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a b s t r a c t

The electron capture dissociation (ECD) of [Mg(H2O)n]2+ clusters is examined using ab initio electronic
structure methods to interpret experimental data on [Mg(H2O)n]2+ and [Ca(H2O)n]2+. Calculations are
performed on Mg2+(H2O)n clusters containing a full first hydration shell plus one or two additional water
molecules positioned to represent second- and third-shell molecules. The propensity of the Mg-containing
clusters to undergo fragmentation primarily into [Mg(H2O)n−m]1+ + m H2O (m = 10) for n > 17 but primarily
into [Mg(OH)(H2O)n−k]1+ + H + (k−1) H2O (k−1 = 10) for n < 17 (for Ca-containing clusters, the transition
occurs near n = 22) is rationalized in terms of a model in which:

a. For Mg with n < 17 (<22 for Ca), the second hydration shell is not filled, so electron attachment can
occur either directly into an O H �* orbital of a first-shell water molecule or into a Rydberg orbital
surrounding the cluster, after which electron transfer to a first-shell O H �* orbital occurs, liberating
an H atom and generating OH−. The experimental observation that 10 water molecules are released

is shown to favor a mechanism in which electron attachment to a Rydberg orbital occurs first and is
followed by transfer to an O H �* orbital.

b. For Mg with n > 17, the second hydration shell is posited to be filled, and it is shown that electron
attachment to a second-shell water O H �* orbital is unlikely. So, electron attachment to a surface-
localized Rydberg orbital of the [Mg(H2O)n]2+ cluster takes place in a 5-eV exothermic process that
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boils off ca. 10 water

. Introduction

Electron capture dissociation (ECD) experiments have been car-
ied out [1] on doubly charged water-cluster cations M(H2O)n

2+,
here M is an alkaline earth atom. In these experiments, mass-

elected doubly charged cations M(H2O)n
2+ are subjected to ECD

fter which the mass-to-charge ratios and abundances of the frag-
ent ions are determined. For clusters containing >ca. 20 water
olecules, workers observed [1] the loss of 10 ± 1 H2O molecules

pon electron capture, regardless of whether the metal M was
g, Ca, Sr, or Ba. In Fig. 1, we show a table from Ref. [1b]

llustrating these findings on parent species containing 32 water
olecules.

The fact that the same number (10) of water molecules are lost

egardless of which metal dication is present suggests that the ECD
lectron is not captured at the M2+ dication to generate a M1+ cation.
he e− + M2+ → M1+ recombination energies of these bare dications

∗ Corresponding author. Tel.: +1 801 581 8023.
E-mail address: simons@chem.utah.edu (J. Simons).
URL: http://simons.hec.utah.edu (J. Simons).
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cules. No OH + H is formed in such cases.

© 2008 Elsevier B.V. All rights reserved.

ary from 15 eV (for Mg) to 10 eV (for Ba), so one would expect the
umber of water molecules lost to vary considerably if the metal
ication were being reduced in the ECD process and the energy thus
eleased were converted to vibrational energy which then caused
ater molecules to be ejected.

Moreover, in Ref. [1] it was shown that ca. 10 kcal mol−1 is
eeded to “boil off” each H2O molecule in this size range, so the

act that 10 ± 1 water molecules are lost is interpreted to suggest
hat the approximately 100 kcal mol−1 released upon electron cap-
ure by M(H2O)n

2+ cations in this size range is quickly randomized
ithin the internal degrees of freedom of the cluster and fully uti-

ized to boil off water molecules.
However, when examining the nature and abundances of the

CD product ions as functions of cluster size (n), an interesting
esult was found [1a] as illustrated in Fig. 2 for Ca(H2O)24

2+.
There seems to be two fragmentation paths both of which

nvolve boiling off water molecules,

− 2+ 1+
+ Ca(H2O)24 → Ca(H2O)14 + 10 H2O and (I)

− + Ca(H2O)24
2+ → CaOH(H2O)12–14

1+ + H + (9–11) H2O (II)

ne ejecting 10 water molecules and the second involving conver-
ion of one water molecule to hydroxide OH− and a hydrogen atom

http://www.sciencedirect.com/science/journal/13873806
mailto:simons@chem.utah.edu
dx.doi.org/10.1016/j.ijms.2008.05.018
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ig. 1. Data taken from Ref. [1b] showing that 10 ± 1 water molecules are lost from
oubly charged alkaline metal cluster cations upon ECD.

hile also boiling off 9–11 water molecules. When the products of
CD experiments on calcium-containing clusters containing 4–47
ater molecules were probed, the fraction of H-atom loss accom-
anied by water loss (pathway II) changed sharply from near 100%
or n < 22 to near 0% for n > 30 as shown in Fig. 3.

Similar trends in the branching ratios for [Mg(H2O)n]1+

lusters fragmenting into either [Mg(H2O)n−m]1+ + m H2O or
Mg(OH)(H2O)n−k]1+ + H + (k−1) H2O have been observed [2] by
arlier workers not under ECD conditions but using laser vapor-
zation of Mg powder in the presence of water vapor as well as
ther techniques [3,4]. For the Mg-containing clusters, the transi-

ion from dominance of H atom loss to water loss seems to begin
t around n = 17 rather than near n = 22 as found for Ca-containing
lusters.

ig. 2. Mass spectrum of ECD products resulting from ECD of Ca(H2O)24
2+ showing

ono-cations Ca(H2O)14
1+ produced from water loss and species CaOH(H2O)12–14

1+

ontaining the CaOH unit (from Ref. [1a]).

ig. 3. Fraction of water loss (I) and H-atom loss (II) for Ca(H2O)n
2+ (from Ref. [1a]).
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To us, these findings on the charge-separation reactions of
(H2O)2

2+ complexes suggest that in the ECD studies of the compe-
ition occurring in, for example, e− + Ca(H2O)24

2+ → Ca(H2O)14
1+ +

0 H2O and e− + Ca(H2O)24
2+ → CaOH(H2O)12–14

1+ + H + 9–11 H2O,
he H-atom loss could occur either by

1. attachment of an electron to Ca(H2O)24
2+ releasing the 4.5–5 eV

recombination energy into internal vibrational modes of the
nascent Ca(H2O)24

1+ that either
a. causes loss of 10 water molecules to produce Ca(H2O)14

1+, or
b. provides a water molecule in the inner hydration shell enough

energy to dissociate into OH− and a proton that is transferred
outward (i.e., perhaps in a Grotthuss-like mechanism) to a
water molecule in an outer hydration shell to generate H3O+

(and liberate 9–11 water molecules). Subsequently, the H3O+

could pick up the ECD-attached electron residing on the sur-
face of the cluster to generate neutral H3O (which we know
[5] falls apart to produce H + H2O), or

. attachment of an electron directly to a Coulomb-stabilized �*
orbital of a water molecule (likely one near or on the surface of
the Ca(H2O)24

2+ cluster) to promptly liberate an H atom, boil off
9–11 water molecules, and generate a surface OH− anion that
subsequently abstracts a proton from a nearby H2O molecule
allowing the OH− charge center to propagate inward toward the
M2+ center to generate CaOH(H2O)12–14

1+.

Either of these two mechanistic possibilities could produce
OH(H2O)n−k−1

1+ + H + (n−k) H2O from M(H2O)n
2+, and it the pur-

ose of this work to try to determine how this OH− + H generation
s taking place.

Our suggestion that an ECD electron could attach directly to a
ater molecule’s OH �* orbital derives from our ongoing work [6]

imed at understanding the mechanisms by which peptide and pro-
ein disulfide and N C� bonds are cleaved under ECD conditions.
he basic idea is that the energy of an electron-attached state can be
owered by the Coulomb potential of any nearby positively charged
ite. This Coulomb energy C in eV can be expressed in terms of
he distance R in Å between the positive site of charge Q and the
lectron-attached site as

(eV) = 14.4
Q

R
(1)

In the present work, we consider the possibility that the
oulomb stabilization can render exothermic the attachment of
n electron to a water molecule’s OH �* orbital. In particular, we
xamine the energy profiles of doubly charged Mg2+(H2O)n and of
he same species [7] with an electron attached to an OH �* orbital
elonging to one of the water molecules. For small n, this water
esides in the first or second hydration layer; for larger n, it resides
n the third layer.

To see why we raise the possibility of Coulomb-assisted attach-
ent to an OH �* orbital, let us again examine the data shown in

ig. 3. Note that the prevalence of the charge-exchange reaction
ver the pure water-loss reaction changes sharply over a narrow
ange of cluster size. For clusters Ca(H2O)n

2+ having n < 22, one
bserves only charge exchange plus loss of 10 water molecules;
ssentially no loss of 10 water molecules without charge exchange
ccurs for n < 22. To us, this suggests that, for n < 22, the surface

2O molecules might be close enough to the Ca2+ charge to render
xothermic Coulomb-assisted electron attachment to the surface
aters’ O H �* orbitals, whereas, for n > 30, the distance from

he Ca2+ center to the surface H2O molecules may be too large to
ufficiently Coulomb-stabilize these water O H �* orbitals. This
ypothesis is what we address in the present work.
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. Methods

Based on our success in simulating peptide fragmentation
vents, we decided to perform our calculations at the unrestricted
econd-order Møller–Plesset (UMP2) level of theory using one set
1s1p) of extra-diffuse basis functions [8] centered on the posi-
ive sites’ central atom as well as aug-cc-pVDZ basis sets [9] on
ll atoms. Because the methods we used are based on unrestricted
ave functions, it is important to make sure that little artificial spin

ontamination enters into the final wave functions. We computed
S2〉 for species studied in this work and found values not exceeding
before annihilation) the expected value of S(S + 1) = 0.75 by more
han 0.01 for the Rydberg-attached and �*-attached doublets. For
he parent [Mg(H2O)n]2+ clusters, as expected, the highest spin con-
amination S(S + 1) = 0.95 occurred near asymptotes where an O H
ond is homolytically cleaved; at O H bond lengths where curve
rossings important in this study occurred, the spin contamination
as much less.

In all of the calculations discussed below, the geometries used
ere obtained as follows:

1. For the parent [Mg(H2O)n]2+ clusters, the geometry was first
optimized at the UHF level and then at the UMP2 level. When
one of the O H bonds was elongated, all of the other geometrical
degrees of freedom were relaxed (at the UMP2 level), except for
the constraints noted below relating to how we orient the out-
ermost water molecules in clusters with second- or third-shell
waters.

. For the charge-reduced [Mg(H2O)n]1+ clusters with an electron
attached to a surface Rydberg orbital, the geometry of the parent
[Mg(H2O)n]2+ was used. This was done to allow us to determine
the energy gained upon vertical attachment of an electron to
[Mg(H2O)n]2+.

. For the charge-reduced [Mg(H2O)n]1+ clusters with an electron
attached to an O H �* orbital, two sets of calculations were
performed:
a. In one set, the geometry of the parent [Mg(H2O)n]2+ was used,

again to allow us to consider vertical electron attachment.
b. In the second set, for each value of the elongated O H

bond length, the other geometrical degrees of freedom were
relaxed. These data allowed us to explore how much addi-
tional energy is released as the O H bond fragments and the
cluster’s geometry relaxes.

Difficulties arise when carrying out computations of the O H �*
lectron-attached state at each O H bond length, especially when
he energy of this state is above that of the parent system. Under
hese circumstances, electron detachment can occur as variational
ollapse to the energy of the parent plus a free (i.e., continuum)
lectron takes place. In such cases, we had to use an approach that
e have employed in many past applications [10] to obtain the

nergy of this metastable electronic state. Specifically, we artifi-
ially increased by a small amount ıq the nuclear charges of the
toms (the oxygen and hydrogen atoms forming the O H �* state)
nvolved in accepting the transferred electron, and carried out the
MP2 calculations with these artificial nuclear charges. By plot-

ing the energies of the O H �* state relative to that of the parent
pecies for several values of the charge increment ıq and extrapo-

ating to ıq = 0, we were able to obtain our approximations to the
rue energies of these metastable states.

Finally, we note that all calculations were performed using the
aussian 03 suite of programs [11], and the three-dimensional plots
f the molecular orbitals were generated with the MOLDEN pro-
ram [12].

2

he excess electron resides in the �* orbital of the OH bond being stretched. Also
hown are the MP2 energies expected on the basis of Coulomb stabilization for the
2O− species in the presence of a Mg2+ cation at distances from the H2O representa-

ive of the second (triangles) and third (diamonds) hydration shells of Mg2+(H2O)n .

. Results

.1. Building blocks: electron attachment to water or to
g(H2O)6

2+

The first set of results we display relate to the fragments upon
hich we base this study: Mg2+, Mg(H2O)n

2+ clusters, and H2O
olecules. In Fig. 4, we show the energies of a single water molecule

nd of a water molecule with an electron attached to one of its OH
* orbitals as functions of the length of the OH bond within whose
* orbital the excess electron resides.

The lower two curves in Fig. 4 were obtained by shifting the
pper H2O− curve downward by 6.1 eV and 3.8 eV [13], and thus
hey offer approximations to what we expect to find for attaching
n electron to a second or third hydration shell water molecule
n larger Mg2+(H2O)n clusters based on the Coulomb stabilization

odel. Later in this paper, we present results from actual ab initio
alculations on such clusters.

We should note that the electronic nature of the anion state
hose energy is plotted in Fig. 4 is of the shape-resonance type
aving one electron bound to the ground-state of H2O. Other work-
rs [14] have examined electron–water collisions, focusing mainly
n Feshbach states in which an excess electron binds to an excited
lectronic state of H2O, but these studies have not produced energy
rofiles of the shape-resonance state’s energy as functions of one

H bond length as we needed here.
The main points to make about the data in Fig. 4 are:

1. It is substantially endothermic to vertically attach an electron
to H2O in the absence of Coulomb stabilization. This means that
an ECD electron will not attach to an OH �* orbital of a neutral
water molecule in the absence of other influences because these
electrons do not have sufficient kinetic energy.

. The OH bond length would have to be extended to ca. 1.4 Å (prior
to electron attachment) to render �* orbital attachment to neu-

tral H2O feasible in the absence of the Coulomb potential. To
access such a long OH bond length through vibrational motion,
the temperature would have to be much higher than in ECD
experiments.
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the locations of the inner six water molecules relative to the Mg2+
ig. 5. MP2-level minimum-energy structure of Mg2+(H2O)6 (top) in which the
g O distance is 2.1 Å, and surface-localized orbital to which an electron binds

o form [Mg(H2O)6]+ (bottom).

. With a Coulomb potential representative of that experienced by
water molecules in the second hydration layer in Mg2+(H2O)n,
vertical electron attachment to an OH �* orbital might be
exothermic.

. With a Coulomb potential representative of that experienced by
the third hydration layer in Mg2+(H2O)n, vertical electron attach-
ment to an OH �* orbital is endothermic by ca. 0.3 eV.

. Once an electron attaches to an OH �* orbital, fragmentation to
form OH− and H is prompt because the �* potential surface is
repulsive.

These data offer the first suggestions about can be expected for
g2+(H2O)n clusters.
However, there is another electron-attached state whose energy

rofile is not shown in Fig. 4, and this state can compete with the
H �* attachment processes just discussed. In Fig. 5, we show

he optimized structure obtained for the Mg2+(H2O)6 cluster we
mploy to model the first solvation shell of Mg2+ as well as the
owest-energy Rydberg orbital formed when this cluster binds an
xcess electron. Such surface-localized states have been suggested
s being involved in [Mg(H2O)n]1+ clusters by several earlier work-
rs who have considered the stabilities of [Mg(H2O)n]1+ clusters
15–22]. In such a “surface-state” Rydberg orbital, the electron is
ound by ca. 5 eV [23], and it is attachment to this orbital that can

ompete with O H �* attachment. We note that the 5 eV binding
nergy is in line with what was inferred [1a,1b] from experimen-
al data [24], and that the optimized Mg O distance (2.1 Å) in

g2+(H2O)6 is similar to what was found [25] other workers’ earlier
alculation on such species.

i
t
s
c
d

ass Spectrometry 277 (2008) 166–174 169

Now, let us combine the knowledge presented above to antic-
pate what is likely to happen when an electron binds to a
Mg(H2O)n]2+ cluster containing more than six water molecules.
or clusters in which the first hydration shell is filled (i.e., n > 6) but
ith the second hydration shell not completely filled, we expect

ither of two things to happen when an electron attaches:

1. The electron can attach to a surface-localized Rydberg orbital
of the cluster (in a 5-eV exothermic process) to form a charge-
reduced species [Mg(H2O)6]+ (H2O)n−6 containing n−6 water
molecules outside the first hydration layer, or

. The electron might attach to an O H �* orbital of a water
molecule residing in the second hydration shell generating
[Mg(H2O)6]2+ (OH−) (H2O)n−7 + H. As we show later, this process
is 4 eV exothermic and releases an H atom.

In either of these two processes, the considerable exothermicity
ould be expected to also boil off up to water molecules. The data

f Fig. 4 suggest that a water molecule residing at a distance outside
he second hydration shell is unlikely to attach an electron.

.2. The [Mg(H2O)6]2+ H2O and [Mg(H2O)6]2+ (H2O)2 model
ystems

We next had to construct two model systems in which we
xplored what happens when an electron attaches to an O H �*
rbital of a water molecule occupying a site on either the second or
hird hydration shell of a Mg2+(H2O)n cluster.

To form a representation of a cluster with one water molecule
utside two hydration shells, we would have to first determine
ow many molecules constitute the second-shell and then add one
ore. To the best of our knowledge, it is not known with much

ertainty how many water molecules lie in the second-shell (for
ither Mg2+ or Ca2+). Moreover, it would be extremely computa-
ionally difficult to perform the kind of calculations used in this
ork on such a large cluster. For these reasons, we chose to model

he behavior of a water molecule residing within the third hydration
hell using the second model species shown in Fig. 6.

To construct this Mg2+(H2O)8 cluster, we constrained the oxy-
en atoms of the two water molecules’ outside the first hydration
hell to lie on a line connecting the Mg2+ ion to an oxygen atom
f one of the six water molecules in the first hydration layer. If we
o not so constrain the outer two water molecules, geometry opti-
ization leads to a structure with the outer two molecules in the

econd hydration shell, thereby defeating our strategy of having
ne water molecule in the second-shell and another at a distance
haracteristic of the third shell.

With this constraint in place, we optimized the geometries of
odel systems containing seven or eight water molecules. We

btained the structure described in Fig. 6 for the Mg2+(H2O)6
H2O)2 case; the optimized structure of Mg2+(H2O)6 (H2O)1 was
ssentially identical except for the third-shell water.

The first thing to note about the structures of these model sys-
ems is that the Mg O distance associated with the first hydration
hell are essentially the same as we found (Fig. 5) for Mg2+(H2O)6.
his means that the presence of the (model) second- and third-
hell water molecules does not qualitatively alter the structure of
he first-shell. Of course, we cannot with certainty conclude that
on will remain so unchanged as more water molecules are added to
he second-shell, but these data suggest that changes will likely be
mall. Also, the O O distances in the seven and eight water model
ompounds (2.6–2.9 Å) are similar to the O O distance in the water
imer (2.98 Å).
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Fig. 6. Mg2+(H2O)6 (H2O)2 structure used to model one full hydration shell with
two water molecules occupying distances characteristic of second and third shells.
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The data shown in Fig. 9 also suggest that, near O H bond
he Mg O distances are 2.1 Å, 4.7 Å, and 7.6 Å for the first-, second-, and third-shell
ater molecules, respectively. In the seven-water cluster, the respective distances

re 2.1 Å and 4.8 Å.

.3. The surface Rydberg and O H �* orbitals

In Fig. 7, we show the surface-localized Rydberg orbitals for the
g+(H2O)6 (H2O)1 and Mg+(H2O)6 (H2O)2 model systems.
These orbitals look much like the Rydberg orbital of the

g+(H2O)6 cluster shown in Fig. 5. Moreover, the strength with

hich they bind the excess electron (5 eV) is also essentially the

ame as in the Mg+(H2O)6 case and what others found earlier for
arger [Mg(H2O)n]1+ clusters [26]. Note that these orbitals have

ost of their density in regions near the first-shell water molecules

l
t
s
a

Fig. 7. Surface Rydberg orbitals of Mg2+(H2O)n contain
ass Spectrometry 277 (2008) 166–174

here they can experience the most attraction from the Mg2+ ion’s
otential.

In Fig. 8, the relaxed geometries of the parent Mg2+(H2O)6
H2O)1 and Mg2+(H2O)6 (H2O)2 species are shown (top) as well
s the relaxed geometries (bottom) of the corresponding species in
hich an electron is attached to an O H �* orbital on the outermost
ater molecule for one value of the elongated O H bond length. In

ddition, Fig. 8 displays the O H �* orbitals for these states.
In the bottom pictures, the antibonding character of the O H

rbital is clearly shown. Even after the geometries are allowed to
elax, the Mg O distances within the inner hydration shell do not
iffer significantly from those in the bare Mg2+(H2O)6 or in the
urface-bound state of Mg+(H2O)6.

.4. Energy profiles of parent and electron-attached species

In Fig. 9, we display the energy profiles, as functions of the
longated O H bond length on the outermost water molecule, for
g2+(H2O)6 (H2O)1 and Mg2+(H2O)6 (H2O)2 as well as for states
ith an electron attached either to the surface-localized Rydberg

rbital or to an O H �* orbital of the outermost water molecule. For
he �*-attached states, we show data pertinent to vertical electron
ttachment at the parent’s optimized geometry and for attachment
nto this �* orbital after which the charge-reduced cluster’s geome-
ry is allowed to “relax” to become optimal for this charge state. The
ormer allows us to draw conclusions about whether an electron
an exothermically attach when the cluster is at a geometry near
hat of the parent. The latter tells us how much additional energy
s released once an electron is attached and the charge-reduced
pecies relaxes.

The first thing to notice in Fig. 9 is, for both model clusters, the
ydberg-attached state’s energy profile parallels that of the parent
nd lies 5 eV below the parent, as expected from our earlier find-
ngs. This suggests that electron attachment to a cluster that has

ost of its first hydration shell accessible (i.e., with not many water
olecules occupying sites in the second-shell) can be expected to

enerate a surface-bound Rydberg state [15] and to liberate 5 eV,
hich can, in turn, boil off 10 water molecules. The next thing to
otice is that the �*-attached state’s curves are similar to what the
imple Coulomb model reflected in Fig. 4 suggested.
engths accessible by zero-point vibrational motion prior to elec-
ron attachment, direct attachment to an O H �* orbital of a
econd-shell water molecule might be feasible because the neutral
nd unrelaxed anion’s curves intersect near the minimum of the

ing seven (right) or eight (left) water molecules.
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ig. 8. Relaxed geometries of dications containing seven or eight water molecules (t
ith this orbital shown (bottom).

eutral. However, attachment to a �* orbital of a third-shell water
olecule is not because the neutral and unrelaxed anion curves

ntersect far above the neutral’s minimum.
One more conclusion can be drawn from Fig. 9 for the case of

lusters having partially filled second hydration shells. Specifically,
f an electron were captured into the surface-localized Rydberg
rbital, it is unlikely to subsequently be transferred from this orbital
nto an O H �* orbital of one of the second-shell water molecules.
he electron would attach to the Rydberg orbital at O H bond
engths that are thermally accessible (i.e., near 1 Å). To undergo
ransfer to a second-shell O H �* orbital, the O H bond length
ould have to elongate to near 1.5 Å, where the �*-attached and
ydberg-attached curves cross. To access such a bond length, the
luster would have to retain within its O H stretching coordinate
a. 2 eV of the 5 eV released in the electron capture event, which
ould be highly improbable.

In summary, the formation of [Mg(H2O)6]2+ (OH−) (H2O)n−7 + H
rom clusters with partially filled second shells would be expected
o arise from the direct attachment of ECD electrons to second-
hell O H �* orbitals, but only if O H bond lengths at which
he unrelaxed �*-attached and parent species surfaces intersect
re accessible. Formation of [Mg(H2O)6]2+ (OH−) (H2O)n−7 + H by
rst attaching to the surface Rydberg orbital and then undergo-

ng electron transfer to a second-shell O H �* orbital will not
appen. However, to attach an electron to a second-shell O H �*
rbital requires there be ca. 0.3 eV in the O H vibrational mode
rior to electron attachment to access where the unrelaxed �*-
ttached and parent’s curves cross. Under ECD conditions, accessing
his crossing seems doubtful, so we are now lead to examine
nother possibility that a first-shell water molecule undergoes
irect attachment into one of its O H �* orbitals to generate the
+ OH− units.
.5. The role of first-shell O H �* orbitals

In this component of our investigation, we attempted to sim-
late what happens when an ECD electron is captured by a
d of species with electron attached to O H �* orbital of outermost water molecule,

luster containing a full first hydration shell plus additional water
olecules, but not enough additional waters to complete the sec-

nd hydration shell. Although we utilize a model containing only a
ull first hydration shell of six water molecules in these simulations,
e view this study to be pertinent to clusters containing additional

i.e., second-shell) waters as long as (i) at least one first-shell water
olecule is exposed (i.e., has one of its OH �* orbitals spatially

xposed) to the incoming ECD electron and (ii) the cluster’s surface
s able to capture an electron into a surface-bound Rydberg orbital
n a ca. 5 eV exothermic process [26].

We assume that the ECD electron can access either a surface-
ound Rydberg orbital or one of the O H �* orbitals of a first-shell
ater molecule, and we examine what can happen subsequent to

ither such capture event. In Fig. 10, we show energy profiles as
unctions of an O H bond length of one of the first-shell water

olecules. Profiles are shown for the parent Mg2+(H2O)6 as well
s for species in which an attached electron resides in the Ryd-
erg orbital and in which the excess electron resides in an O H �*
rbital of one of the first-shell water molecules [27]. Again, for the
*-attached state, both unrelaxed and relaxed energies are plot-

ed.
The energy landscapes of Fig. 10 allow us to predict that:

a. Vertical attachment into a first-shell water molecule’s O H �*
orbital can take place because the unrelaxed �*-attached curve
lies below that of the parent near the parent’s equilibrium bond
length.

. Subsequent to such a direct �*-attachment, an H atom will be
liberated (promptly because of the repulsive nature of the �* sur-
face) and up to 5 eV may be deposited into the charge-reduced
[Mg(OH)(H2O)5]1+ cluster ion thus boiling off as many as 10
second-shell water molecules. However, it is more likely, if this

process occurs, that translationally hot H atoms will be ejected
and fewer than 10 water molecules boiled off.

c. Alternatively, an ECD electron can attach to a Rydberg orbital,
releasing 5 eV, which, after energy randomization occurs, can
boil of up to 10 second-shell water molecules.
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Fig. 9. MP2-energies of the parent dication (circles), Rydberg-attached (squares),
unrelaxed �*-attached (triangles), and relaxed �*-attached (diamonds) states for
clusters with seven (top) and eight (bottom) water molecules.

Fig. 10. MP2 energies of the parent dication (circles), surface Rydberg-attached
(squares), unrelaxed �*-attached (triangles), and relaxed �*-attached (diamonds)
states for the [Mg(H2O)6]2+ cluster. See [28] for explanation of open squares.
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. Finally, after an ECD electron attaches to a Rydberg orbital and
the 5 eV exothermicity is randomized among the cluster’s vibra-
tional modes, the electron can subsequently transfer into an O H
�* orbital of one of the first-shell water molecules. This requires
surmounting the small barrier where the Rydberg and relaxed
[29] �*-attached curves cross near 1.3 Å in Fig. 10. After cross-
ing (some tunneling is also possible) this barrier, the cluster will
release an H atom and generate a charge-reduced cluster con-
taining the OH− unit. This cluster can retain enough internal
energy to also boil off 10 water molecules.

. Summary

Let us return now to discuss how the possibilities raised above
an be consistent with, and thus help interpret, the data shown in
ig. 3. In particular, why is it that the channel producing an H atom
nd OH− (and boiling off 10 water molecules) dominates for Mg2+

lusters with n < 17, while the channel that only boils off 10 water
olecules dominates for n > 17? This same question can be asked

or the Ca2+ clusters where the transition occurs [2] near n = 22.
n our opinion, our simulations suggest that these trends can be
xplained as follows:

1. For Ca2+ clusters with n > 30 (or Mg2+ clusters with n > ca. 17), the
second hydration shell is full. Direct attachment to a second-shell
O H �* orbital is probably not feasible, which explains why no H
atom loss is observed. The only thing that can happen is attach-
ment to a surface-localized Rydberg orbital followed by boiling
off ca. 10 water molecules once the 5 eV exothermicity has been
randomized. The same conclusion applied to Mg2+ clusters with
n > 17.

. For Ca2+ clusters with 6 < n < 22 (or Mg2+ clusters with 6 < n < 17),
the second hydration shell is not full, so O H �* orbitals of some
of the first-shell water molecules are spatially exposed to the ECD
electron. Therefore, it is possible that an ECD electron can be cap-
tured directly into a first-shell O H �* orbital or into a Rydberg
orbital. Although our simulations cannot evaluate the branching
ratio between the latter two possibilities, the experimental data
of Ref. [1] provide strongly suggestive guidance. In particular,
if direct attachment to first-shell O H �* orbitals were domi-
nant, one would expect the number of water molecules boiled
off when H and OH− are formed to begin at 10 but to range to
significantly smaller numbers because the H atom would carry
away a substantial fraction of the 5 eV exothermicity in the form
of kinetic energy.

. In contrast, if attachment to a Rydberg orbital followed by elec-
tron transfer (after energy randomization) to a first-shell O H
�* orbital were dominant, then most of the 5 eV exothermic-
ity would be retained in the cluster and available to boil off
water molecules, and one should thus observe mostly 10 water
molecules being ejected. Indeed, the latter outcome is what is
seen when OH− and H are formed, so this means it is most likely
that the initial ECD electron capture event occurs into a surface
Rydberg orbital and that H + OH− formation involves electron
transfer from the Rydberg orbital to an O H �* orbital.

These mechanistic proposals are similar to one offered ear-
ier (e.g., see Fig. 7 in Ref. [2]) by others who studied water loss
n [Mg(H2O)n]1+ clusters formed under different conditions than

hose arising in Ref. [1]. The features contained in our proposals
hat are new include (i) the idea that an ECD electron may attach
irectly to an O H �* orbital and (ii) the suggestion that electron
ransfer from the surface Rydberg orbital to a first-shell O H �*
rbital is probably a key event in forming H and OH−.
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Finally, it may be useful to reflect on the circumstances under
hich one expects to observe phenomena similar to those stud-

ed here. First, to have direct attachment to an antibonding orbital
f the ligand (i.e., H2O in our case), the electron affinity (EA in
V) of the ligand fragment (OH) plus the Coulomb stabilization C
f this EA from the metal ion having charge Q (C = 14.4 Q/R) must
xceed the homolytic bond dissociation energy D0 (in eV) of the
igand:

A + 14.4
Q

R
> D0. (2)

This condition allows the asymptote of the �*-attached state
o lie below the minimum on the parent ion’s surface. This makes
t possible for direct attachment to the ligand antibonding orbital
o occur (if the �*-attached surface is not too repulsive at shorter
istances). However, to permit the process found to dominate here
Rydberg attachment followed by Rydberg-to-�* electron transfer),
A + 14.4Q/R must be near or below the bottom of the Rydberg-
ttached state’s curve:

A + 14.4 Q /R ≥ D0 + EARydgerg. (3)

ere, EARydberg is the electron binding energy of the Rydberg-
ttached state. For the [Mg(H2O)n]2+ clusters studied here, the EA
f OH is ca. 2 eV, D0 is 5 eV, Q is 2, and EARydberg is 5 eV. Eq. (2)
hen requires 14.4Q/R to be 8 eV or larger, which implies R must be
.35 Å or shorter. Clearly (see Fig. 6), the Mg O distance (2.1 Å) of a
rst-shell water molecule meets this criterion, but the second- and
hird-shell distances do not.

The conditions put forth in Eq. (3) can offer guidance to others
ho study ECD in clusters consisting of a multiply charged ion sur-

ounded by solvent molecules. In particular, to enhance the channel
n which electron transfer to a solvent antibonding orbital occurs,
t helps to have:

. a solvent fragment with a large EA,

. a cation with a small ionic radius [30] (so R can be small),

. a solvent with weak bonds (so D0 is small).

At first glance, it would appear from Eq. (2) that using a cation
f high charge (Q) would also help because 14.4Q/R would be large.
owever, the electron binding energy of the Rydberg-attached state

EARydberg) scales as Q2, so one must also include this dependence
hen reaching conclusions.
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