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Single and double cationization of organic molecules in SIMS
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Abstract

The cationization of sputtered organic species via metal particle adduction is investigated using a series of molecules
and metallic substrates. Analyte molecules include styrene-based oligomers with various molecular weights, poly(methyl
methacrylate) and a polymer additive. The chosen substrates are Al, Cr, Cu, Pd, Ag, In, Au and Pb. Metal-cationization occurs
for all the substrates except Al. The cationized molecule yields vary strongly with the considered molecule and substrate and
they are not correlated with the metal ion yields. In addition, double cationization with two metal particles is observed in
specific cases (Cu, Pd, Ag, and Au supports, styrene-based polymers with∼13 repeat units or more). The combination of
electronic structure calculations, molecular dynamics and Monte-Carlo simulations supports an emission scheme in which
excited molecules and metal atoms recombine above the surface and decay via electron emission, thereby locking the complex
in the ionic state. (Int J Mass Spectrom 214 (2002) 213–232) © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Static secondary ion mass spectrometry (SSIMS)
is a powerful and versatile method for chemical sur-
face analysis [1]. Still, as compared to other spectro-
metric techniques such as MALDI-MS and ESI-MS,
the emission of large molecular ions remains an is-
sue, for reasons that are inherent to the underlying
physics of the method. Besides instrumental devel-
opments, several sample preparation strategies have
been developed to favor the emission of high mass
organic molecules. They involve the use of transition
metal [2] or nitrocellulose substrates, the addition of
‘ionizing’ agents [3], the evaporation of an ultrathin
metal layer on the sample [4] or the dissolution of
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the analyte in a low-molecular weight matrix [5], in-
spired by the MALDI procedure. The most widespread
sample preparation procedure for large molecule anal-
ysis consists of depositing a sub-monolayer of an-
alyte on a metal substrate [6–13]. In this context,
metal-cationization denotes the complex process by
which the molecule (M) and the metal (Me) com-
bine and become ionized, leading to the formation of
(M + Me)+ species that can be detected by SIMS an-
alyzers. The effect of the metal is actually two-fold.
First, metallic substrates with a high atomic mass and
a compact arrangement help to confine the projectile
energy in the surface region and to reflect this energy
towards the vacuum, which favors the desorption of
analyte molecules [14,15]. Second, the metal substrate
acts as an external source for analyte molecule ioniza-
tion. Empirical studies have shown that the Ib group
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metal substrates (Cu, Ag, Au) provide the most effi-
cient conjunction of characteristics for large molecule
desorption and cationization [2].

The commonly accepted scenario for metal-
cationization is that the ejected moleculerecombines
(i) in the near surface region (ii) with a metal ion
(iii). This scenario has neither been demonstrated ex-
perimentally nor theoretically. Moreover, the existing
body of experimental evidence does not seem entirely
consistent [16]. Each one of the three points itali-
cized in the above statement is still subject to discus-
sion. First, the question arises whether the observed
organometallic (M+ Me) complexes are truly the re-
sult of a recombination or whether their constituents
might be neighbors prior to emission and emitted ‘as
such’, as is proposed for metal clusters [17–19]. To
answer this question, molecular dynamic (MD) simu-
lations providing a microscopic view of the emission
process appear to be the method of choice [20]. The
second point, related to the first one, questionswhere
the association occurs: in the surface region (pre-
formed complex), in the force field of the surface,
where the sample can still act as an energy sink for
the reaction, or out of influence of the surface, where
the organometallic complex requires a specific route
to evacuate the excess energy released by the exother-
mic association reaction. Recombinationfar from the
surface, i.e., more than a few tens of nanometers,
can be discarded a priori because the very low yield
of emitted particles and the extreme localization of
the emitting region for a kiloelectronvolt ion impact
makes the probability of such an event close to zero.

Third, the rather intuitive view of the association
involving a neutral molecule and a metal cation
is also questionable. The absolute yields of metal
cations are generally low, meaning that metal cation
emission is a rare event as compared to neutral atom
sputtering. The association of a metal cation with a
sputtered molecule in the same bombardment event
appears therefore problematic. In some cases, this
hypothesis is totally inappropriate because the mea-
sured yield of cationized molecules is as high as 50
times that of metal ions, which suggests a recombina-
tion probability close to one [16]. Besides, the yields

of metal-cationized molecules and metal cations are
generally not correlated. The emission of cationized
molecules has proven to be rather insensitive to the
work function of the surface, in contrast with the
metal ion yield, since silver cationized molecules can
be sputtered with a similar intensity from metallic
and oxidized silver surfaces [16]. The association
of a metal ion with a neutral molecule also presents
theoretical obstacles. If recombination occurs out
of influence of the surface, the energy dissipated
by the exothermic bond formation remains in the
metal-molecule system, leading the molecule to a
higher excitation state that will be prone to relax by
fragmentation. If recombination occurs in the direct
vicinity of the surface, where the substrate may act
as an energy sink, the re-neutralization of the result-
ing ion is highly probable. Therefore, the depicted
scenarios are not totally convincing.

In this paper, we tackle the issue of metal-
cationization using results from experimental mea-
surements, electronic structure calculations, classical
molecular dynamics (MD) and Monte-Carlo (MC)
simulations. Experimentally, most of the investigated
molecules are based on the polystyrene (PS) struc-
ture, including regular PS oligomers with different
mass distributions, polymethylstyrene and deuterated
PS. For comparison, the cationization of a few other
molecules with different chemical functionality is
also explored. Eight metal substrates are compared.
In the experimental results, it is shown that most of
the studied metals induce cationization. Moreover,
some of them induce a double cationization of the
organic molecule by two metal ions. For comparison,
the MD simulations involve short PS oligomers ad-
sorbed on silver. They give us microscopic insights
into the emission process as well as energy distri-
butions for the desorbed molecules that compare to
those obtained in the experiment. The MC simula-
tions (TRIM) provide us with useful data concerning
the sputtering yields of metal atoms for the chosen
experimental conditions. Electronic structure calcu-
lations examine the interaction between the metal
atom and the benzene ring, and its consequences for
the ionization of PS molecules. The results obtained
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from this combination of methods support a scenario
of metal-cationization in which the excited molecule
combines with a neutral metal atom and subsequently
de-excites via electron emission.

2. Materials and methods

2.1. Samples

Samples of various organic molecules, including
several low molecular weight polymers, are dissolved
with a concentration of 1 mg/mL. The nature and ori-
gin of the chosen molecules, as well as the solvents
used for their dissolution, are listed in Table 1. The
samples are prepared as thin films cast on 0.25 cm2

substrates by depositing a droplet of the solution on
the supports. As indicated in Table 2, the substrates
are either thin metal foils or metallized supports. The
metallized substrates are prepared by evaporating a
100 nm layer of the chosen metal (Al, Cr, Ag, Au) on
clean silicon wafers. The evaporation is carried out
in an Edwards evaporator at an operating pressure of
∼5 × 10−6 mbar and a deposition rate of 0.1 nm/s.
Prior to organic sample deposition, all the substrates
are etched in 30% highest purity grade sulfuric acid
(Vel) for 3 min, then rinsed in high-performance liquid

Table 1
Characteristics of the analyzed molecules

Molecule Abbreviation Molecular Origin Solvent
weight (Mn)

Small hydrocarbons
Triacontane TC 423 Sigma-Aldrich NV/SA, Bornem Benzene
Tetraphenylnaphtalene TPN 433 Sigma-Aldrich NV/SA, Bornem Benzene

Polymers
Polystyrene PS700 700 Scientific Polymer Products Inc., Ontario Toluene
Polystyrene PS1100 1100 CERM, University of Liège Toluene
Polystyrene PS2180 2180 Scientific Polymer Products Inc., Ontario Toluene
Polystyrene PS5120 5120 Scientific Polymer Products Inc., Ontario Toluene
Poly-4-methyl styrene P4MS 3930 University of Louvain Toluene
Deuterated polystyrene PSD 5300 Polymer Standard Services, Mainz Toluene
Polymethyl methacrylate PMMA 3800 University of Louvain Dichloromethane

Additives
Irganox 1010 Irganox 1176 Ciba Specialty Chemicals Inc., Basel Toluene

Table 2
Characteristics of the sample substrates

Substrate Nature

Aluminum, Al Evaporated on Si (100 nm)
Chromium, Cr Evaporated on Si (100 nm)
Copper, Cu (99.9% pure) Foil (500�m)
Palladium, Pd Foil (1 mm)
Silver, Ag (99.95+ % pure) Foil (100�m)

Evaporated on Si (100 nm)
Indium, In (99.999% pure) Foil (500�m)
Gold, Au Evaporated on Si (100 nm)
Lead, Pb (99.95% pure) Foil (500�m)

chromatography (HPLC) grade water from a milli-Q
system (Millipore) and p.a. grade isopropanol (Vel).

2.2. Secondary ion mass spectrometry (SIMS)

The secondary ion mass analyses and the KED
measurements are performed in a PHI-EVANS
time-of-flight (ToF)-SIMS (TRIFT 1) using a 15 keV
Ga+ beam (FEI 83-2 liquid metal ion source;∼600 pA
DC current; 22 ns pulse width bunched down to∼1 ns;
4 kHz repetition rate) [21]. The experimental setup
has been described in detail elsewhere [22]. To im-
prove the measured intensities, the secondary ions are
post-accelerated by a high voltage (7.5 kV) in front
of the detector. ToF-SIMS spectra in the mass range
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0 < m/z < 10,000 are obtained from 1200 s acqui-
sitions on a 130�m × 130�m sample area, which
corresponds to a fluence of 1.1 × 1012 ions/cm2,
ensuring static bombardment conditions. It is im-
portant to note that, with the current detector
mounted on the ToF-SIMS instrument and the chosen
post-acceleration voltage, the detection of dications
is favored over that of monocations. The reason is
two-fold: first, for monocations, the efficiency of this
detector decreases dramatically beyond 2 kDa, and
second, dications receive two times more energy than
monocations in the post-acceleration section, which
specifically increases their detection probability.

2.3. Monte-Carlo simulation (TRIM code)

A Monte-Carlo code based on the binary collision
approximation (TRIM [23]) is used to calculate the
sputtering yield of atoms from various metals and ox-
ides bombarded by 12 keV Ga ions. The results have
been obtained with the SRIM version of the code (in-
formation concerning this program can be found at the
following internet address [24]). A thousand trajecto-
ries were fully calculated for each substrate used in
the experiment (Table 2). Calculations have also been
performed with the native oxide form of the metal
substrates. The parameters related to the substrates
(density, surface barrier energy) were found in the
compound library of the software and the literature
[25]. For noble metals, the metal/oxygen ratio used
for the oxidized surface in the model derives from
X-ray photoelectron spectroscopy measurements. The
size of the cell has been chosen in order to include
the whole ion and cascade atom trajectories for each
set of bombardment conditions (500 Å).

2.4. Classical molecular dynamics (MD)

The Ar bombardment ofsec-butyl terminated PS
oligomers adsorbed on a Ag(1 1 1) surface is modeled
using MD computer simulation. The details of the
simulation have been described elsewhere [14,15].
Briefly, the first sample consists of 13 PStetramers
(four styrene repeat units) placed on the Ag(1 1 1) sur-

face (12 layers of 528 atoms each). The second sam-
ple consists of one central PS tetramer surrounded by
two PShexadecamers or 16-mers (16 styrene repeat
units), placed on the same Ag crystal. The systems are
quenched to a minimum energy configuration prior to
Ar atom impact. A total of 500 trajectories directed
along the surface normal were calculated with the
first sample. Trajectories of interest characterized by
high action and high yield were recalculated with the
second sample. The simulation consists of integrating
Hamilton’s equations of motion over some time in-
terval to determine the position and velocity of each
particle as a function of time. The energy and forces
in the system are described by many-body interaction
potentials, in particular, the C–C, C–H and H–H inter-
actions are described by the Brenner potential function
[26,27]. The criterion for terminating the trajectory is
that the total energy of any atom is too low to induce
ejection. The termination times range from 0.5 to 6 ps,
depending on the manner in which the energy dis-
tributes in the solid. Experimentally observable prop-
erties, such as total yield, mass spectrum, kinetic en-
ergy, and angular distributions are calculated from the
final positions, velocities, and masses of all the ejected
species. Mechanistic information is obtained by moni-
toring the time evolution of relevant collisional events.

2.5. Electronic structure calculations

Electronic structure calculations are performed in
order to establish the potential energy vs. distance
curves for the C6H6 + Ag system [28]. For this pur-
pose, we use the generalized gradient approximation
(GGA) implemented in the ABINIT code.1 Real
ion–electron interaction potentials are replaced by the
GGA-based pseudopotentials generated with the Fritz
Haber Institute code [32]. In these calculations, the

1 ABINIT is a common project of the Université Catholique
de Louvain, Corning Incorporated and other contributors (http://
www.pcpm.ucl.ac.be/abinit). It relies on an efficient fast Fourier
transform algorithm [29] for the conversion of wave functions be-
tween real and reciprocal space, on the adaptation to a fixed po-
tential of the band-by-band conjugate gradient method [30], and
on a potential-based conjugate-gradient algorithm for the determi-
nation of the self-consistent potential [31].

http://www.pcpm.ucl.ac.be/abinit
http://www.pcpm.ucl.ac.be/abinit
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neutral and ionic states of the silver atom are con-
sidered within a standard ground-state total energy
framework while the excited state (4d95s2) is obtained
within the �SFC (self-consistent field) framework
[33]. As a preliminary check, we calculated the ion-
ization potential of Ag and the excitation potential for
the Ag(4d95s2) state, which are respectively 6.98 and
3.96 eV, in reasonable agreement with experimental
values (7.59 [34] and 3.75 eV [35,36], respectively).
The geometry optimization for benzene, conducted
using the Broyden–Fletcher–Goldfarb–Shanno algo-
rithm [37], gives C–C and C–H bond lengths that dif-
fer from the experimental values by less than 1%. The
calculation of the equilibrium distance and potential
well depth between the benzene ring plane and the
Ag+ ion approaching along the C6 axis provide us with
an optimum distance of 2.272 Å and a binding energy
of 1.74 eV, in agreement with the experiment [38].

3. Results and discussion

In Section 3.1, we introduce a study of metal-
cationized molecules via the ToF-SIMS technique.
The measured mass distributions and ion yields are
commented. Throughout the section, we emphasize
the new observations related to doubly cationized
molecules. In Section 3.2, the formation mechanism
of singly and doubly cationized molecules is explored
using Monte-Carlo, classical molecular dynamics and
electronic structure calculations.

3.1. Experimental observations

3.1.1. The molecule-metal cluster spectra
The major experimental results of this study will be

highlighted via the case of PS2180, asec-butyl ter-
minated PS sample with a number average molecular
weightMn = 2180 Da. The mass spectra correspond-
ing to the adsorption of PS2180 on several metal sub-
strates are shown in Fig. 1a and b.

3.1.1.1. General description. Fig. 1 focuses on the
high mass range of the mass spectrum, where entire

cationized molecules can be found. First, the
familiar distribution of peaks induced by the metal-
cationization of entire styrene oligomers with differ-
ent repeat unit numbers is observed for all the metal
substrates, except aluminum. In that sense, copper,
silver and gold are not an exception among the large
family of metals. Metallic substrates as different as
chromium(VIa), palladium(VIII), indium(IIIb) and
lead(IVb) also induce molecule cationization. Never-
theless, different substrates are characterized by dif-
ferent cationized parent ion yields, as is shown in the
next section. Besides the main peak distribution, other
peaks appear with more or less intensity according to
the nature of the substrates. Some of them correspond
to cationized fragments, which have been studied in
a previous article [39].

In addition to the distributions of cationized
molecules and fragments, one clearly notices a third
series of peaks in the cases of the copper, silver
and gold substrates. This series is labeled by stars
in Fig. 1. It peaks around 1100 Da and the mass
difference (�m) between two consecutive peaks in
the series is 52 Da. The mass assessment procedure
shows that the peaks of this distribution correspond to
the formula (M+ 2Me)2+. This identification is con-
firmed by the position of the distribution maximum,
that is about half the mass of the cationized parent
distribution, and by�m, that is half the mass of the
styrene repeat unit, because of the double positive
charge of these ions. For the sake of simplicity, this
series of peaks is called thedication distribution in
the rest of this paper. A more detailed analysis shows
that metal-molecule dications are also sputtered from
palladium substrates but with a much lower effi-
ciency (Fig. 1a). There is no detectable contribution
of (M + 2Me)+ monocations in any of the spectra.

3.1.1.2. Structure of the distributions. In Fig. 2, we
compare the yields of metal-molecule monocations,
dications and cationized fragments as a function of the
styrene repeat unit number for silver substrates. The
cationized oligomer distribution peaks at 17 repeat
units and vanishes beyond 30 repeat units. Remark-
ably, there is also an intensity increase towards smaller
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Fig. 1. High mass range of the ToF-SIMS spectra for PS2180 adsorbed on different substrates: (a) Al, Cr, Cu, Pd; (b) Ag, In, Au, Pb. The
stars indicate (M+ 2Me)2+ complexes.
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Fig. 2. Molecule-metal cluster distributions for PS2180 adsorbed on Ag. Dashed bars: singly cationized molecules, including cationized
sec-butyl-terminated fragments (see text for details); full black bars: doubly cationized molecules; empty bars: cationized H-terminated
fragments.

molecular weights, so that a minimum is observed for
9–10 styrene repeat units. In contrast with the monoca-
tion distribution, the dication distribution starts rather
abruptly at 13 repeat units, peaks around 20 repeat
units and extends beyond 32 repeat units. The cal-
culatedMn is 2155 Da for the dication distribution
and 1585 Da for the cationized parent distribution.
For comparison, theMn provided by chromatography
is 2180 Da. Therefore, the average molecular weight
deduced from the dication distribution most closely
matches the chromatographic value.

3.1.1.3. Fragmentation. Fig. 2 also shows the distri-
bution of cationized fragments formed by the loss of
the sec-butyl endgroup plus a number of repeat units.

Each of these fragment peaks probably originates from
several precursors with different sizes. The cationized
fragment intensities increase monotonically with de-
creasing repeat unit number. For five repeat units, it is
similar to the intensity of the corresponding peak of
the parent distribution.

Fragmentation helps us to interpret the intensity
decrease observed in the parent distribution below
nine styrene repeat units. For PS oligomers termi-
nated by hydrogen at one end, it is impossible to
separate the cationized parent distribution from the
distribution of cationized fragments formed via the
loss of the H endgroup plusk repeat units. Indeed, a
backbone cleavage of molecule M1 with retention of
the charge and silver atom on thesec-butyl side of
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the molecule will generate a distribution of fragments
with the massmM1 +mAg −k ×104 Da, which is also
equal tomM2 + mAg, M2 being an intact oligomer
shorter than M1 byk repeat units. In contrast,
fragments resulting from the loss of thesec-butyl
endgroup plus a number of repeat units constitute a
distinct distribution, shown in Fig. 2. Assuming that
fragments with the H endgroup and fragments with
the butyl endgroup are generated with equivalent
probabilities in the different dissociation scenarios,
they should have similar intensities in the mass spec-
trum. That is exactly what is observed for fragments
with five repeat units, where the influence of the par-
ent molecule intensity is negligible. Therefore, we
believe that the low mass part in the cationized parent
distribution, below nine repeat units, is an artefact in-
duced by the fragmentation of metal-molecule cations
and/or dications. Subtracting the fragment distribution
from the apparent parent distribution should yield the
true distribution of intact molecules. Using this pro-
cedure, the calculatedMn becomes 1769 Da for the
cationized parent distribution. It should be noticed that

Fig. 3. High mass range of the ToF-SIMS spectrum for PS700 adsorbed on Ag.

this estimate is still lower than the chromatographic
value.

3.1.1.4. Molecule-metal dications. One intriguing
feature of the dication distribution consists in its
lack of low mass oligomers. The absence of short
oligomer dications is confirmed by Fig. 3, which
shows the mass spectra of a PS oligomer sample with
Mn = 700 Da. The same observation applies to a PS
oligomer sample withMn = 1100 Da. This effect is
probably a consequence of the electrostatic repulsion
between same sign charges. Indeed, for molecular
dications, the shorter the molecule, the stronger the
repulsive force between the metal cations. It is rea-
sonable to think that, below a threshold molecular
size, the repulsive potential is large enough to prevent
the formation or to affect the stability of dications.

In a similar manner, the fragments identified in the
mass spectra could also be induced by the decompo-
sition of metal-molecule dications, with retention of
one positive charge by each fragment. In fact, there is
some indirect indication that dications are a significant
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source of singly charged fragments. First, Fig. 1
qualitatively shows that the amount of fragments de-
tected in the singly cationized oligomer distribution
is low when the intensity of dications is high, and
vice-versa. Second, the mass distribution of PS700
(Fig. 3) and PS1100, where dications are not observed
at all, exhibit very weak fragment intensities. These
two observations are consistent with the hypothe-
sis that dications decompose and give rise to singly
charged fragments.

On the other hand, dications are observed for higher
mass oligomers and for other molecules than regular
PS. In particular, we measured their distribution for
PS5120, PSD and P4MS. The corresponding regions
of the mass spectra are shown in Fig. 4 for these three
samples. Neither the replacement of hydrogen by
deuterium atoms in the PS molecule nor the addition
of a methyl functionality to the phenyl pendant group
of PS prevent the formation of dications. The number
average molecular weights calculated from the dica-
tion distributions are 4832 Da for PS5120, 4700 Da
for PSD and 3814 Da for P4MS. These values are
respectively 6, 11 and 3% lower than the reported
chromatographic values.

3.1.2. Useful yields of cationized molecules
The useful yields of sputtered ions have been

calculated using the primary and secondary ion cur-
rents measured in the experiments. The yields of
metal-molecule cations and dications are summa-
rized in Table 3 for the entire set of investigated
substrate-molecule pairs. In Table 3, the yields are
symbolized by capital letters (see Table 3 legend).
The choice to report ranges of yields instead of exact
numeric values is motivated by the significant yield
variation observed for different samples cast from the
same solution.

3.1.2.1. Effect of the molecular weight. Comparing
values in individual columns of data in Table 3, it is
apparent that the measured yields are larger for short
molecules than for long molecules, irrespective of the
substrate. However, it is imprudent to draw any defini-
tive conclusion from that observation because the

Fig. 4. High mass range of the ToF-SIMS spectra for PS5120,
PSD and P4MS adsorbed on Ag.
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Table 3
Useful ion yields (Y) of metal-molecule monocations and dications for different analytes and substrates

Al (27) Cr (52) Cu (64) Pd (106) Ag (108) In (115) Au (197) Pb (207)

Monocations
TC(423) A A A
TPN(433) A+ A+ A+
PS700 A/A+
PS1100 A
PS2180 None D B C A/B C B C
PS5120 D D None
P4MS(3933) None C/D D C/D C/D
PSD(5300) D
Irganox(1176) A A A+ A
PMMA(3800) D

Dications
PS2180 None None B D B None B None
PS5120 C/D C None
P4MS(3933) None C None C C
PSD(5300) C/D

A+: Y ≥ 10−4; A: 10−5 ≤ Y ≤ 10−4; B: 10−6 ≤ Y < 10−5; C: 10−7 ≤ Y < 10−6; D: 10−8 ≤ Y < 10−7. The numbers in parenthesis
are the metal and molecule atomic weights.

detection efficiency of the analyzer decreases with
secondary ion mass in a manner that is not well known.
Nevertheless, it is of practical interest to remark that
for molecules with the same chemical structure, e.g.,
polystyrene oligomers, about one order of magnitude
in yield is lost when the mass increases from∼700
to 2200 Da. More than one order of magnitude is
lost again between molecules of∼2200 and 5100 Da.
As a consequence, it is hazardous to derive molecu-
lar weight numbers from broad cationized oligomer
distributions. In addition, with the detector used in
our experiments, it is almost impossible to analyze
species with a molecular weight larger than 3–5 kDa,
depending on the chemistry of the compound. The
intensity decay of dications as a function of molecular
weight is lesser than that of monocations. One reason
of this behavior is that their kinetic energy is twice
that of monocations, which contributes to enhance the
detection efficiency for a given mass. Therefore, the
analysis of dications constitutes a means to expand
the accessible mass range in SIMS for the considered
class of materials.

3.1.2.2. Effect of the analyte nature. Other obser-
vations provide less ambiguous information about the

cationization efficiency. First, for the set of samples
tested in this study, cationization occurs whatever
the chemical functionalities present in the molecule.
Second, for similar masses, molecules with phenyl
pendant groups are cationized 3–10 times more effi-
ciently than molecules without a phenyl ring (TPN vs.
TC; P4MS vs. PMMA). An almost complete deuter-
ation of the molecule or the addition of a methyl
residue to the phenyl pendant group have no effect
on the cationization and dicationization efficiencies
(PSD and P4MS vs. PS5120). Although their chemi-
cal formulae differ significantly, PS1100 (∼10 phenyl
rings) and irganox (four phenyl and four carboxyl
groups) have comparable yields for single cationiza-
tion, considering that the entire distribution is taken
into account instead of the yield of the most abundant
oligomer for PS1100. Third, dications are observed
with significant yields (B–D) only for molecules
including phenyl rings (PS, PSD, P4MS), and for
molecular weights above 1.2 kDa.

3.1.2.3. Effect of the substrate nature. The analysis
of Table 3 also allows us to classify the substrates
with respect to their efficiency towards cationization.
Silver and gold are very efficient, followed by copper,
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Fig. 5. Useful ion yield of (a) molecule-metal monocations (black
bars) and dications (gray bars); (b) atomic silver ions sputtered
from PS2180 adsorbed on Ag.

palladium, indium and lead. Chromium has a signifi-
cantly lower efficiency and aluminum does not cation-
ize at all. This effect is reflected by the bargraph of
Fig. 5a, where the absolute values of the yields of
metal-molecule cations and dications are shown for
the eight considered substrates. These yields refer to
the 18-mer in the distribution of PS2180, i.e., the most
abundant oligomer for most of the chosen substrates
(see Figs. 1 and 2). The error bar corresponds to the
standard deviation calculated for at least three to five
measurements. The trend is similar for dications, ob-
served for group Ib substrates (Cu, Ag, Au) and to

a lesser extent, for palladium substrates. The yield of
dications is not reported for palladium substrates be-
cause the corresponding signal to noise ratio is very
small.

For comparison, the measured yield of atomic
metal cations is plotted in Fig. 5b. It is lower than
10−2 and does not correlate at all with the yield of
metal-cationized molecules or dications. It is partic-
ularly obvious when comparing substrate pairs such
as copper and gold or palladium and indium. As
discussed in Section 3.2, it is an important point re-
garding the physical explanation of the cationization
process, because it constitutes an obstacle to the con-
cept of recombination between a neutral molecule
and a metal cation. According to this concept, the
evolution of (M + Me)+ species and Me+ cations
should be somehow correlated.

3.2. Mechanisms

In this section, the experimental results involving
cationization are interpreted on the grounds of Monte-
Carlo, molecular dynamics and electronic structure
models. The desorption–recombination phase of the
process is addressed in the first subsection and an as-
sociative ionization mechanism is proposed in the sec-
ond subsection to account for the observation of singly
and doubly cationized molecules.

3.2.1. Desorption and recombination
The formation of organometallic ions requires the

concerted transfer of organic molecules and metal
atoms from the solid phase to the vacuum in a single
bombardment event. Molecular dynamics simulations
help us identify the most probable scenario for the
creation of metal-molecule complexes.

First, let us examine the condition and characteris-
tics of large organic molecule and cluster emission un-
der kiloelectronvolt ion bombardment. The important
features of the emission mechanism are exemplified
in Fig. 6 for different bombardment events (5 keV Ar
projectiles). Fig. 6a shows that the concerted emission
of several PS tetramers (∼500 Da) and numerous sil-
ver atoms occurs in the simulation. Such a scenario is
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Fig. 6. Snapshots of MD simulation movies. (a) High action event ejecting styrene tetramers and silver atoms and clusters; (b) Close-up
view of a styrene 16-mer recombining with a silver atom close to the sample surface; (c) Concerted emission of a styrene 16-mer with
metal atoms and clusters.

not rare. As shown in a recent study based on a repre-
sentative sample of 500 trajectories [15],∼35% of the
trajectories eject as much as three PS tetramers and
seven Ag atoms in a single event. Even though ions
are not described by the model, the molecular dynam-
ics indicates a probable scenario for metal-molecule
complex formation. In the simulation, the departing
molecules are sometimes followed by a silver atom
initially located in the direct vicinity of the molecule.
A few angstroms above the surface, the metal atom
and the molecule gather, forming the complex. Such
a mechanism is lessfrequent for larger PS oligomers
(∼2 kDa), as explained hereafter, but the calculated
trajectories also show that it constitutes the main route
to form organometallic complexes. The process is il-
lustrated in Fig. 6b for a 16 repeat unit PS oligomer.
After 1.5 ps, the PS molecule is accompanied by a
silver atom trapped by its chain segments. The last

vignette of Fig. 6 shows that high action events in the
surface can also lead to the concerted emission of a
PS molecule together with several substrate atoms or
clusters.

Molecular dynamics simulations conducted for dif-
ferent systems, using statistically representative sets of
trajectories [14,40–42], show that the desorption effi-
ciency and, to some extent, the desorption mechanisms
depend on the molecular size. For relatively small
molecules up to 500 Da at least, desorption can be eas-
ily caused either by quasi-one atom collisions or by
a co-operative uplifting mechanism involving several
substrate atoms [14]. However, the simulation results
clearly show that the higher the mass of the molecule,
the more difficult it is to desorb it from the surface. For
example, the yield of benzene molecules (78 Da) sput-
tered under 500 eV Ar bombardment is more than two
times larger than that observed for dibenzanthracene
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molecules (278 Da) and about ten times greater than
that of PS tetramers (474 Da) ejected in the same con-
ditions. The desorption of a 2 kDa oligomer occurs
even less frequently and it needs the collective up-
ward motion of several metal atoms underneath the
molecule [15]. Moreover, sputtering calculations using
5 keV Ar atoms as projectiles show that the large-scale
collective motions which are capable of desorbing
2 kDa oligomers are not sufficient to transfer a 7 kDa
PS oligomer in the vacuum.

In practice, the above-mentioned mass dependence
of the desorption efficiency should lead to sput-
tered molecule distributions that do not mirror the
real molecular weight distribution of the polymer. In
contrast, it has been reported in the literature that
the experimental results concerning Ag-cationized
oligomer distributions usually correlate with chro-
matographic determinations of the average molecular
weight (within a 10% error range [43]). This apparent
contradiction between calculated and experimental
results can be alleviated if the metal-molecule associ-
ation efficiency increases with the molecular weight,
in order to (partly or totally) compensate for the
desorption efficiency decrease. It is a reasonable hy-
pothesis, because heavier molecules, covering larger
areas on the sample surface, should naturally exhibit
larger association cross-sections. In this interpreta-
tion, the different shapes of the distributions shown
in Fig. 1 could suggest that the mass-dependent vari-
ations of the desorption and cationization efficiencies
do not always compensate exactly and that they are a
function of the substrate nature. Silver could then be
a substrate for which the two inverse trends almost
cancel one another.

3.2.2. Ionization
MD simulations show that organic molecules and

metal particles primarily associate above the sample
surface [14,15,44], as part of a collective emission
process. As explained in the introduction, a cationiza-
tion process based on the recombination of a neutral
molecule with a metal ion is probably insufficient in
terms of yields. Our results bring additional arguments
against this hypothesis.

First, the yields of metal ions are low in the experi-
ments considered in Section 3.1. As shown in Fig. 5b,
they vary between 10−4 (Au) and 10−2 (In). Consid-
ering additional constraints in time, space and veloc-
ity vectors, the association of metal ions and neutral
molecules should be a very low probability event. Sec-
ond, the yields of cationized molecules and metal ions
are not correlated for the considered set of substrates.
Finally, if single cationization by a metal ion is a very
low probability event, double cationization of a given
organic molecule by two independent metal cations,
as observed for several metals with a very significant
yield, is obviously not realistic.

Therefore, we propose that neutral molecules re-
combine with metal atoms rather than ions [28]. In this
context, ionization of the nascent complex can occur
via ejection of an electron during the association pro-
cess (Hornbeck–Molnar process [45]). The process of
associative ionization is described by Eq. (1)

A(∗) + B → AB+ + e−. (1)

In the course of the recombination reaction, the
two constituents may approach closely enough to
pass a crossing between the neutral and ion potential
energy curves. At this point, the complex becomes
auto-ionizing and the ejection of an electron is fa-
vored. Considering the cationization of an organic
species, the functional groups (e.g., phenyl) of the
molecule and the metal atom will be the reactants.
The emission of an electron according to Eq. (1)
constitutes a way to dissipate the energy released by
the reaction. Once the electron is ejected, the isolated
complex is locked in the ionic state.

Qualitatively, two slightly different scenarios can be
considered, depending on the state of the silver atom.
In the first scenario, a part of the energy needed to
overcome the reaction barrier is provided by the metal
atom, which is in an excited state. Detailed electronic
structure calculations are presented for this case in
the discussion. In the second scenario, the required
energy is brought by the vibrationally excited organic
molecule and the metal atom lies in the ground state.
If it is energetically equivalent, the second scenario
should be favored because the number of ground state
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atoms is at least one order of magnitude larger than
that of excited atoms. In the following paragraphs, we
develop several arguments in favor of the associative
ionization process, and we comment on the validity of
the different scenarios.

3.2.2.1. Yields of metal atoms. According to our hy-
pothesis of cationization, sputtered neutral molecules
recombine with metal atoms instead of ions. First, this
hypothesis has the merit that the metal atom yields
are often greater than those of ions by several orders
of magnitude. Therefore, it is easily conceivable that
metal atoms and organic molecules sputtered in a sin-
gle event recombine above the surface, as shown in
Fig. 6.

A Monte-Carlo sputtering code using the binary
collision approximation (TRIM) has been used to cal-
culate the sputtering yields of the considered metals
under 12 keV Ga ions at oblique incidence, i.e., the
exact bombardment conditions of our experiments.
Indeed, in our ToF-SIMS, the 15 keV Ga ions ap-
proaching the surface are decelerated and deflected by
the 3 kV potential of the sample holder, so that their
final impact energy and angle of incidence are 12 keV
and 40◦. Fig. 7 shows the sputtering yields of metal
atoms calculated by TRIM for the considered samples.
Because of the sample preparation method, the sur-
face of the real samples is partially oxidized. There-
fore, we report the metal atom yields for the different
metals and for their oxides. The yields vary between
10 and 18 for the pure metals, and between 4 and 13
for their native oxides. Although data have not been
reported for these particular bombardment conditions,
our values agree qualitatively with published experi-
mental results [46]. Remarkably, the calculated neutral
yields are 102 (Ag, In) to 105 (Au) times larger than
thosemeasured for metal ions (Fig. 5b). Even though
the transmission of our instrument is not 100%, the
calculated neutral yields certainly remain on average
several orders of magnitude larger than thereal ion
yields. In contrast with cations, metal atoms consti-
tute an important reservoir of particles that can partici-
pate to the cationization process. The calculated yields
of Fig. 7 can be compared to the measured yields of

Fig. 7. Sputtering yield of metal atoms calculated by TRIM for
pure metal (gray bars) and metal oxide (black bars) surfaces.

metal cationized molecules presented in Fig. 5a. Even
though the yield variation is larger for the metal cation-
ized molecules, the two patterns bear a resemblance
that is not observed with metal ions (see for instance
the series Pd–Ag–In–Au–Pb).

It may appear questionable to compare metal yields
obtained in the BCA scheme with cationized molecule
yields, since we know that kDa molecules require
co-operative many-body interactions in the metal sur-
face to be desorbed. A double argument can be in-
voked to answer this objection. First, the average yield
values provided in the BCA approximation for sput-
tered atoms compare well with experimental values
reported in the literature. More importantly, the num-
ber of subcascades, of atomic displacements and the
energy dissipated by the projectile in the surface re-
gion, identified as the cause of large sputtering events,
vary as a function of the sample nature and bombard-
ment conditions in a manner that is qualitatively sim-
ilar to more refined models such as the MD simula-
tions. Therefore, even though collective events do not
exist in the BCA scheme, dense cascades may occur
in the surface region, and they induce sputtering yields
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that are higher than the average, as is the case in the
MD simulations.

In the introduction of this section, we propose
two associative ionization scenarios, depending on
whether the metal atom is in a ground or an excited
state. The TRIM code does not provide us with excited
state atom fractions and an exhaustive experimental
study involving all the substrates used in this article
does not exist yet. Nonetheless, some hints concern-
ing the metastable atom fractions can be found in the
recent literature. Berthold and Wucher showed that
Ag∗ (4d95s2, D5/2) atoms, the most abundant among
the excited atoms sputtered from clean Ag surfaces,
represent up to 6% of the neutral flux [47]. Simi-
lar populations have been found for metastable Cu
atoms [48]. These values are still much larger than
the ion fractions sputtered from the same surfaces.
Therefore, this scenario appears as relevant and will
be considered in detail hereafter.

3.2.2.2. Associative ionization in the vacuum. To
check the feasibility of the associative emission pro-
cess, we performed first principle calculations in
GGA, using the C6H6–Ag system as a model for the
interaction between PS oligomers and silver atoms
[28]. The potential energy curves have been calcu-
lated for the neutral, charged and excited system
C6H6 + Ag0/+/∗. The considered excited state of the
silver atom is [4d95s2], because it corresponds to
the predominant fraction of excited atoms sputtered
from Ag surfaces [47]. Geometrically, the silver atom
approaches the benzene ring along the C6 symmetry
axis.

The calculated potential energy curves are plotted
in Fig. 8 as a function of the distance between the
Ag atom and the benzene ring along the C6 axis.
The excited states of the silver atom, corresponding
to the promotion of a d-electron, are split in the ben-
zene field into three distinct potential energy curves.
Two of them, corresponding to the transitions from the
lowest energy still degenerate dx2−y2 and dxy orbitals
(upper curve), and from the highest energy degenerate
dxz and dyz orbitals (lower curve), to the 5s orbital,
are shown. The potential curve for the transition from

Fig. 8. Potential energy curves for the model system C6H6 + Ag.
Solid curves correspond to the ground state (lower) and the ionic
state (upper). Excited states are indicated by dashed curves. The
curve crossings between the excited and ionic states of the complex
are indicated by lettersc andc′. Electronic transitions are labeled
with lettersa, b (see text for details).

the dz2 orbital (not shown) should be between the two
other curves. It has not been calculated because the
�SCF procedure is extremely time consuming.

The fact that no crossing exists between the neutral
ground state and the ionic state of the system indicates
that associative ionization cannot occur in the vacuum
for ground state Ag atoms. Nevertheless, Fig. 8 also
shows that crossings (c, c′) occur between theexcited
states and ionic state of the system. At this point, the
association of the constituents, accompanied by the
ejection of an electron, becomes thermodynamically
favorable. From the potential energy diagrams, we can
deduce that the potential barrier of the reaction is a few
electronvolts. As was mentioned before, the excited
silver atoms represent 6% of the total neutral flux [47].
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This fraction is more than one order of magnitude
larger than the silver ion flux. Therefore, from a purely
statistical viewpoint, associative ionization induced by
excited silver atoms should be favored with respect to
silver ion–molecule association.

Although detailed calculations have not been per-
formed for all the metals considered in Section 3.1
of this article, it is possible to make some predictions
concerning other systems on the grounds of their elec-
tronic properties. According to our findings, the effi-
ciency of cationization in vacuo should depend on the
number of excited sputtered metal atoms. This num-
ber is determined by both the probability of excitation
during sputtering and the probability for an excited
atom to survive while leaving the surface.

First, according to Craig et al. [49] and Wucher and
coworkers [47,50], only metastable atoms with a hole
in the d-shell have a good chance to keep the excitation
due to screening of d-electrons by outer s/p electrons.
From this viewpoint, all the metals used in the experi-
mental study are good candidates, except Al. For com-
parison, Si, like Al, does not have d-electrons, and we
showed that cationization is not observed with silicon
substrates either [16]. The fact that Si and Al sub-
strates do not induce cationization is consistent with
our associative ionization model. With respect to the
screening requirement, though, Pd also constitutes a
limit case. Indeed, it does not have s-electrons in the
ground state at all. A possible excited configuration
is 4d95s1, which means that the screening is done by
only one s-electron.

Second, the process resulting in d-hole formation is
the electron promotion via hard projectile–target atom
and/or target atom-target atom collisions in the subsur-
face region of the substrate. The possibility of promo-
tion and the probability of excitation depend on details
of the electronic structure of a given pair. In particular,

Table 4
Metal d-electron binding energy and strength of the organometallic bond of the (C6H6 + Me)+ complexes (in eV)

Al Cr Cu Pd Ag In Au Pb

d-electron binding energy – 8.3 [53] 10.6 [53] 8.5 [53] 10.4 [53] 20.4 [53] 11.7 [53] 20.9 [53]

Bond strength of C6H6–Me+ 1.5 [54] 1.8 [55] 2.2 [55] ? 1.7 [56] 1.0–1.3 [57] 3.0 [58] 1.4 [59]

it is clear that the probability of excitation must de-
pend on the binding energy of d-electrons. The greater
the binding energy, the smaller impact parameters
are needed for the promotion to occur and the lower
the probability of a d-hole formation. As shown in
Table 4 (first line), d-electrons of In and Pb have much
greater binding energies than those of Cu, Ag, Au,
and Pd. This second argument qualitatively explains
why the yield of cationized molecules is compara-
tively lower for In and Pb substrates in the framework
of our model. We believe that the dication distribu-
tions observed for Cu, Ag and Au (and to a lesser
extent Pd) is a probability effect, because these metals
also exhibit the highest cationized molecule yields.
Detailed electronic structure calculations should be
performed in each case to obtain the complete physi-
cal description needed to determine ion yields.

3.2.2.3. Associative ionization near the surface. In
the above treatment, the process of benzene-excited
metal atom association is assumed to occur in vac-
uum, out of the surface influence. The question of
such an influence (electron exchange) on the yield
of cationized organic molecules is still open, and re-
quires additional data. The critical parameter defining
a number of ions formed in electron exchange is the
difference∆ between the ionization potential (IP) of
the emitted particle and the work function of the sub-
strateΦ, ∆ = IP − Φ [51]. When∆ > 0, which is
the case for atomic sputtering of pure metals, the ion
fraction in the total sputtering flux is low (<10−3).
On the other hand, when∆ < 0, e.g., for alkali metal
sputtering, the ion fraction approaches unit value.
Typical ionization potentials for hydrocarbons are
around 9 eV. Although for organometallics, IP is less
than that of the constituents atoms, it is, as a rule,
greater than the work functions of clean metals [52].
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Fig. 9. Scheme representing the ionization of a C6H6–Ag complex in the vicinity of the surface. (a) Potential energy curves as a function
of the silver atom-benzene molecule distance; (b) Energy barrier as a function of the complex-surface distance (see text for details).

It means that electron exchange should supress the
yield of cationized molecules, provided that they form
near the surface. However, this argument only con-
cerns molecules being in the “zero” vibrational state.
It is not the case of molecules emitted under fast ion
bombardment, which have a large amount of internal
energy, as shown in Section 3.2.2.4. Assuming that
electronic transitions occur much faster than nuclear
motions (the Frank–Condon principle), the ionization
potential varies as a function of the internuclear coor-
dinates.

An example of ionization near the surface, involv-
ing the transfer of an electron from the C6H6–Ag com-
plex to the silver surface empty states, is shown in
the scheme of Fig. 9. The first frame of Fig. 9 shows
the potential energy of the complex as a function of
the distance between its constituents, where only one
degree of freedom for vibrations, along the C6 axis, is
taken into account. The second frame shows the sit-
uation of the complex with respect to the surface. In
vacuum, the only possible transition leading to cation-
ization from the ground state of the complex is transi-
tion a, a transition for which the energy barrier is high,
as shown in Fig. 8. When the complex experiences
the influence of the surface, however, the possibility
for a d-electron of the silver atom to be transferred
to the surface might be significant (transitionb). The

modification of the final state energy with decreasing
complex-surface distance is qualitatively expressed by
the translation of the C6H6–Ag+ potential energy from
the ‘v’ curve to the ‘s’ curve in Fig. 9a. The ‘v’ curve
represents the limiting behavior for a complex com-
pletely isolated from the metal surface and the ‘s’
curve is related to the case where the complex lies in
the vicinity of the surface. All the intermediate curves
are allowed. In these conditions, ionization of the com-
plex becomes realistic even with a ground state Ag
atom because the proximity of the surface biases the
energy barrier. Ionization will also be favored if the
organic molecule is vibrationally excited.

In summary, the schematic view depicted in Fig. 9
qualitatively suggests that, close to the metal surface,
the transition energy required for ionization of the sil-
ver atoms is not well defined. Vibrationally excited
molecules might favor an electron transition from the
complex to the surface, i.e., to induce cationization.

3.2.2.4. Kinetic and internal energy distributions of
sputtered molecules. MD simulations indicate that
metal atoms and organic molecules recombine in the
course of the emission process, following the de-
velopment of large-scale collective motions in the
sample surface. In these concerted emission events,
the organic molecule and the metal atom often have
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very similar center of mass velocities. However, we
showed above that they have to overcome a potential
barrier of a few electronvolts to recombine. There-
fore, they must have a certain amount of relative
kinetic energy available for the reaction to occur. In
this subsection, we propose that the energy stored in
the rotational and vibrational modes of the organic
molecule might be sufficient to overcome the reaction
barrier.

Previous theoretical studies have shown that KED
shapes are well predicted by the MD model [14,40].
In Fig. 10a, we plot the calculated KEDs of styrene
tetramers sputtered from a molecular overlayer de-
posited on silver for two different bombardment en-
ergies, 1.5 and 5 keV. The two curves match almost
perfectly and reproduce the experimental distributions
measured under 12 keV Ga+ bombardment [16]. In
other words, in this projectile energy range, the KEDs
are almost independent of the bombardment condi-
tions. For this reason, we are convinced that the KEDs
of Fig. 10a reasonably model our present experiments
with silver substrates.

The internal energy distributions, calculated as
the sum of the potential and kinetic energies of the
molecule constituents in the center of mass system,
are plotted in Fig. 10b for styrene tetramers. As was
the case for the KEDs, the internal energy distribu-
tions are not significantly dependent on the projectile
energy. They peak around 10 eV and extend beyond
25 eV. In addition, the comparison with benzene [40],
biphenyl [41] and dibenzanthracene [42] molecules
indicates that the average internal energy increases
with the molecular weight. Hence, broader internal
energy distributions are to be expected for larger
styrene oligomers.

Regarding the interaction of metal atoms and or-
ganic molecules, such internal energy values should
be sufficient to overcome the potential barrier for
association. Because of the rotational and vibrational
excitation of the sputtered molecules, a metal atom
travelling along with, or within, an organic molecule,
as observed in the molecular dynamics, should be able
to approach the molecule enough to reach the crossing
point at which the system becomes autoionizing.

Fig. 10. Calculated energy distributions of styrene tetramers
desorbed from silver substrates under 5 keV Ar bombardment.
(a) Kinetic energy; (b) Internal energy.

3.2.2.5. Stability of the complex. The association
process described above constitutes a low-energy
cost alternative with respect to intrinsic ionization.
Nonetheless, this decrease of the ionization energy
should occur at the expense of the molecular species



A. Delcorte et al. / International Journal of Mass Spectrometry 214 (2002) 213–232 231

stability. Because the association process adds a
weaker bond to the molecule, the lowest energy bar-
rier for unimolecular dissociation should be similarly
reduced. In this context, the value of the binding
energy between the metal and the molecule, i.e., the
depth of the potential well in Fig. 8, should also be
a relevant parameter to interpret ion yields. For com-
parison with the silver case, the binding energy of the
other metal atoms in the (C6H6 + Me)+ complexes,
collected mostly from the literature, are listed in
Table 4 (second line). No accurate value could be
found for (C6H6 +Pd)+ complexes. Nevertheless, the
binding energy of Pd to benzene should be greater
than those observed for other transition metal com-
pounds, because Pd does not have outer s-electrons.
Indeed, the interaction of a metal atom s-electron with
benzene valence electrons is repulsive (Pauli repul-
sion) and, therefore, adding electrons to the s-outer
orbital weakens the bond. Table 4 shows that copper,
silver and gold have larger binding energies than in-
dium and lead. Hence, the stability of indium and lead
complex cations and dications should be lower, which
is consistent with the lower cluster yields measured in
the experiment (Fig. 5a). The case of chromium, how-
ever, cannot be explained by this simple argument.

In summary, the complete prediction of ion yields
would require to combine the relevant parameters
through a detailed treatment involving electronic
structure calculation (formation probability) and in-
ternal energy dependent fragmentation (survival prob-
ability) for all the considered systems. Even though
such a comprehensive study is outside the scope of
this article, it has been shown that the observed ex-
perimental yields are consistent with our associative
ionization model.

4. Conclusion

Metal-cationization of organic molecules occurs
with different metal substrates including Cr, Cu, Pd,
Ag, In, Au and Pb. The cationization efficiency varies
as a function of the chosen substrate–analyte pairs. In
the considered sample set, the yield of metal ions is

several orders of magnitude lower than that of atoms
and it is not correlated with the yield of cationized
molecules.

For polymers based on the styrene structural unit,
double cationization by two metal particles is also
observed with several substrates, e.g., copper, silver,
gold, and to a lesser extent, palladium. These sub-
strates are those for which single cationization is also
the most efficient. Therefore, the formation of dica-
tions from such surfaces can be seen as a probability
effect rather than the consequence of a specific mech-
anism.

These results support an ionization scheme in which
neutral molecules and metal atoms ionize via associa-
tion above the surface. In this scenario, ionization and
formation of the complex coincide, provided that the
constituents approach closely enough to cross the crit-
ical distance at which the ionic state of the metal par-
ticle becomes thermodynamically favored. The metal
atom in an auto-ionizing state will decay by electron
emission, thereby releasing the reaction energy and
locking the complex in the ionic state.
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