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A full-dimensional, fully coupled wave packet method is proposed and applied to investigate the
vibrational predissociation dynamics of the Cl2(B,v8) – He2 complex. Simulations are carried out
for the resonance states associated with thev8510– 13 initial vibrational excitations of Cl2 , and the
results are compared with the available experimental data. A good agreement with experiment is
achieved for the resonance lifetimes~typically within experimental error! and the Cl2 fragment
rotational distributions. The mechanism of dissociation of the two He atoms is found to be
dominantly sequential, through theDv8522 channel. The probabilities obtained for theDv8
521 dissociation channel are, however, overestimated due to the use of absorbing boundary
conditions combined with finite grid effects. It is suggested that a mechanism of energy
redistribution through the couplings between the van der Waals modes of the two weak bonds takes
place in theDv8521 dissociation. This mechanism is consistent with the resonance lifetimes and
Cl2 rotational distributions predicted. The favorable comparison with most of the experimental data
supports the reliability of the potential used to model Cl2(B,v8) – He2 , at least in the present range
of v8 levels. © 2005 American Institute of Physics.@DOI: 10.1063/1.1827600#

I. INTRODUCTION

The study of weak van der Waals~vdW! interactions
between chemical species and rare gas atoms has attracted
much interest in the last two decades. Such interactions play
a central role in determining the physical and chemical prop-
erties of doped clusters and condensed matter environments.
Triatomic complexes such as BC–Rg, with a BC diatomic
molecule weakly bound to a Rg rare gas atom, are among the
simplest prototypical systems where the vdW interaction is
present. The spectroscopy and photodissociation dynamics of
complexes such as Cl2– Rg,1–3 Br2– Rg,4–8 I2– Rg,9–14 and
ICl–Rg ~Refs. 15–17! (Rg5He,Ne,Ar) have been investi-
gated experimentally. Quantum mechanical simulations of
the spectroscopic and dynamical properties measured are
currently performed, with an accuracy limited essentially
only by the accuracy of the potential surface used.6,18–22A
number of experiments on BC– Rgn complexes withn>2
have been reported as well.3,9,10,23–27 However, a full-
dimensional quantum-dynamical treatment of these systems,
even for the smallestn52 size, is still a challenge to theory.

A variety of approximate dynamical treatments has been
applied to study BC– Rgn complexes. Classical and quasi-
classical simulations of the vibrational predissociation~VP!
dynamics of clusters such as I2– Hen (n51 – 9),28 I2– Nen

(n51 – 9),29,30and I2– Ar13,31 have been carried out. Hybrid
classical-quantum and quantum-classical methods have been
applied to investigate the predissociation dynamics of
Cl2– He2 ,32 I2– Nen (n52 – 6),33 and Cl2– Nen (n52,3).34

Quantum-dynamical simulations on BC– Rg2 complexes
were performed using reduced-dimensional models including

three35,36 and four37,38 degrees of freedom. A full-
dimensional quantum method based on a decoupling scheme
of some of the modes was applied to simulate the VP of
Cl2– Ne2 and I2– Ne2 .39 In general, the above approximate
methods have shown reasonable success in describing some
of the properties measured experimentally, while those prop-
erties which are more directly affected by the approximations
involved are more poorly reproduced. Recently, an exact
full-dimensional quantum dynamical treatment of the
I2– Ne2 predissociation using the multiconfiguration time-
dependent Hartree~MCTDH! method has been reported,40

although no comparison with experiment was made.
The obvious advantage of approximate methods is their

computational efficiency. However, when quantum effects
~mostly neglected in quasiclassical and hybrid quantum-
classical approaches! and spatial delocalization and inter-
mode couplings~not well described in reduced-dimensional
quantum models! become important, approximate methods
may be inadequate. This is the case of the Cl2– He2 complex,
where the He atoms are highly quantal objects and the spatial
delocalization of the system is important. Thus, in order to be
reasonably quantitative in the description of the Cl2– He2

dynamics, an exact quantum-mechanical treatment would be
required.

In this paper the vibrational predissociation of Cl2– He2

is investigated through an exact full-dimensional quantum
method. The goal of the present work is twofold. The first
objective is to develop a quantum-mechanical methodology
which allows one to describe realistically the experimental
data available for this system.26,41 The second goal is to test
the accuracy of the potential-energy surface used to model
the complex. Recently an empirical potential surface for thea!Electronic mail: garciavela@imaff.cfmac.csic.es
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Cl2(B) – He triatomic complex has been proposed,22 which
reproduces well the available spectroscopic and dynamical
experimental data. Using this surface to model the
Cl2(B) – He2 potential can provide a valuable additional test
on the reliability of the Cl2(B) – He potential surface previ-
ously proposed.

The paper is organized in the following way: In Sec. II
the Cl2(B) – He2 potential-energy surface and the dynamical
method are described. The results are presented and dis-
cussed in Sec. III. Finally, some conclusions are drawn in
Sec. IV.

II. METHODOLOGY

A. Potential-energy surface

The VP process in the Cl2– He2 complex occurs upon
optical excitation of the Cl2 chromophore from the ground
electronic state to a vibrational statev8.0 in the B excited
electronic state. A resonance state Cl2* (B,v8) – He2 is pre-
pared in this way, which decays to a dissociation continuum,
leading to fragmentation of the complex into Cl2(B,v f

,v8)1He1He. Such a fragmentation is caused by energy
transfer from the Cl2 stretching vibration to the vdW modes.

The Cl2– Ne2 system is represented in bond coordinates
r , R1 , and R2 , where r is the vector associated with the
Cl–Cl bond, andR1 andR2 are the vectors joining the Cl2

center of mass and the He atoms, respectively. In this repre-
sentation, by expressing the above vectors in spherical coor-
dinates@r5(r ,u r ,f r), Ri5(Ri ,u i ,f i), i 51,2] the Hamil-
tonian of the system becomes

Ĥ52
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wheremCl2
5mCl/2 andmCl2– He5mHe2mCl /(mHe12mCl) are

the reduced masses corresponding to the Cl2 and vdW
modes, respectively, withmCl535.4527 amu andmHe

54.0026 amu,j , l1 , and l2 are the angular momentum op-
erators associated withr , R1 , andR2 , respectively~the total
angular momentum of the system isJ5 j1 l11 l2), and
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beingf5f12f2 . The last term of Eq.~1! comprises all the
potential interactions of Cl2– He2 . Zero total angular mo-
mentum (J50) is assumed for the system.

To a good approximation, the VP process can be as-
sumed to take place on a single potential-energy surface,
namely that of the B electronic state. This potential surface is
modeled as

V~r ,R1 ,R2 ,u1 ,u2 ,f!

5VCl2
~r !1VCl2– He~r ,R1 ,u1!1VCl2– He~r ,R2 ,u2!

1VHe– He~R1 ,R2 ,u1 ,u2 ,f!. ~3!

The diatomic potentialVCl2
(r ) is represented by a Morse

function whose parameters were given in Ref. 36. The tri-
atomic potentialVCl2– He(r ,Ri ,u i) ( i 51,2) has been de-
scribed in detail in Ref. 22. In brief, this potential is a sum of
two Morse functions, each of them describing the Cl–He
interaction. Two of the three Morse parameters depend on
the Cl–Cl bond distancer , which introduces a three-body

character in theVCl2– He potential surface. Finally, the He–He
interaction is represented by the Tang and Toennies potential
recently reported,42 using two Born–Mayer parameters and
three dispersion coefficients.

B. Resonance energies and initial state

The initial state of Cl2– He2 prepared by excitation
needs to be specified before simulating the VP dynamics of
the complex. Such a state corresponds with the ground reso-
nance state of the system associated to the specific Cl2 vi-
brational levelv8 excited in the B electronic state. This ini-
tial state is calculated by applying the variational formalism
of Villarreal, Roncero, and Delgado-Barrio,43 where the
Hamiltonian of Eq.~1! is represented in a basis set and di-
agonalized. Such a basis set is defined in a body-fixed~BF!
frame~in which thez axis coincides with the direction of the
r vector!. By taking into account the symmetry properties of
the Cl2– He2 Hamiltonian, i.e., that the Hamiltonian is in-
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variant under exchange ofR1 andR2 , the size of the basis
set can be conveniently reduced. The symmetry-adapted ba-
sis functions,

J l 1 ,l 2 ,L,V,v,m,n
J,M ~r ,R1 ,R2!

5F 1

2~11dmnd l 1l 2
!G1/2

@F l 1 ,l 2 ,L,V,v,m,n
J,M ~r ,R1 ,R2!

1F l 2 ,l 1 ,L,V,v,n,m
J,M ~r ,R1 ,R2!# ~4!

are used, where

F l 1 ,l 2 ,L,V,v,m,n
J,M ~r ,R1 ,R2!

5fv,m,n~r ,R1 ,R2!Wl 1 ,l 2 ,L,V
J,M ~u1 ,u2 ,f1 ,f2!, ~5!

and similarly for F l 2 ,l 1 ,L,V,v,n,m
J,M . The radial function

fv,m,n(r ,R1 ,R2) is defined as

fv,m,n~r ,R1 ,R2!5xv~r !jm~R1!jn~R2!/rR1R2 , ~6!

wherexv(r ) is an eigenfunction of the Cl2 stretching mode,
obtained by solving

F2
\2

2mCl2

]2

]r 2 1VCl2
~r !Gxv~r !5Evxv~r !, ~7!

and jm(R1) and jn(R2) are vibrational basis functions for
the R1 andR2 coordinates.43

The angular functions are defined as

Wl 1 ,l 2 ,L,V
J,M ~u1 ,u2 ,f1 ,f2!

5S 2J11

4p D 1/2

DM ,V
J* ~f r ,u r ,0!Yl 1 ,l 2
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where DM ,V
J* are Wigner rotation matrices44,45 relating the

space-fixed~SF! and BF frames corresponding to a total an-
gular momentumJ with projectionsM andV on theZSF and
ZBF axes, respectively. The functionsYl 1 ,l 2

L,V (u1 ,u2 ,f1 ,f2)

are

Yl 1 ,l 2
L,V ~u1 ,u2 ,f1 ,f2!

5~21!L1V~2L11!1/2(
v

S l 1 l 2 L

2v v2V v
D

3Yl 1
v ~u1 ,f1!Yl 2

V2v~u2 ,f2!, ~9!

whereL5 l 11 l 2 , (
¯

¯) denotes 32 j symbols, andYl i
v(u i ,f i)

are spherical harmonics. Since we shall deal withJ50 states
of Cl2– He2 , this implies thatM5V50, andL52 j . De-
tailed expressions of the Hamiltonian matrix elements in the
above basis functions are given in Ref. 43.

In the basis set only onexv(r ) state was included,
namely that corresponding to the vibrational statev5v8 to
which the Cl2 subunit is excited in the complex. Due to the
difference of frequencies the Cl2 vibration is well separated
from the vdW modes, and only onexv(r ) state suffices, to a
good approximation, for the calculation of the ground and

low excited resonance states of Cl2– He2 . The other param-
eters of the basis set werel 1

max5l2
max5Lmax512 and mmax

5nmax54, leading to 2716 basis functions. The ground and
first three excited resonance energies of Cl2(B,v8) – He2 are
listed in Table I for the different vibrational statesv8 studied
(v8510– 13). The vibrational energies of Cl2(B,v8), Ev8 ,
are also given in the table, along with the ground resonance
energies of Cl2(B,v8) – He, for comparison.

The ground resonance energy of Cl2(B,v8) – He2 is very
close to twice the ground energy of the triatomic
Cl2(B,v8) – He complex,E0

tri . This is in agreement with the
spectral shifts found experimentally for Cl2– He2 , which are
twice those of Cl2– He.41 This result was expected due to the
weak He–He interaction, and the fact that the dissociation
energy of the He2 dimer is close to zero. The presentE0

energies of Cl2(B,v8) – He2 (;222 cm21) are about
3 cm21 higher than the Cl2(B,v858) – He2 ground reso-
nance energy found in Ref. 41 (225.6 cm21) using a differ-
ent potential surface for the complex. It was shown22 that the
E0

tri energies computed with the present Cl2(B) – He interac-
tion potential reproduce the measured spectral blueshifts
within experimental error~typically with a deviation of
;1%).Thus, taking into account thatE0 is practically 2E0

tri ,
the Cl2(B,v8) – He2 ground resonance energies of Table I are
expected to be the most accurate ones reported so far. As
seen from Table I, the energy of only one vibrational quan-
tum, Ev82Ev821 , is enough to dissociate the two He atoms.

C. Dynamical simulations

The VP dynamics of Cl2(B,v8) – He2 is simulated by
solving the time-dependent Schro¨dinger equation

i\
]c~r ,R1 ,R2 ,u1 ,u2 ,f,t !

]t
5Ĥc~r ,R1 ,R2 ,u1 ,u2 ,f,t !.

~10!

Solution of this equation for a six-dimensional, fully coupled
wave packet, in the case of a slow predissociation process is
a computationally very demanding problem. Therefore a
careful choice of the wave packet representation is needed in
order to optimize the computational requirements~in
memory and time!. For the reactive coordinatesR1 andR2 a
grid representation is usually convenient. For nonreactive co-
ordinates a basis set representation is typically more efficient
when the number of basis functions is not too high. The

TABLE I. Calculated resonance energies of Cl2(B) – He2 relative to the
initial Cl2 vibrational energy levelEv8 . Ev850 corresponds to separated
Cl atoms. The ground (E0) and first three excited resonance energies are
listed, along with the ground resonance energy of Cl2(B) – He (E0

tri) for
comparison.

(cm21) v8510 v8511 v8512 v8513

Ev8 21023.3 2881.8 2750.8 2630.3
E0 222.33 222.20 222.05 221.88
E1 221.18 221.05 220.90 220.72
E2 218.08 217.95 217.80 217.62
E3 216.48 216.38 216.27 216.14
E0

tri 211.23 211.17 211.10 211.02
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spatial delocalization of Cl2– He2 implies that the system is
relatively localized in momentum space. This suggests that
the angular coordinates can be conveniently represented by
basis functions indexed to the angular momentum values,
such as those defined in Eq.~8!.

Thus the Cl2– He2 wave packet is represented by the
following expansion:

c~r ,R1 ,R2 ,u1 ,u2 ,f,t !

5 (
v,l 1 ,l 2 , j

F 1

2~11d l 1l 2
!G1/2

@Cv,l 1 ,l 2 , j~R1 ,R2 ,t !Wl 1 ,l 2 , j

3~u1 ,u2 ,f!1Cv,l 2 ,l 1 , j~R1 ,R2 ,t !Wl 2 ,l 1 , j

3~u1 ,u2 ,f!#xv~r !e2 iEvt/\ ~11!

with the angular functions being those of Eq.~8!, where the
indices J5M5V50 have been dropped, andL5 j , f
5f12f2 . The above expression of the wave packet satis-
fies the symmetry properties of Cl2– He2 , among them that
the two He atoms~and therefore the two vdW bonds! are
indistinguishable. Indeed, by exchanging theR1 andR2 co-
ordinates through the permutation operatorP12,

P12@Cv,l 1 ,l 2 , j~R1 ,R2 ,t !Wl 1 ,l 2 , j~u1 ,u2 ,f!#

5Cv,l 1 ,l 2 , j~R2 ,R1 ,t !Wl 1 ,l 2 , j~u2 ,u1 ,2f!

5Cv,l 2 ,l 1 , j~R1 ,R2 ,t !Wl 2 ,l 1 , j~u1 ,u2 ,f!, ~12!

since

Cv,l 2 ,l 1 , j~R1 ,R2 ,t !5Cv,l 1 ,l 2 , j~R2 ,R1 ,t ! ~13!

and43

Wl 1 ,l 2 , j~u2 ,u1 ,2f!5~21! l 11 l 21 jWl 2 ,l 1 , j~u1 ,u2 ,f!,
~14!

with l 11 l 21 j 5J50. Thus, under permutation of the two
He atoms, the wave packet of Eq.~11! remains invariant.

By introducing the expansion of Eq.~11! in Eq. ~10! a
set of time-dependent coupled equations is obtained

i\
]Cv8,l

18 ,l
28 , j 8~R1 ,R2 ,t !

]t

5 (
v,l 1 ,l 2 , j

F2~11d l
18 l

28
!

2~11d l 1l 2
!G 1/2

@^xv8~r !Wl
18 ,l

28 , j 8~u1 ,u2 ,f!

3uĤuxv~r !Wl 1 ,l 2 , j~u1 ,u2 ,f!&Cv,l 1 ,l 2 , j~R1 ,R2 ,t !

1^xv8~r !Wl
18 ,l

28 , j 8~u1 ,u2 ,f!uĤuxv~r !Wl 2 ,l 1 , j

3~u1 ,u2 ,f!&Cv,l 2 ,l 1 , j~R1 ,R2 ,t !#ei (Ev82Ev)t/\, ~15a!

and similarly,

i\
]Cv8,l

28 ,l
18 , j 8~R1 ,R2 ,t !

]t

5 (
v,l 1 ,l 2 , j

F2~11d l
18 l

28
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@^xv8~r !Wl
28 ,l

18 , j 8~u1 ,u2 ,f!

3uĤuxv~r !Wl 1 ,l 2 , j~u1 ,u2 ,f!&Cv,l 1 ,l 2 , j~R1 ,R2 ,t !

1^xv8~r !Wl
28 ,l

18 , j 8~u1 ,u2 ,f!uĤuxv~r !Wl 2 ,l 1 , j

3~u1 ,u2 ,f!&Cv,l 2 ,l 1 , j~R1 ,R2 ,t !#ei (Ev82Ev)t/\.

~15b!

By expanding the angular dependence of the Cl2(B) – He2

potential in spherical harmonics, the angular quadratures in-
volved in the calculation of the Hamiltonian matrix elements
of Eqs. ~15! can be evaluated analytically. Expressions for
these matrix elements have been given elsewhere.43

D. Numerical details

In order to reduce the computational requirements of the
present problem one can take advantage of some features of
the system. One of them is the high symmetry of Cl2– He2 .
Because of the symmetry property reflected in Eq.~13!, so-
lution of only one of the two Eqs.~15! @e.g., Eq.~15a!# is
required. Symmetry also helps to save CPU time in the
evaluation of the action of some Hamiltonian terms on the
wave packet. In addition, the representation of the Hamil-
tonian in the angular basis set leads to sparse Hamiltonian
matrices. By identifying and handling only the nonzero ma-
trix elements substantial savings in memory and CPU time
are achieved. Despite the above reductions, the present dy-
namical computations are still very demanding. Therefore, a
compromise has to be achieved between keeping the prob-
lem tractable and obtaining a reasonable convergence which
allows for a meaningful comparison with experimental data.

The Cv,l 1 ,l 2 , j (R1 ,R2 ,t) packets are represented on a
uniform grid in the R1 and R2 coordinates, withR0

53.0 a.u.,DR50.45 a.u., andNR570 points. In the basis
set four vibrational statesxv(r ), with v5v8, v821, v8
22, andv823 are included. All the Hamiltonian operations
on Cv,l 1 ,l 2 , j (R1 ,R2 ,t) involving kinetic-energy terms are
performed using fast Fourier transform~FFT! techniques.
The size of the angular basis set isl 1

max5l2
max514 and j max

518. Since Cl2 is homonuclear the even and oddj states do
not mix, and only the even states have been included in the
basis set. These values lead to 569 angular basis functions
with J50, out of which 105 correspond tol 15 l 2 and 464 to
l 1Þ l 2 ~half of them beingWl 1 ,l 2 , j and the other half being
Wl 2 ,l 1 , j functions!. The time propagation of the
Cv,l 1 ,l 2 , j (R1 ,R2 ,t) packets is carried out by means of the
symmetric finite differencing method,18 up to a final timet f

55 ps with a time stepDt50.001 15 ps.
The wave packet is absorbed before reaching the edges

of the grid in theR1 andR2 coordinates. Absorption is car-
ried out after each time stepDt by multiplying each packet
Cv,l 1 ,l 2 , j (R1 ,R2 ,t) by a product of exponential functions in
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R1 and R2 , as previously described.35,36 The parameters of
the absorption exponential functions area50.3 a.u.22 and
Rabs527.0 a.u. For the analysis of product distributions the
vdW bonds are considered effectively broken for distances
R1 ,R2.Rc516.5 a.u.

Several convergence tests were carried out. By decreas-
ing theDR grid spacing no significant changes were found.
Convergence with respect to the angular basis functions
was also checked. Figure 1 shows the population
^Cv,l 1 ,l 2 , j uCv,l 1 ,l 2 , j& ~or ^Cv,l 2 ,l 1 , j uCv,l 2 ,l 1 , j&) of the angular
functions at t5t f for predissociation of the initial state
Cl2(B,v8510) – He2 through the three vibrational channels
v8– 1, v822, andv823. Among the initial states studied,
v8510 is that for which the energy available for the vdW
modes is largest. Population is shown versusn, an ordering
number for the angular functions. The populations corre-
sponding to theWl 1 ,l 2 , j and Wl 2 ,l 1 , j functions ~when l 1

Þ l 2) have been added together, and this is whyn goes up to
337. The population appears in bands or groups of peaks,

each band including all thel 1 , l 2 combinations associated
with a givenj value which lead toJ50. For increasingn the
ordering of thej bands isj 50,2,. . . ,18. Thefigure shows
that the population of eachj band decays to zero, meaning
that convergence is achieved with thel 1

max and l 2
max values

used. Asn increases the population of thej bands decays to
zero as well, implying thatj max518 suffices for conver-
gence. Similar plots to those of Fig. 1 fort5t f were found at
intermediate times in the wave packet propagation, and this
holds also for thev8.10 initial states studied.

III. RESULTS AND DISCUSSION

A. Resonance decay lifetimes

The observables of dynamical interest in the VP process
of Cl2(B) – He2 are typically the resonance decay lifetime,
and the vibrational and rotational distributions of the Cl2

fragment. Resonance lifetimest can be obtained by fitting
the square of the wave packet autocorrelation function
uC(t)u25u^c(0)uc(t)&u2 to an exponential law of decay,
uC(t)u2.e2t/t, and fromt the resonance linewidthG can be
extracted asG5\/t. The single exponential decay assumed
implies that the initial state is a pure, isolated resonance,
which is essentially our case.

It has been shown46 that by propagating the wave packet
until a timet f one can obtainC(t) until a time 2t f , which in
this work is 10 ps. Details of the calculation of the autocor-
relation function when the wave packet is absorbed have
been given elsewhere.36 The decay curvesuC(t)u2 and their
corresponding exponential fits are shown in Fig. 2 for the
initial vibrational statesv8 studied. Lifetimes and linewidths
extracted from those fits are listed in Table II, along with the
experimental ones. Calculated and experimental lifetimes of
the Cl2(B,v8) – He complex,t tri

calc and t tri
exp, respectively, as

well ast tri
calc/2 andt tri

exp/2, are also shown for comparison.
The calculated resonance linewidths agree with the mea-

sured ones typically within the experimental error. Only in
the case ofv8513 the calculated linewidth is outside the
error limits. The result forv8513 is not surprising, since the
Cl2(B) – He potential surface was fitted to experimental data
in the rangev858 – 12 of Cl2 vibrational states.22 As dis-
cussed in that work, it is expected that the potential will
gradually deteriorate outside that range. The good agreement
between the calculated and experimental linewidths of Table
II indicates that the Cl2(B) – He2 potential used here is rea-
sonably accurate, at least for the vibrational statesv8 inves-
tigated. The present results are encouraging since experimen-
tal VP lifetimes ~or linewidths! of Cl2(B) – He have been
traditionally difficult to reproduce with available potential
surfaces, and a similar situation is expected for Cl2(B) – He2 .

Due to the weak He–He interaction, the two vdW bonds
are expected to be rather weakly coupled. Then dissociation
of the two vdW bonds is expected to occur rather indepen-
dently on each other, following a sequential mechanism in
which one bond dissociates first, then the other one. For a
dominantly sequential mechanism the Cl2(B) – He2 linewidth
G would beG.2G tri ~or t.t tri/2).

The experimental Cl2(B) – He2 lifetimes found for v8
512,13 are slightly smaller but very close tot tri

exp/2, while as

FIG. 1. Population of the angular basis functions at the end of the wave
packet propagation (t f55 ps) in the threev821, v822, andv823 disso-
ciation channels for thev8510 case, vsn, an ordering number for the
angular functions. See the text for details.
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v8 decreasestexp becomes increasingly smaller thant tri
exp/2

~particularly for v8510). The authors of Ref. 41 suggested
some possibilities to explain the differences, such as occur-
rence of directDv8521 dissociation of both He atoms in
addition to the sequential one, and acceleration of the first He
departure in the sequential process via couplings with the
other He atom. It was also pointed out that the differences
were within experimental error. Thetcalc lifetimes are some-
what smaller thant tri

calc/2, in agreement with the experimental
trend, but all of them are close tot tri

calc/2. Thus the present
results seem to indicate that the differences betweentexp and
t tri

exp/2 for v8510,11 are probably due to the experimental
error in the measured linewidth, which is constant for all the
v8 states (0.05 cm21), but proportionally increasing with
decreasingv8. The calculated Cl2(B) – He2 lifetimes are con-
sistent with a dominant sequential mechanism of dissocia-
tion.

B. Vibrational distributions of Cl 2

Vibrational distributions of the Cl2(B,v f) fragment (v f

5v821, v822, andv823) are calculated as described in
Ref. 36. In brief, by accumulating probability in the region of
the Cl2(B,v f)1He1He products,R1 , R2.Rc ~including the
absorption region!, the probabilityPv f

(t) of the v f vibra-
tional channel is calculated along time. Then relative or nor-
malized probabilities are defined as

Pv f

norm~ t !5
Pv f

~ t !

(vPv~ t !
. ~16!

The time evolution of the normalized vibrational prob-
abilities Pv f

norm(t) is shown in Fig. 3 for the resonance states

studied. At short times the probabilities oscillate because the
different dissociation channels incorporate with different
time scales. Then the probabilities gradually stabilize and
converge to a fixed value which gives an estimate of the final
vibrational population. After a propagation of 5 ps the prob-
abilities show a reasonably stable behavior in general. In the
casev8510, where the VP lifetime is longer, thev821 and
v822 probabilities are less stable, although no large changes
are expected for further times. Table III displays the vibra-
tional populations at final timet f .

Experimental vibrational populations of the Cl2 fragment
have been reported26 for predissociation of Cl2(B,v8
58) – He2 . The populations found were 8%, 92%, and less
than 1% for the vibrational channelsDv8521, Dv8522,
andDv8523, respectively. The dominantDv8522 chan-
nel is consistent with a sequential mechanism dominating the
predissociation process. In contrast to the experimental result
for v858, the present calculations predict very high popula-
tions for theDv8521 dissociation channel, which becomes
even dominant forv8510. The expected trend is that the
v821 population will decrease with increasingv8, as found
in the results of Table III. Thus, based on the experimental

FIG. 2. Decay curves obtained from
the wave packet autocorrelation func-
tion C(t) for the initial Cl2(B,v8) –
He2 resonance states studied vs time.
Exponential fits to the curves are also
shown.

TABLE II. Calculated and experimental linewidths and lifetimes for predis-
sociation of Cl2(B,v8)2He2 . The calculated and experimental
Cl2(B,v8) – He lifetimes and the correspondingt/2 values are also shown
for comparison.

v8510 v8511 v8512 v8513

Gcalc (cm21) 0.055 0.092 0.159 0.252
Gexp (cm21)a 0.1060.05 0.1360.05 0.2160.05 0.4860.05
tcalc ~ps! 97.0 57.5 33.5 21.1
texp ~ps!b 53.1 40.8 25.3 11.1
t tri

calc c 192 122 78 50
t tri

exp ~ps!d 179 97 52 25
t tri

calc/2 ~ps! 96 61 39 25
t tri

exp/2 ~ps! 89.5 48.5 26 12.5

aReference 41.
bObtained from the linewidths of Ref. 41.
cReference 22. Thev8513 lifetime has been calculated in this work.
dReferences 1 and 41.
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data, thev821 populations in the rangev8510– 13 are ex-
pected to be smaller than 8%, in clear disagreement with the
calculated result. In addition, the result of lifetimes consis-
tent with a dominant sequential mechanism through the
Dv8522 channel on the one side, and such a highv821
populations~particularly for v8510,11) on the other side,
appears surprising in principle.

The origin of the discrepancy is an artifact in the calcu-
lation of the vibrational populations due to the absorption of
the wave packet, which causes thev f5v821 population to
be overestimated at the expense of thev822 and v823
populations.35,36,39 Indeed, after Cl2 loses one vibrational
quantum, some Cl2(B,v821) – He1He wave packet compo-
nents are absorbed before further dissociation through the
Dv8522 andDv8523 channels occurs~which implies a
longer time scale!. This leads to underestimate thev f,v8
21 populations, and therefore to overestimate thev f5v8
21 population. This effect can be minimized only by using
large grids and placing the absorption region as far as pos-

sible in the asymptotic region.39 Unfortunately, this becomes
extremely costly with the present computational means. The
implication is that with the present grid limitations it is not
possible to calculate quantitatively reliable vibrational popu-
lations. In the light that the calculatedv821 populations
should be smaller in the absence of the artifact, the apparent
inconsistency between the lifetimes obtained and the high
v821 populations disappears.

The 8% ofv821 population found experimentally for
v858 is a remarkable one, and it is interesting to analyze the
dissociation mechanisms involved in this channel. The cal-
culated lifetimes along with the qualitative trend found for
the vibrational populations can provide some insight on such
mechanisms. Two possible mechanisms are direct predisso-
ciation to Cl2(B,v f5v821)12He or predissociation medi-
ated by redistribution of energy between the two vdW bonds.
It is likely that the two mechanisms occur, the question being
whether one of them is dominant.

Direct predissociation via theDv8521 channel is ex-
pected to be faster~by about a factor of 2! than sequential
dissociation through theDv8522 channel. The direct
mechanism would lead to lifetimestcalc appreciably shorter
thant tri

calc/2, and this effect should be more pronounced as the
v821 population increases. However, the opposite result is
found, with tcalc.t tri

calc/2 for v8510,11, where thev821
populations are highest, whiletcalc becomes increasingly
shorter with respect tot tri

calc/2 for v8512,13. This result
seems to indicate an important weight of the energy redistri-
bution mechanism. Energy redistribution between the vdW

FIG. 3. Time evolution of the normal-
ized vibrational populations of the
Cl2(B,v f) fragment (v f5v821, v8
22, v823) for the initial Cl2 vibra-
tional excitationsv8 studied. See the
text for details.

TABLE III. Calculated Cl2(B,v f) fragment vibrational populations~in per-
centage! after predissociation through the channelsv f5v821, v822, and
v823.

v8 v821 v822 v823

10 53.9 43.9 0.2
11 41.1 55.0 3.9
12 29.8 64.0 6.2
13 20.5 70.8 8.7
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modes takes some time to occur, and this additional time
would roughly compensate the shorter time it takes losing a
single vibrational quantum compared to losing two quanta, in
the case of the lowerv8510,11 states. The proportionally
increasing deviation oftcalc from t tri

calc/2 as v8 increases
(v8512,13) would be consistent with an increasing strength
of the vdW intermode couplings, leading to a more efficient
~faster! energy redistribution. The implication is that, despite
the weak He–He interaction, the couplings between the vdW
modes are able to redistribute energy rather efficiently.

C. Rotational distributions of Cl 2

Rotational distributions of the Cl2(B,v f , j ) fragment
have been calculated by projecting out the asymptotic wave
packet ~i.e., for Rc,R1 R2,Rabs) at t5t f onto the
Cl2(B,v f , j )1He1He product states. The distributions~for
even j ) corresponding to thev f5v822 andv821 predis-
sociation channels are displayed in Figs. 4 and 5, respec-
tively, for all the resonance states investigated. It is noted
that the calculated rotational distributions are not signifi-
cantly affected by the artifact in the calculation of the vibra-
tional populations. If the absorbed Cl2(B,v821) – He1He
wave packet components were allowed to dissociate into
Cl2(B,v822)1He1He, their contribution to thev822 ro-
tational distribution would be similar as that of the compo-
nents which actually dissociated before being absorbed.

Thev822 distributions are in very good agreement with
those measured experimentally26 ~also shown in Fig. 4!. The

calculated distributions reproduce well the positions of the
maxima of the evenj experimental distributions, which are
j 52, j 54, j 52, andj 54 for v8510, v8511, v8512, and
v8513, respectively.26 The only exception isv8512 for
which the maximum of the present distribution occurs atj
54 instead of atj 52. In general, the distributions underes-
timate rotational excitation to some extent, and they exhibit a
somewhat higher population than the measured one for lowj
states. In this sense, the slight bimodality found experimen-
tally as a second maximum aroundj 510 is not completely
reproduced. It is noted, however, that the distributions ex-
hibit a weak shoulder aroundj 510 ~more pronounced for
v8512,13), indicating that the bimodality is also predicted
by the theoretical distributions, albeit more weakly than in
the experimental data. A slight heating of the distributions is
found with increasingv8, meaning that the present potential
describes better rotational excitation for higherv8 in the
present range of vibrational excitations. In agreement with
the experimental finding, the four distributions are quite
similar, therefore being rather independent of the initialv8
state and of the amount of kinetic energy available for prod-
ucts.

For thev821 dissociation channel no experimental ro-
tational distributions were reported. As in the case of the
v822 distributions, thev821 ones are rather independent of
the initial v8 state excited and of the kinetic energy available
for the products. Interestingly, the distributions of Fig. 5 are
remarkably more excited than thev822 ones, displaying a

FIG. 4. Calculated~solid line! and ex-
perimental~dashed line! Cl2(B,v f , j )
fragment rotational distributions after
vibrational predissociation of
Cl2(B,v8) – He2 through the v f5v8
22 channel. The label in each plot
stands forv8→v f .
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clear bimodality with two peaks, and with the absolute maxi-
mum corresponding typically to the second peak atj 512.
This behavior contrasts with the Cl2 rotational distributions
obtained after predissociation of Cl2(B) – Ne2 , where the
v821 distributions are colder than thev822 ones.34 The
higher excitation of the presentv821 distributions cannot be
attributed to the kinetic energy available for rotation since,
on the one side, this energy is smaller for thev821 channel
than for thev822 one, and on the other side, the distribu-
tions appear to be very independent on the kinetic energy
available. The differentv821 andv822 rotational distribu-
tions would indicate that different dissociation mechanisms
occur in the two vibrational channels. Again, a mechanism of
energy redistribution in thev821 case, channeling part of
the first Cl2 quantum of vibrational energy to the rotational
modes, is consistent with the higher rotational excitation of
the v821 distributions.

IV. CONCLUSIONS

The Cl2(B,v8) – He2 vibrational predissociation dynam-
ics is investigated by applying a full-dimensional, fully
coupled wave packet method~assumingJ50). The dynam-
ics is simulated for resonance states of the complex corre-
sponding to four initial vibrational excitationsv8510– 13,
and the results are compared with available experimental
data. Good agreement is found for the resonance lifetimes
~reproduced typically within experimental error! and the Cl2
fragment rotational distributions. The results show that dis-

sociation is dominantly sequential~one He atom dissociates
first, then the other one! through theDv8522 channel.
However, the calculated probabilities for theDv8521 dis-
sociation channel are found to be overestimated, due to an
artifact introduced by the absorption of the wave packet and
finite grid limitations. A mechanism of energy redistribution
through the couplings between the vdW modes of the two
weak bonds is suggested to occur in the dissociation via the
Dv8521 channel. Such a mechanism is consistent with the
resonance lifetimes obtained, and with the Cl2(B,v f5v8
21) rotational distributions predicted, which are remarkably
more excited than the Cl2(B,v f5v822) distributions.

The agreement found with experimental data indicates
that the potential surface used to model Cl2(B) – He2 is reli-
able enough, at least in the present range of Cl2 vibrational
excitations. This potential is based on a recently reported
potential surface for the triatomic Cl2(B) – He complex, and
the present results provide an additional test for that surface.
In addition to the quality of the potential used, the quantum
dynamical method applied allows one to carry out a realistic
simulation of the Cl2(B) – He2 predissociation dynamics.

ACKNOWLEDGMENTS

The author wishes to thank Professor K. C. Janda for
making available the experimental Cl2 rotational distribu-
tions. This work was supported by C.I.C.Y.T.~Ministerio de
Ciencia y Tegnologı´a!, Spain, Grant No. BFM-2001-2179,
and by the European network TMR Grant No. HPRN-CT-

FIG. 5. Same as Fig. 4 but for the cal-
culated rotational distributions after
predissociation through thev f5v8
21 vibrational channel.

014312-9 Vibrational predissociation of Cl2 –He2 J. Chem. Phys. 122, 014312 (2005)

Downloaded 04 Mar 2010 to 161.111.180.191. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



1999-00005. The Centro de Supercomputacio´n de Galicia
~CESGA! is acknowledged for allocation of computer time.

1J. I. Cline, D. D. Evard, F. Thommen, and K. C. Janda, J. Chem. Phys.84,
1165 ~1985!; J. Williams, A. Rohrbacher, and J. Seonget al., ibid. 111,
997 ~1999!.

2J. I. Cline, N. Sivakumar, D. D. Evard, C. R. Bieler, B. P. Reid, N. Hal-
berstadt, S. R. Hair, and K. C. Janda, J. Chem. Phys.90, 2605~1989!.

3D. D. Evard, C. R. Bieler, J. I. Cline, N. Sivakumar, and K. C. Janda, J.
Chem. Phys.89, 2829~1988!.

4L. J. van de Burgt, J.-P. Nicolai, and M. C. Heaven, J. Chem. Phys.81,
5514 ~1984!.

5D. G. Jahn, S. G. Clement, and K. C. Janda, J. Chem. Phys.101, 283
~1994!.

6A. Rohrbacher, T. Ruchti, K. C. Janda, A. A. Buchachenko, M. I. Herna´n-
dez, T. Gonza´lez-Lezana, P. Villarreal, and G. Delgado-Barrio, J. Chem.
Phys.110, 256 ~1999!.

7N. Sivakumar, J. I. Cline, C. R. Bieler, and K. C. Janda, Chem. Phys. Lett.
147, 561 ~1988!.

8M. Nejad-Sattari and T. A. Stephenson, J. Chem. Phys.106, 5454~1997!.
9W. Sharfin, K. E. Johnson, L. Warton, and D. H. Levy, J. Chem. Phys.71,
1292 ~1979!.

10J. E. Kenny, K. E. Johnson, W. Sharfin, and D. H. Levy, J. Chem. Phys.
72, 1109~1980!.

11M. Gutmann, D. M. Willberg, and A. H. Zewail, J. Chem. Phys.97, 8037
~1992!.

12D. M. Willberg, M. Gutmann, J. J. Breen, and A. H. Zewail, J. Chem.
Phys.96, 198 ~1992!.

13A. Burroughs and M. C. Heaven, J. Chem. Phys.114, 7027~2001!.
14A. Burroughs, G. Kerenskaya, and M. C. Heaven, J. Chem. Phys.115, 784

~2001!.
15J. M. Skene and M. I. Lester, Chem. Phys. Lett.116, 93 ~1985!.
16J. C. Drobits and M. I. Lester, J. Chem. Phys.89, 4716~1988!.
17R. L. Waterland, M. I. Lester, and N. Halberstadt, J. Chem. Phys.92, 4261

~1990!.
18S. K. Gray and C. E. Wozny, J. Chem. Phys.91, 7671 ~1989!; 94, 2817

~1991!.
19O. Roncero, P. Villarreal, G. Delgado-Barrio, N. Halberstadt, and K. C.

Janda, J. Chem. Phys.99, 1035~1993!.
20T. González-Lezana, M. I. Herna´ndez, G. Delgado-Barrio, A. A. Buch-

achenko, and P. Villarreal, J. Chem. Phys.105, 7454~1996!.

21A. Garcı́a-Vela, J. Phys. Chem. A106, 6857~2002!.
22A. Garcı́a-Vela, J. Chem. Phys.119, 5583~2003!.
23B. A. Swartz, D. E. Brinza, C. M. Western, and K. C. Janda, J. Phys.

Chem.88, 6272~1984!.
24J. C. Drobits and M. I. Lester, J. Chem. Phys.86, 1662~1987!.
25S. R. Hair, J. I. Cline, C. R. Bieler, and K. C. Janda, J. Chem. Phys.90,

2935 ~1989!.
26W. D. Sands, C. R. Bieler, and K. C. Janda, J. Chem. Phys.95, 729~1991!.
27M. Gutmann, D. M. Willberg, and A. H. Zewail, J. Chem. Phys.97, 8048

~1992!.
28A. Garcı́a-Vela, P. Villarreal, and G. Delgado-Barrio, J. Chem. Phys.92,

6504 ~1990!.
29A. Garcı́a-Vela, P. Villarreal, and G. Delgado-Barrio, J. Chem. Phys.94,

7868 ~1991!.
30A. Garcı́a-Vela, J. Rubayo-Soneira, G. Delgado-Barrio, and P. Villarreal, J.

Chem. Phys.104, 8405~1996!.
31Z. Li, A. Borrmann, and C. C. Martens, J. Chem. Phys.97, 7234~1992!.
32M. I. Hernández, A. Garcı´a-Vela, C. Garcı´a-Rizo, N. Halberstadt, P. Vil-

larreal, and G. Delgado-Barrio, J. Chem. Phys.108, 1989~1998!.
33S. F. Alberti, N. Halberstadt, J. A. Beswick, A. Bastida, J. Zu´ñiga, and A.
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