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In recent years our research group has made a systematic effort to study the validity of
transition state theory (TST). We have found that the conventional theory is sometimes
remarkably accurate, but in many other cases it leads to large errors. Fortunately we have
found that a much more reliable theory that has many of the advantages of conventional
TST can also be formulated, and it can be applied to practical problems with an effort that is
much closer to that required for conventional transition state theory than to that required for
full quanta] dynamics calculations. The two most important features in the improved
approach to transition state theory are the variational determination of the transition state
and the incorporation of tunneling contributions by multidimensional semiclassical
approximations.

S_ope of project

This project is concerned with the development and application of generalized TST and
multidimensional semiclassical tunneling approximations to chemical reaction rates. We
have developed and implemented several practical versions of variational transition state
theory (VTST), namely, canonical variational theory (CVT), improved canonical variational
theory (ICVT), and microcanonical variational theory (I.tVT). We have also developed and
implemented several multidimensional semiclassical tunneling approximations, the most
accurate mad useful of which are the small-curvature semiclassical adiabatic (SCSA), large-
curvature version-3 (LC3), and least-action (LA) approximations. We have applied the
methods to then'nal rate constants_ using transmission coefficients based on ground-state
tunneling, and we have also presented and applied adiabatic and diabatic extensions to
calculate rate constants for vibrafionally excited reactants. Our general goal is to develop
accurate method for calculating chemical reaction rate constants that remain practical even
for reasonably complicated molecules. The approximations mentioned above yield rate
constants for systems whose potential energy surface is known or assumed. A second,
equally important aspect of our work is the determination or modeling, semiempirically
and/or from electronic structure calculations, of potential energy surfaces. In this regard
we have developed and implemented new flexible procedures for representing the potential
surfaces of reactive systems by global and semiglobal analytic functions, and we have used
our techniques to develop more accurate potential energy surfaces for several systems. A
new initiative is concerned with the development of algorithms to calculate rate constants
based on a minimum of information about the potential energy surface.

Recent results

We have developed a general computer program, called POLYRATE,for calculating the
rate constants of gas-phase, solid-state, or gas-solid-interface chemical reactions involving
one or two reactants and any number of atoms, and we have made this available in an
international program library with 20 test runs and a 204-page program manual. (An
update, called version 1.6.2, is also available.) The POLYRATEcomputer program accepts
information about the potential energy surface in the form of either an analytic potential
energy function or a sequence of geometries, energies, gradients, and second (or higher)
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• derivative matrices at points along the reaction path. The prom-arncalculates the rate
constant for quantized internal degrees of freedom and classical reaction-path motion by
VTST. The probabilities for tunneling and nonclassical reflection are estimated by
semiclassical methods and incorporated by a transmission coefficient, which for thermal
reactions is based on the ground state.

We have applied the methods of the POLYRATEprogram to calibrate a sequence of three
successively improved new semiempirical potential energy surfaces for the reaction CH3 +
H2 .4 CH4 + H. The calibration was based on ab initio electronic structure calculations
and experimental thermochemical data, vibrational frequencies, reaction rate constants,
Arrhenius parameters, and H2/D2 kinetic isotope effects (KIEs); it used ICVT calculations
with SCSA ground-state transmission coefficients (ICVT/SCSAG) to compare to the
experimental kinetic data. The best Surface yields rate consults for the forward and
reverse reaction, activation energies, and H2/D2 KIE's that are consistent with most of the
available experimental data.

One of these new CH5 potential energy surfaces has been used for the first application
of the LC3 tunneling method to a polyatomic reaction. Tunneling contributions to thermal
reaction rates for abstraction of H or D from H2, HD, D2, or a model of benzene were
calculated. We found encouragingly similar results to those obtained by the SCSA method
for abstraction of H from H2 or D from HD or D2, but--as expected--the LC3 rnethod
predicts much more tunneling than the SCSA one for the other cases. The LC3 tunneling
method slightly improves the agreement with experiment for the intem_,.,lecularHJD2
kinetic isotope effects, and this lends added credibility to the potential energy surface we
created. The results for HD indicate that the intramolecular kinetic isotope effect provides a
very critical test of theory. The results for abstraction from benzene show, as also found in
previous work, that tunneling methods based on minimum ener_wreaction paths or
tunneling paths close to or based on such paths seriously underestimate the amount of
tunneling for the transfer of a light atom between two heavy moieties.

The new CH5 potential energy surfaces and the SCSA and LC3 tunneling methods
have also been used with variational transition state theory to study secondary a-deuterium
kinetic isotope effects in the reactions H + Ct-Lt/CI-tD3_--+ H2 + Cif3/CD3 and D +
Ct-t4/CHD3 .4 HD + CH3/CD3. We found that both variational optimization of the
transition state and tunneling have large effects on these kinetic isotope effects For
example for H + CH4/CHCD 3 .4 H2 + CH3/CD3, variational optimization of the transition
state increases the deviation of kinetic isotope effer:.,tfrom unity by a factor of 3, and
tunneling increases this deviation by a further factor of 2. This has important implications
for the widespread use of secondary deuterium kinetic isotope effects for mechanistic
analysis.

Most recently we have completed a detailed study of the gas-phase SN2 reaction
Cl'(g) + CH3CI'(g) -4 CH3CI(g) + Cl"(g) as well as the microhydrated cluster reactions
Cl'(H20)n(g) + CH3CI'(g) -4 CH3CI(g) + Cl"(H20)n(g), with n = 1 and 2. These
reactions involve up to 36 degrees of freedom. The case of n = 1 was used to test theories
of nonequilibrium solvation. For example, although the attachment of one water molecule
to the anion lowers the reaction rate by a factor of 3200 at room temperature, we found that
variational transition state theory could be used to optimize an equilibrium solvation model
that accounts for the effect within 11%.

We have also reported a test of the LA tunneling approximation against accurate
quantum dynamics calculations for the reaction O + HD -4 OH + D and OD + H. The
semiclassical and accurate quantal results are in excellent agreement, and, in particular, the
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- semiclassical results agree with the accurate quantal ones in showing a crossover such that
the more favored product changes from OD to OH as the ener_ is increased. This bodes
well for the reliability of our predictions of kinetic isotope effects on other systems where
accurate quantum dynamics calculations are not feasible.

Future plans

We plan to continue our studies involving VTST and semiclassical tunneling
calculations for gas-phase chemical reactions. The long-term framework that guides the
present research project is as follows: This project is directed to the treatment of chemical
reaction rate processes by methods that utilize transition state bottleneck properties and
semiclassical methods to incorporate quantal effecls. I am especially interested in utilizing
these methods to incorporate quantal effects and to predict total reaction rates without
explicitly averaging over completely detailed state-to-state rate constants. The fact that
transition state theory and its generalizations can often address this computational task
successfully in terms of localized dynamical bottlenecks has long been one of its strengths.
In the f'trst years of this project we implemented a successful variational version of
transition state theory and new, general methods for incorporating multidimensional effects
in semiclassical transmission coefficients, and we demonstrated the reliability of these
methods. We are now in the process of improving the implementation and extending it to a
wider variety of gas-phase rate processes, including atom transfers, general metatheses,
isomerizations, dissociations, and association reactions. Our choices of individual
reactions are guided by weighing the fundmnental interest of a #ven reaction and perhaps
its value as a prototype for a class of reactions, as well as--in some cases--by the
importance of a reaction or reaction type for combustion or for the knowledge base on
which other existing or future energy pro_m'amscan evolve.

Two approaches to the calculation of reaction rates from limited information about the
potential energy surface are being developed. In the f'trstapproach, direct dynamics, the
rate constant is calculated directly from electronic structure input without any intermediate
fitting. In the second, interpolated variational transition state theory,, a reaction path and the
potential expanded around a reaction valley are obtained by anal,,q:icrepresentations using
appropriate functional forms with parameters fitted to electronic structure calculations at a
limited number of points.

We are also incorporating more accurate reaction-path following and the LC3 tunneling
method into a new distribution version (2.0) of the POLYRATE computer code.
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