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Molecular dynamics computer simulations are used to elucidate the bond-breaking and crosslinking pro-
cesses induced by 2.5 keV C60 and Arn cluster bombardment in an amorphous sec-butyl-terminated poly-
styrene sample. The obtained results indicate that replacement of C60 by Ar18 or Ar60 projectiles leads to
the decrease of the number of broken bonds and, hence, to the decrease of formation of new intra- and
intermolecular (crosslinking) bonds. When the number of atoms in the Arn cluster is increased from 60 to
250 or more, the total number of broken bonds and the total number of newly created bonds reach a zero
value. Additional comparison to the case of a fullerite crystal reveals that the change of material proper-
ties leads to almost 7.5-fold reduction of the efficiency of the crosslinking process.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

Over the last few decades energetic ion beams have become
important processing and characterization tools for a broad seg-
ment of the scientific and technological manufacturing sector.
Nowadays, atoms, molecules and atomic and molecular clusters
are routinely used for surface analysis and treatment through the
use of techniques like secondary ion mass spectrometry (SIMS)
[1,2], desorption electrospray ionization (DESI) [3–5] mass spec-
trometry or the recently developed desorption ionization by charge
exchange (DICE) [6,7]. The main application fields are in microelec-
tronics, nanotechnology and biological research.

The introduction of cluster ion guns such as SF5, C60, Aun, Bin

and Arn resulted in a particular acceleration of the development
of the SIMS technique. Their implementation allows for new proto-
cols for the analysis of sensitive organic materials and, especially,
biological samples [1]. The latest research reveals that large clus-
ters composed of thousands of argon atoms produced by super-
sonic expansion of high-pressure gas through a nozzle with an
energy of a few eV per atom (originally developed for surface
smoothing [8]) are able to produce relatively high yields of molec-
ular ions with low (and tunable) fragmentation [9]. Unlike SF5 and
All rights reserved.
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C60, the Arn clusters are capable of depth profiling most types of or-
ganic materials used so far for analysis [2,10].

Energetic cluster ion bombardment of organic materials initi-
ates processes which lead to many chemical reactions within the
bombarded samples. The main issues observed for polymers dur-
ing depth profiling experiments, is thought to be the formation
of crosslinks within the bombarded sample and/or the graphitiza-
tion of its surface [2]. In general the crosslinking process is under-
stood as the formation of new bonds between different molecules
or polymeric chains which usually leads to the formation of large
chunks of newly bonded material and to the significant reduction
of sputtering efficiency. On the other hand, the carbonization of
the surface, is the formation of a carbon layer on the surface of
the bombarded material. This process is usually the consequence
of the fragmentation of the organic material initiated by impinging
projectiles, leading to the creation of a large number of free, highly
reactive, carbon radicals which may combine to form a compact,
usually amorphous, structure. With continuous bombardment, this
compact structure can significantly increase its volume and, as a
consequence, begin to block the emission of organic material lo-
cated below [2].

In this research, classical molecular dynamics (MD) computer
simulations are used as a tool for the theoretical insight into the
bond-breaking and the new bond formation processes in an amor-
phous sec-butyl-terminated polystyrene sample, initiated by the
irradiation with C60 and Arn (n = 18, 60, 250, 500, 1000, 1700,
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2500) clusters with the initial total kinetic energy of 2.5 keV. The
number of broken bonds as well as the number of newly created
internal and external bonds are analyzed for each projectile bom-
bardment. The formation of new intermolecular bonds at each im-
pact can be regarded as the premise of the crosslinking process
which, in the experiments, is observed as the result of continuous
ion bombardment of the sample. In this study, we focus on the
analysis of a single cluster bombardment event to compare differ-
ent cluster projectiles and to provide predictions for their use in
the real world situations.
2. Model

The detailed description of the computer simulation method
used to model cluster bombardment can be found elsewhere
[11]. Briefly, the motion of the particles is determined by integrat-
ing Hamilton’s equations of motion. The forces among the particles
are described by a blend of pairwise additive and many-body po-
tential energy functions. The Ar–C and Ar–H interactions are de-
scribed using the purely repulsive pairwise KrC potential [12]. To
calculate the interactions between Ar atoms, a Lennard-Jones po-
tential is used [13]. It is splined with the KrC potential at low inter-
atomic distances to properly describe high-energy collisions [12].
The many-body adaptive intermolecular potential, AIREBO, devel-
oped by Stuart and co-workers is used for H–H, H–C and C–C inter-
actions [14]. This potential is based on the reactive empirical bond
order (REBO) potential developed by Brenner for hydrocarbon mol-
ecules [15]. The model approximating the amorphous sec-butyl-
terminated polystyrene (aPS4) surface consists of 24,500 PS4 mol-
ecules (1,911,000 atoms) [16]. The size of the sample is approxi-
mately 317.3 � 317.2 Å2 in surface area and 236.2 Å in depth.
The sample is surrounded by a zone of rigid atoms and a Langevin
heat bath region with a thickness of 20 and 30 Å, respectively, to
prevent pressure waves generated by the cluster projectile impact
from reflecting off the system boundaries and to keep the sample
at the required temperature of 0 K [17]. The aPS4 sample is bom-
barded by C60 and Arn (n = 18, 60, 250, 500, 1000, 1700, 2500) clus-
ter projectiles which are directed normal to the surface. All
simulations are stopped after 3 ps. To calculate the number of bro-
ken bonds and newly created internal and external bonds at each
chosen time step (Dt = 100 fs) of analysis, the list of atoms bonded
to each atom in the system is checked and compared to the list of
Fig. 1. The zoomed side cross-sectional view of the sample at 3 ps after bombardment by
kinetic energy of atoms. The color coding for polystyrene and projectile atoms is shown i
colour in this figure legend, the reader is referred to the web version of this article.)
atoms bonded to the same atom in its initial state (t = 0 fs). Since
the analysis is done based on the ‘‘snapshots’’ of the entire system
taken from the MD simulations at the predefined time steps, the
atoms bonded to each individual atom within the bombarded sys-
tem are searched based on atoms relative distance. The threshold
value for this distance (maximum search radius) is taken at the half
of the potential well of interaction between atoms in the equilib-
rium state, as defined by the attractive part of the AIREBO potential
[14]. This gives 1.27, 1.495 and 1.79 Å for H–H, H–C and C–C inter-
actions, respectively. When the list of atoms bonded to the each
individual atom is changed it is classified as (1) creating a new
external bond, if it has a new bonded atom initially originating
from the different molecule, as (2) creating a new internal bond,
if it has a new bonded atom initially originating from the same
molecule or (3) broken, if the number of bonded atoms is reduced
but it does not create any new external or internal bonds. The atom
is classified as (4) intact, if its bonded atom list does not change.
Additionally, molecules containing different types of atoms are
marked according to the same rules, as containing new external
bonds, containing new internal bonds, broken or intact. The reader
should note that, since, in general, the algorithm used for the cal-
culation of broken and newly created bonds takes into account
all H–H, H–C and C–C interactions, not all newly created external
bonds can be considered as crosslinks. To properly calculate the
number of newly created crosslinks, the additional analysis is per-
formed, in which only intermolecular C–C interactions are taken
into account. This is done in agreement with the experimental
point of view, in which the crosslinking bond in polystyrene sam-
ple is considered as a new bond created between two carbon atoms
belonging to two different PS molecules.
3. Results and discussion

The cross-sectional view of the aPS4 sample bombarded by C60

and Arn cluster projectiles, at 3 ps after the impact, is shown in
Fig. 1. The craters which are formed during C60 and small argon
cluster (n < 250) bombardment have similar diameters and depths.
This indicates that the physics of the sputtering process initiated in
the aPS4 sample by these projectiles is very similar, which is in
good agreement with the results obtained for benzene [18]. With
increasing size of the Ar cluster, the lateral size of the forming cra-
ter increases, while its depth decreases. This is an effect of the de-
C60 and Arn (n = 18, 60, 250, 500, 1000, 1700, 2500) clusters. The colors represent the
n the top and bottom color bar, respectively. (For interpretation of the references to



Fig. 2. The time evolution of number of bonds broken during 2.5 keV cluster
bombardment of amorphous polystyrene sample. Since there is no bond-breaking
for Arn clusters with n P 250, only Ar18, Ar60 and C60 are shown. The C60 NP
signature represents the analysis of the C60 bombardment in which bonds broken
within projectile are not taken into account. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 3. The projectile dependent distributions of number of broken bonds (NBB),
newly created internal bonds (NI) and newly created external bonds (NE) calculated
for all (C–C, H–H and C–H) bonds (solid points) and for C–C bonds only (open
points) at 3 ps after bombardment. The C60 NP signature represents the analysis of
the C60 bombardment in which bonds created by projectile atoms are not taken into
account. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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crease of kinetic energy per atom resulting from the increase of the
number of atoms in the projectile as well as the increase of its lat-
eral size. However, since only one initial kinetic energy is used in
our calculation it is difficult to distinguish which of these parame-
ters plays the dominant role. Additionally, due to the concomitant
reduction of the velocity, the crater formation process is also much
slower than in the case of C60 and small argon clusters.

The time evolution of bond-breaking during 2.5 keV C60, Ar18

and Ar60 cluster bombardment is shown in Fig. 2. The plot marked
as C60 NP represents the time evolution of bond-breaking during
C60 bombardment, in which the number of C–C bonds broken in
the projectile is subtracted from the total number of broken bonds.
The general trend visible for all the shown projectiles is that, ini-
tially, there is a fast increase of the number of broken bonds while
after �400 fs all the curves start to saturate. They reach their con-
stant value at the end of the simulation time in the case of Ar clus-
ters and are close to full saturation in the case of C60 bombardment.
For all of these clusters, 90–100% of broken bonds recorded after
3 ps of simulation time were broken within the first 500 fs. This
corresponds to 97–99% of the total kinetic energy transferred from
the projectile to the bombarded surface. The analysis of the kinetic
energy distributions of atoms (Fig. 1) reveals that further bond-
breaking is improbable because of the low energy of the atoms,
for all the considered projectiles. The time evolution of the new
internal and external bonds, as well as the time evolution of
bond-breaking and the creation of new internal and external bonds
for the case in which only C–C bonds are taken into account, are
similar to the case of the time evolution of bond-breaking, with
the only difference that the final values are lower (not shown).

The projectile dependent distributions of number of broken
bonds (NBB), number of newly created internal bonds (NI) and
number of newly created external bonds (NE) calculated at 3 ps
after the projectile impact are shown in Fig. 3. With the same total
kinetic energy, C60 is able to break over two times more H–H, H–C
and C–C bonds than Ar18 (which has a similar total mass), and over
12-times more bonds when compared to Ar60, which has the same
number of atoms (see Table 1 for more detailed values). However,
the C60 projectile is made of carbon and has initially 90 C–C bonds
which can be broken during collision with the surface of polysty-
rene. If the bonds broken within the projectile are not taken into
account, the total number of broken bonds is reduced from the va-
lue of 232 to 154, i.e. �87% of the C60 projectile bonds are broken
during the impact. If one omits these internal bonds, the behavior
of C60 is similar to Ar18, in terms of final values of newly created
external bonds/crosslinks and internal bonds. When the number
of atoms in the Ar cluster increases, the total number of broken
bonds (and newly formed bonds) decreases significantly and
reaches the zero value for Ar250 and larger clusters.

There are several possible reasons for the fast reduction of the
number of broken bonds observed with Ar cluster projectiles.
Increasing the number of atoms in the projectile leads to the reduc-
tion of the kinetic energy per atom, to the increase of the total mass
of the projectile and to the reduction of its velocity at the same
time. As was shown by Delcorte et al. for the case of polyethylene
bombardment [19] and Postawa et al. for the benzene [20], the
transition from the Ar18 to larger Ar projectiles corresponds to
the transition between region having high fragmentation rate to
the region in which virtually no fragments are sputtered. The
threshold energy per nucleon of this transition was calculated at
�1 eV/nucleon [19], which is close to the energy per nucleon for
the Ar60 projectile used in our simulations. According to these
studies, one cannot consider the interaction of large Ar clusters
with the bombarded material simply as atom–atom collisions
and expect bonds to be broken even if the initial energy per atom
of the cluster (for instance, Ar250) is higher than the energy of C–H
and C–C bonds in the PS4 molecule. The interaction of large Ar
clusters with the aPS4 should be analyzed in a more complex man-
ner, as the collective effect of many atomic interactions. As shown
in Fig. 1, larger Ar clusters interact with the sample in a relatively
soft manner, by pushing PS4 molecules downward and sideways in
a correlated motion. This should substantially reduce the efficiency
of energy transfer between single projectile and target atoms.
Additionally, the increase of the size of these projectiles causes that
the energy of the projectile is provided in a much larger volume of
the bombarded sample. However, to fully determine which param-
eter change has the greatest influence on the number of bonds,
which are broken during Ar cluster bombardment, additional cal-
culations for different initial kinetic energies of projectiles have
to be performed.

The process of disintegration of bonds is not the only chemical
process initiated in the organic material during bombardment by
energetic clusters. As was explained in the ‘‘Model’’ section, after
the bond scission, any two atoms which were initially connected



Table 1
The total number of broken bonds (NB), newly created internal (NI), newly created external bonds (NE) and total number of molecule equivalents (NMOL) taking part in chemical
reactions occurring in the system calculated from the bombardment of amorphous polystyrene sample by C60, Ar18 and Ar60 cluster projectiles with the initial kinetic energy of
2.5 keV. The last two columns represents the values of crosslinks (NC) and NC60

C =NPS4
C ratio calculated from 2.5 keV bombardment of fullerite crystal [21].

Proj. NBB NI NE NMOL NC (C60) NC60
C =NPS4

C

ALL C–C Ratio ALL C–C Ratio ALL C–C Ratio

C60 232 167 0.72 51 40 0.78 66 48 0.73 19 152 3.8
C60 NP 154 89 0.58 30 19 0.63 23 15 0.65 19 77 5.1
Ar18 106 66 0.62 17 15 0.88 24 11 0.46 19 82 7.5
Ar60 19 12 0.63 7 3 0.43 0 0 – 4 12 –

Fig. 4. Side (top) and top (bottom) view of the initial positions of particles containing atoms which create new external bonds. The color coding represents the number of
external bonds for each atom as follows: gray – 0, blue – 1, cyan – 2, green – 3 and yellow – 4. Red line indicates the highest position of the polystyrene surface. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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by the broken bond may either (i) reconnect, (ii) remain discon-
nected, (iii) create a new internal bond with another atom belong-
ing to the same molecule or (iv) create a new external bond with
an atom belonging to a different molecule. The projectile depen-
dent distributions of total numbers of newly created external and
internal bonds are shown in Fig. 3. Both of these quantities follow
the same trend as for the bond-breaking with the difference that
the corresponding values are lower (Table 1). A more detailed anal-
ysis reveals that bonds formed by atoms of the C60 projectile con-
stitute �65 and �41% of the newly formed external and internal
bonds, respectively. When these bonds are not taken into account
(the C60 NP case), the calculated values become comparable to
those obtained for the Ar18 cluster bombardment. The only visible
difference is the fact that Ar18 leads to creation of a larger number
of external than internal bonds in the sample, while C60 shows the
opposite trend. When Ar60 is used for bombardment, no new exter-
nal and only few internal bonds are observed. As explained in the
‘‘Model’’ section, to obtain a realistic description of cross-linking,
only new external C–C bonds should be considered (open points
in Fig. 3). The data show that, depending on the projectile used,
C–C bonds constitute up to �72% of all the broken bonds. Eighty
eight and 73% of the newly created internal (NI) and external bonds
(considered as crosslinks - NC), respectively (Table 1), are also C–C
bonds. Second, when the values of NC and NI calculated for C60 NP
and Ar18 are compared, both projectiles induce the creation of a
larger number of new internal bonds than crosslinks, which was
not the case when all bond types were taken into account. Our re-
sults imply that, in general, C60 and Ar18 interact with polystyrene
in a similar manner, and that the relatively larger number of cross-
links observed with C60 results from the chemical composition of
the projectile.

Since our simulations end up at 3 ps we do not have the full pic-
ture of the sputtering process. In our case the total numbers of
polystyrene molecule equivalents taking part in all the chemical
reactions observed in the aPS4 sample are 19, 19 and 4 for C60,
Ar18 and Ar60 projectiles, respectively. However, we do not have
any information about the efficiency of the sputtering process by
different projectiles, which cannot be obtained in such a short
time. As shown by Kennedy and Garrison for benzene [18] this effi-
ciency is highest for the Ar60 projectile and the area of particle ejec-
tion is located in the closest neighborhood of the impact point.
Fig. 4 shows the original positions of all the atoms belonging to
the molecules containing newly created external bonds in the sam-
ple. The comparison between C60 and Ar18 projectiles reveals that
the measured surface area occupied by of those particles is slightly
larger for Ar18. This is probably the consequence of the difference
in the size of the projectiles, whose maximum radius is �5.44
and 3.55 Å for Ar18 and C60, respectively. However, if we consider
only the newly bonded atoms we can see that their initial positions
are located along the vertical track of the projectile for both clus-
ters. This particular volume is the region of the strongest interac-
tion of the projectile with the bombarded material. Additionally,
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the maximum depth at which externally bonded atoms can be
found is slightly larger for Ar18, which can be related to the higher
atomic mass and kinetic energy per atom of that cluster. The atom-
ic mass mismatch leads to lower energy transfer efficiency than in
the case of C60 and, hence, with the higher kinetic energy per atom,
argon atoms are expected to penetrate deeper into the polystyrene
sample. Similar trends are observed for the initial positions of
atoms which create new internal bonds (not shown). The only dif-
ference is that the total volume occupied by the molecules and
fragments containing these atoms is significantly smaller than for
molecules and fragments containing externally bonded atoms.
Assuming high efficiency of the material removal, one could expect
that most of chemically interacting material should be removed.
Experimentally, depth profiles are obtained in dynamic SIMS, in
which overlapping of single sputtering cascades can occur, so that
the final effect will be the interplay between the accumulation of
intermolecular bonding in the sample and the material removal
efficiency of the used projectile.

Finally, the comparison to the number of crosslinks calculated
for the 2.5 keV Ar18 bombardment of a C60 fullerite crystal [21]
indicates that the crosslinking process is almost 7.5-fold less effi-
cient with the aPS4 sample than with the fullerite, when only C–
C bonds are taken into account (Table 1). This in good agreement
with the results published by Webb et al. proving that the presence
of hydrogen in the organic material results in a significant reduc-
tion of the number of crosslinks [22].

4. Conclusion

The theoretical analysis of the bombardment of amorphous
polystyrene surfaces by C60 and Ar clusters reveals that the rela-
tively higher efficiency of the crosslinking process observed with
C60 is directly related to the chemical composition of this projec-
tile. C60 clusters deliver many highly reactive carbon radicals, hav-
ing a significant impact on the number of crosslinks formed during
bombardment. For this reason, Ar cluster projectiles should be bet-
ter candidates for organic material depth profiling experiments,
where crosslinking is the major problem. However, since our sim-
ulations are stopped at 3 ps after the impact we are unable to see
how many of the crosslinking molecules will remain in the solid, so
the final crosslinking effect will depend also on the sputtering effi-
ciency of the used projectiles. Another important observation con-
cerns the reduction of the crosslinking with increasing Ar cluster
size, which indicates that large clusters should also be preferred
to small clusters (<�102 atoms) for those experiments. In order
to derive more general rules and to better identify the physical
parameters (projectile nuclearity, size, energy per atom) underly-
ing the cluster-induced crosslinking process, a molecular dynamics
study of the effect of the projectile energy is underway.
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