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Reactive Collisions as a Signature for Meltinglike Transitions in Clusters
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The formation of HCI molecules in collisions of H atoms with CI(Ar);, clusters is studied by classical
trajectory calculations as a function of the cluster temperature. At sufficiently low impact energy
(E =10 kJ/mol) a pronounced threshold effect with temperature is observed: In the solidlike regime of
the cluster (T <40 K) there is strong screening of the Cl atom by the icosahedral Ar solvation shell
preventing H+Cl association. In the liquidlike phase of the aggregate (T = 45 K) a sharp onset of reac-

tivity is found with a reactive cross section of 11.4x 10720 m2,

PACS numbers: 36.40.+d, 64.70.Dv, 82.20.Pm, 82.20.Wt

There has been intensive interest in recent years in
structural transitions in finite systems, focusing on their
relation to phase transitions in condensed matter. Be-
cause of their relatively simple and well-characterized
van der Waals interaction, rare gas clusters have been
frequently studied as model systems in theoretical work.
Monte Carlo (MC) and molecular dynamics (MD) simu-
lations predicted a relatively sharp meltinglike transition
even for small clusters in the range of 13-147 particles
[1-6]. One interesting finding is the existence of a small
difference between the melting and freezing temperature,
and a range of coexistence of solidlike and liquidlike be-
havior for these systems [3]. Other interesting results are
the phenomenon of surface melting for larger Ar clusters
[5] and the occurrence of a hierarchy of different struc-
tural transitions for certain heteroclusters [7].

One possible experimental approach to the study of
structural transitions is to embed in these systems a
molecular impurity that can serve as a chromophore. Vi-
brational spectroscopy of infrared-active molecules [8]
and electronic spectroscopy of aromatic molecules [7,9,
10) in Ar clusters have contributed to our knowledge of
the structure and dynamics of “‘microsolvation,” especial-
ly when supported by MC or MD simulations [7,11-13].
However, experimental indications of phase transitions in
all these studies are still rather indirect and hampered by
many difficulties. There is a strong need for new experi-
mental signatures for the meltinglike transition in clus-
ters.

The present work suggests a novel approach to observ-
ing structural transitions. By doping rare gas aggregates
with a radical, certain properties of the cluster can be in-
vestigated by monitoring the occurrence of association re-
actions in collisions with another radical. These types of
atom-cluster reactions are also of considerable chemical
interest as a model framework for solvation effects in
chemical reactions [14,15]. These effects have been stud-
ied also in the framework of rare gas microclusters, where
the well-defined size and structure of the solvation offer
unique advantages in understanding the reaction dynam-
ics [16-19].

2

The present article builds on the sensitivity of reactions
in clusters to the state (solidlike or liquidlike) of the clus-
ter. The study focuses on the system H+CI(Ar),; and, in
particular, on the dependence of the reactivity of the
H+Cl association on the cluster temperature. One
reason for the choice of this model system is the similar
range and strength of the Ar-Ar and Ar-Cl interac-
tion. The icosahedral minimum energy configuration of
CI(Ar), with twelve Ar atoms forming a complete shell
around the CI atom in the center [20] is similar to pure
rare gas clusters. In contrast to the fcc packing of solid
Ar, icosahedral growth sequences of clusters are well es-
tablished both experimentally [21]1 and theoretically
[22,23] up to a cluster size of approximately 1600 parti-
cles [24]. Our choice of H atoms as a collision partner
stems from three reasons. First, their small size allows
penetration of an Ar shell already at moderate energies;
second, the energy transferred in collisions with the
heavier rare gas or halogen atoms is very limited; third,
the energy released upon adsorption of H on the cluster
surface is very small. For all these reasons, the internal
state of the cluster is not disturbed substantially by the
collision prior to the event of H+Cl recombination.
Therefore, the association reaction with an H atom is a
much more sensitive probe for phase changes than heavy
atom recombination.

As a first stage of our study of the H+CI(Ar); system,
a series of constant energy MD simulations to character-
ize the thermodynamics of the cluster was carried out.
Assuming ergodicity of the trajectories, a number of
different structural and dynamical properties were ob-
tained by calculating various averages over trajectories of
a length of 10 ns (1 ns for 7=42-46 K). The simula-
tions were started from a cluster configuration of 7, sym-
metry with the Cl in the center. It is noted that apart
from this global minimum of the potential surface
(—53.9 kJ/mol) there is a local minimum (—52.7
kJ/mol) corresponding to a structure with the Cl at one
of the corners of the cluster which was not used in the
simulations presented here. One basic statistical property
is the caloric equation of state. It is defined as the depen-
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FIG. 1. Relative rms fluctuation of the atom-atom distances

of CI(Ar)); as a function of the cluster temperature.

dence of the mean total energy on the temperature 7, re-
lated to the mean kinetic energy (Eyi,) of an N particle
system by

T=_2—M s (1)

IN—6 kg

where kg is the Boltzmann constant. Up to a tempera-
ture of 36 K it is a nearly linear function, which corre-
sponds to a constant heat capacity. Above this tempera-
ture we find a discontinuity in the slope and an onset of
larger fluctuations. For 7 > 46 K evaporation of atoms
from the cluster is frequent and prevents such simula-
tions. In order to characterize the transition in more de-
tail, we calculate the relative root mean square (rms)
fluctuation of the atom-atom distances, defined by

= 2 (rdy — (D) 12
) NN—-1) ,.§j )

where (r,~,-> is the average of the distance between atoms i
and j and where the summation extends over all pairs of
atoms in the cluster. As can be seen in Fig. 1, there is a
slow, steady increase of & up to §=0.06 at 7 =36 K, in-
dicating the thermal expansion of the solidlike cluster.
The sudden rise of & beyond this temperature which ex-
tends up to 6§=0.32 at T=46 K reflects a largely in-
creased mobility of the particles. This further supports
the idea of a structural transition of the CI(Ar);,. As
another criterion, we calculate radial distribution func-
tions of the distances of the particles from the center of
mass of the cluster. Figure 2 shows these distributions as
separate curves for Cl and Ar for three different tempera-
tures. The upper panel [Fig. 2(a)] gives the low tempera-
ture limit for the example of 7=10 K. The Cl atom is
located in the center and the Ar atoms are restricted to a
well-defined icosahedral shell at »=0.37 nm. Even at
T=40 K the picture basically remains unchanged [see
Fig. 2(b)]. The peaks are slightly broader and shifted to
marginally higher radii. However, the high value of the
fluctuation of the atom-atom distances (§=0.23) indi-
cates that there are large amplitude thermal motions of
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FIG. 2. Radial distribution function of the distances of Cl
and Ar from the center of mass of CI(Ar),, for different cluster
temperatures.

the atoms. These can be attributed to angular motion of
the Ar atoms only, which account for the liquidlike prop-
erties at this temperature, notwithstanding that the Ar
atoms are confined to the region of the solvation shell,
which explains why these fluctuations are not reflected by
the radial distributions. The basic icosahedral structure
of the cluster remains intact and the cluster is still solid-
like at T7=40 K. This is in contrast with the situation at
T =45 K. As can be seen in Fig. 2(c), the radial distri-
butions of the atoms are dramatically changed. Various
types of nonsymmetric cluster configurations are realized.
There is finite probability of finding the Ar in the center
and Cl in the first shell. In addition to this kind of rear-
rangement there are “floaters,” i.e., Ar atoms leaving this
shell [5]. This free mobility of the atoms is a clear indi-
cation of a liquidlike phase. From all these criteria we
can conclude that there is a phase change of the CI(Ar),,
cluster which corresponds to the melting transition of
bulk matter. The transition temperature is confined to
the region between 7 =40 and 45 K. Note that this is
considerably below the triple point temperature of bulk
Ar at T=84 K which is in accord with earlier findings
[1-6l.

Next, the reactivity of the atom-cluster scattering pro-
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cess is calculated. We make use of standard techniques
commonly used in calculations of reaction dynamics [25].
The atoms are treated as classical particles moving on a
single potential surface which is constructed from gas
phase pair potential functions. Trajectories are obtained
by numerically integrating Newton’s equations of motion.
In order to simulate the situation of a crossed beam ex-
periment with a well-defined collision energy, we have to
average over different initial conditions specified by im-
pact parameter, orientation of the cluster, and its internal
degrees of freedom. Typically, about 10* trajectories
were required to obtain well-converged cross sections.
More details of the calculations will be described in a
forthcoming publication [26].

In the following we report the total reactive cross sec-
tions for the H+Cl association in H+CI(Ar),; collisions
calculated for a variety of cluster temperatures. The col-
lision energy is defined as the kinetic energy associated
with the relative translation in the center of mass system.
At an energy of 10 kJ/mol, H atoms cannot penetrate the
cage formed by the twelve Ar atoms surround the Cl
atom if we assume the cluster to be at its minimum ener-
gy configuration (7=0 K). Figure 3(a) shows our re-
sults for finite temperatures. Up to a temperature of 40
K, where the cluster is still solidlike, the cage effect of the
Ar basically remains valid. The widening of the “win-
dows™ caused by the thermal motion has no substantial
effect. Only in extremely rare cases can the H penetrate
the cage and recombine with Cl, while all other trajec-
tories exhibit (nearly) elastic scattering of H from the
cluster. The reactive cross section is negligibly small
(only 0.43%10~2° m? at T=40 K). In contrast, we find
a high probability for H+Cl association in collisions with
the CI(Ar)); at T=45 K. At this temperature, the ag-
gregate is liquidlike with high probability for the ClI to be
at the surface of the cluster. This exposure of the reac-
tant greatly contributes to the reactivity. The cross sec-
tion is 11.4%10 ~2° m? which exceeds the value for HCI
formation in H+CIAr collisions at the same energy by
about 50% [26]. This means that at low energies the van
der Waals attraction between H and the larger Ar cluster
enhances the capture rate of H and thereby the reactivity.

The picture of the temperature dependence of the reac-
tivity changes at higher collision energies. As will be
shown in detail in Ref. [26], there are “windows™ for
penetration of the rigid cluster (7=0 K) by H atoms
opening up at 58 kJ/mol in the center of each of the tri-
angles forming the icosaheder. They reach a size of
roughly 10 72 m? at E =100 kJ/mol. The cross sections
for this collision energy are shown in Fig. 3(b). Despite
the appreciable size of the cage openings, no reactivity is
found at T=0 K. This is because penetration through
the windows is possible only for very close collisions and
for specific orientations of the cluster, resulting in an ex-
tremely low statistical weight of such collisions. Howev-
er, at finite temperatures but still in the solidlike regime,
thermal motion of the atoms is sufficient to give some
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FIG. 3. Temperature dependence of the total reactive cross
section for H+CI(Ar);;— HCI+12Ar association for two
different collision energies. (a) E=10 kJ/mol. (b) E=100
kJ/mol.

reactivity. We find cross sections ranging from 0.5
x 1072 to (1.5-2) x 10 7% m? at temperatures of 10 and
40 K, respectively. In contrast to our results for low im-
pact energy, the melting transition does not lead to a fur-
ther increase in reactivity. Instead, we find a slightly re-
duced cross section for H+Cl association in the liquid
cluster at T=45 K. This drop is more pronounced at
higher collision energies. At 200 kJ/mol there is a de-
crease from 0.9%10 2 m2at T=40K t0 0.1x10 "2 m?
at T =45 K.

The lower reactivity encountered for liquid clusters can
be explained qualitatively as follows. The exposure of the
Cl on the surface facilitates association with H atoms col-
liding from this side of the cluster. However, for H ap-
proaching the opposite side of the cluster, there are
twelve Ar atoms shielding the Cl. Unlike the case for low
energy, where trapping by the Cl1(Ar); contributes to the
reactivity, this effect is of no importance at high energies
because of the steep decrease of the capture rate with col-
lision energy [19]. Therefore, the reaction probability is
substantially reduced for collisions from the occluded
side. At an energy of 100 kJ/mol these competing effects
roughly cancel each other and the “melting” transition
has almost no effect on the cross section. At even higher
energies (200 kJ/mol) the capture rate of the H atoms is
further decreased which leads to a reactive cross section
that is considerably smaller than the one for the solidlike
cluster.
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In conclusion, our MD simulations of the Cl(Ar);,
cluster show a pronounced transition between 7=40 K
and T=45 K from a solidlike phase of icosahedral sym-
metry to a liquidlike phase with free mobility of the con-
stituent atoms. This meltinglike transition has a strong
effect on the H+Cl associations in collisions with H
atoms. Provided the impact energy is sufficiently low
(E=10 kJ/mol), there is almost complete caging of the
reactants by the Ar solvation shell for the solidlike cluster
(T < 40 K), while at temperatures above the solid-liquid
phase change (T =45 K) we find a high reaction proba-
bility. Thus, the reactivity of atom-cluster collisions
offers a new exciting possibility of a very sensitive probe
of the cluster and, in particular, of solid versus liquidlike
states. Experimental observation of the melting tempera-
ture by this approach appears very interesting.
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