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Abstract

The high energy particle bombardment of molecular films adsorbed upon a metal substrate has been investigated via
molecular dynamics computer simulations with an empirical many-body potential function constructed for studying
reactive dynamics. These calculations identify lateral motion of fragments in the overlayer as giving rise to fragmentation
and direct abstraction type reactions. In addition, the importance of substrate mass for particle ejection is identified.
These concepts are discussed in detail and experiments are proposed to test these ideas.
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1. Introduction

The technical developments and appli-
cations of kiloelectronvolt particle bombard-
ment techniques such as secondary ion mass
spectrometry and fast atom bombardment
mass spectrometry, perhaps in conjunction
with laser post-ionization, are booming as evi-
denced by the articles in this tissue. Concomi-
tant with experimental developments has been
a surge in the use of molecular dynamics (MD)
simulations to model experimental events
[1-18]. MD simulations provide valuable
information about the mechanisms and path-
ways of atomic motions by which reactions
can occur. The strength of the MD approach
is that it allows one to view the atomic motions
and also calculate quantities that can be

* Corresponding author.

directly compared to experimental results. An
added feature of MD simulations is the capa-
bility to alter characteristics of the system that
cannot be easily varied experimentally in order
to gain mechanistic insight into fundamental
events.

MD simulations have long been used to
model the early stages, i.e. the first 0.5-1 ps,
of the high energy bombardment process.
Early investigations using simple pairwise
additive potentials surprisingly were able to
reproduce many of the experimental observa-
tions thought to be important to the high
energy bombardment process of single-crystal
metal and semiconductor surfaces [2]. Even the
simulations of organic films such as benzene,
pyridine and coronene adsorbed on Ni identi-
fied important mechanistic variables leading
to the ejection of the cationized and intact
adsorbates [17]. These simulations show that
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the molecular species is often ejected intact
because a moving Ni atom can simulta-
neously contact two or more C atoms and
concertedly push them in one direction rather
than automatically severing a bond. In addi-
tion, the large number of internal degrees of
freedom possessed by an organic molecule
allow it to absorb energy from the impact
and consequently not fragment. Simulations
of pyridine adsorbed on an Ni surface showed
that as the pyridine molecule desorbs it is often
channeled in an upward direction by the neigh-
boring pyridine adsorbates [14]. These calcu-
lations were limited at the time by the avail-
ability of interaction potentials to describe
the events of interest. In particular, it was
impossible to address the question of reason-
able fragmentation channels and reactions
between adsorbate molecules [19]. Recently a
many-body potential has been developed to
allow for reactions between hydrocarbon spe-
cies [20,21]. It has been used in conjunction
[22] with the embedded atom method (EAM)
potential [23—-25] for Pt in order to investigate
the reactions that occur during particle bom-
bardment of organic overlayers on Pt{111}.
The model system studied is ethylidyne,
C,H;, adsorbed on Pt{111} which has been
investigated experimentally in SIMS [26-28].
In addition, we constructed longer-chain
analogs, propylidyne (C3Hs) and pentylidyne
(CsHy) in order to examine the effect of having
a longer hydrocarbon chain.

These calculations represent a major advance
in terms of realistically modeling reactions
among the organic molecules. The calcu-
lations of 10 years ago did not allow for
atoms from one hydrocarbon molecule to
combine with atoms from another to form a
completely new molecule. These MD calcu-
lations [22,26-28] are aimed at providing a
microscopic view of the reactions among the
neutral species in the first 0.5—1 ps of the colli-
sion cascade. In particular we are interested in
identifying processes that are common among

all the stimulations and which may have
broader applicability across different experi-
mental configurations. One common feature
identified is lateral motion of both metal
atoms and hydrocarbon fragments in the
1-5 A region above the metal substrate. This
motion is due to the collision cascade and
consequently some of the particles have
kinetic energies sufficient to fragment other
molecules or to induce chemical reactions to
form new molecules. Consistent with a colli-
sion cascade, the time scale of these reactions is
well below a picosecond. To get these reactions
to occur, one does not have to assume the high
temperature and/or pressure often associated
with processes that are proposed to occur in
the selvedge region [29-32]. We also find that
the heavy mass of the substrate (Pt vs. C) plays
a role in enhancing ejection. We propose
experiments to explore further the conse-
quences of these phenomena.

2. Method

The 500eV Ar bombardment of p(2 x 2)
films of C,H;, C3Hs and CsHy molecules
absorbed on Pt{l111} are modeled via mol-
ecular dynamics (MD) computer simulations.
The classical MD scheme has been described in
detail elsewhere [3—5,22]. The forces among
the various atoms are calculated using a
blend of empirical potential energy functions
chosen to model as best as is currently feasible
in all the possible reaction channels. The Ar—
Pt, Ar—C and Ar—H interactions are described
using a purely repulsive Moliére pairwise
potential energy function [33]. For the remain-
der 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) [23-25]. The EAM Pt
potential is chosen as energy and angular
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distributions calculated from MD simulations
of the high-energy bombardment of other f.c.c.
metals using the EAM potentials compare well
with the corresponding experimental observa-
tions [34,35].

The C-C, C-H and H-H interactions are
described with a reactive many-body potential
energy function developed by Brenner and co-
workers [20,21] which not only describes the
energetics of bulk diamond and graphite, but
also those of a wide array of small hydro-
carbon molecules, such as C,H,, C,H¢ and
Cg¢Hg, and radicals, such as CH; and CsHjs.
This potential was originally developed to
model the chemical vapor deposition of dia-
mond films but, in fact, has been used in a
number of simulations of other hydrocarbon
interactions and reactions including the inser-
tion of CH, into a surface dimer on the dia-
mond {001} (2 x 1)H surface [36]; fullerene
formation from graphite ribbons [37] as well
as fullerene cage stability [38]; the pick-up of a
molecule from a surface by another gas-phase
molecule (an Eley—Rideal reaction sequence)
[39]; and friction [40] at diamond surfaces.
The Pt—H interactions are described with a
Lennard-Jones potential and the Pt—C inter-
actions are described via a potential energy
function that consists of a Lennard—Jones
pairwise component and a many-body compo-
nent specifically designed to work in conjunc-
tion with Brenner’s hydrocarbon potential
[22]. Due to this many-body component,
adsorbates bind in the site which best pre-
serves the sp> coordination of the binding C
atom. For all the molecules described here, the
most stable site is the three-fold hollow as
shown in Fig. 1. The binding energy in the
three-fold hollow site to the substrate of both
the C,H; and C3H; adsorbate is 7.35eV which
1s well within the reported range for C,H; of
6.9-8.5¢eV [41,42]. As this energy is relatively
large compared to the C—C and C-H bond
strengths we chose to decrease the Lennard—
Jones well depth of the Pt—C potential such

CsHy

Fig. 1. Geometry of C,Hj, C;Hs and CsHy on the Pt{111}
surface. The large light grey spheres represent Pt atoms, the
dark grey spheres represent C atoms, and the small medium
grey spheres represent H atoms. This color scheme is used
throughout this paper.

that the binding energy of each CsHy adsorb-
ate is only 2.70eV. Due to the short-ranged
nature of the Pt—C potential, the binding ener-
gies of hydrocarbon films adsorbed in both the
h.c.p. and thef.c.c. three-fold sites are equivalent.

The crystal sizes are chosen to be large
enough such that the main dynamical effects
of the collisional impact are retained for
normally incident Ar bombardment at the
experimental energy of 500eV [28]. The Pt-
C,H; system is modeled by a microcrystallite

.containing 1512 Pt atoms uniformly arranged

in seven layers and three different C,H; films
representing quarter monolayer coverages in
f.c.c. and h.c.p. sites and a half monolayer
coverage in a honeycomb arrangement [22].
A total of 1390 Ar impacts was calculated. In
each case the Ar impacted a pristine sample —
the ultimate in static mode. The Pt-C;
H; and Pt—-CsHy systems are both modeled
with a crystallite containing 1998 Pt atoms
arranged in six layers and a film consisting of
77 adsorbates. For the C3;H;s system a total of
500 Ar impacts was calculated. For CsHyg, each
trajectory requires between 8 and 12h of CPU
time on one node of an IBM SP1 computer
and thus only 50 trajectories were calculated.
Finally we performed simulations on a clean
Pt{111} crystal and a clean diamond C{11 1}
surface. Each trajectory is terminated when the
total energy of any atom remaining in the solid
falls below the level where any further ejection
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can take place. In all simulations, open bound-
ary conditions are used [3-5].

3. Results and discussion

The focus of the discussion revolves around
the lateral motion in the 1-5A region above
the metal substrate in the cascade and how
this motion affects the fragmentation process
and reactions. In addition, the role of sub-
strate mass is examined. From these obser-
vations in the calculations come natural
suggestions of possible experiments. As a
reminder to the reader, the discussion below
relates to the first picosecond of the collision
cascade.

3.1. Lateral motion induced fragmentation

In the MD simulations of the 500eV Ar
bombardment of C,H;, C;Hs; and CsH,
adsorbed on Pt{111}, the lateral motion of
the ejecting particles is a major dynamical
factor in the fragmentation of the existing
adsorbates. As ejecting particles, either Pt or
CH, species, desorb from the surface, they
collide with and cause the fragmentation of
other adsorbates [43]. The collisions between
the ejecting species and the as of yet undis-
turbed adsorbate molecules often result in
the cleavage of the adsorbate. Given in Table
1 are the origins of the more common C,H,
species observed in the simulations. The larger
species (relative to the original adsorbate
molecule) tend to be the top portion of the
adsorbates. For example, 93% of the C;H;
species observed in the CsHy simulations
originate from the three carbon atoms farth-
est from the Pt surface. More than 75% of the
CHj; species in all the simulations come from
the top carbon. As the species becomes
smaller, e.g. CH,, it becomes much more dif-
ficult to relate them back to one portion of the
original adsorbate.

3.2. Lateral motion induced reactions

The lateral motion of the ejecting particles
also plays a role in determining the nature of
the ejected particles. As the ejecting particles
move across the surface, instead of the colli-
sion induced fragmentation there can be a
combinative reaction between the colliding
particle and the adsorbate. In the example
shown in Fig. 2 from the bombardment of
the C,H; overlayer, an ejecting CH; species
is created by the collision of the incoming Ar
beam with a C,H; adsorbate. This CH; species
is subsequently propelled laterally across the
surface until it finally collides and subse-
quently reacts with another as of yet undis-
turbed C,H; adsorbate. The CH; species
abstracts a hydrogen atom from this second
C,H; adsorbate to form CHy. If the initial
CHj; species had been ejected vertically from
the surface, the formation of a species such
as CH,4 would likely not have occurred. All of
the CH4 detected in the bombardment of C,H;
and C;H; films originates from the addition of
a single H atom to the top CHj species. This
reaction only requires the collision of two spe-
cies, whereas the formation of CH, from per-
haps the addition of two H atoms to a CH,
species would require two collisions. Multiple
collisions with the right characteristics to lead
to reaction have a much lower probability for
occurrence. A similar H abstraction process
has been discussed earlier for the formation
of H, [44]. Reactions of this type are respon-
sible for the formation of some fraction of the
following species in the C,H; study — Hj,
CH4, HCCHz, H2CCH2 and HCCH3 As
reported in an earlier work the simulations
predict that some of the first three species
will be stable and that the latter three species
will fragment or rearrange before they can be
detected [22].

It should be possible to test some of the
proposed mechanisms associated with lateral
motion. For example, if the top C of the chains
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Table 1
Percentage of ejected species originating from one adsorbate

Detected  Origin % of total formed

species
CH; CHs  CsHy

CH, CcY¥*H, — — 16
CH, CN2H, — — 16
CH, cN-H, — 38 32
CH, CNH, 99 95 78
CH, CVH; +H 100 100 -
C,H, C’cy, — 20 70
C,H, C¥H,CNH; - H — 88 40
C,H, cN-?H,CcN'H, — — 53
C,H; CN-'H,CNH, — 96 100
C:H; CNH,CN'H,CNHy, — — 93

CN signifies topmost carbon atom in linear chain, i.e. CN in
the CsHy molecule would be the C3 carbon atom while CY in the
C;H; adsorbate would be the C* carbon atom. Similarly, C°
signifies the binding C atom.

shown in Fig. 1 were deuterated then the ratio
of CD; vs. CD,H, CDH, and CH; measured
would indicate the amount of shearing off of
the top methyl group vs. formation from other
pathways. One could also look for CD, or
CD;H as indicators of reactions between
adsorbate molecules. The above experiments
are proposed assuming the experimentalists
can make and detect any molecule, neutral
or ionic. In fact making pure C,D; on a Pt
surface might be very challenging as con-
siderable H atom exchange occurs with bulk
hydrogen. The synthesis of CH,=CH-CD;
or CH,=CH-CH,-CH,-CD;, the known
precursor of propylidyne and a proposed pre-
cursor of pentylidyne, might be more tract-
able. Moreover, self-assembled monolayers
of alkane thiols [45] provide a wealth of possi-
bilities of various chain lengths and end groups
for testing of the ideas presented here. Of note
is that the deuteration (or perhaps fluorina-
tion) scheme suggested here is different to
those that have been performed [46,47]. Speci-
fically we are suggesting that one C along the
chain be deuterated rather than the whole
chain. In this way the position of the frag-
ments can be determined.

3.3. Substrate mass effect

The nature of the substrate also affects the
desorption process. Calculations with CsHy
adsorbed on both Pt{111} and diamond
(C{111}) substrates show the total yield of
ejected particles is much lower for the dia-
mond substrate than for platinum [48]. For
instance, the yield of ejected H atoms falls
from 23H atoms per incident Ar particle
with a Pt substrate to 2 H atoms per incident
Ar particle with a diamond substrate. The dif-
ference in yields for the Pt (195u) and C (12u)
substrates is due to the inability of the dia-
mond substrate to redirect the momentum of
the incoming Ar (40u) atom upward. As a
computational test of this idea, we performed
calculations for the clean Pt and diamond sys-
tems in which we artificially exchange the
masses, i.e. we created the rare !C and '*Pt
isotopes, while not altering the respective crys-
tal structures or interaction potentials. Fig. 3
shows the same trajectory (i.e. same initial
impact point of the Ar atoms) for both the

160 fs

Fig. 2. Hydrogen abstraction reaction by a free CH; radical
which leads to the formation of CH4. The CHj radical results
from the collision of the incoming Ar atom with the C,H,
adsorbate on the left. An H atom is abstracted from the C;H,
adsorbate on the right. The middle C,H; adsorbate is out of the
plane of the two reacting C,H; molecules and does not enter
into the reaction. See text for a description of the collision
events.



230 R.S. Taylor, B.J. Garrison/International Journal of Mass Spectrometry and Ion Processes 143 (1995) 225-233

2¢{11 1} and >C{111} crystal. The inter-
actions between the Ar beam and the crystals
are identical, but less than 80 fs into the trajec-
tory the crystals are behaving quite differently.
While the 2C crystal shows only slight per-
turbation of the top layer C atoms, the 1°°C
crystal shows ejection of C atoms. At 320fs,
the 1%°C crystal continues to lose C atoms,
while the 12C crystal actually shows an anneal-
ing of the damaged top layers. The Ar atom
passes through the '2C crystal but is reflected
back out of the *°C crystal. Similar calcula-
tions for the clean 2Pt crystal again show that
as the mass of the Pt atoms is lowered from 195

Ofs

80 fs

160 fs

RIS

i RN

to 12u, the yield of ejected particles decreases.
The main point of Fig. 3(a) is that for the
2¢c{11 1} system there is no removal of
material and the sample near the surface has
almost returned to its crystalline state in a very
short time. For '*°C{11 1} as shown in Fig.
3(b), there is removal of material from the
system. The light mass of '?C is ineffectual at
redirecting the momentum of the heavier °Ar.
As an aside, these simulations on mass effect
point out one utility of computer simulations.
We are able to change only the mass of the
substrate while keeping all other conditions
such as interaction potential and crystal

"

80fs

160 fs

3201s

(b)

Fig. 3. (a) Clean 12 C{111} crystal. The Ar atom (small black sphere) penetrates the diamond lattice (grey spheres) and causes no ejection
of the substrate. (b} Clean '*>C{111} crystal. Except for the mass of the individual C atoms, this trajectory is identical to that in (a).
Here, ejection of the substrate does occur. See text for explanation of the collisional events. The particles that appear to come out of the
bottom of the crystal would actually disrupt deeper levels of the solid. We test the number of atoms that are used in the simulation in

order to make sure this motion does not affect the ejection process.
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structure constant. Unfortunately this is
almost impossible to do experimentally.

There are numerous SIMS experiments of
molecular species in which a metal substrate
is used. The main utility though has been
thought to be as a means of cationizing the
parent molecule for easy detection. These
MD simulations suggest that a substrate
which is heavier than the incident particle is
more effective at redirecting the downward
momentum of the incident particle than a
lightweight substrate. It might, in fact, be
advantageous to intentionally insert a metal
layer to enhance the total yield of particles
that are ejected.

4. Conclusion

The results presented here are from massive
molecular dynamics calculations aimed at
describing unknown reactive dynamics
among a multitude of atoms in a complex
environment. In particular, we have modeled
the 500eV Ar bombardment of C,H;, C;Hs,
and CsHy adsorbed on a Pt{111} surface
and monitored the reactions induced by the
collision cascade. The calculations predict the
presence of lateral motion of substrate atoms
and fragments of the overlayer which can both
cause further fragmentation of the molecules
and also induce reactions. We observe a pre-
ferential cleavage and subsequent ejection of
the top portion of the chains. We also observe
abstraction reactions where a species such as H
or CH; which has been knocked off from one
molecule moves laterally across the surface
and abstracts a portion of a stationary mol-
ecule to form gaseous species such as H,
or CH,. These reactions occur during the
collision cascade without invoking the high
pressure and/or temperature conditions asso-
ciated with the selvedge region [29-32].

The strength of the MD approach for
examining the particle bombardment process

is the microscopic detail that comes from the
atomic positions as a function of time. The
assumptions are that the interaction potential
is valid and that classical mechanics is valid.
All subsequent atomic motions including
reactions result without any human interven-
tion about assumed mechanisms. It is these
concepts from these simulations that hope-
fully will aid in the interpretation of experi-
mental results and perhaps inspire new
experiments. Experiments to test some con-
cepts here are being planned at both Penn
State and UMIST.

The limitations of the method with respect
to modeling of particle bombardment include
the inability to describe long (i.e. longer than
nanosecond) time scales and the lack of elec-
tronic effects. The first limitation has ramifi-
cations in both predicting the decay process
during the flight of any species toward the
detector and with modeling directly any long
term thermal spike or selvedge region. The
decay process especially for the experimental
techniques that measure the neutral species
can be reasonably estimated given that the
MD approach yields the internal energies [22]
and it is relatively straightforward to deter-
mine with molecules will decompose. The
importance of modeling long term processes
such as thermal spikes ultimately depends on
how many of the observable quantities can be
explained by a collision cascade alone.

Incorporation of electronic effects is a
challenge. It is our belief that semi-empirical
electronic structure techniques such as MNDO
[49] are sufficiently good and computationally
efficient for small portions of the collision
cascade to be modeled by calculating the ener-
gies and forces during the MD trajectory [50].
In this vein, the MD simulations presented
here provide suggestions for calculations. For
example, one could examine the fragmentation
and reaction channels of an adsorbate mol-
ecule due to collisions with laterally moving
species. It is even practical to include charged
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species and other elements in the calculations.
These issues will certainly be a part of future
modeling efforts.
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