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As part of this special issue in honor of Gerardo Delgado Barrio, we have reviewed the interplay between
experimental and theoretical work on halogen and interhalogen diatomic molecule bonded to one or
more noble gas atoms and also ionic clusters consisting of noble gas atoms. Although the Madrid group
has worked on many theoretical issues, they have made particularly important contributions to these two
topics. Delgado Barrio has often chosen topics for study for which close interactions between theorists
and experimentalists are especially useful. During the historical span of the group, we have progressed
from approximate models whose goal was to capture the essence of a process even if the details were
impossible to reproduce, to an era in which theory is an equal partner with experiment, and, in fact, often
provides a detailed understanding beyond that obtained from a careful analysis of state-of-the-art data.
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1. Introduction

Atomic and molecular clusters are ideal model systems to study
the evolution of characteristic properties from single molecules to
the condensed phase. The hope is to find an explanation of macro-
scopic effects on a molecular scale, which is difficult to access in
the condensed phase but can in principle be readily accessed by
studying them as a function of cluster size. Fig. 1 illustrates an
example of the goals of this type of research. The picture shows
three bottles of molecular iodine, each containing a different sol-
vent. The color of the iodine is very sensitive to the solvent prop-
erties. The shifts in the valence electronic spectrum of iodine are
so substantial that the color changes are dramatic. One goal of this
research field is to understand these color changes based on the
details of the interaction between the iodine and the solvent
molecules.

Intramolecular energy flow in molecular systems is one of the
most basic processes in chemical dynamics. It determines for in-
stance, the unimolecular reaction rates, intramolecular relaxation,
and energy disposal in fragmentation. Van der Waals (vdW) clus-
ters with one molecule (the chromophore) weakly bound to one
or several rare-gas atoms are ideal prototypes for the study of
these energy transfer processes. Since the molecule retains most
of its individual properties, one can, under suitable conditions, ex-
cite the system with the excess energy localized in electronic,
vibrational and/or rotational degrees of freedom of the chromo-
ll rights reserved.

swick).
phore and follow the energy disposal and redistribution in the
cluster.

The study of energy acquisition and disposal in these systems is
important for at least two reasons. On the one hand, it allows us to
understand in detail very basic chemical processes such as bond
breaking and energy relaxation. On the other hand, these systems
are simple enough that they provide benchmarks for dynamicists
to check the validity of their theoretical approaches, and for ab ini-
tionists to develop accurate techniques to determine from first
principles the properties of intermolecular interactions. These in
turn are important for applications to more complex systems such
as larger clusters, molecules embedded in clathrates or rare gas
matrices, and molecules in solution.

Ionic noble gas clusters are another type of system which are
ideal for the study of fragmentation processes. Vertical ionization
of a neutral van der Waals cluster usually gives the system suffi-
cient vibrational energy to eject one or several noble gas atoms.
The study of fragment mass distribution as a function of the cluster
size provides crucial information on the dynamics of the fragmen-
tation process. This is very important for the interpretation of mass
spectrometry measurements, in which the ion mass distribution
can be quite different from the initial neutral cluster one. In addi-
tion, the pathways of energy disposal in these systems: evapora-
tion, fission, atom ejection, can be the initial steps for energy
relaxation in condensed phase.

In this paper we review the work on van der Waals molecules
formed with a halogen or interhalogen diatom (XY) bound to one
or several noble gas atoms (Ng), and the work on the ionic clusters
prepared by ionization of pure or mixed noble gas neutral clusters.

http://dx.doi.org/10.1016/j.chemphys.2011.05.026
mailto:beswick@irsamc.ups-tlse.fr
http://dx.doi.org/10.1016/j.chemphys.2011.05.026
http://www.sciencedirect.com/science/journal/03010104
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Fig. 1. Iodine in cyclohexane, dichloromethane and water. Why are the colors so
different? Could you guess which is which?
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It is in this area where the Madrid group headed by Delgado-Barrio
contributed actively over many years with theoretical work in
close relationship with experiments. The paper is organized as fol-
lows. In Section 2 we discuss the work done on noble gas-halogen
van der Waals dimers. In Section 3 the work on larger noble gas-
halogen clusters are reviewed. Finally, Section 4 deals with the
structure and dynamics of the noble gas ionic clusters.

2. Noble gas-halogen van der Waals dimers

It is now well known that for halogen molecules in the ground
electronic state, noble gas atoms can stick on either end or in a T-
shaped configuration perpendicular to the halogen bond (see for in-
stance Ref. [1]). For the linear isomers, the van der Waals attraction
is enhanced because the noble gas atom can approach the halogen
atom somewhat closer due to the unoccupied r⁄ orbital. The T-
shaped isomer is favored by the interaction of the noble gas atom
with two halogen atoms. These effects are remarkably well bal-
anced, and often the two isomers have the same binding energy
within experimental error. It is also somewhat remarkable for
the He containing species that wide amplitude bending vibrations
do not lead to interchange between the two isomers.

At the time of the above cited review [1] on noble gas-halogen
dimers most of the T-shaped isomer structures had been measured,
but there was still relatively little information available on the lin-
ear isomers. The linear isomers were actually the first to be discov-
ered [2,3], but their existence was somewhat surprising from the
very beginning. If they were true van der Waals molecules, one
would expect the T-shaped geometry for which maximal contact
can be obtained. When Levy and colleagues first obtained dynam-
ics data for the noble gas-iodine species [4], the early theoretical
treatments [5] assumed that the structures were linear. However,
it soon became evident that these and the electronic spectra for
these and other dimers incorporating homonuclear halogens corre-
sponded to the T-shaped isomers [6]. There is little indication in
the literature before 1993 that both linear and T-shaped isomers
might exist for any other species.

The possible co-existence of both linear and T-shaped isomers
was finally evident upon intense study of Ar� � �I2. Levy’s early work
clearly indicated that Ar� � �I2 has a relatively long-lived, most likely
T-shaped isomer [7]. However, Herschbach [8], and especially Val-
entini [9], showed conclusively that there was also short-lived
Ar� � �I2 species for which the iodine constituent can be excited
above its dissociation limit and yet survive. This was dubbed the
one atom cage effect. In a careful study of absolute absorptivity,
Klemperer [10] showed that the cage effect arose from a continu-
ous spectrum superimposed on the discrete T-shaped features ob-
served by Levy’s group. It became evident that this continuum is
due to the quickly dissociating linear isomer. About the same time,
ab initio theory became reliable enough that a complete surface
could be calculated and bound vibrational levels obtained for both
the linear and T-shaped isomers of Ar� � �Cl2 [11].
Over the past 8 years the group of Loomis has made an intensive
study for the co-existence of multiple Ng� � �X2 isomers [12]. They
first confirmed the existence of both isomers for He� � �ICl [13]. In
this case, the linear isomer also has discrete bands because the
vibrational energy transfer rate is limited by the small amplitude
motion of the heavy iodine atom. That the linear isomer is the
more stable was determined by studying the band intensities as
a function of distance from the nozzle [14]. This ingenious use of
supersonic cooling enabled the Loomis group to measure the rela-
tive binding energy for the two isomers of He� � �ICl [15], Ne� � �ICl
[16], He� � �Br2 [20], and He� � �I2 [21]. As may be expected, at least
in retrospect, for the ICl species the linear isomer is significantly
more stable than the T-shaped one. For the homonuclear halogens
the two isomers have very similar binding energies even though
the linear well is the deeper one. This is due to significantly higher
zero-point energy for the linear isomer.

With the development of ab initio electronic structure calcula-
tions, it became possible to reliably calculate the ground electronic
state surfaces for Ng� � �XY dimers. The group of Delgado-Barrio has
been especially active in this regard and has calculated state-of-
the-art potentials for Ng� � �I2 [22–24], Ng� � �Br2 [25–29], Ng� � �ICl,
[30,31], and Ng� � �ClF [32,33]. Obtaining ab initio surfaces for the
excited states is more complicated since the standard programs
do not incorporate the proper cylindrical symmetry of the halogen
moiety, nor do they treat the spin–orbit interaction in a transpar-
ent way. One approach to this difficulty is to average the two lim-
iting geometries with respect to the planar p orbitals [34]. The
Delgado-Barrio group has made significant contributions to this
problem [35,36,39].
2.1. Direct vibrational predissociation

In a triatomic complex formed with a diatomic molecule (XY)
and a noble gas atom (Ng), the vibrational frequency of the diatom
is much higher than the van der Waals mode frequencies, provid-
ing a clear separation between these two degrees of freedom. In a
time-dependent picture one can then define an initial excited state
of the complex in which the energy is localized in the vibration of
the diatomic molecule. Since this excess energy is usually much
larger than the van der Waals binding energy, energy redistribu-
tion within the complex will eventually break the van der Waals
bond. This is a clear example of a vibrational predissociation (VP)
process of the type

Ng � � �XYðvÞ ! Ngþ XYðv 0 < vÞ þ � ð1Þ

where v is the quantum number associated to the initial vibrational
level of XY, v0 its final vibrational level after fragmentation, and �,
the energy released into relative translational motion.

This field developed from the pioneering experimental work of
Levy and collaborators in Chicago [4,40,41,7]. With iodine as the
chromophore co-expanded with helium in a supersonic beam, they
were able to form the He� � �I2 complex at very low vibrational and
rotational temperatures. By laser excitation fluorescence tech-
niques in the region of the B X electronic transition they studied
the VP process for different vibrational levels of the B state. Life-
times and vibrational state distributions were determined for a
large number of vibrational states. This first experiments were fol-
lowed by an intense, both theoretical and experimental, activity on
many other complexes and larger clusters [1]. The most important
finding is that the fragmentation process is quite selective and that
the simplest statistical theories of unimolecular reaction rate are
not adequate to describe these systems. In fact, the application of
Rice–Ramsberger–Kassel–Marcus (RRKM) theory to the very sim-
ple reaction (1) leads to about a l000-fold overestimate of the rate
[42].



Fig. 2. The Golden rule zero-order picture and the main factors giving the
vibrational predissociation rates. The discrete /‘(R) wave function is a bound state
of the van der Waals potential V0 + Ev channel. The continuum wavefunction /�(R) is
a dissociative state with final kinetic energy � of the van der Waals potential
V0 þ Ev 0 channel. The coupling operator is given by V 00ðRÞ, the derivative with
respect to r of the van der Waals interaction. Finally I(R) is the integral of the
product /‘V

0
0/� from 0 to R. For large R; I! h/‘jV 00j/�i.
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2.1.1. Analytical model for direct VP
Beswick and Jortner [5,43,44] provided an analytical calculation

of the vibrational predissociation of Ng� � �XY vdW complexes,
based on a simplistic model with the system constrained to be in
a collinear configuration Ng–X–Y and the interaction between
the rare gas atom and the X atom described by a Morse potential.
The vibrational predissociation rates were calculated using the
Golden rule approximation and first order expansion of the vdW
potential in terms of the XY vibrational mode. Furthermore, the
process was assumed to be due to a direct coupling between the
initial quasi-bound state and the final continua (direct vibrational
predissociation).

The Hamiltonian was written as

� �h2

2l
@2

@r2 �
�h2

2m
@2

@R2 þ UðrÞ þ VðRvdWÞ ð2Þ

where r = RXY is the vibrational coordinate and l the reduced mass
of the XY diatom and

R ¼ RvdW þ cr; c ¼ MY=ðMX þMYÞ ð3Þ

is the distance between Ng and the center of mass of XY. The re-
duced mass associated to R is m = MNg(MX + MY)/(MNg + MX + MY).
U(r) is the potential for the isolated diatomic and V(RvdW) is the
van der Waals interaction which was expanded as

VðRvdWÞ � VðR� crÞ ’ V0ðRÞ þ V 00ðRÞðr � r0Þ ð4Þ

where V0(R) = V(R � c r0) and V 00ðRÞ ¼ ð@V=@rÞr0
with r0 being the

equilibrium distance of XY.
Since the van der Waals interaction perturbs only slightly the

diatomic molecule, zero-order wavefunctions were written as
products of a function vv(r), solution of the free diatomic vibra-
tional Hamiltonian

HXY ¼ �
�h2

2l
@2

@r2 þ UðrÞ ð5Þ

with energy Ev and a solution of the van der Waals zero-order
Hamiltonian

Hð0ÞNg���XY ¼ �
�h2

2m
@2

@R2 þ V0ðRÞ ð6Þ

which has both discrete, /‘(R), and continuum, /�(R), wavefunctions
with energy ��‘ and �with respect to the Ng + XY dissociation limit,
respectively.

In the energy-resolved picture, the quasibound state

wv;‘ ¼ vvðrÞ/‘ðRÞ ð7Þ

can be considered as an isolated bound state coupled to a set of con-
tinua if its line width is small compared with the energy separation
between vibrational levels. The coupling of this state by H to the
continuum states

wv 0 ;� ¼ vv 0 ðrÞ/�ðRÞ ð8Þ

with v0 < v is responsible for vibrational predissociation, and the
partial rate (resonance half-width) of each final state v0 is given
by the Golden rule formula

Cv!v 0 ¼ p wv;‘ H � HXY � Hð0ÞNg���XY

� ����
���wv 0 ;�

D E���
���

2
ð9Þ

where from Eqs. (4)–(6), it follows that

H � HXY � Hð0ÞNg���XY ¼ V 00ðRÞðr � r0Þ ð10Þ

In Eq. (9) the energy of the continuum wavefunction has to be
taken equal to the one of the quasi-bound level. Hence,

� ¼ Ev � �‘ � Ev 0 ð11Þ
The total rate is given by Cv ¼
P

v 0Cv!v 0 and the lifetime is s(v) =
�h/2Cv. The probability of a given product vibrational level is then
Pv 0 ¼ Cv!v 0=Cv .

The introduction of H � HXY � Hð0ÞNg���XY from Eq. (10) into Eq. (9)
gives

Cv!v 0 ¼ pjhvv jðr � r0Þjvv 0 ij
2jh/‘jV 00j/�ij

2 ð12Þ

The jhvv jðr � r0Þjvv 0 ij
2 factor yields a strong propensity rule

Dv � v0 � v = �1. The last factor of Eq. (12) is an integral of a prod-
uct of three functions (see Fig. 2): (a) the ground van der Waals
state wave function, /‘(R), which varies smoothly with R; (b) V 00,
the derivative of the interaction potential with respect to r, which
varies strongly with R in the repulsive region, goes to zero at Re and
is slightly negative for large R; and (c) the continuum function
/�(R), which has a maximum near the classical turning point of
the repulsive wall of the v0 potential and oscillates at large R as a
de Broglie wave. Since the continuum function oscillates rapidly
in the region where the bound state wave function is significantly
different from zero, then the integral tends to cancel out. Indeed, it
was shown that the rate can be approximated by

Cv!v 0¼v�1 / ve�phðvÞ ð13Þ

with h(v) depending on the XY vibrational frequency x as

hðvÞ /
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�hx� �‘ � �hxvv

q
ð14Þ

This result neatly describes the non-linear dependence on v of the
vibrational predissociation rates.

2.1.2. Numerical calculations
Although the analytical model reviewed above qualitatively de-

scribes the main features of rates and final state vibrational distri-
butions for direct VP in systems such as He� � �I2, the collinear model
is not appropriate for many systems which have T-shaped or bent
equilibrium configurations. Moreover, the effects of rotations are
not included. Also the production of v0 < v � 1 channels are non-
negligible in many systems and even for a system such as He� � �I2

for initial states where the v � 1 channel is closed (v > 50) the
predissociation into the v � 2 channel is not direct but actually
proceeds via excited van der Waals bound states of the v � 1
channel, i.e., there is IVR (intramolecular vibrational redistribu-
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tion) prior to dissociation. Thus more elaborate calculations had to
be performed using realistic potentials, including all degrees of
freedom, and treating the dynamics beyond the Golden rule
approximation. Since analytical expressions are no longer available
for these more complex problems, it is necessary to resort to
numerical integration of the equations of motion. With that objec-
tive in mind, several groups conducted a series of quantum studies
of VP in halogen and interhalogen molecules bound to a rare gas
atom.

He� � �I2 dimers. The first of such calculations was conducted by
Delgado-Barrio and collaborators on He� � �I2 using a more realistic
T-shaped model potential [45]. The close-coupling equations for
nuclear motion were solved by scattering techniques and the
vibrational predissociation rates were related to the widths of
the resulting resonances. The superlinear theoretical dependence
of the vibrational predissociation rates on the excess vibrational
energy of the molecular I2 bond were in good agreement with
the experimental data of Levy and coworkers,

Cv ¼ 0:55510�4v2 þ 0:17410�4v3 ðcm�1Þ for 12 6 v 6 26:

ð15Þ

The relative contribution of intramolecular and of intermolecu-
lar terms to this superlinear dependence was elucidated, demon-
strating the effects of the anharmonicity of the molecular bond
on the intramolecular dynamics.

The effect of rotations on VP of He� � �I2 was then studied by Del-
gado-Barrio and Beswick [46,47], using a method closely related to
the rotational infinite order sudden approximation of scattering
theory. The He� � �I2 molecule, with its small rotational constant,
constitutes a suitable system for the application of this approxima-
tion. Final rotational distributions for the I2 fragment were ob-
tained. The distributions showed very little rotational excitation
and the fraction of the available energy going to rotational energy
of the I2 fragment was small compared with the energy going to
translational motion. It was therefore concluded that vibrational
predissociation in the He� � �I2 complex is essentially a pure half-
collision V-T process, i.e., a direct transfer from vibrational to
translational motion. Similar calculations on Ne� � �I2 [48,49],
reached essentially the same conclusions.

After these first studies, several more accurate and detailed
quantum close-coupling calculations of pure VP in He� � �I2 have
been conducted by the Madrid team [50–52] in combination with
the determination of new ab initio potential energy surfaces
[23,53,24,54,36]. In Ref. [24] for instance, three-dimensional
quantum mechanical calculations of He� � �I2(B) state were per-
formed using a potential energy surface accurately fitted to unre-
stricted open-shell coupled cluster ab initio data. A Lanczos
iterative method with an optimized complex absorbing potential
was used to determine energies and lifetimes of the vibrationally
predissociating He� � �I2(B, v 6 26) states. The calculated predisso-
ciating state energies agree with experimental results within
0.5 cm�1. This agreement is remarkable since there was no adjust-
ment of the PES. The lifetimes on the other hand, highly sensitive
to subtle details of the potential energy surfaces such as anisot-
ropy, are a factor of 1.5 larger than the available experimental
data.

Ng� � �Cl2 dimers. Although the optical transitions for Cl2 are
much weaker than those of I2, the lighter atoms allow for much
better state resolution using the pump–probe techniques intro-
duced by Lester and her group [55]. The first detailed experiments
on Cl2 complexes were conducted by the Janda group on Ne� � �Cl2.
This allowed for detailed comparisons between theory and exper-
iments. Using empirical potentials Halberstadt et al. [37] con-
ducted quantum close-coupling calculations on this system and
found good agreement for lifetimes as well as final state vibrational
and rotational distributions. Similar studies have been conducted
for He� � �Cl2 [38], with the same level of agreement.

Because it is the lightest noble gas-halogen species for which
optical spectra can be obtained, the He� � �Cl2 molecule has been
studied with better experimental resolution and theoretical preci-
sion than the other species [38]. For example, product rotational
state distributions for the Dv = �1, �2, and �3 dissociation chan-
nels of the He� � �Cl2 B state, for initial vibrational levels between
v = 6 and v = 23, were obtained. Several interesting phenomena
were observed. The Cl2 final rotational state distributions were dis-
tinctly bimodal, with one peak at j = 2 and a second peak at j = 8
and 10, and the rotational distributions are remarkably indepen-
dent of Dv, even though the total product kinetic energy varies
from 115 cm�1 for Dv = �1 to over 400 cm�1 for Dv = �3. The extra
energy release for Dv > 1 mostly goes into the translational degrees
of freedom of the products. These results were born out by the
close-coupling calculations [38] and the shape of the rotational dis-
tribution was interpreted as due to a combination of a rotational
rainbow effect and quantum interference.

Also, ab initio calculations of the potential energy surface for
noble gas interactions with Cl2 molecules are more reliable than
those for I2. Hence early ab initio calculations already gave results
that were of the same quality level as the atom–atom potentials
[57,34,58]. In addition, they showed the existence of a collinear
minimum that could not be present in the empirical potentials
used (see below).

In general, the data for Ne� � �Cl2 [56,59] are analogous to those for
He� � �Cl2. Although the rate of vibrational predissociation changes
rapidly with initial vibrational level, s = 258 ± 42 ps for v = 9, and
s = 33 ± 2 ps for v = 13, the rotational distributions change relatively
little with v. Distinct bimodal structure is observed for the Dv = �1
predissociation channel from low initial vibrational levels
(6 < v < 11), but this is washed out both for higher vibrational levels
and for the Dv = �2 channel. The rotational distributions forDv = �1
and�2 relaxation are surprisingly similar, given that the product ki-
netic energy more than doubles for Dv = �2. The rotational distribu-
tions terminate abruptly at high j. This allowed for the bond energy
of Ne� � �Cl2 to be measured precisely and unambiguously. Also, exci-
tation spectra originating in the v = 1 level of the X state were ob-
served. These effects have also been studied theoretically by
quantum close-coupling calculations [60,61].

Ng� � �Br2. He� � �Br2 is another triatomic complex which has been
studied in detail both experimentally [17–20] and theoretically
[62–69,25,26,28,35,70]. For low to intermediate v, good agreement
with most of the data (spectral shifts, lifetimes, average structures,
average product energies) was achieved. The closing of the Dv = �1
channel at v = 44 and the binding energy at that vibrational chan-
nel were successfully reproduced, although calculated and experi-
mental blueshifts and linewidths were not in such good agreement
in the v > 38 range. For these high v excitations, fragmentation
cross sections exhibit complicated structures indicating strong
interactions among different quasibound states. In addition, inter-
esting threshold and intramolecular energy redistribution effects
were predicted. The closing of the Dv = �1 channel was found to
be a gradual process where different dynamical regimes can be
investigated in detail. It was shown that energy in the He� � �Br2(B,
v = 45) quasibound state may be internally redistributed exciting
van der Waals modes at the expense of the bromine excitation
(IVR mechanism, see below) prior to dissociation. Such mecha-
nisms were more deeply studied by means of the stabilization
method, which works with square-integrable wave functions and
is an appropriate approach to perform quasibound state analysis.
Stabilization total cross sections compare fairly well with close-
coupling ones, where the proper asymptotic behavior of the con-
tinuum wave functions is taken into account. By inspection of
the quasibound state wave functions, it was seen that energy is
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redistributed to several excited states belonging to the v � 1 man-
ifold. In addition, it was shown that such excited states also carry
oscillator strength in the transition from the ground electronic
state and thus interference effects in the excitation process are sig-
nificant. He� � �Br2 near the halogen dissociation limit is found to be
a rather strongly coupled system where the quasibound states in-
volved can only approximately be assigned to quantum numbers
corresponding to interhalogen and van der Waals vibrational
excitations.

Pump–probe spectra of He� � �Br2 in vibrational states v = 10 and
39 through 48 of the B electronic state were reported and the frag-
ment rotational distributions from vibrational predissociation of

the cluster were extracted from the measured E 0þg
� �

 Bð3P0uÞ
spectra of Br2 [67]. The experimental results were compared to
theoretical calculations on the B X spectra using atom–atom
model potentials and performing a thermal average over transi-
tions that contribute to the net excitation. Very good agreement
between experiment and theory is obtained, except in the region
of v = 44, where the Dv = �1 channel closes, and in the region of
v = 48 where the Dv = �2 channel closes. For v = 43, and v = 44,
the agreement is less satisfactory because the dynamics are extre-
mely sensitive to details of the potential energy surface due to
threshold effects associated with the Dv = �1 channel closing. Sim-
ilar sensitivity to the potential due to the Dv = �2 channel closing
impairs the agreement between experiment and theory for v = 48.
Below v = 43, the rotational distributions for Dv = �1 and Dv = �2
are quite similar. Above v = 43 the peaks of the rotational distribu-
tions for Dv = �2 move to higher values of j. These results are com-
patible with the theoretical conclusion that dissociation shifts from
a direct mechanism to one involving intramolecular vibrational
distribution in the region of the closing of the Dv = �2 channel.

The B X rovibronic excitation spectrum of the He� � �Br2 van
der Waals complex was subsequently calculated using ab initio po-
tential energy surfaces [28,35]. The coupled-cluster single double
triple calculations predict double-minimum topology (linear and
T-shaped wells) for the X-state potential with a low isomerization
barrier. The two lowest vibrational levels, assigned to T-shaped
and linear isomers using the localization patterns of the corre-
sponding wave functions, are almost degenerated and lie slightly
above the isomerization barrier. This indicated that T-shaped and
linear isomers can coexist even at low temperatures and give rise
to two separated bands in the excitation spectrum. The main band
of the B X excitation spectrum were thus assigned to transitions
from the T-shaped isomer, whereas the very good agreement be-
tween the observed and calculated spectrum, using the ab initio
X-state potential, demonstrates that the unassigned secondary
band corresponds to excitation of the linear isomer of the
He� � �Br2(X) complex. The complete assignment of the spectrum
in terms of individual rovibronic transitions was presented. In this
context, He� � �Br2 is the first example in which a rotational partially
resolved secondary band in the spectrum has been unambiguously
assigned to the linear isomer. Similar studies have been conducted
for Ne� � �Br2 [71,27,72,73].

Ng� � �ICl. Converged three-dimensional quantum mechanical
calculations for photofragmentation of the He� � �ICl and Ne� � �ICl
van der Waals molecule in the energy region of the electronically
excited B state of ICl were conducted and compared with experi-
ments [74,75]. Lifetimes and final state distributions for the ICl
fragments were determined for vibrational predissociation from
the lowest van der Waals level in the B(v = 2) state. Good agree-
ment between theory and experiment was achieved using a sum
of atom–atom pairwise potentials. In the case of Ne� � �ICl this po-
tential energy surface predicts the equilibrium geometry of the
complex to be bent at 140 degrees with the Ne atom towards the
Cl end of ICl. Analysis of the quasibound wave function reveals that
the highly inverted rotational distribution of the ICl fragments
observed in the experiment is not due to zero-point bending mo-
tion, but to a rotational rainbow effect enhanced by the favorable
initial geometry of the complex. The effect of the excitation of
the bending van der Waals mode in the complex has also been
studied. As compared with the lowest level, a longer lifetime and
a different rotational distribution of the fragments was predicted.

The time-dependent wave packet technique has also been ap-
plied to the Golden rule treatment of vibrational predissociation
in Ne� � �ICl [76]. The wave packet at time zero is taken as the prod-
uct of the quasibound wave function and the coupling inducing
predissociation. The rate for vibrational predissociation can then
be obtained by Fourier transform into the energy domain of the
time-dependent wave packet autocorrelation function. It was
shown that when the bound-state components of the wave packet
are projected out, the time-dependent version of the Golden rule
approximation provides an alternative efficient technique to treat
intramolecular decay.

2.2. Vibrational predissociation in the presence of IVR (intramolecular
vibrational redistribution)

Unlike the distributions for He� � �Cl2 and Ne� � �Cl2, those of
Ar� � �Cl2 are complicated and strongly dependent on the initial
vibrational and rotational levels [77]. For instance, excitation to
v = 11 of the B state results in Dv = �2 dissociation with enough ex-
cess energy to populate up to j = 28 of the products. Dissociation
yields a considerable excess of j = 4, 10, 12, 22, and 28, accounting
for over half the total product population. This behavior was attrib-
uted to intramolecular vibrational relaxation (IVR) involving an
intermediate doorway state, and close coupling calculations con-
firmed this conclusion [78–80] (see Fig. 3).

Time-independent and time-dependent quantum mechanical
calculations that describe the intramolecular vibrational relaxation
(IVR) of Ar� � �Cl2 were used to develop analytical models for this
process [81]. It was shown that time-resolved experiments should
reveal an oscillatory dissociation rate. These oscillations should be
different for different rotational levels, and may tend to wash out if
insufficient state selection is achieved in the initial excitation step.
This could explain why none were observed for Ar� � �I2. It was also
predicted that the observed product state rotational distribution
will change with the initially excited rotational state.

Several calculations were carried out to test the sensitivity of the
spectroscopy and dynamics of the B state of Ar� � �Cl2 to the steep-
ness of the Morse term, a, of an atom–atom potential. In both the
Dv = �1 and the Dv = �2 regimes the rate of vibrational predissoci-
ation and the product rotational distribution are extremely
sensitive to the value chosen for a, but not in a regular way. For
the Dv = �2 regime the variations can be attributed to spacings be-
tween resonances and the overlaps of the bright state wave func-
tions with nearby dark states as expected from the intramolecular
vibrational relaxation model. In the Dv = �1 regime, the variations
are shown to originate from resonances in the v � 1 continuum set
of states. Although this makes it difficult to determine the value for
a, a value of 1.8 Å�1 is probably close to the true value.

2.3. Competition between vibrational and electronic predissociation

For many van der Waals systems in the electronic excited
states, electronic predissociation can be induced by the presence
of the noble gas atom and thus it will be in competition with vibra-
tional predissociation.

2.3.1. The Ar� � �I2 case
The most extensively studied dimer in this context is Ar� � �I2.

The first search for a fluorescence excitation spectrum of Ar� � �I2



Fig. 3. The intramolecular vibrational redistribution (IVR) for the case Dv = �2. The
initial quasibound level with no van der Waals excitation and v quanta in the
halogen diatom, is initially formed by photon excitation. This level couples to one or
more van der Waals bound states of the v � 1 channel, which in turns couples to the
continua of the v � 2 channel.

Fig. 4. The difference between excitation of a linear and a T-shaped noble gas-
halogen dimer. The potential wells in the ground X and in the excited B states are
very similar for the T-shaped configuration, so very little van der Waals excitation
results. In contrast, there is no low energy van der Waals vibrational levels in the
electronic excited state that have good Franck–Condon factors to the linear ground
state.
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was unsuccessful [4], and it was concluded that the spectrum was
diffuse. However, 2 years later Kubiak et al. [40] found structured
spectra for vibrational levels higher than v = 11. The intensity of
the spectra oscillates with v because of a competition between
vibrational and electronic predissociation. Roncero et al. [82] ob-
tained the correct value for the electronic predissociation rate by
assuming that the Ar couples the I2 B state to the a 3P1g state via
a coupling potential that depends exponentially on the Ar-I2 sepa-
ration. The magnitude of the coupling between the two electronic
states was found to be 14 cm�1 at the equilibrium internuclear dis-
tance. Following these first calculations, Bastida et al. [83] have
used a mixed quantum classical method to simulate the competi-
tion between electronic and vibrational predissociation. They
concluded that this competition causes the dissociation rate law
to differ from simple first-order kinetics.

More recently [84,85], quantum dynamical calculations on the
photodissociation process: Ar� � �I2(X) ? Ar + I + I have been
performed using diatomics-in-molecule semiempirical potential
energy surfaces in the spectral region of the I2(B, v = 15 � 25) 
I2(X, v = 0) transition. The B state responsible for vibrational predis-
sociation producing Ar + I2(B) products is coupled to four dissocia-
tive states inducing electronic predissociation and producing
Ar + I(2P3/2) + I(2P3/2) products. These dissociative states correspond
to the a (1g), a0(0g+), B00(1u), 1(2g) electronic states of I2. Both linear
and perpendicular initial Ar� � �I2(X) isomers were considered. For
the linear isomer, only the a0 state has non-negligible effect on pho-
todissociation dynamics: although total photon absorption cross
sections are not significantly modified when coupling to a0 is taken
into account, partial cross sections corresponding to vibrational
predissociation are smaller (see Fig. 4). For the perpendicular iso-
mer, resonance decay rates are increased, mainly by the coupling
to a0(0g+), 1(2g), and a(1g) states. Decay rates oscillate as a function
of the vibrational excitation of I2(B) but the main source of oscilla-
tion is the intramolecular vibrational energy redistribution which
occurs in vibrational predissociation, rather than Franck Condon
oscillations in electronic predissociation.

2.3.2. Ng� � �Cl2 dimers
For the He, Ne, and Ar� � �Cl2 species in the B state, there is con-

siderable evidence that electronic coupling takes place but no data
regarding the electronic states that participate. The VP product
states simply disappear for certain levels. For instance, for He� � �
Cl2, vibrational predissociation can be observed for levels up to
v = 23 of the B electronic state [38]. Above this level, no signal from
Cl2(v0 < v) is observed. A similar phenomenon occurs at v = 18 for
Ne� � �Cl2 [59] and at v = 13 for Ar� � �Cl2 [77]. The Ar� � �Cl2 results,
but not that of He� � �Cl2 or Ne� � �Cl2, can be attributed to a simple
threshold effect. Although the thresholds for He� � �Cl2 and Ne� � �Cl2

occur about at the vibrational level for which Dv = �1 vibrational
relaxation channel closes, vibrational predissociation should still
be quite fast. For Kr� � �Cl2 and Xe� � �Cl2, electronic relaxation is
probably faster than vibrational relaxation for all vibrational levels
[86]. This is not surprising because each of these species would be
expected to have strong chemical interactions in their excited elec-
tronic states. Luckily, vibrational relaxation is fast enough to com-
pete with electronic relaxation for a few levels. This provides
enough data to show that the T-shaped isomer is present in the
supersonic expansion for both species, and product rotational dis-
tributions are observed that clearly determine the bond strengths
for both molecules. Given that electronically excited Cl2 might
have been expected to undergo chemical reactions with either Kr
or Xe [87], it is a little surprising that both exist as van der Waals
species in the electronically excited states. Although there have
been some preliminary studies of the excited-state surfaces for
Xe� � �Cl2 [88], this is still a wide-open problem.

Bieler et al. [89] reported more detail for the disappearance of
Ne� � �Cl2 vibrational predissociation product signal with increasing
v and a detailed calculation of IVR and electronic predissociation
(EP) dynamics for Ne� � �Cl2 and Ar� � �Cl2 using the best available
potentials and calculated couplings between the valence electronic
excited state surfaces. As in the case of Ar� � �I2 discussed above, the
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lack of agreement between theory and experiment is disappoint-
ing. The calculated EP rates are too slow to agree with the Ar� � �Cl2

data and the EP process is too fast for lower vibrational levels of
Ne� � �Cl2. It would be extremely useful if the EP process could be
measured directly for Ne� � �Cl2, Ar� � �Cl2 and Ar� � �I2 rather than just
inferred from disappearance of VP products.

Recently, there has finally been an example for which experi-
ment and theory agree remarkably well regarding the competition
between vibrational and electronic predissociation. Taylor et al.
[90] found that the lifetime dependence on the vibrational level v
for He� � �Br2 and Ne� � �Br2 deviates substantially from that expected
from the energy gap law of Eq. (13). That the deviations were for
the same vibrational levels for the two molecules supported the
conclusion that electronic predissociation was the origin for the
deviation. A Franck–Condon analysis suggested that the coupling
was between the initially populated B state and one of the 3Pg

states. This conclusion was supported by a wave packet calculation
performed by Sanz-Sanz et al. [91]. The couplings in this case were
estimated and empirically adjusted to obtain quantitative agree-
ment with the experimental data. Later in this issue [92], Hernán-
dez Lamoneda reports on a more extensive calculation for which
the valence excited electronic state couplings were calculated
using ab initio techniques comparable to the previously failed
study of Ne� � �Cl2. The major difference between the two cases is
that for Ne� � �Cl2 the vibrational dynamics is in the IVR regime
while for Ne� � �Br2 the vibrational dynamics is in the direct vibra-
tional predissociation regime. The success in the case of Ne� � �Br2

suggests that the calculated electronic couplings are quite accurate
and the main difficulty in previous studies is the quantitative cal-
culation of IVR rates.

2.4. Photoexcitation dynamics of the linear isomers

As mentioned above, the intensive experimental study of the
linear Ng� � �XY isomers started with the work of Burke and Klem-
perer [10]. Very fast, direct dissociation dynamics was inferred
from the fact that the spectra were continuous. Darr and Loomis
[93] showed that the dissociation dynamics of the He� � �ICl linear
isomer results in significant vibrational cooling, but little rotational
excitation, inferring a direct linear dissociation trajectory. They
were also able to obtain resolved excitation spectra that break
the continuum into components yielding individual product vibra-
tional levels [94], and later [95] were able to resolve the product
translational motion via ion imaging which further confirmed the
direct, repulsive dissociation mechanism.

Quantum dynamical calculations on Ar� � �I2 photodissociation
have been performed using ab initio and semi-empirical potential
energy surfaces, which support both linear and T-shaped isomers
in the ground electronic state [96]. Whereas the photon absorption
spectra for the T-shaped isomer consist of narrow and intense
bands, those for the linear isomer result from the superposition
of a continuous background and peaks due to linear quasi-bound
states. Vibrational distributions for the linear isomer are broader
than those originating from the T-shaped one. Rotational distribu-
tions for the linear isomer are smooth and characteristic of a fast
dissociation dynamics, whereas those for the T-shaped isomer
are highly oscillatory.

Pio et al. [97] were able to record the product vibrational state
resolved excitation spectra for the linear isomers of the series He,
Ne, and Ar� � �Br2. The excitation spectra that resulted in the forma-
tion of specific product vibrational levels revealed distinct thresh-
olds for He� � �Br2 and Ne� � �Br2, in each case yielding a bond energy
for the linear isomer that is equal to that of the T-shaped isomer
within experimental error. Interestingly the spectra for He� � �Br2

peak right at the threshold energy for producing the detected prod-
uct state, and gradually diminish in intensity over a range of
500 cm�1. Those for Ne� � �Br2 have a distinct threshold, but peak
300 cm�1 to the blue and gradually diminish in intensity over an-
other range of 500 cm�1. For Ar� � �Br2 the thresholds are hidden by
background signals from He� � �Br2, and the spectra extend over a
range of 1500 cm�1 without significantly diminishing in intensity.
These spectra were qualitatively modeled using a 2-D quantum
model for the coupling between the Br–Br and the Ng–Br stretch-
ing modes [97]. The conclusion from this work is that rather than
consider vibrational cooling of the Br–Br stretch upon dissociation
of the linear isomer, it might be more accurate to label it as direct
excitation into the product continuum. Of course, this difference is
somewhat semantic, but it does imply a different zero-order model
for the dynamics. It would be interesting to learn whether accurate
potentials can be found for the linear configuration so that
dynamical calculations can achieve quantitative agreement with
experiment.
3. Larger noble-gas halogen van der Waals clusters

The larger noble gas-halogen clusters provide a promising
example of the transition from the small-cluster limit to model liq-
uids. Although the ideal experiment of measuring step-by-step
evaporation with both time and state resolution has yet to be per-
formed, progress toward the goal has been made. The early work of
the Levy group was mostly consistent with a single isomer for each
Ngn� � �I2 cluster. They paid particular attention to the Nen� � �I2 and
found what has become known as the constant blue shift rule that
they attribute to up to six Ne atoms forming a belt around the io-
dine waist [98]. Janda’s group confirmed that tetrahedral isomers,
consistent with the belt model with the two noble gas atoms in
contact, exist for Ne2� � �Cl2 [99], and Ar2� � �Cl2 [100]. For Hen� � �Cl2,
the structure is also roughly consistent with the belt model, but
in this case the He–He attraction is not strong enough to localize
the He atoms within the belt [101].

The first confirmation of multiple isomers for a single n > 1 spe-
cies was for Ar3� � �Cl2 [100]. Rotational contour analysis suggested
that one of the two isomers was due to a three-atom belt, as ex-
pected, while the other was due to the Cl2 moiety lying on top of
the Ar3 triangle. The group of Loomis built on their successful study
of multiple dimer isomers by extending their techniques to the lar-
ger clusters. In analogy with the dimer species, the belt isomers of
the larger clusters are expected to be relatively easily observable
with discrete bands due to long-lived excited electronic states.
By assuming that a constant band shift rule also applies to the lin-
ear configuration, Loomis et al. assigned a feature of the spectrum
of He2� � �Br2 to an isomer with one helium perpendicular to the Br–
Br band, and the other in the linear configuration [102]. They also
identified an isomer of He3� � �Br2 with two belt and one linear He
atoms, in addition to the expected 3-atom-belt isomer. Similar re-
sults were obtained for He2� � �ICl and He3� � �ICl [102].

That the two Ne atoms of Cl2� � �Ne2 are located perpendicular to
the halogen bond was determined by rotationally resolved spec-
troscopy [99]. Data are also available for larger clusters involving
Ne and Cl2 [87], Br2 [103], and ICl [55]. In contrast, no spectra have
been observed for Arn� � �I2 clusters with n > 2 [104]. It appears that
the second Ar atom increases the electronic predissociation rate
significantly above the vibrational predissociation rate. It is also
possible that the presence of linear bonded isomers yield continu-
ous, more difficult to detect spectra. This is probably due to the fact
that bonding of an Ar atom anywhere other than perpendicular to
the halogen bond broadens the spectra into a continuum. For
Hen� � �I2 clusters with n < 4, the main dissociation channel usually
involves one quantum of I2 vibrational energy transfer to dissociate
each helium atom [98]. Because this is far more energy than
necessary, it is clear that the helium atoms interact with the I2
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chromophore independently. For clusters containing Ne and Ar
atoms, energy disposal is more statistical. For instance, the Ne6� � �I2

cluster mainly dissociates via Dv = �8, less by Dv = �7, and not at
all by Dv = �6 [98]. In terms of vibrational dynamics, this cluster
may well be close to the statistical limit. Gutmann et al. [105] mon-
itored the appearance of the free I2 chromophore after excitation of
Nen� � �I2, n < 5, in real time. The rates increase with increasing vibra-
tional quanta, and for a given initial I2 vibrational level, the time to
dissociate all of the Ne atoms increases with the number of Ne
atoms.

In the last two decades, there have been many studies of chro-
mophore atoms and molecules embedded in large helium clusters
[106]. These studies hold the tantalizing possibility of bridging the
cluster-to-liquid gap for quantum liquids. He2� � �Cl2 is the only
cluster with more than one helium atom for which rotationally re-
solved excitation spectra and vibrational predissociation product-
state distributions have been obtained [107]. Unlike the spectra
of Ne2� � �Cl2, it initially proved difficult to fit the He2� � �Cl2 spectra
with a simple structural model. This was explained by two effects
[108]. Half the rotational levels are missing because of the Bose
statistics of the He atoms, and there is a low-lying excited He–He
vibrational level that makes important contributions to the ob-
served spectrum. Once these effects are taken into account, the
spectra can be precisely fitted, assuming additive He� � �Cl2 poten-
tials. Much could be learned regarding the overall dissociation
dynamics with vibrationally and time-resolved pump–probe
dynamics studies of this and larger clusters.

Recently, Pio et al. [109] were able to directly measure the time
dependence of the initially excited Ne2� � �Br2 B state, Br2 stretching
level 16 6 v 6 23; the appearance and disappearance of the
Ne� � �Br2 intermediate products that had lost one or more quanta
of bromine stretching vibrational energy to dissociate the first Ne
atom; and the appearance of the final Br2 product after the second
Ne atom had been dissociated. For the lowest vibrational levels
studied, dissociation occurred mainly via two sequential Dv = �1
steps. For higher vibrational levels, the dynamics shifted into the
IVR mode and Dv values as large as �5 contributed significant
probability to the product vibrational distribution. For initial
v = 21, both Ne� � �Br2 Dv = �1 and Dv = �2 decays were observed
to produce intermediates. The resulting intermediates had signifi-
cantly different kinetics, with the decay rate of the v = 20 transient
being nearly twice that of the v = 19 transient. Br2 v0 = 19 and 18
final product states were formed in almost equal amounts, but
the Dv = �2 product formation rate is faster than the Dv = �3 rate.
This level of detail regarding the rates for individual steps of a
multistep process provides a fresh challenge to the theorists.

As the number of noble gas atoms attached to a halogen chro-
mophore increases, the difficulty of obtaining an exact theoretical
analysis increases even faster. Ne2� � �Cl2, for instance, has six inter-
nal degrees of freedom. Although a fully quantum calculation for
such a molecule may now be possible using efficient wave-packet
methods, it has been achieved only once, on Ne2� � �I2 using the mul-
tichannel time-dependent Hartree (MCTDH) methodology by Me-
ier and Manthe [110]. Instead, recent efforts have focused on two
approaches: reduced dimensionality and mixed quantum–classical
analysis. Although the reduced dimensionality approach is insight-
ful for small clusters [111–114], it leaves out those features of the
bath that are the object of most long-term goals for cluster studies.
For this reason, we concentrate here on the mixed quantum–
classical approach. Considerable effort has been invested in
quasi-classical analysis of noble gashalogen dynamics. The classi-
cal equations of motion are numerically solved with the initial
conditions selected at random taking into account quantal distri-
butions. To check this approximation, the first quasiclassical calcu-
lations have been conducted in He� � �I2 by Delgado-Barrio et al.
[115,116]. The final rotational distribution for the I2 fragment
and the total rate for vibrational predissociation as functions of
vibrational excitation were determined. Similar studies by the
same group have been done for Ne� � �I2 [117,118] and Ne� � �Br2

[119]. The results demonstrated that when quantum interference
effects are unimportant, the quasiclassical techniques give very
good results.

García-Vela et al. [120] have focused on the clusters, such as
Nen� � �I2, that can be compared with experiments. Although they
observed that IVR increases with cluster size and other essential
features of the dynamics, they concluded that the classical ap-
proach is limited by its inadequate treatment of zero-point energy
effects. These are just the systems, however, for which the transfer
of quanta from the halogen bond should be most sequential, en-
abling a mixed quantum–classical approach. Hernández et al.
[121] proposed a combined quantum–classical approach for
He2� � � Cl2 in which the first dissociation was assumed to be classi-
cal, and the results of the trajectory calculations were used to set
up initial conditions for a quantum treatment for the ejection of
the second He atom. Good agreement with the data was obtained.

Subsequently, similar calculations have been done by the Del-
gado-Barrio’s group for Ngn� � �I2 [122,123,120,124,113,125,126];
He� � � I2� � �Ne [127,111,128]; Ngn� � �Cl2 [121,129–131]; Ngn� � �Br2

[132–134,70]; Ngn� � �ICl [135–137].
An alternative approach is to treat the high-frequency halogen

vibration as quantum while treating the noble gas atom coordi-
nates as classical. There are two families of this approach, which
vary by how the quantum and classical degrees of freedom are con-
nected. In the mean-field approach, the classical degrees of free-
dom evolve on an average surface obtained from the expectation
value of the potential energy operator over the wave packet
describing the time evolution of the diatomic vibration. This is
not appropriate for noble gas-halogen molecules because the
resulting mean field potential does not mimic the true potential
for the dynamics. The other approach is based on trajectory sur-
face-hopping techniques, in which the classical degrees of freedom
evolve on a potential surface corresponding to the diatomic being
in one given vibrational level at each time t, with the possibility of
transitions, hops, from one vibration to another. However, tech-
niques based on surface crossing, developed for electronic transi-
tions, are not well suited to vibrational predissociation. Instead,
the molecular dynamics with quantum transitions (MDQT) method
of Tully [138–140] has been successfully applied to several noble
gas-halogen clusters. In this treatment, transitions between the
different vibrational levels are governed by the time evolution of
the wave packet describing the diatomic vibration. This is well sui-
ted for vibrational predissociation because the surfaces corre-
sponding to different vibrational levels of the halogen are almost
parallel.

For Nen� � �I2, n < 6, results based on the MDQT method nicely
reproduced the final vibrational-state distribution data and the
time-resolved data for the appearance of product states [141,142].
Similar good agreement between experiment and theory for the
overall rate of relaxation and the final vibrational/rotational prod-
uct-state distributions was obtained for Nen� � �Cl2 [143]. The theory
allows for a more detailed analysis of the individual steps in the
dynamics than are apparent from the data. Bastida et al. [143] pro-
posed a kinetic mechanism, that involves three types of individual
steps. The first two types of steps, vibrational predissociation (VP)
and intramolecular vibrational redistribution (IVR), are directly
analogous to the direct VP and IVR described above for the case of
simple dimers. The third step, evaporative cooling (EC), occurs when
energy stored in the van der Waals degrees of freedom by IVR steps
evaporates a noble gas atom without any direct connection to the ac-
tual relaxation of the halogen. The kinetic analysis of the theoretical
results showed that the probability of direct vibrational predissoci-
ation drops rapidly with increasing vibrational excitation and with



Fig. 5. Angular density distributions for the He atoms surrounding the Br2(X)
molecule for different cluster sizes. (Soruce: adapted from [70])
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increasing numbers of Ne atoms. For instance, when Ne2� � �Cl2 is ex-
cited to v = 8 of the Cl2(B) state, the ratio of direct VP to IVR followed
by evaporative cooling is 0.7. For v = 13, the ratio drops to 0.05. For
Ne3� � �Cl2, v = 8, the ratio is 0.4, and direct VP disappears completely
for v = 13. The ability to analyze data with this degree of detail is
exciting for the goal of applying small-cluster insight to the overall
dynamics of large clusters and, eventually, liquids. Because the
MDQT technique allows the classical degrees of freedom to follow
different dynamics for different vibrational channels, this allows
the intermediate Dv steps to be identified. It will be especially inter-
esting if these predictions can be compared with experimental data.

From the electronic structure point of view, studies of larger
species are more complex and the difficulty in the evaluation of
the PES increases with their size. Four-body systems such as
He2� � �Br2(X) are now amenable for performing ab initio calcula-
tions with a satisfactory degree of accuracy, which then permit
the testing of various models of additivity in order to describe
the PES of larger HeN� � �Br2(X) clusters. Recently, ab initio calcula-
tions at the fourth-order Møller–Plesset (MP4) and coupled-cluster
[CCSD(T)] levels of theory have been performed [144] for the above
mentioned tetratomic system. The surface is characterized by three
minima and the minimum energy pathways through them. The
global minimum corresponds to a linear He–Br2–He configuration,
and the two other ones to police-nightstick (one He atom in the lin-
ear configuration, and the other in the T-shaped one with respect
to the bromine) and tetrahedral (with the two He atoms along a
plane perpendicular to the bromine bond) structures. Analytical
representations based on a sum of pairwise atom–atom interac-
tions and a sum of three-body He–Br2 CCSD(T) potentials [12]
and He–He interaction [26,29] were checked in comparison with
the tetratomic ab initio results. The sum of the three-body interac-
tions form was found to be able to accurately represent the
MP4(SDTQ)/CCSD(T) data. In order to extract information on non-
additive interactions in He2� � �Br2, equilibrium structures based
on the ab initio calculations were examined [144]. By partitioning
the interaction energy into components, it was found a similar nat-
ure of binding in triatomic and tetratomic complexes of such type,
and thus information on intermolecular interactions available for
triatomic species might serve to study larger systems. For the first
time an analytical expression in accord with high level ab initio
studies was proposed for describing the intermolecular interac-
tions for such two atoms rare gas-dihalogen complexes.

Variational bound state calculation was carried out for the
above surface and vdW energy levels and eigenfunctions for J = 0
were evaluated for He2� � �Br2. Radial and angular distributions were
calculated for the three lower vdW states and three different
structural models, which correspond to linear, police-nightstick,
and tetrahedral isomers, were determined. The binding energies
and the average structures for these species have been computed.
The resulting values are in excellent agreement with recent LIF
experimental data available.

In later work by the Delgado-Barrio group [145], the Hartree
approach was applied to get energies and density probability
distributions of Br2(X)� � �4HeN clusters. The lowest energies were
obtained for the value K = 0 of the projection of the orbital
angular momentum onto the molecular axis, and the symmetric
N-boson wavefunction, i.e., the Rg state in which all the He
atoms occupy the same orbital (in contrast to the case of fermi-
ons). It stressed that both energetics and helium distributions on
small clusters (N < 18) showed very good agreement with those
obtained in exact DMC computations [132]. The total energy
and energy per He atom changed continuously and monotoni-
cally with the cluster size, giving no indication for shell-closure
effects. The energy per atom, E(N)/N, increased rapidly as the
cluster size increased up to N ’ 15 and then it slowly tended
to the bulk value.
In Fig. 5, Helium angular density distributions around the Br2

molecule for different cluster sizes (N = 2 � 40) are displayed. Note
that for the smaller clusters the angular density distributions are
highly anisotropic peaking at p/2. This is a consequence of the
strong anisotropy in the helium–Br2 potential which favors the
T-shape arrangement. The He atoms populate primarily the well
associated with this arrangement up to about N = 6. For larger N,
the increasing He–He repulsion causes the density distribution to
flow from T-configuration well into the other potential regions.
Indications for formation of two side peaks at p/4 and 3p/4 are evi-
dent for N = 12, and these peaks are clearly present in the graphs
corresponding to N = 16 and 18. For N = 24, about 4% of the He den-
sity is found at peaks adjacent to h = 0 and p. For N P 30, the He
distributions are almost independent of the cluster size and mark-
edly more isotropic than those for N 6 6. This can be explained by
taking into account that the strongly anisotropic potential is felt
mainly by the He atoms that are close to the dopant molecule
whereas the spatial clustering of the He atoms more distant from
the impurity is driven primarily by the He–He interaction. This
quantum chemistry-type method has an advantage over density
functional theory-based techniques because it also furnishes
wave-functions, which can be used to perform computations of
spectra and therefore to make a better contact with the experi-
ment. Another advantage of this approach used is that unlike the
diffusion Monte Carlo method it can coherently be applied for
studies of fermion and mixed bosonic/fermionic doped clusters.
An example is the work on the Raman spectra of (He)N� � �Br2(X)
clusters [146,147].
4. Ionic clusters

4.1. Historical

Historically, the fragmentation of neutral rare gas clusters upon
ionization has played a crucial role in the interpretation of mass
spectrometry experiments. These clusters are generated from a
supersonic beam expansion in a broad distribution of sizes, then
ionized and detected in a mass spectrometer. It was initially taken
for granted that the size distribution obtained in the mass spec-
trometer reflected the neutral one. However, due to the difference
in bonding nature between the neutral and ionic clusters, ioniza-
tion leads to substantial internal energy excitation in the ion,
which in turn leads to fragmentation. This is illustrated in Fig. 6
on the case of Ne2, which is a typical weakly bound van der Waals
dimer, while the corresponding ion is more strongly bound with a
much smaller bond length and deeper well depth. Ionization being
much faster than nuclear motion, it occurs for fixed positions of the
nuclei (‘‘vertical’’ ionization). Hence from the equilibrium bond
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length of the neutral it accesses the outer part of the ionic well,
which provides a lot of internal energy.

These considerations were known for some time [148–150],
however, the direct proof required an experiment in which neutral
cluster size could be assigned prior to ionization. This was pro-
vided by Buck and Meyer [151,152] who exploited the different
kinematic behavior of different cluster sizes in a scattering exper-
iment. The cluster beam was scattered from a helium beam, and
separation was achieved by measuring angular and velocity distri-
butions after scattering. It was shown that fragmentation was
quite strong. For argon clusters up to the hexamer, the dominant
fragment channel was the dimer ion Arþ2 , and the first contribution
to the Arþ3 ion came from Ar5.

Despite these detailed and surprising experimental results, the-
oretical calculations remained sparse, due to the complexity of a
realistic simulation. Because ionization corresponds to an electron
abstraction from a p orbital, the molecular states of the ionic clus-
ters are linear combinations of 3n atomic orbitals for the electron
hole, all of which lie in the same energy region. Hence any realistic
simulation would have to take into account all these electronic
states and their couplings. The number of degrees of freedom
makes a complete quantum simulation unfeasible. On the other
hand, classical dynamics can only deal with one potential energy
surface at a time. Hence the first simulations were model calcula-
tions based on physical insight gained from experiments and on
what was known about dimers. For instance, Soler et al. [153]
and Sáenz et al. [154] have assumed the initial formation of a di-
mer ion and followed the subsequent energy relaxation of the sys-
tem using classical dynamics. They observed complete boiling off
of small argon and xenon clusters for n < 7. The same conclusion
was reached by Stampfli [155], who ran classical trajectories on a
more realistic diatomics in molecules (DIM) description of the
ground electronic state of the Neþn and Xeþn clusters. The first calcu-
lation taking into account the multi-surface aspect of the ion disso-
ciation dynamics was conducted by Kuntz and Hogreve [156] using
the classical path surface hopping trajectory method. This study
examined the fate of ionic clusters formed initially in the lowest
three of the six A0 symmetry states, and interpreted the results in
terms of charge migration and non-adiabatic transitions. The first
study in which all potential energy surfaces were involved used
mean-field dynamics and a DIM model for the electronic Hamilto-
nian [157]. The monomer and dimer fragment ion proportions
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from Ar3 and Ar4 ionization were in good agreement with experi-
ment. Other works using mean-field dynamics have appeared
more recently [158,159], although so far only including small size
clusters.

A systematic study of ionization-induced dissociation of neon,
argon, krypton and xenon clusters was undertaken by Bonhom-
meau et al. [160–163] for sizes up to n = 14. These simulations
used a variant of the molecular dynamics with quantum transi-
tions (MDQT) of Tully [138] to describe transitions between all
adiabatic potential energy surfaces involved. The electronic Ham-
iltonian was modeled by DIM with the addition of spin–orbit
coupling and induced dipole-induced dipole interactions. The
resulting fragmentation patterns are quite similar for all rare
gases. Dimers are the most abundant fragments in the size range
studied, with monomers as the second most important fragments
for the smaller neutral cluster sizes and trimers for the larger ones.
Fragmentation of the parent ions occurs in the picosecond time
range, which is very fast compared to the time of flight in the
detection region of a typical experiment. For the smaller cluster
sizes dynamics is completed within several tens of picoseconds.
For the larger cluster sizes, especially in the case of heavier rare
gases, an increasing proportion of longer-lived species is appear-
ing, in relation with the stabilization of larger fragments (trimers
or higher).

In the mean time, existing experimental results were extended
to larger sizes for Arn (up to n = 9) [164] and new experiments were
conducted on krypton (up to n = 7) [165] and xenon (up to n = 5)
clusters [163]. While the larger argon cluster sizes confirmed the
good agreement between simulations and experiments, there
was a surprise concerning krypton and xenon clusters. In both
cases the ionic monomer is the main fragment. In the case of kryp-
ton, the sum of monomer and dimer ionic fragment proportions as
a function of neutral cluster size is in very good agreement
[166,165], but the experimental monomer proportion is over 90%
up to n = 7 whereas the corresponding calculated value decreases
from 50% for n = 2 to about 10% for n = 7 and reaches 0 for n = 10.
The calculated dimer ion fragment proportion increases from 49%
for n = 2 to a maximum of 84% for n = 6 and then drops again to
63% for n = 9, whereas the experimental values oscillate around a
few %. This predominance of monomer ion fragments for the hea-
vier rare gases remains a puzzle, although several hypotheses have
been discussed [162].

Apart from the discriminating experiments cited above, in
which neutral clusters were size-selected prior to ionization and
therefore provided a direct comparison to simulations for the
fragmentation pattern from a given initial cluster, ionic clusters
have been produced in a wide range of conditions. For instance,
a model based on phase space theory predicted that small Arþ2
and Arþ3 clusters could be formed in their ground electronic states
and with high rotational temperatures after multiple evapora-
tions from excited, larger clusters generated by electron or pho-
ton impact ionization of neutral species [167]. Hence there has
been a lot of interest in understanding the various relaxation
and dissociation mechanisms under different initial conditions
for the parent ions. Argon trimer has been a subject of choice
for calculations, because it is small enough that fully quantum
calculations can be conducted for the ground electronic state.
Buonomo et al. [168] have conducted a full quantum study on
the vibrational predissociation mechanisms in Arþ3 ground elec-
tronic state, elaborating on an initial study by Pilar de Lara
et al. [169]. Using a potential energy surface calculated by density
functional methods [169], they have determined metastable
states corresponding to the left hand side of the vibrational
predissociation equation

Ar � � �Arþ2 ðv i ¼ 1;2Þ ! Arþ Arþ2 ðv f < v iÞ: ð16Þ
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They have obtained the corresponding lifetimes using time-inde-
pendent quantum dynamics techniques for different values of the
total angular momentum up to J = 8. It was found that lifetimes
from vi = 2 are shorter than the ones from vi = 1, with average values
of 39 ps and 50 ps for J = 0, respectively. Furthermore, the calcula-
tions also confirmed the tendency of the lifetimes to increase with
the total angular momentum of the cluster.
5. Summary

In this review we focused on the structure and dynamics of no-
ble gas dihalogens complexes and ionic noble gas cluster work. In
some sense, these are the simplest types of problems that the Del-
gado Barrio group worked on in concert with many other experi-
mental and theoretical groups around the world. These model
systems help develop the language and techniques that are applied
to wide variety of more complicated problems. Many such exam-
ples are given by other papers in this special issue.
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