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Abstract: The mechanism of size-de-
pendent intracluster hydrogen loss in
the cluster ions Mg�(H2O)n, which is
switched on around n� 6, and off
around n� 14, was studied by ab initio
calculations at the MP2/6-31G* and
MP2/6-31G** levels for n� 1 ± 6. The
reaction proceeds by Mg�-assisted
breaking of an H�O bond in one of the
H2O molecules. The reaction barrier is
dependent on both the cluster size and
the solvation structure. As n increases
from 1 to 6, there is a dramatic drop in
the reaction barrier, from greater than
70 kcalmol�1 for n� 1 to less than
10 kcalmol�1 for n� 6. In the transition
structures, the Mg atom is close to the
oxidation state of �2, and H2O mole-

cules in the first solvation shell are much
more effective in stabilizing the transi-
tion structures and lowering the reaction
barriers than H2Omolecules in the other
solvation shells. While the reaction bar-
rier for trimer core structures with only
three H2O molecules in the first shell is
greater than 24 kcalmol�1, even for Mg�

(H2O)6, it drops considerably for clus-
ters with four ± six H2O molecules in the
first shell. The more highly coordinated
complexes have comparable or slightly
higher energy than the trimer core

structures, and the presence of such high
coordination number complexes is the
underlying kinetic factor for the switch-
ing on of the hydrogen-loss reaction
around n� 6. For clusters with trimer
core structures, the hydrogen loss reac-
tion is much easier when it is preceded
by an isomerization step that increases
the coordination number around Mg�.
Delocalization of the electron on the
singly occupied molecular orbital
(SOMO) away from the Mg� ion is
observed for the hexamer core structure,
while at the same time this isomer is the
most reactive for the hydrogen-loss re-
action, with an energy barrier of only
2.7 kcalmol�1 at the MP2/6-31G** level.
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Introduction

The water-solvated Mg� ion forms an interesting system of
ionic clusters that has been studied in great detail.[1±9] Recent
experiments[9] showed that both Mg�(H2O)n and (MgOH)�

(H2O)n are involved in hydrolysis and charge-transfer proc-
esses in [Mg(H2O)n]2�, a subject of considerable interest to the
study of the solvation around doubly charged metal cations.[10]

The stability and reactivity of these clusters are also impor-
tant, because they are intermediate between the gas and
liquid phases.[10±14] As the size of the cluster ion grows, it
approaches the liquid state and provides invaluable insights
into solvation dynamics and reaction mechanisms in solution.
In the case of Mg�, a hydrogen-loss reaction [Eq. (1)] was
observed when the cluster size n reached around 6.[1, 2] The

reaction continued for increasing n up to around 14, when the
reaction was turned off. This is a classical example of a size-
dependent intracluster reaction, which has also been observed
for ionic clusters with other types of solvent molecules or
metal ions.[11±14]

Mg�(H2O)n� (MgOH)�(H2O)n�1�H (1)

The size-dependent hydrogen elimination reaction for Mg�

(H2O)n is special in that there is a simple and convincing
explanation for its switching on around n� 6, based on
thermodynamics.[1, 3] The (MgOH)� core of (MgOH)�(H2O)n
�1 is more polar than the Mg� core of Mg�(H2O)n. As the
cluster size grows, the additional water molecules stabilize the
(MgOH)� core more than the Mg� core. Although Mg�(H2

O)n is more stable than (MgOH)�(H2O)n�1 for small n, as n
increases, (MgOH)�(H2O)n�1 becomes more stable starting at
n� 6, as verified by ab initio calculations.[3] The dominance of
(MgOH)�(H2O)n�1 signals in experiments for n� 6 is due to
this shift of relative stability between Mg�(H2O)n and
(MgOH)�(H2O)n�1. The same explanation has been success-
fully extended to other ionic clusters, such as Ca�(H2O)n,[15]

Mg�(CH3OH)n and Ca�(CH3OH)n.[16]
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In contrast, the mechanism for the hydrogen loss reaction in
Mg�(H2O)n, and especially its dependence on size, have not
attracted much attention. This may be partly due to the
availability of a very successful explanation based on the
energetics, and partly due to the fact that locating transition
barriers for ionic clusters by ab initio calculations is nontrivial
as the number of solvent molecules increases. Experimentally,
the kinetic energy of an Mg� ion beam was adjusted before it
interacted with water vapor to form cluster ions. It was found
that increasing the kinetic energy of the Mg� beam only
increased the signals of small clusters, but had no effect on the
critical sizes for the hydrogen-loss reaction.[2] This observation
was taken as proof that the reaction mechanism was not very
important for the size-dependent effects.

However, a theoretical understanding of the mechanism of
hydrogen loss is highly desirable before the mechanism factor
can be safely ruled out. Although the critical sizes were not
affected by the kinetic energy ofMg�, this may simply indicate
that the kinetic energy of Mg� is much more effective in
promoting the evaporation of solvent molecules than promot-
ing hydrogen elimination. Moreover, the mechanism, as well
as its variation with increasing cluster size, should be a crucial
part in our understanding of any size-dependent reaction. In
the case of B�(H2O)n clusters,[17] an intracluster reaction to
form (HBOH)�(H2O)n�1 became spontaneous for n� 3. Our
study on Al�(H2O)n clusters[18] revealed that a similar reaction
proceeds to form (HAlOH)�(H2O)n�1 for n� 8 within an
elaborate network involving six water molecules in a ring
structure and plays a significant role in size-dependent H2

elimination. The reaction of Al�(H2O)n is especially interest-
ing in comparison to the Mg�(H2O)n clusters, as it also
exhibits on/off behavior that depends on cluster size, although
the reactive range is between n� 11 and 24,[19, 20] as opposed to
between n� 6 and 14 for Mg�(H2O)n.[1, 2] With one less
electron in the valence shell of Mg� than in that of Al�, would
there be a similar hydrogen transfer mechanism for Mg�(H2

O)n? The answer is interesting, since possible similarities
between Mg�(H2O)n and Al�(H2O)n clusters were tentatively
suggested before.[20] Finally, the switching on of hydrogen
elimination occurs at a size of n� 6, which is lower than in
many other systems, such as Al�(H2O)n,[19] or Na�(CH3OH)n
.[21] A detailed search of the transition structures can be made
by high-level ab initio calculations, and could potentially
provide a model system for understanding size-dependent
effects on reaction mechanisms. To the best of our knowledge,
such a study has not been reported so far.

Methods of Calculation

Here we present the results of ab initio studies on Mg�(H2O)n (n� 1 ± 6),
with an emphasis on the transition structures and energy barriers involved
in the hydrogen-loss reaction, and their variation with cluster size. All
calculations were performed with the Gaussian98 package.[22] Two basis
sets are used in most calculations (6-31G* and 6-31G**). The structures of
the singly charged Mg�(H2O)n clusters were first optimized by the
unrestricted self-consistent field (UHF) method. Transition structures for
the hydrogen-loss reaction were also first searched for at the UHF level.
These stable and transition structures were then refined by further
optimization at the second-order M˘ller ± Plesset (MP2) level, and verified
by the calculated vibrational frequencies. Natural population analyses[23]

were evaluated at the MP2 level, and the population numbers are listed in
the Supporting Information. For Mg�(H2O)n with n� 1 and 2, geometry
optimizations were also performed at the QCISD level to verify the results.

Results and Discussion

Mg�(H2O) and Mg�(H2O)2 : The stable structures of Mg�(H2

O) (1� 0) in C2v symmetry and Mg�(H2O)2 (2� 0) in C2

symmetry are shown in Figures 1 and 2. The geometrical
parameters are in good agreement with previous ab initio

Figure 1. Optimized structures for Mg�(H2O) and H ¥¥¥MgOH� and the
transition structure for Mg�-assisted H�O bond breaking, with bond
lengths [ä] and angles [�]. Values were obtained at the levels MP2/6-31G**
and UHF/6-31G** (parentheses). In the designation of a structure, the first
number indicates the number of water molecules in the first solvation shell,
and the second number that in the second shell. This scheme is followed for
all the figures.

calculations.[1, 3, 24±27] Optimizations at the MP2 level brought
little change to the structure parameters obtained at the UHF
level, a fact that was noted before and attributed to the
electrostatic nature of the Mg� ±H2O interaction,[3, 25] which
was little affected by electron correlation. Relative energy
and transition barriers for Mg�(H2O) and Mg�(H2O)2 are
tabulated in Table 1.

Dissociation of Mg�(H2O)n clusters with loss of water
molecules or a hydrogen atom on photo-induced electronic
excitation was studied in detail by Fuke et al.[4, 5] and Duncan
et al. [7, 8] The experimental observation was further expanded
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Figure 2. Optimized structures for Mg�(H2O)2 and H ¥¥¥MgOH�(H2O)
and the transition structure for Mg�-assisted H�O bond breaking, with
bond lengths [ä] and angles [�]. Values were obtained at the levels MP2/6-
31G** and UHF/6-31G** (parentheses). For the designation of the
structures, see legend to Figure 1.

by calculations on the electronic structures and energetics for
small Mg�(H2O)n clusters.[4, 6, 26] However, to the best of our
knowledge, there have been no reports on the mechanism of
Mg� insertion into anO�Hbond of H2O. Sakai[28] studied such
an insertion process for the neutral Mg atom, both in the
ground state 1S and the excited state 3P, with structures
optimized at the UHF/6-31G(d,p) level and energies calcu-
lated at the MP2 and MP4 levels. For the 1S state, it led to a
stable product H�Mg�OH. For the 3P excited state, the
electronic excitation weakened the H�Mg bond, the inter-
action between Mg and H became repulsive, and H was lost.

For the ionic Mg� ground state 2S, insertion into an H�O
bond produces H ¥¥¥Mg��OH with very weak H ¥¥¥Mg
interaction. As shown in Figure 1, the H ¥¥¥Mg distance is
2.264 ä at the MP2/6-31G** level, compared to a value of

1.706 ä in the neutral and stable ground state HMgOH.[28]

According to natural population numbers, the H atom in
H ¥¥¥Mg��OH is almost neutral and bears the unpaired
electron. It contributes little to stabilization of the ion, as
Mg is oxidized from the �1 to the �2 state. The charge
distribution in the transition structure leading to Mg�

insertion is similar to that in H ¥¥¥Mg��OH. The H atom
forms a triangle with O and Mg� in the transition structure
and has a slightly positive charge. At the UHF/6-31G** level,
the O1�H1 distance is 1.696 ä. However, at the MP2 level,
the distance is increased significantly to 2.497 ä. For further
verification, we optimized the transition state 1� 0-TS with a
large basis set (6-311��G**) and at better correlation levels
(MP4, and QCISD(T)), each starting with the UHF/6-31G**
transition structure. The O1�H1 distance was again found to
be more than 2.2 ä. Such a large distance indicates that the
O1�H1 bond is already broken in 1� 0-TS, and the assistance
of Mg� to O�H bond breaking is very small.

Thus, the H ¥¥¥Mg��OH ion is in sharp contrast to the
H�Al��OH ion, which was studied by Schwarz et al.[29] The
H�Al distance in H�Al��OH was only around 1.54 ä, and
homolysis of the H�Al bond would require more than
70 kcalmol�1. The difference is most likely due to the fact
that H�Al��OH is an ion with a closed shell, while there is an
unpaired electron in H ¥¥¥Mg��OH. As a result, the hydro-
gen-loss reaction in Mg�(H2O)n should be completely differ-
ent from the H2 loss reaction in Al�(H2O)n.

Our recent study found that Al�(H2O)n isomerized sponta-
neously into HAlOH�(H2O)n�1 for n� 8. HAlOH�(H2O)n�1

was also more stable than Al�(H2O)n for n� 2,[17] and the
isomerization barrier dropped significantly as the cluster size
increased.[18] In contrast, structure optimizations starting with
H�MgOH�(H2O)n�1 always led to a long H ¥¥¥Mg distance
(�2.2 ä).

Relative to Mg�(H2O), the calculated energy with zero-
point corrections is 63.7 kcalmol�1 for H ¥¥¥ (MgOH)� at the
MP2/6-31G* level (Table 1), which is slightly more stable than
the relative energy of 66.8 kcalmol�1 for the dissociated
(MgOH)��H, also at the MP2/6-31G* level, as previously
reported.[3] This is another indication that the H atom in
H ¥¥¥ (MgOH)� is almost free to leave. The reaction barrier for
the insertion is 71.9 kcalmol�1 at the MP2/6-31G** level,
accessible only by electronic excitation.

The optimized structures for Mg�(H2O)2 are shown in
Figure 2. As n increases from 1 to 2, there is a substantial
decrease both in the overall energetics and the reac-
tion barrier for the transformation from Mg�(H2O)2 to
H ¥¥¥ (MgOH)�(H2O). At the MP2/6-31G** level, the reaction
energy is now 46.9 kcalmol�1 and the barrier 49.0 kcalmol�1

Table 1. Relative energies and transition barriers for Mg�(H2O) and Mg�(H2O)2.

Relative energy [kcalmol�1] Energy barrier [kcalmol�1]
UHF MP2 QCISD UHF MP2 QCISD

6-31G* 6-31G** 6-31G* 6-31G** 6-31G* 6-31G** 6-31G* 6-31G** 6-31G* 6-31G** 6-31G* 6-31G**

1� 0 0.0 0.0 0.0 0.0 0.0 0.0 77.5 79.8 68.5 71.9 67.6 72.1
1� 0-MgH 69.6 72.5 63.7 69.0 65.8 71.2
2� 0 0.0 0.0 0.0 0.0 0.0 0.0 54.1 56.1 45.5 49.0 44.7 49.1
2� 0-MgH 45.8 48.7 41.3 46.9 43.6 49.2
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(Table 1). The O1-H1 distance in 2� 0-TS is now 1.811 ä.
Compared to the value of 2.497 ä forMg�(H2O), it indicates a
larger role for Mg� in the O�H bond-breaking process. This
trend continues for larger n (see below).

Although electronic correlation effects are not important
for the ground-state energy and geometry of the Mg�(H2O)n
cluster ions,[3, 25] the transition structures and energy barriers
are changed significantly when correlation effects are includ-
ed, as shown in Figure 1 and Table 1. For n� 1 and 2,
additional calculations were performed at the QCISD/6-
31G** level, and the good agreement with the MP2 results
(Table 1) indicates that the correlation effect for these cluster
ions and their transition structures could be adequately
addressed at the MP2 level.

Structures of Mg�(H2O)n (n� 3 ± 6): For Mg�(H2O)n (n�
3 ± 6), the stable structures are shown in Figures 3, 4, 5, and
6, and transition structures in Figures 3, 4, 7, and 8; relative
energies and reaction barriers are listed in Table 2; for natural
population numbers, see Supporting Information. With in-
creasing number of water molecules in Mg�(H2O)n, there are
alternative ways to arrange these molecules in various
solvation shells. One way is to place all water molecules in
the first shell, as studied at the MP2/6-31G** level by
Castleman et al.[1] However, it is generally understood that
hydrogen bonding between water molecules could be com-
parable in strength to the direct bonding between Mg� and H2

O, since the unpaired electron on Mg� interacts repulsively
with water molecules when the first shell becomes too

Figure 4. Optimized structures for Mg�(H2O)4. 4� 0 is a tetramer core structure, 3� 1 a trimer core structure, and 2� 2 a dimer core structure. Optimized
transition structures for Mg�-assisted H�O bond breaking are named after their corresponding reactants. Bond lengths [ä] and angles [�] are shown. All
values were obtained at the MP2/6-31G** level. For the designation of the structures, see legend to Figure 1.

Figure 3. Optimized structures for Mg�(H2O)3, with bond lengths [ä] and
angles [�]. 3�0 is a trimer core structure, and 2�1 a dimer core structure.
Optimized transition structures for Mg�-assisted H�O bond breaking are
named after the corresponding reactants. All valueswere obtained at theMP2/
6-31G** level. For the designation of the structures, see legend to Figure 1.
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crowded.[24] In the case of Al�(H2O)n,[17] for which the
repulsive interaction is more prominent due to the lone pair
on Al�, the maximum number of water molecules in the first
shell was found to be three, which was termed the ™trimer core

structure∫,[17] while water molecules in the second and third
solvation shells would form hydrogen-bonded networks
together with the first-shell ligands. Tetramer core structures
were unstable.[17, 18, 24]

Trimer core structures were also found to be the most stable
structures for Mg�(H2O)n, and studied in great detail by Iwata
et al. for n� 3 ± 6.[3] However, in the case of n� 4, the most
stable trimer core structure is only slightly lower in energy
than the tetramer core structure (3� 1 and 4� 0 in Figure 4).
The energy gap is around 6 kcalmol�1 at the SCF/6-31G
level,[3] but decreases further to 4 kcalmol�1 when a larger
basis set is used (SCF/6-31G* optimized geometry and SCF/
TZ2P evaluated energy).[24] When correlation is taken into
account at the MP2 level in our calculation (Table 2), the
energy difference falls within the expected accuracy of these
calculations, and indicates that structures with higher coordi-
nation numbers in the first shell may be much more important
for Mg�(H2O)n than for Al�(H2O)n.

We hence further investigated the relative stability of these
structures for n� 5 (Figure 5) and 6 (Figure 6), for which
pentamer and hexamer cores are also possible. As shown in
Table 2, the energy difference between trimer and tetramer
core structures could switch from positive to negative values
depending on the level of theory, while its absolute value at
the MP2/6-31G** level is within 2 kcalmol�1 and within the
expected accuracy of our calculation. Each type of structure
could have further small variations in the hydrogen-bonded

Table 2. Relative energy and transition barriers for Mg�(H2O)n (n� 3 ± 6). For each
size n, the energy of a trimer core structure is used as the reference.

Relative energy [kcalmol�1] Energy barrier [kcalmol�1]
UHF MP2 UHF MP2

6-31G* 6-31G** 6-31G* 6-31G** 6-31G* 6-31G** 6-31G* 6-31G**

3� 0 0.0 0.0 0.0 0.0 39.4 41.3 31.1 33.9
2� 1 4.7 4.8 4.5 4.3
4� 0 2.2 2.2 1.0 1.2 25.8 27.4 18.3 20.8
3� 1 0.0 0.0 0.0 0.0 37.2 39.1 28.5 31.5
2� 2 7.9 8.0 8.1 7.8
5� 0 4.2 4.4 1.2[b] 1.5 17.3 18.8 10.4 12.5
4� 1a 2.5 2.6 0.9 1.1 23.1 24.8 13.8 16.2
4� 1b 0.7 0.8 � 0.3 � 0.2 25.3 26.8 15.8 17.9
3� 2 0.0 0.0 0.0[b] 0.0 39.9[a] 41.7 [a] 31.4[a] 32.6
2� 3 9.9 9.9 11.5 10.9
6� 0 14.5 14.8 2.7 3.8 3.7 5.0 1.7 2.7
5� 1 2.4 2.7 � 2.1 � 1.6 15.4 16.9 7.1 9.0
4� 2a 0.1 0.1 � 2.0 � 1.8
4� 2b 1.3 1.4 � 0.5 � 0.4 20.2 21.7 10.1 12.4
4� 2c 1.2 1.1 � 0.1 0.1 20.8 22.7 10.0 12.3
3� 3 0.0 0.0 0.0 0.0 34.3 36.4 22.0 24.9

[a] Two imaginary frequencies. [b] One imaginary frequency.

Figure 5. Optimized structures for Mg�(H2O)5. 5� 0 is a pentamer core structure, 4� 1a and 4� 1b tetramer core structures, 3� 2 a trimer core structure,
and 2� 3 a dimer core structure. The bond lengths [ä] and angles [�] were all obtained at the MP2/6-31G** level. For the designation of the structures, see
legend to Figure 1.
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network, which produce a number of isomers (e.g., 4� 1a and
4� 1b in Figure 5; 4� 2a, 4� 2b, and 4� 2c in Figure 6), that
lie close to each other in energy.

At the UHF level, pentamer core and hexamer core
structures are clearly higher in energy than their trimer and
tetramer core isomers. However, the inclusion of correlation
effects by the MP2 method reduces the energy difference to
around 5 kcalmol�1. As the number of first-shell water
molecules increases from 3 to 5, the positive charge on Mg�

decreases, according to natural population analysis, which

indicates greater charge donation from O to Mg� by covalent
bonding. Correlation effects thus become more important as
the coordination number around Mg� increases. Previous
studies on neutral Na(H2O)n clusters, which are isoelectronic
with Mg�(H2O)n, investigated the energy difference between
™surface∫ and ™interior∫ complexes,[30, 31] where the surface
complex roughly correspond to smaller core clusters, and the
interior complex to larger core clusters. At the correlated
level of theory with large basis sets, the total energies for these
structures are very close to each other.[32] Similarly, complexes

Figure 6. Optimized structures for Mg�(H2O)6. 6� 0 is a hexamer core structure, 5� 1 a pentamer core structure, 4� 2a, 4� 2b, and 4� 2c tetramer
structures, and 3� 3 a trimer core structure. The bond lengths [ä] and angles [�] were all optimized at the MP2/6-31G** level. For the designation of the
structures, see legend to Figure 1.
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with high coordination numbers in the first shell (up to 5)
were also found for Li(H2O)n.[33] In this respect, the Mg�(H2

O)n cluster ions are similar to Na(H2O)n and Li(H2O)n, rather
than Al�(H2O)n. The repulsive effect of an unpaired electron
on Na or Mg� is much less than that of the electron lone pair
on Al�.

We also considered several other factors that could effect
the relative energies among these isomers with varying core
sizes. The thermal and entropic factors are included in the
relative enthalpy and free energy, as listed in Table 3, and the
correction has little effect on the relative stability. However,
the basis set superposition error (BSSE), as estimated at the
MP2/6-31G** level by the counterpoise correction method,
and also listed in Table 3, is more significant. The magnitude
of correction is larger for isomers with a larger core, and this
can be attributed to the more compact geometric configu-
rations for these isomers. Interestingly, with BSSE correction
included, there is an identifiable trend of relative stability for
Mg�(H2O)n (n� 5, 6), for which the trimer core structure is
most stable and the energy increases with increasing core size.
The energy difference is within 4 kcalmol�1, except for the
hexamer core structure of Mg�(H2O)6, for which the energy
relative to the trimer core isomer is a more substantial
11.9 kcalmol�1.

These results lead us to the conclusion that experimentally
studied Mg�(H2O)n cluster ions are a mixture in which the
number of water molecules in the first solvation shell varies

from three to five, as was also suggested in a recent theoretical
study on the photodissociation excitation spectra of Mg�(H2

O)n.[6] These complexes with high coordination number (�3)
turn out to be very important in the mechanism of the
hydrogen-loss reaction.

Figure 7. Transition structures for Mg�-assisted H�O bond breaking in Mg�(H2O)5, named after their corresponding reactants in Figure 5. The bond
lengths [ä] and angles [�] were all optimized at the MP2/6-31G** level.

Table 3. Relative energies, corrected for BSSE, thermal, and entropic factors at
the MP2/6-31G** level. For each size n, the energy of a trimer core structure is
used as the reference.

�E
[kcalmol�1]

�EBSSE

[kcalmol�1]
�H298 K

[kcalmol�1]
�S298 K

[calmol�1K�1]
�G298 K

[kcalmol�1]

3� 0 0.0 0.0 0.0 0.0 0.0
2� 1 4.3 2.2 3.8 � 3.0 4.7
4� 0 1.2 3.4 1.5 1.1 1.2
3� 1 0.0 0.0 0.0 0.0 0.0
2� 2 7.8 4.6 7.6 0.8 7.3
5� 0 1.5 6.4 2.2 2.2 1.5
4� 1a 1.1 4.5 0.9 � 3.5 2.0
4� 1b � 0.2 1.8 0.0 0.5 � 0.2
3� 2 0.0 0.0 0.0 0.0 0.0
2� 3 10.9 9.6 10.7 0.2 10.7
6� 0 3.8 11.9 4.9 3.7 3.8
5� 1 � 1.6 3.4 � 1.1 0.3 � 1.2
4� 2a � 1.8 0.7 � 1.5 0.1 � 1.5
4� 2b � 0.4 0.8 0.4 6.4 � 1.5
4� 2c 0.1 1.8 0.6 3.6 � 0.5
3� 3 0.0 0.0 0.0 0.0 0.0
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Mechanism of hydrogen loss for Mg�(H2O)n (n� 3 ± 6): For
Mg�(H2O)n (n� 3 ± 6) we again studied the hydrogen-loss
reaction involving Mg�-assisted O�H bond breaking, similar
to that for Mg�(H2O) and Mg�(H2O)2.

Transition structures are shown in Figure 3 for n� 3,
Figure 4 for n� 4, Figure 7 for n� 5, and Figure 8 for n� 6.
The reaction barriers are listed in Table 2. Although the
barrier for hydrogen loss is fairly high for Mg�(H2O)n, (n� 1,
2), it gradually decreases as the size of the cluster ion
increases, from more than 30 kcalmol�1 for n� 3, to about
20 kcalmol�1 for n� 4, about 10 kcalmol�1 for n� 5, and less
than 10 kcalmol�1 for n� 6. Thus, the barrier is size-depend-
ent and should be a contributing factor in the observed
switching on of the hydrogen-loss reaction around n� 6. The
length of the broken O�H bond is decreased to around 1.5 ä
or less for all transition structures, and there seems to be a
correlation between a lower value of this distance and a lower
value of the reaction barrier.

The decrease in reaction barriers could be explained by the
same reason underlying the switch in the relative stability
between Mg�(H2O)n and (MgOH)�(H2O)n�1 with increasing
n.[3] According to the natural population analysis, the charge
on the departing hydrogen atom is slightly negative (around
�0.1) in the transition structures, while the charge on Mg of
around �1.7 indicates that the Mg atom is fairly close to its
final �2 oxidation state and becomes more polar during the
reaction. As the number of water molecules increases, the
Mg2� ion becomes increasingly stabilized, and as a result,
there is a dramatic decrease in the reaction barrier for
hydrogen loss.

For the same reason, the barrier height is also affected by
the solvation structure. For each cluster size n (n� 3 ± 6), we
located several transition structures with varying coordination
number around Mg. For Mg�(H2O)n with a trimer core, the
reaction barrier changes only slightly and stays fairly high at
around 30 kcalmol�1 as n increases from 3 to 5. A more
noticeable drop occurs at n� 6, but the value is still
24.9 kcalmol�1 at the MP2/6-31G** level. In contrast, for a
fixed cluster size, the reaction barrier drops by more than
10 kcalmol�1 on going from the trimer core to the tetramer,
and the decrease is more prominent for larger n (e.g., n� 6,
Table 2). In addition, the barrier decreases further on going
from tetramer to pentamer and then hexamer structures.
These trends are due to the fact that the water molecules in
the first shell interact directly with the Mg2� ion and are thus
much more effective in stabilizing the oxidized Mg2� ion than
water molecules in the second or higher solvation shells. It
also explains the fact that we were unable to locate hydrogen-
loss transition structures for any of the dimer core isomers of
Mg�(H2O)n with n� 3.

Due to their stability relative to other isomers, trimer core
structures will be a significant component in the experimental
beam of Mg�(H2O)n. To maintain only three H2O molecules
in the first solvation shell, additional water molecules would
have to enter the second or higher solvation shells and remain
remote from direct interaction with the Mg ion, even when a
trimer core cluster grows in size. These water molecules will
not be very effective in stabilizing the polar Mg2� ion. The
hydrogen loss reaction barrier found for 3� 3-TS of

24.9 kcalmol�1 could thus be taken as an approximate lower
limit for Mg�(H2O)n clusters of any size with trimer core
structures. As a result, the reaction rate for trimer core Mg�

(H2O)n clusters will be low. In contrast, the tetramer,
pentamer, and hexamer core structures are much more
favorable for the hydrogen-loss reaction, as shown in Table 2,
and the presence of these isomers is the kinetic factor
underlying the experimentally observed switching on of the
hydrogen-loss reaction around n� 6.[1, 2] The same kinetic
factor should also be important for the observation of
hydrogen-loss reactions in Ca�(H2O)n[2, 15] and Mg�(CH3

OH)n clusters.[16]

It is also conceivable that clusters with a trimer core first go
through an isomerization process to increase the number of
water molecules in the first shell, and then the hydrogen-loss
reaction takes place. Since the potential surfaces for Mg�(H2

O)n exhibit many minima, the isomerization barriers are
expected to be low, and the number of isomerization paths
should increase with growing cluster size. For Mg�(H2O)5 and
Mg�(H2O)6, we identified several barriers, as listed in Table 4.

Their values, which range from 3 to 6 kcalmol�1, are
significantly lower than the hydrogen-loss barriers listed in
Table 2.

Hexamer core structure of Mg�(H2O)6 and switching off of
the hydrogen-loss reaction for larger clusters: Although the
hexamer core structure of Mg�(H2O)6 (6� 0) is noticeably
less stable than the other isomers, it nonetheless deserves
special attention because its charge distribution is qualita-
tively different from those of the others. For Mg�(H2O)6, the
positive charge on the Mg� ion decreases from 0.95 for the
trimer core structure 3� 3 to 0.94 for the tetramer core
structures 4� 2a, 4� 2b, 4� 2c, and to 0.92 for the pentamer
core 5� 1. A similar trend is observed for Mg�(H2O)4 and
Mg�(H2O)5. It indicates more charge donation from the
oxygen atoms to Mg� as more water ligands are included in
the first solvation shell, while the singly occupied orbital is
basically localized on Mg�.

However, the charge on Mg for the hexamer core structure
6� 0 suddenly jumps to �1.16 at the MP2/6-31G** level,
which indicates a reversal in charge transfer, whereby
negative charge goes from Mg� to the surrounding H2O
ligands. The situation is quite similar to the neutral Na(NH3)n
clusters studied in detail by Hashimoto and Morokuma.[34]

Charge transfer from NH3 to Na was observed up to n� 4, but
for n� 5, the transfer was reversed and went from Na to NH3.

Table 4. Isomerization energies for increasing the core size by one water
molecule. Values in parentheses include BSSE correction.

Relative energy [kcalmol�1] Energy barrier [kcalmol�1]
UHF/6-31G** MP2/6-31G** UHF/6-31G** MP2/6-31G**

4� 1b 0.8 � 0.2 (1.8) 5.8 4.7 (6.2)
3� 2 0.0 0.0 (0.0) 5.0 5.3 (6.2)
4� 2c 1.1 0.1 (1.8) 4.1 3.2 (5.1)
3� 3 0.0 0.0 (0.0) 4.4 2.5 (3.4)
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The SOMO became diffusive and was distributed among the
Na and N atoms. As a result, inclusion of diffusive basis
functions increased the flow of charge from the Na atom. For
6� 0, we performed further calculations with additional
diffusive basis functions in the basis sets 6-31��G** and
6-311��G**, and the positive charge on theMg atom indeed
increased further to greater than 1.4.

Sodium/ammonia solution is a well-known system in which
the sodium atoms are ionized and the valence electrons are
solvated by ammonia molecules.[35, 36] The existence of such
solvated ion pairs has also been suggested and explored for
the clusters M(H2O)n (M�Li, Na) in the form of M�(H2O)m
(H2O)l(H2O)n�m�l

�.[37] The diffusive SOMO in 6� 0, in
analogy to Na(NH3)n, seems to indicate the existence of such
ion pairs for large Mg�(H2O)n clusters as well. In fact such ion
pairs have been invoked before as a possible reason for the
switching off of the hydrogen-loss reaction in Mg�(H2O)n for
n� 14.[2]

However, this explanation is problematic from a mecha-
nistic point of view. Although 6� 0 is a local minimum with
all-real vibrational frequencies, it nonetheless has a very low
barrier for the hydrogen-loss reaction (2.7 kcalmol�1 at the
MP2/6-31G** level). The mechanism is also somewhat differ-
ent from the other types of core structures in which the Mg�

ion assists in H�O bond breaking. For 6� 0, hydrogen is lost
by a simple stretching of the H�O bond, and the H atom is
shielded from theMg atom, as in 6� 0-TS (Figure 8). From an

energetic perspective, hexamer core structures may well exist
for the larger Mg�(H2O)n clusters, but judging from the
reaction barrier, they would facilitate hydrogen loss, rather
than turning the reaction off.

The switching-off mechanism should be influenced by both
the possible presence of solvated-electron ion pairs and the
barrier height for the hydrogen loss reaction in these ion pairs.
Both factors are probably also size-dependent. A clarification
of their interplay would have to wait for more detailed
simulations on the Mg�(H2O)n clusters of larger sizes (n� 6).

Conclusion

In summary, we have studied the mechanism for the intra-
cluster hydrogen-loss reaction in Mg�(H2O)n involving Mg�-
assisted H�O bond breaking in one of the H2O molecules.
Based on the transition structures located by ab initio
calculations, the reaction barrier is size-dependent and
decreases significantly from above 70 kcalmol�1 to around
10 kcalmol�1 or less as n increases from 1 to 6.

Among the isomers of the Mg�(H2O)n clusters, structures
with high coordination numbers (�3) in the first solvation
shell around Mg� are comparable or only slightly higher in
energy than the trimer core structures, especially when
correlation effects are included in the ab initio calculations.
This conclusion remains valid after BSSE and thermal and

Figure 8. Transition structures for Mg�-assisted H�O bond breaking in Mg�(H2O)6, named after their corresponding reactants in Figure 7. The bond
lengths [ä] and angles [�] were all optimized at the MP2/6-31G** level.
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entropic factors are taken into consideration. As water
molecules in direct interaction with the Mg ion are more
effective in stabilizing the oxidized Mg ion during the
hydrogen-loss reaction, the reaction barrier for tetramer,
pentamer, and hexamer core structures is significantly lower
than that for the trimer core structure. Kinetically, the
experimentally observed switch-on of the hydrogen-loss
reaction around n� 6 is due to the presence of such clusters
with high coordination numbers (�3). For the trimer core
structures, it is more favorable for the hydrogen-loss reaction
to go through two steps, first an isomerization step to increase
the coordination number of Mg�, and then Mg�-assisted H�O
bond breaking.

The hexamer core structure 6� 0 is unique among the Mg�

(H2O)6 isomers studied in that its SOMO is diffusive, and
charge flows from Mg� to the surrounding water molecules.
On the other hand, the barrier of hydrogen loss for 6� 0 is
very low (2.7 kcalmol�1), and H�O bonds could break
without assistance from Mg�. Whether the presence of such
structures contributes to the switching off of the hydrogen-
loss reaction for n� 14, as suggested in previous studies,
remains unresolved, and an answer has to wait for more
detailed simulations on larger clusters.
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