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Pathways for oxygen-isotope exchange in two
model oxide clusters

William H. Casey®® and James R. Rustad®

Studies of oxygen-isotope-exchanges in two classes of polyoxoions have uncovered some similarities in
reaction steps that are also consistent with mineral-dissolution studies. The molecules were polyoxocations
of Group 13 and polyoxoanions of Group 5, and the work was motivated by a desire to understand the
dissolution of oxide minerals at the molecular scale. Experimentally, oxygen-isotope-exchange rates are
found to be intensely sensitive to single-atom substitutions in the structures, even at sites that are
otherwise inert. Exchange rates for different structural oxygen sites span several orders of magnitude,
yet most oxygens within a molecule exhibit similar pH dependencies to isotopic exchange and
these seem to reflect an average proton affinity of the ion. Single-atom substitutions have a dramatic
affect on both the pH dependences of oxygen-isotope-exchanges and the overall reactivity of oxygen
sites. Molecular dynamic and electronic-structure calculations identify similar steps in the pathways for
exchange — (i) solvation forces cause a near-surface metal to detach from an underlying overbonded
oxygen. (ii) This newly undercoordinated metal adds an isotopically normal oxygen as either a water, a
hydronium ion or an hydroxide ion. (iii) Protons transfer from these adducts to more basic oxygens in
the metastable structure. (iv) The metastability is longlived but access to the metastable state depends
on the composition and symmetry of the starting structure, which is why single-atom substitutions are
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Accepted 22nd June 2015 so important. (v) Within the metastable structure, oxygens shuffle positions and the metastable state
DOI: 10.1039/c5nj00985¢ collapses back into a more stable form. Pathways to form these metastable structures depend on the
symmetry and composition of the starting geometry, which probably can't be adequately constrained

www.rsc.org/njc for meaningful simulation at mineral surfaces.

ions (POMs) have structures that are similar to condensed oxide
phases and can be used as molecular models of the oxide-water
interface. Here we review two careful studies that couple clusters
with single-atom substitutions to reactive molecular-dynamic

Introduction

There is enormous interest in understanding the dissolution of
minerals and glasses in water at the molecular scale by geoche-

mists and glass chemists concerned about the stability of
things like waste forms for radioactive waste isolation, as well
as to identify factors controlling the enhanced chemical dur-
ability of glass used in industry and life sciences. This interest
has largely been manifested in bulk studies of solids in water
followed by molecular-simulation of hydrolysis at the molecular
scale. These studies are often attempts to identify single rate-
controlling steps or activated complexes that can be used to
inform the applied rate laws, which are usually based solely on
the chemical affinities and an assumed form.

What has been missing from these studies are experiments and
simulation at the same molecular scale, and yet polyoxometalate
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models. Both studies emphasize the importance of access to
low-energy metastable states.

Broad features of oxide mineral
dissolution

There have been enough studies of mineral oxide dissolution
to identify some general features. First, for structures that do
not have a polymerized oxide network, the dissolution rates scale
like the familiar reactivity trends for other ligand-exchange
reactions affecting the same octahedrally coordinated metals
[Fig. 1]. The rates of dissolution of unpolymerized structures
(e.g., simple oxide (MO), orthosilicate (M,SiO,) or carbonate
phases (MCOj3)) in identical solutions resemble the reactivity
trends for other simple ligand-exchange reactions. A direct
comparison is to rates of ligand-exchange of bound and bulk
waters around the corresponding metal ions. The reason isn’t

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2016
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mysterious — both metal detachment from a dissolving step and
water exchange around an ion are oxide ligand exchanges
affecting an octahedrally coordinated metal. Magnesium is
octahedrally coordinated to oxygens in both the mineral for-
sterite [Mg,SiO,4] and the ion released by acid-dissolution of
forsterite, [Mg(OH,)s]>*. Replacement of bridging oxygens with
terminal oxygens is a sequence of similar ligand-exchange
processes and the familiar reactivity trends abide. The rates
of ligand exchange around d® Ni(u) are slower than around d’
Mn(u) or d*° Zn(u) because of the crystal-field energies." None
of these minerals have extended and resistant oxide polymers.
The orthosilicate minerals have isolated silicate tetrahedra,
for example.

What is different for minerals is the averaging effect of
composition. Also shown in Fig. 1(a) are the rates of dissolution
at pH = 2 of mixed-metal orthosilicate minerals like monti-
cellite [CaMgSiO,]. Note that the Ca(u) is not rapidly leached out
of the surface to leave a material that dissolves at the slow rate
of forsterite [Mg,SiO,]. Instead the material dissolves at a rate
given by the weighted expectations of composition. Composition
in mixed-metal oxides exhibits a rate that is the weighted sum of
the end member compositions. Of course such averaging effects
of composition do not occur if the structure is modified by the
substitution or of the metals don’t substitute into homologous
sites, as in clays.

Another interesting feature of oxide mineral dissolution
kinetics is that the pH dependence of the rates is broadly
amphoteric. In Fig. 1(b) we show the rates for dissolution of
the mineral albite, NaAlSiz;Og, which has been extensively
studied.”” This mineral has a silicate framework, although
the amphoteric dissolution rate is observed for most oxides.
Note that the rates increase in acidic solutions and in basic
solutions and reach a minimum at near-neutral pH conditions.
Molecular speculation about the causes of this pH dependence
for minerals have given rise to dozens or hundreds of papers
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based largely on DFT simulations of purported activated
states,®'* with little clarity shed.

In other words such dissolution rates exhibit a broadly
amphoteric chemistry, as is typical for oxides in water. Rates
are enhanced by adsorbed protons, or positive surface charge.
Sometimes rates are also by adsorbed hydroxide ions or negative
surface charge and there is a region where the rates vary poorly
with solution pH. The molecular details are largely speculative.
Of course, the observation is relevant to condensed oxide struc-
tures that do not exhibit a profound asymmetry in bonding, such
as is found in clays, and that do not undergo selective leaching of
some cations while the structure is intact. It is clear that the
basic features of step-flow theory applies to minerals - reactions
are vig reaction at kink sites and the excavation of lattice defect
outcrops, making etch pits. However these models are not mole-
cular but arise from geometry and the juxtaposition of surface
energies via the Gibbs-Thomson effect and bulk energies. They
are basically geometric models for stacking cubes.

An additional interesting feature of mineral dissolution
kinetics is the puzzling role of counterions. The rates seem to
depend on the type and concentration of counterions beyond
the effect that electrolyte concentration has on proton- and
hydroxide-ion uptake. One expects counterions to affect
Bronsted acidities, but the effect seems to be about a factor
of two larger.

What we can show in the next section is that these broad
features of oxide mineral dissolution are also recaptured in the
rates of oxygen-isotope exchanges and dissociations of simple
polyoxoions that have a few dozen atoms. In these nanometer-
sized ions, the pathways are via metastable equilibrium with a
partly detached form of the molecule. Because charge-
separation is implicit, counterions are important and the path-
ways involve the average proton affinities of the structure, not
those of a single imagined bond that must be activated. Atoms
in the structure react in concert.
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Fig.1 (a) The dissolution rates at pH = 2 of a set of orthosilicate
minerals,>™ with the stoichiometry: M,SiO4(s) and isolated SiO,*~ tetra-
hedra. The abscissa is the rate of exchange of water from the corres-
ponding metal ion (e.g., Mg?*(aq)) and the ordinate is the dissolution rate
of the mineral (e.g., Mg,SiO,, forsterite) normalized to area. The mixed-
metal compositions are shown in yellow and are plotted against the
weighted sum of the logarithms of rates of water exchange. (b) The
dissolution rates are amphoteric for the aluminosilicate mineral albite
(NaAlSizOg), which has a tectoaluminosilicate framework structure.*

Oxygen-isotope-exchange pathways
in nanometer-sized clusters

What is key in the model systems is that the dissociation of the
ion can be detected unequivocally. In both of the examples
systems, there is a set of oxygens that undergo isotopic sub-
stitution only when the molecule dissociates completely and
reforms from the solvent. Thus, it is clear that isotope exchange
at the other oxygen sites proceeds without dissociating the
molecules.

[MO,4AL,,(OH),,(0OH,),,]"®" ions of the -Keggin structure

The ¢ isomer of the Baker-Figgis-Keggin has one set of bound
waters, two sets of 12 each of p,-OH and one set of ,-O in the
center of the molecule. These 1,-O bind the central tetrahedral
metal (MO,) to the outer part of the molecule and the octahedrally

900 | New J. Chem., 2016, 40, 898-905
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Fig. 2 The IMO4AlL(OH)»4(OH,)15""8 ion (MAly,) has two sets of i,-OH
that differ in their positions either between or within a AlzO43 trimeric group.
These groups rotate to make up the various isomers of the Keggin structure
and this molecule has the g-Keggin structure. Central to the molecule is
a tetrahedrally coordinated metal, M = Al(n), Ga(in) or Ge(wv), that is bonded
to ps-O that are inert to exchange. There are twelve bound waters that
exchange with bulk solution in millisecond timescales.™

coordinated Al(ur) metals (Al(O)g). The ions have the stoichio-
metry: [MO,Al;,(OH),,(0H,);,]""*" and M could be Al(m)(Al,;),
Ga(m)(GaAly,)or Ge(v)(GeAl;,). The p,-OH fall into two groups,
one set of twelve that are internal to the four trimeric entities
and one set of twelve that link the trimeric entities to one
another [Fig. 2].

Rates of oxygen-isotopic exchanges were determined via
0 methods for the three molecules: Al;;, GaAl,, and the
Ge(v)-substituted version: GeAl,,.">™*° There are some key points
that derive from these studies: (i) the p,-O and the central MO,
sites are inert to substitution in the molecules.?”*! These 11,-O
sites exchange oxygen isotopes with the bulk solution when the
molecule dissociates completely and reforms. (ii) The bound
waters exchange rates in the millisecond time scales and are
nearly equal across the series; and (iii) the two sets of p,-OH
differ by roughly a factor of ~10° in rates of isotopic exchange
from one another within a single molecule. Without knowing
anything specific about the mechanism, one could guess that the
set of p,-OH within a trimeric group are probably the slowly
reacting set and the p1,-OH that link trimeric groups together are
probably the rapidly reacting set, just based on general ideas
about accessibility to water molecules. More complete under-
stand of the mechanism provided by molecular modelling, as
described below, strongly confirms that this is the case.

Most interestingly, (iv) the rates of oxygen-isotope exchange
for similar oxygens across the series varies: GeAl;, > Alj; >
GaAl;, and the range is enormous. One set of 1,-OH in the
GeAl,, is too reactive to even measure in an NMR experiment.
The remaining 1,-OH span a range of ~10 in rates of isotopic
exchange, and are probably much larger if both sets of the
GeAly, could be included. No pH dependence was detected
although the range that could be covered was quite small. The
key result was that a metal substituted into the inert core of
these molecules has an enormous effect on the rates of isotopic
exchange, even in parts of the molecule three bonds away.

This extraordinary sensitivity of the rates of steady oxygen-
isotope exchanges was explained by examining the results of

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2016
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Fig. 3 Steps in conversion of Aliz to a metastable state.?72* Oxygen
atoms are red, aluminum atoms are cyan, hydrogen atoms are white.
Dashed lines represent key bond breaking events. (a) Stable Alsz; (b) bonds
from top aluminum ions to the m4-oxo break creating 5-fold coordinated
aluminum; (c) five-fold aluminum ion on left takes on water; (d) Al-O-Al
bridge breaks, creating tetrahedral aluminum ion on the right; (e) tetra-
hedral aluminum on the right takes on two water molecules from solution
to create a metastable state with six-fold coordinated aluminum ions that
are connected by p-oxo and HzO, bridges.

molecular dynamic simulations** coupled to electronic-structure
calculations [Fig. 3]. What the authors found was that the central
metal (Al(mr), Ga(m) or Ge(wv)) controls access to a more loosely
packed form of the structure that was essential to the isotope-
exchange reaction. Although none of these central metals were
exchangeable, the pathway for isotopic substitution was via
a dimer-like moiety that was partly detached form of the stable
e-Keggin structure. This metastable intermediate had a finite
lifetime and was not a transition state. Steps in forming the
metastable intermediate were: (i) partial detachment of a Al(O)s
from the underlying p,-O that was bonded to the central MOy;
(ii) addition of an isotopically normal water to the newly under-
coordinated Al(m); (iii) proton transfer from a bound water to
form a p,-O,H; bridge between Al(m) in the dimer-like structure;
(iv) exchange of oxygens positions in the H3;0, bridge; and
(v) collapse back into the stable e-Keggin structure.

The reason that the central metals are important is because
the strengths of the M-p,-O-Al(m) bonds alternate. When the
central M—(p,-O) bond is weak, as in the case where M = Ga(u),
the (u4-O)-Al(m) is strong, access to the dimer-like metastable
form is diminished, and the exchange rate is reduced. When
the M-(p4-O) is strong, as in the case where M = Ge(w), the
adjacent (p,4-O)-Al(m) is weak, access to the dimer-like meta-
stable form is enhanced and the exchange rate is increased.
Isotope exchange only takes place via the loosely packed
metastable dimer-like structure. The essential reactivity trend
revealed in the simulations is consistent with the results of
electronic-structure calculations that show that energies to
make the dimer-like structure vary systematically in the order
GeAl,, < Al;; < GaAly,.

It is important to note that the metastable intermediate
and isotope-exchange pathways could be identified because the

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2016
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symmetry of the e-Keggin structure is high (7). There are only a
couple of accessible metastable states that could reasonably
allow isotopic exchange. This limited ‘“‘target” structure could
therefore be ‘““discovered” with molecular-dynamic simulations
before it was known, even qualitatively, what kind of structure
would come out of the simulations, or, for that matter, even
that a metastable state was being sought. Furthermore,
the molecule is a cation and there was no detected Brgnsted
acid-base influences on the reaction in the stable form of the
molecule - all important proton-transfer processes took place
only in the dimer-like intermediate structure, when the p,-O,H;
bridge formed that preceded isotopic exchange. The experi-
ment was so well posed and so site-specific that discovery of the
mechanism via molecular modelling was almost inevitably
successful. In a sense, the systematic [MO,Al,,(OH),,(OH,);,]"/**
substitution series allowed most of the “molecular modeling” to
be done in an experimental forum. While this is what modern
experimental chemistry is all about, examples of where this has
been done on anything resembling a complex geochemical
systems are very rare or even non-existent.

Single-atom-substituted decaniobate ions

In the case of the aluminum polyoxocation discussed above, the
isotope-exchange pathways could be detected only because
experiments could be compared for sets of isostructural molecules
with a single-atom substitutions in the center. These profoundly
affected the rates. Here we examine isotope-exchange kinetics in a
set of decametallate structures that vary systematically in charge
via single-atom substitutions. These single-atom substitutions
modify the reactivities of oxygens to isotopic substitution, but
also dramatically affect the pH variations in rates.

It is best to introduce the experimental results stepwise,
starting with the decaniobate ion: [Hbel()Ozg](67x)+. The niobates
were chosen for study only because the metal does not undergo
changes in redox state in water and because the rates of oxygen-
isotope exchanges were slow enough to be conveniently followed
using 70O NMR methods.>**?

To follow steady rates of oxygen-isotope exchange in this
molecule, Villa et al. prepared versions from 40% '”O-enriched
water so that all oxygens in the molecule were tagged and then
precipitated it as a salt with tetramethyl ammonium cation.
This salt was then dissolved into isotopically normal water and
the seven signals were identified and followed as a function of
time. These seven signals corresponded to the seven oxygen
sites in the decaniobate structure and varied in field position
according to bonding. The most upfield peak was assigned to
the two central ps-O (Site A) in the molecule and the most
downfield peaks were the two sets of 1 = O, labeled G and F in
Fig. 4(a). In between were three sets of 1,-O (C, D, and E) and
one set of 13-O (Site B). Diminution of the O NMR peaks for
these sites yields the rates of isotopic substitution and the
constant signal for Site A, the central ps-O, indicates that the
molecule is stable.

What is found for this ion is that the oxygen sites exchange
at rates that differ by 10°-10* from one another, but that they all
exhibit the same pH dependence. Rates increase dramatically

New J. Chem., 2016, 40, 898-905 | 901
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Molecule Begins
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Fig. 4 (A) The decaniobate ion, [H,Nb1oO25]® ™, has seven oxygen sites
and three metal sites.2%3%33 The oxygen type and number are color coded
and the atoms are identified with red in (B) oxygens are in two central pg-O
(Site A), four ps-O (Site B), three sets of u,-O (C, D, and E) and two sets of
17 = O, labeled G and F. The YO peaks for these sites (A) are easily resolved
in an NMR spectrum and changes in intensity with time, shown above in a
stacked plot, yield the rates of isotopic exchange with the solution (B).
At pH > 7.5, diminution of the signal from the O in Site A, the central
ne-O, indicates that the molecule is dissociating.

with [OH™] concentration at pH > 7, but in tandem. The pH
dependence is also in tandem with the very slow rate of
dissociation of the molecule, which is detectable at pH > 8.5.

From titrations, Villa et al.>®3%33 estimated that the mole-
cule is unprotonated beyond pH ~ 6. From mass-spectroscopy
and NMR data, it is found that the molecule dissociates by
cleavage into a hexamer and tetrameric fragments via rupture at the
U5-O site.**3* The pathway was discovered because transfer of the
0 tag from the mother to the daughter ions can be identified in
NMR spectra. This dissociation of the decametallate into hexamer
and tetrameric fragments is probably reversible, because the
70 tag diminishes with time after dissociation as though the
decaniobate were reforming and cleaving repeatedly with a 50%
chance of transferring the 7O at each dissociation.

The key observations are: (i) whatever causes the [H,Nb;¢O,g]
molecule to dissociate, measured by the loss of signal from the
central p1-O, Site A, also causes the exchange of oxygen isotopes

(6—x)+
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into the six reactive oxygens (Sites B-G); and (ii) the entire
structure is involved in isotope-exchange pathways. This beha-
viour differs strongly from what might have been expected
based on a “functional-group” perspective. From such a per-
spective it would have been guessed that there are sites of high
proton affinity that would be activated through protonation
and that these would be completely different sites than those
activated by OH™ nucleophilic attack. In this view the sites of
reaction are isolated from one another. In contrast, the experi-
mental work indicates that there are no isolated functional
groups, save possibly for the bound waters, which are relatively
insensitive to small changes in composition and structure.
The charge of the molecule can be changed by substituting
Ti(wv) for Nb(v) in the central part of the molecule, making an
isostructural form of the decaniobate, but with the stoichio-
metry: [H,NbgTi,0,5]®®*. The oxygen-isotope-exchange rates
for the seven oxygens were followed via NMR and one could see
that the pH dependencies were again the same for all oxygens
in the molecule, but now the pH dependence for the rates is
inverted [Fig. 5]. All oxygens now have rates that increase with
proton concentration, yet still differ by the factor of by 10°-10*
from one another. The pH dependence was completely inverted
by the simple substitution of two Ti(wv) for Nb(v) in the center.

[HyTi;NbgO,g]® X0y

a) Site of substitution,
{ Ti(IV) for Nb(V)

b)

-2 Molecule Converts
< A
i35 > <><2 Q A A a
" Lo A
44 A
—~ 9 A
£ A__
@ 511w D
£l a Bgg ¢
) Yv G
2 61 ] v
e R
241 A 3 <1 Vv,
4 E V/C
-8 Rate of Conversion
6 7 8 9 10 12.5
pH

Fig. 5 (a) When the charge of the decaniobate ion is increased by Ti(v) =
Nb(v) substitution, the pH dependencies for the rates of oxygen-isotope-
exchanges invert (b) relative to the decaniobate ion (IHNb1oO28]® ). As
with the decaniobate ion, all oxygens exhibit the same pH dependence,
although now the reaction is proton-enhanced instead of being enhanced
by hydroxide ion and increased pH.*°
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http://dx.doi.org/10.1039/C5NJ00985E

Published on 24 June 2015. Downloaded by University of California- Davis on 19/02/2016 15:40:10.

Perspective

Then, to make the series complete, Villa et al. also synthe-
sized a version of the molecule with a single atom substitution,
again Ti(wv) for one Nb(v), in the center of the structure and with
no nonbridging oxygens, making the [H,NbyTiO,s]” " ion.
Again rates for all oxygen sites exhibited the same pH depen-
dence and the total range was 10°-10*. However, now the rates
of exchange were clearly broadly amphoteric - rates increased
with [OH™] concentration at pH > 10.5 and with [H;0'] at
pH < 10. Thus the complete inversion of pH dependence seen
for the dititano complex was simply a result of shifting the “pH
of minimum oxygen exchange rate” to higher pH. Although there is
no real reason to expect it, even the approximately ~ 10> increase
in rate at the extreme ends of the amphoteric curve agrees
almost exactly with what is seen for albite in Fig. 1b. The rates
of a single oxygen near or far from the site of substitution were
surprisingly similar - the C Site (a p,-O at the corner of the
molecule) had rates within about a factor of 2-3 depending on
the proximity to the site of Ti(v) substitution.

These experiments on a nanometer-sized molecule have
important things to tell geochemists interested in understanding
oxide reactions at the molecular scale. What these experiments
show is that the overall charge of the molecule, its overall proton
affinity, controls the pH dependence for oxygen-isotope-exchange
rates. All oxygen sites exhibited a similar pH variation within a
single composition molecule ([H,Nb;0,5]® ", [H,NbgTiO,s]" "
or [H,NbgTi,0,5]® " ions). This pH variation is identical to
the pH dependence of the dissociation rate of the molecule.
The local effects of composition were muted and, although we
do not show it here, counterions have a regiospecific effect on
rates of oxygen-isotope exchanges. The presence of borate ion,
for example, enhances the rates of exchange of the C Site, a p,-O
on the corner of the molecule by about 10® but has no effect
on the E Site, a [1,-O in the equatorial plane of the molecule.
This regiospecificity is very interesting because the rates of
oxygen-isotope exchanges in borate ion, or boric acid, are
much, much faster than the rates of exchange of the oxygens.
The effect of these counterions must be electrostatic in nature;
they are much too reactive to be linking to the reactive oxygens
at the niobate ion.

Oxygen-stuffing reactions involving all atoms

These two sets of model ions discussed above, either the aluminum-
hydroxide cations or the niobate anions, are the same size, or
actually larger than, the clusters that are used in ab initio simulations
to understand the dissolution rates of minerals and glasses.'> What
the experiments show is that these entire molecules respond to
changes in solution composition and all atoms are involved in the
isotope-exchange pathways. The niobate experiments show that
isotope-exchange rates are broadly amphoteric [Fig. 6], as is found
in the dissolution rates of many oxide and aluminosilicate minerals
and solids. The decaniobate ion is a weak base and only picks up a
proton at pH < 7, yet this protonation causes sets of structural
oxygens to react quickly. In other words, and in contrast to long-
held opinions about proton-enhanced bond ruptures, the effect
of protonation of the molecule is not limited to the surface
oxygen reacting with an incoming water. As dissociation of the

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2016
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Fig. 6 The rates of oxygen-isotope-exchange in Site C (a p,-O at the
corner of the molecule) for the decaniobate ion ([H,:Nb;oO28l® %), a
version with a single atom substitution of Ti(v) for Nb(v) making the
[HyNboTiO26]”™* and a version with two Ti(v) for Nb(v) substitutions,
again in the central metal site, making the [HNbgTiO25]®* ion.28 Note
that whether the reaction is proton-enhanced, hydroxide-enhance or
unenhanced depends only on the charge of the molecule (+6, +7 or +8)
in its unprotonated form. Although we show only the C Site, all oxygens in
these molecules exhibit the same pH dependence to their rates of isotopic
exchange with the bulk solution, and these rates are much faster than the
rates of dissociation of the molecule (see Fig. 4).

molecule increases with pH, the isotope-exchange rates for all
structural oxygens increase in parallel, even if they react many
orders of magnitude more rapidly than dissociation.

Simulations of the reactions were conducted using both
molecular-dynamic methods and electronic-structure calculations.
These simulations uncovered a set of steps that seem to be
common. For the niobate ions, as with the aluminum-hydroxide
cations, there were sets of low-energy metastable structures that
formed and that had a finite lifetime - they were not transition
states but rather metastable forms of the molecule that allowed
isotopic exchange and, in the case of high energies, dissocia-
tion into products [Fig. 7].

In the niobate molecules, these metastable structures formed
by facile nucleophile additions that are enabled by retraction
of metals from underlying highly coordinated oxygen atoms.
The reactions begin by partial detachment of a surface atom like
Nb(v) from the highly coordinated ¢-O (Site A). This detachment
was mitigated by solvation forces but could be influenced by
protonation state of the cluster. As the metal detaches, a nucleo-
phile enters the inner-coordination-sphere of the newly detached
Nb(v) metal and these nucleophiles could be either a water
molecule, a hydronium ion or a hydroxide ion. Protons from
the nucleophile could be transferred to, or from, other more
basic oxygens in the metastable structure. In this way, struc-
tures of the intermediates formed by adding water, OH  and
H;0" tended to ultimately come to resemble one another - the
protons were transferred to other oxygens in the metastable
state. In other words, the proton-enhanced rates increase
because the proton facilitates the hydration, or addition of a
water molecule to the structure, promoting the formation of the
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Fig. 7 Two different pathways for conversion of decaniobate ion to a
metastable state. Oxygen atoms are red, Nb(v) atoms are green, hydrogen
atoms are white. Dashed lines represent key bond-breaking events. (a)
Stable structure. Left path: (b) bonds from niobium ions to the pz-oxo
break creating two four-fold-coordinated Nb(v) on the top of the mole-
cular ion; (c) four-fold Nb(v) ion on right takes on water; Right path:
(b’) nucleophilic attack of hydroxide ion from below begins to pull the
central metal out from its “lattice” position; (c’) an additional water
molecule pulls the central Nb(v) atom completely out of its lattice position,
severing the bond to the top pz-oxo. (d’) Added water in (c’) deprotonates
making metastable state with five-fold coordinated Nb(v) in the center.

same metastable state that would be produced from hydroxide
addition. In this way, proton-promoted enhancement of oxygen
exchange rates can be regarded as hydronium ion addition even
though the added unit may be added as separate H,O + H' pieces.

For the decametallate structures, which have much lower
symmetry than the MAL,, ions (Ty versus D,q for the decaniobate
ion), many more metastable structures could be found via these low-
energy partial detachments. The adding of an oxygen to the metals
was termed an ‘oxygen-stuffing reaction’ because the different
nucleophiles yielded similar ultimate products.*® Counterions are
important, of course, because the formation of these metastable
open structures involves transient charge separations which can be
partially compensated by counterions as well as solvent. The proton
affinities of oxygens in these metastable structures were not too
different from one another and thus proton additions tend
to labilize the entire molecule, not just a single bond, as the
protons were shuffled among the more-basic oxygens.

Just as in the case for the [MO,Al;,(OH),,(OH,),]”"*" ions,
it was access to the metastable states that controls the rates
of oxygen-isotope exchange and dissociation [Fig. 3 and 7]. All
atoms are involved. Thus a view of the reaction that emphasizes
only local hydrolysis and exchange is incorrect - at the nano-
meter size scale, all atoms are involved in an isotope-exchange
reaction because they are all involved informing the relevant
metastable state. The overall charge of the stable molecule
reflects the affinity for protons and controls the pH of minimum
oxygen exchange rate and pH dependence of the isotope-
exchange reactions.
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What this means for the mineral-fluid interface is that
simulations that hope to capture the essential interface chemistry
by using small cluster fragments are doomed to failure. Work
on the nanometer-sized clusters indicates that the structure
must be known and reproduced in the simulation to capture
any of the essential pathways for reaction. All atoms are
involved in the reaction and exert enormous influence on the
outcome and energetics. Furthermore the number and the
energetic details of the metastable states are quite sensitive to
the symmetry of the starting geometry, which is well known for
these nanometer-sized clusters but impossible to know at the
step sites on reacting minerals.

These results have both good and bad news for scientists
hoping to understand the molecular details of metal hydrolysis
at mineral surfaces. The experiments described here show that
these molecular pathway details are probably not knowable or
important to understanding the dissolution reaction. A 40-atom
cluster recaptures most of the reactivity trends observed for
dissolving oxides (amphoteric chemistry, predictable dependence
on composition) so that the actual structure of the metastable
states forming on a step are now conceptually unimportant.

Conclusions and perspectives

These clusters capture the general features of dense oxide
minerals dissolving in water via non-reductive pathways,
amphoteric rates, strong influence of composition and minor
influence of counterions. The pathways for isotope exchange
and dissociation emphasize the importance of metastability,
not activated bond ruptures. The formation of a metastable
state in both cases involve similar steps: (i) a near-surface
metal detaches from an underlying overbonded oxygen, such
as the 4-O in the case of the [MAIlZ(OH)24(OH2)1Z]7/ 8* jons or
the pg-O in the case of the [HNb;(0,5] ", [HNboTiO,s]" "
or [H,NbgTi,0,5]® " ions. (ii) Counterions are important
because the formation of the loose metastable state involves
charge separation. The effects are regiospecific. (iii) Isotopically
normal oxygen adds to the newly undercoordinated metal as
either H,0, OH™ or H;0". (iv) Protons move to more basic
oxygens in the intermediate structure, which has a long lifetime
relative to the exchange event. (v) The isotopically normal oxygen
shuffles within the metastable intermediate. For the Al,; ion this
shuffling is via an p,-O,H;" bridge. (vi) The loose metastable
form collapses back into the stable form of the molecule.
Single-atom substitutions are important because these control
the access of the metastable state that is essential for isotopic
exchange. Pathways to form these metastable structures depends
on the symmetry and composition of the starting geometry. It is
probably not possible to constrain sites for meaningful simulation
at mineral surfaces because details of the starting structure must
be known to great detail. For the oxygens we discuss here in these
molecules, only the bound waters can be considered to react in
isolation from other changes affecting the cluster structure.
Finally, the reactions steps in these examples could be
detailed only because the experimental work was conducted
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in tandem with simulation, and at the same site-specific scale.
Both components of the study were essential as it would have
been nearly impossible to infer the key pathways from intuition
alone. Future work could focus on similar tandem studies of
nanometer-sized oxides to great benefit. It would be interesting,
for example, to see how the highly collective perturbations to the
structure resulting in the metastable states postulated here
would apply to more loosely packed precursor clusters, such
as those seen in silicate and aluminosilicate oligomers. These
systems may have much greater flexibility in accommodating
oxygen-exchange pathways and might act in a more site-specific
manner than the more closely packed polyoxometallate systems.
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