




are crucial for determining state-to-state cross sections, especially
when the product energy distribution is nonstatistical. We find that
generalized transition state theory and semiclassical tunneling meth-
ods allow us to base calculations of rate constants, threshold
energies, and tunneling probabilities on the most critical parts ofthe
PEF without having a global representation of this function. The
most systematic way to calculate these critical PEF features is to
begin with the steepest descents paths that connect saddle points to
minima. Such a path is referred to as a minimum energy path
(MEP). Physically intuitive approximations to the dynamics in the
vicinity of an MEP [such as one-dimensional (1-D) tunneling,
internal centrifugal effects, vibrational adiabaticity, and infinitely
damped trajectories] are facilitated when the path is calculated in
isoinertial coordinates, that is, in any coordinate system that is mass
scaled to make the effective reduced mass the same for all atomic
displacements [a familiar example is the mass-weighted system (11)
of infrared spectroscopy in which the effective reduced mass is
chosen as 1 amu]. The MEP in an isoinertial coordinate system (12-
16) is sometimes referred to as the intrinsic reaction coordinate
(IRC) (15), and we use the two terminologies (MEP and IRC) as
synonyms.
When potential energy contours are plotted in isoinertial coordi-

nates, the angle (commonly called the skew angle) between the
reactant and product valleys depends on the mass combination, and
hence so does the curvature of the MEP. This is illustrated in Fig. 1,
which shows four examples ofMEPs: that for the H + D2 reaction
has small curvature because the skew angle is 65.90; those for
O + H2 and Cl + HD have medium curvature and skew angles of
46.7° and 36.40, respectively; and that for Cl + HCI' (where Cl
denotes MC(l and Cl' denotes 37C1) has large curvature because the
skew angle is only 13.40. The physical meaning of the skew angle
follows from the fact that mass scaling converts mass effects into
relative distances. Thus, for example, in a light-atom transfer, the
motion from the reactant valley to the product valley corresponds to
a small reduced mass and hence a fast motion-thus in mass-scaled
coordinates the two valleys must be very close, resulting in a small
skew angle.
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Knowledge of the sequence of geometries along the MEP allows
one to calculate the curvature of the path and hence the reaction
path kinetic energy (13, 17-20), and knowledge of the potential
along the path and the force constants for motion transverse to it
allows one to write a convenient reaction-valley potential (13, 14, 17,
18, 21) for low-energy dynamical motions connecting reactants and
products. One method based on such information is variational
transition state theory (VTST). VTST uses a criterion ofminimum
flux (22), maximum vibrationally adiabatic energy (23, 24), or
minimum free energy of activation (20, 21, 24-26) to determine a
dynamical bottleneck for overbarrier processes, which tend to
involve only motions in the vicinity of the MEP. When the
curvature of the MEP is small, realistic tunneling probabilities can
also be calculated entirely from the reaction path, its curvature, and
the reaction-valley potential (20, 27, 28). When, however, the MEP
is highly curved, tunneling may proceed by shortcuts through
regions beyond the radius of curvature of the MEP (29, 30) as
illustrated in Fig. IC; such regions are wider than the valley that can
be described in curvilinear coordinates based on the path itself. Then
the reaction path, its curvature, and the reaction-valley potential do
not provide enough information for an adequate treatment of
reaction dynamics, and one needs to explore a region adjacent to the
reaction path called the reaction swath. In either the small- or large-
curvature cases, the effects of tunneling may be incorporated into
VTST by a ground-state transmission coefficient (20, 28, 30, 31).

In the present article, we discuss the use of minimum energy
paths, reaction-valley potentials, and quantal tunneling paths for
reaction dynamics. First we discuss the essential features of varia-
tional transition state theory and semiclassical treatments of tunnel-
ing. This is followed by a discussion ofreaction paths, reaction-path
force fields, dynamics, and recent applications.

Variational Transition State Theory
A generalized transition state (GTS) is a hypersurface in phase

space (which is the space of all position and momentum coordi-

Fig. 1. Potential energy contours (black), transi-
tion states (red), minimum energy paths (green),
and tunneling paths (blue) for four representative
reactions A + BC -* AB + C in isoinertial coor-
dinates. RA,BC is the distance from A to BC; YBC
is the mass-scaled distance between B and C; and
only collinear geometries are illustrated. The tran-
sition states are surfaces dividing reactants from
products; they are located at the saddle point and

e---- _ have zero-point vibrational amplitude for the
R vibration transverse to the minimum energy path.CI,HD The reaction proceeds from lower right to the top

of the figure in each case. (A) H + D2 -* HD +
D. The tunneling path is a Marcus-Coltrin path
(24, 27), which is appropriate for small-curvature
systems. (B) 0 + H2--OH + H. The tunneling
path is the optimum LAG path (39, 69) for a

(1\ C_typical tunneling energy at room temperature.
(C) Cl + HD HCI + D. The tunneling paths
are three trial paths for a least-action tunneling
calculation (39) at a typical tunneling energy. The

R optimum tunneling path in this case is between
CI,HCI' the two blue curves lying closest to the green

curve. (D) 35Cl + H37CI- H35CI + 37CI. The
tunneling paths are large-curvature paths (30) for
two different energies: the one farther from the
green curve for a typical tunneling energy and the
one closer to the green curve for a higher energy.
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The optimum  tunneling path depends on the 
curvature of the reaction path in mass-scaled coordinates.

Minimum-energy path
Least-imaginary action 
tunneling path

contours

Small-curvature-type path
(SCT)

Large-curvature-type path
(LCT)

OMT = Optimized Multi-dimensional Tunneling 
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