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Abstract. This contribution addresses the inelastic interaction of positively charged molecular cluster ions
with a solid surface at kinetic energies up to 30 eV/molecule. We report experimental results on the
scattering of mass-selected, protonated methanol cluster cations (CH3OH),H™, n = 432, off a diamond-
coated silicon surface. In particular we provide fragment size distributions of methanol cluster ions following
their impact on the target, as well as surface-induced neutralization probabilities of methanol cluster ions
as a function of the size and the kinetic energy of the parent clusters.

PACS. 34.30.+h Intramolecular energy transfer; intramolecular dynamics; dynamics of van der Waals
molecules — 34.50.-s Scattering of atoms and molecules — 34.70.4+e Charge transfer — 36.40.-c Atomic and
molecular clusters — 61.46.4+w Nanoscale materials: clusters, nanoparticles, nanotubes, and nanocrystals
— 81.16.-c Methods of nanofabrication and processing — 82.30.-b Specific chemical reactions; reaction
mechanisms — 82.40.-g Chemical kinetics and reactions: special regimes and techniques

1 Introduction

During the collision of a weakly-bound molecular cluster
with a solid substrate, the initially directed kinetic energy
of the cluster will be thermalized rapidly by collisions of
the molecules of the cluster with each other and with the
atoms of the solid surface. This sudden, impact-induced
redistribution of the cluster translational energy may lead
to a variety of processes, including the collision-induced
dissociation of inter- and intramolecular bonds, charge ex-
change processes between the projectile and the target,
and both homogeneous and heterogeneous chemical reac-
tions.

Inelastic cluster-surface collisions have received con-
siderable attention, because — inter alia — these exper-
iments can provide large amounts of internal excitations
to the impacting clusters, on a sub-picosecond time-scale.
This way, for the first time it is possible to investigate the
dynamics and the reactivity of physical and chemical pro-
cesses under extreme temperatures and pressures [1-29]
under controlled and clean, well-defined conditions. So
far, however, due to the inherent experimental complexity,
investigations of chemical processes taking place during
cluster-surface collisions are rare [30-37]. Obviously, more
detailed experimental results are necessary for a deeper
understanding of the ultrafast chemical dynamics in clus-
ter-surface collisions.

The main goal of this report is to examine the possi-
bility of extracting energetic information concerning the
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stability of the clusters from the measurement of energy-
resolved fragment ion distributions of size-selected cluster
ions. We present a systematic, experimental study of the
collision-induced fragmentation and neutralization of pos-
itively charged clusters of a simple organic molecule, col-
liding with a solid, nonreactive diamond surface at kinetic
energies up to 30 eV/molecule. Energy-resolved time-of-
flight mass spectrometry is used to obtain quantitative
fragment ion abundances of mass-selected, protonated me-
thanol cluster ions, as a function of the cluster size and
the impact energy.

2 Experiment

An overview of the experimental set-up used for our inves-
tigations is shown in Fig. 1. It consists mainly of a pulsed
cluster ion source, a primary time-of-flight mass spectrom-
eter, two pulsed mass-gates and an ultrahigh vacuum tar-
get collision chamber containing a secondary time-of-flight
mass spectrometer for fragment analysis.

Positively charged cluster ions are efficiently generated
by pulsed electron ionization (70—120 eV, 4—10 us voltage
pulse) of the supersonically expanded gaseous methanol,
diluted in a carrier gas, typically a mixture of 30% neon
and 70% helium. The jet source consists of a newly de-
signed, home-built pulsed valve [40]. Operation conditions
are 10—15 ps pulse width, 10 Hz repetition rate, 1—5 MPa
stagnation pressure and 330 K stagnation temperature.
The resulting ions are collimated and passed to the
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Fig. 1. Schematic view of the experimental setup. For more
details see [38,39].

primary time-of-flight mass spectrometer, where they are
accelerated to a translational energy of about 2 keV. A
first mass selection of the beam is achieved by pulsing the
high voltage applied at a planar ion mirror, at the cor-
rect timing, deflecting a single cluster size by 90° into the
UHYV scattering chamber. For improved mass resolution a
second mass gate has been added, at a distance ~ 250 mm
from the ion mirror. The cluster ions are directed along
the surface normal of a silicon target, which is coated with
an electrically conductive (~ 80 Q cm™!), ~ 10 um thick
p-type diamond film [41] and heated to about 400 K. Prior
to surface-impact the cluster ions are decelerated to the
desired collision energy using a strong retarding field be-
tween a grounded grid and the target surface, to which a
high voltage is applied. The same high field (~ 10¢ Vm~1!)
that decelerates the incoming cluster ions is also used to
efficiently collect and reaccelerate scattered ions. It allows
a mass analysis of fragment ions through their time-of-
flight from the target to the detector. The second time-
of-flight mass spectrometer is equipped with a retarding
field energy analyzer in front of the ion detector to de-
termine the kinetic energy distribution of ions. This mea-
surement is accomplished by a mass-specific integration of
transmitted ions as a function of the retarding voltage of
the analyzer. As has been shown previously [39], the mea-
sured data can be fitted accurately to an error function,
which corresponds to a Gaussian energy distribution of
the beam. The Gaussian maximum is taken as the mean
kinetic energy of the ions. The relative translational en-
ergy spread of the primary cluster beam is less than 1%.

3 Data evaluation

Fragmentation and neutralization are common phenom-
ena observed in experiments investigating the interaction
of cluster ions with solid surfaces. Unfortunately it is quite
difficult to separate both processes, because both of them
strongly depend on the collision energy, and because both
processes result in a very similar experimental outcome,
i.e. the sudden drop of the parent cluster ion intensity with
increasing collision energy. Moreover, the physical picture
is convoluted by the finite width of the energy distribution
of the impinging cluster ion beam. A correct interpreta-
tion of the measured data thus is a formidable task. This
is especially true because most theoretical investigations
tend to neglect the ionic nature of the charged particles
used in the experiments.

The experimental difficulty to discriminate between
fragmentation and neutralization arises because, due to
the finite width of the initial energy distribution, the sec-
ondary time-of-flight mass spectrometer can not distin-
guish between cluster ions that have been scattered intact
from the target surface, and cluster ions that have been
reflected elastically. Employing the electrostatic, retard-
ing field analyzer it is, however, possible to separate both
processes because of the additional knowledge of the en-
ergy distribution of the primary cluster ion beam: Suppose
that all primary cluster ions, with a nearly Gaussian ki-
netic energy distribution (see Ref. [38]), would hit the tar-
get and get neutralized on impact, the energy-dependent
yield of parent cluster ions would be given by an inte-
grated Gauss-distribution (error-function), as visualized
by the dotted curve in Fig. 2. The difference of the mass
spectrometric measurement (open circles) to the contri-
bution of surface-induced neutralization of parent cluster
ions (dotted curve) then yields the upper limit of intact
scattered parent cluster ions, as shown by the thin con-
tinuous line in Fig. 2. It turns out that scattered ions are
best represented by an asymmetrical distribution func-
tion, commonly known as Weibull-distribution.

4 Results

Fig. 3 shows the fragmentation pattern of protonated clus-
ters of 4, 12, and 20 methanol molecules as a function of
the collision energy per molecule. Two features are of spe-
cial interest here: First, it is evident that the width of the
disappearing parent cluster ion signal is significantly nar-
rower for larger clusters. Second, while for small parent
cluster ions the relative fragment ion abundances amount
only to a few percent, the fragment ion yield increases re-
markably with cluster size. This is shown in more detail
in Fig. 4, where the relative fragment ion abundances of
protonated methanol cluster ions (CH3OH),H™, n = 4,
n =12, n = 20, and n = 28, have been summed to obtain
the total fragment ion yield. Note that for larger clusters
more fragment ions than parent cluster ions can be de-
tected.
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Fig. 2. Relative ion abundances for the surface collision
of protonated methanol cluster ions (CH3OH)20H™ with the
diamond-coated silicon target. The measured ion signal is in-
tegrated for each mass and plotted as a function of the tar-
get voltage. For clarity only the parent cluster ion and the
monomer fragment ion are shown in this figure. Target volt-
ages higher than the kinetic energy of the incident cluster ions
causes them to be reflected elastically, i.e. without impact-
ing the target; this allows the detection of the primary cluster
beam. The collision energy is given by the difference between
the mean kinetic energy of the impinging ions and the target
voltage. Ion intensities have been normalized to the intensity of
incoming parent cluster ions and have been scaled to account
for the velocity-dependent ion detection efficiency [42].

5 Summary

We have presented experimental results of the surface-
induced fragmentation of positively charged, protonated
methanol cluster ions, showing a pronounced transition
from the intact parent cluster to complete fragmentation
(shattering [43-45]) as a function of the collision energy.
We emphasize the absence of any fragment ions with in-
termediate sizes or sizes close to the original parent clus-
ter ion. A similar behavior has been observed for other
hydrogen-bonded ion-clusters such as acetone, ammonia,
and water.

The knowledge of the kinetic energy distribution of
the impacting cluster ions allows us to distinguish be-
tween neutralized and back-scattered parent cluster ions
and thus to give an upper limit for the survival proba-
bility of the impinging cluster ions. It turns out that a
maximum of ~ 30% of the parent cluster ions can sur-
vive the collision intact, and most parent cluster ions are
neutralized on surface impact. Thus the sudden drop of
the parent cluster ion intensity can be understood as orig-
inating mostly from an electron transfer from the target
to the colliding cluster.
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Fig. 3. Yield of charged cluster fragments due to the collision
of protonated methanol cluster ions (CH3OH)nH+ with the
diamond target, for n =4, n = 12, and n = 20.

The total fragment ion yield exhibits its maximum at
intermediate collision energies of ~ 4.75 eV /molecule and
increases with cluster size. It leads us to conclude that,
in analogy to Ref. [46], the proton is solvated in the clus-
ter, and thus is better shielded from the conductive target
surface.
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Fig. 4. Total fragment ion yield of protonated methanol clus-
ter ions (CH3OH),,H™, for n = 4, n = 12, n = 20, and n = 28,
obtained by summation of the relative ion yields of the domi-
nant fragment ions (monomer, dimer, trimer, tetramer).
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