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Abstract: An experimental and computational study on the hydrolysis of Al3+ in aqueous solutions
is here reported. Speciation model and formation constants were determined by potentiometric
titrations at T = 298.15 K, 0.1≤ I/mol L−1 ≤ 1 in aqueous NaCl, NaNO3, NaCl/NaNO3 solutions. The
dependence of formation constants on ionic strength is reported in all the ionic media over the range
of 0.1–1.0 mol L−1. Under the studied experimental conditions, the formation of Al3(OH)4

5+ and
Al13(OH)32

7+ species is observed in all the investigated ionic media and ionic strengths. The formation
constants of the species formed by Al3+ with Cl− were determined together with the dependence
on the ionic strength. Moreover, with the aim of unveiling the molecular structure of the formed
Al complexes, quantum-mechanical calculations and state-of-the-art ab initio molecular dynamics
simulations under explicit solvation were executed. These computations show, for the first time, the
highly cooperative role played by the surrounding water molecules in neutralising mononuclear
systems–such as AlCl2+ and AlClOH+–and the hydrolytic polynuclear system, Al3(OH)4

5+.

Keywords: Al3+ hydrolysis; speciation in aqueous solutions; quantum-mechanical calculations;
ab initio molecular dynamics; dependence on ionic strengths; potentiometry

1. Introduction

Aluminium is the most abundant metal of the Earth’s crust and the third element
present after oxygen and silicon. Nonetheless, it is a non-essential element for living organ-
isms, thus resulting detrimental for plants and animals [1–3]. It can achieve an amount of
40 mg in human tissues, causing diseases of skeletal, hematopoietic and nervous central
systems [4]. Its wide environmental distribution, deriving from natural and anthropogenic
sources, as well as its large usage in disparate applications, has aroused interest in alu-
minium speciation studies. In aqueous solutions, Al3+ establishes strong interactions with
water molecules, leading to the formation of hexahydrate complexes. As is well known,
Al3+ in aqueous solutions exhibits a strong tendency towards hydrolysis, leading to the
formation of several mono- and polynuclear hydroxo complexes [5]. In neutral solutions,
it precipitates mostly as Al(OH)3, which redissolves with the formation of aluminates,
the primary soluble aluminium species at pH > 7. A careful study of the Al3+ hydrolysis
is quite elusive because of the typical slow reactions occurring in solution and due to
interferences stemming from precipitation phenomena. Among the hydrolysis products,
it is possible to distinguish mononuclear species—namely, Al(OH)r ones, with r = 1 . . . 4,
which are formed rapidly and reversibly; small polynuclear species—namely, Al2(OH)2

4+

and Al3(OH)4
5+ ones, which are formed less rapidly and are expected to be quite stable;
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large polymeric species, such as Al13(OH)32
7+, which are formed even more slowly and are

stable in solution [5]. The current knowledge of Al3+ hydrolysis indicates that mononuclear
hydroxo species, presumably formed during the initial stages of hydrolysis, readily con-
dense to form polynuclear complexes, in which hydroxo bridges are present between metal
centres [6]. Polymeric hydroxo species, which predominate in the complex hydrolysis
mechanism of Al3+, are also extensively employed in many areas of material science for the
synthesis of new materials and industrial products.

The knowledge of accurate values of hydrolysis constants of Al3+ is of crucial impor-
tance for the studies on speciation of natural systems, such as natural waters and biological
fluids. Al3+ hydrolysis has relatively been studied, especially in NaCl, KCl, and NaClO4
and, to a lesser extent, in LiCl, NaNO3, Ba(NO3)2 ionic media, though not systematically in
a wide range of ionic strengths [2,5–13].

As underlined by Sarpola et al., the knowledge of thermodynamic stability constants
for polymeric species of aluminium is not completely available [14]. Moreover, polymeric
species of Al3+ may play relevant roles in different types of processes, such as in the evalua-
tion of the functional mechanisms involved in water treatment, or the ability to increase
the rigidity of cell membranes and to cross-link biomolecules, or in geochemistry, for evalu-
ating the formation of minerals. As an example, coagulation has been largely employed in
water treatment and wastewater pre-treatment. Among water coagulants, pre-hydrolysed
aluminium ion coagulants have been used for this purpose. They are characterised by
low residual metal ion concentrations and low residual amounts required for efficiency,
attributable to high molecular weights and high cationic charges of polyanionic species
of aluminium [15]. Within this context, poly-aluminium chloride sulphates (PACSs) have
been employed at various experimental conditions, to improve the coagulating effect of
polymerised Al3+ species [15].

In the literature, there exist also various studies on the hydrolysis of aluminium,
in which techniques such as 27Al NMR spectroscopy [16–23], mass spectrometry [14],
Raman spectroscopy [24], IR spectroscopy [17,25], UV spectrophotometry [3,22,26], atomic
absorption spectrometry [21,27], and coagulation processes [28] have been used. On the
other hand, although some static calculations conducted on relatively small clusters are
present in the literature showing the molecular structures of some of the polynuclear
hydroxo complexes [17,24,29–31], to the best of our knowledge, no extensive ab initio
molecular dynamics (AIMD) simulations explicitly including the contribution of the bulk
water solvent have been reported so far.

In the current paper, Al3+ hydrolysis is investigated in aqueous NaCl, NaNO3, and
NaCl/NaNO3 mixed ionic medium solutions by potentiometry, in the 0.1 ≤ I/mol L−1 ≤ 1
range and at T = 298.15 K. It is found that the best speciation model includes the following
species: Al3(OH)4

5+ and Al13(OH)32
7+. Hydrolysis formation constants of these species

in the different ionic media were calculated, and their dependence on ionic strength was
also evaluated at T = 298.15 K. Formation constant values of complex species of Al3+ with
chloride ion were also obtained. Moreover, with aim of shedding light on the microscopic
structures formed by chloride and hydroxo aluminium complexes, state-of-the-art quantum-
mechanical calculations and ab initio molecular dynamics simulations under explicit water
solvation were executed and are here reported.

2. Experimental Section
2.1. Materials and Methods

Aluminium solutions were prepared by weighing the AlCl3·6H2O salt (Sigma-Aldrich
product, Darmstadt, Germany, with purity ≥ 99%). Solution concentrations were deter-
mined through a back titration, by titrating an excess of EDTA with a CuSO4 standard
solution. Sodium chloride and sodium nitrate solutions were prepared by weighing Fluka
(Munich, Germany) pure salts previously dried in an oven at 383.15 K. Hydrochloric acid
and sodium hydroxide were prepared by using Fluka (Munich, Germany) ampoules and
standardised with disodium carbonate and potassium phthalate monobasic, respectively,
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dried in an oven at 383.15 K before use. NaOH solutions were stored with soda lime traps
to avoid the CO2 presence inside. For the preparation of each solution, ultrapure water
with a conductivity < 0.1 µS cm−1, and grade A glassware were used.

2.2. Potentiometric Equipment and Procedure

All measurements were performed by means of an automatic titration system Metrohm
(Herisau, Switzerland) model Dosino 800, a Metrohm (Herisau, Switzerland) LL-Unitrode
WOC combined glass electrode and a PC. The titrations were managed through the
Metrohm TIAMO 2.2 software, to control the data acquisition, titrant delivery, and emf
stability. The estimated accuracy of this system was ±0.15 mV for emf and ±0.002 mL for
titrant volume readings. All measurements were carried out into thermostated glass jacked
cells (298.15 K ± 0.1 K), under magnetic stirring and bubbling purified nitrogen through
the solutions, to prevent O2 and CO2 inside. Independent titrations of hydrochloric acid
solutions with standard sodium hydroxide were performed to determine the glass electrode
potential E0 and pKw values, in the same condition of ionic strength and temperature of
the system under study.

A solution volume of 25 mL containing aluminium trichloride, hydrochloric acid, and
the specific support electrolyte (NaCl or NaNO3 or NaCl/NaNO3 mixture), to reach the
desired ionic strength, was titrated with a sodium hydroxide standard solution. Particular
attention was given to performing potentiometric measurements on solutions in which
sparingly soluble species were present in non-significant amounts. Under the experimental
conditions here considered, significant precipitation of sparingly soluble species occurs at
pH = 4.5–5. Experimental conditions of the investigations conducted are collected in Table 1.

Table 1. Experimental conditions of the potentiometric measurements at T = 298.15 K.

CAl /mmol L−1 Ionic Medium CCl/mol L−1 CNO3/mol L−1 CNa/mol L−1

10–20 NaCl 0.1 — 0.1
10–20 1 — 1
10–20 NaNO3 — 0.1 0.1
10–20 — 1 1

NaCl/NaNO3
5–20 0.25 0.25 0.5
5–20 0.25 0.75 1
5–20 0.75 0.25 1

20 0.5 0.5 1

2.3. Calculation Programs for Equilibria in Solution

All parameters of the acid–base titrations (analytical reagent concentrations, electrode
formal potential E0, junction potential coefficient Ja, EJ = Ja[H+]) and the formation constant
values were calculated by using the STACO and the BSTAC computer programs [9]. The
latter, together with the LIANA software, was employed to study the dependence of the
stability constants on the ionic strength [9]. The HySS program was used to draw the
distribution diagrams and to calculate the formation percentages of the species [32].

2.4. Quantum-Mechanical Calculations and Ab Initio Molecular Dynamics Simulations

Static quantum-mechanical calculations were performed by means of the Gaussian 09
software [33]. The latter, exploiting quantum-mechanical laws, enables the evaluation of
the ground-state structures of selected molecular species. In this study, optimisation of the
investigated molecular structures was performed at the second-order of the Møller–Plesset
perturbation theory (MP2) [34–37]. Geometry optimisations of the molecular structures
were executed under implicit solvation employing the 6-311++G(2d,2p) atomic basis set for
all atoms. As far as the simulation of the solvent is concerned, the conductive polarisable
continuum model (CPCM) [38] was employed by setting parameters mimicking the water
electrostatics. In this way, geometrical relaxations at the ground state of the structures of
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two mononuclear systems, AlCl2+ and AlClOH+, and one hydrolytic polynuclear system,
Al3(OH)4

5+, were executed.
Additionally to static calculations under implicit solvation, ab initio molecular dy-

namics (AIMD) simulations—within the Born–Oppenheimer formalism—were performed
on 3 numerical samples by means of the CP2K software package [39]. The first one was
composed of one AlCl2+, 128 water molecules, and 2 Cl− anions (i.e., 388 atoms) placed to
neutralise the overall charge of the simulation box. The second numerical sample was com-
posed of one AlClOH+, 128 water molecules, and one Cl− (i.e., 389 atoms). The simulation
box containing the hydrolytic polynuclear system Al3(OH)4

5+ was instead composed of
one species of this latter complex, 128 water molecules, and 5 Cl− anions, so as to balance
the extra charge carried by Al3(OH)4

5+, leading to a total number of atoms equal to 400. In
this way, cubic super-cells with edges of 15.82 Å, for both AlCl2+- and AlClOH+-containing
samples, and 16.35 Å for the Al3(OH)4

5+-containing one, were simulated. All molecular
configurations in the liquid phase were initially set up and pre-equilibrated by means
of extensive classical molecular dynamics simulations. Each simulation box was indeed
firstly equilibrated via a standard force-field (AMBER) for 1 ns by using periodic boundary
conditions. Simulation boxes sizes of these types represent a computational upper bound
for ab initio calculations, as discussed in some of the studies recently reported [40–42].
Additionally, periodic boundary conditions were applied along the three Cartesian axes.

Initial atomic configurations of all of the aluminium complexes here investigated
were preliminarily structurally optimised at the MP2/6-311++G(2d,2p) level under implicit
water solvation conditions, as implemented in the Gaussian 09 code. These optimised
structures were successively and separately hydrated with 128 water molecules each, thus
forming the cubic simulation boxes mentioned above. During the AIMD simulations,
wave functions of each atomic species were expanded in triple-zeta valence plus polar-
isation (TZVP) basis sets with the Goedecker–Teter–Hutter pseudopotentials [43] using
the GPW method. A plane-wave cutoff of 400 Ry was adopted. Exchange and correla-
tion effects were treated via the Becke–Lee–Yang–Parr (BLYP) [44,45] density functional,
belonging to the generalised gradient approximation (GGA) class. Moreover, in order
to take into account dispersion interactions, which are crucial in correctly simulating the
liquid water behaviour and its hydration capabilities, the dispersion-corrected version
BLYP-D3 [46,47] was employed. For the sake of coherence with the AIMD simulations,
static quantum-mechanical calculations at the BLYP-D3 level and under implicit solvation
were also executed, along with those at the higher MP2 level. All AIMD simulations were
conducted at the nominal temperature of 330 K. Temperature of the systems was kept
fixed through a CSVR thermostat [48] set with a time constant equal to 20 fs. In this way,
the systems were kept in an isothermal–isochoric (NVT) ensemble, whereas the nuclei
dynamics were classically propagated through the Verlet algorithm with a time-step of
0.5 fs. To gather significant statistics, multiple (i.e., 5) AIMD simulations were performed
in parallel by choosing slightly different initial atomic configurations of the aqueous envi-
ronment, as well as of the initial atomic velocities of the simulated systems. In particular,
to obtain almost independent trajectories and monitor the hydration processes in an un-
biased manner, pseudo-random initial atomic velocities taken from Maxwell–Boltzmann
distributions were assigned. As a consequence, 5 independent 25 ps long AIMD simula-
tions per system were performed, leading to a total simulation time equal to 375 ps (i.e.,
3 (simulation samples) × 25 (ps, duration of each trajectory) × 5 (replicas for each system
starting with different atomic velocities)). In this way, statistical assessments of the most
stable, hydrated complex structures were executed via AIMD simulations.

3. Results and Discussion

Hydrolysis formation constants are expressed according to the following equilibrium:

pAl3+ + qH2O � Alp(OH)q
(3p−q) + qH+ βpq (1)
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A very large number of hydroxo species of Al3+ has been reported in the literature. In ad-
dition to Al(OH)2+, Al(OH)2

+, Al(OH)3
0 and Al(OH)4

−, which predominate at very low Al3+

concentrations, Al2(OH)2
4+, Al2(OH)4

2+, Al3(OH)4
5+, Al3(OH)6

3+, Al4(OH)2
10+, Al4(OH)3

9+,
Al4(OH)8

4+, Al7(OH)16
5+, Al7(OH)17

4+, Al13(OH)32
7+, Al13(OH)34

5+, Al13(OH)35
4+, and

Al14(OH)34
8+ were reported under a variety of ionic strengths, ionic media, temperatures,

and metal cation concentrations, as shown in Table S1 of the Supplementary Materials.
Among these data, the most reported polynuclear species are certainly the Al2(OH)2

4+,
Al3(OH)4

5+, Al13(OH)32
7+ ones.

By considering the potentiometric experimental data, several speciation models, in-
cluding both mononuclear (Al(OH)2+, Al(OH)2

+, Al(OH)3
0, and Al(OH)4

−) and polynu-
clear (Al2(OH)2

4+, Al3(OH)4
5+, and Al13(OH)32

7+) species were checked. Under the experi-
mental conditions here explored, polynuclear species appear to be preferred, while mononu-
clear species, such as Al(OH)2+ and Al(OH)2

+, are not formed in significant amounts. At all
ionic strengths and for all of the investigated ionic media, potentiometric data can be well
fitted by the speciation model including only two polynuclear hydroxo species, Al3(OH)4

5+

and Al13(OH)32
7+. Such a model was then chosen, among other possible models, on the ba-

sis of different selection criteria, such as the simplicity (the addition of other, less significant
species makes the model unnecessarily complicated), the analysis of the ratios between the
variance associated with every single model and that of the selected model, and the compar-
ison between the proposed model and the available data in the literature [49]. Experimental
formation constants of the Al3+ hydrolytic species, in NaCl, NaNO3, and in NaCl/NaNO3
mixed ionic medium at different ionic strengths and at T = 298.15 K are reported in Table 2.
Some experimental values listed in Table 2 (logTβ = −13.272, −108.38, for Al3(OH)4

5+ and
Al13(OH)32

7+, respectively, at T = 298.15 K, and I = 0.167 mol L−1 in NaNO3) are fairly
close to those reported in the literature (logTβ = −13.13, −107.47, for Al3(OH)4

5+ and
Al13(OH)32

7+, respectively, at T = 298.15 K and I = 0.1 mol L−1 in NaNO3) [7,13] (Table S1
in the Supplementary Material). The analysis of the data stemming from the literature
confirms that these data are numerous but very fragmentary in the various ionic media.

Table 2. Experimental formation constants of the Al3+ hydrolytic species in NaCl, NaNO3, and
NaCl/NaNO3 at different ionic strengths, at T = 298.15 K.

Ionic Medium I 1 CAl
1 CCl

1 CNO3
1 logβpq

2

Al3(OH)4
5+ Al13(OH)32

7+

NaCl 0.142 0.015 0.11 — −13.324(3) 3 −108.48(2) 3

0.946 0.015 1.02 — −13.618(3) −112.72(1)
NaNO3 0.167 0.015 — 0.16 −13.272(3) −108.38(1)

0.963 0.015 — 1.03 −13.320(3) −110.43(1)
NaCl/NaNO3 0.505 0.012 0.26 0.28 −13.248(4) −109.88(2)

0.939 0.012 0.26 0.76 −13.241(5) −110.62(1)
0.949 0.012 0.75 0.27 −13.314(3) −111.30(1)
0.919 0.02 0.50 0.55 −13.304(7) −110.97(2)

1 In mol L−1; 2 refer to the reaction: pAl3+ + qH2O � Alp(OH)q
(3p−q) + qH+; 3 ≥95% of confidence interval.

3.1. Ionic Strength Dependence and Species with Chloride

With the purpose of evaluating the dependence of the formation constants of the
hydrolytic species on the ionic strength, the experimental values of Table 2, were analysed
by using the following Debye–Hückel type equation [50,51]:

logβ = log Tβ− 0.51 z∗
√

I
1 + 1.5

√
I
+ CI (2)

where Tβ is the formation constant at infinite dilution; z* = Σ(charge)2reactants − Σ(charge)2products,
whereas C is an empirical parameter. Considering all the experimental hydrolysis constants
in various ionic media, it was possible to extrapolate the common values of the hydrolytic
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species at infinite dilution along with the different values of the C parameter according
to the ionic medium. The calculated values of logTβ for the hydrolytic species of Al3+

and the C empirical parameter are listed in Table 3 for NaCl, NaNO3, and NaCl/NaNO3
aqueous solutions.

Table 3. Formation constants of the Al3+ hydrolytic species at infinite dilution, together with the
C parameter of Equation (2) in NaCl, NaNO3, and in mixed ionic medium (NaCl/NaNO3), at
T = 298.15 K.

Species Ionic Medium logTβpq
1 C

Al3(OH)4
5+ NaCl −13.490(1) 2 −0.562(6) 2

Al13(OH)32
7+ −103.81(6) −1.75(7)

Al3(OH)4
5+ NaNO3 −13.490(1) −0.244(6)

Al13(OH)32
7+ −103.81(6) 0.69(8)

Al3(OH)4
5+ NaCl/NaNO3 −13.490(1) −0.219(2)

Al13(OH)32
7+ −103.81(6) 0.1(1)

1 Refer to the reaction: pAl3+ + qH2O � Alp(OH)q
(3p−q) + qH+; 2 ≥95% of confidence interval.

A comparison of the C parameter values determined in different ionic media shows
that, for Al3(OH)4

5+ species, it is always negative and precisely C = −0.562, −0.244−0.219
in NaCl, NaNO3, and NaCl/NaNO3, respectively (Table 3). As for the Al13(OH)32

7+ species,
the C parameter shows very different values when evaluated in different ionic media.

By means of the values of Table 3, it is possible to obtain the hydrolysis constants at
any value of ionic strength in the range investigated.

Speciation diagrams of hydrolytic species of Al3+ are shown at I = 0.01, 0.7 mol L−1

in NaCl at T = 298.15 K in Figure 1a,b. These ionic strength values were chosen since
they correspond to an ionic strength representative of freshwaters and to the average
ionic strength of seawaters, respectively. At I = 0.01 mol L−1 (Figure 1a) and pH ≈ 4, the
Al3(OH)4

5+ species reaches a maximum in the formation percentage of almost 10%; at
I = 0.7 mol L−1 (Figure 1b) and pH ≈ 4 it increases to almost 30%. Al13(OH)32

7+ species
predominates in the pH range 4–5, reaching a formation percentage of 50% at pH = 4 at
I = 0.01 mol L−1 (Figure 1a) and at pH = 4.25 at I = 0.7 mol L−1 (Figure 1b).
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Figure 1. Distribution diagrams of Al3+ hydrolytic species at CAl = 20 mmol L−1 in NaCl: (a) I = 0.01 
mol L−1; (b) I = 0.7 mol L−1. 

The differences in the formation constants in the various ionic media allowed us to 
quantify the weak interactions of the metal cation with the anion of the ionic medium. 

In the current investigation, two species between Al3+ and Cl−—namely, AlCl2+ and 
AlClOH+, were obtained. Their formation is also supported and characterised by ab initio 
molecular dynamics (AIMD) simulations under explicit aqueous solvation, as laid out in 
the following sections. Some examples of experimental and computational synergistic 
studies were reported in our previous papers [52–54]. Formation constant values of 
AlCl2+ and AlClOH+ species, obtained in this investigation are reported in Table 4, to-
gether with those of the hydrolytic ones, calculated in aqueous NaCl, NaNO3, 
NaCl/NaNO3 solutions at T = 298.15 K. To the best of our knowledge, albeit results 
stemming from density functional theory (DFT) calculations on such an interaction in 
aqueous solutions are present in the literature, no quantitative thermodynamic data have 
been reported so far. DFT results indicate that, for Cl−, it is very difficult to enter the inner 
coordination sphere of Al3+ species by replacing the bound water. On the other hand, the 
structures and behaviour of hydrolysis of Al3+ hydroxo species are influenced by Cl− [31]. 

Table 4. Formation constants for Al3+ hydrolytic, chloride species at infinite dilution, together with 
the C parameter of Equation (2) in different ionic media, at T = 298.15 K. 

Species logTβ C 1 
Al3(OH)45+ 2 −13.44(2) 3 −0.23(2) 3 

Al13(OH)327+ 2 −103.89(4) 1.43(8) 
AlCl2+ 4 1.33(3) −0.32(5) 

AlClOH+ 5 −3.26(5) 0.26(7) 
1 In NaCl, NaNO3, and NaCl/NaNO3; 2 refer to the reaction: pAl3+ + qH2O  Alp(OH)q(3p−q) + qH+; 3 
≥95% of confidence interval; 4 refer to the reaction: Al3+ + Cl−  AlCl2+; 5 refer to the reaction: Al3+ + 
Cl− + H2O  AlClOH+ + H+. 

3.2. Quantum-Based Simulations of Al Complexes in Implicit and Explicit Aqueous Solvents 
As explained in detail in the Methods Section, two mononuclear systems, AlCl2+ and 

AlClOH+, and one hydrolytic polynuclear aluminium system, Al3(OH)45+, were structur-
ally optimised under implicit solvation (Figures 2a, 3a and 4a) and subsequently simu-
lated via ab initio molecular dynamics (AIMD) under explicit aqueous solvation (Figures 
2b, 3b and 4b). Coordination of the mononuclear species AlCl2+ is substantially modified 
after equilibration in presence of the aqueous solvent treated explicitly (i.e., at the same 
DFT level of the solute complex). As shown in Figure 2b, the stable chloride complex is 

Figure 1. Distribution diagrams of Al3+ hydrolytic species at CAl = 20 mmol L−1 in NaCl:
(a) I = 0.01 mol L−1; (b) I = 0.7 mol L−1.

The differences in the formation constants in the various ionic media allowed us to
quantify the weak interactions of the metal cation with the anion of the ionic medium.
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In the current investigation, two species between Al3+ and Cl−—namely, AlCl2+ and
AlClOH+, were obtained. Their formation is also supported and characterised by ab initio
molecular dynamics (AIMD) simulations under explicit aqueous solvation, as laid out in the
following sections. Some examples of experimental and computational synergistic studies
were reported in our previous papers [52–54]. Formation constant values of AlCl2+ and
AlClOH+ species, obtained in this investigation are reported in Table 4, together with those
of the hydrolytic ones, calculated in aqueous NaCl, NaNO3, NaCl/NaNO3 solutions at
T = 298.15 K. To the best of our knowledge, albeit results stemming from density functional
theory (DFT) calculations on such an interaction in aqueous solutions are present in the
literature, no quantitative thermodynamic data have been reported so far. DFT results
indicate that, for Cl−, it is very difficult to enter the inner coordination sphere of Al3+

species by replacing the bound water. On the other hand, the structures and behaviour of
hydrolysis of Al3+ hydroxo species are influenced by Cl− [31].

Table 4. Formation constants for Al3+ hydrolytic, chloride species at infinite dilution, together with
the C parameter of Equation (2) in different ionic media, at T = 298.15 K.

Species logTβ C 1

Al3(OH)4
5+ 2 −13.44(2) 3 −0.23(2) 3

Al13(OH)32
7+ 2 −103.89(4) 1.43(8)

AlCl2+ 4 1.33(3) −0.32(5)
AlClOH+ 5 −3.26(5) 0.26(7)

1 In NaCl, NaNO3, and NaCl/NaNO3; 2 refer to the reaction: pAl3+ + qH2O � Alp(OH)q
(3p−q) + qH+; 3 ≥95% of confi-

dence interval; 4 refer to the reaction: Al3+ + Cl−� AlCl2+; 5 refer to the reaction: Al3+ + Cl− + H2O � AlClOH+ + H+.

3.2. Quantum-Based Simulations of Al Complexes in Implicit and Explicit Aqueous Solvents

As explained in detail in the Methods Section, two mononuclear systems, AlCl2+

and AlClOH+, and one hydrolytic polynuclear aluminium system, Al3(OH)4
5+, were

structurally optimised under implicit solvation (Figures 2a, 3a and 4a) and subsequently
simulated via ab initio molecular dynamics (AIMD) under explicit aqueous solvation
(Figures 2b, 3b and 4b). Coordination of the mononuclear species AlCl2+ is substantially
modified after equilibration in presence of the aqueous solvent treated explicitly (i.e., at
the same DFT level of the solute complex). As shown in Figure 2b, the stable chloride
complex is surrounded by four additional water molecules. Three of these H2O species
bind the aluminium atom equatorially, whereas the remainder locates in a position which
is statistically specular to that of the chloride atom. Such a solvation process leads, among
other things, to a weakening and a consequent stretch of the bond formed by the Al and
the Cl atoms. In fact, while under implicit solvation, the distance separating these atoms
is equal to 2.01 Å at the BLYP-D3 level of theory (Figure 2a), it elongates to an average
value of 2.31 Å upon explicit solvation at finite temperature (Figure 2b). Interestingly, the
hydrated complex displayed in Figure 2b shows that the three water molecules binding
the aluminium atom equatorially are, on average, quite equidistant (≈1.85 Å), whereas the
fourth molecule which lies specularly to the Cl atom explores larger distances (≈1.94 Å)
from the Al atom.
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Figure 2. (a) Structure of the AlCl2+ complex optimised at the MP2/6-311++G(2d,2p) quantum-
mechanical level under implicit solvation. The interatomic distance is shown in Å both for the
calculation carried out at the MP2 level (red) and for that at the BLYP-D3 level (black); (b) structure
of the same complex equilibrated upon explicit solvation treatment achieved via ab initio molecular
dynamics performed at the BLYP-D3 level. Relevant distances averaged over the last 20 ps of the
trajectories are shown in Å.
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311++G(2d,2p) quantum-mechanical level under implicit solvation. Relevant interatomic distances
are shown in Å both for the calculation carried out at the MP2 level (red) and for that at the BLYP-
D3 level (black); (b) structure of the same complex equilibrated upon explicit solvation treatment
achieved via ab initio molecular dynamics performed at the BLYP-D3 level. Some relevant distances
averaged over the last 5 ps of the trajectories are shown in Å.

As far as the hydration process of AlClOH+ is concerned, a similar scenario is observed,
in that four additional water molecules complete the solvation process of the complex, as
shown in Figure 3b. On the other hand, following the hydrolysis reaction of the AlClOH+

complex, the Al-Cl-OH bond angle changes from 180◦ to ≈100◦ upon solvation, and
the hydroxide anion arranges itself in one of the four equivalent positions around the
Al3+ ion, as visible from direct comparison of Figure 3a,b. Moreover, the average distance
separating the Al and the Cl atoms sizably increases upon solvation. In fact, whilst a
value of 2.03 Å is recorded in the ground-state molecular geometry determined at the
BLYP-D3 level of theory (Figure 3a), averaging the Al-Cl distance over the last 20 ps of the
AIMD trajectories leads to a large value of 2.56 Å (Figure 3b). Such a striking difference
(i.e., +26% of elongation of the bond) has certainly to be ascribed to the completion of the
solvation process occurring at room temperature. It is noteworthy that the whole solvation
mechanism is very fast in the simulated solutions and occurs on timescales shorter than 5 ps,
as shown in Figures S1 and S2 of the Supplementary Materials, which show the interatomic
distances between the aluminium atom of the original AlCl2+ (Figure S1) and AlClOH+

(Figure S2) species with respect to the oxygen atoms of the hydrating water molecules that
were monitored as functions of time. All these findings prove, once again, the need for an
explicit treatment of the solvent when determining the stable atomistic structures of this
type of complexes et similia. Moreover, by employing AIMD simulations, fluctuations of
thermal nature are also taken into account, contributing to a better estimate of the enthalpic,
in addition to entropic, contributions to the overall stabilisation process.

In accordance with the speciation models that include two polynuclear hydrolytic
species, Al3(OH)4

5+ and Al13(OH)32
7+, as best possible models based on different selec-

tion criteria (mentioned above), we constructed a possible cluster containing the four
OH− groups, each of which bridges two metal centres of Al3+. The geometry of such a
structure was then optimised, both at the MP2/6-311++G(2d,2p) and at the BLYP-D3/6-
311++G(2d,2p) quantum-mechanical levels, as displayed in Figure 4a and reported as a xyz
structure file in Table S2 of the Supplementary Materials. Interestingly, such an optimised
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structure is deeply modified upon solvation. In fact, as shown in Figure 4b, while three of
the OH− anions remain bound to two aluminium atoms, the fourth one increases its own
coordination by directly binding all the three aluminium species of the complex, thus form-
ing a form of distorted open cubic structure. Additionally, in this case, interatomic distances
change upon solvation, as visible from a direct comparison of Figure 4a,b. However, even
though two of the Al-OH bonds are quite weakened upon solvation exhibiting average
lengths of 2.17 Å and 2.02 Å, most of the remainder Al-OH bonds do not show elongations
larger than the 5% with respect to the implicit solvation case. Global stabilisation of the
Al3(OH)4

5+ complex is then reached in about 17 ps (Figure S3 in Supplementary Materials)
by directly involving nine water molecules (i.e., three per aluminium atom), all pointing
toward the first hydration shell of the formed polynuclear complex and located at an
average distance of 1.90 Å from the respective Al atoms, which can be formally written as
[Al3(OH)4(H2O)9]5+. Such a hydrated complex, similar to the previously discussed ones,
appears to be stable—once formed—over the whole AIMD trajectories.

4. Conclusions

In this paper, the hydrolysis of Al3+ and the formation of species with chloride were
investigated by experiments, quantum-mechanical calculations, and state-of-the-art ab
initio molecular dynamics (AIMD) simulations. The formation constants of Al3(OH)4

5+ and
Al13(OH)32

7+ species were determined by potentiometry in NaCl, NaNO3, and NaCl/NaNO3
aqueous solutions at different ionic strengths. The structure of Al3(OH)4

5+, as determined
by quantum-mechanical calculations executed at the MP2/6-311++G(2d,2p) level under
implicit solvation, shows that each aluminium atom is bound to two hydroxide anions.
Moreover, an equivalent structure is also predicted by lower-level density functional theory
(DFT) calculations (i.e., BLYP-D3/6-311++G(2d,2p)). By contrast, however, upon explicit
solvation achieved by means of AIMD simulations performed at the BLYP-D3 DFT level,
such a structure is deeply modified and appears to be coordinated to nine water molecules
(3 per Al3+ ion) of the local aqueous environment. The formed complex can be formally
written as [Al3(OH)4(H2O)9]5+.

The formation constants of AlCl2+ and AlClOH+ were also obtained. Although ground-
state structures of these latter are linearly arranged, as predicted by quantum-mechanical
calculations performed at the MP2/6-311++G(2d,2p) and BLYP-D3/6-311++G(2d,2p) levels
and under implicit solvation, four additional water molecules bind the Al3+ ion and lead
to the stabilisation of the complex upon explicit solvation. Thus, the angle defining the
AlClOH+ microscopic structure is deeply distorted from 180◦ to ≈100◦ upon solvation
and the hydroxide anion arranges itself in one of the four equivalent positions around
the Al3+ ion. Moreover, the solvation processes of both species lead to a weakening and
a consequent stretch of the bond formed by Al and Cl atoms. While in the AlCl2+ case, a
relative elongation equal to 15% is recorded, a very pronounced increment of 26% of the
Al-Cl distance emerges upon solvation of the AlClOH+ species. These findings prove the
need for an explicit treatment of the solvent via AIMD simulations when determining the
stable atomistic structures of this type of complexes et similia. To this end, crucial fluctua-
tions of thermal nature are also taken into account, contributing to a better reproduction
and comprehension of the enthalpic, in addition to entropic, contributions to the overall
stabilisation process.

Finally, the formation constants at infinite dilution for the Al3+ hydrolytic and chloride
species were also reported in the current investigation. These data are essential to obtain
constant values at any ionic strength for applications in the field of speciation studies under
natural water conditions.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/liquids2010003/s1, Table S1: Literature data on Al3+ hydrolysis,
Table S2: xyz structure file containing the Cartesian components of the position of the atomic species of
the molecular structure of the complex As3(OH)4

5+ optimized at the MP2/6-311++G(2d,2p) quantum-
mechanical level under implicit solvation (see Figure 4a of the main text). Figure S1: Instantaneous
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distances between the aluminium atom of the original AlCl2+ species and the oxygen atoms of the
four water molecules that hydrate the complex leading to the formation of the structure shown
in Figure 2b of the main text, Figure S2: Instantaneous distances between the aluminium atom of
the original AlClOH+ species and the oxygen atoms of the three water molecules that hydrate the
complex leading to the formation of the structure shown in Figure 3b of the main text, Figure S3:
Instantaneous distances between the aluminium atom of the original Al3(OH)4

5+ species and the
oxygen atoms of three of the nine water molecules that hydrate the complex leading to the formation
of the complex [Al3(OH)4(H2O)9]5+, whose structure is shown in Figure 4b of the main text.
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