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ABSTRACT: A series of ﬁve molecular dication clusters, (H2O)n2+, (NH3)n2+,
(CH3CN)n2+, (C5H5N)n2+, and (C6H6)n2+, have been studied for the purpose of
identifying patterns of behavior close to the Rayleigh instability limit where the
clusters might be expected to exhibit Coulomb ﬁssion. Experiments show that the
instability limit for each dication covers a range of sizes and that on a time scale of
10−4 s ions close to the limit can undergo either Coulomb ﬁssion or neutral
evaporation. The observed ﬁssion pathways exhibit considerable asymmetry in the
sizes of the charged fragments, and are associated with kinetic (ejection) energies
of ∼0.9 eV. Coulomb ﬁssion has been modeled using a theory recently formulated
to describe how charged particles of dielectric materials interact with one another
(Bichoutskaia et al. J. Chem. Phys. 2010, 133, 024105). The calculated electrostatic
interaction energy between separating fragments accounts for the observed
asymmetric fragmentation and for the magnitudes of the measured ejection
energies. The close match between theory and experiment suggests that a signiﬁcant fraction of excess charge resides on the
surfaces of the fragment ions. The experiments provided support for a fundamental step in the electrospray ionization (ESI)
mechanism, namely the ejection from droplets of small solvated charge carriers. At the same time, the theory shows how water
and acetonitrile may behave slightly diﬀerently as ESI solvents. However, the theory also reveals deﬁciencies in the point-charge
image-charge model that has previously been used to quantify Coulomb ﬁssion in the electrospray process.

I. INTRODUCTION
There are notable parallels between existing qualitative
experimental observations on multiply charged clusters1−7
and attempts to identify mechanisms responsible for the
appearance of multiply charged ions during electrospray
ionization (ESI).8−16 Both systems conform to the Rayleigh
instability relationship, where the critical number of molecules
required to stabilize a multiply charged droplet can be
estimated from the classical liquid-drop equation: (Qe)2/ncr =
64π2γε0εrr03, where Qe is the total charge, γ the surface tension,
r0 the radius of a constituent molecule, ε0 the permittivity of
free space, and εr the relative dielectric permittivity. For ESI
droplets, Qe is the critical quantity, whereas for multiply
charged clusters much of the discussion centers on ncr, the
minimum number of atoms or molecules required to
accommodate two or more charges. Both droplets and clusters
are considered unstable with respect to charge separation or
Coulomb ﬁssion when the ratio (Qe)2/ncr exceeds unity.17 In
experiments on multiply charged clusters, considerable eﬀort
has been devoted to identifying those patterns of behavior that
might prevail at ncr;1,4−6,18 Coulomb ﬁssion is the most obvious
outcome, but deﬁnitive answers have not been forthcoming.
Likewise, discussions on the ﬁnal steps of the ESI process have
focused on two mechanisms: in the charge residue model
(CRM) highly charged ions, such as proteins, are thought to
form as a result of extensive solvent evaporation, during which
the ion of interest retains or acquires a signiﬁcant fraction of the
total available charge.19,20 A second mechanism, the ion
© 2013 American Chemical Society

evaporation mechanism (IEM), is thought to proceed via the
ejection of small solvated ions and appears to be more
applicable to the appearance of relatively small residual
ions.21,22 It has been suggested that CRM and IEM models
commence with a combination of evaporation and Coulomb
ﬁssion, with any diﬀerentiation most likely to appear as they
approach a ﬁnal size.8,9 The CRM and IEM mechanisms have
both been discussed in detail in several recent reviews.8,9,12
Reported here are the ﬁrst measurements of delayed
Coulomb ﬁssion in a range of size-selected dication clusters
comprising the following molecular species: (H2O)n2+,2
(NH3)n2+,23 (CH3CN)n2+,6 (C5H5N)n2+,24 and (C6H6)n2+;6,25
in each case, n is close in value to the Rayleigh instability limit
that has been identiﬁed from previous experiments on these
dications. The results show that molecular dication clusters can
both eject small solvated ions and undergo the evaporation of
neutral molecules but that these processes proceed in
competition and over a range of sizes rather than at a unique
critical size. To interpret the results, reaction potential energy
surfaces for the subprocess that involves the ejection of solvated
ions have been modeled by representing the ﬁssion products as
charged dielectric spheres. These calculations have been
undertaken using an analytical solution developed recently to
solve the long-standing problem of how charged spheres of
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dielectric materials interact with one another.26 The results
show how the electrostatic potential energy depends on the
relative dielectric permittivity of the clusters and, for a ﬁxed
charge, the ratio of the sizes of their fragments.26 Experimental
measurements of the average center-of-mass kinetic energy
(ejection energy) acquired by charged fragments as they
separate, are a good match to the calculated heights of the
reverse electrostatic barriers.

tion, and m2 and Q2 are the mass and charge, respectively, of
the fragment ion being detected. Ion detection was achieved via
a Daly scintillation detector linked to a lock-in ampliﬁer
(Stanford Research Systems SR850), which provided phasesensitive detection referenced with respect to the train of nozzle
pulses. During the course of these experiments, the background
pressure beyond the ion source remained less than 1 × 10−7
mbar, which ensured minimal interference from collision
induced fragmentation.

II. EXPERIMENTAL SECTION
Observations on the fragmentation patterns of molecular
dication clusters have been made on an apparatus that consists
of a high resolution reversed geometry mass spectrometer (VG
Analytical ZAB-E) coupled with a supersonic expansion nozzle.
The supersonic nozzle system consists of two diﬀerentially
pumped chambers; an expansion chamber which houses a
pulsed nozzle and a collimation chamber separated from the
former by a 1 mm diameter skimmer. Clusters were generated
by an expansion of gas or vapor/argon mixture through a 200
μm diameter conical nozzle, 5 mm in length and with an
opening angle of 30°. The gas ﬂow is pulsed by a Bosch fuel
injector valve driven by a 0−12 V square wave pulse at a
frequency of between 10 and 20 Hz. A 3 mm diameter cap,
covered in a disc of Kalrez ﬁtted onto the injector needle seals
against the nozzle when the voltage pulse is low. To generate
molecular clusters from liquids and vapors, argon was passed
through the liquid contained in a reservoir cooled in an ice
bath.
Neutral clusters in the beam were ionized by 70 eV electrons
and the resulting ion beam was then extracted from the source
at a potential of +5 kV into the ﬂight tube of the mass
spectrometer. Cluster ions with a particular combination of
charge (Qi) and mass (mi) were selected using a magnet, and
the ionic products of Coulomb ﬁssion in the ﬁeld free region
between the magnet and an electrostatic analyzer (ESA) were
identiﬁed by scanning the voltage on the latter. The ﬁeld-free
region is 1.5 m in length, and ions are approximately 5 × 10−5 s
old when they enter that section of the mass spectrometer. This
link-scanning procedure provides a mass-analyzed ion kinetic
energy (MIKE) spectrum,27 which can be used to identify ionic
fragments according to their laboratory-frame kinetic energy.
To detect the principal singly charged products from the ﬁssion
of a doubly charged cluster, the ESA was scanned to record
ionic fragments with laboratory-frame kinetic energies from 10
keV downward. For laboratory-frame kinetic energies of
between 5 and 10 keV there are no background ion signals
from other processes, such as the loss of neutral molecules,
which means the very weak signals that arise from Coulomb
ﬁssion can be recorded without interference. However, this
approach does mean that only the largest of the singly charged
fragments is detected. The size of the smaller fragment is
determined from mass balance and the assumption that it
emerges as a single particle is supported by the shape of the
peak proﬁles recorded for Coulomb ﬁssion.
From the magnitude of the electric sector voltage necessary
to transmit them, the mass-to-charge ratio of fragment ions can
be identiﬁed from the following equation:27
E* =

m2 Q i
E0
mi Q 2

III. THEORY
Charged particles in one form or another are ubiquitous, and in
those instances where they interact with one another, the
particles concerned are invariably composed of dielectric
materials. However, it is only very recently that accurate
analytical solutions have emerged to describe the electrostatic
forces that exist between two such particles.26,28 The electrostatic force due to the presence of a permanent free charge, Q1
and Q2, residing on the surfaces of two interacting spherical
particles is given as a generalization of Coulomb’s law for point
charges:26
x − x2
F12 = K ∫ dQ 1(x1) ∫ d(x 2) 1
|x1 − x 2|3
⎞
1
∂ ⎛
= −z ̂ ⎜K ∫ dQ 1(x1) ∫ dQ 2(x 2)
⎟ σ = const
∂h ⎝
|x1 − x 2| ⎠ f ,i
(2)

where x1 and x2 are points on spheres 1 and 2, ẑ is a unit vector
along the axis connecting the two spheres, h is their center-tocenter separation and K = 1/4πε0 ≈ 9 × 109 V mC−1 is a
constant of proportionality, where ε0 is the permittivity of free
space (8.8542 × 10−12 F m−1). The ﬁrst integral takes into
account the charge residing on sphere 1, and the second
integral is the potential generated by the charge residing on
sphere 2. The last equality in eq 2 is due to the cylindrical
symmetry of the problem and requires that diﬀerentiation of
the electric potential with respect to h is performed with the
free surface charge density, σf,i (i = 1, 2) kept constant on both
spheres. The electrostatic force, F12, is evaluated by an
expansion in Legendre polynomials of the electrical potential
generated by the two spheres as they interact. The convention
where F12 is negative for an attractive interaction and positive
where the force is repulsive has been used, and the permittivity
of a sphere is introduced as the dimensionless dielectric
constant εi, which is taken as relative to that of a vacuum.
Additional boundary conditions describe the behavior of the
electrical potential and its continuity on the surfaces of the
spheres.26
Each dielectric particle is assumed to be electrically neutral in
its uncharged state with an equal number of positive and
negative charges, which are bounded by the surface of the
particle, and the surface density of this bound charge is deﬁned
as σb,i. The total surface charge density, σi, is, therefore, related
to the free and bound charge densities by σi = σf,i + σb,i. The
free charge on each particle is taken to be ﬁxed, independent of
the dielectric constant, and not to vary with separation between
particles. It is also assumed that the density of free charge, σf,i,
across the surface of a particle is uniform. In the absence of an
external perturbation, such as an electric ﬁeld, the bound
surface charge on each particle is also assumed to be evenly
distributed over the surface of a particle. Variations in
electrostatic force acting on the system can arise as a result

(1)

E0 is the initial parent ion kinetic energy (5000 eV in the
present experiment), E* is the kinetic energy after fragmenta3878
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of polarization of the bound surface charge density, σb,i, of one
particle being induced by an electric ﬁeld due to the presence of
charge on a second particle. This redistribution of bound
surface charge is represented by multipole terms that appear in
expressions for the electrostatic force and interaction energy
between particles. No volume charges are taken into account as
the overall eﬀects of their polarization in an external electric
ﬁeld cancel out.
In an earlier Communication,29 where results were presented
following a preliminary study of Coulomb ﬁssion in (NH3)n2+
clusters, the data were interpreted using the dielectric particle
model of Linse.28 Subsequent to that work, Bichoutskaia et al.26
presented a new analytical solution to eq 2 that exhibits rapid
convergence and remains stable up to the point where particles
touch. The latter solution is the subject of further discussion
presented below and has also been used to interpret all of the
new results presented in this paper.
An expression for the Coulomb interaction energy, U,
between the two charged dielectric spheres has been given
earlier,26 and more eﬃcient procedures, where matrix relationships can be used for calculating both the electrostatic force and
the electrostatic interaction energy, have been presented
elsewhere.30 For the purpose of comparison with other
approaches that have been used to model Coulomb ﬁssion
and ion evaporation processes linked to electrospray, limiting
cases for the electrostatic interaction energy are considered ﬁrst.
For the limit of two nonpolarizable point charges the
electrostatic interaction energy is given as26

U0 = K

F12, between a point charge and a polarizable sphere that is
equivalent to one given very much earlier by Smythe.33
In the limit of ε2 → ∞, the geometric series in eq 4 can be
evaluated analytically to give eq 5, which is the solution for the
image charge model that is used to analyze the interaction
between a point charge and a metallic or conducting
sphere.34,35 Equation 5 has also been used to interpret data
relating to the electrospray mechanism.36,37
UIC = K

Q 1Q 2

(3)

h

−

KQ 12
2

∞

∑
m=1

(ε2 − 1)m a 22m + 1
(ε2 − 1)m + 1 h2m + 2

Q 12

a23
2

2

2 h (h − a 2 2 )

(5)

IV. RESULTS AND DISCUSSION
Since molecular clusters were ﬁrst observed in a mass
spectrometer, the stability of multiply charged forms has been
a subject of considerable interest and speculation.1,2,23 There
have been numerous experimental attempts to observe the
process of Coulomb ﬁssion, and for molecular clusters, these
have not been particularly successful;1,18 however, charge
separation has been observed in photoexcited multiply charged
clusters of metal atoms.38 Last, Jortner and co-workers have
complemented the experimental work by attempting to predict
the ﬁssion pathways of highly charged atomic and molecular
clusters.17
Coulomb ﬁssion in either a cluster or as part of the ESI
mechanism can be decomposed into two subprocesses: (i) the
breakup of a multiply charged cluster into two closely
associated charged fragments and (ii) rapid separation of the
fragments driven by electrostatic repulsion. If steps (i) and (ii)
are not spontaneous, then the implication is that any delay in
Coulomb ﬁssion is caused by the presence of a potential energy
barrier, which impedes separation of the charges and/or
fragments. If ﬁssion results in just two fragments, then the
Coulomb repulsion that accompanies separation of the
fragments should lead to a signiﬁcant release of kinetic energy,
and estimates from previous experiments range from 0.2 to 1
eV.1,6,38 Apart from earlier studies of triply charged CO2 and
NH3 clusters,1,18 neither of which included any size-dependent
data, there have been no recorded examples of delayed
Coulomb ﬁssion of molecular clusters. The failure to observe
Coulomb ﬁssion on the part of doubly charged clusters has
been attributed to a presence of compression modes,1,39 which
when excited by Coulomb repulsion can dissipate large
amounts of energy from a cluster via monomer evaporation.
A previous study of the collision-induced fragmentation of
triply charged benzene clusters showed that excitation
promoted charge separation, which was accompanied by
extensive neutral molecule loss .5
A series of ﬁve molecular dication cluster systems have been
studied with a view to identifying patterns of behavior close to
the Rayleigh instability limit. Figure 1 shows two examples of
mass spectra recorded for ammonia and acetonitrile clusters in
regions of the m/Q range where dications are starting to
emerge as metastable species. The latter classiﬁcation has been
used in order to emphasize the fragile nature of these particular
dication clusters. It also recognizes the possibility that these
dications may only be stable because of the presence of a
barrier created by Coulomb repulsion between the singly

This is the usual Coulomb relationship, which is entirely
repulsive for two like-charged particles and has been used
extensively in models of the behavior of highly charged
droplets. From a second limiting case, namely a point charge
interacting with a polarizable sphere, it is possible to identify
induced multipole terms that contribute to the electrostatic
interaction. For a point charge of Q1, interacting with a sphere
of radius a2 and dielectric constant ε2 the electrostatic
interaction energy is given by31
U1 = K

h

−K

Important diﬀerences between eqs 4 and 5 are that for the
latter there is now a leading term that varies as 1/h2 and eq 5
also has a singularity at h = a2, which does not appear in the
dielectric particle model.

Q 1Q 2
h

Q 1Q 2

(4)

For m = 1−3, the leading three attractive interactions derived
from eq 4 vary as 1/h4, 1/h6, and 1/h8, and these represent the
ion-induced dipole, induced quadrupole, and induced octupole
polarizabilities that are the normal components of a multipole
expansion of induced electrostatic interactions. Subtle diﬀerences in the form taken by eq 4 can arise from how the
integration limits on the equation for the electrostatic force are
deﬁned.26 In order to correctly describe a Coulomb energy
barrier, it is necessary to take limits for integration of the force
that deﬁne the work performed in moving a charged particle
from inﬁnity to a point h, which represents the distance
between the charges as they begin to separate. Depending on
the balance between the ﬁrst and second terms to eq 4, U1, the
electrostatic interaction energy, can be either repulsive or
attractive. Equivalent dependences on h can be identiﬁed from
relationships derived by both Linse28 and Messina32 for the
interaction between a point charge and a dielectric particle.
Equation 4 can be identiﬁed with an expression for the force,
3879
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Table 1. Minimum Stable Size (ncr) Observed for Dication
Clusters Composed of Each of the Molecules Listed and the
Size (nst), at which the Clusters Become Stable with Respect
to Coulomb Fissiona
molecule

ncr

nst

NH3
H2O
CH3CN
C6H6
C5H5N

50
35
28
22
12

55
40
32
26
27

All dication lying between ncr and nst − 1 were observed to undergo
Coulomb ﬁssion.

a

signiﬁcant contributions from 13C, which will also inﬂuence
the mass spectra.
Each dication identiﬁed from mass spectra, such as those
shown in Figure 1, has been selected according to m/Q value
and any subsequent unimolecular fragmentation recorded by
scanning the electrostatic analyzer to produce a MIKE
spectrum. Examples of MIKE spectra from each of the ﬁve
molecular dications are shown in Figure 2, where it can be seen
that most peaks associated with fragmentation exhibit a shape
that is characteristic of Coulomb ﬁssion.27 Fragment ions that
are expelled parallel and antiparallel to the ﬂight direction of the
precursor ion pass through the instrument to be detected;
however, the ejection energy is suﬃciently high that ions
expelled orthogonal to the ﬂight direction are subject to severe
instrumental discrimination, which leads to a loss of signal at
the center of each proﬁle. In some instances, the centers of
proﬁles do not correspond exactly to the loss of integer
numbers of molecules and there is some evidence for the
movement of one or two H-atoms between fragments; an
obvious example being (H2O)n2+ which fragments into
[(H2O)n‑k‑2 OH]+ and H3O+(H2O)k+, and in this instance
reﬂects how charges might be accommodated in the precursor
cluster.3 Less obvious examples include the appearance of
(C6H6)kH2+ as a fragment. Since these processes do not
inﬂuence the interpretation of data, speciﬁc instances have not
been identiﬁed in the MIKE spectra. Within each ion series, for
example, (H2O)n2+ and (H2O)nH22+, the presence or absence of
excess protons does not make a signiﬁcant diﬀerence to the
fragmentation pattern; however, as n increases there is a shift
toward slightly larger values of k. In some case, for example
(C6H6)242+ where k = 9 and 10, there is evidence of more
complete peak proﬁles. Bearing in mind that the larger of the
fragments is being detected, these proﬁles probably correspond
to instances where an ion has undergone Coulomb ﬁssion to
give a fragment where the number of constituent molecules is
less than k, and then during the remaining ﬂight time to the
ESA additional neutral loss occurs to arrive at k as a total.
Because the loss of neutral atoms and molecules from clusters is
accompanied by relatively small releases of kinetic energy,41
there is far less instrumental discrimination and the eﬀect is to
“inﬁll” peak proﬁles. Similar eﬀects can be seen in peak proﬁles
where charge separation in dication clusters has been induced
by collisional activation.6 Since this eﬀect is quite pronounced,
it lends conﬁdence to the assumption that distinctly dishshaped proﬁles are the result of fragmentation into two intact
fragment ions. A further possible source of composite peak
proﬁles is electron capture, which has previously been identiﬁed
as a charge reduction process in metal dication complexes.42
However, in the current experiments the pressure in the ﬂight

Figure 1. Examples of cluster mass spectra recorded at m/Q ranges
where dications become observable. Values for n are given, as are the
sizes identiﬁed for ncr and nst, the minimum stable size and the size
above which the ions no longer exhibit Coulomb ﬁssion, respectively.
(a) Ammonia clusters, (NH3)nH2+x, where x, the number of additional
hydrogen atoms, lies between 0 and 2; (b) Acetonitrile clusters,
(CH3CN)nH2+x, where x, the number of additional hydrogen atoms,
lies between 0 and 2.

charged clusters as they start to separate. As can be seen from
Figure (1), the point at which dications of an odd size begin to
appear is quite distinct; however, an overlap with a more
intense series of single charged ions obscures the fact that, in
some instances, the minimum stable size, ncr, can be evenvalued. In such cases, ncr has been determined by the presence
of fragments from Coulomb ﬁssion. Since some of the dications
appear at half-integer m/Q values, their presence in coincidence
with singly charged cluster ions can be seen in ﬁgure 1 via the
eﬀect they have on mass resolution. Table 1 summarizes ncr
values determined for each of the ﬁve molecular dications
studied here. In some cases, these numbers are one unit lower
than those recorded previously because earlier measurements
relied on observations from mass spectra rather than
fragmentation patterns.1 For several dications, mass spectra
recorded at higher resolution reveal evidence of more than one
type of doubly charged ion. For example, (H2O)n2+ and
(H2O)nH22+ have previously been identiﬁed by Stace,2 and
experiments by Garvey et al.40 have shown the presence of
(NH3)n2+, (NH3)nH2+, and (NH3)nH22+. In addition, those ions
containing large numbers of carbon atoms will include
3880
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Figure 2. Examples of Coulomb ﬁssion recorded for each of the ﬁve molecular studied. For size-selected precursor ions fragmentation patterns have
been recorded as a function of laboratory-frame kinetic energy using the MIKE technique.27 Fragments lost by the precursor ion are identiﬁed by the
label k, and below selected peaks are values determined for the average kinetic energy release that accompanies Coulomb ﬁssion. (a) (H2O)372+, (b)
(NH3)52H22+, (c) (C6H6)242+, (d) (C5H5N)182+, and (e) (CH3CN)312+.

By investigating individual dications for fragmentation, it has
been possible to identify the range for n over which Coulomb
ﬁssion extends. The upper limit is given as nst in Table 1 and is
the size at which a dication cluster ceases to undergo Coulomb
ﬁssion. As can be seen, for most of the dications, the ﬁrst four
or ﬁve members of each series exhibit instability with respect to
Coulomb ﬁssion; however, for pyridine the range extends over
14 dications. Coulomb ﬁssion is not the only fragmentation
process the dications exhibit. Figure 3 shows two examples of
where dications within the Rayleigh instability range have been

tube of the mass spectrometer is too low for collisions to occur
between the dications and a background gas (most probably
N2), and if a collision were to occur then the ionization energy
diﬀerence between the cluster and N2 would make electron
transfer highly improbable. What Figure 2 also shows is that
Coulomb ﬁssion can be a very asymmetric process with many
of the smaller fragments containing just 20% of the total
number of molecules in a cluster. If the observation time
window could be reduced, then it is quite possible that evidence
for even greater asymmetry in the fragments could be captured.
3881
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Figure 4. Expanded view of a single peak proﬁle taken from Figure 2a.
The peak arises through the loss of H3O+(H2O)9 from (H2O)372+ and
due to Coulomb repulsion between the separating fragments, the
processes has associated with it a center-of-mass kinetic energy release
of approximately 1 eV.

Table 2. Experimental and Calculated Kinetic (Ejection)
Energy Data for Selected Dication Clustersa
kinetic (ejection) energy ⟨K.E.⟩/eV
molecular dication

εi

experiment

theory

[(NH3)52]2+
[(H2O)37]2+
[(CH3CN)31]2+
[(C5H5N)18]2+
[(C6H6)24]2+

22
80
39
12
2.3

0.77−1.00
0.91−1.00
0.76−0.86
0.69−1.00
0.74−0.80

1.01−1.03
1.19−1.23
0.88−0.91
0.98b
0.92b

a

The experimental data are presented as a range of values for average
kinetic energy releases ⟨K.E.⟩ as determined from individual peak
proﬁles present in a given MIKE scan. The calculated results, obtained
using the analytical dielectric particle model,26 show the spread in
kinetic energy expected from the size range recorded for the ejected
cations. bMost of the fragmentation pathways for these ions are
predicted not to have barriers arising from electrostatic attraction.

Figure 3. Examples of where ions identiﬁed as within the Rayleigh
instability limit are also observed to undergo the loss of neutral
molecules. Fragmentation patterns have been recorded as a function of
laboratory-frame kinetic energy using the MIKE technique.27 (a)
(H2O)37H2 2+ and (b) (NH3)53H22+.

examined for the loss of neutral molecules. As can be seen, at
least one of the ions exhibits quite extensive fragmentation,
which from the location within the apparatus where these
processes are being observed, means that Coulomb ﬁssion and
neutral loss are both occurring on a time scale of ∼10−4 s.
Unfortunately, the relative intensities of the two types of signal,
for example, comparing Figures 2a and 3a, are not good
indicators of the most probable pathway, because unlike
Coulomb ﬁssion, neutral loss is not subject to the same high
degree of instrumental discrimination. What can be stated with
conﬁdence is that Coulomb ﬁssion and neutral evaporation are
taking place in competition.
From the widths of the peaks in Figure 2 it has been possible
to determine the average kinetic energy with which small ions
are ejected from the doubly charged clusters.27 Figure 4 shows
an expanded view of a peak proﬁle taken from Figure 2a for the
fragment H3O+(H2O)9 from (H2O)372+, from which a kinetic
energy release can be estimated from the full-width at halfmaximum. Sample values of kinetic energy release are also
displayed below some of the proﬁles in Figure 2, and average
values for speciﬁc clusters are given in Table 2, where it can be
seen that the ejection energies typically lie between 0.7 and 1.2
eV. At ﬁrst sight these numbers would appear quite reasonable;
taking eq 3 and assigning values to all of the constants, the
repulsion between two point charges (Q1 = Q2 = 1) separated
by a distance h is given by U0 = 1.44/h, where U0 is in eV and h

is in nm. From the density of water the diameter of (H2O)372+
is calculated to be ∼1.3 nm, and since the charges are expected
to be as far apart as possible (otherwise there would not be a
critical size), a repulsive energy of approximately 1 eV is not
unreasonable. However, this simple treatment neglects the
dielectric nature of water (and the other solvents) and so the
equation should be corrected to U0 = 1.437/(hεi), where εi is
the dielectric permittivity of a bulk sample of the molecules that
constitute the cluster. For water this value is 80 and therefore,
the repulsion between the two charges at 1.3 nm separation is
now calculated to be just 0.0125 eV. Under these circumstances, some of the values given in Table 2 would be closer to
a situation where the two charges reside on adjacent molecules,
but again this would not explain the presence of a critical size.
Taken together with the preference for very asymmetric
fragmentation there are clearly aspects to these experimental
results that cannot be explained by simple point charge
electrostatics. Strictly speaking, dielectric permittivity should
only be used to describe the behavior of macroscopic amounts
of any material. Using the term to account for how a small
collection of, for example, water molecules might moderate the
eﬀects of an electric ﬁeld generated by a charge, simply means
that εi takes the form of a parameter. However, in these
calculations εi will retain the value attributed to each material in
3882
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Figure 5. Potential energy curves calculated to represent the reverse Coulomb barrier that arises as individual cluster dications undergo charge
separation. The fragment ions are represented in the dielectric particle model as spheres and their dielectric constants and radii are given in Tables 2
and 3, respectively. Also shown are potential energy curves calculated using the point charge−image charge model, eq 5. (a) (H2O)372+, (b)
(NH3)522+, and (c) (C6H6)242+. The values assigned to k span the range of fragments observed for each of these ions. In panel d potential energy
curves have been calculated to compare the consequences of either (CH3CN)282+ or (CH3CN)312+ losing a k = 5 fragment.

model, are signiﬁcant for several reasons. First, the barriers are
not all completely repulsive; some show the presence of a
short-range attraction between the two fragments that is
inﬂuenced by their relative sizes. The eﬀect of the attraction is
to reduce the magnitude of the reverse electrostatic barrier,
which in turn favors asymmetric fragmentation. Second, the
height of a barrier with respect to inﬁnite separation of the
spherical particles provides an upper limit to the magnitude of
the kinetic (ejection) energy. For selected examples of
dications, this energy has been calculated over the range of
fragmentation pathways they display, and the results are then
compared in Table 2 with average values determined from peak
proﬁles for those same ions. As can be seen, for four of the
dications there is some overlap between the bounds determined
by theory and the experimental results. An obvious source of
experimental error is the accuracy with which the width of a
given peak can be measured, and the well-deﬁned peaks
recorded for [(H2O)37]2+ will clearly provide more accurate
results than those, for example from [(C5H5N)18]2+, where the
signal-noise ratio is not so good. In an earlier study the model
also provided very good agreement with experimental data on
kinetic energy release following the Coulomb ﬁssion of highly

the bulk. Similarly, no account has been taken of the known
temperature dependences associated with dielectric constants,
particularly as we have no detailed knowledge of the internal
temperatures of the dication clusters. Taking water as an
example, for the results discussed below there were no
signiﬁcant diﬀerences between taking a dielectric constant
appropriate for ice and that for warm water. Were a calculated
diﬀerence could arise is when the dielectric constant is small
and a change of temperature causes a signiﬁcant increase or
decrease; however, existing experimental data on benzene, for
example, shows that not to be the case.43
In order to better understand the factors responsible for high
fragment kinetic energies and asymmetric fragmentation
patterns, use has been made of the solution to eq 2 to
calculate potential energy curves for the initial step in the
separation of two charged dielectric spheres. Results corresponding to two possible fragmentation pathways for each of
the clusters [(H2O)37]2+, [(NH3)52]2+, and [(C6H6)24]2+ are
given in Figure 5, where the calculations have used the radii (a1
and a2) given in Table 3 and the dielectric constant data
presented in Table 2. These potential energy curves, which
have been calculated from the analytical dielectric particle
3883

dx.doi.org/10.1021/jp311950p | J. Phys. Chem. A 2013, 117, 3877−3886

The Journal of Physical Chemistry A

Article

asymmetric fragmentation to the k = 5 fragment becomes
energetically more favorable as the precursor ion increases in
size. Also shown in Figure 5d as horizontal lines are
experimental kinetic energies recorded for the k = 5 fragments
from each of the two precursor ions. Although the individual
experimental values are, for reasons discussed above, less than
the calculated results, their relative magnitudes match those of
the calculated barrier heights. A ﬁnal point regarding the
potential energy curves that have been calculated for dielectric
particles, concerns their behavior beyond the distance where
there is attraction between the separating particles. For Figure
5a,b it can be seen there is a crossing at approximately 0.1 nm
and that Coulomb repulsion increases when fragmentation is
more asymmetric. This greater repulsion is consistent with a
reduction in radius of one of the products being accompanied
by an increase in surface charge density. Note that greater
Coulomb repulsion with increasing fragment asymmetry is
always the case for benzene cluster ions, Figure 5c, because the
fragments are not suﬃciently polarizable to create short-range
attraction.
An overarching conclusion to be drawn from this comparison
between experiment and theory is that large doubly charged
collections of molecules mostly favor the ejection of small
singly charged solvated ions. This process becomes advantageous because multipole electrostatic interactions create a
barrier to charge separation that reduces in magnitude as
fragmentation becomes more asymmetric. The underlying
reason for this pattern can be seen from a consideration of
how the surface charge density behaves as the charged
fragments start to separate.45 Figure 6 show two examples of
where the bound surface charge density, in the form of either
2πa2 sin(β)σb(β) or 2πa2 sin(π−β)σb(π − β), has been
calculated for fragments arising from (H2O)372+ and where the
smaller of the singly charged ions corresponds to either k = 7 or
12. In Figure 6a the calculated charge density is given for the
large fragment that is left following the loss of either the k = 7
or 12 ion. As can be seen, the bound charge density has been
polarized to give a region of negative charge density close to the
point of contact, and that the density is most negative when the
polarizing species is the smaller (k = 7) ion. However, this
eﬀect is mutual in that charge density on the smaller ion (k = 7
or 12) is also subject to polarization, and this is shown in Figure
6b, where it can be seen that, for the k = 7 ion, there is a region
of enhanced positive charge density close to the point of
contact. In contrast, charge density on the k = 12 fragment ion
changes very little. It has been noted previously that there is a
close correspondence between the strength of attraction and
the degree of mutual polarization experienced by the surface
charge when like-charged particles interact with one another.45
Finally, comparisons have been made between potential
energy curves calculated using the solution to eq 2 and those
obtained using the point charge-image charge model, eq 5. In
Figure 5a an electrostatic potential calculated from eq 5 is given
for the case where a k = 7 ion is ejected from (H2O)372+; in
Figure 5b the example corresponds to a k = 9 ion being ejected
from [(NH3)52]2+; and in Figure 5c the example corresponds to
the k = 6 fragment from [(C6H6)24]2+. In all cases the value of k
determines a2 the radius of the larger fragment. Apart from the
result for benzene, the barrier heights predicted by the image
charge model are comparable to those calculated from the
particle−particle model; however, more serious is the fact that
the image charge model severely overestimates the degree of
attraction between the separating charges. This enhanced

Table 3. Size Parameters Used in the Calculation of
Potential Energy Proﬁles for the Separation of Two Singly
Charged Fragments from the Process: (X)n2+ → Y+n‑2‑k +
Zk+a
n

k

a1/nmb

a2/nmb

(H2O)n2+
37
37

7
12

52
52

9
15

24
24

6
10

28
31

5
5

18
18

4
7

0.386
0.453

0.591
0.555

0.443
0.517

0.713
0.677

(NH3)n2+

(C6H6)n2+
0.626
0.730
(CH3CN)n2+
0.501
0.501
(C5H5N)n2+
0.745
0.683

0.843
0.771
0.768
0.802
0.543
0.635

a
Some of these energy proﬁles are shown in Figure 5. bCalculated
from the density with no allowance for packing fraction.

charged fullerenes to give loss of C2+ and C4+.30 The results
showed that, even for fragment ions as small as the latter,
mutual polarization of the ﬁssion products as they separated
had a signiﬁcant inﬂuence on the height of the Coulomb
barrier.
Two obvious sources of mis-match between theory and
experiment can be identiﬁed. First, there is the assumption that
the separating ions are spherical when in close proximity, and
both experiment and theory show this not to be the case.8,9,12,44
However, molecular dynamics simulations do show the charged
products becoming quasi-spherical within a few hundred
picoseconds of separation.44 Second, no account is taken of
the possibility that some fraction of the Coulomb energy might
be partitioned into internal energy of the cluster fragments.
Such an eﬀect could correspond, for example, to the excitation
of cluster compression modes as proposed by Gay and Berne.39
Previous experiments have shown that the excitation of doublyand triply charged cluster ions through collisional activation can
result in very extensive fragmentation, which includes both
charge transfer and neutral loss.4−6 If in the examples discussed
here, internal excitation from Coulomb repulsion were to
promote additional loss of neutral molecules then evidence of
energy partitioning would take the form of composite peak
proﬁles where the central section of each “dish-shaped” proﬁle
becomes subject to “inﬁll”. Such an eﬀect has already been
discussed above, and the k = 9 and 10 peaks of the (C6H6)242+
MIKE scan are good examples of where additional
fragmentation does contribution to a distortion of the primary
dish-shape. The MIKE scans for (C 5 H 5 N) 18 2+ and
(CH3CN)312+ also show similar evidence of having been
aﬀected by additional neutral loss. From the data in Table 2, it
would appear that approximately 10% of the Coulomb energy is
being partitioned into internal excitation of the cluster
fragments.
In order to examine further the signiﬁcance of asymmetric
fragmentation, an additional calculation has been undertaken
where the behavior of (CH3CN)282+ and (CH3CN)312+ has
been compared with respect to a single decay channel (k = 5).
The result is shown in Figure 5d where it can be seen that
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The calculations present here have also shown how a mutual
polarization of bound charge density on separating particles can
lead to short-range attraction, which in turn, favors asymmetric
fragmentation by lowering the energy barrier to charge
separation. It is this aspect of the results that is most closely
linked to the ion evaporation mechanism since there are two
factors to be taken into consideration. First, as already noted,
very asymmetric fragmentation favors a low energy barrier to
fragmentation; however, equally important is the polarizability
of the solvent. Two of the molecular systems studied, water and
acetonitrile, are used as electrospray solvents. Water is good
because it is highly polar, which contributes to a lowering of the
potential energy barrier to charge separation. However, water is
also more dense than acetonitrile, which for the same mass of
material makes water droplets smaller and, therefore, less
polarizable. As a result, charge separation might be expected to
be more eﬀective in acetonitrile because it has droplets that
should be more polarizable than those of water. These eﬀects
can be seen at work by taking the data in Table 3 and looking at
the inﬂuence droplet size has on the calculated barriers in
Figure 5, panels a and d.
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Figure 6. Calculated distribution of bound surface charge density, σb,
at the point where two fragment ion spheres begin to separate and
plotted as a function of polar angle: (a) β1 for the larger of the
fragments from (H2O)372+ and (b) π − β2 for the smaller fragment.
Results are given for two fragmentation pathways. See ref 41 for details
of these calculations.
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