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Cesium iodide clusters (CsI) are simple ionic structures that are composed of different combinations of
the same two atoms, cesium and iodine. When these clusters are generated by electrospray ionization,
mass spectrometry analysis shows the generation of a broad m/z distribution with one or two residual
cesium ions as the charge carrier(s). The formation of larger cluster assemblies was ion source dependent,
eywords:
luster
esium iodide
agic number

urface-induced dissociation (SID)

and significantly influenced by source pressure. The gas-phase dissociation of these clusters was studied
by collision-induced dissociation (CID) and surface-induced dissociation (SID) in a quadrupole time-of-
flight mass spectrometer. SID was found to deposit more internal energy into these clusters, providing
access to alternative, high energy dissociation pathways. The most significant differences were observed
for larger cluster systems. Doubly charged clusters were observed to dissociate via one or two pathways,
a mass stripping process and a charge splitting process. While SID yielded both fragmentation pathways,

ss str
ollision-induced dissociation (CID) CID only accessed the ma

. Introduction

Clusters are an important group of structures as they span the
hemical and physical gap between discrete atoms or molecules
nd solid materials, and provide clues to the transitions between the
ondensed and gaseous states of matter [1]. One of the keys to bridg-
ng this gap is to understand the size-dependent behavior exhibited
y cluster systems. The structure, stability, energetics, and chemical
roperties of clusters all depend on the extent of their aggrega-
ion. While small clusters differ significantly from bulk matter,
wing largely to their high surface-to-volume ratio and electronic
tructure, clusters of substantial size can begin to adopt bulk-like
ehavior. For example, clusters of CsCl and CsI form six-fold coor-
inated face-centered cubic (fcc) lattices despite the fact that the
ulk material exists in an eight-fold coordinated body-centered

ubic (bcc) lattice structure [2]. Only after the crystal exceeds
ome critical size will a transition to the bcc lattice structure occur
3]. Investigation of size-related phenomena in these systems may
mprove our understanding of several physical/chemical processes
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including phase transition phenomena, crystal growth, chemical
catalysis, and thin film formation [4,5].

From an experimental point of view, clusters are relatively easy
to form, and their ionic bonding character has allowed the develop-
ment of simple models that permit different cluster configurations
to be studied. Many analytical techniques and theoretical meth-
ods have been employed in cluster research [6–8]. Although all
of these methods and techniques provide a significant amount of
information on cluster systems, mass spectrometry stands out as a
major experimental technique that offers advantages for studying
size-dependent cluster properties with inherently high sensitiv-
ity. In general, most mass spectrometric analyses of clusters have
been performed with electrospray ionization (ESI) [9–11], plasma
desorption [12,13], laser ablation/vaporization [2,14,15], particle
sputtering [16] and secondary ion mass spectrometry [17]. ESI is
a gentle ionization method that has proven to be particularly use-
ful in studying gas phase clusters. Hao et al. reported the influence
of several experimental conditions such as concentration, solu-
tion pH and instrument operating conditions, including desolvation
temperature, solution flow-rate, capillary voltage, cone voltage, on
the formation of cluster ions [18,19] by ESI. Zhou and Wang et al.
used clusters to probe the mechanism of electrospray ion forma-
tion [20,21]. Furthermore electrosprayed clusters are widely used

as calibration standards for mass spectrometers.

Among the different types of cluster systems, alkali halide
clusters have been most widely studied by mass spectrometry,
especially singly charged positive clusters. The general formula for
these clusters can be given as (MX)nM+ [22–25], where M and X

http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
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epresent the cation and anion of the molecule, respectively. An
mportant discovery in cluster science has been the identification
f magic number clusters, specific combinations of M and X present

n high abundance due to their extraordinary stability [23,26–29];
hese magic number clusters have been attributed to the forma-
ion of cubic-like crystal structures [30]. Systematic studies into the
issociation of salt clusters of varying size provide valuable insight

nto their structure and stability. While such studies have been con-
ucted in the past [18,31–33], improvements in the mass range of
andem mass spectrometers and advancements in ion activation

ethods allow more extensive investigation.
In addition to improving our understanding of cluster proper-

ies themselves, the simplicity of these systems provides an ideal
odel for studying fundamental gas-phase processes such as colli-

ions of ions with gaseous atoms or molecules or with surfaces.
hese processes have played an essential role in tandem mass
pectrometry, in which the kinetic energy of the projectile ion is
onverted into internal energy upon collision with a gaseous target
collision-induced dissociation, CID) or surface target (surface-
nduced dissociation, SID), followed by unimolecular dissociation
f the ion post-collision. Among the alkali halide clusters, the
ragmentation behavior of cesium iodide has been extensively stud-
ed by mass analyzed ion kinetic energy spectrometry (MIKES)
24,34–36], as well as high energy collision-induced dissociation
24,37–40]. It is evident from these experimental studies that
mall CsI clusters dissociate via unimolecular decomposition into
ass stripped products through the removal of neutral CsI moi-

ties [34,36,37,39,41]. Whetten and coworkers [42,43] performed
mpact-induced dissociation (analogous to SID using graphite and
ilicon surface targets) studies on alkali halide clusters, with the
roducts of dissociation generated through a single step fission
rocess along the low energy cleavage planes of these clusters.

CsI has previously been shown to form clusters consisting of as
any as 350 CsI molecules [44]. The ability to form clusters across

uch a broad mass range allows ion activation to be probed as a
unction of ion size. Furthermore, a comparative study of different
on activation methods on clusters of increasing size may not only
lucidate complementary fragmentation pathways of salt clusters,
ut also provide insight into the interactions between the projec-
ile ion and its collision partner(s). A better understanding of the
ctivation process for a system composed of the same two atoms
an be used to shed light on the fragmentation of other large, more
omplex ions. The gas-phase dissociation of many large biologi-
al systems, for example, remains poorly understood partly due to
he fact that the projectile ion:collision target size ratio is signif-
cantly higher than that of more thoroughly characterized model
rganic ions [45]. This article presents a comparative study of dis-
ociation of cesium iodide clusters by two ion activation methods,
urface-induced and collision-induced dissociation. Several differ-
nt cluster moieties, including singly and doubly charged cesium
odide clusters, are dissociated and the influence of ion activation

ethod and cluster size on ion dissociation is discussed.

. Experimental

.1. Samples

Cesium iodide (99.9%) and methanol (HPLC grade) were pur-
hased from Sigma–Aldrich (St. Louis, MO) and used without fur-
her purification. The freshly prepared samples in water:methanol

50:50) with concentrations of 20–100 mg/mL were sprayed out
f a home-built nano-ESI source. The samples were first loaded

nto glass capillaries pulled in-house (Sutter Instruments, P-97
icro-pipette puller) to a final tip diameter of 1–5 �m. A plat-

num wire was inserted into the glass capillary and a voltage of
ass Spectrometry 287 (2009) 105–113

1.5–2.0 kV was applied to the analyte solution. The cone voltage
was varied between 50 and 150 V until optimum ion transmis-
sion was obtained. No heating or desolvation gas was used with
nano-ESI.

2.2. Instrumentation

Experiments were performed in a home-modified Q-ToF II
mass spectrometer (Micromass/Waters, Manchester) that has been
described previously [46]. Briefly, an in-line SID device was installed
in between the quadrupole mass analyzer and hexapole collision
cell to allow direct comparisons of CID and SID on the same instru-
ment. The SID device, which includes a surface holder, ion beam
deflectors, and focusing lenses, is approximately 45 mm in length,
with the surface holder positioned in parallel, but 8 mm above, the
center of the ion beam. A shortened, 13 cm collision cell provided
by Waters Corporation replaced the traditional 18.5 cm collision
cell to accommodate the SID device. This allowed the conventional
ion optics to remain in place, and facilitated the use of higher gas
pressures within the collision cell while maintaining appropriate
pressure in the adjacent ToF region. The instrument was operated
in one of two modes; one that allows ion transmission through the
SID apparatus without hitting the surface for single-stage MS and
CID experiments, or alternatively, surface collision mode in which
ions are deflected into the surface for SID experiments. This allowed
direct comparison between the two ion activation methods under
otherwise identical instrument conditions and similar observation
time frames.

In CID mode, the experiments were performed using argon
(Ar) as the collision target. The pressure was measured in the
quadrupole analyzer chamber and typically maintained between
1 × 10−4 and 6 × 10−4 mbar (the actual pressure in the collision
cell is different from the quadrupole chamber pressure because
there is no pressure gauge connected directly to the collision cell).
For SID experiments, fluorinated self-assembled monolayer (FSAM)
surfaces were used as the collision target. These surfaces have pre-
viously been shown to provide efficient translational-to-vibrational
energy transfer to the projectile. For SID experiments, the collision
cell was operated without Ar gas with the collision cell serving
solely as a hexapole ion guide. The collision voltage for the CID mode
was controlled by adjusting the DC offset of the source hexapole
between 0 and 200 V, relative to the collision cell (grounded). For
SID, the collision voltage was varied between 0 and 190 V by setting
the DC offset (10–200 V) of the source hexapole with respect to the
surface voltage (∼10–20 V). The actual collision voltage was calcu-
lated by subtracting the difference between these two voltages. All
collision energies are listed as the product of the voltage difference
times the precursor ion charge state.

2.3. Self-assembled monolayer (SAM) surfaces

Glass surfaces (18 mm × 12 mm) coated with a 10-Å layer of tita-
nium followed by a 1000-Å layer of gold (Evaporated Metal films
Corp., Ithaca, NY) were used as substrates for the SID collision tar-
gets. The Au-coated glass slide was first UV cleaned for 15 min,
rinsed with ethanol, and immersed in a 1 mM ethanolic solution
of 2-(perfluorodecyl) ethanethiol for 24 h. Following this step the
surface was immersed in reagent grade ethanol and sonicated for
5 min in an ultrasonic bath. Sonication was repeated two more
times with fresh ethanol solutions. Finally the glass surfaces, coated
with a fluorinated SAM, were air-dried and attached to the sur-

face holder of the SID setup. The surface preparation technique
is further explained elsewhere [47,48]. The 2-(perfluorodecyl)
ethanethiol used for SAM surfaces was synthesized by the Chemi-
cal Synthesis Facility of the Department of Chemistry, University of
Arizona.
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. Results and discussion

.1. Generation and characterization of CsI clusters by
lectrospray ionization

One of the important strategies for generating and transmitting
luster ions is to have fine control over the instrument operation
onditions. The distributions of salt cluster ions were found to
e influenced markedly by the magnitude of cone voltage, source
emperature, ESI solvent and source pressure. Higher source pres-
ures are critical for observing high mass cluster ions. Fig. 1 shows
he nano-ESI mass spectrum of 15 mg/mL CsI solution sprayed
ut of 50:50 methanol:water. Two different charge distributions
f clusters are evident in the mass spectrum. One belongs to the
ingly charged ion series and the second one to the doubly charged
eries. The singly charged cluster ions have the generic formula of
MX)nM+ and each of the peaks in this series are separated by a mass
f 259.8 Da, corresponding to a molecular weight of one CsI moiety.
he second series corresponds to doubly charged CsI and has the
ormula of (MX)qM2

2+. Each peak corresponding to a cluster with
n even number of Cs atoms overlaps with a singly charged ion,
hile peaks corresponding to an odd number of Cs atoms appear

n between the singly charged cluster peaks (i.e., (CsI)2Cs2
2+ and

CsI)4Cs2
2+ will overlap in m/z with (CsI)1Cs+ and (CsI)2Cs+ respec-

ively, whereas (CsI)3Cs2
2+ will correspond solely to the doubly

harged ion). One significant difference between the two series is
hat the doubly charged ions always appear to be lower in intensity
han the singly charged moieties. Such an effect can be attributed to
wo causes: first, the doubly charged ion series with an even num-
er of Cs perfectly overlaps with the singly charged series, so the
otal ion intensity of these peaks is the sum of the contributions
rom the singly charged ion and the overlapping doubly charged
on. Second, some authors suggest that the additional charge on
he doubly charged clusters may induce instability into the crystal
tructures, resulting in their lower abundance [49,50].

A predominant feature in the MS spectra of these cluster sys-
ems is the uneven intensity distribution of the singly charged

on series. As marked in Fig. 1, the high abundance of certain
ingly charged ions is attributed to the formation of magic num-
er clusters. There are two forms of magic number clusters. One
orresponds to the arrangement of atoms in a symmetric fashion,
.e., a cubic 3 × 3 × 3 structure, a tetragonal 3 × 3 × 5 structure, an

ig. 1. Mass spectrum of 15 mg/mL CsI solution under positive nano-ESI conditions in a
harged cluster ions in the range of 250–26,000 m/z. Evidence for stable “cubic-like” stru
ne possible symmetric structure for each magic number cluster. (�) Cubic-like clusters
ass Spectrometry 287 (2009) 105–113 107

orthorhombic 3 × 5 × 7 structure, etc. (the term “cubic-like” has
been used to collectively describe these structures) [16,29]. The
second corresponds to surface terraces built upon completed cubic
lattices [51,52]. For example, if three rows of three CsI molecules in
the cluster of 3 × 5 × 7 are removed, an abundant, n = 43 cluster is
formed (Fig. 1). Although these structures are pseudo-cubic, they
have been shown to be considerably stable [2].

Another interesting feature in the spectrum is the onset of the
doubly charged cluster series. This effect is the so-called “criti-
cal size” effect [26], and defined as the smallest possible cluster
size that can be formed with multiple charges. In our experiments,
the smallest doubly charged cluster observed corresponds to q = 21.
This property is found to be dependent on several experimental
conditions such as capillary voltage, and desolvation temperature
[53], but a detailed experimental study of this property was not the
subject of this research.

3.2. Collision- and surface-induced dissociation of small (CsI)nCs+

clusters

In order to probe the influence of cluster size on dissociation
patterns, a small cluster system, (CsI)6Cs+ was selected in the
quadrupole analyzer and fragmented either by SID or multiple-
collision CID. The repetitive units of Cs and I that comprise these
clusters, facilitate the interpretation of their dissociation pathways
because the major fragmentation products must be any combina-
tion of just two atoms. Furthermore, because these small clusters
have relatively low masses, the internal energy required to initi-
ate fragmentation should also be low, thus a subtle change in the
collision energy may reflect a significant difference in dissociation
pathways.

Fig. 2 shows the CID and SID comparison spectra of (CsI)6Cs+ at
collision energies of 10 eV (Fig. 2a and c, respectively) and 20 eV
(Fig. 2b and d, respectively). The spectra are shown at identical lab-
oratory collision energies for comparison, although the amount of
internal energy deposited is also a function of the collision target.
For SID experiments, an FSAM surface was chosen as the collision

target due to its favorable energy transfer properties. Translational
to vibrational energy transfer in SID is known to vary with surface
properties such as stiffness, terminal group mass, and packing of
the SAM film. The energy transfer efficiency for FSAMs has been
reported between 20 and 28%, among the highest reported for SAM

Q-ToF mass spectrometer. The spectrum is composed of both singly and doubly
ctures are evident at n = 13, 22, 31, 37, 52 and 62. The table in the inset represents
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ig. 2. CID and SID spectra of (CsI)6Cs+ clusters in the Q-ToF instrument; (a and b) C
nergies of 10 and 20 eV respectively.

lms. Energy transfer in CID varies with the mass of the target gas
nd the number of collisions. Here, argon was chosen as the collision
as. In general both CID and SID spectra show extensive fragmen-
ation of the molecular ion to generate a series of singly charged
ragment ions. The fragment ions have the same empirical formu-
as as the precursor ion, (CsI)nCs+. Because the precursor ion carries
nly a single charge, the formation of such singly charged frag-
ents has to come from the loss of neutral CsI moieties [35,36]. The
ost striking difference between the two ion activation methods

s the fragmentation efficiency. For example, at a collision energy
f 20 eV (Fig. 2d), SID shows almost no precursor ion survival while
he precursor remains at ∼20% relative abundance by CID (Fig. 2b).

One other notable difference is the appearance of the (CsI)2Cs+

luster fragment (m/z = 652) in the SID spectra (Fig. 2c and d). This
ragment is absent from the 10 eV CID spectrum (Fig. 2a) and only
resent in low abundance at 20 eV CID (Fig. 2b). Previous collision-

nduced dissociation studies of the same alkali-halide system by

rewello and coworkers [54], also revealed a similar dissociation
attern for (CsI)6Cs+. They observed a significant reduction in the
CsI)2Cs+ cluster formation, not only for (CsI)6Cs+, but for a number
f other small CsI clusters as well. Russell and coworkers [55] found
he n = 2 cluster to exhibit the lowest stability and the lowest abun-
ectra at collision energies of 10 and 20 eV; (c and d) SID spectra at collision energy

dance when they fragmented cesium iodide clusters (n = 0–7) by
ion mobility-CID-MS. Even by increasing the CID collision energy
(data not shown) this fragment is negligible, indicating that the
low-energy, stepwise nature of CID likely causes (CsI)6Cs+ to disso-
ciate through another channel(s) prior to gaining enough energy to
produce (CsI)2Cs+. However, SID, by providing higher energy in sin-
gle step, allows alternative/additional dissociation pathways, such
as the formation of (CsI)2Cs+. This interpretation is further sup-
ported by the breakdown curves for the n = 6 cluster (Fig. 3). In the
CID energy-resolved MS/MS (ERMS) breakdown curve, the relative
abundance of the n = 2 cluster fragment is never greater than 5% over
the range of collision energies from 10 to 40 eV (Fig. 3a). With SID,
at a collision energy of 10 eV, the relative abundance of the same
cluster fragment is calculated as ∼8% and increases up to ∼28% at
a collision energy of 40 eV (Fig. 3b). Other substantial evidence for
different internal energy deposition by SID is provided by the rel-
ative abundance of the precursor ion at each collision energy. At a

collision energy of 10 eV, CID shows ∼70% precursor ion retention,
whereas SID shows only ∼30%. At the same time, the SID ERMS
curves for the fragment clusters are also shifted to lower energy
thresholds, indicating the ability of SID to deposit higher amounts
of internal energy at comparable lab-frame energies. Although SID
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on intensities were integrated and plotted in relative abundance to the total ion
ntensity. The series of points generated for each fragment ion was fit with the most
ppropriate sigmoidal or exponential fitting.

rovides additional internal energy, there is no substantial evidence
hat the excess energy afforded by SID leads to a difference in the
undamental mechanism of cluster fragmentation (other than the
ormation of the (CsI)2Cs+ fragment). This could be due to the fact
hat these clusters are sufficiently small that both activation meth-
ds readily provide enough energy to access similar dissociation
hannels.

Despite the differences noted, CID and SID of small CsI clusters
re largely similar, with both activation methods predominantly
ausing a sequential loss of neutral CsI molecules. The production

f a singly charged (CsI)1Cs+ ion from the original n = 6 cluster, how-
ver, appears to compete with the neutral CsI stripping pathway,
nd is significant even at low collision energies, especially when
he complex is dissociated by CID (Scheme 1). For example, at 10 eV

cheme 1. Dissociation channels observed for the fragmentation of (CsI)6Cs+ clus-
ers. CID leads solely to consecutive losses of neutral monomers or dimers of CsI
s well as charged (CsI)Cs+. SID provides additional dissociation pathways by los-
ng larger size n(CsI) moieties. Structures are not represented by the most stable
onformer.
ass Spectrometry 287 (2009) 105–113 109

CID collision energy (Fig. 2b), the (CsI)1Cs+ fragment is over 25%
in relative abundance, while the n = 3 and n = 4 fragments are less
than 10%. Because the n = 3 and n = 4 fragments result from sequen-
tial CsI losses [35,36] and increase in abundance at even higher
energies, the fact that (CsI)1Cs+ is observed at lower energy means
it is most likely the result of a direct fragmentation from the pre-
cursor ion (Scheme 1). A third dissociation pathway, the loss of two
neutral CsI units, is also possible by CID. As shown in the break-
down graph, (CsI)6Cs+ dissociates into (CsI)5Cs+ by loss of a single
CsI moiety. It concurrently dissociates into (CsI)4Cs+ by the net loss
of two CsI units, as evident from the co-appearance of both (CsI)5Cs+

and (CsI)4Cs+ clusters at similar collision energies in the breakdown
graph. However, under the current instrument observation time
frame, it is difficult to conclude that the formation of (CsI)4Cs+ is
solely from a loss of a neutral CsI dimer, not from a sequential loss of
two neutral CsI monomers. Judging from the breakdown graph, the
loss of multiple units of neutral CsI moieties (n = 2, 3, 4, Scheme 1)
by SID seems plausible, but again, it is difficult to distinguish this
from multiple sequential losses of single CsI moieties.

3.3. SID and CID comparison of singly and doubly charged
medium and large size clusters

Most studies performed to date on larger salt clusters have been
performed by using CID. SID, however, is known to rapidly deposit
higher internal energies into projectile ions and is believed to be
particularly beneficial in the fragmentation of more massive pro-
jectile ions such as multiply charged protein complexes [45,56]. This
section is mainly focused on comparing the dissociation of mid-size
salt clusters with one and/or two charges, activated by CID or SID.

Fig. 4 shows CID and SID comparisons for the (CsI)30Cs+ clus-
ter at three different collision energies. Although it was originally
assumed that the selected precursor ion was a singly charged ion,
the inset of Fig. 4a shows a series of fragment ions separated by
�m/z = 130 Da, clearly indicating that the singly charged precur-
sor ion was contaminated with the overlapping doubly charged
(CsI)60Cs2

2+ cluster. To prevent any confusion, the collision energies
for this cluster system are presented as collision voltages (without
correcting for the charge state). The SID and CID spectra are strik-
ingly different for this medium size cluster. The most prominent
difference is the amount of dissociation, where SID shows far more
extensive fragmentation. The SID spectrum acquired at a collision
potential of 30 V shows (Fig. 4d) fragment ions corresponding to
the singly charge cluster series at both the high and low mass ends
of the spectrum. Generation of high m/z fragments comes solely
from the overlapped doubly charged precursor ions. With increas-
ing collision voltage (Fig. 4e and f), SID generates mostly small
size fragment clusters, indicating higher internal energy conversion
and secondary fragmentation of large clusters that remain unfrag-
mented at V = 30. In contrast, at collision energies even higher than
those used to generate the SID spectra, CID shows a reduced amount
of fragmentation (Fig. 4a–c). At a collision potential of 70 V, the
fragment ions show a Gaussian like distribution centered at m/z
equivalent to (CsI)26Cs+/(CsI)52Cs2

2+, whereas at 90 V the fragment
ion distribution is shifted to a lower m/z, centered at (CsI)47Cs2

2+.
The fragmentation channel(s) observed by CID can again be inter-
preted as the sequential loss of neutral CsI units (a mass stripping
process). SID fragment ions, on the other hand, are generated by
both the mass stripping process and a mass splitting process, where
the precursor cluster divides into two complementary fragments of
various sizes, both of which retain the charge.
Because the singly charged clusters for which “n” is an even
number have the potential of overlapping with doubly charged
cluster ions “2n”, a doubly charged cluster with an odd number of
CsI moieties was selected to simplify interpretation of the MS/MS
spectra. For this comparison, (CsI)43Cs2

2+ was selected and frag-
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ig. 4. Comparison of CID (left panel) and SID (right panel) spectra of (CsI)n = 30Cs+/(
10 V, respectively. SID spectra were collected at collision voltages of (d) 30 V, (e) 5
�) Singly charged cesium iodide cluster fragments; (�) doubly charged cesium iod

ented. (CsI)43Cs2
2+ has a nominal mass of 11434.3 Da. The MS

pectrum in Fig. 1 shows the formation of stable doubly charged
lusters, including (CsI)43Cs2

2+. Presumably, the formal charges are
eparated to minimize inter-charge repulsions. Previous research
n salt clusters hypothesized that multiply charged cluster ions
ould readily adopt a conformer with a regular flat surface and

hicknesses of a single molecule [18]. Although we are not certain of
he (CsI)43Cs2

2+ cluster structure, an elongated conformation could
rovide added stability by separating the two charges at opposite
ides of the cluster. As shown in Fig. 5, the SID and CID spectra of
CsI)43Cs2

2+ are again remarkably different. By CID the (CsI)43Cs2
2+

luster still fragments predominantly through the loss of neutral
sI units to produce doubly charged fragments from the doubly
harged precursor (Fig. 5a and b). Although CID shows neutral CsI
oss as the dominant fragmentation pathway, a second fragmenta-
ion pathway involving production of singly charged (CsI)1Cs+ was
lso evident. In contrast with the CID results, SID shows an alter-
ative charge separation/mass splitting process, producing singly
harged fragments from a doubly charged precursor ion (Fig. 5c
nd d). The charge separation, or fission process and the neutral
oss process are two competing pathways, with the probability of

ach dependent upon energy availability and cluster size. With CID,
he neutral loss process is dominant as it is driven by the limited
nternal energy available from collision with Ar.

The fission process produced by SID can be explained with the
elp of the two-body interaction theory [3,57]. The formation of
60Cs2
2+. CID spectra were collected at collision voltages of (a) 70 V, (b) 90 V, and (c)

d (f) 70 V, respectively. Insets are blowups of different m/z regions of CID and SID.
ster fragments.

a doubly charged cluster is a product of a fusion process (fusion
of two singly charged clusters). As one would expect there is a
long-range Coulombic repulsive force between two singly charged
clusters moieties. However, as the two multi-atom ions are brought
within chemical bonding distance, the cluster should transform
from an unstable to a kinetically stable (or metastable) cluster
[58]. With increasing inter-charge distance, the Coulombic repul-
sion becomes less and the doubly charged ion becomes more stable.
Martin calculated the lowest possible energy configurations for
several doubly charged NaI clusters and showed a clear trend in
which cluster stability increases with the cluster size. In other
words, the energy barrier preventing the most stable configura-
tion from undergoing Coulombic dissociation increases as the size
of the cluster increases [58]. Upon activation, if the added excess
energy is sufficient to overcome this energy barrier, the cluster
would undergo a reverse reaction, a fission process, producing
charge separated products. With (CsI)43Cs2

2+, CID does not sup-
ply enough energy to overcome the barrier for the fission process
to occur. However it still provides sufficient energy to eject neu-
tral (CsI)n units generating doubly charged mass-stripped product
clusters (the doubly charged products still have enough mass to

exist as stable product clusters). Previous CID studies published
by Cooks and coworkers [53] on doubly charged NaI cluster sys-
tems have also revealed a similar fragmentation pattern, where
high mass NaI clusters predominantly dissociated by loss of neu-
tral NaI units and low mass clusters dissociated by charge splitting.
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ig. 5. Comparison of CID (left panel) and SID (right panel) spectra of the doubly ch
istributions, doubly and singly charged. SID at collision energy of 100 eV, shows pred
�) doubly charged cesium iodide cluster fragments.

or CsI experiments we propose that SID deposits higher inter-
al energy into the projectile ion, enabling it to overcome the
nergy barrier for the fission process. This claim is supported by
reakdown curves for small CsI clusters, in which it is evident
hat the dissociation onset for any given fragment ion occurs at
lower laboratory collision energy by SID relative to CID. For CID

f large CsI clusters, activation even at the highest attainable colli-
ion energies is insufficient to access the fission pathways. Further
upportive evidence for this observation is provided by Whetten
nd coworkers, in their impact-induced dissociation experiment
f NaF cluster systems. They concluded the formation of charge
plit products has to come from a single-step fracture process not
rom a sequential losses of NaF [42]. The computed energy for such
ragmentation as a single-step process is calculated as 3.3 eV, sig-
ificantly higher energy than that of single neutral loss of a NaF
oiety. Interestingly, impact-induced dissociation studies of alkali-

alide systems with graphite and silicon surfaces by Whetten and
oworkers [42,59,60] exhibited some differences from the current
tudy, especially for doubly charged clusters. At lower impact ener-
ies in their instrument, the preferred fragmentation pathway was
he generation of only two complementary charge split fragments.
n contrast, the Q-SID/CID-ToF instrument showed more extensive
ragmentation behavior, namely a distribution of charge split frag-

ents. There could be several reasons for such a discrepancy. First,
hetten and coworkers did not examine the same projectile ions

nd used graphite and silicon surfaces as their impact surfaces,
hereas in our experiments, fluorocarbon monolayer surfaces are
sed as the collision partner. Fluorinated surfaces are well charac-
erized and known to provide higher internal energies compared
o graphite and silicon, and could contribute to the extensive dis-
ociation patterns in our experiments [48]. Another difference in
he experiments is the observation time frames of the two instru-
(CsI)43Cs2
2+ cluster. Inset in SID collision energy 50 eV, shows two distinct charge

antly singly charged fragments. (�) Singly charged cesium iodide cluster fragments;

ment configurations. Whetten’s impact-induced dissociation work
is performed at the back end of a time-of-flight reflectron chamber.
The observation time frame of such an instrument configuration
lies in the sub-microsecond time window, allowing the detec-
tion of only products from fast fragmentation channels [61]. If
the formation of fragment ions is on the order of microseconds
or longer, the ions are detected as precursor ions not fragments.
However, the Q-SID/CID-ToF instrument has an observation time
frame of several hundred microseconds to milliseconds, allow-
ing the detection of slower dissociation processes. This is likely a
significant factor in the observation of more extensive fragmenta-
tion in our instrument configuration. At higher collision energies,
the impact-induced dissociation spectra of Whetten and cowork-
ers showed featureless fragmentation behavior (no enhancement
of magic number clusters), an observation the authors attributed
to the transfer of enough internal energy to transform the clus-
ter into a molten (more liquid like) form. Such a transformation
would distort the crystal structure information and would gener-
ate only arbitrary fragments. At higher SID collision energies in
the Q-ToF, extensive fragmentation with an enhancement of cer-
tain fragment ions was observed. These enhancements are found
to be “magic number” clusters [23,26,28,29,62], corresponding to
symmetrically stable cubic-like crystal structures with lattices of
3 × 3 × 3, 3 × 3 × 5, 5 × 5 × 5, etc., similar to those observed in the MS
spectrum. It is not well understood why impact-induced dissocia-
tion lacked these magic number clusters, while Q-ToF SID produces
more featured spectra, but the short time frame of Whetten’s exper-

iment would detect fragmentation of only the most highly excited
ions. In-addition there is a difference in the energy of the ions gen-
erated from the source. In the Q-ToF instrument, nano-ESI is used
and the source pressure is raised to enhance the transmission of
high mass ions; this may also result in some collisional cooling
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cheme 2. Dissociation channels observed for the fragmentation of (CsI)qCs2+ clus-
ers. CID leads solely to consecutive losses of neutral CsI, while access to an additional
harge separation pathway is provided by SID.

r damping of the ion internal energy prior to surface collision.
ctivation of the thermally cooled precursor ions results in more
ontrolled dissociation patterns. Another factor is the difference
f the impact angles employed in the two experiments. With Q-
oF SID, the impact angle on the surface is presumed to be ∼45◦,
hereas the impact angle in the ToF reflectron configuration is

pproximately perpendicular (∼0◦ relative to the surface normal).
ith ∼0◦ impact angles the internal energy conversion is higher,
roducing highly heated precursor ions upon impact and perhaps
pening “shattering” mechanisms where direct dissociation at the
urface occurs [63].

The SID/CID dissociation patterns observed for doubly charged
lusters of (CsI)43Cs2

2+ are summarized in Scheme 2. The major

ig. 6. MS/MS spectra of (CsI)62Cs+/(CsI)124Cs2
2+, activated by (a) CID at a collision

oltage of 50 V. (b) CID at collision voltage 70 V. The inset represents the dominant
ragmentation pathway which is the sequential loss of neutral (CsI) or formation of
harged (CsI)Cs+ with CID. (c) SID, at a collision voltage of 70 V. The inset shows the
ictorial representation of the SID fragmentation process to generate many different
ized clusters.
ass Spectrometry 287 (2009) 105–113

fragmentation pathway for the CID process is again the sequential
loss of n-number of (CsI) units to generate mass stripped fragment
ions. The CID fragmentation data for this cluster do not provide
evidence for the neutral-dimer loss route as we observed for the
small size cluster systems. However the production of a singly
charged cluster moiety, (CsI)Cs+, is found to be a major pathway.
In contrast, SID could access the same fragmentation pathways
observed by CID, but also revealed alternative high energy dissoci-
ation pathways to generate charge split products. Such information
is beneficial in understanding the cluster morphology and its low
energy crystal structures.

The dissociation of even larger cluster systems by CID and SID
is of interest, as these systems carry larger mass per unit charge
and allow further investigation into the influence of ion activation
as a function of cluster size. Fig. 6 shows the SID and CID compar-
ison spectra of (CsI)62Cs+/(CsI)124Cs2

2+, a stable cubic crystal with
the lattice structure of 5 × 5 × 5 and a m/z of 16241.1 Da. One of
the challenges in dissociating such large cluster systems is their
poor transmission and low abundance. Consequently, longer spec-
tral acquisition times were required to overcome this problem. The
fragmentation behavior was similar to the medium-sized clusters
in that SID deposited higher internal energy and allowed access to
both the charge split and mass stripped fragmentation pathways,
whereas only the mass stripped pathway was observed by CID.

These results clearly indicate the capability of SID to access alter-
native high energy dissociation pathways. More importantly, we
were able to fragment CsI clusters larger than those previously
reported in the literature, and compare their dissociation by both
CID and SID under the same instrument operating conditions.

4. Conclusions

In summary, the dissociation of CsI clusters of varying sizes has
been studied by CID and SID in a Q-ToF instrument. The use of the
same instrument to perform SID and CID allows a valid compar-
ison between the two activation methods. For small size cluster
systems, there are few significant differences between the two ion
activation methods. The CID ERMS graph reveals the formation
of mass stripped product ions by unimolecular dissociation. The
same process was observed by SID, but each fragment ion appears
at lower laboratory collision energy, indicative of higher internal
energy deposition. For medium and large size clusters, CID could
readily access the low energy neutral loss dissociation pathway to
produce mass-stripped fragment clusters but not the high energy
charge fission process. In contrast SID, could access both the com-
peting mass-stripping and charge splitting pathways, offering more
extensive fragmentation of the precursor ion cluster.
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