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Abstract

Exploring the Factors Controlling the Solution Stability of Metal-oxo Clusters with
Computations

by
Rebecca Stern
Doctor of Philosophy in Engineering - Materials Science and Engineering
University of California, Berkeley

Professor Kristin Persson, Chair

Metal-oxo clusters are discrete molecular metal-oxides that are important for applications
in catalysis, medicine, precursors for thin film deposition, flash memory devices, switchable
transparent films, and high-resolution nanopatterning, to name a few. There are many
factors that control the solution stability of metal-oxo clusters; the internal chemistry of the
coordination complex as well as the solution conditions can influence the thermodynamic
stability of the species. Currently, there is a lack of understanding surrounding how to
best manipulate these factors in order to achieve a specific isomer, geometry, or size of
metal-oxo cluster in solution. Therefore, the work presented in this dissertation contains an
evaluation of the influence of heteroatoms, caps, ligands, pH, electrochemical potential, metal
ion concentration, and counterions on stabilizing metal-oxo clusters. Quantum chemical
computations were employed to model tin-based and zirconium-based clusters with varying
factors, to determine their hydrolysis Gibbs free energies and electronic structures.

Sn-oxo clusters, specifically of Keggin geometry, have been shown to be an excellent photore-
sist candidate for next-generation extreme ultraviolet lithography manufacturing of advanced
integrated circuits. I showed how changing the Sn-Keggin heteroatom, caps, and ligands im-
pact the stability ordering of the five known Keggin isomers. This Sn-Keggin ion represents
the only Keggin ion family thus far, that favors the lower-symmetry isomers. The compu-
tational results provide a means to isolate a single isomer to promote a pure and stable
material for advanced lithography.

Zr-oxo clusters, specifically the Zr hexamer, has been shown to be a good node for a metal-
organic framework (MOF) which is a 3D porous network that can act as a nanoscale carrying
device. However the ”green” manufacturing of Zr-based MOF's requires that the Zr hexamer
stabilize in an aqueous solution without organic ligation, which has yet to be successfully ac-
complished. I examined how the pH, electrochemical potential, metal ion concentration, and
counterions all influence the aqueous solution stability of Zr(IV) ions clusters and solids. This



study successfully elucidates the magnitude of and reason for the thermodynamic instability
of the hypothetical Zr hexamer compared to the ubiquitous Zr tetramer.

The knowledge gained from these computational studies on Sn-oxo and Zr-oxo clusters can
expedite experimental syntheses through implementation of the strategic tuning of chemistry
and solution conditions.
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Chapter 1

Introduction

Metal-oxo clusters are commonly defined as polynuclear species made of metal cations,
bonded to O*  and other ligands.[1] These natural and synthetic solution-stable nanoscale
clusters are necessary for a myriad of applications such as mineral formation[2-5] and catal-
ysis.[6, 7] Due to the variability of metal-oxo cluster size, geometry, and chemistry, these
unique structures have also been strategically synthesized for applications in medicine, |8, 9]
thin film manufacturing,[10, 11] technology,[12, 13] and high-resolution nanopatterning,[14,
15] to name a few.

Metal-oxo clusters that have been observed or hypothesized, can be classified into three
main categories: (1) Polyoxometalates, (2) non-polyoxometalates without H,O terminal lig-
ands, and (3) non-polyoxometalates with H,O terminal ligands. The first category is polyox-
ometalates (POMs), which includes d° transition metal cations from groups 5 and 6 (Mo"?,
WYL vV NbY, Tav).[lﬁ, 17] POMs are well-studied structures that are unique in that they
have doubly-bonded oxo terminal ligands, allowing them to be stable in water with ease.[1]
The second classification is non-POMs without H,O terminal ligands, exhibiting other stabi-
lizing terminal ligands, often organic in nature. This second class of metal-oxo clusters can
be stable in either water or organic solvents, depending on the choice of stabilizing terminal
ligands and other stabilizing factors. Examples include open-shell transitions metals and
post transition metals (Fem, Cu'l, Sn'V, SbIII).[2—4, 18-23] Finally, the third type of metal-
oxo cluster is non-POMs with H,O terminal ligands. This includes group 4, group 13, and
one open-shell species (Zr', Hf'Y, Ti'V, A" Ga'™, Cr'™).[24-31] These clusters are stable
in water due to their water terminal ligands. These clusters differ from regular POMs in that
the water terminal ligands can be removed and replaced with other functional ligands, while
maintaining their integral structure. The doubly-bonded oxo terminal ligands that POMs
are famous for, do not allow the addition of other functional ligands.

It is known that both internal chemistry and environmental solution conditions can in-
fluence the stability of metal-oxo clusters in solution. Factors include metal cation com-
binations, ligands, pH, electrochemical potential (Eh), concentration of metal ions, and
counterions.[32-36] The complexity of all these tunable internal and external factors make
progress on stabilizing specific isomers or geometries of metal-oxo clusters often reliant on
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trail-and-error. Therefore, quantum chemical computations are a valuable resource to this
field of research. Tools like Density Functional Theory (DFT) can be used to model these
clusters with varying factors, to determine their governing thermodynamic energy and elec-
tronic structure. The knowledge gained from the computations can expedite experimental
syntheses through implementation of the strategic tuning of chemistry and solution condi-
tions.

For example, the Keggin geometry observed for many metal-oxo clusters, discussed in
detail in Ch. 2, has the formula [XM,,0,,]" and common POM combinations are when M
= MoY!, WY and X = PV, Si'V, Ge!, B™.[1, 19] It has been determined computationally
that changing the heteroatom “X” influences which Keggin isomer (o, 3, 7, 9, or €) is
most stable.[32] Many computational studies have explored POMs extensively.[32-34, 37—
55] However, the trends for POMs do not appear to universally describe non-POMs.

For non-POMs without H,O terminal ligands (category 2), additional metal cations can
also join the Keggin ion as “capping” agents, further influencing the stability. In this case,
the influence of internal chemistry like heteroatoms, caps, and supporting ligands, is apparent
but varied across the chemical space, unlike POMs which follow more general trends between
metal cations.[32, 48] In some cases, the supporting ligands can be beneficial to cluster’s
application, in other cases, it is desirable to limit the ligands to promote the reactivity
and functionality of the metal-oxo cluster. For example, understanding the formation of
ferrihydrite, a common form of Fe*" in soils and also found in the ferritin protein, (which is
in almost all living organisms), is vital for soil geochemistry and intra-cellular iron storage.[2]
It is believed that the d-Fe Keggin ion is a building block in the aqueous formation of
ferrihydrite. However, the 0-Fe Keggin ion appears to be an extremely transient species,
and only the a-Fe Keggin ion has been successfully stabilized in water with the aid of
Bi** caps and CF,COO ligands.[3, 4] However, recent computational analyses reveal that
the aqueous d-Fe Keggin cluster is more thermodynamically stable than the a-Fe Keggin
cluster.[5] This could imply that the cap and ligand combination of previous experimental
studies are promoting the least stable isomer, thus further research could determine improved
cap and ligand combinations that could promote the desired isomer, i.e. the J-Fe Keggin
cluster.

For non-POMs with H,O terminal ligands (category 3), environmental conditions such
as pH, electrochemical potential (Eh), concentration of metal ion, and counterions are the
greatest influencers of the size and geometry of the stable metal-oxo cluster in water. How-
ever, the optimal conditions between group 13 and group 4 also appear to be varied. In a
different example, additions of supporting ligands hindered the application of a potentially
Cr-based Keggin cluster to be used as a water stable node for metal-organic frameworks.[17]
Therefore, tuning factors such as caps, counterions, and other solution conditions were ex-
ploited. As a result, a mixed Al/Cr-Keggin ion was discovered using a Zn heteroatom, one
Zn cap, and only water terminal ligands. A following computational study determined the
relative energies of the pure Al-Keggin ion and the pure Cr-Keggin ion, using the same zinc
heteroatom and capping combination.[17, 31] The study found that the chromium-based
system was energetically more stable than the aluminum version. This led to the success-
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ful synthesis of the first open-shell Cr-Keggin cluster without organic ligation.[31] Finally,
from all these examples we appreciate the support of computations in understanding and
stabilizing non-POM categories 2 and 3.

Chapter 2 explores Sn-Keggin clusters: In POM and non-POM chemistries, it is observed
that most systems prefer the more symmetric Keggin isomers: a and e. However, recent
research on a Sn-Keggin ion with butyl terminal ligands (category 2), reveals that the species
exists as a mixture of 5 and +, the isomers with lower symmetry.[20] This is interesting
because it means that Sn does not follow traditional trends, which provides an opportunity
for exploration. Tin-oxo clusters recently have been proposed as a novel photoresist material
for next-generation lithography manufacturing of integrated circuits.[56] For this application,
the butyl terminal ligands supporting the solution stability of the Sn-Keggin ion, also act as
the necessary active component of the photoresist makeup. However, difficulties in isolating
a pure product (e.g. a single isomer over a mixture) make this an ideal challenge for using
computational tools to explore the effects of heteroatom, caps, and ligands on promoting a
single Sn-Keggin isomer.

Chapter 3 explores Zr-oxo clusters: Zirconium and hafnium metal-oxo clusters are unique
in their preference for being an 8-coordinate antiprismatic structure, as opposed to the more
commonly observed 6-coordinate octahedral geometry of most metal-oxo building units.[26]
These group 4 elements, existing mainly in a 44 oxidation state, have water terminal ligands
that can be replaced with very strong coordination bonds to carboxylates. These auspicious
Zr(IV) and Hf(IV) metal-oxo clusters are therefore ideal candidates for nodes in metal-
organic frameworks (MOFs). MOFs are 3D porous nanoscale networks made of metal-ion
clusters and small organic molecule “linkers”. MOF's can act as nanoscale carrying devices,
allowing them to carry drugs for therapeutics or store gases for filtration.[26] Since Zr(IV)
and Hf(IV) have similar electronic structure, they have comparable properties. However,
hafnium is still 30 times less abundant on earth, and therefore zirconium-oxo clusters will be
investigated in this study.[57] Unfortunately, current synthesis of a hexameric Zr-oxo cluster,
for MOF applications, uses stabilizing organic ligands to promote stability in a solution
containing harmful chemicals.[26] The development of a “green” manufacturing approach
for a hexameric Zr-based node is limited by the inability to determine the reasons for the
instability of the aqueous hexameric Zr-oxo cluster with only water terminal ligands (category
3). Zirconium in aqueous solution has been observed to form monomers, dimer, tetramers,
octamers, and even a 25-unit structure, yet the Zr hexamer has never been stabilized in
water. This provides an opportunity to explore this chemical space with computational
tools to understand the influence of pH, electrochemical potential (Eh), concentration of
metal ions, and counterions in an aqueous solution.

Approach: In both Chapters 2 and 3, density functional theory was used as a computa-
tional tool to calculate the relative energies of these species, as factors were systematically
altered. Experimental observations were used as a benchmark, and the computational con-
clusions are used as valuable knowledge to guide any future syntheses. By analyzing the
free energy differences between competing cluster and other present species, we open up the
possibility to rationally influence cluster stability by tuning the internal chemistry and the
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solution environment. For the species stable in water, the stability regions were visualized
using Pourbaix analysis in terms of pH and potential with respect to the metal ions and
solids.

Chapter 4 presents concluding remarks.



Chapter 2

Tin-Keggin Clusters for Advanced
Photoresist Technology

2.1 Background

Extreme Ultraviolet Lithography

Over the years, the feature sizes of microelectronics have gotten smaller and more intricate
following advances in materials science and manufacturing technologies. This progress is
deemed Moore’s Law, which observes that the number of transistors on a dense integrated
circuit doubles about every two years.[58] In order to advance into the future of the sub-10nm
regime, it is imperative to develop next generation manufacturing techniques. Traditional
Edisonian approach for materials discovery, where you synthesize and test a material’s prop-
erties and performance one material at a time, is time-consuming and expensive. Rather,
an in-silico or computational and data driven approach can dramatically accelerate materi-
als discovery and development.[59] Futhermore, collaborations between experimentalists and
computational theorists are the key to success.

One of the manufacturing techniques to make the integrated circuit that goes into your
computer or other electronic devices is ultraviolet (UV) lithography. Generally, the steps
of UV lithography are depicted in Figure 2.1. These steps are a simplified version of the
very complex manufacturing process: (1) A thin film is deposited onto a substrate. (2) A
photoresist is deposited onto the thin film. (3) A mask is held in the desired pattern above
the photoresist. (4) The system is exposed to UV light, and the mask blocks the light in
the desired pattern. The UV light hits the photoresist in certain places, which causes a
chemical change in the resist to occur. (5) The system is developed which either removes
the chemically altered portions of the photoresist (positive tone) or removes the unaltered
portions of the resist (negative tone). (6) An etching step removes the exposed thin film,
while the photoresist resists the etch, hence the name. (7) Finally, a stripping step removes
the original photoresist, leaving behind an intricate pattern which makes up your integrated
circuit.[60]
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Figure 2.1: Simplified ultraviolet lithography steps for integrated circuit manufacturing.

As chips circuit lines get smaller and smaller, possibilities of having so-called sub-10nm
nodes emerge. There have been many efforts to achieve these smaller pattern sizes and
the resolution defines how closely features can be packed together. The Rayleigh criterion
equation defines the critical dimension, or the minimum feature size, as k; * A\/N A, where A
is the wavelength of light, NA is the numerical aperture of the optics, and the k; factor is
a coefficient encompassing manufacturing process-related factors. One method to improve
the resolution is to increase the numerical aperture with immersion lithography, or printing
through water which allows an increased NA lens to be designed and built.[61] Decreasing
the k; factor also works with chemically amplified resists (CARs), which are polymer based
resists with acid-sensitive groups to improve their photosensitivity.[62] Another way to de-
crease k; is by improving the mask, which is needed as the final pattern does not really
resemble the mask pattern.[63] Indeed, during illumination the photosensitive resist is acti-
vated which sparks a set of reaction-diffusion type of equations which are very non-linear,
hence irregular shapes are produced in the pattern. In larger devices, this shape irregular-
ity does not significantly hinder impact, however as devices shrink, precision matters most.
Computational lithography is a field of research that uses mathematical algorithms and op-
timization techniques to determine the exact mask pattern needed to obtain the desired
film pattern.[64] Despite progress with these approaches, efforts need to be combined with
strategies towards dramatically decreasing the wavelength of light, in order to truly make
advances in semiconductor manufacturing.

Extreme ultraviolet (EUV) lithography uses a high energy beam (A=13.5nm), and is the
newest technique to sustain Moore’s law and create smaller integrated circuit feature sizes
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(Figure 2.2).[65] The necessary improvements for EUV lithography to be successful include
increasing source power, reducing defects from the mask, and changing the photoresist. A
photoresist for EUV lithography must have a high EUV atomic absorption cross section, be
made up of small building blocks, and be resistant during the lithographic etching step. The
photoresists used for UV lithography are made of acrylic polymers, which are not sufficient
for EUV lithography. This is because the polymers have a low EUV atomic absorption cross
section, the bulky carbon chains cannot be chemically altered to offer such intricate patterns,
and these polymer photoresists are often not completely resistant to the etching step.

4. EUV exposure
A=13.5nm

i

Figure 2.2: Main difference between ultraviolet and extreme ultraviolet lithography is in
step 4 from Figure 2.1, where the wavelength has been decreased from 193nm to 13.5nm to
accommodate the smaller mask feature sizes for advanced integrated circuit manufacturing.

A material made of an element with a high EUV atomic absorption cross section is
needed. Metal-oxo clusters have been proposed as one photoresist solution since metal-
containing resists would have a higher EUV absorption, their building blocks are five times
smaller compared to the polymers, and they are more durable during the etching step.[66—68]
Specifically the most promising novel photoresist material is a sodium-centered tin-Keggin
cluster.

The Keggin Geometry

The Keggin cluster was first structurally characterized in 1934 by J.F. Keggin.[69] It contains
a heteroatom metal center in a 4-coordinate environment. Surrounding this are four trimer
units. Each trimer unit consists of three metals in a 6-coordinate environment. The three
octahedra are edge-sharing within the trimer unit. The a-isomer is defined as having its
four trimer units connected by corner-sharing between trimers, resulting in T4 symmetry, as
shown in Figure 2.3. If one trimer unit is rotated by 60 degrees, the [-isomer is obtained
which still exhibits only corner-sharing trimers but with a reduced symmetry of Cs,. Contin-
uing this process of successive trimer rotations of 60 degrees, the y-isomer of Cy, symmetry
is obtained. Finally, a rotation of a third trimer yields the J-isomer and a fourth trimer
rotation yields the e-isomer, possessing Cs, and T4 symmetries, respectively.
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Figure 2.3: Trimer rotation to obtain five Keggin isomers «, 3, 7, 9, and e.

In some instances, “caps” can bind to the Keggin structure. This is when additional
coordinated-metal ions join the Keggin structure, in either the windows between the trimer
units, or directly on top of a trimer unit. In this study, we investigate how changing the
heteroatom (Na, Ca) and adding or removing caps and ligands, influence the relative stability
of Sn-Keggin clusters, with the intention of isolating a single isomer for use as a pure phase
photoresist materials for extreme ultraviolet lithography.

2.2 Introduction

With integrated circuit manufacturers aiming to produce sub-10 nm feature sizes, extreme
ultraviolet lithography (EUVL) is perceived as the next developing technology, at a wave-
length of only 13.5 nm.[70] The challenges with using polymer-based photoresists for EUVL
can be eliminated by using metal-oxo cluster photoresists. Metal-oxo clusters are smaller
than the bulky carbon chains in the polymer-based resists, thus preventing pattern collapse.
Also, metal-oxo clusters are more durable during the lithographic etching step. Metal-oxo
systems previously investigated as potential photoresist materials include hafnium, anti-
mony, and tin clusters.[20, 56, 66, 71, 72] These systems have a high EUV atomic absorption
cross-section, needed for proper resist functionality.[73] Each system had their limitations
however. Hafnium-based clusters demonstrated 8nm resolution but resulted in background
condensation.[66] Antimony-oxo clusters had EUV sensitivity but pattern collapse limited
high resolution.[71] The tin-oxo “football” cluster prevented background condensation, but
the synthesis was difficult.[56] A capped sodium-centered organotin-oxo Keggin cluster pro-
duced high aspect ratio and dense line patterns with helium ion beam lithography, but
synthesis of the structure was difficult leading to poor reproducibility and low yields.[20, 72]
It is thought that the cleavage of the Sn-C bond of the terminal butyl ligands in this material
is the cause of the change in the solubility of this photoresist.[74] In order to evaluate this
system in more depth, a simplified synthesis strategy was required to further investigate
the possibilities of a sodium center organotin-oxo Keggin cluster as a photoresist for EUV
lithography.

Hutchison and coworkers recently discovered a simple one-step synthesis for the Na-Sn
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Keggin system that proceeds at room temperature and does not require any filtration or
recrystallization.[75] This synthesis strategy successfully made an uncapped Keggin cluster
denoted B-NaSn,, i.e. [(BuSn),,(NaO,)(OCH,),,(0),(OH)g]*". However, this synthesis led
to a mixture of uncapped ([-NaSn,, and uncapped 7-NaSn,, isomers. For fundamental
studies on the lithographic mechanisms occurring during exposure to be successful, a pure
and stable isomer is desired. Therefore, computational tools were used to investigate this
dilemma and unknown cause of mixtures of isomers forming. Since the Keggin geometry has
5 possible isomers, all 5 uncapped NaSn,, isomers «, 3, v, 9, and €, were computationally
modeled in this study. The terminal butyl ligands were replaced with methyl ligands to
reduce the computational complexity. To evaluate the influence of capping on the prevention
of isomerization between uncapped [$-NaSn;, and uncapped y-NaSn,,, the experimentally
observed capped [-NaSn,; and -NaSn,4, as well as the most recently synthesized double
capped y-NaSn,, were computationally modeled in this study as well.[21, 75] The advantages
of using computational modeling tools is to be able to evaluate the thermodynamic stability of
experimental as well as theoretical isomers of a given system. The calculated thermodynamic
landscape of the isomers enables comparison of the isomer stability and hence interpretation
of experimental results. Ideally, computational results will guide synthesis design, being
able to determine the influential factors that drive stability between isomers and predict
new structures.

2.3 Description of Structures

Situation I: Mixed §/~v-NaSn,,

The one-step synthesis strategy developed by Hutchison et al. occurred at room temperature
and did not require any filtration or recrystallization.[75] However, 1Sn-NMR and single-
crystal X-ray diffraction showed a mixture of 5-NaSn,, and y-NaSn,,. To investigate the
isomerization, all five uncapped Na-Sn Keggin isomers («, 3, v, d, €) were computationally
modeled. They all were given the same formula: [(MeSn),,(NaO,)(OCH,),,(0),(OH)g]'".
The p-NaSn,, and v-NaSn,, clusters are shown in Figure 2.4a and 2.4c, respectively. To
decrease the computational cost and complexity of these models, the butyl Sn-terminal
ligands were replaced with methyl ligands, a common practice.[23] In this Na-Sn Keggin
system, the central heteroatom is sodium. Each trimer unit of the Keggin is comprised of
three MeSnO; octahedra with a methyl terminal ligand on each tin atom. The three bridging
oxygens within each trimer unit (12 total O* ) are methoxy ligands. The bridging oxygens
between the four trimer units (12 total O*") are oxo or hydroxyl ligands. The overall charge
of the structures is determined by the total number of hydroxyl ligands. The location of the
hydroxyl ligands impacts the hydrolysis Gibbs free energy and care was taken to obtain the
lowest energy conformation. Although the hydrogen location cannot be inferred from the
X-ray diffraction data, mass spectrometry identified the overall charge of the structures and
bond-valence sum helped guide the hydroxyl ligand placement.
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Situation 1I: Single-capped (-NaSn,,

Saha et al. in 2017 produced a single-capped -NaSn,;.[20] However, authors found impu-
rities of uncapped NaSn,, isomers and Sn,, (i.e. the ‘football’ cluster [(RSn);,O0,,(OH)s]*",
R=alkyl) co-crystallized with 5-NaSn,; in unknown quantities, as determined with electro-
spray ionization mass spectroscopy (ESI-MS) and 9Sn-NMR. The computationally mod-
eled 3-NaSn,, was assigned a formula of [(MeSn),,(NaO,)(OCH,),5(0)g(OH),(Sn(H,0),)]**
which is exactly consistent with the experimental crystal structure determined by ESI-
MS.[75] The cap position and bonding for theoretical a-NaSn,; was modeled after S-NaSn,,
since these two isomers exhibit similar symmetries and capping “windows” as compared to
7-NaSn;;. The cap on $-NaSn;; and a-NaSn,; is a 6-coordinate tin, with four bonds to the
cluster in the tetragonal window. The two terminal ligands are waters. The single-capped
B-NaSn, 4 is shown in Figure 2.4b.

Situation III: Single-capped y-NaSn;4

A different synthesis strategy conducted by Hutchison et al. produced single-capped ~-
NaSn,;.[75] However, crystals of both v-NaSn,; and uncapped S-NaSn,, were isolated from
the same closed vial.[75] This computational study modeled the y-NaSn,; as [(MeSn),,(NaO,)-
(OCH,;),5(0)s(OH)4(Sn(Me)(OCH,))]*" as shown in Figure 2.4d. The cap is a 5-coordinate
tin, with three bonds to the cluster in one of the pentagonal windows adjacent to the edge
sharing trimer units. The two terminal ligands are methyl and methoxy.

Situation IV: Double-capped y-NaSn,,

Zhu et al. recently synthesized the double-capped y-NaSn,, in 2019.[21] This synthesis
strategy successfully prevented isomerization, yielding pure 7-NaSn;,. Two 5-coordinate
tin caps are found on the structure, one in each pentagonal window on either side of the
edge shared between two trimer units. The terminal ligands are a butyl chain (modeled as
methyl) and an oxygen atom from a BO,(OH) ligand. The two borate ligands provide a
bridge between the tin cap and they each replace one methoxy ligand within a trimer unit.
The authors believe the borate group stabilizes the cap, which in turn stabilizes the Keggin
cluster. This structure is shown in Figure 2.4e.

2.4 Approach

The experimentally isolated clusters were computationally modeled. These consisted of the
two uncapped isomers (3-NaSn,,, 7-NaSn,,), the two single-capped isomers (5-NaSn,,, v-
NaSn,;), and the one double-capped isomer (y-NaSn,,). Additionally, theoretical clusters
(which have never been experimentally isolated) of the Na-Sn system were also modeled.
These included three uncapped isomers (a-NaSn,,, 6-NaSn,,, e-NaSn,,), and one single-
capped isomer (a-NaSn,;), bringing the total number of systems investigated to nine.
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Figure 2.4: (a) Uncapped S-NaSn,,, (b) Single-capped -NaSn,;, (¢) Uncapped y-NaSn,,,
(d) Single-capped ~-NaSn,;, (e) Double-capped -NaSn,,. Purple octahedra: tin. Yellow
tetrahedra: sodium. Brown: carbon. White: hydrogen. Green: boron.

We determined the hydrolysis Gibbs free energy (AG,q) in solution by using a thermody-
namic cycle in which the hydrolysis energy is the sum of the corresponding gas-phase Gibbs
free energy (AGgas) and the Gibbs free energies of solvation (AGgy) as seen in equation 2.1.
A thermodynamic cycle is used to reduce errors when calculating the solvation energy and
comparing structures of different formula, as described in the Methodology section.[30, 76—
78] The gas-phase Gibbs free energy contains a correction term that takes into account the
enthalpy, entropy, and temperature of the system when a frequency analysis is conducted.
The term “n” is the coefficient of that species. An example of this thermodynamic cycle
for S-NaSn,, is shown in Scheme 1 and for $-CaSn,, is shown in Scheme 2. The hydrolysis
Gibbs free energy is then determined with equation 2.1.

2.5 Results and Discussion

Influence of Tin capping

The hydrolysis Gibbs free energy in kcal/mol and HOMO-LUMO gap in eV are listed in Table
2.1 for each of the nine Na-centered clusters investigated. The more stable clusters should
exhibit a relatively low hydrolysis Gibbs free energy and a relatively large HOMO-LUMO
gap. In our case, the stability ordering is evaluated by the hydrolysis Gibbs free energy. The
HOMO-LUMO gaps are too close in energy to conclusively determine the isomer stability
ordering, but rather used to support the results from the Gibbs free energy.

The uniqueness of the tin-oxo Keggin system is that it prefers the less symmetric isomers,
£ and . To our knowledge, no other Keggin cluster systems have been discovered where the
[ and ~ isomers are the most stable. Traditional polyoxometalates like the W-Keggin and
Mo-Keggin clusters prefer the av and § isomers.[32] The Al-Keggin and Sb-Keggin favor the
e isomer.[23, 29] And the Cr-Keggin has been recently synthesized as the d-isomer.[17, 31]
A visual guide for the joint results of the four synthesis strategies (bolded values) and the
relevant isomer energy differences are shown in Figure 2.5. The hydrolysis Gibbs free energy
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Species Hydrolysis Gibbs Free Energy Differences HOMO-LUMO gap
Energy (kcal/mol) (kcal/mol) (eV)

e-NaSn;,  386.6 59.2 114.3 5.87

a-NaSn;;  369.7 42.3 97.4 5.17

p-NaSn,;  364.9 37.5 92.6 5.28

~v-NaSn;;  361.2 33.8 88.9 5.80

0-NaSn,,  347.3 19.9 75.0 6.09

a-NaSn;,  342.7 15.3 70.4 6.20

v-NaSn,,  337.4 10 65.1 5.91

p-NaSn,, 327.4 0 55.1 6.24

~v-NaSn,, 272.3 -55.1 0 6.04

Table 2.1: Hydrolysis Gibbs free energies, energy differences, and HOMO-LUMO gaps of
uncapped and capped Na-Sn clusters.

differences between the uncapped clusters are similar in magnitude to previously reported
polyoxometalates.[41, 48] Synthesis strategy I produced a mixture of uncapped [-NaSn,,
and y-NaSn,, clusters, as shown in Figure 2.5. The calculated relative instability of the
uncapped a-NaSn;, compared to the uncapped S-NaSn;, and y-NaSn,, is in accordance
with our experimental results, such that it has not been experimentally observed.[75] We
hypothesize that the reason 7y-NaSn,, is 10 kcal/mol more unstable than 5-NaSn,, is due
to the electrostatic repulsion from the Sn-Sn edge-sharing distance being 3.26 A, while the
Sn-Sn corner-sharing distance is ~3.4-3.5 A.[75]

Synthesis strategy II performed by Saha et al. in 2017 produced a charge neutral single-
capped -NaSn,;.[20] However, authors found impurities of uncapped NaSn,, and Sn,, (i.e.
the ‘football’ cluster [(RSn);,0,,(OH)s]*", R=alkyl) co-crystallized with 3-NaSn,, in un-
known quantities, as determined with ESI-MS and 'Sn-NMR. Results for this situation are
shown in Figure 2.5. The computational results performed in this study indicate that single-
capped (-NaSn,, is more unstable than uncapped /-NaSn,, by 37.5 kcal/mol and uncapped
v-NaSn,, by 27.5 kcal /mol. One interpretation of these results is that a hydrolysis Gibbs free
energy difference of 37.5 kcal/mol between a capped and uncapped system is not sufficient
to prevent the respective uncapped system from forming. We also note that it is possible
that specific isomers explicitly interact more strongly with the solution, which would not be
captured in our mean-field solvation approach.

Synthesis strategy III produced single-capped v-NaSn,; with the presence of uncapped g-
NaSn,,.[75] This result is indicated in Figure 2.5; the isomers that are circled in bold are the
isomers that were observed with this synthesis strategy. The computational results indicate
that single-capped v-NaSn, 4 is more unstable than uncapped §-NaSn,, by 33.8 kcal /mol and
uncapped 7-NaSn,, by 23.8 kcal/mol. The cap on 7-NaSn,, yields a short Sn-Sn distance
of 3.15 Abetween the cap and the nearest tin, which might destabilize the single-capped
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Figure 2.5: Four synthesis strategies (I, II, III, IV) and their experimentally observed results
(bold-circled isomers). Hydrolysis Gibbs free energies of all relevant isomers are included.
Blue=p-NaSn,,, Yellow=7-NaSn,,, Red=/3-NaSn,;, Green=7-NaSn,;, Gray=v-NaSn,,.

v-NaSn, by repulsion, compared to the uncapped y-NaSn,,.[75] However, the uncapped ~-
NaSn,, is not observed. One analysis of these values is that a AG,, of 23.8 kcal/mol between
a capped and uncapped system is in fact sufficient to prevent the respective uncapped system
from forming.

Synthesis strategy IV performed by Zhu et al. in 2019 produced double-capped ~-
NaSn,,.[21] The authors were able to use borate ligands to stabilize the two capping butyltin,
which in turn prevented isomerization in solution. It is possible that a more symmetric struc-
ture with two caps rather than one allows for a more thermodynamically stable state. The
computational results performed in this study indicate that double-capped v-NaSn,, is more
stable than uncapped §-NaSn,, by 55.1 kcal/mol and uncapped ~-NaSn,, by 65.1 kcal/mol,
as is shown in Figure 2.5. It seems that since this double-capped 7-NaSn,, is more sta-
ble than its uncapped counterpart, it dominates in solution. Also, it is possible that since
double-capped 7-NaSn,, is 55.1 kcal/mol more stable than $-NaSn,,, it prevents uncapped
B-NaSn,, from forming.

More structures in the Keggin cluster chemical space of Na-Sn need to be synthesized and
computationally modeled to truly determine the influence of capping on the thermodynamic
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stability landscape. What is the energy difference that defines the transition point between
forming a mixture of uncapped and capped Keggin clusters, and forming a pure phase? For
example, in synthesis strategy III, could uncapped $-NaSn,, have been prevented from form-
ing if single-capped 7-NaSn, 4 had only been 23.8 kcal/mol less stable? Computational tools
can be employed to tune the structure of single-capped 7-NaSn, 5 slightly to see if there is
room for improvement. If a variation of the single-capped 7-NaSn,; is determined, new syn-
theses can be designed to create this system. This would remove the need to double-cap the
structure, and thus maintain simplicity of the structure and a promising photoresist material
for EUV lithography. It should be noted that these energy differences are specific to the level
of theory, including the implicit solvation, employed in the computational investigation.

Influence of Heteroatom: Sodium vs. Calcium

Previous computational studies have investigated how changing the heteroatom can influence
the stability of Keggin isomers. For phosphotungstate Keggin ions, a change in isomer
stability ordering is seen at the second reduction.[41] In organoantimonate Keggin ions, the
central cavity is larger in the [-isomer than the a-isomer.[23] And in general, as the overall
charge of the central tetrahedron MO,"" becomes more positive, the central cavity increases
in size[79] and isomerization is less favored for classic POM Keggins.[32, 80] Most of the
common Keggin structures have a high charge and small ionic radius, e.g. Si*" (0.26 A)
and P5" (0.17 A).[81] Dissimilarly, sodium and calcium have a low charge and large ionic
radius, e.g. Na™ (0.99 A) and Ca?" (1.00 A). Since calcium has a similar size to sodium,
it can easily fit in the central cavity of the tin-based Keggin cluster. However, typically
calcium prefers a 6-8 coordination, rather than a 4-coordinate tetrahedron.[82] Only one
other compound has shown to have a T4 CaO, unit, and it required very bulky alkoxide
ligands to stabilize it.[83] Nonetheless, we hypothesized that the size and charge of the four-
coordinate central heteroatom could influence stability ordering in the Sn-Keggin system,
and a calcium heteroatom was investigated.

We computationally modeled calcium centered Keggin structures, once again replacing
the butyl ligands with methyl ligands to reduce the complexity of the system. As can be seen
in Table 2.2, changing the heteroatom from Na to Ca slightly changed the stability ordering
of the five isomers. And the [-isomer always appears most stable which is consistent with
experimental observations. Our calculated g-CaSn,, Keggin isomer is shown in Figure 2.6.
Our collaborators were able to experimentally develop a one-step synthesis recipe for a new
butyltin f-Keggin ion with a calcium heteroatom; [(BuSn),,(CaO,)(OCH,),,(0),(OH)g]*".[84]
This procedure produced a pure phase (-isomer, rather than a mixture of isomers. These
computational and experimental results suggests that the slight energy difference increase
between the most stable isomer and the second most stable isomer (from 10 kcal/mol to 11.9
kcal/mol) has allowed a single Ca-Keggin isomer to be synthesized, rather than a mixture of
isomers. Likely, the -Keggin ion is more stable than the y-Keggin ion in both the sodium
and calcium cases since the v-Keggin ion has two edge-sharing trimers with a shorter metal-
metal distance between those two Sn centers, which decreases the overall stability of the
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cluster.[84] Also, we observe the trend that as the overall charge of the central cavity com-
ponent becomes more positive, {NaO,}" to {Ca0O,}%, isomerization is less favored. Here,
the shorter and stronger Ca-O bonds, compared to the Na-O bonds, reduces the lability of
the molecule.[84]

Species Hydrolysis Gibbs Free Energy Differences HOMO-LUMO gap

Energy (kcal/mol) (kcal/mol) (eV)
eCaSn,,  -297.2 57.5 5.81
0-CaSn;,  -338.3 16.4 6.01
4-CaSn,, -338.6 16.1 5.73
a-CaSn,, -342.8 11.9 6.20
3-CaSn,, -354.7 0 6.23

Table 2.2: Hydrolysis Gibbs free energies, energy differences, and HOMO-LUMO gaps of
uncapped and capped Ca-Sn clusters.

Figure 2.6: Uncapped -CaSn,,. Purple octahedra: tin. Blue tetrahedra: calcium. Brown:
carbon. White: hydrogen.

2.6 Conclusions

To build an understanding surrounding the fundamental lithographic mechanisms at play
during exposure of a Sn-Keggin photoresist, we explored the tunability of the Sn-Keggin
system. Computational results provided vital insight towards understanding the nature
of this unique system that favors the lower symmetry Keggin isomers, 8 and . Density
functional theory (DFT) was used to obtain the hydrolysis Gibbs free energy and HOMO-
LUMO gap, which led to the stability ranking: S-NaSn,, > 7-NaSn,, > a-NaSn,, > 9-
NaSn,, > e-NaSn,, for uncapped Na-centered tin Keggin clusters, which was consistent which
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experimental observations. The uncapped NaSn,,-isomers were computationally evaluated
to be more stable than their respective single-capped analogues. However, the double-capped
~v-NaSn,, was more stable than either the uncapped or single-capped clusters. Therefore,
capping was shown to be a useful tool in exploring the stability landscape of these Keggin
clusters to promote a pure and stable material for the next generation EUV lithography
photoresists. Another useful strategy was to change the heteroatom from sodium to calcium,
which allowed for the $-CaSn;, Keggin ion to stabilize as a pure phase, without the need
for capping. The successful collaborative accumulation of computational and experimental
results, confirmed that the Sn-Keggin clusters represent the only Keggin ion family to this
date that favors these lower symmetry isomers. Future work could focus on further probing
this Sn-Keggin system’s possible capping combinations and further changing the central
heteroatom.

2.7 Methodology
Scheme 1: Thermodynamic cycle for the uncapped 5-NaSn,,.
12 [Sn(H,0)** + [Na(H,0)s]* + 3CO, + 21 CH, 2% 48 H,0" + 8 H,0 + [C,,HyyNaO,sSn,,]*
L-AG L-AGR 1 -AGES, L-AGE,  TAGHG TAGES TAGR s,
4t + AGgas + +
12 [Sn(H,0)4)*" + [Na(H,0)e) ™ +3CO, + 21 CH, —== 48 H;0™ + 8 H,O + [Cy,HgyNaOoygSn |

Scheme 2: Thermodynamic cycle for the uncapped $-CaSn;,.

AGaq

12 [Sn(H,0)g]*" + [Ca(H,0)s]*" +3CO, + 21 CH, —% 48 H,0T + 8 H,O + [Cy,HgyCaOyeSn,o)* "

J-AGEN L -AGRY L-AGES, L -AGE!,  TAGRGr TAGH, TAGR 2+
12 [Sn(H,0)g]* + [Ca(H,0)s>" + 3CO, + 21 CH, 29 48T, 0% + 8,0 + [Cpy Hyy CaO,g Sy, ]2

Equation 2.1 for determining the hydrolysis Gibbs free energy.

Nproducts Nreactants
AG,, =AGg, + > nAG™M— > nAG™ (2.1)

i=1 j=1
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2.8 Computational Details

Na-Sn Keggin Ions

The geometry of each cluster was first optimized using Gaussian 09 in the gas phase using
the B3LYP functional.[85] The basis set 6-31G(d) was used for elements Na, C, H, and O,
while the basis set LANL2DZ was used for the element Sn.[86, 87] A subsequent frequency
calculation was performed to verify the absence of imaginary vibration modes to confirm
that the system is in a stable/metastable state. An effective core potential LANL2DZ was
used for Sn. The geometry was further optimized in water using the continuum solvation
model SMD.[88] The electronic energy was refined using a B3LYP single point with the basis
set 6-311+G(d,p) for elements Na, C, H, and O, and basis set LANL2DZ for Sn.[89] The
solvation energy was computed using a B3LYP/6-31G(d) single point with SMD for water
(e =~ 78.36).

Ca-Sn Keggin Ions

The geometry of each cluster was first optimized using Gaussian 09 in the gas phase using
the B3LYP functional.[85] The basis set 6-31G(d) was used for elements Ca, C, H, and O,
while the basis set LANL2DZ was used for the element Sn.[86, 87] A subsequent frequency
calculation was performed to verify the absence of imaginary vibration modes to confirm
that the system is in a stable/metastable state. An effective core potential LANL2DZ was
used for Sn. The geometry was further optimized in water using the continuum solvation
model SMD and a solvent accessible surface (SAS).[88] The electronic energy was refined
using a B3LYP single point with the basis set 6-311+G(d,p) for elements Ca, C, H, and O,
and basis set LANL2DZ for Sn.[89] The solvation energy was computed using a B3LYP /6-
31G(d) single point with SMD for water (e ~ 78.36) and a solvent-excluding surface (with a
minimum radius for added spheres of 0.20 and an overlap index of 0.89).
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Chapter 3

Aqueous Hexameric Zirconium
Cluster for “Green” Manufacturing of
Metal-Organic Frameworks

3.1 Background

Metal-Organic Frameworks

Metal-organic frameworks (MOFs) are known as secondary building units, composed of
metal-oxo cluster nodes and organic molecule linkers.[91] Through strong covalent bonds
formed between the nodes and liners, a porous 3D network is formed that can act as a
storage container that is structurally and energetically sound.[26, 92] The structural diversity
encountered in MOF chemistry originates largely from the wide variety of accessible node
geometry and linker combinations, allowing for a vast number of applications.[91] MOFs
can be used for gas storage or gas separation, for example, certain MOF's can separate CO,
and other greenhouse gases.[91] Other applications include catalysis, like promoting efficient
organic transformations, as well as drug delivery, bio-imaging, and other therapeutics.[26,
91, 92]

Zirconium-Based Metal-Organic Frameworks

Group 4 transition metals titanium, zirconium, and hafnium, all with oxidation state 4+,
have been identified to be nodes in MOF's.[93] However, titanium clusters tend to reassemble
during MOF synthesis, while zirconium MOFs have a well-established synthesis method.[93]
Due to lanthanide contraction, Hf," has the same electronic configuration and a nearly
identical radius as Zr,". Therefore, the HE-MOFs usually show identical structures and
properties as their Zr-based counterparts, except for the formula weight.[93] Hafnium MOFs
do perform well as gas adsorbents due to the presence of Brgnsted acid sites with high
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affinity toward adsorbates, however, hafnium MOFs are also lacking in effective synthesis
methods.[93] Therefore, zirconium MOF's are the material system investigated in this work.

UiO-66 was the first zirconium-based MOF, and has since become a benchmark for MOFs.
A simplified graphic of a portion of UiO-66 is shown in Figure 3.1. The nodes consist
of hexameric zirconium clusters i.e. ZrgO,(OH),(COO),,. The organic linkers are 1,4-
benzodicarboxylic acid i.e. BDC. The UiO-66 MOF has a fcu topology, thus providing it
with two distinct vacancies; a tetragonal cage and an octahedral cage, both perfect for storing
gases or other products.[93] One application includes removal of pharmaceutical and personal
care products from wastewater. And one proposed application includes on-board hydrogen
storage for fuel cell vehicles.[93] UiO-66 is made by the common solvothermal synthesis.[93]

o ¢

Figure 3.1: Simplified graphic of portion of UiO-66 metal-organic framework. Green cubes
are the nodes, ZrsO,(OH),(COO),,.0range lines are linkers, 1,4-benzodicarboxylic acid i.e.
BDC. Yellow circle is the tetrahedral cavity. Blue circle is the octahedral cavity.

Green Manufacturing of Metal-Organic Frameworks

MOFs can be synthesized following different crystallization procedures, although the most
common strategy is a solvothermal synthesis method.[94] In the solvothermal approach, a
mixture an organic-ligand-stabilized metal cluster and an organic linker are heated in a
high-boiling temperature solvent.[94] However, the most commonly used solvent, dimethyl-
formamide, can decompose at solvothermal temperatures into corrosive products.[94] In
order to minimize the use of organic solvents and manufacture at ambient temperature,
mechanochemical pathway strategies have been developed such as liquid-assisted grinding.
Unfortunately, such methods continue to include complicated reaction steps, use unstable
reagents, and produce an amorphous product in low yield.[95-97] Therefore, there is interest
in using a “green” alternative synthesis method, where water is used as the solvent instead.
The issue here however, is that most metal clusters are not soluble in water without organic
ligands.[94] The organic ligands influence the shape of the MOF product but also add to the
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complexity of the synthesis which increases the overall cost.[94] Hence, this “green” alterna-
tive is not a viable option because it is difficult to identify metal clusters that are naturally
stable in water without organic ligands.[94] Regular POMs are not suitable for this appli-
cation, because although they are easily stable in water without any ligands, their doubly
bonded oxo ligand prevents the addition of organic “linkers”.[91] Therefore, it is desirable
to have systems that have water-based ligands.

The Zr-MOF UiO-66 has Zr hexamer nodes that are stabilized with organic ligands as
Zrs0,(OH),(CO0),,.[98] For aqueous Zr-based MOF manufacturing to evolve, the chal-
lenge is to stabilize the hexanuclear-Zr(IV) node in water without organic ligation. When
attempting to make a Zr hexamer stable in aqueous solution, acetate ligands were required
for stability, producing Zr;O,(OH),(CH;COO);5,.[99] This is not unusual since in Zr(IV)
aqueous chemistry, zirconium-oxo clusters predominately hydrolyze and polymerize to the
tetranuclear [Zr,(OH)g(H,0),(]*" cluster (i.e. {Zr,*"}), dominating at low pH.[100-102] In
fact, the desired aqueous hexanuclear [ZrzO,(OH),(H,0),,]**" cluster containing only water-
based ligands (i.e. {Zrs'*"}), remains hypothetical and the reason for its thermodynamic
instability is unclear. One method to improve aqueous solution stability of metal-oxo clusters
is to add counterion salts to the solution.[94] However, the number of salts should be kept
to a minimum; metal nitrates and perchlorates are associated with risks of explosion due
to oxidation upon handling, and chloride may induce corrosion.[94] Therefore, tuning other
solution conditions such as pH, electrochemial potential, and concentration of the metal ion
to promote metal-oxo clusters in water is the ideal “green” solution.[91, 94]

3.2 Introduction

Group 4 metal-oxide clusters comprise a particularly interesting class of materials that are
used to build metal organic frameworks (MOFs)[93, 103] for gas storage, catalysis, and drug
delivery devices.[26, 93, 104] However, MOFs are often made with solvothermal synthesis
methods that involve high temperatures and organic solvents with harmful bi-products.[95]

Therefore, it is highly desirable to develop sustainable MOF manufacturing methods
that occur at ambient temperature and in an aqueous environment. Unfortunately, organic
ligands are often needed to stabilize the cluster in solution.[3, 4] The drawback is that organic
ligands can limit the clusters’ applications due to the hindrance of reactivity or solubility.
Therefore, a fundamental challenge is to guide synthesis procedures to promote metal-oxide
clusters in an aqueous environment without the crutch of organic ligands. There is still a
lack of understanding as to why certain zirconium clusters are favored in aqueous solution.

Aqueous synthesis strategies can be controlled by a number of experimental variables
including temperature, metal concentration, pH, electrochemical potential, and counteri-
ons. While the effects of temperature and metal concentration are foreseeable and well-
understood, the impact of solution characteristics such as pH, electrochemical potential, and
counterions can be complex and interdependent depending on the metal cation.[54] This lack
of understanding cripples the ability to fully exploit these control knobs to synthesize new
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and improved aqueous metal-oxide clusters. This study aims to improve our understanding
of the thermodynamic stability relationship between {Zr,*"} and {Zrs'**}, to not only sup-
port the efforts to develop green MOF manufacturing, but to expand the general knowledge
of Zr(IV) aqueous solution chemistry.

Computational modeling techniques such as density functional theory (DFT) and molec-
ular dynamics (MD) can be used to explore the stability regimes of hypothesized and novel
species. For example, DFT and MD were used to investigate aqueous solution effects in
polyoxometalates,[32, 37, 38, 42, 45, 46, 48] group 13 cations,[30, 50, 105] the Fe-Keggin,[5]
and in modeling the first open-shell Keggin ion.[17] There have been limited computational
studies of group 4 metal-oxide clusters, hitherto all using MD techniques.[106-109] Although
MD is useful in optimizing the terminal water ligands of aqueous metal clusters, calculat-
ing accurate thermodynamic properties (e.g., hydrolysis Gibbs free energies) requires other
techniques. In this respect, DFT enables accurate prediction of hydrolysis Gibbs free en-
ergies which can then be used to estimate and compare the aqueous stability of different
species.[110-113]

Here, we use DFT to investigate the thermodynamic stability of the hypothetical {Zr
hexamer in relation to the {Zr,*} tetramer and other Zr(IV) aqueous ions and solids. After
optimizing the positions of terminal water ligands using DFT, we calculated the hydroly-
sis Gibbs free energy of ground state cluster geometries and used a Pourbaix formalism[114,
115] developed for the Materials Project[116] to determine equilibrium constants and electro-
chemical (E-pH) stability regimes of our modeled species. Auxiliary analyses of the electronic
structure alongside electrostatic potential maps provided clarity on the thermodynamic land-
scape governing the competition between the {Zr,*"} tetramer and the {Zr**} hexamer
as well as possible avenues for promoting the synthesis of the hexamer. This study aimed
to improve our understanding of the thermodynamic stability relationship between {Zr,*"}
and {Zrs'*"}, to not only support the efforts to develop green MOF manufacturing, but to
expand the general knowledge of Zr(IV) aqueous solution chemistry.

12+}

Computational Details

The geometry of each cluster was first optimized in vacuum using density functional theory
(DFT). Calculations were performed with Gaussian 16[117] software using the BSLYP func-
tional.[85] The basis set 6-31+G(d) was used for oxygen and hydrogen, while the basis set
6-314+-G(d) and associated effective core potential LANL2DZ was used for zirconium.[86, 87,
118, 119] A subsequent frequency calculation was performed to verify the absence of imag-
inary vibration modes to confirm that the system was in a stable/meta-stable state. The
geometry was further optimized in water using the continuum solvation model COSMO.[120,
121] The electronic energy was refined using a B3LYP single point calculation with the basis
set 6-3114+G(d,p) for oxygen and hydrogen, and basis set LANL2DZ for zirconium.[89] The
solvation energy was computed using a B3LYP/6-31G(d) single point with COSMO (e=78.36
for water) for oxygen and hydrogen, and a B3LYP/LANL2DZ single point for zirconium.
GaussSum was used for orbital analysis.[122]
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Hydrolysis Gibbs Free Energy

A thermodynamic cycle was used to determine the hydrolysis Gibbs free energy, AG,, from
computed gas-phase and solvation free energies.[76, 77] An example of the thermodynamic
cycle for the Zr(IV) hexamer is shown below (also reproduced as Cycle S3 in the Supporting
Information (SI)). The upper reaction is in the aqueous phase and the lower reaction is
modeled in vacuum. The cycles for the dimer and tetramer are provided by Cycles S1 and
S2 in the SI, respectively. The hydrolysis Gibbs free energy AG,,, was then determined with
equation 3.1 in the SI.

6 [Zr(ILO)gJ* 29 12,0 + 4H,0 + [Zr;0,(OH),(H,0),,]'2*
L =AGH TAGR O+ TAGR,  TAGHY e
6 [Zr(H,0)g]* 29 19 H,0" + 41,0 + [Zr;0,(OH), (H,0),,]'*"

Pourbaix Diagram Formalism

The hydrolysis Gibbs free energies are mapped to the Pourbaix formalism[114, 115] of the
Materials Project.[116] The most important aspect of this formalism is that it uses a com-
bination of computed energies for solid states and clusters with experimental Gibbs free
energies for monomeric aqueous ions and water, which means that effects such as aqueous
ion solvation are inherently accounted for. The equations and referencing scheme to deter-
mine the Pourbaix formalism energy AG 1.5 from the hydrolysis Gibbs free energy AG,,
are shown in the SI as equations 3.2 through 3.4 and Table 3.8.

Code Availability

The code to plot Pourbaix diagrams is available via pymatgen: https://github.com/
materialsproject/pymatgen/blob/master/pymatgen/analysis/pourbaix_diagram.py [110,
114, 115, 123]

3.3 Results and Discussion

Structures

The computed DFT ground state structure of the zirconium tetramer

[Zr,(OH)4(H,0),6]*" is shown in Figure 3.2a. The tetramer has four Zr** ions, each 8-
coordinate with distorted square antiprism geometry. These four Zr(IV) building units are
bonded by double OH™ bridges. Therefore, one Zr** ion is connected to four OH™ and four
H,O ligands. These four building units form a planar square with respect to the zirconium
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ions. The computed bond lengths and angles for the tetranuclear zirconium cluster com-
pare well to EXAFS experimental data and solution phase computational data (see Table
3.6).[106, 124]

Figure 3.2: (a) Ground state geometry of the zirconium(IV) tetranuclear species
[Zr,(OH)g(H,0),6]*". (b) Ground state geometry of the zirconium(IV) hexanuclear species
[ZrsO,(OH),(H,0),,]"*". Green polyhedra: zirconium. Red: oxygen. White: hydrogen.

We also report, for the first time, the DFT-relaxed structure for the hypothetical zirco-
nium hexamer [Zr;0,(OH),(H,0),,]"*" (Figure 3.2b). The hexamer exhibits Zr(IV) building
units like the tetramer, being 8-coordinate in a distorted square antiprism fashion. How-
ever, the six Zr*" ions are bonded to two O? , two OH  and four terminal H,O ligands
each. These six units form a compact structure similar to the hexanuclear acetate complex
reported by Hennig et al.[99] The computed bond lengths and angles for the hexanuclear
zirconium clusters are similar to those of the hexanuclear Zr(IV) acetate complex in aqueous
solution of 0.1 M Zr(IV) in 1 M acetic acid at pH 1.5 as reported by Hennig et al. (see Table
3.7).199]

The computed DFT ground state structure of the zirconium monomer [Zr(H,0)g]*" (i.e.,
{Zr**}) and dimer [Zr,(OH),(H,0),5)®" (i.e., {Zr,’T}) are depicted in Figures 3.12 and
3.13, respectively. The monomer exhibits a classic square antiprism geometry, with a Zr*"
center bound to eight water ligands, while the dimer has a slightly distorted square antiprism
geometry, with two 8-coordinate Zr** ions connected to two OH and six H,O ligands. The
monomer and dimer’s bond lengths and angles are listed in Tables 3.4 and 3.5, respectively.
These values comparable to experimental and computationally reported results.[107, 124]

Pourbaix Diagrams

The calculated hydrolysis Gibbs free energies AG,, of the dimer, tetramer, and hexamer were
-6.4, -23.4, and -17.5 kcal/mol, respectively (Table 3.9). At first glance, the low hydrolysis
Gibbs free energy of the tetramer indicates that the tetramer is the most stable configuration.
But including the cluster free energies (correctly referenced, see Pourbaix Energy Formalism
Section of the Supporting Information) on the Zr Pourbaix diagram with respect to other
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Figure 3.3: Zirconium Pourbaix diagram at varying [Zr(IV)] concentrations. (a) [Zr(IV)]=
104 M, ZrO*" is between -1.0<pH<2.5. (b) [Zr(IV)] = 103 M, {Zr,*"} is at pH = -1.2,
{Zr,%"} is between -1.1<pH<2.2. (c) [Zr(IV)] = 102 M, {Zr,*"} is between -1.7<pH<-1.5,
{Zr**} is between -1.4<pH<2.1. (d) [Zr(IV)] = 10"* M, {Zr,°"} is between -2.0<pH<-1.7,
{Zr**} is between -1.6<pH<1.9. Note: Dimer, {Zr,°"} = [Zr,(OH),(H,0),,]°". Tetramer,
{Zv,""} = [Zr,(OH)s(H,0),6*". Hexamer, {Zrg'**} = [Zrs0,(OH),(H,0),,]*".

aqueous ions and solids (Figure 3.3), allows for a more nuanced understanding that includes
the effects of electrochemical potential, pH, and Zr(IV) concentration.

At a zirconium concentration of 10* M, the aqueous zirconium ion Zr*" and the zirconyl
ion ZrO*" are stable at low pH values, as shown in Figure 3.3a. Increasing the concentration
to [Zr(IV)]=10 M, the dimer and tetramer outcompete ZrO*", as is illustrated in Figure
3.3b. This stability prediction is consistent with experimental observations that Zr(IV) has
a strong tendency to hydrolyze and polymerize at [Zr(IV)] > 10* M, at low pH.[99] As the
zirconium concentration is increased further to 102 M and 10 M, the tetramer develops a
broader stability window in the direction of lower pH (Figures 3.3c and 3.3d). This stability
prediction is specifically comparable to the experimental results reported by Hennig et al.[99]
which observes the tetramer at pH=1.5 when [Zr(IV)]=10" M.

From our calculated Pourbaix formalism energies AG 1.5 reported in Table 3.9, we

calculated the equilibrium constants (K°) for various reactions between the monomer, ZrO*",
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Table 3.1: Equilibrium Reactions.

Equilibrium Species Equilibrium Reaction

(a) Monomer/Tetramer 4 Zr?" + 24 H,0 = 8HT + [Zr,(OH)g(H,0),4]5"

(b) Dimer/Tetramer 2 [Zry(OH)4(H50) 5] = 4 H' + 4 H,0 + [Zr, (OH)g(Hy0)14]%"

(¢) Monomer /Dimer 27r* +14H,0 = 2H" + [Zry(OH),(H,0)1,]%F

(d) ZrO," /Tetramer 47r0%** 4 20 Hy0 = [Zr,(OH)g(Hy0)6)5"

(e) Monomer/Hexamer 6 Zr?" + 32 H,0 = 12H" + [ZrgO,(OH),(Hy0)y,] "

(f) Dimer/Hexamer 3 [Zry(OH)5(Hy0)15]%F = 6 HY 4 10 HyO + [ZrgO,(OH), (Hy0),4] 2+
(g) ZrO," /Hexamer 6 ZrO*" + 26 HyO = [ZrgO,(OH),(Hy0)y,]

(h) Tetramer/Hexamer 3 [Zr,(OH)g(Hy0)6)5" = 8 HyO + 2 [Zrg0,(OH), (Hy0),,) 2+

(i) Monomer/ZrO,* Zr*t + H,0 = 2HT + ZrO**

dimer, tetramer, and hexamer, using equations 3.5 through 3.9 in the SI, and reported in
Tables 3.1 and 3.2. Our calculated equilibrium constants indicate that the tetramer is
the cluster that is most likely to form from either monomers or dimers (Table 3.2). Our
calculated log(K®) value for the equilibrium reaction involving four monomers forming the
tetramer is 17.19. And for the reaction describing two dimers joining to form the tetramer,
we calculate that log(K°) = 7.78. Lastly, log(K®) is calculated to be 4.70 for the reaction
of two Zr*t to become the dimer. These three large positive calculated log(K°) values
suggest that monomers and dimers readily produce the tetramer in large yields. It has been
experimentally observed that the Zr tetramer can also form an octameric cluster made up
of two stacked tetramers bridged by hydroxyl ligands.[125] We were unable to simulate this
structure; however the experimental log(K°) value is -0.7, indicating that formation of this
species is thermodynamically unfavorable compared to the tetramer.

The ZrO*" species and the tetramer compete for the same stability regime (i.e., same
region of potential - pH space) on the Zr Pourbaix diagram. However, a total Zr concentration
of 10 M stabilizes the tetramer over ZrO**. To illustrate the increasing stability of the
tetramer with concentration, in Figures 3.4a and 3.4b we show the stability of the tetramer
relative to ZrO** for [Zr(IV)] of 107 M and 103 M. The energy difference between the
tetramer and ZrO?" decreases from 10 meV/atom to -1 meV/atom as the concentration
increases, such that the tetramer becomes the stable species at [Zr(IV)] = 103 M. Specifically,
the total Zr concentration must be greater than 9.4x10% M in order for the tetramer to be
promoted over ZrO**, as can be calculated by solving equation (d) in Table 3.2 for when
the concentration of the two species are equivalent.

Similarly, the ZrO?" species and the hexamer compete for the same stability regime. To
better visualize the equilibrium boundary between Zr'" and the hexamer, we removed the
dimer and the tetramer from the cluster dataset, to simulate a scenario where the dimer
and tetramer are kinetically inhibited from nucleating. Furthermore, the calculated log(K°)
for 3 dimers combining to form the hexamer, log(K°) = -1.26, indicates that this reaction
is unlikely. Although we were unable to simulate a trimeric zirconium cluster, a log(K°)
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Table 3.2: Equilibrium Reaction Energies and Constants.

Equilibrium Species AGOyn log(K°)
(Reaction in Table 3.1) (kJ/mol)
(a) Monomer/Tetramer -98.07 17.19 = log [{[ertﬂ 4}] 8pH
(b) Dimer/Tetramer -44.40 7.78 = log[&{zzr%ﬂ];] - 4pH
(¢) Monomer/Dimer -26.83 4.70 = lo g[{érz+ 1 opH
z
(d) ZrO," /Tetramer -51.79 9.08 =lo [[{Z 82+]j
(e) Monomer /Hexamer -73.33 12.85 = lo [{[ZZrGH]GH - 12pH
(f) Dimer/Hexamer 7.17 -1.26= 1o g{gr"w}}}] 6pH
+
(g) ZrO," /Hexamer -3.90 0.68 = lo [fzzrg% ]
2+
(h) Tetramer/Hexamer 147.55 -25.86 = log 1 Ze I
[{Zry""3]
(i) Monomer/ZrO,* -11.57 2.03 = log[?zrgﬂ} - 2pH
(a) 3 ' r720.0 (b) 3 700 I —720.0
. | = : FZr+ | ' :
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Figure 3.4: Zirconium Pourbaix diagram heat maps at two different concentrations. (a)
[Zr(IV)] = 107 M showing that the tetramer is 10 meV /atom less stable than ZrO*". (b)
[Zr(IV)] = 10* M showing that the tetramer is 1 meV /atom more stable than ZrO*". Note:
Dimer, {Zr,""} = [Zr,(OH),(H,0),]°". Tetramer, {Zr,**} = [Zr,(OH)g(H,0)4)*".
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Figure 3.5: Zirconium Pourbaix diagram heat maps at two different concentrations, with the
dimer and the tetramer removed from the cluster dataset, to simulate a scenario where these
two species are kinetically inhibited to nucleate. (a) [Zr(IV)] = 103 M showing that the hex-
amer is 9 meV /atom less stable than ZrO*". (b) [Zr(IV)] = 1 M showing that the hexamer is
1 meV /atom more stable than ZrO**. Note: Hexamer, {Zrs'*"} = [Zr,O,(OH),(H,0),,]***.

value of 0.4 has been experimentally reported for three monomers forming a trimer.[126]
Therefore, we expect that most likely the building blocks of the hexamer are six monomers
since our predicted log(K®) is 12.85. In this kinetically-limited scenario, we systematically
increase the zirconium concentration, and that find an increase in the [Zr(IV)] from 103 M
to 1 M, decreases the energy difference between the hexamer and ZrO** from 9 meV/atom
to -1 meV/atom, such that the hexamer became the stable species at [Zr(IV)] = 1 M, as
shown in the heat maps in Figures 3.5a and 3.5b. In fact, the total Zr concentration must
be greater than 7.3x10" M in order for the hexamer to be promoted over ZrO*", as can be
calculated by solving equation (g) in Table 3.2 for when the concentration of the two species
are equivalent.

Finally, the tetramer and the hexamer also compete for the same stability regime, yet an
increase in Zr concentration is not able to provide enough thermodynamic driving force for
the hexamer to outcompete the tetramer. We find no attainable Zr concentration for which
the hexamer is more stable than the tetramer. To this end, the heat map shown in Figure
3.6 at [Zr(IV)] = 1 M looks quite similar to the various heat maps at other Zr concentrations,
indicating that an energy difference of about 9 meV /atom between the hexamer and tetramer
cannot be overcome by simply changing the concentration of zirconium.

The effects of concentration on the relative stability of species, at the same pH and
potential, is ultimately determined by their stoichiometry. ZrO*" requires only 1 zirconium
ion to form, whereas {Zr;"**} requires 6 (see reactions (i) and (e) in Table 3.1). As a result, a
three order of magnitude increase in [Zr(IV)] provides enough thermodynamic driving force
for the hexamer to outcompete the zirconyl ion. By comparison, a four order of magnitude
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Figure 3.6: Zirconium Pourbaix diagram heat map at [Zr(IV)] = 1 M showing that the hex-
amer is 9 meV /atom less stable the tetramer. Note: Dimer, {Zr,°"} = [Zr,(OH),(H,0),,]°".
Tetramer, {Zr,*"} = [Zr,(OH)g(H,0),(]*". Hexamer, {Zrs**} = [Zr;0,(OH),(H,0),,]"*".

increase in [Zr(IV)] is needed for the 4:1 ratio of zirconium ions required to form {Zr,**}
(see reaction (a)). By contrast, for the case of {Zr,**} and {Zrs'**}, three tetramers are
needed to form two hexamers, and therefore increasing the zirconium concentration has less
of an impact on their relative stability. All calculated energy differences for [Zr(IV)] ranging
from 107 M to 1 M are reported in Table 3.10.

For the hexamer with 90 total atoms and 6 Zr(IV) ions, this 9 meV /atom energy difference
at pH=0, V=0, and [Zr(IV)]=1 M, is ~129 meV /Zr or ~17.8 kcal/mol. This modeled energy
difference is comparable to experimentally-observed energy differences between other metal-
oxo cluster polymorphs. For example, a flat-[Al;5(OH),, (H,0),,]">" Keggin ion is only about
~9 kcal/mol less stable than an e-[Al;;0,(OH),,(H,0),,]"" Keggin ion, as reported by Wills
et al., yet the flat-{Al,;} Keggin ion has been synthesized by Wang et al., e.g. using addi-
tional zinc in solution.[30, 127] Wills et al. further claim that the [Ga,50,(OH),,(Hy,0) 5] "
Keggin ion, which has not yet been synthesized, is less stable than the monomeric aqueous
specie [Ga(OH),]" by ~21 kcal/mol, noting that these energy ranges are on the order of
counterion interactions.[30, 54] Therefore, we hypothesize that, since the energy difference
between the tetramer and hexamer is also on the order of counterion interactions at ~17.8
keal/mol at pH=0, V=0, and [Zr(IV)]=1 M, the Zr(IV) hexamer could be synthesized with

proper selection of counterions.

Electronic Structure Analysis

To explore the electronic structure and correlate it to the instability of the Zr(IV) hexamer,
we calculated the HOMO-LUMO gaps (Table 3.3). We note that for the monomer, dimer,
and tetramer, as the size of the cluster increases, the HOMO-LUMO gap decreases, con-
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Table 3.3: HOMO and LUMO energies and gaps for selected zirconium clusters in eV.

Species Formula HOMO LUMO Gap
Monomer  [Zr(H,0)g]™™ -10.92 -4.05 6.87
Hexamer [ZrgO04(OH),(HyO)q, "2 -10.37 -3.63 6.74
Dimer [Zro(OH)5(Hy0)15]0F -10.21 -3.60 6.62
Tetramer [Zr,(OH)g(Hy0)14]%" -9.41 -2.97 6.43

sistent with quantum confinement effects.[128] In contrast, the hexamer deviates from this
trend. Visualizing the frontier molecular orbitals (FMOs), it is clear that the HOMO of
the monomer, dimer, tetramer, and hexamer are all centered on the oxygen atoms (Figures
3.14b, 3.7b, 3.8b, 3.9b, respectively). However, for the hexamer, the fractional contribution
to its HOMO is 11% zirconium and 89% oxygen & hydrogen. On the other hand, the dimer’s
fractional contribution to its HOMO is 7% zirconium and 93% oxygen & hydrogen, and the
tetramer’s fractional contribution to its HOMO is 4% zirconium and 96% oxygen & hydro-
gen. Therefore, the greater orbital overlap between the Zr and the O & H atoms lowers the
hexamer’s HOMO energy below that of the dimer and tetramer.

Figure 3.7: Frontier molecular orbitals for Zr(IV) dimer. (a) Dimer structure. (b) HOMO.
(¢) LUMO.

The LUMO of the monomer is dominated by the Zr d-orbital, following the basic square
antiprismatic crystal field splitting (LUMO as d,, then d,, and dy> .2, then dy, and dy,)
(Figure 3.14c). As the clusters grow in size, the complexity of the crystal field splitting
increases. The dimer and tetramer’s LUMOSs are similar to one another in that the d-orbitals
centered on each Zr (dy, and d,2_y2, respectively) are aligned parallel to one another, but with
their phases oriented to minimize overlap (Figures 3.7c and 3.8c, respectively). In contrast,
the LUMO for the hexamer is degenerate with its LUMO+1, and the d-orbitals centered
on each Zr (dy,» type) are aligned perpendicular for neighboring Zr such that there is
more orbital overlap (Figure 3.9¢). For the hexamer, we calculate the fractional contribution
to its LUMO to be 94% zirconium and 6% oxygen & hydrogen. On the other hand, the
dimer’s fractional contribution to its LUMO is 93% zirconium and 7% oxygen & hydrogen,
and the tetramer’s fractional contribution to its LUMO is 96% zirconium and 4% oxygen
& hydrogen. The hexamer and dimer are similar in their LUMO fractional contributions,



CHAPTER 3. AQUEOUS HEXAMERIC ZIRCONIUM CLUSTER FOR “GREEN”
MANUFACTURING OF METAL-ORGANIC FRAMEWORKS 30

Figure 3.8: Frontier molecular orbitals of the Zr(IV) tetramer. (a) Tetramer structure. (b)
HOMO. (¢) LUMO.

Figure 3.9: Frontier molecular orbitals of the Zr(IV) hexamer. (a) Hexamer structure. (b)
HOMO. (c) LUMO.

hence their similar LUMO energies. The slightly larger orbital overlap between the Zr and
the O & H atoms in the hexamer’s LUMO compared to that of the tetramer, is reflected in
the hexamer’s lower LUMO energy.

Electrostatic Potential (ESP) Maps

As noted above, the difference in hydrolysis Gibbs free energy between the Zr tetramer and
hexamer is on the order of counterion effects. Since we did not explicitly include counterions
in this study, we generated electrostatic potential (ESP) maps to show the charge distribu-
tion in the modeled clusters as a way of estimating how counterions might affect Zr cluster
stability. The regions of dense blue (more positive) charge can guide computational place-
ment of counteranions, potentially improving the stability of the cationic Zr(IV) clusters in
solution.

At first glance, the ESP map of the tetramer (Figure 3.10a) has many blue regions, but
noting the location of Cl™ counteranions observed in the literature,[100-102] we know that
the counterions wrap along the perimeter of the tetramer. Therefore, we rotate the tetramer
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to face the side (Figures 3.10b and 3.10c). Examining the alternation of blue regions from
the right of the bridging oxygen (Figure 3.10b) to the left of the bridging oxygen (image
not shown) as you rotate the tetramer, we observe four deep blue locations at the bridging
oxygen location. Additionally, when viewing the tetramer from the side with the top of a Zr
ion at the center (Figure 3.10c), we count four deep blue locations at a diagonal on top of
the Zr ion. The eight total highly positive charged regions are situated along the perimeter
of the tetramer, allowing eight e.g. Cl™ counteranions to reside, thus neutralizing the overall
charge of the {Zr,*"} tetramer.

Figure 3.10: Electrostatic potential map of Zr(IV) tetramer, isosurface level = 0.001. (a)
Front view. (b) Side bridging oxygen view. (c) Side top of zirconium view.

1.100
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Figure 3.11: Electrostatic potential map of Zr(IV) hexamer, isosurface level = 0.001.
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Inspecting the ESP map of the hexamer, we again observe eight very dark blue regions;
four seen in Figure 3.11 and four mirroring these four in the back of the hexamer. Assuming
that the site availability limits the {Zrg"*"} hexamer to eight total Cl~ counteranions, it can
only reduce its charge to 4+. Hence, although the energy difference between the tetramer
and the hexamer is on the order of counterion interactions, the hexamer may be unable to
improve its competitiveness through counterion interactions, as compared with the tetramer.
We note that the experimentally synthesized Zr(IV) hexamer nodes used to form the UiO-66
family of MOFs, require syntheses with sulfate counterions and glycine ligands,[129] or acetic
acid ligands/modulators,[95, 99, 130] or dimethylformamide (DMF) and HCI solutions.[131]
These higher-charged counterions and/or bulky ligands may be required in order to favor
the geometry of the hexamer over that of the tetramer.

From the monomer’s ESP map in Figure 3.15, we note four regions of deep blue intensity
at the posterior triangular faces. We hypothesize that four counteranions, such as Cl, could
occupy these sites and neutralize the {Zr**} monomer. In the ESP map of the dimer, it
appears there are four dark blue regions around the bridging hydroxyl ligands (Figure 3.16).
If the {Zr,°"} dimer can only accommodate four C1~ counteranions, its overall 6+ charge
would be lowered to 2+.

In summary, the first-principles calculated structural characteristics and stability trends
we obtain for the aqueous Zr(IV) dimer, tetramer, and hexamer match experimental obser-
vations in three main ways. First, the dimer [Zr,(OH),(H,0),,]®" exhibits small stability
windows in Eh-pH diagrams and is often overpowered by the tetramer. Second, the tetramer
[Zr,(OH)g(H,0),4]*" is shown as the predominant cluster in an aqueous environment at low
pH and relatively low concentrations of Zr. Third, the hexamer [ZrsO,(OH),(H,0),,]"*"
could not be stabilized at any concentration of Zr or pH, albeit neglecting any potential
stabilizing effects of counterions or bulky supporting ligands.

3.4 Conclusions

To improve our understanding of aqueous zirconium chemistry and advance more sustainable
synthesis strategies for functional metal-oxide clusters, we used density functional theory
to investigate the thermodynamic stability of known as well as hypothetical Zr clusters
(tetramer and hexamer, respectively). We analyzed Zr Pourbaix diagrams to show that
the tetramer is more stable than the hexamer for all reasonable pH and potential values,
in alignment with experimental observations. However, Gibbs free energies of the hexamer
relative to the tetramer (9 meV/atom or ~17.8 kcal/mol at pH=0, V=0, and [Zr(IV)]=1
M) were found to be within the range of counterion effects. An electronic structure analysis
revealed that while the monomer, dimer and tetramer HOMO-LUMO gaps follow quantum
confinement trends, the hexamer does not. We find that the HOMO the hexamer exhibits
more orbital overlap between Zr and O & H atoms as compared to the dimer or tetramer,
which decreases the energy of the HOMO, and allows for a larger HOMO-LUMO gap. Finally,
maps of the electrostatic potential around each cluster showed that both the tetramer and
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the hexamer exhibit eight regions of high positive charge that could provide favorable binding
sites for negative counteranions. Eight monovalent counterions could neutralize the tetramer
but would leave the hexamer with an overall 4+ charge.

Our thermodynamic analysis suggests that although aqueous synthesis of a Zr hexamer
with only water-based ligands is challenging, formation of the Zr hexamer by means of
counterions or ligation may be possible. Fruitful areas for future research on this topic
include an investigation of such counterion effects, and an exploration of the similarities and
differences between the system studied here and aqueous hafnium clusters, which have a
similar chemistry to zirconium.[24, 25, 57, 93] We hope the approach demonstrated herein
will contribute to simpler and more sustainable synthesis strategies for MOF's.
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3.5 Supporting Information

Structures

Figure 3.12: Ground state geometry of the zirconium(IV) mononuclear species [Zr(H,0)g]*".

Green polyhedra: zirconium. Red: oxygen. White: hydrogen.

Figure 3.13: Ground state geometry of the zirconium(IV) dinuclear species
[Zr,(OH),(H,0),]°". (a) front view (b) side view. Green polyhedra: zirconium. Red:
oxygen. White: hydrogen.

Tables of Bond Lengths and Angles

Table 3.4: Atomic distances and angles for the mononuclear zirconium cluster [Zr(H,0)g]*".

Distance (A)
Zr-On20 2.21

Angle (degrees)
OHgo—ZI‘—OHQO 73, 78, 114
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Table 3.5: Atomic distances and angles for the dinuclear =zirconium cluster
[Zr,(OH),(H,0),]°". 2Zr ions on diagonal. "Water O atoms lying in the plane defined
by the Zr ions. “Water O atoms lying out of the plane defined by the Zr ions.

Distance (A)

VASYAY 3.59
Zr-Oon 2.13, 2.16
Z1-Om20 2.22, 2.26, 2.29
Angle (degrees)
Zr-Ogp-Zr 114
OQH—ZI“—OOH 66
Oon-Zr-Om20” 74
Oon-Zr-Om20° 76, 78, 80, 82
On20"-Z1r-Ona0® 71, 76
Table 3.6: Atomic distances and angles for the tetranuclear zirconium cluster

[Zr,(OH)g(H,0),6]*". 2Zr ions on diagonal. "Water O atoms lying in the plane defined
by the Zr ions. “Water O atoms lying out of the plane defined by the Zr ions.

Distance (A)

Zr-Zr 3.60

Zr-7Zr® 5.09

Zr-Oon 2.15, 2.16

ZI’—OHQO 2.27, 2.33
Angle (degrees)

Zr-Zr-Zr 90

Zr-Ogp-Zr 113, 114

OQH—ZI“—OOH 66

Oon-Zr-On2o® 77, 95

Oou-Zr-Ox20° 74

On20P-Zr-Opa0© 72,75
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Table 3.7: Atomic distances and angles for the hexanuclear zirconium cluster
[ZrsO,(OH),(H,0),,]***. *Zr ions on diagonal. PShort diagonal of distorted square pris-

matic face. “Long diagonal of distorted square prismatic face.

Distance (A)

Zr-Zr 3.61
Zr-Zr? 5.10
Zr-Opopn 2.31
Zr-Ot20 2.24, 2.30
Zr-O 2.12
Angle (degrees)
Zr-Zr-7Zr 60
Zr-Ogy-Zr 103
Zr-O-Zr 117
Oon-Zr-Oon 122
OQH-ZI‘—OHQO 79
Om20-Zr-Ona0o 71, 72
On20"-Zr-Opao® 91
Om20°-Zr-Ong0© 126
0-Zr-0 92
0O-Zr-Opy 70
O—ZI‘—OHQO 77, 103
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Hydrolysis Gibbs Free Energy

A thermodynamic cycle is used to determine the hydrolysis Gibbs free energy.
Cycle S1: Thermodynamic cycle for the Zr(IV) dimer.

2[Zr(Hy0)g)*" 2% 2 H,0F + [Zry(OH),(H,0) )% (aq)

solv solv v
1 AG[Zr H20)g)*t T AGH;OJF TAG%Q OH)2(H20)12)%+

2[Z2(H,0)g] " =22 2H,0" + [Zry (OH), (H,0) 5] (g)
Cycle S2: Thermodynamic cycle for the Zr(IV) tetramer.
4 [Zr(H,0)g)* 252 §H,OT + [Zr,(OH) (H,0),6) (aq)

L =AGE ,0)4+ TAGRG:  TAGE (0ms120)105+

AGgas
4[Zr(H0)s]"" == 8 H;0™ + [Zr,(OH)5(H,,0) " (g)
Cycle S3: Thermodynamic cycle for the Zr(IV) hexamer.

6 [Zr(ILO)g* 25 12 1,0 + 4H,0 + [Zr;0,(OH),(H,0),,]"** (aq)

L =AGH 00+ TAGHG  TAGHY, T AGrt 0,4 (OH)s (Hy0),]12+

6 [Zr(HLO)gJ* 29 19 H,0" + 41,0 + [Zr;0,(OH),(H,0),,]'*" (g)

The hydrolysis Gibbs free energy is then determined with equation 3.1 and reported in
Table 3.9.

Nproducts Nreactants

AG,, =AG + Y nAG™— Y nAGPY (3.1)

i=1 j=1
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Pourbaix Energy Formalism

To integrate the hydrolysis Gibbs free energies into the Persson Pourbaix formalism, a reac-
tion is written with respect to the monomeric aqueous ions, equation 3.2. The corresponding
Pourbaix formalism energy G is then calculated by equation 3.3 using the coefficients
determined from 3.2.

pourbaix

mM**(aq) + (z + y + 2)H,0 — (22 + y)H' + [M,,(0),(OH), (H,0),]“™ >+ (3.2)

AC;poulrbaix = AC;aq +m- NJi(/elf1Jr + (l’ +y+ Z) Mgo + (2.%' + y) H[%ﬁi (33)

A zirconium reference species M** from the Materials Project Database was required,
however Zr*" was not yet included. Therefore, an experimental standard Gibbs free energy
AG® was found for the ion Zr** and the solid ZrO, from Pourbaix’s atlas[132]. The solid
ZrO, already has a VASP energy in the Materials Project Database, for which we must
maintain the energy difference between the ion and the solid, as explained by equation
3.4. This referencing method was also used to add HZrO, , ZrO®*, and Zr(OH),(s) to the
zirconium Pourbaix diagram in order to reproduce the Zr Pourbaix diagram from Pourbaix’s
atlas.

pret = [AGePt — AG%’;%Z(S ]+ ﬂrzifog( 5) (34)

Table 3.8: Referencing Values.

Species Energy Reference

H,O pret = 22,46 eV/H,0 Materials Project[116]
Ht pret =0 eV/HT Materials Project[116]
ZrO4(s) AG®Pt = _10.740 eV/ZrO, Pourbaix[132]

ZrOy(s) pref = -10.809 eV /ZrO, Materials Project[116]
Zr*T AG®PY = _6.157 eV /Zr*T Pourbaix[132)]

Zrtt pret = -6.226 eV /Zr*t eq. 3.4

ZrO** AG®PY = _8.737 eV /ZrO*" Pourbaix[132]

ZrO?* pref = -8.806 eV /ZrO%* eq. 3.4

HZrO4~ AG®P' = _12.475 eV /HZrO5~ Pourbaix[132)]
HZrO4~ pret = -12.544 eV /HZrO4~ eq. 3.4

Zr(OH),(s) AG®P' = _16.043 eV /Zr(OH), Pourbaix[132)]

Zr(OH) ,(s) pref = -16.112 eV /Zr(OH), eq. 3.4
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Table 3.9: Zr(IV) Cluster Hydrolysis Gibbs Free Energies and Pourbaix Formalism Energies.

Species Cycle AG,, AG,y, m x vy 2z AGpubaix  AGpourbaix
(kcal/mol) (eV) (eV) (kJ/mol)
[Zry(OH)y(H,0)15]5F S1 6.4 0278 2 0 2 12 -47.171 -4551.2
[Zr,(OH)g(H,0);4]%" S2 -23.4 -1.016 4 0 8 16 -84.961 -8197.4
[ZrgO,(OH),(Hy0)y,]*?T  S3 -17.5 -0.760 6 4 4 24 -116.837  -11273.1

Equilibrium Constants

For an given reaction, a reaction quotient () can be written. For example, for equation 3.2,
the reaction quotient is given by equation 3.5, as the concentration of the products over
the concentration of the reactants. The change in Gibbs free energy of the reaction at a
specific temperature and concentration values is given by equation 3.6, where R is the ideal
gas constant 8.314 Joule molt K and T is room temperature 298.15 K.

[[Mm(O)X(OH)y(HQO)Z] (4m—2x—y)+] [HH] @+

Q= [M4+]m (3'5)

AG,zn = AGY, + RTIn(Q) (3.6)
The change in Gibbs free energy for a reaction at equilibrium and standard state is shown
in equation 3.7.

AG,

T

— —RTIn(K°) (3.7)

If the reaction is at an equilibrium, AG,,, = 0, and combining equations 3.6 and 3.7
shows that ) = K¢, i.e. the equilibrium constant. A reaction with a large and positive
log(K®) value indicates that there is a higher concentration of products than reactants.

(3.8)

o (=G _ (M, (0),(OH), (1,0), 4]
= eiUp RT - [M4+]m

Finally, the log(K®) exemplifies how the concentration ratios and equilibrium pH bound-
ary between the species are related (eq. 3.9).

(4m—2x—y)+
log(K?) = log <HMm(O)X(OH[)1\y4(4IJ{FTS)Z] ]> — 2z +y)pH (3.9)
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Table 3.10: Energy differences between aqueous zirconium species at various [Zr(IV)] con-
centrations, with corresponding Pourbaix diagram heat maps.

Concentration AG = {Zr,*T} - ZrO*T  AG = {Zr'*"} - ZrO*™  AG = {Zry"*"} - {Zr,5"}

Zr(IV) (M) (meV/atom) (meV /atom) (meV/atom)
1077 10 (Fig. 3a) 22 11

106 7 19 11

107 5 15 10

104 2 12 10

1073 -1 (Fig. 3b) 9 (Fig. 4a) 10

102 6 9

107 2 9

1 -1 (Fig. 4b) 9 (Fig. 5)

Frontier Molecular Orbitals

(@) (b)

Figure 3.14: Frontier molecular orbitals for Zr(IV) monomer. (a) Monomer structure. (b)
HOMO. (c) LUMO.
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Electrostatic Potential Maps

0.535

@)
0.560
0.585
0.610
0.635
(b)

Figure 3.15: Electrostatic potential map of Zr(IV) monomer, isosurface level = 0.001. (a)
Front view. (b) Back view.
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0.730

(a)
0.755
0.780
0.805
b) 0.830

Figure 3.16: Electrostatic potential map of Zr(IV) dimer, isosurface level = 0.001. (a)
Bridging view. (b) Side view.
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Chapter 4

Summary and Outlook

Extreme ultraviolet lithography (EUVL) is the newest technique to keep up with Moore’s
law to create smaller integrated circuit feature sizes. However, novel photoresist materials
must be used for EUVL in order to withstand the high energy beam. Metal-oxo clusters have
been identified as one photoresist solution, and specifically a recently proposed promising
material is a sodium-centered tin-Keggin cluster. However, the synthesis product is a mixture
of the -NaSn,, and the y-NaSn,,, rather than a pure isomer, which limits the fundamental
understanding of the lithographic mechanisms at play during exposure. The investigation
described in this dissertation included computational modeling to determine the ground
state energy of all five uncapped isomers in this Na-Sn Keggin system. Density functional
theory (DFT) was used to obtain the hydrolysis Gibbs free energy and HOMO-LUMO gap
of these clusters, which validated that 5-NaSn;, and y-NaSn,, are the most stable isomers
for NaSn,,-Keggin ions. Additionally, computations were employed to evaluate the influence
of capping (the inclusion of one or two tin atoms in this case), on the stability ordering of the
NaSn,;-Keggin isomers. It was found that the single-capped isomers were computationally
evaluated to be less stable than their respective uncapped isomer analogues. However, the
double-capped y-NaSn,, was more stable than either the uncapped or single-capped clusters.
Since the double-capped y-NaSn,, also required additional borate ligands, a simpler approach
to obtaining a pure isomer was discovered, e.g. changing the Sn-Keggin heteroatom from
sodium to calcium. This allowed the 5-CaSn;, Keggin ion to stabilize as a pure phase,
without the need for capping. The collaboration between computations and experiments
successfully confirmed that the Sn-Keggin clusters represent the only Keggin ion family so
far that favors these lower symmetry isomers. Future work could focus on further probing
this Sn-Keggin system’s possible capping combinations and additionally changing the central
heteroatom, in order to continue improving the next-generation EUVL photoresists.

To move towards building universal guidelines for non-POMs without H,O terminal lig-
ands (category 2, as described in the Introduction), quantum chemical calculations can be
used to elucidate Sn-Keggin design guidelines for promoting the d-Fe Keggin isomer, an
elusive open-shell structure, and a known building block of the mineral ferrihydrite. Elec-
trostatic potential maps can be used to aid in cap placement, and emergent trends are
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rationalized by examining distortions and electronic structure. We anticipate that either
transition metal caps or s-block caps will bring the field closer to isolating the J-Fe Keggin
over the a-Fe Keggin. If similarities are found regarding how heteroatom, caps, and ligands
can be exploited to promote a specific isomer in different systems, we will be able to improve
design rules for Keggin clusters to aid in the discovery of new metal-oxo clusters.

Metal-oxo clusters also play a crucial role in the synthesis of metal-organic frameworks
(MOFs); these 3D porous networks have vast applications from gas storage and separation
to catalysis and drug delivery. One MOF with many such applications is the UiO-66 metal-
organic framework series, which is constructed of hexanuclear [Zrg(O),(OH),(CO,);5] clus-
ter nodes and linear carboxylate linkers. Unfortunately, these Zr-based MOF cluster nodes
cannot currently be manufactured in a sustainable way, motivating a search for “green” al-
ternative synthesis methods. Stabilizing the hexanuclear Zr(IV) cluster (i.e., the hexamer,
{Zr'**}) without the use of organic ligation would enable the use of environmentally-friendly
solvents such as water. The Zr(IV) tetranuclear cluster (i.e., the tetramer, {Zr,*"}) can be
stabilized in solution with or without organic ligands, yet the hexamer has yet to be synthe-
sized without supporting ligands. The reasons why certain zirconium clusters are favored
in aqueous solution over others are not well understood. The work presented here success-
fully reports the relative thermodynamic instability of the hypothetical hexamer {Zrs'*"}
compared to the ubiquitous {Zr,*"} tetramer. Density functional theory calculations were
performed to obtain the hydrolysis Gibbs free energy of these species and used to construct
Zr Pourbaix diagrams that illustrate the effects of electrical potential, pH, and Zr(IV) con-
centration. It was found that the aqueous {Zrs'*"} hexamer is about ~17.8 kcal/mol less
stable than the aqueous {Zr,*'} tetramer, which is an energy difference on the order of
counterion interactions. FElectronic structure analyses were used to explore trends in the
HOMO-LUMO gap, frontier molecular orbitals, and electrostatic potential distribution of
these clusters. The evidence suggests that the aqueous {Zr;'**} hexamer may be promoted
with more strategic syntheses incorporating minimal ligands and counterions.

To expand the knowledge of Group IV clusters like zirconium and hafnium ions, alterna-
tive ligands such as peroxide can be explored. It was recently shown that Zr(IV) and Hf(IV)
clusters can be stabilized in mildly acidic aqueous solutions with peroxide 0227 and oxalate
(C,0,)* ligands, and tetramethyl ammonia N(CH;),™ and alkali (Li", Na™, K™, Rb*, Cs™)
counterions.[25] The authors hypothesized that the presence of both peroxide and oxalate
ligands alters the solution speciation of Zr and Hf, and the counterions promote solubility
and crystallization of the clusters, such that new polynuclear topologies are possible. The
authors believe these factors can aid with differentiating Zr/Hf chemistry, to expand the
realm of patterned thin films and MOFs.

I believe that bridging peroxide ligands provide a strategic route towards stabilizing a
ring-shaped Zr hexamer structure. However, I argue that the oxalate terminal ligands can be
replaced with water terminal ligands. Figure 4.1 illustrates my preliminary result of a com-
putationally optimized circular Zr-hexamer [Zrg(O,)s(OH)4(Hy0) 5], ice. {Zrg'*"}. This
Zr-hexamer ring has highly symmetric peroxide and hydroxide bridging ligands, as well as
water terminal ligands. The same computational methods were used as reported in Chapter
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3. This result shows that there is opportunity to synthesize the same geometry (circular Zr
hexamer), but with less bulky terminal ligands (water instead of oxalate), promoting clean
and sustainable aqueous solution manufacturing for future applications.

Figure 4.1:  Ground state geometry of the zirconium(IV) hexanuclear peroxide species
[Z16(03)6-(OH)6(H20)12]5". Green polyhedra: zirconium. Red: oxygen. White: hydrogen.

In conclusion, the factors that influence the solution stability of metal-oxo clusters are
complex and variable. However, through analyses of clusters from different groups across the
periodic table, it has been shown that a computational approach can provide valuable insights
into how metal-oxo clusters can be tuned and optimized for stability. The studies presented
in this dissertation aim to improve computer chip manufacturing as well as metal-organic
framework assembly. The anticipated future studies will help to expand the knowledge
surrounding the general trends of metal-oxo clusters, with the possibility of synthesizing
novel Fe-oxo and Zr/Hf-oxo cluster systems.
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Chapter 5

Appendix

5.1 Ground state geometries for Sn-Keggin clusters
from Chapter 3.

Uncapped Alpha Na-centered Sn-Keggin ion:
[(MeSn)lz(NaO4)(OCH3)12(O)4(OH)8]1+, i.e. a-NaSn,,

C -1.27815 -2.41781 -4.94536
C 0.34119 4.81636 -2.99498
C 4.27881 2.53849 -2.88122
C 5.62559 -0.07890 1.34643
C 4.22678 -2.62284 -2.86087
C -1.22052 2.50488 -4.91981
C -2.85038 4.88017 1.11208
C -4.18143 2.37673 -3.12938
C 0.43064 5.67347 0.29609
C 1.65331 -3.24809 4.29373
C 1.78416 3.13793 4.32497
C 0.27942 -5.67623 0.31880
C -3.80555 0.06233 4.17943
C -5.11453 2.42583 0.20920
C 2.83350 0.00655 4.90942
C -1.63128 2.54393 4.81419
C -1.60868 -2.63265 4.74487
C 0.16808 -4.81789 -3.06893
C -4.25478 -2.13056 -3.11098
C -2.98507 -4.82192 1.05167
C -5.18490 -2.30592 0.11586
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C 4.75943 3.12753 0.48593
C 2.95462 -0.03138 -4.82161
C 4.65685 -3.28688 0.38424
H -2.85726 -4.48131 2.08599
H -5.41064 -2.43603 1.17890
H -4.58730 -1.08575 -3.07465
H -0.37165 -4.96100 -4.00997
H 5.75813 2.86202 0.12764
H 3.54908 3.35489 -2.94329
H -2.38124 5.86223 0.99839
H -5.04421 2.86541 -2.66570
H 6.15505 -1.03509 1.30510
H -0.25844 2.37278 -5.42441
H 3.53541 -3.47389 -2.90180
H 1.13135 5.30557 -2.41454
H 5.65143 -3.01235 0.02109
H -0.27862 -2.61885 -5.34263
H 3.68708 0.17801 4.24102
H -0.89424 3.13417 5.36993
H -0.96217 -3.05116 5.52357
H -5.27821 2.45307 1.29071
H 2.72235 -3.40165 4.11641
H 4.04172 -0.03267 -4.94169
H 2.86024 3.15970 4.12526
H -3.58153 -0.02649 5.24681
H 1.50909 5.78095 0.14217
H 1.33348 -5.83331 0.07000
H 4.46115 4.07749 0.03216
H 4.71901 -3.50036 1.45587
H 0.14743 -5.83588 1.39306
H 1.37255 4.13246 4.12665
H 5.21766 0.06122 2.35420
H -2.70812 4.53168 2.14207
H -4.42507 1.32418 -3.31863
H 5.18106 -2.95723 -2.44257
H -1.53125 3.54874 -5.02261
H 4.49307 2.17664 -3.89100
H -0.34206 5.58843 -3.36980
H -5.77959 -1.47017 -0.26606
H -4.05464 -4.91350 0.83728
H -4.00634 -2.38202 -4.14752
H 1.18636 -4.47508 -3.29312
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H -0.09198 6.36530 -0.37089
H -5.41853 3.38620 -0.21753
H -2.54403 -2.30868 5.21402
H 2.81426 0.79733 5.66676
H -2.15027 3.20637 4.10952
H -1.72453 -1.59973 -5.51898
H 2.54666 0.86028 -5.30647
H 1.50436 -3.01539 5.35260
H -4.29658 1.02478 4.00510
H -1.89352 -3.31320 -5.07388
H 0.20259 5.94163 1.33236
H 4.33445 -4.19648 -0.13238
H 1.63104 2.90190 5.38231
H 1.12697 -4.18039 4.06576
H 2.97675 -0.95199 5.42028
H -5.73980 1.63721 -0.21999
H -1.83642 -3.41990 4.01534
H -2.36005 2.14924 5.52973
H 0.22645 -5.78403 -2.55691
H -2.52466 -5.80846 0.93995
H -5.47659 -3.21556 -0.41748
H -5.07884 -2.77638 -2.79026
H 4.79433 3.25257 1.57245
H 2.54332 -0.91733 -5.31385
H -4.49854 -0.73730 3.89976
H -0.32574 -6.40832 -0.22361
H -1.96056 1.86646 -5.41200
H 6.33804 0.72274 1.13055
H 0.81031 4.31789 -3.85061
H 5.20740 2.91707 -2.44332
H 4.40305 -2.26519 -3.87999
H -3.97816 2.87186 -4.08417
H -3.92233 4.98488 0.91692
H 2.12472 -3.76847 -1.00949
H -2.65456 0.05170 -1.69220
H 2.25260 3.71919 -0.96014
H 1.34199 2.15530 -2.13038
H 1.26553 -2.17411 -2.14902
H -1.15145 -2.35048 1.76629
H 2.52178 0.21932 1.88640
H -1.55576 2.11618 1.79082
Na -0.03234 -0.00235 -0.00715
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O 1.67048 -2.99743 -0.62007
O -2.27846 3.96720 0.16737
O 2.25740 -0.01761 -0.70332
O 0.94468 -1.51058 -2.80736
O -1.10200 -1.90890 -0.80786
O -1.05904 1.93793 -0.78469
O -0.07170 -0.00838 2.29751
O 1.80195 2.93926 -0.58360
O -3.19706 0.06461 -0.82418
O -0.35946 3.87237 -2.18488
O -3.04070 2.50451 -2.27423
O -0.11379 2.83695 1.74969
O -2.40086 1.55671 1.70072
O 1.00810 1.50428 -2.79447
O -1.62250 0.04921 -2.87538
O 2.46771 1.23508 1.80900
O -2.48517 -1.48449 1.68748
O 4.58549 -0.07167 0.35836
0 -2.39222 -3.90629 0.12299
0O 2.43790 -1.36843 1.80721
O -0.24026 -2.80781 1.70863
O 3.69612 -1.55986 -2.06283
O -0.53068 -3.87586 -2.25185
O 3.77901 1.45619 -2.08428
O -3.11560 -2.34829 -2.27534
O -0.96580 -1.51548 4.12947
O 1.59873 -0.00802 4.19265
0O -0.97986 1.46528 4.14281
Sn 0.83768 1.69674 3.06848
Sn 0.91935 -1.67344 3.05486
Sn -2.03331 -0.06091 2.99525
Sn -1.05496 1.94894 -2.86915
Sn -0.17655 3.65653 -0.04481
Sn -3.06714 2.02954 -0.20301
Sn 3.35922 1.60623 -0.00599
Sn -3.10842 -1.89926 -0.14225
Sn 2.41672 -0.03572 -2.76739
Sn -1.13923 -1.87072 -2.89003
Sn 3.25874 -1.71097 0.05585
Sn -0.31189 -3.69049 -0.16216
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Uncapped Beta Na-centered Sn-Keggin ion:
[(MeSn),,(NaO,)(OCHj,),,(0),(OH);s]' ", i.e. 5-NaSn,,

C 1.43198 2.33547 -4.92536
C -0.12861 -4.88372 -2.91146
C -4.20216 -2.57993 -2.98812
C -5.77410 0.00411 1.06370
C -4.20219 2.50676 -3.00185
C 1.41119 -2.50112 -4.85233
C 2.92552 -4.91861 1.15557
C 4.30256 -2.36767 -2.97465
C -0.34869 -5.67454 0.32200
C -3.70749 0.05260 4.21328
C 1.81097 -3.13734 4.30305
C -0.33672 5.70305 0.17071
C 1.81090 3.26466 4.21666
C 5.14365 -2.43024 0.35431
C -1.58346 -2.48456 4.81951
C 2.96719 -0.02079 4.81395
C -1.46320 2.72393 4.70996
C -0.11346 4.78857 -3.10693
C 4.31155 2.22677 -2.98935
C 2.90588 4.96963 1.00102
C 5.13701 2.42389 0.25864
C -4.76454 -3.18414 0.31218
C -2.78564 -0.05456 -4.90264
C -4.73297 3.19706 0.21242
H 2.18088 5.45909 1.65865
H 5.36845 2.42359 1.32838
H 4.57609 1.16788 -3.10156
H 0.01535 5.80286 -2.71516
H -5.75649 -2.88851 -0.04137
H -5.15330 -2.93693 -2.58196
H 3.39122 -5.64008 0.47446
H 5.16449 -2.81709 -2.47174
H -5.85323 0.91257 1.66752
H 0.44902 -2.43656 -5.37017
H -3.52166 3.36608 -3.05104
H -1.21407 -4.71808 -2.93533
H -5.70658 2.89212 -0.18203
H 0.45956 2.28842 -5.42553
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H -2.11266 -3.13031 4.10746
H 2.98314 -0.82551 5.55650
H -2.38507 2.42271 5.21958
H 5.31222 -2.40829 1.43515
H -4.22145 -0.89986 4.05266
H -3.86683 -0.02901 -5.06587
H 1.39788 -4.12901 4.09481
H 1.73995 3.01604 5.28028
H -1.26326 -5.90036 -0.23480
H -1.26988 5.91816 -0.35865
H -4.47043 -4.11033 -0.19151
H -4.84031 3.42371 1.27775
H -0.50249 5.85537 1.24156
H 2.88933 -3.16136 4.11850
H -5.83451 -0.86296 1.72784
H 2.18291 -5.43804 1.76876
H 4.52526 -1.31604 -3.19307
H -5.16645 2.83661 -2.60381
H 1.80388 -3.51580 -4.96401
H -3.48966 -3.41301 -3.02338
H 0.06474 -5.88378 -2.50934
H 5.76844 1.67658 -0.23148
H 3.72681 4.58730 1.61479
H 4.13518 2.65372 -3.98257
H 0.30437 4.75420 -4.11733
H 0.43851 -6.36153 -0.00343
H 5.41844 -3.41969 -0.02354
H -0.79319 3.17025 5.45234
H -0.85592 -3.09245 5.36855
H 3.78051 -0.18562 4.09610
H 2.09793 1.60413 -5.39383
H -2.38289 -0.96613 -5.35387
H -3.46575 0.14264 5.27681
H 2.86185 3.44519 3.97094
H 1.85397 3.33422 -5.06977
H -0.54154 -5.84262 1.38626
H -4.41453 4.10849 -0.30351
H 1.64498 -2.90686 5.35996
H -4.38506 0.86681 3.93929
H -2.30579 -2.08611 5.53945
H 5.79167 -1.68275 -0.11301
H -1.71024 3.48123 3.95576
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H 3.14642 0.92673 5.33422

H -1.18630 4.56323 -3.16425

H 3.30486 5.70791 0.29595

H 5.37856 3.40896 -0.15178
H 5.15483 2.75586 -2.53447
H -4.81268 -3.37484 1.38845
H -2.33319 0.81081 -5.39580

H 1.24694 4.18529 4.03826

H 0.43244 6.40253 -0.17016

H 2.10789 -1.80348 -5.32751
H -6.60798 -0.02811 0.35386
H 0.24926 -4.84876 -3.93810
H -4.37352 -2.21744 -4.00586
H -4.35977 2.12607 -4.01582
H 4.13774 -2.89963 -3.91724
H 3.69349 -4.50685 1.81737

H -2.16025 3.74419 -1.13815
H 2.76461 -0.02984 -1.61641
H -2.17489 -3.76503 -1.04024
H -1.24802 -2.19384 -2.13408
H -1.22687 2.14127 -2.19597
H -1.03478 2.41043 1.64419

H -1.53227 -2.07262 1.71009
H 2.59088 -0.25355 1.74629

Na 0.02150 0.00071 -0.00909
O -1.70493 2.98238 -0.73298
O 2.29654 -3.86896 0.41255

O -2.23861 -0.02507 -0.75681
O -0.87420 1.47108 -2.83450
O 1.10269 1.91303 -0.77153

O 1.11962 -1.92603 -0.71632
O -0.00589 0.03646 2.29297

O -1.74501 -2.98047 -0.65105
O 3.27979 -0.02630 -0.73676
O 0.53430 -3.90173 -2.11592
O 3.14257 -2.49567 -2.14605
O -0.14785 -2.77837 1.74403
0O 2.49824 -1.27551 1.76008

O -0.89521 -1.54581 -2.79542
O 1.72029 -0.05393 -2.80976
O -2.37478 -1.48243 1.71366

O 2.51908 1.30636 1.74050

64



CHAPTER 5. APPENDIX

O -4.52607 -0.00152 0.35938
O 2.28570 3.89160 0.29207
O -2.35706 1.55670 1.68365
O -0.10600 2.83820 1.65538
O -3.66894 1.46728 -2.17534
O 0.57216 3.85426 -2.27050
O -3.70613 -1.50688 -2.17803
O 3.14522 2.39355 -2.17992
O -0.84144 1.57994 4.12237
O -0.91396 -1.40938 4.16013
O 1.69378 0.01577 4.16887
Sn 0.88614 -1.67474 3.05395
Sn -1.94114 0.12760 3.01820
Sn 1.03264 1.68168 3.01467
Sn 1.17653 -1.95963 -2.80338
Sn 0.23599 -3.64719 0.01007
Sn 3.10613 -1.99145 -0.07506
Sn -3.33744 -1.65730 -0.08428
Sn 3.08024 1.94554 -0.04516
Sn -2.32683 -0.02407 -2.82955
Sn 1.20905 1.85656 -2.85901
Sn -3.28167 1.65539 -0.04611
Sn 0.26516 3.69187 -0.18161

Uncapped Gamma Na-centered Sn-Keggin ion:
[((MeSn),,(NaO,)(OCHj,),,(0),(OH)s]'*, i.e. 4-NaSn,,

C 1.69676 5.34443 0.71560
C 4.21057 1.97067 3.30996
C 2.08534 3.26009 -4.14813
C -2.94935 3.55143 -3.31109
C -1.18363 -0.45970 5.48654
C -3.67231 3.01415 3.03658
C -5.74878 -0.17824 -0.53295
C -1.04753 5.70317 -1.37585
C 4.83755 2.01210 -2.37785
C -4.60213 3.48094 -0.19746
C 1.15448 0.45975 -5.61435
C 5.64588 -0.99125 -0.98843
C 1.24969 -2.87247 -4.90394
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C 4.04093 -2.98137 -3.06196
C 2.79869 -4.28193 2.47385
C -2.00294 -4.03149 -3.76037
C -4.62486 -1.96154 -3.14393
C -2.12030 -4.47809 2.58445
C 0.59973 -3.17589 4.81805
C 4.79678 -1.51015 2.92193
C 1.56564 1.61181 5.23203
C -1.62954 -5.47133 -0.71129
C -4.83990 -2.42271 1.90082
C -0.81303 4.76122 2.87091
H -1.21362 -4.78826 -3.75781
H 6.19701 -0.22540 -0.43323
H -5.93960 0.54729 -1.32940
H 2.85125 2.96301 -4.87061
H 1.24571 -3.91071 -4.55965
H -2.95188 -5.12155 2.28250
H -2.34597 -4.04824 3.56457
H 2.13672 -2.71449 -5.52523
H 5.81744 -1.95730 -0.50340
H -6.11534 0.23976 0.40969
H 2.30180 5.22747 1.62057
H 4.53329 1.49460 4.24090
H 1.03465 6.20439 0.85018
H 2.41475 4.17592 -3.64730
H -1.21582 -5.08742 2.66668
H -2.97192 -4.53127 -3.66647
H -3.47780 2.76470 -3.85877
H 3.83099 2.97024 3.54425
H -6.30856 -1.09265 -0.75115
H 0.35875 -2.70292 -5.51464
H 2.37015 5.55492 -0.12192
H 1.15968 3.48048 -4.69000
H -1.97442 -3.49210 -4.71086
H 5.08002 2.07546 2.65337
H 6.04696 -1.03813 -2.00556
H -3.67726 4.29917 -2.98281
H 3.18831 -4.31258 3.49575
H 3.62346 -4.46604 1.77864
H -2.23331 4.03037 -3.98580
H 2.05793 -5.07844 2.35525
H -0.46581 -0.70791 6.27404
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H -1.95612 -1.23485 5.46345
H -1.66126 0.49233 5.73946
H -3.22498 3.06492 4.03479
H -0.40172 -3.16235 5.25751
H -4.54890 2.35995 3.09003
H -4.00754 4.01797 2.75713
H 0.81593 -4.19475 4.48256
H 1.32955 -2.89483 5.58702
H -1.68963 6.00717 -0.54001
H -1.59289 5.85210 -2.31352
H -0.15856 6.34193 -1.39117
H 4.88434 2.54793 -1.42261
H 4.72576 2.74132 -3.18689
H 5.77698 1.47106 -2.52925
H -5.01075 3.07260 -1.12837
H -4.76081 4.56623 -0.19096
H 1.34586 -0.42552 -6.22786
H 0.08146 0.68749 -5.64785
H 1.71031 1.29896 -6.04027
H 4.75053 -3.25288 -2.27593
H 4.59772 -2.65525 -3.94783
H 3.45392 -3.86964 -3.31746
H -5.22337 -1.04679 -3.18286
H -4.15810 -2.10941 -4.12276
H -5.28301 -2.81055 -2.92863
H 5.36106 -0.70238 3.39904
H 5.21026 -1.68533 1.92194
H 4.91910 -2.41864 3.52126
H 1.26542 2.59992 4.86073
H 2.57329 1.68446 5.65417
H 0.87997 1.31969 6.03447
H -1.86362 -5.99137 0.22185
H -2.19755 -5.93783 -1.52151
H -0.55740 -5.57392 -0.91702
H -4.66470 -1.70120 2.70758
H -5.82745 -2.24049 1.46632
H -4.82752 -3.43438 2.31846
H -0.35398 4.15524 3.66239
H -1.78079 5.13049 3.22686
H -0.17121 5.62632 2.67739
H -5.15376 3.04206 0.63967
H -3.15130 0.60813 -2.63457
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H -0.66594 1.86205 -3.74595
H -0.98329 -0.17929 -2.90215
H 0.69204 -3.84622 -2.00713
H 0.45859 -3.02235 -0.02966
H 2.75847 -2.91304 -0.37871
H 0.45889 2.05051 2.35769
H -2.26526 -0.55348 2.00226
Na 0.00124 -0.02886 -0.00297
0O -0.90666 2.10188 0.00147
O 1.12277 -0.50935 1.97292
O 1.61631 -0.15520 -1.76192
O -1.79609 -1.57246 -0.42441
O 1.32030 2.35435 1.89515
O 3.74118 1.09167 -2.40886
O 3.18302 -1.93791 -2.59038
O -0.64792 4.33480 -1.25992
O -3.84190 -2.31513 0.87771
O -3.21052 3.18324 -0.07478
0O -0.87697 1.42620 2.86494
O 1.59573 0.22632 -4.27209
0O -0.99667 4.00919 1.67138
O 3.42923 0.69502 0.53407
0O -3.06111 0.47200 1.18112
O 0.38893 -2.93278 -1.84632
O -1.68293 -1.29212 2.42258
O -2.00583 -4.09271 -0.59400
O 1.75375 2.71602 -1.02208
O -3.61803 -1.83374 -2.13349
O 1.54474 0.63059 4.19470
O -0.80301 -1.10760 -3.16982
0 -0.42293 1.74031 -2.80889
0O 0.65262 -2.27463 3.71029
O 3.41364 -1.15017 2.86566
0O 2.80940 -2.11164 0.17157
O -2.90284 0.84033 -1.72265
0O 0.25042 -3.05502 0.93619
Sn 3.56189 -0.50092 -0.98949
Sn 1.26899 -1.53935 -3.24204
Sn -1.73504 -2.68363 -2.14110
Sn 1.73434 1.73666 -2.68806
Sn 2.69041 0.82682 2.33507
Sn 0.61122 3.54413 0.31793
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Sn -1.82767 -2.91746 1.17414
Sn -3.65993 -0.57647 -0.37063
Sn -2.23972 2.23736 1.64427
Sn -0.24091 -0.31427 3.57320
Sn -1.92883 2.71187 -1.64026
Sn 1.91818 -2.38780 2.05974

Uncapped Delta Na-centered Sn-Keggin ion:
[((MeSn),,(NaO,)(OCHj,),,(0)(OH)s]' ", ie. 5-NaSn,,

C 2.15574 -4.97411 1.48911
C -2.52385 -4.60764 2.16292
C -2.04745 -1.96035 -5.02302
C 1.25214 -3.35895 -4.63366
C 1.97054 -1.25960 5.07332
C 5.72346 -0.58412 -1.44693
C 5.15316 2.95000 -0.38292
C 1.24437 -5.35450 -1.82250
C -4.52420 -2.47223 -2.77986
C 3.76094 -1.23745 -4.18586
C -1.88994 1.31686 -5.20193
C -5.80461 -0.85196 -0.23228
C -2.98972 3.83116 -3.25308
C -5.18577 2.39721 -1.17354
C -3.54402 1.47118 4.15961
C -0.18861 5.64317 -1.74140
C 2.91559 4.45188 -2.36856
C 0.78229 3.51942 4.21080
C -0.80193 0.57034 5.64920
C -4.28407 -1.88123 3.44323
C -0.01655 -3.91138 4.28935
C -0.53744 5.49323 1.65399
C 3.91781 3.17094 2.78405
C 4.94130 -2.94558 0.84966
H -1.18951 5.98377 -1.45958
H -5.88243 -1.88854 0.11037
H 5.44897 2.87383 -1.43384
H -3.03165 -1.68429 -5.41505
H -3.38989 4.56915 -2.55071
H 1.24358 4.51106 4.24219
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H 1.32652 2.85695 4.88955
H -3.79363 3.52666 -3.93091
H -6.26370 -0.20708 0.52389
H 5.84282 2.34942 0.21771
H 2.46553 -4.72832 2.50840
H -2.74332 -4.78200 3.22027
H 2.93610 -5.58040 1.01949
H -1.99872 -3.04995 -4.93841
H -0.25386 3.60276 4.55034
H 0.54254 6.37889 -1.39202
H 1.26870 -2.63599 -5.45479
H -1.82484 -5.37471 1.81621
H 5.23603 3.99607 -0.07191
H -2.20008 4.30870 -3.84051
H 1.23198 -5.55857 1.52782
H -1.28481 -1.63414 -5.73652
H -0.13676 5.58955 -2.83265
H -3.45258 -4.69339 1.59085
H -6.36919 -0.75146 -1.16469
H 2.15481 -3.97487 -4.69329
H -3.63412 0.91566 5.09745
H -4.54014 1.57640 3.71835
H 0.37682 -4.00350 -4.75423
H -3.15486 2.47037 4.38034
H 1.39229 -1.63148 5.92393
H 2.44898 -0.31715 5.35643
H 2.75077 -1.98697 4.83054
H 6.26384 -0.42457 -0.50895
H 0.20206 0.61445 6.08088
H 5.91720 0.26680 -2.10680
H 6.10651 -1.49237 -1.92237
H -1.26999 1.55135 5.76319
H -1.39175 -0.17353 6.19783
H 1.77817 -6.06748 -1.18714
H 1.43962 -5.60691 -2.86869
H 0.16857 -5.43512 -1.62889
H -4.96911 -2.98340 -1.92024
H -3.99337 -3.21540 -3.38302
H -5.32503 -2.03258 -3.38563
H 3.14370 -0.47585 -4.67861
H 3.86054 -2.10107 -4.85087
H -2.17617 2.36447 -5.32834
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H -0.81396 1.22300 -5.39402
H -2.43573 0.71837 -5.93797
H -6.07411 1.82684 -0.88736
H -5.44235 3.03405 -2.02553
H -4.88289 3.02918 -0.33064
H 3.14142 3.68941 -3.12441
H 2.24611 5.19465 -2.81046
H 3.84478 4.95222 -2.07715
H -4.35200 -2.94482 3.69238
H -4.95178 -1.67006 2.60000
H -4.61243 -1.29960 4.31038
H -0.14567 -4.86701 3.77417
H -0.74061 -3.84325 5.10914
H 0.99519 -3.87126 4.70166
H -0.30035 5.69586 2.70272
H -0.38505 6.41167 1.07924
H -1.58808 5.19076 1.57689
H 4.18042 2.16158 3.12191
H 4.80712 3.65059 2.36470
H 3.57969 3.75835 3.64286
H 4.98439 -2.27139 1.71308
H 5.87499 -2.86713 0.28529
H 4.83703 -3.97436 1.20702
H 4.75658 -0.82091 -4.00814
H 3.41073 1.38433 -2.66683
H 0.61747 -0.15138 -4.22788
H 0.39258 1.68248 -2.66401
H -1.43889 2.33005 1.10635
H -0.55638 -2.85870 -0.52392
H 2.24313 0.63321 1.94408
H 2.63281 -1.11650 1.59827
H -2.87739 -2.76735 -0.42930
Na 0.05249 0.02442 -0.10583
O 1.72365 -1.56625 -0.90561
0O -0.80377 -0.81183 1.97184
0O -1.93933 0.19965 -1.46727
O 1.10073 2.22007 0.23663
O -0.25083 -3.14102 0.40479
O -3.61688 -1.46143 -2.33208
0O -4.13923 1.49172 -1.54647
O 1.72159 -4.02752 -1.55822
0O 2.88234 3.13317 1.79415
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O 3.18040 -1.64360 -2.94191
O 2.00349 -1.79896 1.92952
0O -2.22123 0.88254 -3.88045
O 3.83545 -2.62313 -0.00419
O -2.88461 -2.09484 0.27452
O 3.31750 0.36901 0.58641
0O -1.61617 2.98213 -0.46191
O 1.54688 0.81557 2.63446
O 0.33458 4.47042 1.15368
O -0.71510 -2.45789 -2.11560
O 2.29516 3.86606 -1.22004
O -0.20129 -2.83445 3.36233
O -0.13330 2.49971 -2.56138
O 0.36098 -0.46422 -3.34204
0 -0.72079 0.23167 4.26111
0O -2.92594 -1.54529 3.13654
O -3.33575 0.63061 1.14580
0O 2.94230 1.06924 -1.87336
O -1.11323 2.08146 2.03078
Sn -3.74796 -0.31629 -0.49595
Sn -2.23110 2.14507 -2.17012
Sn 0.19747 3.73685 -0.85703
Sn -1.72878 -1.04642 -3.11338
Sn -1.67696 -2.67805 1.87237
Sn 1.83023 -3.19495 0.37751
Sn 0.83832 2.73949 2.23746
Sn 3.14851 2.25948 -0.12588
Sn 3.63280 -0.77270 -1.05374
Sn 0.72957 -0.95393 3.37336
Sn 1.18084 -2.34567 -2.75671
Sn -2.26688 0.47501 2.76811

Uncapped Epsilon Na-centered Sn-Keggin ion:
[(MeSn),,(NaO,)(OCHj,),,(0),(OH)g]'", i.e. e-NaSn,,

C 0.29516 -5.69324 1.53962
C -1.34947 -1.45112 -5.25800
C 5.96723 0.05696 -1.41262
C 5.40244 -2.27341 1.30506
C -2.45667 -5.36317 -0.54732
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C 1.08235 -0.90212 5.48399
C-1.24614 1.61512 5.34182
C 3.44743 -4.82691 0.61716
C 3.99028 -0.74423 -4.13526
C 3.99139 -0.57128 3.99552
C 5.10912 3.22884 -0.65430
C 1.27816 0.57590 -5.39480
C 2.47884 5.18714 -1.44016
C 1.08067 3.65009 -4.13424
C -5.94932 -0.27569 -1.29371
C -0.12605 5.83122 0.92371
C 0.19620 4.21310 3.90372
C -5.34030 2.63888 0.73819
C -5.13800 -3.43212 -0.42547
C -4.06974 0.01938 -4.11771
C -1.18873 -4.28076 -3.56010
C -3.10086 5.03273 -0.16304
C -4.23876 1.51784 3.73857
C -0.18583 -3.79671 4.31322
H -0.30322 6.26015 -0.06680
H 1.39259 -0.44388 -5.77153
H -0.25017 1.73129 5.77675
H 6.38213 0.56678 -2.28762
H 1.59429 5.76986 -1.71143
H -5.48119 3.52277 1.36799
H -5.97367 1.83251 1.11719
H 3.21732 5.27650 -2.24309
H 0.37010 1.00612 -5.82585
H -1.71926 0.73421 5.78482
H -0.72392 -5.88292 1.88536
H -2.21538 -2.08101 -5.48463
H 0.99825 -6.09112 2.27769
H 6.15906 -1.01529 -1.50554
H -5.64975 2.88234 -0.28173
H -0.83229 6.28204 1.62818
H 6.03325 -1.38657 1.40327
H -0.44791 -1.96234 -5.60717
H -1.84315 2.49772 5.59102
H 2.90492 5.61067 -0.52578
H 0.44819 -6.21360 0.59081
H 6.47353 0.42896 -0.51760
H 0.89017 6.08857 1.23645
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H -1.45020 -0.51137 -5.80735
H 213712 1.16736 -5.72704
H 5.55492 -2.91502 2.17849
H -6.38379 -1.00802 -1.98087
H -6.13769 0.72860 -1.68211
H 5.70337 -2.82424 0.40971
H -6.43534 -0.37471 -0.31944
H -3.23443 -5.60720 -1.27719
H -2.83201 -5.58531 0.45509
H -1.58024 -5.98466 -0.74352
H 0.10647 -0.98416 5.96941
H -4.93741 -4.25620 0.26360
H 1.54587 0.04162 5.78410
H 1.71520 -1.72657 5.82691
H -5.94228 -2.81883 -0.01103
H -5.45036 -3.83481 -1.39455
H 4.32977 -4.96861 1.24672
H 3.75820 -4.64679 -0.41690
H 2.83899 -5.73303 0.65395
H 3.48760 -1.71757 -4.09921
H 5.03886 -0.87721 -3.85220
H 3.95487 -0.36068 -5.15897
H 3.81380 0.50928 4.00861
H 4.99660 -0.76100 3.60936
H 4.93223 4.30088 -0.76681
H 5.27431 3.00191 0.40486
H 6.00180 2.95987 -1.22634
H 1.27797 3.33192 -5.16237
H 1.53122 4.63688 -3.98941
H -0.00305 3.73235 -3.98958
H 1.17386 3.73786 4.04134
H 0.34497 5.23646 3.54788
H -0.32267 4.25385 4.86569
H -3.89557 -0.43115 -5.09804
H -3.70689 1.05343 -4.12659
H -5.14614 0.02070 -3.92416
H -0.09579 -4.29797 -3.48215
H -1.47178 -4.16010 -4.60922
H -1.58527 -5.23574 -3.20280
H -4.13986 4.79434 -0.40495
H -3.08260 5.92447 0.47098
H -2.56113 5.23743 -1.09347
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H -4.64370 0.53963 3.45811
H -3.89862 1.47969 4.77631
H -5.02606 2.27304 3.65667
H -1.24695 -3.55734 4.18457
H 0.13144 -3.50262 5.31676
H -0.04229 -4.87506 4.20469
H 3.92850 -0.96179 5.01498
H 1.34579 1.55438 2.20045
H 3.04575 0.94059 1.17508
H -0.63480 2.69001 -1.65792
H -2.24788 1.37553 -1.66040
H 0.54804 -2.71005 -1.28266
H -3.02301 -0.53370 1.42772
H -1.48055 -2.07119 1.71929
H 2.32674 -1.65752 -1.35131
Na -0.03532 0.01284 -0.09382
O 1.29306 -1.62408 1.38857
O -1.89938 -1.29980 -1.12487
O 1.90659 1.06218 -1.35519
O -1.28297 1.82404 1.16622
0O 0.15921 -3.42435 -0.71622
O 3.35872 0.19061 -3.25238
O 1.66020 2.71381 -3.22187
0O 2.67939 -3.71469 1.10671
O -3.14012 1.87749 2.88879
O 3.02533 -1.23375 3.16613
O -1.40300 -2.96056 1.29096
O 3.97705 2.50530 -1.15777
0O 0.61979 -3.10782 3.34299
O 0.71256 -1.30844 -2.64670
O -1.00512 -0.56379 2.88876
O -0.17641 3.43073 -1.21062
O -3.68645 -0.04877 0.90384
O -2.49813 3.93002 0.52573
O 3.20370 -1.53920 -0.91805
0O -0.60137 3.48731 2.95907
O -1.74614 -3.20801 -2.78982
O 1.45751 2.94679 0.78426
O 3.71363 0.32342 0.82571
0 -3.95365 -2.63176 -0.56760
O -3.39847 -0.75550 -3.11395
O -0.78416 0.84021 -2.81581
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0O 1.00622 1.10456 3.01250

O -3.11796 1.37052 -1.18373
Sn 1.20582 0.60609 -3.24933
Sn 1.94356 3.13620 -1.15641
Sn -0.39524 3.71004 0.87922
Sn 3.87845 0.43334 -1.27503
Sn -1.26026 -1.12099 -3.13820
Sn 0.61467 -3.60371 1.31497
Sn -3.30039 2.04135 0.79973
Sn -1.10367 1.42350 3.21812
Sn 0.90327 -0.99995 3.35681
Sn -1.96778 -3.30353 -0.71867
Sn 3.35296 -1.72575 1.17512
Sn -3.86048 -0.61295 -1.10153

Capped Alpha Na-centered Sn-Keggin ion:
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[(MeSn);,(NaO,) (OCH3)12(O)S(OH)4(Sn(H2O)2)]1+, i.e. a-NaSn;

C 0.16345 0.12768 5.62641
C 5.00529 -2.96736 0.03420
C 4.99568 2.99346 -0.07081
C 1.29814 4.85493 -2.63503
C 1.31190 4.94399 2.43337
C 3.73810 -2.50702 3.17307
C 1.29327 -4.94018 -2.44503
C 1.34995 -4.85412 2.61421
C 3.73297 -2.64110 -3.06564
C -4.23865 3.15407 -2.64060
C 0.11927 -0.13952 -5.62896
C -4.23930 3.25420 2.52799
C -4.27095 -3.25756 -2.48040
C -0.84500 -5.63890 0.12265
C -1.89413 2.49118 -4.77653
C -1.88807 -2.66409 -4.70833
C -5.59809 -0.07233 -2.19336
C -1.87289 2.68755 4.68712
C -1.85729 -2.48877 4.79491
C -5.58109 0.05540 2.22761
C -4.20906 -3.16607 2.66999
C 3.73563 2.52905 -3.15911
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C 3.75285 2.63394 3.05204
C -0.85862 5.63802 -0.10800
H -5.86202 0.20757 1.17813
H -5.00875 -3.37157 1.95116
H -1.37060 -3.34639 4.31266
H -2.84852 2.98325 5.08924
H 4.14994 3.49061 -2.84781
H 4.52594 3.97847 -0.10804
H 1.14274 -5.92833 -1.99931
H 1.17627 -5.85056 2.19648
H 1.13502 5.85389 -2.21892
H 4.45754 -1.69470 3.30556
H 0.46455 4.70887 3.08809
H 5.62162 -2.85461 0.92973
H -0.06578 6.39176 -0.11057
H 0.75686 1.03027 5.80621
H -1.43729 3.35822 -4.28242
H -1.66889 -2.29694 -5.71704
H -6.01837 0.88735 -2.51276
H -1.48364 -5.79818 -0.75141
H -3.67564 4.08228 -2.78415
H 4.16944 3.58944 2.72504
H 0.80968 0.68386 -5.83978
H -4.66808 -3.05451 -3.47944
H 4.54096 -1.90699 -3.10279
H -3.71694 4.21654 2.54726
H 4.53239 1.78182 -3.17316
H -1.47241 5.77072 -1.00389
H -5.09328 3.34055 1.84851
H 0.64605 -1.08065 -5.81886
H 0.45862 4.59796 -3.29183
H 2.20258 -4.97114 -3.05268
H 0.52374 -4.59821 3.28813
H 1.15803 5.93229 1.98931
H 4.25727 -3.39695 2.81063
H 5.61736 2.84998 -0.95702
H 5.62817 -2.83750 -0.85461
H -3.64044 -4.08941 2.82244
H -5.99917 -0.89850 2.56669
H -1.24817 -2.18622 5.65342
H -1.22064 2.43884 5.53086
H 4.13652 -3.60205 -2.73837
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H -0.05071 -6.39109 0.11859
H -6.04119 -0.86319 -2.80910
H -1.25925 2.20388 -5.62168
H -1.07512 -3.33405 -4.39773
H 0.79740 -0.73958 5.83903
H 4.54922 1.88633 3.08437
H -4.68618 2.87031 -3.59809
H -3.76183 -4.22684 -2.49783
H -0.67574 0.12215 6.32937
H 3.32083 -2.75706 -4.07327
H -1.48713 5.79284 0.77413
H -0.72244 -0.07217 -6.32561
H -5.04228 3.34947 -1.92335
H -2.87037 2.79069 -5.17393
H -1.44789 -5.76985 1.02616
H -5.87488 -0.24472 -1.14594
H -2.81542 -3.24359 -4.75520
H -1.44006 3.54620 4.15779
H -6.02274 0.85782 2.82931
H -4.66209 -2.87814 3.62366
H -2.83511 -2.80864 5.17177
H 3.33145 2.62956 -4.17155
H 3.34624 2.75366 4.06143
H -5.11127 -3.32463 -1.78186
H -4.61507 3.04403 3.53398
H 3.29207 -2.73135 4.14721
H 2.21881 4.87437 -3.22601
H 4.55559 -3.96219 0.02397
H 5.61660 2.92258 0.82643
H 2.22671 4.97401 3.03282
H 2.28194 -4.87854 3.18664
H 0.44031 -4.70510 -3.09247
H -0.48664 2.41646 2.06722
H -0.48119 -2.32940 2.16704
H 5.60606 -0.06819 -2.31057
H 6.55916 -0.62244 -1.19188
H -0.50188 -2.42619 -2.07004
H -0.50834 2.33408 -2.16565
H 6.08852 0.80669 1.76248
H 5.86616 -0.72304 1.99167
Na -0.27622 0.00634 0.00476
O -1.16637 2.83405 1.43846
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O 1.44709 -3.96396 -1.40519
O 1.20502 1.91585 -0.04727
O 0.62461 1.55727 2.80878
O -1.67908 0.03852 1.82963
O 1.20479 -1.90934 0.03531
O -1.69322 -0.04305 -1.81835
O 2.88471 -0.02267 -1.48012
O -1.15897 -2.77178 1.55410
O 3.93888 -1.99041 0.03846
O 1.46960 -3.90313 1.54657
O 0.60621 -1.54921 -2.81366
O -1.17501 -2.84649 -1.43757
O 2.88453 0.03213 1.45252
0O 0.62556 -1.43642 2.87831
0O 0.60226 1.44180 -2.89074
O -3.46320 -1.65335 0.04830
O 1.43715 3.90865 -1.56582
0O -4.16414 0.04832 2.40004
O -1.18083 2.76789 -1.54327
O -3.47388 1.64379 -0.02295
O 1.45589 3.96818 1.39148
O -2.01582 1.55990 3.82685
O 3.94596 1.99955 -0.03277
O -2.01260 -1.39555 3.89304
O -4.18173 -0.06007 -2.37027
O -2.04465 1.39385 -3.87869
O -2.04262 -1.56469 -3.81395
O 5.85445 0.03452 -1.36937
0O 5.91420 -0.03609 1.29401
Sn 4.20769 0.00670 -0.01475
Sn -0.52200 -0.07517 -3.58262
Sn -2.94156 1.61845 -1.89504
Sn -2.93472 -1.71620 -1.82497
Sn 2.19209 -1.89940 1.84867
Sn 2.17935 -1.97164 -1.77967
Sn -0.04122 -3.66922 0.07526
Sn 2.16982 1.90602 -1.86776
Sn -2.91972 -1.62757 1.91665
Sn 2.19365 1.98072 1.76468
Sn -0.49300 0.07713 3.58391
Sn -0.04942 3.67043 -0.07558
Sn -2.92589 1.70577 1.84425
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Capped Beta Na-centered Sn-Keggin ion:

80

[(MeSn);,(NaO,) (OCH3)12(O)s(OH)4(Sn(H20)2)]1+, i.e. 5-NaSn;;

C 3.59833 -2.58170 -3.24007
C -2.06563 2.54811 -4.77449
C 1.17543 4.88662 -2.52639
C 4.95591 2.98675 -0.22478
C 1.45869 4.99112 2.42184
C -0.02715 -0.01890 -5.67767
C -5.58489 -0.02387 -2.48848
C -2.05655 -2.58502 -4.76349
C -4.37580 3.16728 -2.28787
C -1.36997 3.17412 4.63459
C -5.69954 -0.02366 1.31064
C 3.89103 -2.59689 2.92609
C -1.35214 -3.15194 4.65688
C -4.35646 -3.20669 -2.26917
C -4.28986 2.55934 3.08987
C -4.27688 -2.56206 3.11320
C -0.57224 0.01716 5.71441
C 5.00545 -2.93565 -0.22073
C 1.22838 -4.88007 -2.51235
C 1.45179 -4.95139 2.47536
C -0.81163 -5.64944 0.01849
C -0.85735 5.64191 0.00579
C 3.59059 2.59536 -3.23401
C 3.87087 2.61799 2.92231
H 0.62365 -4.77537 3.17147
H -1.40316 -5.85892 0.91555
H 0.35895 -4.65060 -3.14027
H 4.58266 -3.94229 -0.20252
H -0.07514 6.35825 -0.26159
H 1.30114 5.89373 -2.11547
H 5.61381 2.87615 0.63978
H -5.65999 -0.02836 -3.58259
H -2.98644 -3.16370 -4.76035
H 2.40562 4.98694 2.97026
H 0.56984 0.86851 -5.91172
H -1.23588 3.21751 -4.51495
H 4.27815 3.56319 2.55644
H 6.45949 -0.58354 -1.47576
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H 4.08682 -3.50587 -2.92217
H -4.25762 3.22306 2.21611
H -5.29332 -2.17116 3.23757
H -0.87441 0.90258 6.28594
H -5.12305 -3.19381 -1.48844
H -1.65186 4.14015 4.20340
H 4.00313 3.56774 -2.95446
H -6.02900 0.84467 0.73204
H -2.11813 -2.85429 5.38007
H -3.89244 4.14914 -2.27765
H 4.67692 -1.83840 2.91904
H 5.71384 -0.01422 2.07349
H -1.66432 5.71631 -0.73053
H 3.53945 2.75698 3.95667
H 6.60388 -0.58893 0.91961
H 3.56266 -2.74625 3.95997
H -6.01998 -0.93253 0.79236
H 0.63892 4.84180 3.13423
H -6.09290 0.86482 -2.10208
H -1.22509 -3.25287 -4.50498
H -0.91274 -0.02091 -6.32036
H 4.50366 3.98068 -0.21197
H 0.17965 4.80616 -2.97769
H -2.99640 3.12538 -4.77426
H -1.45250 -5.78300 -0.85859
H 1.32955 -5.93846 2.01800
H 2.12396 -4.89662 -3.14115
H 5.58460 -2.79940 -1.13793
H -4.85574 3.02150 -3.26016
H -4.84155 -3.06372 -3.23933
H -0.86202 -0.87042 6.28904
H -5.30892 2.16917 3.19365
H -4.26142 -3.22231 2.23625
H 4.35636 -1.80443 -3.36852
H 3.13750 2.67757 -4.22711
H -2.13806 2.88276 5.35809
H -1.63651 -4.12053 4.23330
H 3.11342 -2.75527 -4.20608
H 5.40627 -0.01857 -2.48476
H -5.14579 3.15114 -1.51056
H 4.65715 1.85984 2.90890
H -6.18681 0.00784 2.29023
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H -0.42323 3.30035 5.16975
H -4.05886 3.14645 3.98424
H -3.86813 -4.18599 -2.26061
H 0.52131 0.02463 5.61583
H -4.03045 -3.15319 4.00067
H 5.65894 -2.80086 0.64489
H 2.39090 -4.94644 3.03724
H 0.00671 -6.37383 -0.03230
H 1.09899 -5.87519 -2.07600
H -1.25995 5.91607 0.98606
H 4.40282 1.86609 -3.28215
H -0.40430 -3.27562 5.19057
H 4.29759 -3.53838 2.54993
H 0.57012 -0.90748 -5.90646
H 1.34199 5.96906 1.94373
H -1.90445 2.16254 -5.78649
H 1.92648 4.74012 -3.30873
H 5.53627 2.86037 -1.14143
H -1.89828 -2.20061 -5.77638
H -6.09024 -0.91075 -2.09465
H -0.53573 -2.42535 -2.13166
H -0.55392 2.41244 -2.14656
H -2.43660 2.09228 0.61092
H -2.41761 -2.10412 0.62378
Na -0.32033 -0.00247 0.00943
O 5.73833 0.07313 -1.56862
0O 2.90793 0.01094 1.40901
O -4.21737 -0.01967 -2.07107
O 1.16363 1.89881 -0.00307
0O 2.79676 0.00650 -1.54709
O 1.18358 -1.89345 0.00962
O -1.70458 -0.01070 -1.84942
O -1.55129 0.00028 1.95147
O -1.23615 2.82125 -1.51754
O -1.21542 -2.83749 -1.50100
0O -2.16709 1.45540 -3.85849
O -2.15775 -1.49126 -3.84889
O -3.15786 1.51444 0.14757
O -3.14405 -1.53554 0.15702
0O 0.52700 1.50338 -2.89160
O 0.53749 -1.51361 -2.87638
O -1.31549 2.79105 1.38607
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O -1.29025 -2.78889 1.40284
O 1.48159 3.96711 1.42117
O 1.50211 -3.95159 1.45096
O 0.81500 1.52444 3.02362
O 0.83080 -1.50294 3.04395
O 3.89317 2.00946 -0.16647
O 3.91814 -1.98622 -0.16980
0O 1.35334 3.91528 -1.48941
O 1.39081 -3.91556 -1.46630
O -1.22120 0.01041 4.44708
O -3.36387 1.48053 2.96994
0O -3.35214 -1.48401 2.98070
0O 5.90356 0.06799 1.11631
Sn 4.15457 0.01403 -0.11232
Sn -3.57651 -0.00840 1.51221
Sn -1.15669 1.70118 3.08852
Sn -1.14239 -1.68911 3.10070
Sn -0.56149 -0.01239 -3.60776
Sn -2.93282 1.65153 -1.89388
Sn -2.92113 -1.68174 -1.88352
Sn -0.11272 3.64212 0.06991
Sn -0.08596 -3.64249 0.08883
Sn 2.10397 1.95386 -1.85111
Sn 2.12275 -1.94909 -1.84065
Sn 2.19277 1.97720 1.78042
Sn 2.20510 -1.95453 1.79660

Capped Gamma Na-centered Sn-Keggin ion:
[(MeSn),(NaO,)(OCHj,)1,(0)6(OH)g(Sn(Me) (OCH;))]', i.e.
v-NaSn, 4

C -4.65709 2.94107 2.09063
C -1.37918 1.32618 5.41061
C -1.39203 5.51112 -0.85562
C -3.66974 2.03691 -4.11289
C -1.96747 -4.56651 2.91624
C -5.12663 -2.91261 -0.32266
C -2.10761 -3.03471 -4.44529
C -4.63042 3.64206 -1.22396
C 0.43295 5.18760 2.08812
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C -5.05009 -0.95869 -3.21138
C 1.40378 5.15454 -2.57915
C 2.92448 3.19983 3.28525
C 3.87943 2.93559 -3.02527
C 6.44652 0.96081 0.05321
C 4.28304 3.94149 0.22054
C 3.68824 -1.85658 3.58174
C 3.58218 -0.52136 -4.42249
C 0.55893 -1.46868 -5.60520
C 2.18139 -4.99754 -0.12939
C 1.40493 -4.30319 3.53293
C 1.81347 0.29840 5.36524
C -2.67808 -1.83732 4.91026
C 3.73516 -3.44304 -2.74817
C 5.23857 -2.04832 0.02528
C -0.46823 -5.15194 -2.24219
C -5.67981 -0.29253 1.73900
H 4.56049 -0.39606 -3.94939
H 2.25882 3.25671 4.15157
H -2.54305 -2.26763 -5.09274
H -0.67994 6.33496 -0.74923
H 4.77323 2.31730 -2.90041
H 2.43456 -5.57054 -1.02624
H 1.45783 -5.57177 0.45696
H 4.14727 3.97944 -2.84037
H 3.78099 2.56788 3.53669
H -2.92089 -3.63228 -4.02241
H -4.83899 2.52106 3.08515
H -1.03961 0.73684 6.26772
H -5.61649 3.03942 1.57343
H -2.21482 5.67071 -0.15192
H 3.08913 -4.86376 0.46690
H 3.61800 -1.39447 -5.08059
H -3.52605 1.31819 -4.92531
H -2.46579 1.44132 5.47143
H -1.47488 -3.68594 -5.05644
H 3.52939 2.84314 -4.05768
H -4.22764 3.94052 2.21721
H -1.79531 5.53012 -1.87293
H 3.37293 0.36523 -5.02801
H -0.92444 2.32024 5.46859
H 3.28519 4.20697 3.05766
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H -4.73514 2.27538 -4.03719
H 3.46187 -2.23440 4.58403
H 4.37200 -1.00755 3.67696
H -3.12017 2.95191 -4.35535
H 4.19062 -2.64779 3.01706
H -1.62002 -4.86668 3.90944
H -1.71119 -5.35498 2.20215
H -3.05580 -4.45802 2.93971
H -5.16563 -3.36023 0.67535
H 0.82572 -5.15635 3.16687
H -4.89774 -3.70223 -1.04511
H -6.11201 -2.49927 -0.55761
H 2.44172 -4.42416 3.20523
H 1.37451 -4.29898 4.62881
H -5.70280 3.50122 -1.40652
H -4.18100 4.10011 -2.11193
H -4.50530 4.33054 -0.38280
H -0.29932 4.75911 2.78313
H -0.01501 6.05656 1.59515
H 1.30500 5.52693 2.65627
H -4.47325 -0.94621 -4.14231
H -5.97093 -0.38181 -3.35363
H 1.98646 4.95020 -3.48215
H 0.48346 5.66580 -2.87330
H 1.98499 5.81062 -1.92023
H 7.05802 0.04909 0.13357
H 4.77902 3.83168 1.18835
H 3.86816 4.95326 0.14116
H 7.04040 1.78909 0.46378
H 6.29375 1.16599 -1.01854
H 5.02635 3.79639 -0.56783
H -0.42504 -1.08270 -5.89395
H 1.31984 -0.77051 -5.96522
H 0.71564 -2.44069 -6.08566
H 1.68016 -0.41036 6.19151
H 1.43375 1.27620 5.67639
H 2.88225 0.39627 5.15235
H -3.59287 -1.50930 4.40196
H -2.57959 -1.28736 5.85197
H -2.76255 -2.90388 5.14171
H 3.21232 -4.01273 -3.52529
H 5.91188 -2.03601 0.88852
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H 4.55138 -2.87826 -3.20626
H 4.73296 -3.01280 -0.02242
H 4.16185 -4.13835 -2.02096
H 5.83876 -1.90856 -0.87909
H -1.23137 -5.22065 -1.45782
H -0.93501 -5.36224 -3.20998
H 0.29885 -5.91074 -2.06020
H -6.39867 -1.01062 1.32948
H -6.23234 0.59966 2.05168
H -5.20268 -0.73791 2.62141
H -5.31767 -1.99457 -2.98270
H -1.11583 2.96083 -2.88524
H -1.39499 0.15023 -4.07511
H 0.25029 1.16965 -2.83219
H -2.73177 -0.85520 1.95358
H -1.16861 -2.91238 -0.23390
H -0.66520 2.30042 1.91523
Na -0.25906 0.01065 -0.01400
O -2.53054 0.38570 -0.47425
O -0.07568 -0.91812 2.13577
0O 0.92285 2.04310 -0.21130
0O 0.59624 -1.43202 -1.66283
O -2.52763 0.56963 2.49479
0O 0.84431 4.23480 1.10259
O 3.24651 2.96133 0.09786
O -4.00736 2.39131 -0.92894
0O 0.13522 -3.85392 -2.27322
O -4.28801 -0.40735 -2.13364
O -2.72970 -1.77885 1.49626
O 1.07810 3.92412 -1.92341
O -4.72160 0.06033 0.74159
O 0.07237 1.90815 2.52252
O -2.13008 -2.36035 -1.28515
O 3.03083 0.32003 -1.39620
O -0.42397 -3.18641 0.42388
O 2.83931 -2.54247 -2.08467
O -1.65683 2.81024 0.88087
0O 0.64123 -1.59714 -4.18160
O -1.51941 -1.60949 4.10144
O 1.21202 1.14720 -3.02337
O -1.29782 2.49195 -2.05090
O 0.86601 -3.08636 3.01127
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O 1.11532 -0.14885 4.20176
0O 2.63221 0.45516 1.64648

O -1.55638 -0.11045 -3.15032
0O 2.28901 -1.86313 0.67293
O 5.22828 0.86933 0.77230
Sn 3.82376 -0.45704 0.23711
Sn 1.87578 2.39135 1.61870
Sn 2.36171 2.29690 -1.67500
Sn 2.08933 -0.76936 -2.92355
Sn -0.46659 3.62684 -0.45685
Sn -0.86784 0.37628 3.57035
Sn -3.29882 1.68159 1.01526
Sn 1.36038 -3.10131 -0.64784
Sn -0.97578 -2.13828 -2.87329
Sn -3.61454 -1.40521 -0.37022
Sn -1.08362 -2.72230 2.33013
Sn -2.96582 1.21432 -2.27894
Sn 1.87741 -1.26642 2.60711

Double-Capped Gamma Na-centered Sn-Keggin ion:
[((MeSn),,(NaO,)(OCHj,),,(0),(OH)g]'™, ie. 4-NaSn,,

B 3.54870 -3.12852 -2.50325
B -2.68376 -3.94366 2.43527
C 3.74633 -0.05176 -4.07858
C 2.21941 4.70700 -2.86845
C -2.47693 4.13450 -3.46378
C -2.55430 -0.83115 -4.82283
C 0.91380 -5.19066 -2.00234
C 5.60548 0.80272 0.71955
C 1.46366 4.56683 3.50630
C -3.33216 3.98765 2.90411
C -5.64489 -0.54857 -0.69605
C 0.38372 -5.29305 1.89446
C -4.08782 -3.76644 -1.61606
C -3.61285 -1.04421 4.07680
C 2.68092 -0.27936 4.83314
C -5.36709 1.51060 1.95511
C -2.96171 5.31416 -0.31427
C -4.79160 1.57611 -3.11320
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C -1.33608 -3.80553 -4.05230
C 0.68551 0.14839 -5.51466
C -0.67737 -0.14036 5.52769
C 4.89377 2.78858 -1.88498
C 1.58800 5.86723 0.32375
C 4.22627 2.65164 3.14633
C 2.23219 -3.43555 3.99587
C 4.88263 -2.70047 1.55155
H -2.08883 -1.39516 -5.63651
H -2.78949 0.17392 -5.18602
H 1.13915 -5.37499 -3.05687
H 0.03839 -5.78240 -1.71836
H 3.68286 0.93898 -4.53790
H 4.68772 -0.12686 -3.52653
H 3.74358 -0.80839 -4.86915
H 5.81005 0.30298 1.67079
H 6.13044 1.76374 0.71453
H 0.65378 5.29919 3.42895
H 2.41990 5.09447 3.43669
H -4.36550 4.23709 2.64475
H -2.75780 4.91489 2.99361
H -3.32715 3.48387 3.87605
H 5.85667 -2.49359 1.09858
H -5.71012 -1.09663 -1.64029
H -6.37681 0.26560 -0.71593
H -0.34257 -5.80350 1.25455
H 0.18307 -5.56046 2.93614
H -4.08812 -3.31608 -2.61020
H -5.09946 -3.73638 -1.20039
H -3.45019 -1.83531 4.81538
H -4.51867 -1.27667 3.50912
H 2.38848 -0.98586 5.61569
H 2.62987 0.73341 5.24500
H -5.09624 1.70627 2.99739
H -5.82020 0.51627 1.89806
H -6.10795 2.25388 1.63637
H -3.52447 5.67484 0.55372
H -3.45919 5.67830 -1.21945
H -1.94869 5.73432 -0.27514
H -4.99396 0.53167 -3.36960
H -4.35585 2.06857 -3.98789
H -5.73753 2.07183 -2.86565
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H 3.14029 5.24500 -2.62376
H 1.39739 5.42616 -2.93320
H -2.33595 -3.55608 -4.41602
H -1.36932 -4.80320 -3.60493
H -0.63965 -3.81560 -4.89920
H 1.59605 -0.13812 -6.05222
H 0.69649 1.23379 -5.35353
H -0.17513 -0.10238 -6.14284
H 0.16376 -0.32367 6.20427
H -1.58228 -0.54739 5.99119
H -0.79921 0.94337 5.40535
H 4.59928 3.05932 -2.90338
H 5.51396 1.88863 -1.93274
H 5.48608 3.60623 -1.45766
H 2.15482 6.37237 -0.46622
H 1.85664 6.32302 1.28243
H 0.51695 6.02777 0.14571
H 3.66496 2.94999 4.03684
H 4.98633 3.41474 2.93838
H 4.72938 1.70288 3.35992
H 1.59907 -3.54738 4.88411
H 2.42102 -4.42354 3.56622
H 3.18954 -2.99939 4.29263
H -1.83802 5.01430 -3.34004
H -3.52321 4.45337 -3.43009
H -3.75815 -0.09533 4.60097
H 4.94508 -4.19147 -3.33806
H -2.59820 -4.61131 4.25868
H 4.77387 -3.78468 1.65897
H 0.39591 1.51703 -2.72691
H 4.82810 -2.22828 2.53383
H -0.41692 3.61823 -0.20648
H -3.77261 -4.81255 -1.68495
H 2.34074 4.22698 -3.84430
H -0.75109 1.31141 2.76150
H 1.40149 4.08986 4.49019
H 3.71822 -0.48631 4.55089
H 6.00457 0.18662 -0.09213
H -2.27671 3.69703 -4.44711
H 1.76670 -5.51675 -1.39898
H 1.38690 -5.63766 1.62591
H -5.90461 -1.22775 0.12168
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H -3.48952 -1.32873 -4.54765
Na -0.04424 0.34435 0.00856
0O 0.60241 -0.56617 -4.27942
O 0.37852 -1.05946 -1.82743
O -1.07436 1.26803 -2.87918
O 2.30092 -2.51351 -2.73693
0O -0.27043 3.54443 -1.22462
O 3.15823 -0.38278 -0.95119
O 1.41906 1.57298 -2.55767
0O -0.93121 -2.84580 -3.07078
O -2.94010 3.88565 -0.31585
O 3.73263 2.54191 -1.08873
O -2.56538 -1.04795 -1.57077
O 1.91578 4.47747 0.34592
0O 0.74144 1.42779 2.90324
O 1.62782 -2.90079 0.12754
O 3.33748 2.51617 2.03732
O 1.65817 1.96914 0.23036
0O -2.08699 1.51630 -0.22184
0O -4.20710 1.56994 1.12470
O -3.88625 1.65693 -2.00962
O 4.15144 -3.05508 -1.29972
O -1.75686 1.12619 2.58225
0O -0.87631 -3.20170 -0.18304
0O -0.59965 3.49117 1.31301
O 2.74281 -0.43067 1.57122
O -1.61873 -3.05113 2.68690
O -0.43761 -0.78662 4.27559
0O -2.97799 -1.16263 0.94907
O -0.10633 -1.15659 1.81325
O -3.27619 -4.00502 1.22698
O 4.09012 -3.80134 -3.58185
O 1.60293 -2.59405 3.02461
O -3.12274 -4.76400 3.45687
Sn 2.10300 -0.37068 -2.76295
Sn 1.77746 3.25194 -1.37884
Sn -2.05473 2.71484 -1.92768
Sn -1.25684 -0.70352 -3.12839
Sn 0.56262 -3.11830 -1.65974
Sn 3.50507 1.14248 0.47684
Sn 1.25486 3.10940 1.95231
Sn -2.43464 2.73861 1.42371
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Sn 3.35467 -1.98984 0.26669
Sn -3.68414 0.26933 -0.43167
Sn 0.21362 -3.18959 1.60364
Sn -2.77321 -2.74067 -0.30936
Sn -1.94691 -0.91989 2.75531
Sn 1.39588 -0.43672 3.12942

Uncapped Alpha Ca-centered Sn-Keggin ion:
[(MeSn)lz(CaO4)(OCH3)12(O)4(OH)8]2+, i.e. a-CaSny,

C -1.75427 -2.24806 -4.90628
C -0.31778 5.12737 -2.84037
C 4.74114 1.93976 -3.09019
C 5.68920 -0.22437 0.92527
C 4.37463 -2.30317 -3.20497
C -1.60608 2.64693 -4.77924
C -2.70566 4.92031 1.41791
C -4.38910 2.50242 -2.76525
C 0.55539 5.68148 0.40543
C 2.02438 -3.36936 4.06361
C 2.13074 3.07048 4.24709
C 0.20064 -5.73112 0.10130
C -3.48863 -0.05249 4.45553
C -5.06513 2.52693 0.66530
C 3.21356 -0.10963 4.71843
C -1.20556 2.43055 5.03555
C -1.21110 -2.71504 4.87987
C -0.89829 -4.97619 -3.10323
C -4.54568 -2.07701 -2.77036
C -2.97403 -4.78683 1.20449
C -5.20083 -2.23548 0.53731
C 4.87280 3.05386 0.16561
C 2.65169 0.05059 -5.04790
C 4.65728 -3.33962 0.01315
Ca -0.06701 0.01994 0.02376
H -2.89101 -4.39858 2.22616
H -5.32048 -2.34638 1.61893
H -4.95934 -1.06701 -2.66119
H -1.95567 -5.26546 -3.09633
H 5.85567 2.76071 -0.21270
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H 5.53700 1.18673 -3.07428
H -2.14494 5.85715 1.35809
H -5.24309 2.80614 -2.15331
H 6.34661 -1.04534 0.62816
H -0.66669 2.64587 -5.33903
H 3.96546 -2.41349 -4.21372
H 0.44211 5.79343 -2.41828
H 5.59040 -3.14814 -0.52340
H -0.79813 -2.38489 -5.41948
H 4.04385 0.21765 4.07950
H -0.42187 2.83719 5.68273
H -0.45561 -3.11627 5.56227
H -5.12116 2.60948 1.75447
H 3.06411 -3.51213 3.75547
H 3.71939 -0.07237 -5.24728
H 3.17776 3.14257 3.93897
H -3.20943 -0.11052 5.51128
H 1.54447 5.85327 -0.03018
H 1.12772 -5.97461 -0.42633
H 4.61054 4.01430 -0.28863
H 4.88791 -3.43400 1.07859
H 0.37719 -5.87888 1.17051
H 1.66748 4.05310 4.11981
H 5.34110 -0.38904 1.95114
H -2.63522 4.52587 2.43851
H -4.56647 1.48828 -3.14340
H 4.55691 -3.30404 -2.80283
H -2.04536 3.64615 -4.84163
H 5.12664 2.87028 -2.66375
H -1.28117 5.65090 -2.83704
H -5.82098 -1.39583 0.21004
H -4.02725 -4.96322 0.96907
H -4.37463 -2.27242 -3.83319
H -0.57811 -4.80619 -4.13560
H -0.12831 6.43281 0.00117
H -5.42831 3.46275 0.23096
H -2.04901 -2.34861 5.48133
H 3.14685 0.55817 5.58326
H -1.64179 3.25037 4.44961
H -2.27907 -1.41577 -5.38411
H 2.32753 1.00533 -5.47131
H 2.00496 -3.18126 5.14079
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H -4.04042 0.87793 4.29474
H -2.35015 -3.15509 -5.03713
H 0.64175 5.83615 1.48501
H 4.26465 -4.30506 -0.32143
H 2.10271 2.80967 5.30865
H 1.47983 -4.29724 3.86688
H 3.43326 -1.11685 5.08636
H -5.73091 1.71886 0.34918
H -1.57018 -3.52361 4.23039
H -1.98313 2.00311 5.67493
H -0.30540 -5.80227 -2.69757
H -2.44560 -5.74227 1.14348
H -5.57116 -3.14406 0.05434
H -5.27539 -2.80510 -2.40410
H 4.95148 3.20904 1.24558
H 2.10908 -0.75016 -5.55809
H -4.15521 -0.88930 4.22775
H -0.56762 -6.43790 -0.22389
H -2.28835 1.93844 -5.25788
H 6.26471 0.70394 0.88811
H -0.03336 4.90910 -3.87480
H 4.44656 2.13855 -4.12409
H 5.32847 -1.76658 -3.25992
H -4.31296 3.19309 -3.61016
H -3.75271 5.13441 1.18581
H 1.97174 -3.76316 -1.36331
H -2.77208 0.13426 -1.46551
H 2.22942 3.68636 -1.16357
H 1.21479 2.22682 -2.29959
H 1.07358 -2.15767 -2.40895
H -1.00442 -2.38147 1.77104
H 2.64818 0.15091 1.66193
H -1.36961 2.06872 1.92187
O 1.58926 -3.04213 -0.83367
O -2.18261 3.98559 0.46630
O 2.17195 -0.01222 -0.89815
0O 0.68392 -1.39925 -2.89470
O -1.16384 -1.89589 -0.78574
O -1.09093 2.00827 -0.69053
0O 0.12349 -0.06529 2.33991
O 1.82596 2.94755 -0.67537
O -3.19364 0.13235 -0.53206
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O -0.38555 3.91551 -2.08680
O -3.18898 2.56074 -1.98652
0O 0.11628 2.64427 1.67600
O -2.20549 1.49703 1.85354
0O 0.78734 1.51605 -2.82469
O -1.74699 0.13850 -2.63637
O 2.59389 1.16918 1.59870
O -2.24137 -1.41570 1.74392
O 4.58266 -0.14534 0.01131
O -2.42127 -3.86408 0.25717
O 2.41805 -1.39416 1.47744
O -0.09659 -2.82433 1.60296
O 3.44009 -1.60403 -2.37395
O -0.68134 -3.79258 -2.32905
O 3.59929 1.49917 -2.34092
O -3.31767 -2.21445 -2.05028
O -0.65853 -1.64320 4.11723
O 1.97994 -0.11005 4.00303
0O -0.66234 1.41791 4.19064
Sn 1.11313 1.62735 3.06735
Sn 1.15132 -1.76759 2.97451
Sn -1.79174 -0.11666 3.17937
Sn -1.27380 2.05797 -2.76763
Sn -0.13228 3.70100 0.03853
Sn -3.07084 2.10788 0.07465
Sn 3.40092 1.57099 -0.23049
Sn -3.16130 -1.87177 0.06433
Sn 2.21591 0.00950 -2.97460
Sn -1.41292 -1.79873 -2.85919
Sn 3.24258 -1.76878 -0.24335
Sn -0.39308 -3.71704 -0.23724

Uncapped Beta Ca-centered Sn-Keggin ion:
[(MeSn),,(Ca0,)(OCH;),(0),(OH);s]**, i.e. f-CaSn,

C -1.94146 -1.69046 -5.02394
C 1.08852 4.99483 -2.65868
C 4.76153 1.64691 -2.96330
C 5.72192 -1.33473 0.82421
C 3.94722 -3.02759 -3.14180
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C -0.85115 2.99702 -4.72079
C -1.79871 5.45248 1.35452
C -3.69457 3.45973 -2.77931
C 1.58697 5.46457 0.62932

C 3.66162 -1.17931 4.09184
C -0.95339 3.29524 4.46325
C -0.96540 -5.68804 -0.14597
C -2.52882 -2.95856 4.10371
C -4.51044 3.49091 0.55904
C 2.15817 1.77495 4.93732
C -2.86796 0.44951 4.84208
C 0.81800 -3.21953 4.59917
C -1.74601 -4.59836 -3.31729
C -4.73936 -1.08941 -2.97941
C -3.97060 -4.27111 0.78024
C -5.56164 -1.25555 0.27412
C 5.40699 2.01590 0.40152
C 2.76144 -0.31002 -4.95057
C 3.95760 -4.16249 0.02319
Ca -0.04845 0.01399 -0.00840
H -3.38962 -5.00346 1.34892
H -5.76004 -1.23493 1.34979
H -4.89753 -0.00637 -2.90731
H -1.36110 -5.54507 -2.92568
H 6.31185 1.53959 0.01388
H 5.63230 1.96576 -2.38475
H -1.98489 6.25655 0.63455
H -4.39432 4.09614 -2.23073
H 5.69996 -2.32745 1.28079
H 0.11600 2.86371 -5.21322
H 3.53706 -3.02811 -4.15637
H 2.16384 4.77317 -2.72358
H 4.94395 -4.10188 -0.44427
H -1.00615 -1.97918 -5.51225
H 2.79666 2.40164 4.30253
H -2.72997 1.31282 5.50002
H 1.79540 -3.14406 5.08621
H -4.68316 3.43424 1.63757
H 4.40839 -0.39523 3.93824
H 3.77168 -0.68156 -5.14306
H -0.24079 4.11408 4.32813
H -2.34524 -2.84877 5.17642
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H 2.51815 5.55817 0.06238
H -0.12754 -6.09910 -0.71695
H 5.35848 3.03125 -0.00328
H 4.09081 -4.38478 1.08629
H -0.80066 -5.93316 0.90720
H -1.95682 3.66763 4.23848
H 6.00099 -0.60965 1.59391
H -1.02091 5.77065 2.05523
H -4.20335 2.52989 -3.06172
H 3.90804 -4.05238 -2.76121
H -1.14038 4.04844 -4.80013
H 4.21034 2.53410 -3.30097
H 0.95928 5.97819 -2.19588
H -6.02252 -0.36928 -0.17082
H -4.64707 -3.76100 1.47211
H -4.59806 -1.35494 -4.03148
H -2.83893 -4.66163 -3.37729
H 0.96876 6.33735 0.40042
H -4.58505 4.53718 0.24963
H 0.07360 -3.44393 5.36916
H 1.57125 2.42106 5.59802
H -3.69017 0.65941 4.14682
H -2.28119 -0.75157 -5.47046
H 2.68838 0.71023 -5.33718
H 3.46314 -1.25441 5.16489
H -3.59373 -2.78915 3.92035
H -2.68863 -2.46177 -5.22817
H 1.84221 5.49233 1.69282
H 3.42214 -5.00929 -0.41670
H -0.92927 2.99196 5.51391
H 4.08234 -2.13142 3.75567
H 2.79073 1.13986 5.56470
H -5.30118 2.92393 0.05989
H 0.84718 -4.04356 3.87585
H -3.13881 -0.40861 5.46581
H -1.33828 -4.45798 -4.32300
H -4.56375 -4.79430 0.02275
H -6.03988 -2.14326 -0.14964
H -5.63123 -1.60689 -2.61480
H 5.50186 2.10176 1.48804
H 2.05292 -0.93507 -5.50123
H -2.28535 -3.98613 3.81938
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H -1.87960 -6.18741 -0.47858
H -1.59151 2.39655 -5.25755
H 6.47420 -1.32634 0.02886
H 0.69560 5.04598 -3.67785
H 5.11907 1.10110 -3.84071
H 4.99357 -2.70517 -3.17756
H -3.39260 3.99123 -3.68642
H -2.71396 5.26498 1.92320
H 1.26543 -4.05468 -1.43101
H -2.67876 0.71481 -1.53859
H 2.99895 3.29715 -0.83417
H 1.71714 2.00192 -2.08604
H 0.73560 -2.25213 -2.37160
H 0.46220 -2.72453 1.51536
H 1.99430 1.59136 1.77914
H -2.44111 0.74253 1.79792
O 1.00649 -3.28319 -0.89834
0O -1.39166 4.25711 0.67918
O 2.19405 -0.40795 -0.80936
O 0.51538 -1.42316 -2.85498
O -1.49021 -1.62748 -0.85877
O -0.67160 2.20011 -0.61846
O 0.02260 -0.16156 2.31071
O 2.40770 2.58857 -0.52733
O -3.14657 0.76987 -0.63614
0 0.39396 3.99640 -1.91597
O -2.54331 3.19733 -1.97045
O 0.73608 2.47365 1.76478
O -2.08501 1.70285 1.81991
O 1.18845 1.42674 -2.68770
O -1.56161 0.53899 -2.63792
O 2.65303 0.80351 1.70128
O -2.59587 -0.79847 1.62292
0O 4.42723 -1.01690 0.29245
O -3.09755 -3.31846 0.16245
O 1.88357 -2.02133 1.46397
O -0.54214 -2.88157 1.48502
O 3.17412 -2.16147 -2.30211
O -1.33838 -3.51782 -2.47309
0 3.93207 0.79656 -2.16393
O -3.59746 -1.49877 -2.22058
O 0.49906 -1.98170 3.96249
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O 1.28374 0.96308 4.15354

O -1.65343 0.17508 4.14326
Sn -0.45669 1.67633 3.17818
Sn 1.89565 -0.72815 2.99766
Sn -1.36565 -1.57789 2.98170
Sn -0.74482 2.34236 -2.70389
Sn 0.55622 3.65193 0.20137
Sn -2.61897 2.65624 0.07934
Sn 3.66306 0.88616 -0.05414
Sn -3.46676 -1.23950 -0.08249
Sn 2.29228 -0.33706 -2.88422
Sn -1.61868 -1.41494 -2.94286
Sn 2.86454 -2.34728 -0.17999
Sn -1.10751 -3.57800 -0.36317

Uncapped Gamma Ca-centered Sn-Keggin ion:
[(MeSn)lz(CaO4)(OCH3)12(O)4(OH)8]2+, i.e. 7-CaSny,

C -0.93766 -0.03591 5.51187
C -3.40490 3.36631 3.05685
C -2.30047 -4.17822 3.06066
C 2.85372 -4.25806 2.55897
C 1.99228 5.33167 0.15946
C 4.54577 1.96665 2.81996
C 5.50050 -1.30439 -1.18686
C 1.60251 -2.40237 5.21635
C -4.72791 -1.76623 2.48572
C 5.01640 -1.45424 2.67237
C -2.54047 -5.42021 -0.01734
C -5.78708 0.11967 -0.16906
C -2.53468 -4.29241 -3.25163
C -5.10502 -2.23631 -2.37245
C -2.93249 3.56560 -3.41280
C 0.78975 -3.35055 -4.72612
C 3.80357 -3.17543 -3.31603
C 1.83475 2.90455 -4.39054
C -0.18701 5.35191 -2.39801
C -4.37855 3.95745 -0.24207
C -0.43834 5.04478 2.62070
C 1.48888 -0.17262 -5.74553
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C 4.63668 1.52911 -2.89415
C 1.91488 1.90711 4.92177
Ca -0.26005 0.05163 0.26337
H -0.12249 -3.21214 -5.31383
H -6.03351 0.72568 0.70802
H 5.66659 -2.26370 -0.68739
H -3.20684 -4.74931 2.84230
H -2.72607 -3.83742 -4.22788
H 2.50385 2.59804 -5.19928
H 2.27095 3.77869 -3.89983
H -3.42417 -4.86079 -2.96603
H -6.02077 0.70875 -1.06076
H 6.05992 -0.54100 -0.63789
H -1.50991 0.89391 5.57742
H -3.60695 4.43006 2.90448
H -0.21633 -0.05564 6.33328
H -2.42514 -3.68979 4.03180
H 0.87846 3.19820 -4.83242
H 1.64130 -3.28000 -5.40807
H 3.17406 -4.76731 1.64474
H -2.95527 3.23683 4.04553
H 5.91338 -1.37010 -2.19739
H -1.70214 -4.99256 -3.36136
H -1.63172 -0.87151 5.64532
H -1.46534 -4.87906 3.15355
H 0.77065 -4.36206 -4.31073
H -4.35697 2.82778 3.04216
H -6.42960 -0.76482 -0.16361
H 3.72524 -4.18362 3.21591
H -3.07050 4.64565 -3.30992
H -3.91929 3.10369 -3.50740
H 2.11015 -4.88663 3.05814
H -2.37770 3.37702 -4.33625
H 1.38221 6.23207 0.04675
H 2.72714 5.30403 -0.65026
H 2.53664 5.39431 1.10610
H 4.26776 2.99238 3.07904
H 0.86668 5.64032 -2.45515
H 5.33468 2.01378 2.06340
H 4.94538 1.47842 3.71312
H -0.55433 5.20871 -3.41952
H -0.75064 6.16871 -1.93107
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H 2.40214 -1.71833 5.52341
H 2.00116 -3.42056 5.16398
H 0.80774 -2.39032 5.96814
H -4.34748 -0.97836 3.14537
H -4.79140 -2.70748 3.04015
H -5.73565 -1.50432 2.15155
H 5.25913 -2.29418 2.00976
H 5.23786 -1.74365 3.70672
H -2.21461 -5.92390 -0.93190
H -2.02796 -5.88887 0.82771
H -3.62057 -5.55580 0.10396
H -5.74765 -1.37754 -2.58401
H -5.63312 -2.92009 -1.69853
H -4.90563 -2.75073 -3.31725
H 4.61696 -3.48215 -2.65402
H 3.29073 -4.07574 -3.66446
H 4.22583 -2.64216 -4.17460
H -4.52597 4.74790 0.50038
H -5.09397 3.14827 -0.05103
H -4.58315 4.37908 -1.23114
H 0.11937 4.51784 3.40500
H -1.38036 5.41093 3.04050
H 0.14423 5.91193 2.29369
H 2.57273 -0.16006 -5.90397
H 1.06455 -1.04438 -6.25076
H 1.04586 0.72504 -6.18533
H 4.70346 2.21510 -2.04287
H 5.55389 0.93779 -2.95597
H 4.54042 2.10648 -3.81801
H 1.72903 2.88590 4.46283
H 2.92338 1.89885 5.34805
H 1.19988 1.76574 5.73869
H 5.66453 -0.61460 2.40336
H 2.73658 -3.11891 -0.34057
H 0.34064 -4.12825 1.15898
H 0.34364 -3.03865 -0.71845
H -1.56473 -1.32821 -4.00758
H -0.92814 0.56167 -2.88737
H -3.26228 0.59256 -2.55001
H 0.27720 2.04936 2.38102
H 2.47397 1.75637 -0.64361
O 1.30749 -0.47895 1.89608
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O -0.81771 2.27920 -0.09309
O -1.91483 -1.54430 -0.24407
O 1.36628 -0.43283 -1.81038
0O -0.60320 1.60467 2.66698
O -3.87427 -1.93688 1.34328
O -3.87394 -1.78551 -1.79004
O 1.05889 -2.02589 3.94655
O 3.50913 0.64701 -2.76123
O 3.65020 -1.07226 2.53560
O 1.52457 2.36829 1.55367
O -2.20555 -4.02888 -0.08122
O 1.78751 0.85543 3.96430
O -2.79258 0.83268 1.03996
O 3.24046 0.65200 0.11352
0O -1.16911 -1.37103 -3.12060
O 1.84147 2.33833 -1.21100
O 1.18014 -0.22540 -4.34585
O -1.20399 -1.11983 2.38808
O 2.88590 -2.34132 -2.59071
O -0.70285 4.19164 1.50681
O 0.03388 -3.05405 -1.65338
0O 0.24090 -3.16031 1.18778
O -0.31743 4.14235 -1.65096
O -3.03250 3.48531 -0.17763
0O -2.97660 0.90292 -1.67550
0 2.69247 -2.26277 0.11440
O -0.53716 1.45335 -2.76214
Sn -3.71807 -0.38148 -0.11217
Sn -2.06478 -2.82975 -1.78362
Sn 0.93852 -1.92591 -3.15201
Sn -1.92376 -2.69313 1.58285
Sn -2.11848 2.57755 1.56286
Sn -0.01113 -0.18560 3.60551
Sn 1.53686 1.35659 -2.96971
Sn 3.43514 -0.77550 -1.18394
Sn 2.84638 0.94271 2.05165
Sn 0.81002 3.56656 0.13969
Sn 2.05828 -2.32594 2.13870
Sn -1.88082 2.76357 -1.74881
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Uncapped Delta Ca-centered Sn-Keggin ion:
[(MeSn),,(Ca0,)(OCH,),,(0),(0OH)4]*", i.e. 5-CaSny,

C 3.27529 -4.40572 1.47925
C -1.40003 -4.87485 2.57287
C -2.03127 -2.58863 -4.73810
C 1.41588 -3.36261 -4.55488
C 2.62320 -0.55390 4.88704
C 5.60811 0.42185 -1.97117
C 4.48210 3.81623 -0.96991
C 2.14726 -5.13373 -1.71578
C -4.38193 -3.24424 -2.41201
C 3.96715 -1.30149 -4.31033
C -3.09483 0.52010 -5.00058
C -5.52897 -1.99292 0.39749
C -4.00451 3.04204 -3.03811
C -5.63197 1.28480 -0.64844
C -3.40169 1.03105 4.38134
C -1.45049 5.44939 -1.91634
C 1.82488 5.35644 -2.27254
C 0.42911 3.83366 3.96774
C -0.42823 0.67524 5.65377
C -3.48913 -2.45448 3.91167
C 1.10729 -3.58137 4.43010
C -1.44684 5.36523 1.49492
C 3.45277 4.05477 2.25826
C 5.54543 -1.97659 0.39347
Ca 0.02564 0.08846 -0.23152
H -2.49676 5.54411 -1.61226
H -5.37591 -3.02878 0.71452
H 4.75421 3.70106 -2.02311
H -3.04962 -2.47703 -5.12163
H -4.40992 3.76259 -2.32169
H 0.73975 4.88233 3.95241
H 1.09255 3.29062 4.64572
H -4.84140 2.58584 -3.57501
H -5.98385 -1.44761 1.22970
H 5.28801 3.38915 -0.36629
H 3.64834 -4.05271 2.44424
H -1.41261 -5.05715 3.65107
H 4.09947 -4.89580 0.95304
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H -1.83742 -3.65415 -4.58702
H -0.58816 3.78703 4.36609
H -0.91968 6.35271 -1.60290
H 1.17457 -2.72937 -5.41303
H -0.65600 -5.53577 2.11891
H 4.41876 4.88581 -0.75070
H -3.40116 3.59985 -3.76045
H 2.49644 -5.15230 1.65735
H -1.33970 -2.22560 -5.50315
H -1.42424 5.40327 -3.00923
H -2.38014 -5.14079 2.16727
H -6.23421 -1.99262 -0.43856
H 2.40864 -3.79172 -4.71814
H -3.32237 0.55342 5.36142
H -4.42614 0.91287 4.01724
H 0.69059 -4.17986 -4.52219
H -3.21229 2.10205 4.50229
H 2.23747 -0.98308 5.81578
H 2.92314 0.47975 5.08192
H 3.51775 -1.11019 4.59332
H 6.17027 0.78920 -1.10778
H 0.57329 0.92646 6.01393
H 5.57810 1.22343 -2.71480
H 6.15508 -0.42125 -2.40269
H -1.07079 1.54701 5.79734
H -0.81929 -0.15875 6.24771
H 2.84221 -5.67248 -1.06595
H 2.38734 -5.38498 -2.75213
H 1.12259 -5.45131 -1.49306
H -4.81439 -3.81143 -1.58334
H -3.87366 -3.94864 -3.07701
H -5.18810 -2.74936 -2.96515
H 4.64407 -2.15563 -4.19753
H 4.56158 -0.39428 -4.45259
H -2.43386 0.02242 -5.71626
H -4.11913 0.16144 -5.15267
H -3.06711 1.59465 -5.20537
H -6.42800 0.56695 -0.43221
H -5.99968 1.98281 -1.40542
H -5.37881 1.83180 0.26580
H 2.79114 5.19359 -2.75849
H 1.10352 5.63748 -3.04459
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H 1.92046 6.17987 -1.55580
H -3.31022 -3.48181 4.24207
H -4.27132 -2.45451 3.14422
H -3.83476 -1.87430 4.77192
H 1.13830 -4.57991 3.98582
H 0.43625 -3.59433 5.29594
H 2.11513 -3.32238 4.76579
H -1.09019 5.76002 2.45052
H -1.60505 6.20853 0.81791
H -2.39662 4.84098 1.64913
H 4.01781 3.17632 2.59054
H 4.12539 4.74175 1.73805
H 3.04977 4.57152 3.13344
H 5.64993 -1.27898 1.23232
H 6.34074 -1.79138 -0.33280
H 5.65526 -2.99860 0.76604
H 3.35356 -1.44655 -5.20339
H 2.57480 1.76459 -3.09031
H 0.33240 0.24739 -3.61914
H -0.72590 2.60785 -3.55366
H -1.76994 2.07704 1.11943
H 0.01634 -3.00773 -0.34728
H 2.27967 1.17071 1.69257
H 2.93383 -0.50630 1.35282
H -2.08709 -3.12369 -0.24121
0O 1.92103 -1.26840 -0.97522
0O -0.42291 -0.84327 2.02051
0O -2.07780 -0.26103 -1.29571
O 0.68915 2.40482 0.00042
O 0.44412 -3.09889 0.57100
O -3.44693 -2.28523 -1.90690
O -4.48779 0.58282 -1.15807
O 2.30317 -3.72045 -1.52013
O 2.38009 3.67779 1.38583
O 3.12648 -1.15493 -3.15958
0O 2.46140 -1.26539 1.77074
O -2.65420 0.26449 -3.66529
O 4.26754 -1.83027 -0.24065
O -2.29785 -2.58113 0.54095
O 3.15689 0.99774 0.21423
O -2.06028 2.48688 -0.44089
O 1.55454 1.21802 2.37754
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O -0.45781 4.48798 0.93657
O -0.42525 -2.60841 -1.87405
O 1.39908 4.15295 -1.62190
0O 0.66269 -2.63025 3.45445
O -0.85153 2.31227 -2.63778
O 0.13809 -0.57864 -3.15206
0O -0.37722 0.33410 4.26373
0O -2.27129 -1.88442 3.41604
O -3.19347 0.01145 1.38237
O 2.50998 1.47637 -2.16708
O -1.24413 1.87448 1.97001
Sn -3.67689 -1.07206 -0.11642
Sn -2.85032 1.56653 -2.00935
Sn -0.60001 3.70228 -1.03792
Sn -1.78740 -1.52862 -2.90412
Sn -0.95392 -2.84898 2.11476
Sn 2.49036 -2.79348 0.34671
Sn 0.49133 2.98551 2.02560
Sn 2.64980 2.82288 -0.53090
Sn 3.64413 -0.14868 -1.37179
Sn 1.19863 -0.60806 3.31234
Sn 1.36191 -2.26184 -2.73244
Sn -2.08309 0.20021 2.93333

Uncapped Epsilon Ca-centered Sn-Keggin ion:
[(MeSn)lz(CaO4)(OCH3)12(O)4(OH)8]2+, i.e. e-CaSny,

C -0.87655 5.78215 1.14231
C 1.02593 1.12250 -5.30061
C -5.97709 -0.84417 -1.24516
C -5.63191 1.89860 1.25255
C 1.87961 5.56518 -0.99958
C -1.00616 1.15099 5.34337
C 1.51240 -0.98355 5.31565
C -3.92523 4.62765 0.54854
C -4.14354 -0.05202 -4.04402
C -4.02120 1.03754 4.15362
C -4.78544 -3.93935 -0.65940
C -1.25282 -1.14446 -5.24582
C -1.96234 -5.54440 -0.88183
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C -0.92043 -4.11613 -3.77920
C 5.88170 0.84376 -1.46000
C 0.79939 -5.74636 1.32927
C 0.39039 -3.91122 4.14726
C 5.66779 -2.01390 0.79352
C 4.74286 3.90796 -0.71955
C 3.94438 0.11220 -4.17292
C 0.73801 4.10011 -3.87081
C 3.71070 -4.73098 0.22773
C 4.45075 -0.84358 3.71999
C -0.14912 4.07364 4.00294
Ca -0.00880 -0.08284 -0.08560
H 0.93717 -6.24676 0.36746
H -1.43916 -0.18135 -5.72356
H 0.57171 -1.19912 5.82584
H -6.36452 -1.52918 -2.00516
H -1.04218 -6.06112 -1.16533
H 5.92965 -2.81922 1.48645
H 6.21900 -1.11743 1.08771
H -2.73604 -5.79954 -1.61168
H -0.31791 -1.55114 -5.63775
H 1.86867 -0.00731 5.65384
H 0.11329 6.11566 1.46251
H 1.81868 1.81125 -5.60669
H -1.61359 6.16121 1.85673
H -6.27819 0.17153 -1.51517
H 5.99462 -2.30453 -0.20830
H 1.59106 -6.08427 2.00477
H -6.16086 0.99188 1.55752
H 0.07425 1.51287 -5.66824
H 2.24453 -1.73812 5.61831
H -2.27792 -5.92134 0.09518
H -1.08929 6.22884 0.16772
H -6.44817 -1.09468 -0.29061
H -0.16127 -6.06443 1.74353
H 1.20922 0.15901 -5.77951
H -2.06377 -1.82520 -5.52056
H -5.83762 2.68116 1.98873
H 6.22610 1.58072 -2.19159
H 6.18485 -0.14835 -1.80434
H -6.04313 2.21713 0.29083
H 6.38494 1.04276 -0.51024
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H 2.64874 5.83907 -1.72788
H 2.19466 5.92842 -0.01814
H 0.95357 6.07405 -1.27654
H -0.03096 1.39737 5.76804
H 4.44182 4.75391 -0.09767
H -1.31824 0.18210 5.73947
H -1.72388 1.90401 5.68128
H 5.57946 3.40441 -0.22972
H 5.06001 4.27067 -1.70220
H -4.29671 5.05803 1.48304
H -4.76486 4.26620 -0.04878
H -3.40429 5.39675 -0.02541
H -3.94926 1.02277 -3.95864

H -5.20859 -0.23811 -3.87918
H -3.89288 -0.38775 -5.05264

H -3.68256 0.24816 4.82930
H -5.00006 0.75362 3.75717
H -4.51880 -4.75610 0.01507

H -5.68360 -3.45357 -0.26916
H -4.99947 -4.34330 -1.65424
H -1.08634 -3.81248 -4.81562
H -1.44067 -5.06464 -3.61789

H 0.15225 -4.26478 -3.61279
H -0.68867 -3.72308 4.13820
H 0.57371 -4.97666 3.98694
H 0.79928 -3.64028 5.12349
H 3.64978 0.44901 -5.16859
H 3.77237 -0.96582 -4.08448
H 5.01053 0.31818 -4.04649
H -0.31435 4.26855 -3.61826
H 0.81139 3.75989 -4.90523
H 1.28761 5.04162 -3.78316
H 4.67006 -4.39410 -0.17275
H 3.89538 -5.42939 1.04912
H 3.16207 -5.23656 -0.57190
H 5.00358 -0.02828 3.24254
H 4.05876 -0.48616 4.67428
H 5.12382 -1.68454 3.91102
H 0.93015 3.91357 3.91322

H -0.47231 3.83833 5.01889
H -0.37739 5.12390 3.80681
H -4.12286 1.97472 4.70921
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H -1.18339 -1.64948 2.29601
H -3.68642 -1.17674 1.65138
H 0.89071 -2.82026 -1.57031
H 2.45262 -1.29937 -1.66416
H -0.88004 2.64574 -1.51822
H 3.05728 0.93751 1.39204
H 1.28556 2.39260 1.56973
H -2.59297 1.30069 -1.48144
O -1.45493 1.59426 1.20391
O 1.72428 1.40424 -1.17372
O -1.82197 -1.36644 -1.16191
O 1.53200 -1.59495 1.16583
O -0.51923 3.37350 -0.95070
O -3.36759 -0.78993 -3.09076
O -1.44854 -3.12148 -2.89517
O -3.02511 3.53698 0.81962
O 3.36627 -1.26734 2.88151
O -3.08500 1.18923 3.07513
O 1.09188 3.20563 1.03152
O -3.70727 -2.99334 -0.71409
O -0.86983 3.24494 3.07327
O -0.88823 0.97368 -2.48950
0O 0.93201 0.83539 2.53816
O 0.52016 -3.51057 -0.98166
O 3.69186 0.48783 0.80567
O 2.95516 -3.60376 0.69380
O -3.39162 1.08606 -0.94172
O 1.05335 -3.15442 3.12384
O 1.32484 3.11846 -3.00333
O -1.01159 -2.94597 1.01489
0 -3.59530 -0.54620 0.92169
O 3.64178 2.99194 -0.84906
O 3.19300 0.83446 -3.18490
O 0.76937 -0.95120 -2.51326
O -0.82466 -0.96690 2.93055
O 3.28071 -1.11084 -1.15216
Sn -1.21914 -1.01041 -3.11447
Sn -1.62721 -3.43952 -0.81918
Sn 0.86468 -3.62926 1.09472
Sn -3.85927 -0.97064 -1.10684
Sn 1.05432 0.99371 -3.16641
Sn -0.96613 3.66237 1.05022
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Sn 3.57724 -1.64525 0.84685
Sn 1.29173 -1.06397 3.19599
Sn -0.96395 1.13461 3.21237
Sn 1.60779 3.46052 -0.98911
Sn -3.54495 1.53410 1.08429
Sn 3.77406 0.93984 -1.21740

5.2 Ground state geometries for Zr clusters from
Chapter 4.

Zr(IV) Monomer: [Zr(H,0)g]*t, i.e. {Zr*"}

H -1.48883 2.25493 -1.05376
H -0.97143 -1.96956 -1.85450
H 0.52452 2.66074 0.99544
H -2.10935 -0.71546 1.81832
H 1.96956 -0.97143 -1.85450
H 0.71546 -2.10935 1.81832
H 0.97143 1.96956 -1.85450
H 2.10935 0.71546 1.81832
H -0.52452 -2.66074 0.99544
H 2.66074 -0.52452 0.99544
H 1.48883 -2.25493 -1.05376
H 2.25493 1.48883 -1.05376
H -2.25493 -1.48883 -1.05376
H -1.96956 0.97143 -1.85450
H -0.71546 2.10935 1.81832
H -2.66074 0.52452 0.99544
O -1.29973 -1.33025 -1.19173
O -1.33025 1.29973 -1.19173
O 0.00000 1.86081 1.20010
O -1.86081 0.00000 1.20010
O 1.33025 -1.29973 -1.19173
O -0.00000 -1.86081 1.20010
0O 1.29973 1.33025 -1.19173
O 1.86081 -0.00000 1.20010
Zr 0.00000 0.00000 0.00276
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Zr(IV) Dimer: [Zr,(OH),(H,0),,]%", i.e. {Zr,°"}

H 1.25183 -1.62215 -2.29259
H 2.48485 2.50655 -1.14644
H -2.48504 -2.50661 1.14619
H -1.25175 1.62190 2.29271
H -0.00601 2.13106 -0.05978
H 0.00600 -2.13108 0.05987
H -4.58285 -0.64000 0.42134
H -1.75326 -0.13759 -2.88369
H -3.36115 -1.83598 -1.62651
H -2.83054 2.49977 -1.15717
H 1.75326 0.13788 2.88367
H 4.58279 0.63997 -0.42164
H 2.83057 -2.49968 1.15743
H 3.36125 1.83607 1.62629
H -4.58688 0.81454 -0.19928
H -1.88902 -2.39212 -1.66508
H -2.81743 2.72103 0.39617
H -1.03092 1.21730 -2.52514
H 4.58683 -0.81464 0.19880
H 2.81737 -2.72114 -0.39590
H 1.03094 -1.21706 2.52525
H 1.88915 2.39229 1.66484
H 1.93694 1.63332 -2.33746
H 2.64273 -0.92952 -2.58095
H -1.93716 -1.63352 2.33732
H -2.64266 0.92930 2.58107
0 -2.36990 -1.58923 1.46226
O 0.02701 1.16669 0.08929
O -1.82988 0.87585 2.03936
O -0.02701 -1.16671 -0.08920
O -4.01427 0.06671 0.05763
O -1.62308 0.52243 -2.17585
O -2.49719 -1.80879 -1.17008
0O -2.41308 2.20156 -0.32546
0O 2.36972 1.58913 -1.46243
O 1.82995 -0.87608 -2.03925
0O 1.62311 -0.52223 2.17591
O 4.01426 -0.06664 -0.05767
0O 2.41315 -2.20149 0.32569
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O 2.49726 1.80885 1.16990
Zr -1.79429 0.01803 -0.01605
Zr 1.79428 -0.01803 0.01605

Zr(IV) Tetramer: [Zr,(OH)g(H,0)(]®", i.e. {Zr,5"}

H 0.90221 0.90158 2.06556
H 1.75430 1.75451 -2.02027
H -1.75430 -1.75451 -2.02027
H -0.90221 -0.90158 2.06556
H -1.75451 1.75430 2.02027
H -0.90158 0.90221 -2.06556
H 1.75451 -1.75430 2.02027
H 0.90158 -0.90221 -2.06556
H -4.28328 -2.24546 -0.63964
H -5.10346 1.37787 -0.38747
H -4.29511 -0.35330 -2.32651
H -4.29615 0.35357 2.32540
H -1.37770 5.10369 -0.38635
H 2.24591 4.28317 -0.63837
H -0.35330 4.29511 2.32651
H 0.35357 4.29615 -2.32540
H 2.24546 -4.28328 0.63964
H -2.24591 -4.28317 -0.63837
H 0.35330 -4.29511 2.32651
H 0.91521 -3.44035 -2.61177
H 5.10369 1.37770 0.38635
H 3.44020 -0.91628 -2.61194
H 3.44035 0.91521 2.61177
H 4.28317 -2.24591 0.63837
H -5.10369 -1.37770 0.38635
H -3.44020 0.91628 -2.61194
H -3.44035 -0.91521 2.61177
H -4.28317 2.24591 0.63837
H 1.37787 5.10346 0.38747
H 0.91628 3.44020 2.61194
H -2.24546 4.28328 0.63964
H -0.91521 3.44035 -2.61177
H -1.37787 -5.10346 0.38747
H 1.37770 -5.10369 -0.38635
H -0.35357 -4.29615 -2.32540
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H -0.91628 -3.44020 2.61194
H 4.29511 0.35330 -2.32651
H 5.10346 -1.37787 -0.38747
H 4.28328 2.24546 -0.63964
H 4.29615 -0.35357 2.32540
0 -1.66995 -1.66995 -1.05409
0O -1.66995 1.66995 1.05409
O -1.17431 -1.17399 1.17138
O -1.17399 1.17431 -1.17138
O -4.21123 -1.53316 0.02355
O -4.21105 1.53336 -0.02453
0O -3.42217 0.05061 -2.16028
O -3.42284 -0.04976 2.15964
0O 1.66995 1.66995 -1.05409
O 1.17431 1.17399 1.17138
O -1.53316 4.21123 -0.02355
O 1.53336 4.21105 0.02453
0O 0.05061 3.42217 2.16028
0O -0.04976 3.42284 -2.15964
0O 1.66995 -1.66995 1.05409
O 1.17399 -1.17431 -1.17138
O 1.53316 -4.21123 -0.02355
O -1.53336 -4.21105 0.02453
O -0.05061 -3.42217 2.16028
0O 0.04976 -3.42284 -2.15964
0O 4.21123 1.53316 0.02355
0O 3.42217 -0.05061 -2.16028
0O 3.42284 0.04976 2.15964
0O 4.21105 -1.53336 -0.02453
Zr -2.54413 0.00015 -0.00019
Zr 0.00015 2.54413 0.00019
Zr -0.00015 -2.54413 0.00019
Zr 2.54413 -0.00015 -0.00019

Zr(IV) Hexamer: [ZrsO,(OH),(H,0),,]"*", i.e. {Zr'*"}

H -2.03569 4.56853 0.32867
H 2.03569 -4.56853 0.32867
H 4.53940 2.15862 -0.30567
H -4.53940 -2.15862 -0.30567
H -0.32867 2.03569 4.56853
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H 0.32867 -2.03569 4.56853
H 2.15862 -0.30567 4.53940
H -2.15862 0.30567 4.53940
H -0.30567 4.53940 2.15862
H 1.25567 -3.34694 2.51686
H 4.56853 -0.32867 2.03569
H -4.56853 0.32867 2.03569
H 2.02156 4.31560 1.22141
H -2.02156 -4.31560 1.22141
H 4.53940 -2.15862 0.30567
H -3.34694 2.51686 1.25567
H 0.30567 4.53940 -2.15862
H -0.30567 -4.53940 -2.15862
H 4.56853 0.32867 -2.03569
H -4.56853 -0.32867 -2.03569
H 0.32867 2.03569 -4.56853
H -0.32867 -2.03569 -4.56853
H 2.51686 1.25567 -3.34694
H -2.51686 -1.25567 -3.34694
H 2.03569 4.56853 -0.32867
H -1.25567 3.34694 2.51686
H -2.02156 4.31560 -1.22141
H 1.25567 3.34694 -2.51686
H -1.25567 -3.34694 -2.51686
H 2.02156 -4.31560 -1.22141
H 0.30567 -4.53940 2.15862
H -2.03569 -4.56853 -0.32867
H 4.31560 -1.22141 -2.02156
H 3.34694 -2.51686 1.25567
H 4.31560 1.22141 2.02156
H 3.34694 2.51686 -1.25567
H -4.31560 -1.22141 2.02156
H -3.34694 -2.51686 -1.25567
H -4.31560 1.22141 -2.02156
H -4.53940 2.15862 0.30567
H -2.51686 1.25567 3.34694
H 1.22141 2.02156 4.31560
H 2.51686 -1.25567 3.34694
H -1.22141 -2.02156 4.31560
H 1.22141 -2.02156 -4.31560
H 2.15862 0.30567 -4.53940
H -2.15862 -0.30567 -4.53940
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H -1.22141 2.02156 -4.31560
H -1.99206 -1.99206 1.99206
H 1.99206 -1.99206 -1.99206
H 1.99206 1.99206 1.99206
H -1.99206 1.99206 -1.99206
O -1.42895 -1.42895 1.42895
O 1.42895 1.42895 1.42895
O -1.08069 1.08069 1.08069
O 1.08069 -1.08069 1.08069
O -1.55418 4.11359 -0.38786
O 1.55418 -4.11359 -0.38786
O 3.59054 1.99329 -0.46881
O -3.59054 -1.99329 -0.46881
O 0.38786 1.55418 4.11359
O -0.38786 -1.55418 4.11359
0O 1.99329 -0.46881 3.59054
0O -1.99329 0.46881 3.59054
O -0.46881 3.59054 1.99329
O 0.46881 -3.59054 1.99329
O 4.11359 0.38786 1.55418
O -4.11359 -0.38786 1.55418
O 1.55418 4.11359 0.38786
O -1.55418 -4.11359 0.38786
O 3.59054 -1.99329 0.46881
O -3.59054 1.99329 0.46881
O 0.46881 3.59054 -1.99329
O 1.08069 1.08069 -1.08069
O -1.42895 1.42895 -1.42895
O 1.42895 -1.42895 -1.42895
O -1.08069 -1.08069 -1.08069
O -0.46881 -3.59054 -1.99329
O 4.11359 -0.38786 -1.55418
O -4.11359 0.38786 -1.55418
O -0.38786 1.55418 -4.11359
O 0.38786 -1.55418 -4.11359
0O 1.99329 0.46881 -3.59054
O -1.99329 -0.46881 -3.59054
Zr -0.00000 2.55139 0.00000
Zr -0.00000 -2.55139 0.00000
Zr 2.55139 -0.00000 0.00000
Zr -2.55139 0.00000 -0.00000
Zr -0.00000 0.00000 2.55139
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Zr -0.00000 -0.00000 -2.55139
Zr(IV) Hexamer Ring: [Zrg(0,)s(OH)s(H,0),,]%", ie. {Zr®t}

H -0.06225 1.46009 -1.73161
H -1.25535 -0.80900 -1.77921
H 1.30280 -0.67336 -1.74486
H 0.06225 -1.46009 1.73161
H -1.30280 0.67336 1.74486
H 1.25535 0.80900 1.77921
H 2.16120 -5.30093 1.46875
H -3.27362 4.32765 -1.99556
H 3.51002 4.53951 1.46269
H -2.11232 -4.99502 -2.01317
H -5.39198 -0.65609 1.98059
H 5.67163 -0.78572 -1.43217
H 3.90153 -4.18278 -1.47664
H -3.90153 4.18278 1.47664
H 2.89669 4.57784 -1.98717
H -1.71315 -5.46842 1.46899
H -5.61253 -1.26122 -1.41923
H 5.61253 1.26122 1.41923
H 2.55139 -4.78790 -2.00251
H 3.27362 -4.32765 1.99556
H -2.89669 -4.57784 1.98717
H -3.51002 -4.53951 -1.46269
H -5.67163 0.78572 1.43217
H -5.43889 0.19435 -1.97653
H -2.55139 4.78790 2.00251
H -2.16120 5.30093 -1.46875
H 1.71315 5.46842 -1.46899
H 2.11232 4.99502 2.01317
H 5.39198 0.65609 -1.98059
H 5.43889 -0.19435 1.97653
O 3.80116 -1.97486 0.39070
O -3.80116 1.97486 -0.39070
O -0.18993 4.28674 0.38434
O 0.18993 -4.28674 -0.38434
O -3.61713 -2.30766 0.38297
O 3.61713 2.30766 -0.38297
O 2.80477 -1.45907 1.35164
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O -2.80477 1.45907 -1.35164
O -0.14026 3.17106 1.35139
O 0.14026 -3.17106 -1.35139
0O -2.67029 -1.70470 1.34251
O 2.67029 1.70470 -1.34251
O 1.97546 -1.02571 -1.13853
O -1.97546 1.02571 1.13853
O -0.09600 2.22926 -1.13869
O 0.09600 -2.22926 1.13869
O -1.88568 -1.20588 -1.15501
O 1.88568 1.20588 1.15501
0O 2.41612 -4.36071 1.52958
0O -2.41612 4.36071 -1.52958
O 2.57124 4.28134 1.53021
O -2.57124 -4.28134 -1.53021
O -4.97867 0.10501 1.52948
O 4.97867 -0.10501 -1.52948
O 2.93883 -4.02990 -1.52453
O -2.93883 4.02990 1.52453
0O 2.03706 4.54940 -1.52478
O -2.03706 -4.54940 1.52478
O -4.97408 -0.52860 -1.51323
O 4.97408 0.52860 1.51323
Zr 1.80105 -2.82539 -0.00010
Zr -1.80105 2.82539 0.00010
Zr 1.54694 2.97580 0.00753
Zr -1.54694 -2.97580 -0.00753
Zr -3.34440 -0.14991 -0.00566
Zr 3.34440 0.14991 0.00566





