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Abstract

Experiments and molecular dynamics computer simulations have been conducted to gain insight into the mechanism of
desorption of molecules on surfaces subjected to bombardment by energetic particles. The model system is a monolayer of
benzene on Ag{111}. The computer simulations are performed using a many body potential function based on the Brenner
potential. This function allows interactions between desorbing benzene molecules to be accurately modeled. The experiments
utilize multiphoton resonance ionization of desorbed benzene molecules to determine energy, angle, and vibrationa
state-selected information. The results show there is close agreement between the model and the measurements, providing a
confirmation that the physical basis of the calculations, are indeed correct. The benzene molecules are desorbed by direct
collisions with substrate atoms and many of the molecules are internally excited enough to be in excited vibrational levels or
to undergo fragmentation. For multilayers of benzene on a metal, the desorbed molecules have much lower kinetic energy,
suggesting that exothermic chemical reactions in the film may play arole in producing a thermal-like event. The results also
show that the excited molecules arise mainly from the surface layer since molecules originating from below the surface tend
to be cooled by multiple collisions with other moleculesin the interfacial region. The model calculations are extended to show
that cooperative uplifting of surface molecules is observed even for species of molecular weight of several thousand Dalton.
The context of these experiments and calculations is considered as a consequence of a vision of the mechanism of molecular
desorption in secondary ion mass spectrometry presented 20 years ago by Cooks. (Int J Mass Spectrom 212 (2001) 467—475)
© 2001 Elsevier Science B.V.
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1. Introduction

The fact that organic molecules can be enticed to
desorb from solids by various stimulated processes
whose energy greatly exceeds that of chemical bonds
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remains somewhat of an enigmatic observation. The
phenomenon has been studied for nearly twenty-five
years with experimental configurations beginning us-
ing energetic particles (secondary ion mass spectro-
metry (SIMS) [1], fast atom bombardment [2], and
plasma desorption mass spectrometry) and extending
to matrix-assisted laser desorption ionization
(MALDI) [3]. One of the first attempts to unify the
various experimental observations associated with
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molecular desorption is attributable to Pachuta and
coworkers [4]. Using a combination of knowledge
about the physics of particle-surface interactions, a
unique perspective on organic mass spectrometry, and
an uncanny intuition, this group emphasized three
important processes that might contribute to the des-
orption of molecular species. These included (1)
energy deposition by the primary particle that ulti-
mately transfers enough kinetic energy to the target
molecule to alow it to desorb, (2) ion/molecule
reactions that occur in the interfacial region that lead
to species detectable by the mass spectrometer, and
(3) unimolecular decay of internally excited mole-
cules as they move toward the detector [5]. It is
particularly noteworthy that in one of the early exper-
imental examples of molecular desorption of an
amino acid, Cooks made the first reference to cation-
ization of these molecules, underpinning idea (2)
previously [6].

Although much is known about the qualitative
aspects of molecular desorption, breakthroughs in our
understanding of molecular desorption on an atomic
level have remained elusive, presumably due to the
complex nature of the dynamics. This problemiseven
more pressing today as the applications of SIMS have
continued to expand toward surface analysis and
especialy toward molecule-specific imaging experi-
ments [ 7] where sub-micron spatial resolution is now
possible. Moreover, advances in MALDI, where mo-
lecular desorption mechanisms could have some over-
lap with those found for SIMS; continue to pave new
roads in biological chemistry. Better theory is still
urgently needed in both arenas.

Our goal has been to provide this long-sought
picture using molecular dynamics (MD) computer
simulations to determine the trgjectories of atoms that
comprise the desorbing molecule and to coordinate
the predictions of these calculations with experiments
on similar systems. Here we focus on desorption of
simple aromatic molecules adsorbed in various cov-
erage amounts on a metal surface. This class of
molecules is important since we have been able to
develop an interaction potential function that allows
us to examine al three of the Cooks processes by
molecular dynamics [8]. Moreover, for the simplest

molecules such as benzene, laser techniques may be
employed to probe the population of various spectro-
scopic states such that issues related to tranglational
energy, internal energy, and stability may be com-
pared with predictions of the models[9]. It is remark-
able that the spectroscopy is sensitive enough to
characterize just a fraction of a monolayer of these
molecules. These systems are also amenable to the
study of chemical reactions in the interfacial region
and to the determination of the influence of any
chemical bond between the adsorbate and the surface
on the desorption yield [10].

Our results show that the molecular dynamics is
yielding information very close to that found in the
laboratory for low coverage of benzene on silver. The
models clearly revea the presence of a cooperative
uplifting of the adsorbate by moving substrate atoms,
usually associated with high action points sampled by
the primary particle [11]. High action points result
when the primary particle induces the motion of a
large number of substrate atoms near the target
surface. Moreover, many of the benzene molecules
are found to desorb with more than enough interna
energy to decompose on the way to the detector.
These effects are strongly dependent upon the number
of benzene molecules adsorbed on the surface, show-
ing that collisions between molecules and interaction
between the molecules and the surface dramatically
influence the trgjectory [9]. Finally, we show that for
multilayer films of benzene that most of the internally
excited molecules originate from the surface layer and
not from within the bulk of the film. In general, the
three processes proposed by Cooks twenty years ago
still guide our thinking in developing atomic-level
descriptions of the molecular desorption event. These
proposals have proven to be remarkably prescient and
invaluable guideposts for both experimentalists and
theoreticians.

2. Calculation methods

Molecular dynamics calculations consist of inte-
grating Hamilton's equations of motions over time to
determine the position and velocity of all particles
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Fig. 1. Molecular dynamics computer simulations of benzene
molecules desorbed from a nickel surface covered with a mono-
layer of benzene. The primary particleis shown in red, nickel atoms
are green, carbon atoms are yellow, and hydrogen atoms are black.
The blue atoms are nickel atoms that become part of a cluster. From
[13].

during the ion-bombardment event. The final posi-
tions and momenta are used to calculate a number of
experimental observables such as total yield, and
energy and angular distributions. With a few assump-
tions it is also possible to infer information about
cluster formation and the distribution of internal
energy within the cluster [11]. This analysis allows
some predictions of vibrational and rotational spectra
[12].

The key component needed to acquire accurate
MD results is to utilize reliable interaction potential
functions. During the time that Cooks was developing
his models of molecular desorption, the sophistication
of these functions for organic molecules was very
low. The results of our first calculations for benzene
are reproduced in Fig. 1 [13,14]. The calculations
utilized purely pair-wise additive interaction functions
and did not allow for reactions between benzene

molecules. Although the potentials were relatively
simple, the results show that the collision cascade of
metal substrate atoms is clearly capable of desorbing
the molecule intact, that fragmentation is induced by
collisions at the surface and that substrate metal ions
may strongly interact with the desorbing molecule
(cationization?). The time scale of the event is found
to occur in less than a picosecond, suggesting the
process occurs much faster than simple thermal des-
orption. In the early days, however, it was not
possible to make quantitative predictions associated
with these qualitative pictures. Moreover, the detail in
experimental data was lacking for these comparisons.

During recent years, there have been dramatic
advances in the development of interaction potentials
for MD simulations. For benzene, we now model the
interactions using a many-body potential developed
by Brenner [15]. Thisformulation alowsfor chemical
reactions and accompanying changes in atomic hy-
bridization during the course of a reaction. A defi-
ciency of this potential is the neglect of long-range
van der Waals type interactions that impacts our
ability to study some effects due to collisions between
molecules. This deficiency has recently been removed
[16], and our new approach should allow accurate
modeling of bombarded multilayer molecular films
[17]. To complete the picture of benzene adsorbed
onto a metal substrate, an MD/Monte Carlo corrected
effective medium potential is utilized to describe the
Ag-Ag interactions [8]. This function reproduces the
energy and angular distributions of ejected metal
atoms very accurately. The benzene molecules are
attached to the metal surface using a pair-wise addi-
tive Lennard—Jones potential. The parameters are
selected to yield a reasonable binding energy. A
Moliere function is used to describe the collisions
between the primary particle and the substrate. This
assumption is based on the fact that the primary
particle imparts energy and momentum to the system
and does not play a direct role in the chemistry of the
bombardment process. Finally, high-speed computer
power now allows the size of the model microcrys-
tallite to be dramatically increased. In some cases,
trgjectories for thousands of atoms have been em-
ployed.
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3. Experimental methods

Laser techniques have been developed to measure
the trgjectories of desorbed molecules [10]. These
techniques are favored since they are well-suited to
performing energy and angular distribution measure-
ments of neutral molecules in specific spectroscopic
states. Detection is achieved by choosing a wave-
length resonant with a specific transition and ionizing
using multiphoton absorption. Although the mecha-
nistic scheme proposed by Cooks was developed for
secondary molecular ions, we feel that it is important
to decouple the ionization step from the desorption
step to simplify the problem as much as possible.
Moreover, this approach allows a much more direct
comparison with the predictions of the MD calcula-
tions. The details of the experimental setup have been
described in severa previous papers and will not be
reviewed here [8,18].

For these experiments, molecules are dosed onto a
substrate that has been cleaned by ion-bombardment,
annealed, and cooled to 120 K [12]. For benzene, a
liquid sample is subjected to severa freeze-pump-
thaw cycles and the vapor is then introduced into the
vacuum chamber at a specific pressure for a predeter-
mined amount of time. In our situation, a7 L exposure
(1 Langmuir = 1 X 10°® Torrs) corresponds to a
monolayer coverage, where one monolayer corre-
sponds to 0.146 molecules’Ag atom. For most of
the aromatic molecules, ionization is achieved by
focusing the laser to a ribbon shape about 1 cm
above the crystal surface. Nonresonant ionization is
achieved using the 4™ harmonic of the Nd:YAG
laser at 266 nm. Resonant ionization of benzene is
achieved by tuning the frequency-doubled output of
the Nd:YAG-pumped dye laser to drive the 6%,
transition at 259.01 nm originating from the zero
level of the molecular ground state, and the 6°;
transition at 266.82 nm starting from the first
quantum of the v"g vibration.

The angle of incidence of the primary ion beam is
45° and the neutral molecules gected normal to the
surface are detected within an angular range of +20°.
The time distributions are obtained after integrating
50 laser shots at each delay time. The measurements

are made under static conditions and the primary ion
dose is kept below 102 ions/cm? in all experiments.
These conditions are such that it is unlikely that the
same spot will be impacted more than once.

4. Results and discussion
4.1. Benzene monolayers on Ag{111}

Will it be possible to make a direct connection
between experimental results and MD simulations for
an organic overlayer? This is the central question for
our research effort since an answer in the affirmative
alows us to utilize the microscopic information em-
bedded in the computer printouts to glean unprece-
dented information about the details of the desorption
event. Benzene makes a convenient model since, as
noted previously, accurate many-body potential func-
tions are available and the molecule is large enough to
undergo most of the reaction sequences in the model
put forth by Cooks. Moreover, the calculations may
logically be extended to larger molecules consisting
of aromatic subunits in order to identify the important
mechanisms for desorption of bigger molecules.

Perhaps the most important result associated with
the benzene study is shown in Fig. 2. The experimen-
tal kinetic energy (KE) distribution of benzene mol-
ecules peaks at about 1.14 eV, and the intensity drops
off rapidly with KE reaching zero at about 7 €V. The
distribution is obtained using nonresonant ionization
at 266 nm, suggesting that the plot represents a sum of
both ground state and excited state benzene mole-
cules. The MD simulations mimic this response ex-
tremely well, reproducing both the peak position and
the general shape of the faloff. There is a small
deviation at higher kinetic energies where the ssimu-
lations predict measurable intensity to about 12 eV.
Presumably, these molecules undergo unimolecular
decay on the way to the detector and are never
counted. It is difficult to imagine that such close
agreement between experiment and model could be
achieved if the basic physics associated with the MD
calculations were in significant error.

The general shape of this curve differs significantly
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Fig. 2. Calculated and experimental KE distributions of benzene
desorbed from a (3 X 3) benzene overlayer on Ag{111}. The
calculations were performed using 500 eV Ar+ ions, and the
experiments were carried out using 8 keV Ar+ ions. The two
calculated curves show the difference between the KE distribution
of all particles and those whose total internal energy is less than 5
eV. From [8].

from the KE distribution of metal atoms desorbed
from crystal surfaces. Those distributions are approx-
imated by the Thompson equation [19] and are
characterized by a maximum intensity at the value of
one-half of the surface binding energy, followed by a
decrease in intensity that follows KE 2. The more
rapid falloff shown in Fig. 2 arises in part from the
fact that higher energy collisions tend to fragment the
benzene molecule, removing intensity from the high-
energy tail.

It is possible to refine further the measurements
and calculations to include specific vibrational states.
For benzene, the ground vibrational level is probed
using 259.01 nm photons, and there is a vibrational
excited state that is 0.08 eV above the ground state
that is probed using 266.82 nm photons [20]. The
calculations can be roughly compared to experiments
by sorting al molecules that possess the lowest
internal energy from those that possess the highest
values. The KE distributions obtained from applying
this procedure are shown in Fig. 3. Note that the shape
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Fig. 3. Calculated and experimental KE distributions of benzene
desorbed from a (3 X 3) benzene overlayer on Ag{111}. Here, the
different experimental distributions are acquired from the ground
state and a vibrationally excited state of benzene. The calculated
distributions are sorted to reflect those molecules with low internal
energy and higher internal energy. The range selected is a compro-
mise between the experimental value of the vibrationa level, and
the number of calculated trgjectories in that range that yield
adequate statistical accuracy.

of these kinetic energy distributionsis quite similar to
the generic shape shown in Fig. 2, athough the
excited molecules have, on average, higher transa-
tional KE than the ground state.

What is the origin of this excitation and how can it
be controlled? There are clues from the dependence of
the KE distributions on the amount of deposited
benzene. As the number of benzene layers is in-
creased, the peak in the KE distribution is observed to
shift toward much lower values (<0.05 eV) [9,12].
This result suggests that the nature of the collision
cascade in a molecular film is much different from
that found in a metal substrate. We believe this
observation suggests that exothermic chemical reac-
tions in concert with a high density of molecular
collisions allow for a more thermal-like desorption
event. Vibrationally excited molecules, however, ex-
hibit a KE peak that is lower than the ground state
peak [12]. A possible explanation for this observation
is that in thick layers only the first few collisions
between an escaping substrate silver atom and an
adsorbate benzene molecule are energetic enough to
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excite the molecule. Before this excited molecule can
be detected, it has to travel through the overlayer
where intermolecular collisions are abundant. Colli-
sional quenching or unimolecular decomposition is
thus probable. Such effects would not be expected for
ground state molecules. This effect supports the orig-
inal Cooks proposal of a soup of reactions occurring
between vibrationaly and/or electronically excited
molecules in the “selvedge” interfacia region. Mo-
lecular dynamics simulations of multilayer films are
being initiated with the new long range potential in
order to directly quantify these effects [17].

We can directly test the ideathat excited molecules
originate mainly from the top layer by examining the
influence of an inert buffer layer of sec-butyl alcohol
(sBA) deposited directly on top of the benzene mono-
layer as shown in Fig. 4. The acohol was chosen for
this purpose since it is similar in size to a benzene
molecule and it does not produce any mass fragments
that might interfere with the detection of benzene. The
KE distributions reveal that the presence of this inert
layer much more effectively reduces the yield of
excited state molecules than of ground state mole-
cules.

And findly, it is interesting to follow the trgjecto-
ries of gecting Ag atoms as they push their way
through the benzene overlayer. This type of study is
particularly appealing since results can be compared
to energy and angular distributions from clean metal
surfaces. Asreported previously, a substantial number
of Ag atoms are found to be sputtered into a metasta-
ble electronically excited state (4d°5s) that lays 3.75
eV above the ground state. The yield of atomsin this
excited state is found to decrease rapidly as the
amount of benzene covering the surface of the crystal
is increased [12]. Also, the KE and polar angle
distributions are modified after applying benzene to
the surface. For both Ag and Ag*, the KE distribu-
tions tend to decay more rapidly and shift to lower
energies with increasing benzene coverage. A large
fraction of Ag* atoms are quenched by the presence
of the benzene overlayer. The polar angle distribu-
tions broaden significantly and shift toward the direc-
tion normal to the surface. The MD simulations for
the Ag atoms agree quantitatively with these measure-
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Fig. 4. Experimenta KE distributions of excited state (a) and
ground state (b) benzene desorbed from a (3 X 3) benzene over-
layer and covered with the indicated exposure of sBA. The solid
line represents the intensity of the benzene with no overlayer
present. The ground state intensity is about an order of magnitude
larger than the excited state intensity. Note the x axis is given in
time units instead of energy units ssimply for graphical clarity.

ments. All of these observations point to the fact that
silver atoms undergo collisions with the adsorbed
benzene molecules. Moreover, the larger size of Ag*
increases its likelihood of colliding with benzene
molecules. As a result of the larger collision cross-
section coupled with collision-induced deexcitation,
the trends for Ag* are exaggerated relative to those
observed for ground state Ag.

4.2. Cooperative uplifting and bigger molecules

Perhaps the most important consequence of the
case study of the molecular desorption of ion-bom-
barded benzene is that through the interplay of exper-
iment and MD simulations, a consistent picture of at
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least one system is beginning to emerge. With the
confidence that the modeling approach is avalid one,
it seems logical to extend the calculations to examine
desorption of higher molecular weight systems. For
example, it is feasible to examine molecules with
many aromatic subunits using the same potential
energy functions prescribed for the benzene system.
This approach opens the possibility of exploring the
mechanistic reasons behind the ejection of large
molecules.

The system investigated is sec-butyl terminated
polystyrene (PS) tetramers (MW = 474 Da) adsorbed
on an Ag surface [11]. We have found in approxi-
mately 25% of the trajectories of Ar bombardment at
5 keV that high action in the substrate correlates with
a high yield of particles being gjected. The highest
total ejected mass observed in our simulationsis close
to 10 kDg, i.e. the upper mass limit of ejected species
in SIMS. The mechanism for molecular liftoff is a
cooperative uplifting in which several Ag atoms
underneath the organic molecules move toward the
vacuum at approximately the same time. In order to
test these ideas on larger molecules, we have devised
a dightly different configuration in which several of
the PS tetramers are replaced by PS hexadecamers (16
repeat units, molecular weight ~2000 Da using the
tritium isotope in the simulations) as shown in Fig.
5(a). In order to reproduce a high action event, the
central PS tetramer was left in place. The analysis of
the trajectory indicates that the early development of
the collision cascade in the Ag crystal is very similar
to the one with PS tetramers. At 200 fs, a few single
Ag atoms are emitted and a collective motion includ-
ing severa tens of Ag atoms begins under the top
right PS hexadecamer as shown in Fig. 5(b). After 700
fs, a large protrusion is created by the correlated
motion of these atoms, pushing the PS oligomer
upward. In the same time, the bottom left PS molecule
is smoothly lifted up, although the action in that part
of the top silver layer is less apparent. The two PS
molecules should not decompose on the time scale of
SIMS analysis according to Rice-Ramsperger-K assel
(RRK) theory [21]. It appears quite clear that the
collective motions are the key to high sputtering
yields of intermediate size molecules.

ofs A

P

PP pga
Tl e e e o e o
R

Fig. 5. Emission of two polystyrene hexadecamers induced by a 5
keV Ar atom aimed at a high action point on the surface. The times
are indicated on each panel. From [11].

4.3. Matrix effects and the influence of surface
covalent bonds

In Cooks vision of molecular desorption and
SIMS, he suggested a number of matrix effects which
might potentially enhance the yield of secondary ions.
Asamatter of fact, he often advocated the addition of
ion-promoters to the sample in a fashion not unlike
that ultimately used with MALDI experiments [22].
Another matrix effect that was not considered by the
Cooks model involves chemical binding between the
desorbing molecule and the substrate. This effect was
first examined by Taylor et al. [23] using a smple
hydrocarbon chain model system. Their results
showed that by increasing the strength of the covalent
bond between the hydrocarbon and the metal that the
yield of molecules not only decreases, but that the
degree of fragmentation of the chain increases dra-
matically. Moreover, the fragments appeared to arise
preferentially from the top of the chain.

From apractical point of view, this chemical effect
is extremely important and impacts a number of
ongoing SIMS experiments. We have been interested
in characterizing peptide and related molecules that
are chemically linked to polystyrene spheres [24].
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Fig. 6. lllustration of the effect of surface covalent bonds on the
SIMS spectrum of surface-bound molecules. The top panel shows
the spectrum of stearic acid linked to a polystyrene resin using the
coupling scheme shown below. The second panel shows the
spectrum of the bead surface after exposure to a vapor phase
trifluoroacetic acid treatment. A SIMS image of two beads around
m/z 285, the molecular weight of protonated stearic acid, indicates
that the stearic acid remains localized on the bead.

This construct is utilized in the synthesis of large
combinatorial libraries of molecules used for the
discovery of lead drugs. An example of the effect is
shown in Fig. 6. In this case, stearic acid is linked to
the bead via an ester linkage as indicated in the figure
and the bead is imaged using a scanning ion beam
praobe. The resulting mass spectrum consists mainly of
fragment ions, and gives virtually no specific infor-
mation about the surface chemistry. When the cova-
lent bond is broken by exposure to a gas of trifluoro-
acetic acid, however, the molecular ion is readily
observed. This simple procedure clearly makes an
enormous difference in the quality of the result and is
understood on the basis of the earlier MD simulations.

5. Conclusions

We have attempted to provide a detailed view of
the important atomic motion that leads to molecular
desorption stimulated by ion bombardment. The pic-

ture we have described using well-defined model
systems has emerged from the results of computer
simulations and from experiments that can be prop-
erly compared to these calculations. Although there
are till missing pieces, our vision of the process is
closely tied to the Cooks mechanistic view, and in
many ways has been derived from it. For example, he
aways challenged our models as being inadequate to
describe organic systems. And it is perhaps this
challenge that has driven us to push forward in this
direction. The focus now is to provide as detailed a
view of molecular multilayers as we now have for
molecular monolayers. Will it be possible to describe
a molecular collision cascade with al the energetic
processes outlined by Cooks? We believe the tools
exist for this to happen.

In the ensuing years, Professor Cooks has moved
away from the SIMS field, but his experiences there
have obviously influenced his experiments in soft
landing and surface induced dissociation. In the
meantime, MALDI has certainly become the tech-
nique of choice for the mass spectrometric identifica-
tion of large molecules. And it is interesting to note
that closely related MD simulations have successfully
provided a great deal of insight into the laser ablation
process as well. With SIMS, however, the applica-
tions continue to expand and the need for more
detailed understanding of the mechanisms of molec-
ular desorption remain. The recent discovery that
cluster ion beams can improve the yield of molecular
ions by several orders of magnitude, and the continu-
ing possibility of molecule-specific imaging with
focused ion beams are just two of the emerging areas.
Whatever the future, however, the imprint |eft by the
Cooks' contributions will be much appreciated for
years to come.
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