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Abstract. Infusion of NaCl solutions into an electrospray ionization (ESI) source
produces [Na(n+1)Cln]

+ and other gaseous clusters. The n = 4, 13, 22 magic number
species have cuboid ground state structures and exhibit elevated abundance in ESI
mass spectra. Relatively few details are known regarding the mechanisms whereby
these clusters undergo collision-induced dissociation (CID). The current study ex-
amines to what extent molecular dynamics (MD) simulations can be used to garner
insights into the sequence of events taking place during CID. Experiments on singly
charged clusters reveal that the loss of small neutrals is the dominant fragmentation
pathway. MD simulations indicate that the clusters undergo extensive structural
fluctuations prior to decomposition. Consistent with the experimentally observed

behavior, most of the simulated dissociation events culminate in ejection of small neutrals ([NaCl]i, with i = 1, 2,
3). The MD data reveal that the prevalence of these dissociation channels is linked to the presence of short-lived
intermediates where a relatively compact core structure carries a small [NaCl]i protrusion. The latter can separate
from the parent cluster via cleavage of a single Na-Cl contact. Fragmentation events of this type are kinetically
favored over other dissociation channels that would require the quasi-simultaneous rupture of multiple electro-
static contacts. The CID behavior of NaCl cluster ions bears interesting analogies to that of collisionally activated
protein complexes. Overall, it appears that MD simulations represent a valuable tool for deciphering the
dissociation of noncovalently bound systems in the gas phase.
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Introduction

Electrospray ionization (ESI) of solutions containing non-
volatile salts produces gaseous cluster ions [1–7]. These

clusters are widely used as mass spectrometry (MS) calibrants
[8]. Salts such as NaCl are strong electrolytes (i.e., in bulk
aqueous solution they exist as hydrated Na+ and Cl− entities
that are completely separated from one another [9]). The ob-
servation of [NaxCly]

(x-y)+ clusters in ESI mass spectra obtained
from such solutions thus represents a remarkable phenomenon.
ESI-mediated clustering also takes place for amino acids and
other low molecular weight solutes [10–13].

Salt clusters continue to play a central role for mechanistic
investigations of the ESI process [5, 14, 15]. It has been suggested
that these clusters self-assemble in the super-saturated environ-
ment of rapidly shrinking ESI droplets [3, 16]. Depending on
their physicochemical properties, some clusters may be released
from the droplet via the ion evaporation mechanism (IEM) [5,
17], in a manner that is analogous to the ESI process of
monoatomic ions [18–21]. However, it is believed that most salt
clusters (including [NaxCly]

(x-y)+) are produced by solvent evap-
oration to dryness [22–24], as envisioned by the charged residue
model (CRM) [25, 26]. Similar CRM clustering phenomena
appear to be responsible for the nonspecific salt adduction to
proteins and other macromolecular analytes, generating hetero-
geneous species such as [M + zH+ n(Na – H) +m(Cl + H)]z+

[27–29]. Some of these mixed salt/protein species have been
shown to exhibit remarkable structural stability, thereby renewing
general interest in ESI-mediated clustering events [30–33].

One particularly intriguing aspect is the prevalence of salt clus-
ters with specific Bmagic number^ compositions [11–13, 34–36].
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For example, ESI of NaCl solutions in positive ion mode produces
particularly strong [Na(n+1)Cln]

+ signals for n= 4, 13, and 22, which
may be envisioned as cuboids consisting of (3 × 3× 1), (3 × 3× 3),
and (3 × 3 × 5) ions, respectively [1, 22, 37, 38]. Themissingmagic
number species in this series [(3 × 3 × 2) and (3 × 3 × 4)] are neutral
and therefore unobservable by MS. Multiply charged clusters have
ground state geometries that are more complicated than the cuboids
seen for small singly charged species [39].

While the mechanism of salt cluster formation during ESI has
received major attention, much less is known about the dissoci-
ation of these species following activation in the gas phase.
Collision-induced dissociation (CID) remains the most widely
used MS/MS fragmentation method. CID relies on collisions
with neutral background gas to increase the internal energy of
the analyte, until the system is able to overcome activation
barriers for decomposition [40–42]. Feketeova and O’Hair [43]
examined the CID behavior of various [Na(n+1)Cln]

+ clusters.
Fragmentation was found to proceed via loss of neutral [NaCl]i
moieties, but it was not clear whether these ejected species
corresponded to individual NaCl molecules (i = 1) or clusters
with i > 1. Evidence for the occurrence of neutral losses with
i = 1 comes from dissociation experiments on various other types
of salt clusters conducted on differential mobility analysis instru-
ments [7, 44]. Zhang and Cooks [34] conducted CID measure-
ments on doubly charged [Na(n+2)Cln]

2+ magic number clusters.
Larger clusters dissociated via neutral losses, whereas smaller
clusters were found to dissociate into singly charged magic
number species. It was suggested that these magic number
products arise from parent species consisting of preformedmagic
number [Na(n+1)Cln]

+ crystalloids, which separate from each
other along simple fracture planes. For example, the authors
proposed that [Na28Cl26]

2+ is composed of a (3 × 3 × 1)+ and a
(5 × 3 × 3)+ unit [34]. This interpretation implies that fragments
retain structural features of the precursor ground state geometries.

The view of structural retention during CID of NaCl
clusters seems at odds with ion mobility spectrometry
(IMS) results of Hudgins et al. [45], which revealed exten-
sive changes in cluster shape prior to the onset of dissoci-
ation. The pliability of salt clusters seen by IMS is in line
with theoretical investigations, which reveal that NaCl
nanocrytals can easily deform, a feature that is very differ-
ent from the brittle properties of bulk NaCl [37]. Also,
Coulombic modeling suggests that cuboid ground state
structures are only marginally more stable than some
distorted isomers [38]. This brief discussion highlights
the fact that much remains to be learned about the CID
mechanism of NaCl clusters.

In addition to experimental studies, molecular dynamics
(MD) simulations are increasingly being used to probe
mechanistic aspects of the ESI process [19, 24, 46–48],
as well as the fate of desolvated analytes in the gas phase
[49–56]. Standard MD force fields do not allow for the
rupture of covalent bonds, whereas modeling the disrup-
tion of electrostatic interactions and other noncovalent
linkages is straightforward [48, 51, 54]. Hence, MD
methods should be well suited for studying the dissociation
of gaseous salt clusters, thereby generating Bmolecular
movies^ of the CID process. MD simulations have been
used extensively for probing physicochemical aspects of
NaCl in solution [57–59], as well as the CRM formation of
NaCl clusters within ESI droplets [24]. Surprisingly, it
appears that there have been no attempts to use MD tech-
niques for probing the fate of salt clusters in the gas phase
under CID conditions.

In the current work, we conduct experiments to in-
terrogate the CID behavior of various NaCl clusters
over a wide range of collision energies, both in positive
and in negative ion mode. Fragmentation proceeds
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Figure 1. Positive ion ESI mass spectrum obtained by electrospraying aqueous NaCl solution at a cone voltage of 75 V. The inset
shows the region around m/z 785 at a cone voltage of 15 V, where both singly charged (major signals) and doubly charged (minor
peaks) clusters are observable. Also shown are the ground state structures of the corresponding cluster ions, obtained after energy
minimization and annealing of the magic number combinations [Na(n+1)Cln]

+ for n = 4, 13, and 22, as well as [Na28Cl26]
2+
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primarily via loss of small neutral [NaCl]i moieties. MD
simulations qualitatively reproduce key features of the
experimental CID behavior, offering insights into the
temporal evolution of the collisionally excited clusters.
Our data provide evidence of massive structural changes
prior to fragmentation.

Experimental
Mass Spectrometry

ESI mass spectra were acquired on a Synapt G1 time-of-flight
instrument (Waters, Milford, MA, USA). 10 mM NaCl in water
was infused at 5 μL min−1 using a standard Z-spray source. The
desolvation gas (N2) temperature was set to 200 °C and the source
block temperature was kept at 80 °C. In positive ion mode, the
capillary voltage was set to 3 kV, and the extraction cone voltage
was kept at 4 V. The sampling cone was set to 15 V for measure-
ments on doubly charged clusters, and 75 V for singly charged
species. The prevalence of singly charged clusters at elevated cone
voltages has been noted previously [1]. In negative ion mode, the
sampling and extraction coneswere set to 30 and 5V, respectively,
whereas the capillary was operated at 2 kV. MS data represent the
sum of 300 scans with an acquisition time of 1 s per spectrum.

MS/MS was conducted with quadrupole precursor ion se-
lection, ensuring that only ions corresponding to a single iso-
tope peak (the one with the highest signal intensity) were
transmitted. These conditions ensured that doubly charged
clusters could be interrogated without interferences from singly
charged ions and vice versa. Fragmentation was induced by
setting the trap collision energy to values between 4 and 100 V.
CID was implemented with Ar as collision gas. MS/MS data
for singly charged positive clusters were acquired with a scan
time of 1 s for a total of 5 min. For fragmentation experiments
on doubly charged clusters and for all negatively charged ions,
the acquisition time was increased to 10 min per spectrum.
Throughout this work we refer to positively charged clusters
using the index n (such as [Na(n+1)Cln]

+), whereas m is used to
denote negative species ([NamCl(m+1)]

−).

MD Simulations

Fragmentation trajectories were simulated using Gromacs 5.1 for
leap frog integration ofNewton’s equationswith a step size ofΔt=
0.5 fs [60] and the Amber99sb-ILDN force field [61]. The choice
of this force field is based on its successful use for earlier NaCl
cluster ESI simulations [24]. Polarization effects are quite small for
the types of ions considered here (particularly Na+) [34, 57, 62, 63]
thereby justifying the use of a nonpolarizable model. Simulations
were performed in a vacuum environment without cut-offs for
electrostatic or Lennard-Jones interactions [64]. As in previous
CID simulations on other systems [54], the collision gas was not
modeled explicitly because this would have caused a dramatic
increase in the time required to complete the MD runs [48].
Instead, all simulations were conducted in constant temperature
mode using the Nosé-Hoover thermostat [65]. This approach
reflects the view that for many dissociation processes, the reaction
outcome is not strongly dependent on the type of heating method
employed (e.g., CID versus blackbody infrared dissociation [66]).
Center of mass translation and rotationwere eliminated throughout
the simulations.

Positively charged [Na(n+1)Cln]
+ clusters were generated

using a previously generated [Na14Cl13]
+ (3 × 3 × 3) cubic struc-

ture as point of origin [24]. For producing [Na23Cl22]
+ and
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Figure 2. Tandem mass spectra of (a) [Na14Cl13]
+, (b)

[Na23Cl22]
+, and (c) [Na28Cl26]

2+ acquired at different trap colli-
sion energies. In each panel, the spectrum with the lowest trap
collision energy (4 V) is shown in the foreground. Trap collision
energy values used: 4, 10, 15, 20, 25, 30, 35, 40, 45, 50, 60, 70,
80, 90, and 100 V
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[Na28Cl26]
2+, the corresponding number of Na+ and Cl− ions

were added in random positions less than 1 nm from this
[Na14Cl13]

+ core. These structures were then annealed by con-
secutive 10 ps runs at 500, 400, 200, 100, 50, 1 K. This was
followed by another 10 ns equilibration period at 300 K. Nega-
tive clusters were obtained by inversion of cation and anion
positions, followed by steepest descent energy minimization.

Extensive test runs were conducted for identifying a suitable
simulation temperature. Temperatures around 1200 K and be-
low were found to cause some structural dynamics but virtually
no dissociation over many nanoseconds. All data shown below
were thus generated at 1400 K, which produced readily ob-
servable CID events on a ns time scale. For reference, it is
noted that these simulation conditions lie between the melting
temperature (1038 K) and the boiling temperature (1738 K) of
bulk NaCl [67]. Production runs were broken down into seg-
ments. The length of each segment was governed by the time
required for the charged precursor cluster to undergo dissocia-
tion. After removal of the neutral dissociation product, the run
was restarted using the residual charged fragment as new
starting structure. The maximum run time for each segment
was 20 ns. Simulated product ion distributions represent the
average of forty independent runs for each cluster type, each
generated with different initial velocities that were sampled at

random from a Maxwell-Boltzmann distribution. Graphics
were rendered using Pymol. Ions are represented with their
van der Waals radii (i.e., 1.02 Å for Na+ and 1.81 Å for Cl−)
[67].

Results and Discussion
MS of Aqueous NaCl Solutions

In agreement with previous reports [1, 3, 8, 34, 43], we found
that ESI of aqueous NaCl solution in positive ion mode pro-
duces a range of [Na(n+1)Cln]

+ clusters, with elevated abun-
dance for the n = 4, 13, and 22magic number species (Figure 1).
Low intensity doubly charged clusters became observable up-
on lowering the cone voltage from 75 to 15 V [1] (Figure 1,
insert). Also shown in Figure 1 are ground state (T = 1 K)
structures of magic number clusters predicted by MD simula-
tions. The cuboid shapes of the n = 4, 13, and 22 singly charged
species are consistent with the results of previous experimental
and theoretical investigations [1, 22, 37, 38]. For the doubly
charged cluster [Na28Cl26]

2+
, our MD simulations predict a

rhomboid ground state structure (Figure 1) that is in agreement
with the results of ab initio calculations [39]. These data do not
support the proposal [34] that [Na28Cl26]

2+ is a composite of
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Figure 3. (a)–(e) Experimental intensities of [Na(n+1)Cln]
+ product ions observed after fragmentation of [Na14Cl13]

+ at various trap
collision energies. (f)–(j) MD simulation data displaying the abundance of various [Na(n+1)Cln]

+ species during fragmentation
cascades starting with [Na14Cl13]

+. The profiles were compiled from 40 independent runs
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two cuboid units. Switching to negative ESI resulted in a
progression of singly charged [NamCl(m+1)]

− clusters similar
to that of Figure 1, althoughwith a somewhat different intensity
pattern (Supporting Information Figure S1).

MS/MS of Singly Charged Clusters

CID of [Na14Cl13]
+ generates a ladder of [Na(n+1)Cln]

+ product
ions with n = 12, 11, 10, … (Figure 2a). With increasing
collision energy, the size distribution gradually shifts to smaller
species, all the way to [Na2Cl]

+ (n = 1) as the dominant product
ion under the harshest conditions used (Figure 3a–e). Clearly,
the entire fragmentation cascade is dominated by the loss of
small neutrals. The simplest interpretation of these MS/MS
data is a sequential progression with [NaCl] loss in each step
(i.e., [Na14Cl13]

+ → [Na13Cl12]
+ → [Na12Cl11]

+ → … →
[Na2Cl]

+). The actual situation is likely more complex because
the ejection of other small neutrals such as [NaCl]2 and [NaCl]3
cannot be ruled out [43]. Qualitatively similar behavior was
seen in negative ESI experiments on [Na13Cl14]

− (Figure 4a–e,
Supporting Information Figure S2a).

MS/MS was also conducted on the n = 22 singly charged
cluster [Na23Cl22]

+ (Figure 2b, Supporting Information Fig-
ure S3a-e). As in the cases above, increasing collision energies
induced gradual shifts in the product ion distribution towards
smaller n. Interestingly, the n = 13 magic number cluster

[Na14Cl13]
+ has an unusually high abundance. The prevalence

of this CID intermediate indicates that clusters slightly larger
than this magic number species exhibit reduced kinetic stabil-
ity. Indeed, [Na15Cl14]

+ and [Na16Cl15]
+ are virtually undetect-

able in Figure 2b, suggesting that they rapidly convert to the
n = 13 magic number cluster via [NaCl] ejection, thereby
boosting the [Na14Cl13]

+ abundance. Despite these nuances,
the general picture emerging from the MS/MS data in Figure 2
is that collisional excitation causes the sequential loss of
[NaCl], and likely also [NaCl]2 and [NaCl]3. The negative
[Na22Cl23]

− cluster shows the same general CID trends
(Supporting Information Figures S2b, S4).

All of the singly charged cluster ions examined here break
down via a sequential progression of small neutral losses upon
collisional activation [43]. This is not a trivial observation
because other types of CID processes could be envisioned as
well. Examples of hypothetical alternative scenarios include
Na+ ejection to produce large neutral species, or cluster split-
ting into charged/neutral product pairs of comparable size. The
fragmentation behavior observed here for NaCl cluster ions is
similar to that of other salt clusters [7, 44].

MD Simulations of Singly Charged Clusters

Different [Na(n+1)Cln]
+ and [NamCl(m+1)]

− species were simu-
lated in a vacuum environment to gain insights into the
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−
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dynamics of these clusters under CID conditions. As an exam-
ple, MD snapshots taken at selected time points during a run
starting with [Na14Cl13]

+ are depicted in Figure 5a. Thermal
excitation transforms the cuboid ground state into a highly
dynamic system that fluctuates between various compact and
more extended structures. The cluster gradually shrinks by
ejection of neutral moieties, mostly [NaCl], [NaCl]2, and
[NaCl]3. Very similar events are seen during simulation runs
starting with the larger cluster [Na23Cl22]

+ (Figure 5b). Analy-
sis of the simulated CID cascades reveals sequential shifts in
[Na(n+1)Cln]

+ fragment ion populations towards lower values of
n (Figure 3f–j). Analogous behavior was observed in MD
simulations conducted on [Na22Cl23]

− (Figure 4f–j) and for
larger clusters both in positive and in negative ion mode
(Supporting Information Figures S3, S4).

Although the simulated fragment ion populations in Figures 3
and 4, and Supporting Information Figures S3, S4 do not exactly
match the experimental data, several general trends are well
reproduced: (1) The simulated trajectories show a charged parent
cluster that gradually shrinks. (2) Excess charge is retained on the
larger dissociation product for almost all of the fission events. (3
Ejection of small [NaCl]i neutrals is the dominant dissociation
pathway. This last point is emphasized in Figure 6a and b, where
data were compiled for a total of 160 MD runs on [Na14Cl13]

+,
[Na23Cl22]

+, [Na13Cl14]
−, and [Na22Cl23]

−. These data reveal that

~80% of all simulated dissociation events correspond to loss of
[NaCl]i, with i= 1, 2, 3. The fact that these key features of the
simulations are consistent with the experimental behavior implies
that our MD data provide a reasonable overall description of the
[Na(n+1)Cln]

+ and [NamCl(m+1)]
− dynamics under CID conditions.

An important question is why loss of small neutrals is the
dominant CID pathway for singly charged parent clusters. This
aspect can be answered by looking at the MD transition state
structures exemplified in Figure 5c, which represent clusters that
are just about to release a small [NaCl]imoiety. Most dissociation
events take place during brief instances where the clusters adopt a
relatively compact core structure with a short protruding [NaCl]i
appendix. These deformed structures are primed for dissociation
because the small [NaCl]imoieties can separate from the complex
via thermally activated rupture of a singleNa-Cl contact (indicated
by the red lines in Figure 5c). Only on rare occasions did we
observe product release after rupture of two such contacts (exem-
plified by the n= 20 structure in Figure 5c). Single bond cleavage
events are kinetically preferred over processes that involve the
quasi-simultaneous rupture of multiple electrostatic contacts. The
latter scenario could potentially produce larger fragments, but such
reaction pathways are disfavored because of their higher activation
barriers [68].

CID of [Na28Cl26]
2+

[Na28Cl26]
2+ was the only doubly charged species that could be

studied with satisfactory S/N ratio in our experiments. When
applying low collision energies the symmetrical dissociation
into equal singly charged magic number fragments,
[Na14Cl13]

+ was found to be the dominant reaction pathway.
Asymmetric cleavage into the magic number species
[Na23Cl22]

+ and [Na5Cl4]
+ occurred to a lesser extent. Sequen-

tial small neutral losses at elevated collision energies likely
reflect secondary dissociation of primary fragment ions, rather
than decomposition of the doubly charged precursor (Figure 2c
and Supporting Information Figure S5).

The agreement between these experimental data for
[Na28Cl26]

2+ and the corresponding MD simulations is not as
good as for the singly charged clusters discussed earlier. Sim-
ulations of [Na28Cl26]

2+ predict the ejection of small [NaCl]i
neutrals and small singly charged [Na(n+1)Cln]

+ clusters as the
dominant fragmentation pathways (Figure 6c and Supporting
Information Figure S5). Encouragingly, the elevated abun-
dance of the n = 4 fragmentation channel in the MD data
(Figure 6c) corresponds to the experimentally observed
[Na28Cl26]

2+ decomposition into [Na23Cl22]
+ and [Na5Cl4]

+.
Also, we note that the ejection of small singly charged frag-
ments (as predicted in Figure 6c) does indeed take place for the
z = 2 clusters of some other salts [69].

Despite the limited ability of MD simulations to capture the
experimentally observed behavior of [Na28Cl26]

2+, our data none-
theless allow some basic conclusions to be drawn regarding the
CID mechanism of this species. Previous work implied that frag-
mentation of doubly charged clusters can be interpreted as
shattering into preformed singly charged magic number blocks
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[34]. The experimentally observed dominant CID pathway
[Na28Cl26]

2+ → 2 [Na14Cl13]
+ cannot be explained by such a

model because it is geometrically impossible to assemble two
[Na14Cl13]

+ (3 × 3 × 3) cubes into a (3 × 3 × 3)2 parent structure
without creating unfavorable Na+/Na+ and Cl−/Cl− nearest neigh-
bor contacts. The actual [Na28Cl26]

2+ ground state has a rhomboid
structure [39] (Figure 1) that does not lend itself to simple cleavage
into cuboid building blocks. In addition, the occurrence of major
structural changes prior to dissociation [45] makes it unlikely that
product ions can retain structural features that originate directly
from the precursor ground state. The mechanism whereby colli-
sional excitation of [Na28Cl26]

2+ generates singly charged frag-
ments with magic number compositions thus remains unresolved.

Conclusions
Despite their simple chemical nature, ESI-generated [NaxCly]

(x-y)+

clusters exhibit a rich fragmentation behavior. These clusters pro-
vide an excellent testbed for evaluating the suitability of computa-
tional methods for elucidating fundamental aspects of CID pro-
cesses. To the best of our knowledge, the current work marks the
first time that MD methods were applied to examine the mecha-
nistic pathways whereby collisionally heated salt clusters undergo
dissociation.

Consistent with the results of IMS investigations [45],
our data reveal the occurrence of major structural fluctua-
tions before decomposition events take place. This finding
implies that none of the dissociation products can retain
direct memory of the ground state precursor structures.
The observed behavior bears interesting parallels to CID
processes of multi-protein complexes, where extensive
unfolding (Bmelting^) of the native structure takes place
prior to disintegration [30, 54, 70].

It is gratifying that our MD simulations successfully
capture key features of the experimentally observed CID
behavior for singly charged [NaxCly]

(x-y)+ clusters. In par-
ticular, the simulations explain why the loss of small
neutral [NaCl]i moieties represents the dominant fragmen-
tation channel. The MD trajectories reveal that these neu-
tral products are formed from transiently populated cluster
structures that bear a small [NaCl]i protrusion. The latter
can then separate from the cluster via rupture of a single
Na-Cl contact. Fragmentation events of this type are kinet-
ically favored over other pathways that would require the
quasi-simultaneous rupture of multiple electrostatic con-
tacts, corresponding to larger activation barriers.

In the case of the doubly charged species [Na28Cl26]
2+,

the agreement between experiments and MD simulations
was not as good. It seems possible that a realistic descrip-
tion of multiply charged clusters requires more elaborate
MD strategies, with inclusion of polarizability effects and
the presence of an explicit collision gas [48]. Work in this
direction is currently ongoing in our laboratory, as well as
experimental studies and simulations on cluster ions

consisting of salts other than NaCl. The results of these
efforts will be reported elsewhere.
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