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Polystyrene oligomers adsorbed on{Ad1} have been used as a model system for a molecular dynamics
study of polyatomic fragment ejection from large organic adsorbates on metals. The simulation of the interaction
between the incident 500 eV Ar atoms and the sample predicts the nature and kinetic energy of the characteristic
fragments observed in the low-mass range of the experimental polystyrene secondary ion mass spectrum
(SIMS). This agreement confirms that characteristic molecular fragments can be the result of a collisional
emission process. Moreover, the results indicate that the ejection of intact molecules occurs frequently. To
understand the mechanisms of emission of fragments and parent molecules, a representative set of trajectories
has been analyzed in detail. The ejection of characteristic fragments is primarily due to the direct interaction
between the primary particle and the organic adsorbate. In contrast, desorption of intact molecules is induced
by collision cascades in the sample surface. The emission of energetic intact molecules is best explained by
a cooperative uplifting mechanism in which substrate atoms with similar momenta push the molecule upward.
For comparison to the 500 eV bombardment conditions, simulations conducted with 5 keV primary particles
show that large-scale simultaneous motions in the substrate may also occur, inducing the emission of many
silver atoms and organic molecules in a single high action event.

1. Introduction The picture provided by these studies illustrates multiple
processes, involving ballistic as well as thermal emis&foamd
shows an important dependence of the mechanisms on the
organic molecule coverageUnfortunately, no report of this
kind is available in the case of polymer fragments and, up to
now, the investigated molecules have been limited in size. For
Sfarger molecules and polymer fragments, one must rely on the
yields and kinetic energy distributions (KEDs) of sputtered
Sions?*14 Although the influence of ionization on the kinetic

has been continuously expanding, covering very diverse fields energy remains unclear in gen_eral, I _has l_)een demonstrated
such as materials sciences, biotechnology, geology, and asfor CHy ions sputtered from tricosenoic acid that the KEDs

tronomy? In particular, the emission of large, unfragmented Were independent of the charge state (positive versus negative)
molecules is a challenging issue in SIMS of organic and of the fragment$.It ;eems that, Wh|lg |pn|zaF|on is a predomi-
biological materials. The understanding of the very basic Nant factor to explain the observed igields its effect on the
processes leading to the ejection of secondary species, andragmentenergiesmight be minor. Consequently, the kinetic
especially large molecular ions, has been hampered by the®N€rgy of m_olecul_ar ions aIIo_vvgd us to |_dent|fy several emission
complexity of the microscopic phenomena. processes,_lnclgdlng the ballistic emission of small hydrocarbon

From the experimental viewpoint, it is precarious to draw Precursor-like ion8, of faster and strongly dehydrogenated
mechanistic conclusions with the experimental data provided 10nS**and of unexpectedly energetic cationized oligomers and
by SIMS, because of the interference with ionization mecha- Mmolecules?? The periodic variation of the hydrocarbon ion
nisms. To overcome this limitation, the laser postionization of kinetic energy was explained by a phenomenological model
ejected neutrals appears to be a promising method when thedased on the concept of internal energy-dependent fragmentation
competitive photofragmentation of the fragile organic molecules Of excited species, assuming a linear correlation between the
can be avoided. By this means, kinetic energy and angular kinetic and internal energies of the fragmettalso, the weak
distributions of neutral organic molecules have been obtained, effect of the primary ion nature, energy, and angle on the shape
elucidating the sputtering mechanisms for several systefns. Of the KEDs was evidenced. Finally, the importance of

metastable decay processes in the vacuum was demonstrated
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SUMIST. the nature of the dynamics, involving mostly many-body

The bombardment of solid surfaces by kiloelectronvolt
primary particles leads to a complex sequence of interactions
which results in the sputtering (or desorption) of fragment,
parent, and cluster ions or neutral molecules. The detection by
appropriate mass spectrometers of the atomic and molecular ion
sputtered by a low primary ion dose constitutes the basis of
static secondary ion mass spectrometry (static SIMSipce
its discovery 3 decades ago, the range of applications of SIM
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interactions. Therefore, the successful application of analytical
models has often been restricted to simple targets (elemental
or oxide crystals) and to ejected atoMisn parallel, molecular
dynamics (MD) simulation has emerged as a powerful method
to model kiloelectronvolt ion bombardment and sputtering of
solids, including organic overlayers on inorganic substrétes.
In early reports, it was shown that the ejection of intact benzene
adsorbates could be induced by single or collective collision
with substrate atoms, and a correlation between fragment size
and kinetic energy was fourl@!® The important effects of
geometry and bonding state on the emission of intact molecules
were highlighted820Recently, the simulation of sputtering of
aliphatic hydrocarbon chains showed that chemical reactions
induced by the collision between moving organic fragments and
molecules at rest were frequent, including hydrogen abstraction
by hydrogen or methyl radicafd->* Moreover, the SIMS  Fgyre 1. Picture of asecbutyl-terminated PS tetramer. The charac-
spectra of alkanethiolate monolayers on gold were reasonablyteristic fragments sputtered in the simulation are indicated by arrows.
interpreted and, in particular, the formation of various gold Of note is that the four pendant phenyls are equivalent.
thiolate clusters could be observed in the simulaffoithe
validity and power of the MD simulations have been further are also calculated with 5 keV primary argon atoms in order to
demonstrated by the remarkable agreement between measuredheck the influence of the primary ion energy on the modeled
and calculated energy and angular distributions for benzenemechanisms.
adsorbates on silvéf. In addition, the results obtained with
polyatomic projectiles exemplify the predictive aspect of the 2. Method
method?’—30 Interestingly, ref 29 indicates that phenyl rings
weakly bound to a graphite surface can be softly ejected by an
acoustic wave caused by the interaction with the fullerene
projectile. To the best of our knowledge, the only report on the
bombardment of polymers is due to Beardmore and S#hith.
They bombarded a polyethylene crystal with 1 keV argon atoms
and_ predicted the ejection of small hydrogen-deficiegitC as a function of time. The energy and forces in the system are
chain segments. described by many-body interaction potentials. Experimentally
In this paper, MD simulations of 500 and 5 keV argon opservable properties, such as total yield, mass spectrum, kinetic
bombardment of polystyrene (PS) tetramers adsorbed on silverenergy, and angular distributions, are calculated from the final
are presented. These simulations have been inspired by previougositions, velocities, and masses of all of the ejected species.
experimental studies of the sputtering of high molecular weight Mechanistic information is obtained by monitoring the time
PS0.11133nd of PS Oligomers under 15 keV ion bombardniént. evolution of relevant collisional events.
In the latter work?? it has been shown that the emissiorirgéct In the model, the silver substrate is approximated by a finite
aromatic dibenzanthracene and tetraphenylnaphthalene molmicrocrystallite containing 1404 Ag atoms arranged in 9 layers
ecules, as well as Ag-cationized PS oligomers, is undoubtedly of 156 atoms each. For the bombardment of PS tetramers by
collisional in nature. Although the experiments provide good 500 eV argon atoms, five organic molecules (Figure 1) are
clues concerning the emission processes of parentlike ions, theyplaced on the Af111} surface, as shown in Figure 2. The entire
also show the need of a pOWGI’fU| model to unravel the details system is quenched to a minimum energy Configuration prior
of the mechanisms. In addition, the positive ion mass spectrumto Ar atom impact. Primary Ar atoms are directed along the
of short PS oligomers adsorbed on Ag show all of the surface normal. A total of 4000 Ar aiming points or trajectories
characteristic fragment peaks as observed for high moleculardirected within the impact area (rectangle in Figure 2) were
weight, bulk polystyrene. The kinetic energies of these fragments calculated. Because of the larger size and disorder of the organic
are close to those sputtered from high molecular weight adsorbate as compared to previous stu#fié&the impact area
polystyrene. Therefore, short PS oligomers adsorbed on a metakhould be close to the size of the crystal in order to sample the
surface also seem to be a good model system to study theentire surface. Obviously, such an impact area would require a
fragmentatiorof high molecular weight PS. The very distinctive  much larger crystal in order to provide a reasonable confinement
fragmentation spectrum of PS, in contrast with polyethylene, of the collision cascades in the crystal and to avoid important
constitutes a challenging feature to model, and the obtainededge effects. Instead, we define a central zone that includes both
results, if satisfactory, are thus expected to shed light on moremolecule and bare substrate. We feel this approximation is
complex fragmentation channels. Concerning the methodology, justified because the arrangement of PS tetramers on the Ag
the ballistic nature of the ejection for both fragments and surface is not known experimentally.
parentlike ions suggests that MD simulation is the appropriate  Each trajectory is initiated using a fresh undamaged sample.
choice. The primary particle energy in the MD simulation, 500 The criterion for terminating the trajectory is that the total energy
eV, has been mostly chosen to perform a large number of runsof any atom is too low to induce ejection. The termination times
within a reasonable computation time. It appears low in range from 0.5 to 6 ps, depending on the impact point of the
comparison with SIMS experiments (15 keV), but previous primary particle and the manner in which the energy distributes
studies have demonstrated that the emission mechanisms ofvithin the solid. Open boundary conditions are used for the
small organic molecules and fragments are almost independentsystenm?33> That is, energetic particles that reach the sides or
of the primary particle energi#:?Nonetheless, a few trajectories  bottom of the computational cell are allowed to exit, taking their

The Ar bombardment obecbutyl-terminated polystyrene
tetramers (Figure 1) adsorbed on a Ag(111) surface was modeled
using MD computer simulations. The MD scheme has been
described in extensive detail elsewh&te’s Briefly, it consists
of integrating Hamilton’s equations of motion over some time
interval to determine the position and velocity of each particle
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As described in ref 23, a Moliere function is attached to the
repulsive wall of the Brenner potential in order to handle high-
energy collisions. For the sake of consistency with previous
work 2 the interactions for AgC and Ag-H are described by
pairwise additive, Lennard-Jones potential functions. The Len-
nard-Jones parameters are chosen to obtain a reasonable binding
energy for benzene molecules adsorbed on the silver surface.
The Ag—C and Ag-H equilibrium distances of 2.3 A were
taken from an estimate for the height of benzene molecules
above the Ag11L} surfacet?*3and the energy well depth for
the Ag—C and Ag-H interactions are respectively equal to 0.05
and 0.0083 eV. With these parameters, the binding energy of
one PS tetramer to the silver substrate-.3 eV.

At the end of each simulation, the atoms, clusters, and
molecules which have velocities directed away from the surface
and are at a height 6 A above the original sample are regarded
as ejected. For identifying clusters, pairs of atoms are checked
to see if there is an attractive interaction between them, in which
case they are considered link&d*45A network of linked pairs
is constructed, and the total internal energy of the group is

e ' o e e R : evaluated. If the total internal energy is less than zero, then the
Figure 2. Surface configuration of the sample used for 500 eV Ar  group of atoms is considered to be an ejected molecule. This
?%rgrggmcger‘{)%?im- di'r'l‘(’eru":‘tcl’?: ireerégp;? de?]te ddrobyelr?rt?es“r%ztll ?iraﬁ/t procedure, of course, overestimates the number of bound ejected
g?een sp;heres. ThZ bombgrdzd arpea is ir;dicateo)I/ by g shaé/ed rectagglgno'ecu'es because some Of. these aggregates may h_ave sufficient
internal energy to decay unimolecularly during the flight to the
detector’> This point is discussed in detail in the Results and
Discussion section.

energy with them. In the real system, these energetic particles
would transport energy into the regions of the solid further from

the impact zone and not influence the ejection process. For the
bombardment of PS tetramers by 5 keV argon atoms, a larger

silver microcrystallite containing 6336 Ag atoms arranged in The SIMS spectrum is the result of the combined action of
12 layers of 528 atoms each is used. Thirteen PS molecules argeveral processes, including collision cascades, fragmentation
placed on the Ag surface, in a similar configuration as the central jn the surface region, ionization, and metastable decay in the
molecule shown in Figure 2. Because of the large computer yacuum. Although current MD simulations cannot account for
time requirement with this system, i.e;-80 h on one IBM-  jpnization processes and long-lifetime metastable decay, it is
SP node per trajectory, only a hundred trajectories were seen in the following discussion that the comparison between
calculated. In all of the considered systems, the mass of calculated and experimental results yields insights concerning
hydrogen was taken to be that of tritium (3 amu) to increase these processes. Most of the results presented hereafter relate
computational efficiency® The mass of the PS tetramer is then to the simulations performed with 500 eV Ar atoms. We first
559 amu instead of 474 amu. To compare with experimental show how the very different time scale of the simulation, and
spectra, however, the mass of hydrogen is considered to be equats influence on the relative fraction of stable and reorganized
to 1 in the plots and discussion. species, can help to understand some features of the spectra
The blend of empirical pairwise and many-body potential (section 3.1). On the basis of unimolecular reaction theory, it
energy functions used to represent the forces among the variouss shown that the use of an internal energy filter, excluding
atoms has been described in detail elsewR&Beiefly, we use highly excited fragments, provides a means to obtain better
a purely repulsive Moliere potential to describe all interactions agreement with the experiment. The corrected mass spectrum
between the Ar and other atoms. This assumption is based onis compared to the SIMS spectrum of short PS oligomers
the fact that the Ar atom primarily imparts energy and (section 3.2.). To go further into the comparison with experi-
momentum to the system and does not play a direct role in the ment, the experimental and calculated energy distributions are
chemistry of the bombardment process. For the remainder of presented in section 3.3. The good agreement with experiment
the system, both the repulsive and attractive interactions areallows us to present the detailed emission mechanisms of
evaluated using many-body and pairwise potential functions. fragments and intact molecules provided by the time evolution
The Ag—Ag interactions are described by the MD/Monte Carlo of the trajectories (section 3.4). Because the primary particle
corrected effective medium (MD/MC-CEM) potential function energy might have an influence on the emission processes, the
for fcc metals’”—39 One attractive feature of the MD/MC-CEM  results obtained with 500 eV argon atoms are compared to 5
potential is that it shows reasonable Coulombic behavior at small keV bombardment (section 3.5). Finally, the body of evidence
internuclear separation. The hydrocarbon interactions are de-provided by the simulation results in this paper and in previous
scribed by the Brenner potential functitf This potential was work is summarized, suggesting a path toward a comprehensive
fit to the energetics and structures of small hydrocarbon view of thin organic layer sputtering.
molecules, including radicals as well as graphite and diamond The calculated mass spectrum is used as a road map for the
lattices. It allows for chemical reaction and accompanying analysis of the emission of organic species from PS oligomers
changes in atomic hybridization during the course of a reaction. (Figure 3). It is obtained by summing up the sputtered particles
It is important to note that this hydrocarbon potential is confined counted over the 4000 trajectories and sorting them as a function
only to short-range interactions of nearest neighbors and thatof their masses. In the spectrum of Figure 3a, no correction has
long-range van der Waals type interactions are not included. been taken to account for ionization probabilities, ion stabilities,

3. Results and Discussion
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Figure 3. (a) Calculated mass spectrum s¥cbutyl-terminated PS
tetramers adsorbed on pAgl1} under 500 eV Ar atom bombardment,
showing the species existing 6 ps after the primary particle impact. (b)
Calculated internal energy resolved mass spectrum of the same sampl

The spectrum excludes species sputtered with more internal energy thal

the calculated threshold for dissociation (see text). It doesnchide
any product of unimolecular dissociation reactions.

fFalculations provide only qualitative indications of what can

Delcorte et al.

TABLE 1: Daughter Fragments Produced by the
Metastable Decay of 25 @GHg Parent Species over a 100 ps
Time scale

formula mass (amu) number formula mass (amu) number

H 1 14 GH. 74 1
H> 2 1 GHs 87 1
CH 25 3 GHs 89 4
CoH, 26 6 GHe 90 2
CoHs 27 2 GH; 91 4
CoH, 28 3 GH~ 115 1
Cs 36 1 GHo 117 10
CsHs 41 1

or late unimolecular dissociation in the vacuum. Besides Ag
atoms and clusters, the organic peaks of the mass spectrum
essentially belong to two different classes. In the upper mass
range beyond 400 amu, the mass spectrum is dominated by
parent (or parentlike) species, i.e., the entire tetramer and its
Ag-cationized homologue. The rest of the mass spectrum
contains small fragments and larger chain segments of PS
tetramers. A detailed comparison of the calculated mass spectra
of Figure 3a,b with a representative SIMS spectrum is presented
in section 3.2 as a preliminary to the description of the emission
mechanisms revealed by the MD. The distinction between
fragmentsandparent speciewvill be maintained in the discus-
sion.

3.1. Internal Energy and Unimolecular Dissociation.(a)
Metastable decay reactiondn addition to ionization, the
different time scales may be an important factor to explain the
difference between experiment and simulation. Indeed, the
calculated mass spectrum of Figure 3a shows the secondary
species that exist6 ps after the primary ion impact, whereas
the detection setup of most secondary ion mass spectrometers
counts the sputtered ions arriving tens of microseconds later.
Within this 6 orders of magnitude time gap, internally excited
molecular species dissociate with a rate that is a nonlinear
function of their internal energy excess. Experiments have shown
that such metastable decays could be observed for times longer
than 1 ns346 Nevertheless, such reactions are also likely to
occur for shorter times of 102—10° s that are inaccessible to
the experiment. Unfortunately, it is currently impossible to
extend the simulations up to 1 ns for each of the sputtered
particles. In addition, the Brenner hydrocarbon potential used
to model the G-C and C-H interactions is not expected to
provide a quantitative description of these decomposition
reactions. Nevertheless, extended calculations were performed
with a few sputtered species in order to get qualitative
indications concerning the reorganization and elimination reac-
tions. In particular, the evolutions of 25 sputteregHg
fragments were followed up to 100 ps. The more excited
fragments undergo one or several dissociation reactions in the
investigated time range. Table 1 shows the reaction products at
the end of the calculation. Among these reactions, H loss is
predominant, but b} C;H, and GH losses are also observed.
Rearrangements including hydrogen exchange between neighbor
C atoms and transition between six- and seven-membered rings
occur in the simulation. Nonetheless, fragments with six-member
rings remain dominant at the end of the simulation. After
approximately 100 ps, a significant number of species with seven
carbon atoms is formed, includingl@. It is interesting to note
that one bicyclic, idenyllium radical @El) is also formed as a
result of two successive H atom losses accompanied by a
rearrangement to form a five-membered ring. Although these

occur, the nature of the observed reactions is consistent with
the literaturet’—49
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Despite our lack of knowledge concerning the details of fast concern is not a single molecule or fragment but a large range
metastable decay reactions, a simple criterion based on theof hydrocarbons between 1 and 500 amu, the use of a single
internal energy of the fragments can be developed to gain insightenergy threshold would lead to unrealistic results. The correct
into the importance of these postemission fragmentation pro- calculation of the energy thresholds requires the application of
cesses. Indeed, the unimolecular reaction theory indicates thathe quantum RRKM theory, relying on statistical mechanics,
the internal energy (vibratioth rotation) of polyatomic species  and its detailed application to the wide range of hydrocarbon
is the major parameter governing dissociation reactténs. molecules considered here is outside the scope of this paper.
According to the theory, the particles that have more internal Nevertheless, a reasonable approximation of the relation between
energy than a well-defined threshold rearrange or decomposeinternal energyK;n) and lifetimes £) is provided by the classical
within a given time range. The application of this theory requires RRK theory, in which the molecule is represented by a set of
first a correct determination of the internal energy of the s oscillators®? In this treatment, the rate of dissociatian,of
sputtered polyatomic species and, second, a realistic estimatehe molecule, equal to the inverse of the average lifetitrie
of the internal energy threshold for dissociation. These issuesgiven by eq 2 wherd\ is a proportionality constanA(~ 1013
are addressed in the next paragraphs.

(b) Internal Energy of the Sputtered Speciéar each r=1r=A1 - EOIEim)S'_l 2
molecular species, the internal energy can be calculated using
eq 23 s™1), By is the critical energy for dissociation, as@s the number
of vibrational modes in the molecule. In general, the number
Eine = V() + KE(r) — Veq 1) of vibrational modess, is equal to 8 — 6. However, the

comparison with experimental data shows that the use=of

whereV/(r;j) and KE(;) are respectively the potential and kinetic  3n — 6 in eq 2 leads to a systematic erPéinstead, using half
energies of the atoms relative to the center of mass of thethe number of oscillators yields a good agreement with the
molecule at the end of the sputtering event ang is the experiment. The same convention is used hereafter.
calculated equilibrium potential energy of the same molecule In the following discussion and figures, it is considered that
in the vacuum. For all of the fragments below 130 amu and the an ejected species is stable if its probability to reach the detector
entire moleculeVeq is calculated by relaxing the fragments in  unfragmented is above 90%. Assuming the simple exponential
the vacuum until the minimum energy was reached. To calculate decay of parent molecules with time described by the RRK
the equilibrium potential energy of large fragments, abundant theory, a 90% survival probability corresponds to an average
and very diverse because of the size of the parent molecule, difetime 7 of the species that is at least 10 times greater than its
different procedure is developed. The sum of the energy well time of flight to the detector. Using this value qfi.e., 10 times
depths of the corresponding atoms in the relaxed entire moleculethe value of the fragment time of flight in eq 2, one readily
is used as an estimate f&feq This calculation provides a  obtains the corresponding internal enefgy below which more
significantly overestimated absolute value\@f, given that the than 90% of the ejected species survive until they reach the
atoms in the entire PS tetramer are all completely coordinated, detector. This particular value i, constitutes the internal
which is rarely the case in the fragments. To correct this energy threshold for dissociation, depending on the size of the
systematic error, we assume that the large fragments are mostlynolecule through the number of vibrational mode%®Vith this
produced by a single €C scission in the backbone. The convention, the vast majority of the species havessinternal
fragments formed by this channel have one undercoordinatedenergy than the thresholthfrethan 90%) are stable from the
carbon. The corresponding reduction of the potential energy is viewpoint of the experiment. In practic&y lies in the range
approximated by half the potential energy difference between 3.5-5 eV for most of the relevant hydrocarbon molecules. For
the ethane molecule and two methyl radicals, that is, by half simplicity, a constant value of 5 eV is used in the calculation.
the value of this €&C bond strength in the Brenner hydrocarbon In Figure 4, the internal energy, calculated with eq 1, is plotted
potential. The final numbers have been compared to thoseas a function of the mass of the organic fragments and molecules
obtained from relaxation in the vacuum for several fragments, sputtered from PS tetramers. The average internal energy excess
and the error is always less than 1 eV. increases with increasing fragment mass. Nevertheless, this

(c) Internal Energy Threshold for Dissociatiofio check the augmentation is followed by the increase of the energy threshold
stability of a given molecule, its internal energy has to be for dissociation determined using eq 2 and taking into account
compared to a realistic energy threshold for unimolecular the time of flight of the different fragments. Therefore, the
dissociation. In previous papers, dissociation threshold valuescorrected mass spectrum of Figure 3b is less intense, in general,
of 5 and 10 eV have been proposed for benZeaed bipheny” but there is not a clear dependence of the relative intensity
molecules, respectively. Similar values can be derived from change on the mass of the sputtered species, in contrast with
published results, using internal energy versus dissociation rateshe use of a constant energy threshl&or instance, with the
curves. Consider for instance the cases of benzene (78%#/tu), RRK-based threshold, 58% of;8, (38 amu), 52% of @Hs
naphthalene (128 amé) and phenanthrene (278 antdhich (77 amu), 49% of gHg (105 amu), and 69% of GH17 (161
decay mostly by H atom loss reactions in the range of amu) are found cool enough to survive until the virtual detector.
dissociation rates of interest. When the time of flight of the Inthe range 116220 amu, many minor peaks are more strongly
ejected species and the maximum energy required for thereduced (GHo, CioH10) while the major fragments,GH17 (161
corresponding lifetime are known, it is easy to calculate the amu), GsHig (175 amu), GsH;5 (195 amu), and GH;7 (209
threshold energy, below which most of such secondary speciesamu), keep a significant intensity (see formulas in Figure 1).
should be detected in our TefSIMS. The result is that more  In comparison with other fragments beyond 400 amu, the entire
than 90% of benzene ions will be detected if their internal energy molecules are, in general, more stable, probably because no
does not exceed 4.6 eV. The thresholds are larger for naphtha-covalent bond breaking is needed for their emission. Because
lene (7.0 eV) and phenanthrene (#&0 eV). These results  of the relatively high threshold for dissociation of the entire PS
taken from the literature confirm that the thresholds vary from tetramer (28 eV), the intensity of this peak in the corrected mass
one molecule to another in relation with their size. Because our spectrum is not significantly reduced (94% of its initial value).
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energy threshold for dissociation (see text). Only fragments below the
threshold are considered as stable species. of very low molecular weight PS does not show such a drastic

relative increase of the chain end sigridlBeing aware of these
Although the exact numbers change, using a slightly different effects and of the current limitation of the MD code to model
value forEy (between 3.5 and 5 eV) does not modify the general the sputtering of ionic species, our comparison of the experi-
trend described here. In addition, the exact value of the constantmental and calculated spectra is limited to the nature of the
A does not significantly influence the resultd 1 order of sputtered fragments.

magnitude increase or decreasé\afoes not modify the energy Besides the intense chain end signature at 57 amu and the
threshold by more than 10%. On the other hand, using the full low mass fragments related to the butyl chain end (29, 41, and
number of oscillators instead of$/2 in eq 2 leads to a 30 43 amu), the experimental spectrum of PS oligomers in the low

40% increase of the calculated energy thresholds, i.e., to amass range is characteristic of the aromatic parts of the molecule,
pronounced overestimation of the thresholds in comparison with common with high molecular weight PS. Below 110 amu,
the available data for benzefié! and other aromatic com-  unsaturated ions are observed, among which are the phenyl side
pounds.#° group cation @Hs* (77 amu) and its fragmentsBs* (39 amu)

3.2. Mass spectra(a) Experimental SIMS Spectruin.this and GHz™ (51 amu). Of note is that these fragments can arise
section, the fragments and parent species sputtered in thefrom any of the phenyl side groups. In addition to the H end
simulation are compared to those observed in the SIMS group whose influence is predominant in Figure 5, it must be
experiment. For the simulatiosecbutyl-terminated PS tet-  mentioned that @¢4;" (91 amu) and gHg™ (105 amu) are also
ramers are chosen as a model of both PS oligomers and highcharacteristic of the interior of the chain, as indicated by the
molecular weight PS. Indeed, it is assumed that the fragmentsspectrum of high molecular weight PS and our simulation.
with less than 10 carbon atoms, constituting the major part of In the range 116220 amu, the main fragments in the
the experimental SIMS spectra, do not require extensive experiment are §g* (117 amu), GoHgt (129 amu), GoH;1+
rearrangement of longer chain segments to be formed. This(131 amu), G;H;7" (161 amu), GeHyi™ (167 amu), GqH13™
assumption is confirmed by the positive SIMS spectrum of very (181 amu), and GHi3™ (193 amu). In contrast with smaller
low molecular weight PS shown in Figure 5. Except the high fragments, most of these peaks are characteristic of short
intensities of the fragments arising from tsecbutyl end group oligomers and are not observed for high molecular weight PS.
(C4Ho™ at 57 amu, GHs' at 41 amu, and &5+ at 29 amu) Instead, the intense peaks of the high molecular weight PS
and from the H end group (Bl at 91 amu) shown in Figure  spectrunin this mass range correspond to polycyclic aromatic
1 and despite the relative intensity differences, the nature of ions (115, 128, 141, 152, 165, 178, and 191 amu; marked with
the sputtered ions is similar to the case of high molecular weight a star in Figure 5). Polycyclic ions cannot be the result of a
PS53 Before comparison of experiment and simulation results, straightforward fragmentation of the chain involving only a few
it is worth noting that the enhancement of the chain end bond-breaking events. For these ions, complex fragmentation/
intensities in Figure 5 is not only due to the limited chain length rearrangement channels have been proposed in the litetatfire.
but also due to the influence of the substrate. A “thick” sample Polycyclic aromatic ions are also present in the spectrum of
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Figure 5, but they are not predominant. To explain the origin intermediate mass range, there are a series of fragments also
of the most intense peaks in this range of the PS oligomer arising from the scission of the main chain at different places.
spectrum, the influence of the chain ends must be invoked again.Fragments at 118, 132, 145, 195, and 209 amu include the
Fragments such asgBi0" (118 amu) and @Hi," (132 amu) phenyl chain end, whereas fragments at 161, 175, and 188 amu
can be formed from the hydrogen chain end via the elimination include the butyl chain end. Some of them have an equivalent
of a phenyl. The simultaneous or subsequent loss of one H atomin the experimental spectrum (118, 132, 145, 161, and 195 amu).

would yield fragments gHg™ (117 amu) and @Hi.* (131 Not surprisingly, polycyclic hydrocarbons are insignificant in
amu), which are more stable as ions. The neighhgrg (129 the calculated spectrum, because their formation requires
amu) is probably due in part to the rearrangement gHG™ considerable rearrangement of the original fragments.

by hydrogen loss. The intense48;3" (193 amu) may also be As indicated by the detailed description presented above, the

produced from the hydrogen chain end, assuming a loss of H mass spectra obtained in the SIMS experiment and in the MD
from CisHis". In contrast, GHi7* (161 amu) obviously arises  simulation have many common features. Most of the charac-
from the butyl chain end via direct scission of the backbone teristic fragment ions observed below 120 amu have a homo-
after the first phenyl. The formation pathways of811" (167 logue in the calculated spectrum, and entire molecules are
amu) and of GHis™ (181 amu) are less evident and involve sputtered in both cases. It is remarkable considering the
important rearrangements with respect to the initial structure important approximations underlying molecular dynamics as
of the molecule. were performed in this study. For instance, no ionization effects,
Finally, for submonolayers of PS oligomers on transition no thermal effects, and no products of metastable decay are
metals, distributions of higher mass fragments and parentlike included. Nevertheless, there are a few striking differences that
ions are also observed. They are shown in the last frame ofneed to be addressed.
Figure 5. The parentlike ions have the form fMMe]*, where First, it has been remarked in previous studies that the MD
M is the organic molecule and Me is the metal atom, and the calculated spectra showed large hydrocarbon peaks at even
fragments are lighter hydrocarbon chain segments associatednasses that were much weaker in the experimental sp&ctra.
to a metal particle. A striking feature of the distributions of In the low-mass range of the PS calculated spectrum (Figure
unfragmented parent molecules is that they mirror quite ac- 3), such peaks occur, for instance, at 26H§), 38 (GH,), 52
curately the real molecular weight distribution of the molecules (C4H4), and 90 amu (@He). This can be explained by the
on the surface (within 10% errot}.That is, both the sputtering  different stabilities of hydrocarbon ions as compared to neutral
and ionization probabilities of these large molecular aggregatesmolecules. While an even mass neutral hydrocarbon molecule
are almost independent of the organic molecule mass, whichis very stable because all of its electrons are paired, the even
can differ by 1 order of magnitude in a single distribution. mass hydrocarbon ion is significantly less stable and more
Although the ion formation processes might be different, it is reactive than the corresponding odd mass one because one of
interesting to note that metal-cationized PS oligomers are its electrons is unpaired. Although significant exceptions exist
observed in matrix-assisted laser desorption ionization in SIMS, these radical ions appearing at even masses often
(MALDI %859 and electrospray ionization (E288f9 mass spec-  constitute much weaker peaks than their even-electron coun-
trometries. In SIMS, the KEDs of these oligomers clearly terparts at odd masses. For instance, the bulk PS spectrum
indicate a collision-induced ejection mechanism, as opposed toobtained after single-photon ionization of the sputtered neutral
a thermal desorptiot? fragments exhibits large peaks at 50, 52, 78, and 104%%amu

(b) Calculated Mass Spectrufine calculated mass spectrum, Which are much weaker in the corresponding SIMS spectum.
corrected to exclude polyatomic species that might decompose Second, it is very interesting that the experimentally observed
on the time scale of the experiment, has been shown in Figurepolycyclic hydrocarbons, which might be the result of unimo-
3b. It is important to note that this spectrum excludes unstable lecular dissociation processes, are weak or absent from the

species but does not include unimolecular dissocigtroducts calculated spectrum. In this respect, it is tempting to suggest
In the very low mass range, the organic peak pattern is that the number of large excited species excluded from the
dominated by intense H,HC, CH, GH, and especially &1, calculated mass spectrum of Figure 3b decay on their way to

fragments. Acetylene is indeed a very stable molecule, and it the detector, possibly giving rise to polycyclic hydrocarbons.
has been observed with a high intensity in the calculated spectraFor example, we have already mentioned the metastable decay
of ethylidyne?® alkanethiolaté® and benzené In the range of CgHg into the bicyclic idenyllium radical predicted by
0—120 amu, besides the small hydrocarbon and silver peaks,extended time calculations (section 3.1). To check this idea
the spectrum shows a number of less intense but morefurther, calculations up to Jus should be made with a
characteristic peaks that mirror the molecular structure of the representative set of ejected fragments. Nevertheless, even with
butyl-terminated PS tetramer molecule. These fall roughly into unlimited CPU time, the question concerning the appropriateness
two classes, namely, aromatic and aliphatic species. The firstof the potential would still prevent a quantitative interpretation
series is dominated by ¢8s the phenyl side group of  of the results, not to mention limitations related to the stability

polystyrene, and includes smaller fragmentsHg CsHz, and of the numerical integration and round-off errors.

CsH3) as well as larger chain segmentskiz, CsHg, and GHo). Another important difference concerns the parentlike ions.
The second series is constituted by fragments whose structureAlthough many Ag-cationized oligomers and virtually no single
evokes the butylchain end £§8s, CsHs, CsHg, and GHij). molecules are detected in the experiment (in contrast with other

Before a detailed discussion of the origin of these species, it is aromatic hydrocarbons such as anthraeeronené? dibenz-
worth remarking that the same two series of peaks are observedanthracené? and tetraphenylnaphthalédg the calculated

in the experimental spectrum of Figure 5. In the high mass spectrum exhibits a very intense molecular peak and a weak
region beyond 400 amu of Figure 3b, there is a very intense [M + Ag] peak. The reason for the absence of ionized parent
peak for the entire molecule (474 amu), accompanied by weak molecules in the experimental spectrum is not precisely known.
peaks corresponding to large fragments. There is also a smallln a previous work? it has been proposed that the energy
contribution of Ag-cationized molecules at 582 amu. In the needed to ionize such a molecule was higher than that required
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Figure 6. Kinetic energy distributions of selected fragments sputtered eebutyl-terminated PS tetramers adsorbed of A} under 500 eV

Ar atom bombardment. Full lines correspond to the KEDs including all of the fragments with the selected formulas and dashed lines to the KEDs
obtained for fragments with internal energies of less than the calculated threshold for dissociation. Experimental KEDs are indicated by black
diamonds. The formulas of the fragments are indicated in the top right corner of each frame.

for fragmentation. In turn, the association of the departing The comparison of kinetic energy distributions is the next step
molecule with a silver ion would be a less energetic and more of our verification procedure.
efficient pathway to produce a cation. Also, there is little doubt ~ 3.3. Kinetic Energy Distributions. (a) Characteristic Frag-
that neutral parents are produced in the sputtering experiment,ments.The kinetic energy distribution of sputtered particles
as a corollary to the significant yield of [M- Ag]* species. constitutes an important parameter to help identify the mech-
Hence, the possibility to eject large organic molecules as anism responsible for emission. In addition, the KED of
observed in the simulation is not questioned but rather the ability sputtered molecular ions can be measured with various experi-
to ionize them in the experiment. Furthermore, the relatively mental setups in a well-established manner. As described in ref
low yield of Ag-cationized molecules in the simulation can be 12, the KEDs of hydrocarbon parent and fragment ions sputtered
easily explained. Indeed, the A€ and Ag-H potentials which from PS oligomers cast on silver have been measured using a
realistically describe the binding of benzene to silver surfifices time of flight spectrometer. In this instrument, the secondary
are not expected to describe adequately the binding of silverions are given a high kinetic energy of 3 keV before being 90
atoms, much less silver ions to similar molecules in the vacuum. deflected by a first electrostatic analyzer (ESA). The ESA
In turn, the calculated Agbenzene binding energy in the transforms the initial energy distribution into a spatial distribu-
vacuum is much lower than that measured for the reaf-Ag  tion, so that well-resolved energy windows can be filtered by
benzene system (0.3 versus 1.7 ®Viespectively). This placing a narrow slit at the following crossover of the secondary
argument, valid for benzene, holds for polystyrene too. To ion beam. The theoretical energy resolution of the apparatus is
overcome this limitation, a new kind of potential has been 1.5 eV, but previous measurements showed that the full width
proposed recently, and it has been proved successful to accounhalf-maximum (fwhm) of the measured KEDs never fell below
for the interaction of sulfur with both gold single atoms and 2 eV, indicating a slightly larger value for the actual resolution
surface$® A similar modification is not developed for the (estimated passband: 2 0.3 eV). To compare with the
silver—hydrocarbon system, because the particular interaction experimental results, energy distributions derived from the
between silver atoms and aromatic hydrocarbon is not expectedsimulation are then calculated with the same 2 eV energy
to affect the formation of other species sputtered from PS. resolution. As shown in ref 14 using poly(ethylene terephthalate)
Nonetheless, this weakness of the model must be kept in mindtargets and in ref 26 for benzene adsorbed on silver, the
for the interpretation of the results. influence of the primary beam on the KED of limited size
The comparison of the experimental and calculated massmolecular species appears negligible, therefore allowing us to
spectra was the first step to estimate the quality of the MD compare 500 eV simulation with 15 keV experiments. The
model. Besides sputtering yields, the kinetic energy distributions validity of such a comparison in the case of larger molecules is
of the sputtered fragments are expected to tell more about thediscussed in detail in section 3.5.
physics of the ejection. Therefore, the comparison of such The calculated and experimental KEDs of several fragments
guantities should constitute a more stringent test of the model. of PS are shown in Figure 6. The phenyl radicadHe) is the
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Figure 7. Scatter plots correlating the internal energies of selected secondary species with their kinetic energies. The formulas of the fragments
are indicated in the top right corner of each frame. The horizontal lines indicate the value of the calculated threshold for dissociation.

most intense fragment in the range 30 amu of the threshold is very high and only excludes a small fraction of the
calculated spectrum and a very characteristic fragment in SIMS ejected species.
(Figure 6b). In the experiment, it is thought to arise from the  Concerning the physics of the emission, several important
phenyl side groups of PS. Similarly,78; has been chosen  conclusions can be drawn from the results presented in Figure
because it is the more intense peak in the experimental spectrung. First, they confirm that characteristic fragments of PS like
of high molecular weight PS as well as PS oligomers (Figure C¢Hs and GH; can be sputtered by collisional mechanisms.
6c). To check the influence of the fragment size on the KEDs, Moreover, the good match of the KEDs suggests that collisional
a smaller fragment, &3 (CzH), has been chosen (Figure 6a). interaction is the predominant mechanism to explain the
Again, GHs" constitutes an intense peak in the very low mass emission of these ionic fragments. In contrast, a major thermal
range of the SIMS spectrum (Figure 5). Because the number of contribution would shift the distributions toward lower energies.
CoHz produced in the simulation is too low to obtain a Second, it has been reported previously that the decrease of the
satisfactory distribution, the experimentadHG* is compared ~ mean kinetic energy with increasing fragment size was a general
to its stable neutral counterpartHy, which is very intense in  trend for hydrocarbon fragment&The simulation indicates the
the calculated spectrum. The fact that the smooth distribution two different sources of this reduction. The first important factor
of C;H; averages the noisy distribution ofids in the simulation is the nature of the collisional interaction itself, as indicated by
justifies this comparison. Finally, the distributions of sputtered the comparison between the distributions oHg and GH,
parent species are compared in Figure 6d. before correction. The second factor that reduces significantly
The agreement between the simulation and the experimentthe average kinetic energy of intermediate-size fragments such
is satisfactory, as shown by the solid lines in Figure 6, even if as GHz s the internal energy-dependent dissociation of excited
the calculated distributions are not corrected to exclude unstablespecies, as shown by the narrower distribution after correction.
species. For large fragments such aBl&£and GH-, however, In contrast, the weaker influence of the energy threshold for
the high-energy contribution is more intense in the simulation. higher mass species, along with the different nature of the
Instead, if the internal energy filter is applied (dashed lines in emission mechanism (see section 3.4), accounts for the broader
Figure 6), the agreement becomes remarkable, especially if onedistribution of the parentlike ion's.
remembers that the energy resolution of the experiment is not  (b) Connection between Kinetic and Internal Energiess
accurately known and that metastable decay reaction productsntriguing that the depletion of the high-energy tails after
are not taken into account. For the smalleHg species, the correction is more pronounced for intermediate-size species than
internal energy filtered and the total calculated KEDs nearly for very small fragments and large chain segments (Figure 6).
merge, because most of these species are stable relative to oufo understand this characteristic behavior, observed in the
dissociation criterion. The calculated distribution of entire PS simulation as well as the experiment, it is useful to see how the
tetramers is very similar to those of Ag-cationized PS oligomers internal and kinetic energies are connected for selected molecular
in SIMS!2 Again, the influence of the correction on the species. This relation is plotted in Figure 7 for the species
calculated distributions is negligible because the dissociation considered in Figure 6. The horizontal lines indicate the value
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of the dissociation threshold for the corresponding fragments. relatively high average internal energy of the phenyl radical
In general, the internal and kinetic energies are correlated andwith respect to benze&is probably due to the different bond
an average ratidR = internal energy/kinetic energy can be strengths of the precursor on the surface and/or to the different
obtained using a linear regression to fit the data. A similar collision processes needed to knock it off. For comparison, the
correlation was observed previously for ejected benzene mol- C—C bond retaining the phenyl ring is close to 5 eV, which is
ecules and the average ratio was close #Similarly, a linear 1 order of magnitude greater than the binding energy of
correlation has been predicted in analytical modef8.56 physisorbed benzene. Breaking this covalent bond to sputter
Nevertheless, in contrast with simple analytical predictions, the the phenyl then should require more energy and, in turn, induce
correlations of Figure 7 are far from perfect, as witnessed by more vibrational excitation.
the important dispersion of the data. This dispersion is due to  (c) H-Deficient FragmentsThe agreement between calculated
the variety of mechanisms that give rise to a given fragment. and measured KEDs in Figure 6 is very good. However, if the

The existence of a correlation between kinetic and internal experimental KEDs of gH* and GHs" were compared to that
energies accounts for the selective depletion of the high-energycalculated for GH and GHs, a discrepancy would appear. As
tail of the KEDs after the exclusion of the more excited species. a general trend, the KEDs of species differing only by the
Now, the more subtle increase of the influence of the correction number of hydrogen atoms are similar in the simulation. In
on the KEDs when going from very small hydrocarbons to contrast, it has been shown that the width of the KEigseases
intermediate-size fragments and then its reduction for larger with a decrease in the number of hydrogen atoms in the
species can be tentatively explained. In the very low mass rangeexperiment! To explain the formation of these dehydrogenated
below 20-30 amu, an important fraction of the ejected species ions in the experiment, the internal-energy-dependent fragmen-
is stable because their internal energy is lower than the thresholdtation of excited parents has been invoked. In this hypothesis,
thus, the KEDs are not strongly influenced by the correction. hydrogen-deficient fragments arise from the dissociation of
With increasing fragment mass up to 26800 amu, the average  excited precursor like ions soon after their emission. As the
internal energy of the fragments increases more than thekinetic and internal energies are correlated, the fragmentation
threshold for dissociation. Therefore, a larger fraction of by hydrogen loss should lead to a depletion of the high-energy
energetic fragments is excluded, and the effect of the correctiontail of the precursor KED and to a much broader distribution
becomes important. In contrast, beyond 2600 amu, the for the hydrogen-deficient daughter molecules.
dissociation threshold increases faster than the average internal If one looks at the trajectories in the simulation, dissociation
energy, so that the effect of the correction finally becomes reactions such as these rarely occur within the investigated time
insignificant for entire PS tetramers. scale. In addition, it has been shown with other systems that

The saturation of the average internal energy in the high massthe hydrogen-deficient fragment peaks observed in the experi-
region (Figure 4b) is related to the nature of the collisional ments were often weaker or absent in the calculated mass
interaction. In these bombardment conditions, the total energy spectre?® Late dissociation of the precursorlike ions by ldss
transferred to the departing species may not be higher than 40 in the vacuum has then been proposed to explain the formation
45 eV, as shown in section 3.4. Long chain segments and entireof these hydrogen-deficient fragments and their absence in the
molecules, with a large number of vibrational modes, can simulation.
accumulate important amounts of internal energy and still It is remarkable that these interpretations, suggested on the
survive to the detector. A completely different behavior would two independent grounds of KED measurements and previous
be observed with a constant internal energy threshold. In MD simulations, appear consistent and complementary. More-
particular, the high-energy tail of the KED would be strongly over, H and H losses have recently been shown to be a
depleted for entire molecules, and it would no longer mirror favorable decomposition channel for sputtered hydrocarbon ions
the experimental distributions. at times larger than 1 ns in the experimiérand shorter than

In Figure 7,Ris close to 5 for the entire molecule, showing 100 ps in the simulation (section 3.1). Hence, upon merging of
that the fraction of energy transferred to the internal modes of our interpretations, molecular species which are hydrogen-
the molecule is much higher than the fraction inducing the deficient or strongly fragmented with respect to the PS structure

center-of-mass motion. Even for the phenyl radica$Hg}, should be formed mainly by fast metastable decay in the vacuum
which is similar to benzene in mass and structiRequals 3. or by a combination of metastable decay and direct emission.
It is smaller than one for short fragments, e.g., betwéeand Because the direct emission is the only accessible mechanism

Y, for acetylene (gH>). In general thenR is correlated to the using MD simulation, the observed KEDs mirror exclusively
size of the ejected species, and the larger polyatomic particlesthis contribution, ignoring the significant fraction of similar
receive more vibrational and rotational energy during the daughters produced in the vacuum. This explains why the KEDs
emission process. The high valueRfound for the PS tetramer ~ Of dehydrogenated ions are significantly different in the
in comparison with benze®is probably due to the interplay ~ experimental and calculated results.

of several factors. The first factor is the larger size of the PS  According to our refined explanation, the calculated internal-
tetramer. Indeed, in the first stages of the interaction, recoil silver energy-resolved KEDs, i.e., the KEDs corresponding to increas-
atoms only impart momentum to localized parts of the molecule, ing internal energy passbands—® and 5-15 eV), should
and the other parts remain at rest. Therefore, the ejectedreflect the change observed with increasing unsaturation in the
molecules should be strongly distorted, and eventually they experiment. The internal-energy-resolved KEDs efHgare
should carry a high vibrational energy. The second factor is displayed in Figure 8a. With decreasing internal energy, the
the greater stiffness of the benzene molecule, having a ringKEDs become narrower and their high-energy tails become
structure and stronger bonds, that should increase the propensitgteeper. As expected, the experimental KEDs gfiyGations

to react as a whole entity, compared to the weaker and lesswith y = 5—7 show that a similar effect occurs for fragments
rigid, o-bonded PS backbone. The third factor is the different with increasing number of H atoms (Figure 8b). Both effects
binding energies of the two molecules to the silver surface, i.e., are even more pronounced for smaller and less characteristic
~2.3 eV for polystyrene and-0.4 eV for benzene. The fragments.
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Figure 8. (a) Calculated internal energy resolved kinetic energy X coordinate
distributions of GH7. (b) Experimental kinetic energy distributions of

CHs*, CHgt, and GHy*. Figure 9. Scatter plot of the impact points of the primary Ar atom on

the sample surface. The impact points are depicted by black diamonds
and the central PS tetramer by gray spheres. (a) Impact points inducing
the emission of gHs fragments. (b) Impact points inducing the emission
of the entire PS tetramer.

3.4. Emission mechanismga) Influence of the Impact Point.
In addition to statistics that can be compared to experimental
data, the simulation provides a microscopic view of the emission
process. To show the sequence of events that lead to the ejectiorinteraction between the primary Ar atom and the organic
the fragment and parent particle emissions are illustrated by molecule, that is, before the Ar atom reaches the silver substrate.
selected snapshots of the MD. Before particular examples areThus, this very early interaction precedes the development of
shown, the connection between the position of the primary collision cascades in the substrate. The ejection of characteristic
impact points and the position of the molecular species to be fragments by this mechanism is exemplified in this section. In
sputtered provides general insight into the nature of the contrast, the emission of the unfragmented central molecule is
mechanisms. possible, but the primary particle must impact directly the silver

Figure 9 maps the positions of the C and H atoms belonging substrate, as shown in Figure 9b. Many of the efficient aiming
to the central PS tetramer of Figure 1, along with primary Ar points are indeed concentrated in bare substrate regions.
aiming points that are efficient for the sputtering of various The distributions of distances between the aiming point and
molecular species. The aiming points that induce the ejection the center of mass of the ejected particles have been calculated
of a phenyl ring (GHs) are plotted in Figure 9a. They are for species sputtered from the five organic molecules. The
concentrated in the close proximity of carbon atoms and, more distributions are shown in Figure 10a for sputtered species
precisely, along the backbone of the molecule. Conversely, very covering the whole mass range of the mass spectrum, i.e., atomic
few trajectories that aim at the bare silver areas induce the carbon, GH,, C¢Hs, and the entire molecule. The very narrow
ejection of GHs. This behavior is observed for most fragments distribution of C atom distances indicates that the ejection of
in the low mass range of the calculated spectrum. This indicatescarbon atoms is mainly due to their direct interaction with the
that the emission of fragments is mainly induced by the close primary particle. For the other species, the position of the



2684 J. Phys. Chem. B, Vol. 104, No. 12, 2000 Delcorte et al.

the impact point. This total energy threshold is dominated by
internal vibrational and rotational energy.

The behavior depicted in Figure 10 evokes the “precursor”
model suggested by Benninghov&nTo explain the emission
of both entire molecules and fragmented species, he first
proposed a concept using the average distribution of the energy
in the surface region. According to this concept, fragments are
produced close to the impact point, where the deposited energy
is high, while unfragmented molecules are ejected from farther
away, where the energy remains under the threshold for
fragmentation. Experimental results in favor of this model have
been obtained in the fields of kiloelectronvi8land megaelec-
tronvolt® ion bombardment of organic molecules. The distribu-
tions of Figure 10, depicting the yield and average energy of
et the ejected species as a function of the distance from the impact
0 1 2 3 4 5 6 7 8 9 10 11 12 point, support this prediction too. Figure 10a shows that intact
Distance from impact molecules are preferentially emitted at some distance from the
B oy e e o e s e primary impact and that the average distance of maximum
b) i emission for fragments increases with their size. In addition,

; the average energy around the impact point, indicated by the
total energy of the sputtered species, decreases quickly with
increasing distance (Figure 10b). Benninghoven’s concept that
relies on the collision cascade theory, however, does not foresee
the predominant effect of the interaction between the primary
atom and the organic molecule in the ejection processes. In
contrast, the initial scission of the organic molecule by the
primary particle has been proposed by Leggett and Vickerman
as a precondition to fragment ejection from polym@rBased
on the MD results, the remainder of this section addresses in
detail the emission mechanisms of the most characteristic
! fragments and entire molecules sputtered from PS tetramers
i adsorbed on Ag.

0 T T T T T T T T T T T T .

0O 1 2 3 4 5 6 7 8 9 10 11 12 (b) F_ragments\/ery small organic frag_ment; may be fo_rm_ed
Distance from impact by multiple channels. For instance, the simulation results indicate

that GH, can be produced by €©C bond scissions either in

Figure 10. (a) Yield of sputtered species as a function of the distance any of the four phenyl side groups (without hydrogen loss) or

between their center of mass and the impact point of the primary Ar in the backbone. In the latter case, the excess hydrogen atom

atom on the surface. Carbon atoms are indicated by a full ligd, C may have been kicked off before the-C scissions occur or

by a dashed line, &is by open triangles and the entire PS tetramer by . 1o released in a subsequent collision with other segments

a line with plus signs. (b) Sum of the kinetic and internal energies per fth | | b f imol lar di y
sputtered species as a function of the distance between their center o tN€ molecule, or even by very fast unimolecular dissociation

mass and the impact point of the primary Ar atom on the surface. @ shown in ref 23. Finally, the formation of someHg

Carbon atoms are indicated by a full line and the entire PS tetramer by molecules includes hydrogen exchange or hydrogen capture, via

a line with plus signs. interaction with the rest of the molecule. The variety of
mechanisms and their multiple combinations show that a single

h characteristic ejection scenario or fragmentation channel cannot
be identified for fragments such asHs or smaller. On the

3 A for CeHs, and 5 A for the molecule. These distances are °ther hand, this explains their very high yield in the MD
quite short relative to the size;20 x 15 A, of the PS tetramer. ~ Simulation.

This result suggests that the ejection of fragments is mostly In contrast, the origin of slightly larger PS characteristic
induced by the collision of the primary Ar atom with a close fragments, including €1z, CsHs, CsHs, CsHa, CsHa, CsHs, and
neighbor atom in the molecule. In addition, the entire PS CeHs, is easier to track. The vast majority of these species come
tetramer is ejected more efficiently when the primary impact from the four phenyl side groups of the molecule. For the smalll
on the bare silver happens close to the molecule and the ejectiorfragments with three or four carbon atoms, the ejection is often
becomes already negligible beyond 10 A. In parallel, Figure caused by the collision of the primary argon atom with the
10b shows the averagetal energy transferred to the sputtered Phenyl ring itself, leading to its fast fragmentation. For larger
C atoms and PS tetramers as a function of the distance fromfragments with five or six carbons, the emission may rather be
the primary partide impact_ This value indicates how the energy induced by the collision with the first carbon neighbor of the
of the impact is distributed at the surface. Below 3 A, the two Phenyl in the backbone.

curves match and the average energy decreases from® The statistics concerning the fragments with six and more
15—-20 eV. Beyond 3 A, the curve of the carbon tends to go to carbon atoms, truly characteristic of the PS structure, are
zero, while that of the molecule forms a plateau. Figure 10b displayed in Table 2. In parallel, Figure 1 helps to locate the
shows that, in contrast with small fragments and atoms, large main origin of these fragments in the molecule. As mentioned
sputtered molecules always store a certain amount of energybefore, below 110 amu, the fragment size is not the predominant
during the emission process, independent of the distance fromfactor that influences the fraction of stable species (Table 2,

N
o
I

Total Energy (eV)

10 A

maximum and the width of the distributions increase wit
increasing molecule size. The maxima occuR & for CoHy,
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TABLE 2: Statistics of the Characteristic Fragments
Sputtered from the PS Tetramer/Ag{111} Sample under a
500 eV Argon Atom Bombardment

fraction from the hydrogen

of stable central/l frominside  capture/

no.of fragments aimed the chain  exchange/
fragments (%) PS (%) (not ends) (%) loss (%)

CeHs 170 45 94 74 L: 100
CeHs 386 52 96 69 E: 11
CeHs 94 21 97 65 C: 99
C7Hs 152 24 97 64 L: 36
C/H 136 38 96 25 CrHE: 35
CgHs 107 17 93 50 L: 50
CgHo 131 49 91 7 CHE: 9
CoHg 25 8 100 92 L: 100
CoH10 36 22 92 69 E: 44

column 3). For a given size, the percentage may vary strongly
with the number of hydrogen atoms in the fragment. For
instance, it depends on whether the fragment is formed via a
single C-C bond breaking (6Hs, CgHo), a hydrogen capture
mechanism (gHs), or multiple bond scissions (B, C/He,
CgHg, and GHg). Column 4 confirms that more than 90% of
the fragments come from the only molecule that can be hit
directly by the primary projectile, in the center of the silver
crystal surface.

Among the fragments with six carbons, the phenyl radicals
(CgHs) dominate. They are mostly formed via a direct scission
of the C-C bond linking a phenyl to the PS backbone.
Nevertheless, it is interesting to note that more than 10% of
these fragments undergo hydrogen exchange with neighbor
carbon atoms. In the mass spectrum of Figure 3, the phenyl
radical is surrounded by two satellite peaks, the less intense
CeHs and GH,4 fragments. While the benzene molecules are
exclusively formed by hydrogen capture, theHg fragments
form via hydrogen loss from the phenyl side groups.

Larger unsaturated fragments such agl§; C;H;, CgHg,
CgHg, CoHg, and GHg always include a phenyl ring and a
portion of the backbone (see Figure 1 and Table 2). Among
these fragments, #l; and GHg are particularly interesting from
the viewpoint of the SIMS analysis because they are the most
characteristic of the PS repeat unigkg). Besides the emission
from the H chain end, proper to the case of short oligomers,
one-fourth of the @H; and half of the @Hg are sputtered from
inside the chain, as a result of two~C bonds breaking in the
backbone of the PS tetramers. These emission mechanisms are
thus expected to occur in the case of high molecular weight PS
too. The case of @7 is particularly complex, because its
formation from inside the chain requires a hydrogen cagtufe.

In this respect, experiments with selectively deuterated statistical

and block copolymers have shown the short range of the H Figure 11. Mechanistic view of the formation of characteristic
transfer’>720ur results confirm this trend. as shown hereafter fragments sputtered from PS tetramers. The primary Ar atom is colored
| dd't'. to H t the simulati ,h that hvd " in cyan. The three important fragments discussed in the text are colored
n addition 1o 1 capiure, e simuiation Snows at hyarogen- in purple (GHs), red (GHy), and green (@4g). The H atom that

exchange reactions also affect a significant fraction of th&;C  eventually forms the @4, fragment is orange. The H atom that is
sputtered from the chain end. In most casebjBas the benzyl  ejected from the nascenglds is lime green. The C atom that induces
and not the tropylium structure. In sharp contrast witiig a second bond scission in the PS tetramer backbone is indicated by an
only a tiny fraction of GHg is ejected from inside the molecule — arrow. The three frames show the time evolution of the event: (a) 20
via hydrogen capture, confirming the very special status;pbC S (0) 30 fs; (¢) 110 fs.
Beyond 110 amu, a very small fraction of the fragments that several interesting fragments in the same trajectory, each of the
are characteristic of both PS oligomers and high molecular described channels is representative of an important emission
weight PS is stable. ExceptgBy and GHio, the fragments  mechanism for the corresponding fragment. The three frames
observed in this mass range, listed in section 3.2, are generallyshow top views of the central PS tetramer at different time steps
formed via a single bond scission in the PS tetramer backbone.in the simulation. At 20 fs, the impinging argon atom collides
The emission of fragments containing six, seven, and eight almost simultaneously with two carbon atoms in the middle of
carbon atoms is illustrated in Figure 11. Although this example the molecular backbone. The first carbon atom, initially bonded
has been selected among many others because it combineto the phenyl side group, is violently pushed downward into
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the silver substrate, which allows for the release of gd{C the crystal, as a result of the collision cascades in the solid.
fragment (purple). The second recoil carbon atom moves Sequential and even quasi-simultaneous interactions with several
laterally above the silver layer and along the molecule, as shownsilver atoms, as well as quasi-one atom collisions, are frequent.
by the arrow. At 30 fs, after being reflected by a silver atom, it There is no major trend emerging from the simulation results.
hits another carbon atom of the molecule, which leads to a As was the case for flat benzéf@nd biphenyl molecule¥,
second G-C scission in the backbone and, eventually, to the the ejection may be induced by the interaction with either a
emission of GH; (red) and GHsg (green). To form @Hz, one single or several silver atoms. For the sake of clarity, the ejection
of the hydrogen atoms (orange) released by the laterally moving scenarios can be tentatively divided into these two classes. First,
carbon is captured by the nasceniHg In addition, the the ejection can be induced by a single, energetic silver atom,
interaction of the moving carbon atom with the chain end with more than 510 eV of kinetic energy. Second, the molecule
induces the ejection of another hydrogen atom (lime green), liftoff may be the result of interaction with two, or more, moving
producing GHs. After 110 fs, six fragments are moving toward silver atoms (cooperative uplifting). The one atom collision
the vacuum including one H atom, one C atom, three stable scenario, as well as the interaction with several energetic silver
molecular fragmentsCeHs (purple), GH; (red), and @Hg atoms that have completely uncorrelated velocity vectors, is
(greeny-and one large unstable speeid3;sH;s (black). Al- likely to produce molecules with a large amount of vibrational
ternative and slightly different fragmentation pathways lead to motion (highR). In contrast, the smooth cooperative uplifting
the emission of the other important fragments listed in Table 2. by several silver atoms with a limited kinetic energy and

In summary, what is the general picture of fragment ejection correlated ve_Iocity vectors is the most e_fficient to produce cool
provided by the MD simulation? Is there any implication for Molecules with a relatively high kinetic energy (loR), as
the SIMS analysis of organic molecule and polymer fragments? OPseérved in ToF-SIMS experiments. An example of each
First, the simulation indicates that the most characteristic Sce€nario, i.e., quasi-one atom collision and cooperative uplifting,
fragments of PS may be produced by a direct emission processiS discussed in the following paragraph.
Except hydrogen exchange or capture, recombination reactions Figure 12 shows snapshots from the MD illustrating two
between two molecules or between fragments of a molecule distinct events involving the same molecule (bottom left
are negligible, with our system constituted of isolated and molecule in Figure 2). Frame a is common to the two considered
relatively flat molecules. The collisionally induced fragments €vents and shows a side view of the bottom left side of the
are thus representative of the chemical structure of the sample sample, as shown in Figure 2, before starting the action. Frames
Second, the fragmentation of PS tetramers is mainly inducedb and ¢ show successive time steps of the first trajectory,
by the early interaction with the primary argon atom. The close Whereas frames-f correspond to the second trajectory. In the
collision with a carbon atom of the backbone, resulting in its first event, frame b shows that the molecule is pushed by a
implantation in the substrate, is an efficient way to release Single silver atom moving upward at approximately 300 fs. This
neighbor fragments with a low internal energy excess. To collision transfers sufficient momentum to eject the molecule.
produce stable fragments from inside the chain, a second bondAfter 1300 fs, the molecule has left the surface and flies toward
scission is required. It is often caused by a very small energetic the vacuum (frame c). In this case, the shape and orientation of
fragment or atom also set in motion by the primary interaction the molecule have been significantly altered by vibrational and
with the argon atom (moving carbon in Figure 11). This rotational motion. The molecule has a kinetic energy of 1.9 eV
mechanism is particularly interesting in SIMS of polymers and an internal energy of 11.1 eV at the end of the event.
because it provides insights into the emission of fragments from A different scenario unfolds in the second trajectory. Frame
high molecular weight molecules, where two bond-breaking d indicates that the action starts at the approximate time of 200
events are required to produce large fragments. The role of thefs, with the soft collective motion of the silver atoms underneath
interaction with the primary atom and with laterally moving the PS molecule. Of note is that the fast silver atom leaving at
species in the fragmentation has been evidenced in previousthe bottom right of frames d and e does not impart its momentum
papers for vertical alky® and alkanethiol chaid%too. Third, to the molecule. At 300 fs, the gentle, cooperative uplifting of
the 100 ps calculations presented in section 3.1 suggest thathe molecule is underway. The movie indicates that at least five
unimolecular dissociation reactions might be a significant source silver atoms act together to lift up the PS tetramer. Frame f
of characteristic ions; e.g.,78; may be formed by the reaction  shows a later view of the ejected molecule with an accompany-
CoHg — C7H7 + C,H; (Table 1). On the other hand, the good ing silver atom. It is remarkable that the orientation of the
match of the experimental and calculated KEDs indicates that molecule in the vacuum is nearly unchanged, suggesting this
there is no need to invoke thermally induced reactions on the time that the vibrational and rotational excitations are low.
surface to explain the formation of characteristic fragments such Indeed, the detailed analysis of the sputtered species confirms
as GHy or CgHg from inside the PS tetramer chain. Finally, that this molecule has 6.7 eV of kinetic energy and 7.1 eV of
although the agreement between the calculated and experimentahternal energy at the end of the trajectory. Hence, this
spectra of PS oligomers is generally good, polycyclic hydro- mechanism produces a stable molecule with a relatively high
carbons are not produced in the simulation. To explain this kinetic energy.
discrepancy, we propose that unimolecular dissociation reactions Although the total energy transferred to the departing
play a major role, so that polycyclic hydrocarbons form during molecule is very similar in the two examples illustrated above
the flight to the detector by the relaxation of excited parent (13.0 and 13.8 eV, respectively), the partitioning of this energy
species, i.e., via hydrogen loss and structural rearrangementin the internal and translational modes is completely different.
Similar hydrogen loss reactions are also likely to occur in the The first molecule is slow and internally excited, whereas the
case of alky®® and alkanethiol chair®, and they have been  second is faster but relatively cool. These two extreme cases
observed in the sputtering of hydrocarbon polyniérs. explain the important dispersion in Figure 7d.

(c) Parent Moleculesln general, the analysis of the trajec- To gain a better understanding of these emission processes,
tories indicates that the ejection of entire PS tetramers is inducedthe energy of the top layer silver atoms has been monitored as
by upward moving silver atoms belonging to the top layer of a function of time. Figure 13 shows two top views of the surface
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a) d)

Figure 12. Two different ejection mechanisms for entire PS tetramers. Frames b and c correspond to the first event and-fremibe decond
event. Frame a shows the initial situation of the PS tetramer on the surface, common to both events. The other frames show the time evolution of
the two events. First event: (b) 300 fs; (c) 1300 fs. Second event: (d) 200 fs; (e) 300 fs; (f) 800 fs.

silver layer corresponding to the two trajectories depicted above. the collision energy in its deformation. Figure 13b shows the
The initial positions of the atoms are indicated by black dots. energy of the top silver atoms after 158 fs in the second
The shape of the bottom left molecule is delimited by black trajectory previously described (Figure 12f). As noticed
lines (see Figure 2 for correspondence). The energy of the silverbefore, the very energetic silver atom (15.4 eV) at the fifth
atoms moving upward is indicated by the size and hue of the position in the second row from the bottom leaves the surface
spheres. The small diamonds correspond to silver atoms movingwithout interacting with the molecule. On the other hand, four
downward. Figure 13a shows the action preceding the moleculesilver atoms with an energy close to 2.5 eV and five others
emission in the first trajectory (Figure 12 b,c). After 117 fs, a with a lower energy between 0.5 and 1.5 eV interact simulta-
collision cascade reaches the PS tetramer, and the fourth silvemeously with different parts of the molecule. The result is a
atom in the fourth row from the bottom hits the center of the smooth cooperative uplifting of the entire molecule.

molecule with a kinetic energy of 12.5 eV, causing ejection of  In analytical models, the idea of correlated motion of the
the molecule. Another atom with a kinetic energy of 3 eV target atoms has been developed to explain the emission of large
interacts with the molecule at the same time. Simultaneously, metallic clusters and biomolecules that are unlikely to arise from
the four downward-moving silver atoms probably weaken the single collisions or from statistical recombination processes. In
attraction between the molecule and the silver substrate. Thethis context, large polyatomic species are thought to emerge
localized interaction with the very fast silver atom explains the from regions where many atoms are set in motion with nearly
high internal energy of the molecule after ejection. Indeed, the parallel and equal momenta. Collective mechanisms have been
tetramer reacts somewhat like a car bumper, absorbing most ofdescribed with different premises in tlgas-flow’374 shock
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. . . . . . . . . . . . the energy of the atoms is so low that they all “touch” each
a)_ S ) _ other.
' 3.5. Influence of the Primary Particle Energy. To check
. . . . S . . S the influence of the primary beam energy, a larger crystal has
been bombarded by 5 keV argon atoms. On average, the
calculation time for one trajectory at 5 keV is 1 order of
. . . . . . . . . .. magnitude greater than that at 500 eV. Therefore, only 100
trajectories were calculated. Although this number of events is
insufficient to compare mass spectra or energy distributions,
several interesting observations can be drawn from the simula-
tion results.

i ° ’ T v ) ’ ’ First, in agreement with the increase of the stopping power,

° ) L. the yields of silver atoms and entire molecules are much higher
at 5 keV (Ag, 4.6; M, 1.3) than at 500 eV (Ag, 1.5; M, 0.2).

: The increase is more pronounced for entire molecules. The
fractions of stable molecules, however, are similar (5 keV, 93%;

\ 500 eV, 94%). Again, because of the low number of runs, the

. O— . . . . . . 5 keV numbers have larger statistical uncertainty.

/. \A ) . . . . As observed in the 500 eV simulation, the direct collision
between the argon atom and the target molecule is very efficient
to produce low-mass fragments, and intact molecule emission

o1 @2 o 3 @ @ is induced by collision cascades in the silver substrate.
Nevertheless, under 5 keV argon bombardment, the distance
L . L between the impact point and the sputtered molecule can be

b) much larger than that indicated in Figure 10 for the 500 eV
. . . . . . . . . . . bombardment conditions. As expected, the primary ion energy

influences directly the size of the excited area at the surface

® o . @ o and presumably the distribution of energy as a function of the

. . e ° o © - . . . distance from the impact point (Figure 10b). In the case of
cooperative uplifting, the ejection might be sensitive to the size

: - 0 @ - O R of the excited region at the surface. Indeed, even for statistical
L. e - - e - e - . . processes, if the area in which substrate atoms receive upward
momentum grows, the probability to observe a correlated effect

o - . . e @ e - - for a molecule that is larger or equivalent in size to the perturbed
. @ e e - Q@+ - - - area increases too. Our simulations show that the size of the
excited area at the surface may well be larger than the size of

—O— . . o ° O . . . PS tetramers even at 500 eV. This might explain why the effect

/ \ of the primary particle energy on the emission of entire
° ° ° oo molecules is not pronounced in our system. However, the
\. o - \b_oo . . . . . . emission of larger molecules, such as heavier oligomers or

\ biomolecules, might be influenced more strongly.

' ’ 0@ \ o In contrast to the 500 eV bombardment, some trajectories
. —/ o —@ - . . . . provoke a very significant perturbation of the sample. In these

cases, a large amount of the primary atom energy is released
Figure 13. Picture of the kinetic energy of the first layer Ag atoms at by hard collisions in a small volume, generating several
_the t_ime they intergc_t_with th_e_ PS tetramer in the two events iIIustrat_ed energetic collision cascades. The overlapping of these cascades
in Figure 12. The initial position of the silver atoms on the surface is 5 ,qe5 the collective motion of a large number of atoms in the
indicated by black dots. Ag atoms moving downward are depicted by - . . . .
cyan diamonds. The kinetic energy of the upward-moving Ag atoms substrate. If this region of pollecnve motion intersects the
is represented by red to yellow spheres with different sizes and tones.Surface, a large number of silver atoms and PS molecules, as
The scale is in electronvolts. (a) 117 fs; (b) 158 fs. well as silver (Ag) and organometallic clusters (M Ag, M

+ Ag, M + Ags) may be sputtered. Such a large sputtering
ware’>7% and pressure puls€ models. They were invoked in  event is shown in Figure 14. In this case, collision cascades
the case of kiloelectronvolt atom bombardment of biomol- evolve and overlap in the top left corner of the silver substrate.
ecule€®79 and condensed amorphous rare g&%dollective The massive ejection of silver atoms and clusters leads to the
motions—as opposed to binary collisiorsindoubtedly occur  temporary formation of a wide crater, indicated by arrows. At
in the silver substrate of our sample, as illustrated by the the end of this trajectory, 2 [Mt+ Agy] clusters, 5 entire
protrusions of Figure 12e and 12f. The correlation of momentum molecules, 1 silver trimer, 2 silver dimers, and 18 silver atoms
among the silver atoms, observed under 500 eV argon bombard+were counted. Although most of the ejected silver atoms come
ment, induces the ejection of fast but cool molecules that are from the first layer, a significant number is sputtered from the
not expected to undergo unimolecular dissociation after emis- second layer, and one is removed from the third layer. It is
sion. However, neither massive flow of material nor shock interesting to note that no organiagmentsare produced in
waves were observed in our simulations. In particular, the this event. Although moderate “collision cascade type” events
collective motion of Figure 12 is the logical termination of a dominate, such high action events are not rare. From the limited
cooled collision cascade intersecting the surface plane, whenset of data, one can estimate that 1 out of 10 trajectories give
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Figure 14. Mechanistic view of a large sputtering event induced in the large PS tetranj@éd/Bgsample ly a 5 keV argon atom. The formation
of a temporary crater is indicated by black arrows.

rise to similar events, characterized by a very high yield of characteristic fragments agree well with the experiments realized
substrate particles (more than 10) and/or organic molecutes (4 with similar samples. At the microscopic level, the simulation
5). Therefore, the impact of these events on the sputter yield results show that most of the fragments are the consequence of
cannot be neglected. In comparison with the 500 eV simulation, the direct interaction between the primary particle and the PS
we have not found a clear indication that these events providetetramer rather than the result of the collision cascades develop-
a more correlated momentum to neighbor silver atoms, ap- ing in the silver substrate. The interaction with the Ar atom is
propriate to eject entire molecules with a very low internal often followed by other €C bond scissions caused by small
energy/kinetic energy ratio. High action events (spikes) in metal moving atoms or fragments also produced in the initial collision.
crystals have been observed by several authid¥sand, in This two-step mechanism is very interesting for the case of high
particular, they have been pointed out by Betz and co-workers molecular weight polymers, because it leads to the emission of
to explain the emission of large clusters under kiloelectronvolt characteristic fragments fromsidethe hydrocarbon chain. In
particle bombardmer§é858¢ In our case, these “explosive” particular, it is interesting to note that a significant fraction of
events appear less localized and do not produce such a highlyc,H;, the major peak of the experimental PS spectrum, is

correlated motion in the substrate. sputtered from inside the tetramer chain via twe @€ bond
. scissions followed ypa H atom capture. On the other hand, the
4. Conclusions polycyclic aromatic species observed in the range-22ID amu

The MD simulation of the kiloelectronvolt particle bombard-  ©f the experimental mass spectra are absent from the simulation.
ment of a submonolayer of short PS oligomers on silver provides Unimolecular dissociation of large excited fragments in the
new insights into the emission mechanisms of fragments and Vacuum might constitute a predominant formation channel for
parent molecules from large organic adsorbates. First, thethese ions.
calculated mass spectrum shows that many characteristic Second, these MD simulations confirm that large organic
fragments of PS may be produced via a collisional interaction, adsorbates may be sputtered intact via collisional interactions.
including large GHs, C;H7, and GHg as well as smaller In general, the PS tetramers are lifted up by one or several silver
fragments of the phenyl ring. The results indicate that a atoms moving upward. While single and uncorrelated multiple
significant fraction of these species should be stable on the timecollisions with substrate atoms are likely to give rise to ejected
scale of the experiment. In addition, the KEDs of these molecules with a high internal energy/kinetic energy ratio, the
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cooperative uplifting by silver atoms with similar momenta may
produce fast molecules with a limited internal excitation. In the
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