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for fragmentation and metastable decay processes in molecular
secondary ion emission
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Abstract

To understand the sputtering processes in unsaturated polymers, dibenzanthracene and polystyrene samples were bombarded by
15keV, Ga* ions and the secondary ions were mass- and energy-analyzed by means of a time-of-flight spectrometer. The influence
of various phenomena, which may play an important role in the secondary ion emission from polystyrene surfaces, is investigated:
(1) emission of “original” fragments, reflecting the polymer structure; (2) emission with fragmentation, rearrangements or hydrogen
losses; (3) formation of molecular ions by hydrogen or proton capture; and (4) unimolecular dissociation of the secondary ions.
The dibenzanthracene molecule (C,,H,,) was chosen as a model compound for the study of the emission and metastable decay of
polyaromatic hydrocarbon (PAH) ions under static SIMS analysis conditions. The kinetic energy distribution (KED) of most of
the secondary ions sputtered from dibenzanthracene exhibits up to three peaks. The peaks corresponding to a negative apparent
energy are due to the metastable decomposition of larger ions in the acceleration section of the spectrometer. Their origin, i.e.
delayed H and H, loss reactions, is discussed in detail. The kinetic energy distributions of the dibenzanthracene secondary ions are
compared with those of the PAH ions emitted from polystyrene, especially in the region m/z=100-200 of the PS mass spectrum. It
turns out that similar interpretations can be proposed for polystyrene. To confirm the hydrogen loss reaction in the case of
polystyrene, the comparison is also made with the KED of similar but deuterated PAH ions sputtered from deuterated PS. On the
basis of these hydrogen loss reactions, the formation times of the daughter ions are calculated. © 1997 Elsevier Science B.V.
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1. Introduction

The mechanisms of secondary ion emission from
organic materials bombarded by keV ions are not
yet very well known. In particular, the emission of
large molecular ions from polymer surfaces is
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difficult to understand on the basis of simple
mechanistic arguments involving atom-atom colli-
sions [1,2]. Several theoretical and experimental
methods have been proposed in order to elucidate
these emission processes, e.g. collision-activated
dissociation [3,4], ion beam degradation mecha-
nisms [2,5,6], and molecular dynamics simulations
[7,8]. These works have brought substantial infor-
mation concerning the possible fragmentation
pathways of organic (macro)molecules, but due to
the indirect nature of these investigations, a ques-
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tion remains about their ability to model the
processes correctly.

To obtain a direct insight into the physical
processes leading to the secondary ion emission,
the analysis of the kinetic energy distribution of
the ions sputtered from various organic samples
has been developed recently in our laboratory
(organics [9,10] and polymers [11]). The success
of this approach has been proved for a long time
in the case of elemental and inorganic targets [12].
Its application to the study of organic targets has
allowed us to distinguish characteristic ions, emit-
ted by a soft emission process, from reorganized
ions, resulting from a more energetic emission
process [9-11]. Furthermore, correlations have
been drawn between the kinetic and formation
energy of the ions in the case of hydrocarbon
C.H, fragments [10].

The case of polystyrene is already well docu-
mented with respect to the SIMS analyses: for
instance, fingerprint spectrum [13], molecular
weight distributions (oligomers) [14], hydrogen
scrambling [15] and hydrogen transfer during
emission [16], conformational effects [17], styrene-
-butadiene copolymers [18], and radiation dam-
ages under ion bombardment [5,19,20]. In a more
specific way, measurements of the radial velocity
of the C_H, secondary ions sputtered from poly-
styrene under MeV, heavy ion bombardment
(electronic sputtering) have been done recently
[21,22]. A periodic variation of the radial kinetic
energy as a function of the number of hydrogen
atoms y is observed. It is interpreted in relation to
the track structure of the primary ion: unsaturated
ions are originating from the hot region of the
inner track whereas saturated ions are produced
farther away from the track core. This is in qualita-
tive agreement with the arguments developed in
Ref. [10] for C H, sputtered under keV bombard-
ment, which is of great interest considering the
very different interactions involved.

However, the way in which the highly reorga-
nized PAH ions are formed from polystyrene sur-
faces is unclear. The unimolecular decomposition
reactions affecting such ions are well established.
The main channels of metastable decay are H,
H, and C,H, losses [23-27]. The interest devel-

oped in the decomposition reactions affecting these
PAH ions has been renewed recently because of
their abundance in the interstellar medium [28].
Following unimolecular reaction theory [29], the
parameter governing the rate of dissociation (r) of
excited species is the excess of internal energy
(E,,;) in the particle. Assuming this, rate versus
energy curves can be drawn for the different reac-
tions, allowing us to find out the dominant reaction
at a given E£,,. The lifetime of the metastable ion
before dissociation is proportional to the inverse
of the rate r.

For short lifetimes, typically in the range
107°-10"®s, the ion fragments resulting from
metastable decay can be observed in the energy
spectrum of the secondary ion [30,31]. Within
these lifetimes, the dissociation reaction occurs in
the acceleration section of the ToF spectrometer.
Therefore, the metastable ions decompose before
being completely accelerated (3 kV ), sharing their
kinetic energy between the neutral and ion frag-
ments in a proportion depending on the respective
masses of these fragments. Consequently, the frag-
ment ion originating from the dissociation
process will be detected with a Kkinetic energy
Eyce —AE cua, lower than the kinetic energy of
identical ions directly emitted from the surface. In
principle, the simultaneous knowledge of the nega-
tive part of the KED and of the mass of the
neutral fragment allows us to deduce the lifetime
of such metastable ions [30]. It is shown in the
following that such reactions may play an impor-
tant role in SIMS of organic samples.

The kinetic energy distribution of several
secondary ions sputtered from polystyrene has
been presented elsewhere [32]. It has been observed
that some PAH ions present a bimodal structure
in these KEDs, which was explained by the meta-
stable decay of larger parent ions in the accelera-
tion section of the spectrometer. In this work, the
polycyclic dibenzanthracene molecule was chosen
as a model, in order to obtain a deeper understand-
ing of the unimolecular decomposition reactions
affecting PAH ions during the SIMS analysis.
Indeed, the origin of the bimodal distribution in
the KED of the aromatic ions emitted from poly-
styrene suggested the analysis of a PAH molecule
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for which the parent ion could be clearly identified
in the mass spectrum. The dibenzanthracene mole-
cule, with its parent ion (M- *) peaking at m/z=
278 in the positive mass spectrum, seemed the
ideal candidate for this study. In Section 3.2, we
will show how the interpretations developed to
explain the behavior of the dibenzanthracene frag-
ments may be generalized to the case of the PAH
ions sputtered from polystyrene.

2. Experimental
2.1. Samples

The 1,2:5,6-dibenzanthracene sample (C,,H,,)
was purchased from Aldrich Chem., Co. and the
polystyrene sample was received from the
University of Liége. It was chosen because its mass
and homodispersity (M,=60000; H=1.05)
allowed us to neglect any effect of the chain end
on the intensities of the fingerprint secondary ions
[33]. The deuterated PS (M, =64 000) was received
from Bayer AG (Dr. K. Reihs). The DBA powder
was dissolved in acetone, and the PS beads in
toluene (+1 mg/ml). Both were prepared as thin
films cast on silver substrates, by depositing a
droplet of the solution on the silver substrate
(0.25cm?) [16]. Prior to deposition, the silver
substrates were etched in 25 vol.% nitric acid of
analytical grade from UCB and rinsed in water of
HPLC grade from a milli-Q system (Millipore).
In addition, a PS sample was also cast on a cleaned
silicon substrate to investigate the effect of the
substrate on the secondary ion emission. The low
concentration of the solutions allowed us to
deposit very thin sample layers, ensuring a good
clectric contact between the top surface and the
sample holder. To verify this, all the energy meas-
urements were done with samples for which the

substrate secondary ion peaks were present in the
ToF-SIMS spectra.

2.2. SIMS analyses
The secondary ion mass analyses and the KED

measurements were performed in a time-of-flight
SIMS microprobe microscope (Charles Evans)

using a (5 kHz) pulsed Ga™ beam (15 kV, 400 pA
DC) [34]. The angle between the gallium source
and the spectrometer axis (perpendicular to the
surface) is 35°. In order to avoid polymer degrada-
tion [6], the primary beam was rastered onto a
(97 x 97 um?) area, allowing to keep the ion fluence
below 5x 10'! ions/cm® for one spectrum. For a
KED measurement, ~20 spectra were recorded
on the same sample area with different energy
windows and the total ion fluence was kept below
103 ions/cm?.

During the secondary ion extraction periods, a
(3000—4) V potential is applied to the sample
where 4 is adjustable in order to acquire a selected
part of the KED and this 3 kV corresponds to the
nominal extraction voltage. The departing second-
ary ions are accelerated between the sample and
the extraction plate (grounded entrance of the first
Einzel lens) and focused before to enter a field free
drift region. They are afterwards 270° deflected by
three hemispherical electrostatic analyzers (ESA)
before reaching the detector. At the crossover
following the first ESA (at 90° with respect to the
spectrometer axis), they are energy selected by a
slit of fixed width (100 um, corresponding to a
passband of 1.5eV). Thus, the detected part of
the KED will correspond to the mean energy
(4—C)eV, where C is a constant. The acquisition
of mass spectra for different sample voltages allows
the collection of a complete KED, a 1V increase
of the sample potential corresponding to a 1 eV
decrease in the KED. An alternative way to mea-
sure the KED is to keep the sample voltage at the
fixed nominal value (3 kV) and to shift the energy
slit perpendicularly to the beam in order to accept
different regions of the KED. The spatial distribu-
tion is then converted into an energy distribution
owing to an empirical equation derived from the
simulation of the ion trajectories [35]. The determi-
nation of the zero of the energy scale (C) is not
trivial: 1t is estimated in the following from the
intersection between the tangent to the increasing
part of the KED of the atomic substrate ions
(Si*, Ag™) and the energy axis. The corrected
value of the sample voltage (4— C), giving the
initial kinetic energy of the secondary ions, will be
called “apparent energy” in the following.
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3. Results and discussion
3.1. Fingerprint ions

The positive mass spectrum of PS cast on silver
(Fig. 1) exhibits the classical fingerprint peaks,
well documented in the literature [36]. Most of
these peaks correspond to (poly)cyclic, aromatic
hydrocarbon ions (PAHs). Peaks related to the Ag
substrate are also present in the mass spectrum,
indicating the small thickness of the PS film. The
comparison with the mass spectrum of PS cast on
silicon, in the same conditions, shows that the
effect of the nature of the substrate on the relative
intensity of the fingerprint ions is weak.

In Fig. 2, the detected secondary ion yield of
four fragments sputtered from PS is plotted as a
function of the secondary ion yield of silver, for
five different samples realized with the same poly-
mer solution. The Ag* yield of the bare silver is
indicated by the dashed line (5.25x107%). The
increase in PS ion yield with Ag™ yield in the
considered range shows the effect of the substrate
on PS ion formation. Below Y *('%Ag)=
4x 104 ie. when the polymer covers the silver
substrate sufficiently to reduce the Ag™ intensity
by a factor of 10, the yield of PS ions is nearly
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Fig. 1. Secondary ion mass spectrum of PS (M,=60 000) cast
on silver.
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Fig. 2. Yield of the PS secondary ions as a function of the Ag
secondary ion yield for five different samples cast from the same
solution (1 mg ml '), The yield is calculated with the formula:
Y " =average positive ions detected/primary particle.

constant. Thus, we can consider that the effect of
the substrate is weak in this range, and that the
KED measurements obtained on these samples are
not drastically influenced by the underlying silver
layer. In practice, all the KED measurements were
realized on such samples (Y *('"Ag) <4 x 107%).
It is interesting to note that the secondary ion
yield of the most intense ion in the PS spectrum,
C-H7, ranges from 5x107° when the substrate
effect is negligible, to 1.8 x 10~ * when the substrate
effect is present. A detailed study of the effect of
the substrate on the SI emission of organic mole-
cules has been realized recently [37]. In this work,
a positive correlation between the signal of the
protonated molecule (M+H)* and the Ag sub-
strate signal is observed with a coverage of one
monolayer and more. Indeed, above one mono-
layer, both signals decrease drastically. Our results
suggest that the same phenomenon occurs in the
case of polymers. As the sputtered neutrals exhibit
similar behavior [37], the explanation of this phe-
nomenon probably lies in the sputtering process
itself, and not in the ionization step of the SI
emission.

For the PS sample cast on silicon, the secondary
ion yields measured were: Y "(Si)=3.5x10"%
Y "(C3H3)=7x1073% Y (C;H)=6x10"7 Y*
(CeHg)=8x107% and Y *(CgHo)=1.2x10"%
which are very close to the constant values mea-
sured with the silver substrate. This leads to the
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conclusion that the influence of the substrate in all
our KED measurements i1s weak, and that the
features observed are intrinsically related to the
ion—polymer interaction itself.

In polystyrene, the formation of several molecu-
lar ions seems rather “direct” (m/z =39; 51; 63;
77; 103; 104; 117; 193), because it requires only
bond-scissions. The KED of such ions will be
presented in this section. By contrast, the emission
of polycyclic ions in the range 100-200 D (m/z=
115; 128; 141; 152; 165; 178) needs an additional
rearrangement, the complexity increasing with the
size of the ion formed. They will be considered in
Section 3.2. The case of the C,H; (m/z=91) and
CgHy (m/z=105) is somewhat different: both have
an excess of hydrogen in comparison with the PS
molecular structure and they have to capture a
hydrogen atom (or a proton) to be formed.

Fig. 3 shows the KED of two of the most
characteristic ions of PS, CiHs (phenyl) and
C,H7 (tropylium), both presenting cyclic struc-
tures. The two sets of curves correspond to the
two different substrates, silver and silicon. As
expected, there are few differences in the shape of
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Fig. 3. Kinetic energy distribution of two “‘fingerprint” ions of
PS, C¢H (m/z=77) and C,H{ (m/z=91). Above: PS cast on
silver; below: PS cast on silicon.

the KEDs when comparing the different substrates.
Significant intensities are measured for negative
apparent energies (before the zero of the KED).
As mentioned in the introduction, this can be
explained by the metastable decay of molecular
ions in the acceleration section of the spectrometer
(see Section 3.2). On the other hand, the slope of
the high-energy tail of the KED is steeper for the
tropylium ion C;H;. It has been shown, in the
frame of the collision cascade theory, that a
high translational energy corresponds also to a
high internal energy of the ions, leading to a higher
fragmentation probability and to a removal of the
high energy tail [1,38]. Conversely, softer collisions
produce slower and weakly excited ions. Following
this argument, the emission of the C;H+ could be
due to a less energetic impact than the emission of
the CgHS . Such a narrowing of the KED could
also be partially explained by the so-called “size
effect”, observed in the case of tricosenoic acid
[9,10], i.e. the transfer of momentum to one atom
of a molecule is converted both in internal and
kinetic energy; the kinetic versus internal energy
ratio decreases with the size of the molecule [39].
In that case, a similar initial energy transfer may
lead to different widths of the KED.

To illustrate the effect of the size of the second-
ary ion in the case of polystyrene, Fig. 4 shows
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Fig. 4. Kinetic energy distribution of CH; (m/z=14); C,H;
(m/z=26); C,H] (m/z=51) and CgHy (m/z=105) sputtered
from PS cast on silicon.
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the KED of several molecular ions with a mass
ranging from 14 to 105D. The KED broadens
when the size of the ion decreases, in a non-linear
fashion. This broadening is very pronounced for
low-mass ions (from CH; to C,HJ), and tends to
a lower limit when the ion mass exceeds 100 D.
This behavior is qualitatively similar to the one
observed with the molecular ions sputtered from
tricosenoic acid [9,10].

The other important phenomenon affecting
molecular ions sputtered from tricosenoic acid was
the unsaturation effect. This effect can also be
generalized to the case of polystyrene (Fig. 5). In
each C,H, series, the FWHM of the distributions
increases when the number of hydrogen atoms in
the fragment decreases. In Ref. [10], we proposed
a simple model based on the degree of similarity
between the chemical and molecular structures of
the secondary ions and those of the polymers. In
that model, the more important is the energy
transmitted to the departing ion, the higher are its
internal and kinetic energies and, consequently,
the deeper is its reorganization. The consequence
of the reorganization is indeed to lower the excess
internal energy in the ion, keeping the total kinetic
energy unchanged. In this way, soft interactions
produce characteristic ions with a low kinetic
energy whereas violent ones give rise to reorga-
nized ions with a higher kinetic energy. In the
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Fig. 5. Kinetic energy distribution of the C;H, ions sputtered
from PS cast on silicon.

application of these general considerations to the
case of tricosenoic acid LB films, the loss of
hydrogen atoms was identified as the main frag-
mentation channel for the C.H, ions, and good
correlations were found between the kinetic and
formation energy of these ions [10]. It is very
interesting to note that qualitatively close inter-
pretations were developed by Papaléo et al. [21,22]
to explain the periodic variation of the radial
kinetic energy of the C ,H, ions sputtered from
polystyrene with very different experimental condi-
tions (heavy MeV ion irradiation).

The FWHMSs of the characteristic ions of PS
confirm our interpretations (Fig. 6). In general,
the ions which are close to PS structure have very
narrow KEDs ((C;H;, C,H;f. CsH{, C(H.,
CgH>)). The narrowest KEDs are observed for
large molecular ions (size effect) or/and for second-
ary ions resulting most probably from hydrogen
(proton) capture (C,H; , CgHg). The very narrow
KEDs of this second category of ions can be
explained qualitatively: indeed, the correlation in
time and space which is needed for the association
of the hydrogen atom (or proton) to the departing
C.H, and CygHg ion (or neutral) fragments 1s
consistent with a lower mean kinetic energy of this
ion [40]. By contrast, very small ions or/and ions
formed via hydrogen loss (unsaturation effect)
exhibit broader distributions: C,H;, C3H;,
C,H; . These observations can be interpreted in
the frame of Benninghoven’s model. i.e. in relation
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Fig. 6. FWHM of the direct emission peak of the kinetic energy
distributions (C,H, ions sputtered from PS).
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to the energy transferred to the surface species as
a function of the distance r to the primary ion
impact point [41]. As the energy deposited by the
cascade decreases with r, our results suggest that
the small and/or very unsaturated ions are pro-
duced in the high deposited energy region sur-
rounding the impact point, whereas the larger
and/or more saturated ions, reflecting the polymer
structure, would be formed in a region where the
deposited energy is lower and farther away from
the impact point.

3.2. Metastable ions

3.2.1. Dibenzanthracene

The DBA molecule is constituted by five aro-
matic rings having two or four carbon atoms in
common with the others (Fig. 7). This kind of
PAH molecule produces rather weak fragment ion
intensities under irradiation conditions [42]. The
partial positive secondary ion mass spectrum of
DBA is shown in Fig. 7 (200<m/z<300). The
most intense peak in the mass range of the intact
molecule is the parent ion M- * (C,,H{,). Major
peaks appear also at m/z=276 (C,,Hj,), 277
(Cp.Hf3), 265 (CyHy3) and 279 (CpHJS), as a
result of H,, H, CH loss and H capture. The
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Fig. 7. Partial secondary ion mass spectrum of DBA cast on
silver (200-300 D).

intensity of the other fragments in this region is
rather weak (less than 20% of the parent ion).
Above m/z =280, two series of peaks show signifi-
cant intensities: the C,3H," series (m/z =289, 291)
and the C,,H,O" series (m/z=293, 294). The
oxygen-containing peaks are probably due to par-
tial oxidation of the molecule. The origin of the
C,3H, series is less clear. In the interpretation of
the data, it will be important to remember that
the C,,H, series can not be evidenced in the mass
spectrum of DBA.

Some typical KEDs of the secondary ions in the
range 200<m/z <300 of the DBA spectrum are
shown in Figs. 8 and 9. A close look at the KED
of these ions allows us to classify them into three
categories: (1) distributions which do not show a
well-defined peak in the ‘“‘negative energy” tail
(exponential tail: m/z =280); (ii) two peak distribu-
tions, with the second peak corresponding to a
~10eV energy loss (m/z=265, 278, 279); (iii)
three peak distributions, with the second peak
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Fig. 8. Kinetic energy distribution of several secondary ions
sputtered from DBA (silver substrate).
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Fig. 9. Kinetic energy distribution of C,,H{, (m/z=276) emit-
ted from DBA (silver substrate). The Gaussian curves ( hatched
areas) indicate the calculated area of the metastable peaks.

corresponding to a 10 ¢V energy loss and the third
peak corresponding to a ~20eV energy loss
(m/z =263, 276). As mentioned before, the peaks
appearing in the “negative energy” tail correspond
to fragments resulting from the unimolecular disso-
ciation of their metastable parents. To explain the
complex structure of the KED, two qualitatively
different ion formation pathways must be consid-
ered: (a) the fast rearrangement and ionization of
the molecule within the time of the collision cas-
cade (10 '%s), resulting in the direct formation of
the ion at the surface (direct emission peak); (b)
The emission of a larger, metastable ion, followed
by its decomposition far from the surface, resulting
in the delayed formation of the ion (second and
third peaks). The different peaks due to metastable
decay would then correspond to two different
reactions leading the same daughter ion.

In order to obtain a more detailed view of this
phenomenon, the relative intensities of each peak
of the KEDs were determined. For this purpose,
an exponential baseline was subtracted in the
negative part of the energy spectrum, and the two
peaks corresponding to unimolecular dissociation
were isolated. In first approximation, Gaussian
curves were used for the peak fitting. Fig. 9 shows

the result of the decomposition procedure for the
peak C,,H{; (m/z=276). As a result of this data
treatment, the relative area of the different peaks
of the energy spectra corresponding to the most
intense fragments found in the mass spectrum of
DBA are reported in Table 1. The intensities in
Table 1 are given in percentages of the C,,H[,
(m/-=278) main peak intensity. For some of the
ions, the metastable part of the energy spectrum
is more intense than the direct emission peak. This
is the case for the ions C,,H{; (m/z=276) and
C,,Hy (m/z=274). For some other peaks, the
amount of fragments resulting from metastable
decay 1s more than 30% of the total intensity of
the ion (m/z=250; 263; 277), which shows the
importance of this process.

The relative intensities of the different metasta-
ble decay peaks may also help to explain their
origin. As shown by several works using rather
different techniques, the more frequent reactions
for such PAH ions are hydrogen and acetylene
losses [23-28,42]. In the case of DBA, it is obvious
that the high intensities of the peaks due to meta-
stable decay in the C,,H; series can not be pro-
duced by the dissociation of hypothetical
C, H,, ions, which would have a much higher
mass than the DBA molecule and are not present
in the mass spectrum. Thus, the most probable
reactions involve atomic or molecular hydrogen
losses. In Fig. 10, the integrated intensity of the
third peak for the ion C H,"_, is plotted versus the
direct emission peak intensity of the ion C.H, .
The data indicate that there is a positive correlation
between these two series of peaks. To understand
this correlation, one must consider that the third
peak of the KED of the ion C,H,_, is the result
of a H, loss by the metastable parent C,H .
Moreover, it means that the H, loss process con-
tributes in a similar way for all the ions considered
and constitutes a constant fraction of the parent
ion intensity ( ~20%). Concerning the second peak,
the argument related to the size of the parent ion
holds too and suggests that this peak is also due
to a loss of hydrogen. The fact that the less
unsaturated ion of each series, C,.H, ., does not
present a second peak, and that this second peak
emerges for the following ion of the series,
C.H/_ -, is consistent with the loss of a single
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Table 1
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Intensity of the different components of the energy spectra (DBA on silver)

Ion Formula Mass (m/z) Main peak (1) Second peak (II) 1I/1 (%) Third peak (I11) IT1/1 (%)
C, Hi 237 1 1.2 11 1.9 17
CoH{, 238 5.5 0.76 14 0.19 3
C,,Hf, 239 17 0.46 3 0.33 2
C.H, 241 7.1 0 0 0 0
C,oHs 249 7.1 1.5 21 1 14
C,oHjy 250 9.4 1.5 16 5 53
ChoHfy 251 6.1 1.3 21 0.9 15
C,oHj, 252 16 2.2 14 0 0
C,oHf, 253 8.9 0.9 10 0 0
C,,Hy 261 9.5 1.6 17 2.2 23
C,Hy, 262 4.7 1.9 40 0.3 6
C,,H, 263 18 23 13 75 42
Cy,Hy, 264 8.4 14 17 1.4 17
C, Hy, 265 38 3.2 8 0 0
C,H{, 266 14 0.7 5 0 0
CH{, 274 6.2 0.9 15 6.3 102
C,,H;, 275 9.8 1.3 13 0.5 s
C,.Hy, 276 21 5.9 28 19 90
C,,Hf, 277 13 4.1 32 6.9 53
C,.H 278 100 29 3 0 0
C,.Hj; 279 45 1 2 0 0
C,,Hj, 280 13 0 0 0 0
C,.H;, 289 16 1.3 8 33 21
CpHy, 291 12 1.4 12 0 0
C,,H}, 292 9.9 0.8 8 0 0
2 hydrogen atom. The other ions of the series also
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Fig. 10. Correlation between the intensity of the third peak of
» and the direct emission peak of the ion C,H,

the ion C,H;_

(x=19-23), emitted from DBA.

exhibit a second peak at the same energy. However,
there is no correlation between the C,H,_, second
peak intensity and the C,.H," first peak intensity.
This lack of correlation would indicate that the
fraction of metastable decay by hydrogen loss is
changing with the parent ion structure.

Knowing the nature of the unimolecular reac-
tions occurring in the acceleration section of the
spectrometer, it is possible to calculate the delayed
formation time of the daughter ions. In the case
of the ion C,,H;; (m/z=276), the considered reac-
tions are the following:

C,,Hiy(m)z=277)—>Cy,H 5 (m/z =276, 1)+ H,
(D

C,,H{(m)z=278)—>Cy,H 5 (m/z =276, II1) + H,.
(2)

As discussed before, the second peak of the
KED of C,,H}, is attributed to the first reaction,
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and the third peak to the second reaction. Finally,
it is assumed that, during the dissociation, the
kinetic energy is shared between the two fragments
in proportion of their respective masses. With
these hypotheses, the average kinetic energy trans-
ferred to the H neutral (4K) in Eq. (1) is 8.5¢eV,
whereas the average kinetic energy left to the H,
molecule in Eq. (2) is 18 eV. These correspond
respectively to 2380 and 2460 eV kinetic energies
for the parent ions at the dissociation point (80%
of the total acceleration). Knowing the mass and
the kinetic energy of the precursor at the dissoci-
ation point, the formation time of the daughter
ion is determined according to the equation of the
ion motion within the electric field: If the mass of
the metastable ion before dissociation is . and the
mass of the neutral lost is Am, the difference of
kinetic energy between an ion of mass m—Am,
formed at the surface and completely accelerated,
and a similar ion resulting from metastable decay
at a distance d of the surface is:
qV Am

AK d, (3)
1l m

where ¢ is the electron charge, V is the acceleration
voltage and / is the length of the acceleration
section. As 4K is given by the experiment, it is
easy to determine d by this equation. The dissoci-
ation time is then obtained from:

t 2m! d (4
qv )
The initial kinetic energy of the ion, very small
in comparison with the acceleration energy, is
neglected in these equations. After this treatment,
the two peaks (II and III) which were initially
separated in energy, appear superimposed when
plotted as a function of time (Fig. 11). The mean
calculated formation time of the daughter ions for
both reactions is close to 1.5 x 10”7 s. Thus, ignor-
ing the internal energies involved in these pro-
cesses, the formation times calculated with the
above assumptions suggest that the two reaction
channels are competitive. Similar formation times
are observed for all the daughter ions resulting
from the dissociation of the DBA charged
fragments.

— 276 (II) \

800y — 276 (1) \i\
2 6001
o
=3
o
<
2 4001
1771
=
2
=
i

2001

01 = . . . e

0 510° 1107 15107 2107 25107 3107

Delayed Formation Time (s)

Fig. 11. Calculated formation time of the C,,H/, ions resulting
from unimolecular decomposition reactions.

Several of the H-loss reactions identified in
Table 1 do not verify the even-electron rule [43].
According to this general rule, the reactions in
which the decomposition of an even-electron ion
(odd mass for the C_H, ions) leads to the formation
of an odd-electron ion (even mass for the C,H,
ions), are statistically unfavored. However, it has
been shown by metastable decay analyses that
such reactions occurred in the case of the PAH
ions. In the study of the benzopyrene molecule
(C0H;z) [24], the reactions m/z=251—-m/z 250
and m/z=253->m/z =252 are evidenced as major
reactions for these ions. On the other hand, the
fact that such odd-electron hydrocarbon ions are
produced by fragmentation of the DBA molecule
at the surface and constitute important peaks in
the mass spectrum (m/z=252; m/z=276) shows
that their formation is energetically favorable. The
high stability of such ions is due to the delocaliza-
tion of the unpaired electron on the whole ion.
Their formation enthalpy is also very low [44].

Our data do not exclude other channels of
metastable decay (loss of C,H,, etc.), but they are
not observed in the energy range analyzed. For
similar lifetimes as those corresponding to the
hydrogen loss reactions, a simple calculation shows
that the kinetic energy left to the acetylene frag-
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ment after the reaction C,,H;,—CyoH/,+C,H,
would be more than 200eV. Therefore, the
centroid of the peak would be located at —200 V
in the energy spectrum, and its FWHM would
exceed 100 V. Due to this broadening, the peaks
of this kind, even if they have a similar integrated
intensity as the metastable peaks due to hydrogen
loss, would be lost in the background noise and
thus impossible to evidence.

3.2.2. Polystyrene

Fig. 12 shows the KED of several PAH ions
sputtered from polystyrene. They all exhibit a
clear, intense peak in the positive range of the
spectrum, indicating that the main emission pro-
cess for these ions occurs in the surface region,
before any acceleration. The shape of the main
peaks in Fig. 12 are not significantly different from
each other, but the fast intensity decay with
increasing energy is consistent with the size effect
quoted in Section 3.1. A rather pronounced second
peak is also present in the “negative tail” of the
KED, showing a delayed formation channel for
these ions (metastable decay). The KED of
CoH (m/z=115) even shows a third peak, which
will be discussed later. This delayed formation
channel is consistent with a lower internal energy
transfer during the emission of the parent ion. An
interesting feature of these distributions is that the
centroid of the second peak is shifted away from
the main peak when the size of the ion decreases.
This is accompanied by a simultaneous broadening
of the peak. To quantify the contributions of the
different formation channels for each secondary
ion, the procedure developed for the DBA energy
spectra was applied to the PS ions. The intensity
of the different contributions (area of the peaks)
for the most characteristic ions of polystyrene is
indicated in Table 2. All the intensities in Table 2
are indicated in percents of the C;H; main peak.
The metastable contribution corresponding to the
second peak exceeds 30% of the direct emission
peak in two cases: C,,Hg (m/z=152) and
CysHy, (m/z=191), and it is also very important
for C;HS (m/z=89), C,(Hy (m/z=128), C,,Hs
(m/z=141) and C;Hy (m/z=165).

Based on the results obtained on DBA, the
second peak is attributed to a H loss. To confirm
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Fig. 12. Kinetic energy distribution of several polycyclic aro-
matic ions sputtered from PS (cast on silver). Top to bottom:
C,HS (m/z=89); C,H; (m/z=115); C,;Hy (m/z=128);
C,Hg (m/z=152); C Hj, (m/z=178).

the origin of the second and third peaks in these
energy spectra, a 98% deuterated polystyrene
sample was prepared and analyzed in the same
way. The KED of the characteristic ions of deuter-
ated PS provides information about the nature of
the reaction. Assuming that the same reactions
affect hydrogenated and deuterated fragments and
that they occur within similar time scales, one
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Table 2
Intensity of the different components of the energy spectra (PS
on silver)

Ion Formula Mass (m/z) I IT 11/1 (%)
CeHy 77 22 0.95 4
C,H{ 89 11 29 26
C,H; 91 100 1.1 1
CHY 103 17 0.49 3
CeHy 105 25 0 0
CoHy 115 30 1.3 4
CyHq 117 27 0 0
CoHy 128 17 2.7 16
C, Hy 141 5.9 1.1 19
C,.Hy 152 4.2 1.5 36
C,;Hg 165 6.9 1.2 17
C,.H, 178 35 2.6 7
C,sHy, 191 4.6 1.9 4]
CisHp; 193 20 0.84 4

would expect a shift of the centroid of the metasta-
ble peak in the KEDs for similar fragments. This
is explained by the difference of the fragment
masses, and thus by a difference in the relative
fractions of the kinetic energy transferred to the
daughter fragments when the metastable parent
splits. Fig. 13 shows the KED of the ion C,,D{,
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Fig. 13. Kinetic energy distribution of the polycyclic aromatic
ion C,,D}, (m/z=188), sputtered from deuterated PS cast on
silver.

(m/z=188) sputtered from deuterated PS. The
second peak is obviously shifted towards a lower
energy, approximately —30 V, whereas the corre-
sponding peak in the KED of C,H{, was located
at — 15 V. This large shift can not be explained by
the small mass difference between C,H, and
C.D, unsaturated ions. By contrast, the loss of D
instead of H, or D, instead of H,, would lead to
such an important shift. This can be easily under-
stood if one considers the following equation:

AK m d
—— = (5)
K Am 1

If the dissociation times are similar, the distance
of dissociation d will be less than 10% smaller for
C,4D{y (m/z=188) than for C H{, (m/z=178).
As Am is twice as large for D or D, losses as for
H or H, losses, AK must be nearly twice as high
for the loss of deuterium by C,,D;, as for the loss
of hydrogen by C,,H,. Several arguments can
lead us to choose between the loss of H (D) and
the loss of H, (D,). Once more, let us consider
the case of the anthracene ion C,,H,. Its structure
is very similar to that of the dibenzanthracene
parent ion (see Section 3.1), and the intensity of
the peak C, ,H;, (m/z=180) is very weak, as was
the case for the ion C,,H /s (m/z=280) in the mass
spectrum of DBA. Thus, the reaction C,,H,
—C,,H 5+ H; does not seem a good candidate to
explain the second peak in the KED of C,,H/,,
and this kind of reaction was not observed in the
case of DBA. On the other hand, C,H; (m/z=
115) and CgHS (m/z=103) are the only ions
showing a third peak in the energy range consid-
ered in Fig. 12. Assuming that the second peak is
due to a single H loss and that the third peak is
due to a H, loss, one can calculate a mean decom-
position time equal to 1.1 x 10”7 s for both reac-
tions in the case of CoH7. The same observation
is valid for CgH; . The similarity with the case of
the ion C,,H;, in DBA is clear: the same intense
neighbor at mass m/z+2, similar reaction times
for H and H, loss mechanisms; which is again in
favor of the single H loss mechanism for the
interpretation of the second peak of the KED. The
fact that the series of increasing energy shift of the
second peaks in Fig. 12 includes the second peak
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of the KED of CgH; (CgH- ), and not the third,
is again in favor of a similar H loss reaction for
all the ions considered. Thus, our results suggest
that the predominant metastable decay channel
giving rise to intense secondary peaks for the PAH
ions in the case of polystyrene is the loss of one
hydrogen atom. For this H loss reaction, the
average formation times of the daughter ions are:
9.5x1078s for C,HS, 1.1 x 1077 s for CoH; and
C,oHg, 1.2x1077s for C;,H{y and 1.3x1077s
for C,,H ;. Calculations modeling the H loss from
naphthalene (C,,Hg) and anthracene (C, H;)
show that the 107 s ! rates correspond to 10-12 eV
internal energies for this reaction [27].

In parallel to the fragmentation pattern pro-
posed by Leggett et al. for PS [4], a careful study
of the C,H, ion energy spectra allows us to compile
a table containing all the metastable decay reac-
tions evidenced in this work. In Scheme 1, the
most important reactions are indicated by full
arrows, whereas the secondary reaction, corre-
sponding to weak daughter ion intensities, are
indicated by dashed arrows. The ions for which
the ratio metastable peak intensity versus direct
emission peak intensity is the highest are
underlined. These ions exhibit a weak total inten-
sity, and are not considered as fingerprint peaks
in the PS spectrum (m/z=164; 190; 202). In gene-
ral, the metastable decay reactions involve nearly
all the C,H, ions in the range m/z=100-200 of
the PS spectrum. However, the contribution of
metastable H loss reactions is more pronounced
for the larger ion sizes. The only H, loss reac-
tions evidenced are CgHy -CgH; +H, and
CyHg -C,H7 +H,. It is interesting to note that
the main reactions occurring in the Cg C,;, Cg,
C, and C,, series verify the even-electron rule. At
higher mass, the rule is no longer observed, especi-
ally when the major peak of the series corresponds
to a very stable, odd-electron ion (m/z=128, 152,
178). The reason for this behavior has been dis-
cussed in Section 3.2.1.

4. Conclusions

The energy spectra measured for molecular ions
sputtered from polystyrene are interpreted on the

Cis —— 204 —203 —»202

Cis 194 ——o(93) —» 192 —— 19/
—>[90 -——189
Ciy 180 -——>179 —»(78) —»177 ——»176
Ci3 (I67) —» 166 —»(165)— 164
Cpy 154 —» 153 —»(152)—» 151
C 142 —»Q41) -——140 —»139
Cio 130 -——129 ——»(128) -——127 —» 126
Co ([17)-——116 —(]15)-——>114
Ne—
Cq (05)-——>104 — 103 -——102
N
C; 92 -——(9) -——> 90 —» 89
Cs 78 -——(72)

Scheme 1. Metastable decay by loss of hydrogen. Synthesis of
the reactions involving the C,H, ions in PS. The full arrows
indicate important reactions, giving rise to significant daughter-
ion intensities. The dashed arrows correspond to secondary
reactions, with weak (but obvious) daughter-ion intensities. The
boxed numbers indicate the most intense peak in each C,H,
series.

basis of the chemical structure of the target, includ-
ing the concept of internal energy-dependent frag-
mentation of the secondary ions. These arguments
account for the direct emission peak of the KED,
resulting from fast bond-scission/reorganization
processes.

On the other hand, the unimolecular dissociation
of metastable ions constitutes a delayed but impor-
tant channel leading to the formation of fingerprint
ions in the case of dibenzanthracene and polysty-
rene under SIMS analysis conditions. The metasta-
ble decay via atomic or molecular hydrogen loss
was identified in both cases, by the comparison
between the parent and daughter ion intensities
(DBA), and by the comparison with the results
obtained with a deuterated sample (PS). In poly-
styrene, the formation of fingerprint PAH ions
(range 100-200 D) by metastable decay seems
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mainly due to a single hydrogen atom loss. The
metastable contribution can reach 25% of the total
ion intensity for some secondary ions
(C;Hg, CsH{)). In DBA, the metastable contri-
bution is even more drastic for some intense
secondary ions (CyoH 5, C,H;3), reaching up to
50% of these ion intensities. The calculated forma-
tion times of the daughter ions are in the range
1-1.5x1077s for both H and H, losses. The
practical implication of these results is that the
metastable ions cause artefacts in the secondary
ion mass spectra (broadening and shift of the peak
centroid), leading to wrong identifications.
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