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bstract

Matrix-enhanced SIMS and metal-assisted SIMS are successfully employed to increase the organic ion yield in SIMS. In this study we compare
inetic energy distributions obtained for the SIMS, ME-SIMS and MetA-SIMS sputtering of molecular ions. In comparison to the SIMS kinetic
nergy distributions, those obtained for ME-SIMS display larger energy deficits, indicative of entrainment of analyte ions by matrix molecules
r collisions taking place above the sample surface. In the case of MetA-SIMS high energy broadening of the distributions is observed, resulting
rom the high stopping power of the gold used. A selection of substituted benzylpyridinium salts is used to investigate the effect of internal energy
eduction in ME-SIMS. Kinetic energy distributions were used to separate the daughter ions formed in the sample region from those resulting from
nimolecular decay on nanosecond timescales, in the first tens of micrometers above the sample surface. The longer-timescale decay was monitored

y changing the energy acceptance window of the mass spectrometer used. From the decay rate constants internal energies of the precursor ions
ecaying on nanosecond timescales were determined using RRKM theory. Within the framework of the precursor model the results indicate an
xtension of the collision cascade over a wider area than in SIMS.

2006 Elsevier B.V. All rights reserved.
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. Introduction

The analysis of the biochemical content of cells is an exciting
nd challenging application for secondary ion mass spectrom-
try (SIMS). Its chemical specificity combined with its high
ateral resolution make imaging SIMS a valuable addition to the
alette of experimental tools for in life sciences.

Over the past years many reports have appeared on the ele-
ental analysis of biological samples using dynamic SIMS [1].
he high ion doses used induce extensive fragmentation of all
rganic molecules present in the sample. Therefore, the insights
btained are limited to the (distributions of) elements and small
rganic fragments only, all molecular information is lost. In
tatic SIMS much lower ion doses are used, therefore it is better

uited for the analysis of organic samples. Although fragmenta-
ion is still extensive, small intact molecules like cholesterol and
nformative fragments like the phosphocholine-headgroup can
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eadily be detected [2]. Despite, the successes in the mapping of
lements and small organics, one of the key factors that is limit-
ng the wide scale application of SIMS to biological systems is
he low ionization yields for functional biomolecules [3].

Currently, several strategies to improve the ionization yields
f molecular species are explored. It has been shown that the
se of polyatomic primary ion beams like SF5

+, C60
+, Aun

+ and
inm+ greatly enhances the ionization yields of small organic

pecies compared to mono-atomic primary ions like Ga+ and
n+ [4]. Though, reports on the analysis of real world samples
sing polyatomic primary ion beams are still limited, yield-
ng mainly cholesterol and phospholipid signals [5]. A recent
ublication has shown that the application of polyatomic pri-
ary ions is promising for the analysis of small peptides from

ombinatorial libraries [6]. Besides innovations on the nature of
he primary ion projectile, sensitivity enhancing effects of sam-
le preparation are investigated as well. Sample metallization

or metal-assisted-SIMS (MetA-SIMS)) and matrix-enhanced
IMS (ME-SIMS) belong to this latter category. Sample metal-

ization as a means to improve organic molecular ion yields was
ntroduced by Linton et al. [7]. Recently, it was shown that by
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discussed within the framework of Benninghoven’s precursor
model [21], which describes the dissipation of energy in the
collision cascade around the point of impact of the primary ion.

Table 1
Activation energies of the different BPY variants

R Ea (eV) Precursor ion
mass (Da)

Extraction
potential (V)

tESA1 (�s)

p-OCH3 1.55 200 4600 11.4
p-Cl 2.04 204 4550 11.6
p-F 2.05 188 4675 10.9
p-CN 2.38 195 4675 11.1
82 S.L. Luxembourg, R.M.A. Heeren / Internationa

vaporating a minute layer of gold or silver onto organic sam-
les among which polyalanine and polystyrene the ionization
ields and efficiencies of the molecular ions were significantly
mproved, by at least an order of magnitude [8]. The enhancing
ffects in MetA-SIMS are not limited to the formation of metal-
ationized pseudo-molecular ions only; the yield of protonated
ons is improved as well. It has been shown that migration of
rganic species on to formed gold islands in combination with
he increased stopping power of gold is a possible explanation
or the sensitivity enhancement [8,9]. In this way the applica-
ion of an overlayer of gold or silver is comparable to the use
f a gold or silver substrate [10]. MetA-SIMS studies of tis-
ue demonstrate that distributions of small biomolecules such
s cholesterol (m/z 385) can be imaged effectively in this way
11,12]. Higher mass signals (800–1300 m/z) have been used
o image different regions of single neuroblastoma cells [11].
he sensitivity enhancing effect of the presence of a matrix in
hich labile analyte ions are imbedded has been known for a

onger period. Reduction of fragmentation in the presence of
solid matrix was recognized already in the eighties of the

ast century [13]. Recently, in the slipstream of the success of
atrix-assisted laser desorption ionization (MALDI), the dis-

olvation of the analyte compounds in a matrix has received
enewed attention. Wu and Odom [14] adopted the MALDI
ample preparation protocol to record mass spectra of proteins
ith masses larger than 10 kDa. In these ME-SIMS experiments
dried-droplet sample preparation protocol was followed. As
as shown in a recent publication [15], this results in an inho-
ogeneous sample, with locally varying ionization conditions.
his kind of sample preparation is not favorable in an imaging
xperiment. For ME-SIMS imaging experiments on biological
ystems electrospray deposition (ESD) of the matrix is better
uited. The first ME-SIMS imaging results using ESD have
een published recently. In this study biomolecules from the
ervous tissue of the pond snail Lymnea Stagnalis were mapped
ith 2.6 �m lateral resolution [16]. The molecular ion yield

nhancement that is provided by the matrix in ME-SIMS has
een attributed to several factors, which resemble the function
f the matrix in MALDI. The presence of the matrix promotes
olecular ion yields through ionization enhancement and frag-
entation reduction. The acidic nature of the MALDI matrix

romotes the formation of [M + H]+ ions through proton dona-
ion [14]. The isolation of the analyte molecules by the matrix
romotes desorption of large molecules through disentangle-
ent of long organic molecular chains [17]. The lower degree

f fragmentation in ME-SIMS has been observed on several
ccasions [14,15,18]. It has been attributed to a nestle environ-
ent for the analyte molecules provided by the solid matrix [14]

nd internal energy reduction through the desolvation of collec-
ively desorbed matrix–analyte clusters. In MetA-SIMS reduced
ragmentation has been observed as well [19].

In this study we have used a group of substituted benzylpyri-
inium (BPY) salts to investigate the reduction of fragmentation

n ME-SIMS. The benzylpyridinium salts are so-called ther-

ometer molecules; upon activation they undergo a simple C–N
leavage (Fig. 1), the activation energies of the different BPY
recursor ions are known from quantum chemical calculations

T
u
p
w

ig. 1. Unimolecular decay of a para-substituted benzylpyridinium precursor
on by cleavage of the C N bond. The activation energy for the reaction is
ependent on the identity of the R-group.

nd vary with the identity of the substituted side-group (sec-
nd column, Table 1). Moreover, they are preformed ions in
olution; if we assume that the BPYs retain this charge state in
olution charge transfer can be excluded to play a role in any
bserved molecular ionization yield enhancement. In addition,
ince the size of the BPY precursor ions is comparable to the
rganic matrix molecules used in this study (2,5-dihydroxy ben-
oic acid) the mentioned isolation effect is eliminated as well.
e have determined precursor ion yields and kinetic energy

istributions (KEDs) for the BPY daughter and precursor ions.
n this study a time-of-flight mass spectrometer equipped with
lectrostatic analyzers was used. The formation of BPY daugh-
er ions was recorded at different instances along the ions’
ight paths. In the acceleration region, in-sample formation of
aughter ions was separated from nanosecond-timescale decay
eactions taking place just above the sample surface. From the
aughter ions’ KEDs the associated decay rate constants were
etermined. The ions that decay at these early times make up
he high internal energy tail of the sputtered precursor ion distri-
utions. Rice-Ramsperger-Kassel-Marcus (RRKM) theory was
sed to estimate average internal energies of these rapidly decay-
ng ions. Under normal operation conditions the BPY precursor
ons decaying on �s timescales are not observed. This is due to
he limited energy acceptance window of the mass spectrometer
sed. A method is presented to analyze these metastable ions.
EDs of peptide ions formed through the addition of H+ or Na+

nd of the BPY preformed ions are compared. Furthermore,
e have started a study on MetA-SIMS; first KED results are

ncluded as well. We have related our findings from the SIMS,
E-SIMS and MetA-SIMS KEDs to results from molecular

ynamics simulations of the SIMS sputtering process of organic
amples [17,20]. The observed decay of the precursor ions is
he ions’ masses and the extraction potentials were used in the SIMION sim-
lations (see text). The daughter ions’ masses are 79 Da lower. tESA1 is the
recursor ion flight time until the entrance of the first ESA. The flight times
ere determined in the SIMION.
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. Experimental

.1. Materials and sample preparation

In this study we used a variety of samples and sample prepa-
ation methodologies. The thin layer samples were prepared
y deposition of a 10 �l droplet of the solution containing
he analyte onto a Si-wafer, which was then spin-coated for
min at 4000 rpm. The gold-coated samples were prepared by
epositing a 10 �l droplet on a Si wafer, which was allowed
o dry. Subsequently, a 1 nm gold layer was deposited using a
uorum Technologies (Newhaven, East Sussex, UK) SC7640
putter Coater. The ESD samples were obtained by premixing

he analyte and matrix solutions to get the desired molar ratio.
he matrix used in this study was 2,5-dihydroxybenzoic acid

DHB). The matrix–analyte mixture was then applied to a Si-
afer by ESD, using a home-built electro spray device [16].
he spray needle was kept at 4 kV, while the sample plate was
rounded. The flow rate of the sprayed solution was set at 6 �l
er hour, the spray was allowed to continue for approximately
0 min. All ESD samples were prepared at a matrix-to-analyte
atio of 2000:1. The analytes used in this study were a series
f substituted benzylpyridinium and the small peptide Leucine
nkephalin. The DHB and the peptides were all purchased from
igma–Aldrich (Germany). The benzylpyridinium salts used in

his study are all para-substituted forms: para-chloro (p-Cl),
ara-fluoro (p-F), para-methoxy (p-OCH3) and para-cyano (p-
N). The activation energies of the BPY precursor ions used
re included in Table 1. The benzylpyridinium salts solutions
10−4 M, acetonitrile:water 1:1, v/v) were prepared at Liège Uni-
ersity [22].

.2. Mass spectrometry

All experiments described in this work were performed on
Physical Electronics (Eden Prairie, MN) TRIFT-II Time-of-
light SIMS (TOF-SIMS) [23] equipped with an 115In+ liquid

etal ion gun. The spectra and KEDs shown in this paper were

btained using 15 keV primary ions (impact energy ∼ 12 keV) in
2 ns long ion bunches of 1.5 nA dc ion current, which were com-
ressed to 1 ns ion packages at the sample. Secondary ions were

s
p
t
e

ig. 2. A schematic representation of the TRIFT ToF mass spectrometer. The acceler
enses are not included. The energy filter is located just in front of the second ESA. Th
ime) at different stages. The daughter ion (1) that is formed from unimolecular dec
etected under normal operation conditions. Its rate of formation is estimated from the
he immersion lens and the entrance of the first ESA, is detected under elevated Va co
nal of Mass Spectrometry 253 (2006) 181–192 183

xtracted through a 3.2 kV electric field into the TOF analyzer
nd post-accelerated by an additional 6 kV prior to detection on
dual multichannel plate phosphor screen detector. A multistop

ime-to-digital converter with 138 ps time resolution was used
o acquire the detector signals. Mass resolution is optimized
hrough time focusing of the secondary ions using three hemi-
pherical electrostatic sector analyzers (ESAs). For analysis of
he fragmentation products formed in the field free region of the

ass spectrometer different source conditions were used (see
elow).

.3. Kinetic energy distributions

Kinetic energy distributions are a valuable tool to experi-
entally study the fundamentals of the sputtering process. The
EDs give insight in the kinetic energy of the sputtered species;
esides, characteristics of the formation and decay processes of
he generated ions can be derived from observed energy deficits
rom the accelerating field energy (see below). The KEDs shown
n this work were obtained in a way very similar as described
efore by Delcorte and Bertrand [24]. In short, the TRIFT ToF-
ass spectrometer ion optics were tuned such that the secondary

ons were maximally dispersed according to their kinetic energy
ust in front of the second ESA (Fig. 2). By moving a slit into
he flight paths of the secondary ions, only the ions of a well-
efined kinetic energy are allowed to pass. The width of the
lit determines the energy resolution of the experiment. For this
urpose we designed an adjustable slit, capable of slit widths
etween 50 �m and 1 mm, which could be moved in and out
f the secondary ion pathways. All experiments described here
ere performed with the slit width set at 100 �m, correspond-

ng to a 1.7 eV energy passband. The energy filter was stepped
hrough the secondary ion pathways to record ion intensities at
ifferent kinetic energies resulting in KEDs. The translational
tep size of the filter was varied for different parts of the KED;
he smallest step size was 20 �m resulting in oversampling of
he distribution to obtain high quality data. In order to prevent

ample degradation a fresh sample area was targeted for every
osition of the energy slit. Multiple KED curves were averaged
o minimize the effects of sample variation. The zero-kinetic
nergy point was determined from the KEDs recorded for atomic

ation region and the field free drift region are indicated, immersion and transfer
e axis below the schematics indicates the precursor ion flight time (or reaction

ay in the acceleration region, taking place within the first 20 ns of its flight, is
energy deficit part of its KED. The daughter ion (2), which is formed between

nditions.
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from which the decay rate, ka, is obtained from a fit to a mono-
exponential function.

The decay rate constant that is obtained in this way is used
to estimate the average internal energy of the ions in the high
84 S.L. Luxembourg, R.M.A. Heeren / Internationa

ons. It was taken as the crossing of the tangent of the decaying
lope on the low energy side of the KED with the translation
xis.

. Unimolecular dissociation: theoretical and
xperimental considerations

On an instrument that is equipped with ESAs, like the TRIFT,
recursor ions that fragment during their flight are largely not
etected. This due to the limited kinetic energy acceptance win-
ow of the ESAs. The energy acceptance window under normal
peration conditions was experimentally determined at 160 eV
nd the largest energy deficit that is still accepted at 80 eV. Upon
ecay of the precursor ion its kinetic energy (KE) is partitioned
ver the ionic fragment and neutral loss according to their respec-
ive masses. The kinetic energy of the daughter ions formed in
he field free region, having acquired the full acceleration energy,
ollows from:

�M

M
· Ek

�Ek
= 1 (1)

here M and �M are the masses of the precursor ion and the
eutral loss, respectively, and Ek and �Ek their kinetic energies.
or a precursor ion of mass 200 Da (p-OCH3), a neutral loss of
9 Da (pyridine) and an extraction potential of 3 kV, the daughter
ons would have an energy deficit of approximately 1.2 keV and
ould not be detected. If the decay takes place in the acceleration

egion the precursor ions have not received their full acceleration
et. The location above the sample surface where the decay
akes place determines the energy deficit from the accelerating
eld energy. Using Eqs. (2) and (3) (see next section) it can be
hown that for the BPY precursor–daughter ion pairs only the
aughter ions formed within the first 160 �m or 20 ns of their
ight are detected. Fig. 2 illustrates the areas of the TRIFT mass
pectrometer where daughter ion formation can be monitored.

.1. Unimolecular dissociation in the acceleration region

The daughter ions observed in the SIMS mass spectrum arise
rom decay reactions taking place above the sample surface and
rom in-sample fragmentation. Ions formed above the sample
urface will experience an energy deficit from the full accelera-
ion energy; they will appear at negative apparent kinetic energy
n the KED. The ratio between the areas under the negative and
ositive apparent kinetic energy parts of the KED curve can be
sed to separate the two contributions to the total daughter ion
ntensity.

The rate constant for the nanosecond-timescale decay of BPY
recursor ions can be obtained from the energy deficit part of the
aughter ion KED. The method used was adopted from Delcorte
nd Bertrand [25]. For clarity the derivation is included here. The
nergy deficit (Ed) is related to the position of fragmentation (xd)

y:

d = e · Va · �M

d · M
· xd (2)

F
t
t

nal of Mass Spectrometry 253 (2006) 181–192

here d is the length of the acceleration region (d = 2.1 mm), Va
he acceleration potential, e the elemental charge, M and �M
re the mass of the precursor and the neutral loss, respectively.
he time and position of fragmentation are related through the
quations of motion of the precursor ions in the acceleration
egion. Therefore, the time of fragmentation can be expressed
n terms of the energy deficit:

f = C ·
√

Ed (3)

ith

= M · d

e · Va
·
√

2

�M
(4)

A daughter ion KED is constructed of the daughter ion inten-
ity (If) within an energy window around a given apparent KE,
lotted against the apparent KE. In other words it corresponds
o �If/�Ek, where Ek denotes the apparent KE. From the theory
n unimolecular decay the time derivative of the daughter ion
ntensity is known to be:

dIf

dt
= k · I0e−kt (5)

hich is related to the experimentally obtained quantity through:

�If

�Ed
≈ dIf

dEd
= dIf

dt
· dt

dEd
(6)

Combination of Eq. (3)–(5) gives:

dIf

dEd
= ka · I0 · C

2 · √
Ed

· e−ka·C·√Ed (7)

fter integration over dEd:

f(Ed) = I0 · (1 − e−ka·C·√Ed ) (8)
ig. 3. An example of a decay rate vs. internal energy curve calculated according
o RRKM theory. This particular curve was calculated for the p-OCH3 substi-
uted BPY.
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Fig. 4. The decay of p-F (m/z 188) precursor ions 5 �s after sputtering,

nternal energy tail of the sputtered precursor ion distribution.
or this purpose the theoretical dependence of the rate constants
n the internal energy was calculated using MassKinetics Sci-
ntific Demo software [26,27]. Fig. 3 contains an example of a
ate constant versus internal energy curve.

.2. Unimolecular dissociation in the field free region

The metastable BPY precursor ions that decay on microsec-
nd timescales are not observed in the mass spectrum under
tandard experimental conditions. In order to study the slow
etastable decay of the BPY ions the kinetic energy of their frag-
ent ions has to be moved into the energy acceptance window

f the mass spectrometer. Increasing the accelerating field and
eaving the ESAs set for the acceptance of 3 keV ions achieves
his. The accelerating potentials used to achieve this for the dif-
erent BPYs are listed in Table 1. The ions that have not decayed
hen they reach the first ESA will collide with the electrodes
ecause of their high kinetic energy. SIMION [28] simulations

f the whole TRIFT mass spectrometer for metastable ions that
ecay in the field free region between the extraction plate and the
rst ESA spectrometer were performed at ULVAC-PHI. These
imulations demonstrate that our approach to study metastable

ig. 5. Relation between the full daughter ion flight time and the instant of
ragmentation. The gap in the curve corresponds to decay taking place inside
he transfer lens, which results in a blind spot in the analysis of daughter ion
ormation.
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ttings on the right guarantee transmission of the m/z 109 daughter ion.

ecay in the TRIFT is feasible. Fig. 4 contains the simulated
on trajectory for an m/z 188 ion (p-F), which decays 5 �s after
t had been sputtered of the surface. The m/z 109 daughter ion
eaches the detector, the settings used in the simulation are indi-
ated on the right in the figure. The immersion lens is tuned for
peration at high extraction potential while the transfer lens and
SAs are set for the normal extraction voltage. From the sim-
lations it was found that ions that fragment inside the transfer
ens are not detected (Fig. 5). In Table 1 the time interval during
hich metastable daughter ions become traceable in this way is

ncluded.

. Results

.1. Mass spectra

The mass spectra obtained for the BPY salt samples were
ominated in the ‘high mass’ region by the precursor (Py+F) and
aughter (F+) ions produced through C N bond scission, accom-
anied by DHB related peaks in the presence of matrix in the
ample. As pointed out in the previous sections, the daughter ions
bserved in the mass spectrum of a standard SIMS, ME-SIMS or
etA-SIMS experiment are produced in the sample region and

ust above it. Besides the precursor–daughter ion pair also mass
eaks that are indicative of hydrogen or H2 loss were observed.
hese ions were formed in the sample region/source region and
artly from metastable decay in the field free drift region. As the
ass difference from the precursor ion is very small, ions pro-

uced from hydrogen loss in the field free spectrometer region
an be detected (Eq. (1)). Small, non-specific organic fragments
rom the matrix and BPY species dominate the low mass region
f the spectrum. These fragments are produced through ener-
etic collisions taking place in the dense region of the collision
ascade surrounding the position of impact of the primary ion.

.2. Ion yields

The ion yield (Y) for a specific ion is defined as the num-
er of detected secondary ions per primary ion. In Table 2, the
on yields that were determined for the BPY samples prepared

ccording to the ESD and thin layer protocols are shown. Espe-
ially, for the thin layer samples the spread in ion yields is very
imited. It is apparent that the presence of the DHB matrix results
n higher ion yields for all the BPY species studied. The yield
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Table 2
Ion yields in SIMS and ME-SIMS for the different BPY precursor ions

R YSIMS (×10−9) YME-SIMS (×10−9) YME-SIMS/YSIMS

p-OCH3 3.5 4.2 1.2
p-Cl 6 86.1 14.4
p
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-F 13.2 95.7 7.3
-CN 6.7 17.6 2.6

he last column shows the yield enhancement.

nhancement factor, included in the last column, varies between
.2 and 14. This variation in yield enhancement, depending on
he analyte of interest has been observed before in ME-SIMS
18].

.3. Kinetic energy distributions

.3.1. Thin layer sample
The KEDs obtained from the thin layer sample for the differ-

nt benzylpyridinium salts studied are very similar. All distri-
utions have their maximum around 1.2 eV and have a FWHM
f approximately 2 eV. The fragment and precursor distributions
re very similar. As an example in Fig. 6A distributions of the
recursor and fragment ions of the p-F substituted BPY salt
re shown. For a good comparison of the distributions they are
ormalized on their maximum intensities. In Fig. 6B the nor-
alized distributions are plotted on a logarithmic scale. From

his latter representation it becomes clear that the greatest dif-
erences between the distributions are in the region of negative
pparent kinetic energies. While in this region the precursor
istribution quickly falls off the fragment distribution follows
much slower decay. An apparent negative kinetic energy is

ndicative of an energy deficit from the accelerating field energy,
hich can find its origin in several processes. First of all the

ons might have been formed above the sample surface, through
as-phase reactions in a desorption plume or through evapo-
ation from a micro-droplet or cluster, both of these processes
re often used to describe ion formation in matrix-assisted laser

esorption/ionization [29] (MALDI). Secondly, collisions in the
esorption plume above the sample surface can result in a reduc-
ion of the ion’s the kinetic energy. Since for the very low ion
oses used in SIMS only very little material is sputtered in each

B
a
T
s

ig. 6. Normalized KEDs of the precursor and daughter ions of the p-F BPY for a t
cale to stress the observed differences. The daughter ion distribution is extended to
esult from metastable decay in acceleration region above the sample surface.
nal of Mass Spectrometry 253 (2006) 181–192

ycle of the experiment it is very unlikely that gas-phase col-
isions, and therefore also gas-phase reactions will induce any
bservable effects. Finally, the ion can be formed upon fragmen-
ation from its precursor, the precursor’s translational energy will
han be distributed proportionally over the resulting ionic and
eutral fragment species. Since the benzylpyridinium ions are
reformed and only the fragment ions display the energy deficit
t is obvious that the observed effect is predominantly a conse-
uence of decay in the source region.

.3.2. ESD sample
Using the energy slit differences in the kinetic energy of ions

ith respect to the full acceleration field energy are detected.
herefore, it is crucial that the ions experience a constant accel-
rating field during the experiments; any effects of charging of
he sample should be avoided. Sample charging is not expected to
e a problem for the thin layer sample preparations, though when
on-conductive samples like matrix crystal layers are studied it
an be of significance. Although the ESD method was chosen
o deposit the matrix–analyte mixture because it produces very
omogeneous, thin layers of crystals. Taking into account the
on-conductive character of the matrix crystal layer, distortion
f the accelerating field is still likely to occur. To investigate
he distorting effect on the KEDs, we monitored their evolu-
ion in time, during the course of an experiment. A change in
he accelerating potential due to charging of the sample will
hift the KED peak position with time. 3D-KED plots were cal-
ulated from RAW-files. In this file format intensity data, and
ight times are stored in equal size data blocks, each block was
rovided with an acquisition time stamp. In this way the time
esolution obtained in the 3D-KED is dependent on the signal
ntensity: high signal intensity fills up the data blocks relatively
ast, resulting in relatively short time interval between subse-
uent time stamps. In this way the highest time resolution was
btained for the high intensity part of the KED. This made that
or an interval of 4 eV around the peak position a time resolu-
ion of 250 ms was obtained. The 3D-KED plot for the p-OCH3

PY precursor is shown in Fig. 7. It becomes apparent there is
slight charging effect during the first 10 s of the experiment.
he total effect is below 0.5 eV, which falls within our energy
lit resolution. Therefore, it is concluded that this phenomenon

hin layer sample (A) shown for linear scales and (B) for logarithmic intensity
negative apparent energies. The ions observed at negative apparent energies
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ig. 7. Time resolved kinetic energy distributions for an ESD sample of the p
aximum intensity is observed. Therefore, it is concluded that charging of the

ill only have a marginal effect on the KEDs of ions created
rom an ESD matrix–analyte sample.

As for the case of the matrix-free samples the KEDs recorded
or the different BPY salts demonstrated similar features. The
istributions peak between 1.8 and 3 eV and the FWHM is
round 3 eV. Fig. 8 contains the precursor and daughter ions
EDs obtained in an ME-SIMS experiment for the p-CN ben-

ylpyridinium salt. Close examination of the curves tells us that
he KED of the fragment ion is broadened towards the positive
inetic energy side with respect to that of the precursor. The
ositive KE part of the distribution comprises of ions that have
ained KE in the collision cascade. Broadening of fragment dis-
ributions has been observed before [24]. Since, the precursor
ons that are most likely to undergo fragmentation are the ones
ith the highest internal energy, the depletion of the high kinetic

nergy side of the precursor KED indicates that the ions that
ain the most kinetic energy (∼4–5 eV) during the desorption

rocess also receive a large amount of internal energy. In com-
arison to the matrix-free case the fall off of the fragment ion
istribution with increasing energy deficit is less rapid, which
s indicative of a slower decay rate. The precursor ion KED

o
d
i
F

ig. 8. Normalized KEDs of precursor and daughter ion pair of the p-CN substituted
ntensity scale. For the ESD sample the precursor ion KED shows significant intensit

olecules.
3 BPY precursor ion. In the first 10 s only a slight shift in the location of the
e does not interfere with recording of KEDs on ESD samples.

lso displays some intensity at low energy deficits. To illustrate
he inhomogeneous nature of the broadening of the precursor
istribution (only to the negative apparent KE side) in compari-
on to the matrix-free situation we shifted the precursor KEDs,
btained for the p-F substituted BPY in SIMS and ME-SIMS,
espectively, to make the peak positions overlap (see Fig. 9). It
s apparent that in the presence of DHB the precursor distribu-
ion is broadened to the low (negative) apparent KE side only.
eight differences in the sample can also be a source of broad-

ning, though these would result in broadening on the positive
s well as on the negative apparent KE sides of the distribution.
ince the BPYs are preformed ions the energy deficit can be
xplained by a MALDI-like entrainment of the precursor ions
y the dominating matrix molecules. Though since the amount
f material removed in a ME-SIMS experiment is greater than
n a SIMS experiment collisions in the region just above the
ample surface can also be a source of energy deficit. KEDs

btained with MALDI (not shown) display much larger energy
eficits, which shows that in ME-SIMS far less collisions are
nvolved or that association extends over a much smaller area.
or the hypothesis of association we can estimate the distance

BPY obtained for an ESD sample (A) on linear scales and (B) on logarithmic
y at negative apparent KE, most likely this is caused by clustering with matrix
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Fig. 10. KEDs of the precursor ion of the p-OCH3 BPY and two pseudo-
molecular ions of the peptide Leucine Enkephalin from an ESD sample. The
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ig. 9. The differences in the KEDs of the p-F BPY variant recorded on the
hin layer sample and ESD sample are limited to the energy deficit part of the
istribution.

nd timescale over which this takes place from Eq. (2). To do
o we have to make the assumption that the BPY precursor ions
oncerned are formed upon desolvation from clusters which are
eutral or ionic with a high mass-to-charge ratio, e.g., contain-
ng multiple (matrix-) molecules. For these cases the kinetic
nergy obtained from the accelerating field is either zero or neg-
igible. The initial velocities of the sputtered clusters lie in the
ange of 400–500 m/s [17]. Therefore, the initial kinetic energy
f a desolvated BPY precursor ion, acquired during the desorp-
ion process, is negligible as well. The rapid fall off (∼4 eV)
f the precursor ion distribution with increasing energy deficit
oints to a very narrow (≤3 �m) region above the sample sur-
ace, in which the BPY ions and organic matrix are associated. A
ecent molecular dynamics study [17] showed that entrainment
f analytes in clusters of matrix molecules is likely at early times
≤100 ps) in the desorption process. For the quoted velocities
f sputtered clusters the energy deficit we observe here would
equire the analyte and matrix molecules to remain associated
or times on the order of several nanoseconds. Comparison of
he mass spectra/time traces recorded for the thin layer and ESD
ample revealed a ∼2 ns broadening to longer flight times for
he latter one, in line with the entrainment hypothesis.

Fig. 10 shows KEDs that were recorded for an ESD sam-
le containing both the p-OCH3 BPY and the small peptide
eucine Enkephalin. In order to detect the peptide a protonation
r cationization reaction has to take place. Comparison of the
nergy deficit tails of the KEDs of the preformed BPY precur-
or ions and the quasi-molecular peptide ions should give insight
n the localization of this addition reaction. The negative tails
EDs of the quasi-molecular peptide ions and the benzylpyri-
inium ion overlap. Therefore, there is no reason to assume that
he protonation or cationization occurs over an extended area
bove the sample surface. The broadening at the positive side of

he peptide ion KEDs compared to the m/z 200 BPY precursor
on could be a size effect. The Leucine Enkephalin fragmen-
ation threshold energy is higher; more internal energy can be
tored in the molecule due to its many degrees of freedom. This

t
t
s

ddition reactions needed to form the pseudo-molecular peptide ions do not
ccur over an extended area. The higher kinetic side shows increased intensity
or the peptide ions due to the increased degrees of freedom (see text).

xplanation is in line with the view that the molecular ion under-
oes multiple uncorrelated collisions before it is ejected from the
ample. However, results from an MD study demonstrate that
he ejection of molecular species by the correlated uplifting by

ultiple substrate atoms gives rise to a combination of low inter-
al energy and high kinetic energy [10]. Thus, it can be argued
hat the observed broadening of the peptide ion KED is indica-
ive of a relatively high amount of intact peptide ions produced
rom collective motions in the sample.

.3.3. Gold-coated sample
In general the KEDs obtained for the 1 nm gold-coated ben-

ylpyridinium sample display similar characteristics as the ones
btained for the ESD matrix sample. The features that result
rom the unimolecular decay of the precursor ion are apparent.
he main difference with the ESD sample case is in the width of

he distributions. The KEDs obtained for the gold-coated sample
re much wider, 2.5 eV versus 4 eV for the precursor ion in the
E-SIMS and gold-SIMS case, respectively. This observation

s illustrated in Fig. 11A and B where the p-OCH3 precursor and
aughter ion KEDs for the two sample preparation techniques
re compared. The broadening of the distribution predominantly
akes place at the high kinetic energy side. It has been observed
efore that KEDs for gold covered organic samples can extend
p to 10 eV KE [8]. This behavior has been used to substan-
iate the similarities with thin layer organic samples on gold
ubstrates. As mentioned above it has been shown in molecular
ynamics studies that the correlated upward motion of multiple
urface atoms can result in the uplifting of an organic molecule
rom the surface, with relatively low internal energy and high
inetic energy [10]. It was not possible to efficiently sputter pep-

ide ions from a gold-coated sample. Recently, it has been shown
hat the sputtering of peptide ions of metallic surfaces (gold or
ilver) is more successful [30].
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Table 3
The rate constants for the decay of the BPY precursor ions in the first part of the
acceleration region

R ka (s−1) Eint (eV) IA
f : IS

f

SIMS
p-OCH3 3 × 108 6.3 1:5.8
p-Cl 1.3 × 108 7.2 1:4.5
p-F 1.6 × 108 7.3 1:3.4
p-CN 2.7 × 108 9.5 1:2.6

ME-SIMS
p-OCH3 1.4 × 108 5.8 1:5.0
p-Cl 9.4 × 107 7.0 1:3.8
p-F 9.3 × 107 7.0 1:2.8
p-CN 6.6 × 107 8.4 1:4.6
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Fig. 11. Comparison of the MetA-SIMS and ME-SIMS KEDs fo

. Decay rate constants, survival yields and internal
nergies

.1. Daughter ion formation in the acceleration region

The rate constants for the fast decay of the BPY precursor
ons in the source region of the instrument was deduced from
he energy deficit part of the KED as was detailed in Section 3.1.

ith the substitution of Eq. (3), the mono-exponential growth
unction of Eq. (8) is transferred to the time-domain. Fig. 12
hows the result of the integration and substitution and the sub-
equent fitting procedure. All the decay rate constants, obtained
n this way are included in Table 3. As was seen in the previ-
us section, the precursor KEDs obtained for the ESD samples
isplayed some intensity at negative apparent energies, this was
xplained to arise from association of molecules/ions above the
ample surface or collisions. Most likely, daughter ions formed
n the sample region will be involved in these processes as well.
o evaluate this effect on ka we subtracted the KED of the m/z
54 molecular ion of DHB from the daughter ion KED (normal-
zed on total area) and subsequently determined the effective
ate constant. Since no large effects were observed, the numbers
n Table 3 are obtained directly from the daughter ion KED.
he uncertainties in the values of ka obtained from the fitting

rocedure are all within 10% of numbers quoted. Therefore,
ll rate constants except the ones for the p-F and p-Cl vari-
nts in the ME-SIMS case can be readily distinguished. The
E-SIMS rate constants display a clear relation with the acti-

a
t
v
g

ig. 12. The integrated energy deficit part of the KED of the daughter ions of the p
unction.
he Eint values indicate an average internal energy of the decaying precursor
ons.

ation energies (Table 1), the higher the activation energy the
ower the rate constant. From the SIMS results such a relation
s not clear. Although below the peculiar nature of the p-Cl
ubstituted BPY ion will be discussed, the result obtained for
he p-CN substituted one is clearly an outlier. The rate con-
tants determined on the ESD samples are without exception
ower than the ones obtained for the thin layer sample. The
verage internal energy values of the ions in the ‘hot’ tail of

he precursor ion distribution was derived from rate constant
ersus internal energy curves as in Fig. 3. The resulting ener-
ies are included in Table 3. We estimated the uncertainty in

-F BPY recorded in (A) SIMS and (B) ME-SIMS fit to a mono-exponential
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mine internal energy distributions in electrospray ionization the
para-chloro substituted benzylpyridinium ion gave rise to a dis-
tribution that was clearly lower in energy than determined for
other variants [27]. An explanation for this behavior might be
Fig. 13. (A and B) ME-SIMS metastabl

he internal energy values to be below 0.1 eV in all cases by
rojecting the uncertainty window around ka onto the RRKM
urve. Two observations can be made. First, the internal energy
ncreases with higher activation energy and second the internal
nergies derived for ME-SIMS are without exception lower than
or SIMS. The dependence of the internal energy values on the
ctivation energy must result from an increased fragmentation
t very early times (<10−9 s) in the sample region. As a result
he lower activation energy BPY ion populations have cooled
own more. This should also be reflected in the ratio between
n-sample (IS

f ) and above the sample fragmentation (IA
f ). The

atios are derived from the daughter ion KEDs as explained in
ection 2. They are included in Table 3. All the IA

f : IS
f ratios

xcept the p-CN results advocate an increase of the ratio with
ower threshold energy. On average the ratios found are higher
or SIMS than for ME-SIMS. This implies that besides the nature
f the sample also the activation energy is an important factor
or in-sample fragmentation.

.2. Daughter ion formation in the field free drift region

In Fig. 13A, a mass spectrum is shown that was obtained
ccording to the protocol for the detection of metastable BPY
ons decaying on �s timescale, described in Section 3.2. The
pectrum was recorded on an ESD sample containing the p-F
PY salt. It is clear that the spectrum is dominated by the daugh-

er ion; the precursor ion (m/z 188.09) is completely absent.
esides, some low signal intensity peaks are recorded at low
/z values. These most likely result from metastable decay of

hot) fragments formed in the sample region. They cannot be
ormed directly from the BPY precursor since the large mass
ifference would cause their kinetic energy to lie outside the
cceptance window. Fig. 13B contains a zoom of the daughter
on region. Although the mass peaks are broader than in a nor-

al SIMS acquisition, the fact that the mass resolution is around
500 (m/�m) indicates that the instrument’s ESAs are still capa-
le of time focusing the ions. Besides the outlined C N scission
nother metastable decay mechanism was observed. In Fig. 14
he KEDs of the para-fluor substituted BPY precursor ion and

he ions produced by the loss of one and two hydrogen atoms,
espectively, are shown. The satellite peaks in the KEDs indicate
etastable decay in the drift region with relatively small neutral

oss (Eq. (1)). The energy deficits found for the m/z 187 and the

F
o
o

s spectra of the p-F BPY daughter ion.

/z 186 ions match the loss of one hydrogen atom (∼15 eV). For
he loss of H2 an energy deficit of twice this value is requires, this
as not observed (not shown), and therefore it was concluded

hat the m/z 186 ion is formed from two subsequent single hydro-
en losses. To get an estimate of the fraction of the precursor
ons, which decays according to this separate decay channel, the
ragmentation, taking place in the source region and field free
rift region was determined separately from the fragmentation
aking place in the sample according to the method explained in
he previous section. It was found that the C N bond scission
s by far the dominating pathway, approximately 5% of total
ragmentation involves hydrogen loss.

The ratios of the intensities of the daughter ions formed in
he field free drift region relative to the precursor ion intensity
ecorded under normal conditions are shown in third and fourth
olumn of Table 4. Only the result for p-Cl is not in line with
he expected trend of lower ratio for lower activation energy. In

very recent study that used benzylpyridinium ions to deter-
ig. 14. KEDs for the p-F BPY precursor ions and two ions formed by the loss
f one and two hydrogen atoms. From the location of the satellite peak the mass
f the precursor ion can be determined according to Eq. (1) (see text).
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Table 4
The intensities of daughter ions formed at different instances in the mass spec-
trometer relative to the precursor ion intensity

R IS
f : IP IA

f : IP IFF:IP

SIMS—daughter ion formation
p-OCH3 9 1.5 1.5 ± 0.1
p-Cl 2.2 0.48 0.38 ± 0.06
p-F 2.2 0.64 0.43 ± 0.04
p-CN 1.4 0.55 0.33 ± 0.05

ME-SIMS—daughter ion formation
p-OCH3 2.2 0.44 0.56 ± 0.03
p-Cl 0.30 0.08 0.21 ± 0.05
p-F 0.35 0.13 0.30 ± 0.06
p-CN 0.30 0.07 0.25 ± 0.02

IS
f is the intensity of daughter ions formed in the surface region, IA

f of those
formed in the first 20 ns of the flight and IFF those formed between 300 ns and
approximately 11 �s. An uncertainty of approximately 10% was estimated in
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(2004) 71;
he values for IS
f : IP and IA

f : IP. To get to this estimate we assumed a 20%
ncertainty in the values of IS

f and IA
f .

hat its actual threshold energy is higher than determined from
uantum chemical calculations.

. Discussion and conclusions

The daughter ions formed at different instances during the
on’s flight through the mass spectrometer (Fig. 2) have been
etermined. All daughter ion intensities obtained are shown rel-
tive to the precursor ion intensity in Table 4. The fragmentation
ncreases with decreasing activation energy as expected, except
or p-Cl. At every instance in the mass spectrometer the frag-
entation in ME-SIMS is relatively lower than in SIMS, which

s indicative of a cooler population of precursor ions. From the
ast decay in the acceleration region we were able to determine
n average internal energy value for the hottest ions that have
scaped the sample surface. It is clear that the internal energy of
he ions produced in SIMS extends to higher values. Although
e have not recorded all the daughter ions formed, from the val-
es in Table 4 it can readily be seen that in ME-SIMS the number
f daughter ions formed per detected precursor is approximately
our times lower than in SIMS. The difference between the rela-
ive amounts of fragments is the largest for the decay taking place
n the sample region and in the acceleration region. According to
enninghoven’s precursor model the energy profile E(r) around

he primary ion’s impact point is described by a bell-shaped
urve (∼1/r2). The nature of the species ejected at different
istances from the impact point mirrors the local energy den-
ity [31]. From this respect the precursor and daughter ions
hat were created at different instances in the mass spectrom-
ter (sample, source region and field free drift region) can be
hought to result from rims located at different distances from
he point-of-impact. The changes in relative ratios between the
ntact precursor ions and the daughter ions formed at different

ight times indicate that the outer rim area, where intact ions
re produced from should be relatively larger in the case of ME-
IMS. This is achieved when the decrease in energy density is

ess rapid for an ESD sample, resulting in the collision cascade
nal of Mass Spectrometry 253 (2006) 181–192 191

xtending over a wider area. The disappearance cross-section,
hich is defined as the mono-exponential decay of the sputtered

on signal intensity with ion dose, is considered to be a good
easure of the ejection radius of the sputtered ion [31]. Unpub-

ished results on the disappearance cross-section of BPY ions
ith SIMS and ME-SIMS indicate a higher cross-section for

he latter methodology, which is in line with the above. Results
rom molecular simulations show that energy can indeed diffuse
etter through a matrix containing bulk sample [17]. The energy
eficits observed in the KEDs of the BPY precursor and Leucine
nkephalin ions can be explained in terms of a MALDI like inter-
al energy reduction mechanism: desolvation of matrix–analyte
lusters in the gas-phase, as suggested by several authors.

Clearly, the reduced fragmentation observed in ME-SIMS
annot fully explain the increase in ionization yields, presented
n this study (Table 2) as well as in other studies [15,18]. Espe-
ially not since the analyte is present in 1:2000 ratio. The choice
f BPY ions as analyte species excludes yield enhancing effects,
ike proton donation and analyte isolation to play an important
ole. Production of molecular ions from greater depths in the
ample (as compared to the thin layer sample) will contribute
o the higher molecular yield. Furthermore, segregation might
oncentrate the analyte ions in the near surface area [32]. Since
IMS analysis is limited to the first few monolayers of the sam-
le, this would result in a lower matrix-to-analyte ratio for the
art of the sample probed. An expanded area influenced by the
ollision cascade in ME-SIMS, as suggested here, does not only
ead to a reduction of fragmentation but also to a larger amount
f material being sputtered, which will increase the molecular
on yield further.
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