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Abstract

Silicic acid and the hexa-aqua of Al3+ are fundamental model aqueous species of chemical importance in nature. In order
to investigate their hydroxyl dissociation mechanisms, Car–Parrinello molecular dynamics (CPMD) simulations were carried
out, which allow treating the solutes and solvents on the same footing. The method of constraint was employed to trigger the
reactions by taking coordination number as the reaction coordinate and the thermodynamic integration was used to obtain
the free-energy profiles. The approximate transition states were located and the reactant and product states were also char-
acterized. The free-energy changes of dissociation are found about 15.0 kcal/mol and 7.7 kcal/mol for silicic acid and Al-aqua,
respectively. From the simulation results, the first pKas were calculated by using two approaches, which are based on the pris-
tine thermodynamic relation and the RDF (radial distribution function)-free energy relation, respectively. Because of more
uncertainties involved in the RDF way, it is suggested that the pristine way should be favored, which shows an error margin
of 1 pKa unit. This study provides an encouraging basis for applying the present methodology to predict acidity constants of
those groups that are difficult to measure experimentally.
� 2009 Elsevier Ltd. All rights reserved.
1. INTRODUCTION

Silicon and aluminium are respectively the second and
the third most abundant elements on the earth. Under-
standing their aqueous chemistry is critical for geochemis-
try, environmental sciences and material syntheses (Iler,
1979; Sigel and Sigel, 1988; Yokel, 2004). Silicic acid and
the hexa-aqua of Al3+ are their basic forms in water and
according to hydroxyl dissociation and dehydration reac-
tions, they can evolve to a broad spectrum of species in
aqueous solutions, for example, SiO(OH)3

� and
SiO2(OH)2

2�; Al(H2O)5OH2+, Al(H2O)4(OH)2
+ and

Al(OH)4
� (StÖber, 1967; Martin, 1988, 1991). Further-

more, these species can form larger polynuclear clusters
0016-7037/$ - see front matter � 2009 Elsevier Ltd. All rights reserved.
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through condensation reactions, which eventually lead to
the crystal growths, e.g. Al/Si containing (hydr)oxides, zeo-
lites and clay minerals (Casey and Rustad, 2007; Casey
et al., 2009; Trinh et al., 2009). In all of these processes,
the dissociations of the coordinated hydroxyls and waters
are key reaction steps and therefore, it is obvious that the
relevant acidity constants and dissociation mechanisms
are central for understanding their geochemical properties
(Casey et al., 2009).

In the previous studies, first-principles techniques have
been applied to investigate the dissociations of hydroxyls
and water of the small Al- and Si- containing clusters.
For example, Rustad et al. (2000a) found a correlation be-
tween the calculated gas-phase pKas and the measured
aqueous phase values of silicic acid; Bickmore et al.
(2004, 2006) have proposed a bond–valence approach to
calculate acidity constants and applied it to a broad spec-
trum of species. In the studies of Kubicki (2001) and Sefcik
and Goddard (2001), they correlated the deprotonation

http://dx.doi.org/10.1016/j.gca.2009.10.032
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energies with the measured pKas. In those calculations, the
solvent effects were simplified by inserting several water
molecules around or with empirical continuum models.
But actually, the products of those approaches are still far
from the real nature of the reactive events in condensed
phases. In condensed phase reactions, the dynamical fluctu-
ations form the basis of entropy component of free energies
(Sprik, 1998). However, in the traditional quantum chemi-
cal ways, almost all analyses are based on the static calcu-
lations, e.g. geometry optimization. Therefore the results
are actually obtained under absolute zero and thus the en-
tropy contribution is hard to include. Furthermore, in the
reactions involving proton transfer, the solvents effects are
more significant because the solvent (e.g. water) can directly
participate in the reactions as reactant or catalyst (van Erp
and Meijer, 2004; Marx, 2006). These factors make it
necessary to treat the explicitly solvated systems under a fi-
nite temperature and by using full quantum mechanical
techniques.

In this study, we employ first-principles molecular
dynamics technique to investigate the dissociation mecha-
nisms of Si(OH)4 and Al(H2O)6

3+. With Car–Parrinello
molecular dynamics (Car and Parrinello, 1985), the solutes
and solvents are simulated on the same footing. The disso-
ciation reaction is an activated process, i.e. it is far beyond
the timescale accessible to present-day CPMD simulation
(i.e. tens of picoseconds). We therefore enforce the reactive
event by using the method of constraints (Carter et al.,
1989; Sprik and Ciccotti, 1998), and calculate the free-en-
ergy profile by thermodynamic integration of the average
constraint force and derive the acidity constants.

Another goal of this study is to test the methodology of
pKa prediction. If the technique can be calibrated on these
known small systems, it should be transferable to predicting
the acidities of more complex systems of (geo)chemical
importance, which are usually difficult to measure experi-
mentally. For example, hydroxyls and chemically-adsorbed
water widely distribute on the edge surfaces of clay minerals
and (hydro)oxides (e.g. Si, Al, Mn, Fe-containing), which
are highly chemically reactive and play active roles in many
interfacial reactions (Rustad et al., 1999, 2000b, 2001; Bick-
more et al., 2003; Churakov, 2006, 2007; Liu et al., 2008;
Casey et al., 2009). For these systems, the broken surfaces
are complicated by themselves and the electrostatics of
the substrates spread into the solution phases, and there-
fore, the first-principle MD simulation seems the only pos-
sible way to tackle the dissociation mechanisms of the
surface groups.

2. METHODOLOGY

2.1. Car–Parrinello MD

The simulation cell is a periodically repeated cubic box
of side length 10.5 Å. The Si(OH)4 and Al-aqua systems
contain 34 and 38 water molecules, respectively, which
reproduce the density of water under ambient condition.
The electronic structures are calculated in the framework
of density functional theory and the exchange-correlation
is described by BLYP functional (Becke, 1988; Lee et al.,
1988), which has been proven able to accurately describe
the behaviors of water and proton (e.g. Laasonen et al.,
1993; Marx et al., 1999). The norm-conserving Martins–
Troullier pseudopotentials (Troullier and Martins, 1991)
are used to describe the interaction of the valence electrons
and the core states and the Kleinman–Bylander scheme
(Kleinman and Bylander, 1982) is applied. The orbitals
are expanded in plane wave basis sets with a kinetic energy
cutoff of up to 70 Ry. For the Al(H2O)6

3+ system, a neu-
tralizing background charge is added.

The molecular dynamics simulations are performed by
using the CPMD package (CPMD version 3.11). The
hydrogen is assigned a mass of deuterium. The fictitious
electronic mass is set to 1200 au and the equation of motion
is integrated with a time step of 0.168 fs, which maintains
the adiabatic conditions. The temperature is controlled at
300 K with the Nosé–Hoover thermostat. For each con-
strained simulation, MD is carried out with the reaction
coordinate fixed at the desired value. Each unconstrained/
constrained MD trajectory includes a production step of
6 ps and a prior equilibration run lasting 3 ps. The statistics
are collected every 6 steps for all simulations.

2.2. Method of constraint

The reaction event is enforced by the method of con-
straint and the relative free energies (DF) are obtained by
integrating the averaged force (f) along the reaction coordi-
nates via the thermodynamic integration relation,

DF ðQÞ ¼ �
Z Q

Q0

dQ0f ðQ0Þ ð1Þ

The reaction coordinate Q is some geometric parameter
which represents the progress of the reaction path. It is an
analytical function of the cartesian coordinate (rN), for
example, bond-length, bond angle, torsion angle and coor-
dination number.

For the distance constraint, it has been shown that the
averaged force equals the Lagrange multiplier (k) and for
more general types, the force has the following form (Sprik
and Ciccotti, 1998),

f ðQ0Þ ¼
hZ�1=2½k� kBTG�iQ0

hZ�1=2iQ0
ð2Þ

The bracket means the time-average over the MD trajec-
tory by setting Q to the desired value and the first time
derivative to 0. kB and T are the Boltzmann constant and
temperature, respectively. The weighting factor Z and the
correction term G are defined as,

Z ¼
XN

i

1

mi

@Q
@ri

� �2

ð3Þ

G ¼ 1

Z2

XN

ij

1

mimj

@Q
@ri

@2Q
@ri@rj

@Q
@rj

ð4Þ

where N means the number of the involved atoms and m
denotes the atomic mass.

In the acid dissociation simulation, the coordination
number (CN) of the reactive hydroxyl oxygen is chosen as



Fig. 1. RDFs and CNs of hydrogen around the oxygen of the
dissociating OHs of the reactant states, derived from unconstrained
simulations.
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the order parameter. This approach has been successfully
applied in some cases, e.g. water (Sprik, 2000) and penta-
oxyphosphoranes (Davies et al., 2002; Doltsinis and Sprik,
2003).

In the simulations, the CN of the reactive oxygen (O*)
runs over all hydrogen in the system:

nH ¼
XNH

i¼1

S rHi � rO�j jð Þ ð5Þ

The function (S(r)) of CN is used to weight the contribu-
tions of the solvent particle with some suitable distance
dependent function. Following Sprik (1998, 2000), we em-
ploy the Fermi function,

SðrÞ ¼ 1

exp½jðr � rcÞ� þ 1
ð6Þ

where j and rc denote the inversion of the width and the
cutoff. The particles outside the interval of
rc � j < r < rc þ j are effectively counted as full or
nothing.

In practice, the proper parameters can be chose from the
radial distribution function (RDF) in the reactant state. In
this study we use 0.10 and 1.35 Å for the width and the cut-
off, respectively.

2.3. pKa calculation

For an acid dissociation reaction with a free-energy
change DF, the pKa can be calculated with the thermody-
namic relation,

pKa ¼ DF
kBT lnð10Þ ð7Þ

With the aim of eliminating the finite size effects in sim-
ulations, Davies et al. (2002) designed an alternative ap-
proach to derive pKa, which is based on the relation
between the radial distribution function (RDF) and the rel-
ative free energies (Chandler, 1987),

RDFðrÞ ¼ exp �DF ðrÞ
kBT

� �
ð8Þ

So for the finite system, the probability to find the pro-
ton within the radius Rc from the donor oxygen reads,

P ðRcÞ ¼

R Rc

0 4pr2 exp � DF
kBT

� �
drR Rmax

0
4pr2 exp � DF

kBT

� �
dr

ð9Þ

Here Rmax is the maximum O–H distance for which the free
energy is calculated.By introducing the dissociation fraction
as aðRcÞ ¼ 1� PðRcÞ, the pKa can be written as,

pKa ¼ � log
aðRcÞ2

P ðRcÞc0V

 !
ð10Þ

where c0 and V denote the standard concentration and the
volume, respectively.

Obviously, the calculated pKa depends on the bonding
radius Rc. Here we use 1.22 Å by following the previous
studies where it is shown that with this cutoff the acidity
of 14 is reproduced for the liquid water (Davies et al., 2002).
3. RESULTS AND DISCUSSIONS

3.1. Reactant states

Figs. 1 and 2 show the results derived from the uncon-
strained simulations of reactant states. On Fig. 1, it is clear
that the first sharp RDF peaks denote the covalent OH
bonds. During the simulations, Si–O and Al–O distances
are around 1.64 and 1.93 Å (marked on Fig. 2), consistent
with the previous studies (Kubicki et al., 1995; Ikeda
et al., 2003, 2006; Amira et al., 2006; Bylaska et al., 2007;
Gomes et al., 2008; Hay and Myneni, 2008). On Fig. 1A,
the second RDF peak around 1.9 Å denotes the hydrogen
from the proton donating water (green lines on Fig. 2A),
which amounts to 1.2 on the CN curve. That means in
the solvation structure of silicic acid, the oxygen of the
OH ligand has an incomplete tetrahedral configuration.
The third peak around 3.1 Å includes the contributions of
the other three OH ligands, the proton donating and the
proton accepting water molecules, as marked in black on
Fig. 2A. On Fig. 2B, one can see the leaflike solvation struc-
tures of Al(H2O)6

3+ where the second-shell water forms
acceptor H-bonds from the first-shell waters (Bylaska
et al., 2007). Thus on Fig. 1B, it is clear that the second
peak denotes the hydrogen from both the second-shell



Fig. 2. Snapshots of the reactant states sampled from the unconstrained MD simulations. Cyan numbers: ion-oxygen bond-lengths; Blue
numbers: H-bonds where the ligands serve as proton donors; Green numbers: the H-bonds contributing to the second RDF peaks on Fig. 1A
and B; Black numbers: the H-bonds contributing to the third RDF peak shown on Fig. 1A. O: red, H: white, Si: grey and Al: faded pink.
Si(OH)4 and Al(H2O)6

3+ are shown with ball-stick models and the solvents are represented with sticks. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this paper.)

Fig. 3. Mean force curves and integrated free-energy profiles as
functions of coordination numbers. For the free energies, the
equilibrium CN values of 0.96 and 1.95 are taken as the reference
points of the two systems, respectively. The curves are used to guide
eyes.
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waters and the other first-shell waters (green lines on
Fig. 2B).

3.2. Mean force, free energy and pKa

The mean force curves and integrated free-energy pro-
files are illustrated on Fig. 3, where the coordination num-
ber is gradually decreased to transfer the proton from the
reactive oxygen to the acceptor water. On both figures, it
is clear that the initial elongation gives rise to a substantial
increase of the constraint force and the maxima are reached
around the CN values of 0.94 and 1.9, corresponding to the
OH bond-lengths of 1.12 and 1.08 Å, respectively. Subse-
quently, the forces gradually decrease and reach the minima
at 0.4 and 1.2, respectively. The two proton transfer pro-
cesses terminate at the CNs of 0.03 and 1.01, with corre-
sponding free energy values of 15.0 and 7.7 kcal/mol,
respectively. These free-energy changes yield pKa values
of 10.9 and 5.7 according to Eq. (7). Fig. 4 shows the
pKa curves calculated with the RDF method and Table 1
collects the comparison between experiments and these cal-
culations. The calculations overestimate the pKas by 1–2
units. A similar discrepancy was observed for the calculated
pKa of water using a similar computational setup (Sprik,
2000), and our results should be considered as significant.
We notice that in a simulation study on Al-aqua (Ikeda
et al., 2006) where Al–H coordination was taken as the
reaction coordinate for OH dissociation and HCTH func-
tional was used (Hamprecht et al., 1998), the authors ob-
tained DF = 8.0 kcal/mol (pKa = 5.8) by sampling only 4
points, which should be considered very fortuitous.

There are various factors that contribute to a limited
accuracy of the calculated free energy: the obvious approx-
imate nature of the DFT functional employed to calculate
the interactions and the small size of the periodic box.
The factors in DFT are difficult to circumvent, e.g. BLYP
functional underestimates the H-bonding energy by
1 kcal/mol (Sprik et al., 1996), but in principle the finite size
effect can be improved systematically by performing ex-
tended simulations (Frenkel and Smit, 2002). So with the
assumption that CN is an optimal reaction coordinate,
the pristine technique actually can make estimates as well
as DFT allows.

In the RDF method, some more errors can be intro-
duced. (1) Since the idea behind is the RDF-free energy



Fig. 4. pKa values calculated with Eq. (10).

Table 1
Experimental and calculated pKa values.

pKa Si(OH)4 Al(H2O)6
3+

Exp. 9.8a 5.5b

Eq. (7) 10.9 5.6
Eq. (10) 10.0 7.2

a Iler, 1979.
b Martin, 1988.
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relation, it should be precise enough for the distance con-
straint, which controls the distance between two particles
(Meijer and Sprik, 1998). However, in coordination con-
strained simulations, the constraint force also acts on the
other protons besides the leaving one. When transforming
the CN values to the distances (as done in Eq. (9) and
Fig. 4), the effect is actually equivalent to assigning the
work done on all protons to the leaving one. This should
be especially obvious when the protons of the other solvent
waters (except the acceptor) get close enough to attack the
newly-created conjugate base because at that moment a
considerable part of constraint force works on those pro-
Fig. 5. Snapshots illustrating the contact ion pairs which are close to the
interpretation of the references to color in this figure legend, the reader
tons. (2) From the plots in Fig. 4, it is clear that the final
result is very sensitive to the selected bonding radius. Be-
cause the used distance criterion is picked up from the dis-
sociation curve of BLYP water (Sprik, 2000), the
transferability is obviously questionable, for different sys-
tems and different functionals. These additional factors ren-
der the final results unreliable. On the basis of the above
comparisons and analyses, the pristine way should be fa-
vored, which shows an error margin of 1 pKa unit for the
two species.

3.3. Approximate transition states and product states

On the two mean force curves, the points of 0.4 and 1.2
represent nearly vanished forces, which are thus in the clo-
set of the transition states (Sprik, 2000). Here one should be
aware that because the chemical reactions are normally
dominated by several reaction coordinates which need to
be taken into account when locating the exact reaction
pathways, the configurations obtained here only yield the
approximate transition states. Fig. 5 shows that at these
stages, the hydronium ions have formed and constitute con-
tact ion pairs with the newly-created conjugated bases
where the breaking OH bonds are stretched to about
1.45 Å. The hydroniums are H-bonded with two water mol-
ecules and represent a structure similar to the Eigen cation
as shown in Fig. 6A (Marx et al., 1999) (marked on Fig. 5).
During the simulations, it is observed that the protons in
the complexes diffuse to the nearest water occasionally,
but they come back very quickly.

As the coordination numbers are decreased further to
0.03 and 1.01 for the two systems respectively, the protons
attached on the water become free to initiate the Grotthuss-
type diffusion (Marx et al., 1999). After the proton transfer
complete, the Si–O and Al–O bonds shrink to 1.60 and
1.86 Å, respectively (Fig. 6). At the same time, the solvation
structures have changed: for silicic anion, three water mol-
ecules are H-bonded to the dangling oxygen atom; for
Al(H2O)5OH2+, two water molecules donate H-bonds to
transition states. O: red, H: white, Si: grey and Al: faded pink. (For
is referred to the web version of this paper.)



Fig. 6. Snapshots sampled from the product states. The green circles denote the Eigen cation (H9O4
+) and the Zundel cation (H5O2

+). The
ion-oxygen bond-lengths are shown in cyan and the H-bond distances are in black. The other water molecules are removed for clarity. O: red,
H: white, Si: grey and Al: faded pink. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this paper.)
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the newly created OH ligand. When proton enters the aque-
ous solution, two typical solvation structures can be ob-
served, i.e. the Eigen cation (H9O4

+) and the Zundel
cation (H5O2

+) as pictured in Fig. 6. The former has a hy-
drated-hydronium structure and the latter is a proton-
shared complex and it has been shown that both complexes
exist during the proton transfer processes (Marx et al.,
1999; Marx, 2006).

4. SUMMARY

In this study, first-principles molecular dynamics simula-
tions are employed to explore the hydroxyl dissociation
mechanisms of silicic acid and the hexa-aqua of Al3+. The
solvated systems are treated with full quantum mechanical
techniques by taking account of the solvents explicitly. The
dissociation reactions are enforced with the method of
coordination constraint and the free-energy profiles are cal-
culated with the thermodynamic integration.

By tracing the dissociation processes, the reactant, prod-
uct and approximate transition states are characterized. In
the reactant states, the equilibrium Si–O and Al–O bond-
lengths are about 1.64 and 1.93 Å and after deprotonation,
they shrink to 1.60 and 1.86 Å, respectively. The transition
states show the configurations of contact ion pair with the
breaking OH bonds stretched to around 1.45 Å. The free-
energy changes are found about 15.0 and 7.7 kcal/mol for
silicic acid and Al-aqua, respectively.

Based on the simulation results, the first pKas are de-
rived in both the pristine thermodynamic and the RDF
ways. By analyzing the error origins, the latter method
can include more artifacts and uncertainties and thus, we
suggest that the pristine way should be favored, which rep-
resents an error margin of 1 pKa. These calibration tests
prove that the present methodology can provide accurate
pKa values for these geochemically important clusters
and therefore, it should be reliable to apply this technique
to predict the acidities of the groups which have more
complex chemical environments, such as hydroxyls on
mineral surfaces and bio-ligands complexed with metal
cations.
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