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Polyoxometalates are a rapidly growing class of discrete metal oxide clusters with
a wide range of applications including functional materials. These anionic clusters of
the group V and VI transition metals are inexpensive and non-toxic. Within group V
polyoxometalates, niobium and tantalum chemistry has been underdeveloped owing to
their unique solubility and speciation in alkaline conditions compared to the acidic
group VI polyoxometalates. This thesis compares the solution behavior of analogous
hexacoltanate structures [TasO19]® and [NbsO19]®, their association with counterions,
and their potential as thin film precursors. Tetramethylammonium hexametalate salts,
[(CH3)aN]-xHxMeO19, have been synthesized in an effort to provide a metal-oxide
thin film precursor without incorporating counterions into the final film composition.
These structurally identical analogues differ only by a single proton, which affects the
behavior of these clusters in solution and in turn, the quality of the thin films that are
obtained. Furthermore, these tetramethylammonium hexametalates react with
hydrogen peroxide, exchanging terminal multiply bound oxygens with peroxide which
yields [(CHz)aN]e-x[HxMs(02)s013]. Small and wide angle x-ray scattering is utilized



to analyze the hexametalates in solution and determine any interactions between these
highly charged species. Polyoxometalates are ideal to study with x-ray scattering since
the high Z metals in the cluster provide excellent electron density contrast with low Z
solvents such as water. We observe differences in the solution behavior, indicating that
hexatantalate and hexaniobate are not as similar as originally expected. Density
functional theory calculations have determined the energetics of peroxide addition as
well as preferred sites for substitution. This thesis also compares the ion association of
the alkali salts of niobium and tantalum hexametalates. The association of clusters with
their counterions precedes crystallization and is therefore an important step in structure
elucidation. Hexacoltanates exhibit increased solubility with increased ion association,
making them an ideal study to understand the fundamentals of ion pairing. Small and
wide angle x-ray scattering as well as conductivity are utilized to investigate ion
association as a function of counterion, concentration, solvent polarity, and niobium
vs. tantalum. Overall, we observe increased ion association with decreasing solvent
polarity. While the increasing ion association with increasing alkali size is expected for
hexaniobate, there are some discrepancies with hexatantalate which we attribute to the
concomitant effects of protonated clusters. This thesis provides evidence that
structurally identical species do not necessarily exhibit the same behavior in solution.
Differences in stability, protonation, and electrostatic interactions with counterions
provide some insight into the anomalous solubility of niobium and tantalum

polyoxometalates.
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1 ANINTRODUCTION TO POLYOXOMETALATES

The scientific definition of “cluster” usually refers to a metal-metal bonded
molecule of more than 3 atoms, but there is an entire world of metal-oxide “clusters”
known in the scientific community. In 1826, Swedish chemist, Jacob Berzelius,
published a paper describing the newly recognized element molybdenum and his
preparation of the dodecamolybdophosphate anion, [PM012040]*.* While many similar
compounds were synthesized by a number of chemists, it was more than a hundred
years before the structure was solved. In 1933, Keggin provided the first definitive
explanation of a tungsten analogue of the Mi12040 structure: WOs octahedral units
connected by both corners and edges. 2 So began the field of polyoxometalate and
related polyoxocation chemistry.

Polyoxometalates, or POMs, are water soluble metal oxide clusters formed from
groups 5 and 6 transition metals primarily in their highest oxidation state. POMs are
composed of metal-oxygen octahedra that can be corner, edge, or face sharing. This
leads to a plethora of different structures, some of the most diverse contributions from
molybdenum and tungsten. A unique feature of POMs is their discrete, monodisperse
nature, which differentiates them from similarly sized nanoparticles. POMs lie in the
realm between an infinite solid metal oxide and metal oxo/hydroxo monomers. Related
to POMs are the polyoxocations from group 13. While these are not classified as
polyoxometalates, they are very similar in structure and less so in their chemistry.
However, these positively charged metal-oxo clusters are outside the scope of this

thesis.
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Figure 1.1. Periodic table of the elements. Those elements that form polyoxometalates
are in blue, and polyoxocations in green.

There are many other cluster forming elements on the periodic table that are not
considered polyoxometalates (examples: U, Np, Pu, group IV, etc.). However, we will
focus on polyoxoniobates and tantalates, more recently referred to as polycoltanates.
This name is derived from coltan, the metallic ore from which niobium and tantalum

are extracted.®’

1.1 THE CHEMISTRY OF POLYOXOMETALATES

The solution speciation of niobium and tantalum differ from the group VI metals
as well as vanadium. In more alkaline solutions, the group VI metals exist as
mononuclear metal oxo anions, MO4™ (n = 2, 3). Upon acidification of the solution, the
metal oxoanion undergoes protonation, expands its coordination sphere, and condenses
via water elimination, forming bound MOs octahedra. The polymerization of the metal
oxide is halted by a multiply bonded oxygen with decreased basicity, also known as
the -yl oxygen. The unoccupied d-orbitals in fully oxidized group V and VI transition
metals allows significant overlap with oxygen orbitals and causes a distortion in the
MOs octahedra. Since the -yl oxygen is multiply bonded and stronger, it’s bond length

is shortened. Therefore the M-O bond trans to the -yl oxygen is lengthened? as shown



in figure 1.2. The lengthening of the M-O bond reduces the oxygen’s negative charge,

inducing condensation to satisfy bond valence.?

Figure 1.2. Distorted MOeg octahedron from the Nb Lindqvist ion.

The linking of oxoanions/MOs octahedra can form isopolyanions, [MeO19]™, or
heteropolyanions, [XM12040]™, such as the Keggin ion. The MOg octahedra can link
via corners, edges, or faces (figure 1.3). The ability of the octahedra to bond in various
geometries as well as templating around heteroatoms or incorporating mixed addenda
atoms, yields a plethora of structures. The variety of polyoxometalate compositions and
structures, as well as development of structure solving instrumentation, have led to a
rapid expansion in this field of chemistry, as well as increasingly interesting

applications.

Figure 1.3. From left to right: Corner sharing, edge sharing, and face sharing octahedra
in polyoxometalates.

The majority of polyoxometalate structures are composed of molybdenum or

tungsten. Polyoxometalates of Nb and Ta and also V are limited in number. This is due



to the inability of these metals to form different coordination geometries with oxygen.28
Nb and Ta prefer the octahedral coordination state, while Mo, W, and V prefer
tetrahedral coordination until protonation causes an elongation of the M-O bonds in the
oxoanion. This elongation allows the metal to form an octahedral coordination.
Vanadium’s behavior diverges from the other polyoxometalates forming metals due to
its smaller size and strong tendency to protonate causing much larger species to form
such as decavanadate.®

Synthetic procedures for polyoxometalates can be deceptively simple, the majority
of which are “one pot” methods. Aqueous solutions of metal-oxo groups can be
manipulated in these “one pot” reactions by adjusting 1) concentration/ratio of
counterions or other metals, 2) pH, 3) temperature, and 4) solvent. These factors can
vastly affect speciation in solution with the slightest change in synthetic procedures.?*

The synthesis of polycoltanates differs from the group VI and vanadium POMs,
due to the inability of Nb and Ta to form monomeric oxoanions.® Therefore, starting
materials are more commonly the hydrous metal oxides or a peroxo bound metal,
[M(02)4]*.1%-22 Polycoltanates are synthesized in alkaline solutions and predominantly
exist as the hexametalate Lindqvist ion. The Lindqvist ion, [MsOw]™, is a
superoctahedron composed of six structurally identical, edge sharing MOs octahedra®®

as shown in figure 1.4.

Figure 1.4. Polyhedral representation of the hexametalate Lindqvist ion (left), skeletal
structure with protonation of bridging oxygens (right).



Due to the lanthanide contraction, Ta and Nb are identical in size,}* which also
renders their hexametalate structures almost indistinguishable.!> Hexaniobate and
hexatantalate are charge dense and require eight counterions and/or protons to balance
the high charge. Common counterions are the alkali metals, or small organics such as
tetramethylammonium or tetrabutylammonium. Polycoltanates exhibit an anomalous
trend in solubility that differs from the other POMs. The alkali salts of hexaniobate and
hexatantalate are increasingly soluble from Li<Na<K<Rb/Cs. This is unusual due to
the notorious trend that Cs salts of larger anions are more insoluble while Li salts have
increased solubility.*®

Polyoxometalates can be protonated in solution and in the solid state. There has
been some debate on the basicity of the types of oxygens ina POM (terminal -yl oxygen
and bridging oxygens). However, through numerous studies, it has been determined
that site of protonation is predominantly the bridging oxygens (figure 1.4) due to the
negative ionic charge concentrating at these sites. This renders the bridging oxygens
the most basic oxygens in the structure.®'®1 Only in rare cases has a protonated
terminal bound oxygen been identified.®?! While the protonation sites in the solid
state are determined with x-ray crystallography, it is also possible to confirm
protonation in solution with techniques such as NMR and x-ray scattering,? either by

direct or indirect means, probing the effect of that protonation.

1.2 CHARACTERIZATION OF POLYOXOMETALATES

The characterization of polyoxometalates can be carried out in the solid state or in
solution, and a number of various methods can be employed. One of the most common
and easily employed techniques is spectroscopy. Vibrational spectroscopy can be used
to quickly identify if expected M-O bonds exist. There are distinct regions where
terminally bound and bridging oxygen peaks can be found (see figure 1.5). Infrared
and ultraviolet-visible spectroscopy were first reported as POM characterization
methods in the 1960s.222
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Figure 1.5. Raman spectrum of ((CHzs)s4N)eH2TasO19 as an example of terminal and
bridging M-O peak regions.

Nuclear magnetic resonance (NMR) spectroscopy is used for determining the
environments of specific atoms in a polyoxometalate either in solution or solid state.
3P NMR is utilized for identifying POMs such as the phosphotungstates and
phosphomolybdates. 2°Si NMR is also available for identifying Keggin structures that
include Si instead of P as the heteroatom. Polyoxometalates can be characterized with
their corresponding nuclei such as °*V NMR and #W NMR. Unfortunately, there are
some nuclei with quadrupole moments that cause line broadening and therefore makes
characterization extremely difficult (tantalum and molybdenum for example). Related
to NMR is EPR, or electron paramagnetic resonance spectroscopy. EPR can detect and
identify free radical and paramagnetic centers. It can also provide information on an
atom’s coordination geometry either in solution or in the solid state.?’

X-ray photoelectron spectroscopy (XPS) has been gaining popularity in recent
years for characterization of POMs. XPS is a surface technique for measuring elemental
compositions and the electronic states of elements. This technique can be employed for
identifying substitution of elements into a cluster as well as analyzing the surface of
films deposited from POMs.?



With high resolution transmission electron microscopy (TEM), it is possible to
observe individual polyoxometalate clusters. Sample preparation can include placing a
drop of solution containing POMSs onto a TEM grid, as well as adsorbing POMs onto a
surface in an ordered array, where the periodicity may be observed. Scanning electron
microscopy (SEM) can be used to observe crystallites or probe bulk powders. Utilizing
energy dispersive Xx-ray spectroscopy (EDS) paired with microscopy can aid in
determining elemental compositions. However, more reliable elemental analysis from
a commercial laboratory or by atomic absorption is still necessary for complete
confidence in the results.

Polyoxometalates can be studied in the solution state via scattering techniques such
as light scattering, neutron scattering, and x-ray scattering.?’ The size, molecular
weight, and relative shape of the clusters can be determined, as well as interactions
between the species in solution such as ion association. X-ray scattering has been used
extensively in the work reported in this thesis and a full description will be provided in
a later chapter.

Mass spectrometry is a useful technique for identifying species present in solution
by separating them in order of their mass to charge ratio.?® Some POMs are more easily
characterized by this technique, such as W, due to the isotopic envelope. Metals with
less abundant isotopes are more difficult to characterize with mass spectrometry, but
higher resolution instruments can make this easier. Relative percentages of each species
can also be determined. Mass spectrometry can be coupled with various techniques
such as chromatography, thermogravimetric analysis, capillary electrophoresis,
electrospray ionization, inductively coupled plasma, etc.

Computational chemistry provides valuable information to complement
characterization of polyoxometalates. Simulated data can be produced for a number of
different methods such as vibrational spectroscopy, NMR, scattering data, etc.
Computations can also determine energetics of the clusters in various conditions, and
can help us to understand speciation and formation of these interesting metal oxide

clusters.27:30



1.3 APPLICATIONS OF POLYOXOMETALATES

The applications of polyoxometalates are far reaching due to their wide range of
properties and ability to incorporate virtually every element lighter than Cf with
exception of the noble gases.? The group VI and vanadium POMSs possess extensive
redox properties relevant to catalysis and electron transfer processes. Therefore, the
silico- and phospho- tungstates and molybdates are the most referenced examples for
applications. For all POMs, salts that are incorporated into the synthesis to provide
charge balancing cations can be both water soluble and organic soluble, allowing
applications in both media.

A recent and very common area of application for polyoxometalates involves the
use of functionalized POMs for various catalytic reactions. Inorganic-organic hybrid
POMs can be applied to designing novel multi-functional materials. These amphiphilic
functionalized clusters can be formed electrostatically via counterion association, or
covalently by replacing terminal or bridging oxygens with other atoms or organic
groups. Hybrid POMs may find unique applications in enantioselective catalysis and
separation by incorporating chiral organic molecules into the structure. Combining
amino acids or peptides with POMs can provide biological functionality.3! Photo-
induced electron transfer in POM-porphyrin hybrids provides photosensitive systems
for catalysis, photovoltaics, and for environmental applications such as depollution and
recovery of valuable or toxic metals.3>%

Another photocatalytic application of inorganic-organic hybrid POMs is the
construction of layer-by-layer thin films. Adsorbing anionic clusters onto cationic dye
molecules provides distinctive electronic and optical properties, allowing the material
to absorb visible light.3*

Catalysis can also be achieved by POMs without the need of organic components.
Due to the redox properties of Mo and W, hetero- and isopolyanions of group VI POMs
are excellent candidates for catalysis. The properties can be tailored and tuned by
incorporating other metals into the structure such as Co, which can participate in water

oxidation.%®



The redox active POMs have the potential to store electrons for metal-insulator
semiconductor devices, as well as electrochromics and electro-switchable fluorescence.
Intercalation of POMs into graphene oxide has attracted much attention, as well as
covalently attaching POMs to nanocarbon materials for electron transfer and storage
processes.>®3

Polyoxometalates also have applications in the life sciences. Heptamolybdate
displays anti-tumor activities and can bind with DNA, while other molybdates and
tungstates can inhibit enzymatic activities, and bind with biomolecules for
bioimaging.3” POMs can also aid in precipitation and crystallization of proteins due to
electrostatic interactions.

While individual POMs can be grafted onto surfaces by various methods, they can
also be annealed to yield simple metal-oxide films.% By annealing POMs, the structure
is broken down into amorphous metal oxides, which are excellent candidates for
electrochromic coatings. Motivation for some of the work presented in this thesis stems
from this potential application. Metal oxide films, specifically of Nb.Os and Ta20s
composition, are of interest for antireflective coatings, and corrosion/diffusion
barriers.?® The advantages of utilizing POMs for metal-oxide thin film formation will
be discussed in another chapter.
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2 AN INTRODUCTION TO SMALL AND WIDE ANGLE X-RAY
SCATTERING

Small and wide angle X-ray scattering (SWAXS) is an analytical technique
used to extract structural information about particles in solution or as solid materials of
very small or large macromolecular systems.*? This technique has been employed since
the 1950’s to study colloidal nano-scale materials.>* SWAXS is fundamentally similar
to X-ray crystallography insofar as in both techniques a sample is irradiated by a
monochromatic beam of X-rays providing data from which we can determine structural
information. Small-angle (and same for wide-angle) scattering is utilized for
characterizing larger distances as in the size of molecules as a whole while wide angle
scattering, also known as x-ray diffraction, is used for smaller interatomic distances.
As shown in figure 2.1, the information gained from structural characterization is
dependent on the capabilities of the instrument. Scattering can be used to probe the
microstructure of materials and falls between the realm of crystal structure

determination and overall structural morphology.
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Figure 2.1. Comparison of the length scale of scattering techniques to other structural
characterization.
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Scattering experiments can differ depending on the x-ray source used in the
instrument. In-house bench-top SWAXS instruments typically use sealed tube copper
or molybdenum sources. Synchrotron radiation is an appealing option since it provides
x-rays of all wavelengths. X-ray scattering techniques have grown in popularity due to
the recent development of synchrotron x-ray sources. SWAXS is a non-destructive
technique that requires minimal sample preparation. The applications of this analysis
range from metals and nanocomposites to biological materials, food science, and
pharmaceuticals.® There are variations of the scattering technique that include
transmission mode for analyzing solids and solutions, and grazing incidence for surface
characterization. This discussion will focus on transmission mode SWAXS for

studying particles in solution.

2.1 GENERAL THEORY

When X-rays interact with a material, a fraction of the radiation will be
absorbed, some of it will pass through the sample, and some will be scattered.
Analytical X-ray techniques can measure the scattered radiation with a detector which
absorbs the photons. In an x-ray scattering experiment, the X-ray beam interacts with
the particles causing electrons to oscillate at the same frequency as the incoming
radiation. This emits X-rays with the same wavelength as the incident beam.®> These
coherent X-rays can interfere with each other causing constructive or destructive
interference patterns at the detector that give rise to structural information about the
particles.? X-ray scattering is characterized by reciprocity, providing an inverse
relationship between particle size and scattering angle.® In other words, the scattering
of x-rays at the nanometer scale from contrasting electron densities will occur at low
angles. The scattering at the atomic scale occurs at high angles, or the wide-angle

scattering region.
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Incident X-ray

Sample

Figure 2.2. Scattering of X-rays by a single particle. Q is the scattering length vector
derived from the wavelength of the incoming radiation and the scattering angle.?

The scattering measurement is a continuous, isotropic average of the signals from
particles in all orientations relative to one another and to the experimental apparatus.?
Solvent molecules also scatter and therefore careful data processing is required to
subtract out background solvent scattering. The intensity of the scattering is
proportional to the number of x-rays measured by the detector and is affected by a
number of factors including sample transmittance, concentration, and electron density.
X-ray scattering is a contrast technique where the more electrons present in a sample
volume, the more x-rays are scattered. The overall scattering is the contrast in electron
densities between solute molecules of interest and the bulk solvent. Larger intensities
are the result of larger differences in electron densities between solute and solvent®?;
thus high Z elements in the material of interest and low Z elements in the solvent

provide the optimal scenario.

2.2 INSTRUMENTATION
There are five basic components of an x-ray scattering instrument; the source of
radiation, a collimation system, sample holder, beam stop, and a detector (See figure
2.3). X-ray sources include synchrotron radiation, rotating anodes, or sealed x-ray
tubes.! In order to correctly interpret scattering data, the incoming radiation must be
monochromatic. This can be accomplished with filters or reflecting mirrors.> For

laboratory based instruments, sealed x-ray tubes with either a copper or molybdenum
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source are most common. The K lines are generally utilized due to their higher
intensity.®

The divergence of the primary x-ray beam must be kept to a minimum to avoid
overpowering the relatively weak intensity of the scattering pattern from the sample.
To separate the incoming beam from the scattered radiation, a collimation system is
required. In front of the x-ray source, a point or line collimation system is employed to
narrow the beam of the incident radiation. Point collimation uses circular or elliptical
pinholes to confine the beam. This allows only a small section of the sample to be
irradiated causing low intensity. The resolution also suffers but can be improved with
much longer exposure times on the order of hours. Line collimation provides a narrow
more intense primary beam that is confined in only one direction. Resolution is
significantly increased compared to the point collimation instrument, although this is
under debate.” A disadvantage of line collimation is slit smearing effects or broadening
of the scattering pattern. Therefore, it is essential that the profile of the incident beam
be measured and incorporated into the data processing as “desmearing” to negate these

distortions.>36
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Figure 2.3. The components of a SWAXS instrument including a typical two-
dimensional scattering image (right) obtained from a laboratory SAXSess instrument.

The sample holder component of a SWAXS instrument can vary greatly depending
on the type of instrument, the type of sample, and the information to be acquired.

Laboratory based instruments require the sample holder to be evacuated to eliminate
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background scattering from air, therefore sealed capillaries or a flow system are
common. Other sample holders can vary greatly and are outside the scope of this
discussion.

The beam stop of the instrument is necessary for preventing the intense direct beam
from hitting the detector which can both overpower the scattering from the sample, and
damage the detector. Beam stops can be a material that blocks the incident beam
entirely such as lead or tungsten, or a material like nickel that simply attenuates the
beam to a more manageable intensity. Common detectors used with SWAXS
instruments include charge coupled device (CCD) detectors, imaging plates, and solid
state detectors.’

The instrument setup varies from laboratory sources to synchrotron beamlines. The
radiation source, collimation, sample holder, and detector can all be adjusted depending
on the type of experiment. The needs of every scientist are different and this is reflected
in the instrumentation available. An advantage of having an in-house SWAXS
instrument is the ability to screen samples year-round to determine which systems
require the synchrotron source. The quality of data can be considerably better from a
synchrotron source due to higher energy x-rays. With synchrotron radiation, more
challenging systems can be explored; for example, highly absorbing solutions, very

low concentrations, or sub-nanometer species.

2.3 DATA INTERPRETATION
Interpreting SWAXS data is a matter of extracting information about a three-
dimensional particle from one-dimensional data. Some common parameters which can
be determined include the particle’s radius of gyration (Rg), as well as the size
distribution, particle shape, and interactions between particles. The following equation
defines the intensity and encompasses form factors (size, shape and scattering contrast)

and structure factors (interactions between particles):

dz 1 2 2
E(Q,r) =V ap(M 12|V, (M E,(Q, 1)
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Where Z_i (Q,r) is the absolute intensity, Vs is the volume of the sample, [Ap(7)|?

represents the difference in scattering length densities. V,(r) is the volume of the
scatterer while F,(Q,7) is the form factor of the scatterer.’

The scattering curve is typically represented by a plot of Log(Intensity) vs Log(q)
(see figure 2.4). Q is the length of the scattering vector that is determined from the x-

ray wavelength and the scattering angle.

_Am p
q—T sin(8)

The scattering vector is in reciprocal space, therefore the unit for g is inverse length,
for example, A, There are some who prefer to use s instead of g because of the

application in crystallography to determine distances between crystal lattice planes.t
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Figure 2.4. One-dimensional scattering curve extracted from the two-dimensional
scattering pattern. Low Q region is where the most intense scattering occurs while
weaker scattering occurs at higher Q.
The scattering of a single particle creates a scattering pattern which oscillates in a

way characteristic of the shape of that particle. This characteristic oscillation is referred
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to as the form factor. When irradiating a sample, the overall scattering would be the
sum of all irradiated particles averaged to create a scattering pattern. Therefore, data
from monodisperse samples, or samples of all the same size and shape, are more true
to the form factor. Polydisperse samples no longer contain well-defined form factors
due to the various shapes and sizes that are average together. This creates difficulty in
analyzing polydisperse samples, as the shape information may be lost. Another
contributor to the intensity of a scattering pattern is the structure factor. When the
distances between particles are the same magnitude as the distances within the particle,
the neighboring particles contribute to the scattering pattern.

Interferences between particles in solution greatly contribute to the scattering curve,
especially in the low g region. Interparticle interactions cause a decrease in the
scattering intensity in the low g region® as shown in the green curve in figure 2.5. If
the particles in solution are forming aggregates or larger molecular arrangements, an
increase in the intensity at low q will be observed. In order to observe these larger
species, ultra-small angle X-ray scattering is needed so that the q range extends to even

smaller angles.
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Figure 2.5. An example of features in an experimental scattering curve (green)
compared to a simulated scattering curve (black).
While some important information about the scattering particles can be determined

from SWAXS, the averaging of all particles leads to a loss of information on the atomic

scale. While the structure of the particles cannot be determined by this technique, it is
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possible to roughly characterize particles by shape and size, and interactions between
them.

From scattering data, a radius of gyration (Rg) can be calculated. Rq is a shape
independent root-mean-square measure of all mass-weighted vectors in the cluster from
the center of mass.}?® Ry is model independent meaning it does not provide information
about the shape of the particle. If the shape of the particles is known (i.e. from another
characterization technique), the radius can be calculated using a corresponding

formula.>? See figure 2.6 for some examples.
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Figure 2.6. Common formulae for determination of radius from radius of gyration.

The Ry only has true meaning in the case of a monodisperse system. The degree of
order in a system greatly affects the scattering pattern and in turn the ability to extract
structural information from the data. I must quote Feigin and Svergun: “The less
ordered an object, the less informative the scattering pattern.®” It is also vital that other
techniques are employed to corroborate any conclusions based on scattering data.

Since scattering data is obtained in reciprocal space, a useful modeling method for
SWAXS data is the pair distance distribution function or PDDF, which is represented
in real space. The pair distance distribution function can be obtained through an inverse
Fourier transform of the scattering intensity,*®

sin(qr)
qr

r

P(q) =4m | (p)r
|

to yield a P(r) vs r plot, that represents probability of electron density as a function of

radius. The r term is the distance from any point within the particle to the edge of that
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particle. The probability of electron density is related to the number of equivalent
length vectors with the particle. The point at which the P(r) goes to zero is the maximum
linear extent or likely the diameter of the particle. PDDF is similar to the pair
distribution function analysis used in neutron and x-ray total scattering, but instead of
acquiring atom-atom distances, we can only detect distances between areas of high
electron density, such as molecule to molecule. The shape of the PDDF plot is
indicative of the shape of the scattering particle as seen in figure 2.7. From this
information we can understand more about the shape and size of the particles in real

space.

P(r) [au]

r [A]

Figure 2.7. Pair distance distribution functions with corresponding shapes.®

A less commonly used procedure for laboratory SWAXS experiments is the
conversion from arbitrary units by an absolute calibration. A standard, such as glassy
carbon, can be supplied by a synchrotron source with known differential scattering
cross section and thickness. By measuring the same sample on a laboratory source,
taking into account the transmission and thickness of the sample, it is possible to obtain
a scaling factor that can be used to scale all experimental data to absolute units.
However, this can be quite difficult due to the lower flux of laboratory based
instruments. While it is possible to obtain form factor, structure factor, and size
information from scattering data in arbitrary units, calibration to absolute units provides
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the ability to determine molecular weights, number densities of particles in multiphase

systems, specific surface area, and volumes.®
2.4 POLYOXOMETALATES AND SMALL ANGLE X-RAY

SCATTERING

Polyoxometalates (POMS) are intriguing aqueous species for study by small and
wide angle x-ray scattering. POMs are stable, discrete clusters that are monodisperse
allowing full characterization of the scattering data. The size and shape can be easily
characterized in these monodisperse solutions and compared with solid state data. It is
always necessary to complement SWAXS data with other analytical techniques such
as transmission electron microscopy, mass spectrometry, nuclear magnetic resonance
and vibrational spectroscopies.

POMs are composed of group V and VI high Z transition metals. Since they are
water soluble, these systems provide excellent electron density contrast between the
cluster and the solvent. As SWAXS relies on the difference in electron densities,
aqueous POM solutions are ideal systems to study with x-ray scattering. POMs can
also interact with each other and with their counterions which can affect the scattering
curve. From these types of interactions, POMs are model solutions from which the
information learned can be applied to other areas of scattering research.

The increasing popularity of x-ray scattering has allowed the polyoxometalate
community to expand into this area of characterization. There are a number of books
and reviews that detail the latest research in polyoxometalates, where we see more x-
ray and neutron scattering in recent years.1%! Some examples include the ion
association of hexametalates (MeO19®) with their counterions,}*4 the effect of
counterion association on base hydrolysis of the clusters,® dimerization of clusters via
hydrogen bonding,'® chain formation of heteropolyniobates, [(Nb=0)GeNb12040]*®" 7
speciation and stability of Co-POMs,8 speciation and interactions of Hf clusters,%%
and the formation of larger macromolecules composed of smaller POMs. %

Simulating scattering curves from a POM’s crystal structure provides the

opportunity to directly compare solid state and solution species. There are a few
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programs that are able to convert the single crystal x-ray structure into a simulated

scattering curve.?? These simulated curves can be analyzed and modeled in the same

way as the experimental data. This provides a greater confidence in the conclusions
drawn from SWAXS data.

SWAXS has been more frequently utilized in nanomaterial research, as well as

biomolecules, but there is a growing number of chemists in the field of metal-oxo

clusters who are exploring this technique. While there are many different applications

of x-ray scattering, this thesis will focus on SWAXS studies of group V

polyoxometalates to understand their behavior in the solution state.
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3  NIOBIUM AND TANTALUM

The transition metals niobium and tantalum were discovered at the turn of the 19™
century, by English chemist Charles Hatchett, in the form of impure oxides, which he
named Columbium. Initially, it was thought that tantalum and columbium were one
and the same. A half century later, niobium and tantalum were isolated and recognized
as separate elements. Swedish chemist Anders Gustaf Ekeberg named tantalum after
the son of Zeus, Tantalus, in Greek mythology. Niobium was named by Heinrich Rose
for Niobe, the daughter of Tantalus.!?

In 1905, tantalum was prepared in a ductile form for the first time, where it garnered
attention for its commercial use as filaments and chemically-resistant coatings. Around
1940 niobium found its use as an additive in stainless steel manufacturing, and as a
superconducting alloy.*?

As neighbors in group V of the periodic table, niobium and tantalum share many
similarities, especially owing to the lanthanide contraction. Niobium and tantalum are
the second most similar elements after zirconium and hafnium, in relation to insertion
of the lanthanide elements between the 4d and 5d rows. Despite the molar mass of
tantalum being nearly two times larger than niobium (180.9 and 92.9 g/mol
respectively), the atomic radius is identical (1.45 A). They exist in the same 5°
oxidation state in aqueous solution and have similar electronegativities (1.5 and 1.6 for
Nb and Ta respectively).® Nb and Ta can be found in nature together in the mineral

coltan (figure 3.1).

Figure 3.1. A piece of coltan, the metallic ore from which niobium and tantalum are
extracted.*
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3.1 NIOBIUM AND TANTALUM IN SOLUTION

Niobium and tantalum metals can be dissolved in nitric and hydrofluoric acid
mixtures, as well as hydrochloric acid, which are classical routes to extract the metals
from the natural ores.>® Extraction with hydrofluoric acid separates the elements by
forming the fluoro-salts Ko TaF7 and KaNbOFs, which are quite insoluble and crystallize
separately. In pure hydrochloric acid, chloro- complexes such as MCle", MCls and MCl3
are formed. With the addition of water, these chlorides hydrolyze to form hydrous
niobic and tantalic acids, M2Os-nH,0, with very limited solubility.:°

In the early 1900’s, Balke discovered that niobium and tantalum pentoxides were
soluble in alkaline media with hydrogen peroxide. It was determined that the species
in solution were fully peroxylated metal anions, [M(O2)s*.t"® Since the
peroxometalate discovery, a wide range of such compounds have been reported. This
is partially due to the diversity of available counterions but also the ability to
incorporate other ligands alongside the peroxide. Speciation includes halide
complexes, mono- to multi-dentate substituted complexes, carboxylates, and
heterocyclic complexes. A complete summary of niobium and tantalum peroxometalate
compounds can be found in the review by Bayot and Devillers.®

The aqueous chemistry of niobium and tantalum is quite limited outside of the
alkaline pH range due to insolubility. Baes and Mesmer report Pourbaix diagrams
(figure 3.2) for the metals which indicate a lack of NbO4> and TaO.* salts since the
Nb°* and Ta®" ions are too small to remain in a tetrahedral configuration in solution.%°
Niobium and tantalum prefer the VV+ oxidation state in solution and form octahedral
coordination complexes. In alkaline solutions, the predominant species for both metals
are the hexanuclear [MsO19]® ion, of which the solid state structure was first
determined by Lindqvist in 1953 and later observed in solution by Nelson and

Tobias.?
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Figure 3.2. Pourbaix diagrams of potential (with respect to the standard hydrogen
electrode) vs pH for aqueous niobium and tantalum at 10 m.

Niobium solution chemistry has been drastically expanded in recent years due to
its greater solubility compared to tantalum. By altering the pH, among other solution
conditions, additional polynuclear species can be formed other than the hexametalate
Lindqvist ion. Polynuclear metal oxide species, such as Tai002s%, NbioO2s®,
HxNb24072524, and XNb12040, are classified as polyoxometalates. As discussed in a
previous chapter, these clusters require counter cations for charge balancing. The
counter cations can have vastly different effects on the solubility, ranging from aqueous
to organic. Precursors to the metal oxide clusters of Nb and Ta include the hydrous
pentoxides, pentachlorides, peroxides, and alkoxides. The speciation is primarily
limited to the alkaline range since below neutral pH the oxides will precipitate.

3.2 NIOBIUM AND TANTALUM IN THE SOLID STATE

When niobium and tantalum metals are fully oxidized in the presence of excess
oxygen and high temperatures, the end products are the pentoxides Nb2Os and Ta>Os
which are the most common and thermodynamically stable compounds of these metals.
The structures of these oxides have been a matter of some debate as there are many

polymorphs. It is generally accepted that both pentoxides have two distinct phases: low
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temperature and high temperature.*® Niobium pentoxide and tantalum pentoxide have
shown great potential in many technological applications.

Niobium pentoxide is a wide band gap semiconductor or insulator with a band gap
around 3.4 eV. It has a high dielectric constant making it a candidate for metal-oxide-
semiconductor (MOS) or metal-insulator-metal (MIM) devices.’* Nb.Os also has
photochromic and electrochromic properties, meaning it can change colors by applying
a voltage. This property can be applied to “smart windows” or dynamic tintable
windows,!* where the solar factor and/or radiation transmission can be changed in
response to an electric current or changing environmental conditions. These tintable
windows can help reduce the energy consumption of buildings by reducing the cooling
and heating needs.® Hydrated niobium pentoxide has been used as a catalyst in
reactions such as esterification, alkylation, and condensation/dehydration. Other
applications include lithium batteries, sensors, coatings, optics, and more recently for
resistive random access memory (ReRAM) or memristors. 416

Tantalum pentoxide started receiving attention nearly 50 years ago due to its
antireflective properties but became more popular in the 1990’s as the development of
electronics started taking off. Ta2Os is an electrical insulator with a high dielectric
constant. In its crystalline form, tantalum pentoxide thin films have piezoelectric
properties.t” The films are very stable, and can be used to make camera lenses due to
a high index of refraction.? Ta,Os can also be used as a pH-sensitive membrane in ion-
sensitive field effect transistors, and as a detector for proteins utilizing
immunochemical binding reactions.!” The stability of these metal oxide films finds use
in resistive switching memory.*® Tantalum is extremely resistant to corrosion and inert
to body fluids, therefore it can be used in materials for surgical uses such as bone repair

and internal sutures.®

(1) Fairbrother, F. The Chemistry of Niobium and Tantalum; Elsevier Publishing
Company, 1967.

(2) CRC Handbook of Chemistry and Physics; Lide, D. R.; Haynes, W. M., Eds.;
90th ed.; CRC Press (Taylor and Francis Group): Boca Raton, FL, 2009.
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4 INORGANIC THIN FILMS

A thin film is defined as a nanometer to micrometer thick layer of a material that
can be deposited onto a substrate for various applications. Thin films are utilized in
many different aspects of our lives, including the metallic layer on glass forming a
mirror that we look at daily; corrosion resistant coatings on tools; semiconductors,
insulators, and integrated circuits found in all of our electronic devices; and solar cells.

In the microelectronics industry, integrated circuits have been scaling down as
consumers demand smaller and more compact electronics, but the minimum size limit
is being reached. There is a need for high dielectric insulators which can be scaled
down to increase the packing density of devices.! The design of capacitors has moved
from planar to three dimensional structures, allowing the chip area to increase as the
feature size decreases.! In the 1960°s, Moore noted that the dimensions of the chip are
reduced by 50% every year and a half , and predicted that this doubling of the transistor

density will continue to scale in this manner. This became known as Moore’s law.?

4.1 MOTIVATION FOR SOLUTION PROCESSING

Thin films can be fabricated by a number of methods, some of which include anodic
or thermal oxidation, vacuum evaporation, sputtering, chemical vapor deposition,
atomic layer deposition, ion-assisted deposition, and sol-gel.! Evaporation and
sputtering deposition techniques require the system to be under vacuum at low pressure.
Sputtering involves bombarding a target with ions which causes atoms at the surface
of the target to be released and transported to the substrate. Chemical vapor deposition
(CVD) involves thermal decomposition or reaction of gases to deposit the material
directly from the gas phase onto the surface of a substrate. CVD can be performed
under reduced pressures or atmospheric pressure with high temperature, or in a plasma
reactor.® There is a need to develop more energy efficient, cost effective, sustainable
methods for thin film fabrication.

The Center for Sustainable Materials Chemistry (CSMC) is a Phase-1l1 National

Science Foundation Center for Chemical Innovation, where eight academic institutions
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collaborate in materials chemistry research. The CSMC conducts curiosity driven and
use-inspired research to address the need of scaling down for semiconductor industry.
Researchers in the CSMC are exploring solution based methods for processing thin
films of high quality, with the goal of producing leading-edge results for the next

generation of semiconductor products.”

’

= = =

Drop Spin Anneal

Figure 4.1. Graphical depiction of the spin coating method where a precursor solution
is added dropwise onto a substrate, spun to evenly distribute the solution, and annealed
to drive off the solvent.

Solution processing such as spin coating, dip coating, or mist deposition is a low
cost, low energy consuming method that can easily be scaled up to mass produce films
in a more sustainable manner. A large component of the research in the CSMC utilizes
metal oxide/hydroxide clusters, with a focus on groups 4, 5, 6, 13, and 14 metals as the

precursors to forming metal oxide thin films.>®

4.1.1 METAL-OXIDE CLUSTERS AS PRECURSORS

Metal oxide/hydroxide clusters such as polyoxometalates and polyoxocations can
be dissolved in nontoxic solvents such as water and deposited on a substrate via spin
coating. Upon solvent evaporation and annealing, the metal oxide/hydroxide clusters
are converted into an amorphous or crystalline metal oxide film. Controlling the anneal
temperature and conditions affects the final film morphology and properties. By using
a metastable oxo/hydroxo framework, smooth hydrated films can dehydrate and
condense to form amorphous networks that are free of defects and pores.
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Figure 4.2. Representation of metal oxide cluster to metal oxide thin film.

Some examples of work to emerge from CSMC research include various doped
aluminum oxide films for dielectrics®*!, hafnium/zirconium oxide sulfate for
photoresists?, cobalt iron oxide for magneto-electric devices'?, indium-gallium-zinc-
oxide for thin film transistors!*, as well as the work reviewed in this thesis on niobium
and tantalum oxide films.1%1°

Solution processing for amorphous metal oxide films is preferred over classical
deposition techniques because it is a low temperature process, it can be applied to
flexible substrates, and the performance and quality can surpass those from vapor
deposition.”'® Polyoxometalates provide control over the film’s morphology and
composition because they can be produced without impurities and contain only the
metal-oxide cluster and counterions. Counterions can either be incorporated into the
film composition or removed during annealing through decomposition or with various
treatments such as acidification. A precursor solution of lithium hexaniobate (Li-
xHxNbsO19-nH20) can be annealed to form a thin film of LisNbOs or LiNbO3
depending on the protonation state of the cluster and subsequent number of lithium
counterions.® Small organic counterions can be removed during the annealing process
and are therefore not incorporated into the final film composition.
Tetramethylammonium hexaniobate and hexatantalate are examples of this type of film
formation, where the final thin film is amorphous M:Os after decomposition of

tetramethylammonium.*>1®
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CHAPTER 5

NB20Os5 AND TA20s THIN FILMS FROM POLYOXOMETALATE PRECURSORS: A
SINGLE PROTON MAKES A DIFFERENCE

Lauren B. Fullmer, Ryan H. Mansergh, Lev N. Zakharov, Douglas A. Keszler, and May
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5.1 ABSTRACT

Thin film materials from water-based precursors follow the principals of green chemistry,
leading to a more sustainable future in the energy intensive era in which we currently reside. While
simple in practice, aqueous metal- oxide chemistry is complex at the molecular level. Here we
develop the first water-based formation of Nb.Os and TaxOs thin films; utilizing
tetramethylammonium salts of [H2TasO19]® and [H3NbsO19]°~ polyoxometalates. Although the
clusters are structurally identical group V analogues and differ only by a single proton, this
difference has a considerable influence on the quality of the films that are obtained. Through
characterization of the solid-state precursor (single-crystal X-ray diffraction), the aqueous
precursor solution (X-ray scattering), and the thin films (atomic force and scanning electron
microscopies, X-ray diffraction, and reflectivity), we rationalize the important roles of cluster
protonation that carry through all chemical processes from the precursor to the metal oxide coating.

5.2 INTRODUCTION

Fabricating functional thin films from aqueous metal-oxo cluster precursors embodies several
principals of green chemistry. Therefore, development of appropriate chemistries for materials
broadly used in data storage, energy storage, and energy generation would provide technologies
toward a sustainable future. Metal-oxo cluster chemistry that has been most substantially
developed is that of the group V/VI polyoxometalates! and the group 13 polyoxocations.? Clusters
of these chemical families can be isolated in discrete forms without the use of organic ligands to
prevent irreversible precipitation of the related oxide. Therefore, these clusters are entirely
inorganic, with only H,0O, OH™, and O? for ligands. Water-solubility of metal-oxo clusters arises
naturally from the positive or negative charge, which requires charge-balancing counterions. By
necessity, counterions are incorporated into a film that is spun-cast from aqueous solution, and
therefore removal of these counterions must be carried out with enhancement, rather than
degradation of the fundamental film characteristics that include density, continuity, compositional
and phase purity, interfacial homogeneity, and smoothness. Thus, ideal counterions are preferably
small and volatile and/or combustible at a low temperature. Suitable counterions for accomplishing
this ideal end-product include cations H*, NH4*, and N(CHs)4*; or anions NO3~, SO4*", or CO3*".
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Less suitable counterions include bulky organics that would leave large voids in the film upon
removal, or that cannot be completely removed; or nonvolatile counterions such as alkalis or
halides.

Thin films of group V metal oxides (Ta20s and Nb2Os) are of significant technological
relevance owing to their favorable chemical, thermal, and mechanical properties.> They have a
number of potential uses in advanced electronics as high-k dielectric materials* or as diffusion
barriers.> More recently, Ta;Os has been coveted as a robust memristive material.® Prior solution
deposition of Ta20s and Nb2Os films was achieved by utilizing nonaqueous alkoxide or halide
solutions.” ! These molecular precursors are moisture sensitive and react with exposure to ambient
air; the degree of reaction is variable with temperature, humidity, and time. Therefore, the
speciation of these precursors changes with time, which is not amenable to reproducible and
reliable thin film deposition. Also starting with tantalum alkoxide, Sone and co-workers prepared
an aqueous acidic-peroxide solution for the deposition of Ta,0s.1> However, this solution both
requires the decomposition of excess peroxide using platinum and is not stable, as it continuously
precipitates tantalum oxide. Again this leads to irreproducibility of film quality and characteristics.

Therefore, reliable aqueous routes to Ta20s and Nb2Os thin films have not yet been realized. The

group V Lindgvist ion polyoxometalates ([HxTasO19] @™ and [HxNbsO19] @ -- hexatantalate and

hexaniobate, respectively) are robust, highly water-soluble, isostructural clusters featuring a
superoctahedron of six mutually edge-sharing octahedra (figure 5.1) and are ideal for developing
routes to Ta20s and Nb2Os thin film materials that are (1) entirely water-based and (2) executed in

ambient conditions.
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Figure 5.1. Ball and stick model (left) and polyhedral representation (right) of the [MgO19]®
(M=Nb,Ta) Lindqgvist ion. Red spheres are oxygen, blue spheres are Nb or Ta; blue polyhedra are
MOQOs.

Of the potential countercations listed above, only N(CH3)s" (TMA or tetramethylammonium)
or a mixture of N(CH3)s" and H* are suitable. NH4" produces an insoluble salt, and due to the
limited pH stability range of these clusters (>11), only up to three H* counterions are possible.**4
While the TMA salt of hexaniobate has been made and structurally characterized,’® a TMA salt of
hexatantalate has not yet been reported. While Matsumoto and co-workers have successfully
synthesized tetrabutylammonium salts of hexatantalate and the first decatantalate structure, they
were from non-aqueous methods.*®*8 Here, we report synthesis and structural characterization of
both TMA-hexatantalate, and a TMA-hexaniobate (modified from the literature procedure). Thin
films produced from these analogous cluster precursors differ notably in quality: while
hexatantalate produced Ta;Os thin films of remarkable density and smoothness, Nb2Os films
produced from hexaniobate were rough. This was surprising, given the similarity of the precursors
and the general periodic relationship between Nb and Ta. By small and wide-angle X-ray scattering
studies (SWAXS) of aqueous solutions of the clusters, and noting the protonation state of the
clusters and the influence on crystallization behavior and subsequent thin film characteristics, we
hypothesized the dissimilar results to be simply the differing protonated states of the two group V
analogues. More broadly, it is noted that a seemingly innocuous difference can strongly influence

chemical processes and, ultimately, performance of functional materials.
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5.3 EXPERIMENTAL SECTION

5.3.1 GENERAL METHODS AND MATERIALS

H202 (30%), isopropyl alcohol (ACS grade), and NH4OH (28.0—30.0% as NH3, ACS grade)
were purchased from Macron Fine Chemicals. TaCls (99.99%), and (CH3)sNOH (25% wi/w aqg.
solution, 99.9999%) were purchased from Alfa Aesar. TGA/DSC scans were performed in air as
well as argon from 20 to 900 °C with a ramp rate of 10 °C-min~" using a TA Instruments SDT
Q600. Infrared spectra (400—3500 cm ') were collected on a Thermo Scientific Nicolet iS10 with
a Smart Orbit Diamond ATR accessory. Small and wide-angle X-ray scattering was collected at
beamline 12-ID-B at the Advanced Photon Source at Argonne National Lab. The samples and
appropriate backgrounds were collected with a flow through quartz capillary (1.5 mm) cell for 20
scans using incident energy of 14 keV and a sample to detector distance of 2 m. WaveMetrics Igor
Pro software with Irena macros was used for analyzing the SWAXS data.'® SolX software was
used for creating simulated scattering curves.?®?! Radius and interparticle interactions were
determined for each sample and the simulated data by using a fitting method of least-squares.
Elemental composition was determined by Galbraith Laboratories, Inc. (Knoxville, TN) through
the use of inductively coupled plasma atomic emission spectroscopy (ICP-AES; Nb and Ta) and a
Thermo Finnigan FLASH 2000 Elemental Analyzer (C, H, N).

Single crystal X-ray diffraction experiments for Nb6 and Ta6 were carried out on a Bruker
Smart Apex diffractometer at 173(2) K and 150(2) K, respectively, using Mo Ka radiation (A =
0.71073 A). Absorption corrections were applied by SADABS.?? Space groups were determined
based on the intensity statistics. The structures were solved using direct methods with calculations
of difference Fourier maps and refined with full-matrix least-squares methods based on F2. Non-
hydrogen atoms were refined with anisotropic thermal parameters except those in one of the
N(CHa)4 cations in Nb6 disordered around an inversion center. The H atoms in both structures
were treated in calculated positions and refined in a rigid group model. H atoms in the NbgO19H
anion in Nb6 were not found. In the structure of Nb6, there are five N(CH3)4 cations: three of them
are located in general positions, and two are disordered over two positions around inversion centers.

In Nb6, there are 13 solvent water molecules, 7 of them are disordered and form a hydrogen-
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bonded network. These disordered solvent molecules were treated by SQUEEZE;? correction by
SQUEEZE is 201 electrons/cell, the required value is 130 electrons/cell. The number of solvent
water molecules evaluated based on the single crystal structure agrees with thermal analysis data.
All calculations were performed using the SHELXTL (v 6.10) package.?

For the film deposition and analysis, n-type silicon (100) wafers, purchased from Sumco, OR
USA, were used. The substrates were rinsed in Millipore 18.2 MQ deionized water, dried in argon,
and then ashed in an O, plasma for 10 min at 200 W and ~175 mTorr. The films were spun using
a CEE Model 100 spin coater at 3000 rpm for 30 s. The films were soft baked on a hot plate at
200 °C for 1 min. The samples were then annealed in air using Neytech Qex furnaces with a
20 °C -min~! ramp rate.

X-ray diffraction (XRD) and X-ray reflectivity (XRR) were both performed on a Rigaku
Ultima-IV diffractometer with Cu Ka radiation (A = 1.5409 A). For XRR data collection, the
instrument was configured with a 5.0° incident Soller slit, a 10 mm divergent height limiting slit,
and a 5.0° receiving Soller slit; the divergent slit, scattering slit, and receiving slit were set to 0.2,
0.5, and 0.2 mm, respectively. Out-of-plane scans were performed for phase identification; XRR
results were used to determine the appropriate @ value for out-of- plane scans. For these scans, the
instrument was configured with a 5.0° incident Soller slit, a 10 mm divergent height limiting slit,
and a 0.5° parallel beam slit; the divergent slit was set to 0.2 mm and the scattering slit and
receiving slit were left open. The Rigaku software packages PDXL and GlobalFit were used for
the analysis of XRD and XRR data, respectively.

Atomic force microscopy (AFM) measurements were performed on a Veeco Innova SPM and
a Digital Instruments NanoScope Il in tapping mode with silicon AFM probes (300 kHz, 40
N-m™). Initial sample scans were performed on 1 x 1 um? areas and later scans were performed
on 20 x 20 um? areas. Root-mean-square roughness values were obtained by analyzing data from
multiple 2 x 2 pum? sections of the larger 20 x 20 um? scan with Bruker NanoScope Analysis
software. Scanning electron microscopy (SEM) images were collected on an FEI NOVA

NanoSEM 230 high resolution microscope.
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5.3.2 SYNTHESIS.

(NH4)sTa(O2)s. The synthesis for ammonium peroxotantalate, (NH4)3Ta(O2)s, was adapted
from previous methods.?® TaCls (2.4 g) was dissolved in 40 mL of 30% H,0O in an ice water bath.
With moderate stirring throughout the entire reaction, the solution was kept between 5 and 15 °C.
A total of 12 mL NH4OH (14.5 M) was added in ~1 mL aliquots. The solution became cloudy
with early additions of NH4sOH; however, once the entire 12 mL is added, the solution became
clear. Upon addition of ethanol (approximately 150 mL) the solution yielded a white precipitate.
This precipitate was then vacuum-filtered with a Biichner funnel and washed with ethanol. The
yield is between 97 and 100%.

[(CH3)4N]s[H2TasO19] 21H20 (Tab). The synthesis for Ta6 was adapted from the synthesis
of alkali hexatantalates.?® A 125 mL flask was charged with (NH4)3Ta(O2)4 (1.32 g) and 1.4 M
tetramethylammonium hydroxide (8.25 mL). The solution was refluxed for 5 h with the
condensing column chilled to approximately 5 °C. The resulting solution was filtered with a 0.45
um nylon syringe filter. The filtered solution was agitated with isopropyl alcohol (~40 mL) and
centrifuged to yield a small denser layer containing the product. Further agitation of the bottom
layer with isopropyl alcohol (~30 mL) yielded a white precipitate. The precipitate was washed
with isopropyl alcohol and oven-dried under vacuum (~60 °C). The yield is between 38% and
63%. Elemental analysis found C 13.59%, H 4.90%, N 3.62%, and Ta 46.9%.

[(CH3)4aN]s[H3NbesO19] 20H20 (Nb6). The synthesis for Nb6 was adapted from the synthesis
of alkali hexaniobates.?” A 150 mL beaker was charged with tetramethylammonium hydroxide
solution (2.8 M, 100 mL) and heated to 90 °C. Hydrous Nb2Os (20 g) was added in small aliquots,
allowing full dissolution before addition of new aliquots. After addition of all the niobium oxide,
the solution was allowed to cool to room temperature. Isopropyl alcohol was added to precipitate
the final product. After excessive washing with isopropyl alcohol, a white crystalline powder is
obtained through vacuum filtration. The yield is between 94% and 100%. Elemental analysis found
C 16.80%, H 6.63%, N 4.74%, and Nb 25.9%.
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5.4 RESULTS AND DISCUSSION

5.4.1 NB2Os AND TA20s5 THIN FILMS.

Thin films were prepared from spin coating 0.22 M (with respect to the cluster) aqueous
solutions of the TMA hexametalate salts on n-type silicon wafers. The films were annealed at 400,
600, and 800 °C and then characterized using various methods including XRD, XRR, SEM, and
AFM. These anneal temperatures were chosen based on TGA/DSC analysis of the powder samples.
Thermal analysis revealed that all water and TMA is mostly driven out of the samples by 400 °C
and predominantly metal oxide remains. However, Nb2Os crystallizes at 600 °C, accompanied by
a sharp weight-loss event; Ta>Os crystallizes at 800 °C with a similar weight-loss event (figure
5.2). Prior to the sharp weight loss is a symmetric shallow decrease/increase in weight (in air).
This is a result of a complicated decomposition of the TMA cation, which will be published
elsewhere. When the samples are heated in an oxygen-free, inert atmosphere such as argon, we do
not see this behavior, and a black powder is obtained, as opposed to the white powder from air
calcination. The volatilization of water and TMA are associated with endothermic peaks, while

crystallization of the oxide is an exothermic reaction.
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Figure 5.2. TGA-DSC analysis of powder Ta6 (left) and Nb6 (right). Red lines correspond with
heat flow, blue lines correspond with weight percent. Dotted line is experimental data in argon
gas while solid line is in air.

Thermal analysis of the samples revealed 17 water molecules for Ta6 and 18 water molecules
for Nb6 which agrees closely with the crystallographic structure. Grazing incidence XRD revealed
that the Nb2Os and TaOs films are crystalline at 600 and 800 °C, respectively (figure A.1),

consistent with exothermic peaks at similar temperatures in the DSC analyses. Both Ta,Os and
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Nb2Os films crystallize in the orthorhombic phase, with space groups Pmmz2 (25) and Pbam (55)
respectively. These crystallization temperatures are higher than what has been reported for Nb2Os
and Ta20Os films from other deposition methods. Films deposited via plasma enhanced chemical
vapor deposition crystallize at ~600—700 °C for Ta20s and ~400—500 °C for Nb,Os.?

The films were imaged using scanning electron microscopy (SEM) in order to visually
determine relative thickness and roughness (figure 5.3a). TaxOs films were shown to have
continuous, atomically smooth surfaces regardless of anneal temperature, while Nb2Os film
roughness varied with anneal temperature. The 400 °C annealed film for Nb2Os has roughness
values comparable with the Ta>Os film despite observable differences by eye. However, at higher
temperatures the quality of the films degraded and the change in morphology was noticeable. The

600 and 800 °C anneals of Nb2Os had a considerable increase in roughness.
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Figure 5.3. Nb2Os-Top, Ta20s-bottom a. AFM and SEM. The white scale bar is 500 nm. b. X-ray
reflectivity c. Comparison of XRR derived and AFM roughness values

The qualitative observations from SEM were verified quantitatively with atomic force
microscopy (AFM) and X- ray reflectivity (XRR). Through modeling XRR data, values for
roughness, density, and thickness are generated. The period of oscillations of the Kiessing fringes

is dependent on film thickness, where the shorter the period the thicker the film. The amplitude of



43

the oscillations depends on the difference between the densities of the film and its substrate. The
roughness of a film can be determined by the 20 angle at which the fringes decay. A decay of the
reflected X-rays at lower 20 means the film has a larger surface roughness.?® By comparing the
XRR for Ta2,0s and Nb2Os in Figure 5.3b, it is apparent that the Nb.Os films are less dense and
considerably rougher. The fringes in the Ta,Os films are distinguishable until 26 values of 8—9° in
some cases. However, in the Nb2Os films the fringes decay much earlier, around 5—6°. The
roughness values obtained from XRR and AFM are compared in Figure 5.3c; both methods

quantitatively show greater roughness in the Nb2Os films.

5.4.2 TA6 AND NB6 CLUSTERS.

Both Ta6 and Nb6 are obtained as single crystals by dissolution in water followed by slow
evaporation. The experimental powder X-ray diffraction patterns of the bulk samples of Ta6 and
Nb6 (figures A.5 and A.6) are consistent with the simulated patterns from the single crystal data
(figures A.3 and A.4), indicating the single crystals that were analyzed are representative of the
bulk. The single crystal structure of Ta6 revealed a diprotonated hexametalate Lindqvist ion,
[H2Tas019]%", which is charge- balanced by six TMA countercations, all identified in the structure.
On the other hand, Nb6 consists of a triprotonated Lindgvist ion [HsNbsO19]°~, balanced by five
TMA counter- ions. Table 1 summarizes the crystallographic data for Nb6 and Ta6. The central
oxygen is bonded to the metal atoms via long M—O bonds of ~2.4 A. The terminal M—O bonds
are all multiply bonded and therefore shorter (~1.8 A).



Table 5.1. Summary of crystallographic data and structure refinement for Ta6 and Nb6.

Complex Tab Nb6
Empirical Formula Tas0425C24H7sN6 NbsO32C24H77Ns
Formula Weight (g/mol) 2212.55 1331.21
Crystal System triclinic triclinic
Space Group P-1(2) P-1(2)

a (A) 12.7073(7) 13.719(6)
b (A) 14.0596(7) 14.024(7)
c(A) 20.903(1) 16.390(8)
a(°) 71.310(2) 67.008(8)
B () 76.972(2) 76.671(8)
y (%) 72.889(1) 84.904(9)
V (A% 3345.40(32) 2825(2)
z 2 2

T (K) 150 173

d (grem™) 2.196 1.565

A (A) 0.71073 0.71073
i (mm?) 9.865 1.263

44
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Figure 5.4. Representation of the hydrogen bonded clusters of Ta6 (top) and Nb6 (bottom).

Bridging oxos (M-O-M) typically exhibit bond lengths of 2.0 A, but protonation is identified
in both Ta6 and Nb6 with bridging M-O-M bond lengths of 2.1-2.2 A. Ta6 has two protons which
reside on neighboring bridging oxygens. For Nb6, there are likewise two protons on neighboring
bridging oxygens and a third on an oxygen on the face trans to this doubly protonated face. The
locations of these protons were determined by both bond length of the bridging oxygens and by
bond valence sum (BVS) calculations (tables 5.2 and 5.3). Protonation of these clusters leads to
characteristic dimeriza- tion via mutual hydrogen bonding of the protonated faces (figure 5.4).
Finally, the third proton on the face trans to the doubly protonated face of Nb6 results in assembly
of the clusters into chains in the lattice. Reflecting this ion- arrangement macroscopically, the

crystals of Nb6 grow as long needles.
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Table 5.2. Bond lengths and bond valence sum of oxygens in Ta6 structure. * indicates protonated

oxygens.

Bridgin Bond Lengths (A
ging gths (A) BVS
Oxygen
Ta2-02-Tal 1.922(2) 1.991(2) 1.879
Ta3-03-Ta2 2.137(2) 2.157(2) 1.118*
Ta4-04-Ta3 2.031(2) 1.900(2) 1.855
Ta4-05-Tal 1.971(2) 1.979(2) 1.779
1.923(2) 1.992 1.874
Ta5-06-Tal
3
Ta2-07-Ta5 1.987(3) 1.995(2) 1.704
Ta3-08-Ta5 2.128(3) 2.157(2) 1.132%
Ta5-09-Ta4 1.961(2) 1.992(3) 1.774
Ta6-010-Tal 1.973(2) 1.984(3) 1.762
Ta2-011-Tab 1.956(3) 2.005(2) 1.757
Ta3-012-Tab 1.894(3) 2.030(2) 1.874
1.963(2) 1.970 1.821
Ta6-013-Ta4
3
Terminal Bond Length (A)
BVS
Oxygen
Tal-014 1.802(2) 1.420
Ta2-015 1.805(2) 1.409
Ta3-016 1.818(2) 1.360
Ta4-017 1.799(2) 1.432
Tab-018 1.805(3) 1.409
Ta6-019 1.801(3) 1.424
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Table 5.3. Bond lengths and bond valence sum of oxygens in Nb6 structure. * indicates protonated

oxygens.

Bridging Bond Length (A)

Oxygen BYS
Nb1-02-Nb2 1.957(6) 1.974(6) 1.79
Nb2-03-Nb3 1.981(4) 1.981(4) 1.717
Nb3-0O4-Nb4 1.938(6) 2.004(5) 1.79
Nb4-05-Nb1 1.989(5) 1.990(6) 1.679
Nb5-06-Nb1 1.902(4) 1.976(4) 1.932
Nb2-O7-Nb5 2.158(5) 2.142(5) 1.088*
Nb3-08-Nb5 2.146(5) 2.138(4) 1.111%
Nb5-09-Nb4 1.874(4) 2.054(4) 1.849
Nb6-010-Nb1 2.119(5) 2.114(5) 1.19*
Nb2-011-Nb6 1.923(4) 1.982(4) 1.859
Nb3-012-Nb6 1.941(4) 1.931(4) 1.939
Nb6-013-Nb4 1.949(5) 1.949(5) 1.873

Terminal Bond Length (A)

Oxygen BYS
Nb1-014 1.771(6) 1.513
Nb2-015 1.771(6) 1.513
Nb3-016 1.774(5) 1.501
Nb4-017 1.771(6) 1.516
Nb5-018 1.786(5) 1.456
Nb6-019 1.772(5) 1.510

This simple difference of diprotonation leading to dimers of Ta6 vs triprotonation resulting in

chains of Nb6 may in fact have a significant effect on the film growth from these aqueous precursor

solutions. While both solutions yield crystals through slow evaporation, rapid evaporation yields

different results. A rotary evaporator was used to simulate the rapid evaporation of the solution

upon spin-coating films. The Nb6 solution formed crystallites while Ta6 formed a sticky gel

(figure 5.5). This visual observation can be extended to hypothesize that Ta6 forms a gelled
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network upon film deposition, whereas Nb6 crystallizes. We do observe that films deposited from
Tab retain a continuous appearance long after spin coating, while films deposited from Nb6 must
be immediately placed on the hot plate to prevent a breakdown of film continuity (figure A.8). We
propose that the Nb6 films on standing readily reorganize into a crystalline state. We note that
multiple syntheses of the clusters lead to this very reproducible result of triprotonation of the
hexaniobate and diprotonation of the hexatantalate, likely driven by combined effects of lattice

energy and basicity of the clusters.

Figure 5.5. Rotary evaporated solutions of Ta6 (left) and Nb6 (right).

The AFM and XRR results, however, are somewhat inconsistent with this explanation. With
an immediate hot- plate treatment, the Nb6 films are found to be quite smooth at low temperatures.
The greatest divergence in film roughness between Nb>Os and Ta>Os occurs at elevated annealing
temperatures, where the original assembly of ions in the coating upon deposition should have lesser
impact. At 800 °C, where Nb2Os exhibits maximum roughness, the counterions have been
completely eliminated, and the film has crystallized. At the same temperature, Ta2Os films derived
from Ta6 remain very smooth. Either grains of Nb>Os grow with a lower activation energy than
those of Ta>Os, or H-bonding of Nb6 into chains (figure 5.6) favors low-temperature nucleation,
which translates to enhanced grain growth at higher temperatures. Additional studies are required

to further evaluate the factors contributing to grain growth in these systems.
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Figure 5.6. Representation of Nb6 clusters linked by H-bonding, along with their TMA
counterions.

Small and wide-angle X-ray scattering (SWAXS) was used to investigate aqueous solutions of
Nb6 and Ta6, and determine if the structural arrangements of ions observed in the solid state (that
may be influencing film morphology) is translated from solution behavior. The simulated data for
a single Lindqvist ion produced a modeled fit with a radius of 3.27 A. This is smaller than the
expected radius of 4.2 A based on the solid-state structure. The size discrepancy is due to the
apparent lack of contrast between the oxygens in the water (solvent is included in the simulation)
and the oxygens on the outside of the cluster. However, in many other studies, the entire cluster
including external ligands actually is “observed”, and this could be due to a combination of effects,

including the solvent/counterion molecules located in the first-coordination sphere of the cluster.*°
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Figure 5.7. Scattering curves of Tab6 (blue) and Nb6 (black) in water. Pink box at low g indicates
structure factor region.
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Analysis of the scattering curves was performed through two modeling techniques which
identify size distributions within a system: Size Distribution and Modeling I1. The fit derived from
Modeling Il in Irena can also determine the extent of interactions between clusters. It was found
that in water, Nb6 has more extensive interaction between clusters in water than Ta6 (table 5.4).
This is evident in the larger structure factor in the scattering curves for the niobium system (figure
5.7). The structure factor consists of a decrease in intensity at low g which gives rise to a
Coulombic peak around 0.1-0.2 A—1. Particle—particle interactions can lead to short-range order
where there is an increased probability to find a neighboring particle at a specific distance. For the
niobium system in water we see consistently larger structure factors indicating that Nb6 is more
ordered in solution than Ta6. The structure factor is modeled by two parameters, describing the
distance between clusters (smaller distance means more interaction) and the number of nearest
neighbor clusters in solution (more neighbors means more interaction). The radii of scatterers were
determined from modeled fits (table 5.4) which indicate that both clusters partially aggregate in

water to form a second population of dimeric species, as we expect for protonated Lindqvist ions.
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Table 5.4. Radii for simulated and experimental samples in water, along with interparticle

interferences.
Distance to Number
Pop. 1 Pop. 2
Water ] ] Nearest of Nearest
Radius Radius ) .
Neighbors (A)*  Neighbors*
Simulated
) ) 3.27 - - -
Lindqvist
10mM Nbs 3.37 7.66 31.8 2.2
10mM Tas 3.27 8.61 42.9 1.2
25mM Nbg 3.38 7.30 26.0 4.5
25mM Tas 3.32 8.14 32.7 1.9
50mM Nbg 341 7.37 30.0 4.1
50mM Tas 3.33 8.18 25.1 2.9

*these values were averaged for the two populations of scatterers. Values determined using Modeling Il in Irena.*®

These systems were also studied in dilute tetramethylammonium hydroxide (TMAOH)

solutions. The cluster behavior is dependent on the solvent, as we see with a difference in scattering

curves for solutions in water and solutions in TMAOH. Neat water provides an environment in

which protonation of the clusters is predominant. TMAOH inhibits protonation as seen from the

scattering curves (figure 5.8) and the resulting size distributions. At 10 and 25 mM both Nb6 and

Tab exist as monomeric species with radii ~3.5 A. This is consistent with deprotonated monomeric

clusters. At higher concentrations, however, there is evidence of dimerization. Another difference

between these systems in water versus TMAOH is a smaller structure factor. In the 10 mM

solutions, there is almost no evidence of interparticle interactions. When a structure factor emerges

at higher concentrations, the degree of interaction is the same for both Ta6 and Nb6, as can be

seen in table 5.5.
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Figure 5.8. Scattering curves of Ta6 (blue) and Nb6 (black) in 0.2M TMAOH. Pink box indicates

structure factor region.

Table 5.5. Radii and interparticle interactions of samples in 0.2M TMAOH solutions.

Pop. 1 Pop. 2 Distance Number
0.2M TMAOH Radius Radius to Nearest of Nearest
Neighbors Neighbors
(A)
Simulated 3.27 - - -
Lindqgvist

10mM Nbs 3.67 -- 22.2 0.4
10mM Tas 3.40 -- 23.4 0.3
25mM Nbg 3.63 -- 21.3 0.7
25mM Tas 3.23 -- 23.1 0.7
50mM Nbg 3.43 6.61 20.4 14
50mM Tas 3.36 7.86 21.2 14

Values determined from Modeling I in Irena.*8

Finally, scattering data were also collected for Nb6 and Ta6 in TMANO3 solution, to provide

an equivalent electrolyte as the TMAOH solution, but without inhibiting protonation. These data

clearly show a structure factor in the Nb6 solutions, and no structure factor in the Ta6 solutions,

with the exception of the highest concentration solution (figure 5.9).
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Figure 5.9. Scattering curves of Ta6 (blue) and Nb6 (black) in 0.2M TMANO:. Pink box indicates
structure factor region.

The difference in solution behavior between Ta6 and Nb6 could lead to the difference in film
quality. As seen from rapid evaporation using the rotatory evaporator, Ta6 gels while Nb6 mostly
crystallizes. This gel state is crucial to the formation of atomically smooth, high quality, dense
films. The mechanism of forming the intermediate gel state is not yet known. The SWAXS results
could lead to some insight on this matter. Clusters that aggregate into dimers without any further
directional ordering could prevent crystallization, and instead the solution evaporates to give an
amorphous gel containing cluster dimers, TMA, and water. The disordered aggregation exhibited
in the Ta6 solutions promotes formation of a gel, while Nb6 crystallizes because of the ordering,
promoted by chain formation. Finally, these X-ray scattering studies with varying solution
electrolyte confirm that cluster—cluster association is driven by hydrogen-bonding of protonated

faces.

5.5 CONCLUSIONS

Given the periodic table position of Nb and Ta, next to Zr and Hf that are virtually identical in
structure and behavior due to the lanthanide contraction, we expect Nb and Ta to likewise be very
similar. Indeed, in solid-state structures, coordination geometries are nearly indistinguishable,?®
but in solution, important differences have been recognized in prior studies and have also emerged
in the current study. Previous DFT calculations and oxygen isotope exchange rates have led to the
findings that hexatantalate has a smaller affinity toward protonation than hexaniobate, the terminal
n=0 is more labile than the bridging x2-O, and less energy is required to move a proton from -
O to n=0.1 These differences have merely been owed to the relativistic effect of the 4f electrons
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of Ta, without a thorough understanding. The enthalpy of formation for Nb2Os and Ta>Os are,
respectively, —1899 and —2046 kJ/mol:! perhaps reflecting the greater strength of a Ta—O bond,
which may result in a weaker O—H bond, upon protonation. The pH values for solutions of identical
concentrations of Nb6 (10.36) and Ta6 (9.95) indicate that Ta6 is indeed less basic than its
niobium analogue. Previous studies!**°have demonstrated that hexatantalate is also less stable in
solution than hexaniobate. Upon decreasing the pH of a hexatantalate solution, the cluster will
decompose to a hydrous tantalum oxide before it accommodates a third proton. This partial
decomposition could also be a factor of gel formation: while disadvantageous for discrete cluster
formation, it may be advantageous for formation of infinite solids of both powder and thin films.
This study provides the first aqueous route to both Nb2Os and Ta2Os thin films. But also important,
the fundamental science of this study illustrates the following: (1) the organization of ions in water
correlates to similar order in a solid-state lattice, (2) H-bonding between metal-oxo clusters in
water 1s very important in controlling precipitation behavior, and (3) acid—base behavior of metal-
0X0 species in water is very sensitive to the identity of the metal. While the latter point cannot
always be neatly predicted by periodic trends of the transition metals, studies such as this can bring
us closer to a more global understanding of relativistic and other effects on aqueous speciation of

metal cations.
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6.1 ABSTRACT

The terminal oxygens on hexaniobate and hexatantalate can be exchanged for
peroxide, which affects the chemistry of these clusters. The peroxylation of
hexatantalate is more Kkinetically favored than for hexaniobate, while
peroxohexaniobate is less stable over time. The peroxide substitution reactions were
monitored via small and wide angle x-ray scattering, Raman spectroscopy, and
electrospray ionization mass spectrometry. Density functional theory was utilized to
determine the energetics of peroxide addition, as well as preferred sites for substitution

(cis vs. trans).

6.2 INTRODUCTION

Metal oxide clusters that include polyoxometalates and polyoxocations and their
thin film derivatives 1~ are currently being investigated for applications in catalysis,
corrosion resistant coatings, electronic materials, and more.®*! Recently, metal-oxide
clusters of hafnium/zirconium,**%8 tin,'” and niobium peroxophosphate? have been
recognized to provide dimensional control for nanolithography. The Hf/Zr and niobium
peroxophosphate aqueous chemistries developed for lithography exploit radiation
sensitive peroxide which disproportionates to Oz plus O? upon exposure to electrons
or light.!® The O% then forms intercluster bonds, rendering the exposed film insoluble.
One disadvantage, however, of the Hf/Zr chemistry is the inability to introduce more
than one peroxide ligand per two Hf/Zr'V cations, providing poor sensitivity.'® On the
other hand, the niobium peroxophosphate clusters,? with one peroxide per niobium,
demonstrate that rich peroxo-metalate chemistry can be achieved with group V
polyoxometalates (POMSs),containing Nb, or perhaps the chemically similar heavier
congener, Ta.

Recently we reported deposition of M2Os thin films from tetramethylammonium
salts of the hexatantalate and hexaniobate Lindqgvist ion [HxMsO19]©- (M=NDb, Ta; see
figure 6.1).%!8 In these studies, we noted significant differences in film roughness,

directly related to the protonated state of the clusters. The triprotonated state of the Nb-
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analogue promoted crystallization by linking into chains through H-bonding of the
clusters. The Ta-analogue, on the other hand, is diprotonated, so such chains leading to
crystallization could not form, therefore dense and high quality films could be made.
A dense, adherent, and smooth film is the first criteria to obtain small features from
lithography.

Ohlin, et al showed via 'O NMR, mass spectral studies and solid-state structure
that replacement of the terminal oxygens in the Nb-Lindgvist ion is readily
accomplished (figure 6.1). This cluster has one peroxide per metal, twice as many as
the Hf/Zr-based chemistries on a per metal basis, and moreover, the peroxide ligands
are positioned such that they may serve to link clusters together in the film deposition

process.

Figure 6.1. The Lindqvist structure (left) and the tri-protonated peroxohexaniobate
(right). Blue atoms are the metals (Nb, Ta), red atoms are oxygen, and white atoms are
protons.

Meanwhile, the analogous formation of [HxTas(02)s013]*® has not been
investigated. Here we document the formation of [HxTas(02)6013]*® in solution, and
expound on its solution phase behavior, especially in comparison to the established
niobate analogue. [HxTas(02)s013]*® is readily isolated as a solid by precipitation with
isopropanol for further solid-state and solution characterization, yet it always is isolated
at an amorphous material, and numerous crystallization attempts were not successful.

While Raman spectroscopy, and electrospray ionization mass spectrometry (ESI-MS)
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do not indicate any differences in peroxylation of hexatantalate and hexaniobate, X-ray
scattering shows considerable difference in the arrangement of the ions in solution. The
current working model of the X-ray scattering data is the hexatantalate clusters link via
bridging of the bound peroxide, perhaps in random directions, which would explain the
challenges of crystallizing these clusters. Raman spectra of solutions aged up to 8
months indicate the niobium analogue reverts back to the oxo-cluster, while the
tantalate analogue is minimally changed. Computational studies were performed to
elucidate both the stability of the oxo-clusters compared to the peroxo-clusters, and to
compare the niobate and tantalate analogues. Density functional theory (DFT), was
used to both examine the energetics of the step-wise replacement of oxo with peroxide
on the hexametalate, and to identify the vibrational modes obtained in Raman

spectroscopy.

6.3 GENERAL METHODS AND MATERIALS

6.3.1 SYNTHESIS

[(CH3)sN]eH2TasO19  :21H2O  (referred to as hexatantalate) and
[(CH3)aN]sH3NbsO19 -20H,O (referred to as hexaniobate) were synthesized as
previously reported.!” A solution of 0.35 g of [(CHs)aN]sH2TasO19 -21H20 (0.25 g of
[(CH3)aN]sH3NbgO19 -20H20) in 5 mL of 18.2 MQ deionized water was stirred in an
ice water bath. Hydrogen peroxide (30% stock solution) was added in stoichiometric
equivalents from one to six (ie: 16 pL H20. for monoperoxylated hexatantalate). The
final product can be precipitated through addition of isopropanol. Thorough washing
with isopropanol yields a hygroscopic, amorphous, white powder which can be
dissolved in water or methanol for characterization.

For all characterization, samples were prepared in a series of one to six equivalents

of peroxide for both hexatantalate and hexaniobate.
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6.3.2 RAMAN

Raman spectroscopy was carried out on a Thermo Scientific DXR spectrometer
with a 780 nm laser source, 400 lines/mm grating, and 50 um slit. Eight exposures were

collected at eight seconds each.

6.3.3 SWAXS

Small and wide angle x-ray scattering was collected on an Anton Paar SAXSess
with Cu-Ko radiation (1.54 A) and line collimation with a q range from 0.018-2.5 A-.
The instrument is equipped with a 2-dimensional image plate detector with a sample to
image plate distance of 26.1 cm. Solutions were prepared in 1.5 mm borosilicate glass
capillaries, and exposed to x-rays for 30 minutes. Solutions for background subtraction
were prepared and measured in the same manner. SAXSquant software was used for
data collection and initial processing. Igor Pro software utilizing the Irena macros was

used for the data analysis to determine structure and form factors.*®

6.3.4 ESI-MS

Electrospray ionization mass spectrometry (negative mode) was carried out using
an Agilent 6230 TOF mass spectrometer with fragmentation voltage, cone voltage, and
octapole voltages set to 100, 50 and 750 V respectively. Measurements were performed

on 3mM solutions.

6.3.5 DENSITY FUNCTIONAL THEORY CALCULATIONS

All computations were performed in Gaussian 09. Geometry optimizations, Raman
frequencies, and amplitudes were computed using B3LYP with the lal2dz basis set and
effective core potential for Ta and 6-311++G(2df,p) basis set for all other atoms. CPCM
solvation was used for all systems. Computed frequencies were scaled with a constant

scaling factor using the experimental spectrum.
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6.4 RESULTS AND DISCUSSION

Due to the amorphous nature of the peroxohexatantalate powders, a crystal
structure has yet to be determined. We can initially assume that peroxide substitutes on
the hexatantalate in the same fashion that we observe in the hexaniobate structure, with
supporting evidence from ESI-MS and experimental and computed Raman spectra.
While we expect the cluster species to be similar in the peroxide substitution, the
arrangement of the clusters within a putative crystalline lattice and the protonation state
of the solid form of peroxohexatantalate is not known.

Raman spectroscopy was used to monitor the reaction of peroxide with the
hexametalate solution. According to previous work on the peroxohexaniobate, the
peroxide exchange takes approximately 100 minutes to complete.?’ Time resolved ESI-
MS was used in the aforementioned study, but Raman can be used qualitatively to
observe changes in peak intensity and emergence of new peaks. Comparing the Raman
spectra of the hexametalate solutions containing six equivalents of peroxide per cluster
(figures B.1 and B.3), we observed semi quantitatively a faster rate of peroxylation for
hexatantalate than for hexaniobate. The stretching mode of the terminal multiply
bonded oxygen, M=0, is observed at 879 and 849 cm™ for hexatantalate and
hexaniobate respectively. As the peroxylation reaction occurs, this peak diminishes
while the metal-bonded O-O peroxide peak at 846 and 865 cm™ (hexatantalate and
hexaniobate respectively) emerges and grows in intensity. We also observe both the
symmetric and asymmetric metal-peroxide stretching vibrations, M(O.), in the 500-
620 cm™ range. These frequencies have been confirmed computationally (figure B.2
and B.4). The rate of peroxylation is likely directly related to the lability of the terminal
oxygen site. Balogh et al. has shown that the terminal oxygen sites in hexatantalate
have a faster oxygen-isotope exchange rate than those same sites in hexaniobate;*
Therefore it follows that we can expect the same relative rates of exchange of the oxo-

ligands for peroxide ligands for hexaniobate compared to hexatantalate.
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Figure 6.2. Raman spectra for the hexametalates and mono- to hexaperoxide
substitu_ted hexametalates. The peaks at ~950 and ~750 cm-1 are due to the TMA
counterions.

In addition to solutions with six equivalents of peroxide per cluster, we prepared
solutions with 1, 2, 3, 4 and 5 equivalents. Once the reactions were complete as
indicated by Raman, the solutions were kept open overnight to allow any excess free
peroxide to decompose. After one day, the Raman scattering of the series of both
hexametalate/peroxide solutions were measured (figure 6.2). From these spectra, we
see that with each equivalent of peroxide, there is a decrease in the M=0O peak and an
increase in the O-O and M(O-) peaks, which is due to the exchange of one terminal
oxygen for one peroxide with each additional equivalent. Since we observe the same
trend for the peroxylation of hexaniobate, this provides strong evidence for the
successful peroxylation of hexatantalate. All Raman peak assignments along with the

calculated frequencies can be found in tables 6.1 and B.1.

Table 6.1. Theoretical and experimental Raman frequencies for peroxohexatantalate.

Mode Observed Calculated Scaled Calc.
Frequency [cm™?] | Frequency [cm™] Frequency [cm™]
M=0 stretching 879, 815 866, 834 872, 840
O vibration 846 912 844
M-O stretching 599 594 550
M-O bending 452, 366 514, 404 475, 373

Small and wide angle x-ray scattering (SWAXS) was utilized to; 1) confirm the

clusters persist in the presence of peroxide rather than convert to
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tetraperoxomonomers,?>% M(0,)s>; and 2) determine the association between the
clusters in the peroxylated form, and evaluate how it differs from the parent clusters.

Without a crystal structure of peroxohexatantalate, we based our x-ray scattering
and Raman simulations on the niobium analogue. Comparing the crystal structures of
hexaniobate and the hexa-peroxylated hexaniobate, the bonds between Nb and the
central oxygen and Nb and the terminal oxygen are slightly longer while the Nb bonds
to the bridging oxygen are shortened. These structural differences arise in an increased
diameter of peroxohexaniobate.?* However the resolution of SWAXS does not allow
us to observe this small difference in size. Therefore, we cannot distinguish between
the very similar-sized clusters in solution. We can, however, verify that the
hexametalates are present in solution, with or without peroxide, and we observe cluster-
cluster interactions in solution, discussed below.

X-ray scattering data for reaction solutions with 1-6 equivalents of peroxide per
cluster are shown in figure 6.3, for both tantalate and niobate. For both the niobium
and tantalum series, there are interactions between scattering species, identified by the
structure factor located at g = 0.018-0.1 AL, For the hexaniobate reaction solutions,
there is minimal difference in the scattering curves for each subsequent peroxide
addition. The solution with three peroxide equivalents exhibits higher background
scattering at g = 1 — 2.5 A%, the location of the solvent peak and the first oscillation,
which is due to imperfect background subtraction for this particular sample. The
modeled radius of the peroxohexaniobate species, agrees reasonably well with the
expected radius of 3.25 A (from simulated scattering curve) to 4.2 A (crystal structure).
The discrepancy in radii between the simulated scattering curve and the solid-state
crystal structure is due to the lack of electron density contrast between the oxygens on

the outside of the cluster and water (the solvent).
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Figure 6.3. Scattering curves of the reaction solutions of hexatantalate (left) and
hexaniobate (right). Data were intensity-normalized for easier comparison.

For the hexatantalate reaction solutions, there is a distinct trend within the series.
Each scattering curve has two Guinier regions (q = 0.1-0.3 and 0.4-0.9 A%)
corresponding to the size of hexatantalate and a dimer of hexatantalates, as seen in
previous studies.’® From one equivalent of peroxide to six equivalents, the Guinier
region of the dimers increases in intensity while the monomer region becomes less
distinctive. The dimerization could be due to hydrogen bonding of protonated
hexametalates or intercluster bridging by peroxide. Further evidence of increased
protonation or aggregation, the peroxylated hexatantalate reaction solutions were very
slightly cloudy due to the lower stability of hexatantalate with subsequent protonation.

There is also a decrease in the structure factor with subsequent peroxylation of
hexatantalate, indicated by shallowing of low-q side of the coulombic peak at ~0.1 A-
1. Further addition of peroxide induces either more protonation (see equations in table
6.6 ahead) or more peroxide bridging. Both would lead to more extensive cluster
linking. Linking of the clusters, regardless of the mechanism, decreases the charge
density on each cluster, and therefore less repulsive interaction. This is how we explain

the loss of the structure factor in the tantalate solutions.
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Table 6.2. Fitting parameters for x-ray scattering data of peroxohexametalates
including form (radii) and structure (cluster interactions) factors.

Peroxylated Hexatantalate

Peroxylated Hexaniobate

Distance Distance
Radius Radius Number of Radius Number
MgO19:H,0, to Nearest Pop One to Nearest
. g=0.1-0.3 g=0.4-0.9 . Nearest . q=0.3-0.7 . of Nearest
Ratio (A (A Neighbors Neighbors® Radius (A Neighbors Neighbors
A A
1:1 7.39 3.05 39.57 1.13 - 3.51 35.60 0.77
1:2 8.11 3.07 40.07 0.92 - 3.50 35.78 0.67
1:3 8.18 2.88 40.86 0.72 --- 3.33 36.87 0.61
1:4 8.09 2.69 40.46 0.67 - 2.99 33.29 0.54
15 7.66 2.56 43.37 0.68 - 2.99 36.38 0.63
1:6 7.56 2.73 42.60 0.68 - 3.15 36.31 0.43
Simulated
--- 3.27 - - - 3.25
MGOIQ
Simulated
. 7.91 3.15 - - 8.10 3.28
Dimer

"These values were averaged for the two populations of scatterers.

Since the structure factor creates difficulties in modeling the data, we investigated

other solution conditions. The peroxylated hexametalates were precipitated with

isopropyl alcohol and dissolved in 1 M tetramethylammonium nitrate (TMANO:3)

solution. It is known that electrolytes reduce electrostatic interactions between charged

species in solution by shielding the charge, and therefore reduces the structure factor.

Electrolytes may also affect the protonation of the clusters, since they both affect

hydration and provide an alternate means to neutralize local charge.
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Figure 6.4. Scattering curves of peroxylated hexatantalate (left) and hexaniobate
(right) dissolved in 1 M TMANOs. Data were normalized to the same intensity for
easier comparison.

The peroxylated hexatantalates, when dissolved in TMANOs, show stronger
evidence of linking (figure 6.4). Pair distance distribution function (PDDF) analysis of
the scattering data indicates formation of aggregates upwards of 25 A in size (figure
B.5). Furthermore, in the scattering curves of penta- and hexaperoxohexatantalate,
there is a slope in the scattering data below g = 0.3 A1, which suggests aggregation.
The structure factor is no longer apparent and we observe almost identical behavior
from mono to hexaperoxohexatantalate that has been precipitated and dissolved in
TMANO:3 solution.

Dissolving the peroxylated hexaniobates in TMANO3z does not change the behavior
of the clusters in solution. Monomeric clusters dominate as before, and the structure
factor still exists. This observation is in agreement with the previous solution studies
on hexaniobate.’® There is also an increase in the structure factor with additional
peroxide, which is opposite for what was observed in the peroxohexatantalate reaction

solutions.
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Table 6.3. Fitting parameters for x-ray scattering data of peroxohexametalate including
form (radii) and structure (cluster interactions) factors.

Peroxylated Hexatantalate Peroxylated Hexaniobate
. . Distance . Distance
Radius Radius Number Pop. Radius Number
MgO19:H20, to Nearest to Nearest
) g=0.1-0.3  ¢=0.6-0.9 . of Nearest One g=0.3-0.8 . of Nearest
Ratio (A (A1) Neighbors Neighbors | Radius (A?) Neighbors Neighbors
A G
1:1 8.29 2.97 --- --- --- 341 23.21 0.39
1:2 8.82 2.90 - --- --- 3.35 22.93 0.41
1:3 8.67 3.00 - - - 3.47 18.77 0.69
1:4 8.46 2.73 --- --- --- 3.49 18.65 0.62
15 8.16 2.77 --- --- --- 3.47 18.03 0.86
1:6 7.53 2.71 - --- --- 3.51 18.44 0.86
Simulated ]
imulate! N 3.07 N . . 3.25
MgO19
Simulated 2
) 7.91 3.15 - - 8.10 3.28
Dimer

Electrospray ionization mass spectrometry was utilized to determine exact species
in the reaction solutions and verify the trend observed by Raman spectra. With each
additional equivalent of peroxide, the expected peroxylated cluster is observed as the
dominant species. The dominant species for all peroxylated hexametalate solutions can
be found in tables 6.4 and 6.5. A full list of identified peaks along with the spectra can
be found in the supporting information. Even without a crystal structure, we have
verified that peroxohexatantalate does indeed form with mono- to hexa-substitutions.
A contradiction between the X-ray scattering data and ESI MS analysis could be
perceived. That is, we observe only isolated clusters by mass spectrometry, whereas
there is distinct evidence for cluster linkage in solution. Prior studies on Hf-speciation
provide similar observations.*??® We interpret this similarly to the prior studies. That
is, as mass increases and charge decreases of linked species, the m/z of these larger
aggregates extend beyond the detection range of the instrument. Therefore, ESI MS is

really most useful for identifying the primary cluster, or other smaller species.
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Table 6.4. Most abundant species found by ESI-MS for peroxylated hexatantalate.

_ ] Relative
Species Experimental m/z | Calculated m/z
Abundance (%)
TMA;H5TagO1s™ 1542.788 1542.825 100
Mono-peroxylated TMAHsTag(0;)O0187" 1558.782 1558.819 56.89
TMA3H,Tag(0;)01s 1631.872 1631.909 75.71
TMA,H,Tae(0,),01772 786.880 786.903 78.31
Di-Peroxylated TMA3H,Tag(02)0457 1631.870 1631.888 71.83
TMA3H,Tas(02),07 1647.865 1647.904 100
TMA;H,Tag(0,),01772 786.880 786.903 97.30
. TMA;H,Tag(0;)3016 794.877 794.901 80.61
Tri-peroxylated
TMAzH,Tag(02),0:7* 1647.865 1647.904 100
TMA3H,Tas(02)3016™ 1663.859 1663.898 75.37
TMAH;Tag(02)30:52 749.328 749.351 62.78
TMA;H,Ta5(02)30162 794.877 794.901 100
Tetra-peroxylated
TMA;H,Tas(02)40152 802.874 802.898 61.31
TMAGH,Tag(05)3016* 1663.860 1663.898 79.39
TMAH;Ta5(0,)s 013 765.323 765.346 61.41
TMAH,Tag(05)s0122 809.863 809.888 69.45
Penta-Peroxylated
TMA2H4Ta5(Oz)5014'2 810.871 810.896 100
TMAH,Tag(05)s01372 818.869 818.893 88.69
TMAH,Tag(0,)60122 809.865 809.888 70.95
Hexa-peroxylated
TMA;H,Tas(02)s01372 818.870 818.893 100

Table 6.5. Most abundant species found by ESI-MS for peroxylated hexaniobate.

Relative
Species Experimental m/z | Calculated m/z
Abundance (%)
TMAHNDbg(02)O016 460.212 460.226 100
Mono-peroxylated
TMA,HNbg(02)O0467 - 2H,0 1030.535 1030.570 69.63
TMAHNDbg(0),015 468.210 468.223 84.04
Di-Peroxylated TMAH3NDbs(02)2046 - H,0 1046.537 1046.565 100
TMA;HNbg(02)30147 - 2H,0 1062.533 1062.559 81.32
TMAHNDbg(0,),0;5 468.210 468.223 62.50
Tri-peroxylated TMAHNDs(05)3014 476.206 476.221 100
TMA;HNDbg(0,)30147 - 2H,0 1062.533 1062.559 97.21
TMAHNDbg(02)30147 476.206 476.221 100
TMAHNDs(02)4013 484.203 484.218 82.39
Tetra-peroxylated
TMA;Nbs(0;)4015 520.747 520.763 71.09
TMA;HNDbs(0,)4015 - 2H,0 1078.527 1078.554 73.68
TMAHNDbg(02)3014 476.206 476.221 80.09
Penta-Peroxylated
TMAHNDbg(02)40137 484.203 484.218 100
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TMA;Nbs(0,)5015 528.744 528.763 65.25

TMA:Nbg(02)s0112 536.741 536.758 74.53

TMA;H,Nbs(05)s015 545.746 545.763 66.51

TMAHNDbg(02)40157 484.204 484.218 81.34

Hexa-peroxylated TMANbe(0,)601172 536.742 536.758 70.68
TMA;HNbg(02)s0117* - 2H,0 1110.517 1110.544 100

The stabilities of peroxohexatantalate and peroxohexaniobate were monitored by
Raman over eight months. The fully peroxylated hexametalates were dissolved in water
and left in a loosely closed vial on the benchtop (to allow pressure release from evolved
02 gas). According to the Raman, peroxohexatantalate is more stable than its niobium
analogue. There is a slight decrease in intensity of the peroxide associated peaks, as
well as an emerging shoulder corresponding to the terminal -yl oxygen. While this
indicates some loss of bound peroxide, the peak corresponding with peroxylation is
still dominant. Therefore, most of the peroxide remains bound to the hexatantalate. On
the other hand, peroxohexaniobate slowly evolves back to the parent Lindqvist ion. By
five months, the metal-bound O, peaks at 865 cm™ and 617 cm™ are reduced to
shoulders. By eight months the spectrum is almost identical to the original hexaniobate,
prior to peroxylation. (figures B.6 and B.7) The apparent instability of the peroxylated
hexaniobate compared to hexatantalate, taken together with the SWAXS data in
TMANO:3 solution might suggest the Ta-bound peroxide tends to link clusters together
via bridging, while Nb-bound peroxide simply caps clusters. This bridging of clusters
stabilizes both the peroxide links, as well as the aggregates formed by the bridging
behavior. This would also explain the difficulty in crystallizing the peroxylated
hexatantalate, even though the niobate analogue is readily crystallized, and peroxide
replacement of the terminal -yl oxygens on hexatantalate clearly occurs, as evidenced
by ESI MS and Raman spectroscopy.

DFT computations were used to determine the energetics associated with each
addition of peroxide to the hexametalate clusters. The computed thermodynamics
showed that the peroxylation of hexatantalate and hexaniobate are energetically
favored. While there is some variation, on average, the free energy associated with each
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addition of peroxide is circa —12 kcal/mol. Peroxides favored cis-additions to both the
hexatantalate and hexaniobate clusters, creating a fac-like arrangement after adding
three peroxides to the structure (figure 6.5). A majority of the lowest energy
configurations were ones in which the peroxides preferred to adopt perpendicular
orientations to each other as seen in figure 6.5. The free energies of each stepwise
addition, as well as the free energies to form each cluster from the hexatantalate are

shown below in table 6.6.

Figure 6.5. Hexametalate with peroxide addition in fac-like arrangement. Peroxides
prefer to arrange perpendicularly to each other.

Table 6.6. Energetics of peroxylation of hexatantalate. Stepwise addition of peroxide
as well as full peroxylation in a single step are included, with and without the protons
included in the structure.

Reaction AH, kecal/mol AH, kcal/mol
(x=0) (x=2)
H,0, + H,Tag0 ™~ = H,0 + H,Tag(0,)0587~ -12.8 -12.9
H,0, + HyTag(0,)0%™~ 5 H,0 + H,Tag(0,),08 ™~ -13.4 -14.2
H,0, + HyTag(0,),08 ™7  H,0 + H,Tag(0,)505 7~ -115 -13.6
H,0, + H,Tag(0,)308 ™7 = H,0 + H,Tag(0,),05 7~ -15.1 117
H,0, + HyTag(0,),08 ™7 = H,0 + H,Tag(0,)50%5 " -13.3 -10.8
H,0, + HyTag(0,)508 ™7  H,0 + H,Tag(0,)s0%5 ™ -14.4 -12.7
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H,0; + HyTag0% ™~ - H,0 + HyTag(02)055 ™" -12.8 -12.9
2H,0, + HyTag0® ™~ 5 2H,0 + H,Ta,(0,),05 7~ -26.2 -27.1
3H,0, + HyTag0® ™~ 5 3H,0 + H,Ta,(0,);08 7~ -47.6 -40.8
4H,0, + H,Tag0% ™~ - 4H,0 + H,Ta4(0,),057°~ -52.7 -52.5
5H,0; + H,Tag0{g ™~ = 5H,0 + HyTag(02)50% " -66.0 633
6H,0, + H,Tag0® ™~ - 6H,0 + HyTag(0,)s05 7" -80.4 -76.0

Table 6.7. Energetics of peroxylation of hexaniobate. Stepwise addition of peroxide as
well as full peroxylation in a single step are included, with and without the protons

included in the structure.

AH, kcal/mol

AH, kcal/mol

Reaction
(x=0) (x=2)
H,0, + HyNbg0® ™~ - H,0 + H,Nbg(0,)08 ™~ -14.4 -15.2
H,0, + HeNbg(0,)08™~  H,0 + HyNby(0,),08 ™~ -15.1 -13.6
H,0; + HyNbg(0,);0™7 = H,0 + HyNbg(0,)5087~ -12.1 -13.9
H,0; + HyNbg(0,)308™7 = H,0 + HyNbg(0,),087~ -17.0 -13.2
H,0 + HyNbg(02)405 ™™ = H,0 + HyNbg (02)5055 ™~ -14.2 -10.9
H,0; + HyNbg(0,)508™7 = H,0 + HyNbg(0,)50%5 7~ -9.4 -12.2
H20; + HeNbg0(S ™ = H,0 + HyNbg(0,)00% " -14.4 152
2H,0, + HyNbs08 ™7 = 2H,0 + HyNbj(0,),08 7~ -29.5 -28.8
3H,0, + HyNbg0® ™~ = 3H,0 + HyNbg(0,)5057~ -41.6 -42.7
4H,0, + HyNbs08 ™7 = 4H,0 + H,Nbj(0,),08 7~ -58.6 -55.9
5H,0, + HyNbg0® ™~ = 5H,0 + HyNbg(0,)50%5 2~ -72.8 -66.7
6H,0, + HyNbs0 ™~ - 6H,0 + HyNby(0,)0% ™~ -82.2 -78.9

6.5 CONCLUSIONS

Peroxylation of the hexametalates affects the chemistry of the clusters. Exchanging

peroxide for the terminal multiply bonded -yl oxygen causes a lengthening of the

central and terminal oxygen bonds, while the bridging oxygen bonds are shortened.

This increases the diameter of the cluster, making peroxohexaniobate slightly larger



72

than the non-peroxylated hexaniobate.?* We expect the same structural changes for the
peroxohexatantalate, even though there is no crystal structure to verify. There are also
more surface atoms in the peroxohexametalates, which lowers the surface charge
density of the cluster. This lowers the basicity of the bridging oxygens, decreasing the
affinity for protons. Due to this change in basicity, the peroxohexametalates are stable
in a wider pH range (6<pH<12).2

While we have yet to obtain crystals for a structural analysis, we have confirmed
the existence of mono- to hexa-peroxotantalate via ESI-MS, SWAXS, and Raman. We
note that the substitution of peroxide is a faster reaction for hexatantalate than for
hexaniobate. Peroxohexatantalate also shows greater stability than its niobium
analogue.

Thin film work is underway to determine if the peroxylated hexametalates are
comparable precursors to the non-peroxylated systems. Thin films made from TMA
hexatantalate are atomically smooth and are promising candidates for device
fabrication.*!8 Preliminary results indicate even film morphology for both peroxylated

hexametalates, as well as radiation sensitivity for lithography applications.
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7.1 ABSTRACT

Structure elucidation is extremely important to understand and control processes in
synthetic chemistry, in drug design, and in biomolecular function; and the most
important step of structure elucidation is crystallization. Preceding crystallization of
ionic compounds is usually ion-association in solution, which can be induced by a
variety of ways. Here we study ion-association of hexaniobate and hexatantalate
polyoxometalate salts in mixed water-alcohol solutions. These hexametalate clusters
have the unusual characteristic of increased solubility with increased ion-association,
which makes them ideal candidates to understand the fundamentals of ion-pairing. We
utilize direct (X-ray scattering) and indirect (ion-conductivity) methods to document
the ion-association as a function of alkali, concentration, alcohol:water ratio, and Nb
vs. Ta. The conductivity data coupled with x-ray scattering shows that decreasing
solvent polarity increases cluster-alkali association; but decreases any interaction
between the alkali-cluster aggregates. Conductivity data show the trend of increasing
alkali-cluster association with increasing alkali size as is expected for hexaniobate, but
has some discrepancies with hexatantalate. We attribute this to the concomitant effects
of protonation of the clusters, with hexaniobate being a stronger base. These studies
provide insight into aqueous behaviour of these clusters that exhibit the anomalous

behaviour of high solubility with maximum ion-association.

7.2 INTRODUCTION

Polyoxometalates (POMs) are water soluble metal-oxo clusters composed
primarily of group V/VI transition metals. POMs have diverse cluster geometries and
chemical behaviour in both solution and solid state.* Group V POMs of niobium and
tantalum are different from other POMs due to their alkaline nature, high charge
density, and anomalous solubility trends.? The speciation of niobium and tantalum in
alkaline pH is dominated by the Lindqvist ion; a superoctahedron composed of six
mutually edge sharing MOs octahedra.® Because they have increased solubility with

increased ion-pairing as well as stable speciation in base, group V POMs have been the
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focus of recent ion-association studies.*’ lon association is fundamentally important
for aqueous systems, whether it be counter cations pairing with an anionic cluster or
assembly of macromolecules®®. lon association can be characterized by direct
observation of the paired ions, i.e. by small angle x-ray scattering®; or indirectly such
as by conductivity/ionic mobility measurements’9,

As a first estimation to describe dissolution of inorganic salts, the solid-state lattice
homogeneously dissociates into free ions as described by the Debye-Hickel theory.
However, there is some degree of ion association even in dilute solutions.*>° There
are three related ion association motifs; contact/direct, solvent-shared, and solvent-
separated ion pairing. Counter cations can associate directly to the faces of a Lindqvist
polyoxometalate anion which is referred to as contact or direct ion pairing. The
Lindgvist ion, [MsO10] with an 8- charge for M = Nb and Ta, can associate with 8
cations rendering the species essentially neutral. Solvent-shared ion pairing exists
when the counter cation and POM are associated with one another via a shared
hydration sphere of water molecules. When each ion has its own hydration sphere, this
is referred to as solvent-separated ion association.*

lon association between any anion and alkali cations should follow a distinct trend
with the alkali metal size, inversely related to the size of the alkali hydration sphere.
The degree of ion association increases with increasing size of the alkali (Cs =Rb > K
> Na = Li). This is also the trend in solubility for the group V POMs which opposes
that of classical POMs such as polytungstates and polymolybdates,* as well as other
anionic metal-oxo clusters including the uranyl peroxide capsules.!! The solid state
structures of the alkali hexametalates provide a model for counter-cation association
with the cluster during crystallization. Larger alkali metals such as Cs and Rb are more
closely associated with the cluster with an average number of alkali-oxygen bonds per
alkali of 3.75. The lighter alkalis such as K have only 2.38 alkali-oxygen bonds per
alkali.! From this solid state data, we can interpret that the larger alkalis are more
closely associated with the hexametalate, and is also likely the case in solution. The ion

association of tetramethylammonium (TMA), (CH3)4N™, cations has yet to be discussed
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in the literature. However, this relatively small organic is less charge dense than the
alkalis and it is suspected that it will undergo very weak ion association if at all. Further
support for this weaker ion association is provided by the solid state structure where
the TMA cations are located farther from the cluster than in alkali structures (TMA-O
average distance is 4.3 A, whereas K-O average distance is 3.0 A).* Notably, all TMA
cluster salts have high agueous solubility, consistent with minimal ion-association with
the anionic cluster.

Association and dissociation of ions in solutions as a function of solvent polarity
has been observed by SAXS and NMR studies on the protonation of decavanadates.!?
This work demonstrated that these associations are solvent driven. Moreover, the
association of decavanadate ions observed in solution, dimerized via mutual H-bonding
of protonated faces, is identical to that observed in a crystalline lattice of decavanadate.
13 All studies thus far of ion-association of the hexametalates has ensued in water. Yet
we can crystallize them by introduction of alcohol,™** and there has been noted a
correlation between crystallization of protonated clusters and presence of alcohol in the
crystallization medium. Here we probe the structuring and ion-association of Lindqvist
ions plus their alkali counterions in water-methanol mixtures by direct (SWAXS) and
indirect (conductivity) methods.

7.3 MATERIALS AND METHODS

7.3.1 SYNTHESIS

The alkali hexaniobate salts Kg[NbsO19]- 16H20, Rbs[NbsO10]-14H20, and
Csg[NbeO19]"16H20, and alkali hexatantalate salts Kg[TasO19] -14H20,
Rbg[TasO19]"14H20, and Csg[TasO19]'14H.O were synthesized as previously
described.>®® The syntheses of the TMA salts TMAgH2[TasO10]-21H,0O and
TMAsH3[NbsO19]-20H20 are also described elsewhere.* Solutions of each were
prepared at 15 mM and 50 mM for conductivity and SWAXS studies. Solutions for x-
ray scattering were prepared as outlined in table C.1.
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7.3.2 SMALL AND WIDE ANGLE X-RAY SCATTERING

Scattering data were collected on an Anton Paar SAXSess instrument utilizing Cu-
Ka radiation and line collimation. Solutions outlined in table C.1 were sealed in a 1.5
mm diameter borosilicate capillary and measured under vacuum for 1 hour. Data were
processed using SAXSquant software for normalization, background subtraction,
desmearing, and smoothing. Analysis of the processed data was carried out using Igor

Pro with the Irena macros.!®

7.3.3 CONDUCTIVITY

Conductivity measurements were carried out using a Thermo Scientific Orion
Versastar advanced electrochemistry meter equipped with an Orion 013005MD
conductivity cell. The conductivity cell is an epoxy/graphite probe with a nominal cell
constant of 0.475 cm™. Three samples of each solution were prepared for conductivity
measurements in order to account for errors. Theoretical conductivities for each

solution were calculated by first determining the ion mobility in free solution using:

Ho= 6;%[{ 1)

where Mo, 7, g, and R are the ion mobility in free solution, solvent viscosity, ion charge,

and ion radius respectively. The conductivity can then be calculated using:
K =F¥(quoC) )

Where K, F, and C are conductivity, Faraday’s constant, and concentration respectively.

Molar conductivity can then be calculated by dividing the conductivity by the molarity.°.

7.4 RESULTS

lon mobility, and therefore the conductivity, is most affected by the ion’s charge
and radius. TMAs[H2TasO19], for example, is diprotonated which decreases the charge
on the cluster from 8" to 6°. This decrease in charge decreases the cluster’s calculated
mobility in solution from 1.8x10°3 cm?/(V*s) to 1.4x107 cm?/(V*s). Protonated clusters
have a tendency to dimerize, in which case the overall charge would be increased, as
well as the radius of the unit of dimers. The mobility for the deprotonated hexatantalate

ion is 1.8x10% cm?/(\V*s), while a dimer of diprotonated hexatantalates has a calculated
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mobility of 1.6x10° cm?/(V*s). The resulting conductivity would be lower still since

the number of ions in solution has decreased by half.

Figure 7.1. Protonated Lindqvist ions associating through hydrogen bonding. Blue
spheres are Nb/Ta, red spheres are O, and black spheres are the protons.

Conductivity measurements on a series of Ag[MeO19] (A = K, Rb, Cs, TMA; M =
Nb, Ta) in solution of mixed methanol and water were performed to determine the
effect of concentration of the POM salt and the polarity of the solution, controlled by
the methanol/water ratio. More concentrated solutions exhibited lower molar
conductivity than the less concentrated solutions. When methanol is added to the
systems, the molar conductivity likewise decreases (figure 7.2).

Experimental molar conductivity was compared with calculated values using
equations (1) and (2). Plots of the conductivity of 15 and 50 mM POM salts in
methanol/water solutions are shown in figure 7.2. Tabulated values for experimental
and calculated conductivities for all samples may be found in Appendix C (tables C.5
through C.13)
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Figure 7.2. Molar conductivity vs. percentage of methanol for 15, and 50 mM
Ag[NbgO19] on the top and AsTasO19 0n the bottom (A = K, Rb, Cs, TMA). Error bars
were generated through standard deviation of three measurements.

The individual conductivity contributions of each ion that is not ion-paired were
calculated. For solutions in water, the molar conductivity of [MsO19]%, K*, Rb*, Cs™,
and TMA" are calculated as 1397.8, 60.3, 55.3, 50.7, and 22.6 S-cm?/mol respectively.
Considering the Kg[NbsO19] solution for example, with contributions from 8 K* ions
and one hexaniobate ion, the total molar conductivity should be 1880.6 S-cm?/mol.
This value is significantly higher than the experimental value of 575.3 S-cm?mol for
the 50mM solution and 739.1 S-cm?mol for the 15 mM solution. From this we can
conclude that not all ions are free in solution, instead some of the alkali cations are
associated with anionic POMs and therefore do not contribute to the solution’s
conductivity. Alternatively, clusters are dimerized by H-bonding. When methanol is
added to the solutions, decreasing the solvent polarity, protonation of the clusters and
association with alkali cations ensues, ultimately leading to crystallization. Methanol
molecules hydrogen-bond with water molecules and prevent a hydration sphere from
forming around the ions. This is due to the hydrophobic group in the methanol molecule
causing steric inhibition of the water-water hydrogen bonding.!’” This allows cations
and anionic clusters to associate more readily. With an increase in the amount of
methanol added in the solution, less ionic mobility is observed. This is because there
are fewer free ions in solution, and the ions have, on average, larger radii (R) and small

charges (q), both diminishing wo in equation 1.
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More details about the type of ion associations that occur with addition of methanol
can be determined by SWAXS analysis. Solutions were prepared as outlined in table
C.1in Appendix C. Analyzing the structure factor® (broad coulombic peak at g ~ 0.05-
0.4 A) of the scattering curves also provides insight into ion association. A structure
factor at low g emerges when there is some short-range order of scattering species
driven by interactions, such as electrostatic repulsion between two negatively charged
clusters. This feature in the scattering data can be fit with two parameters, respectively
describing the distance between the interacting species, and the number of species
interacting at that distance (table 7.1). The structure factor is diminished or eliminated
by either shielding cluster interactions through excess electrolyte, or neutralizing the
cluster charge by inducing ion association with the counter cations, as observed
throughout these studies.

First we discuss the TMA salts of the Lindqvist ions (figure 7.3, table 7.1), since
there is no alkali-POM association, simplifying the interpretation. We observe a
diminishment of the coulombic peak with increasing addition of alcohol. Quantitative
fitting of the peak shows an increase in the distance between clusters and a decrease in
the number of nearest neighbors.

The TMA hexametalates have the lowest molar conductivity of all counterions in
this study. This is not caused by cation-anion pairing, but rather by protonation of the
clusters, leading to dimerization, as illustrated in figure 7.1. The TMA salts of both
hexatantalate and hexaniobate have very similar molar conductivity, with hexatantalate
being slightly higher. From the crystal structure of both TMA hexametalates, we know
there is a difference in the protonation: TMA hexaniobate is triprotonated, leading to
formation of chains in solution; while TMA hexatantalate is diprotonated, leading to
cluster dimerization.* Protonation of the hexametalate lowers the ion mobility due to
increase in size (dimers or bigger) and corresponding decrease in the charge density of
the associated clusters. Therefore, we can attribute the slightly higher molar
conductivity of TMA hexatantalate to its diprotonated nature compared to

triprotonation of TMA hexaniobate. While the scattering curves of the TMA
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hexametalates appear to have a second Guinier region (q ~ 0.15-0.25 A'Y), we were
unable to fit this data as dimers. This indicates that the monomeric hexametalates is the
dominant species in solution while only a small percentage is dimerizing. This

dimerization is more evident in the conductivity measurements.

Intensity [au]
Intensity [au]

— 50mM TMAGH,[Tag044]
= in 10% methanol

— 50mM TMA5H;[NbO ]
= in 10% methanol

= in 20% methanol = in 20% methanol
= in 40% methanol = in 40% methanol
2 3 4567 2 3 4867 2 2 3 4567 2 3 4567 2
0.1 1 1 0.1 1 1
qlA] qlA]

Figure 7.3. Small and wide angle scattering curves for 50 mM TMAsH2[TasO19] (left)
and TMAsH3[NbsO19] (right) in water-methanol solutions.

In figure 7.4, Rbg[TasO19] and Rbg[NbsO19] are representative of the minimization
of a structure factor through the induction of ion association. Modeled values for the
structure factor and radius of 50 mM solutions are provided in table 7.1. Tables C.2
and C.3 include modeled values for 15 mM solutions. For all systems, regardless of
concentration, alkali or Group V metal, the structure factor diminishes as the
methanol:water ratio increases. The association of the counterions neutralizes the
hexametalates in solution, and therefore ordering is mitigated since partially
neutralized clusters have less influence on structuring of neighboring ions or water

molecules.
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Figure 7.4. Small and wide angle scattering curves for 50 mM Rbg[TasO19] (left) and
Rbg[NbeO19] (right) in water-methanol solutions.

Table 7.1. Structure factors and radii of the scattering species from SWAXS data for
50mM samples of Ag[NbeO19] and As[TasO19] (A = K, Rb, Cs, TMA).

Structure Factor Radius! (A)
50mM Samples ﬁ Nearest Distance (A) Guinier
eighbors

Ks[NbsO19] in water 0.4 26.9 4.4
in 10% methanol 0.2 30.0 4.4
in 20% methanol 0.1 34.0 4.4
Rbs[NbsO19] in water 0.3 26.1 4.9
in 10% methanol 0.2 26.8 49
in 20% methanol 0.1 33.9 5.1
Css[NbsO19] in water 0.2 31.5 5.5
in 10% methanol 0.2 31.7 5.5
in 20% methanol 0.2 32.0 5.5
TMAsH3[NbeO19] in water 1.5 26.1 3.9
in 10% methanol 1.4 26.0 4.0
in 20% methanol 1.2 27.0 4.0
in 40% methanol 1.0 28.4 4.0
Ks[TasO19] in water 0.3 25.8 4.0
in 10% methanol 0.2 30.3 4.0
in 20% methanol na na na
Rbs[TasO19] in water 0.5 26.1 4.4
in 10% methanol 0.3 29.2 45
in 20% methanol 0.2 31.9 4.6
Css[TasO19] in water 0.3 25.6 5.0
in 10% methanol 0.4 26.0 4.7
in 20% methanol 0.4 26.9 4.9
TMAgsH2[TasO19] in water 0.8 36.2 3.8
in 10% methanol 0.8 35.8 3.8
in 20% methanol 0.5 41.4 3.8
in 40% methanol 0.5 42.4 3.8

'Radius was obtained from Guinier approximation which provides radius of gyration (Rg).

Radius of spherical particles = /5/3 * Rg

For each system, the 50 mM solutions have the least change in structure factor with

addition of methanol. This is because higher concentration of ions leads to more
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pairing, so the decreased solvent polarity has less effect. For example, 15 mM Cs
hexatantalate and 50 mM Cs hexatantalate is shown in figure 7.5 (also table 7.1).
Comparing the 15 mM solutions of hexaniobate (figure C.7) and hexatantalate, we can
see that there is a large difference in structure factor dampening for the hexatantalate
solutions. The feature observed in the 50 mM Cs hexatantalate between q~0.6-2.0 A is
observed in both the 50 mM Cs hexametalate solutions (see also figure C.7), and
diminishes with increased methanol in solution. Therefore, it must be related to free Cs
in solution. Cs scatters X-rays most strongly of the studied alkalis, so it follows that it
will be most apparent as a free cation, or several cations paired via shared hydration
spheres. As Cs becomes more strongly associated with the cluster in less polar
methanol-water mixes, scattering from the free ion diminishes. This is secondary
evidence, in addition to the decreased conductivity, that the methanol is driving ion-

pairing.

— —
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Figure 7.5. Small and wide angle scattering curves for 15 mM Csg[TasO19] (left) and
50 mM Csg[TasO19] (right) in water-methanol solutions.

The degree of ion pairing depends on the identity of the counter cation and the metal
in the cluster. We expected to observe more ion-pairing for less charge dense alkali
cations, because their hydration sphere is smaller and more easily displaced. However,
this was not necessarily the case, based on the conductivity data. For hexatantalate
solutions, the trend in molar conductivity increases from TMA<Rb<K<Cs, while for
hexaniobate TMA<Cs<Rb<K. We observe minimal differences between hexatantalate
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and hexaniobate molar conductivities for Rb salts at both concentrations. The molar
conductivity for the K salt of hexaniobate is on average 6.5% higher than its tantalum
analogue. However, the error for K hexatantalate is much larger due to the strong
tendency for K hexatantalate to absorb carbonate. This carbonate absorption affects
conductivity measurements since the number of ions in solution is increased. For the
Cs salts, hexatantalate has on average 25% higher molar conductivity. This indicates
that Cs is less associated with hexatantalate than it is for hexaniobate. We also observe
a larger dependence on the methanol percentage for hexatantalate.

On the other hand, comparison of the size of scattering species in solution (table
7.1) shows they are consistently bigger on average for hexaniobate than hexatantalate.
This suggests there is more dimerization in hexaniobate compared to hexatantalate.
This is consistent with the observation that hexaniobate is a stronger base than
hexatantalate,’®?® meaning it more readily protonates, leading to dimerization by H-
bonding. We were unable to fit the data with two populations (single cluster and dimer
of clusters) due to the interference by the structure factor, however the larger radius
indicates there is some extent of dimerization while monomeric clusters still dominate.

Cs undergoes exceptional ion association compared to other alkalis,® likely due to
the Cs-effect that describes partial covalency in the ionic interactions of Cs™ with
anions. For this reason, the consistently higher conductivity of Cs hexatantalate
compared to the other hexatantalate alkali salts was not expected. Meanwhile, the
hexaniobates follow the expected trend: K>Rb>Cs for all water-methanol mixtures and
concentrations. One plausible reason for the unexpected high conductivity of Cs
hexatantalate is that the Cs-cluster association is strong enough to prevent dimerization,
and this is coupled with the weaker tendency of hexatantalate to protonate, where
protonation promotes dimerization.

We also compared the conductivity in log-linear plots to determine which solutions
were most dependent on the change in solvent, reflected in the slopes of the plots
(figure C.13 and table C.4). For the hexatantalate solutions, there is a trend of

increasing negative slope from TMA<Rb<Cs<K, while for hexaniobate the trend is
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TMA<Cs<Rb<K. The TMA salts exhibit the smallest dependence on the change in
solvent. This is due to weak interactions between TMA counterions and the
hexametalates. Weaker interactions and less ion pairing gives rise to lower dependence
on the solvent change and agrees with previous studies on ion pairing.® The trend in the
alkalis is expected. Higher charge density counterions undergo more ion association
with the hexametalates even in neat water and would be less affected by addition of
methanol. K shows the strongest dependence on changing solvent due to weaker ion
association compared to Cs and Rb. The addition of methanol increases these ionic
interactions and allows K to more readily associate with the hexametalate. Only half
the amount of alcohol can be added to the K-hexametalate salts, due to poorer
solubility. This is observed in the upswing of the scattering data below q=0.04 A
indicating aggregation and the onset of crystallization in the 20% methanol solution of
15 mM K hexatantalate. The 50 mM K hexatantalate solution could be prepared with a
maximum of 10% methanol, due to crystallization. On the other hand, there is no such
evidence of aggregation of the Rb and Cs salts of the hexametalates, in up to 40%

methanol solutions.

7.5 CONCLUSIONS

Crystallization or forced precipitation of ions from solution is often induced by
diffusion or rapid addition of a ‘non-solvent’ that has lower polarity than the aqueous
solution in which the ions have high solubility. Understanding and optimizing
crystallization pathways can be achieved by studies such as presented here, where
incipient crystallization is probed in the water-alcohol mixes. A comparison can be
made here with a recent study by Bera and Antonio,'® where the evolution of the
structure factor was documented with drying of aqueous solutions of POMSs, another
pathway to induce crystallization. In their study, ion interaction was forced by
increasing concentration through evaporation. In our current study, ion interaction is
forced by decreasing polarity of the solution. In Bera’s studies, the coulombic peak
trended in the opposite direction: in conditions of ion-pairing, the clusters moved closer

together, forming a pre-crystallization dense liquid phase. In our study, alkalis and



87

clusters are forced to associate, and the alkali-cluster assemblies do not interact so
strongly. Bera used heteropolyacids [XW12040]* (x=3-5) with charge densities (charge
per atom) of 0.057- 0.094. The Lindqvist ions of Nb and Ta have considerably higher
charge density, 0.32. These charge-densities correlate with their solubility behavior;
the higher charge-density clusters are soluble with maximum ion-pairing (anomalous
solubility). On the other hand, Cs-salts of heteropolyacids are extremely insoluble, a
characteristic exploited in heterogeneous catalysis.?* The comparison of these two
studies could open the door to documenting an understanding of solubility trends. Upon
forced ion-association of the group V hexametalates, the high charge of the clusters is
neutralized and likewise provides stabilization of the Cs* charge. Therefore, the Cs*
does not bridge to other clusters and solubility is retained. The proton counterions of
the group VI clusters of low charge density do not associate strongly with a single
cluster; rather they bridge clusters, driving the correlation observed by Bera. This
hypothesis will be refined with studies on other cluster systems as well as simple
oxoanion salts; in particular a direct comparison of cluster salts with opposite solubility
trends under identical conditions, coupled with computational studies. The challenge
in particular is characterizing ion associations in the poorly soluble cluster-alkali salts,
in which the dissolved state is transient.
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CONCLUSIONS

The work presented in this thesis is focused on synthesis and characterization of
hexaniobate and hexatantalate. While these two anionic metal-oxide clusters are
isostructural ([TasO19]® and [NbsO10]%), thorough characterization of the solution
behavior indicates they are not chemically analogous. The tetramethylammonium salts
of these clusters were synthesized as aqueous metal oxide thin film precursors. Upon
film deposition, hexaniobate crystallized on the surface of the substrate producing a
very low quality thin film. Hexatantalate, on the other hand formed an intermediate gel
which translated into high quality, dense, and defect free tantalum oxide thin films.
Small and wide angle x-ray scattering analysis of the precursors provided insights into
the differences in film formation. The tri-protonation of hexaniobate induces hydrogen
bonding and subsequent chain formation of the clusters preceding crystallization.
Hexatantalate, being a weaker base than the niobium analogue, can only accommodate
two protons, inducing dimer formation. This more random orientation of dimers
compared to the highly ordered chains of hexaniobate is what controls the film
morphology. Highly ordered solutions are more likely to crystallize whereas the
disordered dimers of hexatantalate form an amorphous gel-like film layer, making it a
substantially more effective precursor. Further work is underway on ion exchanging
the tetramethylammonium counterions for protons to further increase the quality of the
films. Electrical characterization as well as device performance is also of future
interest.

The terminally bound oxygens on the hexametalates can be replaced by peroxide
yielding a radiation sensitive [HxMs(02)sO13]®®- cluster with applications in
lithography. The peroxide substitution of the -yl oxygens can be controlled through
stoichiometric additions. Density functional theory calculations concluded that the
peroxide addition occurs in a fac-like arrangement with perpendicular peroxides as the
lowest energy configurations. Analysis of the speciation by electrospray ionization

mass spectrometry concluded that stepwise peroxylation is indeed occurring. Small and
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wide angle x-ray scattering analysis indicated differences in the cluster-cluster
interactions between peroxohexatantalate and peroxohexaniobate. The peroxylation
reaction of hexatantalate proceeds at a faster rate than hexaniobate.
Peroxohexatantalate also exhibits greater stability than the peroxylated hexaniobate,
which reverts back to the parent hexaniobate over eight months. Future work on these
species will include analysis of the decomposition of peroxohexaniobate into
hexaniobate through loss of peroxide, as well as a study on film formation,
characterization, and patternability for lithographic applications.

The tetramethylammonium salts of the hexametalates were compared to the alkali
salts in an effort to understand the crystallization process through ion association. By
changing concentration and solvent polarity, ion association can be induced and
characterized via small and wide angle x-ray scattering as well as conductivity.
Counterion to cluster association affects solution behavior by decreasing ionic mobility
since the ions are no longer free in solution. Through x-ray scattering, we also observe
an increase in the radius of scattering species with increase in ion association. The
addition of a less polar solvent is a typical method for inducing precipitation or
crystallization of polyoxometalates. By studying the ion association of these clusters
with change in solvent, we can gain some insights into the crystallization process as

well as the anomalous solubility of the group V polycoltanates.
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APPENDIX A: SUPPORTING INFORMATION FOR CHAPTER 5
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Figure A.1. Grazing Incidence XRD on thin films of Ta,Os (left) and Nb,Os (right).

1004

=}
o
1

80+

60+

@
Q
1
1486
951
834

40+

Intensity
&

Intensity

s 204
~

N
=]
1
522

8 04

0 T T T T T T T r r r r r r r
2000 1800 1600 1400 1200 1000 800 600 400 2000 1800 1600 1400 1200 1000 800 600 400

-1 E
Wavenumbers [cm ] Wavenumbers [cm ]

Figure A.2. IR spectra of Ta6 (left) and Nb6 (right) show sharp peaks at 1486, 951
cm™t and 1484, 952 cm™ respectively, which is characteristic of TMAOH. The peak at
834 for Ta6 and 842 cm™ for Nb6 can be attributed to the vibration of a terminal M-
O bond. The peaks at 703 and 661 for Ta6 and 695 and 645 for Nb6 can be
attributed to bridging M-O-M vibrations.?? The bond between a metal and the central
oxygen is represented by peaks at 522 cm™ and 510 cm™ for Ta6 and Nb6

respectively.



Table A.1. Crystallographic data and structure refinement for Ta6 and Nb6.
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Complex Taé6 Nb6
Empirical Formula TagO042.5C24H74N6 NbsO25C20He3Ns
Formula Weight (g/mol) | 2214.41 1668.15
Crystal System triclinic triclinic
Space Group P-1(2) P-1(2)
a(A) 12.7073(7) 13.719(6)
b (A) 14.0596(7) 14.024(7)
c(A) 20.9034(12) 16.390(8)
a (%) 71.310(1) 67.008(8)
L) 76.972(2) 76.671(8)
7 () 72.889(1) 84.904(9)
V(R 3345.40(32) 2825(2)
Z 2 2

T (K) 150 173

d (grem™) 2.196 1.565

L (A) 0.71073 0.71073
u (mm) 9.865 1.263
Reflections Measured 96486 44542
Independent 24199 13966
Rint 0.0514 0.1417
Independent Parameters | 712 525

R1 0.0317 0.0609
wR2 0.0666 0.1041
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Figure A.3. Simulated XRD pattern from single crystal data of Ta6.
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Figure A.4. Simulated XRD pattern from single crystal data of Nb6.
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Figure A.5. Powder XRD pattern of Nb6.
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Figure A.6. Powder XRD pattern of Ta6.
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Figure A.8. Films deposited from Nb6 precursor. Unannealed films showing
crystallization of the precusor (left). Softbaked film showing smoother surface

(right).
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Table A.2. Size distribution results from Irena, Ta6 and Nb6 in water (left) and 0.2M
TMAOH solution (right)

Diameter Diameter Diameter Diameter
Water Pop 1(A) Pop 2 (A) 0.2M TMACH Pop 1(A) Pop 2 (A)
10 mM Nb6 6.25 -- 10 mM Nb6 6.52 --
10 MM Ta6 6.33 16.91 10 MM Ta6 6.07 --
25 mM Nb6 6.41 -- 25 mM Nb6 6.45 --
25 mM Ta6 6.52 17.13 25 mM Ta6 6.50 --
50 mM Nb6 6.77 15.94 50 mM Nb6 6.58 15.33
50 mM Ta6 6.44 17.04 50 mM Ta6 6.89 16.58
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APPENDIX B: SUPPORTING INFORMATION FOR CHAPTER 6

Table B.1. Theoretical and experimental Raman frequencies for peroxohexaniobate.

Mode Observed Calculated Scaled Calculated
Frequency [cm™?] | Frequency [cm™] | Frequency [cm™]
M=0 stretching 849, 817 874, 829 880, 834
Oz vibration 865 920 865
M-QO; stretching 617 604 568
M-O bending 456, 371 478, 430 450, 433

1:6
Hexatantalate:O,
Hexatantalate
—— 10 min
—— 30 min
—— 70 min
— 1 day

1000 900 800 700 600 500

400
Raman Shift (cm ™)

Figure B.1. Raman spectra monitoring the peroxylation of hexatantalate over time.
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TMAg H,[Tag(0,)s013]
—— Experimental
—— Calculated
—T = 0
900 800 700 600

Raman Shift (cm-1)

Figure B.2. Experimental and Calculated Raman spectra for peroxohexatantalate.

1:6
Hexaniobate:O,
----Hexaniobate

—— 10 min
—— 30 min
—— 70 min
— 1 day

900 800 700 600 500
. -1
Raman Shift (cm ')

Figure B.3. Raman spectra monitoring the peroxylation of hexaniobate over time.
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TMAg H,[NDG(0)015] M

—— Experimental

—— Calculated
T T | T
900 800 700 600

Raman Shift (cm™)

Figure B.4. Experimental and Calculated Raman spectra for peroxohexaniobate.
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Figure B.5. Pair distance distribution function analysis (black) of peroxohexatantalate,
with scattering curve (blue) overlaid.



112

TMAg H,[Tag(02)¢043]
—— fresh solution i
—— 2 months n
—— 3 months
—— 5 months
8 months
/\ K\\/A&
,
| | L] | | 1
1000 900 800 700 600 500
Raman Shift (cm™)
Figure B.6. Raman spectra of peroxohexatantalate dissolved in water.
TMAg_H,[Nbg(O2)6043]
—— fresh solution
—— 2 months
—— 3 months ﬂ
—— 5 months
8 months
) /K

900 800 700

600
Raman Shift (cm'1)

Figure B.7. Raman spectra of peroxohexaniobate dissolved in water.
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Figure B.8. ESI-MS of reaction solutions of peroxylated hexatantalate.

Table B.2. All species identified by ESI-MS for mono-peroxylated hexatantalate.

Mono-peroxylated hexatantalate reaction solution

Species Experimental Calculated Relative

m/z m/z Abundance (%)
Tag(02)2014 686.795 686.789 12.97
TMAHTas(02)0167 724.329 724.351 10.02
TMAH;Ta50152 725.336 725.358 16.69
TMAHTas(02)0162 - H20 733.333 733.356 26.77
TMAHsTas019 734.341 734.364 28.11
TMAH;Tag(02)2016 741.335 741.343 21.34
TMAHsTas(02)0157 742.339 742.351 20.79
TMA;H,Tas019 770.884 770.908 22.10
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TMA,H,Tag(02)01572 778.882 778.906 40.44
TMA;H,Tas(02)20172 786.879 786.893 25.34
TMATaz(02)s (OH)s™ - 4H20 965.974 965.936 18.39
TMAzHs5TagO10 1542.788 1542.825 100
TMA;HsTas(0;)O1s™ 1558.782 1558.819 56.89
TMA,HsTag(02)20:7 1574773 1574.814 13.10
TMAH,Tas(0;)O01s! 1631.872 1631.909 75.71
TMA;H,Tas(02)20177 1647.864 1647.904 30.72
TMAH;Tas(0;)O01s! 1704.958 1704.998 11.32

Table B.3. All species identified by ESI-MS for di-peroxylated hexatantalate.

Di-peroxylated hexatantalate reaction solution

Species Experimental Calculated Relative

m/z m/z Abundance (%)
TMAHTa5(0,)0167 724.328 724.351 10.50
TMAHTas(0,),0152 732.326 732.348 11.50
TMAHTa5(02)016% - H20 733.333 733.356 28.65
TMAHsTas01972 734.341 734.364 14.44
TMAH;Tas(02)20162 741.332 741.343 57.66
TMAH;Tas(0,)01572 742.338 742.351 23.25
TMAH3Ta5(02)30152 749.331 749.351 25.30
TMAHsTas(02),0172 750.336 750.359 19.32
TMA;H;Tas0197 770.884 770.906 11.02
TMA;H,Tag(02)2016 777.874 777.898 13.93
TMA,H,Tag(02)01572 778.882 778.896 45.64
TMAzH4Tag(02)201772 786.880 786.903 78.31
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TMAH,Tag(02)50162 794.876 794.901 30.06
TMA;HsTas010™ 1542.786 1542.825 39.36
TMAzHsTas(02)O15™ 1558.781 1558.819 54.91
TMAH;Tag(02)2017 - 1574.778 1574.794 36.37
TMAsH,Tas(02)O15™ 1631.870 1631.888 71.83
TMAsH4Tas(02)2017* 1647.865 1647.904 100
TMAsH,Tag(02)3016* 1663.857 1663.898 31.80
TMAGH;Tae(02)2017 1720.954 1720.993 1353

Table B.4. All species identified by ESI-MS for tri-peroxylated hexatantalate.

Tri-peroxylated hexatantalate reaction solution

Species Experimental Calculated Relative
m/z m/z Abundance (%)
TMAHTas(02)0162 - H,0 733.332 733.356 19.72
TMAH;Tas(02)20162 741.331 741.343 75.05
TMAHsTa(02)0157 742.337 742.351 27.36
TMAH;Tas(05)401472 757.328 757.348 14.22
TMAHsTas(02)30162 758.332 758.356 27.60
TMA;H,Tas(0,)2016 777.873 777.898 12.86
TMA,H;Tas(0,)30152 785.870 785.895 18.21
TMA;H4Tag(0,),0172 786.880 786.903 97.30
TMAH4Tas(02)3016 794.877 794.901 80.61
TMA,HsTas(0;)015 1558.780 1558.819 24.86
TMA,HsTas(02)2017! 1574.775 1574.794 34.86
TMA;HsTas(05)3016 1590.773 1590.809 14.95
TMAH,Tas(0;)015 1631.869 1631.888 32.19
TMAsH4Tas(02)2017 1647.865 1647.904 100
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TMAsH,Tag(02)30162 1663.859 1663.898 75.37
TMA4H3Ta6(02)20:72 1720.953 1720.993 20.33
TMA4H3Tag(02)3016 1736.950 1736.988 16.06

Table B.5. All species identified by ESI-MS for tetra-peroxylated hexatantalate.

Tetra-peroxylated hexatantalate reaction solution

Species Experimental Calculated Relative
m/z m/z Abundance (%)
TMAH;Ta5(05),0162 741.330 741.343 18.88
TMAH;Ta5(02)30152 749.328 749.351 62.78
TMAHsTas(0,)201772 750.334 750.359 15.14
TMAH;Tag(0z)s O1372 765.324 765.346 32.03
TMAHsTag(02)s 0152 766.329 766.354 23.75
TMA;H,Tas(07)30152 785.872 785.895 17.50
TMA;H,Tas(05),0172 786.879 786.903 24.43
TMA,Tas(02)40132 - H,0 793.870 793.893 21.59
TMA:H:Tas(02)30162 794.877 794.901 100
TMA;H,Tag(0,)50132 801.866 801.890 18.02
TMA;H,Ta5(05)40152 802.874 802.898 61.31
TMAH4Tag(07)5014 810.871 810.896 35.39
TMA;H5Ta5(05)3016 1590.770 1590.809 16.41
TMA;H,Tas(07)2017 1647.862 1647.904 19.89
TMAzH,Tas(02)3016 1663.860 1663.898 79.39
TMA;HTas(02)4015 1679.854 1679.893 45.52
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TMAsH,Tag(02)501472 1695.847 1695.888 24.07
TMA4H3Tag(02)3016 1736.943 1736.988 14.43
TMA4H3Tag(02)4015 1752.941 1752.982 10.18

Table B.6. All species identified by ESI-MS for penta-peroxylated hexatantalate.

Penta-peroxylated hexatantalate reaction solution

Species Experimental Calculated Relative
m/z m/z Abundance (%)
TMAH;Tag(05)40142 757.325 757.348 25.42
TMAH;Tas(05)s O132 765.323 765.346 61.41
TMAHsTas(02)4 O1572 766.330 766.354 26.23
HsTas(02)60142 - 2H,0 772.816 772.820 33.13
TMAH;Tag(0,)60152 773.321 773.343 45.49
TMAHsTas(02)s 01472 774.327 774.351 47.26
TMAHTag(02)6011 - 2H20 782.325 782.349 36.48
TMAH;Tag(02)s0137 801.866 801.890 33.07
TMA;H4Tag(02)401572 802.873 802.898 37.80
TMAH;Tag(02)s01272 809.863 809.888 69.45
TMA2H4Tas(02)50142 810.871 810.896 100
TMA;H4Tag(02)601572 818.869 818.893 88.69
TMA3H,Tas(02)4015 1679.854 1679.893 18.04
TMA3H,Tas(02)5014™ 1695.850 1695.888 43.96
TMAzH;Tag(02)6013 1711.843 1711.883 34.98
TMA4H3Tas(02)s013 1784.931 1784.972 12.80
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Table B.7. All species identified by ESI-MS for hexa-peroxylated hexatantalate.

Hexa-peroxylated hexatantalate reaction solution

Species Experimental Calculated Relative
m/z m/z Abundance (%)
TMAH;Tag(0z)s O1372 765.323 765.346 14.87
HeTas(02)60142 - 2H,0 772.816 772.820 32.76
TMAH;Tas(02)601272 773.321 773.343 45,51
TMAHsTag(0z)s O1472 774.328 774.351 13.66
TMAHTa5(02)601172 - 2H20 782.325 782.349 37.65
TMAH,Tas(02)s012? 809.865 809.888 70.95
TMA;H4Tas(02)50147 810.871 810.896 26.40
TMA:HsTas(02)s013 818.870 818.893 100
TMA;H;Tag(02)60132 855.413 855.438 12.53
TMAsH4Tas(02)s0151 1711.845 1711.883 42.87
TMAsH3Tas(0,)s0137 1784.931 1784.972 14.53
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Figure B.9. ESI-MS of reaction solutions of peroxylated hexaniobate.
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Table B.8. All species identified by ESI-MS for mono-peroxylated hexaniobate.

Mono-peroxylated hexaniobate reaction solutions

Species Experimental Calculated Relative
m/z m/z Abundance (%)
Nb3zOg* 406.666 406.678 43.73
TMAG6H4Nb20112 - 2H,0 423.164 423.196 27.58
TMA2Nb(OH)g? - 3H,0 431.161 431.154 11.23
TMAHNbgO172 452.214 452.228 47.42
TMAHNbg(O2)O1672 460.212 460.226 100

TMAHNDs(02)20157 468.210 468.223 50.80
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TMAHNbg(02)301472 476.207 476.221 11.72
TMA:Nbs(02)O1672 496.756 496.770 15.81
TMA:Nbs(02)2015 504.752 504.768 10.54

TMANDbeO36 - 3H,0 941.460 941.486 22.35

TMANDbg(02)0157 - 3H20 957.456 957.480 47.07
TMAH;Nbg(02)2015* - 2H,0 973.450 973.475 28.50
TMA;HNbsO17% - 2H,0 1014.548 1014.575 38.79
TMA:HNbs(02)O16 - 2H,0 1030.535 1030.570 69.63
TMA;H3Nbs(02),016™ - H20 1046.539 1046.565 32.69
TMA15HsNDbs(02)6019 - 2H,0 1058.083 1057.956 15.04
TMA:Nbs(02)s012 - H20 1149.635 1149.628 10.06

Table B.9. All species identified by ESI-MS for di-peroxylated hexaniobate.

Di-peroxylated hexaniobate reaction solutions

Species Experimental Calculated Relative
m/z m/z Abundance (%)

Nb3Os™ 406.667 406.678 57.94
TMAgHsNb20112 - 2H,0 423.165 423.196 16.18
TMA,Nb(OH)s™ - 3H,0 431.161 431.154 10.31
TMAHNbO; 72 452.214 452.228 14.82
TMAHNDs(02)O1672 460.212 460.226 64.34
TMAHNbg(02)201572 468.210 468.223 84.04
TMAHNbg(02)30142 476.207 476.221 60.36
TMA,Nbg(02)O167 496.755 496.770 13.01
TMA2Nbg(02)201572 504.753 504.768 35.36
TMA2Nbg(02)30142 512.750 512.765 37.77
TMANDbg(02)015 - 3H.0 957.456 957.480 22.10
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TMAH:Nbg(02)2015 - 2H,0 973.451 973.475 58.15
TMAHNbg(02)3015T - H20 989.446 989.470 51.19
TMAHNbg(02)O16 - 2H,0 1030.542 1030.570 47.92
TMA1Nb;O152 - 21H,0 1037.532 1037.557 15.59
TMA2HsNbs(02)2016 - H20 1046.537 1046.565 100
TMAHNbg(02)3014" - 2H,0 1062.533 1062.559 81.32
TMAHNbg(02):015 - 2H,0 1078.528 1078.554 13.67
TMA3H;Nbs(02),016 - H,0 1119.625 1119.654 35.60
TMAsNbs(02)3014% - 2H20 1135.621 1135.649 31.16
TMA:NDbs(02)5s012 - H20 1149.628 1149.628 10.01
TMA3H;Nbg(02)6012 1165.630 1165.623 15.77
TMA:NDbs(02)7010 - H20 1181.624 1181.618 13.11
TMA;HNDs(02)6012 1238.717 1238.712 11.70
TMA;HNbs(02)7011™ 1254711 1254.707 13.79

Table B.10. All species identified by ESI-MS for tri-peroxylated hexaniobate.

Tri-peroxylated hexaniobate reaction solutions

Species Experimental Calculated Relative
m/z m/z Abundance (%)
Nb3Os? 406.667 406.678 44.52
TMAG6H4Nb20112 - 2H,0 423.164 423.196 13.36
TMAHNbg(02)0167 460.212 460.226 32.64
TMAHNDbg(02)201572 468.210 468.223 62.50
TMAHNbg(02)30142 476.206 476.221 100

TMAHNDs(02)40137 484.204 484.218 44.12
TMA2Nbg(02)20152 504.752 504.768 16.75
TMA2Nbg(02)301472 512.751 512.765 57.90
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TMA2Nbg(02)401372 520.747 520.763 35.27
TMA:ND6(02)501272 528.742 528.760 10.36
TMAsNb4(0;)012t 965.975 966.039 26.74
TMAH:;NDbs(02)015 - 2H20 973.450 973.475 21.34
TMAH:Nbs(02)3:015" - H0 989.445 989.470 58.66
TMA;H3Nbg(0,)2016 - H20 1046.538 1046.565 39.09
TMA1H2Nb4(02)2017% - 20H20 1053.530 1053.552 13.07
TMA;HNbg(02)30141 - 2H,0 1062.533 1062.559 97.21
TMAzHNDs(02)4015 - 2H20 1078.527 1078.554 47.90
TMAzHNDs(02)s012 - 2H20 1094.521 1094.549 11.33
TMA;H:NDbs(02)2016" - H20 1119.624 1119.654 15.49
TMA3Nbs(02)3014 - 2H,0 1135.621 1135.649 40.11
TMA3Nbs(02)40135 - 2H,0 1151.614 1151.644 21.75
TMA3Nbg(02)7010 - H20 1181.623 1181.618 11.53
TMA;HNbg(02)7011! 1254715 1254.707 10.77

Table B.11. All species identified by ESI-MS for tetra-peroxylated hexaniobate.

Tetra-peroxylated hexaniobate reaction solutions

Species Experimental Calculated Relative
m/z m/z Abundance (%)
Nb3Og™* 406.667 406.678 61.48
TMAsHsNbD201172 - 2H20 423.166 423.196 17.71
TMA2Nb(OH)g? - 3H,0 431.161 431.154 11.51
TMAHNbg(02)O01672 460.212 460.226 25.68
TMAHNbg(02)20152 468.210 468.223 52.02
TMAHNDbes(02)3014 476.206 476.221 100
TMAHNbg(02)401372 484.203 484.218 82.39
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TMANDbg(02)50122 492.201 492.216 27.40
TMAH;Nbs(02)s0132 501.205 501.221 18.93
TMA:NDbs(02)301472 512.749 512.765 41.74
TMA;Nbg(02)401572 520.747 520.763 71.09
TMA:NDs(02)50122 528.745 528.760 50.06
TMA;NDbg(02)s01172 536.741 536.758 26.33
TMAZH;Nbs(02)50132 537.750 537.765 31.38
TMA;H;Nbs(02)60122 545.746 545.763 19.30
TMAHJNbg(02)30151 - H20 989.444 989.470 22.69
TMAHsNbs(02)40157 1005.438 1005.465 25.08
TMANDbg(02)s011 - 3H20 1021.432 1021.460 14.52
TMAzHNDs(02):014 - 2H20 1062.532 1062.559 54.49
TMAzHNDs(02)4015 - 2H20 1078.527 1078.554 73.68
TMA2HNbs(02)50127% - 2H20 1094.521 1094.549 48.15
TMAzHNDs(02)¢011 - 2H20 1110.516 1110.544 21.23
TMA:Nbs(02)3014 - 2H20 1135.620 1135.649 31.76
TMANbg(02)s012 - H20 1149.599 1149.628 13.94
TMA:Nbs(02)4015 - 2H20 1151.614 1151.644 50.52
TMAgH2Nbg(02)5015 - H20 1167.608 1167.638 41.84
TMA3Nbs(02)7010 - H20 1181.617 1181.618 11.59
TMAgH2Nbg(02)0121 - H20 1183.604 1183.633 22.85
TMAHNbs(02)g010! 1270.705 1270.702 13.46
TMAsHNbg(02)s00 1286.700 1286.697 12.56

Table B.12. All species identified by ESI-MS for penta-peroxylated hexaniobate.

Penta-peroxylated hexaniobate reaction solutions

Species

Experimental

Calculated

Relative
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m/z m/z Abundance (%)
NbsOs™* 406.665 406.678 54.20
TMAG6HNbD;0112 - 2H,0 423.163 423.196 23.00
TMAHNDbg(02)0167 460.212 460.226 20.78
TMAHND(02),0:5? 468.209 468.223 52.36
TMAHND6(02)3014? 476.206 476.221 80.09
TMAHNDbe(O2)401357? 484.203 484.218 100
TMANDbg(02)501272 492.200 492.216 38.33
TMAHND6(02)6011 500.197 500.213 20.28
TMAH;Nbs(02)s0137? 501.204 501.221 28.42
TMAH3Nbg(02)60122 509.203 509.218 31.71
TMA;NDbg(02)301472 512.750 512.765 19.02
TMA;NDbg(02)401572 520.747 520.765 54.05
TMA;Nbg(0,)50122 528.744 528.763 65.25
TMA;NDbg(02)s01172 536.741 536.758 74.53
TMA2H2Nbs(02)501352 537.748 537.765 44.31
TMA;H;Nbs(02)60122 545.746 545.763 66.51
TMANDbg(02)4012 - 3H,0 1005.438 1005.465 13.63
TMANDbg(02)5011 - 3H,0 1021.433 1021.460 17.91
TMANDbg(02)010 - 3H,0 1037.426 1037.455 15.34
TMAzHNDs(02)3014 - 2H20 1062.532 1062.559 13.23
TMAzHNDs(02)4015 - 2H20 1078.526 1078.554 33.66
TMAzHNbs(02)s012% - 2H,0 1094.521 1094.549 51.53
TMAzHNDs(02)¢011" - 2H20 1110.516 1110.544 51.90
TMAsNbg(02)s012 - H20 1149.598 1149.628 17.62
TMA3Nbs(02)4015™ - 2H20 1151.613 1151.644 20.22
TMA;H;Nbs(02)6012™ 1165.595 1165.623 13.24
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TMA3H2Nb6(Oz)5013'1 - H,O

1167.609

1167.638

39.67

TMAzH2Nbs(02)60127 - H20

1183.604

1183.633

54.70

Table B.13. All species identified by ESI-MS for hexa-peroxylated hexaniobate.

Hexa-peroxylated hexaniobate reaction solutions

Species Experimental Calculated Relative
m/z m/z Abundance (%)
Nb3Os 406.667 406.678 51.57
TMAgH:Nb,011% - 2H,0 423.165 423.196 16.16
TMAHND(02)O167 460.214 460.226 10.10
TMAHNbg(02);0152 468.208 468.223 43.82
TMAHNbg(02)30147 476.207 476.221 34.71
TMAHNbg(02)40157 484.204 484.218 81.34
TMANDbg(02)501272 492.200 492.216 21.38
TMAHNbg(02)60117 500.197 500.213 22.63
TMAH;Nbg(02)501572 501.205 501.221 15.75
TMAH3Nbs(02)60122 509.203 509.218 40.72
TMA:2Nbs(02)401357 520.745 520.765 18.06
TMA2Nbg(02)50122 528.744 528.763 28.51
TMA,Nbs(07)s0112 536.742 536.758 70.68
TMAZH;Nbs(02)501372 537.748 537.765 21.41
TMAH;Nbs(02)s0122 545.747 545.763 58.20
TMANDbs(02)50112 - 3H20 1021.431 1021.460 17.76
TMANDbs(02)s010 - 3H20 1037.427 1037.455 36.33
TMA;HNbg(02)4015% - 2H,0 1078.527 1078.554 12.10
TMA;HNbg(02)s012 - 2H,0 1094.520 1094.549 38.02
TMA2HNDs(02)s0117% - 2H20 1110.517 1110.544 100
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TMA3H;Nbs(02)s012 1165.593 1165.623 11.98
TMA3H2Nbs(02)50137 - H,0 1167.608 1167.638 16.92
TMA3H2Nbs(02)60127* - H20 1183.604 1183.633 59.89




APPENDIX C: SUPPORTING INFORMATION FOR CHAPTER 7

Table C.1. Solutions prepared for SWAXS study.

15mM Samples

50mM Samples

Ks[NbgO1g] in water
Kg[NbsO1g] in 10% methanol
Kg[NbsO1g] in 20% methanol

Ks[TasO19] in water
Ks[TasO19] in 10% methanol
Ks[TasO19] in 20% methanol

Ks[NbsO1g] in water
Kg[NbsO1g] in 10% methanol
Kg[NbsO1g] in 20% methanol

Ks[TasO19] in water
Kg[TasO19] in 10% methanol

Rbs[NbsO10] in water
Rbs[NbsOz1g] in 10% methanol
Rbs[NbsO1g] in 20% methanol
Rbs[NbsO19] in 40% methanol

Rbs[TasO10] in water
Rbg[TasO19] in 10% methanol
Rbg[TasO19] in 20% methanol

Rbs[NbsO10] in water
Rbg[NbsO19] in 10% methanol
Rbg[NbsO19] in 20% methanol

Rbs[TasO10] in water
Rbg[TasO19] in 10% methanol
Rbg[TasO19] in 20% methanol

Css[NbgOag] in water
Css[NbsO19] in 10% methanol
Css[NbsO19] in 20% methanol
Css[NbsO19] in 40% methanol

Css[TasO1g] in water
Css[TasO19] in 10% methanol
Css[TasO19] in 20% methanol

Css[NbgOa1g] in water
Css[NbsO19] in 10% methanol
Css[NbsO19] in 20% methanol

Css[TasO1g] in water
Css[TasO19] in 10% methanol
Css[TasO19] in 20% methanol

TMAsH3[NbsO19] in water

TMAsH2[TasO19] in water

TMAsH3[NbsO19] in water

TMAsH2[TasO19] in water
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TMAsH3[NbeO19] in 10% methanol TMAsH2[TasO19] in 10% methanol = TMAsH3[NbsO19] in 10% methanol TMAsH2[TasO19] in 10% methanol
TMAsH3[NbesO1g] in 20% methanol TMAsH2[TasO19] in 20% methanol = TMAsH3[NbsO19] in 20% methanol TMAsH2[TasO19] in 20% methanol
TMAsH3[NbsO19] in 40% methanol  TMAeH2[TasO10] in 40% methanol =~ TMAsH3[NbeO19] in 40% methanol TMAsH2[TasO19] in 40% methanol
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Figure C.1. Log(Intensity) vs log(q) scattering plot for 15 mM Kg[NbsO1q] in water, 10% methanol, and
20% methanol solutions.
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Figure C.2. Log(Intensity) vs log(q) scattering plot for 15 mM Rbg[NbsO19] in water, 10% methanol,

20% methanol, and 40% methanol solutions.



129

Intensity [au]

—15mM CS&[NbGO19]
= in 10% methanol
= in 20% methanol
= in 40% methanol

2 3 4567 2 3 4567 2
1

0.1 P
qlA]
Figure C.3. Log(Intensity) vs log(q) scattering plot for 15 mM Csg[NbsO19] in water, 10% methanol, 20%
methanol, and 40% methanol solutions.
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Figure C.4. Log(Intensity) vs log(q) scattering plot for 15 mM TMAsH3[NbsO19] in water, 10%
methanol, 20% methanol, and 40% methanol solutions.
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Figure C.5. Log(Intensity) vs log(q) scattering plot for 50 mM Kg[NbgO1q] in water, 10% methanol, and
20% methanol solutions.
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Figure C.6. Log(Intensity) vs log(q) scattering plot for 50 mM Rbg[NbsO1g] in water, 10% methanol, and
20% methanol solutions.



Figure C.7. Log(Intensity) vs log(q) scattering plot for mM Csg[NbgO19] in water, 10% methanol, and

20% methanol solutions.
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Figure C.8. Log(Intensity) vs log(q) scattering plot for 15 mM Kg[TasO19] in water, 10% methanol, and

20% methanol solutions.
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Figure C.9. Log(Intensity) vs log(q) scattering plot for 15 mM Rbg[TasO19] in water, 10% methanol, and
20% methanol solutions.
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Figure C.10. Log(Intensity) vs log(q) scattering plot for 15 mM TMAgH[TasO1q] in water, 10%
methanol, 20% methanol, and 40% methanol solutions.



133

Intensity [au]

— 50mM Ka[TaGO1 9]

= in 10% methanol

2 3 4567 2 3 4567 2
1

0.1 A
qlA]
Figure C.11. Log(Intensity) vs log(q) scattering plot for 50 mM Kg[TasO1s] in water, and 10% methanol
solution.
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Figure C.12. Log(Intensity) vs log(q) scattering plot for 50 mM Rbg[TasO19] in water, 10% methanol,

and 20% methanol solutions.
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Table C.2. Structure factor and radius from Modeling Il and radius from Guinier approximation of
SAXS data for 15mM samples of As[NbsO19] (A = K, Rb, Cs, TMA)

Structure Factor Radius (A)
15mM Samples # Nearest Distance (A) Guinier
Neighbors
Kg[NbeOlg] in water 0.4 35.8 4.5
Ks[NbgO19] in 10% methanol 0.3 40.6 4.7
Kg[NbsO19] in 20% methanol 0.3 41.8 5.0
Rbg[NbgO19] in water 0.3 37.6 4.7
Rbg[NbgO19] in 10% methanol 0.3 38.1 5.1
Rbs[NbsO19] in 20% methanol 0.1 38.4 51
Rbs[NbsO19] in 40% methanol 0.1 48.2 51
Css[NbgO1g] in water 0.3 40.8 5.4
Css[NbgO1g] in 10% methanol 0.1 40.4 5.3
Csg[NbgO1g] in 20% methanol 0.1 45.3 5.4
Csg[NbsO19] in 40% methanol 0.1 45.4 5.5
TMAGsH3[NbgO1s] in water 0.8 37.6 4.0
TMAsH3[NbgO19] in 10% methanol 0.7 38.6 4.0
TMAsH3[NbgO19] in 20% methanol 0.6 39.1 4.1
TMAsH3[NbgO19] in 40% methanol 0.4 45.7 4.2

Table C.3. Structure factor and radius from Modeling Il and radius from Guinier approximation of
SAXS data for 15mM samples of As[TasO19] (A = K, Rb, Cs, TMA)

Structure Factor Radius (A)
15mM Samples # Nearest Distance (A) Guinier
Neighbors
Kg[TasO19] in water 0.2 42.3 4.2
Kg[TasO19] in 10% methanol 0.2 40.5 4.1
Kg[TasO19] in 20% methanol 0.04 52.3 4.2
Rbg[TasO19] in water 0.3 35.1 4.5
Rbg[TasO19] in 10% methanol 0.3 38.3 45
Rbg[TasO19] in 20% methanol 0.2 45.8 45
Rbg[TasO19] in 40% methanol na na na
Csg[TasO19] in water 0.3 354 4.7
Csg[TasO19] in 10% methanol 0.1 40.6 4.8
Csg[TasO19] in 20% methanol -- -- 4.8
Csg[TasO19]9 in 40% methanol -- -- na
TMAgH[TasO19] in water 0.5 46.2 3.8
TMAGH2[TasO19] in 10% methanol 0.6 45.6 3.9
TMAGH2[TasO19] in 20% methanol 0.5 47.8 3.9
TMAGsH[TasO19]s in 40% methanol 0.3 56.8 3.9

na: samples were not suitable for SAXS data collection either due to insolubility or high x-ray absorption.
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Figure C.13. Log of molar conductivity vs. percentage of methanol for 15 and 50 mM Ag[NbsO19] on the
top and As[TasO19] 0on the bottom (A = K, Rb, Cs, TMA). These data were used in the determination of

slope.

Table C.4. Slopes of 15 and 50 mM Ag[NbsO19] and As[TasO1s] (A = K, Rb, Cs, TMA) determined from

log-linear plots.

TasO19 Nb6019

15mM Slope 15mM Slope
K -15.9 K -11
Rb 9.4 Rb -9.3
Cs -10.5 Cs -8.4
TMA -6 TMA -5.7

50mM 50mM
K -11 K -9.7
Rb -8.4 Rb -7.6
Cs -8 Cs -5.9
TMA -5.5 TMA -5.6
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Table C.5. Conductivity of Kg[NbsO19] nH,O solutions

.015M .06M
. Average Calculated . Average Calculated
Concer}t/lﬁtlon % Methanol Conductivity gtar}dta}rd Conductivity Concenlt/rliatlon % Methanol Conductivity Star)dta}rd Conductivity
(mol/L) (mS/cm) eviation (mS/cm) (mol/L) (mS/cm) eviation (mS/cm)
0.015 0 11.09 0.18 28.21 0.05 0 28.77 1.15 94.03
0.0148 11 10.78 0.26 27.90 0.0495 11 28.06 1.02 93.00
0.0147 2.2 10.47 0.31 27.60 0.0489 2.2 27.08 0.84 91.99
0.0144 4.3 9.80 0.32 27.01 0.0484 32 26.22 0.81 91.00
0.0141 6.3 9.17 0.31 26.45 0.0479 4.3 25.39 0.79 90.03
0.0135 10 8.10 0.31 25.39 0.0469 6.3 23.74 0.81 88.15
0.0130 135 7.19 0.33 24.41 0.0459 8.2 22.19 0.74 86.35
0.0123 18.2 6.10 0.28 23.08 0.0441 11.8 19.59 0.76 82.97
0.0116 224 5.24 0.27 21.89 0.0425 15.1 17.27 0.62 79.84
0.0109 274 4.44 0.30 2047 0.0409 18.2 15.43 0.66 76.93
0.0102 318 3.78 0.24 19.23 0.0388 224 13.17 0.49 72.95
0.0095 36.6 3.15 0.21 17.88 0.0369 26.2 11.39 0.48 69.37
0.0089 40.8 2.68 0.19 16.70 0.0346 30.8 9.61 0.39 65.10
0.0326 34.8 8.21 0.37 61.32
Table C.6. Conductivity of Rbs[NbeO19] nH,O solutions
.015M .05M
. Average Calculated . Average Calculated
Co?ﬁ:agltlrf)tlon % Methanol Conductivity gg;g;[ﬁ] Conductivity Cor(lgfg&nﬁ)tmn % Methanol Conductivity Sg;g;g:] Conductivity
(mS/cm) (mS/cm) (mS/cm) (mS/cm)
0.015 0 9.79 0.58 27.60 0.05 0 24.65 0.93 91.99
0.0147 2.2 9.12 0.57 27.00 0.0495 11 23.82 0.78 90.98
0.0144 43 8.56 0.58 26.42 0.0489 2.2 23.00 0.64 89.99
0.0141 6.3 7.97 0.45 25.87 0.0479 4.3 21.53 0.39 88.08
0.0135 10 7.02 041 24.84 0.0469 6.3 20.2 0.28 86.24
0.0130 135 6.21 0.38 23.88 0.045 10 17.82 0.12 82.79
0.0123 18.2 5.28 0.32 22.58 0.0433 135 15.84 0.20 79.61
0.0116 224 4.52 0.29 21.41 0.0409 18.2 13.47 0.36 75.27
0.0109 274 3.77 0.23 20.03 0.0388 224 11.61 0.49 71.37
0.0102 318 3.23 0.20 18.82 0.0363 274 9.70 0.58 66.77
0.0095 36.6 2.70 0.17 17.49 0.0341 318 8.30 0.54 62.72
0.0089 40.8 231 0.15 16.34 0.0317 36.6 6.97 0.56 58.31

0.0083 444 2.01 0.14 15.33
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Table C.7. Conductivity of Csg[NbsO19] nH2O solutions

.015M .05M
. Average Calculated . Average Calculated
Corzr(;egltlrf)tlon % Methanol Conductivity gg?ggg:] Conductivity Corgr(;egltlgtlon % Methanol Conductivity Sg;gﬁg\ Conductivity
(mS/cm) (mS/cm) (mS/cm) (mS/cm)
0.015 0 9.08 0.52 27.05 0.05 0 22.58 1.06 90.17
0.0147 2.2 8.48 0.46 26.46 0.0495 11 21.84 0.86 89.17
0.0141 6.3 7.45 0.42 25.36 0.0489 2.2 21.08 0.84 88.21
0.0135 10 6.60 0.38 24.34 0.0479 4.3 19.88 0.64 86.33
0.0127 15.1 5.54 0.32 22.97 0.0469 6.3 18.63 0.60 84.53
0.0121 19.6 4.75 0.28 21.74 0.045 10 16.50 0.55 81.15
0.0113 25 3.93 0.26 20.29 0.0425 15.1 13.95 0.46 76.56
0.0104 30.8 3.23 0.20 18.73 0.0395 211 11.46 0.33 71.18
0.0096 35.7 2.72 0.19 17.39 0.0363 274 9.20 0.34 65.44
0.009 40 2.32 0.16 16.23 0.0336 3238 7.61 0.32 60.56
0.0084 438 2.03 0.13 15.22 0.0313 375 6.46 0.27 56.35
0.0292 41.6 5.62 0.29 52.69
0.0274 45.1 4.97 0.31 49.48
0.0259 48.3 4.43 0.24 46.64
Table C.8. Conductivity of TMAsH3[NbsO19] nH,O solutions
.015M .05M
. Average Calculated . Average Calculated
Concenlt/ritlon % Methanol Conductivity Star?dta}rd Conductivity Concenlt/rlf\tlon % Methanol Conductivity Star)dtqrd Conductivity
(mol/L) (mS/cm) eviation (mS/cm) (mol/L) (mS/cm) eviation (mS/cm)
0.015 0 6.94 0.51 23.69 0.05 0 19.47 1.04 78.95
0.0147 22 6.56 0.51 23.17 0.0496 11 19.06 0.83 78.30
0.0144 43 6.16 0.48 22.68 0.0488 32 17.97 0.71 77.03
0.0138 8.2 5.54 0.43 21.75 0.048 53 17.02 0.67 75.80
0.0132 11.8 5.00 041 20.90 0.0465 9.1 15.35 0.67 73.45
0.0125 16.7 4.33 0.37 19.74 0.0444 14.3 13.30 0.74 70.18
0.0116 224 3.66 0.33 18.38 0.0420 20.4 11.11 0.88 66.25
0.0107 28.6 3.05 0.27 16.92 0.0392 26.8 9.24 0.86 61.92
0.0099 338 2.61 0.24 15.67 0.0368 323 7.90 0.86 58.13

0.0092 38.4 2.29 0.20 14.60



Table C.9. Conductivity of Kg[TasO19] NnH,O solutions
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.015M .05M
Concentration % Methanol Average Standard Calculated Concentration % Methanol Average Standard Calculated
(mol/L) Conductivity Deviation Conductivity (mol/L) Conductivity  Deviation ~ Conductivity
(mS/cm) (mS/cm) (mS/cm) (mS/cm)
0.015 0 10.46 1.25 28.21 0.05 0 26.71 4.50 94.03
0.0148 11 10.12 1.23 27.90 0.0495 11 25.72 4,58 93.00
0.0147 2.2 9.79 1.23 27.60 0.0489 2.2 24.80 4.42 91.99
0.0145 4.3 9.13 1.19 27.30 0.0484 3.2 23.90 4.19 91.00
0.0144 6.3 8.53 1.16 27.01 0.0479 43 23.03 4.08 90.03
0.0141 10 7.45 1.05 26.45 0.0469 6.3 21.57 4,16 88.15
0.0138 15.1 6.19 0.94 25.91 0.0459 8.2 20.15 3.90 86.35
0.0132 19.6 5.23 0.82 24.89 0.0441 11.8 17.69 3.70 82.97
0.0425 151 15.62 3.37 79.84
Table C.10. Conductivity of Rbg[TasO19] nH2O solutions
.015M .05M
. Average Calculated . Average Calculated
Cor(1rcnecr)1|t/r€)t lon % Methanol Conductivit Sg%?ggg:] Conductivit Corzﬁ:e;t/rli\)tlon % Methanol Conductivit Stezf/ri]ggroi Conductivity
y (mS/cm) y (mS/cm) y (mS/cm) (mS/cm)
0.0150 0.0 9.52 0.24 27.60 0.0500 0.0 24.85 0.39 91.99
0.0147 2.2 9.06 0.07 27.00 0.0495 11 24.04 0.24 90.98
0.0144 43 8.48 0.04 26.42 0.0489 2.2 23.20 0.14 89.99
0.0138 8.2 7.44 0.03 25.35 0.0479 4.3 21.66 0.12 88.08
0.0132 11.8 6.60 0.09 24.35 0.0469 6.3 20.30 0.07 86.24
0.0125 16.7 5.53 0.08 23.00 0.0450 10.0 17.87 0.08 82.79
0.0118 211 4.72 0.05 21.79 0.0433 13.5 15.78 0.08 79.61
0.0111 26.2 3.88 0.07 20.36 0.0409 18.2 13.29 0.09 75.27
0.0104 30.8 3.32 0.04 19.11 0.0388 22.4 11.34 0.11 71.37
0.0096 35.7 2.74 0.04 17.74 0.0363 27.4 9.41 0.14 66.77
0.0090 40.0 2.32 0.05 16.56 0.0341 318 8.02 0.08 62.72
0.0084 43.8 2.01 0.04 15.52
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Table C.11. Conductivity of Csg[TasO19] NnH,O solutions

.015M .05M
. Average Calculated . Average Calculated
Corgr(;eglt/ri)tlon % Methanol Conductivity Sg;gggi Conductivity Corg;eglt/rf)t fon % Methanol Conductivity Sg?gg;?] Conductivity
(mS/cm) (mS/cm) (mS/cm) (mS/cm)
0.015 0 11.74 0.51 27.05 0.05 0 30.6 0.17 90.17
0.0147 2.2 11.08 0.43 26.46 0.0495 11 29.71 0.44 89.17
0.0141 6.3 9.79 0.33 25.36 0.0489 2.2 28.80 0.48 88.21
0.0135 10 8.7 0.26 24.34 0.0479 43 26.76 0.75 86.33
0.0127 15.1 7.36 0.20 22.97 0.0469 6.3 25.31 0.46 84.53
0.0121 19.6 6.34 0.17 21.74 0.045 10 22.50 0.37 81.15
0.0113 25 5.28 0.15 20.29 0.0425 15.1 18.94 0.28 76.56
0.0104 30.8 435 0.14 18.73 0.0395 211 15.52 0.24 71.18
0.0096 35.7 3.67 0.15 17.39 0.0363 27.4 12.47 0.22 65.44
0.009 40 3.19 0.14 16.23 0.0336 328 10.34 0.24 60.56
0.0084 43.8 2.81 0.12 15.22 0.0313 375 8.81 0.23 56.35
0.0292 41.6 7.69 0.21 52.69
0.0274 45.1 6.81 0.21 49.48
0.0259 48.3 6.07 0.20 46.64
Table C.12. Conductivity of TMAsH,[TasO19] nH-O solutions
.015M .05M
. Average Calculated . Average Calculated
Corz;:‘:eglt/ri)tlon % Methanol Conductivity géi?gggc:] Conductivity Co?ﬁfg}t/f)non % Methanol Conductivity Sg?ggg] Conductivity
(mS/cm) (mS/cm) (mS/cm) (mS/cm)
0.015 0 7.14 0.55 23.69 0.05 0 19.71 1.18 78.95
0.0147 2.2 6.73 0.51 23.17 0.0496 11 19.17 1.13 78.30
0.0144 43 6.35 0.45 22.68 0.0488 2.2 18.16 1.22 77.03
0.0138 8.2 5.70 0.42 21.75 0.048 4.3 17.21 131 75.80
0.0132 11.8 5.10 0.35 20.90 0.0465 6.3 15.52 143 73.45
0.0125 16.7 4.44 0.33 19.74 0.0444 10 13.43 1.47 70.18
0.0116 22.4 3.71 0.26 18.38 0.0420 135 11.30 1.55 66.25
0.0107 28.6 3.08 0.24 16.92 0.0392 18.2 941 1.48 61.92
0.0099 338 2.63 0.20 15.67 0.0368 224 8.06 1.39 58.13

0.0092 38.4 2.29 0.17 14.60
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APPENDIX D: SYNTHETIC DETAILS

D.1 HEXANIOBATES

KsNbsO19-nH20. KOH (100 mL, 4M) is heated to ~90°C. Hydrous Nb,Os (20 Q)
is slowly added in ~1-2 g scoops. Each addition of Nb.Os should dissolve before adding
more. Once all Nb2Os is dissolved, the solution is filtered through a 0.45 um syringe
filter. Evaporate for crystallization. Tip: The solution may be heated longer to reduce
the volume which speeds up the crystallization process. Using alcohol for precipitation
is also an option. 100% yield

RbsNbeO19-nH20. RbOH (100 mL, 2M) is heated to ~90°C. Hydrous Nb2Os (20
g) is slowly added in ~1-2 g scoops. Each addition of Nb2Os should dissolve before
adding more. Once all Nb2Os is dissolved, the solution is filtered through a 0.45 pm
syringe filter. Evaporate for crystallization. Tip: The solution may be heated longer to
reduce the volume which speeds up the crystallization process. Using alcohol for
precipitation is also an option. 100% yield

CssNbsO19-nH20. CsOH (100 mL, 2M) is heated to ~90°C. Hydrous Nb2Os (20 g)
is slowly added in ~1-2 g scoops. Each addition of Nb.Os should dissolve before adding
more. Once all Nb2Os is dissolved, the solution is filtered through a 0.45 pm syringe
filter. Evaporate for crystallization. Tip: The solution may be heated longer to reduce
the volume which speeds up the crystallization process. Using alcohol for precipitation
is also an option. 100% yield

TMAsH3NbsO19-nH20. TMAOH (100 mL, 2.8M) is heated to ~90°C. Hydrous
Nb20Os (20 g) is slowly added in ~1-2 g scoops. Each addition of Nb2Os should dissolve
before adding more. Once all Nb2Os is dissolved, the solution is filtered through a 0.45
pum syringe filter. Precipitate instead of crystallizing. Tip: TMA hexaniobate is very
soluble so isopropanol is needed for precipitation. Initial precipitation is very sticky.
Repeated washings with isopropanol is necessary. Precipitating in centrifuge tubes is

helpful for thorough agitation. 100% vyield
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D.2 HEXATANTALATES

Hexatantalate syntheses start with peroxotantalate, Ta(O2)4>".

KsTa(0z2)s. H202 (40 mL, 30%) is cooled to under 10°C in an ice bath. TaCls (4.6
g) is carefully added. Once the solution has cooled again to under 10°C, KOH (35 mL,
4M) is added in small aliquots while keeping the temperature below 20°C. The solution
should be clear after all KOH is added. Once the solution has cooled again to under
10°C, sufficient methanol is added for precipitation. The white powder is isolated by
vacuum filtration and washed with more methanol. 100% yield

RbsTa(O2)4. H202 (40 mL, 30%) is cooled to under 10°C in an ice bath. TaCls (4.6
g) is carefully added. Once the solution has cooled again to under 10°C, RbOH (18 mL,
50 wt%) is added in small aliquots while keeping the temperature below 20°C. The
solution should be clear after all RbOH is added. Once the solution has cooled again to
under 10°C, sufficient methanol is added for precipitation. The white powder is isolated
by vacuum filtration and washed with more methanol. 100% yield

CssTa(02)4. H202 (40 mL, 30%) is cooled to under 10°C in an ice bath. TaCls (4.6
g) is carefully added. Once the solution has cooled again to under 10°C, CsOH (35 mL,
4M) is added in small aliquots while keeping the temperature below 20°C. The solution
should be clear after all CsOH is added. Once the solution has cooled again to under
10°C, sufficient methanol is added for precipitation. The white powder is isolated by
vacuum filtration and washed with more methanol. 100% vyield

(NH4)3Ta(O2)s. H202 (80 mL, 30%) is cooled to under 10°C in an ice bath. TaCls
(4.8 g) is carefully added. Once the solution has cooled again to under 10°C, NH4+OH
(24 mL, 2.8M) is added in small aliquots while keeping the temperature below 20°C.
The solution should be clear after all NH4OH is added. Once the solution has cooled
again to under 10°C, sufficient ethanol is added for precipitation. The white powder is

isolated by vacuum filtration and washed with more ethanol. 100% vyield

KsTasO19-nH20. KOH (9.6 g) is dissolved in H20 (25 mL) with KsTa(02)s (4 ).

The suspension is heated to reflux until completely dissolved. The solution is cooled
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and filtered through a 0.45 pL syringe filter. Evaporate for crystallization. 100% yield.
Tip: This solution very quickly absorbs CO and potassium carbonate will crystallize
along with the product. Alcohol precipitation is a better option to avoid carbonate
impurities.

RbsTasO19-nH20. RbOH (17.6 g) is dissolved in H2O (25 mL) with RbaTa(O2)4
(5.3 g). The suspension is heated to reflux until completely dissolved. The solution is
cooled and filtered through a 0.45 pL syringe filter. Evaporate for crystallization. 100%
yield. Tip: This solution tends to absorb CO>. The solution can be heated to reduce the
volume which speeds up the crystallization process. Alcohol precipitation is also an
option to avoid carbonate impurities.

CssTasO19-nH20. CsOH (26 g) is dissolved in H20 (25 mL) with CssTa(02)4 (5.5
g). The suspension is heated to reflux until completely dissolved. The solution is cooled
and filtered through a 0.45 pL syringe filter. Evaporate for crystallization. 100% yield.
Tip: This solution tends to absorb CO-. The solution can be heated to reduce the volume
which speeds up the crystallization process. Alcohol precipitation is also an option to
avoid carbonate impurities.

TMAsH2TasO19:nH20. (NH4)3Ta(02)s (4.75 @) is added to TMAOH (30 mL,
1.4M). The suspension is heated to reflux for 5 hours. The solution is cooled and filtered
through a 0.45 pL syringe filter. Precipitate and thoroughly wash with isopropanol.
30% vyield. Tips: The product is very soluble and it takes a lot to precipitate. To increase
the yield, continue heating until the volume is reduced by half. Use 50mL centrifuge
tubes for precipitation. Add 5-10mL of the solution to the centrifuge tube then fill with
isopropanol. After agitating and centrifuging, there will be a separation of a small dense
layer which is the product. Discard the top layer and continue washing with isopropanol
in this fashion until a non-sticky white powder is obtained. Cooling the solution in the

fridge between washes will also help increase the yield.
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D.3 PEROXOHEXAMETALATES

[(CH3)4N]sH2TasO19 -:21H20. A solution of [(CH3)sN]sH2TasO19 -21H20 (0.35 g)
in H2O (5 mL) was stirred in an ice bath. H2O. (30%) was added in stoichiometric
equivalents from one to six (ie: 16 pL H202 for monoperoxylated hexatantalate). The
final product can be precipitated through addition of isopropanol. Thorough washing
with isopropanol yields a hygroscopic, amorphous, white powder.

[(CH3)4N]sH3NbsO19 -20H20. A solution of [(CH3s)sN]sH3NbsO19 -20H20 (0.25
g) in H20 (5 mL) was stirred in an ice bath. H.O> (30%) was added in stoichiometric
equivalents from one to six (ie: 15 pL H202 for monoperoxylated hexaniobate). The
final product can be precipitated through addition of isopropanol. Thorough washing

with isopropanol yields a hygroscopic, amorphous, white powder.
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