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We have simulated exchange of inner-sphere and bulk water molecules for different sizes of Al3+(aq) clusters,
Al(H2O)63+ + nH2O for n ) 0, 1, 6, or 12, with ab initio and molecular dynamics simulations, in order to
understand how robust the ab initio method is for identifying hydrolytic reaction pathways of particular
importance to geochemistry. In contrast to many interfacial reactions, this particular elementary reaction is
particularly simple and well-constrained by experiment. Nevertheless, we find that a rich array of parallel
reaction pathways depend sensitively on the details of the solvation sphere and structure and that larger clusters
are not necessarily better. Inner-sphere water exchange in Al3+(aq) may occur through two Langford-Gray
dissociative pathways, one in which the incoming and outgoing waters are cis, the other in which they are
trans to one another. A large majority of exchanges in the molecular dynamics simulations occurred via the
trans mechanism, in contrast to the predictions of the ab initio method. In Al(H2O)63+ + H2O, the cis mechanism
has a transition state of 84.3 kJ/mol, which is in good agreement with previous experimental and ab initio
results, while the trans mechanism has only a saddle point with two negative frequencies, not a transition
state, at 89.7 kJ/mol. In addition to the exchange mechanisms, dissociation pathways could be identified that
were considerably lower in energy than experiment and varied considerably between 60 and 100 kJ/mol,
depending on the particular geometry and cluster size, with no clear relation between the two. Ab initio
calculations using large clusters with full second coordination spheres (n ) 12) were unable to find dissociation
or exchange transition states because the network of hydrogen bonds in the second coordination sphere was
too rigid to accommodate the outgoing inner-sphere water. Our results indicate that caution should surround
ab initio simulation of complicated dynamic processes such as hydrolysis, ion exchange, and interfacial reactions
that involve several steps. Dynamic methods of simulation need to accompany static methods such as ab
initio calculation, and it is best to consider simulated pathways as hypotheses to be tested experimentally
rather than definitive properties of the reaction.

1. Introduction

The influential paper by Gibbs1 led geochemists to use
quantum-mechanical models to interpret the pathways for
difficult interfacial reactions.2-14 The simulations correspond
to single elementary reactions; that is, to individual bond-
breaking or bond-forming events, often involving the movement
of a few atoms only, with the formation of an unstable transition-
state complex. The parameters extracted from the simulation
are usually the structure of the transition-state complex(es) (e.g.,
the metals and their coordinating ligands) and the activation
energy corresponding to a complicated overall reaction, which
is used to identify the reaction pathway. Because these reactions
are commonly impossible to probe experimentally, the appeal
of the simulations to Earth scientists is strong.

Scientists in the mid-1990s began to attempt to estimate the
reaction parameters and pathways for the simplest of aqueous
reactions, exchange of a single inner-sphere water of hydration
with a water molecule in the bulk solution15-21 in recognition
that some experimental verifications were needed. The attraction

of ab initio simulation of transition states using clusters is
profound; time is eliminated from the problem, and the
properties can be identified from inexpensive static calculations,
corresponding to 0 K.

In this paper we examine the exchange of a water molecule
from around the Al3+ ion in aqueous solution using various
approximations to the solvation shell. Our goal is a compre-
hensive examination of the dependence of the reaction structure
and energies on details of the simulation, with the idea that
similar dependencies will be present in the simulation of unseen
surface reactions. We choose to simulate the Al3+(aq) ion
because of the high quality of the experimental data and because
of its interest to geochemists. Hugi-Cleary et al.22 measured the
rates and the activation parameters using both the17O NMR
line-broadening method and by17O-injection. They reportkex

298

) 1.29 s-1, ∆H‡ ) 84.7 kJ/mol,∆S‡ ) 41.6 J/mol‚K, and∆V‡

) 5.7 cm3/mol, consistent with a dissociative interchange (Id)
reaction mechanism (see also refs 23, 24).

The common meaning of the “mechanism” of water exchange
reactions is the extent to which the first- and second-sphere
waters move simultaneously in exchange, with the accompany-
ing breaking and formation of bonds. In a pure dissociative (D)
exchange, a water leaves the first coordination sphere (i.e., a
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bond is broken) before a new water enters and the transition
state has a reduced coordination number. In a pure associative
(A) mechanism, the incoming water enters the first coordination
sphere from the second (i.e., a bond is formed) before another
water leaves, causing the coordination number to increase. For
octahedral metals like Al3+(aq), the incoming and outgoing steps
occur with varying degrees of simultaneity to give associative
interchange (Ia), interchange (I), or dissociative interchange (Id)
mechanisms. The Id mechanism that is assigned to water
exchange around Al3+ means that the reaction pathway involves
concerted motions of the entering and leaving water molecules,
and both bond-breaking and formation occurring together, with
bond-breaking dominant.

In addition to this usual meaning of mechanism, we also
consider the more specific details of how the first- and second-
sphere waters move during the exchange, particularly when the
first-sphere waters are not symmetry equivalent. This is the case
in the commonly used method of representing the whole second
sphere by just a few (or one) representative waters.16-18,21,22In
such cases, there is likely to exist more than one pathway39 of
a given type (D, A, I, etc.), with different transition states and
activation energies, where it is unclear which corresponds to
the exchange mechanism in the presence of a full second sphere.

2. Simulation Details

Most reactions simulated were dissociation reactions where
a water from the first coordination sphere of Al3+ is moved
into the second coordination sphere, using the Al-O distance
d(Al-O) as the reaction coordinate. Energy curves for the
removal (or addition) of a first-sphere water were calculated
by optimizing the structure of Al(H2O)63+ + nH2O, wheren )
0, 1, 2, 6, or 12, with the desired Al-O distance frozen. Potential
transition states were checked by performing a frequency
calculation and searching for a negative frequency. All ab initio
calculations were performed in the gas phase approximation
using restricted Hartree-Fock (basis sets 6-31G(d) on all atoms)
in Gaussian 03.25 We have made no attempt to compensate for
the effects of the surrounding solvent, beyond extending the
cluster size. Gas-phase Hartree-Fock calculations have been
shown to give reasonable geometries and energies for clusters
in solution, for ions with+2 or +3 charge, and clusters with
neutral ligands and small permanent dipole moment.26-28 For
computational speed, we have not included any polarization
functions in the basis set, although they are recommended for
second-row atoms;26 however, our cluster geometries and
energies compare well with the results of Wassermann et al.29

for Al(H2O)63+ and Kowall et al.18 for Al(H2O)63+ + H2O at
higher levels of theory. Reported energies do not include zero
point corrections.

Molecular dynamics (MD) simulations were performed with
GROMACS30 using CLAYFF interatomic potentials.31 The
simulations were run with a constant temperature of 300 K and
constant pressure of 1 bar.

2.1. Nomenclature.Like many metal cations, Al3+(aq) has
six water molecules in its first coordination sphere, organized
in an octahedral geometry (Figure 1), for a cluster stoichiometry
of Al(H2O)63+. In the absence of any second-sphere waters, the
AlO6 core hasOh symmetry, with an optimized Al-O bond
length of 1.93 Å. The Al(H2O)63+ cluster as a whole has a
modified octahedral symmetry with point groupTh.

We orient the undistorted Al(H2O)63+ cluster as in Figure 1,
such that the octahedral axes lie along the coordinate axes and
the waters whose oxygen atoms sit on thex axis lie in thexy
plane. Let the oxygen atom sitting on the positivex axis be

labeled Ox
+, the oxygen atom on the negativey axis Oy

-, and
so forth. When applying a continuous distortion to the cluster,
such as increasing one Al-O distance, the waters in the distorted
cluster are identified with the corresponding waters in the
undistorted cluster.

3. Results and Discussion

Because Al3+ is predicted to have an Id exchange mechanism,
we began by dissociating a water ligand from bare gas-phase
Al(H2O)63+. Next we added increasing numbers of spectator
waters during the dissociation, exploring as many relevant
pathways as possible, with the intent of obtaining an increasingly
better approximation of the effects of higher coordination
spheres on the dissociation. Finally, we switched from ab initio
to molecular dynamics simulations with over 200 spectator
waters and periodic boundary conditions, simulating Al3+ in
bulk water.

3.1. Dissociation of a Water from Bare Al(H2O)6
3+. The

first reaction relevant to water exchange in Al(H2O)63+, without
involving second-sphere waters, is dissociation of Al(H2O)63+

in the gas phase. We remove a single water to produce a five-
coordinated intermediate:

The six waters are symmetry equivalent, so we arbitrarily
remove the water labeled Ox

+. The energy of the cluster as a
function of d(Al-Ox

+), relative to the undistorted cluster, is
shown in Figure 2. A local maximum occurs atd(Al-Ox

+) )
3.04 Å,∆E ) 82.8 kJ/mol; a frequency calculation at this point
shows a single negative frequency of-103.7 cm-1, indicating
a transition state. (The normal mode corresponding to this
frequency is shown by the arrows in Figure 5A.) The local
minimum atd(Al-Ox

+) ) 3.41 Å, ∆E ) 79.0 kJ/mol would
correspond to a reaction intermediate in a purely dissociative
exchange. The transition state (TS) and intermediate (Int.)
structures are shown in the inset of Figure 2.

As the Al-Ox
+ distance increases, the Oz

+-Al-Oz
- angle

decreases from 180° in the undistorted octahedron to 104° in
the intermediate, as those protons on the Oz

+ and Oz
- waters

pointing in the direction of the departing Ox
+ water are attracted

by the Ox
+ oxygen. In the intermediate, which has a trigonal

bipyramid structure with Oy- and Oy
+ forming the pyramidal

axis, the departing Ox+ water has formed hydrogen bonds with
the nearest protons of the Oz

+ and Oz
- waters. At Al-Ox

+

distances beyond the intermediate, the Oz
+-Al-Oz

- angle
continues to decrease for a while as the Al-Ox

+ distance
increases, until repulsion between the Oz

+ and Oz
- protons

overcomes the attraction of the distant Ox
+ oxygen, and the angle

Figure 1. Undistorted aqueous cluster Al(H2O)63+, with labels on the
first-sphere waters (see text).

Al(H2O)6
3+ f Al(H2O)5

3+ + H2O (1)
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begins to relax. In comparison, a bare Al(H2O)53+ cluster (i.e.,
with no second-sphere waters) has a square-pyramidal structure,
with an Oz

+-Al-Oz
- angle of 173°.

This dissociation process is the same as that described
previously by Wassermann et al.29 At a higher level of theory,
they found a transition state of 96 kJ/mol at 3.0 Å and an
intermediate of 79 kJ/mol at 3.5 Å.

3.2. Al(H2O)6
3+ + H2O Cluster. 3.2.1. Structure.Next, we

examine how the geometries and energetics of this elementary
reaction are affected by the addition of one water molecule,
OW, in the second coordination sphere. The water forms
either one or two hydrogen bonds between its oxygen and
protons(s) on the Al(H2O)63+ cluster. The single H-bonded
structure, the hydrogen bond between OW and Ox

+, is shown in
Figure 3A. The structure is symmetric through reflection in the
xy plane with point groupCs. The Al-Ox

+ bond shortens from
1.93 Å in bare Al(H2O)63+ to 1.87 Å, while the other first-
sphere Al-O bonds lengthen to 1.94-1.95 Å. The Al-OW

distance is 3.95 Å, and the H-O distance in the hydrogen bond
is 1.54 Å.

Two double H-bonded structures, with OW bonded to Ox+

and Oy
+, with very similar energies are shown in parts B-E of

Figure 3. The lowest in energy is a completely asymmetric
structure (point groupC1), shown in Figure 3B and C, which is
4.4 kJ/mol lower in energy than the single H-bonded structure.
The H-OW distances are 1.79 Å on water Ox

+ and 1.83 Å on
Oy

+. The oxygen of the second-sphere water lies above thexy
plane (i.e., withz > 0 in the coordinate system of Figure 1),
and the Al-OW distance is 3.73 Å, significantly smaller than
in the single H-bonded structure. Similar to the single H-bonded
structure, the Al-O bond lengths of those waters involved in a
hydrogen bond with OW are significantly shorter than those in
the bare Al(H2O)63+ cluster, 1.91 Å for Al-Ox

+ and Al-Oy
+,

while the remaining Al-O distances are slightly longer, 1.94-
1.95 Å. Because the asymmetric double H-bonded structure is
the lowest in energy of the three Al(H2O)63+ + H2O structures,
it was used as the starting structure in each of the subsequent
dissociations.

Figure 3D and E shows aCs-symmetric double H-bonded
structure, which is the Al(H2O)63+ + H2O structure used by
Kowall et al.18 It is 1.3 kJ/mol higher in energy than the

Figure 2. Energy profile for removing a first-sphere water (Ox
+) from

Al(H2O)63+. Energies are relative to the starting cluster. The transition
state (TS) and reaction intermediate (Int.) are labeled with structures
shown in the inset.

Figure 3. Al(H2O)63+ + H2O clusters with (A) single H-bond; (B and
C) double H-bond, without mirror plane symmetry (the minimum
energy configuaration); (D and E) double H-bond, with mirror plane
symmetry. Arrows in E show the imaginary mode.

Figure 4. Comparing energy profiles for all symmetry-unique first-
sphere water dissociations of Al(H2O)63+ + nH2O, n ) 0 or 1. (A)
bare Al(H2O)63+, (B) Oy

+, (C) Oy
-, (D) Ox

-, (E) Ox
+, C1 symmetry,

(F) Ox
+, Cs symmetry, (G) Oz

(.

Water Exchange in A1(H2O)63+(aq) + nH2O J. Phys. Chem. A, Vol. 112, No. 17, 20084127



asymmetric structure. A vibrational frequency calculation shows
that the symmetric double H-bonded structure has a single
negative frequency (-100.9 cm-1), corresponding to motion of
OW in and out of thexy plane (arrows in Figure 3E), while the
asymmetric structure has none. This suggests that the symmetric
double H-bonded structure is a transition state between the
asymmetric structure and itsxy-plane mirror image. The Al-
OW distance in the symmetric structure is 3.75 Å, 0.023 Å longer
than in the asymmetric structure. None of the other Al-O
distances differ by more than 0.004 Å from those in the
asymmetric structure. Although the Oy

+ and Oy
- waters are in

plane with one another in bare Al(H2O)63+ and the single
H-bonded structure, in the symmetric double H-bonded
structure Oy

+ is rotated 90° with respect to Oy- (Figure 3E),
into the plane of the Ox+ water, so that the second-sphere water
sits in thexy plane. In the asymmetric structure, Oy

+ is only
rotated about 30° with respect to Oy-. This smaller twist of Oy+

is likely the main reason for the difference in energy between
the two double H-bonded structures: as OW moves inward from
theCs-symmetric single H-bonded structure, the cost in energy
for Oy

+ to twist by 30° while the unbound OW molecule moves
out of thexyplane in order to form an OW-Oy

+ hydrogen bond
is less than the cost to keep OW in the xy plane and twist
Oy

+ by 90°. Simply, OW is easier to move because it is
unbound.

3.2.2. Purely DissociatiVe Exchange for the Al(H2O)63+ +
H2O Structure.It has been shown both experimentally22 and
computationally18,21 that water exchange in Al(H2O)63+ is Id,
more dissociative than associative. We simulate a purely
dissociative (D) exchange by removing a first-sphere water
(OW′) from Al(H2O)63+ by increasing the Al-OW′ distance,
forming a five-coordinated intermediate with two second-sphere
waters (OW and OW′):

The principle of microscopic reversibility requires that the
process of bringing the OW water into the first coordin-
ation sphere should be a mirror image of the dissociation
of OW′; therefore, the intermediate Al(H2O)53+ + 2H2O
structure should be symmetric with respect to OW and
OW′.

The addition of a second-sphere water to Al(H2O)63+ breaks
the symmetry equivalence of the six first-sphere waters; thus,
at least six distinct dissociations are possible. Which of these
is the correct one leading to an exchange with OW is not
immediately obvious. Starting from the asymmetric double
H-bonded structure, we seek which dissociation leads to a
symmetric intermediate, and if more than one, which has the
lowest energy transition state.

Figure 5. Transition-state/local maximum structures for first-sphere water dissociation from Al(H2O)63+ + nH2O, n ) 0 or 1; letters correspond
to the curves in Figure 4. (A) bare Al(H2O)63+ (from Figure 2), (B) Oy

+, (C) Oy
-, (D) Ox

-, (E) Ox
+, C1 symmetry, (F) Ox

+, Cs symmetry, (G) Oz
(.

Arrows show imaginary modes of vibration.

Al(H2O)6
3+ + H2O f Al(H2O)5

3+ + 2H2O (2)
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Energy curves for each of the unique first-sphere dissociations
are shown in Figure 4, along with the curve for bare Al(H2O)63+

for comparison. The corresponding local maximum energy
structures are shown in Figure 5, with arrows indicating the
normal modes of vibration corresponding to their negative
frequencies. Not all of these local maxima are true transition
states with a single negative frequency. Local maximum energies
range from 64 to 93 kJ/mol, and intermediate (i.e., highd(AL-
O) local minimum) energies from 43 to 80 kJ/mol. Only one
of the six dissociations represented in Figure 4 fits the
requirements for an exchange mechanism; however a second,
not shown, was also found that does not use an Al-O distance
as a reaction coordinate. Details of the individual dissociation
pathways are discussed below.

A full list of first- and second-sphere Al-O distances and
relative energies, for all Al(H2O)63+ and Al(H2O)63+ + H2O
starting structures, transition states, and intermediates is given
in Table S1 in the Supporting Information.

3.2.3. Exchange through Dissociation of the Oy
+ Water. In

Figure 4, the Al(H2O)63+ + H2O dissociation curve whose local
maximum is nearest to that of bare Al(H2O)63+ (curve A), at
d(Al-O) ) 3.04 Å and∆E ) 82.8 kJ/mol, is that which
corresponds to removing water Oy

+ (curve B), which we shall
refer to as the Oy+ dissociation curve. The full curve is shown
in Figure 6, with the transition-state (also shown in Figure 5B)
and intermediate structures shown in the inset. The intermediate
structure is symmetric with respect to the incoming and outgoing
waters, and so Oy+ dissociation is a potential exchange mech-
anism. In fact, this is the mechanism for Al3+ water exchange
identified previously by Kowall et al.18

The second-sphere waters in the intermediate structure are
single H-bonded to a square-pyramidal Al(H2O)53+ entity, with
second-sphere Al-O distances of 3.87 Å. The transition-state
energy is 84.3 kJ/mol (relative to the asymmetric double
H-bonded starting structure) atd(Al-Oy

+) ) 3.12 Å, which

compares well with the experimental exchange enthalpy of 84.7
kJ/mol measured by Hugi-Cleary et al.,22 as well as the restricted
Hartree-Fock result of Kowall et al.18 of 85.4 kJ/mol, using a
more specialized basis set. Hanauer et al.21 report the same
mechanism for Al3+ water exchange, derived from density
functional calculations, albeit with a transition-state energy of
only 48 kJ/mol. Analogous D mechanisms for water exchange
are reported for Ni2+(16), Mn2+ and Cu2+(17), and Ga3+(18).

During the dissociation, Oy+ forms a single H-bond with water
Ox

- while the Ox
--H bond lengthens asd(Al-Oy

+) increases.
Aboved(Al-Oy

+) ) 3.30 Å, the Ox
- hydrogen shows a strong

tendency to detach completely and bind with Oy
+, resulting in

a Al(H2O)4OH2+ + H3O+ + H2O system. This was avoided by
constraining the Ox--H bond length to its length in thed(Al-
Oy

+) ) 3.30 Å structure for the subsequentd(Al-Oy
+) > 3.30

Å optimizations. Others26,32 have also reported that the Al-
(H2O)53+ + H2O system tends toward deprotonation in its strong
hydrogen bond between first- and second-sphere waters. This
deprotonation is an artifact of having only one water in the
second coordination sphere.

Figure 6 shows energy profiles for dissociation of Oy
+ from

both the asymmetric double H-bonded (squares) and single
H-bonded (circles) starting structures. For Al-Oy

+ distances
greater than 2.1 Å, the energy difference between the two curves
is less than 0.05 kJ/mol. The difference in structures is likewise
small, and in both cases the final reaction intermediate is the
sameCs-symmetric structure. However, there is a significant
difference in the frequencies of the maximum energy struc-
tures: only the maximum on the asymmetric double H-bonded
curve is a true transition state with a single negative frequency,
corresponding to motion of Oy+ toward and away from the
cation. A normal mode corresponding to a twisting of the cluster
in and out of thexy plane (similar to the vibration shown in
Figure 3E), has a calculated frequency of+8.8 cm-1 in the
asymmetric structure but-12.3 cm-1 in the Cs-symmetric
structure, giving the latter two negative frequencies. The second
negative frequency in this case is likely too small in magnitude
to be significant. (By comparison, the smallest frequency is
-107.7 cm-1 in the asymmetric versus-107.3 cm-1 in the
symmetric structure.) The difference between a true transition
state and a higher-order saddle point is sometimes very small,
and the ability to distinguish one from the other may be sensitive
to small differences in the starting structure.

As discussed above, the actual exchange mechanisms for
octahedral ions in aqueous solution virtually always involve a
concerted motion of both inner-sphere and outer-sphere waters,
pathways that are neither purely A nor D33. As Rotzinger26 notes,
an Id mechanism for exchange of water around a solvated ion
like Al(H2O)63+ has never been seen in ab initio simulations,
even in cases where experimental evidence for it is clear. He
suggests that the cause of this might lie in the incomplete second
coordination sphere, which we address below in larger ab initio
and MD simulations.

3.2.4. Dissociation of the Oy- Water. Aside from the Oy
+

dissociation, none of the Al(H2O)63+ + H2O dissociations have
an intermediate structure symmetric with respect to outgoing
and incoming waters and thus do not lead directly to mecha-
nisms for water exchange. However, study of the Oy

- dissocia-
tion leads to a closely related distortion pathway which is a
possible exchange mechanism, with the reaction coordinate not
an Al-O distance, but an O-Al-O bond angle.

The full Oy
- dissociation curve, curve C in Figure 4, is shown

in Figure 7 (circles, labeled curve 7-1), with its intermediate
structure (Int.) inset. In the intermediate, Oy

- is single H-bonded

Figure 6. Exchange process on removing the Oy
+ first-sphere water

from Al(H2O)63+ + H2O; squares are from asymmetric double H-bonded
starting structure, and circles are from the single H-bonded starting
structure. Forward movement on the curve corresponds to removing
Oy

+ (∆E vs d(Al-Oy
+)) while reverse movement corresponds to

bringing in the second-sphere water OW (∆E vs d(Al-OW)). The
transition-state (TS) and intermediate (Int.) structures are labeled on
the curve and shown in the inset.

Water Exchange in A1(H2O)63+(aq) + nH2O J. Phys. Chem. A, Vol. 112, No. 17, 20084129



to Ox
-. The transition-state energy is 72.7 kJ/mol, and the

intermediate energy is 51.8 kJ/mol, both values considerably
smaller than those in the Oy+ exchange process. Neither the
intermediate nor the transition-state structures are symmetric
with respect to the incoming and outgoing waters, so the
unmodified Oy

- dissociation is unlikely to be a step in either
an Id or D exchange mechanism.

Those structures on the Oy
- dissociation curve to the right

of the transition state, that is, withd(Al-Oy
-) > 3.01 Å, show

a strong tendency to relax onto the second curve shown in Figure
7 (curve 7-2, squares) during optimization unless the starting
structure isCs symmetric with respect to thexy plane. In these
relaxed structures, Oy- is double H-bonded to Ox- and either
Oz

+ or Oz
-. The version of this structure withd(Al-Oy

-)
unconstrained is the left-hand endpoint of this curve, labeled
P1, which has a much lower energy than the Oy

- intermediate
(21.3 kJ/mol). In this respect, structures on the second half of
the Oy

- dissociation curve, including the intermediate, are
actually unstable.

A frequency calculation on the Oy- intermediate shows that
it actually has a single negative frequency (-99.6 cm-1)
corresponding to a twisting of Oy- in and out of thexy plane,
that is, toward the nearby Oz+ or Oz

- waters, similar to that
shown in Figure 3E. This is a normal mode distinct from that
of the transition state’s negative frequency, shown in Figure
5C. As in the case of the undistortedCs-symmetric double
H-bonded Al(H2O)63+ + H2O structure, this result suggests that
the Oy

- intermediate is actually the transition state between the
two mirror imageP1 structures, with Oy- double H-bonded to
Ox

- and Oz
+, or to Ox

- and Oz
-.

The P1 structure is symmetric with respect to the incoming
and outgoing waters, withd(Al-Oy

-) ) d(Al-OW) ) 3.70 Å,
and so a continuous distortion pathway from Al(H2O)63+ + H2O
to P1 (or its reflection in thexy plane) would constitute a
possible D exchange mechanism. We were unable to find such
a pathway or its transition state becauseP1 structures with

d(Al-Oy
-) < 2.9 Å relaxed back onto the original Oy

-

dissociation curve during optimization. Any stable transition
state for curve 7-2 lies higher in energy and lower ind(Al-
Oy

-) than the Oy
- transition state of curve 7-1.

3.2.5. Bond Angle Distortion in the Oy- Intermediate and
Related Structures.If the bond angle∠(Oy

+-Al-Ox
+) is

increased in the square-pyramidal Oy
- intermediate, so that Ox+

moves into the hole left by Oy-, then the oxygen in OW is
gradually exposed to the high charge on the cation, and so OW

is drawn inward. Figure 8 shows the results of applying this
distortion to the Oy- intermediate and structureP1, through
energy curves as a function of the bond angle. In each curve
shown, the Al-OW distance decreases monotonically as
∠(Oy

+-Al-Ox
+) increases.

In the case ofP1 (curve 8-4, squares), beyond a bond angle
of 114° the resulting structure is similar to those in the Ox

-

dissociation (curve D in Figure 4), 15 kJ/mol lower in energy.
For the Oy

- intermediate, however, the bond angle distortion
could be continued all the way to 180°, resulting in theCs-
symmetric double H-bonded Al(H2O)63+ + H2O structure with
OW in the Ox

- position and Oy- in the second coordination
sphere. However, the energy profile of the distortion is not
continuous: as∠(Oy

+-Al-Ox
+) increases, the energy initially

follows curve 8-1, jumps to curve 8-2 around 122°, and then to
curve 8-3 above 137°. The discontinuities in both energy and
structure are small, and at a sufficiently low angular resolution
the path appears continuous; however, it has no transition state,
or even a higher order saddle point, at its maximum energy.
On curves 8-1 and 8-2, Oy- is single H-bonded to Ox-, whereas
on curve 8-3, Oy- is double H-bonded to Ox- and Ox

+. The
structural differences between curves 8-1 and 8-2 are even
smaller, simply the orientation of the Oz

( waters, as shown in
Figure 9C and D.

If curve 8-3 is pushed backward, that is, to angles lower than
137°, then we find that it goes through a smooth maximum of
89.7 kJ/mol at 131.8°, labeledP2 TS in Figure 8 and shown in
Figure 9B, to a local minimum at 90°, labeled structureP2, an

Figure 7. Energy profile for dissociation of water Oy
- from Al(H2O)63+

+ H2O (curve 7-1, circles), with the intermediate structure (Int.) shown
in the inset. The Al(H2O)53+ + 2H2O structureP1 is similar to the
intermediate except that Oy- is double H-bonded to the Al(H2O)53+

instead of single H-bonded. Curve 7-2 (square points) show theP1
cluster energy relative to undistorted Al(H2O)63+ + H2O asd(Al-Oy

-)
is reduced.

Figure 8. Energy profiles on opening the Ox
+-Al-Oy

+ angle in
various Al(H2O)53+ + 2H2O structures related to Oy- dissociation.
Curves 8-1 (triangles) and 8-2 (diamonds), from angular distortion of
the Oy

- dissociation intermediate (Int.); curve 8-3, from angular
distortion of structureP2 (shown in Figure 9); curve 8-4, from angular
distortion of structureP1 (shown in the inset of Figure 7).
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Al(H2O)53+ + 2H2O structure withC2V symmetry (Figure 9A).
TheP2 structure is symmetric with respect to its outgoing and
incoming waters; OW is double H-bonded to Ox+ and Oy

+, and
Oy

- to Ox
+ and Ox

-. Its energy is 28.0 kJ/mol, considerably
lower in energy than any stationary Al(H2O)53+ + 2H2O
structure we observed other thanP1.

From the symmetry ofP2, if the local maximumP2 TS has
one negative frequency, then curve 8-3 would be a possible
dissociative water exchange mechanism, following the curve
from Cs-symmetric double H-bonded Al(H2O)63+ + H2O at
∠(Oy

+-Al-Ox
+) ) 180° to P2, the intermediate, at∠(Oy

+-
Al-Ox

+) ) 90°. The barrier height of 89.7 kJ/mol is relatively
close (as compared with the other transition-state energies in
Figure 4) to that of the Oy+ mechanism discussed above, and
considering the relatively simple level of theory, is also a good
approximation to the experimental enthalpy. However, we find
that theP2 TS structure has two negative frequencies, one (at
-138.4 cm-1) corresponding to bending of∠(Oy

+-Al-Ox
+)

and inward motion of OW (motion 1 in Figure 9B), and a second
(at -48.7 cm-1) corresponding to twisting of the mirror-
symmetric Oz

( waters and flexing in and out of thexy plane
(motion 2 in Figure 9B). Nevertheless, it would be injudicious
to dismiss it as a higher order saddle point irrelevant to water
exchange. As discussed above, if the starting point of the Oy

+

exchange is theCs-symmetric double H-bonded structure, which
itself has a negative frequency corresponding to vibration about
the plane of symmetry, then the negative frequency persists to
the transition state, transforming it into a higher order saddle
point with a structure nearly identical to the true transition state
obtained from the asymmetric double H-bonded structure.
Similarly, there may be a trueP2 transition state nearby that
we have been unable to find. Alternatively the second negative
frequency may disappear with the inclusion of additional second-

sphere waters. We show below that thisP2/bond angle mech-
anism is also important in MD simulations of water exchange.

3.2.6. Dissociation of the Ox( Waters.None of the remaining
waters (Ox

( and Oz
(), on dissociation, lead to transition states

or intermediates that are symmetric with respect to incoming
and outgoing waters; that is, their dissociations do not lead to
an exchange mechanism. These dissociations are still interesting,
however, in their relation to the other Al(H2O)63+ dissociation
paths.

Figure 10 shows the energy dissociation profiles for waters
Ox

+ and Ox
-. The Ox

- dissociation, curve D in Figure 4, is
shown as curve 10-1 in Figure 10. The transition-state structure
is shown in Figure 5D; the transition-state energy is 63.5 kJ/
mol, and the intermediate energy 47.3 kJ/mol. It is a true
transition state with a single negative frequency (-129.0 cm-1)
corresponding to motion of the Ox- toward and away from the
cation (arrows in Figure 5D). The dissociation mechanism is
identical to that in bare Al(H2O)63+, with the second-sphere
water OW relegated to the role of spectator (compare TS
structures A and D in Figure 5).

Two mechanisms were found for dissociation of water Ox
+.

Starting from theCs-symmetric double H-bonded structure leads
to a dissociation mechanism (curve F in Figure 4, curve 10-2
in Figure 10) analogous to that of the Ox

- water and of bare
Al(H2O)63+. The maximum of the energy profile is 92.6 kJ/
mol, and the intermediate energy is 80.0 kJ/mol. The structure
at the maximum is shown in Figure 5F. It has two negative
frequencies, one (-122.8 cm-1) corresponding to motion of Ox+

toward and away from the cation (motion 1 in Figure 5E) and
the other (-124.7 cm-1) to vibration in and out of the plane of
symmetry (motion 2 in Figure 5E). This second “extra” negative
frequency is analogous to that found in other dissociations
starting fromCs-symmetric structures in the Oy+ and Oy

- cases.
If we start from the asymmetric double-H-bonded structure,

then we can find a suitable asymmetric Ox
+ dissociation (curve

Figure 9. Structures from Figure 8. (A) StructureP2 - double
H-bonded Al(H2O)53+ + 2H2O structure, which is an intermediate in
exchanging waters OW and Oy

-. (B) P2 TS- “transition-state” structure
for P2 path of water exchange (curve 8-3). Arrows show the two
imaginary modes. (C and D) Structures with angle Ox

+-Al-Oy
+ equal

to 122° from curves 8-1 and 8-2, respectively, in Figure 8.

Figure 10. Energy profiles for the dissociation of first-sphere water
Ox

+ and Ox
- from Al(H2O)63+ + nH2O, n ) 0, 1, and 2. Curve 10-0

(dashed line), bare Al(H2O)63+; curve 10-1 (triangles), Ox- from Al-
(H2O)63+ + H2O; curve 10-2 (squares), Ox

+ (Cs symmetric) from Al-
(H2O)63+ + H2O; curve 10-3 (circles), Ox+ (asymmetric) from
Al(H2O)63+ + H2O; curve 10-4 (diamonds), Ox+ from Al(H2O)63+ +
2H2O (energy relative to undistorted cluster). Its transition state is shown
in the inset with arrows showing the imaginary mode.
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10-3 in Figure 10) with only one negative frequency on its local
maximum; however, the structure is not stable ford(Al-Ox

+)
> 2.5 Å. Beyond this point, the Oy+-OW hydrogen bond rotates
during optimization so that OW lies in theyzplane and is double
H-bonded to Oy+ and Oz

+, a structure that (with waters
relabeled) occurs in the Oz( dissociation. To prevent this
rotation, we restrict the dihedral angle Oy

+-OW-Al-Ox
+ to

its d(Al-Ox
+) ) 2.5 Å value for subsequent points.

In the Cs-symmetric dissociation, the outgoing Ox
+ remains

equidistant between the Oz
+ and Oz

- hydrogens, whereas in the
asymmetric case, Ox+ starts out slightly closer to the Oz+

hydrogen, and is attracted in that direction as it moves farther
away from the cation, forming a hydrogen bond. The curve
reaches a maximum atd(Al-Ox

+) ) 3.08 Å, 0.1 Å later than
in theCs-symmetric dissociation, with energy 91.2 kJ/mol, only
1.4 kJ/mol lower than that in the symmetric case. This structure
(shown in Figure 5E) has only one negative frequency (-101.0
cm-1) corresponding to motion of Ox+ away from the cation,
so the maximum is a true transition state.

Aboved(Al-Ox
+) ) 3.2 Å, a further dihedral angle must be

frozen (Ox
+-Oz

+-Al-Oy
- at its d(Al-Ox

+) ) 3.2 Å value)
to again prevent the structure from relaxing to a structure on
the lower energy Oz( dissociation curve (in this case, by rotation
of the Oz

+-Ox
+ hydrogen bond allowing Ox+ to form a second

hydrogen bond with Oy-). The final highly constrained inter-
mediate structure hasd(Al-Ox

+) ) 3.92 Å and∆E ) 75.8 kJ/
mol. The Al-Ox

+ distance is 0.5 Å longer than that in the
symmetric intermediate, a result of Ox

+ being single H-bonded
rather than double H-bonded.

3.2.7. Geometry of Ox( Dissociation Complexes and Al-
(H2O)63+ + 2H2O. We have seen that Ox+ and Ox

- in the Al-
(H2O)63+ + H2O cluster each have a dissociation mechanism
similar to that seen for bare Al(H2O)63+ (momentarily ignoring
the second negative frequency in theCs-symmetric Ox

+ case),
where the outgoing water remains equidistant between Oz

+ and
Oz

- and the intermediate has a trigonal bipyramid structure. (All
of the other Al(H2O)53+ + 2H2O dissociation intermediates,
including asymmetric Ox+, are closer to square-pyramid struc-
tures.) The structures at the local maxima (Figure 5A for bare
Al(H2O)63+, 6D for Ox

-, and 6D forCs-symmetric Ox
+) differ

primarily in the position or absence of the second-sphere water
OW.

If we include an additional second-sphere water double
H-bonded to Ox- and Oy

+, then the Ox( are once again
symmetrically equivalent, and a dissociation of either will have
structural features of both the Ox

- and Ox
+ dissociations with

1 second-sphere water. Curve 10-4 is the Al(H2O)63+ + 2H2O
dissociation, and the transition-state structure is shown in the
inset. The local maximum has an energy of 86.4 kJ/mol and is
a true transition state with one negative frequency at-120.9
cm-1. (This latter point demonstrates that adding additional
second-sphere waters can in some cases remove extra negative
frequencies and turn higher order saddle points into transition
states.) The intermediate structure occurs at has an energy of
71.2 kJ/mol.

The Al(H2O)63+ + 2H2O dissociation has more in common
with the Ox

- andCs-symmetric Ox
+ dissociations in Al(H2O)63+

+ H2O than that of bare Al(H2O)63+. The outgoing water in
the former three drops below the equatorial plane of the
remaining first-sphere Al(H2O)53+, moving toward Oy-, while
in bare Al(H2O)63+, it remains in the plane. The Oy+ is thexz
plane mirror image of Oy- in the bare Al(H2O)63+ dissociation,
but rotated 90° to Oy

- in the other three. Finally, the Al-Ox
(

distances are all∼2.9 Å in the local maxima and 3.45-3.47 Å

in the intermediate for the Ox( dissociations with second-sphere
waters, but 3.044 Å and 3.413 Å, respectively, for the bare
Al(H2O)63+ dissociation.

Despite similarities in structure, the dissociation energy curves
in Figure 10 are widely separated in energy, with local maxima
at 82.8 kJ/mol for bare Al(H2O)63+ (curve 10-0), 63.5 kJ/mol
for Ox

- (curve 10-1), and 92.6 kJ/mol for Ox+ (curve 10-2).
The intermediate energies of bare Al(H2O)63+ andCs-symmetric
Ox

+, however, are very similar, 79.0 and 80.0 kJ/mol, respec-
tively, while that of Ox

- is again much lower at 47.3 kJ/mol.
The dissociation curve for Al(H2O)63+ + 2H2O lies between
the Ox

- and Ox
+ dissociations in energy, as one might expect.

The main contribution to the energy of the bare Al(H2O)63+

transition state is the breaking of the covalent Al-Ox
+ bond.

In the Cs-symmetric Ox
+ dissociation of Al(H2O)63+ + H2O,

the hydrogen bond between Ox
+ and OW is also broken; it seems

reasonable to assign the majority of the 8.4 kJ/mol difference
between theCs-symmetric Ox

+ local maximum and the bare
Al(H2O)63+ transition state to the energy to break this hydrogen
bond. After the maximum in each case, there is a formation of
hydrogen bonds between Ox

+ and the Oz
( waters, hence their

similar intermediate energies.
If the formation and breaking of bonds were all there was to

dissociation, then we would expect the Ox
- dissociation curve

in Figure 10 to be very similar to that of bare Al(H2O)63+.
Nevertheless, the Ox- curve is anomalously low, 19 kJ/mol
lower than bare Al(H2O)63+ at the transition state and 32 kJ/
mol lower at the intermediate, even though OW plays no apparent
role in the dissociation.

3.2.8. Dissociation of the Oz( Waters.The Oz
+ and Oz

- waters
are equivalent inCs-symmetric Al(H2O)63+ + H2O cluster but
not in the lower energy asymmetric cluster. When starting from
the asymmetric cluster, the Oz

+ and Oz
- dissociation curves

remain separated by less than 2 kJ/mol up tod(Al-Oz
() ) 2.7

Å. Above this distance, the structures optimize to mirror images
of one another with identical energies. Because the difference
between dissociation of the ligands is negligible, we will
consider only the Oz- dissociation.

The Oz
- dissociation curve is labeled curve 11-1 (squares)

in Figure 11. As the Oz- water is removed, it moves toward
and forms a hydrogen bond with the Oy

- water. The maximum
at d(Al- Oz

-) ) 2.99 Å and∆E ) 63.3 kJ/mol is a true
transition state with a single negative frequency (-123.8 cm-1).
Up to the transition state, the outgoing water remains in theyz
plane, but atd(Al-Oz

-) > 3.4 Å the Oy
- -Oz

- hydrogen bond
begins to rotate out of the plane toward Ox

+. At d(Al-Oz
-) )

3.85 Å, near the intermediate, Oz
- is close enough to the Ox+

hydrogen that during optimization the structure relaxes to the
lower energy curve 11-2 (circles), where Oz

- is double H-
bonded to Ox+ and Oy

-. To find the local minimum of curve
11-1, we restrict the Oz--Oy

--Oy
+-OW dihedral angle to its

previous stable value. This intermediate structure is shown in
Figure 12A.

The minimum on curve 11-2 is the structure labeledP3, an
Al(H2O)53+ + 2H2O structure with OW double H-bonded to Oy+

and Ox
+, and Oz

- double H-bonded to Ox+ and Oy
- (Figure

12B). The intermediates in both Oz
- and asymmetric Ox+

dissociation optimize to this structure when all bond distance
and dihedral angle constraints are removed (albeit with a
different labeling of oxygens in the Ox+ case). StructureP3 is
8.2 kJ/mol lower in energy than the curve 11-1 intermediate,
and it is symmetric with respect to the incoming and outgoing
waters withd(Al-Oz

-) ) d(Al-OW) ) 3.66 Å. StructureP3’s
lower energy is predominately due to both second-sphere waters
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being double H-bonded, and it may be the preferred intermediate
for Oz

- dissociation.
We were unable to find a continuous pathway fromP3 to

either the Oz
- transition state or undistorted Al(H2O)63+ + H2O

by varying the Al-Oz
- distance or any bond angle involving

Oz
- alone; such a pathway appears to require a more complex

reaction coordinate. Varying the Al-Oz
- distance fromP3

produces curve 11-2. As Oz- moves toward the cation in this
configuration, the Al-Oy

- bond tilts upward with respect to
the plane defined by OW-Oy

+-Al-Ox
+. The dissociated water

stays mostly in this plane, and grows closer to Oz
+ asd(Al-

Oz
-) decreases (Figure 12C). Belowd(Al-Oz

-) ) 2.90 Å, the
structure relaxes slightly during optimization and jumps from
point C on curve 11-2 to point D on curve 11-3. Although there
is a significant difference (∼7 kJ/mol) in energy between these
points, the two structures (Figure 12C and D) are very similar,
differing primarily in the orientation of the protons on Oz

-,
Oz

+, and Ox
-. Curve 11-3 is actually the Ox- dissociation curve

again, with the waters relabeled. Increasing the Al-Oz
- distance

leads to point E, which is the Ox- intermediate (Figure 12E).
The apparent close relation between the Ox

- and Oz
- dissocia-

tion paths may be the reason that their respective transition-
state energies are nearly identical at 63.4 kJ/mol.

3.2.9. Summary: Al(H2O)63+ + H2O. Despite its simplicity,
we have seen that the dissociation of a first-sphere water in the
Al(H2O)63+ + H2O system can follow at least five distinct paths
with a wide range of transition-state energies. The link between
energy and geometry for the transition states and intermediates
is far from clear. The remaining five-coordinate structure may
be either square-pyramidal, as in the Oy

+, Oy
-, Oz

( or
asymmetric Ox+ dissociations, or trigonal-bipyramidal, as in the
Ox

- dissociation. No energy preference is shown either structure
because Ox- and Oz

( have almost identical transition-state
energies although the two are of different five-coordinate
geometries. Comparisons between like structures are not
significantly more revealing; it is not apparent why the Ox

-

transition state is so much lower than the bare Al(H2O)63+ or
Al(H2O)63+ + 2H2O transition states. It is not apparent why
the Oz

( transition state is lower than Oy-, when in each case
one hydrogen bond is formed and none are broken in a square-
pyramidal structure.

A few specific conclusions are possible. The first is that a
structure where a second-sphere water is hydrogen bonded to
two adjacent first-sphere waters, that is, a double H-bond, is
lower in energy than an equivalent structure where the second-
sphere water hydrogen bonds to only one other water, that is,
a single H-bond. The second-sphere Al-O distance is also
significantly smaller in the double H-bond, around 3.6-3.7 Å
compared to 3.9-4.0 Å in the single H-bond.

Second, the breaking of one hydrogen bond appears to
contribute∼10 kJ/mol to the transition state (or local maximum)
of a dissociation. This may account for the difference between
the Ox

+ dissociation and bare Al(H2O)63+ (breaking the hydro-
gen bond between OW and Ox

+ in the former), and the difference
between the Oy+ and Oy

- dissociations (where a bond between
Oy

+ and OW is broken in the former and none in the latter).
Most importantly for our original goal of studying water

exchange, we have identified two possible mechanisms for
exchange, the Oy+ dissociation, withd(Al-Oy

+) as reaction
coordinate and theP2 dissociation (curve 8-3 in Figure 8) with
the ∠(Oy

+-Al-Ox
+) bond angle as reaction coordinate, both

with similar transition states (ignoring again the second negative
frequency for the latter process, which we believe would
disappear with a full second coordination sphere). The funda-
mental difference between the two mechanisms is that in the
Oy

+ dissociation incoming and outgoing waters are cis to one
another, while in the other, incoming and outgoing waters are
trans to one another. We shall use the cis and trans labels to
refer to the two mechanisms in subsequent discussions.

Figure 11. Energy profiles related to Oz- dissociation. Curve 11-1
(squares), Oz- dissociation; curve 11-2 (circles), alternate pathway from
structureP3; curve 11-3 (triangles), Ox- dissociation. Structures at
labeled points are shown in Figure 12.

Figure 12. Structures from Oz- dissociation corresponding to points
labeled in Figure 11. (A) Oz--dissociation intermediate; (B)P3 structure;
(C) low d(Al-Oz

-) endpoint of curve 12-2; (D and E) points on Ox
-

dissociation curve (curve 11-3) with relabeled oxygens.
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3.3. Clusters with Larger Second-Hydration Spheres.The
small size of the Al(H2O)63+ + H2O model introduces an
artificial distinction to the simulation. Some first-sphere waters
are hydrogen bonded to OW and others are not, and those others
differ from one another in their spatial relationships with OW,
and as has been demonstrated, this creates significant differences
in the processes of dissociation and exchange. Yet, in an ideal
static model of a solution, each first-sphere water in the
equilibrium structure of Al(H2O)63+ should be equivalent; each
should be hydrogen-bound to the same number of second-sphere
waters in the same configuration. The simplest way to model
this, given two sites for H-bonding on each water, is with each
first-sphere water H-bonded to either one or two second-sphere
waters, that is, with Al(H2O)63+ + nH2O for n ) 6 or 12.

A full list of first- and second-sphere Al-O distances and
relative energies, for all Al(H2O)63+ + nH2O starting structures,
transition, states and intermediates wheren > 1, is given in
Table S2 of the Supporting Information.

3.3.1. Exchange through Dissociation in Al(H2O)63+ + 6H2O.
Figure 13 shows the optimized structure, which we will refer
to as 6W, for Al(H2O)63+ + 6H2O, where each first-sphere water
is single H-bonded to exactly one second-sphere water. There
are no secondary H-bonds between the second-sphere waters.
The undistorted structure has point group symmetryS6, with
the second-sphere waters arranged in layers above and below
the first coordination sphere. The first-sphere Al-O bond length
is 1.91 Å, shorter than that in bare Al(H2O)63+, while the second-
sphere Al-O distance is 4.08 Å, slightly longer thand(Al-
OW) in the single H-bonded Al(H2O)63+ + H2O cluster (3.95
Å). The central AlO6 octahedron is flattened slightly normal to
the cluster’s threefold axis of symmetry, with a flattening angle
of 55.0° (as compared with 54.74° in an ideal octahedron). The
equilateral triangles formed by the second-sphere waters are
rotated 22.6° with respect to the adjacent triangle of first-sphere
waters. When dissociating a first-sphere water, we designate
the removed water as Ox+ and label the other first-sphere waters
accordingly.

Figure 14 compares dissociation profiles for the 6W structure
(curve 14-1, squares) with bare Al(H2O)63+ (curve 14-2,
triangles) and Oy+ in Al(H2O)63+ + H2O (curve 14-3, circles).
The 6W dissociation is essentially the same as the Oy

+

dissociation in Al(H2O)63+ + H2O, with the outgoing water
single H-bonded to the central Al(H2O)53+, cis to the incoming
water. The transition-state and intermediate structures are shown

in Figure 15, with the incoming water, H-bonded to Oz
+, labeled

OW. For d(Al-Ox
+) > 2.9 Å, the dihedral angle Ox+-Oz

--
Oz

+-OW is constrained to zero to prevent a rearrangement of
the second-sphere waters during optimization involving the

Figure 13. Al(H2O)63+ + 6H2O with S6 symmetry (6W structure).
Each first-sphere water is equivalent and single H-bonded to one
second-sphere water.

Figure 14. First-sphere water dissociation from Al(H2O)63+ + nH2O
clusters,n ) 0, 1 or 6. Curve 14-1 (squares), Al(H2O)63+ + 6H2O (6W
structure); curve 14-2 (triangles), bare Al(H2O)63+; curve 14-3 (circles),
Oy

+ dissociation from Al(H2O)63+ + H2O; curve 14-4 (diamonds), Al-
(H2O)63+ + 6H2O, alt-6W structure, relative to undistorted 6W. An
expansion of the region shown in the dotted box is shown in the inset.

Figure 15. Transition-state (A and B) and intermediate structure (C)
for dissociation of a first-sphere water (Ox

+) from Al(H2O)63+ + 6H2O,
6W structure. The second-sphere water that exchanges with Ox

+ is
labeled OW; the water labeled OW2 is H-bonded to Ox+ and is pushed
out of the second sphere. Arrows in B show the imaginary mode of
vibration.
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formation of double H-bonds, which drops the structure onto
the lower energy curve 15-4. The unrestricted dihedral angle
decreases from 20.7° in the undistorted 6W structure to-0.05°
at d(Al-Ox

+) ) 2.9 Å.
The transition-state energy of the 6W dissociation is 81.2 kJ/

mol atd(Al-Ox
+) ) 3.381 Å (negative frequency-37.7 cm-1),

a much higher distance than any of the transition states for Al-
(H2O)63+ + H2O, which tend to cluster around 3.0 Å (see Table
S1 in the Supporting Information), the highest being Oy

+ at 3.12
Å and the lowest Ox- at 2.84 Å. The intermediate energy is
78.3 kJ/mol, atd(Al-Ox

+) ) 3.84 Å. Unlike the Oy
+ intermedi-

ate, the 6W intermediate is not exactly symmetric with respect
to the outgoing and incoming waters because of the arrangement
of the five spectator waters in the second sphere. For example,
d(Al-OW) in the intermediate is 3.89 Å, slightly longer than
d(Al-Ox

+).
As Ox

+ moves farther from the cation, the second-sphere
water to which it is H-bonded (labeled OW

2 in Figure 15) is
carried with it and is pushed out of the second sphere, to 5.51
Å from the aluminum in the intermediate. It forms a second
H-bond with another spectator water but remains linked to Ox

+

because of the stiffness of the hydrogen bond. The dissociation
of a water from the first sphere requires a reorganization of the
second and higher coordination spheres.

Although the dissociation mechanism resembles the cis Oy
+

dissociation, from the inset of Figure 14 we can see that the
energy scale for 6W more closely resembles the dissociation
of bare Al(H2O)63+. The small difference between the 6W
transition state and intermediate state, 2.9 kJ/mol, makes this
portion of the energy curve particularly flat. This flatness may
in part be due to the dihedral constraint. In most of the Al-
(H2O)63+ + H2O dissociations, this difference is 10-20 kJ/mol.

If the Ox
+-Oz

--Oz
+-OW dihedral is unconstrained above

d(Al-Ox
+) ) 2.9 Å, then the formation of double H-bonds

during optimization drops the structure onto curve 15-4,
over 30 kJ/mol lower in energy. The minimum of curve 15-4
is the structure shown in Figure 16A, which we label the
alt-6W structure. The first-sphere water being dissociated,
Ox

+, is clearly no longer equivalent to the other first-
sphere waters. Two of the second-sphere waters, labeled 1 and
2 in Figure 16A, have formed additional hydrogen bonds
in a rearrangement of the top layer of waters in the 6W struc-
ture (compare Figure 13). Water 1, formerly single H-bonded
to Oz

+, drops below the upper plane of second-sphere waters
and is now double H-bonded to Oz

+ and Oy
+, while

water 2, formerly single H-bonded to Oy
-, is now

double-H bonded to Oy- and Oz
+. The undistorted alt-6W

cluster is 22.7 kJ/mol lower in energy than undistorted
6W.

Curve 15-4 has a transition state of 56.5 kJ/mol (relative to
undistorted alt-6W) at an Al-Ox

+ distance of 3.11 Å (negative
frequency-58.9 cm-1); the structure is shown in Figure 16B.
The intermediate occurs at 53.7 kJ/mol atd(Al-Ox

+) ) 3.721
Å. As in the 6W dissociation, the energy difference between
the transition state and the intermediate state is small, only 2.8
kJ/mol. The intermediate and transition-state structures, as well
as the transition-state energy, are very similar to those of the
Oz

( dissociation for Al(H2O)63+ + H2O, with Ox
+ acting as

Oz
( and water 1 (Figure 16A) as OW. Near the alt-6W

intermediate, there is a strong tendency for the outgoing water
to tilt downward and form a double H-bond (in this case with
Oz

- and Oy
-) in an analogue of theP1 structure (inset of Figure

7), not theP3 structure (Figure 12B) as in the Oz
( dissociation.

The 6WP1 analogue has an energy of 6.0 kJ/mol relative to
6W, 28.7 kJ/mol relative to alt-6W. Despite the initial symmetry
of the first-sphere waters in the 6W structure, there is as much
potential for alternative dissociation pathways here as with
Al(H2O)63+ + H2O, due to the many different ways of
reconfiguring the hydrogen-bonding network of the six second-
sphere waters.

3.3.2. Dissociation in Al(H2O)63+ + 12H2O. In the Al-
(H2O)63+ + 6H2O clusters, each of the six first-sphere waters
had one “open” hydrogen not involved in a hydrogen bond. In
Al(H2O)63+ + 12H2O, all first-sphere waters are fully hydrogen
bonded.

Two different structures were found for undistorted
Al(H2O)63+ + 12H2O. The first is shown in Figure 17A, with
the second-sphere hydrogens hidden for clarity. This structure,
12W-T, has tetrahedral (T ) point group symmetry, with the 12
second-sphere waters arranged into four truncated-tetrahedral
“faces”. Each face resembles one of the second-sphere water
layers in the 6W structure (compare Figure 13). All second-
sphere waters are single-H bonded to one first-sphere water,
with Al-O distances of 4.14 Å. The first-sphere Al-O bond
length is 1.91 Å.

Figure 16. Alternate configuration for Al(H2O)63+ + 6H2O, structure
alt-6W. (A) Undistorted; hydrogen bonds are shown as dotted lines,
and second-sphere waters rearranged from structure 6W are labeled 1
and 2. (B) Transition state for dissociation of Ox

+. Arrows in B show
the imaginary mode of vibration.

Figure 17. Al(H2O)63+ + 12H2O structures. (A) 12W-T, with protons
on the second sphere waters hidden for clarity; (B) structure 12W-S6,
top view; (C) structure 12W-S6, side view.
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The second undistorted Al(H2O)63+ + 12H2O structure, 12W-
S6, has point group symmetryS6, and is lower in energy than
the 12W-T structure by 12.6 kJ/mol. The structure is shown in
Figure 17B and C. All 12 second-sphere waters are arranged in
a narrow layer (Figure 17C), with the central AlO6 polyhedron
slightly flattened compared to a true octahedron (ψ ) 55.9°).
Each second-sphere water is double H-bonded to one first-sphere
water and one other second-sphere water. There are two
inequivalent groups of second-sphere waters, with Al-O
distances of 4.042 and 4.067 Å, which alternate along the
perimeter of the structure. Each first-sphere water is hydrogen
bonded to one of each group. The first-sphere Al-O bond length
is 1.91 Å, similar to the 12W-T and 6W structures. All six first-
sphere waters are equivalent in both 12W structures.

These two structures for a 12-water second coordination
sphere have been found previously32,34,35 for both Al3+ and
Mg2+. In each case, the 12W-S6 structure is the lowest in
energy. The lower energy and second-sphere Al-O distances
in 12W-S6 are consistent with our previous observations about
double H-bonded versus single H-bonded second-sphere waters.

Although the 12W-S6 structure is lower in energy, the distinct
flatness of the structure introduces a special direction, the axis
of threefold symmetry normal to the plane. (12W-S6 has this
in common with the 6W structure.) For Al3+(aq) in the bulk
liquid, we expect that with thermal motion the second and higher
coordination spheres will be isotropic on average, suggesting
that the undistorted 12W-S6 structure may be more appropriate
as a section of a solid rather than a solution.

Figure 18 shows energy profiles for dissociation of a first-
sphere water from each 12W cluster, along with the Oy

+

dissociation in Al(H2O)63+ + H2O for comparison. We were
unable to find a transition state or intermediate for either starting
structure. At Al-O distances above 3.0 Å for 12W-S6 and 3.5
Å for 12W-T, a water is ejected from the second sphere for a
discontinuous drop in energy. At the curves end points the
energies are already larger, 93 kJ/mol for 12W-S6 and 101 kJ/
mol for 12W-T, than previous exchange or dissociation barrier
energies.

The existence of a transition state and intermediate depends
on the outgoing first-sphere water finding a position in the
second coordination sphere and forming one or more hydrogen
bonds with other waters; the outgoing water is attracted by a
hydrogen not involved in a hydrogen bond, as seen in the various
Al(H2O)63+ + H2O dissociations. In both the 12W-S6 and
12W-T structures, there is no available space in the second
coordination sphere because all available hydrogen-bonding sites
are occupied. The problem is that the existing network of static
hydrogen bonds in these structures is too rigid to allow a
dissociating water to enter the second coordination sphere. This
problem can be alleviated by allowing thermal motion of the
second sphere to break up the rigidity of the hydrogen bond
network, that is, by switching to molecular dynamics simula-
tions.

3.4. Molecular Dynamics.Ab initio structure optimizations
are essentially static and can only give limited amounts of
information about dynamic processes like dissociation or water
exchange. A prerequisite for dissociating a water ligand from
the aluminum cation’s first coordination sphere is the existence
of a hole in the second coordination sphere into which the
dissociating ligand can move. In the static ab initio simulations,
the network of intra-second-sphere and first sphere-second
sphere hydrogen bonds is too rigid to accommodate the
dissociating water ligand without an energetically discontinuous
rearrangement of the second coordination sphere.

In a molecular dynamics (MD) simulation, however, the
molecules in the second and outer coordination spheres are in
constant thermal motion and can more readily reorganize to
accommodate the outgoing water. Another advantage is the
ability to have many more molecules in the system (a full outer
coordination sphere transitioning into bulk water, given a small
enough core system and a large enough box for the simulation)
than in an ab initio simulation. However, structures obtained
from MD (e.g., intermediate or transition-state structures, the
structure of the second coordination sphere) are in one sense
more approximate than those from ab initio calculations, being
either averages over many time steps or snapshots from a single
time step deemed representative, rather than energy-minimized
structures.

More extensive MD simulations on water exchange in Al3+

with CLAYFF, using sampling and weighted histogram analysis,
have been performed previously,36 yielding a calculated ex-
change enthalpy for Al(H2O)63+ of 101.5 kJ/mol.

The aluminum cation was fixed in the center of a box,∼18.5
Å per side, with periodic boundary conditions, and filled with
215 water molecules. Each simulation was run for 1000 time
steps over 1 ps. Dissociation of a first-sphere water was
simulated in a way similar to that of the ab initio simulations,
by gradually increasing the fixed Al-O distance for a chosen
first-sphere water. For each Al-O distance, the simulation was
repeated 2000 times.

In the unconstrained simulation (i.e., with no fixed Al-O
distance) the average geometry of the Al(H2O)63+ cluster is
octahedral, with no significant difference between the six
ligands. Figure 19A shows the partial radial distribution function
(RDF) for oxygen atoms with the origin at the aluminum cation,
derived from a single 1 ps simulation. The sharp, high peak
corresponds to the Al-O bond length in Al(H2O)63+, with peak
value 1.85 Å, mean 1.87 Å, and standard deviation 0.03 Å. This
bond length is considerably shorter than that in any of the ab
initio clusters (1.93 Å in bare Al(H2O)63+, 1.91 Å in 6W and
the two 12W structures), which is an artifact of CLAYFF.36

The octahedron is not flattened as in the 6W or 12W-S6

Figure 18. First-sphere water dissociation from Al(H2O)63+ + 12H2O
clusters. Curve 18-1 (circles), the 12W-S6 structure; curve 18-2
(squares), the 12W-T structure; curve 18-3 (triangles), Oy

+ dissociation
from Al(H2O)63+ + H2O.
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structures. The first coordination sphere is stable over the length
of the simulation, and no spontaneous exchange between the
first and second coordination spheres was observed.

The second coordination sphere, however, was relatively fluid,
both in structure and membership. The second sphere can be
seen in Figure 19A as the small broad peak between roughly
3.5 and 4.5 Å. (The second coordination sphere peak is noisy
because of the short simulation time.) Unlike between the first
and second coordination spheres, there is no sharp edge between
the second and higher coordination spheres.

In general, however, there are 12 waters hydrogen bonded
to the first sphere and few waters closer to the cation that are
not, in agreement with previous simulations37 that show 12
waters in the second coordination sphere. The second sphere
has neither a 12W-T or 12W-S6 structure but is much more
disordered, although most waters are single rather than H-
bonded, like the 12W-T structure. Although double H-bonding
is energetically preferred in ab initio simulations, it is not often
seen in MD simulations because the energy difference between
single and double H-bonded configurations is of similar
magnitude to the thermal energy,kT ) 2.4 kJ/mol at 300 K,
while ab initio ∆E between single and double H-bonded Al-
(H2O)63+ + H2O is 3.1 or 4.4 kJ/mol, depending on double
H-bonded symmetry.

Figure 19B shows the result of a sequence of consecutive
simulations where the fixed Al-O distance for a water originally
in the first sphere (OW′) is increased gradually. Here the final
state of each 1 ps simulation is used as the initial state of the
next simulation with increasedd(Al-OW′), while in subsequent
simulations, each simulation was started from the same initial
state. The curve labeled OW′ is the Al-OW′ distance over time.
Eventually, the hole left in the first sphere by the OW′ is large
enough that one of the second-sphere waters, OW, which has
been keeping between 3.5 and 4.5 Å from the aluminum, takes
its place.

Figure 20A shows the fraction of simulations in which an
exchange occurred sometime during the simulation’s 1 ps
duration, as a function of the constrained Al-OW′ distance. Each
data point represents 2000 simulations. The number of ex-
changes increases the farther OW′ is held from the cation; the
larger the hole in the first sphere, the greater the chance that a
second-sphere water will be able to fill it. The dependence is
well fit by a sigmoidal function

whereNexchangesis the number of simulations where a water
exchange occurred out of a totalNtotal simulations,x is the
constrained Al-OW′ distance, andx0 and ∆x are parameters.
The fitted values of the parameters in Figure 20A arex0 )
2.946(6) Å,∆x ) 0.074(5) Å, withø2 ) 0.0008. Bothx0 and
∆x are expected to have some dependence on the length of the
simulation.

The parameterx0 is the Al-OW′ distance where an exchange
will occur in exactly half of the simulations and is quite close
to 3.0 Å. Many of the dissociation and exchange mechanisms
observed in the ab initio simulations had their transition states
or local maxima near 3.0 Å. It is thus tempting to identifyx0 as
thed(Al-OW′) of a D or Id exchange transition state. However,
this supposes that this hypothetical transition-state structure has
a 50% probability of proceeding forward to a completed
exchange (OW moving in to replace OW′), or slipping back to
its starting configuration (OW′ moving back into the first sphere),
that is, that the transmission coefficient is 0.5. Although this is
an attractive picture, it is known that the transmission coef-
ficients for exchange processes, as calculated by the reactive
flux method, are generally much smaller than 0.5.36,38,39 In
addition, althoughx0 appears to matchd(Al-OW′) of the ab
initio transition states, the fact that the equilibrium Al-O bond
lengths in Al(H2O)63+ are about 0.1 Å smaller in the MD

Figure 19. (A) Radial density function (RDF) of Al-O distances in GROMACS MD simulation, undistorted Al(H2O)63+. (B) Forced dissociation
of a first-sphere water (OW′) and its subsequent replacement by a second-sphere water (OW).

Nexchanges/Ntotal ) 1/{1 + exp[-(x - x0)/∆x]} (3)
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simulations suggests that a similar difference might be expected
in the Al-O distances of a transition state or intermediate.

Examining the actual individual water exchanges, we find
two different mechanisms, one trans, like theP2 Oy

- exchange
in Al(H2O)63+ + H2O (Figure 8, curve 8-3, and Figure 9), and
one cis, that looks the Oy+ exchange (Figure 6). Representative
examples of the two mechanisms as seen in MD are shown in
Figure 21, each for a simulation with fixedd(Al-OW′) ) 3.0
Å; the waters are labeled OW, Ox

+, Ox
-, and so forth to

correspond with the equivalent mechanism in the Al(H2O)63+

+ H2O ab initio simulations. Figure 21A-C shows the first
sphere immediately before, during (when bothd(Al-Oy

-) and
d(Al-OW) are 3.0 Å), and after the trans exchange, while Figure
21D shows the first sphere during the cis exchange (again, when
both d(Al-Oy

+) andd(Al-OW) are 3.0 Å). Both these mech-
anisms are of the intermediate Id type rather than the purely
dissociative D type, seen in the ab initio simulations. The cis

midpoint structure (Figure 21D) resembles the Id transition state
seen previously for V2+ and Fe2+(16), as well as the Ia transition
state seen for Cr3+(17); the trans midpoint resembles the Ia

transition states of Mn3+ and Cr2+(17) seen previously, as well
as higher order Ia saddle points for V2+ and Cr3+(16).

A large majority of the water exchanges seen in our MD
simulations were of the trans type. Figure 20B shows the number
cis exchanges as a fraction of the total number of exchanges,
as a function of the Al-OW′ distance. The cis fraction initially
increases withd(Al-OW′), with an apparent peak near 3.0 Å
(possibly corresponding tox0), then decreases again as the total
exchange fraction nears 100%. The cis fraction is never greater
than 4%; in absolute terms, 49 cis exchanges out of 1376 total
exchanges, out of 2000 simulations withd(Al-OW′) ) 3.0 Å.

3.4.1. Discussion: cisVersus trans DissociatiVe Exchange
for Al3+. The fact that the trans exchange is the dominant
mechanism of water exchange in the MD simulations runs
counter to previous experience. Kowall et al.18 have identified
the Oy

+ exchange, that is, the cis exchange, as the mechanism
for water exchange in Al(H2O)63+, with a transition-state energy
in good agreement with the experimental results of Hugi-Cleary
et al.21 In our own simulations, we found the cis exchange to
have a lower energy barrier than the trans (P2 Oy

- bond angle
mechanism), with 84.3 kJ/mol versus 89.7 kJ/mol; so based on
this criteria, the cis exchange should be favored over the trans.

The energy barrier of a D exchange process, however, and
the energy barrier of the equivalent Id exchange may not be
equal. Because of the extra negative frequency of the ab initio
trans exchange maximum, we know that it should be treated as
exchange barrier energy only cautiously. The Id trans transition
state, with only one negative frequency, may well be lower in
energy than, and thus favored dynamically over, the Id cis
transition state. Although Al3+ is known experimentally to have
an Id exchange,21 an Id mechanism has never been produced
for it by ab initio simulations.18 Our current results

Figure 20. Dependency of water exchange characteristics as a function
of the constrained Al-OW′ distance. (A) Total fraction of simulations
where water exchange ocurrs, with fitted sigmoidal curve (dashed line);
(B) cis exchanges as a fraction of the total exchanges.

Figure 21. Al(H2O)63+ + H2O structures from MD simulations, all
with d(Al-OW′) fixed at 3.0 Å. (A-C) Steps in the exchange between
second-sphere water and a trans first-sphere water (A) before exchange,
(B) when d(Al-OW′) ) d(Al-OW), (C) after exchange; (D)d(Al-
OW′) ) d(Al-OW) structure in a cis exchange.
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may suggest that although a cis exchanged is favored in the D
process a trans exchange is favored for the Id process.

In our MD simulations, the Al-O distance of the outgoing
water was fixed so that the outgoing water did not have the
option to move back into the first sphere. Therefore, what the
low fraction of cis exchanges seen shows is that the trans
mechanism dominates when the exchange reaction is forced to
go forward. If the transmission coefficient of the cis mechanism
is much higher than that of the trans mechanism, then cis could
still be the dominant exchange mechanism.

4. Conclusions

We thoroughly examined the processes of first coordination
sphere water dissociation and exchange in Al(H2O)63+ with
various models in ab initio and molecular dynamics simulations.
Using a model cluster of Al(H2O)63+ with one second-sphere
water, as in previous simulations,16-18 a dissociative (D)
mechanism where the second-sphere spectator water can
exchange with an outgoing water cis to it was found, having a
transition-state energy of 84.3 kJ/mol, in good agreement with
previous experimental21 and theoretical18 results.

However, the Al(H2O)63+ + H2O cluster admits several other
pathways for dissociation of a first-sphere water with a wide
range of transition-state energies (63 to 91 kJ/mol) because of
the symmetry-breaking role of the spectator water. The principle
of microscopic reversibility, imposing the criterion that either
the reaction intermediate (for D processes) or transition state
(for Id processes) for an exchange process must be symmetric
with respect to the incoming and outgoing water, is necessary
to distinguish which of these dissociation pathways leads to an
exchange because several of them have transition states lower
than the actual exchange mechanism. There is no clear relation
between the wide range of transition state/intermediate energies
and geometries, except that second-sphere waters hydrogen
bonded to two first-sphere waters (double H-bonded) have
shorter Al-O distances than second-sphere waters hydrogen
bonded to only one first-sphere water (single H-bonded), with
lower cluster energies. Water molecules at 300 K in molecular
dynamics simulations move too energetically to form double
hydrogen bonds.

A similar cis exchange mechanism was found in a model
with Al(H2O)63+ and six second-sphere waters, with a transition-
state energy of 81.2 kJ/mol. Additional dissociation pathways
were again present, in this case as a result of rearrangements in
the second coordination sphere. The hydrogen-bonding network
in the second coordination sphere was sufficiently stiff that one
second-sphere water was ejected to the third coordination sphere
as the first-sphere water dissociated. For models with 12 second-
sphere waters, the network was too stiff to allow a dissociating
first-sphere water to enter, and no dissociation or exchange path
was found. With multiple waters in the second coordination
sphere, a dynamic second sphere is necessary to allow formation
of a hole for the outgoing first-sphere water to occupy, as in
molecular dynamics simulations.

A second potential D exchange mechanism was found in the
Al(H2O)63+ + H2O system, involving dissociation of a first-
sphere water trans to the second-sphere water, as an O-Al-O
bond angle opens to draw in the second-sphere water. This
mechanism has an energy barrier of 89.7 kJ/mol but is actually
a higher order saddle point with two negative frequencies, and
thus not a transition state. However, a very similar Id trans
exchange mechanism occurs in the molecular dynamics simula-
tions and makes up the vast majority of exchanges observed.
(A small minority consist of cis Id exchanges.) With the addition

of a full, dynamic second coordination sphere, the extraneous
negative frequency disappears and the D high-order saddle point
becomes an Id transition state. A dynamic calculation of
transmission coefficients for cis and trans Id mechanisms is
necessary to determine which is actually the dominant exchange
pathway in solution.

This project was motivated by the need of geochemists for a
rigorous examination of ab initio methods of identifying reaction
pathways. Through this analysis, we show that uncritical
application to geochemical problems is dangerous. The results
are strongly affected by details of the molecular cluster, and
similarity of the calculated barrier energy to an experimental
value alone is not sufficiently convincing evidence that the
correct pathway has been identified. More convincing are
molecular dynamics methods, particularly if coupled to experi-
ments at the same scale. Although ab initio methods can identify
possible pathways and calculate their energy barriers, molecular
dynamics methods are needed to determine how these pathways
are actually relevant to the dynamic reaction under investigation.
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