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Neon clusters with an average size in the range〈n〉 ) 100-1600 atoms are generated in an adiabatic expansion
and are doped with a single HBr or HCl molecule in a pickup process. The hydrogen halide molecule is
photodissociated by a UV laser, and the outgoing H fragment is ionized by resonance enhanced multiphoton
ionization (REMPI) in a (2+ 1) excitation scheme at a wavelength of 243 nm. The H ions are extracted in
a Wiley-McLaren time-of-flight mass spectrometer operating in the low-field mode to be sensitive to low
velocities. The measured kinetic energy distributions are compared with quasi-classical molecular dynamics
simulations, which allow for a detailed analysis of the underlying processes. Simultaneously, the neon cluster
phase behavior, the pickup procedure, and the photodissociation dynamics are investigated theoretically. The
phase behavior is studied by means of the instantaneous normal modes approach with a newly introduced
projection technique, which allows us to disentangle the phases of the different cluster shells. For the cluster
sizes investigated, the cluster core is basically solid or semiliquid, while the outer shell is always liquid.
Correspondingly, during the semiclassical pickup simulation most of the HBr dopants stay in the surface of
the cluster. Finally, the photodissociation simulation is performed starting either from the quantum mechanical
ground state atT ) 0 K or from a distribution atT ) 10 K. It is demonstrated that the inclusion of the
temperature effects is necessary to reproduce the experimental data and, therefore, plays a crucial role in the
interpretation of the floppy neon clusters.

I. Introduction

Photodissociation of small molecules in different cluster
environments has attracted considerable interest in recent years.
Special efforts were directed toward the hydrogen halide
molecules interacting with different rare gas clusters. For many
of these systems, the interaction potentials are well-known. In
addition, the calculation of the coupling in the manifold of the
electronically excited states, which leads to the two spin-orbit
states in the dissociation limit, is very demanding. For many
years the field was dominated by an increasing number of
theoretical contributions applying various theoretical
approaches.1-16 A couple of years ago also experimental data
for the laser photolysis of this class of systems became
accessible17-22 and the first direct comparison of measured and
calculated quantities was carried out.9 The measured quantity
is the kinetic energy of the outgoing H atoms which gives direct
information on the cage exit and caging probability, corre-
sponding to fast or slow values of the velocity. Experimentally,
the molecules are placed on the surface by applying the pickup
technique, while the embedded site is produced in the co-
expansion with the rare gas. One of the most intriguing results

was the strong dependence of these data on the initial site
(interior or surface) and on the specific surface state of the
molecule. In addition, the embedded case was found to be
strongly size dependent, while the surface case was not. An
interesting phenomenon was observed for the surface case by
analyzing the dependence on the host cluster mass.18,19 The
kinetic energy distributions originating from HBr (and also from
HI) molecules resemble each other for the three heavier rare
gases Arn, Krn, and Xen but differ from those measured for Nen

clusters. There is, in addition, quite a similarity of the distribu-
tions of HBr-Nen to those of the embedded case of HBr-Arn

(see Figure 5 and Figure 9 of ref 19). Apparently, different
mechanisms govern the photodissociation of neon clusters and
of the heavier rare gas clusters. The obvious and most plausible
explanation for this behavior is that HBr and HI penetrate inside
the neon clusters during the pickup process so that surface states
are not generated. Accompanying, preliminary calculations of
the photodissociation dynamics showed indeed that the mea-
surements are in much better agreement with the calculated
embedded case than with the surface one.

The reason for this behavior might be that neon clusters in
the size range investigated in these experiments,〈n〉 e 150, are
liquidlike after the capture of an HX molecule. Such a process
has recently been suggested in the interpretation of Xe-doped
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Nen clusters.23 By measuring the fluorescence excitation spectra
of these clusters, only bulk states were observed up to cluster
sizes of〈n〉 ) 200. From〈n〉 ) 300 onward, also surface sites
appeared in the spectra. The authors interpreted their results as
a sort of phase transition from liquidlike to solidlike behavior.
Such a transition should occur at a well-defined size, if the
melting temperature depends strongly on the cluster size.24,25

If such an interpretation is correct, then we should see similar
effects in the photodissociation of HBr on Nen clusters where
the cage exit probability can be used as probe of the state of
the cluster matter. When the cluster becomes solidlike, the
dopant stays on the surface and the cage exit probability
increases. To resolve this problem, we carried out a series of
new experiments both for HBr-Nen in the size range of〈n〉 )
100-1600 and, for comparison, for HCl-Nen in the range of
〈n〉 ) 100-800. For that purpose a new source was constructed
which allowed us to produce the large neon clusters by lowering
the nozzle temperature to 60 K, which was not possible with
the source used in the previous experiments.

To rationalize the experimental results, we have employed
molecular dynamics simulation methods. It is imperative to
describe correctly the initial state of the cluster under realistic
experimental conditions. This means that we have to take into
account the quantum zero point delocalization. This applies in
particular to the librational motion of the HX molecule. For
HX-Nen clusters the zero point motion and the anharmonicity
can play a major role also for the cage modes. It is, in addition,
important to account for temperature effects in these clusters.
Neon clusters are expected to exhibit noticeable quantum effects.
Therefore, a purely classical description is not suitable, and we
use semiclassical molecular dynamics simulations based on the
Ehrenfest theorem26 and the self-consistent construction of
quantum effective potentials to estimate the outcome of the
pickup process under experimental conditions. This method (see
section IIIB for details) is computationally very efficient and
very well suited to systems with a priori unknown temperatures
and size-dependent properties. Subsequently, we apply molec-
ular dynamics within the Wigner trajectory framework to
calculate measurable quantities of the photodissociation experi-
ment. At the same time, we investigate the neon cluster phase
behavior at experimental temperatures as a function of cluster
size.

The experimental results exhibit, surprisingly, no increase of
the cage exit probability which would have been a manifestation
of a solidlike surface state. The analysis showed that the outer
surface shells stay liquid also for the larger clusters and thus
hinder the H atom dissociation fragments from leaving the
cluster in an appreciable number. The general applicability of
these results will be discussed and compared with experimental
results from other sources.23

II. Experiment

The Ne clusters with an average size in the range from 100
to 1600, generated in our molecular beam apparatus, are doped
with a single HBr or HCl molecule in a pickup process. The
hydrogen halide molecule is photodissociated by a UV laser
pulse (HBr, 243 nm; HCl, 193 nm) and the outgoing H fragment
is ionized by resonance enhanced multiphoton ionization
(REMPI) in a (2+ 1) excitation scheme within the wavelength
of 243 nm. The H ions are extracted in a Wiley-McLaren time-
of-flight mass spectrometer (WM-TOFMS) operating in the so-
called low-field mode, where it is possible to transform the
measured time-of-flight into a kinetic energy distribution of the
H fragments. The experimental details with several improve-
ments have been described elsewhere.8,17,27,28

In contrast to former measurements18 with Ne clusters, we
increased the Ne cluster size with the help of a new cluster
source shown in Figure 1. Following the relation from Hagena,29

the average cluster size〈n〉 is most effectively increased by
decreasing the nozzle temperatureT (〈n〉 ∝ T-2.2875 and 〈n〉 ∝
p). An increase of the backing pressurep is limited by the
capabilities of the vacuum pumps. Using a liquid nitrogen cooled
conical nozzle (diameter 47µm; opening angle 30°) at a minimal
temperatureTmin(old) ) 107 K and an expansion pressure of
8.5 bar, the maximum average Ne cluster size in the former
experiments was limited to〈n〉 ) 143. To achieve a lower nozzle
temperature compared to the previous measurements, a two-
stage high-pressure helium compressor (LEYBOLD RGD 1245
+ RW 4000EU) was employed. The expansion nozzle sur-
rounded with a shielded electric heating coil is mounted in a
copper block for cooling. The block is connected with a solid
Cu bar and flexible Cu cables to the second stage of the cryostat.
The nozzle is mounted in a Cu shielding connected to the first
stage of the cryostat to prevent the thermal radiation heating of
the source. The gas inlet is realized with standard 6 mm stainless
steel tubing and bellows. The entire nozzle assembly is centered
in the shielding tube by circular Teflon holders. The flexible
Cu cable connections to the cryostat allow for the nozzle position
adjustment with the fixed cryostat. This design minimized the
nozzle heating and allowed us to achieve a minimal nozzle
temperature ofTmin(new) ) 55 K. Depending on the nozzle
geometry and the expansion pressure, with this source a Ne
cluster size range from 100 to 1800 can be covered. The actual
beam data used in the present experiments are given in Table
1.

After the photodissociation of the hydrogen halide molecule,
the H atom can leave the cluster environment without any
interaction with the cluster cage. In this case, which rarely occurs
for Ne cluster environments, the H atom behaves like one from
the photodissociation of a free molecule. There are two highest
possible energies of the H atom whether the halogen partner
fragment populates the ground or excited spin-orbit state.
Depending on the position of the molecule in the cluster
environment and the direction where the H atom is pointing to,
the fragment undergoes several collisions with the cluster cage

Figure 1. Source for generation of big Ne clusters. Horizontal plane:
nozzle on the far left mounted to a stainless steel pipe for the Ne gas
(coming from the right) and surrounded by a copper block connected
to the second stage of the He cryo pump (vertical in the middle). The
whole assembly is shielded by a copper tube. The shield is connected
to the first stage of the cryo pump to avoid thermal radiation on the
source. Vertical plane: He cryo pump with copper tubes mounted. The
vertical and horizontal copper parts are connected with copper cables
of 10 mm diameter.
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which leads to adelayed exit. The amount of H atoms which
lose all their kinetic energy in cage collisions is clearly not
negligible and displaysperfect caging. The details about the
transformation of our measured time-of-flight spectra of the H
fragments into kinetic energy distributions are described else-
where.8,19,28

III. Theoretical Methods

A. System and Potentials.We have investigated the pho-
todissociation of HBr attached to large neon clusters with three
and four icosahedral layers. In the classical simulations atT )
0 K the three-layer cluster was represented by the icosahedral
Ne147 cluster with one neon atom replaced by the HBr dopant.
We have placed the dopant either into a substitutional position
on the surface or into the central position (HBr embedded inside
a neon cluster). The four-layer cluster has been represented by
an icosahedral Ne309 cluster. For the simulation of photodisso-
ciation on clusters with finite temperature, the adopted cluster
sizes are slightly smaller than the closed layer structures. For
the three-layer system the average cluster size was around 130
neon atoms (with a distribution given by the pickup simulation
procedure), while for the four-layer system the average size was
around 290 neon atoms.

We used three sets of potentials. The first one was the
potential energy surface for the ground state of the HBr-Nen

system, the second one was the potential for the excited state,
and the third one was an effective ground state potential in which
HBr is represented by a single pseudoatom, which is used in
the pickup simulations. We constructed the ground state potential
energy surfaces of the HBr-Nen clusters as a sum of two-body
Ne-Ne interactions30 and a three-body potential for the HBr-
Ne interaction.10 The bonding interaction between hydrogen and
bromine is approximated by a harmonic potential.31

The above-described HBr-Nen ground state potential was
used for the calculation of the initial librational and vibrational
wave functions (for simulations atT ) 0 K). The simulation of
the pickup process is, however, very long (≈50 ns). The
computational cost would become prohibitive, since rigorously
the delocalization of strongly quantum HBr has to be taken into
account, which involves the computation of the librational wave
function by diagonalization whenever the energy is calculated.
We have, therefore, constructed effective HBr-Ne potentials
by averaging the HBr orientations over all possible angles. Here,
we modeled the bound HBr molecule in neon as a free rotor.
This turns out to be a reasonable approximation for such a
weakly bound system. This effective potential has been fitted
to a Lennard-Jones form:

with σ ) 3.45 Å and ε ) 34.2 cm-1. Note also that our
assumption of HBr behaving as a free rotor is perfectly adequate
for HBr embedded in the neon cluster, while it leads to a slight
underestimation of the binding energy on the surface.9

The potential in the excited state has been modeled as a sum
of H-Br interaction in the1Π1 or 3Π0 state12,32 and pairwise
Br-Ne, Ne-Ne, and Ne-H interactions. The1Π1 state cor-
relates with the ground state H+ Br asymptote. Note that at
the excitation wavelength of 243 nm mainly the H+ Br state
is populated in the gas phase with a branching fraction of 0.83
(see ref 28). Nevertheless, we also run photodissociation
simulations on the3Π0 state surface corresponding to the H+
Br* spin-orbit excited asymptote. These two channels are not
coupled in our simulations. We have omitted the contribution
from the3Π1 state, which correlates also with the ground state
asymptote; therefore, the dynamics is almost identical to that
on the 1Π1 state. For computational simplicity the Br-Ne
interaction is assumed to be isotropic and is modeled by a Morse
potential.33 The adopted neon pair potential is the same as that
for the ground state.30 The Ne-H potential in the repulsive
region up to approximately 2 eV was not readily available.
Therefore, we calculated 25 ab initio points for Ne-H distances
ranging from 1.1 to 4.0 Å at the CCSD(T)/aug-cc-pVQZ level,
which were subsequently fitted to the following functional form:

where all parameters are in atomic units. This parametrization
provides a perfect fit to the ab initio values in the repulsive
region.

B. Construction of Effective Quantum Potentials.Neon
clusters exhibit noticeable quantum effects, which represent a
challenge for dynamic simulations. These quantum effects
influence the binding energy per particle (the ground state
binding energy is only about 60% of the well depth) and the
mean particle distances. Presumably, they will have also an
important effect on the dopant embedding dynamics, the dopant
mobility inside the cluster, and the number of neon atoms
evaporating after the impact of the dopant.

A full quantum dynamic simulation of dynamic properties
of neon clusters is impossible with present computational
techniques. We have thus resorted to an approximate technique
which attempts to include the above-mentioned main quantum
effects via the construction of effective potentialsVq. Basically,
each particle is represented by a single particle wave function
and the Ehrenfest theorem is applied. Particle positions evolve
according to classical dynamics on the effective potential. This
approach is appropriate if the single particle wave function is
sufficiently compact, i.e., quantum effects are not overwhelm-
ing.34

Similar ideas have been used with good success even for
quantum solids such as hydrogen.35 In the latter case a Gaussian
shape was assumed for the single particle wave functions, the
spread of which was adjusted by comparison of simulation
results with known bulk properties. Effective quantum potentials
are also among the results of the Feynman-Hibbs treatment36

which has been applied to pure neon clusters in the past.37 While
it is possible to construct effective quantum potentials for bulk
systems by fitting particle binding energies, bulk densities, and

TABLE 1: Beam Data of the Ne Clusters

HBr-Nen HCl-Nen

diameter of conical nozzle/µm 47 40 40 40 40 40 40 40
nozzle opening angleR/deg 30 20 20 20 20 20 20 20
expansion pressure/bar 8.5 8.0 8.0 8.0 8.0 8.0 8.0 8.0
nozzle temperature/K 107 105 94 87 61 114 105 72
average cluster size〈n〉 143 200 300 400 1600 147 200 800
pickup pressure/10-2 mbar 2 4 4 4 4 4 4 4

VLJ ) 4ε{(σr )12
- (σr )6} (1)

VNe-H(r) ) 1.39517 exp(-1.03853r - 0.11095r2) (2)
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pair correlation functions, our strategy for the construction of
the effective quantum potential for clusters avoids the use of
empirical information. We use a self-consistent iterative pro-
cedure, which has been applied previously with surprising
success to pure and doped helium clusters.38 This method is
particularly suitable for clusters where empirical density and
pair correlation information is not available. Conceptually, each
particle is replaced by a probability distributionφ2(r) (note that
the ground state wave function is real), centered around its
classical position, and assumed to have a spherical symmetry.
Starting from the original pair potentialVcl(R) ) Vq,0(R), where
R ) |R| represents the interatomic distance, a delta distribution
φ0

2(r), and known masses, the construction is based on the
following sequence of calculations, which is repeated until the
nth-order quantum effective potentialVq,n and all distributions
have reached self-consistency:

1. construction of the pair correlation functionPn(R) between
classical particle positions from a classical molecular dynamics
simulation at temperatureT with the current potentialVq;n(R)

2. convolution of the pair correlation function with the current
single particle distributionφn

2(s) according to

3. construction of the radial potentialVrad;n(r) experienced
by each particle in the “cage” formed by the other particles by
integration over the current pair potential and the particle
distribution following

4. solution of the radial Schro¨dinger equation in the radial
potentialVrad;n(r) in order to findφn+1(r) for each particle in
the mean field of the others

5. construction of the next generation effective pair potential
Vq;n+1(R) by the convolution

The algorithm was described for the construction of an
effective potential for the Ne-Ne interaction. The effective
potential for the Ne-dopant interaction can be constructed in a
similar fashion with two distinct radial distributions. All radial
and pair potentials are computed on a grid and spline inter-
polated for the molecular dynamics simulations and for the
solution of the Schro¨dinger equation. The number of iterations
required to reach self-consistency is modest. Figure 2 shows
the convergence of the effective potential. The figure depicts
the classical potential, the first iteration, and the tenth iteration,
which is already converged. Actually, only four iterations are
required for a fully converged effective quantum potential in
this case. The “broadening” of each particle described byφn

tends to partially fill the potential well and to lead to a shift to
larger mean particle distances and thereby accounts semiquan-
titatively for the quantum zero point effects. The change in the
effective well depth in fact reproduces surprisingly well the
amount of zero point energy in the system, and the change in
mean particle distances accounts very well for the change of
the bulk density upon inclusion of quantum effects.38 The
resulting potentials are clearly temperature dependent and could
be reconstructed periodically during a nonequilibrium impact
simulation. This would make sense if we were interested in the
first stage of the pickup process, i.e., in the collision. We
address, however, the question of what is the final dopant

distribution. Therefore, this recalculation of the effective
quantum potential is not required. All the distributions obtained
by the temperature-dependent effective potentials are distri-
butions of vibrationally averaged structures. Note also that
(unlike, e.g., the Feynman-Hibbs potential) our effective
quantum potential is size dependent. This corresponds to the
fact that smaller systems tend to exhibit a more pronounced
quantum character. Thus, this approach is well suited for the
study of large clusters with moderate quantum effects.

C. Pickup Simulations. Mixed molecular clusters can be
prepared by two different techniques: (i) by coexpansion, in
which case a mixture of the dopant with rare gas is expanded
into the vacuum, or (ii) by a pickup procedure in which pure
rare gas clusters prepared by a supersonic expansion travel
across a chamber with the dopant. For solid systems one is thus
able to create doped clusters where the dopant occupies different
positions in or on the cluster according to the way of preparation.
However, for ergodic systems (e.g., for liquids) the final dopant
sites are simply given by the equilibrium thermodynamic
distributions and they are thus independent of the cluster
preparation technique. Molecular dynamics simulation can help
in answering the question of what is the distribution of positions
under experimental conditions corresponding to the pickup
process.39

The outcome of the molecular dynamics simulation is strongly
dependent on the composition, cluster temperature, cluster beam
velocity, and buffer gas temperature. The specific question in
the present context is the final dopant position for HBr picked
up by neon clusters with three and four icosahedral layers. Note
at this point that molecular dynamics is the appropriate
simulation tool for answering this question. It is essential to
perform nonequilibrium dynamic (and not thermodynamic)
simulations because (i) we do not know in advance the final
temperature of the system and (ii) for nonergodic systems the
final distribution can represent just a local minimum of the free
energy surface of the system, i.e., a metastable state with high
kinetic stability. Molecular dynamics simulations can thus
provide important insight into the character of doped clusters
formed under typical experimental conditions, and at the same
time these simulations can serve for testing ground state
potentials.

For the integration of Newton equations of motion, we have
employed a standard Verlet algorithm.40 The time step was set
to 10 fs, which is a reasonable choice for this type of system.39

Pq;n(|R|) ) ∫Pn(|R|)φn
2(|R - R′|) dR′ (3)

Vrad;n(|r |) ) ∫Vcl(|r - R|)Pq;n(|R|) dR (4)

Vq;n+1(R) ) ∫∫Vcl(|R + r - r ′|)φn+1
2(|r |)φn+1

2(|r ′|) dr dr ′
(5)

Figure 2. Convergence of effective Ne-Ne potential atT ) 10 K.
The solid line is the classical potential, the dashed line the first iteration
step, and the long dashed line is the converged potential corrected for
quantum effects.
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The initial cluster temperature was set to 10 K. Clusters were
equilibrated for 10 ns and then allowed to collide with a dopant
under a random angle and with a relative velocity distribution
given by the buffer gas (containing the dopant) temperatureT
) 300 K and the velocity of the rare gas cluster beam. The
cluster beam velocity is set to 450 ms-1, which is the value
measured in the experiments. The pickup simulations typically
cover a total time of 70 ns. Longer times were used in a small
number of test simulation runs, but did not lead to any significant
changes in the resulting distribution. All monitored quantities
were recorded every 100 time steps. For each cluster size 200
trajectories have been collected.

We followed two quantities which indicate the final position
of the dopant in or on the cluster. The first one is the distance
of the dopant from the cluster center of mass (rcom), while the
second quantity is the number of nearest neighbors of the dopant
Nn. A nearest neighbor is defined as any solvent atom within a
sphere of radius 4.3 Å around the dopant. The corresponding
distribution functionsF(rcom) andNn have then been calculated.

Neon clusters at a temperature ofT ) 10 K are systems of
moderate quantum character, and this has to be taken into
account. This is achieved using effective quantum potentials
constructed by the procedure described in section IIIB. Fur-
thermore, we have substituted the three-body HBr-Ne potential
by an effective two-body potential as described in the beginning
of section IIIA.

We chose clusters with an almost complete outer shell as
representatives of three- or four-layer clusters. To increase the
isomerization rates and thus the convergence of the pickup
simulation, we did not use closed shell clusters with high
icosahedral symmetry. Test simulations of the pickup process
for closed shell clusters showed no significant difference, except
for slower equilibration. We should stress that under experi-
mental conditions a rather broad cluster size distribution is
produced.41

D. Instantaneous Normal Mode Analysis of Cluster Phase
Behavior. Instantaneous normal mode (INM) analysis is a
valuable tool for the description of the liquid state,42,43especially
for short-time dynamics. Moreover, the density of states
calculated by the INM method can help to distinguish between
solid and liquid phases. Here we use INM as a tool for analyzing
the phase behavior of neon clusters of different sizes and apply
it separately to different neon layers.

We have constructed the Hessian matrix in a mass-weighted
atomic Cartesian coordinate basisxnµ of N atoms, withµ )
{x,y,z}. For a given instantaneous positionR the Hessian matrix
element reads

where V is the interatomic potential. Diagonalization of the
Hessian matrix provides 3N eigenvaluesλi, which are related
to harmonic frequencies by

The elements of the 3N eigenvectors describe the contribution
of each atom to theith mode. The essential output of the INM
procedure is the density of states. This is identical to the
histogram of frequencies averaged over an ensemble of con-

figurations obtained by molecular simulation techniques:

The six frequencies corresponding to rotational and translational
motions of the whole cluster have been omitted from the
histograms.

Due to the diagonalization at instantaneous configurations,
imaginary frequencies (i.e., negative eigenvalues of the Hessian
matrix) may occur. These frequencies reflect regions of negative
curvature on the potential energy surface in the vicinity of saddle
points and barriers. Imaginary frequencies are typical features
of the liquid state, the fraction of imaginary modes being related
to the self-diffusion constant of the system. For solids no
imaginary frequencies are observed, and the entire spectrum is
usually shifted toward higher frequencies. Previous work on
several systems has shown that the INM density of states
provides a sensitive probe of the liquid vs solid state of a
cluster.44-46

One of the advantages of the INM analysis is that we can
perform projections of the density of states. The density of states
spectrum can be decomposed, e.g., into molecular rotational and
translational motions.43 For molecular clusters it is interesting
to explore the localization of the motion described by the
Hessian eigenvectors at different frequencies. Even though the
harmonic modes are inherently collective, certain motions can
be attributed to a limited region of the system. This is the case
for inhomogeneous systems, where the spectral characteristics
can be quite different for different spatial parts. We define a
projectorParea:

where area can be, e.g., a certain cavity around the host
molecule. The projected density of state is then given as

With the use of the above projection technique, we have
addressed the question concerning the phase behavior of
different cluster layers of neon clusters under experimental
conditions. We have, therefore, calculated the density of states
spectra projected on the first, second, third, and fourth neon
layers.

A critical issue is the sampling of instantaneous configurations
for the INM analysis. Usually, classical molecular dynamics or
Monte Carlo techniques are employed. Here we deal, however,
with a moderately quantum system. Thus the path integral Monte
Carlo method would be an ideal choice47 if we were not also
interested in certain dynamic aspects of the process. We have
chosen a simpler method based on classical molecular dynamics
on effective quantum potentials, similar to the simulations of
the pickup process.

E. Initial State Sampling. To run quasi-classical molecular
dynamics simulations of the photodissociation process, we need
a set of initial coordinates and momenta of the HX-Nen

systems. Here we briefly describe the sampling of initial state
at (i) T ) 0 K or (ii) at a finite temperature ofT ) 10 K.

For the sampling of the initial state atT ) 0 K, we have
adopted an approach similar to that in our previous studies.9,10

We have started from optimal icosahedral structures of neon

Dnµ,n′µ′(R) ) ∂

∂xnµ
( ∂V
∂xn′µ′)R

(6)

ωi
2(R) ) λi(R) (7)

F(ω) ) 〈 ∑
i)1

3N-6

δ(ω - ωi)〉 (8)

Parea) ∑
n∈area

∑
µ)x,y,z

cnµ
2 (9)

Farea(ω) ) 〈 ∑
i)1

3N-6

Pareaδ(ω - ωi)〉 (10)
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clusters with three or four layers (Ne147 or Ne309). These clusters
have been chosen because of their high symmetry and stability
(magic number clusters). Then we have replaced one of the neon
atoms by an HBr dopant and we have optimized the structure.
The process of structure optimization is performed simulta-
neously with the calculation of the vibrational wave function
and is described in the next paragraph. The HBr dopant is placed
either in the surface or in the center of the cluster. There are
only a small number of distinct substitutional positions in the
outer layer and a single well-defined center of the cluster.

We have calculated the initial wave function in the following
factorized form:

whereqi are the normal coordinates of the cage (i.e., heavy
atoms) andF is the H-Br separation. The factor 1/F arises from
the use of spherical coordinates. Cage modes are taken into
account within the harmonic approximation, which somewhat
underestimates the quantum delocalization of neon. The libra-
tional part of the wave function is calculated by diagonalization
of the hindered rotational motion of HBr in the basis of
symmetry adapted spherical harmonics. The corresponding
Hamiltonian is

whereµ is the reduced mass of the HBr molecule andV(Θ,Φ,-
{qi}) is the full potential energy surface of the system. The
librational wave functions and eigenvalues depend parametri-
cally on the cage coordinates. We took advantage of an adiabatic
separation between the fast HX librational motion and the slow
cage motions. The optimal cage structure has been found by
optimizing the librational energy (i.e., the lowest eigenvalue of
the librational Hamiltonian) with respect to the cage modes.
For the optimal structure we have calculated the normal modes
of the cage. Finally, we have carried out the Wigner transforma-
tion48 to map the wave function onto the classical phase space.

A different approach is used for constructing initial states of
the systems at a finite temperature. For that we have simply
taken the final state sampled by the semiclassical molecular
dynamics simulations (described in section IIIB) of the pickup
process. In this way we sample the vibrationally averaged
distribution of heavy particles at a given temperature. Using
this treatment, we have, at least approximately, taken into
account the anharmonicity of the Ne-Ne and Ne-HBr poten-
tials. Also the temperature effect is included by this approach.
For the cage structures obtained from the MD simulations, we
have diagonalized the librational wave function. In this way,
we go beyond the isotropic approximation for the HBr-Ne
interaction.

F. Photodissociation Dynamics.The initial vibrational state
of the system is strongly quantum mechanical, and in particular
the angular motion of HBr has to be described properly.
However, after the photoexcitation the system acquires more
than 1 eV of excess energy, and therefore, the dynamics is then
in a good approximation driven by the classical laws of motion.
In our simulation we took advantage of this fact by running
classical dynamics with positions and momenta sampled from
a Wigner distribution.48

Direct use of the Wigner distribution of initial conditions for
molecular dynamics simulations corresponds to a vertical
excitation. In the experiment, however, a fixed excitation
wavelength is used. Therefore the condition

has to be fulfilled. Here,pω is the energy of the exciting photon,
andENe-HBr

g andENe-HBr
e are the interaction energies between

Ne and HBr in the ground state and in the excited states. In
practice, we have conducted the energy filtering as follows. First,
we have sampled the librational and cage motions (see previous
subsection). Then, we have extended the HBr bond distance to
a value which satisfies the above energy criterion. For the
description of the HBr dynamics upon photoexcitation with a
243 nm laser pulse, we have adopted a two-state model. The
dynamics occurs primarily on two surfaces,1Π1 and 1Π0,
corresponding to the H+ Br and H + Br* asymptotes. The
3Π1 state which we did not take into account also correlates
with the ground state asymptote. For the HI molecule, we have
tested that the KEDs obtained from photodissociation on the
1Π1 and 3Π1 states are practically identical.49 This is because
the hydrogen kinetic energy distribution is primarily governed
by the available excess energy and not by the detailed shape of
the repulsive potential. It has been shown32 that nonadiabatic
transitions do not play a role in the photodissociation dynamics
at an excitation wavelength of 243 nm. Since the HBr molecule
is promoted close to the crossing point of the1Π1 and1Π0 states,
it is unlikely that the molecule would return to it during the
dissociation process. As a result, we expect that the branching
ratio between the Br and Br* asymptotes in the cluster does
not differ significantly from its value in the gas phase. We have,
therefore, adopted a branching fraction of 0.83 for the H+ Br
asymptote.28 The simulated experiment uses a polarized laser
beam; however, due to a scattering from the cage the mixing
of different states occurs.49 Altogether 1000 Wigner trajectories
have been sampled for the simulation atT ) 0 K and several
thousands of trajectories have been collected for simulations at
T ) 10 K. The simulation time was 3 ps with a time step of
0.0241 fs.

IV. Results

A. Experiment. The experimentally measured kinetic energy
distributions of the hydrogen atoms originating from the
photolysis of HBr and HCl molecules in Ne cluster environments
are depicted in Figures 3 and 4, respectively. The dependence
of these kinetic energy distributions on the average Nen cluster
size was measured. The size range covered in all these

Ψ(F, q1, q2, ...,q3n-6, Θ, Φ) )
ø(F)

F
φ1(q1) ... φ3n-6(q3n-6) φlib(Θ, Φ, {qi}) (11)

Ĥ ) ĵ2

2µ2r
2

+ V(Θ,Φ,{qi}) (12)

Figure 3. Measured kinetic energy distributions for HBr-Nen with
different average cluster sizes prepared in a pickup process.

pω ) ENe-HBr
e - ENe-HBr

g (13)
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measurements corresponds to clusters from 100 Ne atoms (less
than three closed icosahedral shells) up to 1600 Ne atoms (more
than eight shells). Figure 3 shows example distributions for three
average sizes,〈n〉 ) 1600, 400, and 200, from top to bottom.
The most pronounced feature in all three distributions is the
peak rising at zero kinetic energy, corresponding to theperfect
cagingof H atoms. There is little evidence fordirect cage exit,
which is expected to appear at approximately 1.3 and 0.9 eV,
corresponding to the H atoms leaving behind Br in the ground
and excited spin-orbit states, respectively. Remarkably little
size dependence is observed in the distributions, apart from the
increasing error bars with decreasing cluster size, which are due
to the lower absolute signals at smaller cluster sizes. This is
also confirmed by the other measurements within and further
below the depicted size region, which are not shown here. We
note that close to the lower size limit the data taken in the old
arrangement have better signal-to-noise ratios and thus smaller
error bars than the current ones.

The prevailing perfect caging indicates sinking of the HBr
molecule into the cluster, which is only possible in locally
melted or liquid clusters. Also, the little difference between the
distributions at various cluster sizes does not seem to support
the phase transition from liquid to solid clusters suggested to
occur for cluster sizes between 200 and 300 Ne atoms,23 which
was expected to lead to a larger fraction of HBr molecules
residing on the surface and thus contributing to more direct cage
exit events.

Figure 4 shows the H atom kinetic energy distributions from
photodissociation of HCl molecules on Ne clusters. From the
covered average cluster size region between 100 and 800 Ne
atoms, three example distributions are shown with〈n〉 ) 800,
200, and 147. Again the distributions are dominated by perfect
caging. Also consistent with the above results for HBr is the
absence of direct exit in the present distributions. At the top
distribution for 〈n〉 ) 800, thedelayed exitchannel seems to
increase in significance. This corresponds to hydrogen atoms
which do not undergo enough collisions to lose most of their
kinetic energy on their way out and leave the cluster with some
part of the energy gained in the photodissociation process. This
in turn might indicate an increasing fraction of HCl molecules,
which do not sink deep enough into the larger Ne clusters. We
note that for HCl, in contrast to HBr, the photodissociation on
Arn clusters does not exhibit a pronounced cage exit prob-
ability.50

B. Pickup Simulations. The experimental results of the
photodissociation of HX dopants on neon clusters of different
sizes suggest a liquid character of the neon clusters. Indeed,
previous experience with the HBr-Arn system9 shows that a

significant fraction of the fast hydrogen kinetic energy com-
ponent is present for the surface HX-Rgn clusters, while the
comparison of the calculated kinetic energy distribution (KED)
spectra of HBr-Nen at T ) 0 K clusters with HBr in the center
or on the surface of the neon cluster leads to the conclusion
that the HBr dopant is penetrating the cluster (see section IVD).
This conclusion is, however, in contradiction to the size
dependence of the experimental KED spectra of HBr-Nen and
HCl-Nen clusters. From other experiments it was concluded
from the existence of surface states that large neon clusters
should be solid under experimental conditions.23 We have,
therefore, directly addressed the question of the final position
of the HBr dopant after the pickup process, to clarify this
seeming controversy.

For this purpose, we have explored the behavior of the clusters
during the pickup process for two representative cluster sizes.
Neon clusters with the initial sizes around Ne130 and Ne300 have
been selected to represent clusters with three and four layers.
We deliberately did not use the perfect icosahedra (i.e., Ne147

and Ne309) in order to increase the isomerization rates. As was
discussed before, neon clusters are moderately quantum systems.
The quantum character of neon was taken taken into account
by the use of effective quantum potentials describing both the
Ne-Ne and the Ne-HBr interaction as was discussed above.
The HBr molecule is represented as a unified Lennard-Jones
atom (see section III).

Figure 5 displays the result of HBr pickup on the neon cluster
with 130 neon atoms. The simulation can be visualized in two
ways. The upper part of Figure 5 depicts the density of the
dopant atom as a function of the distance from the center of
mass of the cluster. For comparison, also the density of neon
atoms is added in the graph. The majority of the dopant atoms
stays in the surface area of the cluster in the third shell. There

Figure 4. Measured kinetic energy distributions of HCl-Nen for
different average cluster sizes prepared in a pickup process.

Figure 5. Pickup of HBr on a Ne130 cluster. Upper panel: density of
dopant atoms (solid line) in comparison with the density of neon atoms
(histogram). Densities are scaled for convenience. Lower panel:
distribution of the number of nearest neighbors of the dopant atom.
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is also a peak near the central position of the cluster. Note,
however, that the depicted quantity is density, which should be
multiplied by a factor of 4πr2 to obtain the number of dopant
atoms. Thus, only approximately 7% of the dopants land in fully
embedded positions. Most of the dopants stay deeply in the third
shell, often on the border to the second shell. The Ne130 cluster
is apparently of a semiliquid character after the impact of the
dopant, occasionally enabling the dopant to reach the center.
However, the position in the surface is thermodynamically
preferred. Another way to visualize the final solute distribution
in the cluster is to display the number of neon atoms in the
immediate neighborhood of the dopant (i.e., closer than 4.3 Å).
The resulting distribution is displayed in the lower part of Figure
5. Fully embedded dopants are those with the number of nearest
neighbors larger than 15 (note that also some of the neon atoms
from second solvation layers are occasionally counted). Most
of the dopants are interacting with either 6 neon atoms or
approximately 10 neon atoms (which corresponds to the dopant
position between the third and second layers). There is no
evidence for a smooth adsorption site of the HBr dopant on the
neon clusters, in which case one would expect the HBr molecule
to directly interact with only approximately three neon atoms.

The situation for the Ne300 cluster is different. Neon clusters
with four solvation layer are much stiffer than clusters with three
layers. Moreover, quantum effects are less important for larger
clusters since neon atoms are more confined. As a result, none
of the HBr dopants penetrates into the fully embedded position
(corresponding densities for dopant and neon atoms are depicted
in the upper part of Figure 6). Most of the HBr particles stay
deeply solvated in the outer, fourth neon layer. There is also a
small portion (6%) of dopants in the smooth adsorption position.
This amount is, however, too small to allow us to precisely
decide whether it is only an artifact of the short duration of the
pickup simulation or whether the occupation of this position
actually reflects the genuine thermodynamic distribution. The

lower part of Figure 6 shows the number of nearest neighbors
of the HBr dopant for the same system. We can observe the
typical feature of the surface solvation with 6-10 solvent atoms
closer than 4.3 Å. This result indicates that the cluster core is
solid after the pickup of the dopant and the part of the phase
space with deeply embedded dopants is virtually not accessible
under the experimental conditions.

C. Cluster Phase Behavior.One of the important issues
addressed in our simulations is the character of the clusters
studied. Are these clusters solid or liquid under the experimental
conditions? If they are liquid, then the distribution that we
observe in the pickup and, consequently, in the photodissociation
simulations should correspond to a statistical distribution at a
given temperature. If, however, the clusters are solid, then both
in the simulations and in the experiment we observe metastable
states with a very long lifetime rather than an equilibrium
thermodynamic distribution. This question can be resolved by
means of the instantaneous normal modes (INM) density of
states (DOS) spectrum. The typical INM DOS spectrum for a
liquid differs significantly from that for a solid. The DOS
spectrum of an atomic liquid has a right triangular pattern for
the distribution of real frequencies corresponding to the
translational motion of the atoms.43 This shape is caused by a
dominant presence of the slow, soft modes in liquids. Further-
more, a significant fraction of imaginary frequencies is present
in liquids (imaginary modes are usually depicted for convenience
on the negative part of the axis of the DOS spectra). Imaginary
frequencies are not present in solid systems. Moreover, the right
triangular shape of the positive part of the spectrum disappears
as well. The spectrum for an atomic bulk solid shows other
spectral features, corresponding to transverse and longitudinal
phonon modes which give rise to peaks and singularities with
a characteristic gap between zero and the onset of the first peak.
In clusters the sharp features are replaced by broader peaks
which represent the contributions from the different shells and,
at lower frequencies, the surface contribution appears.51 How-
ever, the gap at very low frequencies continues to be present as
long as the cluster remains solid.52 As expected, for larger
clusters the signal from the surface part decreases at the expense
of the interior fraction.

We calculated the INM DOS spectra for clusters of approxi-
mately the same size as those in the pickup simulations, i.e.,
with 130 or 300 neon atoms. We applied the projection
technique described in section IIID to investigate the phase
behavior of the neon atoms in different cluster layers. The upper
panel of Figure 7 depicts the INM DOS of the Ne130 cluster at
10 K. This temperature is the one determined from electron
diffraction data of a supersonic neon cluster beam.53 The DOS
of the interior part of the cluster shows very few imaginary
frequencies. However, their presence allows us to conclude that
a cluster of this size is at the borderline of the fully liquid cluster,
close to the phase transition. Still, the core of the cluster is more
a solid than liquid. Moving closer to the surface of the cluster,
the character of the density of states changes. Now, it is a typical
spectrum of a liquid with the right triangular shape in the real
part of the spectrum and with a significant imaginary frequency
contribution.

The INM DOS spectrum for the interior part of the Ne300

cluster as displayed in the lower panel of Figure 7 exhibits
features typical for a solid. The frequency distribution is shifted
toward higher values, and no imaginary frequencies are
observed. This is basically true for all the layers except for the
outermost one, which is apparently liquid. It is interesting to
compare these cluster DOS with those calculated or measured

Figure 6. Pickup of HBr on a Ne300 cluster. Upper panel: density of
dopant atoms (solid line) in comparison with the density of neon atoms
(histogram). Densities are scaled for convenience. Lower panel:
distribution of the number of nearest neighbors of the dopant atom.
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for a bulk phonon spectrum.54-56 The three arrows indicate the
positions of the transverse and longitudinal peaks of solid neon.
The frequency range is already covered by the two innermost
shells, but the sharp peaks and edges of the well-ordered solid
are completely washed out. In addition, there are large intensity
contributions at smaller frequencies which originate from the
surface positions. Thus the transition to the bulk limit is rather
slow in this cluster size regime.

We summarize that, atT ) 10 K, the Ne130 clusters with
three icosahedral layers have a semiliquid core, while Ne300

clusters with four layers have a fully solid core. The outer shell
is in both cases liquid, and the dopant stays deep in this surface
layer. For smaller clusters, the dopant is solvated in the surface
on the average by more neon atoms than in large clusters. We
do not find the suspected complete liquid to solid transition in
this size range, but it might very well be the case that the melting
of the cluster is a gradual process setting in at the surface.

D. Photodissociation Dynamics atT ) 0 K and at Finite
Temperature. In this section we compare our calculations of
the kinetic energy distribution of the hydrogens leaving from
the cluster with the corresponding measured spectra of HBr-
Nen systems. Initial simulations were conducted atT ) 0 K.
Recall that here we assume the dopant and the cage remain in
optimal positions, and the cage is described by a harmonic wave

function. While these approximations work well for argon
clusters,10 the less bound and lighter neon clusters require more
caution. The results of such simulations for HBr-Ne146 are
shown in Figure 8. We have calculated the KED for the cluster
with HBr either in the surface substitutional position (upper
panel of Figure 8) or in the central position of the icosahedral
cluster (lower panel of Figure 8). For comparison, the experi-
mental result of the photodissociation of the HBr-Nen cluster
prepared by a pickup process for the average size〈n〉 ) 143 is
added. All KED spectra, both the simulated and the experimental
ones, are normalized the same way, and can thus be directly
compared. It is immediately visible that the simulation for the
interior case is in much better agreement with the experiment
than the results for the surface position. For the surface case,
the simulation predicts nearly equal probabilities for the low
energy and the fast component, while in the experiment the peak
at zero energy is much larger. This is clearly outside the
experimental error bars. The agreement for the embedded case
is much better, but still not perfect. The fast component in the
KED spectrum results from direct hydrogen atom reflection from
the cluster surface. Once the hydrogen atom enters the cluster
after the photodissociation, it is slowed, since it undergoes many
collisions before eventually escaping again. The fraction of the
reflected hydrogen atoms is mainly determined by the HBr

Figure 7. INM density of states of different layers in neon clusters.
All density distributions are normalized. Imaginary frequencies are
displayed on the negative axis. Upper panel: Ne130 cluster. Outer shell,
solid line; medium layer, dotted line; inner part of the cluster, dashed-
dotted line. Lower panel: Ne300 cluster. Outer shell, solid line; third
shell, dashed line; second layer, dotted line; inner part of the cluster,
dashed-dotted line. The arrows indicate the positions of the transverse
and longitudinal peaks of the phonon spectrum of solid neon.56

Figure 8. Photodissociation of the HBr-Nen cluster. The points
represent experimental results for clusters prepared by the pickup
procedure for the average size〈n〉 ) 143. The histograms display results
of the simulation of HBr-Ne146 at T ) 0 K. Upper panel, HBr on the
surface of the cluster; lower panel, HBr embedded in the center of the
cluster.
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position in the surface and by the distance between neon atoms.
The further the HBr molecule is from the cluster center of mass
and the closer the neon atoms are to each other, the larger is
the amount of reflected hydrogens. The HBr molecule is slightly
too large to perfectly fit into a substitutional position of the
neon cluster. The cluster thus tends to expel the HBr dopant
from the cluster even though the energetics slightly favors the
HBr-Ne interaction over the Ne-Ne one. Comparison of the
simulations of the surface versus the embedded case would
suggest that during the pickup process HBr does not stay on
the surface of the cluster but penetrates deeper inside the cluster.
The experiment, however, shows very similar spectra for the
clusters up to 1600 neon atoms. For these sizes, the clusters
are solid and it is quite unlikely that HBr would penetrate deeply
inside. Moreover, our simulations of the pickup process also
suggest that the HBr dopant stays in the surface of the cluster.
We can conclude that the simulation atT ) 0 K within the
harmonic cage approximation is not in acceptable agreement
with the photodissociation experiment of HBr picked up on the
surface of large neon clusters.

To account for finite temperature effects and for the anhar-
monicity of the potentials, we have sampled the initial state
from the semiclassical molecular dynamics simulations (see
section IIIE). Results of such finite temperature calculations are
shown in the upper part of Figure 9 for HBr-Ne130 and in the
lower part of Figure 9 for HBr-Ne300. Increasing the cluster
size causes only subtle changes in the resulting KED both in
the experiment and in the simulations. The agreement between
the simulation and the experiment is generally very good. The
experimental spectrum peaks slightly steeper at zero kinetic
energy than the simulated one. This might be the result of a
limited duration of the simulation. We may conclude that both
the pickup simulations and photodissociation calculations agree
now with those of the experiment. It is perhaps not surprising
that a correct photodissociation simulation requires that the
effects of temperature and anharmonicity of the floppy neon
clusters have to be taken into account. If we account for
anharmonicity and assume a temperature of 10 K, the neon
cluster becomes larger (i.e., increased mean distance between
neon atoms) and the HBr dopant can penetrate into the surface.
The HBr molecule is then no more expelled by the cluster, but
it is absorbed by the liquid outer shell of the neon cluster. As
a consequence, only a minor part of the photodissociating
hydrogen atoms directly escapes from the cluster by reflection
from the surface. We stress that even though the dopant is deeply
embedded in the cluster surface, sometimes on the borderline
with the subsurface shell, it still has a character of the surface
solvation. That is, the asymmetry of forces still leads the
librational wave function to be oriented toward the cluster. If
the dopant occupied the subsurface substitutional position or
penetrated even deeper into the cluster, the HBr would behave
basically as a free rotor.

V. Discussion and Conclusion

The experimental results for HBr-Nen exhibit the same
behavior in the whole measured size range〈n〉 ) 100-1600.
The kinetic energy distributions are dominated by a peak at zero
energy which indicates complete caging. The original idea to
detect a transition from liquidlike to solidlike behavior in this
size range, which should manifest itself in a sudden increase of
the intensity at the energies of the direct cage exit caused by a
rigid surface state, proved obviously to be oversimplified. In a
concerted effort we tried to properly understand this experi-
mental result theoretically. Our calculations include (i) simula-

tion of the pickup process with the final position of the HBr
molecule in the neon cluster, (ii) check of the cluster phase by
an instantaneous normal mode (INM) analysis, and (iii) calcula-
tion of the photodissociation dynamics with the quantum
preparation of the initial state at two temperatures,T ) 0 K
and the realisticT ) 10 K. The crucial point for a realistic
treatment of the neon clusters was the inclusion of the quantum
character of these light clusters by a semiclassical procedure
using a corrected interaction potential. The result was for the
three-layer system withn ) 130 a semiliquid core and a liquid
surface and for the four-layer system withn ) 300 a solid core
again with a liquid surface. In both cases, the HBr was deeply
buried in this surface with the H atom pointing to the direction
of the cluster. This position leads to the weak cage exit
probabilities in both cases in complete agreement with the
experiment. We note that this agreement is only achieved when
the initial states are sampled at a finite temperature ofT ) 10
K and the quantum character of neon is accounted for.

Let us compare these results with the other information
available for this system. There are two published quantum
calculations using path integral Monte Carlo simulations. The
melting temperatures are 3.5 K for Ne7,57 7.0 K for Ne13, and
7.5 K for Ne19.58 These results definitely mean that these small
neon clusters are liquid at 10 K, which is the experimental

Figure 9. Photodissociation of HBr-Nen clusters. The points represent
experimental results for clusters prepared by the pickup procedure.
Upper panel: 〈n〉 ) 143. The histograms display results of the
simulation of HBr-Ne≈130 at T ) 10 K. Lower panel: experiments
for 〈n〉 ) 300 and simulations for HBr-Ne≈300 at T ) 10 K.
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temperature. In an electron diffraction experiment Torchet
demonstrated that larger Nen clusters are solid with an icosa-
hedral structure, as was found for the other heavier rare gas
clusters for〈n〉 ) 350 and larger clusters.59 The transition should
occur in the range of〈n〉 ) 150. This result is in reasonable
agreement with the present study if we take into account that
this type of experiments is mainly sensitive to the volume of
the cluster. Finally, two experiments were carried out by the
group of Möller. In the first experiment, core level spectroscopy
after the K-edge excitation in Nen clusters from〈n〉 ) 15 to
4000 was studied using synchrotron radiation.60 Here the
characteristic peak structures were washed out up to sizes of
〈n〉 ) 700, again in agreement with the present findings. In the
other experiment, the fluorescence excitation spectra of Xe-
doped neon clusters were measured.23 For the preparation by a
pickup process for〈n〉 ) 100, mainly bulk states were observed.
If the Xe-doped neon cluster is generated in a coexpansion, again
bulk states are observed for〈n〉 e 200 with 15-20 nearest
neighbors, while bulk and surface states with 10-15 and 8-9
nearest neighbors, respectively, are present for〈n〉 g 300. In
the pickup preparation, the Xe goes apparently inside the cluster,
in contrast to the result for HBr. This can, however, be
understood by accounting for the semiliquid behavior found in
our simulation and the much deeper well depth of the Xe-Ne
interaction which is with 50.1 cm-1 61 significantly larger than
that for Ne-HBr (34.2 cm-1). It is well-known that a stronger
attraction leads to further penetration into the cluster.62 It is
worth noting that also in the experiment with the coexpansion
technique, where usually the minimum energy positions are
reached, again the interior positions are observed up to〈n〉 )
200. For the larger clusters with a rigid core also surface
positions appear, but slightly shifted inside compared to the
results of the Xe-doped solid argon clusters. This result is again
consistent with the evidence for a liquid outer shell which we
found in our simulation.

In conclusion, the photodissociation of HBr molecules
prepared by the pickup technique on Nen clusters differs
appreciably from that for the heavier rare gases. The main
experimental result is the very small cage exit probability. To
explain this fact, we calculated in a concerted effort using
semiclassical molecular dynamics simulations (i) the landing
during the pickup process, (ii) the phase behavior of the cluster,
and (iii) the kinetic energy distribution of the outgoing H atoms.
It turned out that the outer shell was always liquid. While for
the larger clusters the inner shells were solid, the smaller clusters
exhibited a semiliquid behavior. The agreement between the
measured and calculated KEDs could only be obtained by
accounting for the realistic finite cluster temperature of 10 K.
In addition, the noticeable quantum character of the Nen clusters
had to be taken into account. This is also the reason for the
different behavior of HBr in neon vs argon clusters.
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Chem. Phys.1995, 103, 9228.

(3) Niv, M.; Krylov, A. I.; Gerber, R. B.Faraday Discuss. Chem. Soc.
1997, 108, 243.

(4) Niv, M. Y.; Krylov, A. I.; Gerber, R. B.; Buck, U.J. Chem. Phys.
1999, 110, 11047.
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