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Rutgers University

Piscataway, NJ, 08854

Abstract

Molecular dynamics simulations employing reactive potentials were used to determine the
activation barriers to the dissolution of the amorphous SiO; surface in the presence of a 2nm overlayer
of water. The potential of mean force calculations of the reactions of water molecules with 15 different
starting Q4 sites (Qi is the Si site with 1 bridging oxygen neighbors) to eventually form the dissolved QO
site were used to obtain the barriers. Activation barriers for each step in the dissolution process, from the
Q4 to Q3 to Q2 to Q1 to QO were obtained. Relaxation runs between each reaction step enabled
redistribution of the water above the surface in response to the new Qi site configuration. The rate-
limiting step observed in the simulations was in both the Q32 reaction (a Q3 site changing to a Q2 site)
and the Q21 reaction, each with an average barrier of ~14.1 kcal/mole. However, the barrier for the
overall reaction from the Q4 site to a QO site, averaged over the maximum barrier for each of the 15
samples, was 15.1 kcal/mole. This result is within the lower end of the experimental data, which varies
from 14 - 24 kcal/mole, while ab-initio calculations using small cluster models obtain values that vary
from 14 - 39 kcal/mole. Constraints between the oxygen bridges from the Si site and the connecting
silica structure, the presence of pre-reaction strained siloxane bonds, and the location of the reacting Si

site within slight concave surface contours all affected the overall activation barriers.

I. Introduction

The dissolution mechanism for hydrated silicate glasses or crystals has been extensively studied
over the past several decades using a variety of experimental and computational methods'™"'. A better
understanding of the process by which silicate glasses dissolve can have implications for the
development of materials for nuclear waste storage, microelectronics, fiber optics, and management of
fracture mechanics. It has been established that the crack tip velocity for amorphous silica is

12-19

substantially higher in the presence of H,O than it would be otherwise = . The lifetime stability and
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amount of radionuclides released by nuclear waste glass can vary considerably depending on the
parameters for the dissolution mechanism. The rate expression and activation barrier for dissolution in
water is affected by several conditions: pH, temperature, composition, and population of surface sites® "

5,7,20,29-32
k , 7,20,

92028 prior computational wor

at various conditions has yielded results that differ from
experimental data for the activation barrier for dissolution quoted by Icenhower and Dove and the
references therein®.

The dry amorphous silica (a-Si0,) surface can be populated with four types of Si sites that are
determined by the coordination number of the Si atom in question. The Si site can thus have between
one and four Si-O-Si bridges (siloxanes), with each type of site traditionally classified by the number of
attached oxygen that are attached to a second silicon: Q1, Q2, Q3, and Q4. The dissolution of silica
occurs when a silicic acid (Si(OH) 4) molecule escapes from the surface, producing a QO site in solution.
Dissolution can have four steps from the Q4 site to the QO, each with an activation energy that will
break one of the Si-O-Si bridges and convert the site by decreasing the bridging oxygen coordination
number.

A variety of experimental data indicates that the activation energy for the dissolution reaction of
quartz should be in the range of 16 — 22 kcal/mole, as reported by Pelmenschikov et al.” or 14-24
kcal/mole as reported by Wallace et al. *°, or ~14-20 kcal/mole from Icenhower and Dove™. The
dissolution reaction is given as:

(1) Si— O - Si+ H,O — Si-OH + HO-Si

Ab initio molecular orbital calculations performed by Xiao and Lasaga showed that the pH
affects the activation energy by changing the reaction catalyst *°. The alkali range produced a barrier of
18.9 kcal/mol when the catalyst was OH™ and the acidic range produced a barrier of 24 kcal/mol when
the catalyst was in H;O". Hydrolysis of the siloxane bond by H,O required considerably more energy at
29 kcal/mole. Similar ab-initio results by Pelmenschikov et al. using cluster models designed to show
the role of the connecting lattice on restricting relaxations by fixing the positions of the border atoms in
the clusters led to activation energies for Q1, Q2, and Q3 rupture of the Si-O-Si bridge of 29, 33, 49
kcal/mole®, all higher than the unrestricted cluster case. Additional results by Pelmenshikov et al. on the
Q2 and QI species of a quartz-water interface with a pH of 3, corresponding to the point of zero net
proton charge > showed the energy barrier for the dissolution of the Q1 and Q2 siloxanes to be 20 and 29
kcal/mole, respectively. The higher barrier for Q2 was attributed to the fact that the Q1 site did not
experience lattice resistance of the Q2 site. Ab-initio calculations by Wallace et al. showed an activation

energy of 38.7 kcal/mole for a Q3 siloxane in a cluster derived from quartz and HO°, which is higher
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than the range of experimentally obtained barriers (14.3 — 23.9 kcal/mole) that they cite. Quartz and a-
Si0; are chemically equivalent but are thought to have different activation energies at an interface with
water due to the different population of sites at the surface *.

Walsh et al. also used ab initio calculations to model the hydrolysis of a-SiO, surfaces and
calculate the barrier for a dissociation of a siloxane bridge *'. The barriers for comparable defect sites
and surface ring structures constrained by cluster geometry were about 24 kcal/mole when one H,O
molecule was used. The authors suggested that the barrier for dissociation of the bridge could potentially
be lowered by the cooperative hydrolysis of surrounding H,O molecules serving to mediate ionic
catalysis of the site. Del Bene et al. used ab initio quantum mechanical calculations to show that the
barrier was affected by the presence of more than one H,O *2. A barrier of 30 kcal/mole was reported
there for siloxane dissociation of a-SiO; in the presence of a water dimer. The authors noted that a
complex rearrangement of protons at the site bridge leading to dissociation could be accomplished most
easily by the concerted action of several H,O. Ab initio calculations by Criscenti et al. have produced
results showing an activation energy of 28.7 kcal/mole for an a-SiO, Q3 site and 17.7 kcal/mole for a Q2
site’. The authors used a cluster model with four H,O molecules and one H3O to suggest that the rate
limiting step in a-SiO; dissolution was the breaking of siloxanes in either Q2 or the Q1 sites. The
activation barriers determined by the computational methods of both Criscenti et al. and Pelmenschikov
et al., as well as the others mentioned above, tend to overestimate the experimentally measured
activation energy in a-Si0,. Experimental work supports the assertion that the overall activation barrier
for siloxane dissociation has an upper bound of ~22 kcal/mole for bridge dissociation, as shown above.
Rimstidt and Barnes have shown that the barrier can be as low as 15 kcal/mole for an interface of fused
quartz and deionized water, at temperatures in the range of 298 — 573K *°. Overall, experimental results
reported indicate an activation barrier range of ~14-24 kcal/mole for the dissolution of a-SiO, in water™
30,33,36

Pelmenschikov et al. showed the importance of the connectivity of the Si-site to the rest of the
lattice via the number of bridging oxygens on the activation barrier to dissolution®*. The other ab-initio
calculations were done on small system sizes that did not account for larger-scale connectivity seen in a-
Si0; or at its surface and the variability of the ring structure connecting silicate tetrahedra that affect
bond angles and reactivities, as seen experimentally’**®. In order to incorporate a more robust
description of the dissolution of the a-SiO, surface, we employed molecular dynamics (MD) computer
simulations to investigate the activation barriers for dissolution of a-SiO; using H,O as the primary

reagent at a neutral pH. Using a melt-quenched silica substrate surface and multiple starting Q4 sites, we
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determined the activation barriers obtained from the Q4 site sequentially becoming a QO site via Q4-Q3-
Q2-Q1-QO0 reactions with incoming H,O. A reactive potential that has been fully tested and accurately
reproduces multiple experimental and ab-initio data for bulk water, nanoconfined water, reactions on
silica surfaces and proton transport is used®”™**. The local structure of the surface defect site is also

evaluated to determine the degree to which the barrier is affected.

I1. Computational Methods
The results obtained in this work have been produced using an all-atom reactive multibody

interatomic potential developed to simulate the behavior of bulk water’ that has been transferred to

43-45 40, 41

simulations of nanoconfined water and water interacting with an a-Si0O,; surface , all with results
consistent with either experimental data or ab-initio calculations. It has also shown proton transport via
Eigen and Zundel complexes of the Grotthus mechanism with the activation barriers at the O-O spacing
in the Zundel complex consistent with ab-initio calculations and the H;0" ion lifetimes consistent with
time-resolved spectroscopies and ab-initio calculations **. The form of the potential involves both two-
and three-body terms. The pair term involves a short range repulsion, a coulomb term with diffuse
charge terms, and a van der Waals term. The long-range interaction is obtained using Wolf summation *°
with a 10A cut-off in a manner previously published ***'. A three-body function is further used to allow
for the partial covalency and bond directionality of the SiO, and H,O that energetically penalizes a
triplet that deviates from the ideal angle, yet allows for deviations from the ideal angle during reactions.
Details of the potential have been previously published*®*'.

Three different vitreous silica surfaces were produced using a melt quench method to form bulk
glasses starting from B-cristobalite, followed by formation of the surface systems. Table I shows the

temperature and number of iterations with a

Table I: Number of iterations for three samples

held at each temperature in melt-quench process. timestep of 1fs for each glass during the melt-

Temperature, K | Glassl | Glass2 | Glass3 | duench to form the amorphous structure.
6000 30000 60000 90000 Variation within the glasses shown in Table [ was
2000 100000 | 100000 | 100000 introduced by holding each at 6000 K for a
3000 100000 | 100000 | 100000 different number of iterations in the first step of
2000 100000 | 100000 | 100000 the melt quench, creating a different starting
1000 40000 40000 40000 liquid.
208 50000 50000 50000 After the end of the 298K run, surfaces

were created by adding an empty volume of 40A

4



Page 5 of 20 Physical Chemistry Chemical Physics

in the z dimension and concurrently freezing the bottom (in z) ~18A (1500 atoms) of the glass so as to
retain the original bulk-like glass structure in that region and a free surface in the upper z dimension.
The final x, y, z dimensions for the system were 35.65 A, 35.65 A, and 82.78 A respectively, with the
bottom ~18A of frozen silica, ~24A of mobile silica, and ~40A of space into which water molecules can
be added. All subsequent runs were done at 300K and a timestep of 0.1fs. Initially, 32 water molecules
were added to hydrolyze the surface, potentially allowing for a silanol (SiOH) density of 5.0 SIOH/nm?,
which is at the higher end of the experimental average value of ~4-5 SiOH/nm? if all of the water
reacted. This removed many of the most reactive defect sites caused by the formation of the silica
surface. 764 water molecules were then added to the vacuum above the hydroxylated silica surface and
allowed to interact with the surface over 400,000 iterations so as to provide a water/silica interface with
~2nm of water on the silica. Each of the final systems contained 5988 atoms. The dissolution reactions
and activation barriers were obtained using calculations of the potential of mean force (PMF) using the
H,O molecule with the correct orientation closest to a particular Q4 Si at the surface in the manner
described below. Fifteen (15) initial Q4 sites were randomly selected in the silica surface for the start of

the PMF dissolution runs.

II1. Potential of Mean Force

The potential of mean force was calculated by integrating the mean force required to maintain a
prescribed radial distance between two atoms in the system for a series of different separation distances.
Specifically, the distance between the O of the hydrolyzing H,O and a target Si with a specific Qi was
gradually decreased over the course of the calculation, based upon the initial unconstrained O-Si
distance and a final target distance of 1.57 A. The two criteria for selecting an H,O to react with the Qi
site during the calculation were the distance and location relative to the target siloxane, or bridging,
bond (Si-O-Si). A water molecule within approximately 4.5 A of the site was chosen to allow for the
simulations to be completed within a reasonable time and to minimize the possibility that reaction with
other water molecules near the Qi site would interfere with the prescribed reactions. The location and
orientation of the H,O relative to the siloxane bond proved to be important. Several preliminary
reactions revealed that if the H,O was not approximately opposite to the target bridge to be hydrolyzed,
the H,O could re-orient around the Si-site tetrahedron during attack and cause the dissociation of an
attached silanol on the lower Qi species (i<4), instead of breaking a siloxane bond. In such a case, the i
in the Qi label does not change. The re-orientation of this attacking H,O in such a scenario could occur

because the PMF constraint algorithm used here does not control the approach angle of the H,O but
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instead allows the molecule to relax into any xyz position based upon the force needed to hold the Si and
O at the prescribed radial distances.

The distance between the H,O oxygen and the Qi Si atom (O-Si pair) was decreased by 0.01 A
during each step of the PMF calculation in a fashion similar to previous work**. All other moving atoms
in the system were allowed to relax for 10,000 steps (1 ps) before proceeding to the next distance
decrement in the PMF calculation. The restoring force that kept the O-Si pair within the small radial
range (ATconstraint <10° A) was obtained from the RATTLE algorithm based on the sum of all forces
acting on the pair from each other and all other atoms in the system with the 10A cut-off during the
10,000 step relaxation. Eventually the distance was reduced to the point that the O reacts with the Qi Si
and a siloxane bridge breaks to form a Q(i-1) site. The reaction occurs when the Qi site becomes
pentacoordinated with the attacking H,O and the four other Si-O bonds, after which a further decrease in
separation distance caused a siloxane break and the formation of a non-bridging oxygen (NBO). Upon
completion of this force calculation, all moving atoms were allowed to relax over 200,000 steps at 300
K. During this relaxation run, the newly formed NBO was generally protonated by a nearby H,O to
produce an OH" and a silanol at the location of the NBO. Local charge neutrality was maintained when
the reacting H>O donated a proton to that OH" (either directly or through proton transport involving
nearby H,O molecules in a Grotthus mechanism; proton transport with this reactive potential has been
shown to accurately match ab-initio calculations of proton transport in bulk water *2.)

After the 200,000 step relaxation run, another H,O in proximity to the newly formed Q(i-1) site
was chosen and the PMF process was repeated until the Q1 siloxane reacted to form a Q0 Si(OH), that
was dissolved in solution and no longer connected by any bridges to the silica surface. The mean force
required to maintain each specific distance constraint between the reacting species was averaged over
the final 5,000 iterations of the 10,000 iterations at each distance in the PMF calculation. This force was
then integrated over the distance travelled by the attacking H,O (i. e., the reaction coordinate) and was
plotted as the potential of mean force (PMF) versus distance to produce a curve for the activation barrier
based upon the interatomic potential.

Fifteen Q4 samples used as reaction sites for PMF measurements were located graphically using
VMD * for the three surfaces available. The samples and respective reactions were identified by capital
letter from A to O, and two numbers. The numbers refer to the coordination of the site before and after
the reaction; e.g. A43 refers to the reaction that converts the sample A Q4 site into a Q3 site. It must by
stated explicitly to avoid confusion in this naming scheme that there is no specific sample labeled “Q.

Any reference using the capital letter Q is meant to express the type of Si coordination. A reference to
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Qjj refers to a general reaction where a Qi site is converted to a Qj (j=(i-1), so Q43 means a Q4
converted to a Q3). The overall reaction from a Q4 to QO is labeled Q40 that includes the average of all

the dissolution steps going from Q4 to QO.

IV. Results

The majority of reaction mechanisms observed for each sample followed a similar pattern as the
H,O attacked the Qi site. The plane of the tetrahedral non-reacting O-Si-O bridges or silanol groups was
observed to flatten out relative to the Qi site during the PMF simulation and formed a pentacoordinated
distorted trigonal bipyramidal complex with the H>O during the SN,-type reaction. The siloxane bridge
opposite to the attacking water then dissociated from the Qi site and formed an NBO attached to the
adjacent Si. This is consistent with other research showing that the back-bond is broken when an H,O
35, 48,

attacks a Qi site or when two silicic acid molecules polymerize to form a pyrosilicic acid molecule

YA typical Q43 reaction involving a Q4 site and an H,O is shown in Figure 1.

Figure 1: The C43 reaction, showing the Si Q4 site (1) in (a) and formation of a pentacoordinated complex in

response to an attacking H,O (2) in (b). Dissociation of the back siloxane bridge (3) in (c) to form a Q3 site.

Figure 1 illustrates the conversion of the Q4 site into a Q3: the H,O approaches the site, becomes
pentacoordinated to the Si atom, and the back bridge siloxane break occurs to form an NBO that is
subsequently protonated by nearby system H,O. Dissociation of the back bridge occurred in almost all
of the simulations. A reaction that broke a side siloxane bridge adjacent to the moving water molecule

occurred in less than 10% of the simulations, and was observed for only the Q43 reaction in these sites.
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Figure 2. (a) O-Si-O bond angle distribution during the hydrolysis reaction averaged over the Q43 samples
starting from the water oxygen — Si Q4 site distance of 2.3 A. Dashed line at the tetrahedral angle at 109.5°.
(b) Example of an instantaneous structure showing three of the triplets that contribute to the bond angles in (a).

Figure 2a shows the O-Si-O bond angle distribution during the Q43 hydrolysis reaction averaged
over the samples, showing the formation of the trigonal bipyramidal five-coordinated Si structure that
deviates considerably from the original tetrahedral structure of the initial Si sites (given by the vertical
dashed line). The grouping of angles in 2a relate to the instantaneous structure in the snapshot in 2b that
shows a 5-coordinated Si during hydrolysis with the angles highlighted. The smaller angles below 100°
in 2a come from the angles between the two apical O and the planar oxygen, bounding 90°, with one
showing the slightly smaller angle (low 80°’s) and the other showing the concomitant larger angle (high
90°’s). The three planar oxygen fluctuate near 120°, and the angle between the two apical O are near
175°.

Activation barriers were produced for the four reactions of each sample by plotting the integrated
mean force versus the distance between the Si and the incoming O atom. The PMFs for the fifteen
samples were then collected and curves for the average activation barrier summed over the set in each of

the reaction steps are shown in Figure 3. The overall average from all the sites is shown as All40:
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Figure 3: The average activation barrier curves in each of the four reactions for each sample. The overall
average for the four reactions over the 15 samples is labeled as Q40.

Figure 3 implies that the average barrier for the Q43 reactions was the lowest and the Q32
reactions had the highest activation barriers. The overall activation energy for the formation of an
Si(OH)4 QO starting from a Q4 is also shown as the average of these average curves. However, the
maximum values shown in Figure 3 and the associated barriers for each reaction obtained from these
maxima differ from the average of the specific activation energies calculated from the peak maxima of
each of the 15 samples of each Qij curve. These values differ because the top of the barrier for each
individual reaction did not occur at the same distance (r) and varied across samples for the same
reaction. The effect of the averaging method used for figure 3 was to decrease the actual average
activation energy plotted here by about 1-1.5 kcal/mole.

The individual activation barriers for the specific reaction in each sample are shown in Figure 4a.
Calculating the average activation barrier for each Qij from these data gave activation energies and
standard deviations for the Q43, Q32, Q21, and Q10 reactions as 10.7 +4.1, 14.1 £2.9, 14.0 £2.5, and
12.6 £0.9 kcal/mole, respectively. The average activation energy from these data for formation of the Q0
from Q4 (All40) is 12.9 £1.7 kcal/mole. However, the rate limiting barrier for the formation of the QO

9
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from the Q4 would be obtained from the maximum energy barrier for each sample and that is given in
figure 4b. The average of these maxima gives the activation barrier for dissolution to be 15.1 kcal/mole.
This value fits within the experimental data ranging between 14 and 24 kcal/mole and fits closely to the
experimental data by Rimstidt and Barnes of 15 kcal/mole™.

Another important aspect shown in figure 4a is that the Q43 series have a significant number of
reactions with low activation barriers. As discussed below, these can be attributed to the distorted
structure of these Q4 sites and their connectivity to the rest of the network. If the initial hydroxylation

step prior the PMF runs had been longer, more of these low-barrier Q4 sites might have reacted,
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Figure 4. (a)The activation barriers for each sample in the four Qij reactions, giving an indication that some outliers
are present. (b) The maximum energy barrier of each sample, giving the rate-limiting energy barrier of 15.1 kcal/mole.

removing them from selection for the subsequent PMF calculations. In addition, if experimental
dissolution begins after initial hydroxylation of silica from the environment in experimental studies, then
the experimental dissolution results would start from Q3 sites, not Q4 sites. Most importantly, the
simulations show that the rate limiting steps are Q32 and the Q21 sites, each with an activation barrier of
~14.1 kcal/mole, which fits within lower end of the experimental results.

Figure 4 indicates that the two lowest barriers in the study occurred in the Q43 reaction for sites
E and L at 2.9 and 3.8 kcal/mole respectively. Site I has the highest barrier in the simulations for the
Q32 reaction, at 21.6 kcal/mole. These sites were investigated graphically to determine whether the
cause for variation could be attributed to localized structural effects that produced outliers in the data.

The samples identified as outliers above had local structures and nearby system atoms that
altered the reaction mechanism and contributed to barrier differences. The low barriers in the Q43 series

showed distorted bond angles associated with the Q4 site that facilitated the rupture of an Si-O bond.

10
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Figure 5 shows the standard deviation from the tetrahedral angle and the minimum siloxane bond
angle (divided by 10 for placement on the same graph) and the resultant energy barrier for the samples.
Therefore, each energy barrier has two data points on the graph, as depicted in one case by the dashed
horizontal red line. It is clear that a small siloxane bond angle alone is not sufficient to cause a low
activation barrier. Rather, the combination of both the small siloxane angle and a large deviation in the
tetrahedral angle provide sufficient distortion in the local structure of the Q4 site to lower the activation

barrier to hydrolysis dramatically. Either variation alone is not sufficient.
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Reactions for E43 and L43 had the lowest barriers observed in the study. 143 featured the
dissociation of a side bridge and the site was a member of a four member ring. The strained angular
distribution for the L site included initial tetrahedral angles of 99°, 118°, and 121°. The Si in E43 was a
member of two four member rings and had an initial configuration with strained tetrahedral O-Si-O
angles of 97° and 128°, as well as one bridge Si-O-Si angle that was 131°. The normal values for these
angles would be 109° for the former and 150° for the latter. E43 was abnormal because the H,O attack
caused dissociation of a side bond instead of the back siloxane bond. The site remained energetically
unstable because these angles were prevented from assuming equilibrium positions by the lattice. The
side-bridge that broke there was on average below 135° for the simulation and thus it was a relatively

stable site for proton adsorption *'*>°

. This side siloxane acquired a proton concurrent with approach of
the reacting H,O. There is some evidence that the hydroxylated bridge (bridging O with a proton
attached, termed BOH') may play some role in encouraging the dissociation of siloxane by decreasing
the force necessary for an attacking H,O to approach the site. Such behavior occurs in the M43 reaction,
shown in Figure 6, which shows two moments of the simulation of an H,O attack on the M Q4 site,
where the target siloxane bridge contains a proton, forming a BOH. Sample M contained only one

initially strained tetrahedral angle of 122°. The siloxane oxygen (labeled 3 in figure 6) is protonated at
11
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~ o°

Figure 6. Two snapshots of the M43 reaction, showing, in (a), the Q4 site (1) approached by the attacking
H,O (2) while an H" is adsorbed on the target siloxane bridge (BOH) (3). In (b), as (2) gets closer to (1), the
protonated bridge (3) ruptures. Red numbers indicate (2)-(1) distance.

the start of the simulation with an average bridge angle of 141°. However, this is not a stable bond angle
for the proton on this bridge ! and the proton transfers off and on this oxygen during the early stage of
the simulation until the H,O approaches the site, which gradually lowers this angle, increasing the
stability of the BOH, consistent with ab-initio>® and MD simulations*'. When the H,0 —site distance
reaches 2.30A (O(2)-Si(1)), the proton remains on the O3 bridge for the remainder of the simulations,
which helps lower the barrier. Between 2.10 A and 2.05 A, the siloxane bond breaks and reforms, but
irreversible siloxane rupture occurs at a bridge angle of 138°, an O(2) to Si(1) distance of 2.05 A, and a
lower barrier of 7.9 kcal/mole.

The reaction with the highest barrier was 132. The tetrahedral and bridge angles for the site prior
to reaction did not show substantial levels of strain. In addition, the site was also lower in the z
dimension than other sample sites relative to the ostensible location of the glass-water interface at z = 42
A in the system. Site I was located at 40.5 A in z. The reaction for 132 had the highest barrier in the
study, and is shown in Figure 7 with the attacking H,O at a distance of 2.27 A from the Si site (the 2-1
separation distance). The hydrogen (3) at the BOH site is 1.46 A from the attacking O (the 3-2
separation distance), with an O-H-O angle of 160° (the 4-3-2 angle). Of course, these numbers fluctuate
during the run. This hydrogen bonding between O(2) and H(3) caused an increase in the restorative
forces required to bring the attacking O towards the equilibrium distance to the Si site in the PMF
calculations, evidenced by a significantly higher slope in the curve and higher barrier for the 132 barrier

(curve not shown here).

12
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Figure 7. The 132 reaction. The Q3 site (1) is approached by an H,O (2) that is hydrogen bonded to a nearby
BOH (3).

The differences in the outlier samples discussed above indicate that these factors of the pre-
reaction localized strain, the presence or lack of lattice constraints, and the interactions with adjacent
atoms near, but not on, the reaction site could play a role in producing an unusually low or high barrier
for the rupture of a siloxane bridge. The average value for the activation barrier is shown in Figure 8
below, along with error bars that represent the variation across the 15 samples in each reaction. The
standard deviation for the barrier decreases in the later stages of dissolution, when the coordination

number of the defect is lowered, as indicated by the broad distribution in the Q43 and the narrow
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Figure 8. The average energy barriers for each Qi reaction for all of the samples.

13
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distribution in the Q10 reactions of Figure 8. Q40 gives these data averaged over all reactions starting

from the Q4 down to the QO.

V. Discussion

The data obtained during the course of this study indicates that the rate-limiting steps obtained in
the simulations are the Q32 and Q21 reactions, each with an average of ~14 kcal/mole. As presented
above, the Q43 reaction has the lowest average activation barrier and the largest number of very low
individual barriers because of the increased number of strained siloxane bonds at these Q4 sites prior to
the reaction. Had the initial hydroxylation continued for longer times, these lower barrier sites might
have been removed prior to the PMF calculations. This is important in that experimental data are taken
after the silica has already been exposed to the environment and complete hydroxylation would have
occurred, removing these low-barrier, or more easily reactive, Q4 sites, so that the dissolution reactions
would have started from the Q3 species. In any case, the result showing the rate-limiting barrier using
the maximum energy barrier for each sample (figure 4b) of 15.1 kcal/mole in the simulations is quite
reasonable in comparison to the experimental data that obtain activation barriers for dissolution of a-
Si0, in water in the range of ~14-22 kcal/mole™** . The energy barrier reported here is lower than that
observed in a number of previous computational studies that obtained barriers in the range of 17.7 — 38.7
kcal/mole depending upon reactant molecule, form of silica, and number of additional waters: Xiao and
Lasaga (18.9 — 29 kcal/mole) 2% Pelmenshikov et al (20 — 29 kcal/mole) °, Walsh et al. (24 kcal/mole) *',
Del Bene et al. (30 kcal/mole) >, Criscenti et al. (17.7 — 28.4) kcal/mole) , Wallace et al. (38.7
kcal/mole) *°. Those previous calculations used smaller system sizes and most investigated a cluster
structure meant to mimic crystalline silica and not a-Si0O,. Several studies had a limited number of H,O
molecules to participate in the reaction at the surface that may have played a role in producing an
elevated barrier. [32 was the only reaction where the activation barrier was above 20 kcal/mole in this
study. The observations discussed above for the 132 reaction suggests that H-bonding to nearby NBO or
hydrogen on bridging oxygen (BOH) affected the reaction mechanism. The site was located in surface
contours below the average surface and the barrier appears to be elevated due to attractive forces to
nearby surface lattice sites that are lateral or slightly higher in z dimension that would not be present at
the outermost surface where the reactant is less restricted by the local structure. In addition, the lower
location of the site relative to the surface inhibited reaction with additional unconstrained H,O that could

have contributed to supplying protons to the siloxane bonds about to rupture, thus raising the barrier.
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The magnitude of the differences in activation energy for the different Qi species appears to be
mediated by the degree of strain or the available H,O pathways at the reaction site. The approach of the
attacking H,O to the site in an SN,-type reaction causes the three adjacent oxygen bridges or silanol
sites to enter into a flat plane as a pentacoordinated complex is formed as a distorted trigonal bipyramid
and the back siloxane dissociates. The flattening of the plane requires a certain amount of energy
because the angles of the pentacoordinated complex are by definition non-equilibrium, relative to
tetrahedral SiO; units. The tetrahedral angle of the O-Si-O atoms in the flat plane for the activated
complex increases from approximately 109° to 120°. The O-Si-O angle between the target bridge and
the Si-O members of the plane must decrease from 109° to ~90°. The Q4 site contains three siloxane
bonds that may contribute to resistance in the flattening of the plane (the lattice constraint), and the site
should intuitively have the highest activation barrier. However, the Q4 sites randomly selected here
showed the largest propensity to have initially strained angles. These angles require smaller energetic
contributions before a pentacoordinated complex is formed. The simplified explanation for the low Q4
barrier is consistent with results showing a lower barrier for the Q1 site as well. The Q1 site contains
only one bridge and three silanol groups; the silanol groups assume equilibrium angles around the Q1
and show no strain. The approach of the attacking H,O opposite the sole siloxane bridge requires the
rearrangement of only silanol groups to form the flattened plane of the pentacoordinated complex. Less
energy is required to achieve the non-equilibrium angles in the activated complex because the silanols
do not have the same lattice resistance to attacking H»O that the siloxane bonds would have. The Q1
defect site showed almost no strained bond angles in any of the samples, and the Q3 and Q2 sites
investigated showed some strain but it was considerably less than the strain presented by the Q4 site.

The surface Si sites with a lower number of bridging oxygen will experience less resistance to
strain during the reaction because these sites are freer to relax (less lattice constraint). Ignoring the
presence of either H;O" or OH ions as the reactants and assuming only H,O as the reactant, an ideal
reaction would involve an H,O becoming coordinated to the Si site via the pentacoordinated Si trigonal
bipyramid, rupture of the bridge with possible simultaneous transport of a proton from the attacking or a

nearby H,O to the NBO, and the formation of silanol groups.

VII. Conclusion
Molecular dynamics simulations were used to determine the activation barriers to the dissolution
of the amorphous Si0O, surface in the presence of a 2nm overlayer of water. The potential of mean force

calculations of the reactions of water molecules with multiple starting Q4 sites to eventually form the
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dissolved QO site were used to determine the barriers. Activation barriers for each step in the dissolution
process, from the Q4 to Q3 to Q2 to Q1 to QO were obtained for 15 different starting Q4 sites.
Relaxation runs between each reaction step enabled redistribution of the 2nm water layer in response to
the new Qi site configuration. The rate-limiting steps observed in the simulations were in the Q32
reactions (a Q3 site changing to a Q2 site) and Q21 reactions, with an average barrier of 14 kcal/mole.
The rate-limiting energy barrier obtained from the maximum barrier from each sample was 15.1
kcal/mole. This result is within the lower end of the experimental data, which varies from 14 - 24
kcal/mole, while various ab-initio calculations using small cluster models obtain values that vary from
14 - 39 kcal/mole.

The steric restrictions in each defect site produced different degrees of angular strain and
limitations on proton transport to the reaction site in the system. The low barriers in the Q43 reaction
(10.7 kcal/mole) were attributed to pre-reaction angular strain in these sites that enable easier rupture of
these strained siloxane bonds in response to the incoming H,O molecule. Had hydroxylation of the
surface been carried out for a longer time in the simulations, some of these distorted Q4 sites may have
been hydrolyzed to Q3 sites prior to the PMF calculations, removing some of the sites with the lowest
Q43 barriers observed here. More importantly, the presence of such strained Q4 sites would not be
present in dissolution experiments where all such sites would have been reacted and the dissolution
barriers would have been representative of reactions starting from Q3 sites. The Q21 reaction had a
barrier (14.0 kcal/mole) similar to the Q32 barrier. The low barrier in the Q10 (12.6 kcal/mole) was
attributed to lower resistance by the three silanols on the Q1 site to formation of the pentacoordinated
trigonal bipyramid complex that acts as the intermediate state in the reaction.

The highest barrier (~22 kcal/mole) occurred at Si sites that were in slightly concave surface
contours below the outermost surface, allowing the incoming reacting H,O molecule to interact with
nearby atoms at z dimensions slightly above the Si. These interactions provided forces opposed to the
interaction with the reactant Si site, increasing the effective restoring forces in the PMF calculations and

raising the barrier.
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Free energy barriers for hydrolyzation of 15 different Si sites on the amorphous silica surfaces from the Qi (i =
number of bridging oxygen) to Q(j) (j=(i-1)) reaction with incoming H,O during dissolution to form the labeled

Qij reaction, showing the distribution of barriers and presence of outliers that indicate the importance of allowing
for the structural heterogeneity of the amorphous surface in computations.
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Free energy barriers for hydrolyzation of 15 different Si sites on the amorphous silica surfaces from the Qi (i =
number of bridging oxygen) to Q(j) (j=(i-1)) reaction with incoming H,O during dissolution to form the labeled
Qij reaction, showing the distribution of barriers and presence of outliers that indicate the importance of allowing
for the structural heterogeneity of the amorphous surface in computations.



