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CHEMICAL PHYSICS

Reaction Rates and Friction: Classical
Activation and Quantum Tunneling

The activated passage of an effective particle over a bar-
rier lies at the heart of many important processes in chemical
physics. Examples include chemical reactions, thermal de-
sorption, structural isomerizations in macromolecules, and
the decay of metastable states. For many years the leading
theory that describes the rates for such processes has been
the Transition State Theory. This theory pictures the pas-
sage as a free flight over the barrier, with no dynamical influ-
ence arising from the solvent, lattice, or “bath” with which
the particle is in contact.

The critical role of the surroundings in determining a bar-
rier passage rate was first elucidated in a classic paper' by H.
A. Kramers, who described a simple one-dimensional Mar-
kovian Brownian motion in terms of a friction constant. In
recent years there has been a veritable flood of research test-
ing, extending, and superseding the original Kramers the-
ory, and significant advances have been made in connection
with the influence of friction on aspects of the rate prob-
lem.*?

One example is the effect of memory friction on reaction
rates.? For a simple barrier passage, the friction constant in
Kramers’ theory for the diffusive transmission factor is re-
placed by a frequency-dependent friction,” a difference re-
flecting the fact that the rate is sensitive to the short time
scale rather than the long time scale interaction of the reac-
tion system with its surroundings. This effect is apparent in
recent experimental isomerization studies.’

The multiple dimensions within the reacting system have
also come under scrutiny.* In particular, internal molecular
degrees of freedom can dramatically influence low-friction
behavior. The reaction rate becomes determined by colli-
sional energy activation. This phenomenon is revealed as a
peak in a plot of the rate as a function of pressure or viscosity.

At lower temperatures, thermally activated “hopping”
processes become rarer and the effect of quantum tunneling
becomes increasingly important.®’® The crossover between
thermal activation and quantum tunneling, which occurs at
a temperature T, is marked by the softening of a fluctuation

mode around the saddle point of the potential energy sur-
face.” At temperatures lower than T, the rate is dominated
by quantum tunneling.® In particular, a recent theory shows
that at very low temperatures, the dissipation leads to a uni-
versal exponential T2 thermal enhancement.” This T2 law
should be valid for all systems with finite low-frequency fric-
tion. In recent months this characteristic behavior has been
observed in experiments on low temperature Josephson
junction systems.'®
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