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Ion-Beam-Induced Desorption as a Method for Probing the Stability of the
Molecule-Substrate Interface in Self-Assembled Monolayers

Sabina Wyczawska,[a] Piotr Cyganik,*[b] Andreas Terfort,[c] and Peter Lievens*[a]

During recent years self-assembled monolayers (SAMs) have
been recognized as model structures for different areas in
nanotechnology, ranging from nanolithography and molecular
electronics to sensors and biocompatible materials.[1] A grow-
ing range of possible new SAM applications demands better
understanding of their detailed molecular structure, which is a
result of balancing molecule–molecule and molecule–substrate
interactions in the monolayer. Despite the numerous structural
studies of SAMs available nowadays, the structure and stability
of the SAM–substrate interface is still poorly understood. Even
for a most simple SAM system of methanethiol on Au(111),
identification of the adsorption geometry (the Au�S interface)
remains controversial.[2, 3] As a consequence, the experimental
and theoretical analysis of the bonding geometry and the sta-
bility of the molecule–substrate interface for technologically
relevant, and therefore more complicated SAMs, is extremely
difficult. Importantly, this missing information remains funda-
mental for most of SAMs potential applications with molecular
electronics in particular.[4]

Herein we propose using ion-induced desorption in combi-
nation with neutral fragment mass spectrometry as a method
to analyze the chemical stability of the molecule–substrate in-
terface in complicated and technologically relevant SAMs. This
work builds on previous studies analyzing the behavior of
SAMs on a Au(111) substrate upon bombardment with beams
of Ar+ ions in the keV range.[5–8] It was shown that the bom-
bardment of aromatic thiol SAMs on a Au(111) substrate results
in the ejection of neutral molecular fragments via two distinct
desorption mechanisms. A minor percentage of the SAM frag-
ments leave the surface with high kinetic energy (~eV) as a
result of the direct momentum transfer from the collision cas-
cade developed in the substrate upon primary ion impact. The
overwhelming majority of desorbing particles leaves the sur-
face with low kinetic energies (~10�2 eV) as a result of “gentle”
cleavage of chemical bonds (with no significant momentum
transfer) within the organic layer by chemical reactions initiat-

ed by reactive fragments (e.g. radicals) created in the organic
film as a result of the primary ion impact.

Following these findings, ion-induced desorption experi-
ments were performed for aromatic SAMs that form different
structural phases on the Au(111) surface.[9] These experiments
unambiguously demonstrated that the ion-induced cleavage
of chemical bonds in SAMs is extremely sensitive to details of
their geometric and electronic configuration, due to the chemi-
cal reaction mechanisms involved. To further investigate this
effect, a homologue series of 4,4’-biphenyl-substituted alkane-
thiols [CH3�C6H4�C6H4�(CH2)n�SH; BPnS; n = 1–6] deposited on
a Au(111) substrate was analyzed.[10] Former microscopic[11] and
spectroscopic[12, 13] experiments demonstrated that, depending
on the parity of the number of CH2 units (the parameter n is
odd or even), two different structures of BPnS/Au(111) SAMs
are observed, with higher packing density and more uprightly
oriented molecules for the odd-numbered systems. Important-
ly, this odd–even structural effect coincides with the odd–even
effects reported for the stability of these SAMs towards electro-
chemical desorption,[14, 15] exchange by other molecules,[16, 17]

electron irradiation,[18]and thermally induced phase transi-
tions.[19–21] In all these different aspects of the film stability, the
odd-numbered systems were more stable than the even ones.
Recent ion-induced desorption experiments for the BPnS/
Au(111) series demonstrated that the emission of the complete
parent molecule, resulting from the Au�S bond scission and
the emission of the desulfurized parent molecule ([BPnS�S]),
resulting from the S�C bond scission, also exhibit clear odd–
even effects.[10] In this case, the odd BPnS/Au(111) SAMs show
a systematically lower probability of the Au�S bond scission
with at the same time higher probability of the S�C bond scis-
sion. Considering that the Au�S bond has to be cleaved to
allow for electrochemical desorption or for exchange by other
molecules capable of SAM formation, previous electrochemi-
cal[14, 15] and exchange experiments[16, 17] indicated a higher
chemical stability of this bond for odd systems. If this correla-
tion holds, one could relate efficiency of ion-induced bond
scission and chemical stability of the respective bond, as was
suggested recently.[10]

However, it is known that the odd–even effect in BPnS/
Au(111) SAMs changes the packing density of the molecules
and thus also the molecule–molecule interaction, which must
significantly influence the electrochemical desorption and mol-
ecule exchange processes. Therefore, previous desorption ex-
periments for BPnS/Au(111) SAMs alone could not unambigu-
ously prove the direct relation between the efficiency of the
ion-induced desorption process and the chemical stability of
the corresponding chemical bond at the SAM–substrate inter-
face. Such proof could be obtained by comparing desorption
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processes for SAMs in which the only difference in the ener-
getics is related to the stability at the SAM–substrate interface.
It would of course be desirable to perform such an analysis
not only for a single analogue pair but for a whole family of
molecules. Such an opportunity is provided by the homologue
series of BPnSe/Au(111) (n = 2–6), which are selenolate analogs
(S!Se substitution) of the BPnS/Au(111) SAMs (see Figure 1).

Previous microscopic[22] and spectroscopic[23, 24] experiments
confirmed that the packing density and structure of the
BPnSe/Au(111) SAMs is essentially the same as for their thiol
analogs. Following this similarity, recent exchange experiments
comparing BPnS/Au(111) and BPnSe/Au(111) SAMs unambigu-
ously demonstrated higher stability of the Au�Se bond as
compared to the Au�S bond in these SAMs.[17]

The mass spectra of photoionized neutral particles emitted
with low kinetic energies (~10�2 meV) following 15 keV Ar+ ion
beam bombardment of BPnSe/Au(111) SAMs (n = 2–6) are pre-
sented in Figures 2 b–f. Several molecular fragments that are
common to all the spectra shown in Figure 2 are indicated in
Figure 1 and correspond to the deselenized parent molecule

([BPnSe�Se]) and smaller fragments with m/z = 91, 168, 181.
For the present analysis, only two kinds of ions are of impor-
tance, namely the parent molecule (BPnSe) and the desele-
nized fragment of the parent molecule ([BPnSe�Se]). To com-
pare the relative emission from different SAMs we have nor-
malized the obtained mass abundances using the total detect-
ed amount of desorbed molecular material in the given spec-
tra. The corresponding data are shown in Figure 3. To allow for
direct comparison between BPnSe/Au(111) and BPnS/Au(111)
SAMs, data obtained for [BPnSe�Se] and BPnSe emission (Fig-
ures 3 a,b) are confronted with the respective data obtained
earlier[10] for [BPnS�S] and BPnS emission (Figures 3 d,e).

The most striking feature of the data obtained in the present
experiment is the complete absence of parent molecule
(BPnSe) emission in all spectra obtained for BPnSe/Au(111)
SAMs. In contrast, parent molecule emission was observed in
BPnS/Au(111) SAMs desorption, exhibiting a clear odd–even os-
cillation.[10] This result shows that the probability of the ion in-
duced Au�Se bond scission must be radically lower compared
to the Au�S bond. Since recent exchange experiments[17] dem-
onstrated that the stability of the Au�Se bond in these SAMs
is higher compared to the Au�S bond, we can now directly
correlate the stability of the given chemical bond at the SAM–
substrate interface towards ion-induced desorption with the
chemical stability of this bond.

The second feature clearly visible in Figure 3 a is the odd–
even effect in the emission of the deselenized fragment
[BPnSe�Se]. This effect is similar to what was observed earli-
er[10] for [BPnS�S] emission (compare Figures 3 a,d). This obser-
vation again is fully consistent with previous experiments re-
vealing: 1) the same character of the odd–even structural
effect in both types of homologue series,[22–24] and 2) the same
odd–even character in the stability for BPnSe/Au(111) and
BPnS/Au(111) SAMs against the exchange by alkaneselenols

Figure 2. Mass spectra obtained from photoionization of neutral molecular
fragments with low kinetic energy desorbed during the Ar+ irradiation of
BPnSe/Au(111) SAMs. a) n = 2, b) n = 3, c) n = 4, d) n = 5, e) n = 6.

Figure 3. The normalized photoion signals for a) the BPnSe�Se fragments,
b) the parent molecules (BPnSe), and c) the total detected signal plotted as
function of the number of methylene units in BPnSe/Au(111) SAMs (a–c). To
enable direct comparison, respective data reported by us previously (ref.
[10]) for BPnS/Au(111) SAMs are presented in (d–f). Data in (a), (b), (d) and
(e) are normalized to the total detected signal. Data in (c) and (f) are normal-
ized to the maximal value.

Figure 1. Schematic structure of the BPnSe/Au(111) SAMs with indicated
chemical bonds that need to be cleaved for the emission of the parent mol-
ecule (BPnSe), the deselenized parent molecule ([BPnSe�Se]), and fragments
corresponding to m/z = 91, 168 and 181.
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and alkanethiols, respectively (see Figure 5 in ref. [17]). Consid-
ering the present results, we can also directly conclude that
the opposite sign of the odd–even effect for the [BPnS�S]
emission as compared to BPnS (see Figures 3 d,e) reflects that
the increased chemical stability of the Au�S bond results in
decreased stability of the S�C bond and vice versa. This is an
expected chemical effect considering that the same S atom is
involved in both bonds which, apparently, can be traced by
our desorption experiments.

The third feature is the odd–even effect in the total photo-
ion signal detected for both homologue series (Figures 2 c,f). In
both cases the odd–even oscillation decays with increasing
number n. This effect was also observed in corresponding ex-
change experiments and is fully consistent with the structural
model of BPnS(Se)/Au(111) SAMs as discussed earlier.[17] The
opposite phase of this oscillation in desorption for BPnSe/
Au(111) and BPnS/Au(111) SAMs is directly related to the phase
of the odd–even oscillation of the dominant contribution to
the total photo-ion signal which comes from the deselenized
parent molecule ([BPnSe�Se]) for BPnSe/Au(111), and the
parent molecule (BPnS) for BPnS/Au(111) SAMs.

Thermal desorption spectroscopy (TDS) has been used to
probe the relative stability of the Au-S and Au-Se bonding in
SAMs. The TDS experiments conducted by Witte et al.[25] com-
paring benzenethiol (BS) and benzeneselenol (BSe) on Au(111)
were interpreted by the authors as indicating higher stability
of the Au�S bond. However, this conclusion contradicts those
of two other publications analyzing the stability of the same
SAMs by competitive adsorption[26] and electrochemical de-
sorption.[27] In our opinion the relative stability of the Au�S
and Au�Se bonds can be compared only for thiol and selenol
SAMs analogs that form the same or very similar structures.
Since the packing density of BS and BSe on Au(111) is different
by about 35 %,[25]such an analysis is not conclusive. More re-
cently, however, Witte et al have conducted TDS experi-
ments[28] for anthracenethiol (AntS) and anthraceneselenol
(AntSe) SAMs on Au(111) (see Figure S2 in the Supporting In-
formation of ref. [28]), which have similar packing density and
structure.[28, 29] Here the TDS data show no emission of the
complete AntSe molecule from AntSe/Au(111) SAMs in the in-
vestigated temperature range (350–700 K) while deselenized
fragment emission is observed with a peak at 478 K.[28] For
AntS/Au(111), however, emission of the complete AntS mole-
cule at 488 K (from the high-density phase) and the desulfur-
ized fragment at 531 K (from the low-density flat-lying phase)
was reported.[28, 29] These data (restricted to high-density
phases for which such a comparison is possible) may indicate
stronger Au�Se bonding as compared to the Au�S in these
SAMs, which results in the emission of a deselenized fragment
of the AntSe molecule (with Se atoms remaining on the sur-
face as confirmed additionally by the XPS data)[28] for AntSe/
Au(111) and the emission of a complete AntS molecule for
AntS/Au(111) SAMs in a similar temperature range. Such inter-
pretation of TDS data obtained for AntS(Se)/Au(111) SAMs[28, 29]

is consistent with desorption data shown herein, and in var-
iance with the conclusions from the TDS data published in
ref. [25].

In conclusion, our experiments unambiguously show that
mass spectrometry of neutral fragments desorbed by ion bom-
bardment of SAMs directly probes the chemical stability of the
molecule–substrate interface in SAMs. Moreover, this new in-
formation together with the corresponding interpretation of
the data obtained in a number of previous experiments,
proves that the method proposed herein can qualitatively
monitor changes in the stability of the molecule-substrate in-
terface governed by three different aspects: 1) modification in
the SAMs anchoring group (S!Se substitution, present data),
2) modifications in the chemical structure of the SAMs molecu-
lar backbone (the odd–even effects in BPnSe/Au(111) and
BPnS/Au(111) SAMs, present data and ref. [10]), and 3) modifi-
cations in the surface molecular packing for a given SAM (dif-
ferent structural phases in even BPnS/Au(111) SAMs, ref. [10]).

This qualitative information on molecule–substrate interface
energetics should in turn enhance rational design and theoreti-
cal modeling of complicated and technologically relevant
SAMs. For instance BPnS/Au(111) SAMs have been the subject
of recent DFT calculations analyzing both bonding geometry[30]

and electronic structure[31] at the molecule–metal interface, not
revealing, however, any odd–even effect in the Au�S bond sta-
bility visible in our desorption experiments. Also, relative stabil-
ity of the Au�S and Au�Se bonding in SAMs as described
herein was recently for the first time approached by DFT calcu-
lations,[32] leading the authors to the general conclusion of a
marginal difference in the stability. This is in contrast with de-
sorption data presented herein, recent exchange experi-
ments,[17] and most of previous[26, 27, 33, 34] experimental findings.
Therefore, we believe that the experimental results obtained
for a well-characterized homologue series of BPnSe/Au(111)
and BPnS/Au(111) SAMs could be used as a reference for se-
lecting an appropriate theoretical approach to model SAM–
substrate interface energetics.

Finally, we note that in the presented method, chemical re-
actions of reactive molecular fragments produced by the pri-
mary ion impact probe the chemical stability of the molecule–
substrate bonding in SAMs. Since a low dose of primary ions
(~1010 ions/cm2, see the Experimental Section) is used for this
analysis (static conditions), and the produced reactive species
quickly move out of the primary ion impact zone,[8] the pro-
posed method analyzes, fast and locally, the unperturbed
structure of the molecule–substrate interface in SAMs. This is
in contrast to relatively slow thermal or electrochemical de-
sorption experiments where, due to the global tempera-
ture[19–21, 29, 35] or potential[36] ramping, respectively, the mole-
cule–substrate interface in SAMs can reconstruct before the
desorption process takes place.

Experimental Section

BPnSe/Au(111) SAMs were formed by immersing gold-coated sub-
strates in a 0.1 mm ethanolic solution of the corresponding disele-
nide [BPnSe�SeBPn: CH3(C6H4)2(CH2)nSe�Se(CH2)n(C6H4)2CH3 with
n = 2–6] for at least 24 h. The synthesis of the molecules is de-
scribed elsewhere.[37] After incubation all samples were rinsed with
ethanol and dried in a nitrogen flow. Atomically flat Au(111) sub-
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strates were epitaxially grown by thermal evaporation on air-
cleaved mica.[38] The ion-irradiation experiments were performed in
a UHV laser ionization mass spectrometer. Detailed information
about the setup is available elsewhere.[39] In brief, the experimental
setup consists of an UHV chamber (base pressure below 2 �
10�10 hPa), with an ion source and a time-of-flight mass spectrome-
ter connected to it. Desorption was induced by a pulsed (500 ns)
Ar+ ion beam (15 keV) directed onto the sample surface at an inci-
dence angle of 458. The experiments were performed in the static
regime with a total ion fluence of about 8 � 1010 ions/cm2. Laser
post-ionization in combination with mass spectrometry was ap-
plied to ionize and detect neutral molecular fragments. The cloud
of desorbed particles was intersected at a fixed distance of 4 mm
parallel to the sample surface by a focused, pulsed (6 ns, 10 Hz)
laser beam delivered by an optical parametric oscillator (Quanta-
Ray MOPO-730) which was pumped by a Nd:YAG laser (Spectra
Physics GCR-230). In order to reduce the photofragmentation pro-
cess, resonance enhanced multi-photon ionization (REMPI) was
used. To ionize the phenyl-containing molecular particles, resonant
two-photon one-colour photoionization was used at 259 nm with
relatively low photon fluence (~1018 photons/cm2).[40] The created
photoions were subsequently accelerated and detected in a linear
time-of-flight mass spectrometer with a mass resolution of about
200. Changing the delay time between the incidence of the pri-
mary ion beam pulse on the sample and the firing moment of the
laser, kept at a fixed position above the sample surface, enables se-
lection of the kinetic energy of the analyzed species. To acquire
mass spectra that result from ion-induced desorption by a chemi-
cal reactions mechanism, only low-energy molecular species where
analyzed in the present experiments. Note that not all observed
molecular fragments exactly correspond to a given m/z value.
Since small variations due to the mass calibration error can be
safely excluded, we attribute the observed spread/deviation to the
capture or loss of one or several protons during the desorption
and/or the photoionization processes.
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