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Abstract
This thesis focuses on the molecular-level chemistry of the solvation of aluminum salts.
Fundamental aspects such as, structural characteristics of the aluminum molecules, hydrolysis,
acidity, solvation structure, effect of counter ions, and chemical stability are discussed herein.
Static computations augmented with the conductor-like screening model (COSMO) were used to
investigate hundreds of planar and cyclic configurations of dimeric, trimeric, tetrameric, and
pentameric aluminum complexes. Car–Parrinello molecular dynamics (CPMD) calculations were
used to expand investigations to aqueous environments. 

This thesis consists of four articles and one additional article. The first paper focuses on the
structural analysis of the hydrolysis products of AlCl3 · 6H2O. Dimeric, trimeric, and tetrameric
aluminum (chloro)hydroxides were investigated in both gas and liquid phase. The liquid
environment was modeled by using COSMO.

The second and the additional paper concentrate on the chemistry of aluminum sulfate
complexes. The second article focuses on identifying hydrolysis products of AlCl3 · 6H2O in the
presence of sulfate (H2SO4). The additional paper focuses on the structural characteristics of the
hydrolysis products of Al2 (SO4)3 · 18H2O. Structural information was deduced from the ESI MS
results with the aid of computational methods. Detected cationic structures closely resembled the
aluminum chlorohydrate analogues introduced in the first paper.

The third and fourth articles are devoted to the hydrolysis, stability, and dynamics of dimeric
and pentameric aluminum (chloro)hydroxides in aquatic environments. During the CPMD
simulations, several spontaneous associative hydration reactions were detected in the primary
hydration shell of the complexes. Dimeric aluminum chlorohydrates were detected to be stable in
liquid conditions, whereas the pentameric aluminum complexes experienced significant
topological changes during the simulations. Constrained simulations were used to reveal the role
of chloride ions in the hydrolysis processes of dimeric complexes. The effect of the empirical van
der Waals corrections to the dynamics of the simulations was also tested for the pentameric
system.

The results of this thesis showed unequivocally that computational chemistry provides
effective tools for structural analysis of inorganic complexes such as, aluminum chlorohydrates
and sulfates in both gas and liquid phase. In addition, calculations provided answers to the
anomalies detected in the experiments. Hence, theoretical methods are highly recommended to be
used alongside with conventional experimental methods in the interpretation of the aluminum
species in aqueous solutions and to widen the overall chemical perspective of the hydrolysis of
aluminum salts. 

Keywords: aluminum complexes, Car–Parrinello  molecular dynamics, density
functional theory, hydrolysis, van der Waals–correction





To my late Father 
  



 6

 



 7

Acknowledgements 

This thesis was carried out in the Department of Chemistry at the University of 

Oulu between January 2004 and July 2009. The finalizing phases of the thesis 

were carried out while working in the Finnish Environment Institute (SYKE), 

Oulu Office during August 2009 and December 2009. 

The main supervisor of my doctoral research, Professor Kari Laasonen, is 

greatly acknowledged for providing me interesting and challenging projects to 

work with and financial support in order to complete my doctoral thesis. The 

second supervisor, Ph.D. Atte Sillanpää is also acknowledged for general help and 

guidance during the beginning part of the work. Their contribution in academic 

and financial issues during the research was essential for my work. Special thanks 

go to Associate Professor Vojislava Pophristic and Docent Mikko Linnolahti for 

reviewing the thesis. 

I wish to thank Kemira Inc., the Tauno Tönning Foundation, Academy of 

Finland (project 201037 and graduate school LASKEMO), the Oulu University 

Scholarship Foundation, and the University of Oulu, Department of Chemistry for 

financial support of this work. The IT Center for Science Ltd (CSC) is also 

acknowledged for providing computational resources and expert service. The 

large-scale simulations would have been much more difficult to carry out without 

the CSC supercomputers.  

I would also like to express my gratitude for my colleagues in chemistry and 

good friends Ph.D. Giorgio Lanzani and Ph.D. Pekka Vähäoja for providing 

valuable help and good conversations during the research. Ph.D. Arja Sarpola is 

also gratefully acknowledged for general support during my research and for 

interesting discussions during the years. Without your pioneering mass 

spectrometric work, the steering of this research would have been much more 

difficult. Research Manager Jukka Jokela from the KETEK Technology centre in 

Kokkola (formerly from Kemira) and Research Director Simo Pehkonen from the 

Centre of Expertise in the Water Industry Cluster (CEWIC) in Oulu are also 

gratefully acknowledged for the recommendations to several grant applications. I 

am also grateful for Ph.D. Vesa Hietapelto from Kemira and Mr. Jokela for 

challenging problems and interesting ideas during this work. I also want to thank 

Docent Toivo Kuokkanen for giving me the opportunity to teach in the physical 

chemistry laboratory courses throughout the study. 

I am also grateful to the Finnish Environment Institute (SYKE) especially to 

the Head of the River Basin Management Unit, Docent Raimo Ihme, for 



 8

providing me an opportunity to extend my expertise as a researcher in a 

multidisciplinary research institute. I would also like to express my gratitude for 

all my colleagues in SYKE for a warm welcoming to the work community. It 

increased my motivation and helped me finish this thesis quicker. 

Special thanks to my mother Helena for believing in me and for your endless 

support. My brother Juhani is also acknowledged for being there when needed. I 

would also like to thank the rest of my family Osmo, Henna, Heli, and Vesa for 

helping me through these years. 

Finally, I would like to thank my wife Maarit for helping me throughout this 

thesis. Without your endless patience and love during the years, especially during 

the writing of this thesis, this work would have never been concluded. You and 

our son Riku, who was born during this work, have been the major sources of 

strength and motivation for me, for which I am always grateful. 



 9

Table of symbols and abbreviations 

COSMO 

CPMD 

AlCl3 • 6H2O 

H2SO4 

Al2(SO4)3 • 18H2O 

ESI MS 

Al2O3 
27Al NMR 

XRD 

DFT 

QCISD 

AlxOy 

D2O 

ACH 

PAX 

NMR 

Al(OH)3 

AlO(OH) 

Aln 

LETAGROP-VRID 

Al2(OH)4SO4 • 7H2O 
1H NMR 

AlP2 

η–OH2 

µ2–OH 

µ3–OH 

µ4–O 

GGA 

BP86 

PBE 

MP2 

CC2 

RI 

TZVP 

QZVPP 

Conductor-like screening model 

Car–Parrinello molecular dynamics 

Aluminum trichloride hexahydrate 

Sulfuric acid 

Aluminum sulfate octadecahydrate 

Electrospray ionization mass spectrometry 

Aluminum oxide, traditionally known as alumina or corundum 

Aluminum nuclear magnetic resonance spectroscopy 

X-ray diffraction 

Density functional theory 

Quadratic configuration interaction single and double excitations 

Aluminum oxide 

Deuterated water also known as heavy water 

Aluminum chlorohydrates 

Prehydrolyzed polyaluminum salt 

Nuclear magnetic resonance spectroscopy 

Gibbsite, an aluminum mineral 

Boehmite, an aluminum mineral 

n aluminum atoms containing oligomeric aluminum complex 

Least squares computer program 

Aluminite, an aluminum mineral 

Proton nuclear magnetic resonance spectroscopy 

Polynuclear aluminum complex 

Terminal aqua ligand 

Bridging hydroxyl group 

Bridging hydroxyl group between three aluminum atoms 

Oxygen atom of the central AlO4 unit 

Generalized gradient approximation 

Becke88-exchange and Perdew-correlation functional 

Perdew, Burke, and Ernzerhof exchange-correlation functional 

Second-order Møller-Plesset perturbation theory 

Second-order approximate coupled-cluster 

The resolution-of-the-identity approximation 

Triple zeta valence polarization basis set 

Quadruple zeta valence double polarization basis set 



 10

BLYP 

B97-D 

 

B3LYP 

B2PLYP-D 

 

DHDF 

HF 

KS 

SCF 

vdW 

ROHF 

TZV 

DFT-D 

PBE-D 

 

B3LYP-D 

 

∆G 

cc-pVTZ 

SVP 

BSSE 

CP 

TZVPP 

CSM 

EDTA 

MD 

NVT 

Ea 

RDF 

 

Becke 88 exchange and Lee–Yang–Parr correlation functional 

Semiempirical GGA-type density functional constructed with a 

long-range dispersion corrections 

Becke’s three parameter hybrid functional 

Grimme’s double-hybrid functional with long-range empirical 

dispersion corrections 

Double hybrid density functional 

Hartree–Fock exchange 

Kohn-Sham (energy, orbitals) 

Self-consistent field 

van der Waals 

Restricted open-shell Hartree–Fock 

Triple zeta valence 

Density functional theory with empirical vdW-corrections 

Perdew, Burke, and Ernzerhof exchange-correlation functional 

with empirical vdW-corrections 

Becke’s three parameter hybrid functional with empirical vdW-

corrections 

Gibbs free energy difference 

Correlation consistent polarized valence triple zeta basis set 

Single valence polarization basis set 

Basis set superposition error 

Counter-poise method 

Triple zeta valence double polarization basis set 

Continuum solvation model 

Ethylenediaminetetraacetic acid 

Molecular dynamics 

Canonical ensembles 

Activation energy 

Radial distribution function, g(r) 

 

 



 11

List of original papers 

This thesis is based on the following articles, which are referred to in the text by 

their Roman numerals. The present author has been the primary author and main 

writer in the articles I, III, and IV. In addition, the present author has been the 

correspondent author and the main writer of the computational part in article II. 

Planning of the computational research in these articles and the analysis of the 

data were also carried out by the present author.  

I  Saukkoriipi J, Sillanpää A & Laasonen K (2005) Computational studies of the cationic 
aluminium(chloro) hydroxides by quantum chemical ab initio methods. Phys Chem 
Chem Phys 7: 3785–3792. 

II  Sarpola AT, Saukkoriipi JJ, Hietapelto VK, Jalonen JE, Jokela JT, Joensuu PH, 
Laasonen KE & Rämö JH (2007) Identification of hydrolysis products of AlCl3 • 
6H2O in the presence of sulfate by electrospray ionization time-of-flight mass 
spectrometry and computational methods. Phys Chem Chem Phys 9: 377–388. 

III  Saukkoriipi JJ & Laasonen K (2008) Density Functional Studies of the Hydrolysis of 
Aluminum (Chloro)Hydroxide in water with CPMD and COSMO. J Phys Chem A 
112: 10873–10880.  

IV  Saukkoriipi J & Laasonen K (2010) Theoretical Study of the Hydrolysis of Pentameric 
Aluminum Complexes. J Chem Theory Comput 6: 993–1007. 

In addition, the structural analysis of the aluminum sulfate complexes and the 

actual structures presented in article V were based on the calculations of the 

present author. Due to the minor contribution to the writing of the article it is 

added to the thesis as an additional article. 

V  Sarpola A, Hellman H, Hietapelto V, Jalonen J, Jokela J, Rämö J & Saukkoriipi J 
(2007) Hydrolysis products of water treatment chemical aluminium sulfate 
octadecahydrate by electrospray ionization mass spectrometry. Polyhedron 26: 2851–
2858. 

  



 12

 



 13

Table of contents 

Abstract 

Acknowledgements 7 
Table of symbols and abbreviations 9 
List of original papers 11 
Table of contents 13 
1 Introduction 15 
2 Potable water 19 

2.1 Chemical water treatment ....................................................................... 19 
3 The hydrolysis of aluminum in aqueous environments 21 

3.1 The effect of pH ...................................................................................... 22 
3.2 The effect of counter ions ....................................................................... 25 
3.3 The effect of the salt concentration ......................................................... 27 
3.4 Experimentally detected hydrolysis products ......................................... 28 

3.4.1 Potentiometric methods ................................................................ 28 
3.4.2 X-ray diffraction ........................................................................... 30 
3.4.3 27Al nuclear magnetic resonance .................................................. 32 
3.4.4 Electrospray ionization mass spectrometry .................................. 35 

3.5 Summary ................................................................................................. 39 
4 Computational details 41 

4.1 Static gas phase calculations ................................................................... 41 
4.2 Liquid phase calculations with COSMO ................................................. 48 
4.3 Car–Parrinello molecular dynamics (CPMD) ......................................... 51 

5 The hydrolysis of aluminum: Geometry and Dynamics 55 
5.1 Hydrolysis of aluminum: Static approach ............................................... 55 
5.2 Hydrolysis of aluminum: CPMD approach ............................................. 60 

5.2.1 Aluminum (chloro)hydroxides in aquatic environments .............. 60 
5.2.2 Dimeric aluminum sulfate in aquatic solutions ............................ 64 

5.3 Solvation of the clusters .......................................................................... 66 
5.4 Summary ................................................................................................. 69 

6 Conclusions 73 
References 75 
Original papers 85 
  



 14

 



 15

1 Introduction 

The chemistry of aluminum in aqueous environments is of great concern due to 

its diverse physical and chemical properties and fundamental industrial 

importance. As an element it is the most abundant metal in Earth’s crust (~8 %) 

and when hydrolyzed it produces a rich array of solute complexes and solids 

including clays and hydroxide phases. [1] Although these compounds are 

ubiquitous, establishing their complete characterization in aqueous environments 

is very difficult. This is due to the dynamic equilibrium between complexes and 

versatility of the polynuclear complexes in water. In addition, the problem is also 

experimental because aluminum species are very often unwieldy for conventional 

spectroscopic methods. [1]  

Aluminum and its derivatives are widely used in a broad range of chemical 

applications. Aluminum oxide Al2O3, traditionally known as alumina is used as a 

catalytic support material and in the fabrication of superconducting devices, 

aluminum salts are also used in water purification processes as a chemical 

purification agent, etc. The most commonly used salts are aluminum chlorides 

and sulfates including their pre-polymerized forms. [2] The effectiveness of 

aluminum salts in these purification processes is mainly based on coagulation and 

flocculation. In coagulation, the surface charge of negatively charged colloidal 

impurities is reduced by aluminum cations. [3] 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. 

The characterization of aluminum compounds in aquatic environments has 

been under several experimental investigations during the past few decades. 

Methods like potentiometric titration, 27Al NMR, spectrophotometric detection 

and X-ray crystallography have been successfully used to reveal a wide range of 

different monomeric and polynuclear hydrolysis products of aluminum. Although 

conventional experimental methods are useful and give very interesting 

information about the aluminum complexes in aquatic environments, the 

structural information they provide is limited. For instance only complexes with a 

tetrahedral site yield diagnostic peaks in 27Al NMR. [1] Furthermore knowledge 

of the initial material like X-ray diffraction data is needed to get structural data 

from potentiometric titration. [4–5] 

The most recent experimental studies of the hydrolysis of aluminum in 

aquatic environments have been done with electrospray ionization mass 
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spectrometric (ESI MS) methods. The pioneering work in the field was done by 

Sarpola et al. [6–9] ESI MS involves transferring pre-existing ions from solution 

to a vacuum, where they are examined by mass spectrometric methods. [10] 

Compared to conventional methods, it provides the most diversified view of the 

aluminum species in water. [6–9] Although, ESI MS methods have enabled the 

characterization of a large number of different aluminum compounds from 

monomeric to polynuclear complexes, the structural information it offers is 

limited. [6–9] [II] In addition, when the fragmentation series of aqua ligands or 

isotopic patterns are lacking in the spectra, the only information available is the 

sum mass of the complex. [II] At this point, computational chemistry based on 

quantum mechanics is introduced for providing structural information from the 

mass spectrometric data. [I–II] [IV–V] 

The development and increased capacity of modern computers have enabled 

the use of computational chemistry for larger and more complex systems. 

Computational chemistry has become a powerful method for structural and 

coordination chemistry in both gas and liquid phases. Furthermore, systems 

unreachable for experimental methods can now be investigated computationally. 

Over the years several computational studies have addressed the structures, 

energetics and solvation of aluminum compounds in gas phase and liquid 

environments. These studies are normally divided into two categories, static 

studies for the structures and energetics and ab initio molecular dynamics studies. 

Martinez et al. performed static DFT and QCISD calculations to study the 

structures and electronic properties of neutral and anionic AlO2 and Al3On (n = 1-

5) clusters. [11–14] In addition Gowtham et al. have investigated the structures 

and electronic properties of neutral and anionic Al3On (n = 6-8) clusters. [15] Note 

that every single one of these studies has focused on the energetics and structural 

properties of hypermetallic and hyperoxide AlxOy clusters. Ahu Akin et al. 

investigated the reactivity of these nontraditional and nonstoichiometric 

aluminum oxides towards water molecules in their static density functional 

studies. [16] 

Static calculations have also been used to study the structures and energetics 

of stoichiometric aluminum oxides in gas phase and in solutions. Gale et al. 

performed a theoretical investigation of the nature of aluminum compounds in 

alkaline solution. [17] Furthermore, Bock et al. used static calculations to study 

the arrangement of the first- and second-shell water molecules around trivalent 

aluminum complexes. [18] In the static part of this study we focused on the 

structures and energetics of aluminum chlorohydrate and sulfate clusters. 
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Analyses were employed for clusters containing two, three, four and five 

aluminum atoms. [I–II] [IV] We note that computational methods of a 

manageable degree of sophistication alone are of limited reliability without any 

data from experimental methods for comparison. Hence we focused our 

computational studies on the aluminum clusters detected in the ESI MS studies of 

Sarpola et al. [6–9]  

The solvation of aluminum has also been investigated using ab initio 

molecular dynamics approach. Ikeda et al. investigated the hydrolysis of 

aluminum ion (Al3+) in aqueous AlCl3 solution using constrained Car–Parrinello 

molecular dynamics (CPMD). [19] Their simulations consisted of one aluminum 

ion and three chloride ions separately in solution of 62 D2O molecules in neutral, 

acidic and basic conditions. [19] Sillanpää et al. used the CPMD method to study 

the solvation of aluminum hydroxide [Al(OH)3 • H2O & Al(OH)4
-]. [20] Both of 

these investigations concentrated on studying single aluminum ions or monomeric 

aluminum compounds in aquatic environments. However, the existence of 

polynuclear hydrolysis products is a rather general and proven phenomenon 

especially in higher metal concentrations. [19] Pophristic et al. were the first to 

study dimeric, hexameric, and polymeric Al13 aluminum chlorohydrates (ACH) in 

aquatic environments using CPMD. [21–22] They used simulated annealing 

followed by geometry optimization to obtain gas phase-optimized structures for 

the selected aluminum clusters. Optimized structures were then used as the 

starting geometries for the simulations in solution in 300 K. [21–22] 

In the CPMD part of this study we have investigated the chemistry of dimeric 

([Al2(OH)3(H2O)Cl2]
+) and pentameric ([Al5O6H2Cl4]

+, [Al5O7H4Cl4]
+) aluminum 

(chloro)hydroxides in aquatic environments. [III–IV] The primary goal of these 

studies was to investigate the stability of the chosen aluminum chlorohydrates and 

the binding of chloride ions in water. The starting geometries for the clusters were 

selected from the static part of this study. [I] [IV] The chosen structures were also 

the main aluminum species detected in the ESI MS studies of Sarpola et al. [6–9] 

As structures, they are complex enough to describe the chemistry of aluminum 

chlorohydrates in water. During this thesis we have also investigated the solvation 

of dimeric aluminum sulfate complexes in liquid environments using CPMD. The 

chosen structures came from our previous calculations. [V] This unpublished data 

will be discussed thoroughly in the ab initio molecular dynamics part of this study. 

During this thorough investigation we were able to prove that computational 

methods can provide answers to the anomalies detected in the experimental 

studies. In the following chapters we will show that our computational models, 
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although by necessity simpler than the aluminum chlorohydrate solutions, can 

provide useful and realistic information and new insight into the aquatic 

chemistry of aluminum. We also note that none of the previous computational 

studies have considered similar kinds of systems. In conclusion this research sets 

a new stage for the computational investigation of aluminum in aquatic 

environments. 
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2 Potable water 

Clean water is the most vital form of sustenance for all mankind. The average 

human body consists of 60 percent of water and only minor dehydration has a 

remarkable effect on our health and working capacity. Water is so vital for us that 

we need notable amounts of it every day and we can survive only a few days 

without it.  

The water on our planet is in constant movement referred to as the hydrologic 

cycle. This gigantic water cycle is solar-powered and consists of four main phases: 

evaporation, condensation, precipitation and collection. During this cycle water 

goes through all possible states from vapor to liquid and ice. The hydrologic cycle 

also controls and regulates the temperature of soils, seas and the atmosphere.  

The availability of fresh water is unevenly distributed amongst continents. Of 

all the water on our planet, the majority (98 %) is salt water and the rest is in ice, 

ground water or surface water. The deficiency of water is the largest n the side of 

the world’s population, where poverty and population growth is the highest. The 

lack of water is also one of the main reasons for deceases and deaths in this region. 

Furthermore, population growth is increasing water consumption levels making 

the natural hydrologic cycle inadequate to ensure the availability of clean water. 

Due to this, potable water has to be cleaned from surface waters using different 

cleaning processes like chemical treatment. 

2.1 Chemical water treatment 

Surface water contains several different types of impurities, such as organic and 

inorganic contaminants, bacteria, viruses, parasite eggs, etc. These contaminants 

can exist in the form of particles, colloids, or be small enough to be soluble. [2] 

However, before the water is potable all of the aforementioned impurities have to 

be removed. At this point, chemical water treatment is introduced. Chemical 

water treatment contains several important stages, like screening, mixing, 

separation, filtration, etc. In this study, we focus on the stage where a chemical 

coagulant is added and furthermore on the hydrolysis of aluminum coagulants in 

aquatic environments. 

Aluminum and iron salts are widely used coagulants for removing dissolved 

impurities from water. Their effect is based on the ability to aggregate particles 

into a removable form. In this study we focus on the chemistry of aluminum 

coagulants in aquatic environments. The chemical precipitation process is mainly 
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based on coagulation, which can be divided to two main mechanisms: charge 

neutralization and sweep coagulation and flocculation. [2]  

Most impurity particles in water have a very strong negative surface charge 

and therefore they repel each other. [3] In charge neutralization the negative 

surface charge is reduced by adding aluminum or polyaluminum salts into water. 

After the treatment the repulsion between contaminants is reduced and the 

forming of removable flocs is enabled. It should be mentioned that charge 

neutralization is a very rapid (0.01-1 second) mechanism and creates a strong 

demand for mixing. Furthermore, optimum pH for the charge neutralization is in 

the acidic range, because contaminants have lower surface charges in lower pH 

levels. [2] 

Sweep coagulation is based on the formation of an amorphous metal 

hydroxide precipitate. [3] In this mechanism impurities are trapped inside 

aluminum hydroxide floc or swept down by sinking floc. The formation of the 

floc is triggered by the adsorption of aluminum or polyaluminum ion on to the 

surface of a contaminant particle. [2] When the size and mass of the aluminum 

hydroxide floc increases enough for gravitation to exceed the buoyancy of the 

water, the floc starts to sink. The formation of the polynuclear flocs also requires 

acidic conditions. From the two aforementioned mechanisms, sweep coagulation 

is more commonly used in waterworks, due to the difficulties of achieving rapid 

and thorough mixing required for charge neutralization. [2] 

The importance of these mechanisms depends on factors, such as pH, 

coagulant dosage, flocculation time, etc. Note, the amount of aluminum salt 

needed is higher in sweep coagulation than in the charge neutralization 

mechanism. Environmentally, the dosage is a very important issue due to the 

toxicity of aluminum to aquatic organisms. [23] The toxicity is strongly 

dependent on speciation. Ions, like [Al(OH)]2+ and [Al(OH)2]
+ bear the main 

responsibility for the toxicity of aluminum in aquatic environments. [24] However, 

polynuclear complexes, such as [AlO4Al12(OH)24(H2O)12]
7+ were found equally 

toxic in the studies of Parker et al. [25–26] Flocculation time depends on the type 

of the aluminum salt. The most common, aluminum sulfate (Al2(SO4)3) requires 

more time compared to newer prehydrolyzed polyaluminum salts (PAX), where X 

denotes the counter ion (Cl-, SO4
2-, etc.). Although prehydrolyzed products are 

more effective, their mode of action is not completely understood. Hence the 

main aims of this study have been to increase the understanding of the hydrolysis 

products of aluminum complexes in aquatic solutions. In addition, the role of 

counter ions and the mechanisms of the hydrolysis reactions were investigated. 
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3 The hydrolysis of aluminum in aqueous 
environments 

Aluminum has the electron configuration [Ne]3s23p1, thus it forms trivalent ionic 

compounds (AlCl3, Al2(SO4)3, etc.). When aluminum is introduced to water, it has 

a strong effect on the properties of surrounding water molecules. This is shown, 

by the astonishingly large partial molar volume of Al3+ ion (-46.7 cm3 mol-1). [27] 

The water molecules nearest to the aluminum ion form a tightly bound aluminum 

hexahydrate complex of [Al(OH2)6]
3+, see Fig. 1. [2] However, the kinetic unit 

formed is probably even larger than hexahydrate and includes less tightly bound 

water molecules in the secondary hydration shell. [2] [28] This also explains the 

large value of partial molar volume mentioned earlier. 

Hexahydrate and its composition have been demonstrated in the past directly 

by nuclear magnetic resonance (27Al and 1H NMR) experiments. [29–30] It also 

has a solid state analogue, aluminum trichloride hexahydrate (AlCl3•6H2O). [31] 

In the later proton (1H) NMR studies of Fratiello et al. the total coordination 

number of aluminum was confirmed to be six, regardless of the counter ions or 

the solvents used. [32] However, the speciation of aluminum in aqueous 

environments is far more diverse. Depending on the conditions, aluminum can 

undergo hydrolysis reactions to several different mononuclear hydroxides 

([AlOH]2+, [Al(OH)2]
+, [Al(OH)3]

0 and [Al(OH)4]
-) or polymerization reactions to 

polycations (e.g. [AlO4Al12(OH)24(OH2)12]
7+). [1] [33] 

 

Fig. 1. The positions of water in the primary hydration shell of the aluminum 

hexahydrate complex. [19] Aluminum is presented in light blue, oxygens in red and 

hydrogens in white. 

Over 50 years ago, Danish physical chemist Johannes N. Brønsted postulated a 

series of rapid consecutive proton transfers for aluminum hexahydrate. [19] The 

series of reactions is expressed as follows, 
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Al OH Al OH OH  H Al OH OH 2H  

Al OH OH s  3H Al OH OH 4H .

+ + ++ +

−+ +

     ↔ + ↔ +    

   ↔ + ↔ +  

(1) 

Although this is the usual expression of the consecutive proton transfer reactions, 

it is oversimplified in two respects. Firstly, the existence of dimeric, trimeric and 

polynuclear hydrolysis products is a rather general phenomenon especially at 

higher concentrations. [19] Secondly, the scheme in eqn. (1) should include the 

hydrolysis of a single aluminum ion (Al3+), which would make the reaction 

mechanisms more complicated. Note that the dehydration process introduced in 

eqn. (1) is a key step for the reactivity of metal ions towards ligands in aquatic 

environments. [19] [36] 

3.1 The effect of pH 

The most important variable in the aquatic chemistry of aluminum is the pH. It 

strongly affects the overall speciation of the mononuclear and polynuclear 

aluminum hydroxides. For example, the predominant form of the monomeric 

aluminum ion in the strongly acidic range (pH ≤ 4) is the aluminum hexahydrate 

cation ([Al(OH2)6]
3+ (aq)), see Fig. 2. Respectively, [AlOH]2+ cation dominates at 

the pH of 5 and [Al(OH)2]
+ at the pH of 6. [3] In the near neutral pH range (5 < 

pH < 8) aluminum trihydroxide (Al(OH)3 (s)), also known as gibbsite and 

bayerite, starts to precipitate. [3] Depending on time and conditions aluminum 

trihydroxide can give one water molecule off forming pure Boehmite (AlO(OH)). 

[34] In the basic range (pH > 7) the predominant mononuclear form is the 

aluminate anion ([Al(OH)4]
- (aq)). One should keep in mind however, that the 

hydrolysis of aluminum is not simply a mononuclear process but also involves 

polynuclear aluminum complexes. [34–35] 

The formation of polynuclear hydrolysis products of aluminum is governed 

by the high reactivity of the [Al(OH2)6]
3+ ion. [35] Akitt et al. suggested the 

reaction mechanism for the dimer formation, which is triggered by the formation 

of [Al(OH2)5(OH)]2+ ion by proton transfer, as seen in eqn. (2). [36] 

( ) ( ) ( ) [ ]
( ) ( ) ( ) ( ) ( ) [ ]

3 2

2 2 2 36 5

3 2 4

2 2 2 2 3 26 5 2 8

Al OH + H O Al OH OH  H O

Al OH + Al OH OH Al OH OH H O H O

+ + +

+ + + +

   ↔ +   

     ↔ + +     

 (2) 
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Fig. 2. Molar fractions of dissolved hydrolysis products of mononuclear aluminum 

hydroxides in equilibrium with amorphous hydroxides. [3] 

In addition, the formation of the polyaluminum complexes is a highly pH-

dependent process. Thomas et al. proposed that in the pH range from 3.5 to 5 the 

predominant hydrolysis products are dimeric or polymeric aluminum complexes. 

[35] The results of the 27Al NMR studies of Bottero et al. validate this conclusion. 

[37–38] 

The effects of pH to on aluminum salt hydrolysis have also been investigated 

using mass spectrometry (ESI MS). In the studies of Sarpola et al. it was found 

that the speciation is strongly dependent on pH. [6–9] They discovered three 

different pH ranges where the speciation of aluminum differed from each other. [8] 

In the acidic range (pH ≈ 3) the predominant forms were the dimeric 

[Al2O(OH)2Cl(H2O)0-3]
+ and trimeric species [Al3O(OH)4Cl2(H2O)0-3]

+. [8–9] 

Raising the pH by two units (pH ≈ 5) changed the speciation strongly. Monomeric 

and dimeric aluminum species hydrolyzed and polymerized into larger, but still 

soluble, polymeric multivalent complexes (Al13). [8] In the near neutral region the 

formation of colloids followed by precipitation was discovered as a loss of all 

signals, which could be due to the formation of the negatively charged aluminate 

anion ([Al(OH)4]
-). [8] 

Recently, similar ESI MS data was reported in the studies of Zhao et al. [39] 

They diluted a small dosage (1.5 × 10-4 mol dm-3) of aluminum trichloride salt 

and studied the hydrolysis products as a function of pH with ESI mass 

spectrometry. Monomeric and dimeric complexes were found to dominate at the 

pH of 4 and small polymeric species from Al3 to Al5 were found at the pH of 4.6. 
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[39] Through aggregation and self-assembly, small polymeric species 

polymerized to medium-sized polynuclear aluminum complexes (Al6 to Al10) that 

continued the polymerization with smaller polynuclear aluminum complexes to a 

larger polymeric aluminum species (Al11 to Al21) at the pH of 4.8 to 5.0, see Fig. 3. 

[39] At higher pH levels (5.6 < pH < 6.4) the metastable medium and large-sized 

polymeric complexes started to decompose to smaller aluminum species until the 

dimeric aluminum complexes were formed. The majority of the aluminum 

complexes formed amorphous flocs of Al(OH)3 at the pH over 5.6. [39] 

Fig. 3. The distribution of aluminum complexes, introduced in the ESI MS studies of 

Zhao et al. [39] Al1 corresponds to a monomer, Al2 to a dimer, etc. Alu corresponds to a 

solid phase Al(OH)3. 

The pH value is important not only for the speciation of aluminum but also for the 

coagulation process. Some impurity particles in natural waters contain functional 

groups that vary charges as a function of pH. Proteins on the surface of bacteria 

and viruses in particular contain these kinds of groups. [2] Some groups, such as 

carboxylic groups (-COOH), sulfhydryl groups (-SH) and phenolic hydroxyl 

groups have zero charge at low pH and a negative charge at higher pH levels. [2] 

On the other hand some groups, like amino groups (-NH3), imidazole groups and 

guanidine groups have a positive charge at an acidic and neutral pH and zero 

charge in basic pH levels. [2] The value of the pH also affects the charge 

distribution of the particles with a protein surface. With increasing pH the amount 

of negative charges increases and the amount of positive charges decreases, and 

vice versa with decreasing pH. [2] The stage in pH where the number of both 

negative and positive charges is equal is called the isoelectric point. 
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The magnitude of pH also affects the coagulant dosages in water treatment 

processes. The higher the pH, the higher the negative charges had by 

contaminants, and the more aluminum coagulants needed to neutralize and 

precipitate these impurities. [2] Due to this, from the water treatment point of 

view, the less coagulant is used, the more important it is to have a good control of 

the pH. [2] 

3.2 The effect of counter ions 

The second, equally important factor for the aluminum speciation is the effect of 

counter ions. It has been specified that they have active roles in stepwise 

hydrolysis processes, where they can compete with hydroxo ligands of the vacant 

coordination positions in the first solvation shell of the aluminum complexes. [40] 

This competition can also increase the pH levels of the aluminum oxide hydrosols, 

which is due to the replacement of the hydroxo ligands by the anions. [41] The 

quantity of increment depends on the counter anion used. From the counter anions 

studied in this study, chloride can replace only one ligand at a time, whereas 

sulfate can replace two or more. [8] This is due to the different bonding behavior 

of the sulfate group, which will be discussed later. 

One of the most common solids, containing both aluminum and chlorine is 

chloraluminite (AlCl3 • 6H2O), also known as aluminum trichloride hexahydrate. 

Although the chemical formula of the hexahydrate indicates that chlorines are 

bound directly to aluminum, the crystal structure contains six tightly bound aqua 

ligands in the primary coordination sphere and three chloro ligands in the 

secondary sphere. [31] [42] In addition, the structure consisted of chains of type –

[[Al(H2O)6]
3+3Cl-] – [[Al(H2O)6]

3+3Cl-]–, proceeding parallel to the hexagonal c 

axis. [31] This indicates that chloro ligands are less tightly bound compared to the 

aqua ligands. In the ESI MS/MS studies of Sarpola et al. they observed a similar 

phenomenon when studying the hydrolysis products of aluminum trichloride 

hexahydrate in aquatic solutions. They discovered that chloro ligands were fairly 

easily eliminated from the polyaluminum clusters as hydrochloric acid with low 

collision energies and without breaking the structures. [7–8] 

We observed similar results in our constrained Car–Parrinello molecular 

dynamics (CPMD) studies of aluminum chlorohydrate dimer in aquatic 

environments. [III] Theoretically measured energy barriers (< 40 kJ mol-1) for the 

chlorine dissociation clearly showed that the chloro ligands are loosely bound to 

aluminum in aquatic solutions. Due to the aforementioned scientific results it can 
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be assumed that chloride ions are dissociated from polyaluminum structures in 

aquatic environments. In addition, chloride ions seem to bind as terminal ligands 

not as bridging ligands and therefore do not affect the structures of aluminum 

complexes in water. 

Sulfate ion, on the other hand, strongly affects speciation. This is due to the 

chemical behavior of sulfate. Firstly, it binds strongly to the aluminum complexes 

and secondly, it can be bound through different mechanisms. [II] [43] It can 

function as a terminal ligand like a chloride ion and bind to an aluminum atom in 

either a mono-, bi-, or even tridentate fashion or it can function as a bridging 

ligand between two or more aluminum atoms, as illustrated in Fig.4. [II] In the 

studies of Rämö et al. sulfate ions were found to bind strongly to the aluminum 

hydroxides in aquatic environments. [43] 

Fig. 4. The bonding of a sulfate group in a cationic aluminum sulfate complex 

([Al2(OH)4HSO4]
+). A bidentally bound hydrogen sulfate ion (a) is shown on the left and 

a bridging hydrogen sulfate ion (b) on the right. [V] 

The clearest evidence of the effects of sulfate ion on the overall speciation of 

aluminum complexes in aquatic environments can be discovered by comparison 

to the results of mass spectrometric and computational studies of Sarpola and 

Saukkoriipi et al. [6–7] [I–II] This was especially evident when comparing the 

hydrolysis products of the pure aluminum chloride hexahydrate (AlCl3 • 6H2O) 

system to the hydrolysis products of the same hexahydrate in the presence of 

added sulfuric acid (H2SO4). The cationic spectra of the pure aluminum chloride 

system showed several water series that were lacking from the spectra of the 

sulfate system. [7] [II] This is due to the bonding behavior of the sulfate ion in 

aquatic solutions. Furthermore, sulfate not only competes with aqua ligands for 

the vacant coordination positions in the first solvation shell, but can also trigger 

topological changes in the aluminum complex cores. [II] In mass spectroscopy the 

term ‘water series’ can be explained by a Gaussian distribution of signals 

a ba b
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produced by the same aluminum core with different numbers of aqua ligands, i.e. 

peaks in the spectrum in 18 atomic unit intervals. [I–II] 

The choice of counter ions also affects the results of water treatment 

processes. Normally counter ions are negatively charged and when binding to the 

polyaluminum hydroxides they decrease the surface charge of the coagulant. [2] 

This is the case especially with sulfate ions, hence chloride ions are most 

probably dissociated and solvated in aquatic environments. Sulfate ions can also, 

to some extent, bind to the positive sites of impurity particles and hence increase 

the negative net charge of the contaminant. [2] Due to the aforementioned 

phenomena higher dosages of coagulants are needed in charge neutralization 

processes in order to precipitate impurity particles. In addition, aluminum 

chloride salts can be used as coagulants in slightly higher pH values compared to 

sulfate analogues. [2] 

3.3 The effect of the salt concentration 

Initially, the effect of aluminum concentration on the diversity of hydrolysis 

products of aluminum in aquatic environments was discovered in the multinuclear 

magnetic resonance studies of Akitt et al. [44–45] They tested the effect of 

concentration in the range of 0.01 to 3.0 mol dm-3. [44] During the NMR 

investigations, they discovered two main features. Firstly, at higher concentrations 

only a limited amount of aluminum species were detectable. [44] This can be due 

to the fact that only complexes with tetrahedral sites yield diagnostic peaks in 
27Al NMR spectra. [1] [37] Secondly, at lower concentrations (0.02 mol dm-3) the 

proportion of oligomeric species in aluminum salt solutions essentially dropped to 

zero. [44] Thus according to the NMR studies of Akitt et al. there are only 

hydrolyzed forms of monomeric, and polyaluminum cations (Al13) present in the 

dilute aluminum salt solutions. [44] 

In the ESI MS studies of Zhao et al. the hydrolysis of aluminum was found to 

be very slow when the aluminum concentration of the coagulants was 0.55 mol 

dm-3. [39] Furthermore, the hydrolysis was found to speed up when the original 

aluminum solution was diluted to a concentration of 1.5 × 10-4 mol dm-3, which 

agrees well with the findings of Akitt et al. In other words, the increased H2O/Al 

ratio changed the hydrolysis speed from slow to almost immediate. [39] This can 

be explained by the increased probability of surrounding water molecules to react 

with aluminum coagulants and initialize the proton transfer reactions needed for 

polymerization. [36] Although some of the findings of Zhao et al. were in good 
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agreement with the studies of Akitt et al., the amount of oligomeric species found 

was much higher. They were able to identify several different dimeric, trimeric, 

and tetrameric aluminum species from their aluminum salt solutions. [39] Note 

that 1.5 × 10-4 mol dm-3 corresponds well with normal aluminum coagulant 

dosages in water treatment. [2] [39] 

In the pioneering electrospray ionization mass spectrometric work of Sarpola 

et al. the effect of aluminum concentration was tested at three different 

concentrations (0.001, 0.01 and 0.1 mol dm-3). [8] [46] They observed that the 

dimeric complexes had the greatest diversity in the most dilute aluminum salt 

solutions, which was confirmed later in the studies of Zhao et al. [39] 

Furthermore, the diversity of the trimeric aluminum complexes was found to be 

highest for the 0.1 mol dm-3 concentration. [8] They also found evidence of 

polynuclear aluminum complexes containing seven and eight aluminum atoms of 

the most concentrated solution. However, the largest polynuclear aluminum 

complexes Al13 and Al14 were found from all three concentrations. [8] It should be 

mentioned that in the studies of Sarpola et al. the effect of concentration on the 

hydrolysis of aluminum was clearest at the initial pH (pH < 4). 

The aforementioned 27Al NMR and ESI MS studies unequivocally show that 

aluminum salt concentration affects the relative abundance of different species in 

aquatic solutions. In addition, it also affects the rate of aluminum salts hydrolysis. 

[39] The higher the aluminum salt concentration, the slower the hydrolysis 

reaction will be. [39] [44] 

3.4 Experimentally detected hydrolysis products 

3.4.1 Potentiometric methods 

Since the studies of Cyrill Brosset in 1952, there have been several investigations 

of the nature of these polymeric aluminum complexes in aquatic environments. 

Brosset postulated a general form for the polynuclear cations [Aln(OH)3(n-1)]
3+ and 

anions [Aln(OH)3(n+1)]
-. [34] Brosset et al. also proposed the following varieties 

for cations in acidic range: [Al(Al2(OH)5)n]
(3+n)+, [Al6(OH)15]

3+ and [Al8(OH)20]
4+. 

[47] Van Cauwelaert et al. introduced and discussed the existence of [Al4(OH)8]
4+, 

[Al7(OH)16]
5+, [Al10(OH)24]

6+ and [Al13(OH)32]
7+. [48] Note that every one of 

these aforementioned polynuclear aluminum compounds were found in the 

potentiometric titration studies and agree well with the “core links” hypothesis of 
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Lars Gunnar Sillen. [49–50] According to the hypothesis, all complexes of the 

reactants A and B have a composition (e.g. ApBq(ApB)n) corresponding to a 

certain core (ApBq) and a varying number of links (ApB). [49] In addition, for the 

formation we have the dependency, 

 ,p q
p q pqS A B a bχ = =    (3) 

where S is the complexity sum, χpq is the equilibrium constant, a and b are the 

concentrations of free A or B and p and q are non negative integers. [49] Note that 

A and B can be neutral or charged. The amount of A in the complex can then be 

written as, 

 
ln

p q
p q pq

b b

S S
A a p A B p a b a

a a
χ ∂ ∂    − = = = =     ∂ ∂   

   (4) 

and the amount of B as, 
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respectively. By plotting q as a function of p we get a two-dimensional array of 

integers (p,q), where every dot corresponds to the possible complexes in aqueous 

solutions. The more detailed description of the hypothesis can be found from refs. 

[49–50] 

In the potentiometric studies of Öhman et al. they investigated the hydrolysis 

of aluminum and aluminum hydroxo carbonates. [51–52] In the determination of 

complexes they used the least squares computer program LETAGROP-VRID. [53] 

The main aluminum hydroxo species found were [Al3(OH)4]
5+ and 

[Al13O4(OH)24]
7+. They also found evidence of the existence of aluminum 

hydroxo carbonates, [Al2(OH)2CO3]
2+ and [Al3(OH)4HCO3]

4+. [51–52] Recently, 

Fournier et al. proposed a new potentiometric method for studying the hydrolysis 

products of aluminum(III) in aquatic environments. [54] The advantage of this 

new method compared to conventional ones is that it uses a well-defined 

reference point that corresponds to the precipitation of Al hydroxide, which in the 

presence of non-complexing anions and in the absence of local pH perturbations 

must be at the “formal” hydrolysis ratio (h) of 3.0, see eqn. (6),  

 
( )

( )
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total

C OH
h

C Al
=  (6) 
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where (C(OH)added) is the concentration of the added hydroxyl ion and (C(Al)total) 

is the total aluminum ion concentration in the system. [54] In addition, this new 

method has been carefully optimized using a number of important parameters and 

it was cross-verified with quantitative 27Al NMR technique. The optimum 

aluminum salt concentration range was identified to be within 0.004–0.012 mol 

dm-3. [54] 

Potentiometric methods have provided hydrolysis profiles based on a very 

wide range of polynuclear aluminum species. The general formula for the 

polyaluminum complexes can be written as ([Alx(OH)y]
(3x-y)+)n. The values for x 

and y have then been suggested of being in the range of 1 ≤ x ≤ 24 and 1 ≤ y ≤ 60. 

[41] [48–52] [55–56] Individual aluminum complexes have then been represented 

by their x,y values. For example, there is a general agreement of a formation of 

small monomeric and oligomeric aluminum cations like 1,1 ([Al(OH)]2+) and 3,4 

([Al3(OH)4]
5+), from which the trimeric 3,4 is the dominant form. [44] According 

to the potentiometric results, the hydrolysis of aluminum complexes seems to 

follow the path from the formation of small oligomeric species to the formation of 

larger polynuclear aluminum complexes. The main larger polynuclear hydrolysis 

products discovered were the 13,32 cation ([Al13(OH)32]
7+) and ([Al13O4(OH)24]

7+). 

[48] [51] 

However, potentiometric methods do not provide any structural data and the 

species used in calculating the titration data have to be selected by chemical 

intuition based on knowledge of the initial material, e.g. crystallographic data, 

before running a program. [4] If compounds with several n-values are present at 

the same time in the aforementioned formulae (ApBq(ApB)n, ([Alx(OH)y]
(3x-y)+)n), 

the analytical program selects the simplest compounds with preference for the 

prime number solutions. Furthermore, one unhydrolyzed oxo ligand with charge 

(-2) is treated as two hydroxo ligands with charge (-1). In addition, the speciation 

results of the potentiometric titration are strongly averaged in the calculations. [57] 

3.4.2 X-ray diffraction 

X-ray diffraction is a useful method for providing structural information about 

aluminum compounds. Despite the benefits of the method there is only a limited 

amount of crystallographic data available. [42] This is due to the difficulties in 

isolating and crystallizing aluminum salts. However, there are plenty of crystal 

structures available for aluminum minerals like, aluminite (Al2(OH)4SO4 • 7H2O), 

alumina also known as corundum (Al2O3), etc. [42] The most well-known larger 
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aluminum hydroxide molecule is the Al13 ion, which was originally isolated as 

sulfate and selenate salts. [5] [58] The formula of the crystal was as follows, 

[Al13O4(OH)24(H2O)12]
7+. [58] The structure is called the Keggin structure 

because it closely resembles a well-known 12-phosphotungstic acid structure of 

Keggin et al. [59] The structure can be viewed as four trimeric Al3O
*(OH)6(H2O)3 

groups linked together at polyhedral edges around the central Al(O*)4 unit, see Fig. 

5. [1] [5] [58] The asterisk denotes the three-coordinated oxygen atom that is 

attached to the central aluminum atom. 

The Keggin type Al13 cation has five different isomers (α, β, γ, δ, and ε) 

belonging to the structural class of Baker-Figgis-Keggin. [60] The structures in 

this class have central metals tetrahedrally coordinated to oxygen atoms of an 

aforementioned trimeric unit (Al3O
*(OH)6(H2O)3). [1] Another class of larger 

polynuclear aluminum structures is the class of oligomers having cores of edge-

shared Al(O)6 octahedra organized into cubane-like moieties. [1] This class has 

compounds with brucite, aka net-like structures, such as the Al13 aluminum 

(chloro)hydroxide of Seichter et al. [61] They were able to isolate a structurally 

different polynuclear [Al13(OH)24(H2O)24]Cl15 • 13H2O complex compared to the 

aforementioned Keggin structure. The structure consisted of 13 octahedra 

connected together by edges without the central tetrahedral unit (Al(O)4), making 

the structure demanding to detect with 27Al NMR. [1] [61] We note that only 

structural classes already having isolated and crystallized aluminum complexes 

are discussed herein. 

Fig. 5. The Keggin ε-isomer of [Al13O4(OH)24(H2O)12]
7+. The aluminum of the central 

Al(O*)4 unit is in dark blue. [5] [59] The overall structure in the right and the core of the 

Keggin isomer on the left. 

The most important step of development in crystallographic studies was the 

isolation and structural identification of the largest aluminum polymers thus far, 

the polyhydroxyoxoaluminum cation Al30 ([Al30O8(OH)56(H2O)26]
18+). [62] It was 
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isolated as a sulfate salt and was identified as a product of a dimerization reaction 

of two aforementioned Al13 Keggin units. [62] The polymer is around two 

nanometers in length and exposes oxygen atoms in many different coordination 

environments. [1] It can be viewed as two δ-Al13 isomers joined together via a 

tetrameric net of four Al(O)6 octahedra. [62] 

3.4.3 27Al nuclear magnetic resonance 

The hydrolysis and polymerization products of aluminum in aquatic environments 

have also been investigated using the 27Al multinuclear magnetic resonance 

(NMR) method. Compared to the conventional potentiometric methods, 27Al 

NMR can additionally provide detailed structural information and quantitative 

data about y/x ratios of the aluminum complexes formed in aquatic solutions. [37] 

[44]  

Akitt et al. postulated in their high-field 1H and 27Al NMR studies that at 

higher concentrations (> 0.02 mol dm-3) and at intermediate levels of hydrolysis, 

an oligomeric mixture of [Al(OH)2.5]
0.5+ is formed. [44] This mixture can then be 

composed of aluminum complexes, like [Al2(OH)5]
+, [Al3(OH)8]

+, [Al4(OH)10]
2+, 

and [Al5(OH)13]
2+. [44] They also detected species, such as [Al(H2O)6]

3+, 

[Al3(OH)7]
2+, [Al5(OH)12]

3+, [Al2(OH)2(H2O)8]
4+, [Al3O2(OH)4(H2O)8]

+, and 

[AlO4Al12(OH)24(H2O)12]
7+ at 0.01–3.0 mol dm-3 aluminum salt concentrations. 

[36] [44–45] The octameric [Al8(OH)20(H2O)12]
4+ cation was also detected as one 

of the possible aluminum species. [36] However, the results of these multinuclear 

magnetic resonance studies indicated unequivocally that the tridecameric 

[AlO4Al12(OH)24(H2O)12]
7+ cation is the main polynuclear aluminum species 

formed, especially at low concentrations (0.02 mol dm-3). In addition, all of the 

other complexes are only intermediate forms in a polymerization reaction from 

monomers to the Keggin cation. [45] Especially, dilution of a partially hydrolyzed 

solution causes a rapid fall in the concentrations of oligomeric aluminum 

complexes and a slow rise in tridecameric concentration. A totally opposite 

phenomenon was discovered, when the aluminum salt concentration was 

increased, causing the loss of Al13 signal and the increase of smaller oligomeric 

complex signals. [45] 

The structure of the Al13 cation closely resembles the crystal structure of 

Johansson et al. [5] [58] It consists of twelve apical water ligands, four triplets of 

bridging OH (*), and six pair of double OH bridges (O), see Fig. 6. [44] 
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Fig. 6. A Polyhedral representation of the tridecameric cation [AlO4Al12(OH)24(H2O)12]
7+ 

[44] 

Using the notation of aforementioned potentiometric studies, Al13 can be 

described formally as the 13,32 aluminum complex with an y/x ratio of 2.46. [44] 

However, the precise protonation state of the Al13 cation was very difficult to 

measure, which made the estimation of the total charge very demanding. [44] The 

charge also affects the y/x ratio, increasing it at lower charges and vice versa with 

higher charges. Akitt et al. estimated that the total charge of the tridecameric 

cation is most likely +6 or +7 as in the crystal structure of Johansson et al. [5] [44] 

[58] 

In the 27Al NMR studies of Bottero et al. the following aluminum species 

were detected: [Al(H2O)6]
3+, [Al(OH)(H2O)5]

2+, [Al(OH)2(H2O)4]
+, 

[Al2(OH)2(H2O)8]
4+, [Al2(OH)x(H2O)10-x]

(6-x)+, [Al13(OH)28O4(H2O)8]
3+. [37] They 

investigated the hydrolysis of aluminum in a solution of aluminum trichloride 

(AlCl3 • 6H2O) at a concentration of 0.1 mol dm-3. [37] Potentiometric titration 

was used to complete the aluminum speciation detected in the 27Al NMR part. 

Their results supported some of the results of Akitt et al. [36][44–45] However, 

the Al13 cation of Bottero et al. differed from the tridecameric cation of Akitt et al. 

by lower charge, which was due to the lower protonation state. [37] [44] The 

main result of the 27Al NMR studies of Akitt et al. and Bottero et al. was the 

finding of clear evidence of the existence of the polynuclear Al13 cation in aquatic 

aluminum salt solutions. [36–37] [44–45] 
27Al NMR studies have also shown evidence of the formation of even larger 

polynuclear aluminum complexes. Allouche et al. were able to identify a large 

Al30 cation ([(δ-Al13)2(Al4(OH)8(H2O)6)]
18+) in their triple-quantum 27Al MAS 

NMR studies. [63] According to their research, a thermal treatment of ε-Al13 

solution produces a new Al30 cluster, which consists of two δ-Al13 units connected 

by a ring of four octahedral Al(OH)6 units, see Fig. 7. [1] [63] This new 
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polynuclear cation also corresponds with the new polyoxyaluminum cation AlP2 

peak detected in the studies of Fu et al. and Nazar et al. [64–65] AlP2 was 

produced by thermal treatment of tridecameric polyaluminum cation 

[Al13O4(OH)24(H2O)12]
7+. [64] It was treated as a dimerization product of two Al12 

units formed from the loss of an octahedron from Al13. [65] Allouche et al. 

identified eight peaks in their NMR spectrum, two narrow peaks at δ=68.8 and 

δ=69.9 ppm were assigned to Al(O)4 units, and six remaining peaks were assigned 

to six Al(O)6 units in different chemical environments. The peak positions of 

these different octahedra were in the range of δ≈4 to δ≈12. [63] The two Al(O)4 

units in different chemical environments indicate that the structure is not center 

symmetric. 

The most recent 27Al NMR studies have showed very interesting evidence of 

even larger polynuclear aluminum complexes than Al30. Allouche et al. presented 

peaks at δ=76 and δ=81 ppm that were not caused by the Al30 cation. [66] Shafran 

et al. reported similar findings of a minor peaks at δ=78.5 and δ=81.1 ppm in the 

NMR spectra of aged solution (24–40 h). [67] Both authors stated that these peaks 

might belong to an even larger aluminum polycation than Al30. [66–67] However, 

in order to prove it, this polycation has to be isolated and crystallized. Shafran et 

al. stated also that the tridecamer (Al13) is the most dominant aluminum species in 

shorter hydrolysis times (< 6 h). However, the larger polycation (Al30) was found 

dominating in longer hydrolysis times (> 6 h) and indicated significantly higher 

stability over tridecamer. [67] Furthermore, Allouche et al. postulated that the 

hydrolysis from Al13 to Al30 is initiated by aluminum monomers. [66] 
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Fig. 7. The polynuclear Al30 cation in a polyhedral representation. [1] Notation, η–OH2 

denotes the terminal aqua ligand, μ2–OH bridging hydroxyl group between two, and 

μ3–OH between three aluminum atoms. Notation μ4–O denotes the oxygen atom of the 

central Al(O)4 unit. 

3.4.4 Electrospray ionization mass spectrometry 

Electrospray ionization mass spectrometry (ESI MS) has been proven to be a very 

useful method in studying the hydrolysis products of aluminum in aquatic 

environments. ESI MS has revealed a much larger variety of oligomeric and 

polynuclear aluminum complexes compared to conventional experimental 

techniques. Furthermore, it has been found to be more sensitive than 

potentiometric methods or 27Al NMR at low aluminum salt concentrations. [39] 

The most important aluminum complexes detected in the ESI MS studies are 

presented in Table 1. Sarpola et al. reported several different anionic and cationic 

aluminum complexes from monomeric to polynuclear (Al30) species. They 

studied the hydrolysis of aluminum in three different environments: first, in a 

pure chloride system of diluted aluminum chloride hexahydrate (AlCl3 • 6H2O), 

then in a pure sulfate system of diluted aluminum sulfate octadecahydrate 

(Al2(SO4)3 • 18H2O), and finally in a mixed system of diluted AlCl3 • 6H2O with 

added sulfuric acid (H2SO4). [II] [6–9] [46] 

The main monomeric complexes of a pure chloride system were 

[Al(OH)2(H2O)0-3]
+ and [Al(H2O)6]

3+. However, the six coordinated 

[Al(OH)2(H2O)4]
+ cation detected in the 27Al NMR studies of Bottero et al., was 

not observed. [8] [37] Aluminate anion ([Al(OH)4]
-) was also detected at neutral 

pH (~ 7), although the signal was minor. [46] The aluminum hexahydrate 

([Al(OH2)6]
3+) cation was not found due to the low m/z value. [8] The main 

Al13 moietiesAl13 moieties
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cationic and anionic monomeric aluminum sulfate complexes of a pure sulfate 

system were [Al(SO4)2]
-, [Al(OH)(HSO4)]

+, [Al(OH)2(SO4)]
-, and 

[Al(OH)3(HSO4)]
-. [8] The main monomeric species of a mixed system were 

[Al(OH)Cl(SO4)]
-, and [AlCl2(SO4)]

- anions. [II] 

Dimeric aluminum complexes were found to dominate in fresh and dilute 

aluminum salt solutions, however when the solution was aged, the signal of the 

dimeric species dropped. [8] Furthermore, dimeric species were not detected in 

the aluminum salt solutions of prehydrolyzed polyaluminum chlorides, indicating 

that they are only intermediate forms in a polymerization from monomeric to 

polynuclear aluminum complexes, which is in good agreement with the nuclear 

magnetic resonance findings of Akitt et al. [8] [45] The trimeric aluminum 

complexes (Al3) were found to be the most stable smaller oligomeric species in 

aqueous environments. Trimeric species were also detected mostly with chlorido 

or sulfato ligands, indicating a higher charge of the complex in the solutions. The 

most stable core structure for the trimeric species seemed to be [Al3O(OH)6]
+, 

since it was detected with both counter anions (Cl- and SO4
2-). [8] [I–II] The main 

dimeric and trimeric aluminum complexes of each system can be found in Table 1. 

[6–8] [I–II] 

Tetrameric aluminum complexes were considered almost as stable and 

common aluminum complexes as the dimeric and trimeric species. The diversity 

of the tetrameric complexes was astonishing, hence only a few tetrameric species 

were detected by conventional methods. Van Cauwelaert et al. proposed the 

existence of the [Al4(OH)8]
4+ cation in their potentiometric studies, furthermore 

Akitt et al. detected the cationic [Al4(OH)10]
2+ in their 27Al NMR studies. [44] [48] 

Sarpola et al. also detected several pentameric and hexameric aluminum 

compounds (Table 1.). They observed that both pentameric and hexameric 

complexes had almost always at least one unprotonated and shielded oxygen atom 

in the structure. [8] Corresponding pentameric ([Al5(OH)12]
3+ and [Al5(OH)13]

2+) 

and hexameric ([Al6(OH)15]
3+) aluminum chlorohydrates were found in the 

potentiometric studies of Brosset et al. and 27Al NMR studies of Akitt et al. [44] 

[47] 

Sarpola et al. also observed several larger oligomeric aluminum complexes 

(Al7–Al15). The tridecameric (Al13) cation was detected to be dominating, hence it 

was always present regardless of the system or aluminum salt concentration. [8] 

The charge of the Al13 complexes differed from -2 to +3, which is in disagreement 

with the XRD findings of Johansson et al. [58] This is mainly due to the terminal 

chlorido ligands in the structure. [8] The three-charged cation however, agrees 
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well with the NMR findings of Bottero et al. [37] The binding of sulfate to the 

tridecamer structure, changed the positive surface charge to negative (Table 1.). [8] 

Of the other larger oligomeric aluminum species, the peaks of Al10 were 

discovered to overlap with the signals of Al13, hence their existence in the solution 

was not certain. [8] The Al30 cation [Al30O35(OH)17]
3+ was one of the largest 

aluminum clusters detected in the studies of Sarpola et al. [8] 

Zhao et al. were also able to identify several aluminum complexes from 

monomeric to larger oligomeric clusters, such as Al21. [39] They studied the 

speciation of aluminum in dilute aluminum salt solution as a function of pH using 

ESI MS. The effect of the pH on the results is discussed already in chapter 3.1. 

They divided the aluminum complexes into four categories depending on their 

molecular size. The first category consisted of monomeric and dimeric aluminum 

complexes, the second category trimeric to pentameric complexes, the third 

category larger oligomeric Al6 to Al10 complexes and the final fourth category 

polynuclear Al11 to Al21 complexes, see Table 1. [39] 

Table 1. Hydrolysis products of aluminum detected by ESI MS [6–9] [39] [46]. 

Species Sarpola et al. [6–9] [46] Environment* Species Zhao et al. [39] Environment* 

Al1 

 

 

 

 

 

 

 

 

Al2 

 

 

 

 

 

 

Al3 

 

 

 

 

 

[Al(OH)2(H2O)0-3]
+ 

[Al(H2O)]3+ 

[Al(SO4)2]
- 

[Al(OH)(HSO4)]
+ 

[Al(OH)2(SO4)]
- 

[AlCl2(SO4)]
- 

[Al(OH)3(HSO4)]
- 

[Al(OH)4]
- 

[AlO(SO4)]
- 

[Al2O(OH)Cl2(H2O)2-4]
+ 

[Al2O(OH)3]
+ 

[Al2(OH)4Cl]+ 

[Al2(OH)4(HSO4)]
+ 

[Al2O(OH)2(HSO4)]
+ 

[Al2OCl5]
- 

[Al2OCl3(SO4)]
- 

[Al3O(OH)6]
+ 

[Al3O(OH)4Cl2]
+ 

[Al3O(OH)3(H2O)1-3]
+ 

[Al3O(OH)5Cl]+ 

[Al3O(OH)5(HSO4)]
+ 

[Al3O(OH)4(HSO4)2]
+ 

I 

I 

II, III 

III 

III 

II 

III 

I 

II, III 

I 

I, II 

I, II 

III 

II, III 

I, II 

II 

I, II, III 

I 

I 

I 

II, III 

II 

Al1 

 

Al2 

 

 

 

Al3 

 

 

 

Al4 

 

 

 

Al5 

Al6 

Al7 

 

 

 

 

 

[Al(OH)2(H2O)2]
+ 

 [Al(OH)2(H2O)3]
+ 

[Al2O2(OH)]+ 

[Al2O2(OH)(H2O)]+ 

 [Al2O2(OH)(H2O)2]
+ 

[Al2O2(OH)(H2O)3-5]
+ 

 [Al3O4]
+ 

[Al3O4(H2O)]+ 

 [Al3O4(H2O)2]
+ 

[Al3O4(H2O)3-5]
+ 

 [Al4O5(OH)(H2O)]+ 

[Al4O5(OH)(H2O)2]
+ 

 [Al4O5(OH)(H2O)3]
+ 

[Al4O5(OH)(H2O)4-6]
+ 

 [Al5O7]
+ 

- 

[Al7O9(OH)]2+ 

[Al7O9(OH)(H2O)]2+ 

 [Al7O9(OH)(H2O)2]
2+ 

[Al7O9(OH)(H2O)3]
2+ 

[Al7O10]
+ 

[Al7O9(OH)2]
+ 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

- 

I 

I 

I 

I 

I 

I 
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Species Sarpola et al. [6–9] [46] Environment* Species Zhao et al. [39] Environment* 

 

Al4 

 

 

 

 

 

 

Al5 

[Al3O(OH)3(HSO4)3]
+ 

[Al4O(OH)5Cl4(H2O)0-2]
+ 

[Al4H9O9(SO4)]
+ 

[Al4H11O10(SO4)]
+ 

[Al4(OH)11]
+ 

[Al4O4Cl3]
+ 

[Al4O2(OH)3Cl4]
+ 

[Al4O4Cl3(SO4)]
- 

[Al5O6H2Cl4]
+ 

[Al5O7H4Cl4]
+ 

[Al5O8H6Cl4]
+ 

[Al5O9H8Cl4]
+ 

[Al5O10H10Cl4]
+ 

[Al5O4Cl8]
- 

[Al5O3(OH)(SO4)5]
2- 

III 

I 

II 

II 

I, II 

I 

I 

II 

I 

I 

I 

I 

I 

I 

III 

 

Al8 

 

 

Al9 

 

Al10 

 

 

 

 

Al11 

[Al7O8(OH)4]
+ 

[Al8O11]
2+ 

[Al8O11(H2O)4]
2+ 

[Al8O11(H2O)8]
2+ 

[Al9O13]
+ 

[Al9O12(OH)(H2O)3]
2+ 

[Al10O14]
2+ 

[Al10O14(H2O)3]
2+ 

[Al10O13(OH)]3+ 

[Al10O13(OH)(H2O)3]
3+ 

[Al10O13(OH)(H2O)6]
3+ 

[Al11O11(OH)9]
2+ 

[Al11O11(OH)9(H2O)2]
2+ 

[Al11O11(OH)9(H2O)4]
2+ 

[Al11O11(OH)9(H2O)6]
2+ 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

Al6 

 

 

 

Al7 

 

 

 

 

Al8 

 

 

 

Al9 

 

 

Al10 

 

 

 

Al11 

 

Al12 

Al13 

 

 

 

[Al6O7(OH)5]
- 

[Al6O8Cl3]
- 

[Al6O6(OH)3Cl2]
+ 

[Al6O4(SO4)6]
2- 

[Al7O2(OH)15Cl]+ 

[Al7O6(OH)6Cl2]
+ 

[Al7O8Cl4]
+ 

[Al7O4(OH)7Cl5]
+ 

[Al7O5(SO4)7]
3- 

[Al8O11Cl3]
+ 

[Al8O7(OH)2Cl7]
+ 

[Al8(OH)16(SO4)5]
2- 

[Al8O8Cl7]
+ 

[Al9O12Cl4]
- 

[Al9O9(OH)Cl7]
+ 

[Al9O6(OH)5Cl9]
+ 

[Al10O6(OH)16]
2+ 

[Al10O3(OH)21Cl5]
2- 

[Al10(OH)20Cl9]
+ 

[Al10O9(OH)4(SO4)5]
2- 

[Al11O8(OH)16]
+ 

[Al11O14Cl4]
- 

[Al12O12(OH)9Cl4]
- 

[Al13O10(OH)17]
2+ 

[Al13O11(OH)15]
2+ 

[Al13O5(OH)25(SO4)3]
2- 

[Al13O16(OH)Cl8]
2- 

III 

I 

I 

III 

I 

I 

I 

I 

III 

I 

I 

III 

I 

I 

I 

I 

I 

I 

I 

III 

I 

I 

I 

I 

I 

III 

I 

Al12 

Al13 

 

 

 

Al14 

Al17 

Al19 

Al20 

 [Al12O17]
2+ 

[Al13O19]
+ 

[Al13O18]
3+ 

[Al13O17(OH)2]
3+ 

[Al13O18(OH)]2+ 

[Al14O20]
2+ 

[Al17O24]
3+ 

[Al19O27]
3+ 

[Al20O29]
2+ 

I 

I 

I 

I 

I 

I 

I 

I 

I 
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Species Sarpola et al. [6–9] [46] Environment* Species Zhao et al. [39] Environment* 

 

Al14 

 

 

Al15 

Al16 

Al20 

Al30 

[Al13O10(OH)16Cl]2+ 

[Al14O7(OH)25]
3+ 

[Al14O10(OH)19Cl]2+ 

[Al14O17(OH)2Cl8]
2- 

[Al15O12(OH)17Cl2]
2+ 

[Al16O11(OH)24]
2+ 

[Al20O18(OH)21]
3+ 

[Al30O35(OH)17]
3+ 

I 

I 

I 

I 

I 

I 

Highly basic PAC 

I 
*I: AlCl3 • 6H2O, II: AlCl3 • 6H2O + H2SO4, and III: Al2(SO4)3 • 18H2O 

Presented aluminum complexes were detected in acidic conditions (3.2 < pH < 6.2) and in four different 

aluminum salt concentrations; 0.1, 0.01, and 0.001 mol dm-3 [6–9] [46], and 1.5 × 10-4 mol dm-3. [39] 

Zhao et al. postulated also two mechanisms for the hydrolysis reaction of 

aluminum: the “Core-link” and “Cage-like” models. In the “Cage-like” model 

there are only monomeric, dimeric, tridecameric polycations, and larger 

polynuclear aluminum species in the aquatic solutions, which can then transform 

directly from one to another. [39] The “Core-links” model gives a distribution of 

continuously changed aluminum compounds from monomeric to dimeric, and 

furthermore to larger aluminum complexes following the hexameric ring model of 

Akitt et al. [36] [44] 

They discovered several different types of Al13 complexes, such as 

[Al13O18(OH)]2+ at m/z 328 and [Al13O17(OH)3]
2+ at m/z 337. The charges of these 

polynuclear aluminum complexes were in good agreement with the findings of 

Sarpola et al., as seen in Table 1. [8] However, the core of the tridecameric 

complex was observed to be less stable in the ESI MS studies of Zhao et al., 

which can be due to the shorter aging times. [39] In addition, Zhao et al. [39] 

reported only few complexes containing chloro ligands whereas chlorine was 

present in almost all of the aluminum complexes in a diluted AlCl3 • 6H2O system 

in the studies of Sarpola et al. [8] The reason may be the lower concentration (1.5 

× 10-4 mol dm-3) of the aluminum salt solution of Zhao et al. [39] 

3.5 Summary 

Over the years several experimental methods, like potentiometric titration, X-ray 

diffraction, 27Al NMR, and ESI MS have been successfully used to study the 

hydrolysis of aluminum in aquatic solutions. Combined, these methods have not 

only elucidated the speciation of aluminum but also revealed the existence of a 
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wide variety of different oligomeric complexes in aqueous environments. 

Detected complexes can be divided to three different categories: smaller 

oligomeric species (Al1–Al4), medium sized oligomeric species (Al5–Al12), and 

larger polynuclear aluminum species (Al13–Al30). Although the amount and nature 

of the actual hydrolysis products vary depending on the method used, the 

polymerization seems to follow a similar mechanism. According to the literature 

review herein, hydrolysis proceeds from monomeric to smaller oligomeric (Al2–

Al4) aluminum complexes and furthermore to larger polynuclear aluminum 

complexes (Al13 and Al30). The tridecameric (Al13) cation was found to be the 

dominant form in diluted aluminum salt solutions. However, aging of the solution 

triggered the formation of even larger polynuclear aluminum complexes, such as 

the [(Al13)2(Al4(OH)8(H2O)6)]
18+ (Al30) cation. 

The hydrolysis was observed to be strongly pH, aluminum salt concentration, 

and counter ion dependent. Acidic conditions (3.2 < pH < 6.2) were observed to 

be the most suitable for the hydrolysis. In addition, the hydrolysis was slower in 

more concentrated than in dilute aluminum salt solutions. Counter ions were 

observed to have an important role in the stepwise hydrolysis processes, where 

they competed with hydroxo ligands for the vacant coordination positions in the 

first solvation shell. Replacement of the original ligands also increased the pH 

levels of the aluminum oxide hydrosols. The effect of the sulfato ligand was 

detected to be stronger compared to the terminal chlorido ligand, which is due to 

the different bonding behavior of the sulfate group. 

Even though experimental methods can provide a lot of new information 

about the stoichiometries and charges of the aluminum species in aquatic 

environments, usually the structures remain uncertain. Potentiometric methods 

and 27Al NMR can provide only a limited amount of structural data without the 

aid of the X-ray diffraction method. In addition, XRD can only be used in the 

case of isolated and crystallized aluminum complexes. ESI MS can provide 

structural information only when the fragmentation series of aqua ligands or 

isotopic patterns are available. At this point, computational chemistry is 

introduced to determine the structures of the complexes in gas and liquid phase. 

[I-V] It should be noted here, that all of the aluminum complexes studied 

theoretically in this study have been selected from the ESI MS studies of Sarpola 

et al. [6–9] [46] 
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4 Computational details 

Computational chemistry can be described as being a field of chemistry where 

chemical problems are investigated with computers with the aid of theoretical 

models. [68] Therefore computational methods provide an effective tool for the 

structural analysis of aluminum complexes in the gas phase and aquatic solutions. 

In addition, with the aid of quantum chemistry software chemical problems can 

be viewed at the atomic level with very few restrictions. [68] 

In this study we have used computational methods for providing not only 

structural data but also answers for the behavior of aluminum complexes and the 

nature of counter ions in aquatic environments. The rest of this thesis has been 

organized as follows. In the next section there is a brief description of the 

computational methods and parameters used in this study, followed by the results 

and discussion part. 

4.1 Static gas phase calculations 

During this study we have investigated dozens of different conformations of 

different oligomeric aluminum hydroxides. [I–V] Several planar and non-planar 

configurations of cationic aluminum clusters [Al2O3-6H1-9Cl0-2]
+, [Al3O4-7H0-9Cl0-

3]
+, and [Al4O4-8H0-9Cl2-4]

+ were considered for the geometry optimizations in 

both gas and liquid phase. [I] Anionic and cationic complexes with molecular 

formulae of [Al3H8O7(SO)4]
+, [Al3H6O5(SO4)2]

+, [Al4H9O9(SO4)]
+, 

[Al4H11O10(SO4)]
+, [Al(SO4)2]

-, [AlO(SO4)]
-, [AlCl2(SO4)]

-, and [Al2OCl5]
- were 

also investigated. [II] Conformational analysis was also performed for four 

different pentameric aluminum complexes, with a molecular formula of [Al5O6-

9H2-8Cl4]
+. [IV] In addition, optimum structures were investigated for the 

analogue of aluminite [Al2O4H5(SO4)]
+ and for anions containing four sulfate 

groups [Al4O3(SO4)4]
2-. [V] 

Calculations were performed using density functional theory (DFT) with 

different exchange and correlation energy functionals. The DFT energy is 

normally expressed as a functional of the molecular electron density ρ(r), 

 [ ] [ ] [ ] [ ] [ ] [ ]DFT ne ex co nucE T V J E E Vρ ρ ρ ρ ρ ρ= + + + + +
 (6) 

where T[ρ] is the kinetic energy, Vne[ρ] the electron nuclei interaction, Eex[ρ] and 

Eco[ρ] are the exchange and correlation energy functionals. [68] [69] In this study 



 42

we have used the generalized gradient approximation (GGA) -type of functionals, 

such as Slater-Dirac and Becke’s 1988 exchange functionals with Vosko, Wilk, 

and Nusair 1980 (functional V) and Perdew’s 1986 correlation functionals (BP86). 

[70–74] [I–II] [V] We have also used the Perdew, Burke, and Ernzerhof (PBE) 

exchange-correlation functional. [70–71] [75–76] [III–IV] 

The accuracy and feasibility of the chosen density functionals were tested 

against different GGA-type density functionals, hybrid functionals and second-

order Møller-Plesset perturbation theory. [77–78] The second-order approximate 

coupled-cluster (CC2) method was applied as a reference for the smaller 

complexes. [79–81] The resolution-of-the-identity (RI) approximation was used 

to accelerate the DFT (GGA), MP2 and CC2 calculations. [77] [79] [82] Triple ζ 

valence polarization (TZVP) and quadruple ζ valence with double polarization 

(QZVPP) basis sets were used for the wave function representation. [83–86] If 

not mentioned otherwise, all computations were performed with triple ζ valence 

polarization basis set. [83–84] The used GGA-type functionals were B-LYP 

exchange-correlation functional with B88 exchange and Lee, Yang and Parr’s 

correlation function (LYP), and semiempirical B97-D with long-range dispersion 

correction. [87–88] Selected hybrid functionals were Becke’s three-parameter 

functional B3-LYP [69–72] [87] and Grimme’s double-hybrid density functional 

(DHDF) B2-PLYP-D with long-range dispersion corrections. [69–72] [87] [89–91] 

B2-PLYP-D was also tested in reference to the CC2/QZVPP level of theory. [IV] 

The B3-LYP has a form of, 

 ( )0.8 0.72 88 0.2 0.19 0.81S B HF VWN V LYP+ + + +  (7) 

where HF denotes the Hartree-Fock exchange. [69–72] For B2-PLYP the non-

local perturbation correction for the correlation contribution is given by second-

order perturbation theory, introduced by Görling et al. [92–93] The exchange-

energy (EXC) can then be described as follows, 

 
( ) ( ) ( )

( ) ( ) ( )
1 ( )

1 2

XC x X x X

c C c C

E DHDF E GGA a E HF

a E GGA a E KS PT

α= − +

+ − + −
 (8) 

where EX(GGA) and EC(GGA) are conventional exchange- and correlation-

energy functionals. EX(HF) is the Hartree-Fock exchange part for the energy and 

EC(KS – PT2) is a Møller-Plesset like perturbation correction term based on the 

Kohn-Sham (KS) orbitals. 
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( ) ( ) ( )1

2
2C

ia jb i j a b

ia jb ia jb ib ja
E KS PT

e e e e

 − − =
+ − −   (9) 

We note that the DHDF is self-consistent only with respect to the first three terms 

in eqn. 8. The first one needs to perform a self-consistent field (SCF) calculation 

using conventional hybrid-GGA to get the initial set of orbitals. Then EC(KS – 

PT2) is evaluated based on these orbitals and added to the total energy. [69] [91–

92] In the case of B88 exchange and LYP correlation energy functionals, 

parameter ax has the value of 0.53 and ac the value of 0.27. [69] 

Finally, we tested the effect of empirical dispersion corrections on the relative 

energy differences of aluminum conformations. [IV] Herein, we used empirical 

van der Waals corrections of Grimme. [88] [94] In this approach the total energy 

is given by, 

 DFT D KS DFT dispE E E− −= +  (10) 

where EKS-DFT is the self-consistent Kohn-Sham energy as obtained from the 

chosen density functional and Edisp is an empirical dispersion correction, see eqn. 

11. 

 
( )

1
6

6 6
1 1

at at ijN N

disp dmp ij
i j i ij

C
E s f R

R

−

= = +

= −     (11) 

Where Nat denotes the number of atoms in a system, C6
ij is the dispersion 

coefficient for atom pair ij, s6 is a global scaling factor that depends on the density 

functional, and Rij is an interatomic distance. The interatomic C6
ij term can then 

be written as a geometric mean. [88] 

 ( )6 6 6
ij i jC C C=  (12) 

To avoid near-singularities for small R values, a damping function fdmp must be 

used, which is given by, 

 ( ) ( )/ 1

1

1 ij r
dmp ij d R R

f R
e

− −
=

+
 (13) 

where Rr is the sum of atomic van der Waals (vdW) radii. The values are derived 

from the radius of a 0.01a0
-3 electron density contour from high spin open-shell 

(ROHF/TZV) computations of ground state atoms. [69] [88] The general scaling 

factor for the radii was 1.10. [88] For the usage of these dispersion corrections 
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one needs to define three sets of parameters: density functional dependent s6 

parameter, C6 coefficients ([Jnm6 mol-1]) for every atom in a system, and finally 

the van der Waals radii R0 ([Å]) for the elements (Table 2.). [88] Used s6 

parameters for different DFT-D functionals were as follows, 0.75 for PBE, 1.20 

for B-LYP, 1.05 for B3-LYP, and 0.55 for B2-PLYP. [69] 

Table 2. C6 parameters and van der Waals radii (R0) for the elements studied in here.* 

Element C6 R0 

Al 

O 

H 

Cl 

S 

10.79 

0.70 

0.14 

5.07 

5.57 

1.639 

1.342 

1.001 

1.639 

1.683 
* Taken from the studies of Grimme. [88] [94] 

During this test we also investigated the effect of the frozen-core approximation 

(freeze) for the relative energy differences (Table 3.). The normal justification for 

this approximation is that the inner-shell electrons of an atom are less sensitive to 

their environment than are the valence electrons. Thus the error introduced by 

freezing the core orbitals is nearly constant for molecules containing the same 

types of atoms. In addition, frozen-core approximation accelerated the 

optimization procedure. The accuracy of the approximation was verified by 

subtracting the frozen-core approximated relative energy differences from the 

corresponding energy differences without approximation and taking absolute 

values of the results. The low mean value (1.1) and the low standard deviation 

(1.9) of the absolute values gave clear indication of the usability of the 

approximation for aluminum chlorohydrate complexes. Furthermore, the linear 

regression analysis showed great linear dependency, the goodness of fit R2=0.997. 

We note that the ground state energies were also included for the calculations 

(n=9). Due to these analyses the rest of the MP2/QZVPP calculations were 

employed including the frozen-core approximation. 
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Table 3. The relative energy differences of chosen aluminum conformations. 

Species MP2/QZVPP with freeze [kJ mol-1] MP2/QZVPP without freeze [kJ mol-1] 

[Al2O6H9Cl2]
+_1 

[Al2O6H9Cl2]
+_2 

[Al2O6H9Cl2]
+_3 

[Al2O6H9Cl2]
+_4 

[Al2O6H9Cl2]
+_5 

[Al3O7H9Cl3]
+_1 

[Al3O7H9Cl3]
+_2 

[Al3O7H9Cl3]
+_3 

[Al3O7H9Cl3]
+_4 

73,9 

8,2 

13,4 

0 

7,7 

23,3 

32,7 

4,2 

0 

68,0 

7,8 

13,5 

0 

8,4 

21,9 

33,6 

4,3 

0 

For the accuracy and feasibility test of the chosen density functionals we selected 

several aluminum complexes from dimeric to pentameric species. Due to the 

small differences in relative energies between fully optimized smaller aluminum 

conformations (n=13) optimized with second-order Møller-Plesset perturbation 

theory with frozen-core approximation and second-order approximate coupled-

cluster (CC2) method, the MP2/QZVPP level of theory was applied as a reference 

method (Table 4.). The actual analysis can be found from ref. [IV].  

Table 4. The comparison of the relative energy differences ([kJ mol-1]). Frozen-core 

approximation was applied for the MP2 calculations. 

Species MP2/QZVPP CC2/QZVPP 

[Al2O6H9Cl2]
+_1 

[Al2O6H9Cl2]
+_2 

[Al2O6H9Cl2]
+_3 

[Al2O6H9Cl2]
+_4 

[Al2O6H9Cl2]
+_5 

[Al3O7H9Cl3]
+_1 

[Al3O7H9Cl3]
+_2 

[Al3O7H9Cl3]
+_3 

[Al3O7H9Cl3]
+_4 

[Al3O7H8SO4]
+_1 

[Al3O7H8SO4]
+_2 

[Al3O7H8SO4]
+_3 

[Al3O7H8SO4]
+_4 

74,0 

8,2 

13,4 

0 

7,7 

23,3 

32,7 

4,2 

0 

200,9 

0 

11,5 

15,4 

73,2 

7,5 

13,6 

0 

7,9 

21,2 

33,8 

4,3 

0 

195,5 

0 

9,3 

13,7 

The chosen aluminum complexes were taken from the results of refs. [I–V] The 

total energy differences of different structural isomers can be found in Table 5. 

We note that the accuracy of the chosen density functional was also discussed in 
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the original papers, but on a smaller scale. [I–II] [IV] The relative energy 

differences are shown in kJ mol-1. 

Table 5. The accuracy and feasibility test of the chosen density functional [kJ mol-1]. 

Species BP86 PBE BLYP B3LYP B97-D PBE-D B3LYP-D MP2* 

[Al2O6H9Cl2]
+_1 

[Al2O6H9Cl2]
+_2 

[Al2O6H9Cl2]
+_3 

[Al2O6H9Cl2]
+_4 

[Al2O6H9Cl2]
+_5 

[Al3O7H9Cl3]
+_1 

[Al3O7H9Cl3]
+_2 

[Al3O7H9Cl3]
+_3 

[Al3O7H9Cl3]
+_4 

[Al4O8H9Cl4]
+_1 

[Al4O8H9Cl4]
+_2 

[Al4O8H9Cl4]
+_3 

[Al4O8H9Cl4]
+_4 

[Al5O7H4Cl4]
+_1 

[Al5O7H4Cl4]
+_2 

[Al5O7H4Cl4]
+_3 

[Al5O7H4Cl4]
+_4 

[Al3O7H8SO4]
+_1 

[Al3O7H8SO4]
+_2 

[Al3O7H8SO4]
+_3 

[Al3O7H8SO4]
+_4 

[Al4O10H11SO4]
+_1 

[Al4O10H11SO4]
+_2 

[Al4O10H11SO4]
+_3 

[Al4O10H11SO4]
+_4 

74,2 

7,4 

20,6 

0 

2,9 

20,6 

33,1 

3,1 

0 

25,6 

57,1 

33,8 

0 

56,4 

38,5 

51,4 

0 

177,9 

0 

10,8 

13,1 

36,2 

0 

64,1 

4,4 

73,3 

7,4 

20,2 

0 

2,4 

19,0 

32,9 

3,1 

0 

25,7 

57,4 

35,0 

0 

56,9 

40,4 

49,8 

0 

177,9 

0 

9,3 

11,4 

32,1 

0 

65,6 

4,8 

69,1 

9,6 

18,1 

0 

3,8 

25,3 

27,0 

1,5 

0 

22,5 

47,5 

24,1 

0 

44,8 

28,3 

53,0 

0 

178,0 

0 

17,9 

20,2 

51,1 

0 

62,0 

3,4 

72,9 

10,2 

18,6 

0 

5,9 

25,5 

28,6 

2,0 

0 

23,5 

51,2 

32,7 

0 

50,0 

31,9 

55,9 

0 

187,8 

0 

16,3 

19,7 

44,7 

0 

69,4 

10,8 

65,2 

10,2 

17,5 

0 

4,6 

19,9 

24,3 

1,0 

0 

19,9 

50,3 

24,5 

0 

46,3 

28,7 

52,7 

0 

181,2 

0 

13,6 

16,2 

46,0 

0 

53,6 

19,4 

78,7 

7,9 

22,3 

0 

2,3 

26,5 

32,9 

3,3 

0 

27,8 

49,8 

39,4 

0 

45,9 

35,6 

47,4 

0 

176,5 

0 

17,5 

20,4 

27,1 

0 

66,6 

17,7 

79,9 

10,6 

20,7 

0 

5,2 

35,7 

28,5 

1,9 

0 

25,9 

40,2 

33,7 

0 

34,4 

25,3 

53,0 

0 

186,1 

0 

27,8 

31,2 

37,2 

0 

62,0 

27,9 

74,0 

8,2 

13,4 

0 

7,7 

23,3 

32,7 

4,2 

0 

24,8 

52,3 

45,5 

0 

49,3 

38,2 

49,9 

0 

200,9 

0 

11,5 

15,4 

24,1 

0 

76,2 

9,6 

Average** 

Standard deviation** 

4,0 

5,6 

3,9 

5,2 

6,1 

7,5 

3,9 

5,0 

6,1 

7,4 

4,0 

5,2 

7,4 

6,5 

- 

- 
*Frozen-core approximation with QZVPP basis set; **Calculated from the absolute values of │∆EMP2 - 

∆EDFT│. 

The comparison of different generalized gradient approximation and hybrid 

exchange–correlation functionals with and without empirical van der Waals 

corrections (Table 5.) was performed by subtracting their relative energy 

differences from the corresponding energies of the reference method. Then the 

averages and standard deviations were calculated for the absolute values. We note 

that the ground state energies were also included in the statistical analysis (n = 25). 
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The results show that the PBE with resolution-of-the-identity approximation 

(mean 3.9 and SD 5.2) and B3LYP (mean 3.9 and SD 5.0) are the most suitable 

functionals for the static investigations of the aluminum chlorohydrates. 

Grimme’s double-hybrid density functional (DHDF) B2-PLYP-D with long-range 

dispersion corrections was excluded from the test due to the tests in ref. [IV]. [90–

91] The effect of van der Waals corrections (-D) appeared to be very small. PBE-

D gives almost identical results compared to the PBE, in the case of B3LYP 

however, empirical corrections worsen the results (Table 5.). In conclusion, the 

results justified the use of PB86 [I–II] [V] and PBE [III–IV] density functionals in 

the static quantum chemical investigations of aluminum complexes. 

All static calculations were performed using the newest versions of the 

Turbomole program. Gaussian-03 was used only to calculate the harmonic 

vibrational frequencies for the selected aluminum chloro hydroxides. [95] [I] This 

was done to assess the stability of different dimeric, trimeric and tetrameric 

minimum energy configurations and study their fragmentation, which was 

originally introduced in the ESI MS studies of Sarpola et al. [7] Gibbs free energy 

differences (∆G) were calculated diminishing the free energies of the reactants 

from the free energies of the products. ∆G differences were computed in standard 

conditions (298.15 K and 1 atm pressures), which differ from those used in the 

ESI MS studies. The partial pressure of water in the mass spectrometer is not 1 

atm but around 0.01 atm (ca. 32 % relative humidity) and this will cause a 

correction of +11.4 kJ mol-1 to the free energies (exp(-∆Gcorr/RT)=p(water)/1 

atm.) However, this had only a minor affect on the results of the water intake and 

the trends remained unchanged. [I] Detected fragmentation paths will be 

discussed more thoroughly in a section of the results. 

∆G calculations were done using the BP86 density functional with a cc-pVTZ 

basis and as implemented in Gaussian-03. [96–97] Vibrational and rotational 

contributions and translation entropy were included in the implementation of the 

Gibbs free energies, see eqn. 14, 

 ( ) ( ) ( )0 0 tan
298o

r corr corr reac tsproducts
G K G Gε εΔ = + − +   (14) 

where ε0 is the total electronic energy and Gcorr = Hcorr – TStot is thermally 

corrected Gibbs free energy. Total entropy (Stot) includes translational, rotational 

and vibrational entropies, Stot = St + Sr + Sv. Hcorr = Etot + kBT is the thermally 

corrected enthalpy, where Etot is the internal total energy, Etot = Et + Er + Ev. The 
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zero-point energy (εZPE) is also included in the implementation. More detailed 

information of the implementation can be found in ref. [97]. 

The accuracy of the chosen basis sets was also studied. We discovered that 

single valence polarization (SVP) basis set is unreliable without any consistency 

in the description of the geometries and other properties of the aluminum 

complexes. This is in good agreement with the findings of Grimme, who 

postulated that even double-zeta basis sets can be unreliable. [88] Furthermore, he 

claimed that for larger complexes (> 4–6 atoms) the TZVP basis set is reliable 

with only a negligible basis set superposition error (BSSE). [94] Due to this the 

laborious and approximate counter-poise (CP) method was not used during this 

study for BSSE. However, we tested the effect of different basis sets (SVP, TZVP, 

TZVPP, and QZVPP) for a set of dimeric aluminum complexes using the PBE 

density functional. The test showed clearly that except SVP all of the other basis 

sets showed consistency in the geometry optimization and produced almost 

identical energy differences between different conformations. The energy 

difference between different conformations differed from the PBE/TZVP level to 

the PBE/QZVPP level less than 1.0 kJ mol-1, at the highest. Due to these findings 

the TZVP basis was used throughout the study if not mentioned otherwise. 

The accuracy of the resolution-of-the-identity (RI) approximation also known 

as density fitting was not systematically tested in this study. However, some of the 

aluminum conformations of different complexes were optimized with and without 

RI approximation. The effect of the approximation on the relative energies was 

detected to be negligible (< 1.0 kJ mol-1). The idea behind this approximation is to 

calculate Coulomb integrals using charge density expressed as a sum of auxiliary 

basis sets. The accuracy of the RI was tested also in the studies of Grimme and 

Sillanpää et al. [88] [98] Grimme employed RI approximation for the two-

electron integrals and discovered that the density fitting yields errors for the 

absolute and relative energies of less than 0.02 kcal mol-1 (0.084 kJ mol-1). [88] 

Sillanpää et al. postulated that the error produced by RI approximation for the 

complexation energies is less than 4.0 kJ mol-1. [98] Due to this, RI 

approximation was employed throughout this study. 

4.2 Liquid phase calculations with COSMO 

The stability of the gas-phase-optimized structures in an aqueous environment 

was investigated using a conductor-like screening model (COSMO). [99–100] 

COSMO is a continuum solvation model (CSM), where the solute forms a cavity 
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within the dielectric continuum of the permittivity ε that represents the solvent. [69] 

The charge distribution of the solute polarizes the dielectric medium. Furthermore, the 

response of the medium is described by the generation of screening charges on the 

cavity surface. Continuum models usually require the solution of the rather 

complicated boundary conditions for a dielectric in order to obtain the screening 

charges. Instead of this COSMO uses the much simpler boundary condition of 

vanishing electrostatic potential for a conductor, 

 0tot =Φ  (15) 

which represents an electrostatically ideal solvent with ε = ∞. [69] [99] The vector 

of the total electrostatic potential (Φtot) on the cavity surface segments is determined 

by the vector of solute potential (Φsol), which consist of the electronic and the nuclear 

part, and the vector of screening charges q, 

 tot sol A= +Φ Φ q  (16) 

where A is the Coulomb matrix of the screening charge interactions, and q the 

vector of the screening charges (–A-1Φsol). [69] For a conductor, with these 

boundary conditions and taking into account the permittivity of the real solvents, the 

screening charges are scaled by a factor of, 

 ( ) 1
1

2

f
εε
ε

−=
+

 (17) 

and defined as, 

 ( )f ε∗ =q q . (18) 

The total free energy of the COSMO calculations is then defined as a sum of the 

energy of the isolated system calculated with the solvated wavefunction and the 

dielectric energy, which is half of the total solute-solvent interaction energy. [69] 

[99–100] 

The suitable solvent accessible surface is constructed by a sufficiently accurate 

and efficient segmentation of the molecular shaped cavity. COSMO implementation 

uses a double-grid approach and segments of hexagonal, pentagonal, and triangular 

shape. [69] The geometry of the solvent molecules is then described by an effective 

solvent radius (Rsolv). [100] The cavity construction starts with a union of spheres of 

radii Ri
vdw + Rsolv around each atom i of the solute with Ri

vdw being the van der Waals 

radius of atom i. [69] [100] In order to avoid problems with symmetric species, the 
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cavity construction uses de-symmetrized coordinates. [69] We note that the default 

segmentation parameters (nppa, nspa, etc.) of COSMO were used throughout this 

thesis. A more detailed description of the theory of conductor-like screening 

model can be found in ref. [100]. 

In practice one needs to define the solution and atomic radii of the atoms in a 

system. Most of the parameters used in this study were the default parameters of 

COSMO. [69] Optimized atomic radii for oxygen, hydrogen, chlorine, and sulfur 

atoms were implemented into the used quantum chemical code (Turbomole) by 

Schäfer et al. [99] The radius for chlorine was 2.05 Å, for oxygen 1.72 Å, for 

hydrogen 1.30 Å, for sulfur 2.16 Å and the scaling factor was approximately 1.89. 

Hydrogen had its own sphere throughout the calculations. However, the atomic 

radius of the aluminum ion had to be defined by the authors. [I–IV] The literature 

value for the Gibbs free energy of hydration of the Al3+ ion is -4619.3 kJ mol-1 (25 
oC). [101] The Gibbs free energy of hydration of the Al3+ ion was then revisited 

and corrected by Tissandier et al. [102] Burgess introduced Gibbs free energies of 

the hydration of cations relative to the estimated free energy of the hydration of a 

proton (-1090.7 kJ mol-1). [101] Tissandier et al. corrected and updated this value 

by less than 14 kJ mol-1 (-1104.5 kJ mol-1) in their Cluster-Pair-Based 

approximation studies. [102] However, this correction had only a mild influence 

on the relative energy differences of different aluminum conformations (Table 6.). 

Table 6. The single point relative energy differences of pentameric aluminum 

(chloro)hydroxides. The order of the species is based on the gas phase optimizations. 

Species ∆ECosmo(Al3+,RAl=1.3287*) ∆ECosmo(Al3+,RAl=1.3145*) ∆ECosmo(Al3+,RAl=1.3432*) 

[Al5O6H2Cl4]
+_1 

[Al5O6H2Cl4]
+_2 

[Al5O6H2Cl4]
+_3 

[Al5O6H2Cl4]
+_4 

[Al5O6H2Cl4]
+_5 

[Al5O6H2Cl4]
+_6 

[Al5O6H2Cl4]
+_7 

[Al5O6H2Cl4]
+_8 

0 

23.0 

73.1 

143.6 

169.7 

35.9 

177.9 

238.4 

0 

23.2 

78.0 

146.0 

173.2 

33.8 

181.1 

240.8 

0 

22.2 

67.8 

140.3 

166.2 

36.3 

175.7 

198.6 

*The van der Waals radius (RAl) is evaluated according to the Gibbs free energy of hydration of the Al3+ ion 

(-4619.3 ± 50 kJ mol-1). [101–102] 

The optimized COSMO radius for an aluminum ion was calculated using the PBE 

density functional with a TZVP basis using eqn. (19), where ∆ECosmo(Al3+,RAl) is 

the COSMO corrected total energy of the Al3+ ion and ∆EVacuum(Al3+) is the total 
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energy of the Al3+ ion in gas phase. The atomic radius of 1.3266 Å for the 

aluminum ion gave the correct value for the free energy of the hydration (-4619.1 

kJ mol-1). Coskuner et al. postulated a similar van der Waals radius for aluminum 

(1.33) in their coordination studies of Al-EDTA in aqueous solutions. [103] The 

van der Waals radius of aluminum was then revisited and modified during our 

latest investigations. [III–IV] This was due to publication of a new version of the 

Turbomole code. The new value for the radius was then 1.3287 Å. During these 

investigations we also discovered that the radius is consistent with the change of 

the density functional or the basis set. We note that the temperature-dependent 

dielectric constant for water as a solvent (78.54 [I–II] & 78.39 [III–IV]) was 

defined in 25 oC temperature corresponding to the conditions in refs. [101–102]. 

 ∆ESolv(Al3+) = ∆ECosmo(Al3+,RAl) - ∆EVacuum(Al3+) (19) 

Most of the COSMO calculations made during this doctoral thesis were done as 

single point calculations. This was done to study the solvation of the gas-phase-

optimized structures, which is coherent with the detection circumstances (vacuum) 

in ESI MS method. The validation tests for the accuracy of this approximation 

can be found from the original papers [I] and [II]. Although the single point 

calculations with the gas phase geometries did not give exactly the same results as 

the COSMO optimization calculations, they provided the same trends among the 

different conformations, which was enough in the case of this study. The main 

purpose of these calculations was to reveal the free energy differences between 

different conformations in aquatic environments rather than to calculate the 

absolute solvation energies. 

4.3 Car–Parrinello molecular dynamics (CPMD) 

The stability of the chosen gas-phase-optimized dimeric [III] and pentameric [IV] 

aluminum complexes were also studied in aquatic environments using the Car–

Parrinello molecular dynamics (CPMD) approach, where the solvent is described 

with explicit solvent molecules. We note that water was selected for the solvent 

throughout this thesis. The CPMD code is a parallelized plane 

wave/pseudopotential implementation of DFT, designed for ab initio Molecular 

Dynamics (MD) simulations. [104] One of the key features of the code is that it 

does not require any interatomic potential as an input. Hence, the code is ideal for 

describing bond breaking and formation within the principles of ab initio MD. In 
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addition, the studied system is investigated as a function of time according to 

Newton’s equations of motion, see eqn. 20. 

 
2

2
i

i i im
t

∂
= = −

∂
R

F a  (20) 

Where Fi
 is the force acting on atom i, mi is the mass of the atom, and ai and Ri 

are the acceleration and the position of the atom i. CPMD is considered to be at 

its best when investigating chemically complex systems, such as describing 

highly ionic solutions where chemical bonds are constantly formed and broken. 

Thus, CPMD was applied in this study to study the chemistry of aluminum 

complexes in aquatic environments. [104] 

The initial starting geometry for the simulations was generated by placing a 

vacuum-optimized structure of aluminum chlorohydrate or sulfate in the center of 

a cubic box. The simulation box was then filled with explicit water molecules, 

producing densities of 1.03 to 1.07 g cm-3. [III–IV] Note that densities were 

calculated for deuterated system. The size of the simulation box varied from 13.2 

Å (62 or 65 H2O molecules) [III] to 17.0 Å and 18.0 Å (141 or 169 H2O 

molecules) [IV]. We used 24 Ry cutoffs for the plane wave expansion and 

periodic boundary conditions. The equations of motion were solved using the 

velocity Verlet algorithm. The fictitious electron mass (μ) was 650 atomic units. 

Simulations were performed in the canonical ensembles (NVT). 

The temperature of the simulations was scaled to 350 K using a chain of three 

Nose-Hoover thermostats with a characteristic frequency of 100 cm-1 [III] or 2500 

cm-1 [IV]. [105–108] The core electrons were described using Vanderbilt ultra soft 

pseudopotentials for all atoms in a system. [109–111] Hydrogen atoms were 

changed into deuterium’s to extend the time step to 0.145 fs. The following 

atomic masses for the nuclei were used: 2.0 atomic mass units for hydrogen, 16.0 

for oxygen, 27.0 for aluminum, 35.4 for chlorine, and 32.0 for sulfur. The 

Perdew-Burke-Ernzerhof (PBE) density functional was applied throughout the 

simulations and the total charge of the system was always +1. [76] 

A series of constrained simulations were done to investigate the activation 

energies of the dissociation of chlorine atoms from the dimeric aluminum cluster. 

[III] Energy barriers were calculated separately for each 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. The average 

simulation (NVT) time was around 15 ps to ensure the convergence of the 

constraint force. We note that only one bond was fixed at a time. The temperature 
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of the simulations was maintained at 350 K using a chain of three Nose-Hoover 

thermostats with a characteristic frequency of 100 cm-1. The values of the time 

step, μ, density functional, and the total charge were the same as mentioned above. 

The free energy (activation energy) was then calculated from eqn. (21). [112] 

 
1

0

r

AlCl
r

F f dr= −  (21) 

Where F is the free energy of the dissociation, rAl*Cl* is the length of the constraint 

(fixed during every simulation) and <f> is the mean force evaluated along the 

constrained direction. 

The average value of the constraint force was calculated using the average of 

averages. This was done dividing the raw data into ten equal-sized blocks of time 

before averages were calculated. After this the total average of these ten 

individual averages was calculated. [III] The simulation times varied from 15 to 

30 ps. It should also be noted that the convergence analysis was performed 

focusing (longer simulation times) on the distances where the attractive force was 

the strongest, negative dots in Fig. 8. [III] The constraint force changed smoothly 

without any jumps moving from 2.15 to 3.25 Å, which indicated that the 

constraint force was properly converged on each point of the aluminum-chlorine 

bond distance, as can be seen in Fig. 8. 
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Fig. 8. Calculated constraint forces with error bars as a function of aluminum chlorine 

bond distances. The three additional points without error bars at the distances of 2.20, 

2.45 and 2.85 Å were added to increase the accuracy of the free energy analysis. 

Chlorine is presented in green circles. 

The effect of empirical long-range van der Waals corrections on the dynamics of 

the simulations was also tested during this thesis. [IV] Grimme’s parameters 

(ALL GRIMME) with PBE density functional were applied for the empirical 

corrections as implemented to the code. [76] [88] [104] The actual test was done 

preparing two identical systems, one with and one without the corrections. We 

note that during this investigation three sets of identical systems were employed. 

[IV] The aluminum concentration of the system was around 0.34 mol dm-3. 
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5 The hydrolysis of aluminum: Geometry and 
Dynamics 

In this part we will go through all the main results detected during this doctoral 

thesis. We will emphasize the structural characteristics of the aluminum 

complexes in both gas and liquid phase. In addition, we will concentrate on the 

stability of the chosen aluminum species in aquatic environments. During this part 

we will show how effective computational methods are in the structural analysis 

of aluminum complexes in different environments and how computations can be 

used for explaining anomalies detected in the experiments. It should be noted that 

the molecular formulas for the aluminum structures introduced in this part came 

from the experimental ESI MS studies of Sarpola et al. [6–9] [46] 

5.1 Hydrolysis of aluminum: Static approach 

The search for the ground state structures of the structural isomers of different 

aluminum complexes was based on a large set of different core structures, which 

were modified with suitable ligands. We note that hundreds of different 

conformations were tested during this thesis. Due to the limited amount of 

different core structures (linear, cyclic, compact, etc.), they are all included herein. 

In addition, dozens of different ligand variations were tested during this work. 

The structure optimization process was divided into two stages: First we 

concentrated on optimizing the cores of the different clusters and then we focused 

on the ligand orientation of the optimized cores. [I–II] [IV] 

Calculations revealed that three-dimensional cyclic structures were more 

stable than their planar analogues. Furthermore, cyclic structures were preferred 

over open-chained linear ones, which is in good agreement with the findings of 

Martinez et al. [11–14] and Gowtham et al. [15] However, both of these studies 

focused on the energetics and structural properties of neutral and anionic 

hypermetallic and hyperoxide AlxOy clusters, whereas all of the aluminum 

complexes investigated in this study were stoichiometric. The coordination 

number of aluminum varied from two to five. Aluminum preferred five-fold 

coordination in the oxygen-rich clusters. In most cases the core oxygen atoms 

preferred to be three-coordinated but four-coordinated oxygen atoms were also 

detected from the ground state adamantane–like structures of [Al4O8H9Cl4]
1+ and 

[Al4O7H7Cl4]
1+. [I] Bridging hydroxyl group was proven to be energetically the 

most favorable bridge between two aluminum atoms in the static quantum 
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chemical part of this study, which is in very good agreement with the theoretical 

investigations of Gale et al. [17] and Sillanpää et al. [20] 

Sarpola et al. used ESI tandem mass spectrometric methods for identifying 

possible fragmentation paths for hydrolyzed aluminum species. [7] They observed 

that aqua ligands were easily fragmented from the aluminum complexes. On the 

other hand they discovered that aluminum complexes were also able to capture 

aqua ligands during the measuring process of ESI MS. In addition, chloro ligands 

were detected to be eliminated as hydrochloric acid (HCl). Due to the 

aforementioned findings they were able to propose possible fragmentation 

reactions and fragments for the dimeric, trimeric, and tetrameric aluminum 

(chloro)hydroxides. [7]  

During this doctoral thesis we calculated the ground state structures for all of 

the dimeric, trimeric, and tetrameric fragments introduced in the studies of 

Sarpola et al. [7] [I] Furthermore we calculated Gibbs free energies for the 

minimum energy structures in order to reveal the most potential clusters in the gas 

phase. [I] Free energy calculations were performed in the gas phase 

corresponding to the measuring conditions in the ESI MS technique. Due to these 

calculations we were able to introduce possible fragmentation paths for the 

[Al2O3-6H1-9Cl0-2]
+, [Al3O4-7H0-9Cl0-3]

+, and [Al4O4-8H0-9Cl2-4]
+ cationic aluminum 

complexes, see Fig. 9. Calculations gave strong evidence that the majority of 

potential clusters in the gas phase were oxygen rich, see Fig. 9. Free energy 

calculations also revealed that the most stable aluminum complexes were formed 

as a result of dissociative adsorption of water molecules and hydrochloric acid. [I] 

The stability of the gas phase-optimized structures was also tested in liquid 

environments using the conductor-like screening model (COSMO). Hence, the 

solvation energy of the most interesting gas phase-optimized structures was 

calculated with COSMO. [I–IV] We note that solvation is very sensitive to the 

dipole moment, which is easily calculated for neutral systems. However, for a 

charged system it is not that straightforward. Calculations that were made in this 

study revealed that the dipole moment is poorly defined for charged molecules 

and is strongly dependent on the definition of the zero-point of the system. [I] 

The primary objective of COSMO calculations was to find the relative energy 

differences of different structures in water. Based on the results it is justified to 

say that we managed to attain this goal. However, the trends in energy differences 

between different conformations were very different in liquid compared to in a 

vacuum, e.g., open structures were favored over compact cyclic structures, etc. 

[I–II] [IV] This can be due to the fact that open structures have more atoms 



 57

interacting with water. Studied aluminum molecules were also rather ionic and 

thus had a strong attractive interaction with the solvent. In addition, according to 

the COSMO, solvation energies bridging oxygen was favored over a bridging 

hydroxyl group, which indicates that aluminum complexes having bridging 

hydroxo groups are very acidic in aquatic solutions. [I–II] 

 

Fig. 9. Detected fragmentation path for tetrameric ([Al4O4-8H0-9Cl2-4]
+) aluminum 

complexes. Free energies were calculated using the BP86 density functional with the 

cc-pVTZ basis. Similar fragmentation paths for dimeric and trimeric aluminum species 

can be found from Ref. [I]. 

We have also investigated the structures of several structural isomers of the 

following aluminum clusters: [Al3H8O7(SO4)]
+, [Al3H6O5(SO4)2]

+, 

[Al4H9O9(SO4)]
+, [Al4H11O10(SO4)]

+, [Al(SO4)2]
-, [AlO(SO4)]

-, [AlCl2(SO4)]
-, 

[Al2OCl5]
-, [Al2O4H5(SO4)]

+, [Al4O3(SO4)4]
2-, [Al5O6H2Cl4]

+, [Al5O7H4Cl4]
+, 

[Al5O8H6Cl4]
+, and [Al5O9H8Cl4]

+. [II] [IV–V] The most interesting observation 

of the aluminum sulfate studies was that in gas phase, the sulfate group changed 

its bonding behavior from bidentate to bridging as the amount of aqua ligand 

increased. [II] This change in bonding behavior of the sulfate ion followed by 

structural rearrangement of the larger aluminum clusters was interesting as it 

explained the failure of the Gaussian water series to appear in the mass spectra. 

This indicates, that as a counter ion, sulfate is very active and has an important 
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role in hydrolysis processes. [II] For the occurrence of such a water series, the 

core structure of the complex must be robust enough to remain intact during 

binding or cleaving of water molecules. We note that calculations were made in a 

vacuum corresponding to the measuring conditions in ESI MS. [6–9] COSMO 

calculations revealed that the sulfate groups were most likely deprotonated in 

aqueous environments preferring bridging bonding in the larger aluminum complexes. 

[II] 

Pentameric aluminum complexes are often considered to be only intermediate 

forms in the hydrolysis and polymerization of smaller oligomeric (Al1–Al4) 

aluminum compounds to larger polynuclear (Al13) aluminum clusters. [39] [44] 

However, Sarpola et al. detected several different pentameric aluminum species in 

their ESI MS studies. They also concluded that pentameric species seemed to 

have a surprisingly stable structure, which could cause the crystallization of 

aluminum in water purification processes. [8–9] We note that any structural 

evidence that could explain the crystallization however, was not detected during 

this investigation. [IV] COSMO calculations revealed that only in the first two 

steps of the hydrolysis (m/z = 373 to m/z = 409) the highly symmetric core 

remained intact. [IV] In addition, the core closely resembled the core of the 

[Al5O4]
- anion of Das et al. [113] 
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Fig. 10. Cationic ESI MS spectrum of 100mM aluminum chloride (AlCl3 • 6H2O) solution 

(pH = 3.27). The three structures (PBE-D/TZVPP) for m/z=409 assignment were very 

close in energy (2 kJ mol-1) [IV] indicating that any of them can be considered as the 

ground state structure of [Al5O8H6Cl4]
+. 

Gas phase calculations (PBE-D/TZVPP) revealed that the core of the ground state 

structure changed as a function of the hydrolysis, see Fig. 10. [IV] Selected 

aluminum complexes were the main pentameric aluminum species detected with 

18 atomic unit intervals (water series) in the studies of Sarpola et al. and with the 

lowest cone voltages, see Fig 10. [8–9] The electrospray ionization method uses 

very high voltages [6], which are used to evaporate the solvent from the sample 

before it goes into a vacuum for examination. Although ESI MS is widely 

considered to be a mild method for examining ions in solution, there is a 

possibility that these high voltages in the solvent evaporation procedure can cause 

additional fragmentation of the species under investigation. We note that the 

following ab initio molecular dynamics results confirmed this conclusion. [III–IV] 
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5.2 Hydrolysis of aluminum: CPMD approach 

5.2.1 Aluminum (chloro)hydroxides in aquatic environments 

During this doctoral thesis we have studied dimeric and pentameric aluminum 

chlorohydrates in aquatic environments using Car–Parrinello molecular dynamics. 

The starting structures for the dimeric aluminum complex simulations were taken 

from our previous studies. [I] The chosen structure was also the main dimeric 

aluminum complex detected in the ESI MS studies of Sarpola et al. [7–8] We note 

that as a structure it was complex enough to describe the chemistry of aluminum 

salts in water. 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 experiments. Based on the results we were able 

to prove that the electrospray mass spectrometric method overestimates the 

amount of aluminum complexes in water. We used constrained CPMD to reveal 

energy barriers for the chlorine dissociation. The studied systems contained either 

62 or 65 water molecules in a cubic box of 13.2 Å sides. [III] During the 

simulations we detected two spontaneous associative hydration reactions in the 

primary hydration shell of the dimeric aluminum cluster that occurred during the 

first 4 ps. [III] The complete reaction went as follows, 

 

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

+ + H2O  
 → [Al2(OH)3(H2O)3Cl2]

+. (22) 

The reactions were strongly exothermic according to the COSMO calculations. 

The value of the Gibbs free energy of hydration (∆Ghyd) was -38.0 kJ mol-1 for the 

first and -17.0 kJ mol-1 for the second hydration reaction. [III] During these 

reactions the coordination of aluminum increased spontaneously from four to five. 

[III] This is in good agreement with the findings of Swaddle et al. [114] They 

showed that the kinetics of a proton and water exchange on aqueous Al3+, coupled 

with CPMD simulations, supports a five-coordinate [Al(H2O)4(OH)]2+ ion as the 

predominant form of [Al(OH)(aq)]2+. [114] The bonding of the aluminum atoms 

changed from tetrahedral to trigonal-bipyramidal. After this reorganization of the 

cluster, the newly formed aluminum chlorohydrate stayed intact during the rest of 

the simulation, which indicated the stability of the structure in aquatic 

environments. [III] In addition, the Al–Al distance oscillated around 2.95 Å, with 
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no visible drift, strengthening our conclusions about the stability of the cluster. 

Pophristic et al. reported similar (around 3 Å) Al–Al distances for the dimeric 

aluminum chlorohydrate (ACH) in their CPMD studies. [21] 

 

Fig. 11. Calculated activation energies (Ea) for the dissociation of both chloro ligands. 

[III] The magnitudes of the values show clearly how loosely chlorine is bound to the 

aluminum in aquatic solutions. 

Constrained simulations were used to evaluate the role of the chloride ions in the 

hydrolysis. This was done calculating the free energy barriers of the diffusion of 

both chloro ligands off the cluster. Constraints were employed fixing the Al–Cl 

bond to a certain value one distance at a time before the actual simulations. The 

average constraint force was then calculated in nine different points as described 

in section 4.3. [III] The average forces were then plotted as a function of Al–Cl 

bond lengths and a cubic spline was fitted to the data points. The free energy of 

the dissociation of chlorine was calculated integrating the negative area between 

both x-axis intersections, see Fig. 11. The error marginals were estimated fitting 

the cubic spline also to the minimum and maximum values of the block averages 

of each point. [III] The magnitudes of the barriers indicated that chloro ligands 

2.2 3.22.4 2.6 2.8 3.0

Distance [Å]

∆
G

 [
kJ

 m
o

l-1
]

14 ± 3 kJ mol-1

40 ± 5 kJ mol-1

-5
0

5

10

15

20

25

30

35

45

40

2.2 3.22.4 2.6 2.8 3.02.2 3.22.4 2.6 2.8 3.02.2 3.22.4 2.6 2.8 3.0

Distance [Å]

∆
G

 [
kJ

 m
o

l-1
]

14 ± 3 kJ mol-1

40 ± 5 kJ mol-1

-5
0

5

10

15

20

25

30

35

45

40



 62

are easily dissociated to the surrounding water. However, in the case of dimeric 

aluminum species we detected only one serious attempt for the spontaneous 

dissociation, see ref. [III]. 

The stability of three different pentameric conformations of cationic 

[Al5O6H2Cl4]
+ (m/z = 373) were investigated in a solution of 141 water molecules. 

In addition, the minimum energy structure of cationic [Al5O7H4Cl4]
+ (m/z = 391) 

was investigated in a solution of 169 water molecules using CPMD. [IV] 

Structures for the simulations were selected according to the static gas phase 

calculations (PBE-D/TZVPP), see Fig. 12. [IV] Molecular formulas for the 

structures came from the ESI MS studies of Sarpola et al. [8] [46] The purpose of 

these simulations was to study the nature of pentameric aluminum complexes in 

water. Empirical van der Waals corrections were also employed for the 

simulations in order to study their effect on the chemistry of aluminum complexes 

in aquatic solutions. [IV] 

 

Fig. 12. The main pentameric aluminum complexes chosen for the CPMD 

investigations. Three cationic lowest energy conformations of [Al5O6H2Cl4]
+ (m/z=373) 

and the ground state structure of [Al5O7H4Cl4]
+ (m/z=391). 

The average simulation time was around 30 to 45 picoseconds depending on the 

system. The highly symmetrical compact minimum energy structures of cationic 

[Al5O6H2Cl4]
+ and [Al5O7H4Cl4]

+ species were both opened during the 

simulations, see Fig. 13. [IV] We note that the opening of the ground state 

structures was detected in both vdW-corrected (DFT-PBE-D) and conventional 

(DFT-PBE) simulations. In addition, in the remaining three cases the compact gas 

phase-optimized structure was also changed during the simulations. [IV] The 

opening of the structure was mainly due to the several spontaneous associative 

hydration reactions that led to a weakening and breakage of the intramolecular 

Al–O bonds. [IV] Open, cage-like, and highly symmetric hexagonal prism-like 

structures were found to be dominating geometries in aquatic environments. [IV] 

Here we used the same notation of the aluminum complexes as Harlan et al. [115] 

m/z=391m/z=373 m/z=373 m/z=373 m/z=391m/z=373 m/z=373 m/z=373
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The results of these seven independent simulations indicated clearly that the gas 

phase-optimized structures were unstable in aquatic environments. This is in good 

agreement with the findings of Akitt et al. [44–45] and Zhao et al. [39], who 

stated that pentameric aluminum chlorohydrates are only intermediate forms of 

larger aluminum complexes. 

 

Fig. 13. The structural rearrangement of the pentameric [Al5O7H4Cl4]
+ (m/z=391) cation 

and the spontaneous dissociation of the chloride ion (circulated), detected in a 

simulation without vdW–corrections. 

During the DFT-PBE-D and DFT-PBE [Al5O7H4Cl4]
+ simulations a 

transformation of a bridging hydroxo group to a hydroxo ligand was also 

observed. The conversion was triggered by a breaking of the intramolecular Al–O 

bond. Akitt et al. postulated that hydroxo ligand formation is a key step in the 

polymerization of monomeric aluminum species to larger oligomeric complexes. 

[36] The formation of an electron pair donating ligand indicates that after the 

topological changes the pentameric aluminum complexes are likely candidates for 

further polymerization. [IV] In addition, during the simulations we detected two 

spontaneous Al–Cl bond dissociations, which were in good agreement with the 

aforementioned constrained simulations. [III] Spontaneous associative hydration 

reactions in the primary hydration shell indicated that pentameric aluminum 

complexes detected in the ESI MS studies are low-coordinated. [IV]  

One of the most interesting findings of these simulations was that the 

hydrolysis of pentameric complexes proceeded further in vdW-corrected 

simulations. In addition, hydration reactions occurred faster enabling shorter 

simulation times. [IV] This is in very good agreement with the results of the 

CPMD studies of Lin et al. [116] They discovered that the usage of empirical 

long-range corrections enhanced the dynamical properties of DFT-BLYP water 

~ 16 ps ~ 35 ps
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leading to a softening of liquid water’s structure and increased mobility of the 

water molecules. [116] 

5.2.2 Dimeric aluminum sulfate in aquatic solutions 

The stability of the dimeric aluminum sulfate complexes and the binding of the 

sulfate group were also studied in aquatic environments using the CPMD 

approach. For this purpose we selected three different conformations of dimeric 

aluminum sulfate cations, one with a bridging sulfate group 

[Al2(OH)3(H2O)(SO4)]
+, one with bidentally bound sulfate group 

[Al2(OH)3(H2O)(SO4)]
+, and one with a bridging hydrogen sulfate group 

[Al2(OH)4(HSO4)]
+. The latter was the ground state structure and a possible 

aluminite (Al2(SO4)(OH)4 • 7H2O) analogue was detected experimentally (ESI 

MS) and optimized computationally. [V] The simulated systems contained 123 

water molecules in a cubic box with 16.0 Å sides producing 0.41 mol dm-3 

aluminum salt concentration. The density of the system was around 1.07 g cm-3. 

The average simulation time was around 40 picoseconds. The simulation of the 

bidentate [Al2(OH)3(H2O)(SO4)]
+ system was divided into two separate around 

20-picosecond production runs, starting the second run from the final structure of 

the first run, see Figs. 14 and 15. The reason for this procedure was the long break 

in the aluminum sulfate project. 

The trajectories of the gas phase minima [Al2(OH)4(HSO4)]
+ and its structural 

isomer [Al2(OH)3(H2O)(SO4)]
+ were almost identical with one exception: the 

proton of the hydrogen sulfate group was dissociated off the cluster during the 

first two picoseconds, indicating the acidity of the hydrogen sulfate group. This 

also changed the pH of the system temporarily from around neutral to extremely 

acidic (pH ≈ 1). The dissociated proton migrated from the sulfate group to the 

secondary hydration shell, leading to a formation of hydronium ion ([H3O]+). We 

note that the lifetime of this hydronium ion was short (~1-2 ps), which is in good 

agreement with the results of dimeric aluminum (chloro)hydroxide simulations. 

[III] Dissociated proton diffused through interconnected network of several water 

molecules and was finally seized by one of the hydroxo ligands of the aluminum 

complex. 

The core of the starting structures was composed of a ring of four atoms, two 

aluminum atoms and two oxygen atoms of a bridging hydroxyl groups, see Fig. 4. 

In the beginning of the simulations all aluminum atoms were four coordinated. 

For the aluminum cation with a bridging sulfate group the average core Al–O 
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bond lengths varied from 1.86 Å to 1.92 Å indicating the asymmetry of the 

structure. Despite this the structure seemed surprisingly stable in aquatic 

environments. The Al–Al bond distance oscillated around 2.8 Å without visible 

drift, strengthening the conclusion about the stability, see Fig. 14. The magnitude 

of the oscillation is also in very good agreement with the observations of 

Pophristic et al. [21] During the simulation two spontaneous associative hydration 

reactions were detected. The complete reaction went as follows, 

 

[Al2(OH)3(H2O)(SO4)]
+ +2H2O → [Al2(OH)3(H2O)2(SO4)]

+  

 + H2O → [Al2(OH)3(H2O)3(SO4)]
+ (23) 

which agrees well with the findings of our previous study. [III] In addition, the 

small variations of the Al–S distances from 3.06 Å to 3.09 Å supported the 

conclusions about the stability of the complex. 

Fig. 14. Oscillation of the Al–Al bond distances as a function of simulation time. The 

bridging system is on the left and the bidentate on the right. 

In the bidentate system of cationic [Al2(OH)3(H2O)(SO4)]
+ the core Al–O bond 

distances varied from 1.81 Å to 1.98 Å, being shorter on the side of the sulfate 

group. The sulfate group was bidentally bound to the aluminum atom on the 

opposite side of the hydroxo ligand. During the simulations we discovered two 

associative hydration reactions that increased the coordination of aluminum from 

four to five, see eqn. 23. The Al–Al bond distance oscillated around 2.9 Å without 

visible drift indicating that the core of the complex is stable in aquatic solutions, 

see Fig. 14. In addition, the Al–S distances oscillated around 2.7 Å, being shorter 

compared to the aforementioned bridging system. 
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The results of these simulations showed that the core of the dimeric 

aluminum sulfate complex is stable in aquatic solutions regardless of the bonding 

of the sulfate ion. Furthermore, the analysis of the Al–O bond distances between 

the core aluminum atoms and oxygen atoms of the sulfate group showed that 

bridging sulfate forms stronger Al–O bonds compared to the terminal bidentate 

ligand. The Al–O bond lengths of the bridging system oscillated smoothly around 

1.88 Å without any jumps, whereas in the bidentate system around 1.95 Å, see 

Fig. 15. In addition the analysis of the Al–O bond lengths of the bidentate sulfate 

system showed temporary (4 ps) variation in the bonding of the sulfato ligand 

from bidentate to monodentate. The results of these bond analyses indicated that 

the bridging sulfate ion binds more strongly to the aluminum hydroxides and is a 

more likely candidate for reducing the positive surface charges of the aluminum 

complexes in aquatic environments. [2] The variation in the bonding of the 

terminal sulfato ligand however, indicated that it can function as a bridging agent 

between two separate aluminum complexes. 

Fig. 15. The oscillation of the Al–O bond distances of the aluminum and the oxygen 

atoms of the sulfate group. The bidentate system is shown on the left and bridging 

system on the right.  

5.3 Solvation of the clusters 

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 total solvation structures for the selected dimeric 

[Al2(OH)3(H2O)Cl2]
+ [III] and pentameric [Al5O7H4Cl4]

+ [IV] systems are shown 

in Fig. 16. The first peak in HO–RDF with the distance of 0.87–1.16 Å, 
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maximums at 0.97 Å [III] and 0.99 Å [IV], corresponds to the OH distances in 

water molecules and OH distances in the clusters. The second peak at the distance 

of 1.25–2.50 Å corresponds to the acceptor and donor hydrogen bonds in the 

systems. [III–IV] The maximums of the second peak of around 1.79 Å [III] and 

1.78 Å [IV] are very close to the experimental value (1.80 Å) of the hydrogen 

bond. [117–118] 

Fig. 16. The total HO– and OO–RDFs for dimeric 62– and 65–H2O systems (upper row) 

[III] and pentameric [Al5O7H4Cl4]
+ systems (lower row) [IV]. The dashed line and the 

solid integral indicate the dimeric 62–H2O system. In addition, the dashed line in 

g(O,O)(r), the solid line in g(O,H)(r), and the upper integral indicates the vdW-corrected 

pentameric system. 

The shapes and the positions of the peaks in each RDF are in good agreement 

with the water diffraction data of Soper et al. [117–118] In OO–RDF the first 

peak at the distance of 2.33–3.31 Å, maximums at 2.70 Å [III] and 2.73 Å [IV] as 

well as the second peak at the distance of 3.50–5.51 Å, maximums at 4.50 Å [III] 

and 4.49 Å [IV] are almost identical with the experimental values. [117–118] The 

results are also in very good agreement with the CPMD results of Sillanpää et al. 
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[20] and with the results of liquid water studies of Kuo et al. [119] It is known 

that the PBE density functional tends to slightly overstructure pair correlation 

functions. In addition, the self-diffusion coefficient is smaller than in experiments. 

[120] However, according to the findings of Lin et al. the usage of empirical van 

der Waals corrections decreases the difference in the self-diffusion coefficient 

between computations and experiments. [116] We note that the diffusion 

coefficient was not measured in this study. However, the g(O,O) of the vdW-

corrected pentameric system displayed a softer structure (dashed line in Fig. 16.) 

for the water compared to the DFT-PBE simulation and closer to the experimental 

results of Soper et al. [117–118] [IV] This was seen from the lower second peak 

and more shallow first minimum of the OO–RDF of the DFT-PBE-D water 

compared to the DFT-PBE water, see Fig. 16. [IV] Slow diffusion should also not 

be a problem in the simulations without empirical vdW-corrections due to the 

relatively high temperatures (350 K). [III] 

During these simulations we observed several attempts of the protons of aqua 

ligands to jump to the surrounding water, indicating the acidic nature of the aqua 

ligands, see Fig. 17. [III–IV] We note however, that the lifetimes of the 

hydronium ions in the secondary hydration shell were very short (1–2 ps). The 

existence of protons as hydronium ions also agrees well with the studies of 

Tuckerman et al. [121–122] The acidity of the aqua ligands was confirmed 

analyzing the oscillation of the covalent oxygen–hydrogen bonds. For the bulk 

solvent water molecules the O–H distance varied from 0.95 Å 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 Fig. 17. This strengthened the conclusion about the 

acidity of the aluminum(chloro) hydroxides in aquatic solutions. [III–IV] 
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Fig. 17. Oscillation of the covalent oxygen–hydrogen bonds of the aqua ligand (left) 

and one of the solvent water molecules (centre). Spontaneous aqua ligand O–H bond 

breaking (right) leads to a formation of a hydronium ion (H3O
+) to the secondary 

hydration shell. 

5.4 Summary 

During these studies we have investigated the structures and the hydrolysis of 

small oligomeric aluminum complexes in gas and in liquid phase using static 

quantum chemical and Car–Parrinello molecular dynamics methods. Static 

calculations have revealed a wide variety of different geometries and structural 

characteristics for dimeric, trimeric, tetrameric, and pentameric aluminum 

complexes. [I–II] [IV–V] The hydrolysis of aluminum complexes was detected to 

occur via dissociative adsorption of water molecules in gas phase. [I] In addition, 

computations were used to reveal viable protonation orders for different 

aluminum sulfate complexes. [II] The gas phase calculations were then expanded 

to the aquatic environments using the conductor-like screening model. COSMO 

calculations revealed distinct differences in the relative energies of different 

structural isomers compared to the gas phase. The binding of sulfate ions and the 

structural characteristics of the ground state structures were also more consistent 

in the liquid conditions. [I–II] [IV] Furthermore, COSMO calculations revealed 

that the associative hydration reactions detected in the CPMD simulations were 

exothermic. [III–IV] 

We note that some of the ground state structures detected in this study were 

equivalent to the geometrical moieties of the experimentally detected larger 

aluminum clusters (XRD). For example, the crystal structure of the Keggin Al13 

cation [Al13O4(OH)24(H2O)12]
7+ consists of four tetrahedrally orientated trimeric 

Al3O(OH)6(H2O)3 groups with compact three-dimensional core of C3v symmetry. 

[1] [58] We discovered similar, very stable core structures for the trimeric 
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aluminum (chloro)hydroxide and aluminum sulfate analogues, see Fig. 18. [I–II] 

[V] Geometrically identical substructures were also found from the largest 

polynuclear aluminum complex (Al30) yet to be isolated. It consists of two δ-Al13 

units connected by a ring of four octahedral Al(OH)6 units. [1] [62–63] The 

linking tetrameric moiety was also comparable with some of the tetrameric 

complexes detected in this study. [62] [I–II] 

 

Fig. 18. Identical core structures of the trimeric subunit [Al3O(OH)6(H2O)3]
+ of the 

Keggin structure (left) [5] [59], trimeric [Al3O(OH)3Cl3]
+ aluminum (chloro)hydroxide 

(centre) [I], and trimeric [Al3O(OH)4(HSO4)2]
+ aluminum sulfate (right). [II] [V] 

Car–Parrinello molecular dynamics was used to investigate the stability, acidity, and 

reactivity of the chosen dimeric and pentameric aluminum (chloro)hydroxides in 

aquatic environments. [III–IV] During these simulations, the gas phase-optimized 

structures experienced several spontaneous associative hydration reactions 

leading to changes in the primary hydration shell. Despite these reactions, the 

dimeric aluminum chlorohydrate and aluminum sulfate complexes were detected 

to be stable in liquid conditions, regardless of the bonding of the counter ions. [III] 

The pentameric aluminum complexes however, experienced significant 

topological changes during the simulations. The open structure, cage-like, and 

highly symmetric hexagonal prism-like structures were found to be dominating 

geometries for the pentameric aluminum complexes in liquid conditions. [IV] 

Although we did not study the polymerization of the aluminum complexes, the 

detected highly acidic nature of the aluminum complexes and the observed 

conversion of the bridging hydroxo group to a hydroxo ligand in the pentameric 

system supported the arguments of Akitt et al., who postulated that the 

dissociation of the proton is a key step for the polymerization processes in aquatic 

solutions. [36] [IV] 
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Constrained molecular dynamics was used to investigate the free energy barriers 

of the chloro ligand dissociation reactions. [III] The activation energy for the 

elimination of the chlorine attached to dimeric aluminum (chloro)hydroxide 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 clearly 

indicated that the chlorines are most likely dissociated from the aluminum complexes 

in water. [III] The detected spontaneous dissociation reactions of chlorido ligands in 

the picoseconds timescales strengthened the conclusion. [III–IV] Sulfate ion on the 

other hand, was detected to be more strongly bound to the aluminum complexes in 

liquid conditions. In addition, a bridging sulfate ion was observed to bind more 

strongly to the aluminum hydroxides than the terminal sulfato ligand. 

The use of long-range empirical van der Waals corrections in the CPMD 

simulations improved the dynamical properties of DFT-PBE water. This was 

observed by analyzing the OO– and HO–RDFs of the pentameric simulations. [IV] 

The g(O,O) of the vdW-corrected pentameric system displayed a softer structure 

for the DFT-PBE-D water compared to the DFT-PBE water and was closer to the 

experimental results. [117–118] In addition, the hydrolysis was discovered to 

proceed further in vdW-corrected simulations. We note that the self-diffusion 

coefficient of the water was not measured during this thesis. The large oscillation 

of the covalent O-H bonds of the aqua ligands demonstrated the highly acidic 

nature of the studied aluminum complexes in aquatic solutions. [III–IV] 

We are aware that CPMD simulations have artifacts, such as those arising 

from the correlation of the outer solvent shells with their own images as a result 

of the small size of the simulation box. However, we feel that this should not be 

an issue in this work due to the sufficiently large simulation boxes. In addition, all 

calculations were carefully planned and most vital parameters were tested. The 

test of density functionals showed explicit evidence of the accuracy of the chosen 

theories in the static calculations. Results have also been in good agreement with 

the computational findings of the other theoretical investigations. [11–22] [113] 

Furthermore, the structural parameters of the aluminum complexes detected in 

this study agree well with the experimentally detected parameters, e.g., the Al-O 

bond lengths are mostly in the range of typical covalent Al-O bond distances 

(1.8–2.0 Å). [123–125] In addition, similar structural analogues and formation 

mechanisms have also been found in the computational studies of the alkyl 

substituted aluminoxanes. [126] 
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6 Conclusions 

We used different computational approaches to investigate the hydrolysis of 

aluminum complexes. Static computations alongside with Car–Parrinello 

molecular dynamics enabled us to investigate the structures, stability, hydrolysis 

and reactivity of the chosen aluminum complexes in both gas and liquid phase. 

During this thesis we have shown that computational methods can be used for 

helping interpretation of the experimental data and for explaining the anomalies 

detected in the experiments. [II–III] In addition, the results have shown that 

computational chemistry provides effective tools for structural analysis of 

inorganic complexes and should be used together with conventional experimental 

methods, such as nuclear magnetic resonance and mass spectrometric methods, to 

widen the overall chemical perspective. [I–V]  

CPMD simulations revealed that most of the low-coordinated aluminum 

complexes detected in the ESI MS experiments are only artifacts of the measuring 

conditions of the method. [III–IV] The electrospray ionization method uses very high 

voltages, 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. [6–7] Hence the methods of computational chemistry should be used 

for the structural assignments of the peaks detected in ESI MS spectra. [I–V] In 

addition, static calculations indicated that the transition in the bonding of sulfate ion 

as a function of increased amount of aqua ligands in the primary hydration shell could 

explain the failure of the Gaussian water series to appear in the MS spectra. [II] 

During this investigation computational methods were used to provide 

answers to the problems detected in the experiments. Furthermore, used 

computational models, although by necessity simpler than real aluminum 

(chloro)hydroxide solutions, provided useful and realistic chemical information 

and new insight into the aquatic chemistry of aluminum. Comparison of the 

CPMD and COSMO results showed that the two methods completed each other. 

[III–IV] We emphasize that no previous computational study has considered as 

large a variety of aluminum complexes as have been presented in this study. 

Hence this research sets a new stage for the investigation of aluminum complexes 

in aquatic environments. 
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