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ABSTRACT: An extended silicate molecular cluster was used to perform density functional
theory calculations to determine if an Sy2 mechanism, where OH™ attacks a Q' Si coupled with
Na* charge balancing an adjacent siloxane bridging O atom, could explain the observed energy of
activation of quartz dissolution under basic conditions.
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H INTRODUCTION slow. The results from our work could also be applicable to
subsurface reactions at higher T and higher ionic strength.
There is a large amount of experimental data related to silica
dissolution and weathering, so we are citing a review that
covers this topic.”” Instead, we chose two papers that provide
AE, that we targeted with our work. Davis (2011) used a

The topic of silica and silicate dissolution rates concerns soil
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productivity, "~ corrosion of man-made materials, b10§e0-
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chemical cycles,” and geothermal energy extraction.
Numerous studies to determine the rates and mechanisms of

silica and silicate dissolution, including laboratory, field, and
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significant reaction rate discrepancies have resulted in
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acidic conditions using a novel reaction mechanism showed IOWIng pro . - or

ood agreement with reliable experimental data*® which limiting step in dissolution. Similar studies with small models
grovi desg + direction for this workp The current }’1 othesis continued for decades, and activation energies obtained from
Euggests that the rate-limiting stép s SieO Siyplinkage those studies were much higher than experimental data (e.g.,
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hydrolysis (O, for “bridging O atom” hereafter). No other Crlsg,efltl et 2%;1" 2006, where AE, = 112 kJ f‘TlOl urlldfer acidic
viable reaction has been shown that can lead to aqueous conditions). Anfearlykworklljfiil the alla initio Calcg}?tlcl))n.s a}er
Si(OH), through the transformation of 4 Si—O,,—Si linkages reported a AF, of 79 kJ-mol ™. ™" A prior study with ab initio
in silicate or silica. Here, we focused on modeling the Si—Oy,-
Si hydrolysis reaction while attempting to discover a reaction Received: November 17, 2025
pathway that agrees with the observed silica dissolution (AE,). Revised:  April 21, 2026
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atures, which could be applied to weathering, where rates are
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and DFT methods found energies of activation ranging from
71 to 73 kJ-mol™!, depending on the method used on f-
cristobalite surfaces.” Recently, others have used machine
learning techniques to obtain AE, from data to predict AE,
values of 79 and 84 kJ-mol™' at pH 13 and 1 bar pressure,
depending on the model used.” Kinetic Monte Carlo methods
use experimental AE, to attempt to predict phenomena
consistent with observed dissolution rates, reporting activation
energies from 93.1 & 0.3 to 96.2 + 0.03 kJ-mol~', dependent
on the quartz surface used for the model.”

Our previous work showed that a CI” ion interacting with
protonated Oy, stabilized the model during dissolution.” Here,
we focus on the interaction of aqueous Na* with Oy, and a
proposed hydrolysis reaction under basic conditions. Our
calculations predicted that rather than direct attack of OH™
from solution to form a S-coordinate surface Si (1'Si), OH~
could diffuse into the silica surface and form ©¥Si.** The OH~
attacks the Q' Si from below, resulting in a dissolved Si(OH),
leaving group through a similar Sy2 mechanism.

B METHODS

All models were built using Materials Studio 2016 (Biovia, Inc.; San
Diego, CA) and were energy-minimized using Gaussian 16.*® The
model stoichiometry was SigO3;HygNa; our model is shown in Figure
1. In our previous paper,* where discussed silica dissolution under

Lc“’? ‘&

C

Figure 1. Model above shows a pentavalent Q' Si bonded to four
OHT, and an Oy, between the Q' Si of interest and a Q* Si. A Na* is
adjacent to the Oy, to charge stabilize the O,,—Si(OH),” moiety
during dissolution.

acidic conditions, we justified using this model because our model
accurately reproduced quartz Si—O bond lengths and Si—O—Si bond
angles, and by citing the results of Gibbs (2006) that used a model of
similar size to our model.*” Our model represents a general silicate
that exhibits a Q' Si, where we hypothesize that dissolution can occur
through OH™ attack on the Q' Si and cleavage of the Si—O,, bond.
We extracted our initial cluster structure from an unpublished
periodic DFT simulation model. We added S H,O molecules for
hydration, and added one Na* to stabilize the bridging O atom (Oy,)
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during the dissolution of the Q' Si leaving group. Our goal was to
explore a reaction mechanism using a silica model in which OH™
attacks a Q' Si from below and breaks away from its adjacent O, to
form Si(OH),. If our activation energy results agree with those from
the select experiment, then our mechanism could be applied to larger
silica models and periodic models.

Energy minimization calculations were performed using density
functional theory (DFT)*** with the M06—2X functional.”® We
discussed our decision to choose the M06—2X functional in our paper
about acidic silica dissolution based on that work and a paper cited
therin.*> The 6—311G(d,p) basis set was used for all calculations.>
For the energy minimization calculations, we used an ultrafine
integration grid and a fine CPHF grid.*® After we geometry-optimized
each model, we performed frequency calculation to affirm that each
model was at a potential energy minimum and that each model
exhibited real (>0 cm™) vibrational frequencies, or that the transition
state model had one imaginary frequency (<0 cm™) associated with
the Q' Si(OH), and O,,.

We did not use implicit solvation for this work due to the results of
test calculations in our prior related paper which showed that implicit
solvation had an insignificant results on model energie:s.43 Based on
that work and prior experience, we think that it would be better to use
larger models with increased explicit solvation or periodic models with
explicit solvation to increase chemical accuracy rather than using
implicit solvation.

For the stepwise dissolution calculations that were used to calculate
the activation energy (AE,), the minimized structure in Figure 1
underwent an incremental increase in the Q' Si—0,,, distance until the
Si(OH), group dissociated from the cluster. For each stepwise
dissolution calculation, the Si—Oy, distance was maintained by
freezing those two atoms and the distance between them by using the
“1” method in Gaussian 16,*® whereas all of the other atoms were
energy-minimized without constraining them. We energy-minimized
the initial and final models of the stepwise calculations without
constraining the distance between the Oy, and the Q' Si. After finding
the potential transition state model by constraining the Si—Oy,
distance, that model underwent a subsequent frequency calculation
to determine whether the vibrational mode of interest (i.e., Si—Oy,)
gave one and only one imaginary frequency indicative of a saddle
point on the potential energy surface.

For stepwise calculations, we set the energy of the fully minimized
initial model to 0 kJ-mol™" and reported the energies of the other
models in the stepwise calculations relative to the initial model E. The
E difference between the initial model and the transition state model
gave the activation energy, AE,.

Using AE,, rate constants were calculated using eq 1:>

L= kT Q anir
T hQ (1)

In eq 1, k, is the rate constant, kg is the Boltzmann constant, h is
Planck’s constant, T is the temperature, and AE, is the change in
energy between the minimized reactant (initial) structure and the
minimized transition state structure. Q* and Q are the v = 0 total
partition functions of the transition state and reactant structures,
respectively, which were obtained from Total V = 0 results from
Gaussian 16 outputs for the initial and transition state models.*®

Reaction rates were calculated using the rate law in eq 2:

rate = k (O, site density)(% Oy,) 2)

In eq 2, k, is the rate constant obtained from eq 1. Oy, site density
is estimated as 8 Oy, sites per nm” from the quartz (101) model used
to make our model in Figure 1,°>*” and we calculate the % Oy, with a
plot of SiO~ surface site density percentage versus pH that was based
on X-ray photoelectron spectroscopy (XPS) data from the literature.>®
The Carteisan coordinates and an image of the periodic quartz (101)
structure are provided in the Supporting Information.

We used Materials Studio 2016 to determine the O, and Na*
distances from each of the stepwise, energy-minimized models.
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B RESULTS AND DISCUSSION

Figure 2 shows the relative electronic energy (E) compared
with the lowest energy model configuration (Figure 2a), and
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Figure 2. (a) Relative electronic energy (E) and (b) the O,,—Na*
distance as the bond between the O, and Si(OH), increases and
breaks.

the distance between Oy, and Na* (Figure 2b) versus the
distance between O,, and Q' Si. The Q' Si(OH),—O,,
distance was constrained during each step of energy
minimization dissolution calculations except for the first
(1.69 A) and last (3.40 A) calculations that we minimized
without constraints.

The plot in Figure 2a shows the trend in the energy change
relative to the initial model as the Si(OH),—O,, bond distance
increases incrementally, breaks, and dissociates. The overall
reaction was mildly endothermic (i.e., AE of the reaction); the
initial model had an energy that was 7 kJ-mol ™" lower than the
energy of the final model. Our dissolution result under acidic
conditions gave an exothermic reaction result, where AE of the
reaction was —14 kJ-mol™.*’

The model in Figure 3 has a 2.31 A Si(OH), —O,, distance
and is the transition state model with one imaginary frequency
for the Si(OH),—O,, vibrational mode at —131 cm™. The
energy of that transition state model, compared to the first
model, was 35 kJ-mol™', which agrees well with cited
experimental data that we discussed in our introduction.”
This result, coupled with the results from our work under
acidic conditions,*> shows that our proposed reaction
mechanism could occur. DFT results have been found to
have an uncertainty of approximately 10 kJ-mol™;>* however,
even with that uncertainty level, our activation energy result is
significantly lower than those previously reported from
computational chemistry studies.

As the Si(OH),—O,, distance decreases, the distance
between Oy, and Na* decreases by about 0.5 A (2.79 to 2.30
A) (Figure 2c). This result suggests that Na* stabilizes the
model by moving closer to Oy, as that O becomes increasingly
anionic during dissolution. To further evaluate this proposed

1212

Figure 3. Transition state structure. The black, double-headed arrow
shows the predominant vibrational mode at —131 cm™" between Oy,
and the Si(OH), leaving group.

phenomenon, we used two models (Figure 4): the first model
(Figure 4a) where Na* is near Oy, (2.79 A) and the model in
Figure 4b, where the distance between the Na" and Oy, of
interest was 3.90 A. We found that the model where Na* was
nearer to Oy, of interest (Figure 4a) was 29 kJ-mol™" lower in
E than the model where Na* was far from O,,. This further
shows that Na* interacting with the Oy, of interest stabilized
the model.

In Table 1, we show the calculated rate constants, k,, that
were obtained using eq 1 and compared with a select result.””
We calculated our rate constants at 298.15 and 1.01 K and at
468.15 and 206 bar. We use the latter P and T to make our
result pertinent to a 7450 m well UO_FU 5832 PT from the
U.S. Department of Energy (US DOE) Forge (Frontier
Observatory for Research in Geothermal Energy). Our k, result
at 298.15 K shows that our hypothesized reaction would
proceed 5 X 10° times faster than the proposed reaction from
previous model calculations.”® The authors of the cited work
used a smaller model that was charged (Si,OgH,"), whereas we
used a larger, neutral model (SigO5,H;,Cl). These differences,
coupled with the lack of the Na" counterion for charge balance
and stability in the cited work,” could account for their
different results. Note that our results are from harmonic
frequency calculations; anharmonic frequency calculations can
affect calculated reaction rates by one or more orders of
magnitude.*® This work and our previously published work
show that our proposed mechanism provided results that agree
better with experimental activation energies than prior
computational chemistry studies, but future work with our
proposed mechanism that calculates anharmonic frequencies
might improve the accuracy of the results further.*’

Using the rate constants from Table 1, a surface site density
of 8 Oy, per nm?, and eq 2, the rates were calculated at 298.15
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Figure 4. (a) Same as the model in Figure 1, whereas in (b), Na* was
moved away from the O, of interest. These models were used to
evaluate the stabilizing effect of Na* on the models.

Table 1. Rate Constant, k,, Results from This Work and
Calculations Performed in Ref 55%“

temperature (K) k (s7Y) Q QJF
298.15 5.20 X 10° 1.87 x 10% 242 x 10"
468.15 2.97 x 10" 1.59 X 10% 422 x 10%
298% 1.0 X 10%*

“The Q results for the reactant model (Q) and transition state model
(QY) are from the Gaussian 16 log file results at the temperatures
shown. Reference 55 did not report q results.

and 498.15 K (Table 2). As discussed in the Methods section,
the % O, site density was interpolated from XPS data.”

At both temperatures, Table 2 shows that as the increased
(pH increase), the reaction rate increased. Furthermore, the
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Table 2. Rate of the Dissolution Reaction as a Function of
O, Site Density Percentage (pH)

T 298 K T 468 K
pH % Oy, rate (O, sitesnm2-s71)) rate (O, sitesnm™2-s71))
8 20.0 8.31 x 10° 474 x 10
9 22.9 9.50 x 10° 542 x 10"
10 25.7 1.07 x 10* 6.10 X 10"

rates at 468.15 K (i.e., geothermal conditions) are significantly
faster than the rates at 298.15 K.

Future work will include periodic structures that include
surface defects where Q1 Si atoms are available to explore the
dissolution mechanism proposed here more fully. The periodic
structures will also allow a comparison of dissolution on
different surfaces of the quartz model.

B CONCLUSIONS

This work has shown that silicate dissolution under basic
conditions could occur at Q' Si atoms by Sy2 attack if OH~
attacks from beneath the Si atom to form a [*/Si. Concurrently,
the Oy, next to the Q' Si could be stabilized by Na* as
dissolution occurs. We calculated an energy of activation of 32
kJ-moL ™!, which agrees more accurately with literature data
than previous computational results. We calculated the rate
constant and reaction rate results at 298.15 and 498.15 K,
which could guide experiments and verify our hypothesized
dissolution mechanism. These results for our proposed Sy2
mechanism show that as pH increases (at both 298.15 and
498.15 K), the dissolution rate increases.
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