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“Trampoline” ejection of organic molecules from graphene
and graphite via keV cluster ions impacts

INTRODUCTION
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We present the data on ejection of molecules and emission of molecular ions caused by single impacts
of 50 keV Cgy2* on a molecular layer of deuterated phenylalanine (D8Phe) deposited on free standing,
2-layer graphene. The projectile impacts on the graphene side stimulate the abundant ejection of
intact molecules and the emission of molecular ions in the transmission direction. To gain insight into
the mechanism of ejection, Molecular Dynamic simulations were performed. It was found that the
projectile penetrates the thin layer of graphene, partially depositing the projectile’s kinetic energy,
and molecules are ejected from the hot area around the hole that is made by the projectile. The yield,
Y, of negative ions of deprotonated phenylalanine, (D8Phe-H)~, emitted in the transmission direction
is 0.1 ions per projectile impact. To characterize the ejection and ionization of molecules, we have
performed the experiments on emission of (D8Phe-H)™ from the surface of bulk D8Phe (¥ =0.13) and
from the single molecular layer of D8Phe deposited on bulk pyrolytic graphite (¥ = 0.15). We show
that, despite the similar yields of molecular ions, the scenario of the energy deposition and ejection
of molecules is different for the case of graphene due to the confined volume of projectile-analyte
interaction. The projectile impact on the graphene-D8Phe sample stimulates the collective radial
movement of analyte atoms, which compresses the D8Phe layer radially from the hole. At the same
time, this compression bends and stretches the graphene membrane around the hole thus accumulating
potential energy. The accumulated potential energy is transformed into the kinetic energy of correlated
movement upward for membrane atoms, thus the membrane acts as a trampoline for the molecules.
The ejected molecules are effectively ionized; the ionization probability is ~30% higher compared to
that obtained for the bulk D8Phe target. The proposed mechanism of ionization involves tunneling
of electrons from the vibrationally excited area around the hole to the molecules. Another proposed
mechanism is a direct proton transfer exchange, which is suitable for a bulk target: ions of molecular
fragments (i.e., CN™) generated in the impact area interact with intact molecules from the rim of this
area. There is a direct proton exchange process for the system D8Phe molecule + CN~. Published by
AIP Publishing. https://doi.org/10.1063/1.5021352

or AU4004+

at hypervelocities.>* The emissions referred to

Secondary ion mass spectrometry, SIMS, is well recog-
nized as a highly sensitive surface analysis technique.' The
secondary ion, SI, emission process is explained as the result
of the dissipation of the projectile kinetic energy via linear
collision cascades (atomic projectiles) or high density colli-
sion cascades in the case of cluster impacts.”> The high density
cascades in turn generate correlated pulses toward the sur-
face around the impact crater promoting the sputtering of
neutral and emission of ionized species as atoms, molecules
and molecular fragments. The full development of the colli-
sion cascades assumes a solid of at least 100 nm in thickness.
However, in a departure from the conventional SIMS exper-
iment, we have observed abundant emission of small carbon
clusters, when bombarding free-standing graphene with Cgy>*
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here are in a transmission (forward) direction. Further experi-
ments, where a single layer of Cgo deposited on free-standing
graphene was bombarded with 50 keV Cgo*, showed that the
yield of Cg~ emitted in the transmission direction is compa-
rable to that obtained from a monolayer of Cgy on pyrolytic
graphite, and even comparable to that from a bulk Cgg deposit.5
In the latter cases, bombardment was also with 50 keV Cgo2*,
but the Cgp~ emission was measured in the conventional reflec-
tion direction. Clearly, the Cgp on the 2D substrate is ejected
and ionized with high efficiency, in a mode that differs from
the conventional SIMS process. Molecular dynamics (MD)
simulations of Cgg bombarding a monolayer of Cgy deposited
on two layers of free standing graphene show that intact Cgg
is ejected within a few ps from a “hot” vibrationally excited
rim around the impact rupture.’ The proposed mechanism of
ejection involves a combination of an “evaporation” process
from the vibrationally excited area, with a kinetic repulsion
process due to the graphene membrane oscillating around the

Published by AIP Publishing.
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impact hole. The high degree of ionization of the ejected Cgo
may be explained as due to electron tunneling between the hot
graphene and the ejecta.

The question now arises if the efficient ejection-ionization
observed for Cg occurs also for organic molecules in mono-
layer deposit on graphene. We address this issue here with
a study on SI emission from monolayer deposits of pheny-
lalanine on graphene under Cgp bombardment. The obser-
vations are compared with data from monolayer and bulk
deposits of the same analyte on bulk graphite. For the addi-
tional insight, the findings are compared with MD simulations
run on equivalent samples and conditions.

EXPERIMENTAL
Instrumentation

The experiments were run with a custom-built cluster-
SIMS instrument consisting of two identical Cgp effusion
sources (Fig. 1). One cluster ion source generates 50 keV Ceo>*
projectiles which impact the back side of a thin target (e.g.,
graphene) at an angle of incidence of 0° from normal. This
setup is used for the detection of secondary ions which are
emitted in the transmission direction. Another Cgo source is
used for impacts on the front side of the bulk target at an angle
of incidence of 25° from normal. The secondary ions are emit-
ted/detected in the reflection direction. The SIMS instrument
is equipped with a 1.2 m linear time-of-flight mass spectrom-
eter, ToF-MS, and an electron emission microscope, EEM.%7
The EEM was used here solely to detect secondary electrons
for the ToF start signal. The data were acquired at the level of
individual Cgp impacts with a repetition rate of 1000 impacts/s.
This event-by-event bombardment-detection mode allows us
to select specific impacts, in the present case those involving
free-standing graphene,’ at the exclusion of signals from the
target holder and support. A detailed description of the com-
ponents and data acquisition processing scheme can be found
elsewhere.’

T Target 1
s
74 Q‘o\';.;\
F == S

Projectile
Molecular 50keV Cgo?*
layer
Yy =D <!'|‘|‘

graphene “Target 2
FIG. 1. Schematic of experiment: (a) objective lens for secondary ions and
electrons, (b) magnetic prism for the redirection of electrons toward imaging
electron optics (c), (c) imaging electron optics, (d) position sensitive detector
consisting of dual microchannel plate, phosphor screen, and CMOS camera,
(e) dual microchannel plate, and (f) 8 anode detector.
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Samples

A layer of deuterated phenylalanine (D8Phe) molecules
(Fig. 1) was vapor deposited on 2-layer graphene or pyrolytic
graphite. The graphene was supported by a lacey carbon film
on a copper TEM grid with 300 lines/in. (Ted Pella, Inc., Red-
ding, CA). The support was analyzed and the contribution of
the observed SIs from the lacey carbon was found to be small.
The pyrolytic graphite plate of thickness of 0.5 mm (Sigma
Aldrich, Inc.) has 99.99% purity.

The deposition of D8Phe was made in high vacuum with
a growth rate of the molecular layer of 50 nm/min. The time
of deposition was controlled with a shutter placed in front of
the sample. A one second exposure time resulted in a single
molecular layer of ~1 nm thickness.

Homogeneity test

The uniformity of the D8Phe layer was tested using
event-by-event bombardment-detection mode.® The method
allows us to detect the (D8Phe-H)™ ions that are co-emitted
with the D™ ions and compute the correlation coefficients of
co-emission®

Ky = 20 M)
DYpPne
where Yp and Ypy, are the yields (the number of emitted ions
that are detected per projectile impact) of (D8Phe-H)™ ions
and D™ ions, respectively, and Yp pp. is the yield of co-emitted
(D8Phe-H)™ and D™ ions.

For the homogeneous surface, the ions are emitted inde-
pendently from any point of the impacting area.® Thus, for the
homogeneous surface, K, = 1.

The measured yields are given by

Yppe = IPhe/Neffa (2)
Yp = Ip/N.g, 3
Yp.phe = ID.Phe/Negy s 4

where Ipj, is the number of detected (D8Phe-H)™, Ip is the
number of detected D™, Ip pj. is the number of detected co-
emitted ions and N, is the effective number of impacts on the
area of the target, which is covered by the molecular layer.
Using the expressions (1)—(4), one can obtain Nz,
Ipl
N = %’ 5)
D,Phe
If the molecular coverage of the surface is incomplete, the
effective number of impacts is less than the total number of
impacts, Ny,
Ny < Np. (6)

To compare the quality of the D8Phe layers deposited on dif-

ferent substrates, the degree of coverage can be written in the
form as

« (100%) = ef

No

The degree of coverage, a, the yields of (D8Phe-H)™, Yp;,, and

other measured ions for the different targets are presented in

Table 1.
The degrees of coverage, presented in Table I, show that
the Targets I and II are well covered by D8Phe molecules. The

100%. 7
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TABLE I. Degree of coverage, @, yield of (D8Phe-H)~, Ypj,, and the yields
of some atomic and fragment negative ions measured for different targets.
(Target I) 2-layer graphene coated by ~1 nm layer of D8Phe. The projectiles
impact graphene first; the emitted ions are detected in the transmission direc-
tion. (Target IT) Bulk pyrolytic graphite coated by ~1 nm layer of D8Phe.
(Target IIT) Thick layer (~500 nm) of D8Phe deposited on pyrolytic graphite.
A thickness of 500 nm is enough to consider this target as bulk D8Phe. For
the Targets II and III, the projectiles impact first the D8Phe layer; the emitted
ions are detected in the reflection direction. The standard deviation is better
than +5% for all values of the experimental a.

a(%)  Ype Yp Ye, Yov Yoo Yop Yo

Target I 89 0.10 0.10 0.15 031 0.04 002 0.12
Target IT 86 0.15 006 003 022 002 001 0.04
Target I1I 100 0.13 011 004 023 003 001 0.04

thickness of the layer is ~1 nm (50 nm/min deposition rate
with an exposure time of 1 s). The coverages were 89% and
86% for the Targets I and II, respectively.

Molecular dynamics simulations

The molecular dynamics (MD) computer simulations
were used to investigate processes leading to material ejection
from a graphene substrate covered with a phenylalanine over-
layer bombarded by Cgg projectiles. Briefly, the movement of
particles is determined by integrating Hamilton’s equations of
motion. Targets consisting of one layer of phenylalanine (Phe)
deposited on 2 layers and 30 layers of graphene are shown
in Fig. 2. A detailed description of the MD method can be
found elsewhere.’ The cylindrical samples are selected based
on visual observations of energy transfer pathways stimulated
by impacts of Cgg projectiles. The sample diameter was chosen
to minimize edge effects associated with the dynamic events
leading to ejection of particles. The graphene substrates had
a circular shape with a radius of 20 nm and a thickness of
approximately 0.34 nm and 5.1 nm, containing 92 162 and
1 382 430 carbon atoms, respectively. The phenylalanine
monolayer, consisting of 5013 molecules or 115 299 atoms,
was deposited on graphene and re-equilibrated to achieve

a)

CoCeCoHeOeN

40 nm

FIG. 2. Visualization of the atomic system used in simulations.
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a configuration with minimal potential energy. This proce-
dure resulted in a monolayer approximately 1.11 nm thick.
The phenylalanine multilayer was represented by 10 layers of
phenylalanine deposited on two layers of graphene. This sys-
tem consisted of 50 317 molecules or 1 157 291 atoms. One
should note that in MD simulations, the Phe molecules are
not deuterated. The slight difference in bond strength between
D8Phe and Phe is of no concern here. Reactive force field
(ReaxFF) potential splined at a short distance with the Ziegler-
Biersack-Littmark (ZBL) potential to properly describe high
energy collisions was used to describe interactions among all
atoms in the system.'”

Rigid and stochastic regions around the edge of the sam-
ple were used to preserve sample shape and prevent back
reflection of the waves generated by the projectile impact
from back reflection from the system boundary.'! We found
that the tooth-sawtooth shape of the stochastic zone (like in
breakwaters) is more effective for eliminating constructive
interference of energy waves that reflect from the boundaries
than a simpler cylindrically shaped zone. The Cg projectile
is situated “below” the sample in a “transmission” setup for
a 2-layer graphene substrate [Fig. 2(a)]. Thus the detected
molecules are ejected on the other side of the sample than
the side that is hit by a projectile. The projectile is located
above the substrate in a “reflection” configuration for a 30-
layer graphene system [Fig. 2(b)]. In this case, molecules are
emitted in the direction opposite to the initial projectile move-
ment. The atoms in the target have initially zero velocity. The
atoms in the Cgp projectile have initially no velocity rela-
tive to the center of mass motion. The Cgy projectiles with
a kinetic energy of 50 keV are directed along the surface
normal.

The simulations are run in a NVE ensemble and extend
up to 60 ps, which is long enough to achieve saturation in the
ejection yield vs time dependence. Nine randomly selected
impact points located near the center of the sample are chosen
to achieve statistically reliable data. Simulations are performed
with the Large-scale Atomic/Molecular Massively Parallel
Simulator (LAMMPS) code,'? which was modified to better
describe sputtering conditions.

RESULTS AND DISCUSSION

The mass spectra of negative ions emitted from different
targets (Targets I-III) are shown in Figs. 3-5, respectively.

All mass spectra of emitted negative ions contain peaks of
D8Phe fragmentions of C,,,C,H™,C,D™ (n < 10), OH™,0OD",
and O™ (Figs. 3-5). The presence of O~ and C, H; in the spectra
also implies that the graphene as well as pyrolytic graphite is
partially oxidized and has contaminants due to exposure in air
prior to the experiments in a vacuum.?

While the mass spectra of all targets appear to be similar,
there are a few notable differences. The first difference is the
high yield of C;™ in the transmission experiments (Target I),
which is in part attributed to fragmentation and atomization
of the projectile after impact followed by the ionization of the
projectile’s carbon atoms. Indeed, the yields of C;~ measured
for the reflection direction (bulk targets II and III) are much
lower due to fewer recoiled projectile atoms. For Target I,
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the shape of the C;~ peak has an extended tail toward the
low mass range, which indicates the presence of ions with
high kinetic energies (discussed below). A further difference
is the shape of the peak of (D8Phe-H)~, which depends on
mechanism/s of molecule ejection and ionization (discussed
below).

The shape of the C; ™ peak can be converted into the kinetic
energy distribution. Details of the measurement of the kinetic
energy distributions are given in the supplementary material
of Ref. 3.

The kinetic energy distributions of C;~ are different for
transmission and reflection experiments (Fig. 6). For the trans-
mission experiments, the kinetic energies of C;~ extend up to

1/60 (833 eV) of the projectile energy. This energy corre-
sponds to the energy of projectile C atoms, or to the energy of
C atoms, which are knocked on in a direct collision between
projectile C atoms and C atoms of the D8Phe+graphene film.
For the bulk target, the kinetic energies of C;~ extend up to
~60-75 eV. These energies correspond to the energies of the
C recoils, which are generated via collision cascades.?

Phenylalanine monolayer on graphene

A key finding is the abundant emission of deprotonated
molecular ions of D8Phe from the molecular layer of D8Phe
deposited on 2-layer graphene. The yield of 0.1 ions/impact

H |[CN .
C:D C, | (D8Phe-H)
1.0x10° |
‘ lons
C,
> : Projectile
2 b e ﬂ 1l 7 50keV Ces?*
z c 10 171, frz ars A FIG. 5. Mass spectrum of negative ions emitted from the
5.0¢10° T Target III (bulk D8Phe). The directions of bombardment
* Y =013 _ Molecular gnd emissiqn are shown in the sketch presented on the
(D8Phe-HY multilayer right-hand side of the figure.
m=172.12
0.0 1

50

100 150 200 250 300

Mass (amu)
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= D8Phe layer on graphite :
1
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1
1
:
T T .I T
0.1 1 10 100 1000

Kinetic energy

FIG. 6. Kinetic energy distributions measured for the atomicions C; ~ emitted
from the single molecular layer of D8Phe deposited on 2-layer graphene (green
color, Target I), the single molecular layer of D8Phe deposited on pyrolytic
graphite (red color, Target IT) and bulk D8Phe (blue color, Target III).

is comparable with the yield for (D8Phe-H)~ emitted from
the bulk target (0.13 ions/impact). As noted earlier, projectile
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impacts on bulk matter result in high density collision cas-
cades, which are an efficient source for sputtering of intact
molecules.”

In the case of 50 keV Cgy>* impacts on graphene covered
with a monolayer of D8Phe, the C atoms of the projectile col-
lide with those of the target. The knocked-on atoms carry a part
of the kinetic energy of the projectile atoms. Another part of
the kinetic energy is deposited into the rim around the impact
site. MD simulations show that the molecules are ejected from
this area (Figs. 7 and 8) (Multimedia view). Figure 7 (Mul-
timedia view) shows the cut view and Fig. 8 (Multimedia
view) shows the side view of the processes of Phe+graphene
evolution and molecule ejection. The critical process, which
regulates the abundance of the ejecta, is the separation of the
molecular layer from graphene. The molecular layer evolves
as a collective movement of Phe molecules and simultane-
ously the graphene oscillates downward/upward. The key step
of molecule ejection occurs within first 2 ps after impact.
The initial atom-atom interactions stimulated by the projectile
impact are transformed into a collective radial movement of
atoms of Phe molecules, which compresses the molecular layer

qimelps) 0);

qimelps) 06

qimeNps) b

FIG. 7. Snapshots of the model system consisting of
the single layer of phenylalanine molecules (1.1 nm)
deposited on 2L graphene taken at various moments
after 50 keV Cgp impact—cross-sectional view. The
corresponding movie file is here. Multimedia view:
https://doi.org/10.1063/1.5021352.1

L melpsyaal

TimeNps) 900
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radially from the hole [Fig. 7 (Multimedia view), screenshots
for times 0.1 and 0.3 ps]. At the same time, this compression
pushes the graphene membrane down. The molecular layer
and graphene membrane are separated [Fig. 7 (Multimedia
view), screenshots for times 0.6, 0.9, and 1.1 ps]. The pushed
down graphene membrane is bent and stretched around the
hole, thus accumulating potential energy. The result of the
bending and stretching is an elastic movement of the mem-
brane upward [Fig. 7 (Multimedia view), screenshots for times
1.5, 2.3, and 3.1 ps]. The accumulated potential energy is
transformed into the kinetic energy of a correlated movement
upward for membrane atoms. The membrane atoms interact
with the atoms of Phe molecules and transfer the correlated
momenta to them. Thus, the molecules eject without destruc-
tion. In other words, the membrane acts as a trampoline for
the molecules. The ejection of molecules is clearly observable
from the side view [Fig. 8 (Multimedia view)]. The screenshot
for the time 1 ps [Fig. 8 (Multimedia view)] shows the strong

dimeNps) 65

FIG. 8. Snapshots of the model system consisting of
the single layer of phenylalanine molecules (1.1 nm)
deposited on 2L graphene taken at various moments
after 50 keV Cgp impact—side view. The cor-
responding movie file is here. Multimedia view:
https://doi.org/10.1063/1.5021352.2

imeps)iiv0

bending of the graphene membrane followed by the abundant
trampoline ejection (1 ps—10 ps) of molecules and molecu-
lar clusters. Note that the emission/ejection of molecules is
not effective in the reflection direction (impact on molecules
first). This is due to the impact stimulated damage of molecules
prior to the radial compression. This effect was investigated in
Ref. 3 (MD simulations and experiments) for the single layer
of Cgp deposited on graphene.

A top view of the impact (Fig. 9) shows the evolu-
tion of the surface molecules around the impact site. This
point evolves into a small graphene rupture of ~2 nm (time
0.1 ps after impact). The size of this rupture is reduced (self-
healing effect'?) within ~20 ps. The evolution of the area
around the rupture shows a clearing of the graphene sub-
strate by the processes of molecule ejection and radial com-
pression. At the end of the ejection/compression, the area
of graphene that is cleared of Phe molecules is ~6 nm in
diameter. That area (at least in theory) corresponds to the
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probing surface area for a single impact of 50 keV Cgo
projectile.

Phenylalanine monolayer on graphite

For comparison, we consider now molecule ejection
and molecular ion emission from a single molecular layer
deposited on pyrolytic graphite (Fig. 4). The yield of

J. Chem. Phys. 148, 144309 (2018)

FIG. 9. Snapshots of the model system
consisting of phenylalanine molecules
deposited on 2L graphene taken at vari-
ous moments after 50 keV Cgp impact—
top view. White circle marks dimension
of the area cleared of organic molecules.

0.15 ions/impact is comparable to the yield of (D8Phe-
H)~ emitted from the monolayer deposited on graphene (0.1
ions/impact). The MD simulations show that the critical pro-
cess, which regulates the abundance of the ejecta, is a corre-
lated upward movement of topmost graphite layers (Figs. 10
and 11) (Multimedia view). Figure 10 (Multimedia view)
and the corresponding movie show the cut view, and Fig. 11
(Multimedia view) shows the side view.

FIG. 10. Snapshots of the model system consisting of
the single layer of phenylalanine molecules (1.1 nm)
deposited on graphite taken at various moments after
50 keV Cgo impact—cross-sectional view (slice 10 A
wide centered at the projectile impact point). The
corresponding movie file is here. Multimedia view:
https://doi.org/10.1063/1.5021352.3


https://doi.org/10.1063/1.5021352.3

144309-8

Verkhoturov et al.

The detailed scenario is as follows: After impact [Fig. 10
(Multimedia view), screenshots for times 0.3 and 0.6 ps], the
projectile atoms and fast recoiling atoms deliver the energy
into the depth of graphite without strong damage to the sur-
face layers of the analyte and graphite due to the latter’s layer
structure.

The result of the energy deposition is a high density col-
lision cascade to a depth of ~5 nm (~15 graphite layers). The
matter at this depth expands radially as seen in the deformation
of the periphery graphite layers [Fig. 10 (Multimedia view),
screenshots for times 1.1 and 1.5 ps]. At the same time, the
expanding volume stimulates the collective movement of the
topmost graphite layers upward. This movement transfers the
correlated momenta to surface molecules, which eject without
destruction [Figs. 10 and 11 (Multimedia view), screenshots
for times 1.5, 2.3, and 3.1 ps].

The actual ejection mechanisms are similar for molecu-
lar layers on graphite or graphene. The graphene membrane
as well as the topmost graphite layer acts as a trampoline for

J. Chem. Phys. 148, 144309 (2018)

FIG. 11. Snapshots of the model system consist-
ing of the single layer of phenylalanine molecules
(1.1 nm) deposited on graphite taken at various
moments after 50 keV Cgp impact—side view. The
corresponding movie file is here. Multimedia view:
https://doi.org/10.1063/1.5021352.4

the Phe molecules. The main difference is the initial projec-
tile energy deposition for graphite and graphene prior to the
molecule ejection. In the case of graphite, the high density col-
lision cascade reaching the depth of ~5 nm stimulates in-depth
radial expansion. The graphene evolution prior to the molecule
ejection (more details are given above) does not involve a
collision cascade.

In the case of bulk phenylalanine, the yield (0.13) of
(D8Phe-H)~ (Target III, Fig. 5) is again similar to the yields
measured for ~1 nm layer of D8Phe deposited on graphene and
graphite substrates (Figs. 3 and 4) despite the very different
mechanisms of ejection/sputtering.

Bulk phenylalanine

For the bulk targets of organic molecules (weakly bonded
molecular solids),'* the sputtering process has been exten-
sively investigated.”%!>-1® The abundant sputtering arises from
the high density collision cascades that develop a crater in
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the weakly bonded solid. The projectile impact at the surface
creates an energized region primarily composed of molecu-
lar fragments.® Expansion of this region stimulates molecu-
lar desorption at off-normal angles and high kinetic energy
by means of fluid flow.”> Upon expansion of the region,
molecules with low kinetic energy begin to desorb over all
angles due to effusive-type motions.>'> The periphery of the
crater is responsible for the abundant sputtering of molecules
and molecular clusters.” Indeed, despite the similar yields
(Targets I-II1, Figs. 3-5), the shapes of the peaks of (D8Phe-
H)™ are different. The right part of the peak (Fig. 5) has an
extended tail, which is due to the fragmentation of molecular
clusterions.!” The vibrationally excited parent molecular clus-
ter ion of phenylalanine (for instance Phe dimer) undergoes a
unimolecular fragmentation'® into a daughter Phe ion and a
neutral molecule.

The fragmentation of the parent molecular cluster ions
occurs in the electrostatic field between the target and the
extraction electrode and hence leads to a lesser daughter ion
acceleration. The deficit in kinetic energy of a daughter ion
when apparent as a peak tail indicates that the fragmenta-
tion process is a frequent de-excitation pathway for the parent
molecular cluster ions.

The situation is different in the case of a monolayer
deposited on graphite, here the small number of molecules
limits the formation of molecular clusters in the ejection area
[Target II, Fig. 4 and Figs. 10 and 11 (Multimedia view)].
Indeed, there is no extended tail (Fig. 4). Interestingly, molec-
ular cluster fragmentation is observed in the peak obtained
from a single layer of molecules deposited on graphene
(Fig. 3). The effect is due to the radial compression of the
molecular layer, when the molecules are agglomerated into
the thick rim [Figs. 7 and 8 (Multimedia view)]. The MD
simulations of 50 keV Cgp impacts on 10 layers of Phe
molecules deposited on graphene demonstrate that this sys-
tem can be considered as an analog of the bulk Phe crys-
tal. The total yield of Phe molecules computed for this case
(165 molecules as separate entities, plus 190 molecules as
molecular clusters) is significantly larger than the yield of
Phe molecules from 1 layer of Phe deposited on graphene
(9 molecules/impact).

Kinetic energy distributions

The shape of the low mass side of the (D8Phe-H)™ peak
corresponds to the initial kinetic energy distribution of ejecta.
Using the procedure referred to earlier, the peak shapes were
converted into the kinetic energy distribution for all targets
(Fig. 12). The distributions show that most of the molec-
ular ions have low kinetic energies (0.01-0.1 eV range).
This feature corroborates the mechanisms of a gentle ejec-
tion described above. However some molecular ions still have
high kinetic energies (~10 eV), which are higher than the
bond energies in the organic molecules. The molecular ejecta
can acquire high translational velocities and survive, if the
atom’s momenta are correlated during the ejection. An oscil-
lating membrane experiences up/down movement with frontal
acceleration/deceleration, thus the membrane provides the
correlated momenta (trampoline mechanism) that give some
molecules an energetic push. The number of ejected molecules
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FIG. 12. Kinetic energy distributions measured for the molecular ions
(D8Phe-H)™ emitted from: the single molecular layer of D8Phe deposited on
2-layer graphene (green color, Target I), the single molecular layer of DSPhe
deposited on pyrolytic graphite (red color, Target II) and bulk D8Phe (blue
color, Target III). The energy distributions at the high energy tails (>10 eV)
are not shown as they are distorted by an overlap with the small peaks of
(D7Phe-H)™ ions. A small amount of D7Phe molecules are generated during
the molecule deposition at the graphene surface.

at the peak velocity of the system molecule/membrane is small.
Their probability of ionization though should be high as fast
molecular ions pass the critical distance of electron tunnel-
ing within shorter time from ejection, thus having a lower
probability of neutralization.'”

Again most molecules have low kinetic energy, thus the
low translational velocities do not increase the ionization prob-
ability. The high ionization probability of these molecules can
be explained with the model of thermalized excitation.?’

lonization

The ionization probability of molecules can be estimated
from the experimental yields of ions and yields of neutral
molecules from MD simulations as follows:

(exp) _ YI:he . l (8)
Phe ~ 0 K
‘ YPhe X

where Y, is the yield of emitted (D8Phe-H)™ ions (measured
experimentally), Y}O,he is the yield of ejected Phe molecules
(MD simulations) and x =~ 0.5 is the transmission/detection
efficiency of the mass-spectrometer.

The yield of intact neutral molecules of Phe computed by
MD is 9 molecules/impact for the Target I (the molecular layer
of D8Phe deposited on graphene). Taking into account that the
measured yield of (D8Phe-H)™ is 0.1, we infer an ionization
probability (PI) of ~0.02. A high PI = 0.2 is observed for the
molecular fragment CN™. The ionization probability for the
Target III (bulk Phe) is significantly smaller. The measured
yield of (D8Phe-H)™ is 0.13, and the computed by MD total
yield of Phe is 355 molecules/impact, thus the PI ~ 7 - 107#
only.

We have shown previously that for the emission of carbon
cluster ions from 4-layer graphene® as well as for the emission
of Cgo~ from a single layer of Cgo deposited on graphene,* the
relevant mechanism of ionization is that of electron tunneling.
The vibrationally excited graphene has an average electron
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temperature of 3700 K at the rim at the time of the tunneling
process.> We can estimate within the framework of the adia-
batic limit of the thermalized excitation model, ' the ionization
probability of the Phe molecules

zZ" -A-9;

P = (?) o [_ D W)] ’ ©
where T, is the average electron temperature of the rim around
the graphene hole at the time of the tunneling process, ;. is
the image charge correction factor (set to zero here) and Z~
along with Z° are the partition functions of emitted C ions
and neutrals at T,. The work function of the rim is unknown.
As an estimate, we can take the value of the work function of
the free standing pristine graphene (¢ = 4.5 eV). The electron
affinity of the Phe molecule is in a range 3.2-3.5 eV,? thus
taking the value of 7, = 3700 K from Ref. 3 one can estimate
the ionization probability as P}’ ~ 0.02 — 0.04. These val-
ues are consistent with the experimental value of 0.02. After
ionization, the Phe™ molecule experiences a prompt fragmen-
tation into the deprotonated negative ion, (D8Phe-H)‘,21’22
thus the mass spectra contain (D8Phe-H)™ only. The formation
of deprotonated negatively charged amino acids has previously
been observed in the studies on the dissociative electron attach-
ment.”?>~>* The difference with the experiment presented here
is the nature of electrons involved in the ionization (free elec-
tron capture versus electron tunneling from graphene to Phe).
The particular mechanisms of the prompt deprotonation of
negatively charged amino acids are under discussion®>* (out
of scope of the present study).

Another possible mechanism of ionization is a direct
proton transfer exchange: The ions of molecular fragments
(i.e., CN7) generated in the impact area interact with intact
molecules from the rim. The proton exchange for the system,
Phe molecule + CN7, is energetically favorable (the energy of
15.2 eV for CN~ protonation®® toward the energy of 14.75 eV
for Phe molecule deprotonation).”® The CN ions themselves
are ionized by the tunneling mechanism mentioned above
(EAcn ~3.9¢eV), as well as by an electron exchange with inter-
acting molecular fragments within the hot area of the impact,
where the density of the fragments is high.

The ionization via proton exchange between Phe
molecules and negative ions of small fragments should be
relevant for the molecular ion emission from bulk molecu-
lar matter. A different path via electron exchange between
the sputtered molecules is unlikely given the high activa-
tion energy barrier (~12 eV—sum of Phe molecule electron
affinity?! and ionization potential’’). One should note that
the electron tunneling process between the molecule and
the graphene/graphite layer is different due to the metallic
bond structure (free electrons in the conduction band) of the
graphene/graphite. The barrier for tunneling is only ~1 eV
[Eq. (9)]. The hypothesis of the proton exchange mechanism
for bulk Phe is supported by the evidence of a large number of
the daughter molecular ions, which originate via fragmenta-
tion of the molecular cluster ions (Fig. 4 and discussion above).
The neutral molecular clusters have a large cross section of
interaction with CN™. The ionized molecular ion clusters (pro-
ton exchange with CN7) are, at the same time, sufficiently
vibrationally excited (low energy bonds between molecules) to
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fragment within the short times (ns-ms interval).!” The daugh-
ter molecular ions appear as prominent fragmentation tails of
(D8Phe-H)~ (Fig. 4).

CONCLUSION

The efficient emission of molecular ions stimulated by
impacts of 50keV Cgo>* on phenylalanine molecules deposited
as a single molecular layer on graphene was investigated
experimentally. The abundant ion emission can be explained
with insight from MD simulations showing a radial compres-
sion of the deposit combined with an oscillating movement
of the graphene. The result is a “trampoline-like” ejection
of molecules and molecular fragments. MD simulations con-
firm the experimental observation of emission of high kinetic
energy molecular ions via the trampoline effect. We show
that graphene enhances a probability of ionization for ejected
molecules. We postulate that the high rate of negative ion-
ization is due to electron tunneling from graphene to pheny-
lalanine. A recently developed laser post-ionization, LPI, was
applied on organic molecules of guanine and coronene, which
were sputtered by 40 keV Cgp* bombardment from bulk tar-
gets”®2? The LPI approach has yielded experimental positive
ionization probabilities of ~10~3 which may be compared with
the 7 x 10~* estimated for the molecules sputtered from bulk
phenylalanine reported here. It will be interesting to compare
on a broader range of compounds the experimental ionization
probability measurements via LPI with the estimate involving
data from MD simulations.

The trampoline ejection combined with efficient ioniza-
tion generates molecular ion yields from monolayers of pheny-
lalanine on graphene or graphite similar to those from a bulk
analyte target. The similarity may be a fortuitous outcome of
our experimental conditions. To advance our insight into the
differences of projectile energy deposition in 2D and 3D tar-
gets, we plan experiments with varying projectile impact ener-
gies. Our observation shows that the deposition of energy into
the 2D-like electron-rich atomic layer enhances the analyte ion
yield, a critical issue for secondary ion mass spectrometry. Put
differently, the physical properties of the substrate are the key
for maximizing ejection-ionization of monolayer deposits of
weakly bonded moieties. The prime condition though, is that
of the energy density that must be delivered in a sub-ps interval
into the 2D solid. Future experiments focusing on projectile
energy loss should provide insight into the energetics required
for trampolining-ionization.
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