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ABSTRACT: Transferring large nonvolatile molecules in the vacuum is key to
both their characterization by mass spectrometry (ion mobility, etc.) and their use
as nanofabrication building blocks in soft-landing-type experiments. Recently, our
group performed the successful transfer and redeposition of intact and bioactive
lysozyme (14 kDa) with large gas cluster ion beams, in the absence of a solvent or
matrix, demonstrating that such beams could serve as tools for macromolecule
manipulation. A number of fundamental questions arose in relation with this
experimental proof-of-concept, concerning for instance the maximum molecular
size for successful transfer, the effect of the cluster projectile incidence angle, the
dependence of molecular dissociation on the projectile energy and size, the
internal energy uptake ultimately leading to metastable decay reactions, or the
influence of the surface interactions on desorption. To address these questions, a
series of molecular dynamics simulations were conducted involving cluster impacts
on an adsorbed globular polystyrene (PS) macromolecule of 60 kDa, with a mass and shape comparable to those of a protein such as
bovine serum albumin. Conditions of intact desorption of this PS molecule by Ar clusters are identified, in terms of energy per atom
and incidence angle, and the results are compared to 30 keV Bis impacts, commonly used for molecular analysis and 2D imaging in
our time-of-flight secondary ion mass spectrometry experiments. When Ar cluster impact conditions are appropriate for intact
desorption, the take-off angle of the macromolecule is larger than the projectile incidence. Bombardment by a massive methane
projectile (6.6 X 10* methane molecules) does not induce qualitatively different results, and in general, the energy per atom or
energy per unit mass remains the deciding factor concerning the survival or dissociation of the bombarded molecule. In contrast with
large gas clusters, Bi projectiles largely fail at desorbing the intact macromolecules, because of the detrimental effect of the collision
cascade and the insufficient momentum transferred by the crater expansion for molecular lift off. Additionally, 10 keV Argy,
projectiles with 45—75° incidence with respect to the surface normal directly transfer momentum to the macromolecule via their
backscattered Ar atoms and small clusters, inducing molecular desorption with center-of-mass velocities of the order of 1 km/s. The
implications for future experiments are discussed.

1. INTRODUCTION selection techniques are also used to mass analyze similar
The ability to manipulate large nonvolatile (bio)molecules to molecules in tissues and even single cells.” In all the
cither analyze them or to design new organic and hybrid (nano)fabrication methods involving biomolecules such as
architectures at the nanoscale represents an important scientific proteins, the issue of preserving the molecular conformation is
and technological achievement. In general, the methods for central, since it governs bioactivity.

identifying nonvolatile (bio)molecules and for arranging them Recently, our team has shown that proteins like lysozyme
in thin layers, arrays, or patterns rely on the use of liquid and could be transferred intact onto a collector following their
sometimes solid solutions. Adsorption from aqueous solution is desorption from a solid target reservoir using large cluster ions
the most widespread approach for protein film formation,' (Arzo00_s000") accelerated to a kinetic energy of 5—10 keV.®
though it may exhibit some shortcomings such as activity loss Moreover, bioassays conducted on the collected material

due to conformational changes,” poor control of the deposited
quantity, and limitation to one monolayer.” Alternatively, soft
landing uses (preparative) mass spectrometry (ESI, MALDI) to
deposit large biomolecules on surfaces, which also involves
dissolution of the molecules in an aqueous solvent or an acidic
matrix.” The molecular ions are then transferred into the gas
phase and landed onto a designated substrate, with the
possibility of patterning by motion of the collector or ion
deflection prior to landing. The same ionization and ion

demonstrated that a large fraction of the transferred enzymes
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Figure 1. Surface configuration of the organic samples. Panels (a,b) show top views of samples 1 and 2. The carbon and hydrogen atoms of the
atomistic PS molecules are represented by light green and tan colors, respectively. The coarse-grained PE chains are represented by blue lines. The inset
of panel (a) shows a zoom of the central part of sample 1. The insets of panel (b) display close-up side (above) and top (below) views of the PS500

molecule of sample 2.

remained bioactive. In contrast with other methods, the argon
cluster ion beam transfer or iBEAM method uses pure solid
samples devoid of solvent or matrix molecules and is not
restricted to molecular ions since the material is transferred
irrespective of its charge state. One drawback is that direct
patterning with the beam is impossible (the deposition pattern
mirrors the angular distribution of sputtered molecules), but on
the other hand, much larger fluxes can be attained than by
selecting only charged molecules. Beside lysozyme, a range of
MALDI matrices”® and kilodalton molecules including
polystyrene oligomers, Irganox 1010, angiotensin, and insulin
could also be transferred undamaged.”~"" The fraction of intact
molecules was inversely proportional to the energy per atom (E/
n) of the impinging cluster ions. Though this variant of soft
landing appears to be a promising new technique for building up
complex molecular or hybrid multilayers on virtually any
substrate material, a number of fundamental questions still
remain open. For instance, (i) what is the maximum molecular
size that can be desorbed and how does it depend on the cluster
size? (ii) How are the internal energy and the conformation of
the molecules influenced by the desorption conditions (cluster
size, energy, incidence angle, etc.'”)? (iii) Would much larger
clusters or clusters with a different chemistry be more
appropriate to transfer “cool” molecules (thereby preserving
their initial conformation)? These questions, applied to
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molecular ions, are also at the core of cluster-induced secondary
ion mass spectrometry (SIMS) of large (bio)molecules, a label-
free imaging method that enables 3D molecular localization in
solid organic and biological samples with an unprecedented
lateral and depth resolution."*™"”

To explore the fundamental issues, theoretical investigations
based on molecular dynamics (MD) computer simulations
constitute a method of choice because they offer mechanistic
insights that are out of reach of experiments.'® They have long
been used to study atom and cluster bombardment of inorganic
and organic surfaces, starting with the pioneering works of
Harrison et al."” and Garrison.”” There also exist a number of
reports on large cluster bombardment of surfaces,”' >
including Ar cluster bombardment of organic’’ or even
biological molecular solids.*® The cratering, emission, and
molecular fragmentation processes,”” as well as the dependences
on the incident ion parameters (E, n, and incidence angleso),
have been largely explained. Alternatively, MD studies have been
devoted to studying the interaction of low energy molecules with
surfaces in order to elucidate soft- and reactive-landing
mechanisms.>"** However, to our knowledge, there does not
exist an atomistic MD study so far devoted to the gas cluster ion-
induced emission of macromolecules of a size comparable to
that of proteins (>50 kDa), which is also pushing the currently
admitted experimental limits of SIMS.

https://doi.org/10.1021/acs.jpcc.2c01196
J. Phys. Chem. C 2022, 126, 7307—-7318
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In this article, MD simulations are used to investigate the
aforementioned questions. First, the dependence of medium-
size molecule (0.6 kDa) emission on the incidence angle of 10
keV Argygo projectiles is computed, showing a maximum yield
between 40 and 60° with respect to the surface normal. Then,
the effects of large Ar cluster impacts on the displacement and
desorption of a 60 kDa macromolecule are studied and
compared to the case of small bismuth cluster impacts (bismuth
cluster sources have become the standard in SIMS imaging
because they ensure optimum lateral resolution together with
high ion yields). The comparatively better efficiency of large Ar
clusters for desorbing large molecules is explained mechanisti-
cally. The influence of the Ar cluster incidence angle on
desorption is also elucidated. As a perspective, large molecule
desorption by 5S—10 keV Argyy, (200 kDa) is compared to
desorption by a much larger organic nanodrop, namely,
(CH,)s6306 (1.6 MDa).

2. COMPUTER SIMULATIONS

The molecular dynamics simulation program used in this study
was the SPUT code developed by the group of B. J. Garrison at
Penn State University for sputtering applications.'® In the
classical MD method, Hamilton’s equations of motion are
numerically integrated over a given time interval, providing us
with the position and velocity of each particle at each timestep.
Forces among the atoms or particles in the system are derived
from empirical interaction potentials.

In order to limit the computational expense, the two purely
organic samples used for this study were hybrid, using a coarse-
grained substrate and carrying hydrocarbon molecules described
at the atomistic level (Figure 1a,b). The first sample (sample 1)
consists of a monolayer of small polystyrene tetramer molecules
(PS4: 0.55 kDa), while the second (sample 2) is a large
polystyrene molecule with 500 repeat units (PS500: 60 kDa),
both relaxed on the same coarse-grained substrate. The
polyethylene (PE) substrate and the methodology of coarse
graining have been described in detail in previous articles.”* It
was made of a collection of 8100 chains of 97 CH, united atoms
(14 amu) capped with 2 CHj; united atoms (15 amu), for a total
system size of 50.3 nm X 29.2 nm X 18.8 nm. The interaction
potentials were Lennard-Jones potential functions for inter-
molecular (nonbonding) interactions and Morse potential
functions for the intramolecular (covalent) interactions in the
chains.*® For the most realistic description of the atomistic C—C
and C—H interactions, the AIREBO potential was chosen,
enabling bond scissions and formation and including long-range
interactions.”® Hydrogen ('H) was replaced with tritium (*H)
for computational efficiency. The nonbonding interactions
between C and H atoms and coarse-grained units were taken
from previous investigations.”> All the simulations were
conducted using a damping zone at the bottom and on the
four lateral sides of the PE substrate (Langevin algorithm with a
friction coefficient) in order to absorb the pressure waves and
mimic a semi-infinite, bulk sample.*” A series of calculations
involving large clusters and the PSS00 molecule was also
conducted using thin gold substrates (sample 3). The Au(111)
surfaces were monocrystals with either 3 or 6 atomic layers, with
a bottom layer held rigid and the others being stochastic
(Langevin algorithm). The Au—Au interactions were modeled
using the molecular dynamics/Monte Carlo corrected effective
medium (MD/MC-CEM) many-body potential.*® The Au—C
and Au—H interactions were Lennard-Jones potential functions
with the parameters given in ref 39. At variance with small cluster
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impacts, comparisons with a single layer held rigid** (similar to a
repulsive wall*""**) showed no significant difference concerning
the dynamics of massive cluster shattering and molecular
emission. With the potentials described above, the binding
energy of the PS500 molecule on the PE substrate was 56 eV
(0.11 eV/PS monomer) and on the gold substrate was 26 eV
(0.05 eV/PS monomer).

Argggg clusters were modeled using Lennard-Jones potentials
splined to the KrC repulsive potential at a short interdistance.*’
A purely repulsive Moliere potential was used to describe the Ar
interactions with other atoms in the solid. The methane cluster
(CH,)¢e306 was described using the AIREBO potential (see
supra). A 6—12 Lennard-Jones potential function was used for
the description of the Bi—Bi interaction in the Bi; clusters, as was
the case in a previous study.”* The equilibrium distance and
energy well depth were taken from first-principles for Bi neutral
clusters.*> Accordingly, the Bis cluster geometry was chosen as a
pyramid. Lennard-Jones potential functions splined to a Moliére
function at a small interdistance were used to describe the
repulsive wall and the nonbonding interactions of Bi with the
sample atoms. Because prior sputtering simulations showed no
significant variation related to the Bi; cluster orientation toward
the organic target,** only one orientation was selected here.

3. RESULTS AND DISCUSSION

3.1. Molecular Emission upon Ar Cluster Bombard-
ment. Before investigating the cluster bombardment of a large
globular PS molecule made of 500 repeat units (Figure 1b), the
molecular emission dependence on the cluster incidence angle
was computed for an overlayer of small PS oligomers on the soft
PE substrate (Figure la). Routine SIMS analysis46 and
molecular transfer under the vacuum using Argo," projectiles
(Figure S-1) demonstrate that small PS oligomers can be
desorbed, ionized, and collected without damage in experi-
ments. Figure 2 shows the sputtered mass as a function of the
incidence angle with respect to the surface normal of PS
tetramers (full circles) and of all emitted species including the
PE substrate (open diamonds). Each data point is the average of
two bombardments with different aiming points on the surface.
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Figure 2. Argyg (10 keV) bombardment of sample 1. Dependence of
the sputtered mass on the incidence angle of the projectile (with respect
to the surface normal). Each point is the average of two impacts. Black
dots: surface PS molecules; open diamonds: total sputtered mass
(including substrate PE chains).
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a)

c)

Figure 3. Time evolution of three characteristic trajectories involving sample 2. (a,d,gh; green frame) 10 keV Arygq, impact with 60° incidence on the
side of the PSS00 molecule: (a) 0fs, (d) S ps, (g) 10 ps, and (h) 18 ps. (b,e; red frame) 10 keV Aryyo impact with 0° incidence on the side of the PSS00
molecule: (b) 0fsand (e) S ps. (c,£i; blue frame) 30 keV Bis impact with 45° incidence on the side of the PSS00 molecule, see aiming point A in Figure
4; (c) 0fs, (f) 5 ps, and (i) 45 ps. The incident Ar atoms are represented by pink spheres. For the other atoms, the color coding is the same as Figure 1.
Thick green, red, and blue arrows indicate the order of the snapshots for each MD trajectory.

The maximum number of ejected PS molecules in one impact is
41, and it is observed at 55° incidence.

Although the sample and the projectile were different, the
observed angular dependence is reminiscent of the one
calculated by Czerwinski et al. for coarse-grained benzene
bombarded by 14.75 keV Ar,gs;.”° It shows the characteristic
maximum around 45—50° and the rapid decrease beyond 60°.
The difference between the value at 0° and at the maximum is a
factor of ~5 in our case, which is more than their calculations.
The literature also gives us access to the experimental angular
dependence of the sputtering yield for solid Irganox 1010
samples bombarded by large Ar clusters.”” For 10 keV Argg
bombardment (E/n = 2 eV), Seah et al. report a maximum
emission at 45° and a factor >S5 difference between the
sputtering yield at 45 and 0° incidence. The same article
shows that this factor decreases with increasing E/n, which is
also consistent with the calculations of ref 30., where E/n =35 eV.
The reasons of the lower emission observed at normal versus 45°
incidence were explored in refs 27 and 30 and involve blocking
of the surface molecule ejection by the projectile atoms and
energy deposition deeper in the soft organic matter, which both
hamper sputtering.

A few additional points should be noted. First, sample 1,
where the top layer (PS tetramers) is different compared to the
substrate (coarse-grained PE, CgoH,(), indicates that, for Arsgqq
bombardment, most of the emission comes from the PS
overlayer and that the maximum emission from the underlying
PE is at a lower angle (between 25 and 35°), which can be
explained by the dynamics of the crater formation. Second, the
radial expansion of the crater causes the PS molecules to
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accumulate at the crater outskirt during the emission process, so
that dimers and sometimes larger multimers are identified in the
sputtered flux even though the molecules were not linked on the
initial surface (Figure S-2). Finally, our results indicate that the
emission drops to zero with an incidence angle of 70°, at slight
variance with the reported experiments where some emission is
still observed for larger angles.Ar7 Two effects might contribute
here: first, the nanoscale roughness of the samples in the
experiments, leading to slightly different incidence angles upon
impact, and second, the size distribution of the real Ar clusters
around the nominal value.

For the study of emission of a PS500 macromolecule induced
by 10 keV Argyy, impacts (sample 2), a decision had to be made
concerning the impact points to be probed since the
computations can be quite time-consuming. Based on previous
studies involving smaller molecules, which showed that direct
hits at the molecules or impacts too far away from them did not
lead to emission,”” we selected an impact point on the side of the
molecule, at a distance of ~3.5 nm of its edge, which roughly
corresponds to the radius of the cluster (Figure 3a,b). Since the
molecule is globular, this aiming point is representative of any
other point located at a similar distance around the molecule. It
should be optimal for molecular emission. Nevertheless, two
other aiming points were tested with a 45° polar incidence angle,
for an x position moved by 3.5 nm on each side of the
aforementioned one, ie., one aiming point directly on the
molecule and one 7 nm away from it. The direct impact buries
the molecule in the crater, while the one at 7 nm causes molecule
displacement and elongation along the cluster incidence
direction but no emission.

https://doi.org/10.1021/acs.jpcc.2c01196
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Table 1. Quantitative Indicators for a Series of Impact Events Involving the PS500 Macromolecule

cluster energy (keV) E/n (eV/cc) angle (°) desorption molecule velocity (km/s) molecule direction (°)
polyethylene substrate
Arsoo 10 2 0 no 0.03" 33.9¢
Arso00 10 2 15 no 0.15 115.1
Argo00 10 2 30 no 028 91.0
Arsggg 10 2 45 yes 1.04 59.6
Ars000 10 2 60 yes 1.67 68.3
Arsggo 10 2 75 yes 1.51 81.8
Bis (A)® 30 6000 45 no 0.18 95.3
Bi; (B)” 30 6000 45 yes 0.40 455
gold substrate
Ars000 10 2 45 yes 2.13 82.2
Argo00 20 45 yes 3.14 80.6
Aryo00 10 10 45 yes/F° 2.51 754
(CH,) 6306 20 03 45 yes 135 83.5
(CHy) 66396 66 1 45 yes 2.78 80.6
(CH,)gs306 200 3 45 yes 4.90 80.2
(CH,) 6396 664 10 45 yes/F¢ 8.92 79.0

“Value at 10 ps, when the trajectory was terminated. bLetters “A”
that the molecule was fragmented upon emission.

and “B” refer to specific aiming points described in Figure 4. “Letter “F” signifies

For the first aiming point, at 3.5 nm of the PS500 molecule
edge, the polar incidence angle was varied between 0° (normal
to the surface) and 75° by steps of 15°. The main results of these
simulations are reported in Table 1, and the examples of the
dynamics are provided in Figure 3, for 0 and 60° impacts. The
results indicate that there is a range of incidence angles for which
desorption is favored, from >30 to 75°. As shown in Figure 3b,e
(red frame), normal impacts form a deep crater beside the
molecule and only lead to a minor vertical displacement of the
organic matter at the rim, before dissipation of the energy and
stabilization of the PS500 molecule. In contrast, a scenario of the
successful desorption of the PS500 molecule is shown in Figure
3a,d,g,h (green frame), which corresponds to an incidence angle
of 60°. In that case, in addition to the crater and rim formation
gently lifting the molecule after a few picoseconds, there is the
additional effect of the initial cluster momentum along the x
direction (horizontal), which pushes the molecule sideways
either directly or after partial backscattering from the forming
crater slope (Figure 3d). These combined effects suffice to
disentangle the molecule from the sticking substrate PE chains
(Figure 3h) and finally eject it with a significant vertical velocity
component.

For all the considered angles, Table 1 reports the center-of-
mass velocity and the take-off angle of the macromolecule when
itis desorbed or at a time when its fate is certain (between 10 and
80 ps depending on the incidence). Impacts between 45 and 75°
constitute clear-cut intact molecular desorption cases but with a
take-off angle always larger than the incidence angle and
increasing proportionally. Therefore, the 75° impact, with a
molecular take-off angle of 82° seems to be at the limit of
possible emission in the case of a real system where a number of
molecules would be present on the surface or where the surface
would have a somewhat larger natural roughness. For the
considered impacts, the center-of-mass velocity of the molecule
is rather high at the end of the trajectory (above 1 km/s),
mirroring the significant momentum transfer from the projectile.
The impact with an incidence of 30° constitutes an interesting
limit case (Figure S-3). Indeed, the macromolecule lifts up with a
significant momentum while gradually unfolding as it moves
upward. However, beyond 50 ps, it is completely extended in the
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vacuum and yet attached to the surface via nonbonding
interactions with a number of polyethylene chains. Eventually,
the center-of-mass velocity vector angle with the normal exceeds
90°, indicating that the molecule tends to fall back toward the
surface and will not have sufficient momentum to severe its
bonds and escape.

3.2. Comparison with Bis Clusters. It has been argued in
the literature and there seem to be some experimental
indications that large clusters such as Argyg" are more efficient
to emit large molecules compared to smaller clusters used in
SIMS, typically Bi," or Cg".'" However, because the SIMS
technique detects only ions, the two effects of sputtering and
ionization remain entangled in the observations. On the one
hand, comparisons of ion yields inevitably involve ionization
probabilities and the underlying ion formation mechanisms,
which might vastly vary when comparing small and large clusters
(and so might their energy dependences). On the other hand,
sputter yield measurements based on crater size in the target or
mass of the redeposited material on a collector consider all the
sputtered species, including entire molecules as well as their
fragments, so they fail at informing us on the relative quantities
of molecules sputtered intact.

Here, sample 2 was selected to test the possibility of large
molecule emission by small Bi clusters. Big clusters (30 keV)
were chosen as projectiles because these nuclearity and energy
are routinely used in our SIMS analysis and imaging experi-
ments. Note that their kinetic energy is 3 times larger than that
used for the Argy,, impacts, which should result in larger scale
craters and collective motions in the organic solid. The chosen
incidence angle (45°) is also the most common one in the
existing experimental setups. Only one orientation of the
pyramidal cluster was considered for reasons explained in the
methodological section. With all these parameters set, a point of
special care concerned the choice of the aiming points on the
surface. In order to test a number of configurations yet keeping
the computational expense reasonable, 17 aiming points were
tested, as indicated by red diamonds in Figure 4.

In Figure 4, all the impact points, which are not associated to a
blue circle, correspond to trajectories where the PSS00 molecule
(in green) is ultimately damaged, i.e., covalent bonds get broken.

https://doi.org/10.1021/acs.jpcc.2c01196
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Figure 4. x and y coordinates (in A) of the aiming points on the target
(red diamonds) for 30 keV Big bombardment of sample 2. No circle or a
red circle signifies that the PS500 molecule is fragmented by the
interaction (see Figure S), dark blue circles indicate neither significant
uplifting nor fragmentation of the PSS00 molecule, and light blue circles
correspond to cases where the molecule completely unfolds above the
surface without dissociating (see Figure 6).

A few of the aiming points lead to direct hits at the
macromolecule, which obviously result in its extensive
fragmentation. At variance with Argy, bombardment, a large
number of impacts in the substrate also lead to the PS molecule
fragmentation via energetic recoil atoms from the collision
cascade. One such trajectory, corresponding to the impact point
with the red circle in Figure 4, is illustrated in Figure 5. Figure
Sa,b shows side views of the dissociated PS molecule on its way
to the vacuum after 6 ps, with the link between the different
fragments indicated by thin green lines in (b). The time
evolution of the collision cascade is shown in Figure Sc by the
successive positions of the energetic atoms integrated over the

first 500 fs of the interaction. It suggests that a few recoil atoms
from the substrate penetrate the PS molecule where they
eventually severe some C—C and C—H bonds. Figure 5d shows
a close-up perspective view of such a recoil atom traveling
through the PS macromolecule. In this case and a number of
others, the close inspection of the collision cascade development
in the very early part of the interaction suffices to demonstrate
the fragmentation of the PS500 molecule. In a few other cases,
the MD simulation had to be run for longer times to observe
fragmentation. The impact and energy deposition behaviors,
involving recoil atom cascades for Bis and purely collective
effects for Ar, are a direct consequence of the vastly different
kinetic energies of the projectile atoms, 6000 eV for each Bi
against 2 eV for each Ar constituent atom.

For some trajectories, the energy deposition via the collision
cascades, which form around the tracks of the projectile atoms
propagating inside the PE substrate with an angle close to the
initial 45° (as seen in Figure Sc), is simply too far away from the
molecule to induce desorption (dark blue circles in Figure 4).
The two remaining impact points (light blue circles) constitute
limit cases where the PS molecule remains intact and receives a
significant amount of upward momentum that could possibly
lead to desorption. The case of impact A is similar to the 30°
Arygg0 impact trajectory, where the molecule tends to expand in
the vacuum while being still attached to the surface at one end
(van der Waals interactions with the substrate PE chains, Figure
3i). As a result, the angle made by the center-of-mass velocity
vector with the surface normal keeps increasing with time, until
it becomes too large for emission (>90°). The situation of
impact B, however, finally leads to molecular emission together
with some attached PE oligomers beyond 75 ps (Figure 6). In
that case, the upward moving polymer chains (PSS00 and PE)
slide along the ones that remain attached to the surface, until
they free themselves from the surface with still significant
upward momentum. The desorbing macromolecule is in a fully
extended conformation.

6 ps

Figure S. Analysis of a trajectory (aiming point with a red circle in Figure 4) where the interaction with the Big projectile leads to the PSS00 molecule
fragmentation (sample 2). (a,b) Side views of the situation at 6 ps, represented with (a) or without (b) the PE substrate. In panel (b), the thin green
lines signify C—C and C—H bonds severed by the interaction. (c) Representation of the collision cascade over the first S00 fs of the interaction. The
successive positions of the recoil atoms are indicated by colored spheres (every 250 timesteps), provided that they are set in motion with more than 15
eV of kinetic energy. Black spheres: Bis projectile; other colored spheres: red > 300 eV > orange > 100 eV > yellow > 30 eV > blue > 15 eV of kinetic
energy. (d) Perspective view of a detail of panel (c), showing a recoil atom traveling inside the PS500 molecule.
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Figure 6. Snapshots of a trajectory (aiming point B with a light blue
circle in Figure 4) where the interaction induced by the Bis projectile
leads to the PS500 molecule unfolding in the vacuum (sample 2). (a)
Side view of the crater rim and ejecting species at 47 ps; (b) close up
view of the link between the PE substrate chains and the departing
PS500 molecule. The view is rotated horizontally by ~90° counter-
clockwise with respect to panel (a).

As was observed in other studies, both energetic large (Arsgo0)
and small (Bis) clusters create nanoscale craters in the organic
substrate within a few picoseconds, inducing large scale
collective motions that are key to sizeable molecule emission.
In the first case, the pressure waves and collective motions are
immediately induced by the interaction of the projectile as a
whole with the solid. In the second case, the cluster constituents
penetrate ~10 nm in the solid surface, generating overlapping
atomic cascades, which eventually induce outward pressure
waves and molecular motions upon cooling,

3.3. Effect of the Substrate. A series of simulations of
Arsgo impacts was computed with a third sample where the PS
molecule was adsorbed on gold (111) (sample 3, Figure S-4). In
general, for cluster energies lower than ~10 eV/atom and aiming
points close or even involving the PS macromolecule, intact
desorption is observed. An example is given in Figure 7a—c for a
45° impact trajectory where the cluster hits both the substrate
and the molecule. Again, the cluster transfers part of its
momentum along the x direction to the molecule, which slides
sideways. In this case, both the reaction of the molecule after its
vertical compression by the impinging cluster and the vertical
momentum transferred by a fraction of the backscattered Ar
atoms provide the necessary upward velocity component. Even
impacts with 0° incidence on the side of the molecule lead to its
ejection. When the impact zone does not encompass the
molecule, only the backscattered Ar atoms provide momentum
to the molecule via a so-called washing mechanism. This
mechanism explains the usefulness of large noble gas clusters for
surface cleaning of inorganic surfaces such as silicon oxide in the
microelectronics industry. In all these simulations, the molecule
departs the surface with a take-off angle close to 80° (Table 1),
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a) \\450

Figure 7. Time evolution of two trajectories involving sample 3. (a—c)
Arggo (10 keV) impact (45° incidence) on the side of the PSS00
molecule adsorbed on Au(111): (a) 0 ps, (b) 6 ps, and (c) 15 ps. (d—f)
Arjg (10 keV) impact (45° incidence) on the side of the PSS00
molecule: (d) 0 ps, (e) 3 ps, and (f) 10 ps.

which is also made possible by the atomically flat Au crystal
surface used as a substrate. The results might be slightly different
with a more realistic and corrugated substrate. In comparison
with the organic PE substrate, the ejecting molecules are also 2—
3 times faster, which translates in considerably larger center-of-
mass kinetic energies. When the cluster E/n increases to 10 eV,
the emission process does not change significantly but the Ar
atoms now have sufficient kinetic energy to induce bond
scissions upon collision with the C and H atoms of the PS
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molecule. The process is illustrated in Figure 7d—f with a 10 keV
Ar g cluster impact. Though it is not the only factor, the fact
that the binding energy of the PS500 molecule to the gold is
about half that with the PE substrate (26 eV versus 56 eV)
should also favor desorption.

In these simulations, only six large gold layers (3 X 10° Au
atoms in total) were computed to describe the substrate
behavior, and similar results were obtained using a single rigid
layer (repulsive wall), as did some other authors, too.""**
Testing substrates with six gold layers allowed us to demonstrate
that the heavy metal substrate is essentially unaffected (very few
displaced atoms) and reacts almost elastically for E/n < S eV, as
would a purely repulsive wall. It is possible that pressure waves
generated in the gold crystal are not fully damped as they would
with a thicker monocrystal”>** and that some spurious energy
reflection to the surface occurs. However, at low energy per atom
(0—3 eV), oblique incidence (45°), and for such a carbon-based
molecule adsorbed on a heavy gold substrate, this effect should
have a negligible incidence on the results. This is supported by
the consistency of our new simulations with the earlier ones
involving smaller molecules and a thicker Au substrate.**

3.4. Massive Cluster Projectiles. The following question
arises from the use of increasingly large clusters for molecular
desorption: is there proportionality between the size of the
cluster and the maximum molecular size that can be desorbed
intact? Or could even larger clusters enable reaching smaller
projectile E/n providing (i) still intact macromolecule
desorption and (ii) lower internal energies so that the
macromolecule should survive for longer times after emission
and keep a conformation closer to the original one? A thorough
exploration of these questions is beyond the scope of this article.
However, inspired by some experimental studies,"”*” we carried
out a series of MD simulations involving methane (CH,)
molecular clusters with various sizes and energies, including a
massive cluster of 1.6 MDa, (CH,)gs30¢- To limit computer
expense, only impacts on PSS00 adsorbed on Au(111) were
calculated. The range of kinetic energies was from 6 to 664 keV,
or in terms of E/n, from ~0.1 to 10 eV per CH, molecule.

Table 1 summarizes the main results concerning these
simulations. First, it shows that for 45° impacts on the side of
the molecule, desorption occurs for E/n > 0.3 eV. However, at
10 eV per CH, molecule, the PS500 polymer fragments as a
result of the energetic impact. The take-off angle is around 80°,
comparable to the case of Ar cluster bombardment, and with a
trend of decreasing angle (more off the surface) with increasing
E/n. A close examination of the data indicates that there is a
perfect linear relationship between the cluster initial energy and
the final kinetic energy of the desorbing molecules, reflecting
similar velocities for the two centers-of-mass (Figure S-5).
Figure 8 shows the case of a 20 keV (CH,)¢s306 impact, where
the methane nanodrop flattens and expands radially on the gold
surface, washing the PS macromolecule away with the flow of its
constituent molecules. In the process, the macromolecule lifts
off and its interactions with the substrate are eventually severed.
It is interesting to notice that the faster CH, molecules on the
outskirt of the expanding cluster pass at the same time below and
above the PS molecule, much like a wave that would hit and
carry away a still object.

The variation of the total potential energy of the PS
macromolecule during the desorption event provides us with
information about its degree of internal excitation (Figure 9).
The cases of 20, 66, and 200 keV (CH,)e306 impacts
(respectively, 0.3, 1, and 3 €V per CH, molecule), all leading
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Figure 8. Time evolution of a trajectory involving sample 3 and a 20
keV (CH,)g6306 cluster (45° incidence), impinging on the side of the
PSS00 molecule adsorbed on Au(111): (a) 0 ps, (b,c) 9 ps, (d) 18 ps,
and (e) 27 ps. Panel (c) shows a perspective view, with a horizontal
rotation of 90° clockwise with respect to the other views, as if the
molecule and the Ar cluster were moving toward the reader.

to intact molecular desorption, are represented by the green,
orange, and red lines, respectively. The horizontal black line
indicates the potential energy of the relaxed molecule in the
vacuum. The colored lines start at a lower level because of the
binding to the surface prior to the impact. The time variation of
the potential energy related to each individual bond vibration is
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Figure 9. Time-evolution of the potential energy of the desorbing
PS500 molecule for different impact scenarios. On sample 2: blue dots,
10keV Arggy, (45° incidence); violet circles, 30 keV Big (45° incidence;
aiming point B in Figure 4). On sample 3: yellow crosses, 10 keV Arsggo;
green line, 20 keV (CH,) ¢6306; Orange line: 66 keV (CH,)gs306; red line,
200 keV (CH,)g6306-

averaged over the large number of bonds so that the total
potential energy evolves smoothly with time. For the same
reason, although the potential energy is only part of the total
internal energy (the kinetic energy relative to the center-of-mass
is not counted), they should be proportional. The final potential
energy difference of the PS molecule with the reference state
increases by one order of magnitude when the kinetic energy of
the projectile varies from 20 to 200 keV, also suggesting linearity
between the macromolecule internal energy gain and the
projectile kinetic energy. At 664 keV, the internal energy is
sufficient to instantly fragment the molecule.

For comparison, the potential energy curves of two different
trajectories involving 10 keV Argyo, bombardment are plotted on
the same graph. The yellow curve corresponds to the situation of
Figure 7a—c, where Argyy, impinges on the PS500 molecule
adsorbed on Au. It is the closest to the 66 keV (CH,) 6306 impact
curve, for which the kinetic energy per unit mass (E/amu) is
comparable. Therefore, these and previous results suggest that
E/n (or E/amu when comparing clusters with different
chemistries) is the main parameter governing internal energy
uptake by the target molecule, irrespective of, e.g., the cluster
size and total energy. Two impact events on purely organic
samples are also represented in Figure 9. First, the 10 keV Argyo
(45°) impact (blue) transfers surprisingly little internal energy
to the macromolecule in spite of its larger binding energy to the
substrate. It is actually closer to the line of 20 keV (CH,)¢s306
(0.3 eV/constituent molecule). Our interpretation is that the
washing mechanism, coupled with the smooth deformation of
the substrate and the development of the crater rim, enables a
softer emission of the macromolecule, as compared to the hard
gold substrate (yellow line). In comparison, the violet line,
corresponding to 30 keV Bi; (45°) impact B, leads to an almost
twice larger increase in the molecule potential energy (and a
much smaller center-of-mass velocity, see Table 1) because it
lacks the correlated push of the backscattered Ar cluster atoms.

3.5. Implications for Experiments. First, our preliminary
simulations with sample 1 indicate that in order to maximize
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sputtering upon 10 keV Ar;y,, bombardment of a polystyrene
monolayer on a polymeric substrate, incidence angles between
40 and 60° with respect to the surface normal are optimum. This
justifies the use of 45° incidence in many SIMS experimental
setups and also indicates that the geometry used so far in GCIB-
induced molecular transfer experiments (75° incidence) should
be improved for better efficiency.

MD simulations of a PS500 macromolecule desorption from a
soft substrate were conducted in order to investigate and guide
future molecular transfer experiments involving larger molecules
than small compounds and oligomers, insulin, or even lysozyme
(14 kDa). They indicate that side hits by 10 keV Arq, clusters
with incidence angles >30° generally lead to such large molecule
emission from the surface in spite of its mass and relatively large
binding energy (56 eV). For a 45° impact trajectory, the take-off
angle is 60°, the molecule velocity is ~1 km/s, and the internal
excitation of the macromolecule is relatively low—though it
tends to unfold upon emission in all the tested cases. Unfolding
might be less pronounced for proteins with stronger intra-
molecular interactions and, in particular, molecules like
lysozyme, which are stabilized by a number of covalent sulfur
bridges. In this respect, it should be noted that even mass
spectrometry/soft landing methods reputed to be very soft, such
as electrospray ionization (ESI), may lead to extended molecular
conformations especially for highly charged states.”’ The
molecular internal energies produced by large Ar GCIB
desorption®” are actually similar to ESI and DESL> In
comparison with large Ar clusters, regular time-of-flight
secondary ion mass spectrometry (ToF-SIMS) analysis clusters
such as 30 keV Bi, struggle to desorb intact PSS00 molecules
because of fragmentation or insufficient momentum transfer
from the collective motion following the impact. This is
consistent with the fact that they produce secondary ions with
higher average internal energies.””

In most molecular desorption and transfer experiments, the
macro- and/or biomolecules are embedded in a film or coating,
forming a complete molecular surface, at variance with our
simulations where one molecule “sticks out” of the surface.
Placing a fully atomistic macromolecule with the size of a protein
on a soft hydrocarbon coarse-grained substrate seemed to be the
best tractable approximation considering computer time issues,
and it showed pronounced and interesting differences with a
heavy metal substrate. Looking at both the lateral development
of the crater in the organic (coarse-grained) material and the
effect of the projectile atoms, either directly incident or
backscattered on the PS macromolecule, it seems that similar
causes should operate with similar effects in a full layer of
separated, not entangled, macromolecules. The directly hit
molecules should push their neighbors sideways and upwards,
and they could desorb owing to the extra energy of the Ar atoms
and small clusters backscattered from the crater. Experimentally,
this would be impossible with polystyrene because polymer coils
of that molecular weight should be entangled in a thick coating.
Such a process should happen, however, with globular
biomolecules such as medium-size proteins (lysozyme, horse-
radish peroxidase, glucose oxidase, etc.). Even if the desorption
process had a lower probability of occurrence in these
conditions, the fact that the crater rim would be composed
entirely by such macromolecules might even increase the
chances. On the other hand, there would not be more reasons for
intact emission to occur from such a molecular surface than the
one computed here, for normal or close to normal projectile
incidence angles. Indeed, in that case, most of the impact energy
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is lost in the depth of the sample via plastic deformation and the
backscattered Ar atoms have negligible energies.

In many cases, the simulations predict intact molecule
desorption within a time of tens of picoseconds. The relevant
times in experiments, however, correspond to molecules, which
can travel a distance of ~1 cm in transfer configuration and ~1 m
in ToF-SIMS analysis. Assuming a typical center-of-mass
velocity of 1 km/s, as computed for 10 keV Argy,, impacts on
PS500, the time to the collector or to the detector should be
from ps to ms (taking into account the fact that, in the second
case, the ions are usually accelerated by keV voltages after
emission). Such times are out of reach of MD simulations and
could lead to extensive unimolecular dissociation of the most
excited molecules. Therefore, in comparison with experiments,
the MD predictions of this article are rather optimistic.
However, the experimental proof that various molecules,
including 14 kDa lysozymes, could be transferred without
damage by the same clusters shows that it is possible for sizeable
molecules. The internal energy transferred to the molecules
should be proportional to their size, but the unimolecular
dissociation theories indicate that the probability of a molecule
to sustain a certain amount of internal energy for a given time
without dissociating is also proportional to its size, so that larger
molecules should also have a good probability to survive.”* For
this reason, the desorption step seems to be the most critical in
transfer experiments and, additionally, the ionization step in
mass spectrometry. To our knowledge, there are few measure-
ments decoupling ionization from desorption, but there exist
some indications that ionization probability decreases faster
than desorption efficiency with an increasing Ar cluster size.”

Desorption of large molecules from a noble metal substrate,
not applicable for transfer experiments, could be an interesting
avenue for large molecule analysis since the MD simulations
predict easier desorption than from soft substrates. However,
this is also conditioned to the ionization efficiency and
cationizing agents might be needed. In addition, the calculated
internal energies of the PSS00 macromolecules are generally
higher when they are desorbed from gold than from PE, so that a
different tuning of the cluster projectile size or energy might be
needed for optimal results. For that purpose, the use of larger
projectiles, such as our massive methane cluster, or smaller
impact energies might be more effective.

4. CONCLUSIONS

The MD simulations of projectile—surface interactions show
that 10 keV Argyy, clusters are able to desorb a PS
macromolecule of 60 kDa from both polymeric and metallic
substrates. In doing so, they indicate that the mass range of the
molecules transferred in the gas phase by cluster ions should not
be limited to the largest molecule measured so far (14 kDa in
molecular transfer experiment36 and, for instance, in electro-
spray-droplet impact MS*°). They also predict a range of
incidence angles and energies leading to intact molecular
emission. In all cases of large cluster impacts, the take-off angle of
the macromolecule is larger than the incidence of the projectile.
Bombardment by a massive methane projectile (6.6 X 10* units)
does not induce qualitatively different results, and in general, the
energy per atom or energy per unit mass remains the deciding
factor concerning the survival or dissociation of the bombarded
molecule. The potential energy uptakes of the PS macro-
molecule absorbed on gold when bombarded by 10 keV Aryy,
or by 66 keV (CH,)¢s306 are comparable. For identical
bombardment conditions (10 keV Argy, at 45° incidence),
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the potential energy and the translational energy uptakes are,
respectively, 3 and 4 times larger for the gold substrate than for
the polymeric substrate. In contrast with large Ar clusters, Bi
projectiles largely fail at desorbing the intact PS500 molecule for
16 of the 17 tested impact points on the surface for two
identified reasons. First, when the impact is close to the
molecule, it often gets damaged by a recoil atom generated in the
collision cascade. Second, for close impacts that do not
immediately fragment the molecule, the momentum transferred
by the collective dynamics of the crater expansion remains
insufficient for molecular lift off. The mechanistic analysis of the
trajectories indicates that, in addition, 10 keV Argy,, projectiles
with 45—75° incidence directly transfer momentum to the
macromolecule via their backscattered Ar atoms and small
clusters. Consequently, the macromolecule leaves the surface
with a center-of-mass velocity equal to or larger than 1 km/s.
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