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The particle induced fragmentation and sputtering of @5 kilodalton organic sample is modeled using
molecular dynamics (MD) simulations. The model system consists of a polystyrene coil containing 61 styrene
repeat units adsorbed on Ag(111). It is bombarded by 500 eV Ar projectiles. To obtain a realistic picture of
the dynamics for an organic material, we used the new adaptative AIREBO potential developed by Stuart,
Tutein, and Harrison, which includes long-range van der Waals forces in the reactive potential created by
Brenner (REBO) for hydrocarbon systems. Significant differences between the results obtained with and
without the long-ranged interaction are identified. The development of the collision cascade in the organic
medium is analyzed in detail using collision trees and movies of the results from the simulation. In addition
to fast atomic collision processes, we show the existence of long-lived vibrational excitations and demonstrate
their importance for the emission of kilodalton chain segments. Recombined and rearranged fragments are
emitted, but their contribution to the mass spectrum is insignificant beyond 40 Da. Delayed emission via
vibration-induced bond scission is also observed. Finally, we compare the MD results with nevé &
measurements performed in the context of this study.

1. Introduction Waals interaction? This sophisticated potential has already

Organic surfaces, encompassing synthetic polymers, additives,been used to model the sputtering of solid benzene sarples.

molecular overlayers, biological molecules and tissues, are Another implementation of the long-range forces in the frame

involved in a large number of technologically and medically of the REBO potential has been developed by Beardmore and

important applications. The design and control of these systems.sm'th' This potential has been applied to model the fullerene-

require analysis technigues that are sensitive to the chemistrymduce.OI ejection of molecular species from grapHie. )
of the outermost surface layer and, if possible, are quantitative. N this paper, we take avantage of the new AIREBO potential
In the past two decades, static secondary ion mass spectrometr;tyo add_ress various issues related to the sputtering of bulk organic
(SSIMS), has been successfully applied to solve a variety of materlals.. These are, for instance, the development of a collision
problems related to such surfaces, as witnessed by the succesgdscade in a coiled polymeric chain, the possible energy transfer
of the major conference in the fieldEuture improvement of into the wb_retlonal modes of _the molecule _after a stage of high
the method, however, requires a better understanding of the€nergy collisions, th_e expansion of the excited molecule toward
physics of organic sputterirfg. the vacugrriL,6 the dlrect or delayeq fragmentemon processes,
Using molecular dynamics (MD) simulations, a good founda- the possmle chemical reactions in the excited volume. In
tion of knowledge about the emission processes has been builPractice, we model the bombardment of a polystyrene (PS)
for many systems, including organic overlayers on inorganic S&mple adsorbed on silver by 500 eV Ar atoms. The size of the
substrated:® Submonolayers of limited size molecules on heavy PS sample, comprising 61 styrene repeat units, has been chosen
metal substrates, even though they constitute rather specificS© that collision cascades can develop in its bulk, with a reduced
systems, set the stage for examining organic crystals, |arge|nﬂue_nce_ of the gnderlyln_g silver substrate. Qn the other hand,
molecular adsorbates, or thick polymer lay¥a. key difference this size is sufflc_lently limited to be computationally traetable.
with these systems is the two distinct strengths of the interaction 1€ MD simulation results are compared to new experimental
at play, that is, strong intramolecular chemical bonds versus data and simulations conducted in the binary collision ap-
weak intermolecular van der Waals forces. In this new context, Proximation.
using the Brenner potential functions (REBPfor the C-C
and C-H interactions is a significant approximation because 2. Methods
this potential does not include long-range interactions. Recently,
Stuart, Tutein, and Harrison developed the adaptative inter-
molecular REBO potential (AIREBO), including both the
reactivity of the REBO potential and the long-range van der

2.1. Molecular Dynamics Simulation.The Ar bombardment
of a secbutyl terminated polystyrene oligomer (Figure 1)
adsorbed on a Ag(111) surface is modeled using molecular
dynamics (MD) computer simulations. The MD scheme has
* Corresponding author. Phone: 32-10-473582; fax: 32-10-473452; been described in extensive detail elSGWHé‘Fegl It consists
e-mail: delcorte@pcpm.ucl.ac.be. of integrating Hamilton’s equations of motion to determine the
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different coil arrangements in order to check the influence of
configuration on the sputtering process. The two chain ends of
the PS oligomers are aecbutyl group ad a H atom,
respectively (see formula). The silver substrate is approximated
by a finite microcrystallite containing seven layers of 208 Ag
atoms for both systems. The polystyrene oligomer coil is placed
on the Ad 111} surface, and the entire system is quenched to
a minimum energy configuration prior to Ar atom impact. The
binding energy of a PS sample is obtained by subtracting the
sum of the total energy of the relaxed silver crystal and that of
the PS sample (in vacuo) from the total energy of the relaxed
crystal with adsorbed oligomer. With our parameters, the binding
energy of one PS oligomer to the silver substrate- &7 eV.

Top and side views of the first sample (PS1) after relaxation
are shown in Figure tac. Figure 1d shows a side view of the
second system (PS2). The size of each PS molecule is
approximately 30x 30 x 25 A3, The two samples shown in
Figure 1c and 1d differ only by their organization and shape.
The difference in total potential energy and binding energy is
insignificant. The density of the PS sample is obtained by
counting the number of carbon and hydrogen atoms in a cube
of 1000 A3. The cube is then moved across the molecule to

Figure 1. Surface configuration of the samples. Figure la shows a Sample different regions Of. its bulk. The ave_rage density
top view of the first sample (PS1). Silver atoms are represented by OPtained from 10 local density measurements is H04.1
large gray spheres, carbon and hydrogen atoms by blue spheres. Th@/CITI?’. In comparison, the literature reports a denSlty of 1.05
bombarded area is indicated by a rectangle. The labels indicate theg/cn® for bulk polystyrené# A series of trajectories has also
position of the viewer in the corresponding trajectory movies. Figure peen calculated using PS1 and the REBO potential. For this
1b and 1c show top and side views of the carbon backbone of the first trajectory set, the relaxed PS1 sample shown in Figurecla

sample (PS1). The situation of the side view is shown by arrow B in . L . .
Figure 1la. The color range, from red to blue, indicates the height of has been quenched again within the REBO potential, i.e.,

the atoms in the molecule. The white arrow in Figure 1c indicates the SUPPressing long-range forces, to remove the stress induced by
bond that is broken in trajectory B (see text for details). Figure 1d the potential switch. During the relaxation step, the organic
shows a side view of the carbon backbone of the second sample (PS2)sample became more compact, reaching a final density of 1.42

+ 0.2 g/cnd.

position and velocity of each particle as afunction oftime. The  Eor the bombardment itself, primary Ar atoms are directed
energy and forces in the system are described by many-bodyy|ong the surface normal. A representative set of Ar aiming
interaction potentials. Experimentally observable properties are oints or trajectories directed within the impact area (rectangle
calculated from the final positions, velocities, and masses of i, gigyre 1) were calculated. The aiming points are regularly
all the ejected species. Mechanistic information is obtained by istribyted in the impact area. The impact area is centered on
monitoring the time evolution of relevant collisional events. 4 polystyrene oligomer, since our study focuses on the

The blend of empirical pairwise and many-body potential . ision cascade and sputtering processes occurring within
. . . ®rganic solids. More than 100 trajectories were calculated with
atoms has been described in previous papéesicept forthe o501 ps molecule in the AIREBO potential, i.e., a tota-800
gdaptatlvg mtermsleéu_ll_i( potentlgl,l .AIEEBS' dek\]/eloped. by trajectories were computed. For comparison purpose, about 1000

tuart and co-workers. This potential Is based on the reactive trajectories were also calculated with the first sample (PS1) using
empirical bond-order (REB%) potential developgd _by_Brenner the REBO potential. The cutoff distance of the REBO potential
for hydrocarbon molecule@ To overcome _the limitation of g three times shorter than that of the AIREBO potential. This
the REBO. potential to short-rgngg Interactions, the AIREBO makes the evaluation of the forces within the hydrocarbon
potential introduces nonbonding interactions through an ad- molecule approximately33imes faster with the REBO potential.

ap:atl\t/_e ltrtlaattrr?erx,l évggg contse;yelsttr?e r?act|\/t|kt]y (}ftt;]e .RtEBO Therefore, the CPU time per trajectory using the REBO potential
potential. in the potential, the strength of the Inter- 4o 51most 1 order of magnitude shorter than it is using the

T e e oo coeren " AIREBO potentil, Which expans the larger number of
) ’ P computed trajectories.

barrier for reaction between two methane molecules is lowered . L .
Each trajectory is initiated using a fresh undamaged sample.

or even absent for the corresponding methyl radicals, which o
allows them to react. The AIREBO potential has been used in Open boun_dary conditions are used for the s_ys%m.the e_nd
our recent MD studies of the sputtering of solid benzEne. of each trajectory, atoms that have a_velocny vector directed
away from the surface and are at a heigh8 & above the top
of the molecule are considered as sputtered atoms. In all the
considered systems, the mass of hydrogen was taken to be that
of tritium (3 amu) to increase the computational efficiency by
increasing the time step in the numerical integrafidvith large
N n=61 organic samples such as our PS oligomers, a reliable criterion
for terminating trajectories is difficult to establish because
In the model, two samples of polystyrene oligomers contain- vibrational motion of the entire sample may lead to the emission
ing 61 repeat units (PS1, PS2) have been synthesized withof large fragments with a very low kinetic energy per constituent
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atom and for extremely long ejection times in comparison with
smaller adsorbed molecules such as benz€nethe other hand,
considering thiea 3 pstrajectory calculated with the AIREBO
potential generally takes 24 h on a IBM-SP node, it would be
unreasonable to let all trajectories run for longer time limit.
Therefore, we decided to run all trajectories for a minimum
duration of 2.5 ps and to monitor the number of atoms above AR
the 8 A boundary as a function of time. Those trajectories for [F¥*%%% i

. . . AALEEEELE L BT oF oF 2k ; + &
which the number of ejected atoms did not saturate after the | e gte o O O
first 2.5 ps were restarted with a longer time. This stepwise e —
procedure allows us to run trajectories over a time range
encompassing the end of the ejection process, yet not compute
for lengthy times when no ejection is occurring.

2.2. Secondary lon Mass Spectrometry (SIMS)Samples
of secbutyl terminated, deuterated PS oligomek, & 5300
Da) are dissolved in toluene with a concentration of 303
M. The samples are prepared as thin films cast on 0.25 cm
silver foils (Goodfellow; 99.95 % purity), by depositing a

s ssatssan S £ O £ O F
m:‘!?:fg PP eee
b b bod e o,

droplet of the solution on the supports. Prior to deposition, the [paamseias s s « o o« ¢ of Fryey 0807 7

TII Y YR S

substrates are etched in 30% highest purity grade sulfuric acid = : : == _
(Vel) for 3 min, then rinsed in water of high-performance liquid Figure 2. Time evolution of a characteristic trajectory (A). (a) O fs;

chromatography (HPLC) grade from a milli-Q system (Milli- (b) 200 fs; (c) 800 fs; (d) 1600 fs. The incident Ar atom is represented
pore) and p.a. grade 2-propanol (Vel). by a red sphere. The_BBS, C7Hs and GHy fragments are orange, yellow,

. and purple, respectively.
The secondary ion mass analyses and the KED measurements

are performed in a PHI-EVANS time-of-flight SIMS (TRIFT

1) using a 15 keV Gabean?® The details of the experimental
setup are described elsewhere. In this particular series of
experiments, the secondary ions are post-accelerated by a 7.
kV voltage in front of the detector to improve the measured
intensities. TOFSIMS spectra in the mass range<Om/z < )
10000 are obtained from 1200 s acquisitions on a 3030
um? sample area, which corresponds to a fluence ofx1 1102
ions/cn?, ensuring static bombardment conditions.

in the potential well of the neighboring hydrocarbon chain
segments. A linear £s is also emitted from the top of the PS
olecule. Because of the internal energy excess, this fragment
ill decompose into gH, and GH,4 at approximately 2 ps. After
6 ps, GH7 is also free and the rest of the PS molecule
continues to move and vibrate under the action of the energy
accumulated in its bonds. A large chain segment, detached from
the main part, is hovering on top of the molecule. It will eject
after ~5.5 ps.

This example helps us to identify some general features of
the fast ion-organic solid interaction. First, the 500 eV Ar atom

The scope of this article is the elucidation of the collision is able to dissipate all of its kinetic energy in a 25 A thick
cascade, fragmentation and sputtering mechanisms induced bysample, in agreement with range calculations based on Monte
fast atoms in organic materials. The following discussion starts Carlo codes using the binary collision approximation, such as
with the description of a typical trajectory. Then, we show the TRIM. Second, the collisions induced by the projectile in the
influence of the long-range forces and the effect of the molecule Sample lead to the ejection of single atoms and polyatomic
configuration on the molecular dynamics. The main section of fragments, including characteristic fragments observed in ex-
this article is devoted to the explanation of the different perimental mass spectra. After a first batch of collision-induced
mechanisms inducing PS fragmentation and sputtering. The€mission, the large energy excess accumulated in the sample
substrate effect is also investigated. Finally, the simulation causes a slow expansion of the chain segments. Therefore, the
results are compared to recent experimental findings. dynamics can span on a time scale of several tens of pico-

3.1. Example of a Trajectory. It is convenient to introduce ~ Seconds. Before studying the detailed sputtering mechanisms,
the detailed analysis of the results with the visual description the following sections address the influence of the long-range
of a typical trajectory observed in the simulation (trajectory A, force term of the hydrocarbon interaction potential and the effect
Figure 2). The chosen trajectory illustrates a category of events Of the sample arrangement on the measured quantities.
in which characteristifingerprintfragments of PS are sputtered. ~ 3.2. Effect of the Long-Range ForcesTo test the effect of
The initial state of the adsorbed molecule and the position of the potential nature on the sputtering process, we performed
the impinging Ar atom before starting the simulation are shown two series of simulations, one with the REBO potential limited
in Figure 2a. For the sake of clarity, the direction of the viewer to short range interactions and the other with the newly
used in Figure 2 is indicated by the arrow labeled A in Figure implemented AIREBO potential including van der Waals forces.
la. By 200 fs, the projectile has penetrated deeply into the The mass spectra obtained with the AIREBO and the REBO
molecule and all of its energy has been transferred to the organicpotentials are shown in Figure 3a and 3b,c, respectively. For
medium via a succession of collisions. As a consequence of comparison, the numbers reported in Figure 3 are normalized
the first few collisions at the top of the molecule, several vyields per 100 trajectories for both potentials. First, it must be
fragments are quickly ejected, including C and H atoms as well mentioned that the statistics collected using the AIREBO
as CH and @H, molecules. Larger fragments are already potential are too limited to proceed with a detailed quantitative
detached from the rest of the molecule, but they are still in the comparison of the sputtering yields. In particular, it is almost
field of the van der Waals forces. By 800 fs, two characteristic impossible to make comparisons for very large fragments (
fragments of polystyrene,s8ls and GH7, have been generated. kDa) due to their low yield. Therefore, the high mass region of
The phenyl is travelling in the vacuum while theHg is still the spectrum is omitted for the AIREBO potential. This

3. Results and Discussion
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TABLE 1: Influence of the Potentials and Initial Conditions on the Yields of Secondary Speciés

number total total yields
of traj. mass number H C GH, CsHs CeHs
REBO
PS1
1068 117.3 (a) 5.0 (a) 2.1(a) 0.49 (a) 0.67 (a) 0.04 (a) 0.12 (a)
AIREBO
PS1
164 55.3 (b) 3.6 (b) 2.2 (b) 0.38 (b) 0.27 (b) 0.02 (b) 0.02 (b)
100 58.1 3.8 2.2 0.41 0.26 0.02 0.02
50 52.9 3.2 1.9 0.28 0.26 0.0 0.0
Diff. %P —53 —28 +2 -23 —60 —56 -79
PS2
134 87.2 (c) 4.3 (c) 2.3(c) 0.31(c) 0.38 (c) 0.04 (c) 0.08 (c)
100 90.2 4.4 3 0.32 0.40 0.06 0.09
50 83.0 4.3 24 0.32 0.36 0.08 0.06
PSHPS2 69.6 3.9 2.2 0.35 0.32 0.03 0.05
Diff. %¢ +58 +17 +4 —-17 +41 +145 +237

2The second and third columns indicate the average mass and number of fragments sputtered per incident particle, réspedtieelyby

(b—a)/ax 100.¢ Derived by (c-b)/b x 100.

a)

The information concerning the yields of fragments is

= "z <—| AIREBO Ag | s0.0 gathered in Table 1. The values reported in Table 1 (and Figure
5 . vio 2505 | CiHs 3a,b) correspond to a truncation of all the trajectories at 2.5 ps.
T ¢ CH cp, This truncation in time is necessary because the two sets of
32_5. CH, CiH; CrHe CHy simulations have not been conducted over identical time ranges.
5 I To assess the accuracy of the AIREBO values, the convergence
= ol —l II L of the yields as a function of the number of trajectories has

6 10 20 3 40 50 60 70 8 90 100 110 120 been tested in each case. Partial and complete results, i.e., the
5D Ma:;:;") yields for 50, 100, and for the total number of trajectories are
T | o 25ps 25 reported in Table 1 for the two configurations (PS1 and PS2).
§ 101 In this section, only the yields calculated for the first config-
& uration (PS1) will be discussed. For the AIREBO/PS1 set, the
'§ s yield values are almost stable after 100 trajectories (within a
£, ol 10% variation range).

o 1 20 & 40 5°Mas:famu)7° go %0 10 10 120 As indicated by the reasonable convergence of the yields

15 <) described above, the smaller statistics with the AIREBO

® Moc | M2 | FE50 potential is not the major factor explaining the yield difference
8 14 M, between the two potentials. For small fragments such as H, C,
g M,-CH l M,-CH M,, My, M, and GH», which exhibit high emission yields, the statistics are
2% certainly sufficient for a quantitative comparison to be per-
2 ol 1y il ua '| ol bl | “L T formed. Except for hydrogen, the sputtering yield is generally

1200 1250 1500

Mass (amu)

1000 1050 1100 1150 1300 1350 1400 1450

Figure 3. Calculated mass spectrum ofacbutyl terminated PS 61-
mer adsorbed on Ad11} under 500 eV Ar atom bombardment

higher with the REBO potential. The difference is particularly
significant for GH,, whose intensity is reduced by 60% using
the AIREBO potential. An important reduction (79%) is also
observed for gHs, though the statistics are more questionable.

(normalized yields per 100 trajectories): (a) low-mass range of the This trend is reflected by the total mass and total number of

spectrum obtained after 2.5 ps using the AIREBO potential; (b) low- o4 ments ejected per primary particle (columns 1 and 2 in Table
mass range of_the spectrum obtained after 2.5 ps using th_e Brennerl) Indeed. switching from the REBO potential to the AIREBO
(REBO) potential; (c) high-mass range of the spectrum obtained after ~/- ! g p

6 ps using the REBO potential. Although the mass of hydrogen is 3 potential reduces the total number of fragments by 28% and
Da (tritium) in the simulation, it is considered as equal to 1 for the total mass by 53%, i.e., the change in number corresponds
comparison with experimental spectra of regular polystyrene. to a much larger change in mass. This observation confirms

that the yield loss affects mostly high mass fragments. Moreover,

limitation is only due to the large amount of CPU time required ©Our results also show that the dynamics of emission of small
per trajectory calculated with the AIREBO potential, preventing fragments is indeed affected by the choice of the potential, even
larger numbers of trajectories to be run. Even for the low mass though such fragments mainly result from high-energy colli-
region shown in Figure 3a and 3b, some of the yield numbers Sional processes, as will be shown in section 3.4.

guoted in the following paragraphs for this potential must be  The difference between the two potential functions might be
considered as indicative dfendsrather than precise values. due either to the different structural properties of the molecule
Nevertheless, beside the absolute yield issue nttere and as relaxed in the REBO potential or to the increased intermo-
even therelative yieldsof fragments detected in both cases are lecular attractive forces themselves. On one hand, the PS1
quite similar, as witnessed by the overall shape of the spectramolecule relaxed in the REBO potential (densityl.42+ 0.2
presented in Figure 3a and 3b. In both cases, the low massg/cn?) is significantly denser than that relaxed in the AIREBO
fragments ifh < 30 Da) dominate strongly, hydrocarbon series potential (density= 1.044- 0.1 g/cn¥). Because the molecule
are observed up to at least 120 Da, and the dominant fragments more compact using the REBO potential, the energy deposi-
in the range 30 D& m < 120 Da is the phenyl radical,¢8s. tion in the surface region might be affected, as well as the
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ejection probability. On the other hand, the sum of the binding A ] B
energies in the relaxed molecute? % larger with the AIREBO e

than the REBO potential. This difference might seem negligible
in terms of total potential energy, but we believe it is significant
considering the sputtering process of polyatomic fragments.
Indeed, the emission of fragments generally requires one or two
single covalent bond-breaking events, for which the binding
energy increase is actually 2% using the AIREBO potential.
But, in addition to the covalent bond(s), the fragment formed

P R R At
B R e
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in the AIREBO potential has to overcome several additional ,_,,.,-;’,;ﬁ_’;_’,{;f,”’j’,—f,—’_,’_,-‘,*r',‘!"‘;_,‘\‘."\‘;“__ YT NN
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van der Waals interactions, the number of which increases with -=_u.:!{g!i|[!_u:r..-.-.\-. AT RN

the fragment size. In these conditions, the energy required to
liberate the fragment can be much larger than that needed in C . - D e
the REBO potential. This explanation also accounts for the ; ' =y
observed mass effect through the proportional number of van
der Waals interactions that must be overcome in order to eject
the fragment. In that sense, the intermolecular forces act like a
supplementary glue between neighboring chain segments in the
organic solid.

3.3. Effect of the Initial Conditions. In this section, we

P L kR

e T L F R NN
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explore the influence of the PS sample configuration on the G A I I TN
H . e . LR S T [LEEEE ST
nature and yield of sputtered species. The modification of the '
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molecular area scanned by the primary particles for a given '
sample configuration should also be relevant, but the information Figure 4. Collision trees of the first 100 fs of the interaction for four
provided would b recuncant Indeed,with our system, a changeSTareceree lecires The Siocesse posiens 1 e e o
of the impact area al_so corresponds to scanning a region of thewith more than )_’/LO eV of enF:argy. T‘hF()ey are turned off zvhen their energy
sample that has a different molecular arrangement. Therefore, oo pelow 5 ev.
a pronounced sensitivity to one of these parameters should imply
a significant sensitivity to the other one as well. segment forms a half ring lying on top of the sample (blue-
Table 1 compares the yields of fragments measured for the green). The other end of the segment is located in the bombarded
two PS arrangements (Figure 1c and 1d). The overall yield region. Following the chosen aiming point, the primary particle
values for the two systems (PSEPS2) in the AIREBO potential  breaks G-C bonds in this chain segment to form fragments
are indicated for information. The convergence of the yields with 11 to 14 styrene repeat units. In contrast, large fragments
has been also tested for the second configuration, PS2. Againwith less than 11 or more than 14 repeat units are almost absent
most of the yields converge quickly, despite the small number of the spectrum, mainly because the-C bond that must be
of trajectories calculated. The yields obtained for the first 50 broken to release them is not directly located in the target area.
trajectories are indeed very close to the final values. Therefore, Qur analysis of the high mass fragments thus shows that both
we believe that the differences observed between PS1 and PS2nhe particular chain arrangement and the target area play a major
are significant in most cases and that they relate to the differentrole concerning the nature of the observed fragments.
arrangements of the two samples with respect to the target area. 3 4. MechanismsAccording to their characteristic time and
Hydrogen atoms exhibit similar yields, irrespective of the energy, the processes occurring in the bombarded PS sample
molecular arrangement. In the case of C atoms, a definitive belong to two categories, an early atomic-like collision cascade
conclusion cannot be drawn because the convergence is not verphase and a late molecular motion phase. The existence of both
good for PS1. In addition to these two atomic species, all the types of processes has been suggested in the first place by the
specific yields of fragments as well as the total number of description of trajectory A. The first category covers what is
fragments and the total mass per primary particle are signifi- usually referred to as theollision cascadétself in the literature
cantly different for the two molecular configurations. For and the ejection of fragments directly induced by fast moving
instance, the ejected mass is 58% higher with the second systematoms. Themolecularprocesses take place at longer times, when
These numbers show that the emission of fragments is largelythe primary particle energy is distributed almost equally among
dependent on the molecular configuration sampled by the a large number of atoms in the molecule, i.e., after cooling of
primary particle. A practical consequence is that the SIMS the atomic cascade. After the analysis of these categories of
relative intensities should be different for samples made of mechanisms, the influence of the silver substrate on the
identical molecules adsorbed with different orientations on dynamics is considered.
different substrate®. 3.4.1. Atomic Collision Cascad&he first part of the fast
Another indication of the influence of the molecule shape atom-organic target interaction corresponds to the development
on the surface is given by the high mass range of the spectrumof the atomic collision cascade in the solid. In relation with
of PS1 obtained using the REBO potential (Figure 3c). Beyond organic materials, atomic collision cascade and collision induced

0.5 kDa, there is only one series of peaks, in the rang#.8 ejection have been observed for overlayers of various molecules
kDa, with a significant intensity. The mass analysis shows that on metal surface$:® In contrast to these samples in which the
these peaks correspond mostly to the formulasal M-=CH majority of the collision cascade takes place in the substrate, in

with 11 < x < 14 and M being the styrene repeat unit. A closer our system the collision cascade develops directly in the organic
look at the PS1 sample arrangement on the surface (Figure 1lbmedium. Fingerprints of characteristic collision cascades are
and 1c) indicates that the precursor of these fragments is theillustrated in Figure 4, using “collision tree8%’ In this

top segment of the oligomer, containing the chain end. This representation, the atoms at rest are represented by black dots
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and the atoms that receive 10 eV or more kinetic energy via a TABLE 2: Characteristics of the Sputtered Fragments for a
collision are shown as colored spheres. The colored spheres ar€ubset of Trajectories (A-D) Described in the Text

turned off when the kinetic energy of the atoms drops below 5 normal  kinetic
eV. The collision trees summarize the successive positions of mass velocity  energy time of
the moving atoms over the first 100 fs of the interaction. The _ fragment (Da) (m/s) (eV)  emission (fs)
overall aspect of the trees is not strongly dependent on the trajectory A
considered interaction time beyond 100 fs. Therefore, 100 fs ~ CsHa 60°/52 643 15 1863
can be considered as a characteristic time for the development ~ Cets 8F/7/7 mr 2.5 2055
of atomic cascades in the case of 500 eV Ar bombardment of Csa"ieg 135@1/325 471;2 gé ggfg
polystyrene. trajectory B

The collision trees illustrated in the four vignettes of Figure CaeHase  5428/4710 295 3.7 11557
4 exhibit common as well as distinctive features. The first trajectory C
vignette corresponds to trajectory A, described in section 3.1 6 90Y78 940 0.9 2164

. ’ . CioeH106 1592/1380 138 2.8 4430

and Figure 2. For 500 eV Ar bombardment, Figure 4 shows {rajectory D
that the cascades are mostly composed of atoms hit directly by  Cy.Hyo 174/154 722 1.4 5743
the primary Ar atom (yellow spheres) with a small fraction of CosdHaao  3593Y3113 682 8.9 5562

atoms subsequently hit. In comparison, collision trees observed  a\ass of the tritiated homologue used in the simulation.

under 5 keV bombardment exhibit, on average, much more

branching® In contrast with heavy metal targets, one of the sputtered @Hs and GH; (Figure 2c and 3d) leave with 2.5 and
common characteristics of these four trees is that the trajectory4 1 eV of kinetic energy, respectively, while the atomic and
of the argon atom (yellow sphere) is essentially not deflected small molecular species ejected sideways carry more kinetic
by the numerous collisions with carbon and hydrogen atoms, energy. Details concerning the ejected fragments are summarized
which is an effect of the mass ratio between the projectile and i Taple 2. The movie of the simulation shows quite clearly
the target atoms. As a consequence, there is no backscatteringyat the ejection of such polyatomic fragments is a byproduct
due to the organic material and the reflection of energy toward of the hard collision between the primary particle and a direct
the surface, if any, is not operated via the primary particle. The neighbor of the fragment to be ejected. In other words, the
collision cascade keeps the memory of the projectile trajectory primary Ar atom kicks off a carbon atom of the chain and, via
in that most of the subcascades are downward directed. In Somqh|s interaction, the fragment is set free (at least on one end)
cases, the atomic collision cascade is even unable to provideyith only a few eV of kinetic energy. This mechanism is quite
the upward momentum required for fragment ejection. For this simijlar to that already reported for small polystyrene tetramers
reason, we can already state that the efficiency of 500 eV Ar gdsorbed on silvet.

atom bombardmen_t for o_rganic material sputtering is re_Iativer The detailed analysis of trajectory A shows that the major
low. The lateral orientation observed for several recoil atom role of the Ar projectile regarding fragment emission is to

tracks and the ejection of atoms through the sides of the sampleSegment the molecular backbone so that nascent secondary

suggests that lateral motion is an important factor. In fact, for species are set free from the polymer coil. Another example of
a molecule with this shape, we observe more lateral ejection of o n 4 preaking, leading ultimately to the emission of a 5.4 kDa
fragments than “true” sputtering, i.e., emission toward the i segment, is depicted in Figure 5. This trajectory corre-
vacuum. sponds to tree B in Figure 4. Frame 5a shows the situation after
In addition to common features, the trajectories related to 40 fs, when the impinging Ar atom (red) is halfway through
Figure 4 also exhibit specifics. For instance, branching can occurthe PS sample. The red arrow indicates the aiming point of the
either at the top (tree A) or at the bottom of the PS sample projectile in the beginning of the simulation. Between 80 and
(tree C). A quick partitioning of the energy at the top of the 100 fs, the projectile breaks the-C bond indicated by a white
sample (A) may lead to the efficient emission of small arrow on Figure 1c. Between 100 fs and the final snapshot at 6
polyatomic fragments, as seen in section 3.1, while branching ps (Figure 5c¢), the top part of the molecule slowly moves and
at the bottom of the sample (C) induces lateral ejection, rotates toward the vacuum and it is eventually ejected. This
disintegration of the sample, and, sometimes, large backboneslow evolution of the excited PS sample after 100 fs is not part
segment ejection (see section 3.4.3, Table 2). In comparison,of the atomic cascade anymore and, therefore, it will be the
tree B shows very few atomic displacements. We describe in object of the next section.
section 3.4.2 why these are good conditions for the emission |t would be useful to have a simple and reliable criterion to
of very large fragments. Finally, tree D indicates that efficient getermine the transition time by which the atomic collision
reflection of the energy via the cascade can occur when it cascade becomes less important and molecular processes start
reaches the silver substrate (see section 3.4.5). These specificg, dominate. One possible way is to relate atomic cascade events
of the atomic collision cascades are detailed along the discussionyq g given range of energy per atom. The time-evolution of the
The comparison between the snapshots of the simulationaverage energy per moving atom, which somehow characterizes
described in Figure 2 and tree A provides information about the distribution of the primary particle energy among the atoms
the emission of fragments induced by the atomic cascade. Inof the organic medium, should then indicate the transition
this trajectory, the Ar atom dissipates about 220 eV in the first between atomic and molecular mechanisms. In our system, it
15 fs, through the first series of collisions occurring in the top is reasonable to assume that, below a certain energy threshold
part of the sample, which is a quite unique situation with respect corresponding roughly to the covalent binding energies in the
to the other cases shown in Figure 4. This important energy molecule, the processes do not belong to the atomic cascade
transfer induces multiple bond-breaking and leads to both anymore because the energies become too low to displace atoms
sideways and upward ejection of fragments. In that sense,by bond breaking. Figure 6 shows the evolution ofdherage
trajectory A constitutes an exception to the generally low kinetic energy per moving particle as a function of time for the
sputtering efficiency mentioned in the previous paragraph. The four trajectories used as examples in this article-@. For
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Figure 5. Time evolution of trajectory B: (a) 40 fs; (b) 1000 fs; (c)
6000 fs. The departing fragment is red.

Delcorte et al.

1000

Average kinetic energy (eV)

o
N S S g Ry
O e ). o =
— T ! . i ‘
0 100 200 300 400 500
Time (fs)

Figure 6. Time evolution of the average kinetic energy (respectively:
maximum kinetic energy) of the moving atoms during the development
of the collision cascade for trajectories—=® (respectively: A). See
text for details.

change occurs, other than the slow rotation of the energized
chain end generated by the bond breaking. During the next
picoseconds, the large chain segment drifts slowly toward the
vacuum without any more bond scission. The slow upward
motion is accompanied by a marked change of the fragment
shape. This large fragment corresponds to the formgdg-ess,

and its mass, considering that we used tritium instead of
hydrogen in the simulation, is 5428 Da (Table 2). The emission
of large-chain segments is commonly observed in other trajec-
tories and the measured kinetic energies are, in general,
comparable. Nevertheless, the genesis of such fragment ejection
is unclear. Indeed, the collision that causes the bond breaking
at 100 fs is not the driving force of the ejection because the
internal energy of the fragment1s120 eV, which is more than

1 order of magnitude greater than the energy transferred in that
particular collision (6 eV).

To visualize the energy distribution in the cascade, we use
snapshots of trajectory B in which the size and color of the
atoms mirror their kinetic energy and orientation. In Figure 7,
the blue-to-cyan balls are downward moving atoms, while the
red-to-yellow balls are upward moving atoms. The largest ball
diameter corresponds to atoms with 5 eV or more of kinetic
energy. Small black dots indicate atoms with less than 0.1 eV
of kinetic energy. The viewpoint is the same as Figure 5. The
primary particle starts to interact strongly with the organic
medium between 25 and 35 fs. After 35 fs, it has already lost
370 eV via high-energy collisions with several atoms of the
sample. Figure 7a shows that after 46 fs, the momentum is

one of the trajectories, the maximum kinetic energy possessedmostly downward directed (blue spheres), although some atoms
by any atom is represented by vertical bars. Assuming that theare ejected laterally. At that time, many of the moving atoms

threshold for individual atomic motion is of the order of the
bond strength in the molecule, e-g5 eV, we estimate the time
to be 106-300 fs. During this time period, the collision cascade
is transforming from a regime dominated by atomic-like
collisions into one that is controlled by molecular motions.
3.4.2. Molecular Motion and Vibrationg.he movies of the

have more than 5 eV of kinetic energy. After the passage of
fast moving recoil atoms, the bottom part of the PS sample
remains excited (Figure 7b). A group of about 35 atoms still
have a kinetic energy comprised between 0.5 and 3 eV. The
energy of each of these atoms is too small to break bonds, but
together they represent an energy excess of several tens of eV.

trajectories and the kinetic energy curves of Figure 6 indicate At that time, the backbone bond scission triggering the large
that molecular processes dominate after 300 fs. Trajectory B fragment formation has already occurred. The excited region is
constitutes a good basis to explore such processes. Between theven more obvious after 261 fs, when all the fast atoms have

bond scission at-100 fs, already described in section 3.4.1,

left the sample (Figure 7c). The energy is localized at the bottom

and the state of the sample after 1 ps (Figure 5b), very little of the departing fragment. More than the energy transferred in
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Figure 7. Picture of the kinetic energy of the atoms at different times e 0T
in the development of trajectory B. Atoms moving upward are depicted
by red to yellow spheres and atoms moving downward by blue to 4000 1
turquoise spheres. The radius of the spheres is directly proportional to
the energy of the atoms up to 5 eV (see the scale in the inset). The ~6000 1
largest radius corresponds to atoms with 5 eV or more energy: (a) 46
fs; (b) 109 fs; (c) 261 fs; (d) 2900 fs. -8000 1
the bond scission described above, the energy stored in the bonds ~10000 : . . . .
40 50 60 70 80 90 100

of the nascent fragment is the actual driving force of the ejection
process. The last vignette (d) of Figure 7 shows that, after 2.9 ) )
ps, the internal excitation distributes over the entire fragment, Figure 8. Normal ) component of the velocity for C atoms ejected
which is nearly ejected. in trajectory B. (a) Instantaneowusvelocity spectrum of the C atoms

. . . . . . belonging to the sputtereds§&Hsso fragment at time = 12.5 ps. The
This analysis allows us to identify the atomic collision cascade pack arrow indicates the position of the C atoms considered in frame

as the trigger for fragmentation and energy distribution in the p_(b) Time-evolution of the velocities for four neighbor C atoms in
organic sample, and subsequent collective motions at thethe early times of the trajectory.
molecular scale as the medium by which fragments are
transferred from the surface to the vacuum. The physical link orientation and amplitude. Also, as a function of time, the
between the atomic cascade stage and the molecular motiorvariation of these velocity vectors should be out-of-phase. This
stage, and the exact nature of the collective interaction involved, definition suggests that the study of the atom velocities in the
however, remains elusive. In their recent paper concerning thesample constitutes an adequate means to reveal the physical
bombardment of crystalline benzene, the results of Krantzman mechanism of the molecular stage of organic sputtering.
et al® suggest that the initial atomic cascade becomes a Figure 8a shows the verticat)(velocity spectrum of the C
molecular cascade after the first few hundred femtoseconds, aatoms belonging to the larges;§Hssg fragment sputtered in
time at which entire benzene molecules and fragments seem tdrajectory B, about 12.5 ps after the beginning of the interaction.
play the role of recoil particles in the cascade. In comparison The deliberate choice of studying the velocities of ejected
with solid benzene, our system is different in that the entire fragments, easy to perform on a systematic basis because of
organic material is interconnected via covalent© bonds. the actual structure of the regular output files provided by the
Even though they are very similar to benzene molecules from code, relies on the reasonable assumption that ejected fragments
the chemical viewpoint, the phenyl building blocks of our keep the memory of the mechanism inducing their emission.
polystyrene are all strongly attached to the flexible backbone In Figure 8a, thez velocities are plotted as a function of the
of the molecule. Therefore, the physics underlying polyatomic index number of the C atoms in the sample. As a result of the
species emission might be different in our system. indexing procedure, C atoms with consecutive numlzees

In addition to a molecular cascade where, as defined above,alwaysneighbors in the molecule. Index numbers also mirror
small quasi-molecular entities transfer their energy via collisions the initial position of the atoms in the sample, increasing
with their neighbors, another extreme case of interaction would numbers corresponding roughly to an increasing height in the
be a purely vibrational excitation of the molecular bonds, quasi-helical structure shown in Figure 1b,c. For these reasons,
eventually leading to fragment ejection through action/reaction the velocity spectrum of Figure 8a provides us with information
between the excited entity and the surrounding medium. In concerning the amplitude of the velocit@sdwith a qualitative
contrast with the concept of molecular cascade, a purely estimate of the velocity correlation among neighbor atoms in
vibrational excitation is characterized by the collective but the PS sample. First, the velocity spectrum is centered around
dissimilar motion of several atoms. In turn, the instant velocity the fragment center-of-mass velocity, that is 295 m/s (dashed
vectors of moving neighbor atoms should not have the sameline in Figure 8a). Second, it is obvious that the C atom

Time (fs)
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velocities are often much larger than the center-of-mass velocity,
especially in the lower-half of the fragment, where they can be
almost an order of magnitude higher. Third, and most impor-
tantly, the spectrum is characterized by a very pronounced
variation of thez velocities between neighbors, most of the
paired neighbors moving in opposite directions with respect to
the z axis. Fourth, the decreasing amplitude of the oscillations
with increasing index number indicates that the delocalization
of the internal energy is still incomplete after 12.5 ps, the bottom
part of the fragment remaining more excited than the top part.
Finally, the moving average of the velocities (thick line) points
to the existence of domains in the molecule whose local centers-
of-mass are slower or faster than the overall center-of-mass
velocity (dashed arrows). However, the second and third
comments also apply to these restricted domains.

The second and third observations suggest that the nature of
the collective motion giving rise to large fragment ejection
relates more to the above concept of vibrational excitation as
opposed to that of molecular cascade. Nevertheless, the final
observation supports the idea that there is a weak correlation
between atomic motions in several parts of the molecule. For
instance, this is true for the rotating chain end of the fragment
(Figure 5). Similar observations and conclusions are generally
true for large fragments sputtered in the simulation.

For trajectory B, we also analyzed the initial state of the
departing fragment. Figure 8b shows the time evolution of the
z velocity vectors of four C atoms that are neighbors in the
nascent fragment, from the time they are set in motion (40 fs)
until a time of 100 fs. Geometrically, atoms-4 are aligned in
a row in the sample, so that atom 2 is surrounded by atoms 1
and 3 and atom 3 by atoms 2 and 4. They all start moving at an
approximate time of 42 fs, as a result of the passage of the Ar
atom in their vicinity (see the description of Figure 7). Atoms
1, 3, and 4 first move downward while atom 2 moves upward.
Over the time span encompassed in Figure 8b, these atomassessed by experimental means. In this domain, MD simula-
velocities oscillate between positive and negative values, with tions provide useful predictions and insights.
the velocity of direct neighbors almost being of opposite phase.  Figure 9 describes a trajectory in which a lineasHe
Therefore, we can state that the vibrational nature of the fragment is formed via unimolecular dissociation of the excited
collective motion is established in the first few femtoseconds PS sample (trajectory C) before the larger fragment ejects (Table
following its induction by the atomic collision cascade. As was 2). The collision tree of trajectory C is depicted in Figure 4.
assumed, the final state of the ejected fragment mirrors the earlyFigure 9a presents a close-up view of the sample top left part
stage of collective motion in the bombarded molecule. at 750 fs. This region has been damaged by the projectile and

The exact shape of the collision tree (Figure 4) and the size a linear chain segment is dangling into the vacuum. The white

. . . . arrow in Figure 9a points to the-&C bond that is going to
of the ejected fragments vary for different trajectories (see !
. ] 9 y J " ( break between 750 fs and 1 ps. After 1 ps, the linegtsC
Figures 2 and 5 and Table 2). Regardless of the specifics, the e . '
. . oo ' “fragment is ejected but unstalSlejth 14.2 eV of internal energy
bombardment generally induces a localized vibrational excitation

of the molecular bonds after the atomic cascade phase of the(FIgure 9b). To our knowledge, it is the first time that the

S . . T . formation of secondary species via unimolecular dissociation
atom—solid interaction. This excitation is long-lived, because

th bond i IV 100 low 1 be rel dpf excited moleculebeforeejection is reported. Such a process
1€ energy excess per bond 1S generally 100 Jow 10 DE TEI€aseC, , 1 ot pe identified in our previous study of small polystyrene
via bond breaking. With time, the excitation energy tends to

delocali the whole PS | p i ded th ttetramers, where the ejection of fragments was mostly due to
delocaiize over the whale sample oriragment, provided thal o4, mic collision mechanisnfsThis result allows us to predict
it constitutes an interconnected network of covalent bonds. The

. . .._that vibration-induced fragmentation, caused by an energy
energy stored in the sample or fragment leads oftentimes {0 itSgy a5 in the backbone bonds, should be significant for large
swelling or even to its ejection. In some instances, it can also

: : n ) ; ~ organic molecules and polymers bombarded by keV ions.
induce unlmo_lecular decomposition reactions, as described in 3 4 4 Recombination and Rearrangement Reactiotiser
the next section. reaction pathways might coexist in addition to vibration-induced
3.4.3. Unimolecular Decomposition Reactioirs.SIMS of decomposition of the organic sample on the surface and
organic materials, unimolecular decomposition of ejected frag- metastable decay of ejected fragments. Of crucial importance
ments is a well-established phenomenon. Metastable decay offor SIMS analysis are the possible recombination and rear-
excited secondary ions the vacuumis experimentally observed  rangement reactions supposed to occur through the emission
in time-of-flight spectrometers including either ion mirrors or process$2-34 In particular, extensive recombination reactions
electrostatic analyzef§.3! On the other hand, the decomposi- would be a major problem since such reactions scramble the
tion of excited organic moleculesn the surfacecannot be structural information provided by the mass spectrum. Below

Figure 9. Close-up views of the time evolution of trajectory C. (a)
750 fs; the white arrow points to the-«€C bond that will be severed
by vibrations. (b) 1000 fs. The nascengHg is red.
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TABLE 3: Fraction of the Ejected Fragments Formed via Recombination Reactions
Cy CH CoHa CsH CsH3 C4H4 CsHs CeHs CeHs C7/Hs 100-200 Da > 500 Da
5/10 12/48 5/95

2/10 none none none none none none 1/12 none
(50%) (25%) (5%)

SCHEME 1: Recombination Reaction Leading to the SCHEME 2: Rearrangement Reaction in a G4Hig
Formation of a CgH; Fragment Fragment

O

we delineate these issues using the detailed information on
ejected fragments present in the simulation results.

To perform a systematic study of the recombination and rest of the molecule at both ends. In the course of the sputtering
rearrangement reactions occurring in the course of the emissionprocess, one carbon atom and one phenyl ring are eliminated,
process, the lists of neighbors of each C atom belonging to theand the two G-C bonds linking the segment to the sample are
sputtered fragments are compared to their original neighborssevered. Furthermore, in parallel with the bond scissions, atom
in the relaxed PS sample, prior to emission. Hydrogen capture 1 and the atom pair-23 swap positions in the chain, whereas
or hydrogen exchange reactions are not discussed here for twahe phenyl-containing atom 5 disconnects from atom 4 and binds
reasons. First, they have already been investigated in previouswith atom 6. Such a gross structural change is possible only
papers for the cases of adsorbed alkyl ch&ired styrene because the internal energy of the chain segment is high. Due
tetramerand, second, their consequences for the interpretationto its internal excitation, the fragment described in Scheme 2
of experimental mass spectra are much less dramatic. Changebas a very low probability to survive beyond a nanosecond
in the C atom neighbor lists can either show the association of without undergoing further fragmentation reaction.
atoms or fragments that were initially apart in the sample In conclusion, recombination and rearrangement reactions are
(recombination) or the exchange of atomic positions in the observed in the simulation. Nevertheless, for the SIMS user,
considered molecular segments (rearrangement), possibly leadthe fact that very few fragments with a mass of more than 40
ing to a different structure. Da arise from such reactions is reassuring. In this respect, MD

The information concerning recombination reactions is sum- simulations support the concept of structural specificity of the
marized in Table 3 for the results using the AIREBO interaction SIMS analysis.
potential. When it is appropriate, the fraction assigned to each 3.4.5. Substrate Effedt.has been mentioned that the collision
fragment shows the number of those species formed via acascade caused by the Ar projectile could in some instances be
recombination process divided by their total number in the partially reflected by the silver substrate. This mechanism is
simulation set. There are also fragments for which no recom- illustrated by the collision tree of trajectory D (Figure 4). In
bination reactions are observed (“none” in Table 3). The results this trajectory, the primary particle plunges through the top part
indicate that recombination reactions are significant for very of the polystyrene sample without strong interaction with the
small fragments (&€-C;H,), and more so for hydrogen-deficient  surrounding medium and dissipates most of its energy a few
fragments. Beyond 40 Da, they constitute rare events. In the Angstroms above the metal surface. Several of the recoil carbon
range 106-200 Da, only one fragment out of twelve arises from atoms are backscattered by the silver plane, and a few silver
a recombination process involving two smaller fragments. In atoms are displaced in the process. Figure 10 shows three
that particular case, the final product is gHz, formed by the snapshots of trajectory D. The influence of the momentum
association of a €, and a GHs. The initial and final situations reflection at the PSmetal interface is not yet obvious at 750
are depicted in Scheme 1. The hatched spheres correspond tés. Nevertheless, at this time, the energy is already stored in
C atoms that do not belong to the final fragment. Note that the the right part of the PS sample which starts moving upward.
formation of this GH; fragment requires four €C bond After 2 ps, the influence of the reflected energy is evident and
scissions, the eliminationfa H atom and the creation of a the organic material is expanding toward the vacuum. As was
new C-C bond. The dynamics of the trajectory shows that the observed for trajectory B, the early collision-induced bond
recombination reaction occurs at a time when the two fragments scissions lead to the sputtering of the top part of the sample
are still within the interaction range of the remaining system. after a few picoseconds (Figure 10c).

Although rearrangement reactions are not predominant, they Because of the relatively small number of calculated trajec-
also occur during the cascade development, the sputteringtories, it is difficult to extract quantitative information on the
process or even after emission. In this context, a rearrangementnfluence of the PSsilver interface using MD simulations. To
reaction is defined by a change of the neighbor lists of C atoms obtain complementary statistics concerning the effect of the
that were already interconnected in the sample prior to emission,interface, TRIM calculatior?§3” have been performed using a
but with a different order. An example of rearrangement reaction sample constituted of a 25 A overlayer of hydrocarbon material
concomitant with emission is described in Scheme 2. The initial mimicking polystyrene on top of a thicker layer of silver. The
chain segment comprises four styrene repeat units bound to thepseudo-organic layer, provided by the compound library of the
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Figure 11. TRIM simulation of the depth distribution of implanted
Ar projectiles in a bulk polystyrene sample (triangles) and in a 25 A
R polystyrene overlayer on silver (full line). The dashed line shows the
o - - ) ' distribution of displaced silver atoms at the end of the trajectories for
Figure 10. Time evolution of trajectory D. (a) 750 fs; the red arrows e thin PS overlayer.
indicate the position of the impact and the pathway of the Ar atom
through the polystyrene coil. (b) 2000 fs; (c) 5000 fs. The departing
CasdHa40 Chain segment is red.

become ions through the emission process in order to be
measured as yield. For this reason, the effects of the sputtering
software, has the stoichiometric C:H ratio and the density (1.06 and ionization processes cannot be easily distinguished. For PS
g/c?) of PS. TRIM assumes different displacement energies oligomer overlayers on silver, the SIMS spectra indicate that
for the C, H, and Ag atoms, which mirror the bond strengths in entire molecules and large molecular fragments need to capture
the solid. Of course, due to the binary collision approximation, an Ag adduct to become ionizé8Because the intensity of
cooperative and vibrational effects are completely neglected. organometallic aggregates is very low in the MD simulation,
Therefore, TRIM gives, at best, a frozen image of the sample we cannot use these species for a comparison with experimental
after the atomic cascade stage of the interaction. This partialresults, as discussed in ref 8. Alternatively, it is possible to
view is reasonable if the atomic and collective motion stages compare the yields and distributions observed for single
of the interaction are decoupled. Out of prudence, we limit our molecules and fragments in the simulation with their Ag-
analysis of the TRIM results to the depth distribution of cationized homologues in the experiment. In a previous paper,
projectiles and recoil atoms in the solid. The collision trees the calculated KED of short polystyrene oligomers sputtered
(Figure 4) and the average energy vs time curves (Figure 6) from a silver surface under 500 eV Ar bombardment has been
show that these distributions are established in the first few compared to the experimentally measured KED of Ag-cationized
hundred femtoseconds of the interaction, mostly before the onsethomologues emitted under 15 keV Gaombardment.Despite
of collective vibrational motions. the different energies, the KEDs were surprisingly similar. A
The distributions of ranges of the primary Ar atoms in the more recent MD investigation with 5 keV Ar atoms shows that
solid are shown in Figure 11 for a bulk PS sample (open the influence of the primary particle energy on the KEDs is not
triangles) and for a thin PS overlayer on Ag (full line). Due to marked, except for the high-energy tail of the distribution, which
the larger stopping power of the Ag substrate, the range is slightly more pronounced at 5 keV because of the advent of
distribution corresponding to the thin-layered PS sample is a new emission mechanism involving large-scale collective
squeezed around the polymer/silver interface, in comparison events in the silver substrateBecause of this low sensitivity
with the much broader distribution observed for the bulk PS to the primary particle properties and to the exact nature of the
sample. The average range is consequently reduced from 31 Asputtered species, we believe it is reasonable as well to compare
(bulk PS) to 26 A (thin PS). Therefore, in agreement with the our new simulation results with 15 keV Gaion-induced
MD results, TRIM confirms that the effect of the substrate is desorption of large PS fragments.
significant for the chosen conditions of primary particle energy =~ The ToF-SIMS spectrum of deuterated polystyrene PS
and organic layer thickness. The final distribution of the silver oligomers cast on silver is shown in Figure 12. The number
recoil atoms provided by TRIM (dashed line) is also indicative average molecular weighi) of the PS oligomers is-5300
of the momentum reflection at the interface. Indeed, a significant Da, that is, the maximum of the distribution should correspond
fraction of the displaced Ag atoms is implanted in the upper to PS oligomers with~47 repeat units, which is not too far
PS layer at the end of the trajectories, mainly in the first 15 A from the PS sample used in the model. Figure 12a shows the
above the interface. high-mass range of the SIMS spectrum, between 700 and 3500
3.5. Experimental Evidence. The comparison of MD Da, where large fragments are expected to appear. In this mass
simulation results with experimental data is an important issue. range, two significant series of peaks can be noticed. The first
In previous work, we validated the MD model by comparing series looks like an intense background noise that decreases
the calculated mass spectra and kinetic (KED) and angular exponentially as a function of mass. In fact, this noise is mainly
distributions of ejected species to their experimental counter- constituted by Ag-cationized PS fragments, as is shown
part®78In the case of regular SIMS experiments, the compari- hereafter. The second series of peaks, reflecting the entire
son is somewhat indirect because the sputtered species have toligomer distribution, corresponds to silver-molecule aggregates



Collision Cascade and Sputtering Processes J. Phys. Chem. B, Vol. 105, No. 39, 2003485

view of the mass range 76600 Da is displayed in Figure
12b. This region encompasses eight occurrences of a similar
pattern constituted by four main peak series. As indicated by
the labels in two cases, the formulas corresponding to the
different peak series are (MAgQ)T, (My—CD+Ag)',
(My+E+Ag)* and (M+E+CD+Ag)*, where M is the deu-
terated styrene repeat unit and E is seebutyl endgroup. The
repetition period of the pattern is given by the mass of the
deuterated styrene repeat unit,#112 Da. The nature of the
detected fragments indicates that the macrochains can break
almost statistically at any backbone bond, ejecting chain
6 b) segments including one or the other chain end with an equal
probability. In parallel, the emission probability decreases
5 regularly with increasing fragment size. The structure of the
67 observed fragments, e.g. (MAg)", (My—CD+Ag)", agrees
very well with the MD simulation results (Figure 3c), if one
omits the Ag adduct. The fact that the series of frag-
ments including the butyl endgroup, (ME+Ag)™ and
(M,+E+CD+Ag)™, are not sputtered in the simulation is most
probably due to the chosen initial conditions. Indeed, the
arrangement of both PS oligomers in the model is such that the
butyl endgroups are located on the bottom of the organic
samples, at the interface with the Ag substrate. Obviously, this
configuration makes large fragments including the butyl end-
group more difficult to eject. From the comparison, we can
deduce that large fragments of PS oligomers and similar
molecules will be emitted more likely if they are located on
top of the sampl@é® Although the process is more complex here,
the same effect has also been noticed for much smaller upright
chains of alkyt® and thiol molecules.

_ ) _ In summary, the comparison between experiment and simula-
Figure 12. Experimental mass spectrum skebutyl terminated  tjon indicates that the fragmentation pattern of PS oligomers is
deuterated PS oligomertf = 5300) adsorbed on a polycrystalline well described by the model, even though the molecular

Ag foil. Top frame: high mass region of the spectrum. Bottom frame: t ch in the simulati t | f
zoom on the fragmentation part of the high mass region. The formulas &/f@Ngement chosen in the simulation represents only one o

refer to the identification of the silver-cationized fragments (see text the many possible configurations sampled in the experiment.
for details). Remarkably, the nature of the sputtered fragments is sensitive

to the molecular orientation.
bearing two positive charges. The double-cationization process
is indicated by the frequency of the peaks, occurring every 56
Da instead of 112 Da (deuterated PS), and by the maximum of
the distribution, around 2.6 kDa. These are about half the
expected values, because dications acquire twice the kinetic

energy of single cations in the electric field. Therefore, their repeat unit PS oligomer we chose for this study. A part of these

time-of-flight is shorter than that of monocations by a factor . - o .
/2 and their calculated mass is half the mass of monocations mechanisms are a direct transposition of the processes induced

This observation and its analytical consequences will be n smgllerorganlc .m0|eCU|es’ e.g., the atomic collision-induced
. . ' emission of atomic and small polyatomic fragments. Other
discussed at length in a future experimental paper.

) ) . processes are observed for the first time, such as the develop-
In the discussion, we focus on the large fragment series that et of the atomic collision cascade inside the polymer coil. A
can be compared to the simulation results. Nevertheless, it iSgacong phenomenon is the transition from an atomic cascade

important to mention why entire molecules are sputtered in the regime, where atoms collide much like billiard balls, to a
experiment and not in the simulation. The reason entire yojecular motion regime, where the energy is stored in the
molecules are not ejected in the MD model is probably two- yipration and rotation modes of the molecule and the motions
fold. First, we chose to direct all the aiming points toward the pecome collective. Our analysis points to a true vibrational
molecule itself, and it has been shown in previous studies thatgxcitation, where the atomic motions are collective but the
entire molecules are emitted almost exclusively when the ye|ocity vectors are broadly distributed, rather than a molecular
projectile aims at the surrounding silver surface, via a collision cascade, where groups of atoms with a correlated motion would
cascade process in the metal surfa@econd, the projectile  pjay the role of atoms in the cascade. We identified two steps
energy is much lower in the simulation than in the experiment, i the molecular phase of the interaction. First is the excitation
and we showed that the emission of several kDa moleculesof 5 few bonds surrounding the locus of interaction with the
requires the development of large-scale collective motions in projectile or a recoil atom and afterward, the slow delocalization
the substrate, a situation that is not observed with 500 eV of vibrational energy over the whole molecule or fragment,
impinging particles. which can take more than 10 ps. Typically, the internal kinetic
What appears at first sight as background noise in Figure energy per atom is close to 0.1 eV for large vibration-induced
12ais actually a well-structured sequence of peaks. An expandedragments. In some instances, the concentration of the available
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4. Conclusion

Particle bombardment induces a variety of physical and
chemical processes in a large organic sample such as the 61
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