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Buckminsterfullerene projectiles have demonstrated their outstanding capabilities for the secondary ion mass
spectrometric (SIMS) analysis of bulk organic films. In this contribution, we focus on modeling the mechanisms
of energy transfer and sputtering induced by kiloelectronvgip@jectiles in molecular solids and polymers,
which are important from the viewpoint of applications and have not been theoretically studied yet. The
chosen methodology relies on molecular dynamics (MD) simulations, with a coarse-grained representation of
the samples that allows us to dynamically describe over sufficient time intervals the large ensembles of
molecules required to properly confine the action induced bg@ keV fullerenes in organic targets. For 5

keV bombardment, the simulations explain the transfer of the projectile energy in the topmost layers of the
surface, accompanied by the formation of 200 A wide,~50 A deep hemispherical crater and the emission

of molecules and fragments from the top 30 A of the surface. Using polyethylene samples with molecular
weights ranging from 0.3 kDa up to 14 kDa, the secondary effects of chain length and entanglement on the
crater size, sputtering yield, fragmentation, and intact molecule emission are investigated in detail. For instance,
it is shown that, in order to be emitted intact, a molecule must be initially confined in the annular region of
the forming crater that surrounds th&0 A wide energized core where most bond-scissions occur. In contrast,
molecules that intersect this track core break upon impact while molecules that extend beyond the size of the
crater end up forming the rim or dangling in the vacuum when most of the energy is dissipated. The evolution
of the crater size, the sputtered mass and the number of intact molecules with increasing projectile energies

(1—10 keV) are reported and connections with experiments are proposed.

1. Introduction the performance desired for SIMS imaging makes it a more

For molecular sample diagnostic, mass spectrometric methodscrm?'al I|m!tat|0n for organic SIMS. Given the (very low)
using projectile-induced desorption to form the secondary ion 2vailable signal per unit area, the number of counts that can be
signal constitute a well-established family of techniques with °Ptained per image pixel for molecular ion mappings with
characteristics that are complementary to those of matrix-assistedsubm'cromm,er resolufuon is usually |nsuff|(;|ént. .
laser desorption ionization (MALDI) and electrospray ionization , One solution for signal enhancement in particle-induced
(ESI). Even though the accessible mass range of traditional d€sorption is to use better “bullets”. In the past decade, reliable

secondary ion mass spectrometry (SIMS), around 10 kDa, is Polyatomic ion guns (S§,2 Aua®® Bin",* Ceo")® have been
significantly more limited than that of MALDI, the ability to designed by the manufacturers, and they have been used for

focus liquid metal ion beams (Galn*) down to a spot size of ~ fundamental investigations as well as analytical purpb3eeo

50 nm in diameter makes ion beams a tool of choice for surface M0 advantages of cluster ions are that they induce a strong
chemical imaging applications. However, with such atomic molecular yield enhancement with respect to isoenergetic atomic
beams, the characteristic molecular ion signal usually decays'®"S: particularly for th|ck.(.)rgan|.c targelsa.,nd that they allow
quickly with increasing projectile fluence because each primary US © perform depth profiling with retention of the molecular
ion causes damage in the depth of the sample, so that the nex{formation for a series of sample (reduced damage build-up).
ion impinging on a previously probed nanovolume will no longer !n t_he growing family of cluster pr.Oje(.:UIes, SIMS experiments
be able to extract valuable information from that spot. Another md;ggte that, or:c avberﬁ(ge,g;@ Pfolec“'?rg provide the largest
problem in organic SIMS is the very low ionization probability ~Y'€!C INCréases for bulk organic samples. .

of characteristic molecular species. Although a single impact .1 "€ Physics underlying fullerene-induced sputtering has been
may cause the desorption of a few molecules, only’ 16 104 investigated for various solids, including metakilicon?

: ion i i 112 i
will become naturally ionized and, therefore, detectable. Low dlrz]amond z?jr)d graphité, bdenzené, af'f‘d water ice targets.
ionization probability is common with other techniques such | €Se studies uncovered common effects (mesoscopic motion,

as MALDI, but the small size of the interaction volume and Crater formation) as well as more sample-specific behaviors
(influence of the sample nature, structure, cohesive energy). In

* To whom correspondence should be addressed. E-mail: delcorte@ general, buckminsterfullerene projectiles transfer all their energy

pcgg-ucl-j&be- ted at the 44th IUVSTA Workshon. Sputteri in the topmost layers of the solid, thereby generating a highly

aseda on a paper presented a e 0orksnop, sputtering H H :

and lon Emission by Cluster lon Beams, Scotland, UK;23 April 2007. eXC'teP' (superheated) nanovolume anq ejecting Chynks of
# Universite Catholique de Louvain. material in the gas phase. In contrast with isoenergetic metal
8 The Pennsylvania State University. clusters of similar mass (Au4™),13 fullerenes do not penetrate

10.1021/jp074536j CCC: $37.00 © 2007 American Chemical Society
Published on Web 09/19/2007



Sputtering Polymers with Buckminsterfullerenes

J. Phys. Chem. C, Vol. 111, No. 42, 20015313

TABLE 1: Characteristics of the Icosane and Polyethylene Samples

samples ICO PE1 PE3 PE14
formula GoHaz CogH200 CaadHs00 CioodH2002
molecular weight (Da) 282 1388 3488 14002
number of molecules 12800 4050 1024 405
total number of CH/CHjz particles 256000 400950 254976 405000
atom-equivalent number cell size 793600 1210950 766976 1215810
-x(A) 253 264 232 266
-y(A) 258 301 257 302
-z(A) 133 153 120 157
density (g/cr) 0.90 1.01 1.02 0.98
intermolecular binding energy (eV)
- total 1.96 8.99 23.46 78.39
- per atom 0.098 0.091 0.094 0.078
number of trajectories at 5 keV 9 5 9 1
other energies NA 1,2 and 10 keV NA NA

beyond the crater depth even in light solids, because of their 2. Computational Details

low-energy per constituent atom and, in turn, do not create

In order to describe the time-evolution of the investigated

damage deeper in the sample. In the case of water ice targetsgystem at the microscopic level, Hamilton’s equations of motion

sputtering yields could be successfully predicted for fullerene
energies in the range-8.20 keV, using a combination of short-
time MD simulations and the newly developed “mesoscale
energy deposition footprint” (MEDF) modé&t:14This model is
based on fluid dynamics calculations, originally proposed to
account for MeV particle interactions with soli¢lsThe MEDF

are numerically integrated over some time interval, providing
us with the position and velocity of each particle at each time
step!” Forces among the atoms or particles in the system are
derived from semiempirical interaction potentials whose careful
choice constitutes the key of a realistic description of the studied
mechanisms. In order to reduce the computational expense,

model clearly shows the roles of both the size of the initially certain atoms are grouped to form united atoms or particles.
energized region and the cohesive binding energy of the The advantages of such a coarse-grained approach are that there
substrate. Its adequateness to describe keV fullerene-inducedre fewer particles, the potentials are simpler thus quicker to
sputtering also implies that, after a first step of fast energy Calculate, anpl the fast H-vibration .is eIimlinated yvhich .allows
deposition that is different under keV fullerene bombardment for @ larger time step to be used in the integrafib#. With

and MeV particle bombardment, the collective processes of this prescription, the large systems required to realistically
molecular motion and emission are similar in the two energy describe keV fullerene interactions with organic solids can be

deposition regimes. The assumptions underlying the MEDF treated within reasonable computation times. Validation of the

. - . model by comparison with an atomistic model using the many-
model might preak down for low projectile energies. Recently, body AIREBO potential was successfully achieved in the case
another detailed study focused on the penetration of-80L i

i . . . of Cso bombardment of benzene molecular sofitls.
keV fullerenes in a series of targets (Ar, Au, graphite, fullerite)

d d th d 4 d both th The specifics of the computational cells used for the simula-
emonstrated the pronounced range dependence on both g, o ot jcosane (ICO) and polyethylene molecular samples

target atom bonding. (cohesive energy) and the mass mismatch(PEl, PE3, PE14: the numbers refer to the approximate
between the projectile and target atom constituénts. molecular weights in kDa) are summarized in Table 1. As an
From the viewpoint of materials scientists, molecular com- example, the top and side views of the PE1 system are shown
pounds that are solid at room-temperature constitute a veryin Figure 1. This sample is a box containingt x 10° united
important class of samples for surface analysis, depth profiling, atoms, forming~4 x 10° molecules, where each molecule is a
and imaging applications, whose specific response upon fullerenestring of 97 CH particles of 14 amu and capped with 2 €H
bombardement has not been studied yet. The list of targetparticles of 15 amu. The amorphous icosane and polyethylene
materials encompasses molecular (multi)layers (Langmuir Samples used in the sputtering simulations were generated as
Blodgett, self-assembled), bulk polymers (synthetic or natural), follows. F|rst,_ a periodic unit cell containing a smaII_ number
electroactive molecules, polymer additives (antioxidants), and ©f molecules in an amorphous arrangement was designed at the
even pharmaceutical and biological samples (proteins, lipids, 2iomistic level and relaxed using the Accelrys Cefaaftware
cells, tissues). In this contribution, we tackle the case of linear pac!@ge. e was then coarse-grained by using the
polymers, which form entangled networks of chains, with a position of the corresponding carbon atoms for the coordinates

naturally amorphous or semicrystalline structure. As a generic of the Ch and CH united atoms. Two hundred fifty-six of

model tem for simple polvme hai ithout pend tthese cells were necessary to form the final ICO and PE3
Sys f SImpie POlymers, chains without pendan samples and 405 cells were used to form the final PE1 and PE14
groups, based on the polyethylene chemical structure, have bee

e . r%amples. The obtained solids, with the united atom positions
chosen. Beyond the description of the major effects observed jefined as described above, were far from equilibrium within
in Cecrinduced sputtering of polymers, this report focuses on e notential set used for the sputtering simulations and several
secondary effects related to the molecular structure for com- stages of heating and relaxation were necessary to reach an
pounds of the same nature and chemistry. Via a set of varying equilibrium configuration. With the chosen potentials, the final
chain length, from 20 to 1000 G¥CHjs units, we explore the  density of the relaxed icosane solid is 0.90 gichhe calculated
effects of molecule size and entanglement on the desorptiondensities of the PE1, PE3, and PE14 samples are slightly higher
process. Because of the amorphous nature of the samplegTable 1). Reported experimental values for the density of
investigated in our simulations, possible effects of crystallinity icosane at room-temperature vary between 0.79 and 0.93
are outside the scope of this study. g/cn19:20and for polyethylene, between 0.92 and 0.95 g/
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TABLE 2: Morse?2 and Lennard-Jone$ Interaction

Parameters
Morse De (eV) re (A) a Ay eutott (A)
CH,-CH,
1-2 3.6 1.53 2 5.0
1-3 0.01 2.52 2 5.0
CH,-CHs
1-2 3.6 1.53 2 5.0
1-3 0.01 2.52 2 5.0
Lennard-Jones € (eV) o (A) Feutoft (A)
C—CH,, C—CH3 0.0040 3.70 7.65
CH,-CH, 0.0052 3.85 7.65
CH,-CH3 0.0062 3.91 7.65
CH3-CH3 0.0076 3.91 7.65

2The 1-2 interactions are defined as the nearest neighbor interac-
tions and the 3 are the next nearest neighbor interactions.12—6
Lennard-Jones potential is used.

with parameters that reflect the bond strength and equilibrium
distance in linear hydrocarbof%2* With the chosen value of
the parameteq, the curvature of the potential energy function
at equilibrium (2*De®?) is very close to that obtained by
Balasubramanian et al. for the harmonic bond stretch term of
such hydrocarbor®. The other interactions are between ,CH
particles separated by one Cphrticle, which are modeled by

a Morse potential with a small well depthThis pair potential
allows the particles to interact if the molecule is dissociated
and also provides an equilibrium configuration of the sample
in which the molecules adopt the appropriate zigzag shape. This
type of interaction has been preferred to an angle bend term
that does not allow for dissociation and is therefore limiting
for sputtering simulations. For Ghparticles of a molecule that
are separated by two or more particles, a Lennard-Jones potential
with the same parameters as the one used for intermolecular
interactions is used. The Morse and Lennard-Jones potential
parameters are summarized in Table 2. In all of the simulations,
the AIREBO potential is used to describe the C interaction

of the Gso projectile?® A weak Lennare-Jones potential is used

Figure 1. Sample cell for 5 keV g bombardment. (a) Side view of  petween the C atoms of the fullerene and the, @atticles of
a slab vertically cut in the center of the PE1 sample (blue sticks) also the molecular sample (see Table 2).

showing the fullerene projectile (yellow). (b) Top view of the PE1

sample with the projectile impact zone (yellow square). The polymer . .

chains are represented by blue sticks and the chain ends, by pink3- Results and Discussion

spheres. The orange region corresponds to the zone where stochastic

and rigid boundaries where applied to avoid energy reflection. The white Ir_] th_e first part of th_e resu_lts, the energy transfer of the
lines define the vertical section shown in (a). projectile to the polymeric medium and the mesoscopic process

of crater and rim formation are explored in detail (sections 3.1

In all of the sputtering calculations, a stochastic region at 0 K and 3.2). In the remainder of the article, we focus on the
and a rigid layer are put on five sides of the samples in order sputtering of molecules and fragments (sections 3.3 and 3.4).
to absorb the pressure waves induced by tegptojectile?? An important section is devoted to the emission from icosane,

In the coarse-grained model, a Lennadbnes potential is ~ where the large number of sputtered molecules allows us to
used to describe the interactions of the particles located onobtain statistically significant distributions for the velocities,
different molecules. The values efand o have been chosen energies, and depths of origin. Then, the conditions for the
from previous studies describing linear hydrocarb®&#4 The emission of large intact molecules from an amorphous polymer
intermolecular binding energies reported in Table 1 directly upon kiloelectronvolt fullerene impact are analyzed. The last
mirror the strength of these interactions in the relaxed samples.section (3.5) investigates the influence of the projectile energy
They were calculated as the difference between (i) the total on crater formation and molecular emission, including com-
potential energy of the relaxed sample and (ii) the potential parisons with recent experiments.
energy of a single isolated molecule plus the energy of the entire  3.1. Overview of the Sputtering ProcessThe penetration
sample without this molecule. The intermolecular binding energy of a 5 keV fullerene projectile in a polyethylene solid (PE14)
per CH particle varies between 0.098 and 0.078 eV with a trend is illustrated in Figure 2. At 100 fs, the projectile has already
of decreasing energy with increasing chain length. For the splitinto its constituent atoms but they keep acting in a collective
intramolecular interactions, the model must allow molecules to manner, pushing ahead a hemispherical front of target particles
store internal energy up to the point when they dissociate. A that becomes clearly visible at 600 fs (white arrows). Also, at
Morse potenti@P between adjacent GHand CH particles has that moment, a bifurcation of the overall motion is visible, with
been chosen to account for the dissociating bond stretch term,about half of the C atoms penetrating deeper inside the forming
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Figure 2. Time-evolution of the interaction between a fullerene projectile and PE+4)(8ide views of a cube (120 A side) vertically sectioned

in order to show the inside of the crater (angle of view signified by the blue arrow in the inset of panel c). Color coding is a radial function of the
position of the particles in the sample before impact (from green to purple from the geometric center to the edges of the cube). The projectile atoms
are shown as white spheres. (f) Orthogonal perspective view of the crater and dangling polymer chains at 19.3 ps.

crater and the other half being reflected toward the gas phase. The behavior observed in Figure 1 for PE14 is representative
The “splitting plane” is located at20 A under the sample  of a trend that applies for all of the samples, with the exception
surfacet® Some of the target material (especially small frag- of ICO, where the chains are very short. Desorption from an
ments) follows the upward motion and is emitted at that time. ICO sample has been described in ref 18. The energy transfer
At 2.5 ps, the polymer chains that were first compressed in front and crater formation processes are similar, but after 20 ps,
of the projectile expand upward, in the void of the forming molecules are either desorbed and in the gas phase or they are
crater. The crater reaches its maximum size before 12 ps.settled in the solid. In contrast, many of the long chains of PE1,
Between 2.6 and 12 ps, one observes a flux of polymer material PE3, and PE14 samples that start desorbing because of their
expanding outward from the walls of the forming crater. translational energy, do not have a sufficient quantity of internal
Polymer chains unfold into the vacuum, some of them being energy to cause the bond-scission or break the entanglement
ejected while others redeposit to form the crater rim. Many long that would free themselves from the surface. Specific effects
chain segments are still dangling above the surface at 19 related to the molecular structure of the samples will be pointed
20 ps. out later in this article.
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Figure 3. Penetration depth of the projectile center-of-mass as a

function of time for ICO and PE3 samples. The percentages indicate
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icosane stands out of the sample series, whereas the three other
polymeric solids (PE1, PE3, and PE14) exhibit comparable
values with respect to the crater size. The width of the rim
surrounding the crater is also larger for icosand@ A) than

for the other systems~30 A). To help us understand the
formation of the rim, Figure 6 tracks the origin of the involved
matter back to the situation of the sample before impact. The
chosen polymer sample is PE3, but the mechanism is qualita-
tively similar for all of the studied targets. Figure-6a shows

top views of the dynamics only including the material that has
been ejected in the gas phase over the first 20 ps or forms the
crater rim at 20 ps (above the original surface plane). The
polymeric material is colored radially from the impact point
(cyan) to the periphery (red). With this formalism, one observes
that the polymer chains initially located in a 25 A radius around
the impact point (cyan) are almost totally ejected, whereas the
outer ring (blue-purple) of molecules gradually expands with
time up to the end of the trajectory. At 20 ps, many of these
polymer chains have re-deposited on the surrounding surface,
forming the crater rim, whereas some others are still dangling

the fraction of the projectile energy that has been already transferred iNt0 the vacuum. The top views of Figure-6e, together with

to the target atoms.

3.2. Projectile Penetration, Crater Formation, and Mate-
rial Redeposition. As indicated by the snapshots of the
molecular dynamics (Figure 2), 5 keV fullerene projectiles do

the combined side views of Figure 6d, show that the most
peripheral polymer chains (red) actually “slide” or “creep” over
the surrounding material, moving outward by less than 20 A,
whereas the intermediate ring (blue-purple) displays a wider
movement (white arrow) that finally brings the corresponding

not penetrate deep into the polymeric solid. Figure 3 shows the 1, 5iecules over those originating from the extreme periphery
position of the center-of-mass of the projectile as a function of (red). Some of the molecules entrained in this sweeping

time for ICO and PE3 samples, over a time range in which the

movement are ejected intact and others remain bound to the

vast majority of the C atoms of the fullerene are still moving g4jig phase. Another important observation arises from the

downward in a somewhat correlated manner (i.e., before the

examination of the side view of the corresponding material

aforementioned momentum bifu_rcation). V\éithin .100 fs, the before impact. Although the full crater depth at 20 ps is close
fullerene has transferred approximately 90% of its energy to to 50 A (Table 3), the material that is sputtered and/or

the organic medium. The tracks of the projectiles merge for
the different samples down to a depth of-416 A and start
slightly diverging afterward, with the projectile penetrating

deeper in the case of the icosane sample. The percentage of th

projectile energy transferred to the sample indicates that C

releases its energy slightly but significantly slower and deeper

in the short chain solid than in the higher molecular weight

polymer. The depth of penetration for a 90% energy transfer is

20 A for ICO and 17 A for PE3.
After the impact and the transfer of the projectile energy to

the target atoms (100 fs), the energy diffuses radially from the
center of the energized hemisphere. The situations at 2 ps (top

redeposited in the rim comes from a maximum depth that does
not exceed 30 A. In fact, the volume of matter located between
30 and 50 A depth before impact actually moves downward
ﬁpon compression during the process, creating a region of
increased density at the bottom of the crater. Trajectories
computed over 50 ps show that the level of the crater bottom
does not change between 20 and 50 ps, which indicates that
the higher density region does not relax by regaining volume
over this time range. The same observation holds for simulations
of Ceo bombardment of water iégand benzene solids.

3.3. Emission of Molecules and Fragmentslhe formation

frames) and 20 ps (bottom frames) are shown in Figure 4 for Processes of sputtered fragments and molecules is important

ICO and PE1 samples. Only particles with more than 803
eV of kinetic energy €100 K) are shown for clarity. Even

for SIMS analysis. In this section, the emission characteristics
(origin, velocity, kinetic energy) and mechanisms of fragments

though both samples show a quite similar, radial energy and relatively small molecules from a non-entangled solid (ICO)
distribution at 2 ps, especially in the high-energy volume directly ré investigated. The conditions of emission of a large intact

surrounding the impact<50 A radius), the density of energy
in the outer region, from 50 to 100 A radius, is comparatively
larger for the ICO sample (significantly more particles with
energies in the range 0.6D.03 eV). After 20 ps, when the

molecule from an entangled medium are explored in the
following section.

In the case of ICO samples, the sputtered flux consists of a
mix of fragmented and intact molecules. As shown in Table 3,

crater is fully formed, the energy has diffused outward and few an average number of 78 molecules are ejected for each fullerene
particles in the solid have more than 0.05 eV of kinetic energy, impact. The statistics collected over 9 trajectories are therefore
which is close to the cohesive energy per particle in the solid. sufficient to extract distributions (depth of origin, energy,
Only fragments and molecules hovering above the solid-phasevelocity) that realistically describe the properties of the desorbed
retain a larger quantity of energy. molecule flux. The distributions of Figure 7a show the depth
Material-related differences in the energy transfer process areof origin of intact ICO molecules together with that of €H
mirrored by the size of the crater. In Figure 5, the shapes of the fragments (one single particle in the model). In contrast with
craters formed after 20 ps in ICO and PE3 samples are experimental and theoreticdP?°results obtained upon atomic
superimposed for comparison. Characteristic values (diameter,bombardment of organic samples, the origin depth distributions
depth) describing the crater sizes are listed in Table 3 for all of of (atomic) fragments and molecules are not strongly different
the investigated samples. It is clear from these values thatupon Gy bombardment. Foa 5 keV impact energy, all of the



Sputtering Polymers with Buckminsterfullerenes J. Phys. Chem. C, Vol. 111, No. 42, 20015317

0.008 0.010 0.016 0.023 0.031 0.039 0.047 0.054 eV

Figure 4. Kinetic energy of the atoms in a 30 A thick vertical section of ICO and PE3 samples, at 2 and 20 ps after thefimpaa\d fullerene.
The atoms are colored from blue to white according to their energy. Only atoms with more than 0.008 eV of kinetic energy are represented.

TABLE 3: Influence of the Sample Nature on Crater
Formation and Sputtering upon 5 keV Cso Bombardment

sample ICO PE1 PE3 PE14
crater @ (A) 122 102 97 95
crater-rim @ (A) 207 161 162 161
crater depth (A) 57 49 47 47
sputtered mass (Da) 31590 2593@ 199606 14590
number of molecules 78 6.6 0.1 0

aThese values are an average over 9 (ICO, PE3) or 5 (PE1)
trajectories. In all cases, the standard deviation was less than 10%.
b This value has been calculated from a single trajecto@nly one
PE3 molecule was emitted intact over 9 trajectories.

information missing in Figure 7a. They show that the .CH
fragments originate from an almost perfectly spherical region
of the sample surface, with a diameter~e85 A. This volume
Figure 5. Overlay of two vertical sections of ICO (blue) and PE3 qorresponds to the hi_gh-_energy den;ity regi_on formed over the
(purp|e) Samp|es Showing the Shapes of the craters after 20 ps. fII‘St 200 fS Of the pI‘OjectI|e surface InteraCtIOI‘l, When most Of
the bond-scissions occur in the samplén contrast, intact
sputtered species come from the maximum depth of 30 A below molecules desorb from the periphery of a wider hemispherical
the surface. Slight differences in the distribution shapes and region. The maximum diameter of this annular volume, close
maximums show that CHragments are predominantly sput- to ~90 A, is located at the sampteacuum interface, which
tered from a depth of 1014 A, whereas intact ICO molecules  explains the distribution maximum/plateau of Figure 7a.
are more surface-specific, with a maximum, plateau emission The flux of intact molecules sputtered from the peripheral
extending from 3 to 12 A. Figure 7b,c illustrates the origin of region is further characterized by their velocity vectors. In Figure
the same species via a geometric representation, with top and, the velocity vectors of ICO molecules are represented by
side views showing the point of origin of their center-of-mass their projection on theXY and XZ planes, with their origin
in the undisturbed sample. These views provide us with the positioned at the center-of-mass of the molecule prior to impact.

40 60 80 100 120 140 160 180 200 220
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Figure 6. Five keV Gy bombardment of PE3. {ec) Top views at different times only showing the material that ends up above the surface plane

at the end of the trajectory (20 ps). This representation provides a direct indication of the origin of the material that is sputtered and/@dredeposit
in the rim. Color coding is from cyan to red from the center (impact point) to the edges of the crater. (d) Side view of the same material at 0 and
20 ps. The surface plane is signified by the white line.

The results indicate the overall correlation between the relative suggest the entrainment effect sometimes observed in laser
position of the molecules with respect to the impact point (Figure ablation. Even though the scale of the process was much more
8a) and the direction of their velocity vector as well as the limited, a pronounced mass-dependence of the velocities was
predominant upward component in the velocity of the ejected also found upon 500 eV Ar bombardment of kilodalton
molecules (Figure 8b). polystyrene oligomers embedded in a low-molecular weight

Another effect that might be less obvious is that molecules matrix?® The mass-dependence of the velocities in Figure 9b
desorbed from the surface have, on average, larger velocitiesreminds thermal evaporation but the out-of-equilibrium nature
than molecules emitted from deeper in the sample. This effect of the entire process, the high-energy density in the track core
is shown by the total magnitudes and by the vertical componentsand associated energy gradient (Figure 4), the large translational
of the velocity vectors of sputtered icosane molecules, which temperatures of the emitted species (Figure 9b), and the flow
are plotted as a function of the depth of origin in Figure 9a. of material in the crater (Figure 6) point to a more complex
Molecules sputtered from the top 15 A exhibit an aver@ge  process. The average velocities mirror the temporal and spatial
velocity that is greater than 500 m/s, with peaks above 2000 evolution of the dynamics, in which single particles and small
m/s, whereas the majority of molecules originating from a deeper fragments are mostly desorbed at early times from the energized
plane have velocity distributions that peak around 500 m/s.  region surrounding the projectile track, whereas larger species

The dependence of the velocity on the mass of the sputtereddesorb at later times from the periphery.
species is very similar for the 4 investigated polymer targets. It In parallel to their velocity, the translational energy of
is exemplified in Figure 9b with the case of icosane. The average secondary species is a quantity that can be directly measured
velocity decreases in a nonlinear fashion over the range of in instruments equipped with electrostatic sectors or mirrors.
sputtered masses. Typical velocities for &idecies are around  The energy distributions of GHragments and intact molecules
3000 m/s, whereas large clusters (ICO) or molecular fragmentssputtered from icosane are illustrated in Figure 10. Both
(PE1, PE3, and PE14) above 1 kDa are essentially slower thandistributions peak in the range-Q eV, but the maximum energy
1000 m/s. The full lines show the mass-dependence of the of the CH distribution is significantly larger than that of intact
average velocitylathat would be obtained for Maxwell molecules and the distribution is markedly wider between 0 and
Boltzmann distributions of particles with the same mass. The 3 eV. Nevertheless, the distribution corresponding to a single
very high temperatures corresponding to these velocities indicateparticle (CH) in the model does not extend beyond 10 eV. This
that the ejected molecules and fragments arise from a largelyobservation is in contrast with the case of kiloelectronvolt atomic
superheated nanovolume. bombardment of solid inorganic and organic sampiethe

The velocity plots of Figures 8 and 9 confirm the collective, comparatively low average kinetic energy of small particles
mesoscopic nature of the ejection process. A dependence of thesjected under § bombardment mirrors the low-energy per
axial velocity on the depth of origin is also observed in laser constituent atom in the fullerene projectile and the nonlinear
ablation of organic sampl&sand sputtering of rare gaséand cascade-type of the emission process. The energy distribution
water ice32 However, the dependence of the velocities on the of ICO molecules desorbed from a molecular solid can be
mass of the sputtered species observed in Figure 9b does notompared to the case of molecules (benzene, polystyrene)
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Figure 7. Origin of the sputtered species upon 5 ked§ @bmbardment

of ICO. (a) Depth distributions of the sputtered £fiagments and
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mass of the Chifragments (crosses) and entire molecules (diamonds)
before their emission.

emitted from an overlayer on metal bysdJrojectiles’* The
energy distribution of icosane sputtered from the bulk is very
similar to the one calculated for benzene (low binding energy)
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100 120 140

(slightly wider) to the one of polystyrene oligomers sputtered
from the bulk by Ar projectiles and the binding energy of the
two molecules is similar~{2 eV in the bulk)3® Therefore, the
type of projectile (monatomic or polyatomic) does not seem to
have a strong influence on the translational energies of molecules
sputtered from bulk organic samples.

The much narrower energy distribution observed for single
particles (atoms) upondgbombardment, in comparison with
atomic projectiles, is a general trend also valid for metals.
These lower kinetic energies might be instrumental in explaining
the experimental observation that the yields of atomic secondary

and much narrower than the one of polystyrene (higher ions are significantly less enhanced by,@an the yields of
binding energy). Because of its intermediate size, one would molecular ions (for all types of materials). Two effects might

expect the distribution of icosane ejected from a metallic solid

actually play in the same direction of lowering the ionization

to be broader than that of benzene, as an effect of its largerprobability of atomic species. First, the direct ejection of an
binding energy. With this assumption, one can speculate thatelectron from the atom upon close encounter should be less
the average translational energy of ICO molecules sputtered byprobable because of the very limited energy of each C

Cso from the bulk might be lower than that of molecules

constituent of the fullerene. Second, the lower velocity of the

sputtered from an overlayer on metal. On the other hand, the atoms leaving the surface should result in their more efficient

calculated distribution of ICO molecules (Figure 10) is close

reneutralization.
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in radius. Secondary damage involving material displacement
and relocation as well as other changes of the surface properties
(surface topography, density of the material), however, extend
to a much larger hemispherical volume that is well defined by
the metrics of Table 3. Secondary ion mass spectrometry is
particularly sensitive to the primary damage, i.e., bond-scissions,
T - because it directly affects the integrity of the molecules and, in
b) 10 100 1000 turn, the peak patterns of the mass spectra. In a preliminary
Mass (Da) study focused on projectile-induced damage in icosane, it was
Figure 9. Final velocity of the species ejected upon 5 ke¥oC  gready shown that one single 5 keV fullerene creates about
bombardment of ICO. (a) Average total velocity (full diamonds) and 300 radicals in the solid, which corresponded to 44 broken

vertical components] of the velocity vectors (open diamonds) of intact .
ICO molecu‘ljes plggted as a func):/tion of th(eiFr) depth of ori)gin in the r’n_olecult_as, S"th'y more than half the numbel_’ of mole_cules
sample. (b) Average total velocity of all the species sputtered from €jected intact in the same eveéfiBecause of their small size,
ICO plotted as a function of mass. The gray lines signify the calculated the volume of damaged icosane molecules is similar to the
average velocities for MaxweliBoltzmann distributions (at 2000, 5000,  volume where bond-scissions occurs. The situation is different
and 10 000 K) of particles with the same masses. In both graphs, thefor significantly longer oligomer chains such as PE3 or PE14
vertical bars indicate the standard deviation with respect to the average 4ot may extend over distances comparable or larger than the
radius of the damaged volume. This effect is illustrated in Figure
3.4. Large Molecules: Mechanisms of Fragmentation and  11a by a top view of the PE3 molecules that underwent bond-
Intact Ejection. As shown in Table 3, increasing the molecular scissions in one of the calculated trajectories. In that vignette
weight of the polymer chains forming the sample affects the from the MD simulations, the radius of the dashed circle,
sputtering process. When going from ICO (282 Da) to PE14 indicative of the crater size, is’50 A, and one notices that
samples (14 kDa), the crater becomes significantly smaller andsome of the damaged molecules even extend beyond that
the amount of ejected material decreases by a factor of 2. Partdistance. It is also suggested by Figure 11a that, in addition to
of the sputtered mass reduction can be attributed to the smallertheir molecular weight, the geometric structure of the target
size of the displaced volume (crater size). Another effect molecules plays an important role in the extension of damage
influencing the total sputtered mass is directly related to the induced in the sample surface. Consider for example a molecule
size and structure of the chains. Although smaller chains canthat contains the number of atoms found in the primary damage
be easily detached from the surrounding organic medium andregion. If this molecule is compact and nonentangled with the
ejected, larger chain segments tend to remain bonded to thesurrounding molecules (e.g., a crystallized protein), the imping-
solid by covalent binding and entanglement. Therefore, in ing projectile might only damage that one molecule upon impact.
contrast to other sets of materidfthe sputtered mass decrease At the other extreme, if molecules with the same size are very
cannot be directly explained by the strength of the intermolecular extended, either linearly aligned in a crystal or swollen by a
forces which, ratioed to the number of particles per molecule, number of other molecules in a strongly entangled polymeric
are quite similar for all of the samples of this study (they actually medium, the projectile will always damage many molecules at
decrease slightly with molecular mass, see Table 1). Instead,the time and, in turn, degrade a much larger surface area. A
structural parameters of chain length and entanglement domi-metric that can be used to quantify the spatial extension of the
nate. molecule in the surface is the gyration radius. In this article,
It has been shown that, under 5 ke\kpombardment, the horizontal gyration radius is defined by the equation
extensive (primary) damage in the sample via bond-scissions ’ 5 5
is geometrically limited to a nanosphere that is about 26 A Ry ={ Z[(Xi ~ Xmead” T (¥ — Ymead 1}/N
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than the actual molecular weight of the molecules, it is their
lateral spread that eventually defines the size of the damaged
area. In other words, molecules that cover a larger surface area
in the pristine sample have a larger probability of undergoing
bond-scissions upon impact than molecules with a smaller spatial
extension. A correlation between the characteristic size of the
species of interest and their damage area or cross-section was
reported for smaller polymer fragments in a previous arfitle.

The absence of bond-scission in the molecules upon impact
of the projectile constitutes an obvious requirement for the
emission of intact species. One may wonder what are the other
conditions that permit or limit the emission of molecules upon
kiloelectronvolt Go bombardment of polymers such as the PE
samples of this study. Table 3 shows that the number of
molecules sputtered intact decreases dramatically with increasing
molecular size. Over a series of nine calculated trajectories, only
one PE3 molecule (3.5 kDa) is desorbed as a whole. This
observation is partly explained by the size-dependent damage
effect described before. However, another important effect also
comes into play, which relates to the size of the displaced
volume or the radius of the forming crater. In order to understand
the role of the crater size on intact molecule ejection, it is
informative to analyze the only trajectory in which a PE3
molecule was desorbed without fragmentation. Figure 12 shows
snapshots illustrating the time-evolution of that trajectory. For
clarity, only the molecules that are damaged upon impact and
the molecule to be desorbed intact are represented, with a
different color for each molecule. First, the images of the
situation at 0 and 2 ps make it clear that all of the molecules
that were intersecting the30—40 A sphere of primary damage,
but one (in white), are actually broken as a result of the projectile
impact. The process is stochastic, and from the set of calculated
trajectories, the survival of molecules directly surrounding the
impact point appears improbable. The top and side views of
the original situation of the surviving molecule in this trajectory
(Figure 12f,g), significantly distant from the impact point, help
us understand why it could escape destruction. With time, the
5 white molecule slowly unfolds into the gas phase, as a part of
the overall upward motion affecting the molecules in the top
~20—-30 A of the disturbed volume. In contrast, the (broken)
blue molecule in the depth of the crater, because of its original
situation below the splitting plane described in Figure 2, mostly

0 ' ' ' ' receives downward momentum in the beginning of the interac-
b) 0 5 10 15 20 25 30 35 tion and, therefore, never ejects. The momentum variation across
Horizontal Impact-COM distance (Angstrom) the depth of the crater also influences the white molecule. It is

Figure 11. Fragmentation of molecules under 5 ke Bombardment obvious after 6 ps, when a large portion of the molecule is
of PE3. (a) Top view before impact € 0 fs) of the molecules that  already above the surface while the lower part has barely moved

undergo single or multiple bond-scissions in a selected trajectory (one yet. As a matter of fact, our results indicate that it is the depth
O Aareomel pchon e o Emec ey e genied . and lateral dependence of the momentum ampitude and
molecules plogt]tz/ad as a function of the%istance between t%e center-of-dlrec’[IOn that cause the comp_lete u_nf_oldlng of mOSt molecules
mass of the molecules and the impact point. and large chain segments. This variation of particle momentum
across the molecule directly translates in terms of internal energy

whereN is the number of particles in the molecuig,andy;, of the moleculeg,. The white molecgle in Figure 12 eventually
the horizontal coordinates of tlih particle ankmeanaNdymean ejects becaqse it comes from a region pf the surface V\{hgre the
the horizontal coordinates of the mean position of the particles. Momentum is predominantly upward-directed and sufficiently
The values oRy, are plotted in Figure 11b for damaged PE3 large to cause desorption. In contrast, the molecules that were
molecules, versus the distance of their center-of-mass with Originally surrounding the colored molecules in Figure 12a, not
respect to the impact point. The range of gyration radius of the sShown, do not receive enough momentum to detach from the
considered PE3 molecules (calculateti=ato fs), from 8to 18 solid and desorb. They are either dangling in the vacuum or
A, simply provide a quantitative measure to the visual observa- forming the crater rim at the end of the trajectory.

tion that, despite their identical molecular weight, some  Our analysis shows that several criterias must be met for a
molecules extend over a larger surface area than others. Thenolecule to be sputtered intact upon fullerene cluster bombard-
overall correlation between gyration radius and impact to center- ment. (i) No bond should be broken by the projectile, i.e., the
of-mass distances for broken molecules demonstrates that, morenolecule should overlap as little as possible with the high-energy

Gyration radius (Angstrom)
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Figure 12. Emission of an intact molecule under 5 ke\p®ombardment of PE3. {ad) Side views of the time-evolution of the trajectory only

showing the fragmented molecules (colored spheres, one color per molecule) and the molecule that is ejected intact (white sticks). The sky blue line
indicates the level of the surface plane. (e) Top view of the situation of the fragmented molecules before impact. (f and g) Top and side views of

the initial situation of the molecule desorbed without fragmentation. The red disk signifies the extent of the crater at the end of the trajectory.

core of the projectile track. (ii) The molecule should be entirely TABLE 4: Influence of the Projectile Energy on the
included in the displaced volume (the crater) before emission. Sputtering Characteristics of PE1 Sample3

(iii) For 5 keV Csop bombardment, it should sit in the top 30 A Cso €Nergy 1keV 2keV 5keV 10 keV
of the sample, essentially in the zone where the momentum of"_ .~ 7 A) 56 76 102 124
the target atoms is upward directed around—5ps after crater-rim @ (A) 94 128 161 217
impact. Corollaries of our observations are that large or strongly crater depth (A) 25 33 49 62

entangled molecules are less likely to be ejected intact and that sputtered mass (Da) [a] 1135 10910 24689 55628

the internal energy of the sputtered molecules depends on bothSPutteredtrim (Da) [b] 9674 26694 68699 219697

their_ spatial sp_reading and their initial ppsiti_on with respect to ;erl)tllj(zt[e?]égjb]molecules o'éz O.gl 0'736 0'1295(2 dimers)

the impact point. The effect of the projectile energy will be

discussed in the next section. aIn all cases, the values have been obtained for a single trajectory.
3.5. Influence of the Projectile Energy.For the PE1 sample,

trajectories were calculated with varying projectile energies, in with increasing energy. The increase of the crater diameter is

the range +10 keV. The statistics concerning crater sizes, well fitted by a power function with an exponent of 1/3 and

displaced material, and sputtered species are listed in Table 4the depth, by a power function with a slightly larger exponent

Both the crater diameter and the crater depth grow nonlinearly (0.4). These numbers mirror the observation that the crater is a
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= 2.0E+05 to K, this model seems appropriate to describe the linear
a & PE1 evolution of our calculated yields beyond 2 keV. A more
P O PE (others) o - . . .
@ A Ba-arachidate quantitative analysis of our previous and current results in the
£ A Trehalose framework of the MEDF model is outside the scope of this
O Irganox1010 .
B = PLA article.
= 1.5E+05 + Alg3 . . . . .
. & PMMA Recent experiments obtained with fullerene projectiles bom-
E_ Water ice barding various organic targets also tend to show that the
n —Linear (PE1) sputtered volume/mass increases linearly with the projectile
energy, at least in the range-30 keV 38 In Figure 13, values
1.0E+05 + of sputtered mass per primary ion, available from the literature
for a series of samples, are plotted with the results of our
simulations. The sputtering yields of trehalé%Ba-arachidaté?
and water ict have been obtained from the Penn State group
and those of Irganox 1010, polylactic acid (PLM,, = 50 000)
5.0E+04 1 and aluminum tris-(8-hydroxyquinoline) (Alg3), from the
National Physical Laboratory grodp.The value reported for
polymethyl methacrylate (PMMAM,, = 540 000) at 10 keV
is from the measurements of Mers et al. at 20C (the sputter
0.0E+00 | . ‘ . yield of PMMA is T°-sensitive)?

0 5 10 15 20 25 30 35 The linear regression drawn from the values calculated for
Projectile kinetic energy (keV) PE1 (1388 Da) merges with the experimental values measured
Figure 13. Sputtered mass (Da) per impact as a function of the by Shard et al. fB%r the plolymer additive, Irganox 1010 (.1177
projectile energy. The values calculated from MD simulations are Da) and for PLA® The yields of trehalose and Ba-arachidate
signified by full red (PE1) and open blue circles (ICO, PE3, and PE14). are slightly lower. The yields measured for Alg3, an organo-
The experimental vall_Jes pbtaineq from _the literature c_orre_spond to metallic compound, for water ice films and for PMMA are
Irganox 1016y polylactic acid:* aluminum tris-(8-hydroxyquinolin}, - significantly lower. Unlike Irganox 1010 and PLA, Alg3 is
polymethyl methacrylaté’ trehaloseé? Ba-arachidaté? and water icé! found to accumulate damage and its sputtering yield changes

slightly flattened hemisphere at low energy and it becomes a from that of organic materials to that of inorganic materials (such

perfect hemisphere in the range 80 keV. When plotted as a as silicon) upon continuous bombardment. Even though their

function of projectile energy, the crater volume evolves almost d€Nsity is in the same range (water ic€).92; Alg3,~1.42),
linearly in the entire range of energies, with a slope value of POth Ala3 and water ice are quite different from the other
~10 nnlkeV. considered organic and polymeric solids in terms of physical
The quantities of matter that are sputtered or redeposited in PrOPerties (cohesive energy, viscoelastic properties). The fact
the rim exhibit a more complex variation (Table 4). Between that the sputtering yield of these compounds is significantly off

the onset of sputtering (below 1 keV) and 2 keV, one observes the curve confirms the effect of the sample nature on the ion-
a steep increase of the sputtered mass as a function of projectild@rget interaction and secondary emission predicted by other
energy. Beyond 2 keV, the sputtered mass increases more slowhfheoretical studie$}'® The case of PMMA s particularly
and linearly (Figure 13), with an increment o5.6 kDa/keV !nterestmg _because it is the only h|gh-_m_ole(_:u_lar welght_poly_mer
(Figure 13). In the same energy range, the mass of matter thatS the considered set of samples, yetitis dl_fflcult to re_monall_ze.
is above the surface plane after 20 ps, i.e., ejected or forming ON the one hand, the lower yield of PMMA in comparison with
the crater rim, increases quasiexponentially. As a result, the ratio!rganox 1010 seems to confirm the trend from the simulations
of sputtered matter versus [sputtered redeposited] matter that higher molgcular weights lead to Iovyer yields. O_n the other
increases steeply in the range 2 keV and decreases slowly ~Nand, PMMA is well-known as a resist that unzips under
afterward, as indicated in Table 4. In terms of displaced matter irradiation, and the same study of Ma's et al. shows the strong
amounts, the energy of 2 keV, corresponding to the maximum dependence of its yield as a function of temperatéirgor
of this ratio, can be considered as the energy for which the xample, the sputtering yield of PMMA at140 °C is about
projectile is the most efficient at sputtering target material. Over half that measured at 20C. This sensitivity of PMMA,
the whole range of energies, the total sputtered mass remaindnirroring the complex chemical reactions that heat and/or
inferior to the mass of material displaced to form the rim. various types of irradiation conditions (including lasétsgn

The linear increase of the sputtering yield (sputtered mass) |nduce.|n its structure., makes it a too complex mqterlal for. our
with the projectile kinetic energi above a certain threshold ~ SPuttering model at this stage. Overall, the comparison of Figure
can be tentatively traced back to the origin of the cluster-surface 13 indicates that the coarse-grained PE1 system constitutes an
interaction. Indeed, it was shown in a previous article that the adequate generic model for molecular solids made of kilodalton
volume of the energized region at 200 fs is roughly proportional mo[ecu]es. It predicts both the linear evolution of the ylgld ywth
to the projectile energy for theggbombardment of polystyrene  Projectile energy beyond a threshold value and, quantitatively,
oligomer (atomistic model) and icosane (coarse-grained model)the total sputtered mass at a given energy. Beyond these
solids8 Within the formalism of the MEDF modéP derived ~ Predictions, our model systems explain some of the yield
from fluid dynamics calculations, it means that the radius of variation related to finer details of the sample structure (ICO,
the track,Re, evolves as-K13 (because the volume is almost  PE1, PE3, and PE14).
spherical) and the average energy density is almost constant Combining our discussion about intact molecular emission
over the range of investigated energies (i.e., the averagewith the calculated and measured projectile energy dependences
excitation energy with respect to the cohesive binding energy of the yield and crater sizes, it becomes clear why molecules
of the solidE = Ee,dU, is also constant). Because the yield in larger than 16-20 kDa are still very difficult to observe in SIMS
the MEDF model is directly proportional RtyFE, and, in turn, of bulk organic samples, even with buckminsterfullerene
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projectiles. In the considered energy range, the limited size of  (2) Gillen, G.; Roberson, SRapid Commun. Mass Spectrofr898§

; ; 12, 1303.
the annular volume from which heavy damage is excluded and (3) Brunelle, A.: Della-Negra, S.: Depauw, J.: Jacquet, D.: Le Beyec,

the momentum gradient in the forming crater leading to high vy . paytrat, M.: Baudin, K.; Andersen, H. hys. Re. A 2001, 63, 236,
internal energies, associated to the larger binding energies andAi.

or more pronounced entanglement of larger molecules constitute ~ (4) Kollmer, F. Appl. Surf. S¢i2004 231-232, 153. o
strong constraints that appear almost iMpossible to OVErcome i onne 3 canal Crams00s 90 agaq. o ornsopp P Hil R
Indeed, to our knowledge, there is no SIMS report showing the () Winograd, N.Anal. Chem2005 77, 143A.

detection of such large molecular ions from bulk organic (7) Van Stipdonk, M. InToF-SIMS: Surface Analysis by Mass
Spectrometry Vickerman, J. C., Briggs, D., Eds.; SurfaceSpectra/IM

samples. Publications: Chichester, U.K., 2001; Chapter 12.
(8) Postawa, Z.; Czerwinski, B.; Szewczyk, M.; Smiley, E. J.; Wino-
4. Conclusion grad, N.; Garrison, BJ. Anal. Chem2003 75, 4402.
) o ) (9) Krantzman, K. D.; Kingsbury, D. B.; Garrison, B.Nucl. Instrum.
Buckminsterfullerene projectiles with-110 keV of transla- Methods B2007, 255, 238.

tional energy create hemispherical craters at the surface of1 (191)4 Kerford, M.; Webb, R. PNucl. Instrum. Meth. Phys. Res 2801,
polymeric materials ar_u_j displace a volume of matter of about (11) Smiley, E.; Winograd, N.; Garrison, B. Appl. Surf. Sci2006
50 nn? per keV. In addition to effects already shown with other 252 6436.

types of targets underggbombardment, our results describe (12) Smiley, E.; Postawa, Z.; Wojciechowski, I. A.; Winograd, N.;

; ; 3 ; Garrison, B.J. Anal. Chem2007, 79, 494.
certain behaviors that are specific to the long linear molecules (13) Russo, M. J.. Jr. Garrison. B. Anal. Chem200G 78, 7206
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ment, a fraction of the displaced polymer chains, inversely B.J. Anal. Chem2007, in press.
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H : H etry; vickerman, J. C., briggs, D., S., Surracespectr upblications:
crater size decrease with f[he length qf the polymer chains. TheChichester‘ U.K., 2001: p 223,
S|_mu_lat|ons help us to define three criteria for intact molecular — (18) Delcorte, A.; Garrison, B. Nucl. Instrum. Meth. Phys. Res. B
ejection upon fullerene bombardment: The molecule should not 20((J7, )25h§ 2?/3.h . y . -
i inh- iacti i 19) http://physchem.ox.ac.uk/MSDS/El/eicosane.html.
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crater) and it should initially sit in the zone where most of the  (21) http://www.sigmaaldrich.com/. ‘
target atoms receive upward momentum (top 30 A upon 5 keV 96(212) Garrison, B. J.; Kodali, P. B. S.; Srivastava,Chem. Re. 1996
bombardment): The Igrge-scale naturg of the interaction, qd- '(23) Hautman, J.: Klein, M. LJ. Chem. Phys1989 91, 4994.
equately described using a coarse-grained MD model, explains (24) Balasubramanian, S.; Klein, M. L.; Siepmann, J. IChem. Phys.
the large yields of sputtered molecular species usually measuredl9$(9255)log_ 3}1?4- L A: Weizer, V. G Phys. Re. 1959 114 687
; : irifalco, L. A.; Weizer, V. ys. Re. , .

upon keV fullerene bombardment OT organ!c materials. Th? (26) Brenner, D. W.; Shenderova, O. A.; Harrison, J. A,; Stuart, S. J.;
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