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Abstract Structural features of clusters involving a metal ion
(Lit, Nat, Be?t, Mg+, Zn>t, AT, or Ti**) surrounded
by atotal of 18 water molecules arranged in two or more shells
have been studied using density functional theory. Effects of
the size and charge of each metal ion on the organization
of the surrounding water molecules are compared to those
found for a Mg [HgO]?r e [H0]y, cluster that has the low-
est known energy on the Mgt e [H>O];g potential energy
surface (Markham et al. in J Phys Chem B 106:5118-5134,
2002). The corresponding clusters with Zn>* or AI>* have
similar structures. In contrast to this, clusters with a mono-
valent LiT or Na% ion, or with a very small Be?" ion, dif-
fer in their hydrogen-bonding patterns and the coordination
number can decrease to four. The tetravalent Ti** ionizes
one inner-shell water molecule to a hydroxyl group leaving
a Ti** (H,0)5 (OH™) core, and an H30" e e e H,0 moi-
ety dissociates from the second shell of water molecules.
These observations highlight the influence of cation size and
charge on the local structure of hydrated ions, the high-charge
cations causing chemical changes and the low-charge cations
being less efficient in maintaining the local order of water
molecules.
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1 Introduction

Many physico- and biochemical processes are directly
controlled, or indirectly conditioned, by metal ions. These
effects often require the desolvation of the metal ion, which
is considered to exist as a metal-solvent cluster in solution.
Metal ions are hydrated to varying degrees in aqueous solu-
tion [1-3]. This hydration typically is described as occurring
in shells, with the nature of the inner shell (first coordination
sphere) being determined to a large extent by the chemical
and physical properties of the central metal ion (e.g., size,
charge, electronic state, etc.). Additional shells of water re-
sult from hydrogen bonding with the inner-shell water mol-
ecules, as well as from long-range electrostatic effects from
the metal ion. These additional shells begin the interface be-
tween the immediate metal ion environment and that of bulk
water. Presumably the energetic penalty for rearranging the
local water structure to afford ion solvation is minimized by
limiting the disruption of the three-dimensional structure of
bulk water.

In this article we describe investigations of the possi-
ble structures of hydration shells around several metal ions,
and the effects that the size and charge of the central cation
have on the structure of these shells. Aqueous solutions of
metal ions certainly involve a myriad of fluctuating arrange-
ments of the surrounding water molecules, but the structures
of the predominant species, particularly with respect to the
second hydration shell, are not known for most metal ions [4].
Molecular dynamics (MD) simulations provide an important
theoretical tool with which to study the dynamics of water
molecules in the shells surrounding a metal cation [5,6].
In particular, quantum mechanics/molecular mechanics
(QM/MM) MD methods, which reliably correct for the effects
of many-body interactions, are providing important insights
into the variety of species present in metal ion—water systems
and their kinetic stability [7,8].

In a complementary approach, we have employed clus-
ter calculations using density functional theory (DFT) to
investigate static patterns involved in the water arrangements
surrounding metal ions when several hydration shells are
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Fig. 1 Hydrogen-bonding patterns in metal ion—water clusters

present [9,10]. Computational studies of metal ion—water
complexes, with explicit inclusion of a second complete (or
nearly complete) coordination shell, have been impractical
until recently and are still relatively rare [9—14]. In 2002 we
reported an extensive computational study of the structures
and energies of several Mg>* [H,0];5 clusters [9]. Divalent
magnesium was chosen as our “reference” ion because it is
biologically important, existing predominantly in one charge
state, and there is a good agreement from a variety of exper-
imental and computational studies that its inner hydration
sphere includes six water molecules [9, 15-21]. Furthermore,
the mean residence time (MRT) of a water molecule in the
inner shell, approximately 107%s, is relatively long, sub-
stantiating the presence of metastable structures [1,7,22].
The Mg [HZO]é+ octahedral structural motif is also found
in the crystal structures of magnesium complexes in which
the Mg o o o O distances are 2.0-2.1A and Mge e ¢ O-H
angles are near 127° [23-25]. The six water molecules of
the inner shell are oriented with their oxygen atoms pointing

toward the metal ion and the more positively charged hydro-
gen atoms are directed away from the charged cation, as
shown in Fig. 1a [26]. These hydrogen atoms can then form
hydrogen bonds to oxygen atoms of second-shell water mol-
ecules (see Fig. 1b, c). Much less is known experimentally
about the second hydration shell around Mg?*, either in solu-
tion or in crystal structures, but at least 12 water molecules
are likely to be hydrogen bonded to the 6 water molecules in
the inner shell.

Since the global minimum on the potential energy surface
(PES) of an isolated Mg [HQO]é+ cluster has 7}, symmetry [9,
25], one might have anticipated that the global minimum on
the Mg [HQO]é+ e [H>O];», PES would also have Tj sym-
metry [27]. However, calculations have shown that this T
structure is not even a local minimum on the PES, and thus
the global minimum has a different symmetry [9, 14].

Pye and Rudolph [14] were the first to locate a true lo-
cal minimum on the Mg [H20]§+ e [H>O]y, PES in their
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computational studies at the HF/6-31G*//HF/6-31G* level.
The structure of their cluster is quite novel. It has T sym-
metry and the Mg [Hzo]§+ moiety effectively interacts with
four distinct (cyclic) water trimers in the second shell; more
recently, we have confirmed that this structure is also stable
at the B3LYP/6-31+G**//B3LYP/6-31+G** level [9]. Sub-
sequently, however, we located a different structure of the
Mg [HgO]éJr o [H, O], cluster, see Fig. 2, that is 8.3 kcal/mol

Fig.2 Optimized structures of (a) the Mg [HZO]?' o[H,0], (S¢) refer-
ence cluster obtained at the B3LYP/6-31+G** computational level [9],
and (b) the Al [HZO]g+ e [H,0O];, obtained at the B3LYP/6-31+G**
computational level

lower in energy than the 7 symmetry form at the same B3LYP
level; it has approximately S symmetry and, to date, it is the
lowest-energy local minimum that has been found on the
Mg [HZO]§+ e [H,O]y, PES [9]. The structure of this com-
plex is not spherical, but is flattened at the two poles, see
Fig. 3in [9]. The integrated hydrogen-bonded network found
in this cluster consists of pentameric subunits comprised of
four water molecules from the second shell and one from the
first shell; the average Mg e @ @ O distance to a water molecule
in the second shell is 4.13 10\, compared to 2.1 0 A for the first
shell at the B3LYP/6-31+G** level [9]. In an earlier study
Uudsemaa and Tamm [11] had found a similar type of Sg
cluster in their computational studies of Ti** complexes sur-
rounded by 18 water molecules; for this study they employed
the Becke—Perdew BP86 functional with a split-valence ba-
sis set and polarization functions on the non-hydrogen atoms
[28,29]. The “flat” structure of these S¢ clusters suggests that
one or two additional water molecules could loosely bind to
them and consequently be classified as part of the second shell
based on distance criteria. Indeed, the 200 ps MD simulation
of Martinez et al. [30], which involved one Mngr ion, six
first-shell water molecules and 512 TIP4P water molecules
that act as the solvent [31], found a second-shell coordina-
tion number (CN) of 13; the average Mge e ¢ O distance to
a water molecule in the second shell during the simulation
was estimated to be 4.25A .

In this article we report the effects of cation replacement
on a hydrogen-bonded network of the cluster of a single
metal ion and 18 water molecules. We analyzed the effects
of replacing the central divalent magnesium ion (ionic radius
=0.65A) in the B3LYP/6-31+G**-optimized Mg [HyOJ; " o
[H,0];5 (Se) cluster by either a Lit (0.60A), Nat (0.95A),
BeT (0.31A),Zn>* (0.74 A), APT (0.50 A), or Ti*+ (0.68 A)
ion [32]. In each case the resulting cluster was reoptimized at
the same computational level. The variety of charges, ionic
radii, and electronic structures of the metal ions included in
this study provide a broad perspective on competing influ-
ences that affect the arrangement of surrounding water mol-
ecules.

We also compare our computational results with exper-
imental data from crystal structures that contain hydrated
metal ions; these data were taken from the Cambridge Struc-
tural Database (CSD) [33]. Our results provide information
on preferred CNs for the metal ions in this study, as well as
data on the organization of water shells around metal ions in
the solid state as found from X-ray and neutron diffraction
studies.

2 Computational methodology

Equilibrium geometries and vibrational frequencies of the
18-water clusters discussed in this article were predicted
using the B3LYP method; B3LYP employs a three-parameter
HF/DFT hybrid exchange functional (B3) [34], coupled with
the dynamical correlation functional of Lee, Yang and Parr
(LYP) [35]. Of necessity, the relatively modest split-valence
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Fig. 3 The crystal structure of a regular dodecahedral arrangement of water molecules surrounding chlorine (not shown) [50,51]. (a) Chlorine
hydrate viewed onto one of the dodecahedral faces. (b) Chlorine hydrate viewed in the orientation of the Mg [HQO]§+ e [H2O]y, complex in

Fig. 2a. (¢) A superposition of the structure of chlorine hydrate (Fig. 3b) and the Mg [Hzo]§+ e [H,O];, complex (Fig. 2a), showing how the
12 second-shell water molecules coincide with many of the 20 apices of the chlorine hydrate dodecahedron, and how the inner 6 water molecules
fill most of the remaining apices but have moved in toward the cation by 1.8-1.9 A (shown by broken lines). The two apical positions directly above
and below the center of the diagram are unfilled by water molecules, but could be filled by them, although the interactions on them are weaker

6-31+G** basis set, which includes a diffuse function on
the heavy atoms and polarization functions on all atoms,
was used in most cases, although in a few instances we
also employed the more complete 6-311++G** basis set [36,
37]. The GAUSSIAN 98 and GAUSSIAN 03 series of pro-
grams were used for all the calculations in this article [38,
39]; the CALCALL option was consistently employed. In
most cases the initial geometry of the complex was that of
the Mg [Hzo]§+ e [H,0];, (Se) cluster reported by Markham
etal. [9] optimized at the B3LYP/6-31+G** level. It is impor-
tant to note that no symmetry constraints were imposed dur-
ing the optimizations involving the 18-water clusters, except
for a few cases that were intended to reproduce the structures
of clusters reported by other authors in which the symmetry
was explicitly stated. Indeed, in some cases the symmetry

of the cluster clearly changed during the optimization, as did
the inner-shell CN. The approximate symmetry group of each
18-water cluster that we investigated was determined using
the software package Jaguar 4.1 [40]. Atomic charges were
calculated from natural population analyses (NPA), and wave
functions were analyzed using natural bond orders (NBOs)
[41-43]. The ground electronic states of all the metal ion—
water clusters that are discussed in this study are closed-shell
singlets.

3 Structural database analyses

The Cambridge Structural Database (CSD version 5.26,
November 2004 version) [33] was searched for all published
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crystal structures involving the cations under study. The
program CONQUEST that is connected with the CSD was
used [33]. The structures were viewed by use of the graph-
ics program ICRVIEW [44] and the metal ion coordination
geometry was evaluated for each structure. Analysis of met-
ric details of coordination geometry was done by the use of
the in-house program BANG [45]. The data on cation coor-
dination that we obtained are listed in Table 1.

4 Results and discussion

We now describe the results of substituting various metal
ions for the central Mg2+ ion in the (nearly) S¢ structure
of Mg [HZO]éJr e [H>O],,, illustrated in Fig. 2. The rela-
tionship of this three-dimensional structure (obtained by us
by computational methods) to that of a regular dodecahe-
dron has been described recently by Chaplin [46]. It has been
found from X-ray diffraction studies that water molecules can
enclose many molecules and ions, forming clathrates [47—
49]. An excellent example of the three-dimensional struc-
ture of such a clathrate is provided by chlorine (Cl,) hydrate

Table 1 Coordination of metal ions for structures in the Cambridge
Crystallographic database

Metal ion Total no. entries™® CN4 CN5 CN6

All entries with only O, N or S in the first-coordination sphere
Lit 1403 802 132 122
Na't 1019 139 196 443
Be2t 46 44 0 0
Mgt 476 78 53 316
Zn2t 2758 1151 760 924
APt 367 198 47 148
Ti*t 495 56 127 270

Entries with at least one water molecule and only O, N or S in the
first-coordination sphere

Lit 121 96 28 10
Na't 315 20 71 206
Be2t 8 3 0 0
Mgt 202 0 14 184
Zn*t 526 56 117 354
APt 32 0 3 28
Ti*t 15 2 13

Entries with only water molecules in the innermost
coordination shell

Li 20 1 1
Na 2 2 15
Be 3 0 0
Mg 0 0 79
Zn 0 1 24
Al 0 0 12
Ti 0 0 0

CN Coordination number

* This is the total number of entries (“refcodes” in the CSD. crystal
structures reported in the literature) for all coordination numbers that
have at least an O and/or N and/or S surrounding the metal ion. If the
structure (individual CSD refcode) contains multiple metal ions per
asymmetric unit that entry will appear in two or more places in the
“CN4 CN5 CN6” columns.

[50,51] which is shown in two orientations in Figs. 3a and b.
The oxygen atoms of the water molecules in chlorine hydrate
lie at the vertices of a regular dodecahedron; the side lengths
are 2.75 A and the vertices are at a distance of 3.7-3.9 A from
the origin (where the chlorine molecule lies). The S¢ structure
we found for Mg [HZO]EJr o[H, 0], isrelated to this dodeca-
hedral structure. Twelve of the 20 vertices of a dodecahedron
represent positions of oxygen atoms of second-shell water
molecules and another six of the vertices represent the oxy-
gen atoms of inner-shell water molecules. However, because
of the proximity of the inner-shell water molecules to the
metal ion, these six vertices are physically displaced toward
the center, distorting the dodecahedron [52]. Thus, the 18
oxygen atoms in our Mg”* reference cluster can be identi-
fied with 18 of the 20 vertices of a dodecahedron, as shown
in Fig. 3c. The remaining two vertices (directly above and
below the center of the diagram in Fig. 3c¢) could accommo-
date water molecules but, unlike the other 12 water molecules
in the second shell, they cannot directly bond hydrogen to any
water molecules in the first shell.

Aluminum (APT): The first substitution that we consider is
the replacement of divalent magnesium by trivalent alumi-
num. In aqueous solution, a hydrated AI>* ion is known to be
six-coordinate [53-55]; the long mean resonance time (MRT)
of a water molecule in the first shell, approximately 1s, sug-
gests a metastable structure with a substantial energy barrier
to water exchange [22]. Calculations at a variety of compu-
tational levels [10] have shown that an Al [HZO]g+ cluster
with 7, symmetry is a local minimum on the PES. However,
a four-coordinate structure of the form Al[H,>O], [OH];r °
[H307], was determined to be 11.8 kcal/mol lower in energy
at the B3LYP/6-31+G** level. This finding is in accord with
gas-phase experiments that have shown the instability of
Al [H20]131Jr complexes [56-58]. Although relatively little
is known experimentally about the second hydration shell
of the APt ion, estimates from X-ray diffraction and MD
simulations give second-shell CNs that range from 12 to 14
[53-55,59].

Rudolph et al. [60] found that an Al [HZO]g+ e [H>O]»
cluster with 7 symmetry was a local minimum on the PES
at the HF/6-31G* level, and our more recent calculations at
the B3LYP/6-31+G** level agree with this finding [10]. We
also showed that an Al [H20]3+ e [H>O];, cluster with Ty
symmetry is a sixth-order transition state at this level [10].
When we replaced the Mg?* ion in our Sg structure with an
AT ion and reoptimized the geometry, a local minimum
with S¢ symmetry was found which is 3.7 kcal/mol lower in
energy than the T structure at the B3LYP/6-31+G** level
(see Fig. 2b); the AI** structure is visually indistinguishable
from the Mg structure shown in Fig. 2a. Interestingly, the
calculated energy difference between the Sg and 7' forms for
the A3 clusters is less than half the difference for the corre-
sponding Mg?* clusters at the same computational level; this
reflects the stronger electrostatic interaction between the sur-
rounding water molecules and AI**, the more highly charged
of the two metal ions.
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The organization of the hydrogen-bonded network about
this hydrated AI>* ion remained essentially the same as in
the corresponding Mg?t complex, although, as one would
expect based on the smaller ionic radius and higher charge
of Al3+, the overall structure is more compact; the average
Al e e ¢ O distances to a water molecule in the first and sec-
ond shells are 1.92 and 3.96 A, respectively (compared with
2.10 and 4.13 A for the corresponding Mg>* cluster), see
Table 2. To obtain a quantitative comparison of the energetic
difference between the 18-water networks surrounding Mg+
and AI’*, we removed the metal-cation from each of the Sg
complexes and performed a single point B3LYP/6-31+G**
energy calculation; the network around AT is 67.1 kcal/mol
higher in energy than the corresponding Mg+ network; the
corresponding energy difference between the analogous T
clusters is slightly lower, 59.0kcal/mol. These energy differ-
ences provide an indication of the influence that the additional
charge of AI** has on the intrinsic stability of the cluster and
shows that the magnesium network is more stable. Presum-
ably this is because the Mg e @ O distance of 2.0-2.1 A leads
to an O e O distance of ca. 2.8 A between adjacent water
molecules in the innermost shell (an octahedron), approxi-
mately the value found for non-bonded O e e e O interactions
in crystal structures [25].

Zinc (Zn*): Divalent zinc has a flexible coordination sphere
that can accommodate a CN of 4, 5 or 6. When bound to
enzymes the CN is typically 4, but during the course of catal-
ysis the CN may increase to 5; the protein-binding sites in
which Zn?* is six-coordinate tend to have structural roles
[61,62]. A recent analysis of 490 crystal structures in the
CSD showed a CN of 4 in 58% of the structures, of 5in 13%,
and of 6 in 27% (C.W. Bock et al. unpublished).

Table 2 Calculated metal-oxygen distances in coordination spheres in
18-water clusters (A)

CN Shell Average Range
Aluminum 6 1 1.922 1.922 -1.923
6 2 3.988 3.978 - 3.997
Beryllium 6 1 1.858 1.848 — 4.863
6 2 4.103 3.977 - 4.505
Magnesium 6 1 2.099 2.098 —2.100
6 2 4.130 4.113 —-4.145
Sodium 6 1 2415 2.330-2.568
6 2 4.184 4.034 -4.371
Titanium 6 1 1.993 1.715-2.143
6 2 4.092 3.934 - 4.496
Lithium 6 1 2.191 2.103 -2.294
6 2 4.075 3.942 -4.199
Zinc 6 1 2.120 2.116 - 2.126
6 2 4.123 4.057-4.162
Beryllium 4 1 1.638 1.620 — 1.653
4 2 3.672 3.525-3.765
4 3 4.826 4.649 —4.996
Lithium 4 1 1.956 1.929 - 2.008
4 2 3.955 3.776 — 4.101
4 3 4.808 4.648 —4.961
Sodium 4 1 2.279 2252 -2.341
4 2 4.086 3.825-4.363
4 3 4.904 4.805 -5.077

In aqueous solution Zn>* has a well-defined first hydration
shell formed by six-water molecules [63-66]; the MRT of
10~7s, for a water molecule in this shell is rather short, con-
sistent with the relative ease of change in CN [22]. Gas-phase
clusters of the form Zn [H>O1Z", Zn[H,013" e [H,0] and
Zn [H,0] ﬁ+ o [H>O], appear to be relatively close in energy
[62,67,68]. We find that a Zn [H20]§+ complex with Ty
symmetry is a local minimum on the B3LYP/6-31+G** and
B3LYP/6-311++G** PESs; however, Zn [H>O] i+ ¢ [H>O],

and Zn [H,O] g* e [H>O] clusters are 5.2 and 2.2kcal/mol,
respectively, lower in energy at the B3LYP/6-31+G** level.

In contrast, Mg [HQO](ZJ+ is 3.4 kcal/mol lower in energy than

Mg [H,0] i"’ e [H>O], at this computational level. These
energetic differences substantiate the distinct CN preferences
of Mg>* and Zn>*. It is important to note that MP2 calcula-
tions find that a Zn [H,O]¢ (7},) is lower in energy than either
Zn[H,015" ¢ [H20], or Zn [H>O13" e [Hy0] [67,68].!
Unfortunately, few experimental data are available con-
cerning the second hydration shell of Zn**. A recent MD
simulation puts the number at about 13 [69,70]. Rudolph
and Pye [71] found that a structure of the form Zn [Hzo]éJr °
[H,0]'2 with 7 symmetry was a local minimum on the PES
at the HF/6-31G* level of theory. We now report that this
T-symmetry structure is also a local minimum at the B3LYP/6-
31+G** level. Replacing the Mg>T ion with a Zn>* ion in our
Se reference cluster and reoptimizing the geometry yielded
a structure that remained six-coordinate and is 8.4 kcal/mol
lower in energy than the 7T-symmetry form, see Fig. 4. The
symmetry of the cluster decreased during the optimization
from nearly S for Mg?* to C; for Zn>*, but the pattern
of hydrogen bonding remained essentially the same, i.e., all
six inner-shell water molecules donate two hydrogen bonds
to second-shell water molecules and all twelve second-shell
water molecules accept two hydrogen bonds while donating
one. The average Zne e ¢ O distances to the oxygen atoms
of the first and second shells, 2.12, and 4.12A, respectively,
are quite similar to the corresponding Mg e e ¢ O distances.
Consistent with the similarity of their water structures, the
18-water cluster without the Zn’>* ion is only 1.8kcal/mol
lower in energy than the corresponding cluster without Mg+ .

Beryllium (Be*t): Ab initio studies on beryllium clusters
with six water molecules have shown that a structure with all
six water molecules in the innermost shell is a local minimum
on the PES [72,73]. We also find that such a Be [HyOJZ"
cluster with 7 symmetry is a local minimum on both the
B3LYP/6-31+G** and B3LYP/6-311++G** PESs. However,
aBe [HyO0] i+ e [H> O], cluster is generally found to be sub-
stantially lower in energy [72-74] (C.W. Block, unpublished);
at the B3LYP/6-31+G** level this four-coordinate cluster
is 32.1kcal/mol lower in energy than the six-coordinated
cluster. Marx et al. [75], using ab initio MD simulations with

' Dr. K. S. Kim kindly pointed out to us that the difference between
the B3LYP and MP2 results is partly due to the inaccurate treatment of
DFT for the exchange repulsions and dispersions needed to accurately
describe molecular strains and interactions in clusters.
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Fig. 4 Optimized structure of Zn [Hzo]§+ e [H,O];, obtained at the
B3LYP/6-31+G** computational level

gradient-corrected DFT, obtained an analogous resultina 1 ps
simulation of a larger ensemble consisting of a Be>* ion and
32 water molecules. They started initially with a configura-
tion in which the divalent beryllium ion was surrounded octa-
hedrally by six water molecules in the first hydration shell.
During the simulation two of the water molecules quickly
departed from the first hydration shell, resulting in a kinet-
ically stable arrangement with four water molecules in this
shell.

X-ray diffraction measurements indicate that Be’T in
solution has a CN of four [76]. The MRT of water in the first
coordination sphere is rather long for a divalent ion, about
1035 [22]. Structures deposited in the CSD have a CN of
four in 44 of the 46 structures containing Be>t with only O,
N, and/or S ligands (the other 2 structures have a CN of 3),
see Table 1. Little is known experimentally about the num-
ber of water molecules in the second shell for Be2+, but MD
simulations usually predict 8 or 9 [59,77].

When we replaced the Mg?* ion in our Mg [H,0] §+ °
[H20];5 (Se) cluster (which was optimized at the B3YLP/6-
31+G** level) with a Be>* ion and reoptimized the geome-
try using the B3LYP functional, but with the more complete
6-311++G** basis set, a stable six-coordinated structure was
obtained, see Fig. 5a. The average inner-shell Be—O distance,
1.86A, is quite long compared to the average Be e o ¢ O dis-
tance obtained from the four coordinate crystal structures
in the CSD, 1.64 A . Such long Be e e ¢ O distances in this
six-coordinated structure are necessary to reduce repulsions
between water molecules surrounding the very small Be**
ion (ionic radius only 0.31 A), but these occur at the expense
of diminished metal ion—oxygen interactions.

There are significant differences in the hydrogen-bonded
network of the Be [H,0] é"' e [H>O];, cluster in comparison
to the clusters in which the metal ion is Mg+, Zn>* or A3Y.

Fig. 5 Optimized structure of (a) Be [H20]2Jr e [H>O];, and (b)

Be [Hzo]§+ e [H>Olg e [H>O]g obtained at the B3LYP/6-311++G**
and B3LYP/6-31+G** computational levels, respectively

Specifically, the symmetry of this Be?* cluster changed from
S to C1 during the optimization and this is accompanied by
changes in the number and nature of the hydrogen bonds
among some of the water molecules in the cluster. For exam-
ple, in the S clusters of Mg+, Zn>*, and AI** described
above, all 6 inner-shell water molecules donate 2 hydrogen
bonds to second-shell water; all 12 second-shell water mol-
ecules accept 2 hydrogen bonds (one each from a first- and
second-shell water molecules) and donate one (to a second-
shell water molecule). One hydrogen atom from each of the
second-shell waters is “free”” and presumably would form a
hydrogen bond to water molecules in the third shell of a more
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complete model. In contrast, the Be [H,O] §+ ¢[H;0];5 (Cy)
cluster contains two inner-shell water molecules that donate
only one hydrogen bond to a second-shell water molecule.
Furthermore, two water molecules in the second shell are
involved in only one hydrogen bond as an acceptor and one
as a donor; these two waters are about 0.5A further from
the central Be>" ion than the other ten water molecules. It
has been noted that the presence of double hydrogen-bonded
structures in pure water clusters is associated with decreased
cluster stability [52]. It is also interesting that the average
Bee o ¢ O distance to the second-shell water molecules in
this six-coordinate cluster, 4.10/0%, is only slightly less than
the corresponding Mge e ¢ O distance, 4.13 A, despite the
fact that the ionic radius of the Mg?* ion is more than twice
as great as the ionic radius of Be?™.

Using this C form of the cluster as the initial geometry,
a further optimization was performed using the B3LYP/6-
31+G** level. Interestingly, two water molecules were
expelled from the inner shell during the optimization pro-
cess resulting in a cluster of the form Be [H>O] iJr e[H,O]ge
[H2O]¢ in which there are four water molecules in the first
coordination shell and eight water molecules in the second,
see Fig. 5b. The symmetry of this form of the cluster is also
C1, but its third shell is incomplete in this model. All four
first-shell water molecules donate two hydrogen bonds to
second-shell water molecules, and the average Be e @ @ O dis-
tance in this shell, 1.64 A, is in reasonable agreement with
values from the CSD. The average Be e @@ O distance to water
molecules in the second and third shells are 3.67 and 4.83 A,
respectively, see Table 2.

For comparison we also optimized a cluster of the form
Be [H,O] i+ e [H>O]g with no water molecules in the third
shell. The average Bee o ¢ O distance for first-shell water
molecules is 1.63 A, similar to what we found in the struc-
ture described above that has six additional water molecules
in the third shell; this clearly illustrates the dominance of
electrostatic effects on the geometry of the first shell. The
average Be e @ @ O distance to second-shell water molecules is
3.86 A, somewhat longer than that found in the Be [H, O] ? °
[H2O]g e [H2O]¢ cluster.

Lithium (Li™): X-ray and neutron-scattering data suggest
both tetrahedral and octahedral coordinations of a Li* ion in
aqueous solution [78-81]; the MRT of a water molecule in the
first coordination shell of Li*, approximately 10~8 s, reflects
a small barrier to any CN change that may occur during the
water exchange process. Interpretations of Raman data sug-
gest a hydration number of four [82]; 'H and Li NMR stud-
ies of aqueous LiCl solutions indicate that the CN changes
from 4 to 6 in the temperature range of 30—-40°C [83]. A
recent classical MD simulation of aqueous LiCl solution by
Egerov et al. [4] showed that the CN of Li* in such simula-
tions is strongly dependent on the lithium—water potentials
employed; their Car—Parrinello simulation which was inten-
tionally started with six water molecules octahedrally dis-
tributed around the LiT ion, degenerated to a four-coordinate
structure after only 1 ps. For comparison, we note that there

are currently 1,403 Li™ entries in the CSD and nearly 57% of
these crystal structures have a CN of 4; approximately 9.4 and
8.7% have the higher CNs of 5 and 6, respectively, see Table 1.

Theoretical studies of small Li™ complexes have generally
found that this monovalent ion prefers four water molecules
in the inner shell [84,85], in accord with the crystallographic
data in Table 1. We find that a Li [HzO]g' cluster with T,
symmetry is a sixth-order transition state at both the B3LYP/6-
31+G** and B3LYP/6-311++G** levels. However, a six-
coordinate structure with C; symmetry is a local minimum
on the PES.

When the Mg?* ion in our Sg reference structure of
Mg [H,0] é+ e [H>O];, was replaced with a Li* ion, and
the cluster geometry was reoptimized, the resulting complex
remained six-coordinate, although the symmetry changed
from Seto C;, see Fig. 6a, vibrational frequency analysis con-
firmed that this is a local minimum on the B3LYP/6-31+G**
PES. The average Lie e ¢ O distances to first- and second-
shell water molecules are 2.19 and 4.08 A, respectively. Inter-
estingly, the inner-shell Lie o ¢ O distance in this cluster is
about 0.09 A longer than the Mg e e @ O distance for the Mg>*
reference cluster, whereas the second shell Lie o ¢ O dis-
tance is about 0.05 A shorter than the analogous Mge e ¢ O
distance. Thus, the hydrogen bonding among water mole-
cules in the Li* complex is tighter than it is in the Mg>*
complex; the 18-water network surrounding hexacoordinate
Li™ is 20.8 kcal/mol higher in energy than the corresponding
network surrounding Mg?*, despite the comparatively long
Lie e ¢ O distances in the first shell.

The structure of the hydrogen bonding network in
Li [H2O]-6‘r e [H>O];, differs from those of the analogous

Mg?*t, Zn**, and AI*T clusters in that two of the inner-shell
water molecules donate only one hydrogen bond to a second-
shell water, but they also accept one hydrogen bond from a
second-shell water; the Li e e @ O distances for these two wa-
ter molecules, 2.29 A, are longer than for the other four water
molecules in the inner shell. Furthermore, two of the water
molecules in the second shell have no free hydrogen atoms
with which to form hydrogen bonds to water molecules in
the third shell.

Since experimental data for Li* solutions suggest that it
may adopt an inner-shell CN of four in aqueous media, we
performed an additional optimization initiated from the struc-
ture of the Be [H,O] fﬁ e [H>O]g e [H>O]g model described
above, but with the Be’* ion replaced by a Li* ion. The
first-shell CN of the resulting Lit cluster remained at four,
see Fig. 6b, and the average Lie e ¢ O distance to a water
molecules in this shell is 1.96 A, about 0.2 A shorter than
that found in the analogous six-coordinated cluster, reflect-
ing less steric hindrance to the approach. There are also
some significant differences in the structure of the hydro-
gen-bonded network in this four-coordinate cluster compared
to that of Be [HyO] ﬁJr e [H,O]lg o [H>O]Jg, e.g., one of the
four water molecules in the inner shell not only donates two
hydrogen bonds to water molecules in the second shell, but
also accepts one hydrogen bond. Furthermore, the number of
water molecules in the second shell increased from 8 to 9
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Fig. 6 Optimized structures of (a) Li [Hzo]; e [HOly, and
(b) Li [HZO]I e [H>O]y e [H>O]5 obtained at the B3LYP/6-31+G**
computational level

during the optimization. This Li [H,O] I e [H>O]g ¢ [H2O]5
complex is lower in energy than the six-coordinate complex,
but the difference is rather small, 2.1kcal/mol. As would
be expected, the conversion from Li [HZO];r e [H,O];, to
Li [HZO]I e [H>O]y e [H>O]5 is entropically favored, but
AS is only 5.2 cal/mol-K.

Sodium (Na™): A sodium cation, surrounded by a total of
six water molecules, has been extensively studied by compu-
tational methods [86—89]. We find that a cluster of the form
Na [H20]6+ with 7}, symmetry is a third-order transition state

on the B3LYP/6-31+G** and B3LYP/6-311++G** PESs,
whereas a structure with Sg symmetry is a local minimum.
However, Kim et al. [86] found that a Na [HZO]I e [H,O],
cluster is the global minimum on the PES using MP2 meth-
odology with double and triple zeta quality basis sets at low
temperatures, whereas Na [HzO]gr e [H>O] is most stable
near room temperature [86]. At the B3LYP/6-31+G** level,
we also find that Na [HQO];‘|r e [H>O], is the lowest-energy
form; Na [HQO];r e [H>O] and Na [HzO]gr (Se) are 4.1 and
5.9kcal/mol, respectively, higher in energy.

In a recent QM/MM molecular dynamics simulation of a
NaT ionin 199 water molecules, Tongraar and Rode [8] found
an average inner-shell CN of 5.4. They also found that, com-
pared to pure H, O, water molecules in the first hydration shell
of Na™ are quite strongly attached to the ion implying that
Nat actsas a “structure-making” ion; nevertheless the MRT
of a water molecule in the first coordination sphere is only ca.
10~ 5. In contrast, water molecules in the first hydration shell
surrounding the larger Kt ion were found to be very labile,
consistent with K acting more as a “structure-breaking” ion
[8]. In a recent Car—Parrinello MD simulation of a Na™ C1~
ion pair in 48 water molecules, Khalack and Lyubartsev [90]
report a CN for Na™ of 4.9 in the so-called water-mediated
state (the CN was 5.6 for the corresponding C1™ counterion).
The CN of Na™ in aqueous media measured by diffraction
methods is distributed from 4 to 8 [91-95]. Relatively little is
known about the second hydration shell of Na™, although an
early MD simulation estimated it as 12.4 [96]. Table 1 reports
that of the 1,019 structure-containing Na™ in the CSD, 43%
have a CN of 6; the average distance of Na™ to the oxygen
atom of the waters in the first and second shells is 2.42 and
4.18 A, respectively; the preference for a CN of 6 is even
more pronounced (15 of 19 entries) when the subset of 160
structures with only water in the first coordination shell is
considered (Table 1c).

The optimized structure of the hydrated Na™ ion,
obtained by replacing the Mg>* ion in the Sg reference clus-
ter remained six-coordinated, see Fig. 7a, although the sym-
metry decreased to C;. The average Nae e ¢ O distances to
first- and second-shell water molecules are 2.42 and 4.18 A,
respectively, the longest observed in our study; the range of
Nae e ¢ O distances, 2.33-2.57 A and 4.03—4.37 A, is very
broad, suggesting that the Na e e @ O interaction is relatively
weak. This is consistent with the large ionic radius of Na™ .
Indeed a nascent hydrogen bond between the two first shell
waters can be seen. The energy of the 18-water cluster at the
geometry of the Na™ complex is 65.4 kcal/mol lower than the
corresponding water structure around the Mg+ complex.

Since experimental data are not definitive with respect
to the inner-shell coordination number of Nat, we initiated
an optimization of a cluster by exchanging the cation in the
Li[H,0] I o [H>O]g ¢ [H,O]5 structure described above. The
resulting cluster remained four-coordinate with nine water
molecules in the second shell, see Fig. 7b. This Na [HZO]Z‘r °
[H2O]g e [H2O]5 cluster is 0.4 kcal/mol higher in energy than
the six-coordinate structure. The average Na e o ¢ O distance
to first- and second-shell water molecules are 2.28 and 4.09 A,
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Fig. 7 Optimized structures of (a) Na [H20]6+ e [H;O];, and (b)
Na [HZO]I e [H>OJg e [HyO]5 obtained at the B3LYP/6-31+G**
computational level

respectively; both of these distances are shorter than the cor-
responding distances in the six-coordinate structure.

Titanium (Ti**): Uudsemaa and Tamm [11] showed that a
complex of the form Ti [H,O] g+ with 7}, symmetry is a local
minimum on the PES; we have also confirmed this at the
B3LYP/6-31+G** level. However, in view of the large charge
on the Ti** ion, it is unlikely that this is the global minimum
on the PES [10,56-58,97]. These authors were also the first

to study the structure of the second hydration shell surround-
ing this tetravalent cation. In accord with the known behavior
of Ti** ions in solution, chemical hydrolysis was observed
and three protons were transferred to the outermost water
molecules giving a structure that could be described as a
Ti[H20]3 [OH™ | ¢[H20]g e [H307], cluster. In contrast,
such hydrolysis was not observed for the corresponding Ti**
and Ti** clusters, where Ti [H,O] g+ o[H; 0], structure with
(nearly) Se¢ symmetry were found to be lowest in energy.

Starting from our Sg reference structure of Mg [H> O] §+ °
[H,0];5, replacing Mg?>* by Ti** and reoptimizing, also
resulted in hydrolysis. The cluster remained six-coordinate,
but only a single proton was transferred from an inner-shell
water molecule to a second-shell water molecule and an
H30™" e o @ H,O moiety was expelled from the complex.
We terminated the optimization when the H3;0%" ¢ ¢ ¢ H,O
unit was approximately 14 A from the central titanium ion,
see Fig. 8 (the H30™ o o @ HO moiety is not shown in the
diagram). The Tie e eO distance to the hydroxyl group in the
first shell, 1.72 A, is short compared to the average Tie @ ¢O
distance to the five water molecules in the inner shell, 2.05 A;
this hydroxyl group forms a strong hydrogen bond with one
water molecule in the second shell; the He o o O distance is
1.56A.

We also performed an optimization initiated from the
Uudsemaa and Tamm [11] structure of the complex (T. Tamm,
private communication) described in [11]. Again, an
H30" o e @ H,O moiety dissociated from the cluster and the

Fig. 8 The optimized structure of Ti [H20]2+ e [H,O];, after hydroly-
sis. The H30m o @ @ H,O moiety is not shown in the diagram
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Fig. 9 Correlation between calculated metal ion—oxygen distances and the charge/radius ratio

optimization was terminated. The origin of the difference be-
tween our results and those of Uudsemaa and Tamm [11] is
not clear, although different functionals were employed in
the two calculations.

5 Conclusions

The lowest-energy form that has been found for a cluster
composed of 1 Mg?* ion surrounded by 18 water mole-
cules is a Mg [H;0] §+ e [H>O], structure with (nearly)
Se symmetry. It is not yet known if this is the global min-
imum on the PES. Replacing Mg”* by either Zn>* or AI**+
in this Mg [H,O] é+ e [H>O], cluster and reoptimizing the
geometry leads to stable complexes that do not radically per-

turb the pattern of the hydrogen-bonded network present in

the Mg?* complex. As would be expected based on electro-

statics, the Mg + and Zn2t clusters are quite similar, whereas

the AI** cluster is more compact. Although no symmetry

constraints were actually employed in the optimizations of
any of these clusters, nearly symmetrical structures did emerge
from the calculations. The symmetry of the clusters appears

to decrease from Sg to C; in going from APt — Mg>+ —

Zn?* [40].

The effect of ionic radius becomes apparent with the
much smaller Be?t ion; the Be2t clusters have a preferred
CN of 4 rather than 6, and there is a concomitant restructuring
of the hydration shells with the beginning of a third shell.

The structure of the six-coordinate monovalent M [HZO]Jg
e [H,O];, clusters for M = Li and Na is rather different from



The arrangement of first- and second-shell water molecules around metal ions: effects of charge and size

111

those with Mg?t, Zn?T, or AI**. The cluster with the smaller
LiT ion (radius 0.60 A) has C; symmetry, similar to the Zn>*
cluster, but the hydrogen-bonding pattern is different in this
case. Furthermore, we found a four-coordinate Lit cluster
that is lower in energy. The water molecules surrounding the
larger Na™ ion (radius 0.95 A) are less organized. This is par-
ticularly apparent in the range of Na e e @ O distances for first-
shell waters and in the presence of a hydrogen bond between
two water molecules in this shell. Furthermore, the analogous
four-coordinated Na™ cluster is slightly higher in energy than
the six-coordinate complex. In the univalent cation clusters
the competing hydrogen-bonding interactions between water
molecules play a more important role in determining the
dispositions of surrounding water molecules.

At the other extreme, the tetravalent ion Ti*t causes ion-
ization of one of the water molecules in the first coordination
shell so that the chemical identity of the complex is altered.
This behavior is consistent with experimental data on Ti**
in solution.

The effect of metal charge is apparent when the metal—
oxygen distances are referred to the charge/radius ratio of the
ion, see Fig. 9. The first-coordination sphere M e e ¢ O dis-
tances are linearly related to the charge/radius ratio;
second-sphere distances are not as well correlated in this
way, suggesting an enhanced influence of competing hydro-
gen-bonding interactions.

In summary, the results of our calculations on the sta-
bility of metal water clusters provide insight into the com-
petition between electrostatic, hydrogen bonding, and steric
interactions in cation hydration. We have demonstrated the
stability of the product of hydration of several ions in the
18-water structures that adopt a regular dodecahedral struc-
ture (20 apices) lacking two sites (in this case as far apart
as possible). Our results are in accord with the findings of
dodecahedral decomposition described by Chaplin [46]. Our
extension of these studies to other types of ligands will sub-
stantially enhance the understanding of ion selectivity in
molecular recognition.
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