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Decoupling Surface Analysis of Cl4+Cl, Reaction Embedded in Ars, Cluster
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A model triatomic reaction Cl4+-Cl;—Clz+Cl embedded in an Ars; van der Waals cluster is analyzed classical
mechanically by a novel theoretical method called “decoupling surface analysis”. This method generates new
reactive and vibrational variables in which the kinetic coupling as well as the potential coupling are minimized.
An analysis of local frequencies of the vibrational variables along the reaction coordinate clarifies how the
motions of ambient Ar atoms are coupled with the central Clz system. When the local frequencies are plotted as
a function of the reaction coordinate, avoided crossings among these curves are observed. Mixing of Cl motion
and Ar motion is clearly detected by these avoided crossings. The vibrational mode having a character of the
symmetric stretch of Cls shows exclusively strong coupling with the reactive motion. This mode, however, very
weakly couples with the ambient Ar motion. On the other hand, the bending and translation of Cls are strongly
mixed with the motions of ambient Ar atoms and produce unstable modes, which play the most significant role
in energy exchange between the central reaction system and the ambient Ar atoms.

To understand chemical reaction in solution is one
of the ultimate goals of chemistry. Various approaches
have long been made to this end;'™® for example, the
transition state theory,® Kramers theory®® and Grote—
Hynes theory have been pursued.”—® These studies are
more or less carried out from the macroscopic, i.e., the
statistical mechanical, point of view. From the purely
microscopic point of view, it is very significant to know
how the reactive motions of reactants interact with the
motions of ambient atoms and/or molecules. In this
context many works based on molecular dynamics sim-
ulation have been carried out. For instance, the series of
works done by Bergsma et al.1~!2 brought a very clear
global picture: Dynamics of the Cl+Cl,—Cly;+Cl re-
action in rare gas solution is almost the same as in gas
phase, because the time scale of the reaction is much
shorter than that of collision with ambient rare gas
atoms;'%!V while in the case of Sy-2 reaction in polar
solvents the reaction is governed by the thermal motion
of solvent molecules.'® The studies based on molecu-
lar dynamics simulation have thus served to grasp the
gross features of reaction as a whole. Systematic analy-
ses based on classical or quantum mechanics are, how-
ever, needed to clarify the reaction dynamics in more
detail such as how the motions of the reactants interact
with those of ambient atoms and/or molecules. It is
indispensable for constructing a basic model of reaction
in solution to know those solvent modes which are im-
portant for reaction by carrying out such microscopic
dynamical analysis.

In the present study, classical mechanical analysis
called decoupling surface analysis'® is employed. This
is a kind of stability analysis of the vibrational motions
which are chosen to be maximally decoupled from re-
active motion. The analysis of local frequencies clar-
ifies how the reactive motion is coupled to the mo-
tions of ambient atoms and molecules. In particular,
the vibrational modes are classified into the following
three types: unstable modes, strongly-coupled (stable)

modes, and weakly-coupled (stable) modes.

Since reaction takes place within a finite time inter-
val and the effective spatial range of interaction in sol-
vent is also finite, it suffices to consider finite number of
ambient atoms (or molecules) surrounding the central
reactant atoms. In the present study, the number of
ambient atoms is truncated to be finite, and the intra-
cluster reaction is considered.

As a central reaction system, we chose Cl+Clo—Clo+
Cl which Bergsma et al.’®'V devised as a generic model
of chemical reaction. It should be noted, however, that
the potential energy function Bergsma et al. assumed is
not intended to actually mimic the real reaction of Cl.
In the present study, the reaction Cl+Cly—Clz+Cl is
embedded in an Ar van der Waals cluster. The atomic
radius of Ar is very close to that of Cl, and, there-
fore, Cl atoms can easily be included in the Ar clus-
ters without drastic change of structure and stability of
the clusters. It is known that the argon clusters Ar,
with n=13, 55, 147 have icosahedral symmetry and are
particularly stable.!¥ From these icosahedral clusters,
Arss was chosen to be an ambiance of the reaction sys-
tem Cl+Cl;—Cly+Cl. Three central Ar atoms in Arss
are replaced by Cl atoms to obtain Cl3Ars, reaction
system.

Although effects of solvent on the electronic structure
of the reactant atoms are of crucial significance espe-
cially when one discusses reaction in polar solvent, we
focus our attention in the present study on the purely
dynamical effects exerted by the nuclear motions of am-
bient Ar atoms under a given potential energy function.
Such dynamical aspect is also one of the most intriguing
features of reaction in solution.

The present paper is organized as follows. In Section
I, the decoupling surface analysis is briefly surveyed in
order to make this paper self-contained. The setup of
the Cl4Cl,—Clz+Cl reaction in an Ar cluster is de-
scribed in Section II. The results of the analysis is pre-
sented in Section III. Section IV summarizes the results
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of the analysis.

I. A Synopsis of the Decoupling Surface Anal-
ysis

Decoupling surface analysis!® is based on separation
of reactive motion from vibrational motion transversal
to it. By a variable transformation which mixes coor-
dinates and momenta in the classical phase space, new
reactive momentum and coordinate (¢, 7) and new vi-
brational momenta and coordinates (v, w) are sought
so that they are maximally decoupled from each other.
The basic principle of decoupling is given by,

om|  _oH
Ou u=v=0 B O0v

=0. )

u=v=0

The two dimensional surface determined by u=v=0 is
called “decoupling surface”, which is an extension of the
conventional reaction path'®—'® into the phase space.
A mathematical consideration starting from Eq. 1 leads
to the conclusion that the decoupling surface is a one-
parameter family of classical trajectories, which we call
“characteristic trajectories”. Energy of the characteris-
tic trajectories can be used as the new reactive momen-
tum e, and the reaction coordinate canonically conju-
gate to ¢ is time 7 along the characteristic trajectories.
Boundary conditions of the decoupling surface, or of
the characteristic trajectories, are imposed so that the
new vibrational modes coincide with the conventional
ones at a certain point in the configuration space. In the
present study, the boundary condition is imposed at the
saddle point of the potential energy surface of ClgArss,
i.e., at the saddle point the new vibrational modes are
chosen to coincide with the vibrational modes perpen-
dicular to the conventional reaction path. At other
points the new vibrational modes differ from the con-
ventional ones. In order to achieve the above boundary
condition, the characteristic trajectories are shot from
the saddle point in the direction tangential to the reac-
tion path by changing the initial kinetic energy . The
family of these characteristic trajectories with a param-
eter € forms the decoupling surface.

The key quantity of the present analysis is a charac-
teristic exponent A of each vibrational mode obtained
by solving the eigenvalue problem of the stability ma-
trix defined at each point (&, 7) on the decoupling sur-
face. Details of the construction of the stability matrix
is presented in Ref. 13. The eigenvalues of the stabil-
ity matrix are called characteristic exponent A, while
the eigenvectors define the vibrational modes. Gener-
ally, A is a complex number. When A is pure imagi-
nary, the corresponding vibrational mode is stable, and
its (angular) frequency is given by ImA. The action
variable J of these stable modes are approximately con-
served. If all the vibrational modes are stable, the time
evolution of the reaction variables (g, 7) is governed
by the following effective Hamiltonian in one degree of
freedom,
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Heg(e,7) =€+ Y _ Jilmi(e,7), (2)

where the subscript ¢ labels vibrational mode. Details
of Heg can also be found in Ref. 13. Equation 2 implies
that the stable vibrational modes exert their effects on
the reactive degree of freedom through e- and/or 7-
dependence of A\. As will be seen in section III, the
stable modes can be classified under a certain qualita-
tive criterion into a group having strong 7-dependence
and that having weak 7-dependence. We name the for-
mer “strongly coupled (stable) mode” and the latter
“weakly coupled (stable) mode”. On the other hand,
when ReA#0 the corresponding mode is unstable. In
the presence of unstable modes, the destination of a
given trajectory sensitively depends on the vibrational
phase angles of the unstable modes. In other words,
the phase angles of the unstable modes decide whether
a given trajectory is reactive or not. Thus the unstable
modes exert decisive effects on the reactive motion.

I1I. Construction of Cl4Cl;—Cl;+Cl Reaction
in Argy Cluster

The present study intends to clarify the reactant—
solvent interaction in view of reaction in solution. The
central reaction system, Cl4+Cly—Cly+Cl, is believed
to have properties commonly possessed by many other
chemical reactions.

Since time needed for reaction to complete is finite,
the mutual influence between reactant and solvent can
prevail over only a certain finite spatial range in solvent.
Thus it suffices to consider a finite-size cluster of solvent
atoms. As a solvent atom, Ar takes a special position,
because its atomic radius is almost the same as that of
Cl and Cl atoms can easily be embedded into Ar clusters
without drastic change in their structure and stability.
It is known that Ar van der Waals clusters of size n=
13, 55, 147, 309, 561,--- have icosahedral symmetry and
particular stability in comparison with the other size
of the clusters.'®) Ar;s is composed of one central Ar
atom and a single-fold surrounding shell. This is too
small to be a model of solvent. On the other hand,
Ary47 is too big from the practical point of view. Thus
Arss is chosen in the present study as an ambiance of
the central reaction system. Ars; is composed of one
central atom and a two-fold surrounding shell and can
be a good model of solvent.

In Arss, Ar atoms are located to form a regular icosa-
hedron in the following manner:'¥) One “central atom”
at the origin, twelve “vertex atoms” at the vertices
of the icosahedron, twelve “inner edge atoms” at the
middle points between the origin and the vertices, and
thirty “outer edge atoms” at the middle points between
the vertices. The three Ar atoms, i.e., the central atom
and two inner edge atoms on the zaxis, are replaced
by Cl atoms to obtain the Cl-Cl-Cl reaction system in
Arss (see Fig. 1).

The potential energy function of the C1-CI1-Cl system
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Fig. 1. Illustration of the structure at the saddle point
of ClzArsz and the characteristic trajectory with e=
0.01 a.u. of the latter half reaction from the saddle
point to the product. The scale of the zaxis is en-
larged as indicated by the zyzaxes in the figure. On
the small crosses Ar atoms are located, while the po-
sitions of Cl atoms are indicated by the large crosses.
Dotted lines running from the crosses represent mo-
tions of Ar and Cl atoms along the characteristic tra-
jectory with €=0.01 a.u. The upper Cl atom is disso-
ciating from the Cls and the Ar atoms surrounding it
moves in accordance with the motion of the Cl atom.

is taken from that of Bergsma et al.'®') It is the LEP
type potential. It should be noted that this LEP po-
tential is designed not to mimic the real chlorine atoms,
but to be a generic model of chemical reaction. We call
it “Cl atom” because the mass and the atomic radius
corresponds to the real Cl. For Cl-Ar and Ar—Ar inter-
action, Lennard—Jones pairwise potential functions are
adopted also by following Bergsma et al.1%'!)

The saddle point of the reaction system is needed
in the decoupling surface analysis as mentioned in the
preceding section. This is obtained by the following
procedure: (1) The size of the icosahedron formed by
Arss is determined to minimize the total energy of Arss.
(2) The three Ar atoms, i.e., the central atom and two
inner edge atoms on the zaxis, are replaced by Cl, and
the energy is minimized by taking icosahedral structure
as an initial guess and by varying the positions of Ar

Decoupling Surface Analysis of Intracluster Reaction

2661

and Cl atoms under the condition that the two distances
of neighboring CI-Cl are kept equal to each other.

III. Results of the Decoupling Surface Analysis

The structure of ClzArse at the saddle point is dis-
played in Fig. 1. The characteristic trajectories were
shot from the saddle point in the direction of antisym-
metric stretch mode of Cls. The initial velocities of Ar
atoms were set equal to zero. Due to the symmetry
of the present reaction system, the decoupling surface
analysis for the first half of the reaction, i.e., from the
reactant to the saddle point, is the same as that for the
latter half of the reaction, i.e., from the saddle point to
the product. Thus it suffices to consider the latter half
reaction.

A characteristic trajectory with its kinetic energy
€=0.01 a.u. is shown in Fig. 1. It can be seen that
the motions of Ar atoms surrounding the recoiling Cl
atom (the five Ar atoms on the uppermost pentagon in
Fig. 1) and particularly the Ar atom subject to head-
on collision with the Cl atom (the topmost Ar atom in
Fig. 1) are included in the reactive degree of freedom.
In that head-on collision, the kinetic energy of the re-
coiling Cl atom is transferred to the Ar atoms, and the
dissipation of the energy begins. The characteristic tra-
jectories depend on ¢ very weakly in the energy range
0<e<0.1. This is because the characteristic trajecto-
ries just go down-hill almost spontaneously, and their
behavior is mainly determined by the topography of the
potential. In other words, the initial kinetic energy at
the saddle point has little effect on the behavior of tra-
jectories in such a low energy range that is significant
for discussing reaction in solution. It is thus suffice to
examine the case of £=0.01 a.u.

7-Dependence of the characteristic exponents in the
case of €=0.01 a.u. is shown in Figs. 2, 3, and 4. At the
right ends of Figs. 2, 3, and 4 the reaction is completed,
while the left end corresponds to the saddle point. The
huge peaks on the right ends of Figs. 2, 3, and 4 are
not relevant to the reaction but to the dissipation of
the released energy after the reaction is over. The left
half part of Figs. 2, 3, and 4 is relevant to the reaction.
The number of unstable modes depends on 7 as can
be seen in Fig. 2. The three modes marked as a, (3,
~ in Fig. 2 have major influence on the reaction. By
examining the eigenvectors of the stability matrix at
each 7, we can “assign” their vibrational modes. At
point A indicated in Fig. 2, @ mode is mainly composed
of the linear combination of Cls antisymmetric stretch
and Cl; translation in the cluster. At point B, 8 mode
has a character of the motion of the recoiling Cl atom
in the z—y plane. At point C, v mode is the rotation of
Cl;. The other unstable modes having smaller Re) are
composed mainly of motions of Ar atoms.

Figure 3 displays ImA along 7. One mode, which we
call a mode, has exclusively large frequency and 7-de-
pendence, and this mode can be classified into strongly-



2662
5x10 4
'e
S
©
N B
<
g |«
S e E—
0

(I | ofs °©
A B C

Fig. 2. 71-Dependence of the real part of the charac-
teristic exponent A. The left end of the figure corre-
sponds to the saddle point. At the right end of the
figure the half reaction is completed. Point A cor-
responds to the saddle point, while at point C, the
associating Cl-Cl distance achieves minimum during
its oscillation.
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Fig. 3. 7-Dependence of the imaginary part of the

characteristic exponent A. The left end of the figure
corresponds to the saddle point. At the right end of
the figure the half reaction is completed. Points A,
B, and C are the same positions as in Fig. 2.

coupled (stable) mode. Inspection of the eigenvector
shows that this mode is composed of the symmetric
stretch of Cls, and that very little Ar motion is mixed
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Fig. 4. A magnification of the small Im\ part of Fig. 3.

into it. This mode is the only vibrational mode same
as that of Cl14+Cl;—Cly+Cl in gas phase.

When one magnifies the low frequency part of Fig. 3,
one finds more modes which have relatively strong 7-
dependence as can be seen in Fig. 4. The modes in-
dicated by b, ¢, and d can be classified into strongly
coupled modes, and they have characters similar to v,
B, and a modes, respectively. The other modes which
have weaker T-dependence are composed of the motions
of Ar atoms and classified into weakly coupled modes.

In Fig. 4, “avoided crossings” of the frequency curves
are seen. This phenomenon has the same mathemati-
cal origin as that in the ordinary avoided crossings of
adiabatic states, i.e., non-crossing of eigenvalues as a
function of its parameter. As in the case of level cross-
ings, the interchange of the character of eigenvectors is
found to occur also in the present case. For example, b
mode, which has the character of Cl, rotation at point
B as mentioned above, changes its character at point
C, where it is composed of hindered rotations R, and
Ry of the two five-membered rings of Ar surrounding
the associating CI-Cl bond. At point C, ¢ mode also
has a different character from that at point A; it is out-
of-plane deformation of the five-membered ring of Ar
surrounding the recoiling Cl atom. Generally speaking,
the flat modes in Figs. 2, 3, and 4 have a main charac-
ter of Ar motion, while the oscillatory modes in these
figures are of Clz motion. It should also be noted that
when the frequency curve of b mode in Fig. 4 descends
to cause an avoided crossing with horizontal frequency
curves of Ar modes, the unstable y mode rises in Fig. 2.
The similar phenomenon occurs in the pair of d and
a modes. When the d mode is flat, the a mode has
a hump, and vice versa. The pair of ¢ and § modes
seems also to be in such relation, although it is not so
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evident as in the cases of by and d-« pairs. The char-
acters of the unstable and strongly coupled modes and
the correlation among them are summarized in Fig. 5.

The following picture based on the avoided crossings
is useful to understand how the motions of Cl3 interact
with the motions of ambient Ar atoms: The Cl mo-
tions have strong 7-dependence, simply because they
are directly connected to the central reaction. On the
other hand, the Ar motions have much lower frequen-
cies than those of Clz due to the softness of the van
der Waals cluster, and their frequencies have very weak
7-dependence. The symmetric stretch of Cls, which is
perpendicular to the reactive variables, has much higher
frequency than that of Ar motion, and accordingly, does
not mix with Ar motion. Thus the symmetric stretch
of Clz becomes a mode by itself. Due to this indepen-
dence from Ar motion, the behavior of a mode is almost
the same as that of the corresponding reaction in gas
phase. On the other hand, bending of Cl3 at the saddle
point correlates with rotation of Cly in the product re-
gion, i.e., it becomes zero-frequency mode in gas phase.
Accordingly, when embedded in the Ar cluster, the fre-
quency of this bending mode decreases with 7, and con-
sequently, its frequency curve crosses with that of an Ar
mode to cause avoided crossing. This avoided crossing
induces mixing between Cl motion and Ar motion. The
bending mode, which is doubly degenerate in gas phase,
is the origin of b and ¢ modes, and their characters are
transferred to unstable v and B modes, respectively,
through the avoided crossings. As regards the pair of d
and o modes, it correlates with the translation of Cl,
in the z direction in gas phase. It is also zero-frequency
mode in gas phase and becomes vibrational mode when
embedded in the cluster. Its frequency is very sensitive
to the size of Cl3, and consequently, has strong 7-de-
pendence. Thus this mode is also subject to avoided

the latter half
character in characterin  gp44] reaction
e point —————3
isolated Cl, ClArs, po

no mixing
————= | @ mode
(stable)
d mode
(stable)

Cl; symmetric [, | Cl symmetnc a mode
Fstretch J"( Siretch (stable)

Cl translation || @ mode
(z-direction) |™|(unstable)

[Cl translation]
(;-direction)

B mode
(unstable)

Y mode
(unstable)

Cl motion | __ | ¢ mode
inx-y plane| — | (stable)

b mode

Cl, rotation| = (stable)

mixing with
Ar motion
Fig. 5. A schematic diagram summarizing the charac-
ters of the vibrational modes, the correlation among
them, and their changes in the course of the latter
half reaction.

Decoupling Surface Analysis of Intracluster Reaction

2663

crossing with Ar modes and produce unstable oo mode
and strongly coupled (stable) d mode. These character-
transfers cause energy transfer between the reactants
and the solvent atoms since the reactant modes at the
saddle point become the solvent modes in the course of
reaction, and vice versa.

IV. Conclusion

The decoupling surface analysis was applied to the
reaction Cl+4Cly—Cly+Cl embedded in an Ar van der
Waals cluster. The local vibrational modes are ana-
lyzed along the reaction coordinate 7 defined in the
decoupling surface analysis, and particularly, the 7-de-
pendence of the frequencies and characters of the vibra-
tional modes is examined. The vibrational modes can
be classified into the following three types: (1) unsta-
ble mode, (2) strongly coupled (stable) mode, and (3)
weakly coupled (stable) mode. The avoided crossings
among the frequency vs. 7 curves give a clue to un-
derstand the interaction between the central reaction
and the motions of the ambient Ar atoms. The pic-
ture obtained from the present analysis is summarized
as follows: Basically, all the modes of Cl3 strongly de-
pend on 7, simply because they are directly involved in
the reaction. On the other hand, the modes of the sol-
vent motion have much lower frequencies than the Clg
modes, and their frequencies depend on 7 very weakly
even when the Clj reaction system is introduced into the
cluster. The symmetric stretch of Cl3 in gas phase has
much higher frequency than those of Ar clusters, and
consequently, it does not mix with the solvent motion
even when the reaction system is embedded in the clus-
ter. Although this mode is strongly coupled with the
reactive motion through strong 7-dependence of its fre-
quency, it hardly interacts with the solvent motion dur-
ing the reaction process. The bending of Cls becomes
zero-frequency mode when CI-Cl; bond breaks. When
embedded in the cluster, the frequencies of the modes
originating from the bending of Cl3 decrease with 7, and
inevitably, their frequency curve encounters the avoided
crossing with the curves of Ar modes to cause mixing
of the Cl3 bending and the solvent motion. Transla-
tion of Cl; is also zero-frequency mode is gas phase,
and therefore, subject to the avoided crossings with the
solvent motion when embedded in the cluster. These
avoided crossings produce dynamical coupling between
the reactive motion and the ambient Ar motions.
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