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The effects of intermolecular interactions on the transition state dynamics of the Cl+ HCl reaction are
investigated through time-dependent quantum simulations of the evolution of the ground state wave function
for Arn(ClHCl-) on the Arn(ClHCl) potential whenn ) 0-5. A reduced dimensional approach has been
employed in which the quantum/semiclassical time-dependent self-consistent field (Q/SC TDSCF) approxima-
tion is used to propagate the dynamics of the hydrogen and chlorine atoms, respectively, while the argon
atoms are constrained to remain in the equilibrium configuration in Arn(ClHCl-). Analysis of the wave
functions, obtained from these simulations, shows that as more argon atoms are introduced there is a change
in the short time dynamics. When no argon atoms are present, the hydrogen atom rotates off of the Cl-Cl
axis. As the number of argon atoms is increased, this motion becomes blocked, and when four or five argon
atoms are present, the Cl-H-Cl subsystem is constrained to dissociate collinearly. This change in the dynamics
of the hydrogen atom is reflected in an increase in the amount of energy that is transferred to the chlorine
atoms asn is increased. It also results in qualitative changes in the calculated photoelectron spectra of
Arn(ClHCl-).

Introduction

An important issue in chemistry involves understanding the
effects of solvation on chemical reaction dynamics. Over the
past several decades, experimental and theoretical approaches
have developed significantly, and a variety of atom plus diatom
(A + BC) reactions have been mapped out very accurately.1-5

While much can be learned from these studies most chemistry,
whether in the laboratory or in nature, does not take place in a
vacuum but in solvated environments. An important first step
in the overall goal of understanding the effects of solvation on
chemical reaction dynamics comes in understanding how the
dynamics of a simple system, evolving from reactants to
products, is affected by the presence of a small number of
chemically inert atoms or molecules. In the present study, we
focus on the Cl+HCl reaction and, in particular, how the
evolution of a wave packet off of the transition state region of
the potential is affected by the introduction of one to five argon
atoms.

Our motivation for studying the dynamics of the Arn(ClHCl)
(n ) 0-5) system comes from a variety of experimental studies
in which the photoelectron spectrum of a suitable anion is used
to probe the transition state dynamics of the corresponding
neutral system.6-14 In addition to investigating the transition
state dynamics of a variety of bimolecular reactions, including
the Cl+ HCl reaction,7,8 Neumark and co-workers have studied
changes in the photoelectron spectra of IHI- and I- upon
clustering with rare gas atoms, N2O or CO2.12-14 Although the
Arn(ClHCl) system has not been studied experimentally by these
methods, the abundance of empirical and ab initio information
about the potential surfaces for Arn(ClHCl) and Arn(ClHCl-)
make these systems ripe for theoretical investigations.15-19 A
variety of approaches have been employed to study the transition

state dynamics of ClHCl.20-25 In the present study we use time-
dependent wave packet techniques. Further, due to the high
dimensionality of these systems, the dynamics is propagated
using the quantum/semi-classical time-dependent self-consistent
field (Q/SC TDSCF) approximation.26-29

We focus on how the dynamics and spectroscopy of ClHCl
change as the number of argon atoms is increased from zero to
five. Previous studies of the transition state dynamics of the
ClHCl system show that the initial decay of the wave function
off the transition state primarily involves rotation of the
hydrogen atom out of the center of the Cl-Cl axis.25 We have
found that the introduction of an argon atom has little effect on
the transition state dynamics or spectroscopy.30 This result
reflects the fact that the argon atom perturbs only a small fraction
of the configuration space that is sampled by the hydrogen atom.
As more argon atoms are introduced, a larger fraction of
configuration space will be affected, and in the case of the
system with five argon atoms, the ClHCl subsystem is fully
encircled by argon atoms.29 In this case, the hydrogen atom will
be confined in the region between the chlorine atoms during
the initial stages of the dissociation process and will be
constrained to dissociate colinearly. In this paper, we will
investigate how the transition state dynamics and spectroscopy
of the Cl+HCl reaction evolve as one to five argon atoms are
introduced.

System

Potential Functions.To simulate the transition state dynam-
ics of the Cl+HCl reaction, the potential surfaces for Arn(ClHCl)
and Arn(ClHCl-) need to be constructed. As in our previous
work, we approximate these potentials by pair-wise sums of
empirically determined interactions.30 This approach has the
advantage that, while only the most important many-body
interactions are included, we are using the best available
description of the important two-body interactions.* Corresponding author. Email: mccoy@chemistry.ohio-state.edu.
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We approximate the Arn(ClHCl) intermolecular potential by

whereRXY represents the distance between atoms X and Y. We
represent the Ar-ClHCl interactions as a sum of Morse
oscillators:

with X ) H or Cl. The parameters that are used in these
potentials can be found in Table 3 of ref 30.50 The interactions
among the argon atoms are represented by a Lennard-Jones
potential:

with σ ) 3.359 Å andε ) 99.51 cm-1.31 Finally, the total
potential for the Arn(ClHCl) system is obtained by adding the
LEPS potential for the Cl+ HCl reaction given by Bondi et al.
to VArn(ClHCl)

inter .15

The basic structure of the Arn(ClHCl-) potential is identical
to that for Arn(ClHCl), with a harmonic ClHCl- potential17

substituted for the ClHCl LEPS surface. In addition, we must
consider the effects of charge on the intermolecular interactions.
In constructing these contributions to the potential, we assume
that each of the chlorine atoms carries a-1/2 charge. This leads
to19,32

In the second term,RAr is the polarizability of argon (11.096
a0

3),33 (xi,yi,zi) represents the Cartesian coordinates of theith
argon atom, and32

The third term in eq 4 reflects the fact that charges on the
chlorine atoms induce a dipole moment on each of the argon
atoms. The induced dipole is given by19

andθijk represents the Ari-Arj-Clk angle.
Coordinates and Hamiltonian. We use the mass weighted

normal coordinates of the Arn(ClHCl-) complexes in our
simulations of the transition state dynamics of Arn(ClHCl). The
equilibrium geometries of the Arn(ClHCl-) and the four largest
calculated harmonic frequencies are reported in Table 1.

The minimum energy geometries of the Arn(ClHCl-) clusters
are sketched in Figure 1. Whenn ) 0, ClHCl- is linear with
the hydrogen atom located at the center of the Cl-Cl axis.17

When one argon atom is introduced, the cluster is approximately
T-shaped,30 while in the cluster with five argon atoms, the argon
atoms form a regular pentagon in the plane perpendicular to
the ClHCl axis, centered on the hydrogen atom.29 The minimum
energy geometries of the clusters with one, two, and three argon
atoms are similar to the structures that would result when four,
three, or two argon atoms are removed from a cluster that
contained five argon atoms. This result is reflected in the
similarity in the Ar-H distances in these four clusters as well
as the near 72° Ar-H-Ar bond angles in the clusters with two
or three argon atoms. In the case of the cluster with four argon
atoms, the minimum energy structure corresponds to the argon
atoms forming a square around the center of the ClHCl axis,
and the Ar-H distances are 0.03 Å smaller than those observed
in the other clusters.

The observed differences between the structure of the
complex with four argon atoms and the other four complexes
studied here reflect the competition between the attractive Ar-
Ar interaction from the Lennard-Jones potential in eq 3 and
the repulsive interaction between induced dipoles on the argon
atoms. In addition, there is a competition in the attractive
interactions between minimizing the individual Ar-Ar interac-
tion energies and maximizing the number of nearest neighbors.
Forn ) 2 or 3 the individual Ar-Ar interactions are minimized,
whereas whenn ) 4 the repulsive induced dipole-induced dipole
interactions becomes more important. In the case ofn ) 5, the
three considerations lead to similar structures, making this a
particularly stable cluster size. This result is also reflected in
the dissociation energies reported in Table 1.

TABLE 1: Initial Geometries and Frequencies for the
Ar n(ClHCl -) Complexes

parameter n ) 0 n ) 1 n ) 2 n ) 3 n ) 4 n ) 5

RHCl (Å) 1.5716 1.5711 1.5706 1.5701 1.5699 1.5691
RArH (Å) 3.1997 3.2067 3.2015 3.1726 3.2086

3.2152a

θClHCl (deg) 180.00 179.15 179.98 178.70 180.00 180.00
θArHAr (deg) 72.7 72.5 90.0 72.0
ωCl (cm-1) 309 310 310 310 311 311
ωHx (cm-1) 791 789 804 830 838 840
ωHy (cm-1) 791 815 819 813 838 840
ωHz (cm-1) 768 767 765 764 761 761
De (cm-1)b 0 744 1569 2215 3143 4116
Esh (eV)c 0.000 0.0802 0.1592 0.2143 0.3177 0.3829

a Distance for the central argon atom.b De ) E(nAr + (ClHCl)-) -
E(Arn(ClHCl)-). c The position of the origin of the transition state
spectrum of Arn(ClHCl), measured relative to the origin whenn ) 0.

Figure 1. Minimum energy geometries for Arn(ClHCl-) clusters for
(a) n ) 0, (b) n ) 1, (c) n ) 2, (d) n ) 3, (e)n ) 4, and (f)n ) 5.
The argon atoms are in thexyplane, with thez-axis defined to be along
the Cl-H-Cl axis. In all cases, the complexes are symmetric with
respect to reflection in theyz plane.
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Finally, we find that there is a slight decrease in the H-Cl
bond distance as the number of argon atoms is increased, as
well as a slight increase in the Ar-H distance in all but the
Ar4(ClHCl-) cluster. The decrease in the HCl distances reflects
an increase in the total number of Ar-Cl interactions, the
minimum of which is at shorter Ar-Cl distances than are
achieved in the Ar(ClHCl-) complex. This factor also causes
the ClHCl to bend slightly whenn ) 1, 2, or 3. The increase in
the Ar-H distances reflects a competition between minimizing
the Ar-Ar interactions and the much weaker Ar-H interactions.

For each of the cluster sizes, there are 3N - 6 normal modes,
whereN is the number of atoms. Of these, three correspond to
the motions of the hydrogen atom and one to the Cl-Cl stretch.
The remaining 3N - 10 normal modes correspond to motions
of the argon atoms. Given the factor of 40 difference between
the masses of hydrogen and argon or chlorine and the difference
between the strength of the (ClHCl-) intramolecular interactions
and those with and among the argon atoms, the resulting normal
modes can be divided into three frequency regimes.

There are three frequencies between 750 and 850 cm-1, ωHx,
ωHy, andωHz, that correspond to the motions of the hydrogen
atom along the three Cartesian axes. For all cluster sizes,ωHz

is the smallest of the three frequencies and corresponds to
motion of the hydrogen atom along an axis that is parallel to
the Cl-Cl axis. The two higher frequency modes correspond
to motions of the hydrogen atom perpendicular to this axis.
Whenn ) 0, 4, or 5, these two frequencies are equal. This is
a reflection of the fact that ClHCl- is linear in the equilibrium
configuration of these clusters. In the clusters with one and two
argon atoms,ωHy is larger thanωHx. This reflects the fact that
because the argon atoms lie in the half plane withy > 0, they
will have a large effect on the motions of the hydrogen atom in
this direction. On the other hand, motion of the hydrogen atom
along thex-axis will be much less strongly affected by the
presence of the argon atoms. This trend is reversed when there
are three argon atoms. As can be seen in Figure 1c, in this case
one of the argon atoms lies on they-axis while the other two
lie 17.3° above thexz plane. As such, motion along thex-axis
will be more strongly affected by the presence of the argon
atoms than motion along they-axis.

The next highest frequency regime is at 309 cm-1, and
contains only one frequency,ωCl. This frequency is much less
sensitive to the complex size than the three higher frequencies
as it corresponds to the Cl-Cl stretching vibration. The
remaining frequencies are all smaller than 100 cm-1 and
correspond to motions of the argon atoms. As these motions
are essentially decoupled from those of the hydrogen and
chlorine atoms over the short times of interest in the present
study, we have set these normal mode coordinates to zero in
our simulations of the transition state dynamics of Arn(ClHCl).

One advantage to using normal coordinates is that the kinetic
energy contribution to the vibrational Hamiltonian takes on a
simple form if we neglect the small contributions from
vibrational angular momentum and the Watson term.34 In other
words, for a system with 3N - 6 vibrational degrees of freedom
{qj}, the (J ) 0) Hamiltonian then becomes

Methods

The TDSCF Approximation. Previous studies on this and
similar systems have shown that the TDSCF approximation

provides a valuable tool for studies of the molecular dynamics
of systems where a full quantum mechanical treatment are
computationally intractable.25,27,29,35-39 The TDSCF approxima-
tion has been described in detail elsewhere, so only a brief
description will be given here.

In the most general form of the TDSCF approximation, the
wave function that describes a system withM vibrational degrees
of freedom can be approximated by a product of one-
dimensional wave functions:

whereqj is thejth normal mode coordinate in which the system
is propagated, and〈V〉(t′) is the expectation value of the potential,
averaged overΨTDSCF(q;t′).

These one-dimensional wave functions are propagated using
the time-dependent Schro¨dinger equations:

where

A complicating issue in these calculations comes from the time
dependence ofVj

eff. As in previous studies,25 we approximate
this time dependence by propagating the one-dimensional wave
functions over a series of short time intervalst f t + ∆t, where
∆t is chosen so that theVj

eff are approximately constant over
each time step. In the present study, we use∆t ) 1 au, or
approximately 0.025 fs.

Because we are focusing on the short time transition state
dynamics of the Cl+HCl reaction, with total propagation times
of no more than 72 fs, the most important couplings in the
system are among the coordinates that describe the position of
the hydrogen atom. In our previous work on the ClHCl system
we found that the simple TDSCF approximation, described
above, is inadequate, even for the relatively short propagation
times studied here. The approximation can be improved
dramatically ifΨTDSCF in eq 8 is approximated by the product
of a wave function that is a function of the three coordinates
that describe the motions of the hydrogen atomqH and a set of
one-dimensional wave functions that are functions of each of
the remaining coordinates.25,40 This allows us to treat the
important couplings among the coordinates that describe the
motions of the hydrogen atom exactly, while approximating the
couplings between these coordinates and those that involve the
heavy atoms. Further, due to the relatively weak couplings
between the motions of the argon atoms and those of the ClHCl
subsystem, we have frozen the positions of the argon atoms
andΨTDSCF is approximated by

where qR represents the normal mode coordinate that corre-
sponds toωR in Table 1.
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In this formulation of the TDSCF approximation, we propa-
gate a three-dimensional and a one-dimensional time-dependent
wave packet, rather than four one-dimensional ones. We make
the additional approximation that, because the mass of chlorine
is 35 times that of hydrogen,φ(qCl;t) can be propagated
semiclassically, whileø(qH;t) is propagated quantum mechani-
cally. Previous studies of the ClHCl system have shown that
such a quantum/semiclassical TDSCF (Q/SC TDSCF) treatment
can be performed without significant loss of accuracy compared
to the quantum/quantum treatment.25

Propagations.To propagateø(qH;t) in eq 11, we use the grid
methods described by Kosloff and Kosloff.41-43 In this approach,
the wave function is represented on a three-dimensional grid
of evenly spaced points. The advantage of this technique is that
we can use fast Fourier transforms to transform between
configuration space and momentum space, where the potential
and kinetic energy operators are multiplicative, respectively.
Using this method, we approximate

with a Lanczos recursion scheme.44,45We find that 10 iterations
are sufficient to propagate the wave function accurately and
efficiently over the short time step already required by the time
dependence ofVeff.

Due to the heavier mass and slower motions of the chlorine
atoms,φ(qCl;t) is approximated by a semiclassical Gaussian.
Following Heller,46 we take

Here,qt andpt provide the centers of the Gaussian in coordinate
and momentum space, and the imaginary parts ofRt and γt

describe the width and normalization of the Gaussian, respec-
tively. If a locally harmonic approximation to the potential is
employed,

analytical expressions for the time derivatives of the parameters
qt, pt, Rt, andγt in terms ofV, V′, andV′′ can be derived,46 and
qt, pt, Rt, andγt are propagated using a Gear integrator.47

Approximation to the TDSCF Potential. One of the greatest
challenges in implementing the TDSCF approximation comes
in evaluatingVeff in eq 10. BecauseVeff is time-dependent, this
multi-dimensional integral must be evaluated at every time step.
While this may not be difficult to do for small systems, for
larger systems this becomes impractical. Several approaches
have been proposed that reduce the computational load of the
evaluations ofVeff.30,48 In the present work, we assume that
because the Q/SC TDSCF approximation requires a locally
quadratic expansion of the potential inqCl around the center of
the Gaussianqt, we can use a quartic polynomial expansion in
qCl to approximate the potential over longer times. This approach
is similar to the multiple time step methods that have been
applied to a variety of problems.47 Specifically, if at t ) 0,
φ(qCl;t) is centered atqCl

(0), we approximate the potential for
Arn(ClHCl) by

where the required derivatives are evaluated analytically at each
of the grid points used in the quantum simulation. The expansion
in eq 15 provides a good approximation to the potential so long
as|qCl

(0) - qt| is small. Therefore, when this difference exceeds
0.01 Å we setqCl

(0) equal toqt and evaluate the derivatives in eq
15 with respect to the newqCl

(0). More frequent updating of the
derivatives does not affect the results reported below.

Numerical Details.We approximate the initial wave function
as a 3N - 6 dimensional Gaussian (3N - 5 when no argon
atoms are present) which corresponds to the ground state of
Arn(ClHCl-), and we assume a vertical transition to the excited
state. The quantum wave function is propagated on a three-
dimensional grid, the extent of which is defined by the HCl
bond length. The grid spans-350 to 350 inqHz, and-150 to
150 inqHx andqHy, with 120 points inqHz and 50 inqHx andqHy.
The semiclassical Gaussian wave function is centered atq0 and
p0 ) 0, with R0 ) ipωCl/2 and Im(γ0) chosen to ensure that the
wave function is normalized att ) 0.

Results and Discussion

The Dynamics. As a first step in our investigation of the
effects of microsolvation on the Cl+HCl transition state
dynamics, we look at how slices through the probability density,
|ø(qH)|2, in the qHxqHz and qHyqHz planes are affected by the
introduction of one or more argon argon atoms. When no argon
atoms are present, the short time transition state dynamics
involves the hydrogen atom moving away from the Cl-Cl axis
and the probability density spreading around the chlorine atoms.
Classically, this corresponds to the hydrogen atom orbiting
around one of the chlorine atoms, forming HCl with nonzero
angular momentum. Since this system is cylindrically sym-
metric, slices through the wave function will be independent
of the plane in which they are plotted, as long as it contains the
Cl-Cl axis.

In Figure 2, we plot slices through|ø(qH)|2 in theqHxqHz and
qHyqHz planes for Ar3(ClHCl) whent ) 24 (a and b) andt ) 48
fs (c and d). As is shown in the sketches in Figure 1, in this
coordinate system the argon atoms lie in thexy plane, withy >
0 and symmetrically arranged with respect to theyz plane.
Therefore, the slices in theqHxqHz plane are symmetric. On the
other hand, the slices in theqHyqHz plane contain less amplitude
at positive values ofqHy, the half-plane where the argon atoms
are located, than for negative values ofqHy. The slices through
the wave function in Figure 2 clearly demonstrate that the
presence of the argon atoms leads to a decrease in probability
amplitude near the location of the argon atoms, and an increase
in probability amplitude in the regions of space furthest away
from the argon atoms. Plots for the systems withn ) 1, 2, 4,
and 5 display similar trends, with the argon atoms blocking the
hydrogen atom from orbiting around the chlorine atoms. In the
case when there are four or five argon atoms, this orbiting
motion is almost entirely blocked and the hydrogen atom
becomes trapped near the Cl-H-Cl configuration.

Comparisons of the dynamics of the different sized clusters
can be made more easily by comparing projections of the
probability amplitude onto theqHxqHy plane, the plane that is
perpendicular to the Cl-Cl axis and on which all of the argon

ø(qH;t + ∆t) ) exp[- i∆t
p

Ĥ]ø(qH;t) (12)

φ(qCl;t) ) exp{ i
p
[Rt(qCl - qt)

2 + pt(qCl - qt) + γt]} (13)

Veff(qCl,t) ≈ V(qt) + V′(qt) (qCl - qt) +
V′′(qt)

2
(qCl - qt)

2

(14)
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n ]
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atoms lie. Such a comparison is made fort ) 48 fs in Figure 3.
We have indicated the approximate location of the argon atoms
to facilitate the discussion that follows. As was stated above,
the probability distribution for then ) 0 system is cylindrically
symmetric. The addition of one argon atom produces a hole in
the wave function in the region of the argon atom. This hole is
a result of the short-range Ar-H repulsion. As the number of
argon atoms is increased, the amount of configuration space
that is available for the hydrogen atom to orbit around the
chlorine atoms is reduced dramatically, because the Ar-Ar
distance is small enough to prevent most of the probability
amplitude from escaping between the argon atoms. Whenn )
4 or 5, the symmetry of the arrangement of the argon atoms
allows them to trap the hydrogen atom in a three-dimensional

box, the sides of which are determined by the locations of the
argon and chlorine atoms. Finally, there are small side peaks
in the probability amplitudes at the edges closest to the location
of the argon atoms whenn e 3. These result from the longer
range Ar-H attractive interaction.

In all of the plots in Figure 3, the probability amplitude can
be divided into two parts, that which is localized near the origin
and that which lies in a ring around the Cl-Cl axis with a radius
of approximately 100. These two regions are most easily seen
when n ) 0, 1, or 5, but persists whenn ) 2, 3, and 4.
Physically, the two regions correspond to the part of the wave
packet that is trapped between the chlorine atoms and that which
is orbiting around them. To quantify this effect, we calculate
the fraction of the probability amplitude that is trapped in the
center of the complex as a function of time, for each cluster
size. This is shown graphically in Figure 4. Here, we define a
three-dimensional cylinder, centered on the center of the ClHCl

axis, with xqHx

2 + qHy

2 ) 90 and|qHz| ) 75. In Figure 4, we
plot the fraction of the probability amplitude that is enclosed
by this cylinder as a function of time. The qualitative picture is
insensitive to the precise dimensions of the cylinder. The
parameters used here were chosen to minimize oscillations in
the curves, plotted in Figure 4, that are caused by breathing of
the trapped part of the wave packet.

The curves plotted in Figure 4 can be separated into three
groups. Whenn ) 0, most of the wave function has moved
outside of the boundaries of the cylinder after 60 fs, indicating
that the hydrogen atom is essentially free to rotate out of the
center of the cluster. In the intermediate case whenn ) 1, 2, or
3, more of the wave function is trapped, although not com-
pletely. Finally, whenn ) 4 or 5, the hydrogen atom is almost
entirely trapped. In this case, the probability of the hydrogen
atom being outside of the cylinder remains less than 20% after
60 fs.

Based on these observations, as the cluster size is increased
the ClHCl becomes forced to dissociate in a linear configuration.
This is also reflected in Figure 5, which shows the time
dependence ofRClCl as a function of cluster size. We see that
the rate of separation of the chlorine atoms increases as argon

Figure 2. (a) and (c) Slices through|ø(qH;t)|2qHx are plotted in the
qHxqHz, and (b) and (d) slices through|ø(qH;t)|2qHy are plotted in the
qHyqHz, planes for the Ar3(ClHCl) system after 24 fs (a and b) and 48
fs (c and d). The argon atoms lie in theqHxqHy plane, at positive values
of qHy.

Figure 3. Projections of the probability amplitude|ø(qH;t)|2 after 48 fs of propagation, onto theqHxqHy plane for (a)n ) 0, (b) n ) 1, (c) n ) 2,
(d) n ) 3, (e)n ) 4, and (f)n ) 5. Qualitative positions of the argon atoms are labeled.

648 J. Phys. Chem. A, Vol. 104, No. 3, 2000 Lavender and McCoy



atoms are added to the cluster. Whenn e 3, the rate of the
Cl-Cl separation increases linearly with cluster size. The
increase in rate is largest when the fourth argon atom is
introduced and remains approximately constant betweenn ) 4
and 5. This can again be explained by the trapping effect that
the argon atoms have on the wave function. Because the
hydrogen atom is trapped in the center of the cluster, energy
transfer between the hydrogen and chlorine atoms is enhanced,
causing the chlorine atoms to separate more rapidly.

The Spectrum.The argon atoms perturb the wave function
by reducing the amount of configuration space that is available
to the hydrogen atom. This is important for properties that
correspond to the bending motions of ClHCl, but for highly
averaged quantities the effects are less dramatic. For example,
we calculate the correlation function by

The squared magnitude ofCTDSCF(t) is plotted as a function of
cluster size and time in Figure 6. As is indicated in eq 16, within
the TDSCF approximation, the correlation function can be
expressed as the product of a correlation function derived from
the quantum wave packet and one that is obtained from the
semiclassical Gaussian times a phase factor. While the short
time dynamics and the oscillations inCTDSCF(t) reflect the
dynamics of the hydrogen atom, the damping of these oscilla-
tions at longer times reflects the dynamics of the chlorine atoms.
Further, because the amount of energy that is transferred from
the hydrogen atom to the chlorine atoms increases with cluster
size, CCl(t) decays more rapidly for the larger clusters, as is

indicated by the curves plotted in gray in Figure 6. The
correlation functions for the various cluster sizes are otherwise
very similar, except for a slight change in frequency, which
reflects changes in the frequencies associated with motion of
the hydrogen atom perpendicular to the Cl-Cl axis.

The spectrum is obtained from the correlation function, using

where,E0 is the zero-point energy of the anion and time is
expressed in atomic units. The Gaussian provides a window
function and is used to minimize the ringing in the spectrum
that results from the fact that the propagations were run for no
more than 72 fs.49

Given the similarities among the correlation functions, plotted
in Figure 6, particularly at the shortest times, we expect that
the structures of the calculated spectra will be very similar. This
is indeed what we find. The most significant change in the
spectra with increasing cluster size comes in the form of a blue
shift of the origin, the magnitude of which is given byEsh and
is reported in Table 1. This blue-shift reflects a greater stabili-
zation of ClHCl- with increasing cluster size compared to the
stabilization of the neutral ClHCl.

The six calculated photoelectron spectra for Arn(ClHCl-) with
n ) 0-5 are plotted in Figure 7. They have been shifted byEsh

so that the origin bands occur at the same energy in order to
facilitate comparisons among the spectra. In addition, we have
fit all of the spectra to a set of six Gaussian bands. These have
been plotted for the ClHCl system with dashed lines in Figure
7 and labeled with the lettersA throughf.

The calculated spectra agree well with previously reported
spectra for ClHCl.7,8,21 In the discussion that follows, we will
use the notation of Chatfield et al.24 and assign the bands with
the pair of quantum numbers [n1,n2], wheren1 andn2 represent
the number of quanta inqHz and the Cl-H-Cl bend, respec-
tively.

For all cluster sizes, the [0,0] and [1,0] bands are the most
intense. These bands are labeledA andD, respectively. AsD
corresponds to the state with one quantum in the mode in which

Figure 4. The fraction of the total wave function that is trapped
between the chlorine atoms is plotted as a function of time forn ) 0
(solid line),n ) 1 (dotted line),n ) 2 (short dashed line),n ) 3 (dot-
dot-dash line),n ) 4 (long dashed line), andn ) 5 (dot-dash line).

Figure 5. The time dependence of theRClCl for n ) 0 (solid line),
n ) 1 (dotted line),n ) 2 (short dashed line),n ) 3 (dot-dot-dash
line), n ) 4 (long dashed line), andn ) 5 (dot-dash line).

CTDSCF(t) ) 〈ΨTDSCF(t ) 0)|ΨTDSCF(t)〉

) 〈ø(t ) 0)|ø(t)〉〈φ(t ) 0)|φ(t)〉 exp( i
p
∫0

t
〈V〉(t′)dt′)

) CH(t)CCl(t) exp( i
p
∫0

t
〈V〉(t′)dt′) (16)

Figure 6. |CTDSCF(t)|2 is plotted as a function of time and cluster size
for n ) 0 (solid line),n ) 1 (dotted line),n ) 2 (short dashed line),
n ) 3 (dot-dot-dash line),n ) 4 (long dashed line), andn ) 5 (dot-
dash line). The semiclassical contribution to the correlation function is
shown at the top of the plot forn ) 0 andn ) 5 (solid and dot-dash
gray lines).

I(E) ∝ E
p
∫-∞

∞
exp[i((E-E0)t)/p]C(t)e-(t/1400)2dt (17)
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the hydrogen atom moves along the Cl-Cl bond axis, its
position is insensitive to the introduction of the argon atoms in
the plane perpendicular to this axis. However, the relative
intensity of this band is sensitive to the number of argon atoms
present. As the number of argon atoms is increased,CTDSCF(t)
decays more rapidly. This results in fewer recurrences in the
correlation functions, plotted in Figure 6 and the observed
decrease in the intensity ofD relative toA as more argon atoms
are introduced.

The remaining four bandsb, c, e, and f are much weaker
and correspond to overtones in the bend and combination
bands.24 As such they correspond to motions in the plane
perpendicular to the Cl-Cl axis. Since this is the plane that
contains the argon atoms, the positions and intensities of these
peaks are much more sensitive to the number of argon atoms
than A or D. For example, as the number of argon atoms is
increased, the shoulders on the blue side of bandA and the red
side of bandD become more pronounced. These changes reflect
increases in the intensities ofb and c which have been
previously assigned to overtones in the bend.24 In addition,e
shifts to the blue with increasingn. This band has been identified
as the [1,2] band.

Finally, we find that there is a region of negative intensity
betweenD ande whenn ) 4 or 5. This effect has been noted
previously40 and reflects the fact that there are important
dynamical correlations between the hydrogen and chlorine
motions that have been neglected in the TDSCF approximation.
The increased importance of these couplings is a consequence
of the increase in the amount of energy transferred from the
hydrogen atom to the chlorine atoms with cluster size.

Summary and Conclusions

In this paper, we reported the results of an investigation of
the effects of complex formation on the transition state dynamics
of the Cl+HCl reaction. In particular, we have focused our study
on how the transition state spectrum and the importance of the
two dissociation channels are affected by cluster size. We find
that as the number of argon atoms is increased from zero to
five, the amount of configuration space that is available for the
hydrogen atom to orbit around the chlorine atoms is reduced
dramatically. Analysis of the wave functions shows that the
argon atoms locally block the hydrogen atom from orbiting
around the chlorine atoms, and, in the case when there are four

or five argon atoms, this orbiting motion is essentially blocked
and the hydrogen atom becomes trapped near the Cl-H-Cl
configuration. When the hydrogen atom is trapped, the ClHCl
is forced to dissociate in a linear configuration, rather than by
the hydrogen atom rotating out of the center as it does in the
unclustered system. In addition, enhanced energy transfer
between the hydrogen and chlorine atoms causes the chlorine
atoms to separate more rapidly as the cluster size increases.

The dominant effect that clustering has on the calculated
spectrum is a blue shift in the overall spectrum. However, the
effects on the features in the spectrum are much smaller. We
see a small frequency shift to the blue and a small increase in
intensity in the weaker bands that correspond to a progression
in the bending modes. These are the modes that are most
affected by clustering with argon atoms. However, because
features that correspond to the stretching mode dominate the
spectrum, a mode that is less strongly perturbed by the presence
of the argon atoms, the overall spectrum is remains qualitatively
unchanged. As such, we would expect that if instead of initiating
the dynamics from the ground state of Arn(ClHCl-), the system
is initiated with excitation in one of the bending modes the
cluster size would have a larger effect on the spectroscopy.
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