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Abstract

To investigate the metastable decay processes for molecular ions sputtered from hydrocarbon polymers with differer
degrees of unsaturation, polyisobutylene, polybutadiene, and polystyrene thin films were bombarded by 15 keks &ad
the secondary ions were mass and energy analyzed by means of a time-of-flight spectrometer. In general, the kinetic ener
distributions show that an important fraction of the secondary ions is detected with an energy deficit, due to the dissociatiol
of their metastable parents in the linear part of the spectrometer. The analysis of the energy spectra leads to propose two tyy
of metastable decay reactions: fast, unindentified dissociation in the acceleration section of the spectrometer and delayed H &
H, losses in the drift section of the spectrometer. The interpretation of the results in the frame of the unimolecular reaction:
theory indicates that the decay rates of these reactions are in the rahd€’19* (fast decay) and 101°F s~* (H and H,
loss), which corresponds to half lives of 10 ns to @4 and 10 to 10Qus, respectively. On average, the fraction of ions
produced in the vacuum increases with the mass of the daughter ions. When comparing the three polymers, the metasta
decay for the lowest mass range @ m/z < 100) is increasing when decreasing unsaturation (polyisobutylene
polybutadiene> polystyrene). The important analytical issue of these unimolecular decomposition reactions is addressed, toc
(Int J Mass Spectrom 184 (1999) 217-231) © 1999 Elsevier Science B.V.

Keywords:Secondary ion mass spectrometry; Sputtering; lon emission; Unimolecular reactions; Metastable ions; Polystyrene; Polyisobuty
lene; Polybutadiene

1. Introduction in a region close to the primary impact point, where
the deposited energy is high, the internal energy

The bombardment of solid surfaces by keV [1-3] excess will probably cause its direct fragmentation
and MeV [4] primary ions leads to the sputtering of [7-10]. On the other hand, if the received energy is
molecular fragment ions or clusters. During the emis- lower, the internal energy may be absorbed in the
sion process, the departing species receive both ki- rotation and vibration modes without fragmentation,
netic and internal energy, the latter being shared resulting in the emission of the particle in an excited
between the different vibration and rotation modes state. These excited molecular ions may then decom-
[5,6]. If the polyatomic particle lays prior to emission pose during their time-of-flight in the spectrometer,
which has important fundamental and analytical im-

. . . plications [11-13].
* Corresponding author. E-mail: delcorte@pcpm.ucl.ac.be . . .
Presented at the 1st European Workshop on Secondary lon Mass ~ F0llowing the unimolecular reaction theory [14],

Spectrometry, Moster, 4—6 October 1998. the metastable decay of a parent ion can be described
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with a simple exponential equation. The constant they are no longer accelerated in this section. Thus,
appearing in the exponential is defined as the rate of they constitute a well-defined peak in the energy
dissociation ) and the half live of the metastable ion spectrum, and the mass of the neutral lost can be
population ,,,) is proportional to the inverse of the easily determined knowing the energy deficit [12].
rater. The parameter governing the rate of dissocia-  In previous papers, the unimolecular dissociation
tion of excited species is the excess of internal energy of metastable molecular ions has been observed for
(Ejnp in the particle. In the frame of ion-induced dibenzanthracene and polystyrene [18], and for more
particle desorption, metastable decay processes haveomplicated polymers containing nitrogen [12]. It was
been investigated by several authors for organic observed that some ions containing aromatic rings
[11-13,15-21] and inorganic samples [15,21-26], present a bimodal structure in these KEDs, which was
using keV [11-12,15-20,22—-26] and MeV [13,19— explained by the loss of hydrogen from larger parent
21] primary ions. In these works, the nature and ions in the linear part of the spectrometer. The KEDs
importance of the metastable decay processes and, inof parent ions and metal-cationised molecules of
several cases, the decay rates and lifetimes of thetriacontane and tetraphenylnaphtalene indicated an
parent ions have been studied. important contribution of fast metastable decay reac-
With our time-of-flight secondary ion mass spec- tions, too [27]. In addition, preliminary results con-
trometry (TOF-SIMS), the daughter ions resulting cerning the fast metastable decay of fragment ions
from unimolecular dissociation of their metastable sputtered from polyisobutylene and polystyrene have
parents in the linear part of the spectrometer can be been reported recently [28].
observed in the energy spectra of the secondary ions In the following, we report on the extensive study
[12,18]. Indeed, when they dissociate, the parents of metastable decay reactions in the case of molecular
share their kinetic energy between the neutral and ion fragment ions sputtered from hydrocarbon polymers
fragments in a proportion depending on the respective with various degrees of unsaturation: polyisobutylene
masses of these fragments. Consequently, the daugh{PIB), polybutadiene (PBD), and polystyrene (PS).
ter ions originating from the dissociation process will This work extends our previous studies [18,28] in

be detected with a kinetic enerd¥,.. — AE cutral several ways: three different hydrocarbon polymers

lower than the kinetic energy of identical ions directly are compared; the metastable decay in the accelera-

emitted from the surface [25,26]. tion section and in the field-free drift region are
For short lifetimes, typically in the range 18- clearly distinguished and investigated separately; the

10 s, the dissociation reaction occurs in the accel- results are modeled on the basis of the unimolecular
eration section of the TOF spectrometer. Then, the reactions theory. The discussion will be mainly fo-
metastable ions decompose before being completelycused on three important issues: (1) the metastable
accelerated (3 kV). These daughter ions having a decay reactions and their analytical consequences; (2)
kinetic energy deficit constitute a “negative energy” the exact nature and relative importance of the decay
tail in the kinetic energy distributions (KEDs). In channels for the three studied polymers; (3) the
principle, the simultaneous knowledge of the negative estimated decay rates and lifetimes for the different
part of the KED and of the mass of the neutral kinds of reactions.
fragment allows one to deduce the lifetime of such
metastable ions [25,26].

For longer lifetimes, approximately 16-10“ s,
the parent ions decompose in the field-free drift 3 1 samples
section of the spectrometer preceding the first elec-
trostatic analyzer. In this case, the daughter ions of a  Monodisperse PS [-CHCH(CGHs)-], was re-
given reaction have the same kinetic energy deficit, ceived from the University of Lige (M, = 60 000).
which is independent of the dissociation time because PIB [-CH,—C(CH;),—], and PBD [-CH-CH=CH-

2. Experimental
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CH,—],, were purchased from Aldrich Chemie (high allows the collection of a complete KEDa 1 V
molecular weight). All the polymers were dissolved in increase of the sample potential corresponding to a
toluene (from 0.05 to 5 mg/mL). They were prepared 1 eV decrease in the KED. An alternative way to
as thin films cast on silicon substrates (0.25%rby measure the KED is to keep the sample voltage at the
depositing a droplet of the solution on the substrate. fixed nominal value (3 kV) and to shift the energy slit
Prior to deposition, the substrates were rinsed in water perpendicularly to the beam in order to accept differ-
of HPLC grade from a milli-Q system (Millipore), ent regions of the KED. The spatial distribution is
isopropanol, and hexane. The low concentration of the then converted into an energy distribution owing to an
solutions allowed us to deposit very thin polymer empirical equation derived from the simulation of the
layers, ensuring a good electric contact between theion trajectories [31]. The zero of energy scale is
top surface and the sample holder. To verify this, all estimated in the following from the intersection be-
the energy measurements were done with samples fortween the tangent to the increasing part of the KED of
which the substrate secondary ion peaks were presenthe atomic substrate ions (Siand the energy axis.

in the TOF-SIMS spectra. The corrected value of the sample voltage, giving the
initial kinetic energy of the secondary ions, will be
2.2. SIMS analyses called “apparent kinetic energy” in the following.

For the integral KED measurement, the external

The secondary ion mass analyses and the KED edge of the energy slit is used to cut the high energy
measurements were performed in a PHI-EVANS part of the distributions. In this way, the measured
Time-of-Flight SIMS (TRIFT 1) using a (5 kHz) signal is the integral of the low energy part of the
pulsed G4 beam (15 kV, 400—800 pA dc) [29]. The KED, including ions with a kinetic energy deficit. To
angle between the gallium source and the spectrom-vary the upper limit of the integral, several acquisi-
eter axis (perpendicular to the surface) is 35°. In order tions are realised with different sample voltages.
to avoid polymer degradation [30], the primary beam
was rastered onto a (130 130 um?) area, allowing
to keep the ion fluence below 8 10" ions/cn? for
one spectrum. For a KED measuremeng0 spectra
were recorded on the same sample area with different
energy windows and the total ion fluence was kept
below 132 ions/cnf.

During the secondary ion extraction periods, a
(30004) V potential is applied to the sample wheke Yp(t) = YO exp( — rt) (1)
is adjustable in order to acquire a selected window of ) o )
the KED and this 3 kV corresponds to the nominal WhergYo 'S_ the initial number- of parent -IOI’IS amds
extraction voltage. The departing secondary ions are the dissociation rate, depending on the mtgrnallen.ergy
accelerated between the sample and the extractionOf the fragmgnt. The_ number of daughter ions in time
plate (grounded entrance of the first Einzel lens) and t can be easily obtained from
focused before to enter a field-free drift regign. Thgy Yy(t) = YO — Y1) (2)
are afterwards 270° deflected by three hemispherical
electrostatic analyzers (ESAs) before reaching the @nd its time derivative can be calculated by
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 (1Qom
corresponding to a passhand of 1.5 eV). The acquisi- In the following, the use of these simple equations to
tion of mass spectra for different sample voltages describe the metastable ions distributions will imply

3. Theoretical considerations

According to the theory of unimolecular reactions
[14], for a given reaction, the number of metastable
parentsY,, in time t is given by

d_

gt rY®exp( — rt) (3)
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two severe hypotheses: (1) the decay of the consid- It will be shown in the results part that the quantity
ered parent occurs mainly via a single reaction, and dY4/dAE, is directly obtained from the kinetic energy
not by several parallel reaction channels; (2) the distribution of the ion. In addition, the integral of the
internal energy distribution of the parent ion is narrow daughter ion intensity will be available from a slightly
and centered around a val&, corresponding to a  different experiment (see sec. 2). Following our for-

given rater. malism and Eq. (6), this integral is given by
. o . dYy = YO exp( — rKAEY?) )
3.1. Unimolecular dissociation in the acceleration -
'3

section

For an ion of mass losing a neutral of masdm
in the acceleration section of the spectrometer, the 3.2. Unimolecular dissociation in the drift section
relation between the energy defickE, and the
time-of-flightt needed to reach the dissociation point
is described by

In the case of hydrogen loss reactions, the KED
will allow us to determine the number of daughter
ions formed in the field-free drift section of the
Mlace( 2 \Y? _1/0 spectrometer [12,18]. Assuming the same hypotheses
T eV (Am) AE (4) as before, this value can be calculated from

wheree is the electron chargé,..is the length of the _ t;
acceleration section, andis the accelerating voltage. Ygt = dYy
t

Thus, the increment of energdAE, corresponds to 1
an increment of time = —Yoexp(— rt)lexp[ — r(t,— t)] — 1}
_ 1 mlacc 2 12 .y 8
dt= > ey (Am) AE, Y2AE, (8)
obtained by integration of Eq. (3). In Eq. (8)3™ is
= % KAE, Y2dAE, (5) the number of daughters formed in the drift section,
andt, is the time spent by the parent in the acceler-
where ation section, antl, is the time-of-flight of the parent
when reaching the entrance of the first hemispherical
_ Mlgec <2) vz electrostatic analyset, is deduced from the equation
eV \Am of ion motion in the electric field of the acceleration

With these equivalences, one can calculate the deriv- section. Replacing, andt, by their value gives

ative of the number of daughter ions as a function of o miZ,
the energy deficinE, Y§t = —y° exp( —-r 2e\/)
de de dt 2
dAE,  dt dAE x| exp — (M) _ (9)
« “ 2eV
1 0 —1/2 1/
= 5 KIYPAE M? exp ( — rKAE) wherel 4 is the length of the field-free drift section.

Due to the unimolecular dissociation process, the
number of detected parent ion‘ﬁgf') will be equal

= —YOL exp ( — rKAEY?) (6) 0

dAE,
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Yget
m 1
=Y° exp{ —-r \/ev|:2|221cc+ E (Itot - Iac<‘)2:| }

m|t20t>
~Y°exp( ~ %0y

where |, is the total length of spectrometer. The
simplification in the last term of Eq. (10) is justified
by the fact that,,, = 1000 X | .. With this equation,
Y° can be calculated, and the integd|™ can be
rewritten as

ift
Yg”

— ydet m|t2°t> ( _ m|§CC>
=Yy exp(r eV exp r2 oV
/m|§rift>
. [1 - exp( -r eV

As the quantitiesr§™ and Y3*' may be deduced from
the KED measurement, Eq. (11) will allow us to
calculate the value of for the decay reactions
observed in the drift section of the spectrometer.

(10)

(11)

4. Results and discussion

4.1. Molecular ion yields
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Fig. 1. Positive secondary ion mass spectra of PIB, PBD, and PS.

exhibits molecular ions of intermediate hydrogen
content (GHs—m/z = 41, GCH;—m/z = 67,
CgH; —m/z = 79). Due to thefact that these poly-
mers are constituted of carbon and hydrogen only, the
spectra can be easily interpreted.

For this study, three solutions of PIB were realized
with concentrations of approximately 0.05, 0.5, and 5
mg/mL. Fig. 2 shows the intensity variation of two
characteristic ions sputtered from samples cast from
these solutions. The organic ion intensities are re-
ported as a function of the silicon Sintensity, which

The positive secondary ion mass spectra of PIB, gives an idea about the layer homogeneity and com-

PBD, and PS are displayed in Fig. 1. These polymers pacity. The variation observed between different areas
have been extensively studied in the past and their of samples realised with the same solution indicates
mass spectra have been published and discussedhat the samples are not homogeneous. Nevertheless,
elsewhere (PIB [28,30,32-33], PBD [32-34], and PS a continuous line can be drawn through the three sets
[34,35]). Our spectra are in good agreement with the of experiments, suggesting that the intensities are
literature. These polymer surfaces may be distin- mainly influenced by the variation of the coverage
guished on the basis of the fingerprint region of the density. With increasing silicon intensity, the charac-

positive mass spectra (8 m/z = 200). Briefly, the
characteristic peaks of PIB correspond tgHG, .. ;
ions  (GH;—m/z =55, CHg—m/z = 57,
CgHi—m/z = 83, C,H;z—m/z = 97),whereas the

teristic PIB ion intensities first increase to a maxi-
mum, showing an important enhancement due to the
presence of the substrate. This substrate effect has
been observed for PS cast on silver, too [18]. Beyond

unsaturated fingerprint ions of PS are closer to the the maximum, the intensity of &;; and GHj;

formula GH, (CsH3—m/z = 39, CHy—m/z =
51, GHi—m/z = 77, CHi—m/z = 91). PBD

decreases quickly, indicating that the uncovered sur-
face fraction becomes more and more important. Fig.
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Fig. 2. Correlation between the useful secondary ion yfieltnber Fig. 3. Partial positive secondary ion mass spectra of PIB showing

of detected secondary ions per primary iaf]two characteristic C4H: and GHZ peaks, (a) and (b): usual tuning of the spectrom-
ions of PIB and the yield of the substrate ion;" Sfor dilute PIB eter; (c) and (d): with energy slit centered around 2 eV.
solutions cast on silicon.

2 shows that the influence of the substrate becomesgeneral, this routine is very efficient, provided that an
predominent forY(Si) > 10°“. In this region, the  accurate mass calibration on reference peaks has been
development of the collision cascades in the heavier realised prior to identification. However, for the
silicon support may modify the sputtering mecha- studied hydrocarbons, although the main peaks of the
nisms for the organic adsorbates. In addition, the spectrum may be easily recognised, in agreement with
ionization probability is probably enhanced by the the literature, many secondary peaks or intense tails
presence of oxygen at the surface (native silicon do not correspond to any possible combination. These
oxide). Therefore, the intensity of the silicon signal are observed mostly belom/z = 100 for PIB and

will be systematically verified in the following in  PBD. Unknown peaks appear as satellites of aromatic
order to remain in the “thick layer” regime for the or unsaturated ion peaks {&s, C,H,) [Fig. 3(a)]. In

KED measurements. addition, most of the other peaks in the spectra are
asymetric, with a more or less pronounced, intriguing
4.2. Metastable decay reactions low-mass tail [Fig. 3(b)]. The use of an energy slit,

accepting ions with a kinetic energy centered around
Despite the simplicity of the hydrocarbon polymer 2 eV, allows us to eliminate these contributions [Fig.
formulae, several peaks in the mass spectra cannot be3(c) and (d)], indicating that the satellite peaks and the
identified with the peak assessment procedure. Basedtails are artefacts, due to secondary ions with an
on an adequate mass calibration of the spectra, thisanomalous kinetic energy. As mentioned in the intro-
routine of the Cadence 1 software (Charles Evans & duction, the same kind of phenomenon has been
Assoc.) calculates cluster ion masses based on theobserved with PS [18] and with more complex co-
combination of a number of atoms of different ele- polymers [12] for secondary ions abox@z = 100.
ments. The proposed combinations and the mass The lower mass resolution obtained with the en-
deviation with respect to the centroid of the unknown ergy slit is due to the fact that the secondary optics
peaks in the mass spectrum are listed, leading to a fastvoltages must be tuned in order to bring the crossover
determination of the observed ion compositions. In of the secondary ion beam at the exact position of the
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slit. By this way, the two-dimensional image trans-

ferred by the secondary ion microscope is theoreti- jPIB x
cally reduced to one single point and the secondary o
ions are selected solely as a function of their kinetic 3 x
energy. Consequently, the mass resolution is no | gx
longer optimized. However, this tuning allows a much 3 I,W“’\‘\‘ ’;g_x
more accurate calibration of the mass spectrum, be- 1 x X ex x{?x =
cause it is not hampered by the energy dispersion ] ‘>‘<\><x>,<,>/<§2'$< x "
anymore. 3 7 .
To understand the origin of the satellite peaks in - ] | _; %
the PIB and PBD spectra, the KEDs of the secondary = 5 =, -a8 s "
ions were measured. Fig. 4 shows the energy spectra = ] // - \A\k S
of several unsaturated ions sputtered from the cast g 1 . _/'- N - s
PIB layer. The main peak of these distributions, g 3 7 E -
corresponding to ions sputtered from the sample & -’ L .=
surface, is narrow and intense. In addition, instead of ; - f..\& ."
a quick fall of intensity below 0 eV, a significant L / L N IS
fraction of ions is detected with a kinetic energy 2 | ’,l'. .“?" .
deficit (“negative” part of the distribution). Following 2 ! i b
the cases, one can see a pattern with one or two % ° Y lb &
well-defined peaks in the negative apparent energy - i\ S
tail. As described in [12,18], these peaks correspond °'? \ o 0% °
to ions formed by the metastable decay of their . °°;/ ol © v
parents in the field-free drift region of the spectrom- 3 ° o0 e \4
eter and the mass of the lost neutral can be determined o Yo
with ] Pt el
Am E, vv!j/v'
F TEK =1 (12) - Vvv v .
. . . . ] v
From this equation, one finds that the more intense 200 150 100 80 A 50

peak in the “negative energy” part of the distributions
displayed in Fig. 4 is related to daughter ions formed
by the loss of H from their metastable parents. The Fig. 4. Kinetic energy distribution of several unsaturated secondary
theoretical energy deficit is indicated by vertical bars ions sputtered from PIB.

in Fig. 4. The additional contribution observed in the

energy spectrum of £i; (m/z = 39) and GH5 reactions, even electron parents decay by lébs,
(m/z = 65) is due to a single H loss reaction. producing even electron daughters, whereas odd elec-
Identical reactions are evidenced with PBD samples, tron parents decay by single H loss, leading to even
too. The main metastable decay reactions affecting electron daughters too, in agreement with the even
PIB and PBD secondary ions are listed in Table 1. electron rule.

They are thus qualitatively similar to those reported The KEDs indicate that the satellite peaks in the
for PS [18], except that single H loss reactions are mass spectrum at/z = 53, 65, 77 [Fig. 3(a)] and
predominent in the case of PS, while léss prevails 79 are due to these hydrogen loss reactions. In Fig. 5,
for PIB and PBD. It must be noticed that, in these the intensity of the satellite peak has been integrated

Apparent Energy (eV)
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Metastable decay reactions for molecular ions sputtered from PIB

and PBD

Metastable decay reactions

PIB

PBD

CiHg — CoH3
CyHy — CoH3
CyH; — CoHe
C,H; — CHs
C,HE — CHe
CsH7 — CeHg
CsHg — CeHs
CsHg — CsH7
CeH7 — CoHg
CeHg — CeHs
CeHg — CoH7
CoHg — CoH7
CHg — CH7
CHg — CH7
CHi; — CHg
CeHg — CgH7

e
o

+
T

+ H,
+ H,

++ + +

+ +

S i i i T

CgHi; — CgHg + H,

and normalized by the main peak intensity foHg
(m/z = 65) and GH- (m/z = 77) sputtered from
PIB samples with different coverages. It is striking to
see that the daughter fraction is nearly constant

whatever the substrate coverage. Fig. 5 suggests that

the internal energy distribution of the parents is
similar with or without the influence of the substrate,

Intensity ratio - Y(vacuum)/Y (surface)

o

0,002 0,003

Yield - Si*

0,001

Fig. 5. Ratio of thenumber of ions in the satellite peak per ion in
the main pealas a function of the yield of the substrate ion} Sor
dilute PIB solutions cast on silicon.
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Fig. 6. Kinetic energy distribution of two intense secondary ions
sputtered from PIB (gHZ and GH3). The negative part of the
distribution is fitted by Eqg. (6).

although the sputtering and ionisation processes might
have been modified.

In most cases, the KEDs do not exhibit well-
defined peaks in the negative energy range, but the
intensity related to ions with an energy deficit remains
significant. This is illustrated in Fig. 6 for @&
(m/z = 55) sputtered from PIB. The intensity of ions
produced in the vacuum decreases regularly with
increasing energy deficit. This slow decay is observed
for C;HZ (m/z = 41),too, with two additional peaks
located approximately at-35 and —75 eV. The
measurements shown in Fig. 6 were realized with a
nominal sample voltage/ = 1500 instead of 3000.
Therefore, according to Eq. (12), the intense peak
centered aroune-75 eV in the KED of GH< is due
to a H, loss reaction from ¢H7. The small peak
corresponding to—35 eV might be attributed to a
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Table 2
Values of the parameter Kr for two molecular ions sputtered from PIB

Decay rate— r(/s™%)

Kr [Eq. (6)] Kr [Eq. (7)] 1< Am < 100 my
CsHs
a/ = 1500 0.45 0.54
bv = 3000 0.26 0.28 3x 107 =r =2 x 10°
a/b 1.7 1.9
CH7
a/ = 1500 0.31 0.32
bV = 3000 0.20 0.18 2x 10" =r =1 X 10°
alb 1.6 1.8

single H loss reaction. In fact, the regular decay is due reaction with a narrow distribution of internal ener-
to fast unimolecular dissociation in the acceleration gy), measurements of the integral of the KED were
section of the spectrometer [25,26]. Nevertheless, the realized. By moving the edge of the energy slit
parents in these reactions cannot be identified be-through the secondary ion beam, it is possible to cut
cause, even with the approximations described in the the high energy part of the distributions beyond a
theoretical section, Eq. (12) must be replaced by given energ)E,. This gives an experimental estima-
tion of the integral calculated in Eq. (7). The results of
Am E, d N
. S (13) these measurements are reported in Fig. 7 fgiC
m AB lace and GH; and for two values of the nominal sample
in this part of the spectrometer whetés the distance ~ Vvoltage. The integrated intensity decrease with in-
where the dissociation occurs. In Eq. (18m andd creasing energy deficit is faster with a nominal sample
are unknown, and these quantities are then impossiblevoltage of 1500 V because a given energy deficit in
to determine without further information. It is inter-  Fig. 7 corresponds to a greater fraction of the total
esting to notice that, in general, the regular decay doesKkinetic energy of the parent fov = 1500 than for
not stop after the well-defined peaks (Fig. 4), indicat- V = 3000 and to donger time spent in the acceler-
ing that the identified reactions are not the cause of ation section when dissociation occurs. The best fits
this softly decaying baseline. In Fig. 6, the negative With Eq. (7) are indicated by full lines in Fig. 7. The
energy tails of the KEDs of ¢ (m/z = 41) and agreement with the data is very good in all cases. The
C,H; (m/z = 55) were fitted with Eq. (6), according ~ characteristic values of the parameitar correspond-
to the hypotheses mentioned in Sec. 3. The fit gives ing to the different curves in Fig. 7 are listed in Table
access to the produstr, proportional to the dissoci- 2, column 2. First, these values are reasonably close to
ation rate of the metastable parents. The valudérof ~ those obtained from the usual KED measurements
determined by Eq. (6) are indicated in the first column (first column), which is a first confirmation and gives
of Table 2 for two different measurements (nominal an estimation of their accuracy. Second, the ratios
sample voltage \() = 1.5 and 3 kV). Asr is a Kr(V = 1500)Kr(V = 3000)(a/b) in column 2 are
constant of the reaction arlis proportional tov closer to 2, and the equation used for the fit is simpler,
the ratio Kr(V = 1500)Kr(V = 3000) should be which might indicate that the results derived from the
equal to 2 (a/b in Table 2). Table 2 shows that the integral KED measurements are closer to reality.
ratios calculated from the fits are slightly lower, but Similar conclusions can be drawn from the detailed
the trend is respected. analysis of the KED measurements for all the tested
To verify these particular values and, in general, secondary ions, i.e. for the intensgH; ions below
the application of our simple model (one single decay m/z = 200.
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relation with the KED. In order of increasing distance from the
N . surface (decreasing internal energy): fragmentation in the surface
010 f o ' T 010 region, dissociation in the acceleration section, H agtbsis in the
0 10 20 30 40 50 field free drift section.
b) Sample Voltage (AV)
210* . . . . . .
o CH* reactions in the field free drift region. Moreover, this
| 47 810 suggests that H and Hosses are the only reactions
§ 1 . contributing significantly to the production of;8-
W 5 in the drift region of the spectrometer. FogtG; [Fig.
> 2 . . ;
< & 7(b)], the existence of a threshold is not evident,
g 8 which is in agreement with the absence of well-
=] . . . . .
8 g defined peaks in the negative energy tail of this ion
2 = KED in Fig. 6.
g < To summarize this section, the different fragmen-
= 2 tation channels evidenced for hydrocarbon molecular
© ions are described in Scheme 1: (1) direct fragmenta-
0 10° 0 10° tion at the surface, corresponding to the main peak of
T L L L R AL LR . .
0 10 20 30 40 50 the KED; (2) fast metastable decay in the acceleration
Sample Voltage (AE, ) section of the spectrometer, explaining the regular
intensity decrease in the negative energy tail and (3)
Fig. 7. Integral of the negative part of the distributions gHE and loss of H and H in the drift region of the spectrom-

C,H7, up to the energy deficiNE,, for two nominal sample

eter, leading to additional peaks for quantified energy
voltages, 1500 and 3000 V.

deficits. These metastable decay reactions can be
explained with simple arguments based on the unimo-
In Fig. 7(a), the results were scaled to display the lecular reactions theory [14].

intensity fraction corresponding to the identified H
and H, loss reactions occuring in the field-free drift 4.3. Metastable fractions
region. As the metastable decay times for these
reactions are much longer (see Sec. 4.4), the inte- The fraction of daughter ions produced in the
grated intensity decrease due to metastable decay inacceleration and drift sections were determined by
the acceleration section should tend asymptotically to integrating the negative energy part of the KEDs for
the intensity due to decay in the drift region. Indeed, most of the secondary ions sputtered from PIB, PBD,
the curves in Fig. 7(a) tend to a threshold which is and PS cast on silicon. The results are reported in
close to the intensity measured for H and ldss Figs. 8, 9, and 10 for PIB, PBD, and PS respectively.
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Fig. 8. Ratios of theumber of ions produced in the vacuum perion  Fig. 9. Ratios of th@wumber of ions produced in the vacuum per ion
produced at the surfacas a function of the daughter ion mass for  produced at the surfacas a function of the daughter ion mass for
PIB. (a) Fast metastable decay in the acceleration section. (b) PBD. (a) Fast metastable decay in the acceleration section. (b)
Integrated intensity of the daughter ions resulting from H agd H Integrated intensity of the daughter ions resulting from H and H
losses. losses.

For each secondary ion, theaxis indicates the ratio
of the number of ions produced in the vacuum per ion

12713+ H
produced at the surface. Parts (a) and (b) of these M€V _' . lon bombgrdment [13]. A possublg
figures correspond, respectively, to the metastable explanation is that small ions, sputtered from the high

decay in the acceleration section (a) and in the drift deposited energy region, have already lost their inter-
region (b). nal energy excess by direct fragmentation during the
Several observations can be drawn from these EMission process. In contrast, larger molecular ions,
figures. In all cases, both reactions in the acceleration Which are thought to be produced farther from the
section (&) and in the drift region (b) are important ion Primary impact point, might be emitted without ex-

ary ions sputtered from a peptide mixture under 72

formation channels. tensive fragmentation, but with a certain amount of
Concerning the reactions observed in the acceler- internal energy leading to the delayed decomposition.
ation section [Figs. 8(a), 9(a), and 10(a)]. (2) The relative importance of the ion production

(1) On average, the fraction of ions produced by by fast metastable decay follows the order of increas-
fast metastable decay increases with the mass of theing hydrogen content of the polymers (P¥BPBD >
daughter ion. This cannot be explained by the fact that PS).
heavy parents spend a longer time in the acceleration (3) In the case of PIB, it is clear that the fraction
section than lighter ones. Indeed, the reactions ob- of ions formed in the vacuum is very weak for
served in the acceleration section are so fast that theycharacteristic ions (§ig—m/z = 56, GCH
occur completely in this section, for fast small ions as m/z = 97, CH;,—m/z = 98, GH{s—m/z = 111
well as for slower heavy ions. The same trend has and GH;g—m/z = 112). In thecontrary, the ratio
been reported by Zubarev and co-workers for second- | (vacuum)l(surface) is larger than 1 for stable, aro-



228 A. Delcorte, P. Bertrand/International Journal of Mass Spectrometry 184 (1999) 217-231

high stability. This stability must act as a driving force
in the metastable decay process, too.

(3) Whereas H loss is predominent for PIB and
PBD secondary ions, it is minor for PS. In the case of
PS, a single H loss is the main decay channel. For
large (poly)cyclic daughter ions produced from PS,
this may be explained because the heavy species
leaving the surface are already aromatic or very
unsaturated. Then, the simultaneous loss of two hy-
drogen atoms might be less probable, or it would lead
to a structure which is no longer cyclic, due to the
1 hydrogen deficit, and thus, less stable.

(4) For PIB and PBD, important fractions of ions
formed in the vacuum are observed belowz =
100, while it occurs mostly for heavier ions with PS.

“ i I Again, the secondary ions emitted from PS are al-
PRI ;-0 L N P AR ready very unsaturated and stable, which should
Mass (m/z) reduce the probability to decay by hydrogen losses.
) ) ) ) This explanation might account for the decreasing
Flg. 10. Ratios of thewumber of |ons_produced in the vacuum per fraction of metastable decay with increasing polymer
ion produced at the surfacas a function of the daughter ion mass
for PS. (a) Fast metastable decay in the acceleration section. (b) Unsaturation in the acceleration section, too.
Integrated intensity of the daughter ions resulting from H and H The importance of metastable decay reactions for
losses. ions sputtered from hydrocarbon polymers can be
summarized by the total metastable fraction, which is
matic secondary ions (&l —m/z = 77, C,H; —m/ equal to 26% for PIB, 15% for PBD and 15% for PS.
z = 91, GHg—m/z = 105).

Concerning the reactions observed in the drift 4.4. Decay rates
region [Figs. 8(b), 9(b), and 10(b)].

(1) Only H and H losses are evidenced and these  For the unimolecular dissociation reactions occur-
reactions are sufficient to explain the thresholds in the ring in the drift region of the spectrometer, the decay
integral KED measurements [Fig. 7(a)]. rates can be calculated assuming the hypotheses

(2) The ions produced by these reactions have described in Sec. 3 (one single reaction per parent;
often an aromatic structure. This is probably due to very narrow distribution of internal energy for the
the particular stability of (poly)cyclic ions. In this parent). In that frame, Eq. (11) is valid anctan be
respect, it is interesting to note that for unsaturated calculated knowinnget and Y3"™. In practice, these
hydrocarbon polymers, intense molecular ions ob- two values are obtained from the integration of the
served beyondn/z = 200 in the mass spectra are different peaks of the KEDs. The calculated decay
(poly)cyclic aromatic ions [32—34]. This is valid for rates ¢) are reported in Table 3 for the three polymer
PS, but also for PBD, polyisoprene, etc. These ions do samples. Most of them are in the rangé4DF s *,
not reflect the polymer chemical structure (even in the except for some PS ions. The corresponding half lives
case of PS), and their emission needs a complex[7;, = In(2)/r] are then in the range 10—1QG. For
reorganization of the precursor, involving multiple comparison purpose, these decay rates correspond
hydrogen losses. The fact that such large molecular respectively to 7—8 and 89 eV internal energies for
ions may survive to multiple bond breaking without the metastable loss of H from naphtalene and phenan-
fragmenting into much smaller ions indicates their threne [36]. Similar half lives have been measured for

a)

Intensity ratio - I(vacuum) / I(surface)
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Table 3
Calculated decay rates for the H and Idss reactions (#0s™?)
Daughter PIB PBD PS
ion mass
(m/z) H loss H, loss H loss H loss H loss H loss
39 3.8 15 3.2
41 2.6
65 1.6 1.6
7 3.9 1.8 3.2 1.2
79 3.8 2.7 3.3 3.4
91 3.7 5.1 4.2 0.8
93 1.2 2.3
103 18 0.4 0.8
128 2.1
152 31
165 2.6
178 1.8

the loss of one repeat unit in perfluorinated polyethers
fragments [19], for the decay of various parentlike
ions of phenylalanine [11] and for (CsQs" clusters
[22]. On the other hand, the half lives measured for
protonated valine molecules and dimers loosing re-
spectively a CHO, and a molecule were shorter{

us) [20].

As mentioned in Sec. 3, it is impossible to deter-
mine decay rates for ions dissociating in the acceler-
ation section, because batlandAm are unknown in
Eqg. (4). Nevertheless, knowing the value of the
parameteiKr (Table 2) and the definition df [Eq.
(5)], itis possible to draw versusAm curves for each
secondary ion (not shown). In these curvesin-
creases quickly with increasinym, goes through a
maximum forAm = m/2, i.e. when the mass of the
lost neutral is equal to the mass of the daughter ion,
and decreases slowly beyond the maximum. In the
case of GH- and GH7, the lower and upper values
of r are given in Table 2, for = Am = 100 my,
which probably accounts for the real situation. The
obtained decay rates are in the rangé-10° s *,
corresponding to half lives of 10-100 ns, which is
much faster than the H and,ltbss reactions observed
in the drift region of the spectrometer. Similar decay
rates have been observed by Dzhemilev and co-
workers for metal clusters (Fa[25], Nb, and F¢&
[26]) losing an atom. Even shorter lifetimes were

predicted by Wucher and Garrison for sputtered;Ag
clusters [37].

5. Conclusions

The KED measurements show that unimolecular
dissociation processes play an important role in SIMS
of hydrocarbon polymers. An important fraction of
the secondary ions observed in the fingerprint region
of the polyisobutylene (26%), polybutadiene (15%)
and polystyrene (15%) S| mass spectra is formed in
the vacuum, by the decomposition of larger parent
ions. Two kinds of reactions are evidenced: (1) fast
metastable decay in the acceleration section of the
spectrometer, corresponding to half lives of 10 ns to
0.1pus; (2) delayed H and fosses in the drift section
of the spectrometer, corresponding to half lives of
10-100us.

The integrated daughter ion intensities indicate
that, on average, the fraction of ions produced by fast
metastable decay increase with the ion mass, at least
in the region 0< m/z < 200. Concerning the decay
in the drift section of the spectrometer, lbss is the
main decay channel for ions sputtered from poly-
isobutylene and polybutadiene, whereas single H loss
prevails for (poly)aromatic hydrocarbon ions sput-
tered from polystyrene.
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