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Variational transition state theory for activated
chemical reactions in solution

by BRUCE C. GARRETT and GREGORY K. SCHENTER

Molecular Science Research Center, Pacific Northwest Laboratory,
Richland, WA 99352, USA

An approach is outlined for including solvent effects in variational transition
state theory calculations of rate constants for activated chemical reactions in
solution. The focus is on methods capable of first-principles predictions of reaction
rate constants from interatomic potential energy surfaces. The approach separates
the system into a cluster model that is treated explicitly and the ‘solvent’ that is
treated approximately, and includes both equilibrium solvation effects on interac-
tion energies and non-equilibrium effects that enter through a solvent friction
model. We discuss methods used to included quantum-mechanical effects on bound
vibrational motions and quantum-mechanical effects on motion along a reaction
coordinate (e.g. quantum tunnelling).

1. Introduction

Transition state theory (TST) (Glasstone et al. 1941, Bunker 1966, Johnston 1966,
Pechukas 1976, Laidler 1987) has been the most widely used tool for analysis of rate
constants for chemical reactions in both gas phase (for example Benson 1976) and
solution (for example Moore and Pearson 1981). In addition, TST provides a
convenient framework for first-principles predictions of reaction rate constants from a
knowledge of the potential energy as a function of interatomic distance (the potential
energy surface). The calculation of reaction rate constants from potential energy
surfaces was first discussed by Eyring (1935) and progress towards this goal has been
reviewed by Laidler and King (1983) and Truhlar et al. (1983). Over the past decade
there has been great progress in developing methods for quantitative predictions of rate
constants of gas-phase reactions (for a recent review see Steinfeld et al. 1989). One
successful example of this is quantized variational transition state theory (VTST) with
multidimensional semiclassical tunnelling corrections (Truhlar and Garrett 1980, 1984,
Truhlar et al. 1985, Isaacson et al. 1987, Lu et al. 1992) that have been developed for
reactions in the gas phase and at gas-surface interfaces. These methods are capable of
accurate predictions of gas-phase rate constants; the accuracy of the potential energy
surface is typically the major factor limiting the precision of the calculated rate
constants. Applications of VTST have been reviewed by Truhlar and Garrett (1984)
and Truhlar and Gordon (1990) and recent critical comparisons of VTST with accurate
quantum mechanics include those by Garrett et al. (1986), Garrett and Truhlar (1991)
and McRae et al. (1992). Here we examine a strategy for applying the quantized VTST
with multidimensional semiclassical tunnelling methods to reactions in solution.

The thermodynamic formulation of TST (Glasstone et al. 1941) is the approach
most used for analysing gas-phase reaction rate constants (Benson 1976) (see also
Truhlar and Garrett 1989 for how this approach can be extended to include variational
and tunnelling effects). In this approach a quasiequilibrium is postulated between
reactants and the transition state. The rate constant is expressed as the product of the
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rate of decomposition of the transition state complex to products and the equilibrium
constant for forming the transition state complex from reactants. The equilibrium
constant is often interpreted in terms of a free energy of activation or, equivalently, in
terms of separate contributions to the enthalpy and entropy of activation that are
modelled empirically or theoretically (Benson 1976). The effect of the solvent on the
reaction energetics is conveniently included in this formalism as the difference in free
energies of solvation of the transition state and reactants (see Reichardt 1988, and
references therein).

The dynamical formulation of TST (Wigner 1938) provides the best approach to
examine the approximations in TST and also provides the basis for improvements to
the conventional theory. In this approach, the classical equilibrium rate constantt is
derived using a single approximation, the fundamental dynamical assumption of TST
(Wigner 1938, Miller 1974, Pechukas 1976, Tucker and Truhlar 1989). The reactive flux
through a dividing surface separating reactants from products is assumed to be the
equilibrivm flux of trajectories that crosses the dividing surface with momentum
directed towards products; that is, it is assumed that all classical trajectories that reach
the dividing surface from the reactant side are stabilized as products without recrossing
the dividing surface. This obviates the need to know the detailed classical dynamics of
the reaction; only the momentum at the dividing surface is required. Once this
approximation is made, the rate constant calculation reduces to an equilibrium
statistical mechanical evaluation of the volume of available phase space for trajectories
to pass from reactants to products. Evaluation of this equilibrium average is
constrained to a dividing surface and yields the classical partition function for the
bound degrees of freedom that are defined by the dividing surface.

Classical trajectories that recross the dividing surface cause the breakdown of the
fundamental dynamical assumption of TST. All reactive classical trajectories are
required to cross the dividing surface at least once, but some non-reactive trajectories
that recross the dividing surface are also counted as reactive in TST. Thus TST
provides an upper bound to the exact reactive flux of classical trajectories through the
dividing surface. This is the basis of classical variational VTSTs that optimize the
location of the dividing surface to minimize the rate constant (Wigner 1937, Horiuti
1938, Keck 1960, 1967, Jafle et al. 1973, Miller 1974, Pechukas 1976, Pollak and
Pechukas 1978, Garrett and Truhlar 1979b). Although the dividing surface can, in
principle be defined as a function of both coordinates and momenta, practical
applications for complex systems generally require the use of simple functional forms
such as planar functions of coordinates only.

The effect of the solvent on the reaction energetics can also be included in the
dynamical formulation of classical transition state theory (Chandler 1978, Hynes
198354, Berne et al. 1988). For reactions in solution, the equilibrium averages include
ensemble averages over solvent degrees of freedom and they can be evaluated using

+Throughout we shall use the term rate constant to denote equilibrium rate constant rather
than the phenomenological non-equilibrium rate constant that may be observed experimentally.
Approximating the observed rate constant by the equilibrium rate constant is often referred to as
the local-equilibrium approximation, for example the assumption that transition state species
which originated as reactants are in local equilibrium with reactants. We address only those
approximations needed to obtain the equilibrium rate constant.
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standard methods of statistical mechanics (McQuarrie 1976). The equilibrium averages
yield partition functions for the transition state complex and reactants, and the ratio of
these partition functions is just the equilibrivm constant used in the thermodynamic
formulation. If the dividing surface is defined to be a function of only the coordinates of
the reacting solute molecules, then the thermodynamic averages over the solvent
degrees of freedom give the solvent partition function that is related to the free energy of
solvation.

The use of TST for solution-phase reactions dates back to the work of Evans and
Polanyi (1935), but it is only within the past 15 years that the validity of the
fundamental approximation of classical mechanical TST have been more closely
examined for reactions in solution (for example Chandler 1978 and Hynes 1985a). As
pointed out by these workers, collisions of solvent molecules with the reacting solute
molecules can lead to recrossings of the dividing surface that do not occur in the gas
phase and therefore lead to a breakdown of the fundamental dynamical assumption of
TST. One advantage of the dynamical formulation of TST is that it provides a means to
mitigate the effects of this breakdown by variationally optimizing the dividing surface
in the space of both the solute and the solvent degrees of freedom. In this case the
dividing surface is defined as a function of solvent coordinates as well as the coordinates
of the reacting solute molecules. A procedure for using planar dividing surfaces that
includes the explicit solvent coordinates in classical mechanical VTST has been
discussed by Pollak (1991c). However, this does lead to a complication in the
calculation of the ensemble averages since they are constrained to be evaluated on a
dividing surface. It is much easier to evaluate the averages over the solvent degtrees of
freedom if they have no external constraint. For this reason, dividing surfaces are
typically chosen to depend only on the solute coordinates, and solvent-induced
recrossings are included using approximate models. This is discussed further below in
the context of equilibrium and non-equilibrium solvent effects.

For many reactions, especially those including light atoms, such as hydrogen atom,
proton or hydride transfer reactions, quantum-mechanical effects on the motion of the
atoms must be included. Attempts at developing a rigorous formulation of a quantum-
mechanical TST that provides an upper bound to the exact quantum-mechanical rate
constant have not been successful to date (McLafferty and Pechukas 1974, Miller 1974,
Pechukas 1976, Pollak and Proselkov 1993). Additional approximations are needed to
include quantum-mechanical effects into TST. The standard approach is an ad-hoc
procedure (Eyring 1935, Glasstone et al. 1941) that replaces classical partition
functions by approximate quantum-mechanical functions and then correction factors
for quantum-mechanical effects on the reaction coordinate motion (such as tunnelling)
are included. That is the approach discussed here for including quantum-mechanical
effects in VTST (Garrett and Truhlar 1979c, Truhlar et al. 1982, 1985, Isaacson ¢t al.
1987, Lu et al. 1992).

Before proceeding we mention another approach that is gaining popularity, namely
the Feynman path integral formulation (Feynman and Hibbs 1965, Feynman 1972) of
quantum-mechanical TST (Voth et al. 1989) that was based on earlier work by Gillan
(1987). This method has recently been reviewed by Voth (1993) including a review of
applications and extensions of the method. It is interesting that both the VTST and the
path integral approaches have been applied to a model reaction in solution (McRae
et al. 1992, McRae and Garrett 1993) and, although they employ different approxim-
ations, they agree well with each other and with accurate benchmark results. To date,
the VTST approach has been applied and tested for a more extensive set of systems and
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to more complex reactions, and in this work we examine how it can be extended to even
more complex systems, namely solution-phase reactions. The approach taken here is to
develop reduced-dimensional effective Hamiltonians that approximate the effects of
the solvent. The path integral approach can be applied either to the Hamiltonians for
the full system or to the reduced-dimensional Hamiltonians. In the future it will be
interesting to see comparisons of these types of calculation as well as other comparisons
of the VTST and path integral approaches for reduced-dimensional Hamiltonians.

The computational procedures used to perform VTST calculations that include
quantum-mechanical effects are significantly different from those outlined above for
the classical mechanical theory. The quantum-mechanical calculations require identif-
ication of a saddle point and a reaction path connecting the saddle point with reactants
and products. For reactions in solution, there are many saddle points that are close in
energy and that differ significantly only in the configuration of the solvent (for example
Warshel 1979 and Harris and Stillinger 1990). The muiltiple saddle points are a
reflection of the large anharmonicity in the solvent that makes the quantum-
mechanical calculation of the partition functions impractical. In this case, it is much
more difficult to see how to apply VTST methods to reactions in solution. The major
focus of this work is the description of a procedure for making these calculations
practical.

VTST including quantum-mechanical effects can be applied to solution-phase
reactions by separating the system into a cluster model that contains the part of the
system undergoing reaction and the solvent that is treated in an approximate manner
(figure 1). This dichotomy is well founded in the literature (for example Adelman 1983,
1984, Warshel and Russell 1984, Robinson et al. 1990). The cluster model can include a
finite collection of solvent molecules as well as the reactants or solute molecules. The
effects of microsolvation on reaction dynamics has been studied using VTST by Tucker
and Truhlar (1990), Gonzalez-Lafont et al. (1991) and Zhao et al. (1991, 1992) and
using classical trajectories by Hu and Hase (1992). The VTST calculations have
included only a small number of solvent molecules (one or two) but in principle this
approach can be extended to larger clusters. As more solvent molecules are added, the
VTST calculations become more difficult and applications to clusters of sufficient size
to reproduce bulk liquid are not practical. In practice, the studies of cluster models will
be limited to those that are sufficiently small to retain the ease of the gas-phase VTST
calculations. Note that in this article we shall use the terminology solute to mean the
cluster model even though it may contain some solvent degrees of freedom.

A convenient approach to approximating the influence of the extended solution on
the solute reaction dynamics is by separating solvent equilibrium (static) and non-
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Figure 1. Approximation of solution-phase system by a cluster model (inside the circle) and an
approximate model of the solvent {depicted by oscillators).
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equilibrium (dynamic) effects.t Equilibrium solvation affects the reaction energetics of
the solute. The constant proximity of solvent molecules around the solute changes the
interaction potential of the solute. The resulting mean-field potential for the solute is
obtained from an equilibrium ensemble average over solvent configurations. Since this
mean-field potential is obtained from an equilibrium ensemble average at each solute
configuration, the equilibrium solvation assumption implies that the solvent molecules
instantaneously equilibrate to each new solute configuration. In the thermodynamic
formulation of TST the effect of the solvent on the reaction energetics is included by the
free energy of solvation that is obtained from equilibrium ensemble averages and is
therefore an equilibrium solvent effect.

From a knowledge of the potential energy surface of the entire system, the free
energy of solvation, or equivalently. the potential of mean force, can be computed
classically using statistical perturbation theory (Zwanzig 1954). This approach has
been used to compute the free energy of activation for reactions in solution by
Jorgensen and co-workers (for recent reviews see Jorgensen 1988, 1989). In some cases,
such as when masses of either the solute or solvent are sufficiently light, a quantum-
mechanical evaluation of the free energy may be necessary. In principle this can be
accomplished using path integral methods (Feynman and Hibbs 1965, Feynman
1972).1 The condition for validity of classical mechanics is that the de Broglie
wavelengths of the particles are sufficiently small compared with the average length
scale of their interactions with other particles in the solution. For most cases, except
possibly for hydrogen atoms, classical mechanics should be adequate and in this article
we consider only the classical mechanical evaluation of the free energies of solvation.

Equilibrium solvation includes the average effect of the solvent on the energetics of
the interactions within the cluster for each cluster geometry. This neglects any
dynamical influence that the solvent may have on the reaction dynamics as a result of
solvent fluctuations. Non-equilibrium or dynamic solvent effects can be separated into
local and collective effects. Local effects, such as solvent caging in which the solvent
molecules must move out of the way of the reacting molecules, involve only a limited
number of solvent molecules that can be included in the cluster model. Collective effects
involve cooperative motions of the molecules in the bulk liquid and may be included
with reduced-dimensional models. When the interaction potentials are dominated by
clectrostatic interactions (such as for a charge-transfer reaction in a polarizable
medium), the collective effect may be best included by a non-equilibrium polarization
model (Lee and Hynes 1988, Truhlar et al. 1993). Here we focus on situations where this
collective non-equilibrium solvent effect on the solute dynamics is treated by a solvent
friction model based on a generalized Langevin equation (GLE) (Zwanzig 1965, Mori
1965, Kubo 1966).

As mentioned above, one consequence of solvent dynamics is a breakdown of the
no-recrossing approximation of TST. Methods for treating the solvent-induced
recrossing based upon a solvent {riction model include the early work of Kramers
(1940) and more recent extensions by Grote and Hynes (1980). Recent reviews of the
Kramers theory include those by Nitzan (1988) and Hénggi et al. (1990). These classical

1The terminology of equilibrium and non-equilibrium solvent effects is very old (for example
Kurz and Kurz 1972) but the concepts have been refined in more recent work (for example
Chandler 1978, Truhlar er al. 1983, Hynes 1985a, b, Berne et al. 1988, Tucker and Truhlar 1990).

{For a recent example of the calculation of a quantum-mechanical free energy of solvation
see Gai and Garrett (1994).
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mechanical methods estimate the recrossing of a dividing surface that is defined in
terms of a single solute reaction coordinate using a GLE model. As has been shown by
van der Zwan and Hynes (1983, 1984), a single reaction coordinate GLE model can be
equivalent to a multidimensional solvent model. The formal relation between the
Kramers and Grote-Hynes theories and multidimensional classical TST on an
effective Hamiltonian that models the solvent friction by a collection of oscillators
(Ford et al. 1965, Zwanzig 1973} has been demonstrated by Dakhnovskii and
Ovchinnikov (1985) and Pollak (1986a). In this case, the dividing surface in the
multidimensional TST is implicitly defined to be a function of effective solvent degrees
of freedom as well as those of the solute. In the present paper we discuss how the friction
model can be used in VTST calculations that include quantum-mechanical effects.

The notion that the friction model can be used in a quantum-mechanical
calculation deserves further consideration. The GLE is a classical mechanical equation
of motion for the solute degrees of freedom that includes the effect of solvent friction
and random forces exerted by the solvent. In this model the influence of the solvent
dynamics on the reaction is completely determined by the friction tensor. The friction
tensor may be obtained from classical mechanical simulations of the autocorrelation
function of the force exerted by the solvent on the solute. The use of classical mechanics
to model the influence of the solvent dynamics on the reaction is most valid when the
friction tensor is characterized by low-frequency intermolecular motions of the solvent.
In the case where high-frequency intramolecular solvent motions contribute signifi-
cantly to the friction tensor, it may be better to include explicitly some of these modes in
the cluster model where they can be treated quantum-mechanically. The use of the
classical mechanics to obtain the friction tensor is therefore on firm grounds; however,
the use of this classically derived friction model in a quantum-mechanical calculation is
less justified. Throughout this article we shall describe the approximate treatment of
the solvent interaction with the solute in terms of reduced-dimensional effective
Hamiltonians, The reduced system will then be solved in terms of a complete quantum-
mechanical treatment. Classical mechanics is a convenient technique for parametriz-
ation of these Hamiltonians. If necessary, quantum mechanics may be employed. These
issues will be discussed further in §3.

One goal of this paper is to indicate how the equilibrium and non-equilibrium
solvent effects can be incorporated in the computational procedures used in quantized
VTST calculations. Although the focus is on a quantum-mechanical prescription, it is
first necessary to consider classical mechanical rate theories since the solvent influence
on the reaction dynamics of the solute is modelled using classical mechanics. Therefore,
we explicitly show how the reduction of the multidimensional solvent to the
approximate equilibrium and non-equilibrium models is carried out in classical
mechanical rate theories. For the nonequilibrium model it is necessary to examine the
exact classical dynamics in the reduced model; thus, the starting point for our
discussions is the exact classical rate constant expression. Once the approximation to
the dynamical influence of the solvent is made, the explicit dynamics are replaced by the
transition state approximation. An effective Hamiltonian of reduced dimension results
from the analysis. Quantum-mechanical corrections are then made to the classical
mechanical generalized TST expression by an ad-hoc procedure.

Another objective here is to indicate the type of information that is needed to
perform the VTST calculations. One advantage of VIST over other dynamical
methods for gas-phase reaction is that a global potential energy surface is not needed
(Garrett et al. 1981, Truhlar et al. 1986, Isaacson et al. 1987, Truhlar and Gordon 1990).
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By knowing the potential in the region of a path connecting reaction and products (a
‘reaction-valley potential’ as termed by Truhlar and Gordon 1990), the VTST
calculations can be performed. One approach is to use the potential and its first and
second derivatives along the reaction path computed using ab-initio electronic
structure theory (for recent applications of this approach see Garrett et al. 1990 and
Garrett and Melius 1991). When necessary, selected higher-order derivatives can be
included to account for some of the anharmonicity. In the present paper we present an
approach to representing the solvent average potential along a reaction valley in terms
of the value of the potential and its first and second derivatives along a path.

We start in §2 by reviewing the classical rate theories and the methods used to
include quantum-mechanical effects in the VTST calculations. In §3 we consider a
partitioning of the system into solute and solvent components and then discuss
approximate methods for including solvent effects in the classical mechanical and
quantum-mechanical theories. Both equilibrium and non-equilibrium solvation
approximations are derived within the classical mechanical theories and prescription
for treating the models quantum-mechanically are described. In §4, concluding
remarks are presented.

2. Methods

We are interested in the application of VTST beginning from a knowledge of the
potential energy surface and other important parameters of the system, such as the
mass of the atoms and temperature. Throughout, it is assumed that the potential energy
surface for the entire system is known. A discussion of methods for obtaining accurate
potential energy surface information for the extended system of a reaction in solution is
beyond the scope of this work. However, we shall try to indicate where the solvent
effects can be approximated by reduced-dimensional models rather than a full potential
energy surface.

We begin by discussing the general case where all degrees of freedom are explicit. In
this case, all atoms are considered to be part of the cluster model or solute and the
approach is identical with that used in a gas-phase reaction. The starting point is
knowledge of the complete Hamiltonian for the system. We assume, with no loss of
generality, that the Hamiltonian may be recast in the following mass-scaled form:

2

H(g, p) =§—H+ o), (1)

where q and p are coordinates and conjugate momenta of the cluster model (or solute),
p is a reduced mass and V{q) is the potential energy surface as a function of the
coordinates. It is most convenient to take q to be the Cartesian coordinates of each
atom in the system multiplied by a mass scaling factor that gives the same effective mass
u for each coordinate.
2.1. Classical rate theories

The reactive flux formalism (Miller 1974) provides a convenient formulation of the
classical rate constant for chemical reactions in terms of the Hamiltonian.t It is
assumed that the reactants may be distinguished from the products by a continuous

1The reactive flux formalism of Miller is most convenient for gas-phase reactions and this is
the approach taken here. The reactive flux correlation formalism of Yamamoto (1960) is
convenient for both gas- and solution-phase reactions. In the latter the rate constant is derived
from a time-dependent reactive flux correlation function. The phenomenological rate constant, if
it exists, is defined as the plateau value of the time correlation function (Chandler 1978). In the
reactive flux formalism used here, it is assumed that a plateau value exists.



17:23 21 January 2011

Downl oaded At:

270 B. C. Garrett and G. K. Schenter

function Z(q, p) that is negative for reactant regions and positive for product regions of
phase space. (Often it is the case that a single coordinate, g, for example, is chosen to be
a ‘reaction coordinate’, and Z is chosen to be a function of the reaction coordinate only,
e.g. Z=gq,.) The classical equilibrium rate constant is expressed in terms of the flux of
reactive trajectories across the dividing surface defined by the implicit equation, Z =0.
For a canonical ensemble at temperature T, the exact classical rate constant is given by

Try,q [exp (— BH) 4Z)Z1]

ke(T)= ) 2
‘ o%(T) @
where the classical trace is defined as a classical phase-space average:
dqdp
Trcl,q[- . ] = Jv(znh)N e (3)

N is the total dimension the system, 2n# is Planck’s constant, f=1/kgT and k; is
Boltzmann’s constant. The phase-space average is over initial conditions for classical
trajectories and the Dirac delta function restricts the average to the dividing surface
(e.g. Z=0). Each phase-space point is weighted by the classical phase-space density
exp (— BH), and the flux through the dividing surface for the trajectory specified by the
point in phase space is defined by

. 0Z OH 0H oZ

" dq op oq Op

The characteristic function x(q, p) (Pechukas and McLafferty 1973) projects out the
reactive trajectories and may be written explicitly as (Chandier 1978)

20, p) = 0(Z(tp))0(— Z(— 1)), 4

where we have written Z(t) for Z[ q(t), p(t)], [q(t), p(¢)] is the phase-space point resulting
from propagating the point (q, p) for time ¢, # is a unit step function, and ¢, is the plateau
time. Thus y projects out those trajectorics that begin in reactants (e.g. Z(—tp)<0) and
end in products (e.g. Z(tp) > 0). The product of the classical density, the flux through the
dividing surface and the characteristic function form a microscopic reactive flux, and
the product QR(T)k.(T) is often referred to as the total ‘reactive flux’. The
normalization Q%(T) is the reactant partition function, which may be written as

QX(T)="Try, q[exp(—BH) "], (6)

where x® is a projector of the reactant region of phase space. For example, for a
bimolecular reaction, ¥® can be chosen as a delta function in the relative Cartesian
vector between the two reactants for a large internuclear separation giving a partition
function per unit volume. For a unimolecular reaction, y® can be chosen as a unit step
function in a reaction coordinate that limits the integration to the reactant region.

The transition state approximation is obtained by making a short-time approxim-
ation to the characteristic function in equation(5) (Chandler 1978). The TST
approximation selects those trajectories that pass from the reaction to product side
over a short period of time, e.g. y™7 (q, p ) = #(Z). Using this approximation we obtain
the generalized TST expression

4

Tr,q [exp (= BH) 8(2)Z26(Z)]
Q(T) '

ki'lZ, T]= ™
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The resulting value for the exact classical rate constant k(T) obtained from
equation (2) is independent of the choice of the dividing surface defined by Z=0. The
TST expression is dependent on the dividing surface and in VTST the dividing surface
is optimized to minimize the rate constant.

In our implementation of VTST, rather than allow arbitrary orientations of the
dividing surface, a one-parameter sequence of dividing surfaces is considered by the
following procedure. This is a compromise between a practical scheme that is
applicable to complex problems and methods for obtaining the best variational
solution. In applications the constrained variations of the dividing surface still provide
practical improvements over the conventional choice of placing the dividing surface at
the saddle point (for example Garrett and Truhlar 1979b). The reaction path is defined
as the minimum-energy path (MEP), that is the path of steepest descent from the
saddle point to reactants and products in the mass-scaled coordinates (Shavitt 1959,
1968, Weston 1959, Marcus 1966, 1968b, Truhlar and Kuppermann 1971, Fukui 1974,
Schaefer 1975). Explicitly, this path is defined by q“EP(s) and is obtained from
integrating the equation

46 =S q¥er(s)= — 2a”
ds

laq Vi q= qMEP(s)’

®)

starting from the saddle point at s=0 with an initial step along the eigenvector for the
unbound mode. The reaction coordinate s along the MEP is the (signed) distance from
the saddle point (negative on the reactant side and positive on the product side). The
evaluation of the MEP requires calculation of the first derivatives of the potential along
the MEP. Generalized transition state dividing surfaces are constrained to be
hyperplanes that are orthogonal to the reaction path and are defined by their location s
along the reaction coordinate. Given q'(s), a sequence of planar dividing surfaces may
be defined as

Z(q,p)=q'()[q— 9" (s)]=0. ©®

Given the MEP, one may define a local coordinate system (Garrett and Truhlar

1979b) based upon local normal modes at each s that are obtained from diagonalizing

the matrix of mass-scaled second derivatives with the reaction coordinate motion

projected out. This requires calculation of the Hessian matrix along the MEP.
Explicitly, one diagonalizes the matrix (Miller et al. 1980)

F%bu—ﬂmum(yV)
oq%0q
to give a set of normal mode eigenvectors L,(s) and eigenvalues puw?2(s). The normal
mode coordinates are (u, ), where the coordinate ¢ is associated with the tangent
eigenvector q'(s), and u is associated with the remaining N — 1 bound modes orthogonal
to the reaction coordinate. Transformation between the Cartesian and normal
coordinates is given by

[1—q'(s)a'(s)"] (10)

q = qMEP(s)

N-1
q=9"(s)+ Z& Lt + 4 (S)C. (11

This series of dividing surfaces serve to define the s-dependent generalized TST
expression for the gas-phase canonical rate constant (Truhlar et al. 1985):
ks TQG(5, T)

k(s T)=kG'Z, T1= oI P [—BV*=(s)), (12)
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where h = 2nth, VMEP(s)is the potential evaluated on the MEP at s, and the zero of energy
of the potential is defined to be the reactant equilibrium geometry (e.g. VMEF(s) at
reactants is zero). The generalized transition state partition function for the bound
modes orthogonal to the reaction path at s is given in terms of the local normal
coordinates by

ST(Ss T) = Trcl, u {exp l: - ﬁ(% + V(us é = 0) - VMEP@))]}a (1 3)

where Tr, ,, is the classical trace over the N —1 bound modes and V(u, £) is V(q) with
the Cartesian coordinates defined by equation (11). Note that the partition function is
defined with its zero of energy at the local minimum of the potentials for the bound
modes orthogonal to the reaction coordinate. The canonical variational theory (CVT)
rate constant is obtained by minimizing equation (12) with respect to s (Garrett and
Truhlar 1979b):

ke '(T)=min [k"(s, T)]~ kGT(sG"(T), T), (14)

where s§VI(T) is the location of the dividing surface that minimizes equation (12) at
temperature T.

2.2. Quantum-mechanical variational transition state theory

The classical expression for the rate constant given in equation (12) is the starting
point for including quantum-mechanical effects in VTST. To obtain the appropriate
quantum-mechanical expression for the rate constant, first the classical mechanical
partition functions are replaced by their quantum-mechanical analogues (for example
Garrett and Truhlar 1979¢). The quantized generalized transition state rate constant is
given by
kB TQGT(Sa T)

h QNT)

where Q¥(T) and Q€T(s, T) are evaluated quantum-mechanically. In the quantum-
mechanical generalization, the classical trace in equation (13)is replaced by a quantum-
mechanical trace. Using an independent normal mode approximation, the potential
becomes decoupled and one-dimensional energy levels for the bound modes may be

computed. In this case, the quantized partition function is given by the product of
partition functions for each mode:

k(s Ty= exp [~ BVMEH(s)], (15)

0°(s, T)=[14S"s, T), (16)

where the partition function for mode m is given by the sum over Boltzmann factors for
the energy levels in the mode, that is

gn'(s, T)= ) exp[— e (s, n,,)] (17)

and ¢S7(s,n,) is the generalized transition state energy level for level n,, in mode m.
Within the harmonic approximation, the independent normal mode approximation
becomes exact and equations (16) and (17) reduce to

1

ET(S, T)= gma (18)
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where w,,(s) is the harmonic frequency for mode m at location s along the MEP. When
low-frequency modes are present, the harmonic approximation is very often not valid
and methods for including anharmonicity must be considered (Garrett and Truhlar
1979¢, 1984, Truhlar er al. 1982). In these cases it is often possible to introduce
quantum-mechanical corrections to the accurate classical partition functions (Pitzer
and Gwinn 1942, Messina et al. 1993). This is discussed further below for reactions in
solution when low-frequency modes of the solvent are present.

With the partition functions in equation (15) treated quantum-mechanically, the
rate constant is a hybrid quantized expression in which the bound modes are treated
quantum-mechanically but the reaction coordinate motion is treated classically. The
adiabatic theory of reactions (Marcus 1966, 1967, 1968a, Truhlar 1970) provides a
consistent route to include quantum-mechanical effects in reaction coordinate motion.
In the adiabatic theory of reactions, coordinates orthogonal to the reaction coordinate
are treated as ‘fast’ variables. Reaction probabilities P(n, E) for each adiabatic state are
obtained by considering the dynamics on the one-mathematical-dimensional vibr-
ationally adiabatic potential. In the independent normal-mode approximation the
adiabatic potential is written

Vals,n)=VYER(s) + 3. e T(s, m), (19)

where the sum is over the bound vibrational modes of the generalized transition state at
s, and the energy levels €87(s, n,,) are the same as those used in the partition functions.
The reaction probabilities P(n, E) can then be thermally averaged to yield the rate
constant. When reaction coordinate motion is treated classically, the adiabatic theory
of reactions yields an expression for the thermal rate constant which is equivalent to
that obtained from microcanonical variational theory (uVT) even though the
approximations in the two theories are very different (Garrett and Truhlar 1979b, ¢).
Since the one-dimensional scattering problem can be treated quantum-mechanically, a
multiplicative tunnelling correction factor for the adiabatic theory of reactions can be
obtained, and the equivalency of pVT and adiabatic theory makes it consistent to use
the same correction factor to account for the quantization of reaction coordinate
motion in the pVT.

Rather than compute the tunnelling through all adiabatic potentials that con-
tribute significantly to the tunnelling correction factor, for gas-phase reactions the
tunnelling correction factor is approximated by the tunnelling through the ground-
state potential only (Garrett et al. 1980):

kVIAG(T)=Bexp BV, (sV(T), n=0)] j wdE exp(—BE)P(n=0,E). (20)
1]

At low temperatures where tunnelling corrections are most important, quantized
systems tend to be in the ground state, and this approach provides is a good
approximation. As temperature increases, tunnelling through excited-state adiabatic
potentials would contribute relatively more, but tunnelling becomes less important and
the correction factor decreases until at sufficiently high temperatures it tends to unity.
The ground-state method gives the correct high-temperature limit, and for intermedi-
ate temperatures, the tunnelling through excited-state adiabatic potentials is appro-
ximated (implicitly) by the tunnelling probabilities for the ground-state potential with
the energy scale shifted by the difference in the excited-state and ground-state energies
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at the ground-state maximum. The resulting quantum-mechanical CVT rate constant
with the tunnelling correction factor included is then given by

KCVTIAG(T) = k CYIAG(TYKCVT(T), 21

The adiabatic approximation is made in a curvilinear coordinate system and,
although the potential term is simple, the kinetic energy term is complicated by factors
dependent upon the curvature of the reaction path (Marcus 1964, 1966, Miller et al.
1980). As shown by Skodje et al. (1982), the most successful methods for including the
multidimensional effect of the reaction path curvature in the adiabatic calculations of
the reaction probabilities are those that specify a tunnelling path that ‘cuts the corner’
and shortens the tunnelling length. Marcus and Coltrin (1977) found the optimum
tunnelling path for the collinear H + H, reaction by finding the path that gave the least
exponential damping. The small-curvature semiclassical adiabatic ground-state
(SCSAG) method (Skodje et al. 1981,1982) extends the Marcus—Coltrin method to
other reactions and to multidimensional reactions. It has been extensively tested and
shown to be valid for systems in which only one bound mode is coupled to the reaction
coordinate. The centrifugal-dominant (CD) SCSAG method (Lu et al. 1992) provides a
more suitable approximation for systems with non-zero components of the reaction
path curvature along several generalized normal modes. The CD SCSAG method
reduces to the previous SCSAG method in the limit of one non-zero component of the
reaction-path curvature. The adiabatic tunnelling methods are most valid for systems
with small to intermediate reaction path curvatures.

The adiabatic approximation is expected to break down for reactions with large
reaction path curvatures (e.g. for reactions involving the transfer of a light atom or
fragment between two heavy moieties). For these systems it is most appropriate to use
methods that do not rely on the adiabatic approximation in the interaction region. The
large-curvature ground-state (LCG) tunnelling method approximates the tunnelling
paths as straight-line tunnelling paths between adiabatic turning points in the reactant
and product region (Garrett and Truhlar 1983, Garrett et al. 1983, Truhlar et al. 1985,
Garrett et al. 1989). In the spirit of the approach used by Marcus and Coltrin (1977), the
least-action ground-state (LAG) method chooses the optimum tunnelling path as the
path with least exponential damping (least action) from a set of paths interpolated
between the MEP and the straight-line LCG tunnelling path (Garrett and Truhlar
1983, Truhlar et al. 1985). The LAG method is the most computationally intensive
method and, to date, only the LCG method has been implemented for general
polyatomic reactions. A simpler but more approximate method is to choose the
optimum tunnelling from the CD SCSAG and LCG methods (Truhlar et al. 1992, Liu
et al. 1993).

For the adiabatic tunnelling methods, the information about the potential energy
surface needed for the calculations of the tunnelling correction factor K“Y¥/AS(T) is the
same as for evaluating the hybrid quantized rate constant in equation(15). For the
CD SCSAG method, the necessary information about the curvature of the reaction
path can be obtained from the gradient and Hessian matrix along the MEP (Miller
et al. 1980). If a harmonic representation of the potential is sufficient, the calculation
can be accomplished by knowing the potential, gradient vector and Hessian matrix
along the MEP. Anharmonicity for bound modes is typically added as selective higher-
order terms in the potential. In both the LCG and the LAG methods, the tunnelling
path can sample regions of the potential energy surface far from the MEP and outside
the region of validity of the expansion of the potential at the MEP. In this case a wider
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region of the potential is needed but is still limited compared with a global potential
energy surface (Truhlar et al. 1986, Garrett et al. 1989). In the present work we focus on
the use of methods for which only the expansion in the region of the MEP is sufficient.
The approach discussed below can be extended to include the LCG and LAG methods,
but these methods are not pursued here.

3. Solvent effects

We outlined above a general procedure for obtaining a rate constant for the general
case where all degrees of freedom are explicit. The procedure required the identification
of a path in the multidimensional configuration space, requiring the evaluation of
gradients of a potential along the path. By defining coordinates normal to the path, a
generalized transition expression for the rate constant is given by equation (12). With
the Hessian along the path, within a harmonic approximation for the transverse
motion, a quantum-mechanical rate constant is recovered. To extend this procedure to
the condensed phase, we need to define appropriate procedures for obtaining the MEP
and the effective potential, gradient and Hessian along that path.

To generalize the procedure to the condensed phase, we first start from the full
microscopic description of the system. The Hamiltonian for the total system is
partitioned into a gas-phase component for the cluster model in the absence of the
solvent and the solvent component that includes coupling between the solvent and
cluster model:

H(q’ pa X, px) = Hgas(q9 p) + Hsolv(px; q)s (22)

where q and p are coordinates and conjugate momenta of the solute, and x and p, are
the solvent coordinates and conjugate momenta. The solute and solvent components
take the same form as in equation (1):

pl?
Hyul@ D)= -+ V@) (23)
and
. .
Hsolv(x9 px, q) - 2# + I/solv(x9 q)9 (24)

where V,,(q) is the potential energy surface for the solute and V,,(x; q) is the potential
energy surface for the solvent including the solvent interactions with the solute. The
total potential is defined as

V(q, X) = Vgas(q) + Vsolv(x; q) (25)

Here we shall review two levels of approximation for obtaining the rate constant for a
reactive process in solution. The levels of approximation are, firstly, modelling the
solvent influence on the solute by assuming equilibrium solvation, and secondly,
including dynamic solvent effects by using a linear response model.

3.1. Equilibrium solvent effects
3.1.1. Classical mechanical rate theory
First consider the case where there is weak dependence of H,,, on q and we define
both the dividing surface Z and the reactant region of phase space by x® in terms of
(q, p) only. Then we may factor out the solvent partition function

ch. sonl@ T)= Trcl, x [CXp (—BH )] (26)
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in both the expression for the rate constant and the reactant partition function. The
reactant partition function is approximated by

Qlc(l(T) ~ ch, solv(q, T) Trcl, q [exp ( - ﬂHgas) XR]
= ch, solv(q7 T)Qch, gas( T)’ (27)

and the rate constant reduces to that for the gas-phase reaction

kg:rgas[z, T] — Trcl, q [exp (_RﬁHgas) 6(Z)ZO(Z)]
cl,gas(T)

The above result shows that, within a TST approximation, the resulting gas-phase rate
constant is not influenced if H ,, has a weak q dependence. In addition, the MEP
required for adding quantum corrections is identical with the gas-phase MEP.

This result motivates the introduction of an equilibrium solvation description of the
rate constant. In this case the dependence of H,, on q is not ignored, but we still
assume that the dividing surface Z and the reactant region of phase space are defined in
terms of solute coordinates alone. An equilibrium solvation Hamiltonian is defined by

exp[ — fHgs(a, p, T)]=Tr, x[exp(—fH)]
= ch, solv(q’ T) cxXp [ - ﬁHgas(q’ p)] (29)

In the case of equilibrium solvation the rate constant expression for generalized
transition state theory, analogous to equation(7), can be written

Tro,q [€Xp (— BHEs) HZ)Z0(Z)]

(28)

kSTl Z, T]= : 30
T2, T . o (0)
where

QE],ES(T) =Trcl,q [exp(—BHgg) XR]- (31)

This expression is identical in form with the rate constant given in equation (7) except
the full Hamiltonian is replaced by the equilibrium solvation Hamiltonian. The only
assumption made in deriving equation (30) is that the dividing surface and reactant
region of phase space are defined in terms of solute coordinates only.
For the form of the total Hamiltonian given in equations (23)+25), the equilibrium
solvation Hamiltonian can be rewritten
’2

Ip
Hgs(q,p, T) =ﬂ+ Ves(a, T), (32)

where the equilibrium solvation potential is defined by

at.~| VES(q7 T) = <aq V(q’ x)>q = aq Vgas(q) + <aq I/solv(q’ X)>q, (33)

and the q constrained average is given by

— Trcl, x [exp ( - ﬁH). . .:l
Tra.«[exp(—BH)]

Thus, Vg(g, T) is just the potential of mean force (McQuarrie 1976) generalized to a
multidimensional solute. It has long been realized that the effect of equilibrium
solvation can be included in TST using the potential of mean force (Chandler 1978,
Truhlar et al. 1983, Hynes 1985a,b, Berne et al. 1988); however, most previous

(34)

{-Dq
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calculations of equilibrium solvation contributions to the TST rate constant express
the potential of mean force as a function of a single coordinate, namely the reaction
coordinate. Equation (30) differs in the fact that the rate constant is written as a
function of a multidimensional equilibrium solvation potential energy surface.

VTST calculations as outlined in §2 do not require a knowledge of the global
potential energy surface, only the potential in a quadratic region around the MEP is
needed. Note that the first-derivative information needed to define the MEP for the
equilibrium solvation model is given directly by equation (33). The second-derivative
information needed for the definition of the normal modes used in the evaluation of the
partition functions are given by

0 Vies(Q)=<0,40,V1@, X)) q — BL{0, V18, X)0, V18, X)) q — {0 1@, X)>q{0q V10, X) >4 ]
“aqaquas+<0qaq Vsolv>q .B(<a solva Vsolv>q <a Vsolv> <a solv>q)‘ (35)

The MEP and the harmonic expansion of Vg along the MEP will be different from the
gas-phase path. It is, however, restricted to span solute coordinate space alone. This
will not be the case when dynamical solvent effects are introduced in the next section.

With the planar dividing surfaces defined in terms of the MEP, the classical
generalized TST rate constant is given by

ksTQg, STes(s, T)
w5, T)=—2 ZebBS 7/ ,
(S, T =2 G exp [ VIG5, )]
ch ES(S T) MEP, .
bl Shis (- oxp —ALVEs, T)— VA, (36)

where VMEF(s, T) is the potential along the MEP on the equilibrium solvation potential,
VR is the value of the equilibrium solvation potential at the reactant equilibrium
geometry in the equilibrium solvation potential, and the equilibrium solvation
generalized transition state partition function is defined by an expression similar to
equation (13) but with the potential replaced by Vg and the normal mode coordinates
determined from the Hessian matrix constructed from the second derivatives of the
equilibrium solvation potential (e.g. equation 35). The generalized transition state
partition functions are defined with their zeros of energy at the local minimum of the
potentials for the bound modes. Since the equilibrium solvation potential does not
necessarily go to zero at the reactant equilibrium geometry, the additional Boltzmann
factor of the potential at reactants arises in the evaluation of the reaction partition
function in equation (31). The reactant partition function with this zero of energy (at the
local minimum at the reactant equilibrium geometry) Q%%(T) is defined by
equation (31) with the Boltzmann factor exp (— f V) removed. Because of the change
in the equilibrium solvation potential from the gas-phase value, the potential V¥£E(s, T)
along the MEP, the potentials for the bound vibrations and thereby the partition
functions Q5 (s, T) and QF, e(T) are also different from their gas-phase counterparts.
The equilibrium solvation CVT rate constant is obtained by minimizing equation (36)
with respect to the reaction coordinate.

It is instructive to examine the generalized transition state expression for the rate
constant in terms of the thermodynamic formulation. We can rewrite equation (36) as
(Garrett and Truhlar 1979a-d)

oT
keiTes(s, T)———K° exp[—BAGHS(s, T)], (37
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where K is the reciprocal of the standard state concentration for bimolecular reactions
and unity for unimolecular reactions, and AGG":2(s, T) is the classical equilibrium
solvation generalized transition state standard-state molar free energy of activation as
a function of the reaction coordinate. Equating equations (36) and (37) and using the

definition of Vig(q) implied by equations(29) and (32) leads to

AGSTI’SS(S; T) as [qE EP(S)] Vgas [q]és]

ch ES(S T)Q., solv[qMEP(S) T])
—kpT In R 38
? < KOch ES(T)QcI solv[qur (38)

where qMeF(s) is the MEP on the equilibrium solvation potential and qfg is the
equilibrium geometry on the equilibrium solvation potential. The free energy of
activation in solution is often separated into a gas-phase free energy of activation plus a
contribution from solvation:

AGTTE(s, T)=AGH (s, T)+ AGH (s, T). (39)

The gas-phase free energy of activation is given by

(40)

AGSTO(s, T)= Vo [a¥E%(5)] — ks T In ( 05 (s T’)

KOch gas(T)

and the solvation part takes the form

GgTsc?lv 3, ’T) as[qE EP(S)] Vgas[qgasp(s)] as[qES]

ch ES(S T)ch as(T) ch solv[qEEP(S) T]
—kgTln g 5 .
T ( cl, gas( T)ch ES(T)> k T] ( ch,solv[qES7 T] ) (41)

Viewed this way, there are three types of contribution to the solvation part of the free
energy of activation. In the first contribution, contained in the gas-phase potential
terms in equation (41), solvation can change the reaction path and therefore change the
contributions from the gas-phase potential along the MEP. The second to last term
contains contributions arising from changes upon solvation in the potentials for the
bound modes of the solute. The first two contributions are secondary effects that arise
because solvation affects the interactions within the cluster model, thereby changing
the MEP for the reaction and the internal vibrations in the cluster. The last term
contains the actual mean contribution from the solvent on the reaction energetics.

Calculations of the equilibrium solvation free energy of activation have been
performed by Jorgensen and coworkers (for reviews see Jorgensen 1988, 1989) using
explicit microscopic evaluations. These calculations are carried out using a three-step
procedure. First, the gas-phase MEP and potential profile along it are obtained from
high-level ab-initio electronic structure calculations. Second, the solute—solvent and
solvent—solvent interaction potentials are modelled using analytic functional forms.
Third, the free energy of solvation of the rigid solute complex is computed from the
model potentials using statistical perturbation theory.

It is important to note that equations(33) and (35) refer to explicit microscopic
evaluations of the gradient and Hessian of Vgs. However, only a description of Vi is
required for the rate constant and its quantum-mechanical generalizations, and other
approaches can be used to evaluate these quantities. For example, integral equation
methods have been used to compute the solvation free energy of activation (Chiles and
Rossky 1984, Huston et al. 1989). Ladanyi and Hynes (1986) carried out a careful study
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of equilibrium solvation effects within the context of VTST calculations. In this study
the solvation contribution to the potential of mean force is computed from an extension
of the equilibrium theory of solvent structure and thermodynamics developed by
Chandler and Pratt (1976) (see also Pratt and Chandler 1977 and Chandler 1982). Also,
it is entirely consistent to use an empirical model for Vig, such as lattice dipole models
(Warshel 1979, 1991) or one based on a continuum dielectric and an electric
polarization field and a continuum model for the hydrophobicity of the solute (for
example see the recent review by Cramer and Truhlar 1994).

The procedure reviewed above only obtains contributions to the solvation part of
the free energy of activation contained in the last term in equation (41). The secondary
solvation effects of changes to the MEP and the internal vibrations of the solute are
neglected. There is evidence from the microsolvation studies of an Sy2 reaction by
Tucker and Truhlar (1990) that the solvation effects on the location and energetics of
the MEP may be small. The studies of Ladanyi and Hynes indicate that solvation
effects on the internal vibrations of the solute are small for the case of an atom transfer
reaction in a rare-gas liquid. Although these studies are encouraging that the inclusion
of the more complicated contributions to the solvation free energy of activation may
not be needed, more detailed studies are needed to test this for other types of reactions
and solvents and for cases where quantum-mechanical effects (such as tunnelling) are
important.

3.1.2. Quantum-mechanical variational transition state theory

For the equilibrium solvation model the quantum-mechanical VTST rate constant
is obtained using the procedures outlined in § 2 but with the Hamiltonian H replaced by
Hpg defined in equation (29). The quantized VTST rate constant is given by

GT, _ TQET(S T) MEP,

es(s, T)= nOX(T) exp[—BVEs (s, 7)), (42)
and the quantum-mechanical CVT rate constant with adiabatic ground-state trans-
mission coefficient is given by

kESTIAS(T) = ki TAS(TRES (T), (43)

where k§{T(T) is obtained by minimizing equation (42) with respect to s. As for the
classical mechanical case, the change in the effective potential from the gas-phase value
alters the bound energy levels e5q (s, n,,), and thus the partition functions Qg (s, T) and
Q%(T) and also the adiabatice potential curve and tunnelling correction factor
kSY TAS(T), from their gas-phase counterparts.

Operationally, VTST calculations using the equilibrium solvation potential are the
same as for the corresponding gas-phase system. The calculations involve only the
solute degrees of freedom. The major complication arises in the evaluation of the
effective potential that requires ensemble averages over the solvent coordinates.
Although these types of calculations are computationally intensive, the fact that the
VTST calculations outlined here only involve knowing the potential and its first and
second derivatives along the MEP holds promise that these types of calculation may be
possible in the near future.

On a more fundamental level, it may seem inconsistent to use an effective potential
that is computed using classical mechanics in a quantum-mechanical calculation.
However, the use of the classical mechanical free energy of solvation to correct the
reaction energetics is well founded in the literature. This is equivalent to the approach
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outlined here, except that we also consider secondary solvation effects on the MEP and
its energy profile and on bound energy levels. Of more concern is the fact that the
tunnelling correction factor is computed in the same manner as for the gas phase. The
solute vibrational modes are treated quantum-mechanically in the ground-state
vibrationally adiabatic approximation but the solvent modes are treated classically.
Therefore the solvent modes are not restricted to their ground state but are effectively
thermally averaged. This is not such a bad situation since, for the low-frequency modes
of the solvent, the ground-state vibrations are not representative of those states that
contribute most significantly to the thermally averaged rate constant. This is true
because the density of states rises very rapidly with energy in these low-frequency
modes. Using the thermally averaged potential of mean force represents a physically
motivated method that includes the important energy levels in an average sense. This
issue has been discussed in greater detail by Truhlar et al. (1994) where they have tested
the use of the ground-state tunnelling approximation on the potential of mean force for
some model reactions in solution. Their conclusions are encouraging for this approach.

3.2. Non-equilibrium solvent effects
3.2.1. Classical mechanical rate theory
The equilibrium solvation model includes the average effect of the solvent on the
solute energetics but neglects any dynamical influence of the solvent. At the next level of
complexity, it is possible to introduce dynamical effects by considering the classical
equations of motion for the solute coordinates q written as

“ti = aq V(‘b X) = - 6q VES(qa ’T) + SF(t)a (44)
where 8F is the fluctuation in the force about the mean force:
SF(Z) <2a solv(q’ X)>q aq Vsolv(q’ X). (45)

The time dependence of the fluctuating force arises from the time dependence of the
solvent coordinates. Equation (44) is exact if the time dependence of the solvent
coordinates is computed from the full dynamics of the system (solute plus solvent). In
practice we use a reduced, approximate model for 8F based upon linear response theory
(for example Chandier 1987) that will not require the exact dynamics of the solvent.

To estimate SF, a set of effective degrees of freedom y and p, are introduced, and it is
assumed that the dynamics are sufficiently described by the motion from the effective
non-equilibrium solvation Hamiltonian

2 2
Hys(@ B.: P, T)—"—L+ Vst T)+%+2u(y Cq’Qy—Cy),  (46)

where Q is the effective multidimensional frequency matrix of an oscillator bath and C
is a matrix of constants coupling the oscillators to the solute coordinates. Note that £2
need not be diagonal. (Other choices of a non-equilibrium solvation Hamiltonian are
possible. This is discussed further in the appendix.) For this form of the effective
Hamiltonian, the equations of motion of the solute coordinates can be written as a
GLE in the limit of a continuum of oscillators (Ford et al. 1965, Zwanzig 1973). For the
GLE the fluctuating force in equation (44) is written

SF(t)=— ft de’ gt —1)q4(t) + R(z), 47)
0
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where the friction tensor # in equation (47) is related to the solute-constrained force—
force correlation function by

1(t)=BLBF(t)OF(0)" D, (48)

With the solute fixed, 8F(t)=R(t), and the random force term R(¢) is related to the
friction tensor by the same relation, consistent with the second dissipation—fluctuation
theorem (Kubo et al. 1985). For the Hamiltonian given in equation (46), the force—force
correlation function is given by

1
CBF()BF(0) > q= B

where averages are now defined in terms of Hyg as

— Trcl,y [eXP ("‘ BHNS)- . ]
Trg,y [exp(—BHys)] ’

so that d,Ves(q)=<{,1(q, x)>, and (3F)>,=0.

The exact rate constant is given by equation (2) with the characteristic function y
determined from the dynamics of the entire system. For the partitioning of the
Hamiltonian in equation (22) the exact expression (for the exact fluctuation about the
mean force) for the classical rate constant can be rewritten

Tro,q [exp(— BH ) SZ2)Z 1) o]
Tr,, g [exp(—BHgg) <Xk>q] ’

In an equilibrium solvation approximation it is assumed that the quantities inside the
averages over the solvent coordinates are independent of the solvent coordinates. For
the non-equilibrium solvation model, we wish to retain some dependence of the
dividing surface, characteristic function and reactant projector on the solvent degrees
of freedom. This is accomplished by approximating the total system Hamiltonian by
the non-equilibrium solvation Hamiltonian in equation (46). Then the exact classical
rate constant is approximated by

Trcl,q,y [exp (— ﬂHNS) S(Z)ZX]

uCTQ2 cos (Q1) C, 49

{+Dq (50)

ka(T)= 1)

koans(T)= , 52)
uns(T) ans(T) (
where the non-equilibrium reactant partition function is given by

Qins(T)= Tt q.y [exp (— BHys) £¥]. (53)

Equation (52) can be rewritten as equation(51), but with the averages over solvent
coordinates given in terms of the effective solvent coordinates y (equation 50) instead of
the original solvent coordinates x (equation 34).

The TST geneneralization of the above expression is simply

Tr, q.y [exp(—BHys) S(Z)ZQ(Z)]
Q. ns(T)

Note that, if the dividing surface is chosen to be a function of solute coordinates only,

the rate constant reduces to that obtained from the equilibrium solvation model,

equation (30). However, here we wish to allow the dividing surface to depend on solvent

coordinates also. For the calculation of the MEP and harmonic expansion along the
path, one considers the total effective potential

Vas(@, ¥, T)= Ves(q, T) + 3u(y — Cq)"Q@*(y — Cq), (55)

kirns[Z, T1= (54)
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so that in general the MEP spans the space of both the solute and the effective solvent
coordinates. With the planar dividing surfaces defined in terms of the reaction
coordinate s for the non-equilibrium potential, the classical generalized TST rate
constant is given by

k Tch NS(Sa T)
h ch ns(T)

where VMEP(s, T) is the potential along the MEP on the non-equilibrium solvation
potential and the non-equilibrium solvation generalized transition state partition
function is defined by an expression similar to equation(13) but with the potential
replaced by Vys and the normal mode coordinates determined from the Hessian matrix
constructed from the second derivatives of the non-equilibrium solvation potential.
Unlike the equilibrium solvation model, the non-equilibrium solvation model includes
effective solvent modes in addition to the solute modes. The partition functions
0ST\s(s, T) and Q¥ ns(T) include contributions from all the modes in the extended
model system.

The Hamiltonian in equation (46) includes frictional effects on reaction dynamics in
the vicinity of the saddle point but also predicts a non-equilibrium effect on the
reactants and products. Since we do not want to include non-equilibrium solvation
effects in the (equilibrium) reactant partition function, the projector y® is chosento be a
function of the solute coordinates only, for example ¥® = y*(q). With this form for the
projector, the reactant partition function is written

ch NS(Tv) ch ES(T)ch y (T) (57)

where QF g, as defined in equation (31), is the classical equilibrium solvation partition
function for the solute modes at reactants and Q$7° is the partition function for
effective solvent modes in the zero-coupling limit. Alternatively, the non-equilibrium
solvation can be modelled by a reaction-coordinate-dependent friction (see the
appendix) so that the coupling goes to zero in the reactant region. This method also
recovers the desired result, equation (57), for the reactant partition function.

As in the equilibrium solvation case, the expression for the rate constant depends
only on an effective potential Vg in the case of non-equilibrium solvation. To describe
non-equilibrium solvation, both the equilibrium solvation potential Vgg(q, T) and the
friction tensor y(t) are required. As Vig(q, T)is determined from the constrained average
of the total potential over the solvent coordinate (equation 33), the friction tensor is
specified by the constrained average of the force—force correlation function. The
parameters of the oscillator model, the effective frequency matrix  and the coupling
constants C, are obtained by fitting the force—force correlation function to the cosine
expansion in equation (49). Some freedom is allowed in choosing these parameters. For
instance, in the work of Ford et al. (1965) and Zwanzig (1973), the frequency matrix is
taken as diagonal and there are non-zero coupling constants between multiple
oscillators and a solute coordinate. On the other hand, Adelman (1983) chooses the
frequency matrix to be tridiagonal where C is chosen to couple only one oscillator to
each solute coordinate. These two forms for the parameters, as well as other choices,
can be related to each other by similarity transformations. Adelman has suggested
fitting the parameters using moments of the spectral density of the force-force
correlation function. In our work, the parameters are obtained by a consistent
procedure of fitting the cosine expansion (Schenter et al. 1992).

ki, ainsls, T)=—— exp[—BVis (s, T)], (56)
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The evaluation of the friction tensor using classical molecular dynamics simul-
ations is computationally intensive. It has been carried out for several reactions in
solution for comparisons of the GLE dynamics with exact classical dynamics. This
work has been recently reviewed by Whitnell and Wilson (1993). The general
conclusion from these studies is that the linear response theory gives an accurate
description of the influence of the solvent friction on the reaction dynamics for the
systems studied. As Vs may be obtained from an empirical model, the present analysis
is consistent if the friction tensor is obtained from an empirical model instead of
classical microscopic simulations of equation (48). Examples of different approaches
are an integral equation method (Huston et al. 1989) and a polarizable continuum
model (Bianco et al. 1992).

The Hamiltonian in equation (46) has been widely used to model solvent friction on
reaction dynamics. This has been reviewed recently by Hénggi et al. (1990). For a
reaction model of a one-dimensional solute (a reaction coordinate) coupled to an
oscillator bath, Dakhnovskii and Ovchinnikov (1985) and Pollak (1986a) have shown
how the Grote—Hynes (1980) expression for the rate constant can be obtained from this
Hamiltonian using conventional TST in which the dividing surface is allowed to be a
function of the effective solvent coordinates as well as the solute coordinate. More
recently, variational optimization of the dividing surface has been employed to obtain a
better bound to the exact classical rate constant for this model system (Pollak 1990,
1991a, b, Pollak et al. 1990, Tucker et al. 1991, Berezhkovskii et al. 1992, Tucker and
Poliak 1992, Frishman and Pollak 1992, 1993). Extension of this approach to include
nonlinearities in the coupling and anharmonicities in the potentials using VTST have
also appeared (Pollak 1991c).

Most previous investigations of solvent friction effects on the rate constants for
activated reactions have studied the simple model of a single solute coordinate, the
reaction coordinate, coupled to the reduced model of the solvent. Reducing the full
solute-plus-solvent system to a single reaction coordinate plus a solvent bath requires
including effects of internal motions of the reacting molecules in the friction kernel. The
linear response theory will not adequately model large-reaction-path-curvature
coupling that can occur between the reaction coordinate and internal vibrational
motions of the solute. This type of coupling can cause classical recrossing of the
transition state dividing surface that is intrinsic to the solute molecule and is not
described by a GLE. This has been demonstrated in recent studies of multidimensional
solute systems coupled to an oscillator bath (Schenter et al. 1992). For a model A +BC
reaction it was found that classical VTST can mitigate these recrossings when the
coupling to the solvent is sufficiently large, but that at low values of the solvent friction
(and coupling) the variational theory offered no improvement over conventional TST.

3.2.2. Quantum-mechanical variational transition state theory
As for the equilibrium solvation model, the quantum-mechanical VTST rate
constant for the non-equilibrium solvation model is obtained using the procedures
outlined in § 2, but with the Hamiltonian H replaced by Hys. The quantized version of
equation (56} is written
ks TQSI(s, T)
kST, T___L NS —_ BVMEP(s T
NS(S’ ) h QRNS(T) exp[ :B NS (S’ )]s (58)
where the quantized generalized partition function is obtained by summing the
Boltzmann factors for the bound energy levels eQq (s, n,). The bound energy levels
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€9e (s, n,,) are those for the coupled solute-solvent system, and therefore there are
more modes than in the equilibrium solvation model. The reactant partition function
ORs(T) is the quantized version of equation (57) where both the equilibrium solvation
reactant partition function and the solvent partition function are quantized. The
quantum-mechanical CVT rate constant for the non-equilibrium solvation model is
given by

KSYTAS(T) =S¥ TAS(TIREYT(T), (59)
where k$YT(T) is obtained by minimizing equation (58) with respect to s and kg3 "/A%(T)
is the tunnelling correction factor. The adiabatic potential is computed using the
potential V¥PP(s, T) along the MEP and the ground-state energy levels &ug. (s, ,,). The
tunnelling correction factor 53 /A%(T) is computed from an expression similar to
equation (20) but using the ground-state adiabatic potential for non-equilibrium
solvation.

As for the equilibrium solvation model, the procedures are operationally the same
as used in the gas phase; the major complication that arises is obtaining the non-
equilibrium solvation potential. In addition to the equilibrium solvation potential, the
friction tensor needs to be evaluated. However, for the simple non-equilibrium
solvation model described above, the friction tensor only needs to be evaluated at the
saddle point. More general models to the friction include dependence of the parameters
© and C on the reaction coordinate s or, more generally, on the solute coordinates q
(see appendix and Straus et al. 1993, Straus and Voth 1992, Haynes et al. 1993, and
Haynes and Voth 1992). Even for these more complicated models of the friction, the
information will still only be needed along a MEP. Classical mechanical studies have
indicated that the saddle-point model of the friction provides a good approximation to
the solvent dynamical effects. This makes sense because the solvent friction in the
region of the barrier maximum influences the recrossing dynamics most greatly.
However, quantum-mechanical tunnelling is controlled by greater regions of the MEP
and may be more sensitive to the friction away from the saddle point.

The issue of using Vg (or a classical potential of mean force) in the tunnelling
calculation was discussed above and another complication in the tunnelling calcul-
ation arises for the non-equilibrium solvation model because of the explicit solvent
modes. The solvent modes are used to model collective solvent motions that typically
have low frequencies. This calls into question the validity of the vibrationally adiabatic
approximation employed in these calculations. As a test of this approximation we have
recently presented a critical comparison of accurate quantum mechanics with the
VTST plus tunnelling for a model reaction in solution (McRae et al. 1992). This work
showed that the worst agreement in the rate constants was a factor of about three,
indicating that the approximate method was still capable of at least semiquantitative
agreement. Those preliminary results used the harmonic approximation to describe the
bound vibrational modes. Subsequent studies by McRae and Garrett (1993) showed
that the largest portion of the error of a factor of three was attributed to the harmonic
approximation. The VTST calculations with SCSAG tunnelling corrections for the
model reaction in solution were found to be limited more by the treatment of
anharmonicity rather than by errors inherent in the approximations to the reaction
dynamics.

Another issue arises concerning the quantum-mechanical tunnelling calculations.
It may seem inconsistent to take a classically derived model Hamiltonian Hys and to
use it in a quantum-mechanical calculation. Ford ef al. (1965, 1988) have shown that the
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same form for the Hamiltonian can be derived from a ‘quantum GLE'. Thus the
problem reduces to whether the classical mechanical parametrization of the model
Hamiltonian is a good approximation to the actual quantum mechanics. It seems that
parameters derived from classical mechanics should be adequate for describing the
low-frequency fluctuations of most liquids. In addition, the model non-equilibrium
solvation Hamiltonian has been used to describe quantum-mechanical tunnelling in
dissipative systems starting with the work of Caldeira and Leggett (1981) (see Hanggi
et al. 1990 for a recent review). In particular, the quantization of conventional TST for
the model of a single reaction coordinate coupled to the oscillator bath was presented
by Pollak (1986b,c).

4. Concluding remarks

VTST with semiclassical tunnelling correction factors has been successfully
implemented for practical calculations of rate constants for gas-phase reactions based
upon potential energy surfaces. When quantum-mechanical effects, including tunnel-
ling, are accurately included, these methods are capable of quantitative predictions of
rate constants. In the present article we have outlined the steps needed to extend to
solution-phase reactions the VTST with tunnelling calculations based upon potential
energy surfaces. Consistent procedures for treating quantum-mechanical effects in
solution have been discussed, including quantization of bound vibrational modes as
well as quantum-mechanical tunnelling effects.

The procedures outlined here are computationally intensive but, given the recent
advances in computational hardware and software, these calculations are possible.
Solvent effects on the reaction are included through equilibrium and non-equilibrium
solvation models. This approach requires explicit treatment of only a limited number of
degrees of freedom (of the solute and possibly some explicit solvent molecules) and
information about the effective potential energy surface for these explicit coordinates is
needed only in the region of a reaction valley. Explicitly treating only a limited number
of coordinates obviates some of the difficulties inherent in quantum-mechanical TST
calculations on solution-phase reactions (the multiple-saddie-point problem) and also
allows the quantum-mechanical effects to be included by the standard ad-hoc
procedure.
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APPENDIX
Here we give an example of an extension to the non-equilibrium solvation model of
§3.2. The choice of our effective non-equilibrium solvation Hamiltonian given by
equation (46) is modified to include nonlinear coupling of the solute to the solvent bath
and coordinate-dependent {requencies. To retain the simplicity of the model, we still
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require the solvent bath to be harmonic for a fixed solute configuration. An appropriate
form for the non-equilibrium solvation Hamiltonian is

2

o | Q5
Hys(@,P.3.Py T) =7 =+ Ves(@, T) + ko T In | det{ oo
Ip,I>
2u

where we introduce the arbitrary coordinate-dependent coupling function C(q) and the
coordinate-dependent bath frequency matrix €(q). Here £, is an arbitrary constant
matrix that only shifts the zero of energy of the Hamiltonian. A similar form of an
effective Hamiltonian with oniy the coordinate-dependent coupling was considered in
Zwanzig’s (1973) general treatment of non-linear generalized Langevin equations (see
also Haynes and Voth 1992). The purpose of this appendix is to show how the
parameters Vg(q, T), (q) and C(q) the Hamiltonian can be fitted using microscopic
simulations.
As in § 3.2, we approximate the force of the solvent on the solute by

F(t)= — 0 Hys (A2)

+

+3uly — C(q)1"Q%q)[y — C(q)], (A1)

and define fluctuations to this force by
6F(t)=<an—INS>q_a|:|11NSa (A 3)

where the averages <...>, are given by equation (50). Since In[det (A)]=Tr[In(A})],
where Tr is a matrix trace of the dimensionality of the bath, the mean force may be
written as

(Fyg= —aqVES—;kBTTr<

+iu Tr {9,2%) [y — C@Iy — C@]1"q)- (Ad)

Here we have used the fact that {[y — C{(q)]>,=0. For fixed q, Hys is harmonic, so that
all higher moments of y may be written in terms of
(A5)

k
Ly —C@lly —C@)l g o

Inserting this expression into equation (A 4) gives
<F>q= —aq [7ES° (A 6)

Since this takes the same form as equation(33), Vg(q, T) can be replaced by the
potential of mean force Vg((q, T). The additional term in Hyg that involves the
determinant of frequencies was chosen to offset contributions from the nonlinear bath
when the potential of mean force is calculated at a fixed coordinate configuration q. See
Straus and Voth (1992) for studies involving a Hamiltonian of this form.

The other parameters of Hyg can be fitted using the autocorrelation function of the
flyctuating force that is obtained from dynamics of the bath with solute coordinates
‘clamped’ at a solute configuration (see equation 49) for the analogous expression for
the linear coupling case). We now consider the coordinate-dependent friction tensor

1(q, £) = BSF(HIF(0) ) . (A7)



17:23 21 January 2011

Downl oaded At:

Variational transition state theory 287

Through the careful evaluation of harmonic averages, this expression may be written in
closed form as

1(q, ) = 4(0,C) Q7 cos (2t) 9,C + An(q, 1). (A8)
with
1 cos (2t cos (¢
Ani{q,1) =ﬁTr [Qhﬂz 9(2 ) ﬁqjﬂz S;z )J. (A9)

Throughout this analysis we require €22 to be symmetric. For every clamped value of
the solute coordinates, g, C and £2 must be chosen to reproduce #(q, ). In the case
where C is linear in q and 2 has no q dependence, we see that this expression reduces
to equation (49).

References

ADELMAN, S. A, 1983, Adv. chem. Phys., 53, 61; 1984, J. chem Phys., 81, 2776.

BENSON, S. W., 1976, Thermochemical Kinetics (New York, Wiley).

BERNE, B. J., BORKOVEC, M., and STRAUB, J. E., 1988, J. phys. Chem., 92, 3711.

BEREZHKOVSKIL, A. M., PoLLAK, E., and ZitserMmaN, V. Y., 1992, J. chem. Phys., 97, 2422.

Bianco, R., MIERTUS, S., PERSICO, M., and Tomasl, J., 1992, Chem. Phys., 168, 281.

BUNKER, D. L., Theory of Elementary Gas Reaction Rates (Elmsford, NY: Pergamon).

CALDEIRA, A. O, and LEGGETT, A. J., 1981, Phys. Rev. Lett., 46, 211.

CHANDLER, D, 1978, J. chem Phys., 68, 2959; 1982, The Liquid State of Matter: Fluids, Simple and
Complex, edited by E. W. Montroll and J. L. Lebowitz (Amsterdam: North-Holland);
1987, Introduction to Modern Statistical Mechanics (New York: Oxford University Press).

CHANDLER, D, and PrATT, L. R,, 1976, J. chem. Phys., 65, 2925.

CHiLes, R. A, and Rossky, P. J, 1984, J. Am. chem. Soc., 106, 6367.

CRAMER, C. J., and TRUHLAR, D. G., 1994, Review in Computational Chemistry, edited by K. B.
Lipkowitz and D. B. Boyd (New York: VCH), Vol. 6, in press.

DakHNovskiL Y. I, and OVCHINNIKOV, A. A, 1985, Phys. Lett., 113, 147,

Evans, M. G,, and PoLaNY1, M., 1935, Trans. Faraday Soc., 31, 875.

EYrRING, H., 1935, J. chem. Phys., 3, 107.

FEYNMAN, R. P., 1972, Statistical Mechanics (Reading, MA: Addison-Wesley).

FEYNMAN, R. P., and HiBBs, A. R., 1965, Quantum Mechanics and Path Integrals (New York:
McGraw-Hill).

Forp, G. W, Kac, M., and Mazur, P, 1965, J. math. Phys., 6, 504.

Forp, G. W, LEwis, J. T, and O’ConNELL, R. F., 1988, Phys. Rev. A, 37, 4419.

FRISHMAN, A. M., and PoOLLAK, E., 1992, J. chem. Phys., 96, 8877; 1993, Ibid., 98, 9532.

Fuxul, K., 1974, The World of Quantum Chemistry, edited by R. Daudel and B. Pullman
(Dordrecht: Reidel).

Gar, H., and GARRetT, B. C,, 1994, J. phys. Chem. {in press).

GARRETT, B. C,, JoserH, T., TRUONG, T. N., and TRUHLAR, D. G., 1989, Chem. Phys., 136, 271.

GARreTT, B. C, Koszykowsk1, M. L., MEeLIus, C. F., and PAGE, M., 1990, J. phys. Chem, 94, 7096.

GarrerT, B. C, and MeLius, C. F., 1991, Theoretical and Computational Models for Organic
Chemistry, edited by S. J. Formosinho (Amsterdam: Kluwer), p. 35.

GARRETT, B. C,, and TRUHLAR, D. G., 1979a, J. chem. Phys., 70, 1593; 1979b, J. phys. Chem, 83,
1052; 1979¢, Ibid., 83, 1079; 1979d, J. Am. chem. Soc., 101, 4534; 1979¢, J. phys. Chem., 83,
1915; 1983, J. chem. Phys., 79, 4931; 1984, Ibid., 81, 309; 1991, J. phys. Chem., 95, 10 374.

GARRETT, B. C, TRUHLAR, D. G, and GREv, R. 8., 1981, Potential Energy Surfaces and Dynamics
Calculations, edited by D. G. Truhlar (New York: Plenum), p. 587.

GARRETT, B. C, TRUHLAR, D. G, GREV, R. S., and MAGNUSON, A. W., 1980, J. phys. Chem., 84,
1730.

GARRETT, B. C, TRUHLAR, D. G,, and ScuAaTz, G. C., 1986, J. Am. chem. Soc., 108, 2876.

GARRETT, B. C., TRUHLAR, D. G., WAGNER, A. F., and DUNNING, JR. T. H., 1983, J. chem. Phys.,
78, 4400.



17:23 21 January 2011

Downl oaded At:

288 B. C. Garrett and G. K. Schenter

GiLLAN, M. 1., 1987, J. Phys. C, 20, 3621.

GLASSTONE, S., LAIDLER, K. J., and EYRING, H., 1941, The Theory of Rate Processes (New York:
McGraw-Hill).

GONZALEZ-LAFONT, A., TRUONG, T. N., and TRUHLAR, D. G,, 1991, J. phys. Chem., 95, 5544.

GROTE, R. T, and HynNss, J. T., 1980, J. chem. Phys., 73, 2715.

HANGGI, P., TALKNER, P., and BORKOVEC, M., 1990, Rev. mod. Phys., 62, 251.

HaRrRis, J. G, and STILLINGER, F. H., 1990, Chem. Phys., 149, 63.

Havnges, G. R, and VOTH, G. A., 1992, Phys. Rev. A, 46, 2143.

Haynes, G. R, VotH, G. A, and PorLak, E., 1993, Chem. phys. Lett., 207, 309.

HoriuTy, 1., 1938, Bull. chem. Soc. Japan, 13, 210.

Hu, X, and Hasg, W. L., 1992, J. phys. Chem., 96, 7535.

Huston, S. E., Rossky, P. I, and Zici, D. A, 1989, J. Am. chem. Soc., 111, 5680.

Hynes, J. T., 1985a, Theory of Chemical Reaction Dynamics, edited by M. Baer (Boca Raton, FL:
CRC Press), p.71; 1985b, Ann. Rev. phys. Chem., 36, 573.

IsaacsoN, A. D, TRUHLAR, D. G, RAL S. N, STECKLER, R., HANCOCK, G. C., GARRETT, B. C.,and
REDMON, M. J., 1987, Comput. Phys. Commun., 47, 91.

JAFrE, R. L., HENRY, J. M., and ANDERSON, J. B., 1973, J. chem. Phys., 59, 1128.

Jounston, H. 8., 1966, Gas Phase Reaction Rate Theory (New York: Ronald).

JORGENSEN, W. L., 1988, Adv. chem. Phys., 70, 469; 1989, Accts. Chem. Res., 22, 184.

KEeck, . C., 1960, J. chem. Phys., 32, 1035; 1967, Adv. chem. Phys., 13, 85.

Krawmers, H. A., 1940, Physica, 7, 284.

Kuso, R., 1966, Rep. Prog. Phys., 29, 255.

Kugo, R., Topa, M., and HasHITSUME, N., 1985, Statistical Physics I1: Nonequilibrium Statistical
Mechanics (New York: Springer).

Kurz, I. L., and Kurz, L. C, 1972, J. Am. Chem. Soc., 94, 4431.

Lapanyi, B. M., and HYNEs, J. T., 1986, J. Am. chem. Soc., 108, 585.

LAIDLER, K. J,, and KING, M. C., 1983, J. phys. Chem., 87, 2657.

LaDLER, K. J,, 1987, Chemical Kinetics (New York: Harper & Row).

Leg, S., and Hyngs, J. T., 1988, J. chem. Phys., 88, 6853, 6863.

Ly, Y,-P, Lu, D.-H., GONZALAZ-LAFONT, A., TRUHLAR, D. G., and GARRETT, B. C,, 1993, J. Am.
chem. Soc., 115, 7806.

Lu,D. H, TRUONG, T. N., MELIssAs, V. S., LYNCH, G. C., L1u, Y. P., GARRETT, B. C., STECKLER, R,
Isaacson, A. D., RaL S. N, Hancock, G. C., LAUDERDALE, J. G., JosePH, T., and TRUHLAR,
D. G, 1992, Comput. Phys. Commun., T1, 235.

Marcus, R. A, 1964, J. chem. Phys., 41, 610; 1966, Ibid., 45,4493, 1967, Ibid., 46, 959; 1968a, Ibid.,
49, 2610; 1968b, Ibid., 49, 2617.

Marcus, R. A, and CoLtriN, M. E,, 1977, J. chem. Phys., 67, 2609.

McLAFrFERTY, F. J., and PEcHUKAS, P., 1974, Chem. Phys. Lett., 27, 511.

MCcQUARRIE, D. A,, 1976, Statistical Mechanics (New York: Harper and Row).

McRAaE, R. P, and GARRETT, B. C,, 1993, J. chem. Phys., 98, 6929.

MCcRAE, R. P., SCHENTER, G. K., GARRETT, B. C,, HAYNES, G. R., VOTH, G. A, and ScHATZ, G. C,,
1992, J. chem. Phys., 97, 7392.

MESSINA, M., SCHENTER, G. K., and GARRETT, B. C,, 1993, J. chem. Phys., 98, 4120.

MiLLer, W. H., 1974, J. chem. Phys., 61, 1823.

MiLLER, W. H,, Hanpy, N. C, and Apawms, J. E., 1980, J. chem. Phys., 72, 99.

Moorg, J. W., and PEARSON, R. G., 1981, Kinetics and Mechanism, 3rd edition (New York: Wiley).

Mor1, H.,, 1965, Prog. theor. Phys., 33, 423.

NiTzaN, A., 1988, Adv. chem. Phys., 70, 489.

PecHukas, P, 1976, Dynamics of Molecular Collisions, Part B, edited by W. H. Miller (New York:
Plenum), p. 269.

PecHUKAS, P., and MCLAFFERTY, F. J, 1973, J. chem. Phys., 58, 1622.

Pirzer, K. S, and Gwinn, W. D, 1942, J. chem. Phys., 10, 428.

PoLLak, E., 19863, J. chem. Phys., 85, 865; 1986b, Chem. Phys. Lett., 127, 178; 1986¢, Phys. Rev. A,
33,4244; 1990, J. chem. Phys.,93,1116; 19914, J. phys. Chem., 95, 10235;1991b, Mod. Phys.
Lett. B, 5, 13; 1991¢, J. chem. Phys., 95, 533.

PoLLAk, E., and PEcHUKAS, P., 1978, J. chem. Phys., 69, 1218.

PoiLak, E., and ProseLkov, D., 1993, Chem. Phys. Lett., 170, 265.

PoLLAK, E., TUCKER, S. C,, and BErNE, B. J., 1990, Phys. Rev. Lett., 65, 1399.



17:23 21 January 2011

Downl oaded At:

Variational transition state theory 289

PRATT, L. R, and CHANDLER, D., 1977, J, chem. Phys., 66, 147.

ReiCHARDT, C., 1988, Solvents and Solvent Effects in Organic Chemistry (New York: VCH).

RoBmNsoN, G. W, SINGH, S, KRISHNAN, R., ZHy, S.-B., and LEg, 1., 1990, J. Phys. Chem., 94, 4.

SCHAEFER, H. F., 111, 1975, Chem. Brit., 11, 227,

SCHENTER, G. K., McRAE, R. P., and GARRETT, B. C., 1992, J. chem. Phys., 97, 9116.

SHAvIT, I, 1959, Theoretical Chemistry Laboratory (University of Wisconsin, Madison, Report
No. WIS-AEC-23; 1968, J. chem. Phys., 49, 4048.

SkoDJE, R. T., TRUHLAR, D. G., and GARRETT, B. C,, 1981, J. phys. Chem., 85, 3019; 1982, J. chem.
Phys., 77, 5955.

StTEINFELD, J. I, FrRANCISCO, J. S, and Hasg, W. L., 1989, Chemical Kinetics and Dynamics
(Englewood Cliffs, NJ: Prentice-Hall).

STrRAUS, J. B,, GOMEZ LLORENTE, J. M., and VotH, G. A., 1993, J. chem. Phys., 98, 4082.

STrAUS, J- B, and VotH, G. A, 1992, J. chem. Phys., 96, 5460.

TrUHLAR, D. G, 1970, J. chem. Phys., 53, 2041,

TRUHLAR, D. G., BRowN, F. B., STECKLER, R., and TSAACSON, A. D., 1986, The Theory of Chemical
Reaction Dynamics, edited by D. C. Clary (Dordrecht: Reidel), p. 285.

TRUHLAR, D. G., and GARRETT, B. C., 1980, Accts. Chem. Res., 13, 440; 1984, Ann. Rev. phys.
Chem., 35, 159; 1989, J. Am. chem. Soc., 111, 1232.

TRUHLAR, D. G., and GORDON, M. S., 1990, Science, 249, 491.

TruHLAR, D. G, Hasg, W. L, and Hyness, J. T,, 1983, J. phys. Chem., 87, 2664.

TRUHLAR, D. G., Isaacson, A. D., and GARRETT, B. C., 1985, Theory of Chemical Reaction
Dynamics, edited by M. Baer, (Boca Raton, FL: CRC Press), p. 65.

TRUHLAR, D. G., IsaacsoNn, A. D., SKopJE, R. T., and GARRETT, B. C., 1982, J. phys. Chem., 86,
2252,

TRUHLAR, D. G., and KUPPERMANN, A., 1983, J. chem. Soc., 93, 1840.

TruHLAR, D. G, L, Y.-P., ScHenTER, G. K., and GaRrert, B. C, 1994, J. phys.
Chem., (submitted).

TRUHLAR, D. G, Lu, D.-H., TUCKER, 8. C., ZHAO, X. G., GONZALEZ-LAFONT, A., TRUONG, T. N.,
MAURICE, D, L1u, Y.-P,, and LyncH, G. C,, 1992, [sotope Effects in Gas-Phase Chemistry,
edited by J. A. Kaye (Washington, D.C: American Chemical Society), p. 16.

TRUHLAR, D. G., SCHENTER, G. K., and Garrerr, B. C,, 1993, J. chem. Phys., 98, 5756.

TUCKER, S. C., and PoLLAKk, E., 1992, J. statist. Phys., 66, 975.

TUCKER, S. C., and TRUHLAR. D. G, 1989, in New Theoretical Concepts for Understanding
Organic Reactions, edited by J. Bertran and I, G, Csizmadia (Dordredt: Kluwer) NATO
ASI Series C, Vol. 267, p. 291; 1990, J. Am. chem. Soc., 112, 3347.

TUCKER, S.-C., TUCKERMAN, M. E., BERNE, B. J,, and PoLLAK, E., 1991, J. chem. Phys., 95, 5809.

VAN DER ZWAN, G, and HynEs, J. T., 1983, J. chem. Phys., 78, 4174; 1984, Chem. Phys., 90, 21.

VotH, G. A,, 1993, J. phys. Chem., 97, 8365.

VotH, G. A., CHANDLER, D, and MiLiLER, W. H., 1989, J. chem. Phys., 91, 7749.

WARSHEL, A, 1979, J. phys. Chem., 83, 1640; 1991, Computer Modelling of Chemical Reactions in
Enzymes and Solutions (New York: Wiley).

WARSHEL, A., and RUSSELL, S. T., 1984, Q. Rev. Biophys., 17, 283.

WEsToN, R. E., Jr,, 1959, J. chem. Phys., 31, 892,

WHITNELL, R. M, and WiLsoN, K. R., 1993, Review in Computational Chemistry, edited by K. B.
Lipkowitz and D. B. Boyd (New York: VCH) p. 67.

WIGNER, E., 1937, J. chem. Phys., 5, 720; 1938, Trans. Faraday Soc., 34, 29.

Yamamoro, T., 1960, J. chem. Phys., 33, 281.

ZuA0. X. G, Lu, D.-H,, L1y, Y.-P., LYNCH, C. G, and TRUHLAR, D. G., 1992, J. chem. Phys., 97,
6369.

ZHao, X. G., TUCKER, S. C,, and TRUHLAR, D. G,, 1991, J. Am. chem. Soc., 113, 826.

ZWANZIG, R. W, 1954, J. chem. Phys., 22, 1420; 1965, A. Rev. phys. Chem., 16, 67; 1973, J. statist.
Phys., 9, 215.



