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Abstract

We present results from classical trajectory calculations of collisions of (N2)n (64 ≤ n ≤ 512) clusters with a graphite surface
in order to deepen our understanding of energy transfer processes and cluster fragmentation dynamics. Translational and rota-
tional distributions for the monomer products of evaporation are determined for incidence angles between 30 and 70◦, at an inci-
dent velocity of 750±50 m s−1 and for two surface temperatures. Our molecular dynamics simulations, which employ a simple
trapping/desorption model for describing the interactions between molecules and the surface, allow us to reproduce experimen-
tal results not only qualitatively, but also quantitatively. A detailed analysis of the scattering event shows that the monomer trans-
lational energy distributions can be well described by a single Boltzmann distribution, while the rotational distributions of scat-
tered molecules are best represented by a sum of two distinct Boltzmann distributions. The two resulting rotational temperatures
can be attributed to a significant cage effect occurring during the cluster–surface impact. As a result, monomers originating from
the outskirts of the clusters evaporate rotationally hot, while monomers from the very interior of the cluster—which are subject
to cage effects—tend to be rotationally colder. Absolute values of the rotational temperatures indicate that the hot monomers ex-
perience significant rotational hindrance when evaporating from their parent cluster. (Int J Mass Spectrom 220 (2002) 159–170)
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Recently, theoretical studies[1] have predicted that
reactions with large activation barriers could occur
under the extreme conditions that are produced within
clusters upon impact with a solid surface. In order to
gain some insight into the dynamics of this so-called
“chemistry with a hammer”[2], elementary energy
transfer processes to internal degrees of freedom
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should be well understood. In the past, experimental
[3–11] and theoretical[12–17] studies have concen-
trated mainly on the scattering of atomic van der
Waals clusters, where only energy transfer to transla-
tional degrees of freedom is possible. Only recently,
the rotational and translational distributions of the
products of nitrogen cluster scattering have been mea-
sured using (REMPI) and quadrupole mass spectrom-
etry [18]. Motivated by the difficulty to explain some
of the experimental results, we engaged into molec-
ular dynamics simulations, of which a preliminary
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account has been given elsewhere[19]. While the
qualitative trends observed experimentally were well
reproduced in our previous simulations, the agreement
between simulations and experiment was not quan-
titative. In this article, we present simulation results
with a simple phenomenological trapping/desorption
model that allows us to reproduce all previous ex-
perimental data quantitatively, and to understand the
details of energy flow between all molecular de-
grees of freedom and the surface. For instance, the
hindered-rotation problem is an important topic in the
study of both the rotation of molecules bound inside
a crystal[20] and the overall rotation of molecules
adsorbed on solid surfaces[21]. The lack of clear
understanding of energy transfer processes becomes
yet more important when the interacting entities be-
come as complex as large clusters and solid state
surfaces.

2. Computational method

Most of the computational details have been de-
scribed previously[19], so we limit our discussion
here to the most important features of the simulation
procedure and the new features of the present study.
The trajectories were propagated in time by integrating
Newton’s equations of motion[22] with a fifth-order
Gear algorithm[23] and a fixed step size of 0.2 fs.
The intramolecular N–N interactions are modeled by
Morse potentials[24] and the intermolecular N2–N2

van der Waals interactions by four-center N–N stan-
dard Lennard–Jones potentials[25].

All simulations reported here involve collisions be-
tween large neutral nitrogen clusters and a hard surface
at an incidence angleθ i (measured from the surface
normal) between 30 and 70◦, with nitrogen (N2)n clus-
ters thermalized at 32 K[26] and ranging in size from
64 to 512 molecules per cluster, and at an incoming
cluster velocity of 750 m s−1 [18]. To account for the
energy transfer between the surface and the scattering
cluster, we employed the lost memory model[27] for
quasi-trapping[28]. In this model, we calculate the
probability β for an individual, incoming particle to

become trapped as

β = exp

(
−En

Es

)

whereEn is the normal kinetic energymv2
z /2, with

vz being the normal velocity component if the surface
is in the (x, y) plane as shown inFig. 1. Es in the
above equation is the surface–molecule binding en-
ergy, which is taken as the experimentally determined
value of 10.05 kJ mol−1 [29] in the present study. In
our model, each monomer that becomes trapped on the
surface transfers the kinetic energy that corresponds
to its normal velocity component to the surface. Once
trapped, the monomer remains on the surface during
a residence timeτ that is determined by the surface
temperatureTs and the surface–molecule binding en-
ergyEs as

τ =
(

h

kBTs

)
exp

(
Es

kBTs

)

whereh is Planck’s constant andkB Boltzmann’s con-
stant[30].

At the end of their residence timeτ , monomers
receive an amount of energy from the surface that
corresponds to its temperature and desorb in a ran-
dom direction[27]. Those molecules that do not get
trapped on the surface are assumed to suffer an elas-
tic “reflection” from the hard surface, i.e., we simply
reverse their normal velocity component upon surface
impact [19,27]. In order to compare to experimental
results, we calculate the parallel velocity conservation
coefficientcF that is determined by the ratio of the
final and the initial tangential velocity components
of the largest surviving cluster. Once an evaporated
monomer is at a distance of 6.5 Å[16] from all other
monomers, we determine their rotational, vibrational
and translational energies. To average out possible
vibrational–rotational coupling,Erot is averaged over
several vibrational periods of the monomers. Vibra-
tional and rotational quantum numbers can then be
obtained by semi-classical quantization[31]. As in
the experimental study[18], the translational energies
of the evaporated monomers are defined with respect



N. Chaâbane et al. / International Journal of Mass Spectrometry 220 (2002) 159–170 161

Fig. 1. Schematic diagram of the coordinate system employed in our simulations of cluster surface collision.

to the center of mass of the largest surviving cluster
fragment.

3. Results and discussion

Fig. 2 depicts the dynamics of the scattering of a
nitrogen cluster. As the cluster becomes compressed
upon the surface, intermolecular and surface collisions
result in the rapid heating of the cluster and a dras-
tic increase in the cluster temperature. This heating
causes evaporation of nitrogen monomers that have
gained translational energy from cluster–surface im-
pact. In the following, we will first determine the frac-
tion cF of the initial parallel velocity component of
the incident cluster that is conserved by the biggest
surviving cluster fragment. Then, we will analyze the

translational and rotational distributions for the evap-
orated N2 monomers.

3.1. Parallel velocity conservation factor cF for the
surviving cluster

Values ofcF are shown inFig. 3 for two different
surface temperatures and for several initial clusters
sizes. Except for very small incidence angles, the
coefficientcF always remains at 1.00 ± 0.08, in ex-
cellent agreement with experiment; i.e., the outgoing
fragments conserve about all of their incident paral-
lel velocity component. The coefficientcF increases
rapidly for θ i smaller than 40◦, and reaches values
up to 1.5 at an incidence angle of 30◦. This gain of
parallel velocity component suggests that not all of
the incident normal kinetic energy is used for the
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Fig. 2. Five typical snapshots of the surface scattering at different times for a 60◦ incidence angle: (a) the initial cluster of 512 molecules
(t = 0 ps); (b) just at cluster–surface impact; (c) directly after the deposition of the (N2)512 cluster on the surface; (d) intermediate step
where monomers evaporation takes place; (e) after 100 ps where the major part of the cluster has evaporated.
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Fig. 3. Simulated and measured parallel velocity conservation coefficients as a function of incident angle, incident cluster size, and surface
temperature.

thermalization and evaporation of N2 molecules, but
that part of it is transferred to the tangential velocity
component, as previously discussed for argon clusters
[32].

Fig. 3(a) and (b)display cF profiles for surface
temperature values of 580 and 440 K, respectively.
When the surface temperature decreases, parent clus-
ters gliding on the graphite surface are slowed down,
as can be seen from a decrease in thecF coefficient
[33]. Both simulation and experimental data indicate
that the observedcF values do not vary with incident
cluster size. This observation might at first appear
surprising, since one might expect that larger clusters
deform the surface more and should thus experience
more friction, resulting in a smallercF value. The
observed independence suggests that most monomers
of the cluster do not interact directly with the surface,
but rather with other nitrogen atoms between the
cluster and the surface[32]. Therefore, we propose

that a portion of the cluster monomers will become
“trapped” between the surface and the incoming clus-
ter, creating an isolating cushion (seeFig. 2(d)), as
will be discussed below in the light of the dynamic
zone structure (DZS) model[16].

3.2. Translational distributions of the evaporating
monomers

As in experiments, the translational temperatures
Ttrans of the evaporated products were determined by
fitting the simulated translational energy distributions
by single Maxwell–Boltzmann distributions. These
temperatures turned out to be thermalized at the in-
stantaneous cluster temperature and to decrease with
increasing incident angleθ i . These qualitative findings
are in good agreement with our previous experimen-
tal and simulation results[18,19]. The more realistic
surface model employed in the present work leads
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Fig. 4. Evolution of the translational temperature with incident angle and cluster size.

to an excellent quantitative agreement between sim-
ulated and measured values for all incidence angles
smaller than 60◦, as shown inFig. 4. At this point,
we would like to point out that our surface model
does not contain any adjustable parameter. One could
obviously obtain a yet better agreement forTtrans,
even for the largest incidence angles, by using the
surface–molecule binding energy as a fit parameter.
In this work, however, we prefer to demonstrate that
we can achieve a very good agreement between simu-
lation and experiment, even when simply fixingEs to
its experimentally determined value of 10.05 kJ mol−1

[29]. The observed increase in the translational tem-
peratures with decreasingθ i , shown inFig. 4, can be
explained by the more violent cluster compression
during surface impact which favors energy transfer
from translational to internal degrees of freedom. It is
well known that the degree of cluster heating scales
with the normal component of the incident kinetic
energy[16]. In Fig. 5(a), we display the instantaneous
cluster temperatureTcluster calculated from the kinetic
energy of all cluster molecules in the moving cluster
frame. For two different incidence angles, we show
that Tcluster increases until the evaporation process
starts taking place. Thereafter, the cluster temperature

Fig. 5. (a) Instantaneous cluster temperatureTcluster averaged over
all cluster molecules and (b) number of molecules in the surviving
cluster for 40 and 60◦ incidence angles, with an initial cluster size
of 512 molecules andTs = 580 K. Time “t = 0” corresponds to
the beginning of our trajectory calculations.
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decreases as a function of time. The maximum clus-
ter temperature is obviously higher for an incidence
angle of 40◦ than for 60◦, because there is a larger
amount of normal kinetic energy available to heat
the cluster. A few picoseconds after the beginning of
monomer evaporation,Tcluster stabilizes at a constant
value for both incidence angles. However, the stabi-
lized cluster temperature is higher for a 60◦ incidence
angle than for 40◦, because many more evaporated
monomers participated in the cluster cooling process
in the latter case (seeFig. 5(b)).

3.3. Rotational distributions of the evaporating
monomers

As stated above, the translational energy distribution
of the evaporating molecules can well be described
with a single Maxwell–Boltzmann distribution; i.e.,
with one single temperatureTtrans. The rotational en-

Fig. 6. Translational and rotational distributions obtained atθi = 30◦ and a cluster of 512 molecules. Upper plots: one translational
temperature distribution. Lower plots: two rotational temperature distribution. Circles represent the simulated values and solid lines are
Boltzmann fits to the simulated data.

ergy distributions, however, cannot be described by a
single thermal distribution.Fig. 6(a) and (c)show the
calculated translational and rotational energy distribu-
tionsP(Etrans) andP(Erot) resulting from the scattering
process. Corresponding logarithmic plots inFig. 6(b)
and (d)show a linear dependence of logP(Etrans) on
the translational energyEtrans, while logP(Erot) vs.
Erot can only be satisfactorily represented by a sum
of two rotational Boltzmann distributions which, in-
deed, confirms the experimental observation of two
rotational temperatures.

In Fig. 7(a), we show the resulting rotational tem-
peratures as a function of incidence angle for differ-
ent cluster sizes. The cold component is essentially
constant and equal to the experimental values of
75 ± 20 K, whereas the hot temperatures are around
375 K which is also in excellent agreement with pre-
vious experiment (seeFig. 7(b)), especially when
considering the 16% experimental uncertainty.
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Fig. 7. Evolution of the rotational temperature with incident angle and cluster size.

We actually performed the same simulations for an
incident cluster velocity of 1440 m s−1 and we found
roughly the same rotational temperatures of 75 and
375 K. While the rotational temperatures remain al-
most unchanged in spite of a nearly four times larger
incident kinetic energy, the relative importance of the
cold component decreases by a factor of two and the
translational temperature nearly scales with the in-
crease in incident kinetic energy. This is clearly due
to shattering that becomes strongly enhanced by the
much more violent impact. The fact that the rotational
energy does not increase while the translational one
does suggests a process with very efficient rotational
hindrance[34]. In fact, Gadzuk et al.[34] previously
proposed such a process to explain why the rotational
temperature of individual molecules scattering from
solid surfaces first increases linearly with surface tem-
perature, but then saturates at a constant value of about
250 to 350 K even for surface temperatures as high as
900 K.

To better understand the physical origin of the two
distinct rotational distributions, we show inFig. 8(a)
that molecules from the two different rotational com-
ponents originate from cluster areas that can be
characterized by clearly different densities. In fact,

the existence of two densities, even before the im-
pact event, clearly demonstrates that the compo-
nent corresponding to higher densities originates
from the initial center of the cluster, whereas the
lower-density molecules evaporate from the out-
skirts of the cluster. More specifically, we define
cold molecules as monomers with rotational energy
less than 0.3 kcal mol−1 (i.e., a rotational quantum
number smaller thanJ = 7) and hot molecules as
having rotational energy larger than 0.6 kcal mol−1

(i.e., a rotational quantum number that is larger than
J = 11). The cluster compression taking place during
the first 0.8 ps after impact causes a density increase
for both components. Both densities start decreasing
as soon as monomer evaporation becomes significant.
The averaged densities change with incidence angle;
for large incidence angles the density distributions
becomes more flat (seeFig. 8(c)). The density differ-
ence between the two rotational components is more
pronounced for the larger incidence angles. This is
consistent with the fact that, at 40◦ impact, the two
cluster zones are more compressed than at 60◦, and
the number of molecules contributing to the hot com-
ponent is considerably larger than at 60◦. Therefore,
only the outermost cluster molecules contribute to the
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Fig. 8. Comparison between simulated density distributions around each monomer in a surviving cluster gliding on the surface as a function
of time (in ps), for incidence angles 40◦ (a) and 60◦ (c), an incident cluster size of 512 molecules and a surface temperature of 580 K; (b)
and (d) show the time evolution of the height of the center of mass and of the geometrical center of the cluster for the same conditions
as above. Time zero denotes again the beginning of our trajectory calculations.

Fig. 9. Simulated and experimental results for the importance of the cold component as function of incidence angle and cluster size with
a 580 K graphite surface.
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hot component for a 60◦ incidence angle, resulting in
a larger average density difference than for 40◦.

We like to point out that the density around rota-
tionally hot monomers at an incidence angle of 60◦

is lower than around those at 40◦ even before the
impact event, since the assignment of the evaporated
molecules in “hot” and “cold” rotational components
can only be accomplished at the end of the scattering
process and since the density of a thermalized cluster
is somewhat higher in the center of the cluster than
in the outermost layers. At large incidence angles, for
example, hot monomers only originate from the very
outskirts of the cluster, while at 40◦, the hot compo-
nent is composed of molecules that were localized
in a thicker external layer of the cluster. When the
incidence angle approaches very low values, there is
no more marked vapor cushion and the distinction be-
tween the two zones of the cluster becomes less obvi-
ous, as shown inFig. 8(a), where the densities around
rotationally hot and cold monomers are, indeed, very

Fig. 10. Integrated energyEsc transferred from the surface to a nitrogen cluster of 512 molecules for an incidence angle ofθi = 40◦ and
a surface temperature of 580 K as a function of time (thick smooth curve, left scale). The thin curve is obtained from time differentiation
of the first curve and represents the time evolution of the energy flux from the surface to the cluster (right scale). The time “t = 0”
corresponds again to the beginning of the trajectory calculations.

similar before the impact. For the longest simulation
times shown, the absolute densities for the smaller
incidence angle are lower than for the larger one. Ten-
tatively, we attribute this observation to the difference
in cluster temperature at 10 ps (seeFig. 5(a)).

Let us now consider the detailed zone structure of
the cluster during the scattering event. Besides the
dominant evaporation components described above,
we would also like to demonstrate the existence of
another region in the cluster. InFig. 8(b) and (d), we
represent the evolution of the height of the center of
mass and of the geometrical center of the surviving
cluster measured from the graphite surface. For both
incidence angles, the center of mass approaches closer
to the surface than the geometrical center of the clus-
ter indicating the formation of a relatively dense “va-
por cushion” throughout the scattering process. When
the surviving cluster leaves the surface, the two cen-
ters become nearly identical as they were before the
surface impact. For a 60◦ incidence angle, the cluster



N. Chaâbane et al. / International Journal of Mass Spectrometry 220 (2002) 159–170 169

glides on the surface for a longer period of time than
at 40◦, since the normal component of the incident en-
ergy is less, resulting in milder impact conditions. In
summary, we propose that the rotationally hot com-
ponent of monomer evaporation takes place from the
outer layers of the cluster, where they are more free to
move than in the dense zone in the very cluster center
that gets in contact with the surface during the time
the cluster glides along the surface. Consequently, the
higher-density zone from which the cold component
originates can directly be related to the vapor cushion.
Because of steric constraints, the monomers of the cold
component are well caged during cluster impact and
shortly after, and they can only evaporate at much later
times than do the hot component molecules. The cold
fractionWcold is shown inFig. 9 where it can be seen
that the importance of this cold component increases
with incidence angleθ i . The same trend can be ob-
served in the experimental results for (N2)200, and can
be attributed to the fact that there are relatively more
molecules that evaporate during the very early stages
of the scattering process for smaller incidence angles,
i.e., the smaller the incidence angle, the more im-
portant the hot component becomes. Moreover,Wcold

slightly increases with cluster size because the propor-
tion of molecules in the very interior relative to that at
the outskirts of the cluster increases with cluster size.

In Fig. 10, we finally show the evolution of the
integrated energyEsc transferred from the surface to
the cluster, and the corresponding energy flux as a
function of time. At impact, the energy flux becomes
slightly negative because the surface absorbs some
of the incident normal translational energy of the in-
coming cluster due to surface trapping. When trapped
monomers start desorbing from the surface again, the
energyEscbecomes largely positive and increases until
about 15 ps, when it stabilizes since all surface-trapped
molecules have desorbed by then.

4. Conclusion

In the present study, molecular dynamics simula-
tions employing a simple trapping/desorption scheme

to model a solid surface has enabled us to repro-
duce the parallel velocity conservation factorcF, the
translational temperature and rotational temperatures
of evaporated monomers obtained experimentally. Our
model does not only give a qualitative image of the
evaporation of monomers resulting from the impact of
large clusters onto a graphite surface, but it also gives
correct quantitative results without the use of any fit-
ting parameters. In fact, instead of using the nitrogen
molecule–surface binding energyEs as a fitting param-
eter, we use theEs value that has been experimentally
determined by Vidali et al.[29].

Analysis of the dynamics of the cluster scatter-
ing event in terms of the DZS model supports the
energy transfer mechanisms proposed in an earlier
theoretical study[19]. The trends in thecF with in-
cidence angle and surface temperature suggest that
a large portion of the monomers that form the clus-
ter do not interact directly with the surface. This
implies that an isolating vapor cushion is formed
from monomers that are trapped between the sur-
face and other incoming monomers, as suggested in
the DZS model. Analysis of the translational tem-
perature changes with incidence angle and cluster
size, and the time evolution of the instantaneous
cluster temperature, indicate that degree of transla-
tional excitation of the product monomers depends
on the instantaneous cluster temperature at which
the monomers evaporate. The time evolution of the
density around rotationally hot and cold monomers
demonstrates the existence of two zones, besides
the vapor cushion, from which monomers evaporate:
the outskirts of the cluster and the surviving cluster
which is comprised of monomers that were trapped
within the cluster during impact. The trends in the
two rotational temperatures strongly suggest that the
rotationally hot monomers are subject to rotational
hindrance upon evaporation from the surface of the
moving cluster, whereas rotationally cold monomers
evaporate from the surviving cluster at a temperature
which depends on the stabilized instantaneous cluster
temperature.

In conclusion, the dynamics of the cluster scatter-
ing event reported here, as well as the redistribution
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of the impact energy into translational and rotational
degrees of freedom, paints a picture in very good
agreement with the basic features of the DZS model
[16].
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