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Abstract: The general features of solution reactions were clarified by theoretically investigating the following
four reactions in the presence of two water molecules as solvent: (1) NH3 + CH3Cl f H3NCH3

+ + Cl-, (2)
F- + CH3Cl f FCH3 + Cl-, (3) HO- + (CH3)3S+ f HOCH3 + (CH3)2S, and (4) internal rotation in
formamide. Ab initio calculations for these microhydrated reactions were used to determine the intrinsic reaction
path on a solution-reaction surface that corresponds to the two-dimensional configuration space spanned by
solute and solvent reactive coordinates. It was found for each reaction that the major component of the reaction-
path motion in the reactant and product regions is the solvent reorganization, whereas the major reaction-path
component in the transition-state region is the solute reactive motion. The solvent reorganization was shown
to play a role in reducing the height of an activation barrier along the displacement of the solute reactive
coordinate. Despite the moderate effect that nonequilibrium solvation was previously found to have on the
contact-ion-pair formation oft-BuCl in the presence of four water molecules, the nonequilibrium solvation
effect was found to be negligible for all the microhydrated reactions examined in the present study. This
finding indicates that the solvent characterized in the transition-state region as a frozen spectator does not
exert force on the solute reactive motion and that there is no simple relation between the strength of the
solute-solvent interaction and the strength of the nonequilibrium solvation effect. It was also shown that the
NES effect can be moderate if the motion along the intrinsic reaction path in the transition-state region comprises
some solvent reactive motion. The present findings are expected to be the general features of solution reactions.

Introduction

There has been considerable theoretical interest in the
mechanisms of solution reactions and in the influence of solvent
reorganization on the dynamics and kinetics of these reactions.
Although several studies1-8 have explored these subjects and
obtained significant insights into the reactions, these subjects
are still not well understood. Several researchers have proposed
several mechanisms of solution reactions,1-3 but the studies of
those researchers seem to be inadequate for determination of
the mechanisms.

Kurz and Kurz1 classified solution reactions as a coupled or
an uncoupled mechanism according to whether the solute-
solvent interactions are strong or weak. In the coupled mech-
anism, the strong solute-solvent interaction causes solvent
reorganization to be synchronous with solute reactive motion.
In the uncoupled mechanism, in contrast, the solvent configu-
ration first fluctuates toward one appropriate for an imaginary
intermediate structure of the solute, the solute then changes from
a reactant state to a product one, and finally the solvent
reorganization directs the solvent configuration to the one
appropriate for the solute product state. Their classification
seems, however, to be inapplicable to the determination of
whether the mechanism of a given reaction is coupled or
uncoupled because their classification is based on a very
qualitative model.

Warshel et al.2 considered that solution reactions follow either
a solvent-driven limit, a solute-driven limit, or a concerted limit.
In the solvent-driven limit, after a solvent configuration reaches
the configuration appropriate for an imaginary intermediate
structure of a solute, a solute-structure changeattended by a
small energy changeoccurs and is followed by the relaxation
of the solvent configuration. In the solute-driven limit, after a
reactant solute changes into a solute intermediate state, the
solvent responds by moving toward an equilibrium configura-
tion, and then the solute structure changes into the product state.
The mechanism in the concerted limit is similar to the coupled
mechanism of Kurz and Kurz. Although Warshel et al. examined
the mechanism for a typical SN2 reaction in aqueous solution
by making trajectory calculations, they were unable to determine
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whether the solution reaction corresponds to either of these limits
because of the small number of their trajectories.

Hynes et al.3 introduced dielectric continuum models and
showed that the motion along the reaction path in a barrier-
crossing region for each of typical SN1 and SN2 reactions in
solution nearly coincides with a solute reactive motion in a
frozen solvent environment. But, because the dielectric con-
tinuum models cannot be applied to reactions having a strong
solute-solvent interaction mediated by hydrogen bonding
between the solute and solvent, their examination was limited
to reactions having a weak solute-solvent interaction. Therefore,
whether the reaction path characterized as the solute reactive
motion in the barrier-crossing region is a specific or general
feature of the solution reactions has not yet been determined.

The nonequilibrium solvation (NES) effect caused by the lag
of solvent reorganization in response to fast solute reactive
motion has been also examined by many researchers,4-7 but
their examinations have yielded significant differences in the
strength of the NES effect. Hynes et al.,4 for example, examined
the NES effect by counting the number of the barrier recrossings
caused by the force the solvent exerts on the solute reactive
motion. Executing molecular dynamics simulations, they showed
that the NES effect is essential to the solution reactions with a
strong solute-solvent interaction and that a fairly good value
of the rate constant can be obtained by calculations using a
frozen-solvent approximation.

Tucker and Truhlar,5 however, examined a microsolvated
reaction and suggested that the several barrier recrossings
observed in the simulation studies of Hynes et al. originated
not from the NES effect but from an inappropriate dividing
surface between reactant and product regions. They concluded
that the NES effect is negligible when the solute-solvent
interaction is strong because the solvent coupled strongly with
the solute responds quickly to the solute reactive motion. The
difference between the conclusion of Tucker and Truhlar and
that of Hynes et al. leads to the following question: Is the NES
effect for solution reactions with strong solute-solvent interac-
tion negligible or large?

To determine the general features of solution reactions and
to answer this question, we used theoretical calculations to
investigate four reactions, each of which is hydrated by two
water molecules as solvent:

We carried out ab initio calculations for these microhydrated
reactions, which differ from one another in the strength of the
solute-solvent interaction. In the present investigation, we used
a microscopic theory,9,10 in which a solution reaction is reduced
to a simple barrier-crossing reaction on a potential-energy
contour surface in the two-dimensional configuration space
determined by a solute reactive coordinate and by a solvent
reactive coordinate; the latter coordinate corresponds to the
solvent reorganization coordinate.

Theory

The next two subsections briefly review the microscopic
theory developed previously,9,10 and the third subsection

describes the explicit expression of the equation of the solute
reactive motion because this expression will be useful for a
comprehensive understanding of the origin of the NES effect.

Reactive Coordinates and Solution Reaction Surface. On
the intrinsic reaction path (IRP)11-13 a solute/solvent reactive
coordinate9 is defined as a signed distance along the curve that
is orthogonal to the tangential plane of an equipotential energy
surface in the solute/solvent coordinate space of mass-weighted
Cartesians. The directions tangential to the curves are then given
by the solutions of the following equations:

and

where

In these equationssS and sB are, respectively, the solute and
solvent reactive coordinates,xS ≡ {xS

i } and xB ≡ {xB
k },

respectively, denote the geometries of the solute and solvent
systems in the mass-weighted Cartesian coordinates,V is the
Born-Oppenheimer potential energy,xIRP denotes a point on
the IRP, and∇S and ∇B are 3NS-dimensional and 3NB-
dimensional (NS andNB are, respectively, the numbers of solute
and solvent atoms) gradient operators in the solute and solvent
mass-weighted Cartesian coordinates. At the transition state (TS)
the respective directions of the configuration changes attending
the displacement of the solute and solvent reactive coordinates
coincide with those of the vibrations of the solutes and solvents
in the reactive normal mode (see the Appendix).

A solution-reaction surface (SRS) is defined as the two-
dimensional configuration space spanned by the solute and
solvent reactive coordinates (Figure 1). The IRP for the full
solute-solvent space is on the SRS because the infinitesimal
distance along the IRP is given by the infinitesimal displacement
of the solute and solvent reactive coordinates as follows:

wheres is the intrinsic reaction coordinate (IRC) that denotes
a length measured along the IRP. Moreover, the IRP for the
full solute-solvent space coincides with the IRP for the SRS
because the infinitesimal motion from a point on the IRP is
given by the following equation:

Therefore, examining the IRP on the SRS, one is able to
determine the extent of the solvent reorganization during the
course of the reaction.

Nonequilibrium Solvation Effect. The SRS description can
be extended10 to the examination of an NES effect due to the
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lag with which the solvent reactive motion responds to the solute
reactive motion. For this extension, we used a frozen model
for the motions within the space spanned by the 3NS + 3NB -
2 nonreactive bath modes. In this frozen model, the reactive
motions are assumed to occur under the influence of a
distribution static with respect to the bath modes. The frozen
model for the nonreactive bath modes would give fairly good
TS-region dynamics because the solute and solvent reactive
motions must be faster than the nonreactive bath motions in
the TS-region dynamics.

Using this frozen model, we have, as shown in ref 10, the
following equations:

and

with the relations

and

Here tangential reactive coordinatess0
S and s0

B denote, re-
spectively, the distances along the directions that are tangential
to the paths of the configuration changes attending the displace-
ments of the solute and solvent reactive coordinates at the TS,
kna is a rate constant in a frozen solvent limit where the solvent
reactive motion is assumed to be frozen in the TS region
dynamics,keq is a rate constant in an equilibrium solvent limit

where any configuration on the solvent reactive coordinate is
assumed to adjust instantaneously to the solute reactive motion,
andkTST is the rate constant of the TS theory.14 The deviation
of kTST/keq from unity denotes the extent of the NES effect. The
agreement between the values ofkna/keq and those ofkTST/keq

means that the frozen solvent approximation is appropriate to
the rate-constant calculation.

Equation of Solute Reactive Motion.The force exerted by
the solvent on the solute reactive motion can be represented in
terms of the frictional force on the solute reactive motion. If
the frozen model for the nonreactive bath modes is used, the
solute reactive motion is represented by the following general-
ized Langevin equation:6,15,16

where

and

In these equations the constantsεS andεB, respectively, indicate
the shifts of the equilibrium points on the solute and solvent
reactive coordinates under the influence of a static distribution
Q of the 3NS + 3NB - 2 bath coordinates,kB is the Boltzmann
constant,T is the absolute temperature,t is the time, and the
frictional coefficientú(t) denotes the magnitude of the frictional
force on the solute reactive motion. Equation 11 is derived from
the following system Hamiltonian given in ref 10:

where Hbath is a bath Hamiltonian that depends only on the
nonreactive bath coordinates and their time derivatives. Ac-
cording to eq 11, the influence of the frictional force on the
solute reactive motion is roughly measured by the value ofΓ.
Therefore, when the absolute value of the solute-solvent
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Figure 1. Schematic picture of the IRP on the SRS in a multidimen-
sional configuration space.
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coupling elementgSB is smaller than the absolute value of the
product ωSωB of vibrational frequencies for the solute and
solvent reactive modes, the influence of the solvent retarding
force on the kinetics of the solution reactions (i.e., the NES
effect) will be small.

Method of Calculation

All the calculations were performed with the 6-31+G(d,p) basis set17

at the Moller-Plesset second-order perturbation level of theory. For
these calculations we used the Gaussian 94 program package.17

We first optimized the geometries for the microhydrated reactions
in order to determine the relevant stationary states. For these optimiza-
tions we used a tight convergence criterion,17 because the potential
energy surfaces around the stationary states were flat; under this
criterion, thresholds are to 10-5 au for the root-mean-square gradient
and to 1.5× 10-5 au for the maximum gradient component, and the
corresponding thresholds for displacement are 4 times the gradient
thresholds. The optimized geometries were identified as geometries of
either stable state or TS on the basis of vibrational frequencies. We
then calculated the IRC with a step length of 0.03 amu1/2bohr by using
the method of Gonzalez and Schlegel.18 In this calculation, the
optimization at a point near the stable state sometimes failed, but most
of the important points on the IRP were available and these points
were sufficient for examination of the characteristic of the microhy-
drated reactions. For the reactions R1 and R3, starting from the failed
points, we also carried out rough calculations of the IRC with a larger
step length and a relaxed convergence criterion for optimization and
confirmed that the IRPs reach to the optimized stable structures.

We determined the IRP on the SRS by evaluating the solute and
solvent reactive coordinates, which are measured from the TS, at every
point on the IRP. For this evaluation, we used the value of step length
for the calculation of the IRC, 0.03 amu1/2bohr, and the energy
derivatives with respect to the mass-weighted Cartesian coordinates at
each nonstationary point on the IRP. At the TS the directions tangential
to the directions of the configuration changes attending the displacement
of the solute and solvent reactive coordinates were obtained from the
vibrational vector of the unstable normal mode.

We also evaluated the rate-constant ratioskna/keq and kTST/keq

calculated from the solute and solvent reactive frequenciesωS andωB

and the coupling coefficientgSB. The values ofωS, ωB, andgSB at the
TS were calculated from the force constant matrix in the mass-weighted
Cartesian coordinates and the relation between the mass-weighted
Cartesian coordinates and the tangential reactive coordinates.

Results and Discussion

Optimized Geometries and Barrier Heights. All the
optimized geometries (Figure 2) for the dihydrated Menshutkin
reaction R1 were found to have cyclic structures bridged
between the nucleophilic NH3 and the leaving chlorine by two
water molecules. It was also found that the ion-pair product
has the chloride anion interacting directly with the amino
hydrogen by hydrogen bonding. These findings are similar to
those of Webb and Gordon19 for the following Menshutkin
reaction in the presence of two water molecules:

The barrier height calculated for reaction R1, 27.1 kcal/mol
(Figure 2), is higher than that of reaction R1′, 24.3 kcal/mol.19

The gradation of the barrier heights for these Menshutkin
reactions coincides with that of the corresponding reaction
exothermicities; the calculated energy of the product relative
to that of the reactant was found to be larger for reaction R1,
-13.49 kcal/mol, than for reaction R1′, -14.2 kcal/mol.19

Therefore, the linear relationship of Evance and Polanyi between
the barrier height and the reaction enthalpy20 would hold for
the series of the Menshutkin reactions.

All the optimized geometries for the dihydrated SN2 reaction
R2 were found to have cyclic structures bridged by two water
molecules (Figure 2) similar to those for reaction R1. The
optimized TS structure differs from that for the following SN2
reaction in the presence of two water molecules:

In the optimized TS structure for reaction R2′ there is no
hydrogen bonding between the two water molecules.7 This
difference is due to the shorter F-Cl distance at the TS for
reaction R2 than the Cl-Cl distance at the TS for the reaction
R2′; the short F-Cl distance enables the two water molecules,
one of which interacts with the fluorine and the other of which
interacts with the chlorine, to interact with each other. The chain
of the two water molecules was found to approach the leaving
chlorine as the reaction proceeds. This approach is due to the
shift of negative charge from the fluorine to the chlorine as the
reaction progresses. The barrier height calculated for the
dihydrated reaction R2, 17.3 kcal/mol, is larger than that for
the corresponding gas-phase reaction, 2.61 kcal/mol.21 The large
barrier height of the dihydrated reaction is attributed to the fact
that the reactant species having localized charges is significantly
stabilized by the water molecules, whereas the TS species having
delocalized charges is not very stabilized by the water molecules.

In all the optimized geometries (Figure 2) for the type III20

SN2 reaction R3 in the presence of two water molecules, both
the water molecules were found to hang not on the leaving
S(CH3)2 but on the oxygen of the nucleophilic OH- (or of the
product methanol). This finding can be explained in terms of
the steric hindrance due to the methyl groups around the leaving
S; structures similar to the bridged structures for reactions R1
and R2 must be energetically unstable. The calculated barrier
height, 24.81 kcal/mol, was found to be smaller than the
activation free energy of the reaction of (CH3)3S+ with OH- in
aqueous solution, 32 kcal/mol, which was estimated from the
experimental value22 of the rate constantk2 ) 0.133 l/mol/h at
T ) 373 K by using the thermodynamic equation23,24of the TS
theory:14

whereh, R, P, and∆Gq are respectively the Planck constant,
gas constant, pressure, and activation free energy. The number
of the water molecules treated in the present study may be
therefore too small to provide a quantitative result, but such a
result is not essential to the present examination.
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Inc.: Pittsburgh PA, 1995.
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kBT
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For the internal rotation in formamide (R4) in the presence
of two water molecules, the optimized geometries (Figure 2)
were found to be similar to those of Chen and Gordon.25 As
they pointed out, the asymmetry of the energy profile along
the displacement of the IRC (Figure 3) can be attributed to the
hydrogen-bonding being temporarily lost as the TS becomes
products, whereas no hydrogen-bonding is lost as the reactants

form the TS. The calculated energy barrier, 20.04 kcal/mol, is
also in good agreement with the 20.4 kcal/mol obtained by Chen
and Gordon.

For each of the microhydrated reactions, two waters were
found to interact with the solute at all the points on the IRP.
This situation is not necessarily a peculiar one in the solution
reactions. For example, the molecular dynamics simulations in
solution26 have shown that cyclic or cage structures around(25) Chen, W.; Gordon, M. S.J. Chem. Phys.1996, 105, 11081-11090.

Figure 2. Optimized geometries and the total energies (in hartree) for reactions R1-R4 in the presence of two water molecules. The values in
italics are zero-point energies in hartree, and the values in brackets are the relative energies with respect to the reactant species in kcal/mol. The
arrows indicate the vector in the unstable normal mode at each TS.
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solutes tend to be retained for a long time. It has been also
found that the barrier crossing for the solution reaction finishes
rather short time, although the vibrational relaxation takes a long
time;4d,27 thus, the solvent molecules linking by hydrogen-
bonding with the solutes are expected not to exchange with any
of the other solvent molecules during the barrier crossing.

Solvent Reorganization.It was found that the features of
the IRPs on the SRSs are similar for all the microhydrated
reactions examined (Figure 4). For each reaction, solvent
reorganization is essential to the initial and final stages, but no
solvent reorganization occurs in the region near the TS (See
also unstable normal mode vectors shown in Figure 2). That is,
there are three steps in all the microhydrated reactions: a first
step in which there is solvent reorganization, a second step in
which the configuration of the solute changes, and a third step

(26) e.g., see, Bruge´, F.; Bernasconi, M.; Parrinello, M.J. Am. Chem.
Soc.1999, 121, 10883-10888.

(27) Nagaoka, M.; Okuno, Y.; Yamabe, T.J. Phys. Chem.1994, 98,
12506-12515.

Figure 3. Potential energy profile along the displacement of the IRC for the dihydrated reactions R1-R4.

Figure 4. IRP on the SRS for the dihydrated reactions R1-R4.
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in which there is another solvent reorganization. This three-
step mechanism had been also found previously9 for the contact-
ion-pair (CIP) formation oft-BuCl in the presence of four water
molecules. It should be emphasized that this kind of three-step
mechanism is characteristic not only of reactions with strong
solute-solvent interaction but also of reactions with weak
solute-solvent interaction. The three-step mechanism thus
seems to be a general feature of solution reactions.

The present finding that even reactions in which the solute-
solvent interaction is strong proceed by a three-step mechanism
differs from the prediction of Kurz and Kurz.1 They had thought
that the strength of the solute-solvent interaction must be
paramount in determining the mechanism of the solution
reactions, and strong solute-solvent interaction would result
in a coupled (or concerted) mechanism. Thus the difference
between our finding and the prediction of Kurz and Kurz will
be attributed to the fact that the mechanism of the solution
reactions depends not only on the interaction strength but also
on the other factors such as an inherent barrier height.

It was found that most of the barrier height for all of the
microhydrated reactions comes from the energy change attend-
ing the displacement of the solute reactive coordinate and that
the energy change attending the solvent reorganization occur-
rence is small (see Figures 3 and 4). The major role of the initial
solvent reorganization is to reduce the height of the activation
barrier along the displacement of the solute reactive coordinate
and to facilitate the subsequent solute-configuration change. This
role differs from the role of solvent reorganization in the solvent-
driven limit proposed by Warshel et al.2 They had considered
that in the solvent-driven limit a large energy change attends
the solvent reorganization, whereas an activation barrier along
the displacement of the solute reactive coordinate is small.
Although the mechanism in the solvent-driven limit may appear
to be similar to the present three-step mechanism, between the
present mechanism and the mechanism in the solvent-driven
limit there is an essential difference in the function of the solvent
reorganization.

We emphasize that the separation of solute and solvent
reactive coordinates in the IRP will not be artificial, because
the displacements of the solute and solvent reactive coordinates
describe the solute and solvent configuration changes along the
IRP, respectively. In addition, the configuration changes along
the displacements of the other bath coordinates from a given
point on the IRP tend to be forced back by the potential energy
increase because the vibrational frequencies of the bath modes
are usually real numbers. In fact, calculating the vibrational
frequencies of these bath modes10 for the reaction R2, we found
that all the frequencies are always real numbers at all the points
on the IRP. Thus the analysis of the IRP on the SRS will provide
a significant insight into the solution reactions.

We also note that the analysis of the IRP has been widely
recognized to provide qualitatively a significant insight into the
chemical reaction, although the quantitative information coming
from the IRP may differ from the one coming from dynamic
reactive trajectories. In fact, the qualitative features we obtained
are comparable with those obtained by the molecular dynamics
simulations,4d in which a major portion of the solvent reorga-
nization to a state appropriate to solvating the solute charge
distribution at the TS was shown to take place before the charge
redistribution begins.

Nonequilibrium Solvation Effect. The rate-constant ratios
kna/keq and kTST/keq for all the microhydrated reactions were
nearly 1.0 (Table 1). This indicates that the NES effect on the
kinetics of all these reactions is negligible whether the solute-

solvent interaction is strong or weak. The present result that
even a strong solute-solvent interaction does not necessarily
cause the NES effect differs from that of Hynes et al.,4 who
showed that a strong solute-solvent interaction led to a large
NES effect. This difference can be attributed to the use of an
inappropriate dividing surface by Hynes et al. in their calculation
of a rate constant. As discussed by Tucker and Truhlar,5 the
use of an inappropriate dividing surface results in an overesti-
mation of the number of recrossings due to the NES effect. The
importance of using an appropriate dividing surface if the rate
constant is to be calculated accurately has been discussed
elsewhere.28

The NES effect is negligible for the microhydrated reactions
because solvent characterized as a frozen spectator in the TS
region on the reaction path does not exert force on the solute
reactive motion. This can be understood through an examination
of the equation of the solute reactive motion, eq 11, in which
the force the solvent exerts on the solute reactive motion takes
the form of a frictional force. When the motion along the IRP
in the TS region is characterized as the solvent reactive motion
in a frozen-solvent environment, the absolute value of the
coupling elementgSB must be small. Then the force exerted on
the solute reactive motion by the solvent, which is dependent
on the value ofΓ as shown in eq 14, will be negligible. The
NES effect, which is caused by the solvent retarding the solute
reactive motion, will consequently be negligible. In fact, the
absolute values ofgSB

2/ωS
2ωB

2 for all the microhydrated
reactions examined in the present study were found to be small
(Table 2).

In contrast to the negligible NES effect in the microhydrated
reactions examined here, there is a moderate NES effect in the
CIP formation oft-BuCl in the presence of four water molecules
(Table 1).10,29 It had also been found10 that the use of a frozen
solvent approximation in calculating the rate constant overes-
timates the NES effect in the CIP formation because it neglects
some adjustment of the solvent configuration to the solute
reactive motion through the strong solute-solvent interaction.
This solvent adjustment, however, does not necessarily lead to
a negligible NES effect because the solvent cannot adjust
completely to the fast solute reactive motion even through the
strong solute-solvent interaction. The strength of the NES effect

(28) Okuno, Y.J. Chem. Phys.1999, 110, 2778-2784.Int. J. Quantum
Chem.1998, 68, 261-271.

(29) Okuno, Y.J. Phys. Chem. A1999, 103, 190-196.

Table 1. Rate-Constant Ratios

reaction kna/keq kTST/keq

R1 0.99 1.00
R2 0.97 0.99
R3 0.97 0.99
R4 0.97 0.98
CIP formationa 0.63 0.86

a Values, from ref 10, for the CIP formation oft-BuCl in the presence
of four water molecules.

Table 2. Calculated Frequencies and Coupling Elements (in cm-1)
andgSB

2/ωS
2ωB

2 Ratios

reaction ωS ωB gSB
1/2 ωS

eq λS λB gSB
2/ωS

2ωB
2

R1 602i 782 251i 608i 606i 785 -0.0179
R2 549i 972 353i 564i 560i 978 -0.0545
R3 553i 845 344i 571i 565i 853 -0.0641
R4 503i 390 216i 518i 509i 396 -0.0566
CIP formationa 101i 161 141i 160i 138i 186 -1.495

a Values, from ref 10, for the CIP formation oft-BuCl in the presence
of four water molecules.
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in solution reactions therefore cannot be determined only by
the strength of the solute-solvent interaction.

The reason that the NES effect in the CIP formation is
moderate is that the motion along the IRP in the TS region
comprises some solvent reactive motion through the strong
solute-solvent interaction, whereas the solute reactive motion
is still major component of the reaction-path motion. The
contribution of some solvent reactive motion to the motion along
the IRP means that in the TS region not only the solute reactive
motion but also some solvent reactive motion is essential to
the reaction. If the solvent reactive motion is slow compared
with the solute reactive motion, the NES effect must be large.
In fact, for the CIP formation, the absolute value of the coupling
elementgSB is large compared with the absolute value of the
productωSωB of the vibrational frequencies for the solute and
solvent reactive modes (Table 2). The large value ofgSB leads
not only to the reaction-path motion represented by the
synchronous change of both the solute and solvent reactive
motions but also to the moderate NES effect. Tucker and
Truhlar5 had claimed that the strong solute-solvent interaction
makes the NES effect negligible because the motion of solvent
coupled with the solute strongly responds quickly to the solute
reactive motion. The present findings, however, show that the
motion of solvent strongly coupled to the solute is not
necessarily fast compared with the solute reactive motion.

The force that the solvent exerts on the solute reactive motion
will be important in the product region away from the TS
because the IRP in this region is curved; this curve is caused
by the change in the motion along the IRP from the solute
reactive motion to the solvent reactive one. This retarding force,
however, is expected to have a negligible effecton the kinetics
of the microhydrated reactions because this region is close to
the bottom of the energy barrier. Finally, it should be noted
that the retarding force of the solvent, which arises in the product
region, may influence the flow of energy from the energy-rich
solute to the solution.

Concluding Remarks

We determined the IRP on the SRS for each of four reactions
in the presence of two water molecules by carrying out ab initio
calculations and showed that in the TS region the major
component of the reaction-path motion is the solute reactive
motion, whereas in the reactant and product regions the major
component is the solvent reorganization. The rate-constant ratios
kna/keq and kTST/keq were found to be nearly 1.0 for all the
microhydrated reactions, irrespective of the strength of the
solute-solvent interaction.

From these results for the four microhydrated reactions and
the previous result for the CIP formation oft-BuCl in the
presence of four water molecules, we can draw five conclu-
sions: (1) The mechanism of solution reactions is a three-step
mechanism whether the solute-solvent interaction is strong or
weak. (2) The major role of solvent reorganization in the reaction
occurrence is to reduce the activation barrier along the displace-
ment of the solute reactive coordinate. (3) The solvent charac-
terized as a frozen spectator in the IRP near the TS does not
exert force on the solute reactive motion. (4) The strength of
the NES effect cannot be determined by only the strength of
the solute-solvent interaction. (5) The NES effect can be
moderate if the solvent reactive motion is some component of
the motion along the IRP in the TS region.

One can obtain significant insights into solution reactions by
examining microsolvated systems including only a few solvent
molecules even though the number of the solvent molecules in

microsolvated systems may be too small to comprehensively
model the multidimensional solvent space in actual solution
reactions. Many studies have in fact shown that significant
insights into solution reactions can be obtained by investigating
microsolvated reactions. In the ionization of HCl in water, for
example, the potential energy surface for a microhydrated system
was shown by Ando and Hynes to be similar to that for the
corresponding solution system.30 Thus, the features noted in the
present study should be qualitatively similar to those of actual
solution reactions.

In the future, we will examine reactions in the presence of a
large number of solvent molecules. This examination will give
a more comprehensive understanding of the solution reactions.
For this examination, the recent study of Gordon et al.19,25 is
encouraging because their method reduces the computational
cost of treating such microsolvated reactions and still provides
moderate accuracy.

Appendix: Reactive Coordinates at the Transition State

Although eqs 1 and 2 become indeterminate at the TS, the
directions of the configuration changes attending the displace-
ment of the solute and solvent reactive coordinates at the TS
should be determined by the corresponding directions at any
IRP point near the TS. At such a point, we have

and

where ∆xS
j

and ∆xB
k

are, respectively, the mass-weighted
Cartesian displacements of solute and solvent from the TS. Then,
according to eqs 1 and 2, the directions of the configuration
changes attending the displacement of the solute and solvent
reactive coordinates are given by

and

whereA and B are constants,∆xS ≡ {∆xS
i}, ∆xB ≡ {∆xB

k},

The direction tangential to the IRP is given by

and

(30) Ando, K.; Hynes, J. T.J. Phys. Chem. B1997, 101, 10464-10478.
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dxS

dsS
≈ A(FSS∆xS + FSB∆xB) (A3)

dxB

dsB
≈ B(FBS∆xS + FBB∆xB) (A4)

FSS≡ { ∂
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j}, FBB ≡ { ∂
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l}, andFSB ) FBS ≡
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dxS

ds
≈ C(FSS∆xS + FSB∆xB) (A6)
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whereC is a constant. Thus we have

The IRP tangent at the TS is obtained as the vector of the

unstable normal mode whose vibrational frequency has an
imaginary value.11,31,32Equation A8 therefore indicates that the
directions tangential to the paths of the configuration changes
attending the displacement of the solute and solvent reactive
coordinates at the TS should coincide with the solute and solvent
vectors in the unstable normal mode for the full solute-solvent
space.

JA9940221

(31) Pechukas, P.J. Chem. Phys.1976, 64, 1516-1521.
(32) Page, M.; McIver, J. W., Jr.J. Chem. Phys.1988, 88, 922-935.

dxB

ds
≈ C(FBS∆xS + FBB∆xB) (A7)

dx
ds

) [CA dxS
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] (A8)
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