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Abstract. The interaction (modelled by a LEPS potential)
of a D2 molecule with an icosahedral Ni3 cluster is mapped
and analyzed in the form of equipotential contour plots. The
topological features of the map correlate with the energetic
and dynamical characteristics of the dissociative adsorption
of the molecule on the cluster, which were extracted from
quasiclassical trajectory simulations. A modification of the
LEPS potential used originally is introduced. It brings the
calculated reactivity of the cluster into agreement with the
experimental data,

PACS: 34.10. + x; 36.40. + d; 82.20. Fd; 82.20. Wf

1. Introduction

An intriguing and challenging area of the field of atomic and
molecular clusters and cluster-related phenomena is that of
interactions (collisions) of clusters with molecules. These
interactions are expected to (and there are indications that
they do indeed) possess features similar to those of the much
more extensively studied interactions of molecules with
molecules, on the one hand, and molecules with surfaces, on
the other. At the same time, the phenomena-induced by
molecule-cluster collisions may bz, and usually are, more in-
tricate because typically a larger number of degrees of free-
dom is involved.

Interactions of metal clusters with molecules are of es-
pecial interest because of their relevance to a variety of
technologically important processes. These interactions
have been studied experimentally in the last few years quite
intensively [1]. In the majority of theoretical studies, elec-
tronic structure calculations were performed to determine
energetically preferred configurations of cluster-molecule
systems [2]. Often the clusters were prepared as slabs of
lattices to model surfaces of the bulk material [3]. Only in a
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few theoretical treatments have the cluster-molecule inter-
actions been studied as dynamical processes [4-10].

We have carried out extensive quasiclassical trajectory
simulations of a collision of a Dy molecule with a Nij3
cluster. The cluster was modelled by an embedded-atom po-
tential of Voter and Chen [11], the parameterization of
which takes into account properties of both the bulk nickel
and the Nip molecule. The D-D and the molecule-cluster
interactions were originally represented by a LEPS
(London-Eyring-Polanyi-Sato) function as parameterized by
Raghavan, Stave and DePristo (RSD) [4]). More specific-
ally, we have utilized the so-called potential energy surface
(PES)II of RSD, which was adjusted to represent the interac-
tion of a Dy with a Ni;3, in contrast to the PESI, which was
fitted to model the interaction of the molecule with a surface
of the bulk nickel. We have slightly modified the PESII by
a smoothing function of the same form as used by Truong et
al [12].

All the possible outcomes of the collision — inelastic scat-
tering of the molecule from the cluster (nonreactive) and
dissociative adsorption of the molecule on the cluster
(reactive) — were considered and characterized as functions
of the initial (and, in the case of inelastic scattering, also fi-
nal) quantized rovibrational state of D3, impact parameter,
collision energy, and structure and temperature of the clus-
ter. The quantitative analysis was performed in terms of de-
tailed probabilities, cross sections, rate constants and activa-
tion energies. Partial accounts of the results can be found in
Refs. 6-8, 10. The major findings can be summarized as
follows: (1) overall, the propensity for the dissociative
adsorption increases with an increase of the initial
rovibrational energy of D2 and/or of the system collision
energy; (2) the reaction is mode-selective: an initial
vibrational excitation of the molecule results in larger cross
sections of dissociative adsorption than an energetically
equal initial rotational excitation; (3) the reactivity of the
cluster depends on its structure: the most stable icosahedral
(ico) form of Niyj is less reactive than its hexagonal close-
packed (hcp) and cuboctahedral (cubo) isomers. The former



exhibits energy thresholds to the reaction, while the latter do
not; (4) the reactivity of the cluster does not change when its
temperature is varied from T = 0 K to T = 300 K and in-
creases only moderately when the temperature is raised up
to T = 1000 K; (5) both the reaction and the inelastic scatter-
ing of the molecule can be direct or indirect. The indirect
processes involve transient states of molecular adsorption -
(classical) resonances. The structure-reactivity correlation
exhibits itself also in that, at very low collision energies, D3
forms reactive resonances (i.e., those which eventually dis-
sociate on the cluster) with the hcp and cubo forms of Niy3,
but not with its ico isomer. As a consequence, the reaction
cross sections for the hcp and cubo geometries possess
(local) maxima at low collision energies. We have intro-
duced a new resonance analysis technique and applied it to
calculate the probabilities (cross sections) of formation of
reactive resonances and their lifetimes [8,10,13]. The life-
times and the relative contribution of the resonances to the
overall reactivity decrease with increase of the collision en-
ergy.

Although the experimental data available at present do
not allow for detailed verification of the predictions listed
above, recent measurements on reactivity of nickel clusters
indeed indicate only a weak temperature-dependence and a
possible involvement of resonances [14]. However, the cal-
culated room-temperature rate constant of the reaction Nij3
+ D2 — Nij3 = 2D [10] (cf. also Ref. 4) disagrees with the
value deduced from the experiments [15]. A factor that
plays a dominant role in defining the qualitative and quanti-
tative characteristics of the reaction is the topology of the
cluster-molecule potential erergy surface. The goal of this
communication is to present an analysis of the LEPS surface
that leads to the results mentioned above. This is done in
the next section. In Sect. 3 we consider a modification of
the LEPS that brings the calculated reaction rate constant
into an agreement with the value obtained from the mea-
surements. A summary is given in Sect. 4.

2. Analysis of the topology of the LEPS surface

A useful way of displaying the features of a potential energy
surface, which allows one to literally see the "wells" and
"barriers" ("saddles"), is mapping it in the form of equipo-
tential contour plots (ECP). These plots are widely used in
analyses of atom-diatom and diatom-surface interactions.
An inherent constraint of the ECPs is that they are restricted
to two independent variables at a time. This, however,
usually is not a real limitation.

As mentioned, we have used the PESII parameterization
of RSD [4] in the LEPS representation of the cluster-mole-
cule interaction. Our considerations here are restricted to
the ico form of Nij3. By carrying out complete dynamical
quenchings, we have found that the adsorption of a Dy
(either molecular or dissociative) causes only a negligible
perturbation in the cluster structure (the energy of the

equilibrium ico configuration changes by less than 0.01%).
This justifies considering the cluster degrees of freedom as
frozen. The cluster-molecule interaction energy then
becomes a function of only six coordinates, which specify
the positions of the two D atoms. A convenient choice is the
spherical coordinates of the center-of-mass (c.m.) of the
molecule (i.e, the cluster c.m. - molecule c.m. distance and
two angles; the origin of the laboratory-fixed frame is placed
in the c.m. of the cluster) and the D-D bond length and
orientation, specified by an additional two angles. For any
fixed values of the pair of distance coordinates, one can find
the minimum of the LEPS interaction energy as a function
of the four angles. We have performed such minimizations
on a grid of distances and angles using 0.01-0.1 A and 10°
as the corresponding grid intervals.

The contour map of the minimized LEPS potential
energy surface is shown in Fig. 1. The entrance valley
depth of 4.74 eV at large Dy(c.m.)-Nij3(c.m.) distances
corresponds to the well depth of the Morse potential de-
scribing an isolated D7 molecule. As the distance between
the D, and the Nij3 decreases, a shallow well corresponding
to the state of molecular adsorption develops. In fact, this
well represents two different adsorption configurations that
have the same energy: the molecule is aligned parallel to a
threefold face of the cluster and is either parallel or
perpendicular to one of the edges of that face. In order to
reach the barrier (saddle) for the dissociative adsorption, the
molecule has to approach the cluster even closer. It is seen
in Fig. 1 that the equipotential contour that corresponds to -
4.55 eV (the value of the zero-point energy of the D3
molecule) does not reach the dissociation barrier either
along the x-axis (D-D distance) or along the y-axis (cluster-
molecule distance). This explains why a certain minimum
(threshold) collision energy is required for the molecule to
be able to dissociate on the cluster (see Fig. 2). Although
the barrier is a late one (it is located in the exit valley),
crossing it involves both an increase in the D-D distance and
a decrease in the Dy(c.m.)-Nij3(c.m.) separation. This is
why the reaction is enhanced not only by an initial
vibrational excitation of the molecule but also by an increase
of the collision energy. Five wells of approximately equal
depth separated by barriers (saddles) of approximately equal
height correspond to large D-D distances. These wells
represent the five topologically different pairs of threefold
faces of the cluster on which the molecule can adsorb
dissociatively. The one with the largest D-D separation
corresponds to D atoms attached to opposite sides of the
cluster. The most favorable atomic binding sites are the
(threefold) faces. All the barriers, including that for the
dissociation of the molecule, correspond to one of the D
atoms being over an edge between two faces. The
calculation from this potential energy of binding of a D
atom to the cluster is 2.43 eV. The experimental value for
binding a D atom to the (111) and (100) surfaces of the bulk
nickel is 2.74 eV [16]. Electronic structure calculations [3]
reproduce this latter value quite well. The rate constant of
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Fig. 1 Equipotential contour plot of the RSD's PESII form of the minimized (see text) LEPS potential. The crosses
indicate the minima and maxima on the surface. The numbers are values of the energy ineV.

the reaction of a D with an ico Niy3 computed using this
potential [10] is considerably lower than the value deduced
from the experiment [15]. A cause of the discrepancy
between the theory and the experiment may be that the
PESII paraeterization of the LEPS function underestimates
the strength of the cluster-molecule interaction. (Of course,
this interaction depends, in general, also on the optimized
geometry of the cluster.)

360 T T T T

30.0f ,** . B

N
»
o
T
°
1

LEPS
b e MODIFIED LEPS

CROSS SECTION( 2)
®
=

o
o
T
9
L

0.0 s R s
0.0 0.2 0.4 0.6 08 1.0

Eqr(oV)

Fig.2 Dissociative adsorption cross sections, as functions
of the collision energy Eyy, for the original and the modified
LEPS potentials. The molecule was prepared in the
vibrational v = 0 and rotational j = 3 state, the cluster was at
room temperature.

3. Modification of the cluster-molecule interaction
energy

To evaluate the sensitivity of the results of our dy-
namical simulations to the parameters of the LEPS potential
and to test whether a stronger cluster-molecule interaction
indeed leads to a better agreement between the theory and
the experiment, we performed calculations also with a
modified LEPS surface. The modified potential had the
same parameters as PESII [4], except the well depths of the
two Morse functions representing the D-Ni interaction were
increased by 10%. This increases the D-Nij3 binding
energy to 2.68 eV. The ECP of the minimized over the
angular degrees of freedom modified LEPS surface is shown
in Fig. 3. The major difference between the plots in Figs. 1
and 3 appears in the transition region between the entrance
and the exit valleys. The molecular adsorption well moves
close to the exit valley. This well, however, hardly can
retain the molecule, since the barrier to the dissociative
adsorption is extremely low. The peak of this barrier is
below not only the zero-point energy level of a D7 but also
the bottom of the entrance valley. The topology of the exit
valley with the five dissociative adsorption wells remains
essentially unaltered, except a 10% change in the magnitude
of the corresponding energies.

It is immediately clear that the modified potential is more
"reactive”. It predicts that the molecule should be able to
dissociate on the cluster even when its collision energy is
arbitrarily small. Comparison of the reaction cross sections
calculated with the original and the modified LEPS
functions is showr in Fig. 2 (for computational details see
Refs. 6-8, 10). The difference between the two curves is
quite striking. Not only are the cross sections computed
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Fig.3 The same as Fig. 1, but for the modified LEPS potential.

from the modified potential much larger, but they change
nonmonotonically with the collision energy. The low-
energy maximum is a consequence of the resonance (com-
plex formation) phenomenon [8,10]. It will be discussed in
detail together with other aspects of the study, such as the
effect of the modification of the potential on the reactivity of
the hcp and cubo isomers of Nij3, elsewhere [13]. The
reaction rate constant at (translational) temperature of 298K
computed from the cross sections corresponding to the
modified potential is 3¢10-10 cm3/s. This value is in excel-
lent agreement with the experimental estimate of
(4+2)+10"1%m3/s [15]. We have calculated also the fre-
quency of vibration of a D atom adsorbed on the cluster.
The original potential gives the value 754 cm-1, the modi-
fied - 791 cm-1. For an H atom, these frequencies translate
into 1066 cm-! and 1123 cm-!, respectively. Both values
are very close to the measured (1122-1137 cm-! {17]) and
calculated (1043-1176 cm-1 [3b]) frequencies of vibration of
an H atom over a threefold site of Ni (111) surface.

4. Summary

An analysis of the interaction of a D7 molecule with an
ico Ni13 cluster as modelled by a LEPS potentiai has been
presented in terms of contour plots. The ECP representation
of the minimized interaction energy displays topological
features that directly correlate with and explain the energetic
and dynamical characteristics of the dissociative adsorption
of the molecule on the cluster as obtained in our
quasiclassical simulations. We have introduced a modifica-

tion of the RSD's PESII form of the LEPS potential, which
brings the calculated reaction rate constant into an agree-
ment with the experimental value. Our modification is
based on the presumption that the original LEPS function
underestimates the strength of the cluster-molecule inter-
action. This presumption derives from the comparison of
the D-cluster binding energy calculated from the original
LEPS potential to the better established value of the D-
surface binding energy. Ultimately, however, detailed
enough experimental and ab initio data for clusters will
have to be used to tune and to test models of cluster-
molecule interactions.
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