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Driving High Threshold Chemical Reactions by Cluster-Surface Collisions: Molecular
Dynamics Simulations for CHgl Clusters
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Computational results for the surface impact of (QKclusters are presented, and the dynamics of formation
of molecular products is examined. The mechanism is compared to the high energy bimolecsilar CH
CHGl collision and to other reactions in impact-heated clusters, in particular, the burning of air. The results
are discussed in reference to the experimentally observed formation of molecular iodigi® {(assurface
collisions of (CHl),~ clusters.

Introduction even for four-center reactiofisyhere vibrational excitation of
the reactants is necessary for reaction. The origin of this
requirement is the kinematic constraint that operates for four-
CH,l + CHyl — I, + CH,CH, center reaction& The required vibrational excitation is possible
when reactants are solvated by an inert cluster. Simulations
are nominally “forbidden” because of an unfavorable orbital clearly show that, prior to reaction, the cluster environment
correlationt? In a more refined view there is a curve crossing activates the reactantd’he motivation of this paper is the first
so that the reactants do correlate to the products but with a highreported experimental study of new bond formation under
barrier along the reaction coordinate. This high barrier has beenconditions of cluster impaét
discussed, e.g., for H+ H, 34 and for HI + HI.5~7 wed~10 Dynamically, the most complex situation is when all the
have suggested that such high barrier reactions could bemolecules of the cluster are potentially reactive. The reason is
thermally driven by cluster impact. In this approach, a cold, that many unsaturated species can be formed within the cluster
van der Waals bound cluster, in which the reactants are solvatedso that the valence forces are many body. At the high initial
impacts a hard wall at a supersonic velodity> Upon impact, compression that follows impact almost the entire cluster is
a large fraction of the clusters have their (initially, directed) electronically coupled. We have carried out simulations of
energy rapidly randomized, leading to ultrafast (tens of femto- impact heating of mixed MO, clusters and noted high (up to
seconds) heating. A rough estimate of the temperature rise within30% of the initial material) yield of formation of N&. The
the hot and compressed cluster is provided by the equivalenceburning of air” reaction
of temperature to the random part of the kinetic energy. If, upon

Concerted four-center collisions such as

impact, the entire initially directed velocity of the cluster is N, +O,—2NO
rapidly randomized, the cluster temperature will reach a value
that is V times room temperature wheng is the initial has, so far, not been observed to occur by cluster impact.

velocity in units of the velocity of sound. A cluster impacting Christen and Even have recently repoffethat a (singly

the surface at 4 km/s, which is about 10 Mach and is the velocity negatively charged) cluster of GHmolecules, upon wall
range of interest in this work, can therefore be rapidly heated impact, leads to detectable formation gf molecules. Clusters

to well over 1@ K. Molecular dynamics simulations for a cluster  0f 2—15 molecules were studied as a function of the collision
of interacting but otherwise structureless particles verify this Vvelocity. The yield is not high but is larger for larger clusters.
temperature range is accessible even when energy loss to thén this work we report that molecular dynamics simulations of
surface is allowed® A short time after this practically instan- ~ impact heating of Chl clusters leads to.lformation with a
taneous heating, the cluster fragmeitd® Reference 20 is a  Yield which is quantitatively similar to that observed, including
recent extensive review of our earlier work on cluster impact the dependence on collision velocity and size of clusters, Figures
chemistry with special reference toM, clusters. 1 and 2.

Computer simulations and experimeat2> show that bond The yield of formation of molecular products in the simula-
dissociation can occur within an impact-heated cluster. It is less tions is high at a collision velocity of about 4 km/s. This energy
obvious that bond formation is also possible in the short is above the threshold for electronic excitation. Yet Christen
available time. Time is short because the cluster rapidly and Even report (private communication) that there is no light
fragmentst6.18 Computer simulations suggest that since there emission from the region of impact even at higher collision

is time for 3-5 collisions, reactions are possible. This is true energies. We find the complete absence of evidence for
electronic excitation not easy to understand. On the other hand,

* Corresponding author. Fax: 972-2-6513742. E-mail: rafi@fh.huji.ac.il. one expects a strong kinematic constraint against electronic
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Figure 1. The yield (per CHI molecule) of molecular and atomic
iodine, as indicated, vs the impact velocity normal to the surface for
(CHgl), clusters of different sizes. Note that the molecular product is
more typical for the larger clusters and that it is confined to a fairly

limited range in impact velocity.
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Figure 2. The yield (per CHI molecule) of molecular and atomic
iodine, as indicated, for (C#f),, clusters of different sizes at several

values of the impact velocity at the surface.

excitation at velocities of a few kmf.The reason is that the
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Figure 3. The contours of the potential energy between twoslCH
molecules held at an H configuration, as a function of the two bond
distances. The potential energy contours are labeled by kJ/mol. The
details of the potential are given in the appendix and the parameters
are such that the resulting potential for two gLkholecules is very
similar to that derived from the London equation as shown in reference
30. The reactants valley is at the upper left corner. The valley rises
uphill and the barrier is quite late and high although not so high that
it exceeds the dissociation energy to four atoms. The reaction coordinate
in the barrier region is almost a pure €H elongation so that initial
vibrational excitation is beneficial for crossing the barrier.

baticity, and recent detailed quantum mechanical computéfions
concur. It is therefore realistic to carry out classical molecular
dynamics simulations at 4 km/s.

Potential. The results of a molecular dynamics simulation
are only as physical as the potential that is used. There is no
guestion that we do not have a realistic functional form of the
potential for a system of many open shell species such as CH
and . The problem is that chemical forces saturate. That is, the
incipient formation of one bond weakens the other bonds. That
is sometimes expressed as a “conservation of bond order” which
means that a given atom can accommodate only so many bonds,
and hence, in a concerted reaction, the new bond is being formed
in concert with the breaking of the old bond. A functional form
that describes this conservation was derived by London a long
time ago?® The success of the London equation is that it allows
empirical input on the different diatomics that represent the
reactants and products. This not only means that the entire
function is easily written down but also that its asymptotic
behavior, that is, in the reactants and products regions, is
guaranteed to be physically correct. Unfortunately, the London
equation is only known for a tetratomic system (and for atoms
in S states). We need a generalization, which, so far, is not
available. What we do is to use a purely empirical form where
the idea of conservation of bond order is imposed “by hand”.
The details are given in an appendix, and Figure 3 shows a
contour plot of equipotential lines for the approach of twosCH
molecules in an H configuration.

Figure 3 shows equipotential contours as a function of the

crossing between the ground and lowest excited state is generallyfCHs—1 and -1 bond distances. The reactants valley is at the
avoided so that there is an energy gap between them. Theupper left corner. The valley rises completely uphill and the
required energy has to be supplied by the kinetic energy of the barrier is very late and high although not so high that it exceeds
nuclei and the heavy lodine atom is strongly resistant to changesthe dissociation energy to four atoms. The reaction coordinate
in its momentun?@ Information theory estimates suggest about in the barrier region is almost a pure gH elongation so that

10 km/s as the velocity for the onset of electronic nonadia- initial vibrational excitation is beneficial for crossing the barrier.
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At the location of the barrier the-l bond distance (2.85 A) is
stretched beyond its equilibrium value (2.65 A) so that the newly
formed b will be vibrationally excited. These features of the
potential are very similar to what is seen in the London potential
for this systen?? A new feature here is the presence of the van

der Waals long-range attraction. These are hardly seen on the

scale of Figure 3 except in the dissociation plateau where the
contour at—20 kJ mof? actually encircles a well.

The energy requirements and energy disposal of thg &H
CHsl — CH3CHjs reaction, as judged from the potential, coincide
from what one would conclude from a kinematic analy8i¥.

In a kinematic model for ABt- AB, the products separate with

a velocity that is entirely provided by the-AB vibration and

the relative velocity of the two atoms in the-AA or B—B
products is provided by the approach velocity of the reactants.
An exploratory stud$? examined the high-energy bimolecular
CHal + CHgl collision for the London potential shown in Figure

3 and verified the expectations on the basis of topography of
the potential.

The expected high vibrational excitation of the newly formed
I—1 bond and its low dissociation energy mean that many newly
formed molecules dissociate so that the yield of molecular
products after the cluster fragments is low.

It is instructive to compare the GH+ CHsl — |, + CHs-
CHs potential used here, Figure 3, to the N O, — 2NO
potential used in our earlier study on the burning oft&Both
potentials are of the same functional form, cf. Appendix, and
as such are qualitatively similar. The quantitative differences
are however quite significant. The two main differences are,
first, that all the bonds are weaker and particularly so that of
the CH~—I reactant and the-tl product, cf. Table 1 below.
This has two important observable implications. The weaker
CHs—1 bond means that the barrier to reaction is lower so that
chemical rearrangement should be possible at lower impact
velocities and that the;lproduct is less stable so that its
formation is restricted to a limited range of collision energies.
The second difference in the potential is that the equilibrium
bond distance in the two molecular products] land CH—
CHs are quite different. Since the | atom is by far bigger it
tends to preclude a sufficiently close approach of the two methyl
groups. The yield of CBCH;z formation is consequently
significantly lower than that ofal

The computed dynamics are not very sensitive to the details
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Figure 4. The hyper radiug, defined by eq 1, vs time for the impact
of a (CHsl)1o cluster at the velocity of 4 kmd. The same impact is
examined in detail in Figures-8. Note the rapid expansion of the
cluster for times above 200 fs. The inset sh@#er times immediately
after the impact where it is seen that the cluster contracts first and
expands only later.

then question the use of only the ground electronic state
potential. We therefore reiterate that in a separate, quantum
mechanical, study of the high energy §€H- CHsl bimolecular
collision we showed that the effective threshold for formation
of electronically excited products is higher than 9 kigor
vibrationally cold molecules. This was shown to be due to the
exponentially small transition probability due to the stringent
Franck-Condon limitations on the heavy iodine atoms. Only
for velocities well above the nominal threshold does the
probability for nonadiabatic transitions become significant. Of
course, this is due to the ground and excited surfaces being well
separated over most of the range available for the motion of
the nuclei and need not be the case for other systems.

Molecular Dynamics Simulations.The molecular dynamics
simulations are standafd A cluster of CHI molecules is first
equilibrated at a low temperature. The long range van der Waals
wells insure that the cluster packing is at the density of the
liguid. Each atom of the cluster is then given the same additional
velocity in the direction normal to the surface. This velocity of
a few km/s is much higher than the thermal velocity so the
cluster moves bodily towards the surface with this velocity as
the velocity of its center of mass. From that instant, the equations
of motion for the coordinates of each atom are being integrated
with the forces being determined by the potential as discussed
above. As the atoms of the cluster reach the surface, they

of the potential. Of course, the precise history of any particular |nstantaneogsly rebo.und: reversing the direction of their velocity
trajectory is dependent on the details. But the meaningful resultsCOmMponent in the direction normal to the surface. An energy
must be an average over a number (we use 50) of trajectories|0SS (likely) or energy gain (less likely) accompanies this
The average is far less sensitive. Part of the reason is that we€versal. The precise details are given by a hard cube ffodel
are dealing with a high-energy collision and so the results are @S described in detail elsewhérhe mean result of collisions
most sensitive to the repulsive part of the potential, which is With the surface is that 55% of the initially directed velocity is
steep. So as long as the potential mimics the “size” of the atomsdlssmated_mto th(_e surface. This is consistent with the ob-
correctly, it will yield realistic results. Another reason is that served-3time of flight spectra. Charge transfer to or from the
the potential does not act against the kinematics. This is not Surface is not allowed. The equations of motion are all the time
impossible but it does not happen here. Finally, and as we Peing integrated.
pointed out befortand will further discuss below, in the cluster Not all the atoms reach the surface. The atoms from the front
the reaction is not a simple bimolecular event. There is time of the cluster that are the first to rebound, deflect many of the
for a few collisions so that details do get averaged out. This is incoming atoms. In larger clusters where there are several layers,
particularly so in a cluster made up from reactants because, everpne can see a propagation of a shock ffdrt.Immediately
for a single trajectory, if we ask not for its detailed history but after the impact with the surface, the cluster contracts because
for a more averaged question such as the yield,dhere is an the back atoms are still moving in while the front atoms are
inherent averaging over all the collisions in that cluster. moving out. After all atoms have undergone about one collision,
The simulations were carried for impact velocities in the range the cluster begins to expand, as illustrated in Figure 4 for a
of up to 10 kms?, because beyond that range essentially only (CHal)1o Cluster impacting at 4 kms.
atomic iodine is formed. But the energetic threshold for the  Shown in Figure 4 is the time dependence of the mean (RMS)
formation of electronically excited products is lowéiOne can radius of the cluster defined by
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Figure 5. The yield of molecular iodine shown as a fraction of the Time (fsec) Time (fsec)
glseli(:ldoiigttg?c iodine vs cluster size for several impact velocities, Figqre 6. The force on _Iodine atoms 17 (left part) and 19 (rig_ht part)
vs time. Shown for the impact of a (GHio cluster at the velocity of
on on 4 kms. These two iodine atoms exit as a bound but vibrationally
pz =ym(r, —r m)Z/ m 1) excited, molecule. The vibration of the nearly isolated molecule is seen

L I cl L for times above 300 fs when the cluster has, cf. Figure 4, considerably
= = expanded.

Herem is the mass of thé&h particle (I or CH), andr; is its
position at timet. The position of the center of mass of the
cluster isrem = >imri/Yim.

The time required for the cluster to expand is determined by

in the compressed cluster, and for the potential function that
we use (cf. Appendix), the potential energy of a bond is very
much a function of where the other atoms are. So much so,
that by the energy criterion many bonds in the products result

its size. At 4 km/s the atoms move 0.04 Affs so that for a fom what looks like a third (or even, many) body assisted
(CHal) 1o cluster, whose radius is about 30 A, expansion is seen, recombination. In other words, a new bond is being formed

Figure 4, to begin about 100 fs after the impact. The chemical peyyeen two lodine atoms with lots of relative kinetic energy,

identity of the species that exit from the impact is determined .o nearby third atom departs while taking a fraction of the
900 fs after the impact. At this time the cluster has considerably o, aqg energy with it.

expanded, Figure 4, but this long time is needed because highly
vibrationally excited 4 has a long vibrational period, cf. Figure

6 below, and one needs to wait and see if the molecule is bound
or dissociated.

Figures 1 and 2 are the results of such simulations. Figure 5
plots the yield of molecularlas a fraction of the yield of atomic
lodine, to conform to the manner of plotting of the experimental
results?! The fractional yield is seen to increase as a function
of cluster size, but it is low, being atmost about 10% that is
roughly from one 4 molecule per cluster for the= 10 clusters
to two molecules ah = 20. The yield of $ is maximal for a
collision velocity of 4 km/s and decreases at higher velocities.
There are other molecular products. For example, some of the
iodine remains bound to GJHbut not necessarily to its original
partner. Also, as mentioned, the yield of &FHs is below that
of molecular iodine. By about 8 km/s all the iodine exits in an
atomic form. The decrease in the yield of molecular products
is also seel in the mixed N/O, clusters and for the same
reason, the products dissociate. But i#l®% clusters this occurs
at a higher collision velocity.

In the gas phase dynamics of simple reactions, the distance
or the energy criteria provides a reliable indication for the
mechanisni® Even for reactions in liquids these criteria are still
useful3536 The conditions in the hot and compressed cluster
are sufficiently different that an alternative probe is needed.
Previously, we have used the force on an atom as a guide to
the mechanisfi%24and this turns out to be equally useful here.

We choose to discuss a (@l cluster and the discussion
* will make reference to three Figures, Figures8& which
illustrate different aspects. Twenty “atoms” in the cluster are
considered. The C#groups are numbered-®, and the iodine
atoms that are initially bound to them are numberee-19.

For example, iodine atom number 17, which is an atom whose
time history we will track, is initially bound to the GHyroup
whose number is 7. Our purpose is to trace how iodine atoms
17 and 19 ultimately emerge as a bound molecule.

Figure 6 shows the force vs time on the two iodine atoms of
interest. The left part of Figure 6 shows that the first time a
strong force was applied on either one was on atom 17 at 120
fs after impact. By checking on each one of the other 19 atoms
of the cluster, it is found, Figure 7, left upper part, that the force
was applied by a particular other atom, atom number 18. All

During a 100 fs or more after the impact, the cluster is the other atoms are not really involved. The collision at 120 fs,
compressed. Examination of the trajectory shows that during between two (heavy) iodine atoms, broke the bond between
this period each atom has several close neighbors. By a distancéodine atom number 17 and its partner £¢toup. This bond
criterion the cluster consists of a number of small mixed breaking is shown in the upper panel of Figure 8, where the
polymers made up of Cfand I. As the cluster begins to expand, relevant bond distance is plotted vs time. When iodine atom 17
these polymers “dissociate”. The distance criterion shows thatis already receding from its GHbartner, iodine atom 19, whose
molecular lodine is not formed via a single four-center exchange. original CH; group is number 9, is still bound to it, cf. Figure

During a 100 fs or more after the impact, the cluster is hot. 7, left lower part. Form 120 fs on, lower part in Figure 8, iodine
Examination of the trajectory shows that during this period the atoms 17 and 19 come closer. The heavier | atoms are slower
relative velocities of neighboring atoms are high. By a kinetic moving and their interaction is realtively weak, and so, unlike
energy criterion, the molecules in the hot cluster have dissoci- the N, + O, reaction, it takes time until the | atoms come within
ated. Of course, when the atoms are near, there is an attractivéheir equilibrium bond distance.
potential between them. This potential can keep a pair of atoms The second major perturbation of lodine atom 17 occurs at
bound even if their kinetic energy is high. Why not use the 225 fs, Figure 6, left part. It is a collision with a GHroup
total (kinetic plus potential) energy of a bond as a criterion? If number 8 as shown in Figure 7, right upper part. This is a
the diatomic molecule is isolated, this is a correct criterion. But stabilizing collision, seen in many other cluster induced

Discussion
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Figure 7. The force on lodine atoms 17 (top row) and 19 (bottom row) resolved according to which of the other atoms of the cluster is exercising

the force. The plots are for the two values of time at which there is a strong force applied on atom 17, cf. Figure 6.

processe8.At that point in time iodine atoms 17 and 19 are large kick which extended its bond. Overall therefore we have
nearby, as shown by their bond distance in the lower part of a cluster induced four-center reaction where, as alWais,
Figure 8. lodine atom 19 breaks its original bond with ££H role of the cluster is two-fold, to activate the reactants and to
group number 9 and from that time on, cf. lower part of Figure stabilize the products. We reiterate that these two actions by
8, remains bound to iodine atom 17. Figure 6 shows the time the cluster environment are well separated in time and so there
history of the force on the two atoms and Figure 8 their bond is always a “history” rather than a single elementary event (i.e.,
distance. The two iodine atoms are clearly bound, exercising a one time application of a force) that leads to the desired
equal and opposite forces on one another, with a period of lessoutcome.
than 200 fs. This is a period one would expect for a vibrationally ~ For other trajectories, examination of atoms that form bound
excited b molecule. This excited bound molecule survives I, molecules shows that Figure 6 is typical. Sometimes an atom
because beyond its time of formation the cluster rapidly expands. gets three kicks before an iodine molecule is formed. Sometimes
How can one best describe the complicated choreography ofjust one. Occasionally the molecule is so vibrationally excited
the atoms as examined in Figures&? The problem is that that its vibrational period is much higher, but the essence is as
there are at least two, well separated in time, critical events. shown in Figure 6. Of course, only the minority of lodine atoms
One is the collision at 225 fs that insures thel Ibond exit as b molecules. Mostly they exit as atoms or as {LH
stabilization. Just prior to that event, an iodine atom, whose molecules. Then the history can be different. What remains true,
bond to its CH partner is essentailly already broken, is irrespective of outcome, is that at a given point in time one or
approaching a still intact Ciimolecule. Thus the second critical — at most two atoms exercise a large force on a given atom. There
event is a fourth body (Ckgroup number 8) assisted Zeldovich is a well-defined sequence of hard kicks, which allows us to
mechanism, in which a radical, formed in a previous dissocia- reconstruct the mechanism. The role of the other cluster atoms
tion, is reacting with an undissociated molecule. The other in delivering these kicks is what leads us to sgezla “cluster
critical event is at 120 fs when the first GHmolecule got a catalyzed” reaction.
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of the charge creates a difficulty, particularly so for such systems
where the negative charge can catalyze the four-center reaction.
Since an extra electron on GHwill go into an antibonding
orbital, this could be the case here and, if so, will invalidate
the comparison. Possibly, the problem can be made into an
advantage by selecting for future experimental study cases where
the barrier to reaction is known to be significantly lowered by
the presence of a charge. This will reduce the necessary impact
energy, and therefore (for kinematic reasons as discussed above),
will lower the internal excitation of the diatomic products and
thereby enhance their chance for survival and detection.

Concluding Remarks

Molecular lodine is formed, with a low yield (roughly 10%
per parent Chl molecule) in a narrow supersonic velocity range
about 10 Mach when clusters of GHnolecule impact a hard
surface. The yield of molecular products does increase with
cluster size. The high barrier to the four-center reaction or to
dissociation means that there is a high threshold for formation
of products, but with some excess energy, the nascent molecular
lodine product will dissociate. Details of the mechanism were
examined in terms of the time history of the force on any given
atom. It was shown that the mechanism is very well described
as a sequence of hard binary collisions.

Acknowledgment. We thank Uzi Even and Wolfgang

as discussed in the text, the very same trajectory can be viewed as dohristian for discussions. This work was supported by the

fourth body assisted Zeldovich mechanism, referring to the @blup
number 8 assisted | approach to £H at 225 fs or as a cluster assisted
four-center reaction, where the cluster environment intervened twice,
activating at 120 fs and deactivating at 225 fs.

We have also examined the force on lodine atoms that exit
as atoms (not bound). The question is: Do they first react (to
form |, or to change the CHpartner) and then the products
dissociate or are the atoms formed by a hard collision of an
initially bound CH;l molecule which immediately dissociates?
We find that both routes are possible.

AirForce Office of Scientific Research and by the Alexander
von Humboldt Stiftung.

Appendix

The Many-Atom Potential. The potential between the
reactive atoms is one that has been used before in studies of
many-atom system¥:38:39 |t is of a form that allows for a
weakening of a bond between a pair of atoms when one or more
other reactive atoms are nearby. It also includes a long-range
physical interaction that describes the packing in the cluster.

That a mechanism can be established in terms of a sequencdVith i, etc., being indices of atoms, tiatom potential is
of binary or tertiary events was already seen for other processesgiven as a sum over all pairs

within the hot clustef. It is the hard nature of these kicks that
make the outcome nearly independent of the details of the

potential. These govern the “grass” seen in Figures 6 and 7.

The “trees” are due to close in repulsive collisions, and what
matters is the magnitude and direction of the impulse that is
imparted. The impulse is the time integral of the force and so
the integrand itself is not as important as the integral.

Finally we comment on the experimental observ@iaf the
formation of molecular iodine (as1) in surface collisions of
(CHjsl),~ clusters. Strictly speaking, no comparison is possible

because the clusters here are not charged. It is, however, not

unreasonable to conclude from our work that it is the hard

N N
Y
I=1j>

Vi = V(1) — E)ijVA(rij) + Vi(ry) (A.1)
HereVj is the chemical part of the atoratom interaction. It
is the sum of a repulsive short range potenti@d and a
corresponding longer range attractive potendal

V() = 46(0/rij)12§ Valry) = 46(0/rij)6 (A.2)

repulsive core of the atoms that determines the dynamics. If Whenb; = 1, these two terms are the two-body potential of

this is so, then the reporteg Il ~ ratio can be compared to our
computed #I1 ratio, both as a function of energy and as a
function of cluster size, cf. Figure 5. For a clusterroCHsl
molecules, an impact velocity of 1 kmiscorresponds to an
impact energy of roughlyr84 eV. Our collision energies are

therefore comparable to those used in the experiment. As in
the experiment, the yield of the molecular lodine decreases at

higher energies. Similarly, the dependence of the yield ratio on
the cluster size, while not exactly of the repoffed/n—1

the diatomic molecule made up of atoivendj. V\y is the long-
range van der Waals potential:

Viy(ry) = 10 [1.0+ 50.0y + »* + 10.0¢ — 1.0}, )/
ay = explay(ry — ry)] + yexpl—ay(ry — ry)l

by, = aexploy(ry — rw)] — yexpl—oy(ry — ry)l (A.3)

form, is quite similar. All of this is suggestive but definitely The presence of the van der Waals term in the potential, eq
not conclusive. Experimentally, accelerating and detecting A.1, means that even when no other atoms are nearby (so that
charged species is clearly easier. For the simulation, the presencé; = 1), the long-range two-body potential has a shallow well
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0 TABLE 1: Potential Parameters
CHal P CHsCHz N3 0, NO
-50 De (kJ/mol) 224.8 148.8 351.2 941.4 493.6 626.7
g (A) 1.906 2.376 1.368 0.9779 1.07578 1.0245
re(,? 2.14 2.666 1.536 1.097 1.2075 1.15
-100 F rw (A) 3.6 4.2 2.9 3.72 3.31 3.51
oy 2.8 3.0 1.7 3.0 3.0 3.0
y 0.9 0.5 0.9 0.3 0.3 0.3
-150 + o2 2.0 2.0 2.0 2.0 2.0 2.0
< 10 (A) 2.7 2.7 2.7 1.3 1.3 1.3
5 o3 1.7 1.7 1.7 3.0 3.0 3.0
§ -200 |+ c 25.0 25.0 25.0 25.0 25.0 25.0
<3 N d 4.0417 4.0417 4.0417 4.0417 4.0417 4.0417
~ h 0.0 0.0 0.0 0.0 0.0 0.0

1.0 1.5 2.0 25 3.0 3.5 40 45 50 55 6.0 65 7.0

R(CH-1/A Note in particular the very different bond strengths in the two
Figure 9. The two-body, Ch—I potential including both the long-  systems. The lower yield of, las compared to that of NO is
range van der Waals forces and the shorter range chemical forces-directly attributed to the limited capacity of fo accommodate

Parameters from the table. Note t.he small barrier between thq Sh.aIIOWVibrationa| excitation before the bond is broken. The lower
van der Waals well and the chemical well. The role of the barrier is to

prevent chemical interaction between non bonded atoms in the cold impact velocity r_'eeded for reaction to occur for a Cl_us,ter of
cluster. In the hot cluster, the role of this barrier is negligible. CHl m0|e(_3U|es is due to the |0W9r. GHI bond.dISS.OCIatlon
energy which means that the barrier to reaction is lower, cf.

at about the van der Waals radiuyg. This is shown in Figure  Figure 3.
9 for the CH—I potential. Note in this figure that there is a
small barrier between the van der Waals and the chemical well. References and Notes
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