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Density functional theory calculations have been performed for the water exchange mechanism of aquated Al(III).
The effect of pH was considered by studying the exchange processes for [Al(H2O)6]3+ and its conjugated base,
[Al(H2O)5OH]2+. Both complexes were found to exchange water in a dissociative way with activation energies (EA)
of 15.9 and 10.2 kcal/mol, respectively. The influence of solvent molecules on the gas-phase cluster model was
considered by the addition of up to four water molecules to the model system. The stabilizing effect of the solvent
on the transition state decreases EA to 8.6 (hexa-aqua complex) and 7.6 (monohydroxo complex) kcal/mol, whereas
EA for all hydroxo species is consistently significantly lower than those for the related aqua systems, which indicates
a much faster water exchange rate. For the hydroxo complex, all calculated five-coordinate intermediates, nH2O‚
[Al(H2O)4(OH)]2+ (n ) 1, 2, 3, 4, 5), are more stable than the corresponding six-coordinate reactants. Our results
therefore suggest the presence of a stable five-coordinate species of aquated Al(III), namely, the [Al(H2O)4(OH)]2+

complex.

Introduction

Aquated Al(III) species are important and interesting
because of their frequent occurrence in nature, for example,
in clays or hydroxide phases,1,2 their high toxicity to plants
and humans,3,4 and their rich variety of solute structures.5,6

Despite the species’ ubiquitous nature, details of the coor-
dination sphere of aquated Al(III) are still unresolved,
especially in the biochemically relevant pH range from 4.3
to 7.0 in which a shift from the preferred six- to the fourfold
coordination occurs. A recent study7 provided evidence for
the first time for a stable, five-coordinate aquated Al(III)

species, namely, [Al(H2O)4OH]2+. The authors used high-
pressure17O NMR techniques and Car-Parrinello molecular
dynamics8 (CPMD) to study the hydrogen-ion-concentration
dependence of the water exchange process.

A mechanistic understanding of solvent exchange reactions
of solvated metal ions is of fundamental importance for the
general understanding of ligand substitution processes,
especially since, in many cases, biological and catalytic
reactions are controlled by the lability of coordinated solvent
molecules. For this reason, much work has been devoted to
the elucidation of these reaction mechanisms, not only to
understand the underlying mechanisms but also to especially
develop knowledge that will enable systematic control over
and modification of such processes. Our understanding of
solvent exchange mechanisms has benefited substantially in
recent years from the use of sophisticated high-pressure
kinetic techniques such as NMR line broadening9-11 and from
theoretical calculations12-15 on the nature of the transition
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state involved in such processes.16 Volumes of activation
obtained from the pressure dependence of the solvent
exchange process have been demonstrated to possess an
exceptional mechanistic discrimination ability.17,18 A recent
review by Lincoln shows, in a semi-historical way, the
establishment of the nature of aquated metal ions and of
water exchange and ligand substitution processes on them.19

One important aspect is the influence of pH on water
exchange reactions in general. A number of studies have been
devoted to this topic, and it is now well-documented that
the deprotonation of aquated metal ions such as [Fe(H2O)6]3+,
[Rh(H2O)6]3+, and [Ir(H2O)6]3+ to form the corresponding
monohydroxo [M(H2O)5OH]2+ complexes not only leads to
a drastic increase in the water exchange rate constant but
also causes a changeover in the underlying reaction mech-
anism from a more associative (A) to a more dissociative
(D) process induced by the trans effect of the coordinated
hydroxide ion.20 In an earlier study, we demonstrated, using
density functional theory (DFT), that the deprotonation of
[Ti(H2O)6]3+ causes a changeover in the water exchange
mechanism from a limiting A mechanism to a limiting D
mechanism for the [Ti(H2O)5OH]2+ complex ion.21 In
principle, a D mechanism will proceed via a five-coordinate
transition state and could involve the formation of a stable,
five-coordinate intermediate, as found for aquated Al(III)
mentioned above.

We have now extended this work to solvent exchange
reactions on [Al(H2O)6]3+ and [Al(H2O)5OH]2+. For the
former complex, experiment and theory have so far shown
that the [Al(H2O)6]3+ ion exchanges water according to a
dissociative interchange (Id) mechanism characterized by an
activation volume of+5.2 cm3 mol-1.22,23Deprotonation of
[Al(H 2O)6]3+ has been reported to cause an increase of
approximately 104 in the water exchange rate constant.24 The
challenge now, in light of the recent findings mentioned
above, is to search for theoretical evidence for the formation
of five-coordinate transition state and intermediate species
as an integrated part of the water exchange process on
aquated Al(III). The work reported here shows under which
conditions evidence for such species can be found, whereby
the pH of the solution and the nature of the solvent sphere
selected are the controlling factors.

Mechanistic Approach

Until now, the solvation sphere around hydrated metal ions
has usually only been considered explicitly for the first and
to some extent for the second coordination spheres (usually
for only one additional water molecule). Only a few studies
exist in which pure quantum-mechanical methods have been
used to take a complete second coordination sphere for
aquated metal ions into consideration.25 Most simulations
of ligand exchange processes or the solvent organization
around a metal center have used pure classical molecular
dynamics (MD) simulations,26-31 mixed quantum mechanics/
molecular mechanics (QM/MM) approaches,26,32-34 or CPMD
simulations.7,35-40 These methods were successfully used to
study the behavior and dynamics of a metal ion in solution
but only in a few cases to explore the details of a ligand
exchange mechanism because of the rare-event problem and
general methodic limitations.15 To our knowledge, only a
very fast water exchange around Ca2+ 41 and Sr2+ 42 was
observed during unconstrained CPMD simulations. An
overview of widely used computational methods is given in
recent reviews.12,43

The explicit consideration of a second coordination sphere
leads to special problems related to the determination of the
number and the orientation of the coordinated water mol-
ecules. In addition, for a large number of water molecules
around a metal center, one can expect a large number of
conformations to be local minima, such that a variety of
pathways for solvent exchange processes will be possible,
depending on the starting structure selected for the simula-
tion. This can lead to biased mechanistic conclusions, as we
will show later. Generally, even for a second or third
solvation sphere, the concentration of the solvated metal ion
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would be far too high to compare with realistic experimental
conditions for the classical ab initio/DFT cluster-solvent
approach and also for the widely used periodic boundary
conditions in CPMD studies. Of course, the final goal is to
obtain simulations as close as possible to the real system.
Well aware of the limitations of the different methods, we
will report in this work the influence of additional water
molecules on the energy and reaction mechanism by
considering six water molecules in the first coordination
sphere and stepwise up to four in the second coordination
sphere as an approach to gain further insight into the cluster-
solvent interaction of the exchange process.

Selected Model Reactions.The water exchange mecha-
nism of hydrated Al(III) was examined using gas-phase
clusters consisting of the metal ion surrounded by different
numbers of water molecules. To model the influence of pH

on the reaction mode, one water was substituted by a hydroxo
ligand. Within this computational-mechanistic study, the
following theoretically possible substitution mechanisms,
namely, limiting A (Scheme 1), A/D interchange (I, Scheme
2), and limiting D (Scheme 3), were analyzed in order to
find the most favorable reaction pathway.

According to the mechanistic models, the limiting A and
limiting D pathways are characterized by the formation of
stable seven- or five-coordinate intermediates, respectively,
followed by the reverse process, which involves an identical
transition state because the reaction is symmetrical. In
contrast, an I mechanism involves only one transition state,
in which concerted ligand exchange appears to lead directly
to the product species.

Notation. In order to describe the complexes consistently,
the following notation was adopted. Bond lengths are

Scheme 1. Schematic Energy Profile and Structures for the Associative (A) Water Exchange Mechanism and the Abbreviations Used in the Text

Scheme 2. Schematic Energy Profile and Structures for the Interchange (I) Water Exchange Mechanism and the Abbreviations Used in the Text
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abbreviated asr(Al-O) [Å] with the indices I and II
indicating the first and second coordination spheres, respec-
tively. The exchanging water molecules in the transition
states are indicated with both indices. The complexes [Al-
(H2O)n]3+‚mH2O, wheren ) 4, 5, 6, and 7 andm ) 0, 1, 2,
3, 4, and 5 are abbreviated only by their coordination
numbers in the first and second coordination spheres, leading
to an (n,m) notation, for example, (6,0) for the hexa-aqua
complex. This notation is used in the same way for the
hydroxo complexes, for example, (5,OH,0) for the [Al(H2O)5-
(OH)]2+ complex. See the descriptions included in Schemes
1, 2,
and 3.

Computational Details. All structures were fully opti-
mized at the B3LYP/6-311+G** level44-47 and characterized
as minima or transition states by computation of the normal
vibrations within the harmonic approximation. All energies
are corrected for zero-point energies (ZPE). The Gaussian
03 suite of programs was used throughout.48

Results and Discussion

Associative Mechanism.For the chosen level of theory,
all attempts to coordinate a seventh water molecule to the
aquated Al(III) center for both the hexa-aqua and the penta-
aquahydroxo complexes were unsuccessful. All DFT calcu-
lations for a sevenfold coordinated Al(III), Al(7,0), ended
up in a sixfold coordination with the seventh water molecule
located in the second coordination sphere. Depending on the
starting structure, we found that this second sphere water
molecule can be bound either in a bifurcated way through
two hydrogen bonds to two first sphere water ligands, which

is practically identical to the (6,1) structure used as the
reactant structure for the D mechanism, or in a linear way
through only one hydrogen bridge (see Scheme 4). This
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Scheme 3. Schematic Energy Profile and Structures for the Dissociative (D) Water Exchange Mechanism and the Abbreviations Used in the Text

Scheme 4 Two Possible Coordination Modes (Linear and Bifurcated)
of External Water Moleculesa

a The structures on the left are higher in energy because of the presence
of a single hydrogen bond to the external water molecules.
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structure is higher in energy and can be considered to be a
pre-equilibrium structure in terms of the water exchange
process. Therefore, in agreement with available experimental
data, we conclude that an A water exchange mechanism,
which demands a seven-coordinate intermediate, can be
excluded for aquated Al(III).

Interchange Mechanism.The I mechanism demands a
transition state with weak coordination of the two exchanging
water molecules. Depending on the A or D character of the
I process, these water molecules are somewhere between the
first and the second coordination spheres or in the region of
the second coordination sphere. All our attempts to locate
such a transition state failed, most likely because of the
omission of the complete second (or higher) coordination
sphere. The Al-OI/II interaction is so weak that H-bonding
to the hydrogen atoms of the equatorial water ligands is
favored. Similar results were obtained by Rotzinger for the
solvent exchange of trivalent transition metal ions and are
due to an incorrectly balanced description of the metal-
ligand and hydrogen-bond strengths by DFT.49 However, we
failed to calculate the transition state structure for the I
mechanism even in the cluster model with four additional
water molecules, where no hydrogens in the first coordination
sphere are available for hydrogen bonding without breaking
an existing one. Therefore, all calculations resulted in
structures where the exchanging water molecules were either
coordinated in a linear way to the equatorial aqua ligands or
coordinated in a bifurcated way (see Scheme 4). Within the
selected model, we are not able to corroborate the experi-
mentally favored Id mechanism.23

We attribute the absence of the A and I types of exchange
mechanism not to the limitations of DFT but to the small
ionic size (53 pm) in combination with the charge-driven
coordination of six water molecules around the Al(III) ion.
This is corroborated by comparison with our recent calcula-
tions for Li(I). The naked Li+ ion is 50% larger than naked
Al3+ and is only five-coordinate during the water exchange
process.13 Even for the larger Ga3+ ion (62 pm), both the
experimental17O NMR data50 and the theoretical calcula-
tions22 suggest a dissociatively activated exchange process.

Dissociative Mechanism.The most favored gas-phase
structure of [Al(H2O)6]3+ hasTh symmetry (Figure 1) with
a metal-oxygen bond length of 1.94 Å. This value is in good
agreement with results obtained by Wassermann et al.,51 who
calculated a range of 1.90-1.95 Å for the Al-O bond (also
in Th symmetry) using MP2 with correlation consistent basis
sets of double and tripleê quality. Bock et al. reported for
different basis sets values of 1.90-1.91 Å (SVWN5), 1.95-
1.96 Å (BLYP), 1.93-1.94 Å (B3LYP), 1.92-1.93 Å (HF),
and 1.92-1.93 Å (MP2).52 The MP2/6-311+G** value is
1.93 Å,53 whereas 1.90 Å was found in solution from
experimental X-ray data.54 Detaching one of the coordinated
water molecules leads to the transition state for the D
pathway. The leaving water molecule forms a hydrogen
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Figure 1. Calculated (B3LYP/6-311+G**) energy profile and selected bond lengths for water exchange on [Al(H2O)6]3+.
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bridge,r(O-H) ) 1.66 Å, to one of the coordinated water
molecules and is located between the first and the second
coordination spheres at a distance of 2.95 Å to the metal
center. The bond trans to the leaving water,r(Al-OI), is
shortened to 1.88 Å, similar to the 1.86 Å for the water
molecule offering the hydrogen bridge, which causes a higher
acidity. The remaining water molecules stay relatively
unchanged at distances between 1.91 Å and 1.92 Å. Such
structures are also found for other aquated metal ions, for
example, {[Ni(H2O)5‚‚‚H2O]2+}‡ 55 or {[Ti(H2O)4(OH)‚‚‚
H2O]2+}‡.21 In the intermediate structure, the leaving water
molecule becomes part of the second coordination sphere at
a distance of 3.62 Å to the Al(III) center. The pre-existing
H-bond becomes stronger and decreases to 1.53 Å, and a
weaker second hydrogen bridge is formed (r(O-H) ) 1.77
Å). The coordination sphere during this D process changes
from a highly symmetrical octahedral, via a distorted
octahedral in the transition state, to a trigonal-bipyramidal
intermediate, distorted by the coordination of the leaving
water molecule. Therefore, the equatorial Al-O bond lengths
decrease to 1.88, 1.88, and 1.84 Å, respectively, whereas
the axial bond lengths remain longer at 1.94 and 1.91 Å,
respectively. In both cases, the shorter distances are caused
by the hydrogen bridges formed. The activation energy for
this D water exchange process was calculated to be 15.9 kcal/
mol (Table 1).

Upon including one additional water molecule for this
reaction (Figure S1, Supporting Information), the activation
energy decreases to 11.5 kcal/mol. This additional water
molecule is initially located in the second coordination sphere
at a distance of 3.69 Å to the metal center, fixed through
two H-bonds in a bifurcated way (r(H-O) ) 1.73 and 1.68
Å). The two water ligands involved in the H-bonds are
slightly closer to the Al(III) center (1.92 and 1.91 Å), whereas
the remaining water ligands stay almost unchanged relative
to the Th structure (1.94 Å). The slight decrease inr(Al-
OII) from 3.69 to 3.66 Å and the frequency analysis of the
single imaginary frequency in the transition state show that
it is not directly involved in the exchange process but has a
significant influence onEA. Not only is the transition state

stabilized, but also the overall reaction energy is reduced to
0.2 kcal/mol which means that the reactant and intermediate
are practically of the same energy. In other words, the five-
coordinate Al(III) in (5,2) becomes more favorable than in
the (5,1) complex. Compared to (5,1)‡, the leaving water in
the transition state (5,2)‡ is only 2.84 Å away from the metal
center (i.e., 0.11 Å closer) but has a weaker hydrogen bond
(1.75 vs 1.66 Å). Ther(Al-OI) becomes only slightly
shorter, except for two particular water ligands: the one in
the trans position to the leaving water and the one donating
the hydrogen bridge (Table 1). In the intermediate structure
(5,2), the twor(Al-OII) bonds average 3.65 Å, and a second
H-bond to the leaving water is formed.

On going to the reaction (6,2)f (5,3) (Figure S2,
Supporting Information), the activation barrier and the
reaction energy both decrease. The barrier is reduced to 8.3
kcal/mol, and the reaction energy is reduced to-1.3 kcal/
mol. This is once more due to a stabilization of the transition
state and the five-coordinate intermediate in comparison to
the six-coordinate reactant as a result of a second sphere
chelation effect. In theC2 symmetric (6,2) structure, all
equatorial water ligands haver(Al-OI) values of about 1.92
Å, whereas the axial ones are slightly longer at 1.96 Å. The
bifurcated external water molecules are at distances of 3.70
Å to the metal center. The rotation of an equatorial water
ligand in the transition state (5,3)‡, while breaking a H-bond,
donates the H-bond to stabilize the leaving water,r(Al-
OII) ) 2.87 Å. The extremely short H-bond,r(O-H) ) 1.28
Å, to the former bifurcated bound second sphere water is
exceptional. In the case of the reaction (6,3)f (5,4) (Figure
S3, Supporting Information), the trend in the activation
energies reverses, and a barrier of 10.5 kcal/mol is found.
However, in contrast, the intermediate is 1.6 kcal/mol more
stable than the reactant. The structural parameters are in the
expected range and are summarized in Table 1.

The (6,4) system represents a distinct situation, see Figure
2. It consists of four water molecules at a distance of 3.70
Å to the Al(III) center. These external waters are bound in
a bifurcated way (r(O-H) ) 1.80 to 1.81 Å) to the equatorial
water ligands. Thus, there are no protons available to donate
a H-bond to the leaving water molecule in the transition state(55) Rotzinger, F. P.J. Am. Chem. Soc.1996, 118, 6760.

Table 1. Selected Structural Parameters for the D Pathway and Relative Energies (kcal/mol) of the Hexa-Aqua Complexes

complex r(Al-OI) [Å] r(Al-OII) [Å] ∆E ∆Gc ∑r(Al-O)d [Å] PG

(6,0) 1.94 11.64 Th

(5,1)‡ 1.88, 1.92, 1.91, 1.91, 1.86 2.95 15.9a 13.5 12.43 C1

(5,1) 1.88, 1.88, 1.91, 1.94, 1.84 3.62 7.5b 4.2 13.07 C1

(6,1) 1.96, 1.92, 1.91, 1.95, 1.95, 1.96 3.69 15.33 C1

(5,2)‡ 1.90, 1.86, 1.9, 1.87, 1.93 3.66, 2.84 11.5a 11.4 15.96 C1

(5,2) 1.89, 1.85, 1.91, 1.85, 1.91 3.65, 3.65 0.2b 0.3 16.72 C2

(6,2) 1.93, 1.93, 1.93, 1.93, 1.96, 1.96 3.70, 3.70 19.03 C2

(5,3)‡ 1.91, 1.89, 1.92, 1.88, 1.85 2.87, 3.72, 3.67 8.3a 8.0 19.71 C1

(5,3) 1.89, 1.85, 1.90, 1.85, 1.89 3.66, 3.66, 3.67 -1.3b -1.4 20.38 C1

(6,3) 1.97, 1.97, 1.925, 1.91, 1.91, 1.92 3.71, 3.71, 3.71 22.73 C1

(5,4)‡ 1.91, 1.88, 1.86, 1.89, 1.87 2.85, 3.64, 3.68, 3.68 10.45 10.9 23.26 C1

(5,4) 1.90, 1.85, 1.88, 1.85, 1.88 3.67, 3.67, 3.67, 3.67 -1.6 -2.0 24.05 C1

(6,4) 1.99, 1.99, 1.90, 1.90, 1.90, 1.90 3.69, 3.70, 3.69, 3.70 26.35 C2

(5,5)‡ 1.90, 1.88, 1.86, 1.87, 1.86 3.33, 3.70, 3.67, 3.58, 3.68 13.5 13.1 27.31 C1

(5,5) 1.90, 1.88, 1.85, 1.88, 1.85 5.61, 3.68, 3.68, 3.56, 3.68 4.2 2.7 29.56 C1

a Energy of activation.b Reaction energy.c Including thermal energy correctionG ) H - TS ) E + RT - TS. d Sum of all aluminum-oxygen bond
lengths.
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(5,5)‡, and this results in the longest distance for the leaving
water to the metal center, namely,r(Al-OI/II ) ) 3.33 Å, for
all of the reactions studied. The water must form a H-bond
to a second sphere water molecule,r(O-H) ) 2.35 Å.
Therefore, the increase in activation energy by 3.0 kcal/mol
to 13.5 kcal/mol is more related to the structural influences
or hindrance than to the properties of the metal center.

As a quantum-chemical descriptor for the volumes of
activation,∆V‡, for these simulated reactions, we applied
the method proposed by Rotzinger.55 The volume descriptor
“difference of sums ofr(Al-OI/II )” decreases upon adding
water molecules to the second coordination sphere. We
calculated these values to be 0.79, 0.63, 0.68, 0.53, and 0.96
Å for going from (6,0) to (6,1), (6,2), (6,3), and (6,4) (Table
3), respectively. The latter value is related to the structural
influence discussed above. The consistently positive values
for all aqua complexes studied confirm the D character of

the exchange process. The changes in the absolute values
show no clear trend but remain of the same magnitude.

The somewhat lower values for the (6,1) and (6,2) systems
may result from the structural stabilization caused by the
second coordination sphere waters. The two coordinating
water molecules are linked via a third to form a hydrogen-
bonded chelate system and therefore limit the flexibility,

Figure 2. Calculated (B3LYP/6-311+G**) energy profile and selected bond lengths for water exchange on [Al(H2O)6]3+ with explicit consideration of
four additional water molecules.

Table 2. Selected Structural Parameters for the D Pathway and Relative Energies (kcal/mol) of the Monohydroxo Complexes

complex r(Al-OI) [Å] r(Al-OII) [Å] r(Al-OH) [Å] ∆E ∆G ∑r(Al-O)c [Å] PG

(5,OH,0) 1.98, 1.99, 1.97, 1.97, 1.98 1.72 11.61 C1

(4,OH,1)‡ 1.95, 1.95, 1.95, 1.91 2.92 1.68 10.2a 9.3 12.36 C1

(4,OH,1) 1.96, 1.91, 1.96, 1.88 3.75 1.68 -1.1b -1.7 13.14 C1

(5,OH,1) 1.97, 1.97, 1.98, 1.98, 2.00 3.79 1.73 15.40 C1

(4,OH,2)‡ 1.91, 1.93, 1.91, 1.96 2.86, 3.76 1.69 7.7a 6.7 16.04 C1

(4,OH,2) 1.89, 1.97, 1.88, 1.96 3.760, 3.760 1.69 -3.2b -3.5 16.90 C1

(5,OH,2) 1.98, 1.98, 1.96, 1.96, 2.02 3.784, 3.728 1.73 19.14 C1

(4,OH,3)‡ 1.94, 1.92, 1.93, 1.92 2.91, 3.79, 4.17 1.70 3.4a 3.7 20.27 C1

(4,OH,3) 2.00, 1.90, 1.90, 1.87 4.21, 3.83, 3.98 1.69 -4.5b -7.3 21.38 C1

(5,OH,3) 2.03, 1.96, 1.95, 1.95, 1.96 3.27, 3.78 1.76 22.38 C1

(4,OH,4)‡ 1.91, 1.93, 1.90, 1.93 2.80, 3.21, 3.73 1.73 3.7 3.4 22.93 C1

(4,OH,4) 1.92, 1.92, 1.93, 1.92 3.69, 3.69, 3.79 1.67 -4.7 -6.7 24.30 C1

(5,OH,4) 2.03, 1.96, 1.96, 1.96, 1.95 3.24, 3.69, 3.79, 3.77 1.77 26.11 C1

(4,OH,5)‡ 1.91, 1.93, 1.93, 1.91 3.00, 3.57, 3.63, 3.72, 3.68 1.71 6.1 4.7 26.99 C1

(4,OH,5) 1.91, 1.93, 1.92, 1.92 5.87, 3.68, 3.68, 3.79, 3.70 1.70 -2.3 -5.4 30.09 C1

a Energy of activation.b Reaction energy.c Sum of all aluminum-oxygen bond lengths.

Table 3. Calculated Changes of the Volume Descriptor∆∑r for the D
Water Exchange Process

model system ∆∑r(Al-O)a [Å] model system ∆∑r(Al-O)a [Å]

(6,0) 0.79 (5,OH) 0.75
(6,1) 0.63 (5,OH,1) 0.86
(6,2) 0.68 (5,OH,2) 1.13
(6,3) 0.53 (5,OH,3) 0.55
(6,4) 0.96 (5,OH,4) 0.88

a Approximated by the difference of the sum of all Al-O bond lengths
between transition state and reactant.
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possibly induce strain, and reduce the degree of freedom for
rotation around the metal-oxygen bond in this complex
compared to the pure hexa-aqua one.

Conjugated Base Species, Monohydroxo Complexes.
From experimental data, we know that the water exchange
rate for hydrated trivalent metals increases drastically with
increasing pH,22-24 and we therefore calculated the water
exchange mechanism for the related monohydroxo complex
in the same way as for the hexa-aqua complex.

Because of the negatively charged ligand and the resulting
reduced overall charge on the (5,OH) complex as compared
to the (6,0) complex, the structural properties are as
expected: a short Al-OH bond and a longerr(Al-OI), see
Table 2. Ther(Al-OH) value decreases from 1.72 Å in the
reactant structure to 1.67 Å in the transition state (4,OH,1)‡,
and the leaving water is located at a distance of 2.92 Å to
the Al(III) center, 0.03 Å less than in (5,1)‡, and forms in a
more axial position (∠HO-Al-OI/II ) 173.8° and∠H2O-
Al-OI/II ) 166.3°) a significantly weaker H-bond (r(OI/II-
H) ) 1.89 Å). In the intermediate (4,OH,1),r(Al-OII)
averages 3.75 Å, 0.13 Å longer than in (5,1). The two
H-bonds to this water molecule are weaker with bond lengths
of 1.83 and 1.68 Å, respectively (see Figure 3). These are,
in general, characteristic for the hydroxo structures, namely,
longerr(Al-OII) and weaker H-bonds to the leaving water.
The activation energy for the D water exchange process of
(5,OH) is reduced to 10.2 kcal/mol which is 1/3 lower than
that for (6,0). In contrast to (5,1), the five-coordinate (4,-
OH,1) structure is stabilized with respect to (5,OH) without
the additional influence of a solvent molecule. There are two
main factors that affect not only the activation barrier but
also the reaction energy (difference in energy between
reactant and intermediate) which is-1.1 kcal/mol: the

labilizing effect of the hydroxo ligand (trans effect) and the
reduced charge of the complex. This is observed for all
hydroxo systems studied, as shown below.

The (5,OH,1) system behaves similarly, but the trans
influence of the hydroxo ligand on the reactant structure is
more distinct, r(Al-Otrans) ) 2.00 Å (see Figure S4,
Supporting Information). In the transition state, the bond to
the leaving water is elongated by 0.86 Å, and this water
forms an even weaker H-bond withr(OI/II -H) ) 2.00 Å.
The H-bond donating water is 1.87 Å away from the metal
center, and the second sphere water stays almost unchanged,
equal to the corresponding hexa-aqua system. Both external
water molecules in the intermediate are bifurcatedly H-
bonded at a distance of 3.76 Å, in each case with one short
r(Al-OI) and one long one (1.88 and 1.95 Å). Just as for
the corresponding hexa-aqua system, the activation energy
decreases by 25% to 7.7 kcal/mol, but the intermediate is
now 3.2 kcal/mol more stable than the reactant. Selected bond
lengths and energies are given in Table 2.

Upon going to (5,OH,2), the trans influence causes a long
r(Al-Otrans) ) 2.02 Å and axial distortion. The angle between
the axial ligands is bent to 170.4°, in contrast to (6,2) where
it is fully linear. The Al(III) center lies approximately 8°
below the plane formed by the four water ligands, and one
of the external waters lies about 17° above this plane. The
leaving water undergoes H-bonding withr(OI/II-H) ) 1.87
Å, 0.1 Å longer than in (5,3)‡ at a distance of 2.91 Å to
Al(III). There is an additional weak H-bonding interaction
to one external water, which is far above the equatorial
position at a distance of 4.17 Å to the metal center, see Figure
S5 (Supporting Information). This is in distinct contrast to
(5,3)‡, where the corresponding water molecule is 0.25 Å
closer and in an almost equatorial position (Figure S2). The

Figure 3. Calculated (B3LYP/6-311+G**) energy profile and selected bond lengths for water exchange on [Al(H2O)5(OH)]2+.
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higher electron density in the hydroxo species shifts the
influence of the metal-oxygen interaction in favor of
H-bonding. This can also be found in the intermediate, where
only one external water is bound in a bifurcated way, and
the remaining two form a single H-bond,r(OII-H) ) 1.52
and 1.55 Å, at distances of 3.98 and 4.21 Å, respectively.
The H-bond interaction is so important thatEA is reduced
to 3.4 kcal/mol, and remarkably, because of the two fewer
H-bonds compared to the hexa-aqua case, the intermediate
is 4.5 kcal/mol more stable than the reactant.

In the (5,OH,3) system (Figure 4), the third external water
molecule is located far below (∼28°) the equatorial plane at
a quite short distance of 3.27 Å to the metal center. It is
fixed via three H-bonds; two of them are fixed to the
equatorial water ligands, and one is fixed to the hydroxo
ligand with bond lengths of 1.81, 1.84, and 2.03 Å,
respectively. This structural element is conserved in the
transition state with elongation of the HH2O-OOH H-bond to
2.16 Å but with shortening of the Al-O distance to 3.21 Å.
During this reaction step, the distance to the water ligand in
the trans position elongates from 2.03 to 2.80 Å, and this
water is stabilized by a weak H-bond (2.02 Å). The
intermediate consists of all four external waters in the
equatorial plane with two shorter (3.69 Å) and two longer
(3.79 Å) ligand-metal distances (Table 2). For this reaction,
the energy of activation was found to be 3.7 kcal/mol, and
a stable intermediate (ER ) -4.7 kcal/mol) is formed.

The (5,OH,4) system (Figure 5) once again shows the
particular second sphere water that is below the equatorial
plane and 3.24 Å away from the metal center. This is caused
by three H-bonds as in (5,OH,3), withr(H-O) ) 1.80, 1.82,
and 1.96 Å. The bond to the leaving water ligand in the trans
position is elongated from 2.03 to 3.00 Å in the transition

state, which is 0.33 Å or 10% less than that for (5,5)‡ but
0.20 Å more than that in (4,OH,4)‡. It forms a H-bond with
a second sphere water ligand, which is practically of the same
strength as in (5,5)‡. The particular water molecule below
the plane loses the axial H-bond, in contrast to (4,OH,4)‡,
and converges to a more equatorial position, which is finally
reached in the intermediate. Overall, during the first reaction
step, two H-bonds are broken, one more than in (5,5)‡.
Indeed, the energy of activation rises to 6.1 kcal/mol which
is less than half that for the hexa-aqua system (EA ) 13.5
kcal/mol) but is significantly higher than that for the (5,-
OH,3) system. The leaving water molecule becomes part of
the second sphere at a distance of 5.87 Å to the metal center
in the second step, 0.26 Å more than that for (5,5). The
remaining structural parameters of the intermediate are
similar to those for (5,5), but it is 2.3 kcal/mol more stable
than the reactant state.

Remarkable for all hydroxo systems is the significantly
higher stability of the intermediates in the D reaction step.
They are all more stable than the reactants, namely, from
(4,OH,1), ∆E ) -1.1 kcal/mol, to (4,OH,2),∆E ) -3.2
kcal/mol, to (4,OH,3),∆E ) -4.5 kcal/mol, to (4,OH,4),
∆E ) -4.7 kcal/mol, and finally to (4,OH,5),∆E ) -2.3
kcal/mol. The trend is exactly the same for the hexa-aqua
systems, and the increase for (4,OH,5) can be accounted for
in the same way. A comparison is given in Figure 6. The
higher stability of the intermediates results in a higher
activation barrier for the back reaction to complete the water
exchange cycle. This accounts for the fact that such
intermediates have an appreciable lifetime.

Furthermore, the volumes of activation, approximated by
∆∑r(Al-O), increase in the same way, going from 0.75 to
0.86 to 1.13 Å (Table 3). Therefore, for up to three additional

Figure 4. Calculated (B3LYP/6-311+G**) energy profile and selected bond lengths for water exchange on [Al(H2O)5(OH)]2+ with explicit consideration
of three additional water molecules.
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water molecules, the D character significantly increases, and
using these values as criterion, we find that the mechanism
is much more D than for the corresponding hexa-aqua
systems. Considering three to four water molecules reverses
the trend, we find that this can be attributed to the structural
distinctions in the (5,OH,4)‡ and (5,OH,5)‡ structures, that
is, the external water fixed by three H-bonds, which is not
the case for the hexa-aqua systems.

Conclusions

In this study, we have investigated the possible water
exchange pathways for the [Al(H2O)6]3+ and [Al(H2O)5-
(OH)]2+ complexes. For the first time, an augmented
approach to the standard cluster model of water exchange

processes of Al(III) was used. With respect to the quite slow
water exchange process of Al(III), because of the long
simulation time necessary to observe an exchange event,
accurate dynamic methods are not available up to now.
Detailed structural insight is presented as a first step to bridge
the gap between considering at least the necessary number
of water molecules in the first coordination sphere (cluster
model) and a complete second (or higher) coordination
sphere.

No transition states and/or intermediates for an A or an I
process could be found. We were successful in calculating
stationary points on the hypersurface for the D reaction
pathway. The energy of activation for the (5,OH) complex
is much lower than that for the (6,0) one, namely, 10.2 versus

Figure 5. Calculated (B3LYP/6-311+G**) energy profile and selected bond lengths for water exchange on [Al(H2O)5(OH)]2+ with explicit consideration
of four additional water molecules.

Figure 6. Dependence of the energy of activation and reaction energy on the number of external water molecules.
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15.9 kcal/mol. The influence of a solvent sphere on the water
exchange process was approximated by considering up to
four external water molecules explicitly in the calculations.
Even for an incomplete solvent sphere, we found a stabilizing
effect of the additional solvent molecules for the D exchange
process for all systems. By taking up to two water molecules
into account, we found a strong decrease inEA from 15.9
(6,0) to 8.3 kcal/mol (6,2) for the hexa-aqua complex and
from 10.2 (5,OH) to only 3.4 kcal/mol (5,OH,2) for the
monohydroxo complex. The increase inEA on considering
three or four water molecules, but still lower than without
additional water molecules, shows the important influence
of the H-bond network around and within the complexes on
the exchange process, however, without changing the nature
of the exchange mechanism itself. Without exception, lower
activation barriers for the monohydroxo systems, as com-
pared to those of the corresponding hexa-aqua systems,
confirm the experimentally known higher exchange rate
(∼104 times) of aquated Al(III) at higher pH (>3.0). In
addition, the∆∑r(Al-OI/II ) values, which are positive for
all of the hexa-aqua and monohydroxo systems studied, not
only favor a D reaction mode but also favor a much more D
character for the exchange mechanism of the hydroxo
complex. Such a behavior is known for all experimentally
studied water exchange reactions of aquated metal ions22-24

and therefore confirms that our model system can describe
such exchange processes accurately. Thus, we can convinc-
ingly suggest a limiting D water exchange mechanism for
[Al(H 2O)5(OH)]2+.

Upon comparing the calculated energies of activation with
the experimental∆H‡ values, we found too low energies for
the (6,0) system, namely, 15.9 kcal/mol (calculated) com-
pared to 20.2 kcal/mol (experimental), but we found very
good agreement for the (5,OH) complex, namely, 10.2 kcal/
mol (calculated) compared to 9.9 kcal/mol (experimental).
Using the mean values of all reactions studied, we find that
11.9 kcal/mol (hexa-aqua complex) and 6.2 kcal/mol (mono-
hydroxo complex) confirm the experimental trend that the
activation barrier for the monohydroxo system is about half
that of the hexa-aqua system but agrees less well with the

experimental values. As already discussed, we attribute this
to the incomplete solvation sphere which should affect the
dissociation of a water ligand from the complex to the solvent
because of a contribution from the interaction with the
H-bond network around the complexes.

Within our selected model system, we see evidence for
stable, five-coordinate aquated Al(III) species for both the
hexa-aqua and the monohydroxo systems, especially upon
taking additional solvent molecules into account. Up to three
additional water molecules increase the stability of the
intermediates step by step. A single external water molecule
in (6,1) stabilizes the intermediate by 7.3 kcal/mol so that
the reactant and intermediate are of the same energy. For
the (6,2) and (6,3) systems, the intermediates are 1.3 and
1.6 kcal/mol more stable than the reactants. However, much
more significant is the fact that all hydroxo intermediates
are lower in energy than the reactants, even without external
water molecules, for example, (4,OH,1)) -1.7 kcal/mol
going to -4.7 kcal/mol for (4,OH,4). Taking thermal
corrections into account, that is, to consider∆G‡ instead of
EA, confirms the results in two ways: first, the general trend
for the activation barrier is the same, and second, the hydroxo
intermediates are found to be more stable (see Figure 6).
Our results, therefore, present strong evidence in favor of
the formation of stable, five-coordinate aquated Al(III)
species. On the basis of our results, [Al(H2O)4(OH)]2+ is the
most stable complex formed by aquated Al(III) in diluted,
weakly acidic, aqueous solutions, which provides further
support to the recent claims made in the literature.7
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