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ABSTRACT
The reactions of aluminosilicate clusters with water are investigated using abinitio calculations. Reaction mechanisms for silicon terminated, Si-Obr-Al, sites as well
as aluminum terminated, Al-Obr-Si, sites were determined using B3LYP/6-311+G(d,p)
calculations. The calculated barrier heights for protonated and neutral Al-Obr-Si sites are
predicted to be lower than those for Si-Obr-Si and Si-Obr-Al sites which mimics the
dissolution of these minerals, and the Si-Obr-Al dissolution reactions proceeded in
fundamentally the same fashion as those for Si-Obr-Si [S. Nangia and B. J. Garrison, J.
Phys. Chem. A 2008, 112, 2027]. The barrier heights for the rate determining step for
these reactions are calculated using the B3LYP, PBE1PBE, and M05-2X functionals in
combination with the 6-311+G(d,p) and MG3S basis sets, and trends seen in the
mechanistic calculations are repeated with each computational method.
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Chapter 1: Introduction

The continual change of Earth’s crust is in part affected by the competing
processes of dissolution and precipitation, and thus dissolution is one fraction of the
dynamic synergy controlling Earth’s landscape. In addition, the dissolution of minerals
affects the global CO2 concentration and groundwater chemistry1 and is vital to the
sustainability of biota.2 Furthermore, the dissolution of some minerals has been linked to
harmful health effects in animals3 and humans.4 For these reasons, analyses of mineral
dissolution are imperative, and descriptions of reactions which occur during dissolution
play a role in understanding the how the process proceeds and provide insight into
applications of the process on a larger scale.
Investigations of reactions across all spatial scales are necessary to understand the
behavior of Earth’s crust,2 but one challenge which faces researchers today is that
measurements taken at one scale do not necessarily transfer to another scale.5 Thus
experimental models are constantly being developed, and alternative approaches to probe
geologic systems are required for a deeper understanding of dissolution.

Model

experimental systems have been shown to mimic natural minerals in both chemical
makeup and trends of dissolution,6-8 and this knowledge enables computational chemists
to choose the most relevant fractions of a mineral and study those in particular.9,10 In
previous analyses9,11,12 of dissolution, the two reactions which have caught the most
attention are the successive opening of the mineral network to expose sites which contain
only one oxygen atom linking them to the surface as well as the breaking of that single
bond to release surface species to solution.
1

A study of mechanisms for reactions during dissolution is necessary to determine
how these reactions proceed and to provide insight for experimental observations. One
observation which warrants additional investigation is that a layer develops on an
aluminosilicate surface during dissolution which has decreased Na+ and Al3+
concentrations,13,14 but experimental probes15-17 of activation energies (Ea) for these
surfaces calculate values which include all sites on the surface without a focus on
aluminum terminated sites to explain this observation.

Therefore a systematic

examination to determine both the mechanisms and barrier heights of reactions for
dissolution of aluminosilicate minerals is required which includes both Si-Obr-Al and
Al-Obr-Si sites.
Computational approaches to examine the dissolution of minerals include the
same challenges of previous investigations2,5 to replicate trends across spatial scales. The
ability to mimic behavior in experimental studies as well as the integration of realistic
representations of chemical processes are concerns one faces using theoretical methods.
As with experiment, calculations can be designed to model various aspects of dissolution.
Large scale computational methods which include hundreds to thousands of particles
have examined several aspects of dissolution18,19 or the structure of aluminosilicate
glasses20-22 which are models for aluminosilicate minerals.7 However, the investigation
of site-specific reactions requires methods used for the determination of reaction
mechanisms10 which can be included in computational analyses of dissolution using bulklike systems.12,23
The use of small clusters in ab-initio calculations is one approach to model
reactions which occur during dissolution, and reaction mechanisms are determined that
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explain observations or replicate trends seen in experiment.10,24-27

Despite the size

difference between model clusters and experimental systems, this approach has been
successful for quartz,10 and here a similar methodology is tested for aluminosilicate
systems.
The work presented in the following chapters incorporates dissolution reaction
mechanisms for silicon and aluminum terminated sites on aluminosilicate mineral
surfaces and includes the various protonation states possible on a mineral surface as well
as the coordination changes of aluminum. Chapter 2 examines the various computational
methods used for dissolution studies, and an explanation is given of why the ab-initio
approach chosen here is appropriate for the systems investigated.

The dissolution

reaction analysis follows in Chapter 3 where reaction mechanisms are determined, and
several ab-initio methods are compared. The conclusion in Chapter 4 summarizes the
study given here and gives several possible future directions.
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Chapter 2: Modeling Mineral Dissolution

2.1 Choosing the Best Computational Method
The analysis of chemical processes using computational methods requires a
balance between the size of the system and the quantum resolution represented. When a
chemical process is modeled with a large number of atoms, for example 102 − 105, the
electronic structure cannot be included for all the particles because this evaluation would
be too computationally intensive; therefore, large scale calculations would require
approximations of electronic behavior. The description of quantum effects during a
chemical process can be made by evaluating the behavior of a small number of atoms,
typically less than 50. Several of the popular classes of computational methods will be
described here to show for which types of systems these methods can be used, and an
explanation of why the employment of model clusters is effective to describe chemical
processes is also included.
The computational methods outlined here are presented in order from largest to
smallest possible system, and an application of each is included. For systems with
hundreds1-3 to thousands of particles,4,5 molecular dynamics (MD) simulations are a
useful tool. Using Newton’s second law, the positions and velocities of each particle are
tracked with time, and potentials to describe the means by which each particle will
interact with one another are used in the system.6 The evaluation of vibrational motion,
Coulombic and Lennard-Jones interactions, and van der Waals interactions are included.7
There are many possible applications of MD simulations, and two which are relevant to
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mineral dissolution are the examination of the structure of aluminosilicate glasses1-3 as
well as a model for the interaction of water with steps on a mineral surface.4
Monte Carlo (MC) simulations can be used for systems with a comparable size to
those used in MD simulations, but unlike MD simulations, Monte Carlo simulations do
not include a time parameter.6 Instead, random configurations of particles in a system are
evaluated in comparison with the energy of the previous configuration. If the current
configuration is lower in energy than the previous one, then the system assumes the new
configuration. If not, then two choices are possible. The Boltzmann factor,

∆

, is

used as a benchmark against a random number between zero and one. If the random
number is greater than

∆

, then the current configuration is adapted. If the random

number is less than the Boltzmann factor, the previous configuration is maintained.8 The
absence of a time-related quantity in a Monte Carlo simulation allows for the
examination of processes like dissolution9,10 which can proceed over long time scales
when studied experimentally.11
The last computational class of methods described here is ab-initio methods
which evaluate chemical systems from a quantum perspective. Unlike the other methods
discussed so far which account for the presence of electrons through the use of potentials
or molecular geometries hard-wired into a program, ab-initio computational methods
evaluate the behavior of electrons using approximations to the Schrodinger equation, and
the geometries or energies calculated are a result of the quantum effects in the system or
process. This type of calculation is effective for examining processes which include
bond-breaking and bond-forming because electronic character is included explicitly.6
Present day computational resources limit the number of atoms that may be included in a
7

calculation. The small size of the system allows for the use of model clusters which
effectively represent the behavior of the bulk of the system12 and enables the
determination of barrier heights and mechanisms for dissolution.12-14

2.2 Determining an Appropriate Ab-Initio Method
The use of ab-initio methods to investigate dissolution reactions is oriented
toward the representation of quantum effects in order to determine reaction mechanisms
and barrier heights. Once the choice of an ab-initio approach has been made, the next
question is which type of ab-initio method is appropriate. The method chosen must
model the system effectively in terms of molecular geometry, accurate bonding character
for each element, and computational feasibility, and both the functional and the basis set
affect these quantities. Two classes of ab-initio methods exist: wave function theory
(WFT) and density functional theory (DFT) methods. WFT methods have been shown to
be more computationally intensive and require larger basis sets than DFT, and the
electronic description present in DFT methods is also more accurate.15 For these reasons,
DFT will be used here.
A functional is the set of functions which describes the electronic character of a
system in terms of the energy and electron density gradient.8 Each of these quantities can
be further partitioned, and a description of which functionals include each follows below.
For any ab-initio calculation, a functional is combined with a basis set which refers to the
collection of functions used to describe the orbitals on each atom, and basis sets can be
partitioned to describe core and valence electrons separately.8 The decision of which ab-
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initio method to choose requires consideration of each of these quantities in its
application to the chemical system and analysis at hand.
In addition to considerations regarding the chemical process which will be studied
with ab-initio methods, the representation of several phenomena which describe chemical
behavior in ab-initio calculations must reflect the system under study accurately, and
therefore a number of concepts on which ab-initio methods are based will be defined
here. Electron-exchange is the energy which arises when two electrons are inverted in
the wavefunction description of electrons,7,16 and normally this quantity relates electrons
of the same spin.17

Often coupled with the electron exchange term, the electron

correlation describes the physical phenomenon where the motion of each electron is
related to the motion of every other electron in the system,7,18 and this quantity relates
electrons of the opposite spin.17 Lastly, exchange-correlation is the combination of
electron exchange and correlation terms present in the energy description of electrons.7,17
In terms of applying the exchange-correlation to a functional, each description of
either the electron exchange or the electron correlation can be improved to represent
electronic structure more efficiently. Three quantities which are used to do this are
Hartree-Fock exchange, the generalized gradient approximation, and the kinetic energy
density. The Hartree-Fock (HF) exchange is the exact treatment of electron exchange in
accordance with the Hartree-Fock theory,19 and this is used to supplement the exchangecorrelation terms in more simplistic functionals. The generalized gradient approximation
(GGA) is the weighting of the change of electron density in the exchange and correlation
functions,8 and this serves to improve the performance over previous methods in the
ability to represent bonds better and calculate barrier heights more effectively.17 Lastly,
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the kinetic energy density, which is the kinetic energy of electrons within a given
volume,7 has been included in some recent ab-initio methods20 and has been useful in the
determination of barrier heights.17
As the functional describes the electronic energy, the basis set describes the
atomic orbitals on each atom, and there are two classes of orbitals: Gaussian type orbitals
(GTOs) and Slater type orbitals (STOs). Both STOs and GTOs include an exponential
dependence upon the distance between the electron and the nucleus, but for GTOs, this
distance is more heavily weighted. In GTOs, therefore, regions close to and far from the
nucleus suffer from an insufficient description, and to suffice, more GTOs are needed to
describe electronic behavior than STOs for the same system. However, the increased
number of functions as well as the simplistic form of the integrals have benefits. The
additional functions allow for a more adaptable description of orbitals, and GTOstructured basis sets are more computationally feasible.8
GTOs used to describe the atomic orbitals of each atom are assembled, and the
full set of functions is known as primitive Gaussian type orbitals or PGTOs. These
PGTOs can be separated into those that describe core electrons and those that describe
valence electrons, and this delineation is known as a split valence basis set. Split valence
basis sets are defined by k-nlmG, to use Jensen’s notation.8 The first digit is the number
of PGTOs used for core orbitals. The valence orbitals are described by the nlm fragment
which splits valence into electrons described by n, l, and m numbers of PGTOs. Diffuse
functions are used for anions or excited states where electrons are not held tightly by the
nucleus, and the notation for these functions is a “+” sign. Polarization functions provide
an additional description of electrons in regions other than the bond between two atoms
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and are denoted “(x,y)” after the “G” in the basis set name.8 Two examples of basis sets
which include all of these quantities are the 6-311+G(d,p) basis set21,22 and the MG3S
basis set which is comprised of the 6-311+G(2df,2p) for hydrogen, the 6-311++G(2df,2p)
for first row elements, and the 6-311+G(3d2f) for sodium, magnesium, aluminum, and
silicon and resembles the 6-311+G(3d2f) for phosphorus, sulfur, and chlorine.23
Many types of ab-initio methods exist, and each one has a strength for a given
application. The inclusion of both exchange and correlation is standard practice,17 and all
of the functionals used in the following chapter have this quantity.

DFT methods

partition electronic energy into kinetic energy, electron-nuclear interaction, Coulomb
repulsion, and exchange-correlation,18 and the three methods in the next chapter are all
examples of DFT ab-initio methods: B3LYP, PBE1PBE, and M05-2X and include a
percentage of HF exchange. The use of DFT functionals is extensive17 and shows that
ab-initio methods which include an exchange-correlation constituent are much more
popular than the exchange-only HF functional.

2.3 Building Upon Previous Studies
The use of small clusters in theoretical calculations focuses on the most
fundamental aspects of a chemical process. Cluster-sized examinations of reactions
occurring during dissolution allow for an understanding of dissolution on a molecular
scale as well as for an analysis of specific surface sites.12-14 Despite the molecular scale,
the inclusion of additional non-reacting sites is not necessary because dissolution of
surface sites has been shown to be independent of contributions from the bulk.13 The
knowledge gained can be applied to explain experimental observations and to shape
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additional models of dissolution such as determination of dissolution rates12 and
descriptions of bulk-like systems.24
The use of model clusters to represent aluminosilicate minerals is employed here,
and ab-initio calculations are performed to determine reaction mechanisms and barrier
heights. The current study investigates the hydrolysis of Si-Obr-Al and Al-Obr-Si sites,
where the leftmost element represents the terminal site, because experimental studies do
not consider the contribution of individual types of sites on the activation energy (Ea) of
dissolution of aluminosilicate minerals25-27 as well as includes the protonation state of
each site which affects the ease with which a site dissolves.12-14 In addition, the model
aluminosilicate clusters studied here include the various coordination states of an Al-ObrSi sites on a surface28-30 where a previous study included only a tetrahedral Al-Obr-Si
site.13 Further, these clusters are terminated with hydroxyl groups to simulate the bulk12
and not hydrogen atoms.13 Lastly, no previous work has evaluated the performance or
computational intensity of a method for ab-initio calculations of an aluminosilicate
system, and the investigation described in the following chapter includes all of these
considerations.
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Chapter 3: Dissolution Mechanisms of Aluminosilicate
Minerals using Ab-Initio Methods

3.1 Introduction
The dissolution of minerals is a ubiquitous process which occurs to some degree
nearly everywhere on Earth and has an effect on a number of processes such as soil
chemistry, water contaminants, and the global CO2 cycle.1 Aluminosilicate minerals are
of particular importance because their primary constituents – namely aluminum, silicon,
and oxygen – comprise the greatest percentage of the Earth’s surface.2 In addition, the
presence of aluminum species in aqueous solution can be linked to serious health risks in
humans3 and other animals,4 and this correlation, albeit controversial,3 adds additional
intrigue to the aluminosilicate dissolution.
The scheme shown in Fig. 1 depicts the arrangement of atoms in an
aluminosilicate mineral. The surface appears as a dotted line in Fig. 1, and each Si or Al
is terminated with hydroxyl groups to represent a generic site. Si terminated sites are
called Si-Obr-Al here to indicate that the Si-Obr bond breaks to release Si species to
solution, and similarly Al terminated sites are called Al-Obr-Si to indicate that the Al-Obr
bond breaks. Each Al or Si from the surface is connected to the bulk via a bridging
oxygen atom(Obr). The Obr is connected to another Al or Si where both exist in a
tetrahedral bonding environment in the bulk.5-7 However, additional configurations can
be seen at surface sites, and a detailed explanation of such possibilities follows below.
The scheme of surface sites shown in Fig. 1 is overly simplistic because it does
not take into account the protonation states of each site. Surface sites are referred to as
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protonated, neutral, or deprotonated, and these terms describe whether the Obr is
protonated or not, as in the neutral state. The deprotonated state is one where the Obr is
not protonated, and one of the oxygen atoms from a surface hydroxyl group is missing an
H+, leaving that oxygen atom with a (–1) charge.
A recent description of quartz dissolution8 includes the perspective that a mineral
surface is comprised of a distribution of protonated, neutral, and deprotonated sites,9 and
a similar approach is adopted here. If one considers the schematic of an aluminosilicate
mineral shown in Fig. 1, surface reactions at a site include interaction with the forms of
Si sites shown in Fig. 2, where the bonding configuration of Al is meant to refer to the
bulk of the mineral. The protonation states described above are shown, but these terms
do not reflect the charge of each structure. Because quartz is an uncharged mineral, the
charge of each site can be intuited from the name: protonated sites have a (+1) charge,
neutral sites a (0) charge, and deprotonated sites a (–1) charge. For aluminosilicate
minerals, this is not the case because the replacement of Si with Al in a tetrahedral
bonding state brings a (–1) charge. Therefore, the protonated state for a Si-Obr-Al site
has a (0) charge, while a neutral Si-Obr-Al site has a (–1) charge.
deprotonated Si-Obr-Al sites, the charge is (–2).

Similarly, for

Thus even though each Si center

maintains a tetrahedral bonding arrangement, the difference of a H+ as well as the
inclusion of an Al center opposite the Obr leads to charged protonation states.
The description of an Al-Obr-Si site on the surface is not as straightforward. Al is
known to assume various coordination states7 according to pH,10,11 and thus an analysis
of an Al-Obr-Si site on an aluminosilicate surface requires an awareness of the fact that a
distribution of coordination states is possible on the surface. Therefore, the forms of
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Figure 1: Schematic of aluminosilicate mineral. The surface is represented by the
dotted line, and thus terminal sites may either be aluminum or silicon centers. Each site
is bonded to a bridging oxygen atom to a neighboring aluminum or silicon atom.
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Al-Obr-Si sites that can exist appear in Fig. 3, and the protonation states of each site are
included. As with Si-Obr-Al sites, the terms of protonated, neutral, and deprotonated
reflect the difference types of sites on the mineral surface and not the charge of the site.
The forms of Al-Obr-Si sites shown in Fig. 3 are reflect the possible coordination
states of Al in solution, and this concept is included to show that a distribution of
coordination states are also possible in the surface. In acidic pH ranges, Al is hexacoordinated in solution,10,11 and because a protonated site is the most prevalent type on a
mineral surface in very acidic pH ranges,12-14 a hexa-coordinated Al-Obr-Si site with a
protonated Obr is an appropriate representation of a protonated site where Al is the
terminal reaction center. This protonated site where Al is hexa-coordinated has a (+3)
charge on an aluminosilicate surface. Using similar logic, Al is penta-coordinated in
slightly acidic to neutral pH ranges,10,11 and a neutral Al-Obr-Si site is represented by a
penta-coordinated Al with a protonated Obr. Similar to the protonated site, a neutral site
on an aluminosilicate surface has a (+3) charge. Lastly, Al is tetra-coordinated in basic
pH ranges,10,11 and thus a deprotonated Al-Obr-Si site can be represented by Al bonded to
three hydroxyl groups and an Obr. The deprotonated site on an aluminosilicate surface
has a (–1) charge. The protonated, neutral, and deprotonated sites have a charge because
of the coordination capabilities of Al.
Although extensive analyses of the dissolution of aluminosilicate minerals have
been published (see Blum and Stillings, 1995, for a review), no description of the
dissolution reaction mechanism for these minerals has been presented. If one traces the
dissolution of a particular aluminosilicate mineral, for example albite, the Na+ and Al3+
leach from the mineral surface first,15,16 and the Al3+ is replaced by H+ ions from solution
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(a)

(b)

(c)

Figure 2: Schematic of Si sites possible on a surface. (a) Protonated. (b) Neutral.
(c) Deprotonated.
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(a)

(b)

(c)

Figure 3: Schematic of Al sites possible on a surface. (a) Protonated. (b) Neutral.
(c) Deprotonated.

20

during the leaching process.6,15,17 These observations lead to several questions. The first
is how the Al and Si species leave the surface; that is, how the Al-Obr or Si-Obr bonds
break. Second, if charge-balancing cations have leached from the surface, then each site
could have an inherent charge during the progression of a dissolution reaction, and
comparison to dissolution reactions on the surface of quartz, a mineral devoid of chargebalancing cations, could give insight into the effect of charge on dissolution. Third, the
development of a silica-rich layer during dissolution17 shows that Al and Si must leach in
different fashions which enable Al to leach first.
The final step is the release of the surface species into solution,18 and because
there are health effects related to Al species in solution,3,4 the breaking of Al-Obr and SiObr bonds with aluminosilicate mineral surfaces is a particularly important process. At
the surface, the terminal site is bonded to the surface solely via one bridging oxygen as in
Figs. 2 and 3. This situation is a desirable place to begin a study of mineral dissolution
because the energy barrier of this process is solely an effect of the release of the species
from the surface. What is more, the knowledge gained from an understanding of how the
final step in dissolution occurs would provide insight into how each species is released
from the surface sequentially as well as how the leached layer develops on a surface.17 In
addition to differences in the means by which Al-Obr-Si and Si-Obr-Al sites dissolve,
observed dissolution rates of aluminosilicate minerals at various pH values show a
minimum at neutral pH1 which could mean that different dissolution mechanisms exist.6
Although dissolution in solution is a complex synergy of numerous processes, the focus
here is the mechanism of the hydrolysis reaction with each type of site on a surface.
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Ab-initio calculations have been shown as an effective method to determine
mechanisms for reactions during dissolution as well as mimic trends seen in the field.8
Previous studies have included either silaceous8,19 or aluminum-containing20,21 materials.
Here the aluminosilicate system contains both elements, and thus one challenge will be to
choose an ab-initio method appropriate to describe all the constituents present in this
system. In an effort to encompass these concerns, several computational methods will be
tested, and both the barrier heights calculated and the computational time used by each
method will be compared.

3.2 Computational Method
3.2.1 Model Aluminosilicate Dissolution Reactions
Reactions at surface sites of aluminosilicate minerals with water are modeled
using clusters depicted in Figs. 2 and 3 in an effort to understand the dissolution of these
minerals. The use of model clusters to simulate the dissolution of minerals has been
previously reported.6,8,18,22,23 The reacting site is either Si-Obr-Al or Al-Obr-Si, and the
cluster is terminated by hydroxyl groups for the bulk. The progression of the reaction is
such that a water molecule approaches the reacting center, the bond between the reacting
center and the Obr is broken, and the products represent the species released to solution
and remaining surface constituents.
To model dissolution for Si-Obr-Al sites, the following three reactions were
studied, and Eq. 1−3 represent the protonated, neutral, and deprotonated Si-Obr-Al sites,
respectively.
[Si(OH)3(ObrH)Al(OH)3] + H2O → Si(OH)4 + [Al(OH)3(H2O)]

(1)
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[Si(OH)3Obr Al(OH)3]– + H2O → Si(OH)4 + [Al(OH)4]–
[(Si(OH)2O)ObrAl(OH)3]2– + H2O → Si(OH)3O– + [Al(OH)4]–

(2)
(3)

Here the bond between Obr and Si breaks to release a Si species to solution and leave the
Obr as one of the terminal O atoms bonded to Al in the products given here.
Protonated, neutral, and deprotonated Al-Obr-Si sites are given in Eq. 4–6 and
include the coordination changes of Al with pH.10,11
[Al(H2O)5(ObrH)Si(OH)3]3+ + H2O → [Al(H2O)6]3+ + Si(OH)4

(4)

[Al(H2O)4(ObrH)Si(OH)3]3+ + H2O → H3O+ + [Al(OH)2(H2O)2]+ + Si(OH)3(H2O)+ (5)
[Al(OH)3ObrSi(OH)3]– + H2O → [Al(OH)3(H2O)] + Si(OH)3O–

(6)

Similar to the Si-Obr-Al sites, the bond between Al and Obr breaks to release an Al
species to solution, while the Obr remains on the Si center.
Because quartz is a neutral mineral, there was no need for charge-balancing
cations in a recent investigation8 into reaction mechanisms for dissolution of this mineral.
Furthermore, Kubicki, et al. showed that the presence of Na+ has a negligible effect on
aluminosilicate clusters.24 The goals here are to show how the final step of dissolution
occurs – that is, the breakage of the Al-Obr or Si-Obr bond and the subsequent release of
the relevant species into solution – and to calculate mechanisms which fit into the picture
painted by previous researchers.8,21 In the present work, charges on the clusters are
maintained in the calculation, but no explicit charge-balancing cations are used.

3.2.2 Functionals and Basis Sets Used
Density functional theory (DFT) methods incorporate exchange-correlation into
the functional as well as fragment the electron energy into quantities whose evaluation
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can be performed within a reasonable computation time.25 The reaction profiles of
dissolution reactions for quartz surface sites have been examined using a DFT method,
and experimental data were successfully explained.8 For this reason, the use of the
B3LYP functional here to model the dissolution of aluminosilicate minerals is
appropriate. The B3LYP hybrid density functional incorporates an exchange-correlation
functional26-29 as well as gradient correction28,29 and a percentage of Hartree-Fock
exchange.30 This method has been used in numerous applications (see Sousa, et al., 2007
for a review) and has been tested in the determination of chemical kinetic
quantities.19,20,31-36
The ability for Al to readily change its coordination state as discussed above as
well as the likelihood of a pentavalent Si intermediate mandates the use of a basis set
which includes d orbitals.

The 6-311+G(d,p) basis set37,38 was chosen because it

accommodates the d orbitals for Si and Al species, and p orbitals for H were also
necessary in the case that H is a reacting constituent in a given reaction.

The

combination of the B3LYP functional with the 6-311+G(d,p) basis set is employed to
determine the mechanism of each reaction in the dissolution of an aluminosilicate
mineral.
Ab-initio calculations were performed on each of the clusters and molecules given
in Eq. 1–6 using the Gaussian 03 package.39 Species along the reaction coordinate were
optimized at the B3LYP/6-311+G(d,p) level, and transition state structures are
characterized by a single negative frequency corresponding to either the formation of a
bond between the incoming water and the reacting center or to the breaking of the bond
between the reacting center and the Obr for the first and second transition states,
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respectively. Any deviations from these characteristics are outlined in Sections 3.4.1 and
3.4.2, and each depiction of a reaction mechanism was made with GaussView 4.40
The B3LYP functional was chosen for its extensive use in the literature (see
Sousa, et al., 2007 for a review) as well as its computational feasibility. However, the
B3LYP functional is not necessarily appropriate for every application,30 and therefore,
two other computational methods were tested. The first, PBE1PBE, is a generalized
gradient approximation (GGA) type functional41,42 which builds upon the Perdew-Wang
1991 (PW-91)43 functional but blends local spin density (LSD) elements with functions
of the gradient approximation which are most energetically relevant.41 In addition, the
functional is simplistic in its description of the electron density by replacing all but the
LSD with constants41 as well as the use of one coefficient to control the HartreeFock/Density Functional exchange ratio.42

This method has been tested in the

determination of kinetic quantities44 and has shown strength in the determination of
thermokinetic properties of Al materials.20,45
The second, M05-2X, is a hybrid meta exchange-correlation functional19 derived
from the M05 functional,46 and like other functionals in its class, the M05-2X functional
adds a kinetic energy component to the exchange-correlation function.19,46 The aim of
the development of the M05 ancestor of the M05-2X functional was to be applicable to a
general type of chemical system or process,46 and the incorporation of two times the
nonlocal exchange (2X) is designed to be geared toward analysis of non-metals.19 In
particular, its training function included a parameter regarding its performance with
barrier heights,46 and recently, the M05-2X functional was the strongest choice for
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kinetics applications of nonmetal systems among the more popular density functionals
used today.19
In an effort to study the effects of basis sets on the barrier heights for the reactions
presented here, a second basis set was used with each computational method to calculate
the barrier height of each reaction. The MG3S basis set includes the 6-311++G(2df,2p)
basis set for oxygen, the 6-311+G(3d2f) basis set for aluminum and silicon, and the 6311+G(2df,2p) basis set for hydrogen47 and has been used to model the dissolution of
quartz.8 Its ability to calculate barrier heights for aluminosilicate systems as well as its
computational intensity will be tested here.
The alternative methods were used to optimize the stationary points on each
reaction profile which correspond to the rate limiting step. The energies reported here for
comparison are meant to show how each method performs with the same structures, and
therefore, differences in the energy values show the capability of each method to study
aluminosilicate systems. The relative computation times for each method were taken
from calculations where the optimized B3LYP/6-311+G(d,p) transition state from the
rate determining step was used as the input geometry, and all calculations were run on the
same AMD Opteron Processors.48

In addition, the relative computation times are

included to show how strenuous calculations are with each of these methods, and
optimum methods were chosen after consideration of both performance and
computational intensity.
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3.3 Results
3.3.1 Dissolution Reactions at Si-Obr-Al Sites
The reaction profiles for the dissolution reaction for Si-Obr-Al sites in the three
protonation states are shown in Fig. 4. For the purpose of comparison, dissolution
profiles of Si-Obr-Si are also included. These profiles show that Si-Obr-Al sites proceed
through mechanisms with the same number of steps as Si-Obr-Si sites for all three
protonation states. Protonated sites proceed through a two-step mechanism where the
first step is rate limiting, and the barrier heights are nearly identical, 63 and 69 kJ/mol,
for Si-Obr-Al and Si-Obr-Si respectively. Similarly, the neutral site reactions are both
one-step processes for Si-Obr-Al and Si-Obr-Si, and the barrier heights for these reactions
are 146 and 159 kJ/mol, respectively. There does appear to be a difference for the
deprotonated site reactions, however. The rate limiting step for Si-Obr-Al is the second
step with a barrier height of 79 kJ/mol, but for Si-Obr-Si it is the first step in the
dissolution reaction with a barrier height of 110 kJ/mol. The details of these mechanisms
for each of these reactions are explained below.
The mechanism for the dissolution of protonated Si sites is shown in Fig. 5 where
the Si-Obr-Al mechanism appears in the top row, and the Si-Obr-Si mechanism is in the
bottom row. The mechanisms for Si-Obr-Si have appeared previously,8 but here the
previous mechanisms are compared to those for the hydrolysis of Si-Obr-Al sites. For the
dissolution of Si-Obr-Al, the water molecule approaches the Si atom, and a trigonal
bipyramidal geometry begins to form around the Si in the TS 1 in Fig. 5. This geometric
accommodation allows the H2O to bond in an axial position in the intermediate (INT),
leading to a pentavalent Si species. The TS 2 is a late one where the Si-Obr bond is
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Figure 4: Reaction profiles for sites where Si is the reacting center. Si-Obr-Al sites are
in red, and Si-Obr-Si sites8 are in black. (a) Protonated. (b) Neutral. (c) Deprotonated.
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already broken. Finally, a H+ transfers to an OH group on the Al atom, leaving both
species neutral. The silicon atom has begun to assume a tetrahedral geometry in the TS
2, and that geometry is fully realized in the products of the reaction which are silicic acid
and a protonated Al surface site, represented by [Al(OH)3(H2O)].
Unlike the protonated site reaction, the neutral site reaction proceeds through a
one step mechanism, and the Si-Obr-Al and Si-Obr-Si mechanisms appear in Fig. 6. For
Si-Obr-Al, the water approaches the silicon center to what would be an equatorial position
if a full trigonal bipyramidal geometry were to result. For Si-Obr-Si, on the other hand,
the water molecule approaches the Si and bonds in an equatorial position forming a
pentavalent transition state. In the dissolution mechanism for Si-Obr-Al, the TS is marked
by the transfer of H+ to Obr and not by a pentavalent Si state, strictly speaking. However,
the TS of this reaction is early, and so the Si-O bond has not yet begun to form. In
addition, the Si-Obr bond has begun to lengthen in the TS but has not yet broken.
Therefore, although the negative frequency described here does not correspond to Si-O
bond formation or Si-Obr bond break, it is clear that the H+ transfer to Obr is having an
effect on these processes. The products here are similar to the protonated reaction except
that here silicic acid is released to solution, and the surface remains hydroxylated in the
form of Al(OH)4–.
The dissolution reactions for deprotonated Si-Obr-Al and Si-Obr-Si sites proceed
through a fundamentally similar two step mechanism, and they are shown in Fig. 7. For
both reactions, a pentavalent Si species is formed, and then the breaking of the Si-Obr
bond causes the release of silicic acid into solution. In the reaction for Si-Obr-Al, the
initially deprotonated O atom in the cluster attracts a H+ from the incoming water
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Figure 5: Structures along the reaction profile for protonated sites where Si is the reacting center. Si atoms are shown in cyan, Al
atoms in blue, O atoms in red, and H atoms in white. The Si-Obr-Al reaction appears in the top row, and the Si-Obr-Si reaction8
appears in the bottom row. RC: reactant complex, TS 1: first transition state, INT: intermediate, TS 2: second transition state, and PC:
product complex.
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Figure 6: Structures along the reaction profile for neutral sites where the reacting center
is Si. Color scheme and structure labeling are the same as Figure 5. Si-Obr-Al appears on
the top row and Si-Obr-Si along the bottom.8
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Figure 7: Reaction mechanisms for deprotonated sites where Si is the reacting center. Color scheme and structure labeling are
the same as Figure 5, and Si-Obr-Al sites are in the top row with Si-Obr-Si8 in the bottom as before.
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molecule causing the OH bond to elongate. Once the H+ has attached to the deprotonated
O atom, the remaining OH– attacks the Si center at an equatorial position, and the bond is
fully formed in the INT. The breaking of the Si-Obr bond is a concerted motion which
involves the transfer of a H+ to the Obr as the Si-Obr bond is breaking. In the TS 2, the
Si-Obr bond is intact but elongated, and the H+ has already begun to migrate toward Obr.
A deprotonated silicic acid, Si(OH)3O–, is released to solution, and the Al(OH)4–
represents a hydroxylated surface.
Detailed analyses regarding the similarities and differences of Si-Obr-Al sites with
Si-Obr-Si sites as well as a comparison to additional literature are included in the
Discussion section.

3.3.2 Dissolution Reactions at Al-Obr-Si Sites
In this section, the focus is the dissolution reactions for Al-Obr-Si sites as
protonated, neutral, and deprotonated. The energy profiles for dissolution reactions at
Al-Obr-Si sites appear in Fig. 8, and although the scale for the reaction energy is the same
as in Fig. 4, the barrier heights are much smaller for the protonated and neutral Al-Obr-Si
sites. Each site proceeds through a one step mechanism, and the barrier heights are 38,
39, and 79 kJ/mol, respectively. The reactions all include the approach of water to the Al
center and the breaking of the Al-Obr bond, but the specific process of each mechanism is
different. Each mechanism is depicted in Figs. 9–11 and will be described below.
For protonated sites Al-Obr-Si sites, the dissolution reaction proceeds through a
one step mechanism which is shown in Fig. 9. The bulkiness and the number of groups
surrounding the Al atom makes the initial approach of the water molecule sterically
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difficult. The H-bonding network that develops stabilizes the secondary water even
though it is the seventh group to surround Al. The breaking of the Al-Obr bond in the TS
in Fig. 9 leaves the Al in a square pyramidal geometry because the distance between Al
and the Obr is too small to allow rearrangement into a trigonal bipyramidal or other type
of geometry, and therefore, addition of the water to the Al atom in the TS is not possible.
After the Al-Obr distance has increased to a sufficient degree, the Al atom absorbs the
secondary water to form Al(H2O)63+ in an essentially barrierless step, and the surface
remains hydroxylated. The product complex of this reaction is comprised of Al(H2O)63+
and a hydroxylated surface represented by Si(OH)4 and is depicted in Fig. 9, and in the
product complex, the Al(H2O)63+ assumes an orientation to maximize its H-bonding
capabilities.
To simulate the existence of a neutral Al-Obr-Si site, an aluminosilicate cluster
with four water molecules and the silicic acid group around Al was reacted with a water
molecule. The initially penta-coordinated Al absorbs the secondary water before the start
of the reaction to assume the optimal octahedral Al configuration as the reactant complex
(RC) shown in Fig. 10. In addition, the Obr was protonated because penta-coordinated Al
exists from slightly acidic to neutral pH.10,11 The mechanism for the dissolution of a
neutral Al-Obr-Si site is a one step reaction and is shown in Fig. 10 where the incoming
water molecule is circled red. The tendency of Al to readily change its coordination
state10,11 is reinforced in the transition state for this reaction which shows that the Al-Obr
bond has already broken and that the incoming water molecule has migrated from the
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Figure 8: Reaction profiles for dissolution reactions at the Al-Obr-Si sites. (a) Protonated. (b) Neutral. (c) Deprotonated.
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Figure 9: Reaction mechanism for protonated Al-Obr-Si sites. Color scheme and
structure labeling are the same as Figure 5.
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primary to the secondary hydration shell. When the Al-Obr bond has fully broken in the
product complex, shown in Fig. 10, H3O+, [Al(OH)2(H2O) 2]+, and a protonated surface,
[Si(OH)3(H2O)]+, remain, and the Al atom has fully formed into a tetrahedral geometry.
There is also an extensive hydrogen bonding network occurring in the PC between water
and OH groups on the Al and Si atoms as well as between the H3O+ and a OH group on
the Al atom.

This H-bonding prevents the hydronium ion constituents from being

reabsorbed by the Al atom. This reaction proceeds through a dissociative interchange
mechanism in that there are two bonds breaking simultaneously, and there is a possibility
for increased coordination for the product species which would exist in water.49
The dissolution reaction for deprotonated Al-Obr-Si sites follows the logic that Al
is tetra-coordinated in basic media,10,11 and the mechanism for this reaction appears in
Fig. 11. The water molecule approaches the Al atom in an equatorial approach if a
trigonal bipyramidal geometry were fully realized, and the transition state is a late one
where the Al-Obr bond is already broken. The transition state is marked by the breaking
of the Al-Obr bond, and the H+ from the incoming water molecule has already transferred
to the Obr. The H+ transfer to the Obr is necessary to keep the single negative charge on
the Al species, and the continuation of a tetrahedral geometry around the Al atom is
evident. This leaves the surface hydroxylated, and Al(OH)4– is released to solution.
An analysis of Al-Obr-Si sites for all three protonation states as well as a
comparison to previous ab-initio calculations follow in the Discussion section.
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Figure 10: Reaction mechanism for neutral Al-Obr-Si sites. Color scheme and structure
labeling are the same as Figure 5. The red circle shows the incoming water which is
initially absorbed then is released to solution as Al changes its coordination.
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Figure 11: Reaction mechanism for deprotonated Al-Obr-Si sites. Color scheme and
structure labeling are the same as Figure 5.
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3.3.3 Comparison of Alternative Methods
The aim of using the PBE1PBE and M05-2X functionals as well as the MG3S
basis set is to determine whether these computational methods show the same trends
shown above with the B3LYP/6-311+G(d,p) calculations for the model of aluminosilicate
dissolution studied here. The barrier heights for the rate limiting steps in each of the
dissolution reactions for Si-Obr-Al and Al-Obr-Si sites are presented in Table 1. The
averages correspond to the arithmetic mean of the barrier heights calculated for all the
methods, and the standard deviation (σ) includes all six barrier heights as well. The table
is arranged such that basis set calculations with the same functional are grouped together,
and barrier height values which are outside the bounds of the average and standard
deviation values are underlined for each reaction.
The barrier heights in Table 1 for Si-Obr-Al sites replicate the same trends. That
is, the neutral Si-Obr-Al sites always have the greatest barrier height, then the
deprotonated, and the protonated sites have the lowest barrier heights. The range of the
standard deviation around the average shows that the barrier height values do not overlap
for Si-Obr-Al sites. In addition, barrier heights calculated with the MG3S basis set are
always higher than those with 6-311+G(d,p). The inclusion of diffuse functions on nonhydrogen atoms has been shown to decrease the error associated with calculations using
smaller basis sets, but each of these basis sets has the same number of diffuse functions
for all but the hydrogen atoms.47 Thus the reason for this increase is not immediately
clear.
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Table 1: Barrier heights (kJ/mol) for the rate limiting step in each reaction using B3LYP, PBE1PBE, and M05-2X functionals with 6-311+G(d,p)
and MG3S basis sets. The underlined values are those which lie outside the range of the mean and standard deviation values.
Reacting
Center
Si
Al

Type of Site
Protonated
Neutral
Deprotonated
Protonated
Neutral
Deprotonated

B3LYP
6-311+G(d,p) MG3S
63
58
146
166
79
83
38
58
39
35
79
88

PBE1PBE
6-311+G(d,p) MG3S
49
54
133
155
79
85
42
44
52
35
81
92

M05-2X
6-311+G(d,p) MG3S
45
48
152
161
85
90
49
50
73
54
79
89

Average
53
152
84
47
48
85

Standard
Deviation
7
12
4
7
15
6
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For Al-Obr-Si sites, the deprotonated barrier height is always the highest, but the
lowest value is either the neutral or the protonated site for each functional or basis set.
Thus no overall trend exists among the methods chosen. The largest standard deviation
among all Si-Obr-Al and Al-Obr-Si sites is among the barrier heights for neutral Al-Obr-Si
sites. One possibility is that this reaction is the only unimolecular decomposition, but a
previous study found comparable performance of these methods in calculating the barrier
heights of unimolecular reactions as well as other types of reactions.33
The relative computation times in minutes for each method are compiled in Table
2, and the MG3S basis set requires more computation time than the 6-311+G(d,p) basis
set. Generally speaking, the PBE1PBE functional requires the least computation time for
each of the three functionals tested, and the next most feasible functional alternates
between B3LYP and M05-2X for the Si-Obr-Al and Al-Obr-Si sites in all three
protonation states.
PBE1PBE functional requires the least amount of computation time.

For

calculations with the 6-311+G(d,p) basis set, B3LYP is the next least computationally
demanding functional, while for the MG3S basis set, the M05-2X follows PBE1PBE in
computational intensity. However, the greatest increase in computation time comes from
changing the basis set from 6-311+G(d,p) to MG3S, and this is true for every functional.
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Table 2: Computation time (min) for B3LYP, PBE1PBE, and M05-2X methods using 6-311+G(d,p) and MG3S basis sets to calculate the barrier
height for each dissolution reaction.
Reacting
Center
Si
Al

Type of Site
Protonated
Neutral
Deprotonated
Protonated
Neutral
Deprotonated

B3LYP
6-311+G(d,p) MG3S
6
40
6
44
9
56
15
75
8
48
5
37

PBE1PBE
6-311+G(d,p) MG3S
3
13
3
13
5
21
11
77
5
19
6
39

M05-2X
6-311+G(d,p) MG3S
8
45
7
40
6
40
17
92
12
69
8
42

43

3.4 Discussion
3.4.1 Trends for Si-Obr-Si, Si-Obr-Al, and Al-Obr-Si and Comparison to Experiment
The barrier heights for the dissolution reactions for protonated and neutral
Al-Obr-Si sites are much lower than those for either Si-Obr-Si or Si-Obr-Al sites. In
addition, the dissolution mechanisms for Si-Obr-Si and Si-Obr-Al sites are nearly
identical. Both sets of reactions proceed through the same number of steps and have
similar barrier heights for protonated, neutral, and deprotonated sites. The Al-Obr-Si sites
proceed through dissolution mechanisms that are independent of one another and do not
resemble the dissolution for Si-Obr-Al sites.
The dissolution reactions for Al-Obr-Si sites are similar in that they are all onestep processes as shown in the energy profiles in Fig. 8, but the mechanisms depicted in
Figs. 9–11 demonstrate that each reaction proceeds quite differently. The protonated
Al-Obr-Si sites show a decrease in coordination around the Al atom only to return to an
octahedral configuration in the product complex. The neutral sites, on the other hand, do
not reabsorb the secondary water molecule in the product complex. Lastly, the barrier
height in the dissolution reaction for deprotonated Al-Obr-Si sites corresponds to the
Al-Obr bond break and is much higher than for protonated and neutral sites, and the
tetrahedral geometry around the Al atom is maintained throughout the reaction.
The barrier heights calculated here as well as those for Si-Obr-Si sites8 and
protonated and neutral Al-Obr-Si sites22 are given in Table 3.

The barrier heights

decrease in the order Si-Obr-Si, Si-Obr-Al, and the Al-Obr-Si data from this work which
mimics experiment in that Al leaches out before Si in low to neutral pH ranges15,16 and
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that the dissolution rate is at a minimum under neutral pH conditions but increases in
both acidic and basic pH ranges.1
The difference between the barrier heights from Xiao and Lasaga22 and those
presented here warrants additional comment. For the protonated and neutral Al-Obr-Si
sites, Xiao and Lasaga placed the water molecule in their study directly between the Al
and Si centers, while here the water molecule was maintained closer to one center or the
other to enable determination of the barrier height for each type of dissolution reaction.
In addition, the clusters used in the dissolution reactions studied here are likely more
representative in their incorporation of various Al coordination states, while the Al-Obr-Si
model cluster used by Xiao and Lasaga included a tetra-coordinated Al atom.
A collection of experimental activation energy (Ea) values for albite50-52 appears
in Table 4.

One challenge of comparing the barrier heights calculated here to

experimental Ea values is that the Ea values from experiment include Si-Obr-Si, Si-Obr-Al,
and Al-Obr-Si sites in all protonation states. Thus they are an average over the whole
surface, and a direct comparison would require knowledge of how many of each site
exists on the surface and in which protonation state. Although the Ea values from Table 4
are lower than those for Si-Obr-Si and Si-Obr-Al, this may be an indication that the
contribution of low barrier heights from the dissolution of Al-Obr-Si sites aids in the
overall dissolution of aluminosilicate minerals.
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Table 3: Ab-initio barrier heights (kJ/mol) for protonated, neutral, and deprotonated sites for SiObr-Si calculated with B3LYP/6-31+G(d,p),8 Si-Obr-Al and Al-Obr-Si from this work, and
protonated and neutral Al-Obr-Si sites using MP2/6-31G(d).22
Type of Site
Protonated
Neutral
Deprotonated
Si-Obr-Al
63
146
79
Al-Obr-Si
38
39
79
Si-Obr-Si [8]
69
159
110
Al-Obr-Si [22]
67
109
NA

Table 4: Experimental activation energy (Ea) values (kJ/mol) for the dissolution of albite at
various pH ranges.50-52
Blum and
Chen and
pH
Hellmann
Stillings
Brantley
88.9 ± 14.6
Acidic
60.0
65.3
68.8 ± 4.5
Neutral
67.7
NA
Basic
50.1
NA
85.2
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3.4.2 Comparison of Si-Obr-Al Sites with Si-Obr-Si Sites
In total, the dissolution reactions for Si-Obr-X, where X is either Si or Al, are
fundamentally identical. For protonated, neutral, and deprotonated sites, the Si-Obr-Al
dissolution reactions proceed through mechanisms in much the same way as their
Si-Obr-Si counterparts, and their associated barrier heights are comparable.

For the

protonated and neutral sites, the barrier height corresponds to the water approaching the
Si center. When comparing the Si-Obr-Si and Si-Obr-Al reactions for deprotonated sites,
the barrier heights correspond to two different steps. In the reaction for Si-Obr-Si, the rate
limiting step is the formation of the pentavalent Si intermediate, while for Si-Obr-Al, the
rate limiting step is the breaking of the Si-Obr bond. In addition, the barrier heights for
Si-Obr-Al sites are lower than for Si-Obr-Si which would allow Si species from these sites
to be released to solution before those from Si-Obr-Si sites.
In the dissolution reaction for protonated sites where Si-Obr-Al and Si-Obr-Si sites
are hydrolyzing, the mechanisms proceed through two steps8 shown in Fig. 5. One can
see that protonated site dissolution reactions proceed in the same fashion when the Si-Obr
bond breaks, regardless of whether Si or Al is the non-reacting atom. Both reactions
proceed through a two step mechanism where the formation of a pentavalent Si precedes
the breaking of the Si-Obr bond, and the rate determining step in each reaction is the
formation of the Si-O bond leaving Si in a pentavalent state.
There are, however, some slight differences between the product species for the
two reactions. For the Si-Obr-Si reaction, the positively charged species is released to
solution while for the Si-Obr-Al system, the surface remains protonated.

For this

aluminosilicate model system, the transfer of H+ to the OH group on the Al atom can be
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expected because otherwise the silicic acid species would be protonated, and the Al
species would hold a negative charge. Therefore the H+ transfer enables the formation of
two neutral species. Further, the acid dissociation constant is higher for silicic acid than
aqueous aluminum species.10,53
In the neutral sites reaction for Si-Obr-Al, the transition state corresponds to the
transfer of a H+, while for Si-Obr-Si the transition state corresponds to the formation of a
pentavalent Si.

Although attempts to isolate a pentavalent Si for Si-Obr-Al were

unsuccessful, the barrier heights for these two systems are comparable.

However,

experimental findings did not show a kinetic isotope effect for silicate dissolution54 which
would indicate that a H+ transfer is not likely to occur during dissolution. Additional
analysis into this dissolution reaction mechanism may be warranted.
Although the dissolution reactions for Si-Obr-Si and Si-Obr-Al deprotonated sites
proceed through a similar fashion, the reaction profiles, shown in Fig. 4, demonstrate
some differences for these two reactions. For Si-Obr-Si, the rate limiting step is the
formation of the pentavalent intermediate, while for Si-Obr-Al, the rate determining step
for this reaction is the breaking of the Si-Obr bond. In addition, the intermediate for SiObr-Al is a cluster with a greater negative charge than that for Si-Obr-Si, and the
localization of that charge throughout a small volume causes the intermediate to be
higher in energy for the Si-Obr-Al dissolution reaction. Then this species dissociates into
two clusters each with a (–1) charge which leads to repulsion of the two species in the
product complex for Si-Obr-Al that is not present in the Si-Obr-Si reaction.
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3.4.3 Analysis of Al-Obr-Si Sites and Comparison to Literature
To summarize, Al-Obr-Si sites proceed in a much different fashion from Si-Obr-Al
and Si-Obr-Si sites and also very differently from one another. The main reason for this
difference is that the representative sites do not differ by merely a H+ as with Si-Obr-Al or
Si-Obr-Si sites. However, the barrier heights for the Al-Obr-Si reactions are quite similar
for protonated and neutral sites. For both the protonated and neutral sites, the one step
mechanism is characterized by the breakage of the Al-Obr bond and a decrease of Al
coordination in the transition state. For the protonated site, this decrease allows for the
addition of the secondary water, but in the neutral site reaction, the H-bonding network
prevents the immediate addition of the water to the Al atom. For the deprotonated site,
the equatorial attack of the incoming water molecule simultaneously weakens the Al-Obr
bond and allows for the transfer of H+ to the Obr, resulting in a late transition state.
The initial attempts to locate a transition state for the protonated Al-Obr-Si
dissolution reaction included a cis approach of the incoming water molecule and a
heptavalent Al center, but the trans approach of the water molecule was successful. The
cis and trans approaches of an incoming water molecule21 toward the cluster representing
the protonated Al-Obr-Si sites are pictured in Fig. 12 and are two possibilities for the path
of this reaction. These two approaches were modeled in a recent description by Evans, et
al. of water exchange reaction mechanisms on a hexaaqua Al ion.21 Their calculations
showed that the cis approach of a water molecule was a lower energy process than the
trans.

However, their trans transition state had two negative frequencies, and MD

calculations show the trans approach to be the more prevalent reaction process.21 Our
calculations show the trans approach to be lower in energy by
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Figure 12: Schematic of cis and trans approaches of a water molecule21 to a protonated
Al-Obr-Si site.
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more than 40 kJ/mol (data not shown), and in particular, the cis approach would be a
higher energy process due to steric hindrance from the silicic acid group.
The hepta-coordinated Al in the transition state initially seemed logical because
Al can accommodate four, five, or six groups in stable species. However when the
secondary water was added to an equatorial position around the Al, this structure did not
result in a stable geometry. Although it is possible for larger metals to interact through a
hepta-coordinated state, Al does not behave in this manner.55 The isolation of a single
frequency transition state for the trans approach for water toward an Al center with a
reasonable barrier height as well as previous studies of the cis approach of water21 and
hepta-coordinated Al ion55 give confidence to the reaction mechanism for the protonated
Al-Obr-Si site described here.
The neutral Al-Obr-Si site dissolution reaction mechanism could at first glance
seem unreasonable.

The incoming water is at first absorbed, and the Al-O bonds

connecting it and the Si(OH)4 group to Al simultaneously break. This type of dissolution
reinforces the propensity of Al to readily change its coordination state,10,11 and a decrease
in coordination as well as the formation of H3O+ has been seen in water exchange
reactions with the hexaaqua Al ion.21 In fact, Evans, et al.21 constrained the geometries of
their reacting species to prevent such an occurrence. Furthermore, the presence of this
reaction in the solution phase would enable surrounding water molecules to easily be
absorbed by Al leading to the optimal hexa-coordinated Al. The reaction description
given here is meant to show the process by which the Al species is released to solution
from a neutral site.
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The tetra-coordinated Al-Obr-Si site does not behave similarly to either of the
other two Al-Obr-Si sites in that there is no decrease in coordination. Instead, the water
molecule is absorbed by Al, and a H+ is transferred to an OH group on Si. However, the
reason for the much larger barrier height for this reaction is not clear. Nonetheless, the
dissolution experiments performed by Hamilton, et al. did not show Al leaching first
from aluminosilicate minerals at basic pH,6 where a significant number of deprotonated
sites is likely to exist,9 and the higher barrier height for deprotonated Al-Obr-Si sites
could be an explanation for this observation.

3.4.4 Role of Charge in the Dissolution Mechanism
In aluminosilicate minerals, charge-balancing cations leach out first, leaving
behind Al and Si constituents.15,16 Therefore, an analysis of the dissolution reaction
mechanisms can exclude a charge-balancing cation. Further, the aim of this work is to
examine how the reactions proceed and to calculate the barrier height of each reaction in
an effort to shed light on the dissolution of aluminosilicate minerals and how each species
is released to solution.
Two observations concerning the role of charge in these reactions can be
delineated. The first is that the addition of a H+ to each reaction as one moves from
deprotonated to neutral to protonated sites clearly has an effect for Si-Obr-Al because the
mechanisms and barrier heights are different for each type of site. In addition, early
calculations of the deprotonated Al-Obr-Si site showed a completely different, two step
mechanism when OH– was reacted with the cluster instead of H2O (data not shown). On
the other hand, the Si-Obr-Si and Si-Obr-Al mechanisms and barrier heights are nearly
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identical to one another even though the charges of each respective site are different from
one another. Furthermore, the protonated and neutral Al-Obr-Si sites have the same
overall charge (+3), but the addition of one H2O changes the mechanism drastically.
Thus it seems that both chemical constituents as well as overall charge of a system
contribute to the reaction mechanism.

3.5 Conclusion
The ab initio calculations presented here show that Al species from protonated
and neutral Al-Obr-Si sites can leach before Si species, and this trend matches
experiment.1,6 In addition, the Si-Obr-Al dissolution mechanisms determined by this
work are fundamentally identical to those for Si-Obr Si sites.8 The barrier heights for the
rate limiting steps for each reaction were also calculated with the B3LYP, PBE1PBE, and
M05-2X functionals in combination with the 6-311+G(d,p) and MG3S basis sets, and the
trends from the B3lYP/6-311+G(d,p) mechanism calculations were repeated. Lastly,
single point calculations to determine optimal computational methods showed that any of
the B3LYP, PBE1PBE, or M05-2X functionals would be desirable choices for both
performance and computation time.
The barrier heights for Si-Obr-Al sites calculated with B3LYP/6-311+G(d,p) are
63, 146, and 79 kJ/mol, respectively, and the barrier heights and mechanisms determined
here for Si-Obr-Al are comparable to those for Si-Obr-Si dissolution reactions.8 For
Al-Obr-Si sites, the barrier heights are 38, 39, and 79 kJ/mol using B3LYP/6-311+G(d,p)
as well. The mechanisms for protonated and neutral sites are similar to water exchange
reactions around the hexaaqua Al ion,21 but the Al-Obr bond break for deprotonated
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Al-Obr-Si sites results in an anomalously high barrier height for reasons unclear at this
time.
The mechanisms presented and the barrier heights calculated here mimic trends
seen in experiment as well as expectations as to how these dissolution reactions proceed.
Ab initio calculations have shown to be useful tools, and any of these functionals is
recommended with the 6-311+G(d,p) basis set for determining the barrier heights of
reactions involving aluminosilicate materials. Additional study is required to link these
barrier heights to dissolution rates seen in the field, but the initial correlation with
previous trends shown here is promising.
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Chapter 4: Conclusion

Ab-initio methods are used for dissolution reaction studies, and reaction
mechanisms are determined for both Al-Obr-Si and Si-Obr-Al sites.

Protonated and

neutral Al-Obr-Si sites have lower barrier heights than Si-Obr-Al sites. Si-Obr-Al sites
proceed through nearly identical dissolution reaction mechanisms as Si-Obr-Si sites. The
computational methods examined repeated the trends from the mechanistic calculations,
and the data presented here replicate experimental observations.
The mechanistic analysis performed in this work has several implications. First,
the leaching of Al from the mineral surface before Si is in part explained by the
differences in barrier heights presented here. Second, the different mechanisms for
Si-Obr-Al and Si-Obr-Si sites show that the non-reacting neighbor site does not affect the
reaction progression when Si is the reacting center.

Third, the dissolution of each

protonation state is different for each type of site. Fourth, additional considerations must
be included in future ab-initio studies such as the coordination state of Al-Obr-Si sites and
the protonation state of clusters.
Several future directions are possible using data from this work, and they are
based either on the dissolution of aluminosilicate minerals or the employment of ab-initio
methods to determine mechanisms of reactions during dissolution. Initially, the rates of
these reactions can be calculated if the surface concentrations of protonation states, the
surface stoichiometry of Al-Obr-Si and Si-Obr-Al sites, and the rate constants of each of
these reactions are known.1 Then the size of the reaction system can be increased using
either MC or MD methods, and in fact, the development of MC methods to examine
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dissolution of several hundred atoms is already underway.2 The inclusion of a time
parameter as well as the ability to study thousands of particles simultaneously in MD
simulations make them useful tools for studying rates of dissolution of aluminosilicate
minerals. In particular, the sodium ions which have already been leached from the
chemical systems described in Chapter 3 of this work can be included in bulk
representations of aluminosilicate minerals using MD simulations to determine if the abinitio trends are replicated, and an investigation of the coupled dissolution-diffusion
model, which poses that dissolution can be affected by the diffusion of chemical species
through the leached layer,3 can be designed using this technique. The development of a
MD approach for the investigation of aluminosilicate minerals in particular is possible
because of the potentials developed by Zirl and Garofalini.4
In addition, mechanistic analyses such as those employed here can be performed
using model clusters of other silicate minerals.

Two silicate minerals which need

mechanistic investigation are borosilicate materials for the remediation of radioactive
waste5,6 and forsterite minerals for the sequestration of carbon dioxide which has been
receiving increasing attention in recent years.7-9 One alternative to the model silicate
clusters discussed in this work is the use of metal ions in solution to investigate the means
by which minerals dissolve,10,11 and several researchers are employing this technique
with water exchange reactions around metal ions.12,13
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