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Abstract
Barrier heights (BHs) for hydrolysis and H,O exchange reactions at M—O-Si (M = Ni*, Mg*’,
and Ca2+) linkages on olivine (M»Si0O4) mineral surfaces were determined via DFT calculations.
BHs for hydrolysis of protonated Ni—O-Si, Mg—O-Si, and Ca—O-Si sites are 76, 54, and 27
kJ/mol, respectively, and are 69 and 24 kJ/mol for HO exchange reactions of protonated Mg—O—
Si and Ca—O-Si sites, respectively. Rate constants were calculated via classical transition state
theory (TST) using these BHs. For protonated Ni-O-Si, Mg—O-Si, and Ca—O-Si sites, these are

72 x 107, 47 x 10%, and 1.5 x 10° s (pseudo-first order where [H,O] is assumed to be
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constant), respectively and for H,O exchange at protonated Mg—O—Si and Ca—O-Si sites are 2.6
x 10" and 3.7 x 10° s”' (pseudo-first order where [H,0] is assumed to be constant), respectively.
Approach of an H,O molecule from the second hydration sphere toward a protonated Ni—O—Si
site leads to breakage of the Ni—O bond and subsequent release of Ni** to solution. For
protonated Mg—O-Si sites, however, H,O exchange does not lead to rupture of the Mg—O bond
and would not be a step toward dissolution of the mineral. Potential energy surface (PES) scans
of H,O exchange indicated formation of a hepta-coordinated Ca*, so neither H,O exchange nor
hydrolysis of the Ca—O-Si linkage occurred in this case. Calculated rate constants are consistent
with experimental data for end-member composition olivine minerals where observed rates of

. . . . 2+ 2+ 2+
dissolution increase in the order Ni©" < Mg~ < Ca“".

Keywords
Dissolution, Silicate, Reaction Mechanism, Density Functional Theory (DFT), Quantum

Mechanical (QM), Rate Constant, H,O Exchange, Hydrolysis

Introduction

Dissolution of minerals occurs via reaction of species from solution with sites on the
mineral surface, leading ultimately to breakdown of the original mineral structure and resulting
in release of elemental constituents to solution. This process is comprised of many elementary
reactions, including opening of the surface structure network, replacement of O atoms in the
metal surface polyhedra with H;O molecules (Liu et al., 2006; Rosso and Rimstidt, 2000), and

surface site hydrolysis. This last class of reactions occurs when an H;0" ion, H>O molecule, or
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OH ion from solution reacts with a metal site on the surface, breaking the M—O bond and
releasing a metal ion to solution.

The H,0O molecules, H3O" ions, and OH ions from solution affect the dissolution rate
through two possible mechanisms. The effect of the H;O" ion on the dissolution rate has been
described as proton-promoted dissolution (Furrer and Stumm, 1986; Stumm and Wollast, 1990),
where the dissolution rate of a mineral is observed to increase as a function of decreasing pH.
This is likely because H' ions adsorb to surface O atoms and weaken M—O and Si—O bonds. The
second proposed mechanism is known as ligand-promoted dissolution (Furrer and Stumm, 1986;
Ludwig et al., 1995; Stumm and Wollast, 1990), where the H,O molecule and OH™ ion serve as
ligands bonding to the mineral surface. Their effect on the dissolution rate likely results from
weakening of M—O surface bonds via an increase in charge to the metal that is delivered by the
adsorbing ligand (Stumm and Wollast, 1990). At a given pH, there is a distribution of H', H,0,
and OH™ species from solution reacting with surface sites, and thus proton- and ligand-promoted
pathways can both be active during dissolution (Furrer and Stumm, 1986).

Ligand-promoted dissolution is anomalous to ligand exchange reactions in solution
(Casey, 1991; Ludwig et al., 1995), and ligand exchange reactions, such as H,O exchange, can
also occur on the mineral surface. In the case of silicate minerals, this process involves the
breaking and forming of M—O bonds at surface sites. Rates of H,O exchange reactions around a
metal cation in solution correlate with the amount of energy required to break the M—O bond
(Casey, 1991; Casey and Rustad, 2007; Feitknecht and Hodler, 1969) as well as with the
dissolution rates of orthosilicate minerals (Casey, 1991; Casey and Ludwig, 1996; Casey and
Westrich, 1992; Westrich et al., 1993), a trend that is expected because both processes involve

breaking of M—O bonds — in the form of M—O, M—OH, or M—OH,. As a result, the reaction
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mechanisms for these two processes have been hypothesized to be fundamentally similar (Casey
and Westrich, 1992; Ludwig et al., 1995), and previous researchers have suggested that this
similarity enables a direct comparison between rates for ligand-promoted dissolution and H,O
exchange reactions in solution (Ludwig et al., 1995). However, the amount of energy required to
break an M—O bond decreases across the following series: M—O > M—OH > M—OH,. Therefore,
the rates of such reactions are not equal, and correlation of dissolution rates of orthosilicate
minerals with H,O exchange rates (Casey and Westrich, 1992) may not mean that the
mechanisms are the same.

Both H,O exchange reactions and ligand-promoted dissolution reactions in the form of
hydrolysis of M—O bonds occur at surface sites during dissolution of silicate minerals. What
remains to be seen is if these two phenomena are related and if the H,O exchange rate of an
aqueous metal ion is an indicator of how dissolution proceeds for a mineral containing that
cation. There is no known chemical explanation (Casey, 1991) for correlation of H,O exchange
reaction rates with the dissolution rates of orthosilicate minerals (Casey, 1991; Casey and
Ludwig, 1996, Casey and Westrich, 1992; Westrich et al., 1993). H,O molecules are thought to
replace O atoms in mineral polyhedra during dissolution in acidic pH (Rosso and Rimstidt,
2000).

Although extensive experimental data exist (Casey, 1991; Casey and Westrich, 1992;
Davis et al.,, 2009; Pokrovsky and Schott, 2000; Rosso and Rimstidt, 2000), molecular
mechanisms of these surface reactions have yet to be described for divalent silicate minerals
using quantum mechanical techniques. The link between H,O exchange reactions in solution and
dissolution of divalent silicate minerals has not been investigated from a molecular perspective.

Our hypothesis is that release of metals to solution occurs as a result of hydrolysis of M-O

5
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linkages in the mineral network. One aim of this work is to test the hypothesis that H,O
exchange reactions on the surface lead to M—O bond hydrolysis.

One approach for investigating the link between H,O exchange reactions and dissolution
rates of minerals is to use quantum mechanical calculations that enable molecular-scale
investigation into reaction mechanisms. Previous work has studied the hydrolysis of sites on the
surface for aluminosilicates (Morrow et al., 2009; Xiao and Lasaga, 1994; Xiao and Lasaga,
1996), forsterite (Morrow et al., 2010), and quartz (Nangia and Garrison, 2008; 2009). These
studies analyzed experimental phenomena by using molecular clusters to simulate sites on the
mineral surface, and experimental observations were replicated ( Morrow et al., 2009; 2010;
Nangia and Garrison, 2008). This approach allows the most fundamental aspect of a chemical
phenomenon to be investigated without interference of atoms that do not participate in the
reaction (Xiao and Lasaga, 1994). Therefore, molecular cluster investigations would allow for
analysis of H,O exchange and hydrolysis reactions on the surface, enable description of the
reaction mechanisms, and provide insight into the link between H,O exchange reaction rates for
metals in solution and dissolution rates for minerals containing these metals.

Questions remaining include whether H,O exchange reactions are coupled with
dissolution, how H,O exchange reactions affect dissolution, and if metal cations studied are
released from the mineral surface with similar mechanisms. Results from quantum mechanical
calculations employed in this work seek to answer these questions. Molecular clusters
representing protonated M—O-Si (M = Ni*", Mg®*, and Ca’") sites on a mineral surface were
reacted with H;O" ions to examine H,O exchange and hydrolysis reactions and to determine
whether these processes are coupled for the end-member silicate minerals chosen. These

particular ions were chosen for this study because they represent orthosilicate minerals with
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nearly the slowest through the fastest dissolution rates in experimental investigations (Casey,

1991; Casey and Rustad, 2007; Casey and Westrich, 1992). This work includes calculation of

barrier heights (BHs) and rate constants for these reactions, description of each reaction

mechanism, and comparison with experimental results.

Computational Methods

Reactions of H,O with protonated M—O-Si (M = Ni*', Mg®’, or Ca®") sites on olivine
surfaces were modeled with molecular clusters. The metal ion is hexa-coordinated via five H,O
molecules and the M—O-Si linkage. Protonation is represented by an H' bonded to the O,
consistent with previous calculations of M—O bond breaking in large olivine systems (Liu et al.,
2006). The Si is bonded to three OH groups, representing bonds to the bulk crystal. Termination
via OH groups is supported by the observation that atoms farther than the next nearest neighbor
position participate minimally in bond breaking at the surface (Xiao and Lasaga, 1994). H,O
exchange and hydrolysis reactions occurring at protonated M—O—Si surface sites are investigated
using these molecular cluster models. The presence of both the H and the reacting H,O
molecule represent the reaction of an H;0" ion from solution with an M—O-Si site on the mineral
surface.

The reactions of these protonated clusters with an H,O molecule are given in Equations 1
— 3. The protonated M—O-Si site is reacted with an HyO molecule according to:
[M(H,0)s(OH)Si(OH)s*" + H,0 — [M(H:0)e)” + Si(OH)4 ()
forming the hexaaqua metal(I) ion and silicic acid as products. Hydrolysis of Ni-O-Si, Mg-O—
Si, and Ca—O-Si sites eventually lead to these products in solution and on the mineral surface.

Formation of the hexaaqua Mg®" ion and silicic acid form as products for hydrolysis of Mg—O-Si

7
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sites is consistent with previous computational results for p*~O sites in large olivine clusters (Liu
et al., 2006).

In addition to hydrolysis of protonated sites, H,O exchange at protonated Mg—O-Si and
Ca—O-Si sites is also investigated. For protonated Mg—O-Si sites, the reaction proceeds as:
[Mg(H>0)4(H20)15(OH)Si(OH)s > + Hy020a

— [Mg(H,0)4(H,0)2,4(OH)Si(OH)3]*" + H,01 (2)
where H,O,4 is the HO molecule from the first hydration sphere that moves to the second, and
H>0,,4 is the H,O molecule from the second hydration sphere that moves to the first. A similar
approach was used to investigate H,O exchange at a neutral Mg—O-Si site (Morrow et al., 2010).
For protonated Ca—O-Si sites, H>O exchange is represented by the reaction:
[Ca(H,0)s(OH)Si(OH);]*" + HyO — [Ca(H,0)s(OH)Si(OH)3]* 3)
where instead of an exchange of H,O molecules from the first and second hydration spheres, the
absorption of the second hydration sphere H;O molecule into the primary hydration sphere forms
a hepta-coordinated Ca*".

The silicic acid product, Si(OH)s, in Equation 1 represents a hydroxylated Si site that
remains on the surface after release of the metal to solution. Existence of charge is included in
the calculations by assigning a charge of +2 to the overall system. Thus, this charge is dispersed
throughout all the atoms in the system and is not solely located on the metal ion. However, for
clarity in this work as well as for ease in comparison with experimental data, the metals will each
be referred to in their ionic state.

Density functional theory (DFT) calculations have been shown to describe surface site
hydrolysis reactions successfully ( Morrow et al., 2009; 2010; Nangia and Garrison, 2008; 2009;

Xiao and Lasaga, 1994; Xiao and Lasaga, 1996). In particular, B3LYP is used because of its
8
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hybrid density functional nature, combining exchange-correlation (Becke, 1993a; 1993b; Lee et
al., 1988; Vosko et al., 1980), gradient correction (Becke, 1993a; 1993b), and a percentage of
Hartree-Fock exchange (Sousa et al., 2007). The 6-31G(d,p) basis set has been used to model
hydration of the Mg®" ion (Adrian-Scotto et al., 2005) and here is used to investigate the
reactions in Equations 1 — 3. The absence of diffuse functions is advantageous for decreasing the
basis set superposition error (BSSE) on transition metal complexes (Rotzinger, 2005a); BSSE is
expected to be minimal as we report relative energy changes for molecular clusters, where the
intermolecular distances do not vary dramatically between configurations.

Molecular clusters representing protonated M—O-Si (M = Ni*", Mg®’, and Ca®") sites
were constructed using experimental values for each M—O, Si—O, and O-H bond length and for
each M—O-H and Si-O-H bond angle. The M—O-Si bond angle was approximated from our
previous work (Morrow et al., 2010). Each molecular cluster was optimized with an H,O
molecule in the second hydration sphere, and this optimized structure served as the starting
reactants for potential energy surface (PES) scans of H,O exchange and hydrolysis reactions. For
H,0 exchange reactions, the distance between the H,O in the second hydration sphere (H2O214)
and the metal was constrained and decreased by 0.1 A for 20 steps to represent approach of an
H,0 molecule from solution. This reaction coordinate was chosen because varying the distance
between the metal and the first hydration sphere H,O molecule (H,O;4) underestimates bound
water lifetimes (Wang et al., 2007) and because the distance of H;Opyq from the metal is
considered fundamental to H>O exchange (Casey et al., 2009). If the M—O bond did not break
during H,O exchange, then a scan of the M—O distance was performed until it broke, and a

second scan of approach of H,O,,q was performed. Each of these scans was comprised of 20

Always consult and cite the final, published document. See http://www.minsocam.org or GeoscienceWorld

5/28



185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am-2014-4635

steps, where each step was 0.1 A. These two scans represent release of the metal ion to solution
and completion of the second hydration shell, respectively.

The structures with the lowest energy in the beginning and end of the scans were
optimized as reactant complex (RC) and product complex (PC), respectively, whereas the
structure with the highest energy was optimized as the transition state (TS). After optimization,
the dynamic stability of each calculated RC and PC was demonstrated by an absence of negative
frequencies; that is, each complex was at least in a local minimum. Possible TSs were identified
by the presence of one and only one negative (imaginary) frequency. For each reaction, this
negative frequency corresponded either to the forming of the M—OH,; bond or to the breaking of
the M—O bond and thus the reaction coordinate between reactants and products. The energy of
each RC was set as zero, and the relative energies of the TS and PC were used to make the
energy profiles. The PES scans, geometry optimizations, and frequency calculations were
performed with Gaussian 03 (Frisch et al., 2004), and all images of the reaction mechanisms
were made with GaussView 4 (Dennington et al., 2007).

Once the RC and TS had been isolated for each reaction, the frequency output files were
used to calculate the rate constant according to the classical TST approximation and using
TheRate (Duncan et al., 1998; TheRate, 2006) according to the Arrhenius equation:
kr = AT"e E4RD (4)
where A is the pre-exponential factor, T is the temperature in K, n is the exponential of the
temperature-dependence of A, Ej is the activation energy, and R is the gas constant (Duncan et
al., 1998; TheRate, 2006). However, the n exponent was set to zero to eliminate the temperature

dependence of A, and T was set to 298 K.
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Results and Discussion
Reaction M echanismsand Energy Profilesfor H,O Exchange and Hydrolysis

The PES scans present the energy of each configuration along the scan relative to the
energy of the RC, and the energy profiles represent the energy of the optimized TS and PC
species relative to the RC. The scans are presented in Figures la—5a along with the energy
profiles of the optimized RC, TS, and PC, whose structures appear in Figures 1b—5b and depict
the reaction mechanisms of the five reactions studied. The relevant bond lengths of the optimized
RC, TS, and PC as well as the bond angles of the TS for each reaction are given in Table 1, and
the BHs of all the reactions appear in Table 2.

1. Protonated Ni-O-Si Sites.

The PES scan and energy profile for reaction of a protonated Ni—O-Si site appear in
Figure la. The reaction mechanism comprised of the optimized RC, TS, and PC structures is
depicted in Figure 1b and shows concerted H,O exchange and Ni—O bond break. In the RC,
H,0744 is H-bonded to the H on the O in the Ni-O-Si linkage as well as to an equatorial H,O
molecule. As H,Oa,q approaches Ni**, the equatorial H,O molecules begin to rearrange to
accommodate the incoming H,O molecule, as shown in the TS. The negative frequency
corresponds to formation of the Ni-OH; bond. As a result, approach of H,O leads to breaking of
the Ni—O bond, and this is evident in the PC by the presence of the hexaaqua Ni*" ion and the
absence of the Ni—O bond, leaving silicic acid as the second product. The barrier height for this
reaction is 76 kJ/mol.

Distances between the incoming H>O molecule and the metal ion as well as between the
metal ion and the O atom indicate the degree to which the associated bonds are forming and

breaking, respectively, within these molecular clusters and also provide insight into how the
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constituents in the RC and PC resemble their counterparts on the mineral surface and in solution.
The distances between Ni** and H,0,,4 and Ni%" and O are listed in Table 1 for the optimized
RC, TS, and PC. In the RC, the Ni-H,O distance is 3.81 A, and the Ni—O distance is 2.10 A. For
the TS, the Ni-H,O distance has decreased to 2.51 A, while the Ni-O distance has increased to
2.14 A. The final Ni-H,0 and Ni-O distances in the PC are 2.11 A and 4.02 A, respectively.

The bond angles surrounding Ni*" in the TS are also included in Table 1. The bond
angles surrounding Ni*" in the TS are listed starting from the equatorial H,O molecule in the
right foreground of Figure 1b and continue counter-clockwise. The O-Ni—H,Ocq angles are 109°,
109°, 83°, and 83°, while the HyOu—Ni-H>Oq bond angles are 82°, 87°, 86°, and 78°. The O—
Ni—-H»Ocq angles closest to the approaching second hydration sphere H,O molecule are increased
from the expected 90° for an octahedral complex, and these groups are rearranged as a result of
the incoming H,O molecule.

Approach of a second hydration sphere H;O molecule toward a protonated Ni—O-Si site
leads to release of Ni2+, in the form of Ni(HZO)62+, to solution. The PES scan and mechanism for
this reaction indicate that H,O exchange leads to Ni—O bond break. Thus for protonated Ni—-O—Si
sites, the H,O exchange and hydrolysis reactions are one and the same.

2. Protonated Mg—O-Si Sites.

The H,O exchange reaction for a protonated Mg—O-Si site is shown in Figure 2. A PES
scan of the constrained distance between Mg2+ and H,0,,q as the reaction coordinate and the
energy profile of the optimized RC, TS, and PC appear in Figure 2a. The structures of the
optimized RC, TS, and PC are shown in Figure 2b. As the incoming H,O approaches Mg”", the
equatorial H,O molecules begin to rearrange to enable the exchange. The TS is characterized by

elongated bonds to the first hydration shell H,O molecules and to O. Also in the TS, HyO
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(green circle) begins to leave the first hydration shell, whereas H,O1nq (blue circle) enters the
first hydration shell. For this reaction, the negative frequency corresponds to a concerted
interaction of the approaching H,O molecule with the H-bonding network of the equatorial H,O
molecules. In the PC, the Mg—O bond is intact, and H>O 4 has been replaced by H,O2nq as shown
in Figure 2b. The barrier height for this reaction is 69 kJ/mol.

The distances between Mg2+ and H,0,,4 as well as Mg2+ and H,O, are listed in Table 1
for the optimized RC, TS, and PC in the H,O exchange reaction for the protonated Mg—O-Si
site. In the RC, the Mg—H»0,,4 distance is 3.85 A, and the Mg—H,0,4 distance is 2.10 A. In the
TS, the Mg—H,0,,4 distance is 2.20 A, shorter than the Mg-H,0,; distance of 2.26 A. The final
Mg-H,0,,q distance is 2.10 A, and the final Mg—H,O distance is 3.84 A.

The bond angles surrounding the Mg®" in the TS are listed in Table 1 using either O or
the axial H,O as anchors, starting from the equatorial H,O molecule in the right foreground of
Figure 2b and continuing counter-clockwise. The O-Mg-H,0.q bond angles are 106°, 107°, 82°,
and 80°, while the HyO,x—Mg—H>0.q angles are 77°, 83°, 89°, and 85°. As with the reaction for
the protonated Ni-O-Si site, the O-Mg-H,O.q bond angles show that the equatorial H,O
molecules are widening to accommodate the incoming H,O molecule.

Because the stepwise approach of H,O did not lead to the breaking of the Mg—O bond,
the possibility of Mg—O bond lengthening as the cause of bond break was examined. The
hydrolysis of a protonated Mg—O-Si site appears in Figure 3. The PES scan is comprised of two
steps: the breaking of the Mg—O bond and the absorption of the incoming H,O molecule by
Mg”". The reaction coordinate for the first step is the lengthening of the Mg—O bond, and in the
second step, it is the decreasing of Mg—H,O distance for H,Oy,4. The optimized RC, TS, and PC

structures comprise the energy profile in Figure 3a and are shown as the reaction mechanism in
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Figure 3b. The RC in Figure 3b shows H,0,,q H-bonded to the H" on O and an equatorial H,O
molecule, in much the same manner as for the protonated Ni—O-Si site. The Mg—O bond is
lengthened until it breaks in the TS, where the negative frequency here corresponds to the
breaking of the Mg-O bond, but H,O,,q is not yet absorbed by Mg”" in the TS. HyOnnq
approaches the penta-coordinated Mg”" between the TS and PC and is absorbed in the PC, and
thus, the PC is comprised of the hexaaqua Mg®" ion and silicic acid. The BH for this reaction is
54 kJ/mol.

The distances between Mg2+ and H»O»,q as well as between Mg2+ and O are listed in
Table 1. In the RC, HyOnq is 3.85 A from Mg, whereas the Mg—O distance is 2.14 A. In the
TS, the Mg—H,O distance has increased to 4.28 A, and the Mg—O distance has increased to 3.74
A. The Mg—H,0,,q distance increases in the TS to allow for rearrangement of equatorial H,O
molecules around Mg2+. The final distances for Mg—H»03,4 and Mg—O are 2.09 A and 4.11 A,
respectively.

The bond angles around Mg in the TS are also included in Table 1. The bond angles
surrounding Mg in the TS are listed using either O or the axial H,O as anchors, start from the
equatorial HO molecule in the right foreground of Figure 3b, and continue counter-clockwise.
The O-Mg—-H,0,q are 70°, 105°, 72°, and 70°, whereas the H,O,—Mg-H,0.q bond angles are
112°, 91°, 109°, and 93°. These show that the geometry around Mg”" is approaching an
octahedral configuration (i. e O-Mg—0 angles = 90°), which facilitates absorption of H;Oypg.

For protonated Mg—O-Si sites, H,O exchange and hydrolysis reactions are de-coupled.
Approach of an HyO molecule causes an H,O from the first hydration sphere to be replaced by

one from the second, such that the Mg—O bond break is not a result of the approach of the H,O
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molecule. Instead, breaking of the Mg—O bond occurs as a result of lengthening of the Mg—O
bond.

3. Protonated Ca—O-Si Sites.

An examination of H>O exchange for Ca—O-Si sites was performed as well. In this
reaction, H,O,pq is absorbed by Ca*" and leads to formation of a hepta-coordinated Ca*". Thus, a
true H,O exchange reaction does not occur for this site in these calculations; instead an H,O
addition occurs. The PES scan is performed where the incoming H,O molecule approaches Ca"
(Figure 4a). The energies of the optimized RC, TS, and PC are shown in Figure 4a and the
structures in Figure 4b. In the RC, H,Oy,q is H-bonded to the H on O and an equatorial H,O
molecule. As H;Oynq approaches Ca2+, the equatorial H,O molecules begin to rearrange to
accommodate the incoming H,O molecule as shown in the TS, and the negative frequency
corresponds to formation of this Ca—OH, bond. However, unlike both the protonated Ni—-O-Si
and Mg—0O-Si sites, the H,O molecule is absorbed to form a hepta-coordinated Ca2+, and thus,
the sole product is this newly-formed calcium silicate cluster. The BH for this reaction is 24
kJ/mol.

The Ca—H;,0,,4 and Ca—O distances appear in Table 1. In the RC, the Ca—H,0,,4 distance
is 4.09 A, and the Ca—O distance is 2.46 A. The Ca—H,0,nq distance decreases to 2.99 A in the
TS, while the Ca—O distance remains nearly constant and is 2.45 A. In the PC, the Ca—H,0,q
and Ca—O distances are nearly equal at 2.51 A and 2.52 A, respectively.

The bond angles surrounding Ca®* in the TS are also included in Table 1. The bond
angles surrounding Ca™" in the TS are listed using either the protonated O or the axial HyO as
anchors, start from the equatorial H,O molecule in the right foreground of Figure 4b, and

continue counter-clockwise. The O—Ca—H,0.q bond angles are 122°, 100°, 75°, and 77°, whereas
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the H,O,—Ca-H,0.q bond angles are 84°, 93°, 84°, and 77°. These angles show that the
octahedral geometry around Ca®" is distorting, enabling accommodation of the seventh bonded
group.

Because stepwise approach of H,Ox,g did not lead to breaking of the Ca—O bond, the Ca—
O bond was lengthened as a possible cause for bond break. The hydrolysis of a protonated Ca—
O-Si site appears in Figure 5. The initial PES scan appears in Figure 5a and is indicated by
closed blue triangles and a blue line. The first step in this scan consists of the lengthening and
subsequent breaking of the Ca—O bond, whereas the second step is the addition of the H,O
molecule to the first hydration sphere. This first attempt to determine the BH for hydrolysis of a
protonated Ca—O-Si site led to a barrier height of ~70 kJ/mol, which is higher than the expected
value of 25-30 kJ/mol (Tsutsui et al., 1997).

Therefore, products from this scan were optimized and used to perform a scan of this
reaction in the reverse direction, which appears as open blue triangles in Figure 5a. This strategy
is employed to determine whether the chosen reaction coordinate is an accurate representation of
the progress of this reaction (Foresman and Frisch, 1996). The TS from this scan was 27 kJ/mol
higher in energy than the hexa-coordinated RC from the first scan, making it a representative
structure of the overall mechanism. However, the scan in the reverse direction led to the hepta-
coordinated Ca-silicate cluster shown as the PC in Figure 4b. The points in the PES scan for the
reverse direction represent a coarser scan to identify the structure of the TS where the Ca—O
bond breaks through a lower energy process. Thus, the energy profile in Figure 5a and the
reaction mechanism in Figure 5b consist of the hexa-coordinated RC, the TS from the reverse

scan, and the hexa-coordinated PC.
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In the reaction mechanism in Figure 5b, H,O,,4 is H-bonded to the H on the O and an
equatorial H,O molecule. The Ca—O bond is lengthened and eventually breaks in the TS, and
H,0,,4 is already absorbed. The negative frequency in the TS for this reaction corresponds to the
breaking of the Ca—O bond. The PC is characterized by an increase in the Ca—O distance, given
below, and a fully formed octahedral geometry around Ca®".

The distances between Ca®" and H,0,,4 as well as between Ca’"and O appear in Table 1.
In the RC, the Ca—H,O»yq distance is 4.09 A, and the Ca—O distance is 2.46 A. The Ca—H>Onnq
distance decreases to 2.44 A in the TS, and the Ca—O distance increases to 3.04 A. The final Ca—
H,02,4 and Ca—O distances are 2.39 A and 4.34 A, respectively, in the PC.

The bond angles surrounding Ca”" in the TS are listed in Table 1 using either the H,O in
the foreground or the H,O in the background of Figure 5b as anchors, start from the equatorial
H,0 molecule in the right foreground of Figure 5b, and continue counter-clockwise. This method
of analysis is used as opposed to the remaining bond angles given in Table 1 because here the
incoming H>O molecule has already been absorbed in the TS. The H,Ofye—Ca—H0cq bond
angles are 83°, 92°, 79°, and 87°, whereas the HyOpack—Ca—HOcq bond angles are 124°, 93°, 75°,
and 92°. These angles show that the octahedral geometry around Ca”" is nearly complete in the
TS.

The formation of a hepta-coordinated Ca*" in the H,O exchange reaction for a protonated
Ca—O-Si site warrants additional comment. The first hydration shell of Ca®" has been shown to
vary from six to eight (Ikeda et al., 2007; Jalilehvand et al., 2001; Schwenk et al., 2001).
However, these simulations (Tkeda et al., 2007; Jalilehvand et al., 2001; Schwenk et al., 2001)
and experiments (Jalilehvand et al., 2001) were performed for the solution phase and not for the

solid state. Molecular clusters used in this work are intended to represent individual sites on a
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mineral surface, which would be surrounded by many other surface sites. Therefore, formation of
a hepta-coordinated Ca®" would be unlikely throughout the mineral surface because of steric
crowding but could be possible at more exposed sites like defects or edges. As such, this
increased coordination would facilitate easier release of Ca®* ions, similar to the model proposed
by Rosso and Rimstidt (2000).

Comparison of H,O exchange and hydrolysis for protonated Ca—O-Si sites leads to a
third reaction scheme where these two reactions are coupled. Formation of a hepta-coordinated
Ca’" indicates that breaking of the Ca—O bond is not affected by approach of an H,O molecule
from the second hydration sphere. This is further reinforced by the elusive nature of the PES
scan for hydrolysis of a protonated Ca—O-Si site and is manifested by the similarity of the BHs
and rate constants, given in the next section, for these reactions. The ability of Ca** to
accommodate a large number of groups (Jalilehvand et al., 2001) is what contributes to this
complication. However, this elusive behavior likely shows that a specific degree of freedom
affects which path is chosen.

Rate Constants

The pre-exponential factors and rate constants for the reactions in Equations 1-3 are
given in Table 3, and the rate constants were calculated using Equation 4. The rate constants
follow the opposite trend as the barrier heights outlined above, as is expected. There are two rate
constants for the protonated Mg—O-Si site corresponding to H,O exchange and hydrolysis
reactions, and these rate constants indicate that hydrolysis would proceed more rapidly than H,O
exchange. Similarly for protonated Ca—O-Si sites, the two rate constants are for formation of the
hepta-coordinated complex and hydrolysis of this site, where the rate constant of the former is

slightly higher than that of the latter. The log of these rate constants are plotted against the log of
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rate constants for H,O exchange around each corresponding metal ion (Casey and Westrich,
1992; Helm and Merbach, 1999) in Figure 6, similar to the analysis of previous researchers
(Casey and Westrich, 1992), and the uncertainty of each datum is roughly the size of the point in
the figure (i. € one order of magnitude). The trend is such that the rate constant for the reactions
of each metal increases with the rate constant for H,O exchange around the corresponding metal
ion.
Overall Trendsand Comparison to Experiment

The data in Figure 6 replicate the experimental trend for these systems (Casey and
Westrich, 1992), where rates for end-member orthosilicate dissolution increase in the order NiZ*
< Mg < Ca®". Reaction mechanisms described in this work provide additional insight into the
relation of M—O bond energies, H,O exchange rates, and mineral dissolution. The rate constant
for hydrolysis of a protonated surface site increases as the amount of energy required to break the
M-0 bond decreases, as has been discussed (Casey, 1991; Casey and Rustad, 2007; Stumm and
Wollast, 1990). However, what is most intriguing from these calculations is that H,O exchange
and hydrolysis reactions are not always intimately related at sites within the clusters, and for
some minerals, these phenomena are exclusive for Mg—O-Si and Ca—O-Si linkages. The data in
Figure 6 also show that H,O exchange and hydrolysis rate constants are not equal and are likely
two reactions occurring within the overall dissolution process.

Although the data in Figure 6 replicate the experimental trend (Casey and Westrich,
1992), the values are different. Experimental dissolution rates extend across ~5 orders of
magnitude, whereas those in Figure 6 differ by ~9 orders of magnitude. There are two possible
explanations for this. The higher rate constants calculated here indicate that experimental

phenomena contribute to the rate and somehow affect metal release from the surface. Secondly,
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the experiments on olivine minerals are at pH = 2 (Casey and Westrich, 1992), and although the
clusters shown here represent protonated sites on the surface, the phenomena are different
because mineral surfaces contain a distribution of sites in protonated, neutral, and deprotonated
states at each pH.

The results presented offer a molecular-scale insight into the link between H,O exchange
and the release of metal ions to solution during mineral dissolution. Comparison of experimental
and calculated energies for H,O exchange around Ni(H,0)¢*", Mg(H,0)s*", and Ca(H,0)s*" ions
(Bechtold et al., 1978; Bleuzen et al., 1997; Kang et al.,, 1991; Neely and Connick, 1970;
Rotzinger, 1996; Tsutsui et al., 1997) as well as experimental rate constants given on the x-axis
of Figure 6 shows that there are differences between H,O exchange reactions for these ions and
for the reactions described in this work. The presence of a silicic acid group instead of a sixth
H,0 molecule around the metal ion is likely responsible for the difference in the H;O exchange
rate constants and the rate constants measured here (Helm and Merbach, 2005; Richens, 2005).

There are two types of reactions in this regard. The first is where the silicic acid does not
participate in the reaction; that is, the M—O bond remains intact. For both the H,O exchange
reaction at the protonated Mg—O-Si site and the formation of the hepta-coordinated Ca®’, this
silicic acid group affects the rate constant. The H,O exchange rate constant for Mg(H,0)¢”" is
higher than the rate constant for the reaction in Equation 2, and this shows that the silicic acid
kinetically limits the H,O exchange reaction at a protonated Mg—O-Si site. For the protonated
Ca—0O-Si site, on the other hand, the rate constant for the formation of the hepta-coordinated
Ca’" in the silicate molecular cluster is an order of magnitude larger than that for H,O exchange

on Ca(H,0)s”". In this case, the silicic acid group is kinetically enhancing H,O exchange.
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For hydrolysis of protonated Ni-O-Si, Mg-O-Si, and Ca—O-Si sites, the silicic acid
group now participates in the reaction; that is, the breaking of the M—O bond occurs. In these
three reactions, the effect of the silicic acid group can also be examined. During hydrolysis,
H,0,,4 replaces the silicic acid group, and as a result, the rate constants for these reactions are
different than those for H,O exchange reactions for Ni(H,0)s*", Mg(H,0)s>", and Ca(H,0)¢"".
For both protonated Ni—O-Si and Mg—O-Si sites, hydrolysis reactions have smaller rate
constants than those for H,O exchange reactions, whereas for protonated Ca—O-Si sites, rate
constants for hydrolysis is larger than that for H,O exchange around Ca(H,O)s>". These results
suggest that the correlation of dissolution for end-member orthosilicate minerals with rate
constants of H,O exchange (Casey and Westrich, 1992) is coincidental (and likely based on
similar relative bond strengths between each metal and either O atoms, OH, or H,O) and not an
indication that H,O exchange is the mechanism of dissolution.

However, both mineral dissolution and H,O exchange rely on breaking M—O bonds and
the forming M—OH, bonds, and thus, the link between M—O bond energy and mineral dissolution
rates (Casey and Rustad, 2007) is also not surprising (Stumm and Wollast, 1990). Furthermore,
this connection may show that the bonding environment around the metal ion is similar in the
mineral as in the M(H20)62+ ion, particularly for transition metals (Helm and Merbach, 2002).
Moreover, the occupancy of the d orbitals on Ni*" is the same for both the complexes shown and
Ni(H,0)¢*", and the rates of H,O exchange reactions are known to scale with d orbital occupancy
for transition metals (Ducommun et al., 1980; Helm and Merbach, 2002; Richens, 2005;
Rotzinger, 2005b). The rate constants calculated also increase with the ionic size of the metal
ion, as has been observed in other studies (Casey, 1991; Casey and Westrich, 1992; Helm and

Merbach, 2002; 2005; Richens, 2005).
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Hydrolysis of protonated Mg—O-Si sites proceeds through a dissociative (D) mechanism.
This reaction can be characterized as such because of the decrease in coordination arising from
the breaking of the Mg—O bond (Langford and Gray, 1966) and because the Mg—O distance in
the TS is > 1.0 A longer than it was in the RC (Rotzinger, 1997). This dissociative type
mechanism is expected for protonated Mg—O-Si sites based on known mechanisms for H,O
exchange around this ion (Helm and Merbach, 2002; 2005; Richens, 2005), and the primary
reason for this expectation is the ionic radius of Mg*" (Ducommun et al., 1980; Richens, 2005).

On the other hand, hydrolysis of protonated Ni—O-Si sites and H,O exchange at
protonated Mg—O-Si sites are in contrast to expectations (Ducommun et al., 1980; Helm and
Merbach, 2002; 2005; Richens, 2005; Rotzinger, 1996; 1997). These two reactions appear to
proceed through an associative interchange (lz) mechanism for three reasons. First, negative
frequencies correspond to M—OH; bond formation or concerted motion within the H-bonding
network. Second, the Ni-O and Mg-H,O, bonds have not lengthened significantly, < 1.0 A, in
the TS, and third, the bond angles of the octahedron are distorted in the TS. The Ni—O-Si sites
are expected to react via dissociative mechanisms because of the population of the d orbitals
(Ducommun et al., 1980; Helm and Merbach, 2002; Richens, 2005; Rotzinger, 2005b) and
because approach of the seventh molecule toward the face of the octahedron is electrostatically
unfavorable (Ducommun et al., 1980; Richens, 2005). Also, the small size of the Mg2+ ion
prevents the incorporation of a seventh group (Ducommun et al., 1980; Richens, 2005).

However, a review of ligand exchange mechanisms showed that Ni** can react via D or
associative (A) mechanisms, depending upon the ligands present (Helm and Merbach, 2005). In
addition, two previous studies (Rotzinger, 1996; 1997) investigated H,O exchange mechanisms

around Ni(H,O)s*" via ab initio calculations. A Hartree-Fock (HF) computational approach was
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employed because a DFT approach was not possible for transition metals at that time (Rotzinger,
1996). A TS for the associative, A or |5, mechanisms (Rotzinger, 1996), was not isolated. The
TSs presented were square pyramidal in geometry (Rotzinger, 1996; 1997), and the hepta-
coordinated TS and intermediate had two negative frequencies (Rotzinger, 1996). The author
posed the possibility that these results arose as a result of the method used (Rotzinger, 1996).
These discrepancies in the literature demonstrate that additional investigations are needed.

The mechanism for the formation of hepta-coordinated Ca®* can be classified as
associative (A) because absorption of the incoming H,O molecule forms a hepta-coordinated
complex without negative frequencies. This is not surprising as an associative mechanism is
expected for Ca”" because of its ionic size (Richens, 2005). One could suggest that perhaps the
development of a hepta-coordinated Ca®" arises because of the employment of a computational
approach via molecular clusters. In fact, DFT methods have been shown to prefer decreased
coordination numbers for metal ions and thus dissociative mechanisms over associative ones
(Rotzinger, 2005b). Therefore, the presence of a hepta-coordinated Ca®" ion in this work is
consistent with previous results (Ikeda et al., 2007; Jalilehvand et al., 2001; Schwenk et al.,
2001) and demonstrates this result is not an artifact of gas-phase clusters analyzed by DFT
methods.

The hydrolysis of Ca—O-Si sites is difficult to classify. On one hand, the TS is
characterized by the breaking of the Ca—O bond, which is indicative of a dissociative interchange
(lg) mechanism (Helm and Merbach, 2005; Richens, 2005; Rotzinger, 2005b). However, the
coordination number of Ca** has not decreased. On the other hand, the Ca—OH, bond is nearly
fully-formed in the TS, and thus an A mechanism would seem to be an appropriate classification.

In this case, the TS would be marked by a negative frequency corresponding to the formation of
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the Ca—OH, bond, which it is not. Thus, the hydrolysis reaction Ca—O-Si sites does not seem to
fit into any of the classifications of Langford and Gray (1966), and this reinforces the
observation that Ca*" can react via A or D mechanisms (Akesson et al., 1994). Additional
analyses are necessary to further elucidate a straightforward description of the PES for

hydrolysis at protonated Ca—O-Si surface sites.

Implications

The correlation between H,O exchange reaction rates and dissolution of end-member
silicate minerals is not surprising given their mutual dependence upon M—O bond breakage and
formation. However, the results presented here are unique in that they show differences in the
mechanisms through which various metal sites react. Minerals containing these metals cannot be
assumed to dissolve in the same fashion or according to the same rate model as one another. As
such, the work presented here begs the question, “Does each metal site react according to its own
mechanism?” Further study in this field is necessary to answer this question.

In addition to dissolution of minerals, the results represented here also have implications
to the dissolution and design of industrial materials. Glasses intended for nuclear waste storage,
for example, may remain structurally intact longer if the glass network includes transition metals
over alkaline metals, given the larger BH and smaller rate constant calculated here. On the
contrary, materials intended to promote CO; storage through formation of a geologic phase hinge
upon release of metals, such as Mg”" and Ca®", and therefore, in these applications, rapidity of
metal ion release is desirable. As such, intended use of the material requires knowledge of

dissolution mechanisms like those proposed here to enable efficient design of these materials.
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List of Figure Captions

Figure 1. (a) The potential energy surface (PES) scan (blue line with blue squares) and optimized energy
profile (red line with red squares) for hydrolysis of a protonated Ni-O-Si site where energy (kJ/mol) is
plotted versus reaction coordinate. (b) The reaction mechanism for this reaction where the reactant
complex (RC), transition state (TS), and product complex (PC) are presented. The nickel ion is blue,

silicon atom turquoise, oxygen atoms red, and hydrogen atoms white.

Figure 2. (a) The PES scan (black line with open diamonds) and optimized energy profile (green line
with closed diamonds) for H,O exchange around Mg in a protonated Mg—O-Si site where energy
(kJ/mol) is plotted versus reaction coordinate. (b) The reaction mechanism for this reaction where the RC,
TS, and PC are presented. The magnesium ion is yellow, silicon atom turquoise, oxygen atoms red, and
hydrogen atoms white. The green and blue circles represent H,O molecules originally in the first and

second hydration spheres, respectively.

Figure 3. (a) The PES scan (blue line with blue diamonds) and optimized energy profile (red line with red
diamonds) for hydrolysis of a protonated Mg—O-Si site where energy (kJ/mol) is plotted versus reaction
coordinate. (b) The reaction mechanism for this reaction where the RC, TS, and PC are presented. The

color scheme is the same as for Figure 2.

Figure 4. (a) The PES scan (black line with open triangles) and optimized energy profile (green line with
closed triangles) for H,O exchange around Ca®* in a protonated Ca—O-Si site where energy (kJ/mol) is
plotted versus reaction coordinate. (b) The reaction mechanism for this reaction where the RC, TS, and
PC are presented. The calcium ion is gold, silicon atom turquoise, oxygen atoms red, and hydrogen atoms

white.
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709

710  Figure 5. (a) The PES scan for the forward direction (blue line with closed triangles), the PES scan for
711 the reverse direction (open blue triangles), and optimized energy profile (red line with closed triangles)
712 for hydrolysis of a protonated Ca—O-Si site where energy (kJ/mol) is plotted versus reaction coordinate.
713 (b) The reaction mechanism for this reaction where the RC, TS, and PC are presented. The color scheme
714 is the same as for Figure 4.

715

716 Figure 6. The log of the rate constant k (s™') for hydrolysis and H,O exchange at protonated Ni—O—Si,
717 Mg-0-Si, and Ca—O-Si sites (from this work) versus the log of the rate constant k (s ') of H,O exchange
718  for each of the corresponding metal ions (Casey and Westrich, 1992; Helm and Merbach, 1999).

719

720
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721  Table1: Relevant distances (A) and bond angles (°) in the reactions for protonated Ni-O—Si, Mg—O-Si, and Ca—O-Si sites.

Reaction Type Optimized Structure Forming Bond (A) Breaking Bond (A) Angle Type Bond Angles (deg)
Ni-O-S
H,0 Exchange/ Hydrolysis
Ni—HyO0044 Ni-O
RC 3.81 2.10
TS 2.51 2.14 O-Ni—-H,0¢, 109, 109, 83, 83
H,0,x—Ni-H,O¢,q 82, 87, 86,78
PC 2.11 4.02
Mg-O-S
H,O Exchange
Mg-H>044 Mg-H,04
RC 3.85 2.10
TS 2.20 2.26
0O-Mg-H,O¢, 106, 107, 82, 80
PC 2.10 3.84 H,0,—Mg-H,0¢, 77, 83, 89, 85
Hydrolysis
Mg—HQOZHd Mg—O
RC 3.85 2.14
TS 4.28 3.74 0O-Mg-H,0¢, 70, 105, 72, 70
H,0,,—Mg-H,0¢q 112,91, 109, 93
PC 2.09 4.11
Ca—0O-S
Hepta-coordinated Ca®*
Ca*Hzoznd Ca-O
RC 4.09 2.46
TS 2.99 2.45 0—-Ca—H,0¢, 122, 100, 75, 77
H,0,,—Ca—H,0¢, 84,93, 84,77
PC 2.51 2.52
Hydrolysis
Ca—Hzoznd Ca-O
RC 4.09 2.46
TS 2.44 3.04 O-Ni—H,0¢q 83,92,79, 87
H,0,—Ni-H,0¢q 124, 93,75, 92
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PC 2.39 4.34

35

Always consult and cite the final, published document. See http://www.minsocam.org or GeoscienceWorld



This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am-2014-4635 5/28

722 Table 2: Barrier heights (kJ/mol) for H,O exchange and hydrolysis of protonated Ni-O-Si, Mg—O-Si,

723  and Ca—O-Si sites.

Reaction Type Barrier Height (kJ/mol)
Ni-O-S
H,O Exchange/Hydrolysis 76
Mg-O-S
H,O Exchange 69
Hydrolysis 54
Ca—O-S
Hepta-Coordinated Ca®* 24
Hydrolysis 27
724
725
726
727
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728  Table 3: Pre-exponential factors A (s™') and rate constants k (s') for H,O exchange and hydrolysis of

729  protonated Ni-O-Si, Mg—O-Si, and Ca—O-Si sites.

Reaction Type A k(™
Ni-O-S

H,0 Exchange/Hydrolysis 1.7x10" 7.2x10™"
Mg-O-S

H,0 Exchange 3.1x10" 2.6x10'

Hydrolysis 1.4x10" 4.7x10*
Ca-O-S

Hepta-Coordinated Ca 4.9x10" 3.7x10°

Hydrolysis 9.3x10" 1.5x10°

730
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731 Figure 1. (a) The potential energy surface (PES) scan (blue line with blue squares) and optimized energy
732 profile (red line with red squares) for hydrolysis of a protonated Ni—O-Si site where energy (kJ/mol) is
733 plotted versus reaction coordinate. (b) The reaction mechanism for this reaction where the reactant
734 complex (RC), transition state (TS), and product complex (PC) are presented. The nickel ion is blue,
735  silicon atom turquoise, oxygen atoms red, and hydrogen atoms white.
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Figure 2. (a) The PES scan (black line with open diamonds) and optimized energy profile (green line
with closed diamonds) for H,O exchange around Mg in a protonated Mg—O-Si site where energy
(kJ/mol) is plotted versus reaction coordinate. (b) The reaction mechanism for this reaction where the RC,
TS, and PC are presented. The magnesium ion is yellow, silicon atom turquoise, oxygen atoms red, and
hydrogen atoms white. The green and blue circles represent H,O molecules originally in the first and

second hydration spheres, respectively.
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772 Figure3. (a) The PES scan (blue line with blue diamonds) and optimized energy profile (red line with red
773  diamonds) for hydrolysis of a protonated Mg—O-Si site where energy (kJ/mol) is plotted versus reaction
774 coordinate. (b) The reaction mechanism for this reaction where the RC, TS, and PC are presented. The

775 color scheme is the same as for Figure 2.
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Figure 4. (a) The PES scan (black line with open triangles) and optimized energy profile (green line with
closed triangles) for H,O exchange around Ca®" in a protonated Ca—O-Si site where energy (kJ/mol) is
plotted versus reaction coordinate. (b) The reaction mechanism for this reaction where the RC, TS, and
PC are presented. The calcium ion is gold, silicon atom turquoise, oxygen atoms red, and hydrogen atoms

white.
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821 Figure 5. (a) The PES scan for the forward direction (blue line with closed triangles), the PES scan for
822 the reverse direction (open blue triangles), and optimized energy profile (red line with closed triangles)
823 for hydrolysis of a protonated Ca—O-Si site where energy (kJ/mol) is plotted versus reaction coordinate.
824 (b) The reaction mechanism for this reaction where the RC, TS, and PC are presented. The color scheme
825  is the same as for Figure 4.
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841  Figure 6. The log of the rate constant k (s™') for hydrolysis and H,O exchange at protonated Ni—O—Si,
842 Mg-0-Si, and Ca—O-Si sites (from this work) versus the log of the rate constant k (s ') of H,O exchange

843  for each of the corresponding metal ions (Casey and Westrich, 1992; Helm and Merbach, 1999).
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