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Classical trajectory simulations of the dynamics of Arn‚(IHI) with n ) 0-20 are performed to investigate the
effects of solvation on the transition state dynamics of the I+ HI reaction. Initial conditions for the classical
trajectories are sampled from the quantum ground-state phase space distribution for Arn‚(IHI) -, given by the
Wigner distribution function. Neumark and co-workers recently reported a shift of the Arn‚(IHI)- photoelectron
spectra to lower electron kinetic energies when the number of argon atoms was increased from 0 to 15.
Analogous shifts are found in the present calculations, and excellent agreement between the experimental
and calculated shifts is found. Longer lifetimes of the IHI complex and increasing energy transfer between
the hydrogen atom and the argon and iodine atoms are also observed as the number of argon atoms is increased.

Introduction

The transition state of a chemical reaction is given a special
place in the description of reaction dynamics.1 One powerful
way to investigate how a solvent can affect a chemical reaction
is through studies that focus on this region of the potential.
Several experimental techniques have been applied to studies
of the transition state.2-4 Among them, negative ion photo-
detachment experiments have proven to be particularly fruitful.
In these experiments, electron photodetachment of a stable anion
is used to reach the transition state region of the reaction of
interest, and the distribution of the electron kinetic energies
provides a probe of the transition state resonance structure for
the reaction on the corresponding neutral potential surface.5

In the present study we investigate the effects of the
introduction of argon atoms on the transition state dynamics of
the I + HI reaction. Our primary motivation for studying this
system comes from the recent experimental investigations of
Newmark and co-workers, in which they measured the photo-
electron (PE) spectra of Arn‚(IHI)- with n ) 0-15.6-8 We are
also interested in developing the theoretical and computational
tools that are required to investigate the dynamics of weakly
bound systems.

Over the past decade Neumark and co-workers have applied
anion photodetachment techniques to studies of bimolecular
reactions of the type X+ HY f XH + Y, where X and Y are
halogen atoms.5,6,9-11 For the (XHX)- (X ) Br, Cl, and I) and
(BrHI)- complexes, a strong progression in the antisymmetric
stretch (ν3) of the corresponding neutral complex was ob-
served.6,10,11 More recently, they investigated the effects of
introducing argon atoms on the transition state region of these
reactions.7,8 When one argon atom was added, they found a shift
of the (IHI)- and (BrHI)- PE spectra to lower electron kinetic
energies.7 The introduction of additional argon atoms to the
(IHI)- complex led to a shift to still lower electron kinetic
energies.8 This shift was interpreted to reflect a greater stabiliza-
tion of the anion, relative to the neutral complex, by the argon
atoms. In addition, the Ar‚(IHI)- PE spectrum showed weak
progressions that reflected transitions to hinder rotor levels of
the hydrogen in the IHI complex. Interestingly, this structure

became more pronounced for the largest Arn‚(IHI)- clusters that
were investigated in that study. This was attributed to a longer
lifetime of the unbound IHI complex due to a caging of the
hydrogen atom by the argon atoms.12

Photodetachment of (XHY)- bihalide anions have also been
of interest from a theoretical point of view,13-23 and several
studies of the dynamics of Arn‚(ClHCl)- have been performed
in our group.24-26 Our interest in these systems has derived from
our desire to identify appropriate computational approaches that
will allow us to gain physical insights into the XHX transition
state dynamics and study the effects of solvating atoms on the
dynamics.

In this work, we report the results of classical trajectory
studies of the transition state dynamics of the Arn‚(IHI) complex
with n ) 0-20. We focus on the following two issues. First,
how do the argon atoms cluster around the (IHI)- and how do
they perturb its geometry. Second, how does the introduction
of argon atoms affect the time evolution of IHI.

Although the presence of a hydrogen atom leads us to expect
that quantum effects will be important, we select a classical
methodology to simulate the evolution of Arn‚(IHI) because it
will provide us with physical insights into the dynamics of the
system in a way that is less computationally demanding than a
quantum calculation, as well as the extent to which classical
mechanics can be used to describe the dynamics of the Arn‚(IHI)
complexes. This will help us to develop appropriate approximate
quantum approaches for future studies of the transition state
spectroscopy and dynamics of weakly bound complexes.

Theory

A. Coordinates and Hamiltonian.For the classical trajectory
simulations of Arn‚(IHI) we use Cartesian coordinates. ForN
atoms the classical Hamiltonian in Cartesian coordinates is

where pi represents theith Cartesian component of the 3N

H ) ∑
i)1

3N pi
2

2mi

+ V(x) (1)
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dimensional momentum vector,mi provides the mass of the
associated atom,x represents the Cartesian coordinates of the
atoms, andV(x) is the interaction potential.

Simulations of the transition state dynamics of the I+ HI
reaction require potential energy surfaces for Arn‚(IHI)- and
Arn‚(IHI). In this work, the Arn‚(IHI)- intermolecular potential
is given by

whereRAB represents the distance between the atoms A and B,
r1 andr2 the I1-H and H-I2 distances, respectively,θHIkAr i the
H-Ik-Ar i angle, andφijk the Ari-Ar j-Ik angle. The first term
of eq 2 results from treating two asymptotic cases: Ari‚(I1H+I2

-)
and Ari‚(I1

-+HI2). The potentials are combined using a switch-
ing function,

whereâ is chosen to be 1.0. The Ar-HI potential,VAr-IH in eq
2, is given by an ab initio potential27 whereas the Ar-I-

interaction is represented by a Morse-Morse-switching func-
tion-van der Waals potential.28 VAr-Ar represents the Ar-Ar
potential. For this potential, we use the Ar-Ar Hartree-Fock-
dispersion potential of Aziz and Slaman.29 The final term
represents the argon atoms induced dipole-induced dipole
interactions,30 where

represent the induced dipoles, andRAr is the polarizability or
argon (11.096a0

3).31 Finally, the total potential for Arn‚(IHI)-

is obtained by adding a harmonic potential for (IHI)-.32

The potential for Arn‚(IHI) is similar to the Arn‚(IHI)-

potential, except for the removal of the final term of eq 2 and
the (IHI)- harmonic potential is replaced by the LEPS-A
potential energy surface for the I+HI reaction of Manz and
Römelt.33 As such, the intermolecular potential for Arn‚(IHI) is
given by

It should be noted that except forâ in eq 3 there are not any
adjustable parameters in the above empirical potentials.

To facilitate the simulations, we approximate the Arn‚(IHI)
intermolecular potential by a sum of pairwise interactions

where the parameters that control the Ar-I and Ar-H interac-
tions are modified to fit the Arn‚(IHI) intermolecular potential
given in eq 6 near the global minimum. In this potential, the
Ar-I interaction is represented by a Morse-Morse-switching
function-van der Waals potential given in ref 28 and the Ar-H
interaction by a Morse potential24

The values of the original and modified parameters are listed
in Table 1.

B. Determination of Initial Conditions. The initial condi-
tions for the classical trajectory simulations of Arn‚(IHI) are
obtained from the ground-state wave function of Arn‚(IHI)-,
assuming a vertical transition to the Arn‚(IHI) surface. For the
four normal coordinates that describe the (IHI)- vibrations we
sample the initial conditions using the Wigner distribution
function34

where

and Qi and Pi represent each of the normal coordinates and
momenta of (IHI)- andψi is the harmonic ground state wave
function for theith mode of the anion. The normal coordinates
are obtained by diagonalizing the matrix of second derivatives
of the potential with respect to the mass-weighted Cartesian
coordinates, evaluated at the minimum of the potential.35 Initial
conditions in Cartesian coordinates are obtained using the
resultingL matrix.

C. Propagation. Once the initial conditions have been
determined, the dynamics of Arn‚(IHI) is propagated by solving
Hamilton’s equations of motion

for each of the 3N Cartesian coordinates and momenta that
describe the system. The solution of these equations is imple-
mented using the Gear method.36

III. Results and Discussion

A. Minimum Energy Structures for the Ar n‚(IHI) - Clus-
ters. The equilibrium positions of the argon atoms have been
determined using the potential for Arn‚(IHI)-, described above.

VArn·(IHI)
inter ) ∑

i)1

n

[VAr-I(RAr iI1
) + VAr-I(RAr iI2

) + VAr-H(RAr iH
)] +

∑
j>i

n

VAr-Ar(RAr iAr j
) (7)

V(r) ) De(1 - e-R(r-Re))2 (8)

W(Q,P) ) ∏
i)1

4

w(Qi,Pi) (9)

w(Qi,Pi) ) 1
πp

∫-∞

∞
ds exp(-2iPis

p )ψi
/(Qi-s) ψi(Qi+s) (10)

∂H
∂pi

) x̆i (11)

∂H
∂xi

) -p̆i (12)

VArn‚(IHI)
inter ) ∑

i)1

n

{F(r1,r2)[VAr-IH(RAr iI1
,θHI1Ar i

) +

VAr-I-(RAr iI2
)] + [1 - F(r1,r2)][VAr-IH(RAr iI2

,θHI2Ar i
) +

VAr-I-(RAr iI1
)]} + ∑

j>i

n

VAr-Ar(RAr iAr j
) +

∑
k)1

2

∑
j>i

n µ Ar i

(k) µ Ar j

(k)

RAr iAr j

3
(2 cosφijk cosφjik + sinφijk sinφjik) (2)

F(r1,r2) )
1 - tanh[â(r1 - r2)]

2
(3)

µi
(1) ) -[1 - F(r1,r2)]

RAr

RAr iI1

2
(4)

µi
(2) ) -F(r1,r2)

RAr

RAr iI2

2
(5)

VArn·(IHI)
inter ) ∑

i)1

n

{F(r1,r2)[VAr-IH(RAr iI1
,θHI1Ar i

) +

VAr-I(RAr iI2
)] + [1 - F(r1,r2)][VAr-IH(RAr iI2

,θHI2Ar i
) +
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j>i

n

VAr-Ar(RAr iAr j
) (6)
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For (IHI)- this potential predicts a linear and centrosymmetric
structure, as shown in Figure 1a. Addition of one argon atom
results in a T-shape complex. The next five argon atoms cluster
around the I-I axis, forming a ring that is perpendicular to this
axis with the hydrogen atom at the center of the ring, as is shown
in Figure 1b,c. When more argon atoms are introduced, they
bind to a single iodine atom forming a second six-membered
ring. The 12th argon atom completes this second ring and the
13th one caps the end of the cluster, as shown in panels d and
e. The 14th argon atom starts a ring around the other iodine
atom. The next five argon atoms form this third ring, whereas
the 20th one caps this end of the cluster, completing the first
solvation shell for (IHI)-, Figure 1f. Larger complexes were
not considered in the present study. Structural parameters for
these complexes are reported in Table 2. Comparing the
dissociation energies of the Arn‚(IHI)- complexes we find that
the ones withn ) 6, 12, and 19 are particularly stable.

Adamovic and Gordon37 have also studied the structure and
energetics of Arn‚(IHI)- (n ) 0-7). They investigated various
stationary points on the potential surfaces at the MP2 level of
theory, with a aug-cc-pVTZ basis set for the argon atoms, the

SBKJC effective core potential for the iodine atoms, and the
6-311++G(2d,2p) basis for the hydrogen atom. They also
performed single point CCSD(T) calculations for clusters with
three or fewer argon atoms. If we focus on the lowest energy
structures, we find that these ab initio calculations show the
same clustering patterns and similar Ar-Ar and Ar-H distances
as we report in Table 2 and Figure 1.

The observed clustering pattern is also consistent with the
results of our study of the Arn‚(ClHCl)- system26 when n )
1-3. In that work we reported symmetric configurations of the
argon atoms whenn ) 4 or 5, whereas only six argon atoms
form a symmetric ring around (IHI)-. This discrepancy led us
to revisit the structures of the Arn‚(ClHCl)- clusters. We
identified an error in the evaluation of the potential in the
earlier studies. When this was corrected, the structure of the
Ar4‚(ClHCl)- complex was no longer symmetric, but the
Ar5‚(ClHCl)- system retained the previously reported structure,
with the five argon atoms forming a regular pentagon around
the hydrogen atom.

TABLE 1: Original Values for the Parameters in the
Ar -I 28 and Ar-H24 Potentials and the Corresponding
Values Used in This Work To Fit the Intermolecular
Ar n·(IHI) Potential Energy Surface Given in Eq 6 into a
Sum of Pairwise Potentials As Given in Eq 7

potential parameter original value this work

Ar-I ε (meV) 18.8 16.70
rm (Å) 3.95 3.95
â1 7.15 6.52
â2 6.18 5.61
x1 1.01 1.01
x1 1.62 1.62
C6 (eV Å6) 98.4 98.4
C8 (eV Å8) 715. 715.

Ar-H De (cm-1) 38.717 38.717
R (Å-1) 1.73 1.30
Re (Å) 3.56 3.93

TABLE 2: Minimum Energy Structures and Dissociation Energies for Some Arn·(IHI) - Clusters

parameter n ) 0 n ) 1 n ) 2 n ) 3 n ) 4 n ) 5 n ) 6

RIH (Å) 1.9400 1.9402 1.9404 1.9407 1.9410 1.9413 1.9400
RArH (Å) 3.6375 3.6412 3.6423 3.6453 3.6393 3.6991

3.6473 3.6479 3.6461
3.6439

θIHI (deg) 180.00 179.82 179.69 179.65 179.71 179.86 180.00
θArHAr (deg)a 62.47 62.33 62.30 62.54 60.00

62.22 62.43
De (cm-1)b 0.00 512.35 1112.13 1713.81 2315.29 2921.25 3593.94

parameter n ) 7 n ) 9 n ) 12 n ) 13 n ) 14 n ) 19 n ) 20

RI1H (Å) 1.9317 1.9188 1.9013 1.8989 1.9063 1.9332 1.9317
RHI2 (Å) 1.9476 1.9593 1.9736 1.9724 1.9645 1.9329 1.9317
RArI i (Å)c 4.1175 4.1094 4.0627 4.0608 4.1257 4.0545 4.0612

4.1101 4.0302 4.0575 4.0275
4.0745 4.0562 4.0525
3.9199 3.9212

θIHI (deg) 179.99 179.96 180.00 179.93 179.95 179.92 180.00
θArI iI j (deg)c 106.82 106.95 108.30 110.07 105.10 106.59 108.56

106.08 111.63 106.48 109.49
110.14 106.62 108.53
165.16 163.15

θArI iAr (deg)a,c 54.91 56.68 55.86 57.56 56.13
56.21 57.22 56.31
55.71 57.14 56.75
55.21 57.37 56.65

De (cm-1)b 4086.22 5258.53 7100.85 7697.24 8193.93 11225.83 11804.63

a Only the angles between adjacent argon atoms are reported.b De ) E(nAr+(IHI) -) - E(Arn‚(IHI) -). c For n ) 7, 9, 12, and 13i ) 2 andj )
1. Forn ) 14, 19, and 20i ) 1 andj ) 2. Only the argon atoms clustering around Ii are considered.

Figure 1. Minimum energy structures of the Arn‚(IHI) - clusters for
(a) n ) 0, (b)n ) 3, (c)n ) 6, (d)n ) 12, (e)n ) 13, and (f)n ) 20.
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The difference in the number of argon atoms that form a ring
around the center of (XHX)- can be understood in terms of the
difference between the radii of chlorine and iodine. As seen in
Table 2, whenn ) 2-4, the Ar-H-Ar angle between adjacent
argon atoms is consistently 62°, whereas in ClHCl, this angle
is roughly 72°. As a result, whereas the symmetric argon ring
around (ClHCl)- contains 360/72) 5 argon atoms, in the (IHI)-

complex, the smaller Ar-H-Ar angle results in a stable argon
ring that contains six argon atoms. The larger argon ring in the
(IHI)- system is further supported by studies of Arn‚I2

-,38,39

which show the same clustering pattern as we described above.
Parson and co-workers38 also reported that particularly stable
clusters are found forn ) 6, 12, 13, 19, and 20.

In addition to the positions of the argon atoms, we studied
the effects of the argon atoms on the (IHI)- geometry through
the analysis of the I-I and H-I distances, and the I-H-I angle
as functions of the number of argon atoms. These results are
reported in Table 2. Forn e 5 we found a slight increase of
the interiodine distance. However, forn ) 6 we found that the
I-I distance is equal to its value when no argon atoms are
present. Forn > 6 a successive decrease of the interiodine
distance was observed. Finally, the presence of argon atoms
causes (IHI)-to bend slightly.

Due to the symmetry of the clusters withn e 6, the two H-I
distances must be equal. This symmetry is broken when more
than six argon atoms are introduced and the equivalence of the
two H-I distances is lost. For then ) 7-13 clusters, the hydro-
gen atom is closer to the less solvated iodine atom, I1. We also
find a slightly larger negative charge, ranging from 0.016 to
0.074, on the more solvated iodine atom, I2. This is consistent
with previous studies of complexes of I2

- with Ar38,40and CO2.41

B. Solvation Energies for the Arn‚(IHI) - and Arn‚(IHI)
Clusters. Due to the stronger interaction of the argon atoms
with (IHI)- than with IHI, each additional argon atom stabilizes
the anion more than the neutral cluster. This results in a
successive shift of the photoelectron spectra of Arn‚(IHI)- to
lower electron kinetic energies upon the introduction of each
additional argon atom.8 The stepwise spectral shift is reflected
in the shift of the positions of theν′3 ) 0, 2, and 4 bands in the
Arn‚(IHI)- PE spectrum compared to the Arn-1‚(IHI)- PE
spectrum. The leading contribution to the stepwise spectral shift
comes from the difference between the solvation energies of
the anion and the neutral complexes,∆Esolv(n), where we define
the solvation energies as the dissociation energy for the loss of
a single argon atom from Arn‚(IHI)- or Arn‚(IHI).8 Because
these solvation energies depend on the positions of the argon
atoms, one way to obtain experimental evidence of the structure
of the complexes is to compare the experimental stepwise
spectral shifts and the calculated∆Esolv(n). The results of such
a comparison are plotted in Figure 2, where the experimental
stepwise shifts for theν′3 ) 2 peak are plotted with white
squares and the calculated∆Esolv(n) values with black circles.
Neumark and co-workers also reported the stepwise spectral
shifts for theν′3 ) 0 and 4 bands, where similar trends are
observed. Although the calculated∆Esolv(n) values do not
include quantum effects such as changes in the vibrational
frequencies of IHI or (IHI)- upon solvation, they are able to
pick up the overall trends in the experimental curve. This
similarity, along with the good agreement with the anion
geometrical structures obtained by Adamovic and Gordon,37

suggests that our potential energy surfaces capture the essential
physics of the complexes.

Although the general structures of the two curves in Figure
2 are in good agreement, there are notable differences. For the

first six argon atoms the calculated∆Esolv(n) decreases slightly,
whereas the experimental results remain nearly constant.
However, forn ) 7 significant reductions in both the experi-
mental and calculated∆Esolv(n) are observed. This large drop
in the stepwise spectral shift has been interpreted to reflect a
change in the clustering position of the seventh argon atom,8

compared to the first six. As we mentioned above, though the
first six argon atoms cluster around the hydrogen atom, the
seventh argon atom binds to a single iodine atom, resulting in
a weaker overall Ar-I interaction energy, and therefore, in a
reduction of the stepwise spectral shift.

Forn ) 7-15 quantitative agreement between the calculated
and experimental results is achieved, including the drop forn
) 12 and 13. This drop is, at first glance, somewhat surprising
as the 12th and 13th argon atoms bind in different locations, as
shown in Figure 1. Examination of Figure 3 shows that the
contributions to the stepwise solvation energies for the anion
and neutral change rapidly over this range of cluster sizes, and
the near agreement of the stepwise spectral shifts for then )
12 and 13 reflect different properties of these potentials and
provide a stringent test of the potential surfaces used in the
study.

Figure 2. Plots of the calculated∆Esolv(n) values (black circles) and
the experimental stepwise spectral shifts (white squares) for theν′3 )
2 peak as functions of the number of argon atoms in the system. In the
experimental stepwise shifts, because spectra forn ) 8, 10, 12, and 14
were not recorded, the values forn ) 8-15 were taken to be equal to
half the shift betweenn andn - 2.8

Figure 3. Stepwise solvation energies (black circles) for (a) Arn‚(IHI)-

and (b) Arn‚(IHI), plotted as a function of the number of argon atoms
in the system. The Ar-(IHI) - or Ar-(IHI) contributions are plotted
with black squares. The Ar-Ar contribution is indicated by white
triangles and the induced dipole-induced dipole contribution is plotted
with white diamonds. The white circles represent the stepwise solvation
energies for the anion, calculated by Adamovic and Gordon.37
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For n e 6 larger differences are found. To investigate this
discrepancy, we analyze the contributions to the stepwise
solvation energies for both the anion and the neutral complexes.
The results are plotted in Figure 3. In the case of the anion, we
also compare our binding energies with the MP2 energies
reported by Adamovic and Gordon.37 Forn e 6 these plots show
that the Ar-Ar interactions make similar contributions to the
energies of the anion and neutral. Though the Ar-Ar interac-
tions for the anion also include a three-body induced dipole-
induced dipole term, it contributes less than 5 meV to the total
energy. Because∆Esolv(n) is defined as the difference between
the anion and neutral stepwise solvation energies, the above
terms introduce only a small contribution and forn e 6 the
largest contribution comes from the interaction between the
argon atoms and (IHI)- or IHI. From the plots in Figure 3 we
find that the difference between the stepwise solvation energies
of the anion and neutral is roughly 27 meV and is nearly
constant forn ) 1-5.

Although the calculated stepwise solvation energies for the
anion follow the same trend as those calculated by Adamovic
and Gordon, a quantitative comparison reveals a difference of
about 6 meV forn ) 1 and 3 meV forn ) 2-4. In addition,
for n ) 1, comparisons with the binding energy of Ar‚(IHI)-,
determined by Neumark and co-workers,7 show that the present
empirical potentials overestimate this quantity by about 10 meV.
From this comparison, it is likely that our Ar‚(IHI)- interaction
energies are slightly too large. We have investigated how scaling
this term affects∆Esolv(n). We found that it has a larger effect
on ∆Esolv(n) for n e 6 than for larger complexes. This leads us
to expect that such a scaling will enable us to bring our results
closer to the experimental binding energies for the smaller
clusters without destroying the agreement for the larger clusters.

Though the calculated stepwise solvation energy provides a
good first approximation to the stepwise spectral shifts, as we
noted above, the experimental stepwise spectral shift also reflects
changes to the vibrational frequencies of, particularly, the
hydrogen atom bending modes on the neutral surface. This is
not accounted for in the present study. In our investigation of
scaled Ar‚(IHI)- potentials, we find little effect on the structure
of the complexes. On the basis of this observation, we elect to
use the potentials described above, which contain no adjustable
parameters, for our initial investigations of the dynamics of the
Arn‚(IHI)- complexes. When we include these quantum effects
in the analysis, we will modify the potentials and expect we
will be able to obtain good agreement with experiment over
the entire range of cluster sizes.

C. Dynamics of Arn‚(IHI). To investigate the dynamics of
Arn‚(IHI), we ran 7000 classical trajectories and analyzed the
time dependence of the interiodine distance,RI-I, as a function
of the number of argon atoms. The results are plotted in Figure
4. In general, we find that the average rate of separation of the
iodine atoms decreases with increasingn, with the exception
of n ) 5 where the rate of I-I separation increases when
compared withn ) 4. This exception can be explained in terms
of a trapping of the hydrogen atom by the argon atoms. A similar
effect was also observed in the dynamics of Arn‚(ClHCl).26 This
effect, which is more pronounced forn ) 5 and 6, causes an
enhancement of the energy transfer between the hydrogen and
the iodine atoms resulting in a faster separation of the iodine
atoms. When more than six argon atoms are added to the system,
they block the I-I dissociation, causing a slower dissociation
of the IHI complex as the number of argon atoms is increased.
This caging of IHI by the surrounding argon atoms becomes
more pronounced for large values ofn.

We further investigated the dynamics of Arn‚(IHI) by focusing
on the hydrogen atom. The results are shown in Figure 5 where
we plot the Cartesian positions of the hydrogen atom att )
363 fs (15 000 au) for each of 1000 trajectories. Att ) 0 the
hydrogen atom is located near the center of the I-I bond. After
363 fs, the distribution has spread and its shape depends on the
positions of the argon atoms. When no argon atoms are present,
the hydrogen atom is free to move away from the I-I axis,
spreading around both of the iodine atoms, Figure 5a. This
corresponds to the hydrogen atom orbiting around one of the
iodine atoms and forming HI with nonzero angular momentum.
Similar behavior was reported for the quantum dynamics of the
ClHCl complexes.26

The introduction of one to four argon atoms limits the motion
of the hydrogen atom, localizing the distribution of the hydrogen
atoms att ) 363 fs in regions of configuration space where the
argon atoms are not located. This is illustrated in Figure 5b for
n ) 3. Addition of a fifth and sixth argon atom causes a stronger
localization of the hydrogen atom near the center of the complex,
Figure 5c. Forn ) 13, the argon atoms prevent the hydrogen
atom from moving around the more solvated iodine atom and
for n ) 20, Figure 5d, the argon atoms entirely block the orbiting
motion of the hydrogen atom, confining it to the center of the
I-H-I configuration.

The trapping of the hydrogen atom by the heavy atoms can
be quantified by calculating the fraction of hydrogen atoms that
are confined in the center of the I-I bond and dividing the
remaining probability into fractions that are closer to each of
the iodine atoms after 363 fs. This is illustrated in the inset of
Figure 6. The plot in Figure 6 shows that forn e 2 there is a
reduction in the fraction of hydrogen atoms that are trapped
near the center of of the I-I bond. This is the result of a
repulsive interaction between the hydrogen atom and the argon
atoms that forces a larger fraction of the hydrogen atoms to
move away from the center of the I-I bond. Forn ) 3 this
behavior starts to reverse. This is due to the argon atoms limiting
the available configuration space through which the hydrogen
atom can escape from the center of the complex. When five
and six argon atoms are added to IHI, a pronounced increase
of the fraction of the hydrogen atoms that are trapped near the
center of the I-I bond is observed. This is consistent with the
observed faster separation of the iodine atoms forn ) 5 and 6
when compared with then ) 4 case.

When more than six argon atoms are introduced, the fraction
of the hydrogen atoms that remain near the center of the I-I
bond continues to increase, whereas the fraction of the hydrogen
atoms that are near to the more solvated iodine atom, I2,
decreases. This trend continues throughn ) 14. For larger

Figure 4. Plots of the time dependence of the averageRI-I for n ) 0
(solid line), n ) 6 (short dashed line),n ) 12 (dotted line),n ) 13
(dash-dot-dot line),n ) 19 (long dashed line), andn ) 20 (dash-
dot line).
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clusters, the fraction of the hydrogen atoms that are nearer I2

remains nearly constant. The fraction of hydrogen atoms that
are nearer I1 shows a slight increase up ton ) 14 and a decrease
for larger clusters. The above differences can be understood in
terms of the positions of the argon atoms. The more argon atoms
that are solvating a particular iodine atom, the less configuration
space is available for the hydrogen atom to explore.

As a last step in our classical investigation, we analyze the
energy transfer among the atoms. This is achieved by calculating
the difference between the energies of each of the atoms att )

363 fs andt ) 0. At time t the energy for a single atom is
given by

whereTi
t is the kinetic energy of the atomi at timet andVi

t is
the potential energy of the atomi. Because the potential energy
of a single atom is not a well-defined quantity we employ the
following partitioning

wheremI, mH, andmAr are the masses of the iodine, hydrogen,
and argon atoms, respectively,VAr-I, VAr-H, andVAr-Ar are the
potentials given in eq 7, andVIHI is the LEPS potential. As noted
above, when the solvation is not symmetric, I1 is the less
solvated iodine atom. The average energy change for the
hydrogen and iodine atoms after 363 fs is shown in Figure 7.
In the same figure we also plot the sum of the energy change
for all of the argon atoms after 363 fs. It should be noted that
while the argon and iodine atoms gain energy over time, the
hydrogen atom loses energy.

Figure 7 shows an increase in the energy lost from the
hydrogen atom with increasingn. Most of the energy that is
lost from the hydrogen atom is gained by the argon atoms.
Examination of Figure 7 shows that the energy gained by the
argon atoms increases monotonically withn. This increase is
approximately linear forn ) 0-4. Forn ) 5 a larger increase
is observed and forn g 6 the increase in the energy gained by
the argon becomes approximately linear again but the slope is
smaller than that for the less solvated clusters. This behavior
can be understood by considering the energy gained by the argon
atoms in different binding positions. Because the first six argon
atoms form a ring around the center of (IHI)-, the hydrogen
atom will interact most strongly with these argon atoms. This
leads to a greater increase in the energy gained by the argon
atoms for the smaller clusters compared to that for the larger
clusters. In terms of the energy lost from the hydrogen atom,

Figure 5. Plots of the Cartesian coordinates of the hydrogen atom att ) 363 fs when (a)n ) 0, (b) n ) 3, (c) n ) 6, and (d)n ) 20. These plots
reflect the results of 1000 classical trajectories.

Figure 6. Plot of the fraction of the hydrogen atoms in each of the
three regions, illustrated in the inset. The black squares show the fraction
that is located inside a 8 Å3 cube that is centered at the center of the
I-I bond (indicated by a white square in the inset). The black circles
and dotted line indicate the fraction of the hydrogen atoms that are
outside of the cube and havez < 0. The dashed line and white circles
show the fraction of the hydrogen atoms that are outside of the cube
with z > 0.

Figure 7. Plots of the average change in energy betweent ) 0 and
363 fs as a function of the number of argon atoms. The results for the
hydrogen atom are plotted with black squares, I1 with black circles,
and I2 with white triangles. The sum of the energy change for all of
the argon atoms is plotted with white diamonds. It should be noted
that in these simulations the hydrogen atom loses energy whereas the
argon and iodine atoms gain energy.

Ei
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t + Vi
t (13)
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Figure 7 shows an increase in slope betweenn ) 4 and 5. This
is consistent with the faster separation of the iodine atoms and
the trapping of the hydrogen atom at these cluster sizes,
discussed above. Forn ) 12-14 we find an almost constant
energy loss from the hydrogen atom. As described above the
12th argon atom completes the second ring on (IHI)-, the 13th
one caps the more solvated end of the cluster, and the 14th
argon atom starts a third ring on the less solvated iodine atom.
Due to the symmetry of the clusters with six or fewer argon
atoms we find that the same amount of energy is gained by
both of the iodine atoms. When we break this symmetry by
adding more argon atoms to the I2 end of the complex, we find
that I2 gains more energy than I1. If instead of comparing
absolute energy differences, we had plotted the percentage
change of the energy, we would have found nearly identical
results for the two iodine atoms. We attribute the larger energy
gain by the more solvated iodine atom to a larger initial energy,
resulting from interactions with more of the argon atoms.
Finally, we note that over the time scale of the simulations the
clusters remain intact.

Summary and Conclusions

In this paper, we report the results of an investigation of the
effects of argon atoms on the transition state dynamics of the I
+ HI reaction through an analysis of the Arn‚(IHI)- geometries
and classical simulations of the dynamics of the Arn‚(IHI)
complexes. We find that as more argon atoms are introduced
to the complex, they cluster around (IHI)-, forming three six-
atom rings that are perpendicular to the I-I axis. The first is
formed around the hydrogen atom and the other two form around
the iodine atoms, and the final two argon atoms cap the two
ends of the cluster. Theoretical calculations performed by
Adamovic and Gordon on the anion and comparisons between
the calculated∆Esolv(n) values and the experimental stepwise
shifts measured from the Arn‚(IHI)- PE spectra support these
results. Simulations of the dynamics of Arn‚(IHI) show an
overall decrease of the average rate of I-I separation with
increasing cluster size. This is interpreted to reflect a caging of
the hydrogen atom by the surrounding argon atoms.

Analysis of the hydrogen fractions at the center of the I-I
bond and around the two iodine atoms show an increased
trapping of the hydrogen atom near the center of the complex
with increasing number of argon atoms. In addition, we observe
an enhancement of the energy transfer between the hydrogen
atom and the argon and iodine atoms with increasingn. Finally,
due to the small amount of energy that is gained by the iodine
and argon atoms when compared with the energy lost by the
hydrogen atom and the small deviation of the argon atoms from
their initial positions over the time scales of the simulations,
we expect that a rigid cage approximation, where the hydrogen
atom is allowed to move inside a cage formed by the iodine
and argon atoms, might be fruitful as we investigate quantum
effects in the Arn‚(IHI)- PE spectra.
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