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Oxygen isotope exchange kinetics between H2O and H4SiO4 from ab initio calculations
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Abstract—Oxygen isotope exchange between H2O and H4SiO4 was modeled with ab initio calculations on
H4SiO4 � 7H2O. Constrained optimizations were performed with the B3LYP/6-31�G(d,p) method to
determine reactants, transition states, and intermediates. Long-range solvation was accounted for using
self-consistent reaction field calculations. The mechanism for exchange involves two steps, a concerted proton
transfer from H4SiO4 forming a 5-coordinated Si followed by a concerted proton transfer from the 5-coor-
dinated Si forming another H4SiO4. The 5-coordinated Si intermediate is C2 symmetric. At 298K and with
implicit solvation included, the Gibbs free energy of activation from transition state theory is 66 kJ/mol and
the predicted rate constant is 16 s�1. Equilibrium calculations between 298K and 673K yield�H4SiO4-H2Othat
are uniformly less than, but similar to,�qtz-H2O, and therefore�qtz-H4SiO4is expected to be relatively small in
this temperature range.Copyright © 2004 Elsevier Ltd

1. INTRODUCTION

The composition of oxygen isotopes in silicates is dependent
on their genesis and history. Therefore, the mechanisms of
oxygen exchange between the different interacting species in
natural systems should be well understood before an overall
picture of the kinetics of mineral-water exchange can be made.
One of these interacting species is orthosilicic acid or H4SiO4.
There has been debate on whether H4SiO4 is the predominant
silicon species in solution, although it is generally recognized
that it is present when silicates are dissolved (Dove and Rim-
stidt, 1994; Zotov and Keppler, 2002); and thus, it is an
important aqueous phase Si species. Aqueous H4SiO4 may
precipitate out of solution producing solid silica or be biolog-
ically assimilated forming tests of organisms such as diatoms or
plant phytoliths. Therefore, understanding the oxygen isotope
exchange between aqueous H4SiO4 and water has various
applications that include quartz-water exchange (Clayton et al.,
1988, 1989; Chiba et al., 1989), biogenic silica in paleother-
mometry (Knauth, 1994; Schmidt et al., 1997; Brandriss et al.,
1998; Barker et al., 2001; Shemesh et al., 2001; Schmidt et al.,
2001) and paleoclimate studies (Webb and Golding, 1998;
Webb and Longstaffe, 2000), and petroleum reservoir analysis
(Williams et al., 1997).

The reaction SiO2 � 2H2O 3 H4SiO4 (e.g., Rimstidt and
Barnes, 1980) suggests that as silica dissolves, the mean oxy-
gen isotopic signature of the aqueous orthosilicic acid formed
would be derived from the initial silica and the aqueous solu-
tion in equal proportions. Once H4SiO4(aq) has formed how-
ever, oxygen isotope exchange between the orthosilicic acid
and solvent is possible. Indeed, most studies of oxygen isotopes
in precipitated silicates assume that the isotopic value reflects
the ambient value in the water rather that a mixture of silicate
and water values (e.g., Lasaga and Rye, 1993; Jenkin et al.,
1994; Brandriss et al., 1998; Cole 2000; Gotze, 2001; Jia et al.,

2001). This assumption implies that the rate of oxygen isotope
exchange between water and orthosilicic acid is relatively fast.

Oxygen exchange rates as inferred from NMR studies of the
silicate dimerization/hydrolysis (Kinrade, 1996; Swaddle,
2001) show that it is fast through this mechanism (rate constant
of 3.8 s�1 at 298K). However, this would imply that the rate is
driven by the transport of orthosilicic acid and is a second-order
function of the silicate concentration; the latter implication has
not been demonstrated experimentally. On the other hand, the
direct exchange of oxygen between water and orthosilicic acid
would be driven by the transport of water and would be
first-order with respect to orthosilicic acid concentration. Re-
search into the rate and mechanism of direct oxygen isotope
exchange between water and orthosilicic acid specifically has
not been conducted to our knowledge.

Some related studies have addressed the issue of oxygen
exchange between water and other species such as dissolved
Al(III) complexes (Casey et al., 2000; Phillips et al., 2000;
Casey and Phillips, 2001; Lee et al., 2002), surface species of
SiO2, Al2O3, ZrO2, MgO, CeO2 (Martin and Duprez, 1996),
and complexes of Cr(VI) (Brasch et al., 1996). Although it has
been shown that empirically measured rates may correlate with
theoretically derived parameters such as charges or bond
lengths, one of the reasons for conducting a complete transition
state analysis of the H4SiO4-H2O system is that an outcome of
these studies is a complete temperature-dependent equation for
the rate constants that may be evaluated at any temperature.
Temperature-dependent equations are useful, for example, in
advection-diffusion-reaction or mass transfer computations
(e.g., Bolton et al., 1999) where reactions are evaluated along
a temperature gradient. Another reason for conducting these
studies is that the decomposition of reactions into their elemen-
tary mechanisms provides the resolution to quantitatively eval-
uate long-held models (e.g., Knight et al., 1989) and if possible
improve on them. In this work, we begin to develop a meth-
odology for modeling oxygen isotope exchange with ab initio
calculations. This work is a step towards elucidating the nature
of the H4SiO4-H2O system in general.

The H4SiO4-H2O system was chosen because of its applica-
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tions as discussed above and its amenability to quantum cluster
calculations (Pelmenschikov et al., 1997; Kubicki, 2001). Ex-
perimental studies of the oxygen isotope exchange rate should
also be practical; hence, we hope to prompt investigations of
this type to test our predictions. From work on a relatively
simple system such as H4SiO4-H2O, it will be possible to later
extend similar ab initio studies to polymerized silicates in
solution (Iler, 1979), to other species with slower O-exchange
rates (e.g., PO4

3�, SO4
2�) and to reactions with mineral sur-

faces (Casey, 2001).

2. THEORY

In this study, we make use of MO-TST as described in Felipe
et al. (2001, 2003) to determine activation energies and rate
constants for H4SiO4 � 7H2O, which was chosen to represent
dissolved silica in water. By treating the systems as unimolecu-
lar and assuming a polyatomic ideal gas, the forward rate
constant can be expressed as

kf �
kBT

h
exp� � �G‡

NAkBT � (1)

where kB is Boltzmann’s constant, T is the temperature, h is
Planck’s constant, �G‡ is the free energy change from reactants
to the transition state, and NA is Avogadro’s number. Thermo-
dynamics gives �G‡ � �E‡ � T�S‡ � p�V‡ where �E‡, �S‡

and �V‡ are the internal energy, entropy and volume changes,
respectively, from reactants to the transition state. The quantity
�E‡ is the zero-point energy corrected barrier (ZPECB or �Eo)
in Felipe et al. (2003). Statistical mechanics relates the pressure
p and entropy S to the partition functions q by

p � kBT��lnq

�V �
N,T

(2)

S � kBlnq � kBT��lnq

�T �
N,V

(3)

Eqn. 1 is equivalent to k � (kBT/h)Q‡/Q exp(��o/kBT) but
emphasizes the resolution to different thermodynamic contri-
butions, where Q is the partition function and ��o is the
difference in zero-point energies. This emphasis is useful be-
cause significant errors may be introduced in the entropy if the
harmonic approximation is used to calculate the partition func-
tion for low frequency modes that represent hindered internal
rotation (East and Radom, 1997; Ayala and Schlegel, 1998).
Hence, rather than rely on a cancellation of errors between
reactants and transition states, or on identifying and individu-
ally treating internal rotational modes, one may as a way to
minimize errors opt to disregard Svib in computing �G‡. Thus,
two sets of �G‡ and reaction rate constants would be presented,
one in which Svib � 0 (hence, �S‡

vib � 0) and another with the
full Svib � 0 (hence, �S‡

vib � 0). The former would be
considered more accurate of the two sets of data.

Calculated vibrational frequencies and zero-point energies
systematically vary with the MO method. Hence, scaling fac-
tors need to be incorporated for frequencies and zero-point
energies to be comparable with empirical data (Pople et al.,
1993; Scott and Radom, 1996). Scaling factors express them-
selves as coefficients to the vibrational frequencies and con-

comitantly the zero-point energy corrections. A scaling factor
of 0.96 for all vibrational frequencies (Foresman and Frisch,
1996) was used in the calculation of p, S, G and thus equilib-
rium and rate constants.

System solvation was treated using explicit and implicit
hydration. Explicit hydration is accomplished by adding dis-
crete numbers of water molecules to the system. For the im-
plicit hydration, the integral equation formalism polar contin-
uum model (IEFPCM) of Cancès et al. (1997) was used. Hence,
with the IEFPCM model, �G‡ in Eqn. 1 is replaced by
�G‡

solv(T)

�Gsolv
‡ �T� � �G‡ � �solv

‡ �T� � �rct, solv�T� (4)

where �‡
solv(T) and �rct,solv(T) are transition state and reactant

solvation free energy corrections.
In many cases, it is worthwhile to relate computed kinetic

parameters to measured thermodynamic quantities. We com-
pute the equilibrium constant for an elementary reaction di-
rectly using

Keq � exp� � �Go

NAkBT � (5)

where �Go is the free energy change from reactants to prod-
ucts. Fractionation factors for isotope exchange reactions
(O’Neil 1986) can be computed as well, using the following
relationship between � and Keq

� � Keq
1/x (6)

where the number of isotopes exchanged x � 1. Because x is
unity in Eqn. 5, we shall use the term “equilibrium constant”
and “ fractionation factor” interchangeably.

3. METHODOLOGY

Ab initio calculations were carried out using gaussian 98
(Frisch et al., 1998) on an Intel Pentium III running Linux 2.2,
and using gaussian 94 (Frisch et al., 1995) on a DEC Alpha
600au and on two DEC Alpha XP1000’s running Compaq
Tru64 UNIX. A density functional theory with hybrid func-
tionals method, in particular Becke’s three-parameter method
(Becke, 1993) with Lee-Yang-Parr functionals (Lee et al.,
1988) or B3LYP, was used to account for electron exchange
and correlation. Extended and diffuse basis sets 6-31G(d) and
6-31�G(d,p) (Hehre et al., 1972) were used to build the singlet
state electron wave functions of the molecular configurations.
Optimizations were performed in these levels using the opti-
mized result from the lower level as input for the higher level.

Local energy minima within the vicinity of the starting and
ending configurations were sought using standard methods as
outlined by Peng and Schlegel (1994). These potential energy
minima correspond to prospective reactants, products and in-
termediates of the reactions of interest. Having computed the
local minima, the first-order saddle points that link them were
then sought. These first-order saddle points correspond to the
transition states of reaction mechanisms and are similar to
energy minima except a slight change along one particular
direction lowers the energy. This direction is the reaction
coordinate. A complete reaction mechanism is defined by a pair
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of local minima (reactants, and products or intermediates) and
a first-order saddle point (transition state) linking the two.

Seven water molecules were chosen because odd numbers of
water molecules can be made to produce symmetric 5-coordi-
nated intermediates as water approaches the silicon center.
Preliminary calculations on three and five water molecule sys-
tems (see for example, Felipe et al., 2001) have failed to yield
an optimized transition state at the desired level of theory.
There were no symmetry constraints imposed in any of the
calculations. The 5-coordinated minimum makes an ideal iso-
tope exchange intermediate because protonation of one hydrox-
ide represents a water molecule leaving-group and the transfer
of the hydrogen to another hydroxide group represents another
water molecule leaving-group. Silica has a local energy mini-
mum in a 5-coordinated configuration (Kubicki et al., 1993;
Xiao and Lasaga, 1996), and the stability of this configuration
depends on solvation (Sefcik and Goddard, 2001). However,
the direct involvement of surrounding water molecules needs to
be further investigated.

A C2 symmetric 5-coordinated local energy minimum was
used as a starting configuration for the succeeding reaction
coordinate searches. This minimum has a water molecule in the
equatorial position and makes it an ideal candidate for an
intermediate in an oxygen isotope-exchange reaction because
drawing out either of the axial position oxygen atoms would
yield half of a possible isotope exchange reaction. The arrange-
ment of molecules is such that the transfer of protons is facil-
itated via two mediating water molecules. Thus, we could
verify whether the known ease of which protons transfer in
water (Luth and Scheiner, 1992; Lobaugh and Voth, 1996;
Geissler et al., 2001; Felipe et al., 2003) possibly enhances the
rate of the oxygen isotope exchange reaction. Xiao and Lasaga
(1994) have already computed the ZPCEB for proton transfer
without a mediating water molecule, that is, the direct transfer
of the proton from one hydroxide to another, so results can be
compared with this previous work.

In these calculations, problems such as basis-set superposi-
tion errors (BSSE; Sauer, 1989) and size consistency (Hehre et
al., 1986) were minimal because all energy differences were
computed using reactant, transition-state and product configu-
rations that have the same stoichiometry and similar structures.
The reactions were treated unimolecularly and the constituent
molecules were never treated as isolated entities. Therefore,
these calculations make use of the same basis set and the same
number of basis functions with minimal basis set superposition
differences. Furthermore, corrections suggested in the literature
such as the counterpoise method (Boys and Bernardi, 1970) are
approximations and may overestimate BSSE and eventually
lead to a larger error than not making corrections at all (H. B.
Schlegel, private communication). However, BSSE can play a
significant role in the structure and energy of transition state
calculations (e.g., Kobko and Dannenberg, 2001).

Transition state configurations were computed using the
methods discussed in Felipe et al. (2003). Searches were
aborted when the energy difference between the constrained
configuration and the nearest local minimum exceeded 100
kJ/mole, which is an arbitrarily set threshold. After calculating
the three configurations representing reactant, product and tran-
sition-state, vibrational analyses were performed to correct for
zero-point energies. These calculations assume that the energy

within the system is in the form of vibrations along normal
modes. This is a reasonable approximation for simulations of
condensed state reactions (see Drenth and Kwart, 1980).

There are numerous position permutations of orthosilicic
acid and multiple water molecules. Therefore, it is expected
that other paths by which isotope exchange occurs possibly
exist. Hence, it is not claimed that the path described here is
definitely the rate determining one. We hypothesize, however,
that any competing path should kinetically be faster than this
path to be significant contributors to the rate; the path that we
present is therefore perceived to represent lower bounds to the
rate (i.e., the true kf could only be greater or equal to what we
compute).

4. RESULTS AND DISCUSSION

4.1. Mechanism

The full reaction mechanism is shown in Figure 1 with
selected interatomic distances listed in Table 1. Oxygen isotope
exchange was facilitated by a concerted transfer of protons
similar to the hydrogen isotope exchange of Felipe et al.
(2003). The mechanism involved two elementary reactions
(i.e., two steps). The atoms directly participating in the reaction
are numbered (1) to (13). Henceforth, numeric labels of atoms
will be indicated by subscripts in square brackets, e.g., O[1].
The participating atoms were in an H-bonding network with
H-bonds ranging from 1.71 to 2.02 Å. This is a common range
for H-bonding in water (see Keutsch and Saykally, 2001, for a
recent review).

The reactant (Fig. 1a) H4SiO4 has normal Si-O bond lengths
of (1.63 and 1.68 Å Si-O[7,13,14,15], that is the distance of Si
from O labeled 7, 13, 14 and 15) in agreement with that
predicted by Newton and Gibbs (1980), McMillan and Hess
(1990) and De Almeida and O’Malley (1991) and the variation
is within the expected range of vibrational stretching. In the
reactant configuration, O[1] of the incoming water molecule has
a distance of 3.64 Å from the silicon atom. This is similar to
other hydrating H2O molecules in the configuration (3.54 to
3.81 Å). Frequency calculations on the configuration in Figure
1a verify that this is an energy minimum. The configuration of
the H4SiO4 is close to tetrahedral with O[7,14,15]-Si-O[13] angles
ranging from 106.8o to 110.3o.

The configuration shown in Figure 1b is a sample step
between the reactant and the first transition state. The Si-O[1]

distance was constrained to 2.30 Å. This configuration was
chosen to illustrate configurations between the reactant (Si-O[1]

distance of 3.64 Å) and the transition state (Si-O[1] distance of
1.88 Å, see Fig. 1c). Note that the Si-O[13] distance has length-
ened to 1.71 Å, whereas the H-O bonds in the vicinity of the
incoming H2O are slightly shorter (0.99 Å for O[1]-H[2] and
O[3]-H[4]). These show that caution should be taken when
interpreting bond length changes, especially when they are used
as indicators of how a reaction would eventually proceed. The
configuration of the H4SiO4 is between a tetrahedral and trigo-
nal bipyramidal with O[7,14,15]-Si-O[13] angles ranging from
96.7o to 103.5o.

Figure 1c shows the first transition state of the reaction.
Vibrational analysis on the configuration yields one imaginary
frequency and visual inspection of the configuration changes in
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the direction of steepest descent show that this corresponds to
the desired reaction. Observe that the Si-O[1] distance has
decreased to 1.88 Å and the Si-O[13] distance is increased to
1.76 Å. In comparison, the distances between the central Si to

the now equatorial oxygen atoms are shorter (Si-O[7,14,15] bond
distances of 1.67 to 1.73 Å). H[2] is in the process of transfer-
ring from O[1] to O[3]; the role of explicit hydration is critical
because proton transfer cannot occur if only a single H2O

Fig. 1. Oxygen isotope exchange reaction mechanism of the H4SiO4

� 7H2O system at the B3LYP/6-31�G(d,p) level. The reaction in-
volves two steps. Si � black; O � gray; H � white. Atoms directly
involved in the reaction are labeled (1) to (13). Dotted lines represent
paths of H transfer. (a) Energy minimum, (b) sample point with Si-O[1]

distance fixed at 2.3 Å, (c) transition-state, (d) intermediate, (e) tran-
sition state, and (f) energy minimum.
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molecule attacks H4SiO4. Concurrent with the proton transfer is
the formation of the H3O� · · ·H2O dimer. The O[3]-H[4] and
H[4]-O[5] distances are similar and they are longer than ordinary
O-H distances. Note that the model is effectively an ion-pair
where we have formed a positively charge H3O� · · ·H2O and
a negatively charged H5SiO5

�. This ion pair formation can
affect the H-bonding to the solute. The decrease in distance
between H[6] and O[7] (1.91 to 1.68 Å) is noteworthy because
it evinces the eventual transfer of H[6] to O[7] to form a reaction
intermediate.

Figure 1d is a C2-symmetric trigonal bipyramidal interme-
diate. The transfer of H[6] to O[7] effectively creates an H2O
group in the equatorial position of the trigonal bipyramid. Bond
distances of axial bonds Si-O[1] and Si-O[13] are the same (1.77
Å). The Si-O[7] distance is slightly longer than the two other
equatorial bonds, Si-O[14,15]. The H[6] to O[5] and H[8] to O[9]

distances (both 1.44 Å) are small for hydrogen bonding and
suggest that transfer of the proton can easily be accomplished.
Frequency calculations on the configuration in Figure 1d verify
that this is an energy minimum.

The symmetry of the intermediate shown in Figure 1d indi-
cates that the other axial oxygen, that is O[13], is equivalent to
O[1]. Thus, O[13] may leave the Si centered complex in exactly
the opposite way that O[1] approached the central Si. Figures 1e

and 1f are, respectively, the optimized transition state and
energy minimum configurations of the O[13] leaving the Si
center eventually forming a water molecule on the other side of
the H4SiO4 (compare Figs. 1a with 1f). By substituting 18O
with either O[1] or O[13], a complete reaction mechanism for the
oxygen isotope exchange reaction has been illustrated.

The reaction depicted here shows that H2O plays a key role
in the isotope exchange by facilitating the transfer of protons.
Previous calculations by Xiao and Lasaga (1994) have shown
that the direct transfer of protons from one OH group of
H4SiO4 to another has a large energy barrier. Furthermore,
studies with only a few water molecules (e.g., Casey et al.,
1990; Xiao and Lasaga, 1994) predict a large H/D kinetic
isotope effect that is not observed experimentally. Hence, dis-
crepancies between theory and experiment may be minimized
by eliminating possible artifacts introduced by neglecting treat-
ment of the solvating water molecules.

Aside from the reaction mechanism described in Figure 1
and the discussion above, we have attempted to find alternative
paths starting from 1d. Pulling out the equatorial H2O by
constraining the Si-O[7] distance, and constraining the O[7]-Si-
O[14] angle to make the equatorial oxygen atoms axial, yield
energy barriers about twice higher than the energy difference
between 1d and 1b (and similarly 1d and 1e). These alternative
paths are less energetically favored than the mechanism pre-
sented in Figure 1.

The system is electronically neutral and favors the availabil-
ity of protons to facilitate the exchange reaction. In the bulk
system therefore, it is expected that a higher pH would limit the
number of such configurations and thus retard the exchange
through this particular mechanism. The pH dependence is sim-
ilar to the oxygen exchange mechanism of Kinrade (1996)
where the reaction is a consequence of the dimerization and
hydrolysis of silica, that is both mechanisms require the avail-
ability of Si-OH groups.

4.2. Zero-Point Energy Corrected Barriers and Free
Energies of Activation

Table 2 lists the absolute energies of the configurations, and
Figure 2 schematically shows the ZPECBs. We shall refer to

Table 1. Selected interatomic distances in angstroms.a

Atoms 1a 1b 1c‡ 1d 1e‡ 1f

0[1]-H[2] 1.00 0.99 1.32 1.77 1.77 2.02
H[2]-O[3] 1.71 1.72 1.12 0.99 0.99 0.98
O[3]-H[4] 1.00 0.99 1.18 1.81 1.89 1.82
H[4]-O[5] 1.72 1.76 1.25 0.98 0.98 0.99
O[5]-H[6] 0.98 0.98 1.01 1.44 1.70 1.59
H[6]-O[7] 1.91 1.90 1.64 1.05 1.00 1.02
O[7]-H[8] 1.02 1.00 1.00 1.05 1.64 1.91
H[8]-O[9] 1.59 1.65 1.70 1.44 1.01 0.98
O[9]-H[10] 0.99 0.99 0.98 0.98 1.25 1.72
H[10]-O[11] 1.82 1.73 1.89 1.81 1.18 1.00
O[11]-H[12] 0.98 0.97 0.99 0.99 1.12 1.71
H[12]-O[13] 2.02 2.02 1.77 1.77 1.32 1.00
Si-O[1] 3.64 2.30 1.89 1.77 1.76 1.67
Si-O[7] 1.63 1.64 1.68 1.74 1.68 1.63
Si-O[13] 1.67 1.71 1.76 1.77 1.89 3.64
Si-O[14] 1.63 1.68 1.71 1.72 1.72 1.68
Si-O[15] 1.68 1.69 1.72 1.72 1.71 1.63

a The double dagger superscript (‡) indicates a transition state.

Table 2. Zero-point corrected absolute energies of configurations
used in this study.a

6–31G(d) 6–31�G(d,p)

H4SiO4 � H2
18O � 6H2O [1a] �1127.786198 �1127.952565

[TS1] [1c] �1127.760645 �1127.924692
H6SiO4

18O � 6H2O [1d] �1127.762090 �1127.930375
[TS2] [1e] �1127.760644 �1127.924694
H4SiO3

18O � 7H2O [1f] �1127.786219 �1127.952595
H4SiO4 � 7H2O [1a or 1f] �1127.786072 �1127.952437
[TS] [1c or 1e] �1127.760498 �1127.924531
H6SiO5 � 6H2O [1d] �1127.761943 �1127.930215

a All configurations are computed using B3LYP. Units are in har-
trees (1 hartree � 2625 kJ/mol).

Fig. 2. Schematic diagram of ZPECB showing values for the zero net
isotope exchange reaction. If 18O is substituted into O[1], the barrier
height from 1a to 1c becomes 73.17 kJ/mol while the barrier height
from 1f to 1e becomes 73.24 kJ/mol.
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the configurations shown in Figure 1 by their corresponding
letter, e.g., “1a” would mean “ the configuration shown in
Figure 1a.”

In the absence of isotopic changes, the zero-point corrected
PES would be symmetric. For the zero net isotopic exchange
reaction, the ZPECB from 1a (or 1f) to 1d is 73.25 kJ/mol and
from 1d to 1a (or 1f) is 14.92 kJ/mol. (The values listed here are
given four significant figures to show the magnitude of energy
changes but do not necessarily imply that the values are accu-
rate to 0.01 kJ/mol.) On the other hand, substitution of 18O in
O[1] changes the zero point corrected absolute energies and
hence changes the ZPECBs because the symmetry of the zero-
point corrected PES is broken. With 18O[1], the forward ZPECB
from 1a to 1d becomes 73.17 kJ/mol while the reverse ZPECB
from 1f to 1d becomes 73.24 kJ/mol. The ZPECB from 1d to 1a
is 14.92 kJ/mol and from 1d to 1f is 14.91 kJ/mol. The slight
changes in absolute energies are in general not significant for
order of magnitude rate constant calculations, but are respon-
sible for the equilibrium isotopic fractionations (Keq). For ex-
ample, the zero-point corrected absolute energies of 1f are
lower than 1a by �0.08 kJ/mol, making it energetically more
stable. Note that Xiao and Lasaga (1996) computed a ZPECB
of 118 kJ/mol for an analogous reaction, where a hydrogen
atom directly transfers from one OH group of H4SiO4 to
another without the mediation of water molecules.

The intermediate 1d resembles the 5-coordinated silica spe-
cies that have been previously modeled by Kubicki et al. (1993)
and Xiao and Lasaga (1996). However, these modeled species
were negatively charged (H5SiO5

�) in contrast to the neutral
charge of our model. Sefcik and Goddard (2001), by account-
ing for hydration effects, have shown that the negatively
charged species may not be stable relative to H4SiO4 in the
aqueous phase. Kubicki (2001) in examining the protonation of
H4SiO4 has shown that that a 5-coordinated intermediate may
be formed in the presence of additional water molecules al-
though this is for a more acidic system. Tacke et al. (2000) have
successfully synthesized and isolated 5-coordinated silicon
compounds with a SiO5 skeleton but these synthetic com-
pounds are stabilized by chelates and are bound in a crystalline
matrix. Our absolute energies show that the aqueous 5-coordi-
nated intermediate is much higher in energy compared to the

corresponding reactants and products (1a or 1f) and is therefore
relatively unstable. Furthermore, the low activation energy
barriers from the intermediate to reactants or products may
explain why 5-coordinated silica has yet to be observed in
natural systems. In other words, our results indicate that an
aqueous 5-coordinated silicon hydroxide is a short-lived inter-
mediate in the presence of water; hence this explains why
calculations show it is an energy minimum and yet it is an
experimentally elusive species.

Solvation-corrected Gibbs free energies were computed us-
ing the implicit solvation method described above and Eqn. 4.
The results are shown in Table 3. The pressures and dielectric
constants were arbitrarily chosen using graphical curve fitting
between 373K and 673K to coincide with pressure, temperature
and dielectric constants used in Felipe et al. (2003). For 298K
and Svib � 0, the solvation corrected �G‡ from 1a to 1d (or 1f
to 1d) is 66.21 kJ/mol and the reverse direction is 12.06 kJ/mol.
Upon substitution of 18 O in O[1], the solvation corrected �G‡

from 1a to 1d decreases to 66.15 kJ/mol, whereas that from 1f
to 1d increases to 66.22 kJ/mol. The solvation corrected �G‡

from 1d to 1a is 12.05 kJ/mol, whereas that from 1d to 1f is
12.06 kJ/mol.

For 298K and Svib � 0, the solvation corrected �G‡ from 1a
to 1d (or 1f to 1d) is 85.97 kJ/mol and is therefore much higher
than that for Svib � 0. The solvation corrected �G‡ for the
reverse direction is 20.41 kJ/mol and is also much higher than
that for Svib � 0. Thus, the exclusion of vibrational entropy
(Svib � 0), and presumably of large errors from internal rota-
tional modes, decreases �G‡ considerably.

Isotope exchange rates as inferred from NMR studies on
dimerization and hydrolysis by Kinrade (1996) give free ener-
gies similar to our solvation corrected free energies with Svib �
0. For example, at 298K, the experimental values of Kinrade
(1996) yield �G‡ � 70 kJ/mol (from �H‡ � 45 kJ/mol and �S‡

� �83 J/K-mol). Thus, the predictions suggest that the reac-
tion depicted in Figure 1 is slightly more favorable than ex-
change via dimerization/hydrolysis at 298K.

Enthalpies of activation for 298, 373, 473, 573 and 673K
were predicted to be 65.9, 64.3, 62.5, 61.2 and 60.3 kJ/mol,
respectively. Note that the activation enthalpy at 298K is higher
than that measured by Kinrade (45 kJ/mol; 1996), even though

Table 3. Solvation corrected Gibbs free energies from IEFPCM and B3LYP/6–31�G(d,p).a

T(K) 298 373 473 573 673

p(Mpa) 0.1 1.0 5.0 22 100

Diel 78.54 50.0 38.0 26.0 15.0

Svib � 0:
1a �1127.946245 �1127.934571 �1127.917709 �1127.899117 �1127.878377
1c �1127.921047 �1127.910031 �1127.893858 �1127.875803 �1127.855568
1d �1127.925639 �1127.914243 �1127.897655 �1127.879265 �1127.858684
1e �1127.921046 �1127.910029 �1127.893855 �1127.875801 �1127.855565
1f �1127.946271 �1127.934591 �1127.917722 �1127.899124 �1127.878380
Svib � 0:
1a �1128.027211 �1128.045604 �1128.074476 �1128.105793 �1128.138185
1c �1127.994462 �1128.010912 �1128.037009 �1128.065445 �1128.094976
1d �1128.002239 �1128.019518 �1128.046828 �1128.076553 �1128.107362
1e �1127.994464 �1128.010914 �1128.037013 �1128.06545 �1128.094983
1f �1128.027217 �1128.045606 �1128.074474 �1128.105788 �1128.138178

a Data are presented in units of hartrees (1 hartree � 2625 kJ/mol).
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our mechanism is more favored in terms of the activation free
energy. Thus, care must be taken when estimating the relative
rates of reactions solely by activation enthalpies because the
entropy of activation may contribute significantly to the acti-
vation free energy, and hence, the rate.

The pH dependence of experimental (and apparent) activa-
tion energies is often attributed to a protonation step that
contributes 15–50 kJ/mol to the actual activation energies (Ca-
sey and Sposito, 1992). This contribution may therefore “con-
taminate” experimentally measured activation enthalpies.
Hence, we compare our results only to related reactions with
known pH independence. The predicted activation enthalpies
were lower than experimental data for dissociating hydroxyl
bridges of Al13O4(OH)24(H2O)12

7� (104 and 200 kJ/mol; Ca-
sey et al., 2000), and GaAl12 O4(OH)24(H2O)12

7� (98 and 125
kJ/mol; Casey and Phillips, 2001), and for hydrolysis of oxygen
bridges in dimers of Cr(III) (71–115 kJ/mol; Springborg,
1988). The activation enthalpies are also lower than pH inde-
pendent hydrolysis of dimers in general (100–150 kJ/mol; see
Springborg, 1988). The activation enthalpy is higher than ox-
ygen exchange between B(OH)4

� and B(OH)3 via a dimeric

transition state (20.1 kJ/mol) and is within the activation en-
thalpy range of oxygen exchange between water and arsenic
anions (25–92 kJ/mol) (Richens, 1997).

4.3. Isotope Exchange Rate Constants

Using the ZPECBs computed and the vibrational frequencies
from ab initio calculations, isotope exchange rate constants
may be evaluated using Eqn. 1. The isotope exchange rates are
shown in Table 4 for the following reactions:

H4SiO4 � H2
18O � 6H2O3H6SiO4

18O � 6H2O k1 (7)

H6SiO4
18O � 6H2O3H4SiO3

18O � 7H2O k2 (8)

In the chosen temperature range and with �S‡
vib � 0, the rate

constants for k1 or k-2 are about four orders of magnitude
higher than the rate constants with �S‡

vib � 0. In the temper-
ature range, the rate constants for k2 or k-1 are about two orders
of magnitude higher than the rate constants with �S‡

vib � 0.
The data for �S‡

vib � 0 and �S‡
vib � 0 indicate that the

reactions are reasonably fast. For any sequential two-step re-
action, the rate is governed by the slower step. Hence, k1 and
k-2 are the rate-determining steps for the forward and reverse
reactions, respectively.

At 298K for �S‡
vib � 0 calculations, the half-life for the

molecular complex at the right hand side of Eqn. 7 is 0.04 s,
and the half-life of the C2 symmetric 5-coordinated intermedi-
ate 10�11 s. Hence, the extremely short half-life predicts the
elusiveness of the 5-coordinated silica in solution. The pre-
dicted half-lives at 298K for the �S‡

vib � 0 calculations are
longer. The molecular complex has a half-life of 129 s, whereas
the C2 intermediate has a half-life of 10�10 s. Thus, rates
computed with the exclusion of errors from vibrational entropy
(S‡

vib � 0), and presumably of large errors from internal
rotational modes, indicate a much faster reaction rate. The
half-life computed from the oxygen exchange via the dimer-
ization/hydrolysis mechanism (Kinrade, 1996) is 0.18 s at
298K, and is higher than the half-life when entropy is excluded
and lower than that when entropy is excluded. Hence, if neglect
of vibrational entropy gives more accurate rate constants, then
the results show that oxygen exchange is more predominantly
due to the direct exchange of water and orthosilicic acid than
due to dimerization/hydrolysis.

Table 4. Temperature-dependent rate constants computed using Eqn. 1 and Gibbs free energies from Table 3. Units are s�1. Also shown are
equilibrium constants computed using Eqn. 5.

T k1 k-1 k2 k-2 keq

�S‡
vib � 0

298 1.60E�01 4.80E�10 4.80E�10 1.56E�01 1.027916
373 7.47E�03 2.20E�11 2.20E�11 7.33E�03 1.017067
473 1.21E�06 7.82E�11 7.81E�11 1.19E�06 1.008713
573 3.16E�07 1.77E�12 1.77E�12 3.14E�07 1.003864
673 3.17E�08 3.25E�12 3.25E�12 3.16E�08 1.001408

�S‡
vib � 0

298 5.39E�03 1.65E�09 1.65E�09 5.37E�03 1.006374
373 1.39E�00 5.35E�09 5.36E�09 1.39E�00 1.001694
473 1.37E�02 1.41E�10 1.41E�10 1.37E�02 0.998666
573 2.66E�03 2.63E�10 2.63E�10 2.67E�03 0.997249
673 2.21E�04 4.21E�10 4.22E�10 2.23E�04 0.996722

Fig. 3. Predicted and experimental equilibrium curves. The H4SiO4-
water curves are calculated from B3LYP/6-31�G(d,p) data, and the
qtz-water curve is from calcite and quartz curves of Clayton and
Kieffer (1991) and calcite-water fractionation curves of O’Neil et al.
(1969). The qtz-H4SiO4 curves are derived from the H4SiO4-water and
qtz-water curves. Solid lines are for �S‡

vib � 0, except for the qtz-
water curve; dotted lines are for �S‡

vib � 0. Squares are for the
H4SiO4-water curves and diamonds are for the qtz-H4SiO4 curves.
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4.4. Isotope Exchange Equilibrium Constants

The isotope exchange equilibrium constants are shown in
Table 4 and illustrated in Figure 3. At the chosen temperature
range of 298K to 673K and for �S‡

vib � 0, the fractionation
factor �H4SiO4-H2O decreases from 1.028 to 1.001. At the same
temperature range and for �S‡

vib � 0, �H4SiO4-H2O decreases
from 1.007 to 0.999; extending the range to 1573K shows
�H4SiO4-H2O increases back up asymptotically to 1.0 beginning
at �800K.

There are no known equilibrium studies of oxygen exchange
between water and orthosilicic acid although the fractionation
between water and quartz has been the subject of several
studies (Clayton et al., 1972; Bottinga and Javoy, 1973; Becker
and Clayton, 1976). For example, using the calcite and quartz
curves of Clayton and Kieffer (1991) and the calcite-water
fractionations of O’Neil et al. (1969), the quartz-water fraction-
ation factors �qtz-H2O are computed to be 1.034, 1.021, 1.012,
1.007 and 1.004 for 298K, 373K, 473K, 573K and 673K
respectively (Fig. 3). This indirect method for calculating �qtz-

H2O was used because it is believed (Chacko et al., 2001) that
this method does not incorporate salt effects in contrast to
direct quartz-water methods (e.g., Clayton et al., 1972).

The experimental quartz-water equilibrium constants at the
corresponding temperatures are consistently higher than our
results in Table 4. For Svib � 0, the difference between �qtz-H2O

and �H4SiO4-H2O range from 0.003 to 0.006. For Svib � 0, the
difference is larger and range from 0.007 to 0.030. The results
show that the exclusion of errors from the vibrational entropy
(Svib � 0) shifts the �H4SiO4-H2O curve higher and closer to
�qtz-H2O.

The similarity between the curves of �qtz-H2O and �H4SiO4-

H2O (for Svib � 0) is encouraging. The discrepancy was ex-
pected because the exchange between water and orthosilicic
acid mainly involves hydroxide groups of orthosilicic acid,
whereas the exchange between water and quartz involve mostly
bridging oxygen atoms. From the MO-TST calculated
�H4SiO4-H2O, and the experimental �qtz-H2O, a prediction can be
made on �qtz-H4SiO4. The �qtz-H4SiO4 values are predicted to be
1.006 1.004 1.003 1.003 1.003 at 298K, 373K, 473K, 573K and
673K, respectively (Fig. 3). In other words, the fractionation
between quartz and orthosilicic acid (and concomitantly, the
amorphous surface layer) is expected to be much less than that
between orthosilicic acid and water.

5. CONCLUSIONS

MO-TST calculations indicate that oxygen isotope exchange
between water and H4SiO4 may occur through a two-step
concerted proton transfer reaction. Therefore, similar to hydro-
gen exchange, the mobility of protons facilitates the exchange
of oxygen. The reaction intermediate of the two-step mecha-
nism is a symmetric 5-coordinated neutral silicon species that is
relatively higher in energy than either the reactant or the
product. Other alternative paths from this intermediate are
energetically less favored paths. Our results show that the
participation of water molecules in the transfer of protons
lowers the ZPECB (and thus the activation energy) when
compared with the ZPECB of oxygen exchange without the
mediation of water molecules (Xiao and Lasaga, 1994). Rate

constant calculations indicate that the 5-coordinated species has
an extremely short half-life.

The isotope exchange reaction is expected to occur at rates
sufficiently fast that equilibrium in most natural aqueous sys-
tems may be assumed. Equilibration occurs within a second at
298K according to the more accurate calculations. The frac-
tionation factors computed are lower than, but close to, frac-
tionation factors between mineral quartz and water and indicate
that fractionation between quartz and H4 SiO4(aq) should be
relatively small.
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