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Car-Parrinello molecular dynamics (CPMD) and the static density functional method (DFT) with a conductor-
like screening model (COSMO) were used to investigate the chemistry of aluminum (chloro)hydroxide in
water. With these methods, the stability, reactivity, and acidic nature of the chosen chlorohydrate were able
to be determined. Constrained molecular dynamics simulations were used to investigate the binding of chlorine
in an aquatic environment. According to the results, aluminum preferred to be 5-fold-coordinated. In addition,
the activation energy barriers for the dissociation of chlorine atoms from the original chlorohydrate structure
were able to be determined. The actual values for the barriers were 14 ( 3 and 40 ( 5 kJ mol-1. The results
also revealed the acidity of the original cationic dimer. DFT with COSMO was used to determine free energy
differences for the reactions detected in the molecular dynamic simulations. In conclusion, new results and
insight into the aquatic chemistry of the aluminum (chloro)hydroxides are provided.

1. Introduction

Aluminum salts are widely used as water purification
chemicals. The most common aluminum compounds used as
coagulants are aluminum sulfate and aluminum chloride. The
effectiveness of aluminum compounds is mainly based on
coagulation and flocculation. In coagulation, the surface charge
of negatively charged colloidal impurities is reduced by
aluminum cations.1 In flocculation, these destabilized particles
join together and form aggregates.2 Although the principles of
action characterizing how these coagulants work are reasonably
well understood, many issues are still unresolved including the
complete speciation of aluminum compounds in water and the
role of counterions.

The speciation of aluminum in aqueous environments has
been under investigation for the past few decades. Most of the
works published in this field have concentrated on the reaction
paths, kinetics, and structural properties of different aluminum
species. Both experimental and computational methods have
been used to investigate the speciation. The most commonly
used experimental methods in the field are potentiometric
titration, 27Al NMR spectroscopy, spectrometric detection, and
surface analysis.3-8 In recent years, electrospray ionization mass
spectroscopy (ESI-MS) has also been found to be a useful
instrument for investigating aluminum speciation in aqueous
environments.9,10 Compared to the other methods, ESI-MS
provides the most diversified view of the aluminum species in
water. Combined, these methods have enabled the characteriza-
tion of large numbers of different aluminum compounds from
monomers to polynuclear complexes.11

Some computational studies over the years have addressed
the solvation of aluminum. These studies are normally divided
into two categories, static studies for the structures and
energetics and molecular dynamics studies. Martinez et al.
studied structures and relative energy differences of different
neutral and anionic Al3O1-4 clusters using static density
functional methods.12,13 Gowtham et al. reported similar results

in their static studies of anionic and neutral Al3On (n ) 6-8).14

In our previous studies, we focused on investigating the
structures and energetics of aluminum chlorohydrate and
aluminum sulfate dimers, trimers, and tetramers (Al2 to Al4)
using static density functional methods.10,15 The molecular
formulas for our computations came from the ESI-MS studies
of Sarpola et al.9 Most of the computational works mentioned
above have concentrated on the structural properties and
energetics of different aluminum clusters. However, static
calculations have also been used to study the arrangement of
the first- and second-shell water molecules in aluminum
complexes, as in the studies of Bock et al.16

Hydrolysis of the Al3+ cation has also been investigated using
Car-Parrinello molecular dynamics (CPMD). Ikeda et al.
investigated the hydrolysis of aluminum ions in aqueous AlCl3

solution using the constrained CPMD method.17 Their simula-
tions consisted of one aluminum ion and three chloride ions
separately in solution containing 62 D2O molecules in neutral,
basic, and acidic conditions.17 Sillanpää et al. used the CPMD
method to study the solvation of aluminum hydroxide
[Al(OH)3 ·H2O, Al(OH)4

-].18 Although several articles concern-
ing the solvation of aluminum have been published in recent
years, there is one common denominator for these investigations:
they concentrate on investigating single aluminum ions in water.
However, Pophristic et al. investigated the structure and stability
of aluminum chlorohydrate monomer, dimer [Al2(OH)2-
(H2O)8Cl4], trimer, and hexamer and Al13 polymer using
CPMD.19,20 They used simulated annealing to study the dimer
in the gas phase having only H2O and OH moieties in the
coordinating positions and four chlorine atoms around the
cluster.19 The stability of the resulting structure was then
explored in an aquatic environment (37 H2O molecules) in
simulations of around 10 ps.19

In this study, we have investigated the chemistry of cationic
aluminum chlorohydrate in water. The starting structure for the
simulations was taken from our previous studies.15 The chosen
structure was also the main complex detected for the dimers in
the ESI-MS studies of Sarpola et al.9 As a structure, it is complex
enough to describe the chemistry of aluminum salts in water.
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The primary goal was to investigate the stability of the chosen
aluminum (chloro)hydroxide and the binding of chloride ions
in aquatic environments. At the same time, we were able to
estimate reasons for the anomalies detected in the ESI-MS data.
Based on the results of this study, we were able to verify that
the electrospray mass spectrometric method overestimates the
amount of aluminum complexes in water. Because of the
uncertainty in the volume of the aluminum cluster, we performed
simulations with two different densities. We used constrained
CPMD to reveal energy barriers for chlorine dissociation. In
conclusion, we note that this thorough investigation provides
new insight into the chemistry of aluminum chlorohydrates in
aqueous environments.

2. Computational Details

We investigated the hydrolysis of cationic aluminum (ch-
loro)hydroxide [Al2(OH)3(H2O)Cl2]+ in a liquid environment
using both Car-Parrinello molecular dynamics (CPMD) and
static DFT calculations with a conductor-like screening model
(COSMO). We focused on studying the hydrolysis reaction
introduced in our previous work.15

2.1. Static Calculations. We employed the Perdew-Burke-
Ernzerhof (PBE) gradient correction approximation21 with the
polarized valence triple-� (TZVP) basis set throughout the static
part of the study. Static calculations were performed using the
Turbomole 5.9 program.22 The resolution-of-the-identity (RI)
approximation was used to accelerate the calculations.23 The
liquid environment was modeled using a conductor-like screen-
ing model (COSMO) where water is represented as a dielectric
continuum and approximated by a scaled conductor.24 Most of
the parameters employed were default parameters of COSMO.22,24

Optimized radii for O, H, and Cl atoms exist.25 The radius for
chlorine was 2.0500 Å, that for oxygen was 1.7200 Å, and that
for hydrogen was 1.3000 Å. The COSMO radius for aluminum
(RAl) was determined to be 1.3287 Å. It was determined as
follows: The literature value for the Gibbs free energy of
hydration of Al3+ ion (298.15 K) is -4619.3 kJ mol-1.26 The
optimized COSMO radius for an aluminum ion was calculated
using the equation

∆ESolv(Al3+))∆ECOSMO(Al3+,RAl)-∆EVacuum(Al3+) (1)

where ∆ECOSMO(Al3+,RAl) is the COSMO-corrected total energy
of the Al3+ ion and ∆EVacuum(Al3+) is the total energy of the
Al3+ ion in gas phase. It should be noted that the Gibbs free
energy of hydration of an Al3+ ion was revisited and corrected
(∼45 kJ mol-1).27

Calculations were carried out as full optimization runs.
COSMO calculations were tested and determined to be accurate
in describing the trends of hydrolysis reactions of aluminum
complexes in our previous study.15 The dielectric constant for
the solvent was chosen to be 78.39, which corresponds to the
permittivity of water at 298.15 K.

2.2. Dynamics. The initial starting geometry for the simula-
tions was generated by placing a vacuum-optimized structure
of aluminum chlorohydrate in the center of a cubic box with
sides of 13.2 Å. The simulation box was then filled with either
62 or 65 water molecules, producing densities of 1.03 and 1.07 g
cm-3, respectively. Note that the densities were calculated for
the deuterated systems. We used 24 Ry cutoffs for the plane-
wave expansion and periodic boundary conditions. The equa-
tions of motion were solved using the velocity Verlet algorithm.
The fictitious electron mass (µ) was 650 au. Simulations were
performed in the canonical ensemble (NVT) using the Car-
Parrinello molecular dynamics (CPMD) approach.28 The tem-

perature of the simulations was scaled to 350 K using a chain
of Nose-Hoover thermostats29-32 with a characteristic fre-
quency of 100 cm-1. In the beginning of the simulations (∼1
ps), we used the higher frequency of 1000 cm-1 to accelerate
the relaxation of the systems. The core electrons were described
using Vanderbilt ultrasoft pseudopotentials33-35 for all atoms
in the system. Hydrogen atoms were changed to deuteriums to
extend the time step to 0.145 fs. The following atomic masses
for the nuclei were used: 2.0 amu for hydrogen, 16.0 amu for
oxygen, 27.0 amu for aluminum, and 35.4 amu for chlorine.
We used the PBE density functional36 throughout the simula-
tions, and the total charge of the system was +1. The average
simulation time was 32-40 ps.

A series of constrained simulations was performed for the
system of 65 water molecules. The initial structure of the
simulations was taken as a snapshot from a relaxed 65-H2O
simulation in a shell of 13.2 Å sides. The purpose was to
investigate the activation energy of dissociation of chlorine
atoms from the original aluminum cluster. Energy barriers were
calculated separately for one chlorine atom at a time. This was
done by fixing the bond length of aluminum and chlorine to a
certain value in each simulation and monitoring the constraint
force. For each bond length, we carried out an NVT simulation
of about 15 ps or more to ensure the convergence of the
constraint force. We note that only one bond was fixed at a
time. The temperature of the simulations was maintained at 350
K using a thermostat with a characteristic frequency of 100
cm-1. The values of the time step, fictitious electron mass (µ),
density functional, total charge, and shell were the same as
mentioned above. The free energy (activation energy) was then
calculated from the equation37

F)-∫r0

r1 〈 f 〉AlCl dr (2)

where F is the free energy of dissociation, rAlCl is the length of
the constraint (fixed during each simulation), and 〈 f 〉 is the mean
force evaluated along the constrained direction.

3. Results and Discussion

3.1. Car-Parrinello Molecular Dynamics. We first focus
on the structure and solvation of the aluminum dimer (see Figure
1). The core of this cluster is composed of a ring of two
aluminum atoms and two protonated oxygen atoms. In the
beginning of the simulation, both aluminum atoms are four-
coordinated. Although the structure looks symmetric, it is
slightly bent because of different ligands attached to aluminum
atoms. The core aluminum-oxygen bond distances vary from
1.84 to 1.88 Å, being shorter on the side of the aluminum bound
to the aqua ligand. Determination of the minimum-energy
structure for this cationic dimer was described and discussed
in detail in our previous studies of aluminum (chloro)hydrox-
ides.15 None of the previous simulation studies have focused in
detail on the stability and solvation of aluminum chlorohydrate

Figure 1. Initial geometry of the simulated aluminum cation
[Al2(OH)3(H2O)Cl2]+. Aluminum is presented in blue, oxygen in red,
chlorine in green, and hydrogen in white.
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dimers. Pophristic et al. made one approximately 10 ps
simulation in their studies of the Al2(OH)2(H2O)8Cl4 dimer to
check the stability of the cluster in water (37 H2O molecules).19

In their studies, both aluminum atoms in the dimer were already
six-coordinated in the beginning of the simulation.19 In this
study, we concentrate not only on the stability of the dimer in
aquatic environments but also on the hydrolysis reactions of
the chosen aluminum chlorohydrate in water. In addition, on
the grounds of the results, we are able to improve the prevailing
conception of the coordination and acidity of aluminum chlo-
rohydrate dimer in aqueous solutions. Also, for the first time,
we are able to provide estimations of the activation energies
for chlorine dissociation.

3.1.1. [Al2(OH)3(H2O)Cl2]+ in Liquid EnWironments. We
performed simulations at two different densities for the cluster
in Figure 1. The initial systems contained either 62 or 65 water
molecules around the cluster. Simulations were performed for
two different initial geometries at both densities. The duration
of each of the four independent simulations was 32-40 ps.
During this time, we detected significant changes in the primary
hydration shell of the cluster (see Figure 2). We used the same
notation for the hydration shells as Duan et al.1 We also note
that associative hydration reactions occurred in the first 4 ps.
The complete reaction went as follows

[Al2(OH)3(H2O)Cl2]
++ 2H2Of [Al2(OH)3(H2O)2Cl2]

++

H2Of [Al2(OH)3(H2O)3Cl2]
+ (3)

During these reactions, the coordination of aluminum increased
spontaneously from four to five. Furthermore, the bonding of
both of the aluminum atoms changed from tetrahedral to

trigonal-bipyramidal. After this reorganization of the cluster,
the newly formed aluminum chlorohydrate (Figure 2, structures
A and B) stayed intact during the rest of the simulation, which
indicates that it is relatively stable in an aquatic environment.

According to previous studies,19,38 aluminum prefers octa-
hedral coordination in aquatic environments. Therefore, the
trigonal-bipyramidal geometry (Figure 2, structures A and B)
should still have one spot in the vacant coordination positions
in the five-coordinated aluminum atoms to make them ideal for
acting as an acceptor of a new donor aqua ligand. However,
after the first few picoseconds of the simulations, both aluminum
atoms remained shielded, thereby preventing changes in the
primary hydration shell. Note that this was true within the time
scales (∼35 ps) of the simulations in this study. The AlsAl
distance oscillated around 2.95 Å with no visible drift, strength-
ening our conclusions about the stability of the cluster (see
Figure 3). Pophristic et al. reported similar (∼3 Å) AlsAl
distances in their CPMD studies.19

The AlsO distances varied from 1.80 to 1.93 Å (structure
A), being shortest between the aluminum atom and the oxygen
atom of the hydroxo ligand. The same was also detected upon
analysis of the structural parameters of the structure B. All of
the AlsO single-bond lengths detected in this study were within
the typical aluminum-oxygen single-bond length range (see
Table 1).39 The hydroxo ligand also had a large effect on the
rest of the cluster. The strongly electronegative oxygen attracted
valence electrons from the aluminum atom, thereby weakening
bonds between aluminum and the other ligands. This can be
seen when comparing the two AlsCl bond distances. The
AlsCl distance on the side of the hydroxo ligand in structure
A is approximately 2.33 Å, whereas on the other side, it is about

Figure 2. Final geometry of the cluster as determined by (A) 62-H2O and (B) 65-H2O system simulations and (C) COSMO optimization.

Figure 3. Oscillation of the AlsAl bond distance as a function of simulation time. The 62-H2O system is on the left, and the 65-H2O system is
on the right.
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2.25 Å (see Table 1). This led to the conclusion that the chlorine
attached to the same aluminum atom as the hydroxo ligand is
more loosely bound and has a higher tendency to dissociate
from the cluster. Furthermore, the two chloro ligands preferred
to be orientated on the opposite sides of the structure. More
discussion concerning the AlsCl bonds is provided later in the
section on constrained molecular dynamics.

The core of the cluster consisted of one four-membered ring
in which the AlsO distances were slightly longer on the side
of the hydroxo ligand. This asymmetry in the structure is due
to the stronger bond between Al and OH compared to that
between Al and OH2.

Analysis of the structural parameters of structure B shows
that most of the bond lengths are similar to those in structure
A. The most definite distinction between these structures is the
difference in the axial and equatorial AlsOH2 bond lengths (see
Table 1). It should be noted that all of the CPMD bond lengths
are averages taken after every tenth step of the simulations taken
from the trajectory file. Analyzing structures A and B thor-
oughly, we can see that, structurally, they are almost identical.
This can be confirmed by placing a mirror plane perpendicular
to the core of the four-membered ring of structure B so that the
plane goes vertically through the hydroxo bridges and projecting
the two half-structures on opposite sides. The resulting structure
is then identical to structure A. This was confirmed by opti-
mizing both structures with COSMO using the PBE density
functional and TZVP as a basis set. The results showed no
difference (<0.3 kJ mol-1) in the corrected solvation energies,
which strengthened our conclusion about the similarity. In
addition, also for structure B, the AlsAl distance oscillated
around 2.95 Å without any drift (see Figure 3).

These four independent simulations showed unambiguously
that cationic aluminum (chloro)hydroxide dimers prefer at least
5-fold coordination in aquatic environments. In addition, in every
case, two different associative hydration reactions occurred
during the simulation. From the chemistry point of view, this
is interesting because it means that, in the case of aluminum
chlorohydrates, most of the low-coordinated aluminum species
are unstable in aquatic environments. However, in experimental
studies, Sarpola et al.9 were able to identify several different
low-coordinated cationic aluminum dimers. Judging from the
results of this study, we were able to show that ESI-MS
overestimates the distribution of aluminum compounds in water
and that the low-coordinated aluminum species are most
probably only artifacts of the ionization conditions of ESI-MS.

The electrospray ionization method uses very high voltages,40

which are used to evaporate the solvent from the sample before
it goes into a vacuum for examination. Even though ESI-MS is
widely considered to be a mild method for examining ions in
solution, it is possible that these high voltages in the solvent
evaporation procedure can cause additional fragmentation of
the species under investigation. Naturally, simulations have
artifacts, such as those arising from the correlation of the outer
solvent shells with their own images in CPMD as a result of
the small size of the simulation box. However, we feel that this
should not be a reason for disagreement with the results because
all of the structural changes occurred in the first hydration shell.
Furthermore, according to our results, both of the associative
hydration reactions occurred on a time scale of picoseconds.
The rapidity of the reactions strengthened the conclusion of the
instability of low-coordinated complexes in aquatic environments.

3.1.2. SolWation of the Clusters in Both Systems. In this
section, we concentrate on the structure of the water surrounding
the cluster. This was done by investigating the total HO and
OO radial distribution functions. The differences between the
total solvation structures of the two systems can be seen in
Figure 4. The first peak in the HO RDF at a distance of
0.87-1.16 Å, with a maximum at 0.97 Å, corresponds to the
OH distances in water molecules and in the cluster. In the final
structure, there were nine different covalent OH bonds, with
the rest of the covalent OH bonds belonging to surrounding
water molecules. The second peak at a distance of 1.25-2.50
Å corresponds to the acceptor and donor hydrogen bonds in
the systems. The maximum of the second peak at around 1.79
Å for both systems is close to the experimental value (1.8 Å)
for the hydrogen bond.41,42 The RDFs g(O,H) and g(O,O) of
the two systems are very similar (see Figure 4). This indicates
that the total solvation structures in the two systems are almost
identical. In addition, the shapes and positions of the peaks in
the two RDFs are in good agreement with the water diffraction
data of Soper et al.41,42 In the OO RDF, the first peak at a
distance of 2.4-3.3, with a maximum at 2.7 Å, and the second
peak at a distance of 3.5-5.4, with a maximum at 4.5 Å, are
identical to the experimental values.41,42 The results are also in
very good agreement with the CPMD results of Sillanpää et
al.18 and with the results of liquid water studies by Kuo et al.43

It is known that the PBE density functional tends to slightly
overstructure pair correlation functions.44,45 In addition, the
diffusion coefficient is much smaller than in experiments.44,45

Slow diffusion should not be a problem in this study because
of the relatively high temperature (350 K).

During these simulations, we observed several attempts of
the protons of aqua ligands to jump to the surrounding water
(see Figure 5). This indicates that the aqua ligands are very
acidic. It should be noted that, in all four simulations, the protons
stayed attached to the aqua ligands. They diffused only to the
secondary hydration shell, and the lifetimes of these hydronium
ions were very short (∼1 ps). More information about the
existence of hydronium ions in the outer water shells is presented
in the next section. The existence of protons as hydronium ions
in water agrees well with the studies of Tuckerman et al.46,47

The acidity of the aqua ligands was also observed in the
analysis of the covalent oxygen-hydrogen bond distance. For
the water molecules in the solvent, this distance varied ap-
proximately from 0.95 to 1.1 Å with an average of around 1 Å,
whereas for the aqua ligands, the distance varied from 0.95 to
1.5 Å, as can be seen in Figure 5. These results provided strong
evidence of the acidic nature of the aluminum (chloro)hydroxide
clusters.

TABLE 1: Comparison of the Structural Parameters of the
Clusters in Figure 2

bond length (CPMDb)
(Å)

parametera

bond length
(COSMO) (Å)

PBE/TZVP
62-H2O

PBE
65-H2O

PBE

AlsAl 2.94 2.94 2.93
Al*sCl 2.28 2.33 2.35
AlsCl 2.18 2.25 2.22
Al*sOH 1.76 1.80 1.79
Al*sOH2 1.93 1.87 1.88
AlsOH2 (axial) 1.89 1.85 1.90
AlsOH2 (equatorial) 1.97 1.92 1.88
Al*sOH (bridge in front) 1.93 1.93 1.92
Al*sOH (bridge in back) 1.88 1.86 1.85
AlsOH (bridge in front) 1.85 1.87 1.86
AlsOH (bridge in back) 1.83 1.85 1.88

a Asterisks denote the aluminum atom attached to the hydroxo
ligand. b Note that CPMD bond lengths are averages taken after
every tenth step of the simulations taken from the trajectory file.
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3.1.3. Constraints. The purpose of the constraint calculations
was to evaluate the energy barriers for the diffusion of both
chloro ligands of the cluster. Simulations were performed with
the 65-H2O system. Constraints were applied by fixing the
distance of the aluminum-chlorine bond to a certain value in
the actual simulation. In both cases, the constraint force was
calculated at nine different points. The length of the simulation
depended on the convergence speed of the constraint force. The
simulation time was typically around 15 ps. Free energies were
then calculated using eq 2.

The average value for the constraint force was calculated
using the average of averages. This means that the force was
first divided into 10 equal-sized slices of time before averages
were calculated. After this, the total average of these 10
individual averages was calculated. Defining the average
constraint force was demanding because of large oscillation, as
can be seen in Figure 6, which shows a typical example of the
raw data of the constraint force. The aluminum chlorine bond
length was 2.25 Å, and the force oscillated from -0.02 to 0.01
au. In this case, the average of 10 individual averages was
around -0.007 au. We were also able to evaluate the deviation

of the force. The range of the variation of averages is shown in
Figure 6. The force was then calculated for several different
aluminum-chlorine bond distances. Plotting these average
forces as a function of bond length, we were able to estimate
the actual free energy barriers. The average force was then fitted
as a function of distance using a cubic spline. The free energy
of dissociation was calculated by integrating the negative area
between the two x-axis intersections. The final energy barriers
(kJ mol-1) for both of the chloro ligands can be found in Figure
7. The error bars were estimated by fitting the cubic spline for
the minimum and maximum values of the constrained force as
well.

As expected, the chloro ligand attached to the same aluminum
atom as the hydroxo ligand had a much lower dissociation
barrier. The free energy for the reaction was 14.0 ( 3.0 kJ
mol-1. The magnitude of the barrier indicates that the chloro
ligand will easily dissociate to the surrounding water. Neverthe-
less, spontaneous dissociation did not occur in any of these
simulations. We detected only one serious attempt for the
spontaneous reaction, but even in this case, the chloride ion
bound back to the structure (see Figure 8).

Figure 4. Differences in the total HO and OO RDFs for both the 62-H2O and 65-H2O systems. The upper integral (dashed line) and the upper RDF
(solid line) are for the denser system (65 H2O).

Figure 5. Oscillation of the covalent oxygen hydrogen bond of the aqua ligand (left) and the water molecule of the solvent (center). Spontaneous
breaking of one of the aqua ligands (right) leads to the formation of a hydronium ion (H3O+) on the secondary hydration shell.
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The reaction mechanism for the chlorine escape attempt is
interesting because it was induced by a jump of a proton from
the oxygen (O**), as can be seen in Figure 8. First, the proton
was transferred from the cluster to the water molecule at the
distance of 1.68 Å. Because the lifetimes of hydronium ions in
the secondary hydration shell were short the proton drifted from
the secondary shell to the next water molecule at the distance
of 1.65 Å (see Figure 8). The arrow in the figure shows the
point in the simulation from which the snapshot is taken.
The lifetime of this newly formed hydronium ion was around
3 ps. Even though the chloro ligand was at the greatest
distance, over 5 Å from the aluminum atom, it returned to
its original position in a little less than 4 ps. This indicates

that the chlorine dissociation reaction very likely happens
in two phases: First, chlorine has to jump out, and second a
water molecule has to replace its position in the cluster. It
should also be mentioned that, during this spontaneous
reaction, the aluminum-aluminum bond distance also changed
at a time of between 30 and 35 ps, as can be seen in the left
graph in Figure 3.

We also evaluated the energy barrier for the other chloro
ligand. In this case, the free energy for dissociation was 40.0
( 5 kJ mol-1. The magnitude of this barrier indicates that this
chlorine atom is much more strongly bonded to the aluminum
atom than the other chlorine atom. This is due to the weaker
electron attraction of the oxygen atom in aqua ligands compared

Figure 6. Constrained force as a function of simulation time. Estimation of the dispersion range is shown by the two lines on the right.

Figure 7. Free energy barriers for the dissociation of both chloro ligands to the surrounding water. The solid line is for the energy barrier of the
ligand attached to the same aluminum atom as the hydroxo ligand.
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to the oxygen atom in hydroxo ligands. Although this was
expected, the difference in values was higher than anticipated.
On the other hand, it clearly shows the effect of the ligand on
the bond dissociation energy barriers. The results show that
chlorine atoms are easily dissociated from the aluminum
hydroxide structure in aquatic environments, which was already
known by experimentalists. This verifies that Car-Parrinello
molecular dynamics can be used for predicting and evaluating
real-life reactions. We note that constraint simulations were also
performed for the 62-H2O system and the forces were almost
identical to the forces calculated in the larger system.

3.2. Associative Hydration Reactions with COSMO. In this
section, we compare the results of Car-Parrinello molecular
dynamics to those of the conductor-like screening model
(COSMO). In the simulations, we detected structural reorga-
nization of the gas-phase optimized cluster. In addition, we
observed a series of associative hydration reactions (see Figure
9). The overall reaction occurred as follows: First, the hydration
reaction occurred on the aqua ligand side, and second, the
hydroxo ligand side was hydrated. The order of these hydration
reactions is due to the cone angle. In other words, the stronger
and therefore shorter AlsO bond of the hydroxo group produces
a larger cone angle, thus shielding the vacant coordination
position of the aluminum atom more than the aqua ligand does.

Even though these reactions occurred spontaneously in
CPMD, it was very difficult to estimate the free energy dif-
ferences of the reaction steps. For this purpose, we used static
DFT with COSMO. The initial structures for these optimization
calculations were taken from the molecular dynamics simula-
tions. The first structure for optimization was a dimer in which
both aluminum atoms were four-coordinated. The only differ-
ence in relation to the previously optimized gas-phase structure

was that the internal hydrogen bond was broken. The free energy
differences for these reactions were determined by reducing the
solvation energies of reactants from the solvation energy of
the product.

The free energy differences show that these reactions are
exothermic at room temperature (298.15 K). We note that the
solvation energy of the dimers is strongly dependent on the
orientation of the chlorine atoms. This was taken into account
when performing conformational analysis for all of the com-
plexes. It should be mentioned that stabilizing internal hydrogen
bonds were excluded from the analysis so that these results could
be compared to the simulations. According to the results of the
analysis, chloro ligands preferred trans orientation.

Together, these results indicate that the probability of the
existence of low-coordinated aluminum complexes in aquatic
environments is very low, at least in the case of aluminum
dimers. This finding strengthens the conclusion that most of
the low-coordinated complexes are only artifacts of the measur-
ing conditions of the ESI-MS method.

4. Conclusions

We used Car-Parrinello molecular dynamics to investigate
the stability, acidity, and reactivity of the chosen aluminum
(chloro)hydroxide dimer in aquatic environments. During these
simulations, we detected several changes in the primary hydra-
tion shell of the cluster. After the first few picoseconds of the
simulations, two separate associative hydration reactions were
detected. Furthermore, during these reactions, the bonding of
aluminum atoms changed from tetrahedral to trigonal-bipyra-
midal. The complete reaction went as follows: [Al2(OH)3-
(H2O)Cl2]+ + 2H2O f [Al2(OH)3(H2O)2Cl2]+ + H2O f
[Al2(OH)3(H2O)3Cl2]+.

Figure 8. (Left) AlsCl (upper line) and O**-H (lower line) distances and (right) snapshot of the system in the beginning of the dissociation
reaction of the chloro ligand. The arrow points to the position in the simulation from which the snapshot was taken.

Figure 9. Associative hydration reactions. Free energies for the reactions were calculated using COSMO with PBE density functional and TZVP
basis.
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Constrained molecular dynamics was used to investigate
energy barriers of the chloro ligand dissociation reactions. The
activation energy for the elimination of the chlorine attached
to aluminum on the side of hydroxo ligand was 14 ( 3 kJ mol-1,
and that for the chlorine on the other side of the structure was
40 ( 5 kJ mol-1. The magnitudes of these energy barriers reveal
that both chlorine atoms are very easily dissociated in aquatic
environments.

The independent simulations performed in this study unam-
biguously showed that aluminum dimers prefer at least 5-fold
coordination. In every case, two different associative hydration
reactions were detected during simulations. From the chemistry
point of view, this indicates that, in the case of aluminum
chlorohydrates, most of the low-coordinated aluminum species
are unstable in aquatic environments. Furthermore, according
to these results, most of the low-coordinated complexes and
structural chlorines are most probably only artifacts of the
measuring conditions of the ESI-MS method.

A comparison of the results of CPMD and COSMO showed
that the two methods complement each other. The reactions
mentioned above were verified to be exothermic by the con-
ductor-like screening model. Together, these results revealed
that the original gas-phase optimized structure chosen for
these investigations was not stable in aquatic environments.
Aluminum prefers higher coordination, and chlorine was
found to dissociate easily. The large oscillation of the
covalent OH bonds of the aqua ligands demonstrated the
acidic nature of the aluminum complex. We emphasize that
none of the previous computational studies have reported
similar results and that the results introduced in this study
provided new insight into the chemistry of aluminum
(chloro)hydroxide complexes in aqueous environments.
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(24) Schäfer, A.; Klamt, A.; Sattel, D.; Lohrenz, J. C. W.; Eckert, F.
Phys. Chem. Chem. Phys. 2000, 2, 2187–2193.
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