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The dynamics of exciton trapping, vibrational energy transfer and vibrational predissociation in an electronically excited 

state of Ar,, clusters was explored by classical molecular dynamics. Two distinct time scales were established for vibrational 

energy flow, which rest& in a molecular-to, reactive dissociation process of Ar atoms for this cluster. 

The processes of energy acquisition, storage and 
disposal in clusters are of considerable interest for the 
elucidation of dynamic processes in finite systems, 
whose energy spectrum for electronic and nuclear ex- 
citations can be varied cont~uously by changing the 
cluster size [l] . In this context, an important issue in- 
volves the consequences of vibrational excitations of 
clusters. Such relaxation processes fall into two cate- 
gories: (i) non-reactive vibrational energy redistribu- 
tion in the cluster, which does not result in dissocia- 
tion, and (ii) reactive dissociation or vibrational pre- 
dissociation. The mechanisms of vibrational energy 
acqui~tion by a cluster can involve collisional excita- 
tion, optical photoselective vibrational excitation or 
electronic excitation followed by the degradation of 
electronic energy into vibrational energy. In charged 
clusters, the vibrational excitation resulting in both 
non-reactive and reactive relaxation, can originate from 
ionization followed by hole trapping in inert-gas 
clusters f2-5] and from electron attachment to al- 
kali halide clusters [6]. Information regarding the re- 
active consequences of vibrational excitation of small 
neutral clusters in their ground electronic state stems 
from two sources. First, molecular dynamics computer 
simulations of the dissociation of Ar, (n = 4-6) clus- 

ters [7] can be accounted for in terms of the statisti- 
cal theory of unimolecular reactions [S], which im- 
plies the occurrence of vibrational energy randomiza- 
tion in small clusters. Second, experimental molecu- 
lar beam studies of optically ~bration~ly excited 
hydrogen-bonded (HF), (n = 2-6) clusters [9] yield 
a lower limit of > lo6 s-l for the vibrational predis- 
sociation rate at the excess vibrational energy of 3000 
cm-l, and do not yet provide information on the 
interesting issue of intramolecular vibrational energy 
redistribution in these systems. The non-reactive and 
reactive processes induced by the degradation of elec- 
tronic energy into ~bration~ energy in clusters have 
not yet been elucidated. An interesting problem in this 
category involves the dynamical consequences of ex- 
citon trapping in rare-gas clusters (RGCs), which is the 
subject matter of this note. Extensive information is 
currently available regarding exciton trapping in solid 
and liquid inert gases [lo]. Exciton trapping in the 
heavy rare-gas solids, i.e. Ar, Kr and Xe, exhibits two- 
centre localization, resulting in the formation of elec- 
tronically excited, diatomic rare-gas excimer molecules. 
Electronic excitation of a RGC, R,, is expected to re- 
sult in an exciton state, which subsequently becomes 
trapped by self-localization. Although the details of 
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the energetics and spatial charge distribution of exci- 
tons in finite RGCs have not yet been explored, some 
information can be drawn from the analogy with the 
lowest electronic excitations in solid and liquid rare 
gases, which can adequately be described [lo] either 
in terms of intermediate Wannier exciton states with 
large central cell corrections, or by strongly perturbed 
Frenkel excitons. Adopting the latter approach, the 
two lowest, dipole allowed, electronic excitations in 
RGCs can adequately be described in terms of tightly 
bound, Frenkel-type excitations with a parentage in 
the IS, + 3P, and lS, + IP, atomic excitations, 
which are modified by large non-orthogonality correc- 
tions [lo]. The energetic separation between these 
two electronic excitations corresponds to the spin- 
orbit splitting f lo]. This description of the electronic 
excitations rests on a decidedly molecular description. 
An analogous molecular point of view [ 1 l] is adopted 
for the description of exciton trapping in RGCs. The 
process of exciton trapping in the heavy RGCs of Ar, 
Kr and Xe &olves the formation of the diatomic ex- 
timer molecule R$, which is characterized by a sub- 
stantial binding energy for a high vibrational state. 
Energy exchange between the Rs excimer and the 
cluster in which it is embedded involves two processes: 

(1) Short-range repulsive interactions between the 
expanded, Rydberg-type excited state of the excimer 
and the other cluster atoms result in a dilation of the 
local structure around the excimer, leading to energy 
flow into the cluster. 

(2) Vibrational relaxation of the excimer induces 
vibrational energy flow into the cluster. 
The vibrational energy released into the cluster by 
processes (1) and (2) may result in vibrational pre- 
dissociation. 

We have explored the dynamic ~plications of ex- 
citon trapping in RGCs by conduct~g classical molec- 
ular dynamics {MD) calculations [12,13] on electron- 
ically excited states of such clusters. Applications of 
MD to photophysical processes start to emerge. MD 
simulations of photochemical dissociation and radical 
back recombination in clusters were recently reported 
[ 141. The present work constitutes an application of 
the MD technique for the dynamics of electronically- 
~brationa~y excited states of large systems. As a 
model system we have chosen the Arr, cluster. Our 
calculations are based on additive pairwise interactions. 
The ground states of the RGCs have been described by 
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additive Iennard-Jones pair potentials, V(r) = 
4e[(u/r)12 - (u/r)6], which are specified by e = 121 
K and u = 3.40 A [ 15 1. In the electronically excited 
state the Arz excimer potential is represented by a 
Morse curve, V(r) = De { exp[-2B@& - l)] - 
2 exp[-B(rfR, - l)]} with the parameters De = 0.78 
eV, Re = 2.32 A andB = 5.12 1161. An important 
consequence of the electronic excitation involves the 
drastic modification of the interaction between the 
excimer and the ground-state atoms. On the basis of 
the analysis of Xe*-Ar interactions [ 171, the A?-Ar 
potential for each of the constituents of the excimer 
has been described in terms of a Lennard-Jones poten- 
tial with the parameters e* and u*. We have taken for 
the energy E* = e, while the distance scale ratio 0 = 
0*/u has been chosen in the range cf = 1 .O- 1.2. The 
appropriate Ar* -Ar interaction is characterized by 
[17] c= l.lO-1.15,reflecting the enhancement of 
short-range repulsive interactions in the electronically 
excited Rydberg-type state. 

The ground-state equ~b~um con~guration of Ar13 
was generated fo~owing a lengthy equ~bration (5 X 
lo4 integration steps) at a temperature T = 24 K, 
which is lower than the melting temperature (T = 40 
K) [ 18-201 of this cluster. We find that at this tem- 
perature the Ar13 cluster assumes the icosahedron 
structure, which is in accord with previous results [20, 
211. Electronic excitation was performed on a par- 
ticular equ~brated ground-state cluster con~guration. 
The electronic excitation was achieved (at the time t 
= 0) by the instantaneous switching on of the excimer 
potential between a pair of atoms and of the Ar*-Ar 
potentials between the excimer and the ground-state 
atoms. We have adopted a local picture, disregarding 
the effects of electronic energy transfer within the 
cluster. 

A fifth-order predictor-corrector method, which 
constitutes a very accurate version of the MD algorithm 
[22] has been used. The time increment in the ground 
state was At = 1.6 X lo-l4 s. The larger forces and 
the abrupt velocity changes in the system following 
electronic excitation require shorter time increments. 
Accordingly, we have used At = 1.6 X lo-16-5.0 
X lo-l6 s in this electronica.Ily excited state. In all 
our MD calculations conflation of energy prevaiIed 
with an accuracy of 1 ppm. 

In figs. la and lb we show an overview of the dy- 
namics of the nuclear motion following the electron. 
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Fig. 1. Time dependence of interatomic distances in the electronically excited AIfs cluster. The insert shows the ground-state 
equilibxium structure at 24 K. The Iabelling of atoms is indicated. The dashed atoms 7 and 13 form the excimer. Distances are in 
pnits of 0. The AI* -Ar interaction is characterized by “a = 1.20. (a) Interatomic distances within the excimer and between the 
excimer atoms and some ground-state atoms. (b) Interatomic potentials between some ground-state atoms. 

ic excitations, which is expressed in terms of the inter- 
atomic distances. The excimer exhibits a large-am- 
plitude motion in a highly excited vibrational state, 
while ail the other interatomic distances increase, in- 
dicating the initiation of the escape of the ground-state 
cluster atoms. Insight into the energy flow from the 
excimer into the cluster is obtained from the time 
dependence of the kinetic energy (ICE), the potential 
energy (PE) and the total energy of the excimer (fg. 
2). The strong oscillations in the PE and KE clearly 
indicate the persistence of the vibrational excitation 
of the excimer over a long time scale. Further detailed 
information concerning the implications of this ener- 

gy flow on the cluster dissociation was inferred by 
consider~g the ~ompo~tion and the energetics of the 
“main fragment”, i.e. the fragment which consists of 
the excimer together with ground-state atoms, with all 
the nearest-neighbour separations being smaller than 
30, beyond which all interatomic interactions are 
negligibly small. The total energy within the main 
fragment was partitioned into two separate contribu- 
tions: (i) the energy of the “reaction centre”, which 
consists of the excimer PE and KE together with half 
of the sum of the potential energy of the Ar*-Ar in- 
teractions, and (ii) the energy of the “bath subsystem”, 
which involves the ICE of the ground-state Ar atoms, 
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Fig. 2. Time dependence of the potential energy (PE), the 
kinetic energy (KE) and the total energy (TE) of the bare 
excimer in Ar13 (a = 1.20). Energies are given in units of E. 

the potential energies of the Ar-Ar interactions and 
half of the sum of the potential energies of the Ar*- 
Ar interactions. The time evolution of the various 
contributions to the total energy (fig. 3) portray the 
energy flow from the excitation centre into the “bath”. 

However, the energy per atom does not equilibrate. 
Discontinuities (i.e. “steps”) in the energy plots of 
fig. 3 mark the dissociation of the main fragment, with 
the decrease of the total energy corresponding to the 
KE of the ground-state atoms dissociating from it. A 
cursory examination of the time evolution of the com- 
position of the main fragment (fii. 3) clearly indicates 
that the major fragmentation process involves the se- 
quential stepwise dissociation, i.e. “evaporation”, of 
single ground-state atoms from the main fragment. The 

escape of the excimer from the main fragment has not 

been encountered. The dissociation process is domi- 
nated by the magnitude of the excited-state potential 
scale parameter 15. For realistic values [ 171 of (5 = 
1.10-1.15, the threshold for cluster dissociation is 
exhibited on the time scale of =2-20 ps (fig. 4). In 
an extreme case, when extra excited-state repulsive in- 

teractions are switched off, i.e. when 5 = 1.20, the 

onset for dissociation is exhibited on the 1 ps time 
scale and is complete within 10 ps. 

From these MD results the following picture con- 
cerning vibrational energy flow and reactive dynamics 
of the Ar13 cluster emerges. The temporal persistence 

of the vibrational excitation of the excimer (fig. 2) 
and of the “reaction centre” (fig. 3) corresponds to a 
“mode selective” excitation of the excimer, with vibra- 
tional energy redistribution within the cluster being 
precluded by two effects. First, the difference in the 

characteristic frequencies of the (high frequency) 
dimer motion and the (low frequency) motion of the 
cluster. Second, the local dilation of the cluster struc- 
ture around the excimer, which is induced by the 
short-range excimer-cluster repulsive interactions. 
The vibrational energy flow from the dimer into the 
cluster (figs. 2 and 3) consists of two stages. 

(A) Ultrafast vibrational energy transfer due to 
repulsion, which occurs on the time scale of ~200 fs 
(figs. 2 and 3). This energy transfer process is domi- 
nated by the magnitude of the scale parameter 5, being 
prominent for 6 = 1 .lO-1.20, with the amount of 

energy transferred from the excimer to the cluster 
decreasing with decreasing 6 in the range 5 = 1.20- 
1 .lO, while the characteristic time scale for the pro- 
cess is practically invariant with respect to changes of 
5 in this narrow range. For 5 = 1 .OO this process is 

switched off. 
(B) “Slow” energy transfer on the time scale of 

tens of picoseconds (for cf = 1.20) and up to hundreds 
of picoseconds (for 6 = 1 .OO) due to vibrational re- 
laxation of the excimer. 

The dynamics of the cluster induced by these ener- 
gy transfer processes involves reactive vibrational pre- 
dissociation, as is apparent from figs. 3 and 4. This 
state of affairs is, of course, drastically different from 
that encountered in infinite systems, where a non- 
reactive process prevails when the phonon modes of 
the system are excited. A cursory examination of the 
dissociative dynamics (fig.4) of the Ar13 clustei’fol- 
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Fig. 3. Time evolution of fragmentation dynamics of the elec~o~~Uy excited (Ar)l~ cluster (c = 1 .lS). (A) Total energy of the 
main fragment. (B) Total energy of the “bath subsystem”. (C) Total energy of the “reaction centre”. (D) Kinetic energy of the 
dissociated atoms. (E) Number of atoms in the main fragment. The steps in curves (A), (D) and (E) mark the stepwise dissociation 
of individual Ar atoms from the main fragment. 

lowing excimer formation indicated that two reactive 
processes prevail. 

(C) A fast stepwise “evaporation” of Ar atoms is 
exhibited on the time scale of c 10 ps. 

This process is induced by the energy transfer 
process (A). Subsequently, an additional reactive 
process appears (fig. 4), which involves: 

(D) Slower vibrational predissociation of Ar atoms 
on the time scale 210 ps. This dissociative process is 
induced both by energy transfer processes(A) and (B). 

It is imperative to note that the short-time “‘explo- 
sion” of the electronically excited cluster is induced 
by energy transfer due to short-range repulsive inter- 
actions. When these interactions are switched off by 
taking (5 = 1 .OO, only mechanism (B) is operative for 
vibrational energy flow into the cluster and the cluster 
dissociative process, which again occurs by stepwise 
“evaporation” occurring on the time scale of IOO- 
1000 ps. The appropriate excited-state repulsive phys- 
ical parameter characterizing excimer-cluster inter- 
actions in RGCs is 5 = 1.10-l .20, and we expect the 
occurrence of energy flow predissociation induced by 
excited repulsive interactions to occur on the time 

1 I I I I I 
0 100 200 300 400 500 
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Fig. 4, The time evolution of the fragmentation of the elec- 
tronically excited (A& ciuster (ci = 1.10). Note the sequen- 
tial “evaporation” of the single grand-state Ar atoms. 

scale * 10 ps. These predictions have not yet been 
subjected to an experimental test. 

We conclude this analysis of molecular dynamics 
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in electronically excited states of RGCs with several 
comments. Firstly, a new mechanism of ultrafast 
vibrational energy flow induced by short-range repul- 
sions has been documented. This mechanism will be 
of considerable importance for energy exchange be- 
tween an extravalence (Rydberg) excitation and a 
cluster. Secondly, in small (n = 13) clusters the con- 
sequences of vibrational energy flow into the cluster 
involve a reactive dissociative process. Reactive vibra- 
tional predissociation manifests the dynamic conse- 
quence of vibrational energy flow into small clusters. 
Another extreme situation corresponds to infinite 
systems, where non-reactive vibrational energy redis- 
tribution prevails. It will be extremely interesting to 
increase the cluster size to establish the “transition” 
from reactive vibrational predissociation and “non- 
reactive” vibrational excitation of the cluster modes. 
Recent MD simulation on the dynamics of ArllXea 
and Arg3Xe$ clusters have established the “transition” 
from the reactive molecular-type behaviour in small 
clusters to the God-state-type non-reactive behaviour 
in the large cluster [23]. Thirdly, the ArllAri elec- 
tronically excited cluster provides an example of a 
system where “statistical” vibrational energy redistri- 
bution does not occur. The “mode selective” excita- 
tion of the excimer in the cluster constitutes a nice 
example for the violation of vibrational energy equi- 
partitioning in a large finite system. 
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