (-~) friction where the correlation time increases with
v, which is typical for liquids.!''¢

mean force, the quantity that specifies how the free energy changes
as the reaction coordinate changes. Strong dependence of the TST
reaction rate of polar solutes on the dielectric constant of the
solvent is an example of this effect.!®

Second, non-RRKM effects modify the initial rise of isomer-
ization and dissociation—recombination reaction rates at low to
intermediate densities. The strong enhancement of the low-
pressure rate constant with increasing number of degrees of
freedom of the molecule is based on the assumption of RRKM
theory that the vibrational modes are very strongly coupled leading
to fast energy equipartitioning and intramolecular vibrational
relaxation (IVR).!>!7 However, as the number of degrees of
freedom of the molecule increases, the coupling between modes
will decrease so that the assumption of fast IVR may be violat-
ed.’®1® Moreover, correlated recrossings of the transition state
related to the topology of phase space can lead to profound de-
viations from statistical theories like RRKM theory.720-26

Third, non-Markovian effects first discussed by Grote and
Hynes?” weaken or even suppress the transition to diffusion control
in dense solvents for any reaction type.* The physical origin of
this effect lies in the observation that a realistic solvent takes a
finite relaxation time to adjust to the motion of the solute. If the
relaxation time is short, the solvent exerts a very rapidly fluctuating
force on the reaction coordinate which thus experiences a large,
Markovian friction.!?®  This leads to a reduction of the rate
constant due to diffusion control (Figure 4). However, most
realistic solvents do not relax quickly. When the relaxation time
is very long, the solvent exerts such a slowly fluctuating force that
the reaction coordinate moves in an approximately constant force
field. It then experiences very little friction and will therefore
be less affected by the solvent. In this limit, transition-state theory
might be valid at much higher friction than the diffusion-controlled
model would predict.

In this feature article we will address these topics in more detail.
In section 2 we discuss transition-state theory, and section 3
outlines new numerical methods for the calculation of rate con-
stants. In section 4 we discuss unimolecular rate theory, and in
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