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The common empirical idea that the dissolution of silica is controlled by the hydrolysis of the first Si-O-Si
bond of Si surface species is checked against experimental activation energies by DFT (B3LYP) calculations
using a polarized continuum model. The calculated energy barrier for the hydrolysis of a Si-O-Si bridge of
a double-linked Si atom ofâ-cristobalite at the water-silica interface (29 kcal/mol) comes out to be higher
than the measured activation energy of silica dissolution at the point of zero net proton charge of the surface
(PZPC) by at least 7 kcal/mol. This discrepancy is significantly outside the estimated error bars of the
calculations. Therefore, we propose a new mechanism, which is based on the assumption that the breakage
of the first Si-O-Si bond is followed by the very fast reverse reaction of dehydroxylation of the formed
Si-OH HO-Si defect. Because of this “self-healing” effect, the probability of both Si-O-Si bonds of the
double-linked Si atoms being dissociated is very low, which explains the very small rate of dissolution of
silica at PZPC. This mechanism also allows us to interpret the experimental fact that the preexponential
factor of the reaction is extremely small. Within the new mechanism, the measured activation energy is
associated with the hydrolysis of the last Si-O-Si bond of the Si atoms. Unlike the first Si-O-Si bond, the
hydrolysis of the last bond is not hindered by the lattice resistance, which leads the theoretical activation
energy (20 kcal/mol) to be in good agreement with experiment.

Introduction

The weathering and dissolution of the earth’s crust silicate
minerals have raised significant interest1,2 because of the
substantial increase in the rate of these processes during the
past decades. This change in the geochemical equilibrium is
mainly associated with the global acidification1,2 caused by
human activities. The fundamental mechanisms affecting the
rate of dissolution of silicates should be understood for pre-
dicting the effects of these environmental changes.

It is commonly assumed3-6 that the hydrolysis of Si-O-Si
linkages is the key elementary step controlling the rate of silica
dissolution. Although, in general, this hydrolysis depends on
many chemical factors (pH, salt concentration, the nature of
alkali cations, etc.), one particular case appears to be the most
simple and appropriate for getting insight into the reaction
mechanism with quantum chemical methods. This is the
dissolution of silica at pH∼ 3 corresponding to PZPC.5 Under
this condition, the contribution of the charged surface species
Si-O- and Si-OH2

+ to the reaction can be neglected, and the
water molecules adjacent to the surface can be considered as
the primary reagents for the reaction of breakage of Si-O-Si
bridges:5

According to experimental studies, the activation energy for this
reaction should be within the 16-22 kcal/mol range.6-10 One

can take this range of experimental values as reference data
when studying the reaction mechanism with theoretical methods.

Recently we performed DFT calculations of the Si-O-Si
hydrolysis at the (001) and (111) planes ofâ-cristobalite by a
single water attack from the gas phase.12 As distinct from the
previous quantum chemical studies of the reaction,10,13 our
models included the steric constraints imposed by the solid
matrix on the Si-O-Si linkage and its nearest surroundings.
These calculations showed that the energy barrier∆Ed for the
dissociation of a Si-O-Si bond at a Si atom strongly depends
on the connectivity of this atom to the solid; the estimated
energies for the double-, triple-, and quadruple-linked Si species
were 23, 33, and 49 kcal/mol, respectively. This effect is caused
by the resistance of the lattice to the relaxation of the activated
complex of the reaction: the larger the number of Si-O-Si
bonds for a Si atom, the stronger the resistance of the solid to
the hydrolysis of a Si-O-Si bond. Because of this effect, the
dissolution should be dominated by the release of the Si atoms
with the lowest connectivity. Therefore, excluding the case of
dissolution of freshly ground silica powders with a significant
concentration of surface defects,12,14 the release of the double-
linked Si atoms should mainly contribute to the experimental
reaction rate. In line with the common assumption,5 on the basis
of these results one could also suggest that the dissociation of
the first Si-O-Si bridge of these Si atoms should be the rate-
determining step of the reaction.

In this work, we calculate the energy barrier for the
dissociation of a first Si-O-Si bond of a double-linked Si atom
of â-cristobalite for the case of the “uncharged” solid-liquid
interface corresponding to PZPC. The calculations are performed
at the DFT level within the approximation of a polarized
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Si-O-Si + H2O f Si-OH HO-Si (1)
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continuum model. The energy barrier (29 kcal/mol) turns out
to be larger than the observed activation energy by at least 7
kcal/mol. Our examination of the theoretical accuracy suggests
that this discrepancy is considerably larger than the possible
error of calculations. Therefore, we conclude that the hydrolysis
of the first Si-O-Si bond of the Si species does not directly
control the reaction rate and propose a new mechanism of silica
dissolution. This mechanism is based on the assumption of the
importance of the “self-healing” effect in the dissolution kinetics,
namely, the very fast reverse reaction of dehydroxylation of
the Si-OH HO-Si surface defects formed by reaction 1

In these defects, the connectivity of the Si-OH groups to the
lattice forces them to remain nearest neighbors, which leads to
a high probability of reaction 2. This is analogous to the so-
called cage effect for chemical reactions in solutions and dense
media. The significance of the self-healing effect for the kinetics
of dissolution oftSisOsTt (T ) Si and Al) bridges has been
discussed earlier for the hydrothermal chemistry of zeolites.15,16

The inclusion of the self-healing effect allows us not only to
reach good agreement between the measured and theoretical
activation energies but also to explain some important peculiari-
ties of the dissolution kinetics.

Details of Calculations

DFT and MP2 calculations were performed with the Gauss-
ian-94 package.17 For the DFT calculations the hybrid B3LYP
functional18 was employed which is a parametrized combination
of the Becke exchange functional,19 the Lee, Yang, and Parr
correlation functional,20 and the exact Hartree-Fock exchange.
The standard 6-31G(d), 6-311G(d,p), 6-311G(df,p), and 6-311G-
(2df,pd) basis sets were used. Corrections for the basis set
superposition error (BSSE) were estimated by the counterpoise
method.21 Only a few relevant geometry parameters of the
optimized cluster models are reported. The remaining geometry
can be obtained from the authors upon request.

The â-cristobalite surface was modeled within the cluster
approach.22,23 As is commonly accepted for silica and silica-
containing oxides,22,23the “dangling” valences of the border Si
atoms were saturated with H atoms. To mimic the structural
restrictions imposed by the lattice, the position of the border
SiH3 groups were kept fixed in the geometry optimization. These
positions were determined by the procedure described in ref
12.

The solvent effect was included with a self-consistent
isodensity polarized continuum model (SCIPCM) by means of
the Gaussian-94 SCRF)SCIPCM option.18 These calculations
were carried out without geometry optimization using the
geometry optimized for the corresponding solid-gas models.

Because our cluster models are not fully optimized, they
cannot be used for estimating zero-point corrections to the
activation energies of the Si-O-Si dissolution and the Si-
OH HO-Si dehydroxylation. In line with previous theoretical
studies of the reaction,10,13 we assume these corrections to be
approximately equal to the corresponding values for the
analogous gas-phase reaction:

When including the zero-point energy (Ezp) for the H2O
molecule in water, we also consider three restricted translational
vibrations (110 cm-1 as the average of the stretching and bend-

ing vibrations of the O-H‚‚‚O units involved in these motions24)
and three librational vibrations (470, 550, and 775 cm-1 24):

whereh is the Planck constant andc is the speed of light. The
energy corresponding to the translational vibrations is divided
by 2 assuming that each of these vibrations is shared by two
neighboring molecules.

Results and Discussion

The previous calculations of the reaction10,12,13were carried
out with the 6-31G(d) basis set. However, the use of the same
basis set for Si and O might result in a BSSE: the electrons on
the negatively charged O atoms may tend to use the basis
functions available on Si atoms to decrease their energy.23 To
examine this BSSE we calculated the dissolution of a Si-O
bond of the Si(OH)4 molecule (Figure 1) at the B3LYP level
using the 6-31G(d) basis set and three combined basis sets A,
B, and C with the 6-31G(d) basis set for Si and the 6-311G-
(d,p) (A), the 6-311G(df,p) (B), and the 6-311G(2df,pd) (C)
basis sets for H and O. The activation energy was computed
also at the MP2/A//B3LYP/A level. The calculated energies
suggest (Table 1) that neither a further extension of the basis
set on O atoms nor another method of inclusion of electron
correlation should affect the B3LYP/A results significantly.
Therefore, in the following consideration, we use the B3LYP
method with basis set A.

Table 2 lists the calculated activation and reaction energies
for the dissociation of the Si(2)-O-Si(3) bond (2 and 3
designate the number of Si-O-Si linkages to the surface) at
the Si(2) atom by a single water attack from the gas phase
(Figure 2). The models of the surface (1a), the activated complex
(2a), and the Si-OH HO-Si defect (3a) were fully optimized
except the positions of the border SiH3 groups, which are used
to ensure the structural restrictions imposed by the lattice. The
calculated energy barrier equals 25 kcal/mol. The corresponding
values for the (HO)3SiOSi(OH)3 molecule (Figure 3) are also
presented in Table 2 for comparison. Table 3 reports selected
bond lengths and bond angles of the models.

Si-OH + HO-Si f Si-O-Si + H2O (2)

(HO)3SiOSi(OH)3 + H2O a

[(HO)3SiOSi(OH)3‚H2O]transition statea 2Si(OH)4 (3)

Figure 1. Si(OH)4 (a) and the activated complex of the hydrolysis of
one of its Si-O bond (b).

TABLE 1: Activation Energy, ∆Ed, of the Si-O
Dissociation for Si(OH)4 (kcal/mol)

methoda ∆Ed
b

B3LYP/6-31G(d) 17.1 (15.4)
B3LYP/A 18.6 (16.9)
MP2/A//B3LYP/A (17.8)
B3LYP/B 19.1 (17.3)
B3LYP/C 19.3 (17.4)

a Basis sets A, B, and C: the 6-31G(d) basis set on Si and the
6-311G(d,p) (A), the 6-311(df,p) (B), and the 6-311G(2df,pd) (C) basis
sets on O and H.b ∆Ed without zero-point correction in parentheses.

Ezp(H2O) ) 0.5hc(3 × 110/2+ 470+ 550+ 780))
2.7 kcal/mol (4)
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The inclusion of the solvent with the SCIPCM method
increases the activation energy by 4 kcal/mol. This value results
from the effect of the solvent on the “frozen nuclei” activation
energy (6.4 kcal/mol) and the zero-point correction to the
activation energy due to the restricted translational and libra-
tional vibrations of the H2O molecule in water (-2.7 kcal/mol),
which is not included when considering the solid-gas reaction.
The effect of the solvent has been interpreted10,23 in terms of

the number of H-bonds formed by the subsystem Si-O-Si +
H2O with the surrounding water. Because in the activated
complex the lone pairs of the attacking H2O molecule are
pointed out of the near-surface water, the reaction requires the
breakage of the corresponding H-bonds of this molecule. This
explanation suggests the estimated value of the solvent effect
be physically reasonable. To note, simplified procedures of
inclusion of the solvent10 led to a similar increase of the energy
barrier by 6-7 kcal/mol.

The resulting estimated barrier of 29 kcal/mol overestimates
the experimental activation energy by at least 7 kcal/mol. No
improvement of the basis set or the treatment of dynamical
correlation should change this result (see the examination of
the stability of calculated energies above). Therefore, we
conclude that the experimental energy does not directly relate
to the hydrolysis of the first Si-O-Si bond. Below we propose
a new mechanism of the reaction.

The rate constants for the hydrolysis and the reverse reaction
of healing of a Si(2)-O-Si(3) surface bridge

can be expressed as

whereνd is the preexponential factor for the water attack onto
a Si-O-Si bridge which is considered to be independent of
the connectivity,νh(1) is the preexponential factor for the
reaction of healing,∆Ed(2) and∆Eh(1) are the corresponding
energy barriers. In the Si-OH HO-Si defect, the remaining
connectivity of the Si atoms to the lattice forces the Si-OH
groups to be nearest neighbors perfectly arranged for the reverse
reaction of dehydroxylation. Therefore, we can takeνh(1) to
approximately equal the characteristic frequency of atomic
vibrations of the lattice15,16

In terms of the collision theory of chemical reactions25

TABLE 2: Activation Energiesa of Dissociation,∆Ed, and
Healing, ∆Eh, of the Si-O-Si Bridge (kcal/mol)b

∆Ed ∆Eh

model
gas

phase
water

(ε ) 78)
gas

phase
water

(ε ) 78)

(HO)3SiOSi(OH)3 17.5 20.5 13.3 19.1
1a 24.9 28.6 26.3 28.6
2a 18.0 19.9

a Zero-point corrected.b Basis set A: the 6-31G(d) basis set on Si
and the 6-311G(d,p) basis set on O and H.

Figure 2. Cluster models of a siloxane bridge (1a), the activation
complex of its hydrolysis (2a), and the hydrolyzed state of this bridge
(3a) at the (111)â-cristobalite surface. For all models, the position of
the border SiH3 groups is identical and fixed modeling the structural
constraints imposed by the lattice. In model1a, atom Si1 represents
the double-linked species Si(2).

Figure 3. (HO3SiOSi(OH)3 (a) and the activated complex of the
hydrolysis of its Si-O-Si bridge (b).

Si(2)-O-Si(3) + H2O {\}
kd(2)

kh(1)
Si(1)-OH HO-Si(2) (5)

kd(2) ) νd exp{-∆Ed(2)/kT} (6)

kh(1) ) νh(1) exp{-∆Eh(1)/kT} (7)

νh(1) ∼ 1013 s-1 (8)

νd ) Pzd (9)
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whereP is the steric factor andzd is the frequency of water
attacks onto the Si-O-Si bridge. Each of these attacks is
associated with the jump of a nearby H2O molecule from the
near-surface water toward the hydrophobic Si-O-Si bridge.
Therefore, we can assumezd to be equal to the intermolecular
vibrational frequency of bulk water24

Because∆Ed(2) ) ∆Eh(1) (Table 2) andP is normally found
to be several orders of magnitude smaller than 1,25 we have
from eqs 6-10 that

and we obtainkd(2) several orders of magnitude smaller than
kh(1).

Forτh(1) ) 1/kh andτd(2) ) 1/kd, which are the characteristic
lifetimes of the Si(1)-OH HO-Si(3) defect and the Si(2)-O-
Si(3) bridge, respectively, this means that

Inequality 12 represents a mathematical expression of the
healing effect, implying that the healing immediately follows
the dissolution with a very high probability.

Assuming that the rate-limiting step for the release of Si(2)
species is the breakage of the last Si-O-Si bond (the diffusion
of Si(OH)4 away from the surface should be much faster11),
the reaction rate is given by

where

is the rate constant for the dissociation of the Si-O-Si bond
of single-connected Si(1) atoms,∆Ed(1) being the related energy
barrier, and

is the probability for one of two Si-O-Si bonds of a Si(2)
atom to be hydrolyzed.

When using models1b and 2b (Figure 4), for the solid-
liquid interface,∆Ed(1) equals 20 kcal/mol.∆Ed(1) is smaller
than ∆Ed(2) because the hydrolysis at the Si(1) atoms is not
hindered by the lattice. Finally, from eqs 11 and 13-15 we
have for the appearing activation energy∆Ea of the reaction

which is in good agreement with experiment.

Summarizing, we propose that the release of the double-linked
Si species follows the reaction scheme

Within this mechanism, the reaction rate is actually related to
the release of the single-linked Si(1) species. Because, due to
the self-healing effect, the dynamical equilibrium between the
Si(3)-O-Si(2) bridges and the Si(2)-OH HO-Si(1) defects
(reaction 5) is strongly shifted to the left, the concentration of
the Si(1) is very small. This explains why, despite the relatively
small activation energy, silica samples may remain stable in
dissolution experiments over geological times.26

The new mechanism is also able to explain two interesting
experimental facts. These facts and their explanation within the
proposed mechanism are as follows:

TABLE 3: Selected Geometry Parameters (Bond Lengths in Angstroms and Bond Angles in Degrees)

model Si1-O12 Si2-O12 Si1-Ow O12-H1 Ow-H1 Ow-H2 Si1-O12-Si2

1a 1.63 1.63 153
2a 1.84 1.67 1.89 1.09 1.38 0.96 146
3a 1.64 1.67 0.98 0.97
1b 1.64 1.64 149
2b 1.86 1.69 1.90 1.31 1.13 0.97 143
Si(OH)4 1.65
Si(OH)4‚H2O 1.90 1.86 1.33 1.12
(HO)3SiOSi(OH)3 1.65 1.65 137
(HO)3SiOSi(OH)3‚H2O 1.95 1.64 1.82 1.26 1.16 0.96 129

zd ∼ 1012 s-1 (10)

kd(2)/kh(1) ∼ 10-1P , 1 (11)

τh(1) , τd(2) (12)

k ) kd(1)p (13)

kd(1) ) νd exp{-∆Ed(1)/kT} (14)

p ) 2τh(1)/(τh(1) + τd(2)) = τh(1)/τd(2) )
kd(2)/kh(1) , 1 (15)

∆Ea ) ∆Ed(1) + ∆Ed(2) - ∆Eh(1) ) 20 kcal/mol (16)

Figure 4. Cluster models of a Si-O-Si(OH)3 surface bridge (1b)
and the activation complex of its hydrolysis (2b) at the (111)â-cris-
tobalite surface. For both models, the position of the border SiH3 groups
is identical and fixed modeling the structural constrains imposed by
the lattice. In model1b, atom Si1 represents the single-linked species
Si(1).

Si(3)-O-Si(2) {\}
+H2O

-H2O
Si(2)-OH HO-Si(1)98

+H2O

Si(2)-OH + Si(OH)4 (17)
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1. At hydrothermal conditions, extremely rapid oxygen
interchange takes place between the Si-O-Si bridges of zeolites
and H2O:18,27,28

Although the breakage of the Si-O-Si bonds is very fast, the
zeolite lattice remains unchanged at these conditions for years.
This means that the probability for several Si-O-Si bonds at
a Si atom being hydrolyzed is practically excluded. The self-
healing effect appears to be the only plausible explanation of
this fact.

2. Dove has developed5 a general expression for the rate of
silica dissolution by fitting the commonly accepted model of
the Si(OH)4 release to numerous independent measurements for
pH 2-12 and 25-300 °C:

whereθSiO and θSiO- are the fractions of Si-OH and Si-O-

surface species, respectively. The first term corresponds to the
discussed reaction at PZPC, and the second term accounts for
the dissociation of the charged surface at high pH. One can
note that the preexponential factor for the charged surface is
larger by about 7 orders of magnitude compared to that of the
neutral surface, which leads the rate of dissolution at high pH
to be much larger compared to that of PZPC. As mentioned
above, the small preexponential factor for the dissolution at
PZPC is accounted for by the very small concentration of the
Si(1) species (cf. eq 17). Because for basic solutions the proton
exchange is the fastest chemical reaction,5 at high pH, a
significant fraction of the Si-OH HO-Si defects formed by
the hydrolysis should undergo deprotonation. This deprotonation
prevents the self-healing, which results in the strong increase
of both the preexponential factor and the rate of the reaction.

These two facts can be regarded as additional experimental
support for the proposed mechanism.

Conclusion

Our calculations suggest that the energy barrier for the
dissolution of the first Si-O-Si bond of Si surface species of
silica is larger than the experimental activation energy for the
release of Si(OH)4 by at least 7 kcal/mol. To explain the
observed activation energy, we propose a new mechanism which
is based on the assumption of very fast dehydroxylation of the
Si-OH HO-Si defects formed by the hydrolysis of the first
Si-O-Si bond of the Si atoms. Within this mechanism, the
experimental activation energy is associated with the hydrolysis
of the last Si-O-Si bond of the Si species. Because the

dissolution of this bond is not hindered by the lattice resistance,12

the theoretical activation energy is in good agreement with
experiment.

Because of the effect of self-healing of the Si-OH HO-Si
defects, the probability for all Si-O-Si bonds being dissociated
is very low. This explains why the dissolution of silica at the
point of zero net proton charge of the surface is so slow. Within
the proposed mechanism, the significant increase of the dis-
solution rate at high pH is accounted for by the suppression of
the healing effect by deprotonation of the Si-OH HO-Si
defects.
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