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Abstract
Hydrated divalent magnesium and calcium clusters are used as nanocalorimeters to measure the
internal energy deposited into size-selected clusters upon capture of a thermally generated electron.
The infrared radiation emitted from the cell and vacuum chamber surfaces as well as from the heated
cathode results in some activation of these clusters, but this activation is minimal. No measurable
excitation due to inelastic collisions occurs with the low-energy electrons used under these
conditions. Two different dissociation pathways are observed for the divalent clusters that capture
an electron: loss of water molecules (pathway I) and loss of a H atom and water molecules (pathway
II). For Ca(H2O)n2+, pathway I occurs exclusively for n ≥ 30 whereas pathway II occurs exclusively

for n ≤ 22 with a sharp transition in the branching ratio for these two processes that occurs for n ≈
24. The number of water molecules lost by both pathways increases with increasing cluster size
reaching a broad maximum between n = 23 and 32, and then decreases for larger clusters. From the
number of water molecules that are lost from the reduced cluster, the average and maximum possible
internal energy is determined to be ~4.4 and 5.2 eV, respectively, for Ca(H2O)30

2+. This value is

approximately the same as the calculated ionization energies of M(H2O)n+, M = Mg and Ca, for large

n indicating that the vast majority of the recombination energy is partitioned into internal modes of
the ion and that the dissociation of these ions is statistical. For smaller clusters, estimates of the
dissociation energies for the loss of H and of water molecules are obtained from theory. For
Mg(H2O)n2+, n = 4 – 6, the average internal energy deposition is estimated to be 4.2 – 4.6 eV. The

maximum possible energy deposited into the n = 5 cluster is < 7.1 eV, which is significantly less
than the calculated recombination energy for this cluster. There does not appear to be a significant
trend in the internal energy deposition with cluster size whereas the recombination energy is
calculated to increase significantly for clusters with fewer than 10 water molecules. These, and other
results, indicate that the dissociation of these smaller clusters is nonergodic.

Introduction
Advances in protein characterization by mass spectrometry (MS) have been accelerated by
new instrumentation and methods of analysis that have blossomed over the last decade. The
“bottom-up” approach to protein characterization has been used to identify as many as 7,800
proteins from whole cell lysis of the mouse brain [1]. The effectiveness of the bottom-up
method for complex samples can be enhanced by using multidimensional separations.
Clemmer and coworkers elegantly demonstrated that combining on-line liquid
chromatography (LC) with ion mobility spectrometry and MS can greatly improve separations

Address reprint requests to Professor Evan R. Williams, williams@cchem.berkeley.edu
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
J Am Soc Mass Spectrom. Author manuscript; available in PMC 2007 October 17.

Published in final edited form as:
J Am Soc Mass Spectrom. 2007 July ; 18(7): 1217–1231.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



without increasing analysis times over LC/MS alone [2-4]. In contrast, the “top-down”
approach to protein characterization has the advantage that de novo sequencing, including the
identification and structural localization of labile posttranslational modifications, can be done
directly on protein mixtures without proteolysis [5,6]. This top-down approach has greatly
benefited from the development of electron capture dissociation (ECD), a method pioneered
by McLafferty and coworkers [6-9]. In a typical ECD experiment, multiply protonated or
cationized ions are reduced by the capture of thermally generated electrons to produce odd
electron ions. For multiply protonated proteins, electron capture (EC) typically results in
generation of “c” and “z” ions corresponding to cleavage of the protein backbone N-Cα bond.
For small proteins, ECD can result in over 90% sequence coverage [9]. Analogous methods
that use collisions with anions (ETD) [10,11] or neutral atoms (ECID) [12,13] to reduce
precursor ions result in similar fragmentation products for proteins.

Although ECD was first demonstrated nearly 10 years ago [7] and has been the subject of
extensive reviews [14-17], the mechanism by which fragment ions are formed is still hotly
debated. McLafferty and coworkers proposed that capture of an electron by a multiply charged
protein results in nonergodic dissociation through high-n Rydberg states [18]. In contrast,
Turěek and coworkers have argued that the odd electron ions formed by electron capture have
very low bond dissociation energies and that dissociation of these ions is rapid even at thermal
energies [19-25]. Experimental and computational evidence supporting both of these
mechanisms have been reported [26-37], including evidence for some long-lived intermediates
from elegant double resonance and H/D scrambling experiments by O’Connor and coworkers
[35-37].

Electron capture by a multiply charged ion is the reverse process of ionization of the
corresponding ion with one additional electron. For multiply protonated proteins, this
recombination energy resulting from EC has been estimated to be 4 – 7 eV [7,15]. The
recombination energy for protonated, lithiated, and cesiated glycine decreases with increasing
cation size [38]. The fragment ions formed by ECD of peptides that are cationized with two
different cations are consistent with the preferred neutralization of the cation of highest
recombination energy [38]. Similar results have been reported by Liu and Hakansson for
metalated peptides [33,34].

A useful parameter to determine the extent to which a dissociation process is ergodic or
nonergodic is what fraction of the recombination energy is converted into internal modes of
the reduced ion. In principle, it is possible to obtain a measure of the internal energy deposition
of an ion activation method by using “chemical thermometers” [39-46]. Several different
approaches for this have been demonstrated. In one method, a measure of the internal energy
is obtained from the branching ratio for two or more product ions formed by competing
pathways with different and known dissociation enthalpies and entropies [39-41]. For example,
the molecular ion of n-butyl benzene can dissociate via a direct bond cleavage to form C7H7

+

(m/z 91) or via a McLafferty rearrangement to form C7H8
+ (m/z 92). The latter process has a

lower activation energy but higher entropy; formation of m/z 92 ion is favored at low internal
energies, whereas m/z 91 is favored at higher internal energies. Thus, the ratio of these two
ions serve as a measure of the internal energy deposited into this ion [39-41]. A measure of the
internal energy can also be obtained from the abundances of fragment ions formed via
consecutive reaction pathways with known critical formation energies [42-45]. For example,
activation of Fe(CO)5

+• can result in sequential loss of CO molecules with critical energies
ranging from 1.15 eV for the loss of the first CO molecule to 7.58 eV for the loss of all five
CO molecules; formation of FeC+ requires 15.7 eV [43]. The abundances of the fragment ions
formed by activation of Fe(CO)5

+• or analogous ions provide a measure of the range and
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magnitude of the internal energy that is deposited into this ion. This method, first demonstrated
by Kenttämaa and Cooks [42], has been used to characterize the internal energy distribution
resulting from ion-surface and ion-gas collisions [43] as well as other activation methods
[44,45]. The effective internal temperature of an ion can also be obtained from measurements
of dissociation kinetics if Arrhenius parameters in the rapid energy exchange limit for the
dissociation process are known. For large ions, these parameters can be obtained directly from
blackbody infrared radiative dissociation (BIRD) experiments [47] and used to obtain the
effective temperature of ions activated by other methods. This method has been used to measure
effective temperatures of peptide ions activated by multiple gas-phase collisions [46].

Here, ECD spectra of hydrated clusters of divalent calcium and magnesium clusters are
reported as a function of cluster size. Two different dissociation pathways are observed and
the branching ratio for these pathways depends on cluster size. We demonstrate that these
nanometer-size clusters can be used as calorimeters to measure the energy that is deposited
into these ions upon EC. Using this “nanocalorimetry” method, we show that the vast majority
of the recombination energy is transferred into internal modes of large clusters and that the
dissociation process is ergodic. For smaller clusters, we show that significantly less energy
than the potentially available recombination energy is transferred into internal modes of the
reduced species and that ECD is nonergodic for these clusters.

Experimental
Instrument and Methods

Experiments were performed on a 2.75 Tesla Fourier-transform ion cyclotron resonance (FT/
ICR) mass spectrometer with an external electrospray ionization source (Figure 1). This
instrument, which has a temperature controlled ion cell that can be cooled using a regulated
flow of liquid N2 [48] and an electrospray ionization source that is used to produce extensively
hydrated ions [49] is described in detail elsewhere. Hydrated divalent calcium and magnesium
ions were formed by nanospray from aqueous solutions that are 2 mM in metal ion (from
CaCl2 and MgSO4). Tips used for nanospray are produced from pulled borosilicate capillaries
that have an inner tip diameter of ~1 μm. A ~550 V potential (relative to the ~115 °C heated
metal capillary) is applied to a platinum wire in direct contact with the solution. Hydrated ions
are introduced into the ion cell through five stages of differential pumping and accumulated
for 4 s during which time N2 gas is introduced at a pressure of ~10-6 Torr using a piezoelectric
valve to enhance trapping and thermalization of the ions. A mechanical shutter is subsequently
closed so that no additional ions are introduced into the cell. The ions then are stored for 6 s
to ensure that a steady state internal energy distribution is established and to allow pressure in
the instrument to return to < 10-8 Torr prior to ECD. The temperature of the copper jacket
surrounding the ion cell is kept at -140 °C.

For ECD, a 1.0 cm diameter heated dispenser cathode impregnated with barium scandate
(Heatwave Labs, Watsonville, CA) was mounted axially with respect to the vacuum chamber
20 cm away from the cell center. A direct current of 3 A is used to heat the dispenser cathode
to a temperature of 950 °C. Ion isolation with SWIFT waveforms is followed by a 50 ms delay
prior to ECD. To introduce electrons into the cell for ECD, the potential of the cathode housing
is pulsed from +10 to -1.4 V for 40 ms. A cathode potential of -1.4 V was found to be optimal
for the production of ECD product ions in these experiments. A potential of +9 V was applied
to a copper wire mesh mounted 0.5 cm in front of the cathode for all experiments. All potentials
are referenced to instrumental ground.

A MIDAS data system was used to acquire 64 K data point transients. The average number of
water molecules lost from these ions is determined from a weighted average of the product ion
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intensities observed. By subtracting the value attributable to BIRD from the weighted average
of product ion intensities, the corrected average loss due to EC is obtained.

Computational chemistry
Candidate low-energy structures were determined using conformational searching and
chemical intuition. Initial structures of [MOH(H2O)n]+, M = Mg and Ca, were generated using
Monte Carlo conformation searching with the MMFF94 force field using Macromodel 8.1
(Schrödinger, Inc. Portland, OR). Initial structures of [M(H2O)n]+ were generated from low-
energy structures of [Ca(H2O)n]2+, with smaller clusters identified by removing selected water
molecules from those structures and substituting Ca with Mg. Additional structures were
generated from MP2/6-31G** energy minimized structures reported by Siu and Liu [50].

Candidate structures were energy minimized with hybrid method density functional
calculations (B3LYP) using the 6-311++G** basis set. Even electron species were evaluated
using restricted spin methods, whereas odd electron species were evaluated using unrestricted
spin methods. Vibrational frequencies were calculated to determine zero-point energies. These
structures yielded all positive frequency vibrational modes, indicative of local-minima
structures. Calculations were performed in Jaguar v6.5 (Schrödinger, Inc. Portland, OR) and
Gaussian 03 (Gaussian, Inc. Wallingford, CT) [51] for structures containing Mg and Ca,
respectively.

Results and Discussion
Precursor Activation

Hydrated divalent calcium ions, Ca(H2O)n2+, were produced using nano ESI of a 2 mM aqueous

CaCl2 solution. The resulting cluster distributions are typically broad (Figure 2a) and can be
shifted to either larger or smaller cluster size by changing instrumental parameters [49]. Low
abundances of CaOH(H2O)n+ and H(H2O)n+ are also observed under these conditions. Ions from

n = 4 – 47 were formed with sufficient abundance to isolate and measure their ECD spectra.
Figure 2b shows an isolation spectrum for Ca(H2O)24

2+; a fragment ion at m/z 227 corresponding

to the loss of a single water molecule from the isolated precursor ion is observed. This ion is
predominantly formed by BIRD as a result of infrared (IR) photons emitted from the cell and
vacuum chamber surfaces as well as from the heated cathode (950 °C) that is located 20 cm
away from the cell center.

To determine the effects of these IR photons on the ion population, Ca(H2O)n2+, n = 24 and

32, were stored in the ion cell for times ranging from 90 ms to 1090 ms both with and without
the cathode heated. In both cases, the potential of the cathode was +10 V so that no electrons
were introduced into the cell and no ECD occurs. The kinetic data obtained from these
experiments are shown in Figure 3. Substantial dissociation occurs for both of these ions even
without the cathode heated due to blackbody radiation from the cell and surroundings. The
dissociation kinetics are first order. Without the cathode heated, the Ca(H2O)32

2+ dissociation

rate constant is about 60% greater than that for Ca(H2O)24
2+. Faster dissociation with increasing

cluster size is primarily due to the higher internal energies and faster radiative absorption rates
of larger clusters [47], although slightly decreasing binding energies with increasing cluster
size may also contribute to this effect. When the cathode is heated to 950 °C, the dissociation
rates of these clusters increases by 26% and 40% for the Ca(H2O)32

2+ and Ca(H2O)24
2+ clusters,

respectively. This indicates that substantial activation of the precursor occurs due to absorption
of radiation generated from the heated cathode. However, the extent of this activation is
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minimal for the 90 ms between ion isolation and detection in these ECD experiments. The
abundance of the fragment ion corresponding to the loss of a water molecule from
Ca(H2O)24

2+ is ~2% of the precursor abundance in the isolation mass spectra when the cathode

is heated. Loss of a water molecule directly attributable to the heated cathode comprises 1.6%
and 1.3% abundance relative to the precursor intensities for the Ca(H2O)32

2+ and Ca(H2O)24
2+

clusters, respectively. The abundance of this fragment ion increases with increasing cluster
size; 9% of the Ca(H2O)47

2+ precursor dissociates under these conditions. Thus, the effects of

IR emission from the heated cathode are observable, but have minimal impact on these ECD
experiments. These effects could be reduced by placing the cathode a greater distance from
the ion cell.

In addition to activation by absorption of blackbody radiation, the precursor ions could also
potentially be activated by inelastic collisions with electrons. Ion dissociation using low-energy
electrons was first demonstrated by Cody and Freiser who termed this method electron impact
excitation of ions from organics (EIEIO) [52]. To determine if any EIEIO occurs under the
conditions of these ECD experiments, the loss of a water molecule from the isolated precursor
ion was compared between experiments with and without electrons injected into the cell.
Electrons are introduced into the cell for 40 ms by lowering the potential on the heated cathode
from +10 V to -1.4 V. There was no significant difference in the abundance of the product ion
corresponding to the loss of a water molecule from the precursor ion under the conditions of
this experiment indicating that ion excitation due to EIEIO is negligible. An increase in water
loss is observed when the electron kinetic energy is increased to 9 eV. However, no reduced
product ions formed by ECD were detected with these conditions.

Electron Capture Fragmentation Pathways
As has been noted by others [53,54], the efficiency of the ECD process is very sensitive to the
electron energy, with the filament or cathode producing the most efficient capture conditions
for polypeptides at potentials near 0 V. Another broad maximum in polypeptide capture
efficiency has been noted at higher voltages, between -3 V to -13 V, and due to the appearance
of additional fragmentation products, has been referred to as ‘hot’ electron capture dissociation
[14]. The cathode potential of -1.4 V used in these experiments was selected by maximizing
the efficiency for formation of ECD product ions of Ca(H2O)n2+; this potential also produced

optimum ECD fragment abundances for the polypeptide Substance P under similar
experimental conditions.

Capture of an electron by M(H2O)n2+, M = Ca or Mg, can result in dissociation by two

competing pathways (Scheme 1): losses of multiple water molecules (pathway I), or ejection
of a hydrogen atom forming a hydrated metal hydroxide with a single net charge and loss of
multiple water molecules (pathway II). The branching ratio for these two processes depends
on cluster size and these data are shown in Figure 4. Pathway I exclusively occurs for clusters
with n ≥ 30, whereas pathway II is the exclusive process observed for n ≤ 22. Between n = 23
to 28, both processes are observed and there is a relatively sharp transition in the branching
ratio around n = 24.

The ECD spectrum of Ca(H2O)24
2+, which has products from both dissociation pathways, is

shown in Figure 2c. In this spectrum, a single product ion that has lost 10 water molecules
upon reduction, Ca(H2O)14

2+, is formed by pathway I. Three product ions, CaOH(H2O)n2+, n =

12 – 14, are formed by pathway II indicating that on average, 10.2 water molecules in addition
to the hydrogen atom are lost from the reduced precursor as a result of this process. It should
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be noted that the natural isotope distribution of calcium does not interfere with distinguishing
product ions from these two dissociation pathways. The narrow width of the product ion
distributions resulting from electron capture is particularly interesting. For pathway I, the
appearance of just a single product ion indicates that a very narrow range of internal energies
resulting from EC contributes to the formation of this ion. For pathway II, the formation of
three product ions suggests that that the overall internal energy distribution resulting from EC
is somewhat broader but still relatively narrow compared to other activation methods [43].

Reactions of hydrated magnesium monocations have been investigated previously [55-57].
Using an expansion source, it was demonstrated that Mg(H2O)n+ clusters were formed for n =

1 – 5 and n ≥ 15 whereas MgOH(H2O)n+ was observed for n = 6 – 14 [56]. In elegant BIRD

experiments by Bondybey and coworkers who investigated solvent evaporation from singly
charged hydrated magnesium cations, loss of water molecules rapidly occurred at room
temperature for large clusters, but below about 21 water molecules, MgOH(H2O)n+ was formed

[57]. Another transition was noted for clusters with n ≤ 6, where water loss was again the only
dissociation pathway observed [57].

Effects of Cluster Size
The average number of water molecules lost from the reduced precursor upon EC (from both
dissociation channels) as a function of cluster size from n = 4 – 47 are summarized in Figure
5. This value increases nearly linearly with cluster size and reaches a broad plateau around n
= 23 – 32 from which an average loss of ~10.2 water molecules is observed. The average
number of water molecules lost decreases slightly for cluster sizes larger than n = 35. Also
shown on this plot are several values obtained for divalent magnesium clusters which closely
track the corresponding values for calcium.

The trends in the extent of water loss with cluster size can be qualitatively explained by two
competing factors. For smaller clusters, the binding energy of water increases with decreasing
cluster size [58-60]. Thus, for the smaller clusters, a fixed internal energy deposition will result
in the evaporation of fewer water molecules. This appears to dominate over any increased
internal energy deposition that may be expected for smaller clusters (vide infra). For larger
clusters, the binding energy of water is not expected to change significantly with cluster size
[59]. The most labile water molecules in larger clusters are largely shielded from the cation by
other water molecules; thus, the binding energy of the outer shell molecules is predominantly
determined by inter-water hydrogen bonds. The decrease in the number of water molecules
lost from the larger clusters is likely due to the increased degrees of freedom of the precursor
[61]. For a given deposited internal energy, the kinetic rate for ion dissociation will decrease
with increasing cluster size because the energy can be spread over more internal modes. This
will make it possible for competing energy loss mechanisms, such as collisions or radiative
emission, to reduce the energy of the cluster. Under the conditions of these experiments (<
10-8 Torr, ~130 K), it is expected that radiative emission plays a greater role [47].

Internal Energy Deposition
In principle, it should be possible to determine the extent to which internal energy is deposited
into internal modes of the reduced precursor ions upon electron capture from the distribution
of the observed product ions. Specifically, if the threshold dissociation energies for a series of
consecutive reactions are known, information about the internal energy deposition can be
obtained from the distribution of product ions formed. This method, pioneered by Cooks and
coworkers [42,43], has been used to characterize the internal energy deposition of several
activation methods [43-45]. For large clusters, where loss of water molecules is the only process
observed, we have shown that the number of water molecules lost from the reduced precursor
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can be used as a measure of the internal energy deposition in these clusters [62]. Thus, these
nanometer-size clusters can be used as nanocalorimeters to measure energy conversion in ECD
or any other process [62].

The binding energies of water to protonated water clusters have been measured using different
methods. The sequential binding energies rapidly decrease with cluster size; the proton affinity
of water is 165.2 kcal/mol, but loss of a water molecule from a proton-bound dimer requires
only 36 kcal/mol [63]. The 6th, 7th, and 8th water molecule binding enthalpies in protonated
water clusters are 13.0, 11.7, and 10.3 kcal/mol, respectively [63]. Castleman and coworkers
reported that the sequential binding energies for protonated water clusters with 8 – 28 water
molecules range between 9 – 11 kcal/mol [59].

Effects of cation identity on water binding energies are significant for very small clusters, but
become negligible for larger clusters. The sixth water binding energies of M(H2O)6+, M = Li,

Na, and K, are 12.1, 10.7, and 10.0 kcal/mol, respectively [58]. Interestingly, the fourth water
binding energies of M(H2O)4+ for M = Na, Mg, and Al, are 13.1, 11.5, and 12.5 kcal/mol

[60]. This suggests that the binding energy of water does not depend strongly on metal ion
identity when the clusters approach a large size. Unfortunately, values for significantly larger
clusters, such as those formed here, have not been reported.

An estimate of the binding energy to infinitely large clusters can be obtained from the heat of
vaporization of water. This value ranges from 10.8 to 9.7 kcal/mol for temperatures between
0 to 100 °C [64]. The heat of sublimation for hexagonal ice has been reported using a low
temperature equation of state developed from thermodynamic equilibrium properties at
temperatures ranging from 273.16 to 130 K. The enthalpy of sublimation is relatively constant
across these temperatures, ranging from 12.2 to 12.0 kcal/mol [65]. For droplets, the surface
energy reduces the vaporization enthalpy from that of the bulk. For neutral water clusters, the
evaporation enthalpy of a single water molecule from a cluster of size n can be estimated from
the bulk enthalpy of vaporization less a surface energy term which scales as n-1/3 [66]. Using
a value for the bulk enthalpy of vaporization of hexagonal ice of 11.2 kcal/mol at zero K, the
energy required to evaporate a single water molecule from water clusters from n = 20 – 50 is
estimated to vary from 9.2 - 9.7 kcal/mol. This suggests that the effects of surface energy are
small for clusters in this size range.

Extrapolating bulk physical properties from cluster data can have significant uncertainties.
However, these data all suggest that the binding energy of water to the reduced precursors
investigated here should be approximately 10 kcal/mol. This value depends on the cluster
temperature, size and to a limited extent on shell structures or “magic” numbers observed for
some clusters. However, we anticipate that any variations that may be present will be small
compared to other uncertainties in our method. Although it is difficult to fully access the
uncertainty in the water binding enthalpies, we estimate this uncertainty to be about ± 10%.
For the smaller clusters, where the degrees of freedom are low, the initial effective temperature
of the reduced cluster is very high and the effects of temperature on the vaporization energy
of water will be more substantial. The energy resolution of this method is also limited by the
sequential binding energies of the ligands.

Using this estimated value of roughly 10 kcal/mol per water molecule lost from large clusters,
we can determine an average (Eavg) and an upper limit (EUL) to the internal energy deposited
into the clusters upon electron capture. For Ca(H2O)30

2+, which is in the plateau region of

maximum water loss (Figure 5), reduction by electron capture results in formation of
Ca(H2O)19

+  and Ca(H2O)20
+  with normalized relative abundances of 0.3 and 1.0, respectively,
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corresponding to an average of 10.2 water molecules lost. This value must be corrected for
residual background dissociation that is due to blackbody radiation (vide supra). To do this,
we assume that activation of the precursor and the reduced precursor by BIRD is the same;
capture of an electron to form the reduced precursor can occur any time during the 40 ms
electron irradiation time so that some fraction of the reduced species will be from the precursor
that has lost a single water molecule. To the extent that the fragmentation of precursor and the
reduced precursor are the same, it is possible to account for dissociation by BIRD. For
Ca(H2O)30

2+, this correction corresponds to an average water molecule loss of 5%. This value

is comparable to the values for other clusters, and varies with cluster size from 1% to 9% for
the Ca(H2O)92+ and Ca(H2O)47

2+ clusters, respectively. Thus, the average water loss from

Ca(H2O)30
2+ due only to electron capture is 10.23 − 0.05 ≈ 10.2 water molecules. This water

loss corresponds to an average internal energy deposition of 10.2 × 10 kcal/mol = 102 kcal/
mol (4.4 eV). Formation of the product ion corresponding to the reduced precursor that has
lost 11 water molecules requires 110 kcal/mol (4.8 eV). The absence of a product ion
corresponding to the loss of 12 water molecules indicates that the maximum possible internal
energy that is deposited into Ca(H2O)30

2+ upon EC is between 110 and 120 kcal/mol (4.8 – 5.2

eV). It should be emphasized that the uncertainty in the energy values obtained with this method
is attributable to the uncertainty in the binding enthalpy of water used to obtain these values
from the number of water molecules lost, which we estimate to be about ± 10%. These values
are close to 4.5 eV, the value calculated for the vertical ionization energy of Ca(H2O)29

+  [62]

which is a rough estimate of the recombination energy in this EC experiment. Because the
internal energy deposition we obtain from this method is comparable to the estimated
recombination energy, we conclude that the vast majority of the recombination energy is
deposited into internal modes of the ions, i.e., ECD is ergodic for these larger cluster ions.
Additional evidence for ergodic dissociation for the larger clusters is the decreasing number
of water molecules lost from the cluster with increasing cluster size (Figure 5), consistent with
a degree of freedom effect (vide supra).

ECD Energetics for Small Mg(H2O)n2+ Clusters

In order to estimate the internal energy that is deposited into the smaller clusters where the loss
of a H atom in addition to water loss occurs, dissociation energies for the loss of the H atom
and for losses of water must be known. The lowest-energy structures and the barriers for H
loss for Mg(H2O)n+, n = 1 – 6, have been calculated by Siu and Liu [50] using MP2/6-31G**.

From the reported zero-point corrected energies of these structures, the binding energies of
water are determined. The binding energy of water should be approximately equal to the
activation energy for dissociation, because any reverse activation barrier should be small. These
values are given in Table 1. For comparison, experimentally determined bond dissociation
energies for loss of water from Mg(H2O)n+, n = 1 – 4 [60], are also presented. The activation

energy barrier for loss of H is higher than that for the loss of water from M(H2O)n+, n = 1 – 5,

but loss of a H atom is more energetically favorable for n = 6 and 7. This result is reasonably
consistent with the results of BIRD experiments of Bondybey and coworkers [57] where the
loss of water was the exclusive loss channel observed for clusters with n < 7, but H atom loss
occurred for n = 7 – 21. For smaller clusters, only the loss of water was observed indicating
that the activation barrier for loss of a H atom is higher than that for loss of a water molecule
for clusters with six or fewer water molecules.

From these calculated dissociation energies, several measures of the internal energy that is
deposited into the smaller divalent ion clusters upon EC can be determined. The average value
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(Eavg) is determined from the sum of dissociation energies for the loss of H and water weighted
by the product ion abundances. The maximum observed energy (EMO) is the sum of
dissociation energies observed for the smallest product cluster that is observed in these
experiments. This cluster is the ion that has lost the maximum number of water molecules from
the reduced precursor. An upper limit to the internal energy deposition (EUL) can be obtained
from the energy required to form the product ion with one less water molecule relative to the
smallest product cluster observed. These energies for Mg(H2O)n2+, n = 4 – 6, are given in Table

2.

An EUL is not reported for Mg(H2O)42+ because the smallest product ion that is formed is

MgOH+. The dissociation energy of the metal hydroxide is much higher than that for water to
the reduced clusters, so MgOH+ could be “hot” and no further dissociation will occur. For
Mg(H2O)42+, the average values for internal energy deposition of 4.5 eV is not likely to be

skewed significantly because the product ion that has a single water molecule attached is the
most abundant fragment formed (84%). For Mg(H2O)52+ and Mg(H2O)62+, no MgOH+ is

formed making these ions the best candidates for chemical thermometers of the smaller clusters.

With these caveats, it is interesting to note that there appears to be very little effect of cluster
size on the average internal energy deposition resulting from EC. For Mg(H2O)n2+, this value

for n = 32 (~4.5 eV) is essentially the same as the values obtained for n = 4 – 6 (4.2 – 4.6 eV).

ECD Energetics for Small Ca(H2O)n2+ Clusters

Calculated dissociation energies for the loss of H from Ca(H2O)n+ have not been previously

reported, but values for H atom and water molecule binding energies to these clusters have
[67]. Surprisingly, self-consistent field calculations indicate that loss of a H atom from the
clusters is exothermic for n > 4 [67]. We evaluated low-energy structures and binding energies
for these ions at the B3LYP/6-311++G** level of theory. Lowest-energy structures for both
Ca(H2O)n+ and CaOH(H2O)n+ are shown in Figure 6. The structures of Ca(H2O)n+, n = 1 – 3,

and CaOH(H2O)n+, n = 1 – 5, are the same as those reported by Watanabe et al. [67]. For

Ca(H2O)4+, both levels of theory indicate that Ca+ is solvated by four water molecules in plane

with the metal ion, although we found a D2h symmetry to be slightly lower in energy than the
Cs-symmetry structure with distorted O-Ca-O bond angles identified previously. For
Ca(H2O)5+ and Ca(H2O)6+, our calculations indicate that all water molecules in the lowest-

energy structure coordinate directly to the metal ion, whereas the previous calculations indicate
that structures with four inner-shell water molecules are lowest in energy. Because Watanabe
et al. [67] reported relative free energies for structures, it is difficult to directly compare these
results.

From these structures, the binding energies of H and a water molecule to Ca(H2O)n+ and of a

water molecule to CaOH(H2O)n+ were determined and these values are given in Table 1. These

water binding energies are similar to those reported previously, although our values for
Ca(H2O)n+ are generally slightly higher, whereas our values for CaOH(H2O)n+ are generally

slightly lower. Our calculated hydrogen atom binding energies for Ca(H2O)n+, n ≥ 4 are

substantially higher than those reported by Watanabe et al. [67], whereas our values for n < 4
are very similar. Our calculations show that the loss of a H atom from Ca(H2O)n+, n = 1 – 6,
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is endothermic although these values are lower than the corresponding water molecule binding
energies for n = 5 and 6.

The values we calculate are binding energies, not activation energies for dissociation. Although
these values for the loss of a water molecule should be similar, these values for the loss of a H
atom may not. To obtain a rough estimate of the extent to which these values differ, calculations
were also done on Mg(H2O)n+ and MgOH(H2O)n+ at the B3LYP/6-311++G** level of theory.

The lowest-energy structures of Mg(H2O)n+ are shown in Figure 7 and binding energies for H

and for water are given in Table 1. The lowest-energy structures of MgOH(H2O)n+ generally

resemble those of CaOH(H2O)n+, shown in Figure 6, with the notable difference that MgOH

(H2O)+ is linear. It is interesting to compare these results with those from MP2/6-31G**
calculations reported previously [50]. Both levels of theory support identical lowest-energy
structures for Mg(H2O)n+, n = 1 – 5, and these structures are consistent with IR

photodissociation spectra of [Mg(H2O)n]+, n = 1 – 4, reported by Inokuch et al. [68]. For n =
6, the MP2/6-31G** calculations indicate that the lowest-energy structure has a saw horse
inner shell, like that in the lowest-energy structure of [Mg(H2O)5]+, with two water molecules
in the second solvation shell.

The lowest-energy structure of [Mg(H2O)6]+ identified with B3LYP/6-311++G** was not
considered in the previous report, although another six coordinate structure with reduced
symmetry (C2) was calculated to be 5.6 kcal/mol higher in energy than the saw horse structure.
The C2-symmetry and saw horse structures (Figure 7) are 2.7 and 8.9 kcal/mol higher in energy
than the Th-symmetry structure at B3LYP/6-311++G** level of theory. To help determine why
these two levels of theory yield such different relative energies, selected structures were also
evaluated using the smaller basis set employed in the previous MP2 calculations. At the
B3LYP/6-31G** level of theory, the C2-symmetry structure is 0.4 kcal/mol higher in the
energy than the saw horse structure, whereas the C2-symmetry structure is 6.2 kcal/mol
lower in energy than the saw horse structure when the 6-311++G** basis set is used. This
indicates that the more complete basis set, which includes diffuse functions and two basis
functions per molecular orbital, preferentially stabilizes the C2-symmetry structure by 6.4 kcal/
mol. Additionally, the Th-symmetry structure was not stable at the B3LYP/6-31G** level of
theory. Upon energy minimization, the water molecules changed orientation relative to the
metal ion and more closely resembled those in the C2-symmetry structure. These results
indicate that more complete basis sets that include diffuse functions are important for
determining the relative stabilities of these ions.

Despite the differences in these calculations, the B3LYP/6-311++G** binding energies of
water molecules and hydrogen atoms to Mg(H2O)n+ are similar to values reported by Siu and

Liu [50]. Our values for Mg(H2O)5+ are anomalously low, indicating that the lowest-energy

structure of this ion may not have been identified. Note that if a lower-energy structure of [Mg
(H2O)5]+ were identified, this would increase the water and hydrogen binding energies of [Mg
(H2O)5]+, decrease the water binding energy of [Mg(H2O)6]+, but not change the energy
difference between the water and hydrogen binding energies of [Mg(H2O)5]+. The adiabatic
hydrogen binding energies calculated here are within ~10 kcal/mol of the activation barriers
for hydrogen loss calculated by Siu and Liu [50] and there is no systematic deviation. This
suggests that any reverse activation barrier for H loss is small and that the hydrogen binding
energies calculated for Ca(H2O)n+ are likely very good approximations for the activation

energies for dissociation.
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The relative binding energies we calculate for the two competing dissociation processes for
Ca(H2O)n+ are in excellent agreement with experimental results of Sanekata et al. [56]. When

Ca+ is reacted with water vapor, the hydrogen loss product [CaOH(H2O)n]+ is predominant
for 4 < n < 13 and [Ca(H2O)n]+ is primarily observed for the remaining cluster sizes. The switch
between mostly [Ca(H2O)n]+, n ≤ 4, to predominantly [CaOH(H2O)4]+, n > 4, occurs at the
same cluster size expected from the calculated binding energies.

With the caveats stated above, the average (Eavg), maximum observed (EMO), and maximum
possible (EUL) internal energy deposition from EC by Ca(H2On)+ can be determined. These
values as well as values for Mg(H2O)n+ determined from binding energies calculated at this

same level of theory are given in Table 2. The values for Mg(H2O)n+ are slightly lower than

those calculated using the corresponding values from Siu and Liu [50] although this difference
is less than 0.5 eV in most cases. As was noted previously for Mg(H2O)n+, there is no significant

trend in the average internal energy deposition with cluster size for Ca(H2O)n+. It is also

interesting to note that the average internal energy deposition for clusters with Mg and Ca are
essentially the same.

Evidence for Nonergodic Dissociation
Although dissociation via pathway I appears to be ergodic for the larger clusters, three pieces
of evidence suggest that pathway II is nonergodic, at least for the smaller clusters. First, the
internal energy deposited into the clusters does not depend on cluster size and is significantly
less than the calculated ionization energy of the corresponding reduced species for the smaller
clusters. Second, the fragmentation pathway for the reduced ions of the smaller clusters is not
the same as when these ions are thermally activated. Third, the distribution of product ions
observed via pathway II is broader than that for pathway I indicating that the ejected hydrogen
atom takes away a broad range of kinetic energies. Each of these pieces of evidence is discussed
in more detail below.

The adiabatic ionization energies of hydrated clusters of Mg(H2O)n+ have been calculated by

Niedner-Schatteburg and coworkers [69]. Results of these calculations as a function of cation
size are plotted in Figure 8 along with values for the internal energy deposition from EC for
selected Mg(H2O)n+ clusters measured here. It should be noted that the recombination energy

that we obtain with this method in the limit of complete energy randomization should be
approximately the same as the adiabatic ionization energy of the reduced cluster. A 50 ms delay
after ECD of Ca(H2O)47

2+ but before ion detection resulted in no additional water loss. This is

sufficient time for solvent reorganization to occur and any energy released from this process
results in heating of the cluster. Thus, the recombination energy values we obtain should be
comparable to the adiabatic ionization energies calculated by Niedner-Schatteburg and
coworkers if all the energy is randomized. The calculated values rapidly decrease with
increasing cluster size approaching an asymptotic limit of 3.9 – 4.8 and 5.1 – 5.5 eV for clusters
with n = 11 – 19 at the MP2 and BLYP levels of theory, respectively [69]. For Mg(H2O)32

2+,

we find an average internal energy deposition (Eavg) of about 4.5 eV and a maximum value of
4.8 –5.2 eV. These measured values are slightly higher than the recombination energies
calculated at the MP2 level, but are comparable to BLYP values for large n [69].

In contrast to the strong trends in calculated ionization energies with cluster size, the
experimental data show no significant trend with respect to cluster size. Most striking are the
results for Mg(H2O)52+ for which our data should provide an accurate measure of the maximum
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possible internal energy deposition. For this ion, the Eavg, EMO and EUL deposited upon EC is
4.6, 4.8, and 7.1 eV, respectively (4.0, 4.2, and 6.4 eV using the B3LYP binding energies). If
internal energy in excess of 7.1 eV was deposited into this ion, MgOH+ should have been
formed; this ion is not observed. In contrast, the ionization energy of Mg(H2O)52+ is calculated

to be 7.92 eV [69]. Ionization energies obtained from CC2 and BLYP calculations for this ion
are 7.94 and 8.34 eV, respectively [69], indicating that this result does not depend strongly on
the type of theory used. The lower value obtained from this experiment suggests that less energy
is deposited into Mg(H2O)52+ than would be expected if the entire recombination energy that

is potentially available in the EC process were converted to internal modes of the ion. Thus,
the excess energy could be lost either in the form of kinetic energy of the departing ligands,
analogous to what is observed for dissociative electron attachment to water, or by radiative
emission. Although water clusters have positive electron affinities [70], the electron affinity
of an isolated water molecule is either very small or zero [71]. Electron attachment to an isolated
water molecule results in spontaneous dissociation to form predominantly H— with minor
abundances of O— and OH— also observed [72]. With increasing incident electron energies,
some internal vibration modes can be excited, but the majority of the dissociation energy is
carried away by the fragments in the form of kinetic energy [73].

A caveat in this analysis is that the initial effective temperature of the small reduced clusters
can be quite high. For Mg(H2O)n2+, we estimate the effective temperature to be roughly 2900

K and 2000 K for n = 5 and 6, respectively, using calculated values for the electron
recombination energy. To obtain a more accurate measure of internal energy deposition from
these experimental data, temperature effects on both the bond dissociation energies and on the
partitioning of internal energy into translational, vibrational and rotational modes of the
products would need to be taken into account. The latter effects could be modeled using phase
space theory [74].

The second piece of evidence in support of a nonergodic dissociation process for the smaller
clusters is the different dissociation pathways of the precursor ions when thermally activated
by BIRD [57] or by collisions with Xe [60] and when formed in an activated state by EC from
the doubly charged precursor. As discussed previously, thermal activation of Mg(H2O)n+, n <

7 results in loss of water molecules (pathway I); loss of H is only observed for n between 7
and 21 (pathway II) [57]. In contrast, Mg(H2O)n+, n = 4 – 6, when formed by EC by the

corresponding Mg(H2O)n2+ dissociates exclusively by pathway II. For n = 4, loss of H requires

~32 kcal/mol, whereas loss of a water molecule requires only 19 kcal/mol, and this difference
in dissociation energies increases substantially for smaller clusters [50]. Although it is possible
that the dissociation entropies are very different for these two processes, both processes are
relatively “direct” and should occur through “loose” transition states.

A complicating factor is angular momentum effects that originate from the significantly
different masses of H2O versus H that arise from dissociation via the two different pathways.
Information about the energy dependence of the dissociation of small clusters has been reported
by Armentrout and coworkers, who used guided ion beam mass spectrometry to measure the
sequential binding energies of water to M(H2O)n+, M = Na, Mg, and Al, n = 1 – 4 [60]. For

Na(H2O)4+, loss of one or more water molecules was the only process observed with center of

mass collision energies up to 1.5 eV. A second water molecule loss becomes apparent at about
1.2 eV [60]. The third and fourth sequential binding energies of water to Mg and Na are similar
and only loss of water was reported for Mg under similar conditions [60]. These results indicate
that Mg(H2O)n+, activated by collisions with center of mass collision energies up to 1.5 eV,
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results in only loss of water despite internal energies that are higher than the binding energy
of H to these clusters. Although the maximum energy deposited in these guided ion beam
experiments is less than that deposited by EC, it is surprising that this difference alone would
result in exclusive dissociation by pathway I for the former and pathway II for the latter if both
processes are statistical.

The dissociation of Mg(H2O)n+ clusters using visible radiation has also been investigated [56,

75,76]. For n = 4 and 5, both dissociation pathways were observed with a branching ratio for
pathway II:I of ~4:1 over an energy range of 2.4 – 3.7 and 1.7 – 3.6 eV, respectively [75].
These results, in combination with the aforementioned data, suggest that the loss of H from
these clusters occurs directly from electronic excited states formed either by absorption of
visible photons by the monovalent cluster or by EC by the corresponding divalent cluster.

A confirmation of the nonergodicity of EC for these clusters would be to measure the
collisionally activated dissociation products of the corresponding monovalent clusters at center
of mass collision energies comparable to the maximum recombination energy into the divalent
cluster upon EC. Different product ions formed from the same precursor ion upon activation
to the same internal energy using two different activation methods provides compelling support
for nonergodic dissociation.

A third piece of evidence for nonergodic dissociation, although very indirect, is the wider
distribution of product ions formed as a result of pathway II versus I (see Figure 2c). The
internal energy deposition by EC can be quite narrow for the larger cluster ions where often
only a single product ion is observed indicating that the width of the energy distribution is less
than 10 kcal/mol. This suggests that the kinetic energies of the water molecules that are lost
from the cluster via pathway I are low. The broader distribution observed for dissociation via
pathway II can be attributed to the H atom carrying away a variable amount of kinetic energy,
or possibly a vibrationally excited water molecule accompanying the H atom loss, both of
which are consistent with a nonstatistical process.

Double Resonance Experiments
To determine the order in which the H atom and water molecules are lost via pathway II, several
double resonance experiments were performed. In a double resonance experiment [77,78], a
frequency corresponding to the cyclotron resonance frequency of an ion suspected to be an
intermediate in a consecutive dissociation process is continuously irradiated over the course
of a dissociation experiment. The disappearance of lower mass ions confirms that the irradiated
ion is an intermediary in the formation of those ions. These experiments were done for EC of
Ca(H2O)42+. Three separate experiments were done where CaOH+ with 1, 2 or 3 water

molecules attached were continuously ejected with a single frequency waveform
corresponding to the cyclotron frequency of these ions. This waveform had sufficient power
to eject an ion from the cell within 100 μs. In each case, the final products were not perturbed
by the single frequency waveform, except in the case of ejection of CaOH(H2O)+ where this
is one of the final products. This suggests that either the ejection of the hydrogen atom occurs
after loss of the water molecules, or more likely, that the loss of the hydrogen atom occurs on
a timescale that is much shorter than 100 μs.

Conclusions
The results of the ECD experiments on hydrated divalent magnesium and calcium ions
demonstrate that these ions can be used as nanocalorimeters over a wide range of cluster sizes.
From the dissociation products, quantitative information about the average and maximum
internal energy deposition resulting from EC is obtained. These results clearly show that the
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range of internal energies deposited is very narrow and that the vast majority of the
recombination energy that is available from EC by the divalent precursor ions is converted into
internal energy of the reduced precursor for the larger clusters. There is no significant difference
in the internal energy deposition as a function of cluster size. The average internal energy
deposited into M(H2O)n2+, M = Mg and Ca, is approximately the same for n = 4 – 6 as it is for

n = 32. In contrast, calculations of the ionization energy of Mg(H2O)n+ [69] indicate that the

recombination energy should increase rapidly for clusters below n = 10. These, and other
results, suggest that not all the recombination energy that is available from EC is converted
into internal modes of the ion and that the dissociation process for these smaller clusters is
nonergodic.

The internal energy deposition values that we obtain from these experiments depend on the
dissociation energies of the ligands lost. For the larger clusters, ~10 kcal/mol appears to be a
good estimate for the dissociation energy corresponding to the loss of each water molecule
from the reduced cluster, although we estimate the uncertainty in this value to be about ± 10%.
For the smaller clusters that dissociate by both loss of a H atom and by loss of water molecules,
we use calculated values for the dissociation energy because no experimental values are
available. The internal energy deposition values that we obtain from these experiments can be
revised if more accurate values for the dissociation energies are obtained either through
experimental measurements or higher levels of theory. A more detailed investigation into the
effects of high internal energy deposition on the translational, vibrational and rotational
energies of the products would provide more accurate values for our estimates of the average
internal energy deposition from these experimental data. Modeling of the dissociation process,
including any partitioning into translational, vibrational and rotational degrees of freedom of
the dissociation products with phase space theory, is currently ongoing.

It is interesting to note that the internal energy deposited into Mg and Ca clusters of a given
size are essentially indistinguishable. When the electron recombines with the divalent cluster,
it is likely that the resulting reduced cluster forms an ion pair consisting of a divalent metal
cation with a solvated electron, at least for the larger cluster sizes. Such electrides, which are
ionic salts with the electron as an anion [79,80], have been investigated for many years and a
single-crystal electride that is both thermally stable and unreactive has been recently reported
[81]. A solvated electron Mg2+ pair has also been proposed for gas-phase Mg(H2O)n+ for

clusters with more than 17 water molecules to explain the change in dissociation reactivity that
occurs for clusters of this size [57].

It is also interesting to postulate why dissociation of the small clusters is nonergodic whereas
the dissociation of the larger clusters is statistical. Upon electron capture, the large clusters
only lose water molecules whereas the smaller clusters lose a H atom and water molecules.
The nonstatistical behavior may be due to the processes for loss of a H atom or it may depend
on physical properties related to cluster size. Attachment of an electron to the cluster may result
in spontaneous ejection of a “hot” H atom analogous to the dissociative electron attachment to
an isolated water molecule. The efficiency with which the energy from EC is converted into
vibrational modes may be attributable to other physical properties that change as a function of
cluster size. Larger clusters have more vibrational modes which may make the transfer of the
recombination energy into internal modes more efficient. The energy differences between
electronic levels also depend on cluster size. For the octahedral form of Mg(H2O)6+, the

HOMO-LUMO gap is 0.8 eV and there are 10 unoccupied molecular orbitals with energies
that are within 2.5 eV of the HOMO. In contrast, the HOMO-LUMO gap is 2.9 eV for
Mg(H2O)4+ and there are only 7 unoccupied molecular orbitals that are within 5.0 eV of the

HOMO. Thus, the energy differences between electronic excited states decreases with

Leib et al. Page 14

J Am Soc Mass Spectrom. Author manuscript; available in PMC 2007 October 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



increasing cluster size and this may play a role in the efficiency of energy conversion between
excited states and vibrational modes of the cluster.

Finally, it is important to note similarities and differences between these ECD experiments and
those done with peptides and proteins. A key distinction between these experiments is that the
dissociation processes for the hydrated divalent metal ions are clearly different from those of
peptides and proteins. Loss of water molecules resulting from ECD of proteins has been
observed [31], but this is a minor process. Product ions corresponding to the loss of a H atom
can be the dominant process observed for ECID of diprotonated dipeptides [32], but loss of a
H atom is less significant for larger peptides. In larger peptides and proteins, it has been
postulated that a hot hydrogen atom may play a role in the formation of product ions [7]. The
internal energy deposited into these cluster ions and peptides and protein ions from EC is similar
and the process whereby this energy is converted into internal modes may be similar as well.
Future experiments on EC of hydrated peptide and protein ions may provide important new
information on how ECD occurs in these ions.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Schematic diagram of the 2.75 T Fourier-transform ion cyclotron resonance mass spectrometer
used in these experiments. This instrument has an external electrospray ionization source, a
temperature controlled ion cell that is cooled to 130 K with a regulated flow of liquid N2 and
a heated metal dispenser cathode mounted on the central axis of the vacuum chamber and
positioned 20 cm from the cell center for generation of thermal electrons for ECD. MP and CP
indicate mechanical pumps and cryopumps, respectively.
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Figure 2.
Mass spectra from a) ESI of a 2 mM aqueous CaCl2 showing a broad distribution of
Ca(H2O)n2+ clusters (selected n are labeled); b) SWIFT isolation of Ca(H2O)24

2+ and c) ECD

of Ca(H2O)24
2+ with product ions indicated in the spectrum. A noise peak at ~297 m/z is labeled

with an asterisk.
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Figure 3.
BIRD dissociation kinetics for the loss of a water molecule from Ca(H2O)n2+, n = 24 and 32,

both with the ECD cathode at room temperature and with the cathode heated to 950 °C but
with no electrons introduced into the cell: Ca(H2O)24

2+ cathode at room temperature (■) and at

950 °C (□); Ca(H2O)32
2+ cathode at room temperature (●) and at 950 °C (○).
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Figure 4.
Plot of the normalized product ion intensities from dissociation by pathways I and II (Scheme
1) resulting from electron capture by Ca(H2O)n2+, n = 4 – 47, as a function of cluster size. A

rapid transition from the loss of a single H atom and loss of water molecules (■; pathway II)
to exclusively loss of water molecules (▲; pathway I) occurs between n = 22 and n = 30.
Sigmoidal trend lines were fit to these data as a guide.
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Figure 5.
The average number of water molecules lost from the reduced precursor ion due to electron
capture by M(H2O)n2+, M = Ca (○) and M = Mg (△), as a function of cluster size. The average

number of water molecules lost is determined from both dissociation pathways (Scheme 1).
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Figure 6.
Lowest-energy structures of Ca(H2O)n+, n = 1 – 6, and CaOH(H2O)n+, n = 1 – 5, at the B3LYP/

6-311++G** level of theory. Point groups and inner-shell coordination geometries are
included.
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Figure 7.
Lowest-energy structure of Mg(H2O)n+, n = 1 – 6, at the B3LYP/6-311++G** level of theory.

Two higher-energy structures of Mg(H2O)6+ are included for comparison. Point groups and

inner-shell coordination geometries are included.
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Figure 8.
Comparison of the internal energy deposition from electron capture by Mg(H2O)n2+, n = 4 –

6, 32, with adiabatic ionization energies of Mg(H2O)n+ from BLYP (□) and MP2 (◊)

calculations from [69] as a function of cluster size. The average energy deposition (Eavg; ▲),
as well as the range of energies from the maximum observed (EMO) to the maximum possible
(EUL), are indicated. For Mg(H2O)42+, no upper limit (EUL) is indicated because MgOH+ is

formed. (see text).
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Scheme 1.
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