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The reactions of aluminosilicate clusters with water are investigated using ab initio calculations. There are
several reaction sites on a mineral surface, and, in the case of aluminosilicates, the dissolution chemistry is
dictated by chemically distinct surface termination sites: Al and Si. Environmental factors such as pH determine
the protonation state and configuration around these terminal sites. The dissolution mechanisms for Al- and
Si-terminated sites in protonated, neutral, and deprotonated states are determined using density functional
theory calculations. In all protonation states, Si are tetra-coordinated; however, the ability of Al to exist in
tetra-, penta-, and hexa-coordination states makes the dissolution mechanisms for the two types of terminal
sites fundamentally different. The calculated barrier heights for Al-terminated sites are predicted to be lower
than those for Si-terminated sites, a trend that has been observed in experimental studies. The sensitivity of
the calculations on the choice of density functionals and basis sets is tested using three functionals: B3LYP,
PBE1PBE, and M05-2X, in combination with the 6-311+G(d,p) and MG3S basis sets. For all these calculations,
the geometries of the stationary points along the reaction path and the barrier heights are presented.

I. Introduction

The dissolution of minerals is a ubiquitous process that 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
aluminosilicate dissolution.

The scheme shown in Figure 1 depicts the arrangement of
atoms in an aluminosilicate mineral. The surface appears as a
dotted line in Figure 1, and each Si or Al is terminated with
hydroxyl groups to represent a generic site. Both these Al and
Si terminal sites are attached to the bulk of mineral via a
bridging oxygen atom (Obr). The configuration of hydroxyl
groups at the surface sites depends on the protonation state;
however, within the bulk of the mineral, the Al and Si are
tetrahedrally coordinated.5-7 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.

The dissolution of minerals has been studied earlier;8-14

however, no description of the reaction mechanism for alumi-
nosilicate 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,9,12

and the Al3+ is replaced by H+ ions from solution during the
leaching process.6,9,11 These observations lead to several ques-
tions. 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. Consequently, comparison to dissolu-
tion reactions on the surface of quartz, a mineral devoid of
charge-balancing cations, could give insight into the effect of
charge on dissolution. Third, the development of a silica-rich
layer during dissolution11 shows that Al and Si must leach in
different fashions, which enable Al to leach first.

In previous analyses of dissolution,8,13,14 the two reactions
that have caught the most attention are the successive opening
of the mineral network to expose sites that 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. The
final step of dissolution,13 where the breaking of Al-Obr and
Si-Obr bonds releases surface species to solution, is particularly
important because there are health effects related to Al species
in solution.3,4 At the surface, the terminal site is bonded to the
surface solely via one bridging oxygen atom as in Figures 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
and minimizes the effects of steric hindrance of nearby bulk
species. What is more, the knowledge gained from an under-
standing 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.11 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* Corresponding author.

Figure 1. Schematic of hydroxylated aluminosilicate mineral surface
(dotted line) showing Al and Si terminal sites. Each surface site is
bonded to the bulk mineral through a bridging oxygen (Obr) atom.
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minimum1 at neutral pH, which could mean that different
mechanisms for dissolution reactions exist.6 Although dissolution
in solution is a complex synergy of numerous processes, the
focus here is the mechanism of the hydrolysis reaction for each
type of site on a surface.

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.15-17 Despite
the size difference between model clusters and experimental
systems, this approach has been successful for quartz,17 and here
a similar methodology is tested for aluminosilicate systems.
Furthermore, reactions occurring during dissolution on the
surface experience minimal contribution from distant atoms both
on the surface and in the bulk.15 Previous studies have included
either silaceous17,18 or aluminum-containing19,20 materials. Here
the aluminosilicate system contains both elements, and thus one
challenge is 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
are tested. The barrier heights and most relevant bond lengths
are compared.

The current study investigates the gas-phase hydrolysis of
both Al- and Si-terminated sites in protonated, neutral, and
deprotonated states. This computational investigation is impor-
tant because experimental studies do not consider the contribu-
tion of individual types of sites on the activation energy (Ea) of
dissolution of aluminosilicate minerals10,21,22 as well as the effect
of the protonation state of each site.15-17 In addition, the model
aluminosilicate clusters studied here include the various coor-
dination states of Al-Obr-Si sites on a surface7,23,24 where a
previous study included only tetrahedral Al-Obr-Si sites.15

Further, these clusters are terminated with hydroxyl groups to
simulate the bulk and not hydrogen atoms.17 Lastly, no previous
work has evaluated the performance methods for ab initio
calculations of an aluminosilicate system, and the investigation
described here includes all of these considerations.

In the next section, we describe the aluminosilicate clusters
used in the calculations, and in section III, the computational

methods used for these calculations are discussed. Section IV
presents the results and discussion, and the conclusions are
provided in section V.

II. Reactions Studied

The scheme of surface sites shown in Figure 1 is a starting
point for the inclusion of protonation. A recent description of
quartz dissolution includes the perspective that a mineral surface
is comprised of a distribution of protonated, neutral, and
deprotonated sites,17 and a similar approach is adopted here.
Surface sites are referred to as protonated, neutral, or deproto-
nated, 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.

The three protonation states for Si terminal sites in alumi-
nosilicate minerals are shown in Figure 2, with the three
hydroxyl groups and underlying Al center representing the bulk
of the mineral. The protonation states, however, are not the sole
determination of the net charge of each structure. Because quartz
is an uncharged mineral, the charge of each cluster can be
determined from the name associated with the protonation state.
Protonated, neutral, and deprotonated sites have +1, 0, and -1
charge, respectively. In aluminosilicates, the Si with a +4 formal
charge is replaced with Al with a +3 formal charge.

Reactions at surface sites of aluminosilicate minerals with
water are modeled using clusters depicted in Figures 2 and 3.
The progression of the reaction is such that a water molecule
approaches the reaction center, the bond between the reaction
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 eqs 1-3 represent the protonated,
neutral, and deprotonated Si-Obr-Al sites, respectively.

[Si(OH)3(ObrH)Al(OH)3]+H2Of Si(OH)4+

[Al(OH)3(H2O)] (1)

[Si(OH)3ObrAl(OH)3]
-+H2Of Si(OH)4 + [Al(OH)4]

- (2)

[(Si(OH)2O)ObrAl(OH)3]
2-+H2Of Si(OH)3O

-+

[Al(OH)4]
- (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.

The description of an Al-Obr-Si site on the surface is more
complicated. Al is known to assume various coordination states7

according to pH,23,24 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 Al-Obr-Si sites shown in
Figure 3 reflect the possible coordination states of Al, and this
concept is included to show that a distribution of coordination
states is also possible on the surface. In low pH ranges, Al is
hexa-coordinated in solution,23,24 and because a protonated site
is the most prevalent type on a mineral surface in very acidic
pH ranges,25-27 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. There is, however, yet another config-
uration in which Al is penta-coordinated in slightly acidic to

Figure 2. Schematic of the Si-Obr-Al surface site in (a) protonated,
(b) neutral, and (c) deprotonated states. The net charge on the cluster
is shown on the top left of each structure.

Figure 3. Schematic of the Al-Obr-Si surface site in (a) protonated,
(b) neutral, and (c) deprotonated states. The net charge on the cluster
is shown on the top left of each structure.
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neutral pH ranges,23,24 and the net charge on this species is also
+3. Finally, Al is tetra-coordinated in basic pH ranges,23,24 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.

Protonated, neutral, and deprotonated Al-Obr-Si sites are
given in eqs 4-6 and include the coordination changes of Al
with pH.23,24

[Al(H2O)5(ObrH)Si(OH)3]
3++H2Of [Al(H2O)6]

3++

Si(OH)4 (4)

[Al(H2O)4(ObrH)Si(OH)3]
3++H2OfH3O

++

[Al(OH)2(H2O)2]
++ Si(OH)3(H2O)+ (5)

[Al(OH)3ObrSi(OH)3]
-+H2Of [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.

Charges on the clusters are maintained in the calculation, but
no explicit charge-balancing cations are used. In an earlier work,
Kubicki, et al. showed that the presence of Na+ has a negligible
effect on aluminosilicate clusters.28 Unlike aluminosilicates,
quartz is a neutral mineral with no charge-balancing cations,
and thus none were included in a recent investigation into
reaction mechanisms for dissolution of this mineral.17 The goals
of the present work 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.

III. Computational Approach

Density functional theory (DFT) methods incorporate exchange-
correlation into the functional as well as fragment the electronic
energy into quantities whose evaluation can be performed within
a reasonable computation time.29 The reaction profiles of
dissolution reactions for quartz surface sites have been examined
using a DFT method, and experimental data were successfully
explained.17 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 functional30-33 as well as gradient
correction32,33 and a percentage of Hartree-Fock exchange.34

This method has been used in numerous applications and has
beentestedinthedeterminationofchemicalkineticquantities.19,34-41

The ability for Al to change its coordination state as discussed
above as well as the likelihood of a pentavalent Si intermediate
mandates the use of a basis set that includes d orbitals. The
6-311+G(d,p) basis set42,43 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 alumino-
silicate mineral.

Ab-initio calculations were performed on each of the clusters
and molecules given in eqs 1-6 using the Gaussian 03
package.44 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 reaction center or the breaking of the bond between the
reaction center and the Obr for the first and second transition
states, respectively. At each point along the reaction coordinate,
the structures were fully optimized without any added con-
straints. Any deviations from these characteristics are outlined
in the Results and Discussion section, and each depiction of a
reaction mechanism was made with GaussView 4.45

The B3LYP functional was chosen for its extensive use in
the literature34 as well as its computational feasibility. The
B3LYP functional, however, is not necessarily appropriate for
every application,34 and therefore, two other computational
methods were tested. The first, PBE1PBE, is a generalized
gradient approximation (GGA)-type functional46,47 that builds
upon the Perdew-Wang 1991 (PW-91)48 functional but blends
local spin density (LSD) elements with functions of the gradient
approximation that are most energetically relevant.46 In addition,
the functional is simplistic in its description of the electron

Figure 4. Reaction profiles for the hydrolysis of Si-Obr-Al (red, this
work) and Si-Obr-Si (black, ref 17) surface sites in (a) protonated,
(b) neutral, and (c) deprotonated states.
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density by replacing all but the LSD with constants46 as well
as the use of one coefficient to control the Hartree-Fock/Density
Functional exchange ratio.47 This method has been tested in the
determination of kinetic quantities49 and has shown strength in
the determination of thermokinetic properties of Al materials.19,50

The second, M05-2X, is a hybrid meta exchange-correlation
functional39 derived from the M05 functional,37 and, like other
functionals in its class, the M05-2X functional adds a kinetic
energy component to the exchange-correlation function.37,39 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,37 and the incorporation of 2 times the
nonlocal exchange (2X) is designed to be geared toward analysis
of nonmetals.39 In particular, its training function included a
parameter regarding its performance with barrier heights,37 and
recently, the M05-2X functional was the strongest choice for

kinetics applications of nonmetal systems among the more
popular density functionals used today.39

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(3d,2f)
basis set for aluminum and silicon, and the 6-311+G(2df,2p)
basis set for hydrogen51 and has been used to model the
dissolution of quartz.17 Its ability to calculate barrier heights
for aluminosilicate systems will be tested here.

The alternative methods were used to optimize the station-
ary points on each reaction profile that correspond to the rate-
limiting step. The energies reported here for comparison are
meant to show how each method performs with the same

Figure 5. Stationary point structures (RC: reactant complex, TS 1: first transition state, INT: intermediate, TS 2: second transition state, and PC:
product complex) along the reaction profile for hydrolysis of protonated Si-Obr-Al (top row, this work) and Si-Obr-Si (bottom row, ref 17) sites.
The Si (cyan), Al (blue), O (red), and H (white) atoms and the bonds are shown as balls and sticks. The net charge on the cluster is shown on the
top left of each structure.

Figure 6. Stationary point structures along the reaction profile for the hydrolysis of neutral Si surface sites. Color scheme, structure labeling, and
representation of net charge are the same as in Figure 5.
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structures, and therefore, differences in the energy values
show the capability of each method to study aluminosilicate
systems.

IV. Results and Discussion

The barrier heights and mechanisms for dissolution reactions
of Si-Obr-Al and Al-Obr-Si sites will be presented, and
comparisons to analogous systems will follow for each. The
barrier heights determined here will be compared to previous
calculations15,17 and experiments,10,21,22 and the performance of
each of the alternative calculations will be examined. Lastly, a
comment on the effect that charge of the cluster has on the
reaction mechanism is given.

IV.A. 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 Figure 4. For the
purpose of comparison, dissolution profiles of Si-Obr-Si are
also included.17 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. The barrier heights, 63 and 69 kJ/mol for
Si-Obr-Al and Si-Obr-Si, respectively, are within 10% of
each other. 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 the deprotonated
Si-Obr-Al site 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 Figure 5, where the Si-Obr-Al mechanism appears
in the top row, and the previously reported Si-Obr-Si mech-
anism17 is in the bottom row. 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. This geometric accommodation allows the water molecule
to exist 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 has already significantly elonagated. 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)]. One can see
that, at a protonated site, the dissolution reaction proceeds in
the same fashion when the Si-Obr bond breaks, regardless of
whether Si or Al is the nonreacting 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-limiting 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-Al
system, the surface remains protonated, while, for the Si-Obr-Si
reaction, the positively charged species is released to solution.
For this aluminosilicate model system, the transfer of H+ to
the OH group on the Al atom can be 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.23,52

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 Figure 6. For Si-Obr-Al,
the water approaches the silicon center to what would be an
equatorial position if 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. The TS of this reaction is early,
in that the Si and approaching O atom become closer moving
from the TS to the PC. In addition, the Si-Obr bond has begun
to lengthen in the TS, but the Si and Obr atoms are farther apart
in the PC. 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 has 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

-.

Figure 7. Stationary point structures along the reaction profile for hydrolysis of deprotonated Si surface sites. Color scheme, structure labeling,
and representation of net charge are the same as in Figure 5.
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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 Figure 7. For both
reactions, a pentavalent species is formed, and then the breaking
of the Si-Obr bond forms the products. In the reaction for
Si-Obr-Al, the initially deprotonated O atom in the cluster
attracts a H+ from the incoming water 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, shown in the INT. The breaking of
the Si-Obr bond is a concerted motion that 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 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.

Although the dissolution reactions for Si-Obr-Si and
Si-Obr-Al deprotonated sites proceed through a similar fashion,

the reaction profiles, shown in Figure 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-limiting step for this reaction is
the breaking of the Si-Obr bond. In addition, the intermediate
for Si-Obr-Al is a cluster with a greater negative charge than
that for Si-Obr-Si, and the localization of that charge through-
out 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 that 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.

IV.B. 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 species. The
energy profiles for dissolution reactions at Al-Obr-Si sites
appear in Figure 8, where the scale for the reaction energy is
the same as in Figure 4, making it apparent that the barrier
heights are much smaller for the protonated and neutral
Al-Obr-Si sites. The reaction for 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 Figures 9-11 and will be described
below.

For protonated sites Al-Obr-Si sites, the dissolution reaction
proceeds through a one-step mechanism that is shown in Figure
9. The bulkiness and the number of groups surrounding the Al
atom make the initial approach of the water molecule sterically
difficult. The H-bonding network that develops stabilizes the
secondary water, even though it is the seventh group to surround
the Al center. The Al-Obr bond has elongated in the TS in
Figure 9, but the Al remains 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)6

3+ in an essentially barrierless step, and the
surface remains hydroxylated. The product complex of this
reaction is comprised of Al(H2O)6

3+ and a hydroxylated surface
represented by Si(OH)4 and is depicted in Figure 9, and in the
product complex, the Al(H2O)6

3+ assumes an orientation to
maximize its H-bonding capabilities. The protonated Al-Obr-Si
sites show a decrease in coordination around the Al atom in
the transition state only to return to an octahedral configuration
in the product complex.

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 only the trans approach of the water molecule was
successful. The cis and trans approaches of an incoming water
molecule20 toward the cluster representing the protonated
Al-Obr-Si sites are pictured in Figure 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.20 Their
calculations showed that the cis approach of a water molecule
was a lower energy process than the trans; however, molecular
dynamics (MD) calculations show the trans approach to be the
more prevalent reaction process.20 Our calculations show the
trans approach to be lower in energy by more than 40 kJ/mol
(data not shown), and, in particular, the cis approach would be

Figure 8. Reaction profiles for dissolution at the Al-Obr-Si sites in
(a) protonated, (b) neutral, and (c) deprotonated states.
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Figure 9. Stationary point structures along the reaction profile for hydrolysis of protonated Al-Obr-Si site. Color scheme, structure labeling, and
representation of net charge are the same as in Figure 5.

Figure 10. Stationary point structures along the reaction profile for hydrolysis of a neutral Al-Obr-Si site. Color scheme, structure labeling, and
representation of net charge are the same as in Figure 5. The circle (orange) shows the incoming water that was initially absorbed then released as
Al changes its coordination.

Figure 11. Stationary point structures along the reaction profile for hydrolysis of, a deprotonated Al-Obr-Si site. Color scheme, structure labeling,
and representation of net charge are the same as in Figure 5.

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 Setsa

B3LYP PBE1PBE M05-2X

reacting center type of site 6-311+G(d,p) MG3S 6-311+G(d,p) MG3S 6-311+G(d,p) MG3S average standard deviation

Si protonated 63 58 49 54 45 48 53 7
neutral 146 166 133 155 152 161 152 12
deprotonated 79 83 79 85 85 90 84 4

Al protonated 38 58 42 44 49 50 47 7
neutral 39 35 52 35 73 54 48 15
deprotonated 79 88 81 92 79 89 85 6

a The underlined values are those that lie outside the range of the mean and standard deviation values.
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a higher energy process because of 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. When the secondary water was added
to an equatorial position around the Al, however, 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.53 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 water20 and hepta-coordinated Al
ion53 give confidence to the reaction mechanism for the
protonated Al-Obr-Si site described here.

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 Figure
10. In addition, the Obr was protonated because penta-
coordinated Al exists from slightly acidic to neutral pH.23,24 The
mechanism for the dissolution of a neutral Al-Obr-Si site is a
one-step reaction and is shown in Figure 10, where the incoming
water molecule is circled orange. The tendency of Al to readily
change its coordination state23,24 is reinforced in the transition
state for this reaction, which shows that the Al-Obr bond has
significantly elongated and that the incoming water molecule
has migrated from the primary to the secondary hydration shell.
When the Al-Obr distance is greater in the product complex,
shown in Figure 10, H3O+, [Al(OH)2(H2O)]+, 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 an 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 coordina-
tion for the product species that would exist in water.54

The neutral Al-Obr-Si site dissolution 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,23,24 and a decrease in coordination as well as the formation
of H3O+ has been seen in water exchange reactions with the
hexaaqua Al ion.20 In fact, Evans, et al.20 constrained the
geometries of their reacting species to prevent such an occur-
rence. In the neutral pH range, a number of aqueous aluminum
species exist, one of which is the Al(H2O)2(OH)2

+ pictured
here.23,24 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.

The dissolution reaction for deprotonated Al-Obr-Si sites
follows the logic that Al is tetra-coordinated in basic media,23,24

and the mechanism for this reaction appears in Figure 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 distance
has increased significantly. 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 process leaves the surface
hydroxylated, and Al(OH)4

- is released to solution.
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.
The reason for the much larger barrier height, however, 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.55 The higher
barrier height for deprotonated Al-Obr-Si sites is consistent
with this observation.

IV.C. Comparison of Alternative Methods. The aim of
using the PBE1PBE and M05-2X functionals as well as the
MG3S basis set is to determine the sensitivity of the choice of
density functional and the basis set and whether these compu-
tational calculations show the same trends shown above with
the B3LYP/6-311+G(d,p) results for the model of aluminosili-
cate dissolution studied here. The Gaussian 03 outputs files for
all reactions studied here are made available in an online
database.56 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
the barrier height values that are outside the mean value plus
or minus the standard deviation value are underlined for each
reaction.

Figure 12. Schematic of cis and trans approaches of a water molecule20

to a protonated Al-Obr-Si site.

TABLE 2: Ab Initio Barrier Heights (kJ/mol) for
Protonated, Neutral, and Deprotonated Si-Obr-Si Sites
Calculated with B3LYP/6-31+G(d,p), along with Si-Obr-Al
and Al-Obr-Si from This Work

type of site protonated neutral deprotonated reference

Si-Obr-Al 63 146 79 this work
Al-Obr-Si 38 39 79 this work
Si-Obr-Si 69 159 110 17
Al-Obr-Si 67 109 NA 15

TABLE 3: Experimental Activation Energy (Ea) Values
(kJ/mol) for the Dissolution of Albite at Various pH Ranges

pH ref 10 ref 21 ref 22

acidic 60.0 65.3 88.9 ( 14.6
neutral 67.7 NA 68.8 ( 4.5
basic 50.1 NA 85.2
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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 compared to 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 nearly always higher than those calculated with 6-311+G(d,p).
The inclusion of diffuse functions on non-hydrogen 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.51 Thus the reason for this increase is not immediately
clear.

For Al-Obr-Si sites studied here, 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 perfor-
mance of these methods in calculating the barrier heights of
unimolecular reactions as well as other types of reactions.37

IV.D. Trends for Si-Obr-Al, Si-Obr-Si, and Al-Obr-Si
and Comparison to Experiment. The barrier heights calculated
here as well as those for Si-Obr-Si sites17 and protonated and
neutral Al-Obr-Si sites15 are given in Table 2. 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 ranges9,12

and 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
Lasaga15 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 determi-
nation 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 Lasaga15 included a tetra-coordinated
Al atom.

A collection of experimental activation energy (Ea) values
for albite10,21,22 appears in Table 3. 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 3 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. As
with any study attempting to compare across scales, the ability
to compare actual values may not be possible, but the aim here
is to replicate trends seen in experiment such as decreased
dissolution in neutral pH ranges1,6,10 for which Hellmann’s work
seems to be an outlier.21

IV.E. Role of Charge in the Dissolution Mechanism. There
are two observations concerning the role of charge in these

reactions that 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 mech-
anism 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 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.

V. Conclusions

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.17 The
barrier heights for the rate-limiting steps for each reaction were
calculated with the B3LYP, PBE1PBE, and M05-2X functionals
in combination with the 6-311+G(d,p) and MG3S basis sets to
test the sensitivity of the results with change in density
functionals and basis sets. The results show similar trends with
a few exceptions, but the overall mechanism was consistent
across all calculations.

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.17 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,20 but the Al-Obr

bond break for deprotonated Al-Obr-Si sites results in higher
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.

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 dissolution mechanisms for
Si-Obr-Al and Si-Obr-Si are fundamentally similar and show
that that replacing Si with an Al neighbor in the bulk has little
effect on the reaction at the Si-terminated site in aluminosili-
cates. 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.
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