
Abstract. Ab initio molecular dynamics simulations at
the Hartree-Fock/6-31G level of theory are performed
on methyl chloride hydrolysis with explicit consideration
of one solute and two solvent water molecules at a
temperature of 298 K. The reaction involves the forma-
tion of a reactant complex and the energy surface to the
transition state is found to be simple. Two types of
trajectories toward the product are observed. In the ®rst
type, the system reaches an intermediate complex
(complex-P1) region after two nearly concerted proton
transfers involving the attacking water molecule and the
solvent water molecules. These trajectories resemble the
intrinsic reaction coordinate trajectory. The thermal
motion of the atoms leads the system to another
intermediate complex (complex-P2) region. A second
type of trajectory is found in which the system reaches
the complex-P2 region directly after the proton transfers.
In both of these forward trajectories, back proton
transfers lead the system to a ®nal complex-F region
which resembles protonated methanol.

Key words: Ab initio molecular dynamics ± Hydrolysis
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Solvent e�ect ± Methyl chloride

1 Introduction

Hydrolysis is one of the important processes in organic
chemistry and in biological systems. The methyl chloride
hydrolysis is a type II SN2 reaction according to Ingold's
classi®cation [1]. The formal chemical formula is:

nH2O� CH3Cl! HOCH3 � �nÿ 1�H2O�HCl:

The attacking species is a water molecule which initially
looses a proton to a solvent water molecule with the
hydroxide ion formally substituting the chloride ion in
methyl chloride. Thus during hydrolysis, bond breaking
and bond formation involving both solute and solvent
molecules take place. It is essential, therefore, to take the
solvent molecules explicitly into consideration in mod-
elling the methyl chloride hydrolysis. Because of this,
solvent continuum models [2±4] alone, without explicit
account of at least a few solvent molecules, are not
expected to be able to describe the mechanism of this
type of SN2 reaction. This is in contrast to type I SN2
reactions, such as the reaction of a halide anion with
methyl halide which has been widely investigated from
many aspects and in which bond breaking and bond
formation occur only in the solute molecules and the
solvent molecules do not participate actively in the
reaction except as a bath.

In our previous ab initio molecular orbital (MO) in-
vestigations of the methyl chloride hydrolysis [5], we
have shown that the reaction energies and the kinetic
parameters of the hydrolysis reaction in aqueous solu-
tion are well described in the system with 13 water
molecules. Moreover, hydrogen-bonded networks of
`solvent' molecules are present in the reactant and
product complexes and in the transition state (TS)
complex as well, which link the attacking water molecule
and the chloride atom. A similar network is also present
in the smallest cluster with three water molecules. Proton
transfers along the hydrolysis reaction path in the 13-
water system are also apparent in a 3-water system
which we can therefore use as a model system to explore
the dynamics of the methyl chloride hydrolysis.

The formal hydrolysis reaction written above does
not necessarily represent the actual processes that take
place during the reaction in solution where molecular
species have varying composition and structure as the
reaction proceeds. To understand the active role of the
solvent molecules at the molecular level and to explore
the evolution of the reaction it should prove very useful
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to apply the method of molecular dynamics (MD) [6].
MD is widely used in many ®elds of chemistry ranging
from inorganic materials to biological systems. Most
often it is based on the use of empirical interatomic
potential functions parametrized to experimental data or
to ab initio MO calculations of interaction potentials. It
is very laborious and impractical, if not impossible, to
construct empirical potential functions to describe bond
breaking and bond formation for systems with many
atoms. Instead of requiring such empirical potential
functions to investigate chemical reactions, the method
of direct dynamics can be applied, in which the energy
and the forces of the system are computed directly from
a quantum mechanical treatment. The direct dynamic
method has become increasingly popular, either with
semi-empirical [7, 8] or ab initio [9±18] quantum chem-
ical theories. With the rapid advances in computer
technology, it is now becoming practical to use ab initio
level calculations as the energy and force generators.
MD based on ab initio MO methods has also the ad-
vantage that computational results can readily be eval-
uated in terms of the level of theory and the basis set
used. In many of these direct dynamic studies [11±15,
18], the MD approach served as a means to probe phase
space in search of low energy structures. A few of the
studies were concerned with the characterization of
chemical reactions.

In this paper we describe the application of the ab
initio MD method to the methyl chloride hydrolysis with
explicit consideration of three water molecules. This is
the ®rst application [19], to the best of our knowledge, to
deal with an organic reaction taking explicit account of
the solvent molecules by means of MD simulation in
which energies and forces are generated by ab initio MO
calculations at each time step. The current three-water
system is regarded as a prototypical model of the larger
cluster and of the reaction in solution. A more complete
description of the reaction in aqueous solution would
surely require more than three water molecules, yet the
present study constitutes a very informative ®rst step in
obtaining a detailed description of how the hydrolysis
reaction may proceed.

The intrinsic reaction coordinate (IRC) [20, 21] is a
minimum energy pathway connecting the TS to the re-
actants and the products. The calculation of the IRC
allows a full characterization of the reaction mechanism.
However, the IRC path is obtained under the constraint
that the velocity at any given point along the path is
zero. At ®nite temperature, energy ¯ows along the re-
action coordinate and among the internal vibrations of
the solute and the librations and vibrations of the sol-
vent bath. Thus the ®nite temperature pathway may
di�er to a small or large extent from the IRC and may
even exhibit molecular processes not observed along the
IRC. Such trajectories are in fact observed in the system
under consideration.

2 Method

Ab initio MO calculations were performed to obtain the stationary
points of the SN2 reaction of the methyl chloride hydrolysis with an

explicit account of three water molecules at the Hartree-Fock (HF)
level of theory with the 6-31G basis set. The reaction involves ionic
products so that a single determinant wavefunction represents the
system qualitatively correctly. The stationary structures were
identi®ed by means of a full analysis of the vibrational frequencies.
IRC path calculations were also done. The program packages of
HONDO96 [22] and GAUSSIAN 94 [23] were used for these ab
initio MO calculations.

Ab initio MD simulations were performed starting at or near
the TS structure. Energies and forces were obtained using the same
level of theory, namely HF/6-31G. The classical nuclear trajectories
were obtained using a fourth-order gear predictor-corrector algo-
rithm [6]. A time step of 0.5 fs was used for the present simulations.
The temperature of the system is associated with the classical ki-
netic energy, and the constant temperature (298 K) algorithm of
Berendsen et al. [24] was used. The program package of HONDO96
[22] was used for the ab initio MD calculations.

3 Results and discussion

3.1 Stationary points along the reaction

Figure 1 shows the structures of the stationary points of
the SN2 reaction of the methyl chloride hydrolysis
obtained at the HF/6-31G level, which include the initial
complex (loosely bound state of CH3Cl and water
cluster), the reactant complex (complex-R), the TS,
the product complex (complex-P1), the second prod-
uct complex (complex-P2) and the ®nal product
(complex-F). The relative energies of these stationary
points are also shown in Fig. 1. Some selected atomic
distances are summarized in Table 1 for each stationary
point. A calculation of the IRC path shows that TS
connects complex-R and complex-P1.

Complex-P2 features a direct hydrogen bonding in-
teraction between the Hlb atom and the Cl ion. This
interaction brings additional stability to the system. In
complex-F, H+ exists in the form of CH3OH2

+ rather
than H3O

+, consistent with a stronger basicity of
CH3OH than H2O; Cl) is hydrogen-bonded to the
proton of CH3OH2

+, the most acidic proton in the
system. We were unsuccessful, presumably because of
the ¯atness of the potential energy surface, in deter-
mining the TS structure between these stationary points
and the IRC paths between them.

The experimental activation enthalpy of the methyl
chloride hydrolysis is 26.6 kcal/mol in aqueous solution
[25]; it is an exothermic reaction and the reaction enth-
alpy is estimated to be )6.9 kcal/mol from the data of
standard heats of formation in aqueous solution [26]. In
the present three-water system, if we regard complex-R
as the initial state of the reaction, the calculated acti-
vation enthalpy (calculated activation energy from
Fig. 1 corrected for zero-point vibrational energy) is
+20.1 kcal/mol, which is in reasonable accord with the
experimental activation enthalpy in spite of the limited
number of water molecules included in the system and
the small basis set used here. In our previous ab initio
MO investigation [5], we showed that at least 13 water
molecules are necessary to provide a near-quantitative
description of the methyl chloride hydrolysis in aqueous
solution in terms of the reaction energies and the kinetic
parameters. Still the 3-water system exhibits similarities
to the 13-water system in the characteristics of the TS,
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and is expected to give a good qualitative description of
the reaction processes.

3.2 Ab initio MD simulations

Ab initio MD simulations were carried out at 298 K. We
performed nine simulations with di�erent initial veloc-
ities starting from TS (Fig. 1c). In three of the simula-
tion runs, the system was found to evolve in the
backward direction, i.e. to move toward the initial state
via the Complex-R region; in the other runs, the
trajectories proceeded in the forward direction toward
the product state.

3.2.1 MD trajectory: the backward reaction

One of the simulations corresponding to the backward
reaction is shown in Fig. 2. The potential energy change
as a function of time is shown in Fig. 2a, and the
changes in the atomic distances between CACl and
CAOl of the attacking H2O molecule are shown in

Fig. 2b. The changes in the atomic charge of Cl and in
the charge of CH3 group are shown in Fig. 2c. It is
observed that the system stays in the TS region during a
very short period. The CACl bond formation and at the
same time the CAOl bond cleavage are completed
around 30 fs (recall this is a `backward' trajectory). The
charges of the Cl and CH3 fragments vary in concert
with the bond length changes for CACl and CAOl. A
brief plateau is observed in the change of the CAOl
length during the time period of 40±70 fs and it is
ascribed to the complex-R region, in which the attacking

Fig. 1a±f. Structures of the stationary points obtained at the
Hartree-Fock 6-31G level. Relative energies (in kcal/mol) are
shown in parentheses. Total energies (in hartree) of the stationary
points are as follows: a )727.058800; b )727.054366; c )727.024875;
d )727.055654; e )727.064410; f )727.070319

Table 1. Selected atomic distances (in AÊ ) in the stationary points
obtained at the Hartree-Fock/6-31G level. See Fig. 1 for the
structures and the atomic labels

Initial complex CACl 1.880
OlAHla 0.966
HlaAO2 1.789
O2AH2a 0.964
H2aAO3 1.826
O3AH3a 0.949
O3AH3b 0.959
H3bAOl 1.979
H3aACl 2.857
HlAOl 2.337

Complex-R CACl 1.898
CAOl 3.000
OlAHla 0.963
HlaAO2 1.800
O2AH2a 0.964
H2aAO3 1.786
O3AH3a 0.953
H3aACl 2.595

TS CACl 2.518
CAOl 1.867
OlAHla 0.984
HlaAO2 1.624
O2AH2a 0.974
H2aAO3 1.712
O3AH3a 0.965
H3aACl 2.287

Complex-P1 CAOl 1.454
OlAHla 1.636
HlaAO2 0.979
O2AH2a 1.445
H2aAO3 1.020
O3AH3a 1.061
H3aACl 1.756
CACl 3.804

Complex-P2 CAOl 1.433
OlAHla 1.594
HlaAO2 0.989
O2AH2a 1.380
H2aAO3 1.048
O3AH3a 1.026
H3aACl 1.855
HlbACl 2.284
CACl 4.163

Complex-F CAOl 1.449
OlAHla 1.017
HlaAO2 1.462
O2AH2a 0.981
H2aAO3 1.638
O3AH3a 0.965
H3aACl 2.268
HlbACl 1.872
CACl 3.845
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H2O molecule stays near the C atom at a distance of
around 3.0 AÊ . Note that the distance CAOl is 3.0 AÊ in
complex-R (see Fig. 1b and Table 1). After this region,
this attacking H2O moves away toward forming the
cyclic H2O trimer around 1850 fs, and the CH3Cl
molecule remains almost una�ected. Periodic and syn-
chronous changes in the CACl length and atomic
charges are observed at around 52 fs. This corresponds
to a CACl bond vibration frequency of around
650 cm)1.1 The structures of some points along the
trajectory are shown in Fig. 2d±i. We can clearly see that
the system moves from TS via the complex-R region
toward the initial loosely bound state. We have per-
formed this simulation for 4000 fs and the cyclic H2O
trimer is present all through the trajectory. Overall these

backward trajectories appear simple, little time is spent
by the system in the `reactive' part of the trajectory in
contrast to the time spent by the system interacting
loosely with the solvent trimer.

3.2.2 MD trajectory: a forward reaction
from TS ± case 1

Figure 3 shows one of the simulations corresponding to
the forward reaction in which the system moves toward
the product state. The potential energy changes as a
function of time are shown in Fig. 3a. The changes in the
atomic charges of the oxygen atoms in the three water
molecules are shown in Fig. 3b. The changes in the
atomic distances between CACl and CAOl of the
attacking H2O molecule are shown in Fig. 3c; those
between Ol and Hla and between Hla and O2 in Fig. 3d;
those between O2 and H2a and between H2a and O3 in
Fig. 3e and those between O3 and H3a and between H3a
and Cl in Fig. 3f. From looking at the OAH distance
curves, it is very noticeable that the trajectory is made up
of three `regions'; a `TS region' for the ®rst 100 fs,
followed by a `proton transfer region' for the next 40 fs
and then by a `product region'.

In the TS region, the ®rst peak in the atomic charge
of the attacking Ol atom around 75 fs (Fig. 3b) corre-

Fig. 2a±i. Trajectory of a backward reaction: a potential energy (in
hartree); b the atomic distances (in AÊ ) between C and Cl and
between C and Ol; c the atomic charge of Cl and the group charge
of CH3 fragment. Snapshot structures at: d 0 fs; e 72 fs; f 96 fs;
g 150 fs; h 496 fs; i 2000 fs

1 The ab initio MO vibrational frequency analysis at the level of
HF/6-31G gives 685.5 cm)1 for the CACl bond stretching mode for
the isolated CH3Cl.
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sponds to a three bond build-up on the O1 atom as a
result of the shortening (formation) of the CAO1 bond
in Fig. 3c. From there on the system enters the `proton
transfer region' in which a proton relay occurs. The ®rst
peak in the atomic charge of the O2 atom around 120 fs
(Fig. 3b) corresponds to the formation of H3O

+ (the
®rst solvent molecule), which coincides with the bond
formation of H1aAO2 as shown in Fig. 3d. The ®rst
peak in the atomic charge of the O3 atom around 130 fs
(Fig. 3b) corresponds to the formation of a H3O

+

molecule (the second solvent water), which coincides
with the bond formation of H2aAO3 as shown in Fig. 3e
and indicates that a proton is transferred to this second
solvent water. Structures along the trajectory are shown
in Fig. 3g±l. After this nearly concerted proton transfer
process, the system reaches the complex-P1 region

around 150 fs. Here, the `complex-P1 region' means that
the optimization of a conformation in this region leads
to the complex-P1. In the product region, a periodic
motion of the proton (H3a atom) is observed between
O3 and Cl (Fig. 3f). A snapshot of this region is shown
in Fig. 3l. In some con®gurations (especially around
450 fs), the H3aáááCl distance is very short while
H3aáááO3 is signi®cantly stretched. Yet it does not ap-
pear that the proton transfers fully to the chloride ion.

Thermal motion of the system while in the complex-
P1 region includes an internal rotation of the OH group
in CH3OH about the CAO single bond which allows the
proton Hlb more favourable interaction with the chlo-
ride ion, as suggested in the structure at 314 fs (Fig. 3k).
An optimization of the conformation of the trajectory in
this phase leads to another product complex (complex-
P2), which is shown in Fig. 1e. Along the trajectory for
up to 500 fs, most of the conformations are within the
complex-P1 region, although a few conformations are
within the complex-P2 region.

We have performed this simulation for a longer time
to see how the system would evolve. The whole trajec-
tory of the system up until 2000 fs is shown Fig. 4. The
potential energy change as a function of time is shown in

Fig. 3a±l. Trajectory of a forward reaction (case-1) from transition
state (TS) toward complex-P1: a potential energy (in hartree); b the
atomic charges of Ol, O2 and O3 atoms; c the atomic distances (in
AÊ ) between C and Cl and between C and Ol; d between Ol and Hla
and between Hla and O2; e between O2 and H2a and between H2a
and O3; f between Cl and H3a and between O3 and H3a. Snapshot
structures at: g 51 fs; h 78 fs; i 119 fs; j 130 fs; k 314 fs; l 492 fs
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Fig. 4a; the changes in the atomic distances between Cl
and Hlb and between Cl and H3a in Fig. 4b; those be-
tween Ol and H1a and between H1a and O2 in Fig. 4c
and those between O2 and H2a and between H2a and
O3 in Fig. 4d. The potential energy of the system be-
comes lower at around 880 fs (Fig. 4a) which corre-
sponds to the time when, as shown in Fig. 4b, the
distance between Cl and Hlb becomes shorter, implying
that the system is now in the `complex-P2 region'. Then
around 980 fs, another noticeable change is observed:
reversed, nearly concerted proton transfers bring the
system to the complex-F region. The proton H2a, which
had transferred to O3 at around 130 fs, goes back to O2
at around 980 fs; the proton Hla, which had transferred
to O2 at around 120 fs, goes back to Ol at around 990 fs.
The optimization of a conformation in the region after
the back proton transfers leads to complex-F (Fig. 1f).

To look into the detailed process of the back proton
transfers, the bond distance changes of the system
between 800 fs and 1100 fs are shown enlarged in
Fig. 4e±g. It can be seen that the distance between Cl
and Hlb becomes shorter at around 930 fs, when the
back proton transfer has not yet occurred; during an
interval of about 30 fs, the system is in the complex-P2
region. After the nearly concerted proton transfers, the
system changes to the complex-F region. The structures
of some points along the trajectory are shown in
Fig. 4h±l. The ®nal product (complex-F, Fig. 1f) looks
as if it were a direct adduct of H2O to the CH3

+ moiety.
It should be stressed, however, that complex-F cannot be
formed directly from TS.

3.2.3 MD trajectory: a forward reaction
from TS ± case 2

Figure 5 shows a di�erent type of trajectory in which the
system moves toward the product state. The potential
energy change as a function of time is shown in Fig. 5a;
the changes in the atomic charges of the oxygen atoms in
three water molecules are shown in Fig. 5b; the changes
in the atomic distances between CACl and CAOl of the
attacking H2O molecule are shown in Fig. 5c; those
between Ol and Hla and between Hla and O2 in Fig. 5d;

Fig. 4a±l. Trajectory up to 2000 fs of the forward reaction (case-1)
shown in Fig. 3: a potential energy (in hartree); b the atomic
distances (in AÊ ) of Cl and Hlb and between Cl and H3a;
c between Ol and Hla and between Hla and O2; d between O2
and H2a and between H2a and O3. Trajectory between 800 fs and
1300 fs: e the atomic distances (in AÊ ) between Cl and H1b and
between Cl and H3a; f betweenO2 and H2a and between H2a
and O3; g between O1 and H1a and between H1a and O2. Snapshot
structures at: h 900 fs; i 980 fs; j 990 fs; k 1080 fs; l 1500 fs

267



those between O2 and H2a and between H2a and O3 in
Fig. 5e and those between O3 and H3a, Cl and H3a and
Cl and Hlb in Fig. 5f. In this simulation, once the CAOl
bond formation is completed around 35 fs, a rather large
vibration of the attacking water molecule is observed
until around 120 fs. Note the speci®c peaks in the atomic
charge variation of the Ol atom at around 37 fs and 81 fs
(Fig. 5b). These peaks correspond to the formation of the
protonated methanol. Then, the nearly concerted proton
transfer begins to occur: a proton (Hla) moves to the
second water at around 130 fs, and next, a proton (H2a)
moves to the third water at around 145 fs. The structures
of some points along the trajectory are shown in Fig. 5g±l.
We have performed the optimization procedures on some
points along the trajectory, and con®rmed that the
system is in the complex-P1 region before 120 fs although
the system is in the complex-P2 region after 120 fs.

Here, the `complex-P2 region' means that the optimiza-
tion of a conformation in this region leads to the
complex-P2. It should be noted that the period of the
proton transfers is in the complex-P2 region. The system
moves toward the complex-P2 region without going
through the complex-P1 region. This is because the Hlb
atom faces the Cl atom at a rather early stage in the
transition state region. This tendency is brought about by
thermal motions created by random initial velocities.

We have performed this simulation until 2000 fs
(data not shown). The system stays in the complex-P2
region until around 950 fs, when the nearly concerted
back proton transfers begin to occur and bring the sys-
tem to the complex-F region. The proton H2a, which
has transferred to O3 around 130 fs, is now back to O2
around 970 fs; the proton Hla, which has transferred to
O2 around 100 fs, is now back to O1 at around 990 fs.
This process is very similar to that found in another
simulation described in the previous section.

3.3 Comparison of MD trajectories with IRC path

The approach followed in the ab initio MD simulation
starting from TS is essentially equivalent to calculating

Fig. 5a±l. Trajectory of a forward reaction (case-2): a potential
energy (in hartree); b the atomic charges of Ol, O2 and O3 atoms;
c the atomic distances (in AÊ ) between C and Cl and between C and
Ol; d between Ol and Hla and between Hla and O2; e between O2
and H2a and between H2a and O3; f between Cl and HlB, between
Cl and H3a and between O3 and H3a. Snapshot structures at:
g 13 fs; h 37 fs; i 129 fs; j 147 fs; k 245 fs; l 392 fs
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reaction path trajectories at ®nite temperature, in
contrast to the IRC path [20, 21] at 0 K. In this section,
we contrast the MD trajectories and the IRC path in the
present system.

The IRC path calculations showed that TS connects
complex-R and complex-P1. The variations of the energy
and the selected atomic distances along the IRC path for
each backward reaction and forward reaction are illus-
trated in Fig. 6. The IRC path is de®ned starting from
the TS structure. From a quantum chemical description,
the TS structure would usually be ascribed as the region
of phase space where bond formation and bond break-
ing take place. In the present SN2 reaction, the OlAC
bond formation and the CACl bond breaking corres-
pond to those major bonding changes at the TS. Starting
from s � 0 (TS) toward the reactant (negative s), the
CACl length becomes shorter (Fig. 6b) indicating the
formation of CH3Cl; it is almost unchanged after
around s � ÿ4. At s � ÿ5:0, the system is close to
complex-R.

According to the MD trajectories corresponding to
the backward reaction from TS, the system reaches the
reactant complex around 50 fs (Fig. 2). The energy
pro®le and the atomic distance evolutions along the
MD trajectory at 298 K until around 50 fs in Fig. 2a, b
compare with those along the IRC path in Fig. 6a, b.
This is probably because the potential energy surface
along this backward reaction is not intricate and the
process of the reaction does not depend much on the
temperature of the system. The MD trajectory indi-
cates that the essential process of this backward reac-
tion from TS to complex-R is completed in less than

50 fs, soon after the TS. After the reactant complex
region, the formation of the water trimer proceeds
slowly and the system moves toward the loosely
bound complex of CH3Cl with the water trimer. The
kinetic energy/temperature is what allows the system to
evolve in and out of the shallow well of the entrance
complex.

Along the IRC path which starts from TS (s � 0) and
goes to complex-P1 (the forward reaction: positive s), the
CAOl length becomes short (Fig. 6e) indicating the
formation of CH3OH2; the CAOl length is almost un-
changed after around s � 2. Then, the ®rst proton
transfer occurs at s � 4:8 from the attacking water to the
®rst solvent molecule, followed by the second proton
transfer which occurs at s � 6:5 from the ®rst solvent
water to the second solvent water (Fig. 6f). At s � 9:0,
the system is close to complex-P1. The IRC path toward
complex-P1 clearly shows the existence of successive
proton transfers involving the attacking water molecule
and the solvent water molecules after the TS on the way
to the formation of the product complex. In the present
ab initio MD simulations at 298 K, as is shown in Fig. 3,
the system stays in the `TS region' around 50 fs in which
no apparent change occurs. Then the OlAC bond for-
mation and the CACl bond breaking start to occur,
followed by the nearly concerted proton transfers at
around 120 fs. The energy pro®le and the atomic dis-
tance evolutions along the MD trajectory at 298 K from
50 fs until 120 fs in Fig. 3a, c±e compare with those
along the IRC path in Fig. 6d±f. The concertedness of
the proton transfers observed in the MD trajectories is
much less apparent in the IRC path.

Fig. 6a±f. Intrinsic reaction
coordinate path obtained at
HF/6-31G. Backward reaction
from TS (s� 0) toward com-
plex-R: a total energy (in har-
tree); b the atomic distance
changes (in AÊ ) between C and
Cl and between C and Ol; c
between Ol and Hla, between
Hla and O2, between O2 and
H2a and between H2a and O3.
Forward reaction from TS
(s� 0) toward complex-P1:
d total energy (in hartree); e the
atomic distance changes (in AÊ )
between C and Cl and between
C and Ol; f between Ol and Hla,
between Hla and O2, between
O2 and H2a and between H2a
and O3

269



In the MD trajectories, it should be noted that the
`TS region' is a region in which the system resides for
some time with bonds `half-broken and half-formed'
before it reaches a region of `real transition' marked by
the nearly concerted proton transfers which take place
over a very short period of time, after which the system
enters the product region. We have performed several
simulations which proceed toward the product state, and
found the same characteristics of the `TS region' and the
`proton transfer region' in all the simulations which
moved toward complex-P1. No such `TS region' was
observed in any of the `backward' trajectories. Such a
®nding is a re¯ection of the di�erent character of the
potential energy surface on the two sides of the TS. The
energy surface is much less intricate in the reactant-side
region than in the product-side region which has more
numerous hydrogen-bonding interactions. The energy
released along the reaction mode gets transferred into
the transverse modes, in particular the `cluster' proton
transfer modes. A more complete analysis of the vibra-
tional quantum dynamics of the system along the reac-
tion path using the reaction path Hamiltonian for
example [27] would be needed to gain insight on the
appearance of these reaction stages.

As was described in the previous section, we have
observed other trajectories which are di�erent from the
IRC path, namely the reaction pathway from TS to
complex-P2. In such a trajectory (Fig. 5), the OlAC bond
formation and the CACl bond breaking start to occur
soon after TS; however, the period of a rather large vi-
bration of the attacking water molecule lasts until
around 130 fs. During the period, the Cl atom moves
close to the Hlb atom and then the nearly concerted
proton transfers lead the system toward the complex-P2
region, without passing the complex-P1 region.

3.4 MD trajectory crossing TS

In general, a chemical reaction is a very rare event, since a
reaction channel is very narrow and furthermore excess
energy would be needed to climb up a TS. It would be
necessary to perform long MD simulations with a great
many di�erent initial velocities to represent a chemical
reaction, if they start fromarbitrarypointson thepotential
surface. This is the reason why we have performed the
simulations starting from the TS structure in the present
investigation as described in the previous sections. Start-
ing from the TS structure, the system would easily follow
the reaction channels toward the reactant region and also
toward the product region.However, theremight be other
reaction pathways in which the system would not pass
through the TS structure. MD simulations starting from
non-TS structurewould give informationwhich cannot be
given by those starting from TS.

We have performed such MD simulations, starting
from the structure which corresponds to the tenth step on
the trajectory of the backward reaction (Fig. 2) with
di�erent initial velocities. We have performed seven
simulations and have found three of them evolving
toward the reactant region and four of them evolving
toward the product region; their evolutions are similar

to those described in the previous sections for the cor-
responding trajectories starting from TS. Figure 7 shows
one of the simulations which evolves toward the product
region. Here note that the point of time � 0 does not
correspond to the TS. The potential energy change as a
function of time is shown in Fig. 7a; the changes in the
atomic distances between CACl and CAOl are shown in
Fig. 7b. It should be noted that the CACl bond length is
2.518 AÊ and CAOl bond length is 1.867 AÊ at TS, (see
Table 1). The bond length changes in this trajectory
(Fig. 7b) show that the reaction does not pass through
the TS, which is determined in the framework of ab initio
MO theory. The MD simulations here indicate that the
reaction might proceed not through the saddle point but
through a region around it at ®nite temperature.

4 Conclusions

The present ab initio MD simulations exhibit dynamic
features of the SN2 reaction of methyl chloride with
three water molecules, which can be regarded as a
prototype of the methyl chloride hydrolysis in aqueous
solution. The backward reaction and the forward

Fig. 7a, b. Trajectory of a forward reaction starting from a non-
TS structure: a potential energy (in hartree); b the atomic distances
(in AÊ ) between C and Cl and between C and Ol
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reaction show the di�erent features. The backward
reaction proceeds very quickly; the attacking water
molecule goes away from the methyl chloride soon after
the TS; and the system passes the reactant complex
(complex-R) region around 50 fs and then the water
trimer is formed around 2000 fs. In the forward
reaction, the attacking water molecule keeps two
hydrogen atoms in the transition region and this period
lasts around 100 fs. And then, the nearly concerted
proton transfers occur and an intermediate complex
(complex-P1 region) is formed around 150 fs. With
further thermal motions, the system reaches the ®nal
complex region after 1000 fs. The trajectories from the
complex-R region through the TS region to the complex-
P1 region are those which trace the IRC path. Other
trajectories which are di�erent from the IRC path are
observed for the forward reaction, in which the system
moves to another intermediate complex (complex-P2)
region after the nearly concerted proton transfers. The
IRC path is not the only path along which the reaction
proceeds at ®nite temperature. In either pathway, the
nearly concerted back proton transfers lead the system
to the same ®nal product. The ab initio MD simulation
is a powerful technique to explore the reaction processes
at ®nite temperature.

The observation of the proton transfers in the for-
ward reaction clearly indicates that it is essential to take
at least a few solvent molecules explicitly into consid-
eration as part of the quantum mechanically treated
system to describe the methyl chloride hydrolysis, not
just as creating a reaction ®eld, but rather as actively
participating in the reaction. This ®nding is likely to
have signi®cance with regard to modelling of reactions in
solutions using continuum dielectric models and quan-
tum mechanics/molecular mechanics models, neither of
these approaches having the capability to describe the
intricate processes observed here, unless some actively
participating solvent molecules are included in the
quantum part. Many more than two solvent water
molecules would be needed to describe realistically the
reaction in aqueous solution, yet the present work al-
ready provides much insight into the hydrolysis reaction
at the molecular level.
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