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1. Introduction

Environmental chemistry and geochemistry have not traditionally been molecular
fields. However, the environmental problems that could be solved easily are now largely
controlled. Work in these fields now entails molecular chemistry, including the fate of
certain pollutants, such as the estrogen disruptors, the toxicities of new anthropogenic
compounds and the safety of radioactive waste in a repository that contains weathering
nuclear fuel rods. Even subjects such as the biodegradation rates of xenobiotic toxicants
requires molecular science since enantiomers do not degrade equally.

For aqueous reactions, perhaps the most important class to understand are ligand
exchanges where one constituent in the inner-coordination-sphere of a metal is replaced
with another, since these precede and control the rates of so many other processes.
Replacement of the water molecule by another ligand is usually described by the Eigen-
Wilkins mechanism, which is a two-step process. The first step is rapid formation of an
outer-sphere ion pair by electrostatic forces. This step is so fast that equilibrium can be
assumed. The second, and slower, step is loss of a water molecule so that the incoming

ligand has a place to coordinate [1]:

(x—n)+

M(H,0)* +L" ==[M(H,0),,L]"™"" = M(H,0),L*"" + H,0 (1)

where x=2, 3.

Even such a complicated process as dissolution of a soil mineral reduces to a
series of ligand-exchange reactions where bridging oxygens are replaced by other
nonbridging molecules [2]. In aqueous solutions, the most common ligand is the bound

water molecule. The rate at which these bound water molecules leave the inner-



coordination sphere of the metal is, arguably, the most significant parameter for reactions
in water.

Windows to this interfacial chemistry are provided by nanometer-size aqueous
clusters. Casey and Swaddle [3] have argued that ligand-substitution reactions should not
differ fundamentally between small metal-(hydr)oxo clusters and mineral surfaces as long
as there is some structural similarity. In any case, experiments on small clusters should
be used to validate computational methods of estimating the reaction parameters and used
to inform cases, such as mineral surfaces, where experiments are impossible. Recently,
Wang et al. used this approach to establish a correlation between calculated <Al-OH>>
bond lengths and rates of solvent exchange on experimental clusters and mineral surfaces
that extends across many orders of magnitude [4]. In addition, recently our group
provided a similar correlation between bond lengths and rates of ligand substitution for
Fe(IIT) complexes, using a 2-nm-size Keplerate molecule for the key experiments [5].

Central to all of this work are 7O-NMR spectroscopic measurements of the rates
at which bound water molecules exchange with water in bulk solution. This exchange
defines the most fundamental time scale for aqueous reactions and the rates span ~20
orders of magnitude for simple divalent and trivalent metals. Water exchange rates range
from reactions that take over 200 years (Ir(IIl)) to those which reach completion in
nanoseconds [6].

Most metal ions of geochemical importance react in subsecond time scales and
thus are labile in the kinetic point of view. For these labile ions, the rates of exchange are
determined from 70O NMR line-broadening methods [7], which we review below. For

inert metals, like Rh(III), oxygen exchanges can be monitored directly as changes of the



70 NMR peaks as a function of time [8, 9]. In these experiments, the compound is
either isotopically enriched and then dissolved into isotopically normal water, or an
isotopically normal molecule is dissolved in '"O-enriched solution. In either case,
changes in the peak heights give the exchange rate.

In this article we review ligand-exchange rates and mechanisms for monomer
complexes that can be compared to a larger nanocluster. Our goal is to identify trends in
reactivities that scale with size of the cluster and that might be important for computation
studies. The review also focuses narrowly on those clusters for which high-pressure '"O-
NMR have yielded activation parameters, because this method is now standard for
assigning mechanisms.

2. High-Pressure 70O-NMR and Reaction Kinetics
2.1. 7O-NMR Line-Broadening Methods
2.1.1. Diamagnetic Complexes with a Paramagnetic Relaxation Agent

Ligand-exchange reactions for the aqueous ions of interest to geochemists are
usually fast and require special NMR techniques. The most familiar method is the
dynamic '"O-NMR line-broadening technique [7, 10] where the rates of transverse
relaxation (1/72 = n - FWHM ) are related to the rates of chemical exchange, where
FWHM is the full-width at half-maximum of the !’O-NMR signal. Conceptually,
measuring the rate parameter is simply a matter of measuring the width of the '7O-NMR
peak corresponding to the bound water in the complex.

Cases that come close to this simple concept are diamagnetic ions. The peak for
bound waters are usually clear and the only important complexity arises from

quadrupolar relaxation, which can obscure the signal from chemical exchange, and the



fact that peak positions for bound and bulk waters can overlap. In such cases, the '’O-
NMR resonance from bulk water is broadened beyond detection by adding Mn?**(yq) to the
experimental solution (Fig. 1). The Mn?',q) ion is paramagnetic and also exchanges its
bound water molecules with bulk solution very quickly. The peak for the bulk water
disappears when Mn**,q) is added to the solution, leaving only the peak corresponding to
the bound water [10]. It has been shown also that Mn?*(yq) has no effect on the bound
water [11].

Once the bulk-water signal is eliminated, the 1/7> values for the bound water are
estimated for several temperatures by monitoring the !’O peak width. As mentioned

above, the net signal contains two contributions:
1 _1 1
4 -1 4 1
L r T, @
where 7n is the mean lifetime of a water molecule in the inner-coordination sphere of the

complex and L is the intrinsic quadrupolar relaxation rate. The zn parameter is equal to
2.9

1/kex, where ke is the water exchange rate, the desired parameter. Quadrupolar relaxation
arises from interactions between the nucleus and the electric-field gradient.

Quadrupolar relaxation and chemical exchange have opposite temperature
dependencies, which allow their contributions to 1/7> to be resolved from one another via
a temperature series of line-width measurements. Quadrupolar relaxation of the 'O
magnetism becomes more effective at low temperatures when the solution is viscous and
the rotational correlation time is long. Chemical exchanges become more important at
elevated temperatures as the reactions are thermally activated. Usually, an Arrhenius-like

relation is used to approximate the quadrupolar relaxation [10]:
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as a function of temperature, where £, and W are fitting parameters. The temperature

dependence of k. , the first-order rate coefficient for exchange of water molecules from

ex ’

the inner-coordination sphere to the bulk solution, takes the form of the Eyring equation:

T AS™ -AH”
Ti=kex=kb76R eRT 4)

where £, is Boltzmann's constant and the exponential terms include the activation entropy

(AS”) and activation enthalpy (AH”) for chemical exchange. The parameters 7, R, and
h are absolute temperature, the gas constant, and Planck’s constant, respectively.
2.1.2 Paramagnetic Complexes

Waters bound to paramagnetic metal ions are more complicated than those bound
to diamagnetic metals. Unlike the diamagnetic ions, the 1/72 values for bound waters
alone usually cannot be measured directly from '"O-NMR line widths. Rather, the 1/7>
values of the bulk solution, not the bound waters, are measured by the Carr-Purcell-
Meiboom-Gill spin-echo technique [12] and interpreted to yield kex. Although the 1/72
values remain the fundamental parameters needed to estimate k.x, often the rates of
longitudinal relaxation (1/7;) and the 7O resonance frequency (o) are also measured as
key parameters in a typical experiment. These other parameters are measured because
they allow a better fit between the equations and data, and hence a more accurate estimate
for kex. The 1/T1, 1/T2 and ® parameters are measured as a function of temperature and

included in a set of equations (below) to constrain the value of ..



The key information is the broadening of the bulk-water 'O peak due to
interactions with the paramagnetic ion. Thus, measurements on the sample are compared
to a reference solution that has no paramagnetic ion to affect the NMR properties. The
values of the '’O parameters for the reference sample are denoted as: 1/T1a, 1/T2a and oa
and the difference of these parameters (sample minus the reference) are called the
reduced parameters. These vary with the concentration of the paramagnetic complex in

the solution.

Ao, :ém—wm ™

where Py, is the molar fraction of bound waters in the experimental solution.
These reduced parameter are fitted to the Swift and Connick equations [7] to yield

the corresponding parameters for the bound water.

1 1
e ®)
Tlr Tlm +Tm
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A
Aw, = “m (10)
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The 1/T1m, 1/Tom parameters are the longitudinal- and transverse-relaxation rates of the
bound water and Awn is the chemical shift difference between bound and bulk water.

One typically fits experimental data to these three equations to estimate ke in a rate study



and, in the rest of this section, we discuss how the various terms are constrained.
Although the parameters and equations might seem complicated, their practical
implementation is fairly direct in a nonlinear least-squares fitting program.

The difference in frequency due to the paramagnetic ion, A®m, is proportional to

the hyperfine- or scalar-coupling constant, A/ (Eq. 11):

Aw_ = g upS(S+1)B 4
3kgT h

(11)

where gr is the isotropic Landé g factor, us is the Bohr magneton, B represents the
applied magnetic field, S is the electron spin and 43 is, again, the Boltzmann constant.
The longitudinal and transverse relaxation rates of the bound waters can be

expressed as the sum of separate and independent contributions:

The different terms dominating the longitudinal and transverse relaxation rates are
considered separately below.

The 7O longitudinal relaxation rate, 1/T}, is dominated by dipole-dipole and
quadrupolar relaxation. The quadrupolar interaction is affected by the electric field
gradient that is fixed in the molecular framework. Therefore as the molecule tumbles,
quadrupolar energy is modulated, and spin lattice relaxation can be induced. This

quadrupolar contribution can be expressed as [13]:

1 372> 21+3

T 10 I*Q2I-1)

- 2040 31y, (13)
1

q

while the dipole-dipole relaxation is:



222 2 2
L i(ﬂ] TS g(5+1) || 67, +14— 200 (14)
T 15\ 4 Vo Itagt,,

where:

e — i=1,2 15
T (15)

and ys s the electron and 71 is the nuclear gyromagnetic ratio (ys = 1.76 x 10'' rad s T,
and for 1’0 y1="-3.626 x 107 rad s' T'), uo is the permeability constant (uo/4n = 1x 107),
A is the Planck’s constant divided by 27, »mo 1s the M-O distance (where M is the
paramagnetic metal ion), / is the nuclear spin (I=5/2 for '70), y is the quadrupolar
coupling constant and 1| is an asymmetry parameter, where y(1+ n%/3)2=7.58 MHz
using the quadrupolar coupling constant for 7O in acidified water [14]. The 7o distance

is commonly estimated from crystallographic measurements but could conceivably be

measured using EXAFS or another scattering technique.
The rotational correlation time, 7ro, exhibits an inverse exponential dependence

on temperature:

E (1 1
Tro = Fro eXp{TR (? 298 15)} (16)

In contrast to longitudinal relaxation, the scalar-relaxation term, manifested as
1/T> s, dominates the transverse relaxation rate. Thus, the relaxation rate for the bound
water can be approximated as:

1 1

~

T2,m TZ,SC

(17

and then estimated from the equations for scalar coupling:
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Within Eq. 18, the longitudinal electronic relaxation term (1/77¢) dominates and exerts
the largest influence over the transverse relaxation rate (1/T2m). Within this term, the
most important contributions arise from zero-field splitting and spin rotation. Previous
work has shown that the dipole-dipole interaction term has little effect on 1/T1c [15].

For the electron-spin relaxation rates, 1/7Ti. and 1/T2., one can employ the

equations developed by McLachlan [16]:

L ZEAZ Tvz —+ 4Tv2 - (19)
I.) 25 I+wir; 1+4w;T,

1 2 5 2
L e P A (20)
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nEEEPIR\T 20815 D

where A? is the trace of the square of the transient zero-field-splitting (ZFS) tensor, Ty is
the correlation time for the modulation of the ZFS with the activation energy (Ey), and s

is the Larmor frequency of the electron spin. In addition, the inverse binding time (or

exchange rate, kex) of the water molecules in the inner sphere is also assumed to obey the
Eyring equation (Eq. 22), where AS” and AH™ are the entropy and enthalpy of activation
for the exchange, and k_" is the exchange rate at 298.15 K. For estimating AH”, a

convenient form is:

# #* 298 *
i:keX:kBTeXp{AS _AH }_ k25T exp{AH ( 1 1)} @)

R RT | 298.15 R (20815 T
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Eq. 22 is not a standard form of the Eyring equation but is particularly useful for isolating
and calculating the AH” term. The terms in the pre-exponential part of this equation are

relatively well constrained by the equations presented above that estimate k..

2.2. High-Pressure 70-NMR Experiments
In the last few decades, designs for high-pressure NMR probes have become
widely available so that experiments can be conducted over the pressure range 10-400

MPa without difficulty. Thus, mechanisms of water exchange are now largely inferred

from values of the activation volume ( AV, ) [11]. The pressure dependence of In(kex) is
expressed as an activated process:

In| L =Ink, :ln(kex)g—%P+£P2 (23)
T RT 2RT

m

where AV is the activation volume at 298 K and (k,, ), is the water exchange rate at

ambient pressure and temperature T and P is the applied pressure. The compressibility
factor, B”, is usually negligible for aqueous solutions and one typically observes a linear

relationship between pressure and water exchange rate. The temperature is commonly
adjusted by circulating a fluid from an external temperature bath and is controlled using a
built-in platinum resistor.

The essential approach is simple: the pressure dependence of the exchange rate
coefficient is measured and this leads to the mechanism [17-21]. By 'mechanism' we
mean the structure of the transition state during the ligand exchange and how extensively
the incoming ligand is involved. For a reaction involving bond elongation or bond
breaking in the transition state, pressure increases slow down the reaction and one

observes a decrease of 1/7>: with pressure, corresponding to a dissociative (D) or

12



dissociative interchange (Ia) mechanism. Reaction mechanisms range from purely

associative (A) to purely dissociative (D), corresponding to a reaction that has increased

(A, AV <<0) or decreased (D, AV, >> 0) coordination number in the transition state
[22-25]. The errors on AV, are usually about +1 cm® mol™ or about 10% of the

AV, value.

Most solvent-exchange reactions have some intermediate character, (Ia or Ia),
where the transition involves a concerted motion involving the outer- and inner-
coordination-sphere waters and an intermediate state. Interpretation of these mechanisms
can be complicated [26, 27] but the mechanisms are key for evaluating computer
simulations [28-31]. These simulations are becoming particularly important in the Earth
and environmental sciences where hydrolytic reactions are so important and the
environments cannot be easily sampled [32]. Save for a handful of studies [21, 33],
including those by our group [34], there are no activation volumes for molecules with
hydroxyl bridges.

The use of high-pressure NMR methods to assign reaction mechanisms is a
particularly important development because, previously, the mechanisms were inferred
from parameters such as activation entropies. These entropies are estimated by
temperature extrapolations and are often inaccurate.

3. Review of Some Example Studies
3.1. Monomeric Complexes
3.1.1. Octahedrally Coordinated Metal-Aquo lons
As mentioned above, replacement of a water molecule from the first coordination

sphere of a monomer ion by a bulk water molecule has been extensively studied [10, 18,
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19, 28, 35, 36]. The rates range over 20 orders of magnitude. Here we focus on the
metals that are of particular interest to Earth scientists, including: VX" (x=2, 3, 4), AI’",
Fe’*, Mo?", Cr**, Ru?**, Rh*" and that have been assembled into larger clusters that have

also been kinetically characterized. Thus, a review of their monomer reactivities is the
obvious place to begin a general discussion of clusters. The k_° values for these
hexaaqua complexes are compiled in Table 1 along with the activation parameters,
including the AV values.

The Group 5b and 6b metals are worth discussing in detail because they make so
many larger clusters of the polyoxometalate class, such as the Lindqvist ions and Keggin
molecules. The system of aqueous vanadium structures is very complex since they form
a large number of monomeric and polymeric hydrolysis products depending on total
metal concentration and pH [37, 38]. Understanding these polymerization and
dissociation reactions in detail would considerably advance our understanding of
hydrolytic processes in general, including those proceeding at mineral surfaces, so we
review them here.

Merbach and co-workers conducted high-pressure !’O NMR experiments on the

V(H20)6*" ion and report AV, =-4.1 cm*mol! [18]. This metal was the second example

of I. exchange on a divalent and octahedrally coordinated transition metal ion. Later,
further evidence was found for the associative mechanism of ligand exchange by using
the high-pressure stopped-flow technique, as they followed the complexation between

SCN-and V(H20)s>" [39]. High-pressure ’O-NMR measurements were also conducted

on the pentaquaoxovanadium ion [VO(H20)s]*" and A¥V;” was found to be small and

positive (+1.9 cm® mol™!) [40]. Normally, water-exchange mechanisms generally become

14



more dissociative as the charge of the metal increases. However, in this case although
the oxidation number of the vanadium changes from +2 to +4, the activation volume
decreases. The pentaquaoxovanadium ion, however, has a double-bonded oxygen with
strong d-p 7 bonding that influences the pathways for water exchange.

It is difficult to extend the comparison of mechanisms and oxidation to deeper
within the Group 5b and Group 6b metals because one cannot carry out studies with
Nb(V) and Ta(V); they do not form aquo ions. These pentavalent states are the stable
ones in water and the molecules form oxo-terminated clusters, not monomer ions.
However, Vanni et al. studied ligand exchange on the chloride and bromide complexes of
the Nb(V) and Ta(V) in CH2Cl, or CH3Cl by high pressure 'H NMR [41]. The reaction

is exchange of a Lewis base, such as dimethyloxide (Me>O), and not a bound water:

MXL+L —=MX.L +L (24)

where X=Cl, Brand L and L" are Lewis bases. They found that the solvent had no effect
on the rate of ligand exchange reaction when it was carried out in chloroform or
dichloromethane, and concluded that the solvent effect is negligible because the exchange
reaction involves uncharged reactants and transition states.

Because of the lanthanide contraction, one expects Nb(V) and Ta(V) to be nearly
identical the coordination geometry of their complexes and in electronic structure. They
differ primarily in the extra full shell of electrons in the ground states (Kr versus Xe) and
the full shell of 4f'* electrons in the Ta(V) structure, which are relatively deep in the core
and well away from the valence shell. Thus, the ionic radius of Nb(V) and Ta(V) are

nearly identical. Not surprisingly, the activation volumes for exchange of the solvent in
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the metal pentachlorodimethyloxide are also similar in value; for NbCls -Me2O AV, =
+28.7 cm? mol ™! and for TaCls-Me>O AV, =+27.8 cm> mol!). As a further example, the
activation volumes for the exchange at the corresponding thioethers are: AV, =-12.1 cm?

mol™! for NbBrs -MezS and AV, =-12.6 cm® mol™! for TaBrs-Me:S.
Furthermore, changes in the inner-coordination sphere are important. As the
diameter of the nonexchanging halide ligand increases (Br > CI°), the volume of the first

coordination sphere expands and the AV, value increases, indicating a more dissociative
pathway. Thus, the AV, value is larger in a bromide complex than a similar chloride

complex (AV; =+28.7 cm® mol™! for TaCls‘Me,O and +30.5 cm® mol™! for TaBrs-Me;O).
Most interesting is the changeover in mechanism with otherwise similar ligands. For
example, Vanni et al. report high-pressure kinetic data for TaCls-Me2O, TaCls-Me:S,
TaCls-Me:Se and TaCls"MeTe [41]. The AV, values decrease dramatically, from
+28.7 cm® mol™! for exchange of Me>O to -19.8 cm® mol™! for exchange of Me>S. The

data for exchange of Me>Se (AV;” =-18.7 cm® mol™') and Me,Te (AV, =-10.7 cm®

mol ") more closely resemble the value for dimethylsulfide. The initial variation in AV,

is enormous and indicates a clear difference in mechanism between the oxide- and
chalcogenide-containing ligands.

Other monomer complexes also exhibit a change in water-exchange mechanism
as the metal changes charge, as an increased charge on the metal increases the strength of

the M-O bond. Water exchange occurs via a dissociative intermediate mechanism (Iq;

AVy =+3.8 cm® mol™) for Fe(H20)s*" with the exchange rate of k_° = 4.39 x 10°s™)
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[17]. The same reaction on the Fe(H20)¢*" is ~10* times slower (£2° = 1.6 x 10?s™) and

the mechanism is I, associative intermediate (AV, =-5.4 cm® mol™) [42]. Thus, the

weaker M-O bond strength of the [Fe(H20)s]*" ion leads to a faster rate and a positive
activation volume, indicating a more dissociative pathway.

For the d-block elements, high ligand-field stabilization energy is associated with
kinetic inertness, therefore low-spin complexes are generally more inert than the high-
spin ones [3]. Indeed the low spin t2,® hexaaqua ions [Ru(H20)s]** and [Rh(H20)6]*" are
dramatically more inert than the first row d-block metal ions, with water exchange rates

of k2° = 1.8 x 10251 [43]and 2.2 x 107 s [19], respectively. The inertness can be

explained by the fact that the filled t2,° orbitals spread out between the ligands and
therefore the approach of the seventh molecule is electrostatically disfavored. This, and
the observation that the exchange reaction is independent of the nature of the entering
ligand [44] would suggest a dissociative mechanism; however, high-pressure NMR

measurement gave a small negative activation volume (AV;” = -0.4 cm® mol™). The

1** and

authors assigned an I mechanism. The relative reactivities of the [Ru(H20)s
[Ru(H20)6]*" ions, and their mechanisms of exchange, reflect the same tendencies as
[Fe(H20)s]*" and [Fe(H20)6]>"; that is, the bond strengths become weaker with reduced
metal charge. A similar argument applies to the isoelectronic [Ru(H20)s]*" and
[Rh(H20)6]*" ions. The [Ru(H20)s]*" ion is more reactive, and has a more associative
pathway for exchange, than the [Rh(H20)s]*" ion because the charge is reduced.

All water exchange processes involving trivalent transition metal ions have

negative activation volumes and therefore their water exchange mechanisms have

considerable associative character: [V(H20)s]*" AVy = -8.9 cm® mol™! [36], [Cr(H20)s]**

17



AV =-9.6 cm® mol™! [45] and [Fe(H20)6]** AV, =-5.4 cm® mol™' [35]. Therefore it is
interesting to mention that the [AI(H20)s]*" has a dissociative mechanism with an

activation volume of AV, =+5.7cm’ mol!'. However, this can be explained by the

sterical hindrance around the much smaller ion (ionic radii are V** 78 pm, Cr** 75.5 pm,
Fe’" 69 pm and AI** 54 pm), which makes it extraordinarily difficult to increase the
coordination number [46]. Expansion of the coordination sphere in the transition state to
accept an additional water molecule into octahedral AI(IIT) would be difficult.
3.2 Hydrolytic Dinuclear Clusters

In spite of the considerable amount of kinetic information on dissociation and
condensation of dinuclear complexes [47], there are surprisingly few data for elementary
reactions such as water exchanges. Crimp et al. used %0 labeling techniques to follow
the water exchanges on the Cr(III) hydrolytic dimer ([(H20)4Cr(u-OH)>Cr(H20)4]*" and
[(H20)4Cr(u-OH)>Cr(OH)(H20)3]*") (Fig. 2) [48]. Later Dljaca et al. repeated the same
study on Rh(III) dimer using '’O-NMR, which complemented an earlier study that
employed '®0 labeling [33]. Broadly similar results were obtained, namely that three
pathways can be distinguished. Two of these pathways correspond to the coordinated
water molecules occupying cis and trans positions relative to the bridging p-OH groups.
A slow and a fast exchange were identified, however the authors did not assign these
rates to the cis or frans water molecules.

The rates of water exchanges were found to show a linear dependence on the
proton concentration, indicating that the water exchange involves both the fully
protonated and the monodeprotonated dimer. The calculated values are compiled in Table

2.
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Figure 2. Structure of the hydrolytic dimer of ([(H20)sM(p-OH)2M(H20)4]*,
where M=Cr(III) or Rh(III).
It is particularly interesting that a deprotonation of one water on these complexes does
not affect the lability of the other. This point is important in light of data, presented
below, concerning the lability of waters on trinuclear complexes.

Despite of the importance of high-pressure !’O NMR measurements for
determining the mechanism of the ligand exchange, only recently have researcher begun
to examine the hydrolytic dimers. The first of these studies was performed on the
hydroxo-bridged rhodium dimer, [(H20)4Rh(u-OH)2Rh(H20)4]*" and the rates and

mechanisms of the water exchange of the cis and frans water molecule were determined

[21]. Exchange rates were found to be similar (k... = 8.5 x 107 s' and £2°=5.4 x 1077

trans

s). For both type of oxygens highly positive activation volume values ( AV, trans= 8.5
cm® mol'and AV ¢is= 10.1 cm® mol™!) were found, indicating an associative mechanism.

Sets of heteronuclear dinuclear complexes have been synthesized [49] that are
isostructural with the Cr(III) and Rh(III) molecules. "O-NMR studies of the kinetics of
water exchanges on these molecules could advance the field, particularly if the results are

coupled to computation. To what extent, for example, are local bonding forces alone
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responsible for the rates of substitution, or do the waters exhibit an averaged lability that
reflects both metals in the complex?
3.3. Trinuclear Aqueous Clusters

There are two particularly interesting classes of trinuclear complexes that have at
least one terminal water molecule per metal ion. For these two classes of clusters enough
kinetic data exist to make general statements about reactivity trends. In the first class,
sets of bound waters, which differ only in their positions relative to the central atom,
exhibit profoundly different reactivities. The different reactivities of these waters present
a profound challenge to computational chemists because, as we show, the cause of this
difference in labilities remains unknown.
3.3.1 [M3(u3-X)(1n-X)3(H20)9]*" Trinuclear Clusters

Since 1966, when Souchay et al. [50] first isolated the aqua ion of the
molybdenum, several incomplete cuboidal trinuclear metal clusters have been identified
and characterized kinetically. These types of clusters have the general stoichiometry:

[M3(13-X)(-X)3(H20)9]* where X=S, O M= Mo, W, Nb. (Fig. 3)

4+

H,O
OHZ\I!A/HZO

o JL e

M————M
on?” l N, l Lo
H,0O H,O

Figure 3. Stucture of [M3(p3-X)(n-X)3(H20)9]*" where X=S, O M= Mo, W, Nb.
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The oxide- and sulfide-bridged versions provide a particularly interesting
comparison. Richens ef al. conducted '’O NMR studies [51, 52] and the research group
of Murmann showed with 30 labeling [53] that the trinuclear unit (see Fig. 3) is retained
in solution. Subsequently, numerous kinetic studies were carried out in order to
determine the exchange rate of the terminal water molecules [52, 54-56]. The rates span
an enormous range. Where the rates are particularly fast, kinetic parameters were
determined by measuring transverse-relaxation times, as discussed above. For molecules
with very slow reactions, the rate parameters were determined by isotopic injection
followed by monitoring the peak intensities as a function of time.

A classic study was that of Richens et al. [52] who examined the
[M0304(H20)0]*" trinuclear complex, which has four types of structural oxygens, all of
which can be detected by !’O NMR spectroscopy. The pz-O and central p3-O were found
to be inert to exchange (labeled as “a” and “b”, respectively in the original article,
making “c” and “d” two types of bound waters), with a suspected half-life of several
years. In addition to these inert bridging oxygens, the two sets of bound waters have
distinct labilities. One molecule (labeled ‘H>O in Table 3) lies trans to the pu3-O and
exchanges with an approximate rate ~10° slower than the other bound water (‘H20),
which is in a position trans to the p2-O.

Water-exchange rates of the “H,O were found to increase with increasing pH.

Therefore, the exchange rate was described as:

. (kex [H+]+Kak0H) 05)
o [H] +K,
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However, in the fit, kex was found to be negligibly small and it was assumed that the rate
coefficient for the fully protonated pathway could be ignored. Therefore, setting kex= 0,
the reciprocal is:

1 1 1

= [HT] (26)
kobs kOH Ka 'kOH

suggesting that the exchange occurs on the conjugate base involving a deprotonated
4H,0, which is a bound hydroxyl.

The transverse relaxation rate is a sum of the contribution due to the exchange
reaction and quadrupolar relaxation. The authors found that the transverse relaxation rate
could be expressed as:

Lt Kk

27
Ly T, K, +[H'] 7

The quadrupolar contribution is unaffected by changes in pH, which implies that the
exchange rate depends on the proton concentration. In other words, the activation

parameters for the bound hydroxyl (n-OH) can be expressed as:

k,T AS” AH~
kow = l;l {exp( - } (28)

R RT

From the positive value found for the activation entropy, the authors assigned a
dissociative interchange mechanism to the reaction.

This study by Richens et al. [52] was remarkable because, besides being one of
the earliest studies of water-exchanges from a trinuclear cluster, it raised fascinating
questions about oxide labilities that remain unanswered to this day. In explaining the
rapid exchange of the YH»0, the authors suggest that the ~10° difference in rates of

exchange of the °H,0 and H>O resulted from partial formation of a bound hydroxyl
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(‘OH), the conjugate base of the bound water. This bound hydroxyl is then assumed to
exchange rapidly with the bulk solution and independently of the “H>O site. One possible
explanation for the Richens et al. result could be that deprotonation occurs via the
formation of an intermolecular hydrogen bond. However, the X-ray crystal structures do
not indicate such a H3O>™ bridge.

It is unclear why the different oxygens exchange at such phenomenally different
rates, but the reactivity trend even extends across to other metal systems. Of course, for
octahedral metal aquo complexes, deprotonation of one of the bound waters is well
known to labilize other bound waters, but in these cases the bound hydroxyl and bound
waters interconvert rapidly by rapid proton exchange. In DFT calculations, the bond
lengths between the metal and the bound hydroxyl are usually much shorter than bond
lengths to bound waters, and are presumably stronger. Since bound hydroxyls are more
tightly bonded to a metal site than a neutral water, one expects them to exchange more
slowly. There are, however, no experimental studies of exchange of bound hydroxyls in
structures where there is no doubt about the stoichiometry; that is, they are not
undergoing rapid intercoversions with bound waters via proton exchange.

The reactivity trend is also robust. The molybdenum-oxide trinuclear complex
can be synthesized with sulfurs in the bridging positions, giving a formula of
Mo3S4(H20)9*" As with the oxide molecule, there are two non-equivalent water
molecules at the terminal positions. One water molecule per molybdenum is trans to the
i3-S (°H20) and two water molecules per molybdenum are trans to the p2-S (‘H0).
Their reactivities follow the trend as found before for Mo304(H20)9, namely that the

9H,0 reacts ~10° faster than the H>0. The increase of the H20 peak was followed as a
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function of time, and was fitted to an exponential curve. The ‘H,O peak was used as
reference, as this, due to its much faster water exchange rate was already at isotopic
equilibrium. Unlike the [Mo304(H20)9]*", the signal of the °H,0 in the [M03S4(H20)o]*"
molecule does not exhibit a pH dependence in the pH range studied. The exchange rate
was treated as mentioned above; that is, it was assumed that the ‘HO is fully
deprotonated. From complex-formation experiments, an I, mechanism was suggested
[57].

A much higher lability for the “H>O relative to the adjacent °H,O was also found
for on the [Nb3(p3-Cl)(n-0)3(H20)9]*" by Minhas ef al. by '’O NMR [58]. Thus this
difference in the reactivities of these two bound waters, the *H,O and ‘H>O0, is a well-
poised problem for simulation since there is some general chemistry manifested in similar
molecules that transcends composition. Apparently, the difference in the reactivities of
these two bound waters is a reflection of electronic effects that could be uncovered in
simulation or simple steric crowding. It remains a tantalizing result.

3.3.2 Acetate-Bridged Trinuclear Clusters

The second class of trinuclear clusters are monooxo- or dioxo-capped acetate-
bridged complexes, which have the general formula of [M3(u3-O)a(n-CH3CO2)s(H20)3]™"
M=Nb, Mo, W, n=1, 2, m=1, 2 [59-67]. Unlike the [M3(u3-X)(n-X)3(H20)9]*" clusters
discussed above, these clusters have only one type of terminal water molecule. However,
with these clusters, we can directly compare the effect of different bridging groups
(acetate group, 12-O and po-S) and metal ions on the reaction kinetics. Moreover, sets of
clusters can be studied that differ in overall charge and that have a single oxo or a double-

oxo cap in the center of the structure.
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Powell et al. [68, 69] made the first kinetic studies on these ligands and
determined water exchange rates (Table 3). They found that the [Mo3(u3-O)2(n-
CH3CO02)6(H20)3]*" and [W3(u3-0)2(n-CH3C02)6(H20)3]1** complexes have very similar
exchange rates, though the tungsten version is slightly more inert than the molybdenum
structure. This similarity in overall rates of exchange suggests that the activation
enthalpies should also be similar [70], but this is not the case. The activation enthalpy for
the tungsten molecule is slightly smaller than that of the molybdenum molecule, while
the entropy is significantly negative.

These differences suggests that there is a changeover in the mechanism of solvent
exchange when we replace the molybdenum with tungsten in these bioxo-capped clusters.
Similar activation parameters were found for the monooxo capped [W3(u3-O)(n-
CH3CO2)6(H20)3]>" although the rate constant is ~10% times larger. However, as we
mentioned above, assignment of the reaction mechanism with indirect data, and
activation entropies in particular, are often misleading.

In order to refine the assignments, high-pressure '’O-NMR measurements were
conducted on dioxo-capped acetato-bridged Mo(IV) and W(IV) trimers ([M3(u3-O)2(n-
CH3CO2)6(H20)3]*") [8]. The pressure dependence of the exchange rate confirmed this
earlier suggestion for the mechanism. The activation volume of the Mo(IV) cluster is

AV =+ 8.0 (£0.4) cm®mol ™, leading to assignment of an associative mechanism, while

for the isostructural W(IV) cluster AV, =-1.9 (£0.2) cm® mol™!, consistent with an

interchange mechanism with a dissociative character.

What is so remarkable about these two Mo(IV) and W(IV) clusters is that the

AV values, and hence the mechanisms of reaction, are so profoundly different although
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the molecules are structurally very similar to one another. The difference in AV, for

these isostructural molecules is the largest difference (~10 cm®mol™!) in activation
volumes for any pair of 4d-5d (and 3d-4d) transition metal species located within the
same group of the periodic table. These volumes exhibit a unique changeover in the
water-exchange mechanism despite considerable similarities in molecular structure and
reactivity. We will see below, in the section on Lindqvist ions, that the reactivities of
other 4d-5d transition-metal clusters are also profoundly different even in cases where the
structures are virtually identical and the molecules are nearly isoelectronic.

Water-exchange rate measurement on the mono oxo-capped ruthenium analogue
of the trinuclear complexes mentioned above gave the first example of the correlation
between the bond length and the exchange rate on metal complexes. Only 0.07 A
elongation on the M-O bond length ( 2.091 A for [Rus(us-O)(n-CH3CO2)¢(H20)3]" and
2.029 A for [Ru(H20)6]** causes ~10° difference in exchange rate. Almost a decade
later, a similar investigation was conducted on the [Rh3(p3-O)(m-CH3CO2)s(H.0)3]"
complex by Houston et al. [9]. The authors found that water exchange on the trimer
occurs about ~10* times faster than on the dimer (5% 1073 s vs. Kkyrans®®=8.5 x 107 57!
and keis??®= 5.4 x 10”7 s') and about ~10° times faster than on the [Rh(H20)s]** (2.2 x
10°s"). The activation volume was found to be +5.3 cm?® mol ™.
3.4. Some Isopolyanions and Polyoxometallate Molecules

Here we discuss some systems that are well suited for high-pressure '"O-NMR
studies, although there is limited high-pressure NMR data to date on the clusters. The

70 NMR method has proven to be extraordinarily useful for obtaining structural
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information in situ for these molecules [71-74], and there have also been several
pioneering kinetic studies [37, 75-81].
3.4.1. Lindqvist ions

The Lindqvist ions are one of the simplest classes of polyoxometalate anions (Fig.
4) and consist of a superoctahedron of six M(O)s octahedra that are linked by twelve p-
O(H) bridges at a nus-O. Each of the six Group 5b or 6b metals is terminated by a n=0.
They have the stoichiometry: [HxM¢O19]®*- where M=Nb(V), Ta(V) and 0<x<3, and
[M6O19]* where M=Mo(VI), W(VI) and many varieties of substituted structures have
been made [72, 82-87] including lacunary Lindqvist-like structures [71, 74, 88-98].

The Brensted acidities of structural oxygens vary with the metal charges such that
some molecules are so acidic (e.g., W(VI) and Mo(VI) ions) as to be unstable in water
while others ([Nb(V) [Ta(V) ions) are unprotonated only at high pH conditions (pH>14).
At lower-pH conditions, they form protonated species [HxMeO19]®* where M=Nb(V),
Ta(V) and 0<x<3 and polymerize at pH<O.

The Nb(V) and Ta(V) Lindqvist ions are excellent kinetic models. They can be
synthesized with 7O in all sites and the constant ’O-NMR signal from the inert ps-O
indicates that they remain intact in solution while the structural oxygens isotopically
equilibrate with solution. The [HxTacO19]®™" and [HxNbsO19]®*" anions are also
virtually isostructural (Table 4) due to the lanthanide contraction that essentially
equalizes the <M-O> bond lengths. Overall reactivities of oxygen sites in the
[HxTas019] ™" and [HxNbsO19]®*" ions are broadly similar, which is gratifying since

they are nearly isostructural and isoelectronic, but differ profoundly in detail.
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The relative reactivities of the n=0 and p-O(H) sites in the [HxTasO19] ™" are
opposite to those in the [HxNbsO19]®*" ion [99, 100]. For the [HxNbsO19]®™" ion in the
pH range 12.5<pH<14.5, the rates of isotopic exchange of the n=0 and p-O(H) sites
differ by about a factor of ten from one another, with the n=0 sites reacting more slowly
than the pn-O(H) sites. For the [HxTas019]®™" ion, the n=0 site reacts about a factor of
ten more rapidly than the p,-O(H) sites in the same pH region. For both molecules, the
rates in the pH region of 12.5<pH<14.5 are largely independent of pH.

3.4.2 Decametallate Anions Related to Lindgvist lons

Slightly more complicated are the decametallate ions of Group 5B metals, with
most experiments conducted on the decavanadate [V1002s]® [37, 76, 78] and, recently,
the decaniobate [Nb19O2s]® ions [74]. The solid-state structures are well known [74,
101-105]. Although the decatantalate is suspected from '7O-NMR data [74], it has not
yet been crystallized or studied kinetically. These structures have seven structural
oxygens and three distinct metal sites.

Several groups [76, 78] studied the oxygen exchange in the [V10025]® ion and find
that the various structural oxygens in the decavanadate ion react at nearly identical rates,
which points to an intermediate open structure. The rates increase at pH<4 and decrease

at pH>6.3 and are approximately constant within these pH limits. Additionally,
Murmann and Giese have reported AV, = -5.0£2.0 cm® mol™! for oxygen-isotope
equilibration in all sites in the [V1002s]% [37]. They used this value, and the fact that the
oxygens react so similarly, to support their idea of a dissociation-mediated '*O-exchange
pathway. In their interpretation, the decavanadate partly dissociates into [VO19]% and

[V4011]* bonded fragments that allow oxygen-isotope exchanges for all sites. As such,
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their AV, value includes the pressure dependence of the dissociation, which is

presumably a metastable state, not a transition state.

Comba and Helm [78] extended and modified this interpretation. They employed
170- and 3'V-NMR to argue that the seven different oxygen sites actually differ in
reactivity by a factor of ~2, which allowed them to speculate about the dissociation
behavior. They suggested that dissociation of the decavanadate ion yields unstable
[V6O19]® and [V4O11]* fragments. At the pH conditions of their investigation,
(5<pH<5.5), these oligomers immediately undergo further dissociation to yield ring-like
fragments [(VO3)a]™ (n=4, 5) that are stable and indeed observed in the study.

There are two key points from these studies. First, the structural oxygens in
nanometer-size clusters exchange via complicated pathways that could not be uncovered
by simulation alone. Secondly, there is much room for additional work on these
molecules. A dimer of the decaniobate ion, having the approximate stoichiometry
[Nb200s4]%, was recently discovered [106].

3.4.3. Polyoxocations-Al(1ll) Keggin Clusters

Data on aqueous clusters, such as the Al(IIT) Keggin clusters are immensely
important to geochemists as experimental models that can yield kinetic data, particularly
in light of recent work [107, 108] showing that such clusters are precursor to common
iron- and aluminum-Earth materials. This most familiar class of Keggin-like molecules
has the general formula of [MO4Al12(OH)24(H20)12]”*" (Fig. 6), abbreviated as MAli»
where M=AI(III), Ga(Ill), Ge(IV) and they are structurally similar to the surface of Al-
oxyhydoxide and clay minerals. Larger structures, including the 2-nm Also polyoxo

cations [Al,OsAls(OH)s6(H20)25]'*" [109, 110] have been also synthesized.
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The GaAli> version of the e-Keggin cluster has been studied in some detail [34,
111]. These molecules have 24 bridging (12-OH in two sets of twelve) and twelve
terminal n-OH» oxygens, as well as four central ps-O that are kinetically inert to isotopic
exchange. The two sets of p2-OH differ in reactivity considerably from one another. For
the GaAl 2 molecules, the rates of exchange of the p2-OH® (slow) and p-OH? (fast) sites
differ by a factor of 44 (k2* =677 h and 15.4 h respectively [112]). On the other hand,
rates of water exchanges typically fall into the millisecond time scale at 298 K and are

largely independent of the central metal (Table 5).

Loring et al. [34] conducted high-pressure !’O-NMR experiments on the GaAl»
molecule and reports AV, values for oxygen-isotope exchanges at both the bound water
and at one set of the hydroxyl bridges. Near 322 K, rates of exchange for the less labile

set of bridging hydroxyls in the GaAli> decrease by factor of about two with increasing
pressure from 0.1 to 350 MPa. These data indicate a substantially positive activation
volume of AV, =+7+1 cm®mol”!, which is the first activation volume measured for a
bridging hydroxyl in a polynuclear complex. This result suggests significant bond-
lengthening in the activation step. Electrostriction effects should be small because
exchange occurs via a pH-independent path under the experimental conditions.

They also showed that the 17O NMR linewidths for bound waters on the GaAl»

complex decreases from 0.1 to 350 MPa, yielding an activation volume of

AV =+42.8(20.5) cm*/mol. This activation volume is smaller than the value for the

[Al(H20)6]*" complex, suggesting that water exchange on the larger GaAli> complex has

less dissociative character, although the average charge density is lower.
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Computer simulations [113] showed that oxygen-isotope exchanges into the p2-
OH are controlled by formation of a metastable open structure, as in the case of Lindqvist
ions and [V1002s]® decavanadate structures. In the MAl 2 e-Keggin cations, the extent
to which the metastable structure forms is controlled by the strength of bonds between the
central 'M' metal, which is tetrahedrally coordinated to the inert p4-O sites. Strong bonds
here allow for facile formation of the metastable intermediate (and vice versa) by partial
detachment of outer bonds, leading to rapid rates of oxygen isotope exchanges in the -
OH. The rates of exchange of bound waters are unaffected by formation of the
metastable intermediate, and are thus largely independent of the 'M' cation in the
molecule composition, because the twelve water molecules exchange so much more
rapidly than the p2-OH bridges.

The '7O-NMR experiments on these MAl 2 e-Keggin polyoxocations re-
emphasize conclusions stated above for the anion clusters. Pathways for exchanging
bridging oxygens are complicated and largely proceed via metastable open structures. In
the case of the MAli» cations, this intermediate is a partly dissociated dimer-like moiety
[111, 113]. In the case of the [V10025]% decavanadate ion, this open structure is
purported to be bonded [VsO19]* and [V4O011]* fragments. In the case of the Nb(V)
Lindqvist ion, the rates probably proceed via a metastable structure where one of the
three mutually orthogonal Nb4(2-0)4(n-O)s rings partly opens and serves as a precursor
to isotopic exchange. In all cases, the pathways are specific to the structure and non
intuitive.

3.4.4. Fe(lll)-Keplerate Clusters
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Rates of ligand substitution onto the surfaces of Fe(IIl) and Al(III) colloids is a
key question for Earth scientists. Rate of exchange of bound waters on the MAl; -
Keggin molecules are largely independent of small structural changes in the clusters,
suggesting that these and similar clusters might be used as useful models for establishing
general reactivity trends. With this in mind, our group conducted variable-temperature
70 NMR experiments on the nanometer-sized Keplerate Mo7:Fes cluster (Fig. 7),
which contains on its surface 30 Fe(H20) groups forming a well-defined
icosidodecahedron [5]. This study showed that the rates of exchange of waters bound to
the >Fe''-OH; functional groups on this 2.5 nm molecule can be measured using standard
70-NMR methods.

The rates of water exchange from >Fe!!

-OH: sites on the Mo7:2Fes3p complex are
~10* more rapid than for the simple aquo ion, Fe(H.0)s>", but slightly slower than for the
Fe""EDTA and its derivatives (Table 6). Although data are sparse, and the coordination
numbers differ among Fe(III) complexes in the table, the enhanced reactivity of these
complexes correlates with a <Fe''-OH»> bond length that is ~0.1 A longer than in the
Fe(H,0)s*" ion. This correlation resonates with other work. Recently, geochemists
established a correlation between calculated <AI-OH>> bond lengths and rates of solvent
exchange that extends across many orders of magnitude [4].

High-pressure '"O-NMR experiments were also conducted, but we found that the

cluster decomposed slightly under pressure, which precluded confident estimation of

the AV, . It is clear, however, from increases in the reduced transverse relaxation time

with pressure, along with the negative activation entropy, that the exchange mechanism

has a dissociative character, such as a D or Ia mechanism. Although the number of
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studies of large molecules is few, there is a strong correlation between bond lengths and
rates of exchange.
4. Conclusions

Characterizing the reactive properties of nanometer-size aqueous clusters is the
next big challenge for chemists and geochemists. Only via studies of these clusters,
where the structures are known with great confidence, can reactivity be added to our
understanding of structure. Key to this work will be high-pressure !’O-NMR to
determine AV, values and thus water-exchange mechanism.

The "O-NMR studies to date indicate that bridges in oxide clusters react in
complicated ways that challenge facile explanations derived from studies of aqueous
monomer ions. The rates of isotopic exchange of some oxygen sites, such as the oxo
sites in the Group VB polyoxoanions and p2-OH sites in the MAl;; series of aluminum
polyoxocations, react via complicated structural intermediates. These intermediates are
partly dissociated forms of the stable structures and are only inferred from kinetic data,

and positive AV, values in particular. On the other hand, rates of ligand substitution

onto sites on Fe(IIl) and AI(III) clusters are robust and seem to scale with bond lengths,
as one might expect. Correlations such as these could help Earth scientists enormously as
new advances in methods of assigning structures to the aqueous interface are made.
These studies present clear challenges and test cases to computational chemists
developing methods of simulating aqueous reactions. Particularly compelling data are

available for the disparate rates of exchange of °H>O and *H,O on the trinuclear clusters,

which differ by ~10°, the profoundly different AV, values for water exchanges on the

tungsten and molybdenum trinuclear clusters, and the opposite reactivites of n=0 and .-
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O(H) sites in the [HxTac019]®* and [HxNbeO19]®*" Lindqvist ions. The future of
aqueous chemistry and geochemistry lies in detailed study of these oxide clusters and

largely via "O-NMR.
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Table 1. Water exchange parameters obtained for different hexaqua complexes at 25°C

Complex % (sty A " (7 mol 'K AH™ (i mol) AV (cm’mol™) Reference
[V(H0)]*" 8.7 x 10! -0.4 61.8 4.1 [18]
[VH20)]*" 5.0 x 10 -28 49 .4 -8.9 [36]
[AI(H20)]*"  1.29 46.1 84.7 +5.7 [10]
[AI(H20)6]* 2 -1.4 70 [114]
[Cr(H20)6]*" 2.4 x10°° 11 108 9.6 [45]
[Rh(H20)s]** 2.2 x 107 29 131 4.2 [19]
[Ru(H20)s]** 1.8 x 102 16.1 87.8 -0.4 [43]
[Ru(H20)s]** 3.5 x 10°® -48.3 89.8 8.3 [43]
[Fe(H20)s]** 1.6 x 10>° 2.9 15.3 -5.4° a. [42]

b. [35]




Table 2. Water-exchange parameters at 25°C of Cr(Ill) and Rh(III) dinuclear clusters

Complex® k2% (s AS™ (5 mol'K) AH” (1) mol ! Reference
Rhy* Fast 8.5x 10 41 119 [33]
Slow 5.4 x 107 - 150 64 [33]
Rhy(OH)** Fast 3.4 x 10° 140 146 [33]
Slow 2.9 x10° -9 102 [33]
Cr** Fast 3.6 x 10 -40 81 [48]
Slow 6.6 x 107 0 97 [48]
Cro(OH)** Fast 2.6 x 10 174 157 [48]
Slow 1x10° 23 114 [48]

SComplex names are abbreviated and explained in the text.



Table 3. Water-exchange rate parameters of trinuclear aqueous and acetate bridged clusters at 25°C.

Complex K (s CH:0) AP (sT) (H20) AT Umol'K)  AHT (kmol!)  Reference
[Mo;0s(H20% |~ 15 %107 1.6 x 102 350 718 [52]
[Mo3S4(H20)]* 1.8 x 1072 7.5 x 10° 107.6° 830 57]
Acetate bridged k2% (s AST Jmol'K)  AH (kimol) AV (cm®mol!)  Reference
[RhsOAcs(H20]° 5 % 107 e 99 53 9]
[RusOAcs(H20)3]°  1.08 x 107 85.1 116.9 [69]
[M0302Acs(H20):2 5.6 107 77 126 g [68]
[W302A¢6(H0)512 1.02 % 10 164 58 1.9 [68]
[W30Acs(H:0%]" 5.3 x 107 131 53 [68]

@ data corresponds to ¢ H,O

°[8]
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Table 4. Average bond lengths (A) and angles for various Nb(V) and Ta(V) Lindqvist ions as measured using X-ray methods

in the solid state.

Compound M=0 Ue-O-M¢  *M-p-O M-p,-O-M4 Source
[HyNbsO19] @ 1.793 2.366 1.990 114.3° [95]
Na;[HNbsO19]*15HO  1.770 2.379 1.994 114.5° [94, 98]
Nas[TagOus]*15H,0  1.799  2.380 1.992 115.0° [98]
KsNa[NbsOi9]*14H,O 1.796 2.364 1.993 114.0° [94, 98]
K:Na[TagOu]*14H,0 1.813  2.365 1.986 114.6° [115]
Rbs[NbO1s]+14H,0  1.804  2.355 1.985 114.0° [94]
Rbs[TacOw]+14H,0  1.817  2.358 1.979 114.7° [94]
Css[NbsOio]+14H,0  1.804  2.360 1.987 114.2° [94]
Css[TacOw]+14H,0  1.811 2353 1.975 115.2° [116]
30<x<1); °Excludes p,-OH-M bonds. °Error +0.002 dError £0.1°,
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Table 5. Rate parameters for exchange of water molecules from the inner-coordination sphere of AI(III) complexes to the bulk
solution, as determined from '"O-NMR

complex k2% (s1) AH (1) mol ™) AS” (J mol'K")  AVy (cm? mol ™) Reference
monomeric complexes
[AI(H20)6] 7 1.29 85 42 +5.7 [10]
[AI(H20)sOH* 3.1 x 10 36 -36 [117]
[[AIF(H20)s]* 2.4 x 10° 79 17 [118]
AlF2(H20)4]" 1.6 x 10° 65 53 [118]
[Al(ssal)]" 3.0x10° 37 -54 [119]
[Al(sal)]" 4.9 x 10* 35 -57 [119]
[Al(mMal)]" 6.6 x 107 66 31 [120]
[Al(mMal)]> 6.9 x 10* 55 13 [120]
[Al(0ox)]" 1.1 x 10? 69 25 [114]
multimeric complexes
e-Alj3 1.1 x10° 53 -7 [121, 122]
GaAl, 2.3 x 10° 63 29 +3 [112]
GeAlr2 1.90x 107 56 20 [123]
Alzo rates are generally similar to those on the GaAl2 [124]

abbreviations: ox=oxalate; ssal=sulfosalicylate; sal=salicylate; mMal=methylmalonate.
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Table 6. Water-exchange rates and thermodynamic parameters of the ~2.5 nm sized Mo7nFeso compared to the values for the
[Fe(H20)s]*" and various aminocarboxylate complexes at 25°C.

complex k2P (s ASt (J mol'K™) AH? (k] mol ™) Reference
MoraFeso 6.7 x 10° 26 263 5]
[Fe(H20)]** 1.6 x 102 12.1 64 [42]
[FeEdta] 6.8 x 107 113 244 [125]
FeEdtaH 7.8 x 107 -20 22 [125]
[FeCDTA] 1.3 x 107 -25 25 [125]

FeEdta=Fe(Ill)-ethylenediaminetetraacetic acid; FeEdtaH= FeEdta with one acetic group protonated; FeCDTA=Fe(III)
cyclohexanediaminetetraacetic acid.
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bulk water + Al(H,0).>*(aq)

bulk water

Al(ll)-bound water with Mn(ll)

[ [ [
-1000 -500 0 500 1000
kHz

Figure 1. Addition of paramagnetic Mn**,q) to a solution of a diamagnetic ion like

A" 4q) broadens the peak for the bulk water until it disappears into the baseline (bottom),

leaving only the peak corresponding to the waters bound in the Al*"(4q) complex.
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Figure 4. The Lindqvist ions, with the stoichiometry: [HxMO19]®™- (M= either Ta(V)
or Nb(V)) has a central pe-O sites that is inert to isotopic exchange, twelve p2-O bridges
and six terminal n=0 sites. In the ball-and-stick representation, the oxygens are light
gray and the metals are black. Ions can also be synthesized with W(VI) and Mo(VI).
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Figure 5. Structure of the decametallate ions having the stoichiometry: [HxM;002s]¢*"
where M=V (V), Nb(V) or Ta(V). In the ball-and-stick representation, the oxygens are
light gray and the metals are black.
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Figure 6. A polyhedral representation of the MAli2 e-Keggin polyoxocations. These
have the stoichiometry: [MO4Al12(OH)24(H20)12]"%" with (M=AI(III), Ga(III), Ge(IV)).

[111]. The octahedra correspond to Al(O)s and the tetrahedron corresponds to M(O)s4.
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Figure 7. A near-spherical aqueous cluster, containing 72 Mo(VI)-oxide polyhedra

(green) and 30 Fe(III) as Fe(O)s octahedra (brown).
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