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Abstract

Molecular dynamics simulations employing a reactive many-body potential of the keV particle bombardment of small hydro-
carbon molecules adsorbed on a metal surface have been performed. The simulations predict the occurrence of considerable
lateral motion of particles in the region right above the surface. For adsorbates such as CH,, dominant ejected species are an H
atom or the intact adsorbate as there are only two unique bonds to sever. Molecules that extend further above the surfaces are
exposed to more collisions from laterally moving particles and consequently there is more fragmentation and the dominant

ejected species is usually not the original adsorbate.

1. Introduction

High-energy particle bombardment is a potentially
powerful method for probing the intermediates of
complex catalytic reactions [1-7]. With secondary
ion mass spectrometry (SIMS) and temperature pro-
grammed desorption, for example, Kaminsky and co-
workers were able to identify the intermediates in the
formation of CH, via the methanation reaction of CO
and H, over nickel as being methylidyne (CH),
methylene (CH,), and methyl (CH;) from the di-
rect observation of each of these species in the SIMS
spectrum [6]. In other investigations, however, peaks
corresponding to the most probable intermediate are
not found [3-5,7]. For instance, although polypyli-
dyne (C;H;) is agreed to be the dominant product
resulting from the hydrogenation of propylene over
Pt, it is not observed in the SIMS spectrum of this
system [3-5]. In these examples, spectral assign-
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ments must be inferred from related information and
cannot be deduced directly from the experimental
SIMS spectrum.

Molecular dynamics computer simulations offer a
powerful approach for disentangling the various fac-
tors which lead to intact ejection of reaction inter-
mediates [8-15]. Accurate calculations of this sort
are now feasible because of the recent development
of many-body potential functions which describe the
forces among simple organic molecules [16,17] and
among metal atoms [18-21] along with a prescrip-
tion for merging them together [22-24]. Specifically
we have modeled the 500 eV Ar bombardment of
small CH, (,¢-3) adsorbates on Pt{111} as shown in
Fig. 1a as well as the larger C,H,, ; (,—._s, adsor-
bates shown in Fig. 1b. In this communication we de-
scribe the important mechanistic differences for ejec-
tion between these two groups of adsorbates. Lateral
motion of fragments of the overlayer is the key factor
identified from the simulations that leads to the ex-
perimental observations. The longer hydrocarbons
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Fig. 1. Equilibrium binding site configurations of (a)
CH, (x=03) and (b) C;Hy,_, (,=2-5) hydrocarbons chemisorbed
on the {111} surface of Pt. The light gray spheres represent Pt
atoms, the dark gray spheres represent C atoms and the small
medium gray spheres represent H atoms.

have more C—C bonds that can be readily severed by
the laterally moving particles.

2. Method

The 500 eV Ar bombardment of p(2x2) films of
C, CH, CH,, CH,, C,H;, C;H;, and CsHy chemi-
sorbed on the {111} face of platinum are modeled via
molecular dynamics (MD) computer simulations.
The classical MD scheme has been described in de-
tail elsewhere [8-15]. The forces among the various
atoms are calculated using a carefully selected blend
of empirical potential energy functions. The Ar-Pt,
Ar-C, and Ar-H interactions are described using a
purely repulsive Moliére pair-wise potential energy
function [25]. For the remainder of the particles,
both the repulsive and attractive interactions among
the particles are included. The Pt-Pt interactions are
described by an attractive, many-body potential
function based upon the embedded atom method
(EAM) [18-20]. The EAM Pt potential is chosen as

energy and angular distributions calculated from MD
simulations of the high energy bombardment of other
fcc metals using the EAM potentials compare well
with the corresponding experimental observations
[21,26].

The C-C, C-H, and H-H interactions are de-
scribed with a reactive many-body potential energy
function developed by Brenner [16,17] which not
only describes the energetics of bulk diamond and
graphite, but also those of a wide array of small hy-
drocarbon molecules, such as C,H,, C,H,, and CgH,
and radicals, such as -CH; and -C,H;. This potential
has been successfully applied to MD simulations of a
variety of chemical reactions including hydrogen ab-
straction from hydrogen terminated diamond sur-
faces [27,28], the compression of fullerenes between
two graphite sheets {29], and the nonequilibrium
tribochemical reactions of diamond surfaces [30-
32]. The Pt-H interactions are described with a Len-
nard-Jones potential and the Pt—C interactions are
described via a potential energy function that con-
sists of a Lennard-Jones pair-wise component and a
many-body component specifically designed to work
in conjunction with Brenner’s hydrocarbon potential
[23,24]. Due to this many-body component, the
three-fold site is not the lowest energy binding site for
all adsorbates as would be the case with a simple pair-
wise potential. Instead, each adsorbate binds in the
site which best preserves the sp® coordination of the
binding C atom. Thus, methylidyne, CH, binds in the
three-fold site; methylene, CH,, bind in the two-fold
bridge site; and methyl, CH,, binds in the atop site.
The binding energies of these adsorbates to the sub-
strate are 7.01, 5.67, and 2.86 eV, respectively. The
binding energy to the substrate of both the C,H; and
C;H; adsorbate is 7.35 eV which is well within the
experimental range of 6.9 to 8.5 eV [33,34]. As this
energy is relatively large compared to the C-C and
C-H bond strengths we chose to decrease the Len-
nard-Jones well depth of the Pt-C potential such that
the binding energy of each CsH, adsorbate is only 2.70
eVv.

The crystal sizes are chosen to be large enough such
that the main dynamical effects of the collisional im-
pact are retained. For C, CH, CH, and CH, adsor-
bates the Pt substrate is approximated by a finite mi-
crocrystallite containing 1260 Pt atoms arranged in
seven layers. Each hydrocarbon is then placed in its
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lowest energy position in a p(2X2) configuration.
For both the C and CH films, 39 adsorbates are
chemisorbed in the hcp three-fold sites. For the
methylene film, 35 CH, adsorbates are placed in the
two-fold bridge sites, and for the CH; film, 39 adsor-
bates are placed in the atop sites. The bombardment
of the larger hydrocarbon chains result in more reac-
tion than the smaller C, adsorbates discussed above
and thus require a larger Pt substrate to contain the
effects of the collisional impact. The binding carbon
atoms in C,H;, C;H;, and CsH, all require three Pt
neighbors to be fully coordinated, thus each molecule
is placed in the fcc hollow site. (Due to the short-
ranged nature of the Pt-C potential, the binding
energies of hydrocarbon films adsorbed in both the
hep and the fcc three-fold sites are equivalent.) The
Pt-C;H; system is modeled by a microcrystallite
containing 1512 Pt atoms arranged in seven layers
and a C,H; film consisting of 45 adsorbates. The Pt—
C;H; and Pt-CsH, systems are both modeled with a
crystallite containing 1996 Pt atoms arranged in six
layers and a film consisting of 77 adsorbates. In all
simulations, open boundary conditions are used [8-
10].

With the exception of the CsH, film, no less than
500 trajectories were run for each of the films. For
CsHy, each trajectory requires between 8 to 12 h of
CPU time on one node of an IBM SP1 computer and
thus only 50 trajectories were calculated for this sys-
tem. Each trajectory is terminated when the total en-
ergy of any atom remaining in the solid falls below
the level where any further ejection can take place.

3. Results and discussion

Calculated mass distributions are determined by
counting the neutral species which exist 1-2 ps after
the bombardment event. We have not attempted to
account for experimental factors of ionization prob-
ability, ion stability or possible further fragmenta-
tion of the larger clusters during the ps flight to the
detector. For convenience the calculated distribu-
tions are plotted as ‘mass spectra’. This graphical rep-
resentation provides a starting point for identifying
dominant results for mechanistic analysis and for
comparisons to experimental data.

Comparison of overlayers: The calculated results for

normal incident Ar atom bombardment of p(2x2)
films of the smaller CH, hydrocarbons and the larger
C,H,,_, hydrocarbons are shown in Figs. 2 and 3,
respectively. With the exception of the CH results
shown in Fig. 2b, the largest CH,, peak given in Fig. 2
is that of the intact adsorbate, or the parent species.
In contrast, the composition of the most probable
species shown in Fig. 3 for C,Hs, C;Hs, and CsH,
consists of some portion of the original adsorbate.
An analysis of atomic motions in these simulations
and others [12-15,35] shows that for chemisorbed
species to be ejected intact, a collision near the at-
tachment point to the surface must occur. Moreover,
there must be an escape route for the molecule. The
whole process is easier for the small CH, adsorbates.
As the adsorbate length increases the path of particles
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Fig. 2. Calculated results for 500 eV Ar bombardment of various
CH, overlayers chemisorbed on Pt{111}: (a) C, (b) CH, (c) CH,,
(d) CH;. The H and H, peaks are not shown. The intensity scale
is the particle yield and thus all frames in Figs. 2 and 3 are di-
rectly comparable.
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Fig. 3. Calculated results for the 500 eV Ar bombardment of var-
ious C,H,,_, overlayers chemisorbed on Pt{111}: (a) C,Hj;, (b)
C;3H;, (¢) CsH,. The H and H, peaks are not shown.

trying to escape is obstructed and simultaneously
there is a chance of fragmentation of other molecules.
In fact, there is considerable lateral motion of or-
ganic fragments within the overlayer that can cause
subsequent fragmentation.

Since relatively little fragmentation is found for the
smaller C, adsorbates, it is relatively straightforward
to determine the reaction intermediates on the sur-
face from the SIMS spectra. Even in the case of CH,
which exhibits more C than CH ejection in the cal-
culation, the largest intensity seen experimentally [6]
would be that of CH due to the higher ionization po-
tential of C relative to CH (11.26 versus 10.64 eV).
A simple model for relative ion intensities predicts
that the ratio of intensities for two species should be
proportional to the exponential of the difference in
ionization potentials divided by a constant which

typically has a value of 0.3-0.5 eV 2. This correction
factor would reduce the relative amount of C* by a
factor of 3-10 as compared to the CH™ intensity.

Sizeable PtCH, and PtCH; intensities are pre-
dicted for the methylene and methyl overlayers as
shown in Figs. 2¢ and 2d. For the larger hydrocarbon
overlayers, there is less Pt ejected and consequently
fewer PtCH, species. Moreover the CH,, species gen-
erally originate at the top of the hydrocarbon chain,
several angstroms above the starting position of the
Pt atom. The probability for reaction thus is low. At
this stage the specifics of the potential surfaces in-
cluding the binding energies for the gas phase PtCH,,
species are unknown. As a reference point the inter-
action potential that we are using has a binding en-
ergy of 2.3 eV between the Pt and hydrocarbon spe-
cies. A more quantitative discussion of these species
requires more information.

Propylidyne: The C;H; results, shown in Fig. 3b,
are quite different from those reported by White and
co-workers [3-5]. This molecule is believed to be the
dominant intermediate through which the Pt cata-
lyzed dehydrogenation of propene, CH;CH=CH,,
proceeds [3-5,7,36]. Its proposed structure shown in
Fig. 1b is analogous to that of C,H,. Consequently,
one might expect a strong C,Hs peak. Nevertheless,
the experimental mass spectrum is dominated by
CH; and C,H{ peaks [3-5]. Our calculated result
exhibits intense CH; and C,H; features. Investiga-
tions using SIMS performed in conjunction with
electron energy loss spectroscopy suggest that C;H,
adsorbed on Ru upon heating undergoes further de-
composition to yield C,H; [7]. Upon inspection of
the calculated C,H; result shown in Fig. 3a, this does
not account for the increased C,H; signal since very
little intact C,Hj; is actually detected in the bombard-
ment of a pure C,H, film.

The difference between the dominant species in the
calculation and the experiment could depend on sev-
eral factors. First, the C,H; could decompose before
being detected. The fragmentation channel of neutral
C,H;s should proceed through the highly stable
H,CCH, species. SIMS experiments measure ejected

2 This parameter is often expressed in terms of temperature al-
though most researchers in the field have tried to avoid the word
temperature as there does not appear to be experimental justifi-
cation for assuming a thermal equilibrium.
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ions, whereas these calculations only determine the
yield of ejected neutral species. The energy cost to
form C,Hf from C,H, is almost 11 eV and conse-
quently probably does not occur [37]. Second, the
ejected C,H; could actually be an ion in which case
decomposition to C,Hi and H, is a real possibility.
Finally, the structure on the Pt{111} surface is not
propylidyne as shown in Fig. 1b and is, in fact, a
structure that is consistent with a large C,HS ion in-
tensity. The EELS and TPD data, however, are con-
sistent with a propylidyne structure [3-5] and we do
not have a suggestion for a different structure. The
ultimate resolution of this question awaits incorpo-
ration of electronic effects such as ionization into the
calculations.

Pentylidyne: It is interesting to note that very little
C, species are predicted to occur in the CsH, simu-
lations. As shown in Fig. 1b, CsH, has two bond axes
perpendicular to the Pt surface. If the linker C atom
adjacent to the Pt surface is identified as C!, then the
first perpendicular axis runs through the C'-C2 bond
and the second runs through the C>*-~C* bond. Fre-
quently, the ejection of a CsH, adsorbate is initiated
by a bump from an ejecting Pt atom or C,H,, frag-
ment. If the collision occurs toward the top of the
CsH, adsorbate, a fragment of the adsorbate usually
ejects. If the collision occurs toward the bottom of
the adsorbate, however, a C;H; species results. In this
latter case, the initial impact moves the C!'-C? axis
into and across the C3-C* axis causing the C? atom
to coil up towards the C*~C3 bond. The recoil caused
by the string of the momentary C>-C*-C? ring leads
to the scission of the C>~-C? bond. This scenario is
finished within less than 50 fs and is thus quicker than
any possible momentum transfer between the lower
and upper C atoms. The implications of this scenario
are not obvious and will be the object of further
investigation.

4. Conclusions

Molecular dynamics simulations using a blend of
reactive, empirical potential energy functions show
that the ejection processes of small CH, adsorbates
to be different from those of larger C,H,,_; (y—2_s)
adsorbates. Intact ejection is promoted by collisions
that sever the adsorbate-substrate bond followed by

removal of the particle into the vacuum. First, this
whole process is easier for the smaller adsorbates as
the Ar more often directly hits the metal substrate and
also there are no obstructions to ejection. Second, in
the longer chains there are more C-C bonds that are
broken by lateral motion of pieces of the overlayer.
As an ejecting adsorbate or fragment moves across
the surface it can collide with and cause the fragmen-
tation of even more adsorbates. For the small adsor-
bates this pathway, however, either ejects the whole
adsorbate or knocks off an H atom.

In disagreement with the experimental findings for
the 500 eV Ar bombardment of C;H; adsorbed on
Pt{111}, these calculations predict the existence of a
large C,H; peak instead of a large C,HF peak. Res-
olution of this discrepancy awaits more advanced
theoretical models.

The results presented here are collected from mas-
sive molecular dynamics calculations aimed at de-
scribing unknown reactive dynamics among a multi-
tude of atoms in a complex environment. The major
strength of this approach is that key mechanistic steps
such as the lateral motion of organic fragments orig-
inally not recognized can be readily identified. As
noted above, there are still shortcomings in our model.
A decade ago [12-15] however, it was not possible
to examine reactions as complex as those presented
here, and we believe it is only a matter of time before
other physics such as electronic effects will be in-
cluded in simulations. Moreover, the atomistic pre-
dictions achieved so far are well-suited to combine
with theories of electronic excitation and unimolec-
ular decay.
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