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Abstract

Germanium nanomaterials have many potential applications based on their
size-tunable optical and electronic properties, for example in photodetectors,
photovoltaics and non-volatile memory.

In this work, the synthesis of Ge nanoparticles by two different methods
based on tailorability through the substituent chemistry of the Ge precursors is
explored.

In Chapter Two, the effect of the organic substituent upon thermal
decomposition of organogermanium oxides (RGeO; s), to yield oxide-embedded
germanium nanocrystals (Ge-NCs) is investigated. Substituents with stable radical
formation or the presence of f-hydrogen are found to facilitate NC formation at
lower temperatures. Lower temperature limits germanium production to a
pathway based on disproportionation only, and not — as previously — also on
hydrogen reduction of germanium oxides. The organic substituent also introduces
tailorability of organogermanium oxide properties, such as melting points. For R
= n-butyl, benzyl, these are lowered below the disproportionation temperature,
yielding melts containing Ge-NCs.

The knowledge gained in the substituent study is applied to solution
synthesis of Ge-NCs in Chapter Three. The n-butyl substituent, which formed Ge-
NC from (nBuGeO,s), at 300 °C, can eliminate by radical and fB-hydride
elimination pathways. In the molecular compounds nBuyGeHsx (x = 1-4),
reductive elimination also becomes possible. We propose this leads to the

decrease in decomposition temperature of nBuyGeHsx from x =4 to x = 1.



In the second section of this thesis, Chapter Four, the catalytic activity of
metal-decorated iron/iron-oxide core-shell nanoparticles (M/Fe@Fe«Oy) in Heck
and Suzuki couplings is investigated. Electroless deposition of noble metals on
Fe@Fe,O, generates the catalyst. The catalytic activity of Pd/Fe@FeOy is
improved over standard heterogeneous catalysts (e.g., Pd/C) in Heck coupling of
styrene and bromobenzene. Leaching studies in Suzuki coupling of bromobenzene
with phenylboronic acid show elevated Pd levels in solution during reaction,
suggesting Pd is solvated during catalysis in a quasi-homogeneous mechanism.
Less Pd is found in the final product, suggesting Pd is deposited back onto the
Fe@Fe,Oy support after catalysis.

In Chapter Five, a summary of our findings regarding the effects of
organic substituents on Ge-NC synthesis and catalysis employing metal-decorated
Fe@Fe,Oy is presented, followed by a detailed discussion of future research

directions.
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Chapter 1:

Introduction



1.1. An Introduction to Nanoscience

Nanomaterials are generally defined to be materials that have at least one
dimension in the size range of 1-100 nm. Restricting dimensions allows the
formation of different materials such as nanosheets or —films, with thicknesses
below 100 nm (1D), nanowires, with diameters below 100 nm (2D), and
nanoparticles, or nanoclusters, both referring to particles with all three dimensions

below 100 nm.!

e s
@ ®  ©

Figure 1.1. Nanomaterials confined in (a) one, (b) two and (c) three dimensions.

The origin of the prefix “nano” is the Greek word vavog meaning
“dwarf”.> How does the size of a nanoparticle compare to everyday items we can
relate to? If we compare the size of a 3-4 nm nanoparticle to a European football,
the scale between the two is of the same order of magnitude as comparing said
football to the size of the Earth — one of the reasons it is challenging to truly
comprehend the minute structures that are the subject of nanoscience (Figure 1.2).
Examples of other things that exist at the size scale of the nanoparticles discussed
in this thesis include the human immunodeficiency virus (HIV) and the width of a

double-stranded helix of DNA, our genetic material.’



Figure 1.2. When relating the size of a 3-4 nm nanoparticle to a football the scale-
up compares to relating a football to the size of the Earth.*®

Nanotechnology is often perceived as a relatively recent phenomenon,
with the term coined in 1974 by Norio Taniguchi, a physicist at Tokyo Science
University.® However, as many researchers insist, nanochemistry is not at all that
recent, previously it was simply referred to as colloid chemistry (colloids being
dispersions of matter with at least one dimension of 1 nm — 1 um).” Our
understanding of nanomaterials has only really started to advance since the mid-
20™ century, but nanoparticles have unknowingly been used in a number of
applications since the Roman Period. A famed example from this period is the
Lycurgus Cup (4th century AD), which is in exhibit at the British Museum in
London (Figure 1.3). The cup is made of dichroic glass, with intriguing optical
properties that are imparted to it by the presence of nanoparticles of gold and
silver. Their presence stains the glass green (reflected light), though it appears red
when illuminated from within (transmitted light).® Nanoparticles are found in
similar applications throughout the ages, causing the ruby red (gold NPs) and
deep yellow (silver NPs) colours of stained glass windows from the Medieval

Period (500-1450), the beautiful iridescent or metallic glazes (copper and silver



NPs) applied by the Deruta Ceramicists of Umbria during the Renaissance Period
(1450-1600), and a popular purple dye known as The Purple of Cassius (gold NPs
and tin hydroxide).”'* Silver NPs were also fundamental to the development of
photography, with Joseph Niepce’s discovery of the light-mediated decomposition
of silver halides to nanoparticles in 1827 yielding the pigments of black-and-white
photography.” Recipes for the production of nanoparticles were first documented
by Antonio Neri, an [talian glass maker, in his glass-making manual L Arte
Vetraria (The Art of Glass) in 1612, and in Andreas Cassius’ 1685 description of
Purple of Cassius synthesis, though both documents do not suggest they are aware

of the nature of their products.'

Figure 1.3. The Lycurgus cup, (a) in reflected light, (b) in transmitted light, (both
© Trustees of the British Museum, reproduced with permission).

A more systematic study of colloids and their properties started with
Michael Faraday’s synthesis of colloidal gold solutions, which are still in exhibit

at the Royal Institute in London, England. In 1857, he presented his findings on



thin metal films and “finely divided metal” in the Bakerian Lecture, an annual
prize lecture of the Royal Society.'' At this point, researchers were already aware
that different colours could be obtained from different species of gold — as we
would understand much later, the observed colour can be controlled based on the
gold nanocrystal size. The understanding of colloids slowly grew, continued by
Albert Einstein’s connection of nanoparticle Brownian motion with their diffusion

coefficient, and Gustav Mie’s development of Mie theory.'>"

Mie theory is a
mathematical solution of the Maxwell equations for the interaction of
electromagnetic radiation (light) with a sphere (the metal nanoparticle). It relates
the size to the scattering of certain wavelengths, shorter wavelengths being
scattered the most.

From here on, it still took decades for nanoscience to develop into what it
is today — a burgeoning field of research and development. Importantly, the
advent of imaging techniques capable of “opening our eyes” to the nanodomain,
and even beyond, to the ability of “seeing” atoms, enabled this boom. The
imaging of nanomaterials is challenging because their sizes are a few orders of
magnitude smaller than the wavelength of light - which at 400 — 700 nm
determines the resolution limit § of light microscopy (8 ~ A/2 =~ 200 nm)."* The
first imaging technique that was able to break through the resolution limit of
visible light made use of the wave-particle duality described in quantum
mechanical theory by Albert Einstein (Photoelectric Effect: particle nature of
15,16

light) and Louis de Broglie (any moving particle has an associated wave).

Following this theory, Ernst Ruska at the University of Berlin first demonstrated



electron microscopy in 1931.""'%

Electrons of a certain speed (i.e., accelerating
voltage) are effectively light of a very short wavelength, and can be used to image
features on the nanoscale. For example, the 200 kV transmission electron
microscope (TEM) used for the work presented in this thesis produces an electron
beam with a wavelength of about 2.5 pm.'"* TEM images can be thought of as a
silhouette of the material inserted into the beam, where contrast is based on
scattering of the electron beam. Next to imaging, a variety of other interactions of
the sample with the electron beam are of analytical value. Auger electrons and X-
rays emitted from the sample can be used for elemental analysis, electron

diffraction for crystal analysis, and so forth. A diagram representing these

interactions is shown in Figure 1.4.

incident e- beam

secondary e

backscattered e
X-rays

Auger e cathodoluminescence

SEM _
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scattered e scattered e

v

unscattered e

Figure 1.4. Diagram of interactions in electron microscopy, adapted from ref. 14.



Further important developments were made in the 1980s, when imaging
and manipulation of atoms became possible. Scanning tunnelling microscopy
(STM), developed in 1981 by Swiss scientists Gerd Binnig and Heinrich Rohrer at
IBM, has the ability to image individual atoms on a surface.”” To achieve this, an
atomically sharp conducting tip (i.e., it ends in a single atom) is brought close
enough to a surface that electrons can tunnel from the surface to the tip, or the tip
to the surface (Figure 1.5.a). This produces a current that is sensitive to changes in
the electronic structure of the sample, and can thus be converted into an image of
the electronic structure (Figure 1.5.d). Donald M. Eigler and Erhard K. Schweizer,
of IBM in San José, later showed that the STM could also be used to move atoms
into specific locations, which generated a lot of excitement as the first
demonstration of controlled manipulation on the atomic scale (Figure 1.5.b).%°

Binnig was also involved in the development of atomic force microscopy
(AFM) with Christoph Gerber, again at IBM Ziirich.”' Here, an atomically sharp
tip is brought into physical contact with the surface, and is dragged or tapped
across the sample (Figure 1.5.a). The inflection of the cantilever on which the tip
is mounted is followed by means of a laser and provides topographic information
of the surface (Figure 1.5.e), but can also be modified to give chemical or

electronic information.>'™?
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Figure 1.5. (a) The principle of STM and AFM is to probe the contour of a
surface with an atomically sharp tip that is moved at a distance to the surface to
maintain a constant tunnelling current (STM) or a constant force (AFM) (adapted
from ref. 21). Examples of images are shown in (b)-(e): Xenon atoms manipulated
by STM on a Ni (110) surface,** (c) ball-and-stick model of pentacene, (d) STM
image of pentacene, (¢) AFM image of pentacene, recorded with a CO-terminated
tip.” Images (c)-(e) adapted from ref. 25.

With many powerful analytical tools at hand, researchers have deepened
our understanding of processes at the nanoscale and developed synthetic methods
for a vast variety of nanostructures — in terms of sizes and shapes as well as
chemical composition. In the following section, an introduction to the properties
of nanoparticles will be given, to answer the question why these materials are of

such interest.



1.2. How Nano is Different — Size-Dependent Properties

Now, what makes nanomaterials so fascinating? We have already seen that
their colour will differ from the appearance of the bulk material, indicating
changes in their electronic and optical properties. At the nanoscale, we observe
luminescence from materials such as silicon, which does not luminesce in the
bulk. We observe drastic decreases in melting points, increases in reactivity, and
changes in magnetic properties.”®*’ All these changes are linked to the
intermediate size of nanomaterials in the range between molecules and extended
bulk materials. Within the consequences of this size regime, the key effects that
drive the research presented in this thesis are the surface area and electronic and

optical properties of nanomaterials.

1.2.1. The Importance of the Surface

Since nanoparticles contain a relatively small number of atoms, an
increasingly large proportion of atoms reside at the surface as particle size
decreases. The increased surface area and resulting influence of surface properties
is responsible for a range of property changes that are observed at the nanoscale,
including melting point depression and increased reactivity.

Surfaces have higher free energy due to the lower coordination of surface
atoms in comparison with atoms in the bulk.”® As the contribution of surface
energy to the overall energy of the system becomes more significant with
decreasing size, the liquid state becomes increasingly energetically favourable. In
the liquid state, surface atoms are mobile and can rearrange to minimize surface

energy, while they are locked into position in the solid state.”® This effect



decreases the melting point exponentially with decreasing size for very small
nanoparticles.*

The increased surface area also implies that more of a given material is
available for surface-mediated reactions, leading to substantial improvements in
activity of nanoscale materials towards heterogeneous catalysis (in particular
when the surface reaction is the rate-limiting step).”’”’ Among surface atoms,
defect sites such as step edges, corners and kinks have a range of lower
coordination numbers than atoms on planes, increasing their reactivity.**°** The
proportion of these sites increases with decreasing size, contributing a second
factor to improved catalytic properties.”® We explore the application of this effect
in Chapter Four. The importance of various factors influencing catalytic activity
and selectivity differs with the type of catalyzed reaction, but other factors that
have been identified include the nature of support materials, chemical
composition of the catalyst, and presence of stabilizers, to name a few.”*""

Catalysis remains a field of intense research efforts with many fundamental

mechanistic questions to answer.

1.2.2. The Effect of Size on Magnetic Properties

An interesting phenomenon that has been observed in nanoparticles of
magnetic materials (Fe, Co, Ni, their (mixed) oxides and alloys) is
superparamagnetism. Below a critical size (tens of nanometers, material
dependent), the particles consist of a single magnetic domain.”” Above a critical
temperature, the blocking temperature, these particles exhibit superparamagnetic

behaviour: they no longer display individual atomic magnetic moments, but act as

10



one big paramagnet with up to 10* times larger magnetic moment than a bulk
gp g p g g

. . 127,34
paramagnetic material.>”

The magnetic moments also randomize quickly,
leading to no magnetic moment in the absence of a magnetic field.”” Among
others, this aids colloidal stability of magnetic nanoparticles and is useful in view
of their potential biological applications.”* Magnetic nanoparticles show promise

3537 to contrast

for a broad range of applications, ranging from catalyst supports
agents for magnetic resonance imaging (MRI), hyperthermal therapy agents, and
magnetic drug delivery.**

Iron-iron oxide core-shell nanoparticles (Fe@FecOy), also known as
nanoscale zerovalent iron (nZVI), offer remarkable reductive capabilities in
addition to their magnetic characteristics. In this context, nZVI is a well-studied
environmental remediation agent. Facilitated by the low standard reduction
potential of iron, nZVI reductively degrades halogenated organic compounds, and
removes metal ions through adsorption onto the hydroxylated surface followed by

. 38-40
reduction.

The promise of magnetic recoverability and their ability to reduce
metals onto their surface drew us to investigate Fe@Fe,Oy as catalyst supports
(see Chapter 4), however, we observed substantially degraded magnetic properties

upon metal deposition.*'™*

1.2.3. Optical and Electronic Properties at the Nanoscale

The other key change in properties at the nanoscale is the observation that,
even though the structure of nanomaterials is often equivalent to that of the bulk,
their electronic and optical properties are different. Thus, nanoscale gold and

silver are not gold and silver in colour, but rather exhibit a variety of colours

11



depending on their size and shape.® Nanoscale semiconductors emit visible light
in notable intensities, the wavelength of which can again be tuned with
nanocrystal size.*** Since the structure is the same, and bonding dictates the
electronic properties, how do these observed differences arise? We will consider
first the relationship of bonding with electronic and optical properties in
molecules and bulk solids, before examining in more detail the causes of

nanomaterial optical and electronic properties.

1.2.3.1. Molecules

Bonding in organic molecules is predominantly covalent. In ideal covalent
bonds, electron density is shared between atoms by favourable overlap of singly
occupied atomic orbitals of appropriate symmetry. Mathematically, the bonding
can be described by solving the Schrodinger equation for the molecule. A good
approximation of the result is given by linear combination of atomic orbitals
(LCAO). In LCAO, atomic orbitals are combined to yield the same overall
number of molecular orbitals (MOs) (Figure 1.6). If the overlapping portions of
AO wave functions are in phase, a bonding interaction results, and the MO is
lowered in energy. If they are out of phase, an antibonding interaction results, and
the MO is increased in energy relative to the original AOs. The energy by which
bonding and antibonding MOs split depends directly on the extent of overlap
between the AOs. If there is a high degree of overlap, a strong bond is formed and
the splitting energy is high. If there is however only a low degree of overlap, the
bonding is weak and the splitting energy is low. The resulting MO diagram is

populated with electrons according to the Aufbau and Pauli principles, and

12



Hund’s rule. The energy gap between the highest occupied MO (HOMO) and the
lowest unoccupied MO (LUMO) is the band gap, which corresponds to the lowest

energy at which electronic and optical transitions are observed.*

9
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Figure 1.6. Molecular orbital diagram of dihydrogen: The Is orbitals of two
hydrogen atoms, shown at the left and right hand side, combine to form bonding
(lowered in energy) and antibonding molecular orbitals (raised in energy) in the
molecule H,, shown at the centre.

1.2.3.2. Bulk Solids

1.2.3.2.a. Structure and Bonding Types

The structures of solids can be divided into two broad areas based on their
ordering: crystalline and amorphous solids. Crystalline solids exhibit structural
order over a long range with all atoms having defined locations in the periodic
crystal lattice. The translational symmetry of a crystal lattice is defined by its
smallest building block, the unit cell. In amorphous solids, no long-range order is

present.*’ Crystalline and amorphous materials may be differentiated between by

13



techniques such as X-ray diffraction (XRD), in which crystalline solids will give
sharp reflections while amorphous materials have an extremely broad, featureless
signature.

Solids can also be classified according to their bonding. Of interest in the
context of this work are ionic, network covalent and metallic solids; molecular
solids will not be discussed. A bond may be formed when atoms approach one
another and their orbitals overlap. Depending on the difference in
electronegativity (EN) between the approaching atoms, the electrons may be
transferred from one atom to another, forming positively and negatively charged
ions. Non-directional electrostatic forces attract the ions to each other,
constituting ionic bonds. The magnitude of the electronegativity difference (AEN)
dictates the polarization of bonds from the extreme of complete electron transfer
in ionic bonding (large AEN) to the other extreme, covalent bonding (small AEN).
In a true covalent bond, electron density is shared equally between atoms. Here,
the geometry of the overlapping orbitals localizes the bonding electrons between
nuclei, giving the bonding directionality and a defined space, in contrast to the
non-directional ionic bonds. In intermediate cases, polar covalent bonds are
polarized towards the more electronegative element. Metallic bonding is different
again, the valence electrons are now not associated with any particular atom.
Instead, they are fully delocalized across a close-packed array of non-directionally
bonded atoms.*’ Iron oxides are examples of mostly ionic compounds, while

germanium is a covalent solid.
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1.2.3.2.b. The Bulk “MO Diagram”: Band Structures

Bonding in the extended solid can be evaluated with similar tools as used
for molecules above. LCAOs become more complex, and thus are evaluated in
more detail for specific points of interest (characteristic points within the Brillouin
zone, vide infra).*® Using the terminology of solid-state physics, LCAOs are
termed Bloch functions and represent the basis of the band structure, the bulk
“MO diagram”. The band structure arises from the combination of a large number
of discrete energy levels in an extended solid, based on the contribution of energy
levels from ~N, (Avogadro’s number, 6.022 x 10*°) atoms or unit cells making up
the bulk solid. The large number of discrete energy levels is thus approximated as
a continuous band (Figure 1.7).**

The band structure of a solid describes the allowed energy states of an
electron as a function of the magnitude of the electron’s momentum (k:
wavevector or momentum vector), which is inversely proportional to its
wavelength.”” In a three-dimensional crystal lattice, the energy of the electron is
direction dependant and can be approximated by considering the electron placed
in a periodic potential. According to Bloch’s theorem, waves travelling through a
crystal lattice will undergo constructive interference when the wavelength is
proportional to the lattice spacing.*” The points at which constructive interference
is observed are periodic and constructs what is commonly known as a reciprocal
lattice in reciprocal or momentum space. The volume in momentum space within
the limits 0 < |k| < m/a, a being the lattice constant, contains all unique values of k.

It has different dimensions than the crystal unit cell, but is conceptually
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comparable: It is the smallest repeat unit of electronic energy states in momentum
space, and is known as the Brillouin zone. The energy versus wavevector diagram
(Figure 1.7) shows how the energy of the electron changes, based on its direction
of travel through the crystal lattice, as a function of the magnitude of its
momentum. The direction of travel is given between characteristic points within
the Brillouin zone (e.g., I' - centre of the zone, Roman letters (M, X, L, etc.):
centres of different faces) and corresponds to the equivalent direction of travel
through the crystal lattice in real space.” Analogous to MO diagrams, the lower
energy part of a band is bonding, while the high-energy part of a band is
antibonding. Also, the dispersion of the band (effectively the energy separation
between maximum bonding and maximum antibonding states) is proportional to
the degree of orbital overlap, i.e., to the strength of bonding, analogous to the

dependence of bonding and antibonding MO energy splitting on bond strength.*®

>

R
R
m

Wa

.. R

A

=]

n

Figure 1.7. Bands are depicted as continuous due to the extremely close spacing
of ~Na energy states in a solid A,. To describe the band structure in more detail,
the band can be deconvoluted into energy states as a function of the momentum
vector k. The band shown on the right is representative of an s-orbital overlap.*®
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A consequence of band structures is there are no substantial energy gaps
between electronic states within a band; there is instead an apparent continuum of
states (Figure 1.7). Bands can be separated by energy gaps, can overlap with one
another, and can be only partially filled, which influences electron mobility
(conductivity) in the solid. The highest state or energy level that is occupied at 0
K is referred to as the Fermi level, Er. The Fermi level lies within or at the top of
the valence band, while the unoccupied band immediately above in energy is
referred to as the conduction band. In metals, valence and conduction bands
overlap or bands are only partially filled, and thermal energy is sufficient to fully
delocalize electrons throughout the solid. In semiconductors, valence and
conduction bands are separated by a band gap of ~1-4 eV. Here, the Fermi level
lies within the band gap, and is a measure of the ease with which electrons are
promoted across the band gap to the conduction band. At room temperature,
thermal energy is sufficient to promote a small number of electrons across the
band gap into the conduction band, causing the material to have limited
conductivity. In the case in which the band gap is larger than ~4 eV, the material
is no longer electrically conductive at room temperature — these materials are
generally referred to as insulators.*”*®

An important factor in light emission, and thus in excitation and relaxation
of electrons across the band gap in semiconductors, is the relative location of
conduction band minima and valence band maxima in reciprocal space. In direct
band gap semiconductors, such as CdSe, the lowest conduction band minimum is

at the same point in reciprocal space as the highest valence band maximum
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(Figure 1.8.a). Conservation of electron spin and momentum are respected in any
electronic transition. In indirect band gap semiconductors, prominent examples
being Si and Ge, the conduction band minimum and valence band maximum are
located at different points in reciprocal space. For an electron to move across the

band gap, excitation and relaxation have to be accompanied by a phonon (a lattice

vibration) (Figure 1.8.b)."
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Figure 1.8. Band structures between certain points in the Brillouin zone (BZ) (I'" =
centre of BZ; hexagonal crystal lattice: M = centre of a rectangular face, K = edge
between two rectangular faces; face-centered cubic crystal lattice: L = centre of a
hexagonal face, X = centre of a square face, [111] and [100] indicate the direction
of electron travel that is represented going out from the zone centre in two
directions) of (A) CdSe and (B) Ge, showing the respective direct and indirect
band gap (transition marked by red arrows). Adapted from ref. 54 and 55.
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This additional requirement makes excitation and relaxation less likely,
and causes excited states to have longer lifetimes. The long-lived excited state is
more susceptible to alternative, non-radiative relaxation pathways, quenching
photoluminescence in the bulk material at room temperature. The observation of
photoluminescence in nanomaterials of Si and Ge is attributed to the spatial
confinement of the exciton as well as a reduction in non-radiative pathways.’>’
The spatial confinement of the exciton increases the electron-hole interaction and
thereby increases the rate of recombination in comparison to the bulk materials.>
The small size of nanocrystals further reduces the effect of non-radiative
recombination pathways. Non-radiative decay can occur at dopant atoms, lattice
and surface defects (e.g., dangling bonds), as well as through mechanisms such as
Auger recombination, and interfacial energy or charge transfers.®”' In bulk
materials, charge carriers scatter over macroscopic length scales due to the long-
lived excited state, and are easily deactivated by a low density of defect traps. In
surface-passivated nanocrystals, Auger recombination is slowed due to the
isolation of electron-hole pairs in separate crystals, while defects can only quench

excitons formed in the same crystal, leading to observable photoluminescence

from nanocrystalline Group 14 semiconductors.”'

1.2.3.3. Optical and Electronic Quantum Size Effects

The historic examples of stained glass and brightly coloured solutions
exemplify the observed change in noble metal optical properties with size (vide

8,11

supra).” The extensively delocalized electrons in metals (often referred to as a

‘sea of electrons’) are susceptible to polarization by the electric field of
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electromagnetic radiation (i.e., light), leading to collective electron oscillation.

This plasmon oscillation lies in the visible wavelength region for nanoscale Au,

Ag, and other metals, causing brightly coloured nanoparticle solutions (vide

supra).>*® In semiconductors such as CdSe and Si, we observe size-dependent

emission of light from nanoscale materials.

44,45

In these cases, quantum

confinement can be responsible for the observed changes in optical properties. In

the quantum confinement regime, properties are dictated by quantum mechanics.

Discrete energy levels and a reduction in the number of AOs contributing to the

formation of conduction and valence bands lead to thinning that is most

noticeable at the band edges (Figure 1.9).”® Thus, the band gap energy increases

with decreasing nanocrystal size.

Energy

Bulk ============-- > Molecule
} band gap E,

v

Density of States

Figure 1.9. The band gap between valence band (VB) and conduction band (CB)
increases with decreasing crystal size.
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Upon excitation into the conduction band, an electron leaves behind a
corresponding hole (or “absence of an electron”, with properties equivalent to that
of an electron except for its positive charge) in the valence band.”” This electron-
hole pair is bound by Coulomb forces and forms a quasiparticle known as an
exciton. A measure of the physical separation of the electron and corresponding

hole is given by the Bohr exciton radius, ag:

(1.1)

In equation 1.1, x is the static dielectric constant (also referred to as the
relative permittivity €,),7%1s the reduced Planck constant, e the charge of an
electron, and n the reduced mass, which is calculated from the effective masses of
electron (m.) and hole (my) at their respective locations in reciprocal space.
Quantum confinement is evident at crystal sizes below the Bohr exciton radius. In
Ge, the Bohr exciton radius is calculated as 24.3 nm for a static dielectric constant
k of 15.8, and lightest electron and hole effective masses of 0.082m, and
0.043mo.””>® This is large in comparison to Si (4.9 nm)’® and CdSe (3 nm)>’,
suggesting that quantum confinement effects will be observed at substantially

larger crystal sizes for Ge.
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1. 3. Scope of this Thesis

The work presented in this thesis has two main foci. It is aimed at
increasing our understanding of the processes underlying Ge-NC synthesis and
investigating new ways to eventually achieve materials with well-defined optical
and electronic properties. Further, it examines the catalytic activity of iron/iron
oxide nanoparticles with metals reduced onto their surface by electroless
deposition. More detailed introductions to these topics are included in each
chapter.

A major part of this work is focused at deepening the understanding of the
factors influencing Ge-NC formation in a solid-state synthesis. Our group has
previously shown that Ge-NCs can be formed within a germanium oxide matrix
through sol-gel polymerization of PhGeCl; followed by thermal decomposition of

6061 We were interested to know the exact role of the phenyl group in

the polymer.
this synthesis, and set out to investigate if we could change our resulting materials
by using different organic substituents.®” Chapter Two details the investigation of
a range of organic substituents in (RGeO; s5),. The choice of substituent was found
to induce changes in Ge-NC formation temperatures and in (undesirable) C
incorporation into the final product, among others. We propose this arises from
increased options for R-group elimination in structurally different substituents.
Plausible mechanisms include the originally suggested radical cleavage and, for a

number of the investigated groups, f-hydride elimination. Complete data sets for

all substituents are presented in Appendix A.
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The n-butyl substituted sol-gel product yielded the lowest Ge-NC
formation temperature, which lead us to transfer this substituent into a molecular
environment and investigate Ge-NC synthesis from decomposition of nBuyGeHy.«
(x = 1-4). Of particular interest in this study, which is discussed in Chapter Three,
is the influence of the hydride substituents on thermal decomposition. Our results
show that the decomposition temperature decreases with increasing number of
hydride substituents. In extension of our hypothesis formed in Chapter Two (the
temperature of decomposition is lowered when more, and energetically more
favourable, decomposition pathways become available) we suggest the hydride
substituent facilitates reductive elimination as a third mechanism, lowering the
energy needed for decomposition. The differences in decomposition temperatures
are also reflected in products obtained from hot injection at 400 °C. In our setup,
this temperature was unable to generate crystalline Ge. The lack of crystallinity
excluded a detailed study of the optical properties, since a well-defined electronic
structure is only to be expected from a well-defined, crystalline physical structure.

In Chapter Four, metal decorated iron/iron-oxide core-shell nanoparticles
(M/Fe@Fe,Oy) are tested as low-cost catalysts with facile synthesis and good
recoverability. The particles are produced by spontaneous electroless deposition
of metal salts on Fe@Fe,Oy, which are obtained by borohydride reduction of iron
(IIT) chloride solutions. Hypothetically, these materials should be able to reduced
the amount of metal used, since small islands or shells of metal are formed on
Fe@Fe,Oy, and a large proportion of the metal atoms will thus be on the surface.

They also show reduced leaching of catalytic metal into the final product, due to

23



the reducing ability of the support material. After reaction, the solvated metal is
redeposited on the support. However, under the conditions tested, these materials
showed only relatively poor activity in Heck coupling reactions, but good activity
towards Suzuki couplings in a mixture of ethanol and water in air.

Chapter Five summarizes the results of the investigations regarding Ge-
NC synthesis and the study of metal-decorated Fe@Fe.O, as catalysts for C-C
bond formation. Research directions worth pursuing in these areas in the future

are discussed in detail.
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2.1. Introduction

Group 14 semiconductor nanomaterials (i.e., Si, Ge, and their alloys)
constitute an attractive field of research, spurred by the observation of
photoluminescence (PL) from Si nanostructures more than 20 years ago.' The
unexpected size-tunable optical response of nanomaterials of indirect band-gap
semiconductors, their prevalence in the electronics industry, and their
biocompatibility have lead to extensive efforts in understanding and controlling
their synthesis.” For both Si and Ge an extensive body of literature describes the
synthesis of oxide-embedded as well as freestanding nanostructures. However, the
understanding of Si nanomaterial chemistry has advanced much further than that
of Ge. Thus, a detailed study of factors influencing the formation of Ge
nanocrystals (NCs) is of paramount importance.

Free-standing Ge-NCs show promise in applications such as Bragg
reflectors,” light-emitting diodes, solar cells,” and biological imaging™® by virtue
of their high refractive index and PL that extends well into the near-IR. Oxide-
embedded Ge-NCs have been investigated for use in optical devices”"" as well as

- 12,13
non-volatile memory,”'>

where the smaller band gap, larger Bohr exciton radius
and lower carrier effective masses compared to Si offer fast switching and
write/erase speeds. In this context, Ge-NCs embedded in low-k (e.g., Si0,)'*"? as
well as high-k (e.g., HfO,)" dielectrics have been investigated. Recent reports
have suggested the use of GeO, as high-k dielectric, making the study of its phase

14,15

stability of interest to the electronics industry. In this regard, it is particularly

important to understand the thermal properties of germanium oxides and their
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evolution at temperatures below 425 °C (i.e., the thermal budget of a CMOS

chip).'®

2.1.1. Germanium nanocrystal synthesis

A variety of innovative procedures have been developed for the
preparation of Ge nanocrystals. Key examples are summarized briefly in the

following sections.

2.1.1.1. Zintl salt metathesis

Metathesis reaction of Zintl salts such as NaGe and Mg,Ge with GeCly to
afford Ge-NCs has been investigated in detail by the Kauzlarich group. Reaction
at reflux in glyme, di- or triglyme over periods from 2 to 24 hours followed by
surface functionalization with alkyl lithium or Grignard reagents affords

oxidatively stable alkyl-terminated Ge-NCs (Scheme 2.1).""%

Scheme 2.1. Ge-NC synthesis by metathesis of Zintl salts (e.g., NaGe) with
tetrachlorogermane, followed by surface functionalization with alkyl Grignard or
alkyl lithium reagents.

Cl R

ci_ L Cl . R_L R
NaGe + GeCl, L» Cl— Cl _+RMgBr /RLi » R— R
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Reaction of GeCly with NaGe yield Ge-NCs of 3.5 + 1.2 nm diameter,
with excitation-wavelength dependent PL peaking around 390 nm.'” The choice
of germanide (NaGe, KGe, Mg,Ge) did not substantially affect Ge-NC
formation.'® Different precursor ratios and solvent offer limited size control in this
method, however, larger Ge-NPs were amorphous and required annealing at 600
°C to achieve crystallinity.'® These larger NCs show lower energy emission and
the authors attributed this to quantum confinement, though the PL excitation
energy used was also lower than for 3.5 nm Ge-NCs.'® In the interest of direct
comparison, it would be useful to report PL excited at the same energy. In a study
of different terminal groups on alkyl functionalized Ge-NCs, (acetals, alcohols,
esters), Ge-NCs from Zintl salt metathesis exhibit a PL maximum around 410 nm,

independent of the surface group.”

2.1.1.2. Reduction of germanium halides

Scheme 2.2. Ge-NC synthesis by reduction of tetrachlorogermane, here showing
the followed by surface functionalization with alkyl Grignard or alkyl lithium
reagents.

H R
- H H R R
GeX, + LiAH, — =X AXs o H > R R
~H + RMgBr/RLi/alkene R
Hl H - MgCIBr / LiCl R

The most commonly reported approach to Ge-NC synthesis in solution
involves reduction of germanium halides (Scheme 2.2). Though the use of hydride

reducing agents leads to the formation of appreciable quantities of toxic and
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pyrophoric GeHy,?' this synthetic approach receives much attention throughout
the literature. This method produces Ge-NCs at room temperature with size
control being offered by controlling the nature and concentration of the reducing
agent, additives, and reaction temperature.

In an early report by Wilcoxon and coworkers, reaction of LiAlH4 or
hydrazine with tetrachlorogermane yielded Ge-NCs 2 to 10 nm in diameter.”> PL
was observed around 350 to 700 nm for crystalline clusters of 2-5 nm diameter.”
In contrast, a narrower size distribution (6.7 = 0.6 nm) could be obtained by
ultrasonic reduction using LiAlIH,.” Smaller nanoparticles with narrow size
distributions were obtained from ultrasonic reduction with NaBHy4 (4.8 = 0.7 nm),
or hydrazine (3.8 = 0.6 nm) in the presence of octanol; no PL was reported in this
study.23 Interestingly, NaBH, reduction of GeCly; in a mixture of CjzEs
(pentaethylene glycol monododecyl ether) / toluene gave substantially larger Ge-

NCs (see Figure 2.1.d).”
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Figure 2.1. Ge-NC sizes obtained from reduction by (a) LiAlH4, (b)
Li(C,Hs);BH, (c) LiBHy4, (d) NaBH4 (reproduced from ref. 5).

This may be related to reducing strength, to the “inverse micelle
approach”, or to a difference in addition rates. Likely, reducing strength is not the
key factor, since this difference was not observed in the other work described
above. Both Tilley and Wilcoxon claim localization of the Ge-NC synthesis
within inverse micelles, however, appreciable solubility of GeCly in both phases
brings into question the localization of Ge within micelles.” This could lead to
poor size control. However, the observation of less polydisperse samples using
different reducing agents (Figure 2.1.a-c) is not consistent with the micelle
hypothesis. Instead, this difference may arise from different addition speeds or

relative reactivity of the reducing agents.
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Combined size and shape control arising from changes in reducing agent
addition rate was demonstrated by the Tilley group.”* Slow addition of
superhydride to a mixture of GeCly in toluene and trioctylammonium bromide
(TOAB) resulted in the formation of Ge-NCs with a mean size of 5 nm, while fast
addition lead to the formation of triangular particles 50 nm in diameter.”* The 5
nm Ge-NCs exhibited blue PL of very short lifetime (1-2 ns), suggesting its origin
was not the indirect band gap transition in Ge.**

Considering further studies involving sodium borohydride as reducing
agent, inconsistencies become apparent. In a recent study, the reduction of GeCl,
by NaBH, in the presence of polyvinylpyrrolidone (PVP) and ethylene glycol was
reported to give amorphous NPs of 5 = 1 nm, which were crystallized by
annealing at 600 °C.*® These particles were reported to oxidize within 30-60
minutes in air.”® Recently, the Hu group reported NaBH, reduction of GeO, in
basic solution, again in the presence of PVP, forming Ge-NPs with sizes ranging
from 6-18 nm and blue PL after crystallization at 600 °C.*

Na(naphthalide) is yet another reducing agent that has been explored in
Ge-NC synthesis. Reduction of GeCl, in 1,2-dimethoxyethane for 10 min yielded
spheres of 3-7 nm in diameter that exhibited PL at 380 nm. Non-luminescent
tetrahedra 30-49 nm in diameter were obtained after 45 min reaction.” The NCs
were surface-functionalized using n-butyllithium.” Different sizes of Ge-NCs
were achieved by varying the ratio of GeCl, to naphthalide reducing agent.*® The
Kauzlarich group further investigated temperature as a means of controlling size

in this reaction, showing NC sizes after 10 min of reaction in glyme ranging from
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an average of 5 nm at -40 °C to 11 nm at 70 °C.*” These NCs were surface-
functionalized using butylmagnesium chloride, no PL was reported.”’

Germanium iodides are also often used as NC precursors in solution
reduction. In 2004, the Veinot group reported the formation of blue-emitting Ge-
NCs 2-7 nm in diameter using LiAlH4 reduction of Gels in toluene with
cetyltrimethylammonium bromide (CTAB).*® A variety of reports have
investigated the formation of Ge-NCs from germanium iodides using butyllithium

431,32 Here, Gel, or a combination of Gel, and Gely is heated to 200 °C in

reagents.
hexadecylamine. nBuLi (or /Buli, in the Hanrath group example) in a solvent
such as oleylamine or octadecene is injected, and the solution is brought to a final
temperature of up to 300 °C. NC sizes were reported to increase with increasing
all precursor concentrations, as well as with increasing Gels/Gel, ratio (where
mixtures were used), and slower temperature ramp rate after injection of
BuLi.**'?* Near-infrared PL (Figure 2.2) as well as oxidative stability of 3-4

weeks at ambient conditions were observed upon reaction of Ge-NCs with

4,31
octadecene.™
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Figure 2.2. (A) Transmission electron micrograph (inset: high-resolution TEM)
of Ge-NC 4 = 1.7 nm in diameter. (B) NIR PL from Ge-NCs 3.2 — 4.0 nm in
average diameter (reproduced from ref. 4).

2.1.1.3. Thermal decomposition

Scheme 2.3. Thermal decomposition of molecular germanes may form Ge-NCs.

A
H1_XGeRX (X =2, 4) —R> %

Another method for Ge-NC synthesis involves thermal decomposition of
molecular germanes (Scheme 2.3). The Boyle group obtained Ge-NCs by hot
injection of the amido-based precursor Ge[N(SiMes),]» in oleylamine into
octadecene at 285 °C. A 5 min reaction yielded Ge-NCs of 7 = 4 nm, showing
relatively poor size-control. Excitation-wavelength dependent PL. was explained

by invoking different fractions of the nanocrystal size distribution. Since the
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samples were handled purely in inert atmosphere, no information about oxidative
stability is available for these samples.™
Thermal decomposition of organogermanes has also been investigated

34-36 "
Decomposition of

using tetraethyl-, diphenyl-, and tetrabutyl-germane.
tetracthylgermane at 450 °C in a mixture of supercritical hexane/octanol yielded
polydisperse Ge-NCs with an average size of 4 nm and PL around 520 nm.**
Using different amounts of diphenylgermane and tetraethylgermane at
temperatures between 400 and 550 °C, this reaction provided control over NC size
from an average of 2-70 nm, with low polydispersities.”> Here, Ge-NCs of 3.1 =
0.9 nm exhibited emission at ~390 nm, while Ge-NCs of 4.2 + 0.4 nm emitted
light ~530 nm.> The authors note this trend followed that expected for quantum
confinement, but that the PL is very sensitive to surface chemistry, which is
poorly controlled under the presented conditions.™

Zaitseva et al. investigated the synthesis of Ge-NCs from differently
substituted precursors in hot injection.’® Trichlorogermane was compared to
tetramethyl-, tetraethyl- and tetrabutylgermane, though tetramethylgermane was
excluded from further study based on having the highest decomposition
temperature. In decomposition of the remaining precursors, the formation of
amorphous Ge-NPs was observed below 400 °C. The alkylgermanes gave low
yields of mixtures of Ge-NCs and Ge-NWs at higher temperatures, while HGeCls
yielded Ge-NCs 2-7 nm in diameter with PL at 540 nm.’® The solvent was also
found to influence crystallinity, with better results obtained in squalene than

trioctylamine.
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2.1.1.4. Plasma pyrolysis

Scheme 2.4. Synthesis of mixed-surface Ge-NCs by plasma pyrolysis.

H Cl
|
H, + GeCl, —o8 5, CI—@: H
cl
H

The Kortshagen group has shown Ge-NC formation in a nonthermal
plasma (Scheme 2.4).*” Here, GeCly and H, are reacted in a nonthermal plasma
flow reactor to yield Ge-NCs. Size control from 4 — 50 nm is given through the
residence time of the forming NCs in the plasma. These NCs were not

functionalized, and no PL was reported.”’

2.1.1.5. Solid-state and physical methods

Solid-state approaches to freestanding Ge-NC synthesis are less common.
Henderson et al. showed the synthesis of Ge-NCs from thermal reduction of a sol-
gel copolymer of SiO; and GeO; in a hydrogen atmosphere (Scheme 2.5, Figure
2.3).” However, due to the dissimilar reaction rates of Ge and Si precursors in sol-
gel reaction, and the diffusion of Ge to the material surface during thermal
annealing, very low yields were obtained by this method, and no surface

functionalization was demonstrated.’
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Scheme 2.5. Sol-gel synthesis followed by solid-state reduction of GeO,
nanodomains to Ge-NCs.

hydrolysis A Q Q Q

» Si0,-GeO, T> O O

2
Sio,

Si(OCzHs)4 + Ge(OC,Hs) 4

condensation

Figure 2.3. High-resolution transmission electron micrograph of Ge-NCs
liberated from a silicon dioxide matrix. Adapted from ref. 3.

Sol-gel synthesis has also been explored for oxide-embedded Ge-NCs,
using tetraethoxysilane (TEOS) in combination with tetraethoxy-,
carboxyethyltrichloro- or tetrachlorogermane (TEOG, EtAGeCl; and GeCly).**™*
Stoichiometric mixtures of TEOS and TEOG were combined in the sol-gel
reaction and annealed in a hydrogen-containing atmosphere for different times at
temperatures between 600-1000 °C, yielding Ge-NCs of different sizes, and with
increased temperature also different shapes.*” Evaporation of Ge from the oxide

surface lead to the formation of bands of Ge-NCs within the oxide matrix.*
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Similar results were obtained using EtAGeCl; and TEOS, with oxide-embedded
Ge-NCs 1-13 nm in diameter. The nanocrystal size was found to increase with
increased annealing time and temperature.” Reacting excess TEOS with GeCly
yielded a precursor that produced oxide-embedded Ge-NCs whose dimensions
depend upon annealing temperature.* Low temperature (77K) PL was measured
for samples with Ge-NCs obtained from this preparation with diameters smaller
than 5 nm, no signal could be obtained for larger NCs."!

Oxide-embedded Ge-NCs have also further been generated in matrices
including GeO,, SiO,, HfO, and ITO by radiofrequency sputtering, followed by
annealing steps, as well as plasma-enhanced chemical vapour deposition
(PECVD), 134243

While these materials are interesting they are prepared in relatively small
quantities in thin film geometries and are hence beyond the scope of the present
discussion.

Clearly, sol-gel derived materials are convenient precursors for preparing
germanium oxide-embedded Ge-NCs. Sol-gel synthesis affords compositional
tuning, thin film formation, as well as bulk material quantities; it is also
substantially less infrastructure-intensive than physical techniques often used for
the synthesis of oxide-embedded Ge-NCs.* While equivalent Si-rich oxides have
been investigated and their thermal behaviour is well understood,”*® the
corresponding chemistry of Ge-rich oxide sol-gel systems remains largely
unexplored. Further, synthetic techniques such as scarce water addition enable the

formation of solution processible oxides such as hydrogen silsesquioxane (HSQ),
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a precursor to Si-NCs that is widely used as spin-on dielectric in
microelectronics.””* The HSQ molecule is a Tg cage-structure, in which oxygen
atoms bridge 8 HSi units in a cubic arrangement. Upon thermolysis, it crosslinks
and decomposes to give oxide-embedded Si-NCs. Though structures such as the
T¢ cage discussed in this work have been synthesized, HSQ-equivalent non-
volatile structures of Ge providing a soluble oxide-embedded Ge-NC precursor

have thus far not been demonstrated.

2.1.2. Background of the current study

Previously, our group reported the synthesis of Ge-NCs in a germanium

4939 11 this earlier

oxide matrix via the thermolysis of a sol-gel derived precursor.
study, phenyltrichlorogermane (PhGeCls) was used to prepare a (PhGeO; s), sol-
gel polymer. Thermal processing of this polymer at appropriate temperatures
(above 500 °C in 5% H2/95% Ar, above 600 °C in 100% Ar) yielded a composite
of Ge-NCs in GeOs,.

Mechanistically, the formation of Ge-NCs by thermolysis of the
(PhGeO; 5), polymer results from two different sources: disproportionation and
reduction.’” Upon thermal processing, the liberation of phenyl groups generates a
substoichiometric oxide (GeO;s),. This Ge-rich oxide undergoes a series of
disproportionation reactions to form the thermodynamically favoured products

(i.e., elemental Ge and GeO;). The contributing reactions are summarized in

equation 2.1.
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GeOspp + GeOsn — GeOypn + GeOypp
GCO3/2 + G602/2 — GeOm + G€O4/2 (21)

GeOsp + GeOyp, = Ge + GeOypy

Since the processing temperature necessary for Ge-NC formation from

51,52

(PhGeO 5), is high enough to afford hydrogen reduction of GeO,, reduction

provides a second source of elemental Ge according to equation 2.2.

GeOy + x Hy — Ge + x H,0 (2.2)

Hydrogen reduction likely occurs preferentially at the surface of the oxide,
leading to larger Ge deposits. In contrast, disproportionation reactions (eq. 2.1)
are expected to occur uniformly throughout the oxide matrix, and Ge nanodomain
growth from this source will be diffusion-limited. Hence, the additional reduction
of GeO, may result in a NC product with wider size distribution, making it
desirable to limit the source of Ge to a single pathway. While an inert processing
atmosphere would remove the reduction pathway, it would also eliminate the
well-established ability of hydrogen processing to improve NC optoelectronic

properties by passivating crystal defects.”**

In the present study, the variation of
organic substituents is shown to lower Ge-NC formation temperature below the
thermal reduction threshold of GeO,, effectively removing the reduction pathway.

Beyond the issue of competing reduction and disproportionation pathways,

further drawbacks of the PhGeCl; precursor include its relatively high carbon
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content and lack of solution processibility. First, decomposition of the organic
group within the germanium oxide competes with Ge-C bond cleavage upon
thermal processing, leading to carbonaceous residues within the composite that
could alter Ge-NC/GeO, composite properties and present challenges in NC
liberation. Second, the extended network structure precludes dissolution of the
formed polymer for later application in thin-film coatings.

In the present contribution, the effect of the organic substituent R (R = H,
C,Hs, CsHs, n-C4Hy, t-C4Hy, C7H7, C3H60,) in RGeY; (Y = Cl, OC,Hs) on sol-gel
synthesis and thermally induced evolution of organogermanium oxides is
discussed. Structural tailoring of the sol-gel polymer can reduce carbon impurities
and lower the temperature of disproportionation below the threshold for hydrogen
reduction of the oxide. In this way, the defect-passivating function of the
hydrogen-containing atmosphere is retained,”* while the Ge’ formation is
limited to a single source. This comprehensive study provides valuable insight
into the thermolysis of sol-gel derived Ge-rich oxides and the mechanism of

thermally induced Ge-NC formation.
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2.2. Experimental Details

2.2.1. Material Preparation

2.2.1.1. Reagents and Materials

Allyltrichlorogermane  (C3HsGeCl;, >95%), benzyltrichlorogermane
(C7H7GeCl3, 95%), ethyltrichlorogermane (C,HsGeCls), ethyltriethoxygermane
(C,Hs5Ge(OC,Hs)3), t-butyltrichlorogermane (t-C4HoGeCls), n-
butyltrichlorogermane  (n-C4H9GeCl;), trichlorogermane (HGeCls) and
carboxyethyltrichlorogermane (HOOCC,H4GeCls) were purchased from Gelest
and stored in an argon-filled glovebox. Isopropyl alcohol (IPA) was obtained
from Aldrich. All reagents were used as received. Ultrapure H,O (18.2 MQ/cm)
purified in a Barnstead Nanopure Diamond purification system was used in all

reactions.

2.2.1.2. Polymer preparation

In an argon-filled glovebox 5 g RGeY3 (Y = Cl, OC,Hs) were weighed into
a three-neck round-bottom flask containing a stirbar and transferred to an argon
charged Schlenk line. A mixture of 17 equiv. H,O and 6.7 equiv. IPA was added
dropwise while stirring. The flask was left opened to the atmosphere to vent HCI
gas. After 1 hour, excess H,O was added and the mixture was left to react over
night. Heating for 3 hours at 70-80 °C promoted condensation, after which the
polymer was cooled, filtered through a Biichner funnel with Fisher #1 filter paper
and washed with H,O until all acid was removed, followed by 100% ethanol.

Prior to thermal processing, the white polymer was dried in vacuo for 2 days and
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ground to a fine powder using an agate mortar and pestle. Individual conditions
and yields are summarized in Table 2.1. Products were characterized by Fourier-
transform infrared spectroscopy (FT-IR), X-ray diffraction (XRD), X-ray
photoelectron spectroscopy (XPS), thermogravimetric analysis (TGA), elemental

analysis (EA).

Table 2.1. Summary of sol-gel polymerization reactions.

yield EA [%H] EA [%C]
(%)"
Sample Precursor (R-group) pH Calc. Meas. Calc. Meas.
1 C,HsGe(OC,Hs); (ethyl) 6 42 19.1 192 4.0 4.1
2 n-C4HoGeCls (n-butyl) 1 88 3.2 307 59 4.6
3 C;3HsGeCls (allyl) 1 74 262 258 3.7 3.6
4 C7H7,GeCl; (benzyl) 1 111 448 427 38 4.0
5 HOOCC,;HsGeCl3 1 35 21.1 205 35 29
(carboxyethyl)
6 t-C4HoGeCls (t-butyl) 1 9 312 31.1 59 6.1

a) Yield calculations assume complete condensation (i.e., product formula RGeO, s).

2.2.1.3. Composite preparation

Thermal processing was carried out in a Lindberg/Blue tube furnace using

approximately 15 mL/min 100% Ar or 95% Ar / 5% Hjas flow gas. (RGeO; s),
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polymer samples (100 mg or 500 mg) were transferred into a quartz boat, leaving
1 cm at both ends of the boat empty. For R = benzyl and n-butyl, powders were
placed onto (1.5 cm)” Si (100) n-doped wafer pieces. The boat was placed in a
quartz tube and positioned at the furnace thermocouple. Thermal processing was
performed at a heating rate of 18 °C/min to peak temperatures indicated in Table
2.3. The peak processing temperature was held for 1 h unless otherwise noted. It
yielded composite powders of tan to black colour for all samples except R =
benzyl, n-butyl, which formed black films. Powders of oxide-embedded Ge-NC
composite were ground using an agate mortar and pestle prior to analysis.
Characterization included XRD, XPS, FT-IR, EA, and for 7 transmission electron

microscopy (TEM).

2.2.2. Material Characterization

2.2.2.1. Fourier-Transform Infrared Spectroscopy (FT-IR)

FT-IR was performed on a Nicolet Magna 750 IR spectrophotometer.
Polymer and composite powders were pressed into KBr pellets, composite films

were measured as-prepared in reflectance mode.

2.2.2.2. Thermogravimetric Analysis (TGA)

TGA was carried out using a Perkin-Elmer Pyris TGA equipped with Pyris
Thermal Analysis 7.0 software. Samples were placed in a platinum pan and

heated in a N, atmosphere from room temperature to 900 °C at 10 °C/min.
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2.2.2.3. Matrix Assisted Laser Desorption lonization Mass Spectrometry
(MALDI-MS)

MALDI-MS was acquired using a Bruker 9.4T Apex-Qe FTICR
spectrometer using an N, UV laser and a matrix of T-2-(3-(4-t-butyl-phenyl)-2-
methyl-2-propenylidene)malononitrile (DCTB). The (M+H)" sample peak was
evaluated in high-resolution with the instrument externally calibrated using the

(M+Na)" peak of polyethylene glycol in a DCTB matrix.

2.2.2.4. X-Ray Crystallography

X-Ray Crystallography was performed at -100 °C on a Bruker D8/APEX
I CCD diffractometer using Mo K, radiation. The structure was solved using the
direct methods program SHELXS-97, and refinements were completed using
SHELXL-97. The absorption correction method used was face-indexed Gaussian

integration. The solved structure was in accordance with a previous report.>

2.2.2.5. X-Ray Diffraction (XRD)

XRD was performed using an INEL XRG 3000 X-ray diffractometer
equipped with a Cu K, radiation source (A = 1.54 A). Crystallinity of all samples
was evaluated for finely ground powders mounted on a low-intensity background
Si (100) holder. Gaussian and Lorentzian line shapes were fit to (220) and (311)

peaks of Ge to determine crystal size according to Scherrer’s equation.™

2.2.2.6. X-Ray Photoelectron Spectroscopy (XPS)

XPS was performed on an AXIS-165 XPS spectrometer from Kratos

Analytical. The base pressure and operating pressure in the chamber were
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maintained at < 10”7 Pa. A monochromatic Al K, X-ray (A = 8.34A) was used to
irradiate the samples, and the spectra were obtained with an electron take-off
angle of 90°. Samples were pressed into carbon tape. To control sample charging,
the charge neutralizer filament was used during the experiment. The pass energy
for the survey and the high-resolution spectra were 160 and 20 eV, respectively.
Spectra were calibrated to the C 1s emission at 284.8 eV attributed to adventitious
carbon using CasaXPS (VAMAS) software. Following calibration, the
background of each spectrum was subtracted using a Shirley-type background to
remove most of the extrinsic loss structure. Fitting was carried out using Gaussian
line shapes. Binding Energy values and orbital splitting were consistent with

literature values obtained from the NIST database.>’

2.2.2.7. Elemental Analysis (EA)

Carbon and hydrogen content were measured using a Carlo Erba (Thermo
Scientific) EA1108 Elemental Analyzer CHNS-O equipped with Eager Xperience
software. Composite films formed by R = benzyl, n-butyl (RGeO;s), polymer

decomposition were mechanically scraped off the Si substrates for analysis.

2.2.2.8. Transmission Electron Microscopy (TEM)

TEM was performed using a JEOL 2010 Transmission Electron
Microscope with a LaBe thermionic emission filament operated at an accelerating
voltage of 200 kV. The instrument was fitted with an Energy Dispersive X-Ray
(EDX) detector for elemental analysis. TEM samples were prepared by drop-

coating ethanolic powder suspensions onto carbon-coated, 200-mesh Cu grids
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(SPI Supplies). High-resolution TEM (HRTEM) was performed at the Canadian
Centre for Electron Microscopy (CCEM) at McMaster University using a FEI

TITAN 80-300 field-emission gun instrument operating at 300 kV.

2.3. Results and Discussion

Oxide-embedded Ge-NCs may be synthesized by thermal processing of
Ge-rich oxides (GROs) derived from sol-gel reaction of organogermanium
precursors (RGeYs, Y = Cl, OC,Hs). The following discussion outlines how the
choice of organic substituent, R, affects sol-gel polymerization and thermal
processing, giving access to GROs and Ge-NC composites with different physical
properties (e.g., melting temperatures, decomposition temperatures, volatility).
This structural tailoring offered by the organic substituent enables Ge-NC
formation at substantially lower temperatures (i.e., R = ethyl: 400 °C vs. R =
phenyl: 525 °C)**" and provides mechanistic insight into the formation of Ge-

NCs in these systems.

2.3.1. Synthesis of GROs by sol-gel polymerization

The initial aim of this study was to synthesize HSQ-analogues of Ge. HSQ
(hydrogen silsesquioxane, (HSi0 s)g) is a solution-processible precursor to oxide-
embedded Si-NCs synthesized by scarce water addition to HSiCls.*’ The synthetic

method was adapted in an attempt to induce the formation of (HGeO,s)s and
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(C¢HsGeO, 5)s. Briefly, 9.4 mmol RGeCl; (R = H, C¢Hs) in 45 mL dry benzene
were added dropwise by cannula to a biphasic mixture of 55 mL dry benzene, 13
mL concentrated sulphuric acid and 9.5 mL oleum (15%) under vigorous stirring
over a period of two hours. The final mixture was extracted with conc. H,SO4 (2 x
30 mL), then water (3 x 20 mL). Upon addition of water to the reaction mixture,
an insoluble white precipitate of (PhGeO, s), formed. Similar observations were
made upon dilution of the synthetic procedure described in Section 2.2.1 with
ethanol. We propose the complicating factor in the dilute synthesis of GeO; 5 sol-
gel structures is the lower propensity for condensation of Ge-OH in comparison to
Si-OH, based on the lower thermodynamic stability of GeO, in comparison to
Si0s.

Extended-network GROs bearing different organic substituents were
obtained using a sol-gel approach. Hydrolysis of the organogermanium precursor
RGeYs; (Y = Cl, OC;Hs) with an ethanol/water mixture yields the
trihydroxyorganogermane, which undergoes condensation to cage, ladder, or
extended network structure GROs. The sol-gel reaction was acid-catalyzed for Y
= Cl (vide supra) and at neutral pH for Y = OC,H; (Scheme 2.6).*""

For R = H, these conditions did not yield the desired (HGeO; s), polymer.

In this precursor, a competing auto-dissociation exists (eq. 2.3).

* Early in this study, Cl-substituted precursors were used exclusively. C;HsGeCl; did not yield the
desired product under acid-catalyzed conditions. In the presence of base the NC-yielding polymer
was only inconsistently obtained. The ethoxy-substituted precursor was then employed to avoid
neutralization of 3 equiv. HCI during synthesis, which likely caused the reproducibility issues. pH
studies of C,H;Ge(OC,Hs); sol-gel reaction showed no advantage of basic over neutral pH,
leading to the neutral synthesis conditions described in this work.
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HGeCl3 — HCl1 + GeCl, (2.3)

This side-reaction, coupled with the hydrolytic instability of the Ge-H

bond, has in all instances lead to formation of GeO,, not (HGeO 5)x,.

Scheme 2.6. Formation of Ge-NC/GeO, composites from thermolysis of
(RGeO,5), formed by hydrolysis and condensation of chloride- or alkoxy-
substituted molecular precursors.

H,0, PrOH -H,0 ;
RGeY, ——--=——> RGe(OH), ——> No _ o%o0e A

~t-C,H,

Characteristic, complex diffraction patterns in XRD (Figure 2.4), indicate
long-range order in all GRO solids. Carbon and hydrogen contents probed by EA
(Table 2.1) are largely consistent with the proposed (RGeO;s), stoichiometry.
XPS (Figure 2.5) confirms the presence of Ge suboxides as evidenced by

characteristic Ge 3d emissions ranging from 31.8 to 32.5 eV.”® The degree of

51



condensation of the GROs can be evaluated indirectly using FT-IR (Figure 2.6) by
examining the OH stretching region. 1, 4 and S exhibit absorptions in the range of
3000-3700 cm™', suggesting the presence of uncondensed hydroxyl-groups. The
FT-IR spectrum of 1 shows a weak, broad vibrational feature characteristic of a
low concentration of hydroxyl-groups. For 4, multiple relatively narrow features
are observed in this spectral region, indicating OH groups in distinctly different

3960 These narrow OH

environments with varying degrees of hydrogen bonding.
stretches may result from a GRO structure in which the steric bulk of the benzyl
substituent has limited condensation of Ge-OH groups to form a complete Ge-O-
Ge network (vide infm).;r In the case of 5, the broad OH stretch is shifted to lower
frequencies associated with the carboxyl group of the organic substituent. As a

result, no reliable information about the extent of condensation can be extracted

for 5.

T After extended storage (>1 year), NC formation at lower T (400 °C vs. 450 °C fresh) was noted:
For the aged polymer, FTIR no longer showed OH stretching, suggesting these polymers are
efflorescent or, more likely, completing condensation over time.
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Figure 2.4. X-Ray Diffraction Patterns of GRO powders 1-6 before thermal
processing.
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Figure 2.5. Ge 3d X-Ray Photoelectron Spectra of GROs 1-6 before thermal
processing, and amorphous GeO, for reference.
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Figure 2.6. Fourier-Transform Infrared Spectra of GROs 1-6 before thermal
processing.

Thermogravimetric analysis (TGA) of 1-6 provides insight into thermal
decomposition (Figure 2.7). Of particular interest to the present study is a mass
change associated with the loss of organic substituents. Removal of the organic
substituent is expected to generate a “true” Ge-rich oxide (GeO;s), that can
disproportionate to form elemental Ge according to equation 2.1. This simplistic
view of the processes occurring during thermal processing does not consider
factors such as incomplete condensation (vide supra) or precursor
evaporation/sublimation arising from variation in GRO molecular weights (e.g.,
cage vs. network structures). Still, TGA has proven useful in predicting
substituent release as well as identifying appropriate processing temperatures for

Ge-NC formation.
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Figure 2.7. Thermogravimetric Analysis of GROs 1-6 before thermal processing.
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Considering the mass loss presented in Table 2.2, three general
observations were made: i) Complete mass loss at low temperatures (6), ii) Mass
loss exceeding that associated with liberation of the organic substituents (1-3),
and iii) Mass loss smaller than predicted for release of the organic substituent (4,
5). In cases (i) and (ii), the higher mass loss may be understood in the context of
precursor evaporation due to the presence of low molecular weight GROs. This is
likely the only reason for mass loss in the case of (i). In (ii), we expect
contributions from elimination of the organic substituent as well as GRO
evaporation; this is supported by the observation of different slopes within a mass
transition and/or multiple loss events at different temperatures. Losses occurring
at high temperatures (> 600 °C) are readily attributed to sublimation of Ge and/or

49,52
GeO,. ™

Table 2.2. Mass loss observed in Thermogravimetric Analysis (TGA)

Sample R-Group (Formula) Mass% of TGA Mass  Tonset

# (RGeO;s), Loss” [%] [°C]
1 ethyl (C,Hs) 23 62 276
2 n-butyl (n-C4Ho) 37 61 293
3 allyl (C3Hs) 30 46 284
4 Benzyl (C;H5) 49 45 372
5 carboxyethyl (C3Hs0,) 43 32 316
6 t-butyl (t-C4Ho) 37 97 236

a) Mass loss is taken from TGA data at 600 °C.
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Analysis of the only soluble sol-gel reaction product (i.e., 6) by matrix-
assisted laser desorption ionization mass spectrometry (MALDI-MS) and X-ray
crystallography supports the hypothesis concerning evaporation of low molecular
weight fractions for cases (i) and (ii). These analyses show the formation of a low
molecular weight germasesquioxane cage structure made up of six monomer units
arranged in a trigonal prism bridged by oxygen atoms (Figure 2.8). The steric
hindrance of the t-butyl substituent inhibits extended networking to the extent that
55,61

cage structures are formed under both acid- and base-catalyzed conditions.

This precursor sublimes below 400 °C in TGA.

Figure 2.8. X-Ray crystal structure perspective view of the [(tBuGe)cOo]
molecule. Non-hydrogen atoms are represented by Gaussian ellipsoids at the 20%
probability level. Hydrogen atoms are not shown. The full crystal structure report
was published by Puff ez al.*®
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From the data presented thus far, we propose the presence of bulky
substituents on GROs leads to one of two arrangements: (i) cage structures, in
which the bulky organic substituent inhibits network formation, or (ii)
incompletely condensed network structures, in which bulky substituents hinder
full condensation of hydroxyl groups. The former is observed for the bulky t-
butyl substituent, while the latter is consistent with IR and EA data as well as
synthetic yields exceeding 100% (calculated based upon complete condensation)
for benzyl substituted precursors (see Table 2.1). The key difference between
these two substituents is the CH,-link in benzyl allows the bulky organic group to
move about the Ge center, enabling network formation.

The temperature at which the organic substituent is lost is expected to
determine the temperature of Ge-NC formation through disproportionation (vide
supra). The temperature at which weight change begins decreases in the order 4,
5,2, 3,1 as seen in Table 2.2 (6 is excluded from this discussion as it evaporates
completely and does not undergo Ge-C bond cleavage). Assuming the weight
change arises from loss of the organic substituents, this temperature should mark
the beginning of (GeO,;s), formation. The (GeO;s), can then undergo
disproportionation to form elemental Ge. When the Ge-C bond is broken
homolytically (as is likely the case for 3 and 4, see Scheme 2.7a), the formed
benzyl and allyl radicals are resonance-stabilized, while the unpaired electron of a
phenyl radical resides perpendicular to the n-system, rendering its formation less
energetically favourable and thus increasing the decomposition temperature. To

rationalize the lower dissociation energy for 3 vs. 4, we consider the respective
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radical stabilities of the benzyl and allyl radical. Computations yielded a radical
stability of 139.4 kJ/mol for benzyl and 126.2 kJ/mol for allyl.®® In contrast, the
phenyl radical had a theoretical stability of 247.5 kJ/mol (with larger values
indicating lower stability).”” Lastly, we have included substituents in our
investigation that can be lost by the energetically less intensive bond
rearrangement of B-H elimination (1, 2, see Scheme 2.7b). As expected, these
substituents yield Ge-NCs at the lowest temperatures that have thus far been

recorded for these systems.

Scheme 2.7. Proposed elimination pathways for R-group cleavage.

(a) Homolytic bond cleavage

e @\
o\ o\g /0 J o .

¥ B

(b) B-Hydride elimination
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In an effort to establish which decomposition process is active, we
investigated the gaseous decomposition products by TGA coupled with mass
spectrometry (TGA-MS). For the different precursors, the mass spectra of
molecular hydrogen, and the expected decomposition products from radical
elimination were recorded. The setup was not capable of scanning the entire
spectrum, limiting the amount of reliable information that could be extracted from
the obtained data. For ethyl-substitution (1), m/z = 30 (C,He) was observed in
small quantities above 400 °C. Formation of hydrogen (m/z = 20) was apparent
around 470 °C and plateaued at temperatures above 500 °C. The coupling product
butane was not observed in this measurement. For benzyl-substitution (4), m/z
corresponding to both C7H; and C;Hg were observed above 300 °C. In contrast to
TGA-MS of R = phenyl (previous work), where the coupling product biphenyl
was observed, no coupling product ((C7H7),) was observed for R = benzyl. This
may be attributable to the stability of the benzyl radical, as well as the harsh
conditions in electron ionization mass spectrometry. Thus, the negative result of
not observing the coupling product does not necessarily imply that radical

cleavage is not the dominating mechanism of Ge-C bond cleavage.

2.3.2. Formation of Ge-NC/GeO, composites by thermal processing of GROs

GROs 1-5 were thermally processed to produce germanium oxide-
embedded Ge-NC composites (see Table 2.3). Two general observations were
made upon thermolysis: 1) The formation of Ge-NCs in an oxide matrix
maintaining the solid powder morphology (7, 9, 11) and ii) The formation of Ge-

NCs in an oxide melt that solidifies to form films (8, 10). In the latter case, the
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GROs are low melting (beginning at 200 °C for 2, 320 °C for 4) and likely
undergo disproportionation in the solid and liquid state to yield black films of

oxide-embedded Ge-NCs (Figure 2.9).

Figure 2.9. Photograph showing the physical appearance of GROs 1-5 (left to
right, bottom) and corresponding Ge-NC/GeO, composites 7-11 (left to right,
top). 8 and 10 are processed on Si wafer pieces.

The formation of Ge-NCs was confirmed by XRD. Figure 2.10 shows
XRD patterns obtained for all GROs at the lowest processing temperatures at
which Ge-NCs were detectable by XRD when processing for 1 h (see Table 2.3
for processing conditions). Broad reflections characteristic of diamond cubic
crystalline Ge evidence Ge-NC formation in both composite melts (2, 4) and
powders (1, 3, 5). The background signal is attributed to the amorphous GeO,
matrix. Notably, all substituents investigated in the present study form Ge-NCs at
lower temperatures than the original phenyl-substituted GRO; we attribute this to
their lower bond energies and more facile elimination pathways (vide supra).

Scherrer analysis of the XRD reflections allows a first estimate of NC size,
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though it offers no information about polydispersity of the present samples.’® All
samples appear to form similarly sized Ge-NCs at their lowest temperatures,
except for 1, for which Scherrer analysis suggests slightly larger NCs. More
analysis is needed for definite size information, which is not the focus of the

present study.

Table 2.3. Summary of sample processing showing lowest temperature at which
Ge-NC formation was observed in XRD along with Scherrer analysis results for
Ge-NC diameters. All samples were processed for 1 h in 5% H»/95% Ar.

Sample # R-group (GRO#) Processing T [°C] Mean NC diameter [nm]

7 ethyl (1) 400 22
8 n-butyl (2) 300 15
9 allyl (3) 400 12
10 benzyl (4) 450 11
11 carboxyethyl (5) 350 12

63



/.\-\V\V\ 11 - Carboxy_
M ethyl
] 10 - benzyl
9 - allyl

M 8- n_butyl
V’/#VL—\‘A‘—A——%’\ 7 - ethyl

| (400) (3?1 )

Normalized Intensity (a.u.)

Ge

10 20 30 40 50 60 70 80
20 (deg)

Figure 2.10. X-ray diffraction (XRD) patterns for GROs processed at the lowest
Ge NC-forming temperature as indicated in Table 2.3. A standard bulk Ge pattern
is included for comparison.

Figure 2.11. (A) Transmission electron micrograph of 7 (R = ethyl). Dotted lines
highlight areas where the presence of Ge-NCs is suggested by a region of darker
contrast. (B) High-resolution transmission electron micrograph of 7 showing
lattice fringes of a Ge-NC embedded in amorphous oxide. (C) Close-up of the
Ge(111) lattice fringes.
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The presence of oxide-embedded Ge-NCs is suggested in transmission
electron microscopy (TEM) imaging of composite 7. The image presented in
Figure 2.11A shows a microparticle of oxide-embedded Ge-NCs. Due to the
different mass density of Ge and GeO,, some mass contrast between Ge and its
oxide is expected. The darker pseudospherical regions highlighted by white dotted
circles on the image are consistent with Ge-NCs 20-25 nm in diameter, which
corresponds well to Scherrer analysis results. High-resolution TEM (HRTEM) of
7 (Figure 2.11, B and C) confirms the formation of crystalline nanodomains with
lattice spacings of 3.3 A corresponding to Ge(111).” To make definitive
conclusions about size and polydispersity of Ge-NCs liberation of freestanding
Ge-NCs is required. Straightforward etching of the present GROs is complicated
by carbon contamination and is the subject of ongoing studies.

XPS analyses, shown in Figure 2.12, are consistent with
disproportionation occurring with thermal processing. A shift of the GRO
intermediate oxide to higher binding energy, corresponding to Ge(IV), is
observed. In some cases, the presence of elemental Ge is supported by an
emission of low intensity at lower binding energy. This emission is expected to be
of low intensity because Ge(IV) is formed in a ratio of 3:1 over Ge(0). For 7, 9,
and 11 the presence of zerovalent Ge is conclusively confirmed at the sensitivity
of XPS. In the case of the film-forming composites 8 and 10, Ge(0) is not
observed under these processing conditions, but becomes apparent at higher
processing temperatures (see Figures A5 and A7, Appendix A). The absence of

emissions characteristic of elemental Ge may be due to the low concentration of
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Ge-NCs as evidenced by low XRD intensities and/or the surface-sensitive nature
of XPS.

FT-IR analysis of thermally processed Ge/GeO, composites gives further
insight into the evolution from organically substituted GRO to Ge-NC containing
oxide composite. FT-IR spectra shown in Figure 2.13 show a broadening of the
Ge-O stretching at 880 cm™. This broadening is associated with restructuring of
the organized GRO network to a disordered, amorphous GeO»-like network in
which Ge-NCs are embedded. OH stretching is observed in composites obtained
from fully condensed, OH-free precursors. We propose the formation of hydroxyl

groups occurs via H,- or R-facilitated network opening (vide infra).
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Figure 2.12. X-ray photoelectron (XP) spectra of the Ge 3d region for GROs
(dashed lines) and their composites obtained from processing at the lowest Ge
NC-forming temperature as indicated in Table 2.3 (solid lines). The XP spectrum
of amorphous GeO; is included for comparison.
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Figure 2.13. Fourier-transform infrared (FT-IR) spectra for GROs processed at
the lowest Ge NC-forming temperature as indicated in Table 2.3.

Residual hydrogen and carbon content in 7-11 has been quantified by EA
(Figure 2.14), confirming incomplete release of the organic substituent. Residual
hydrocarbon content in Ge-NC/GeO, composites decreases from above 20% in 11
through the series 10, 9, 7 to less than 5% in 8. Generally, less C remains for
smaller R-groups, with the exception of 5. Further, GROs with substituents
capable of B-H elimination (1, 2) have lower C content than those more likely to
undergo radical elimination (3, 4). We are currently investigating the nature of
carbon impurities and their impact on oxide etching as well as the resulting Ge-

NC properties.
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Figure 2.14. Elemental analysis (EA) of the hydrocarbon content of GROs
processed at the lowest Ge NC-forming temperature as indicated in Table 2.3. The
precursor GROs are included for comparison.

Quantum confined photoluminescence was not observed from the oxide-
embedded materials in PL measurements from 350-800 nm (325 nm excitation),
which is likely due to larger NC sizes as well as defect traps originating from the
oxide surface or the carbon contaminations. PL studies would be of particular
interest in the liberated products (freestanding Ge-NCs), which were not obtained

for reasons previously discussed (vide supra).
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2.3.3. Influence of processing temperature, time and atmosphere on Ge-NC

formation

The analysis discussed in the previous section identifies GRO 1 as the
precursor of choice for further study due to the lower initial Ge-NC formation
temperature (400 °C for 7), high melting point (powder morphology), and low
residual carbon content (ca. 5%). Thus, the effect of peak processing temperature,
processing time and atmosphere on GROs 1-5 will be illustrated with
representative results for 1.

As previously reported, XRD shows an evolution from the complex
diffraction pattern of the GRO at room temperature to reflections characteristic of
diamond cubic crystalline Ge upon increasing the peak processing temperature
(Figure 2.15).* This transformation occurs via an amorphous germanium
suboxide network that exhibits very broad reflections (e.g., at 350 °C (1 h) for 1).
The Ge-NC reflections grow in and increase in intensity and sharpness upon
increasing processing temperature and/or time. These observations are consistent
with continued structural changes of the germanium oxide matrix.

When the peak processing temperature is held for 5 h, NC formation is
consistently observed for all precursors at 50 °C below the minimum temperature
needed to form Ge-NCs (as evidenced by XRD showing diamond Ge reflections)
with a processing time of only 1 h. Ge-NC formation from these materials thus is
not simply a function of temperature, but also of time. At lower temperature, the
thermal energy provided is still sufficient to break Ge-C bonds, however Ge

diffusion and NC nucleation and growth are slowed.
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Figure 2.15. X-ray powder diffraction (XRD) patterns for 1 (R = ethyl) and its
composites processed at indicated peak temperatures in 5% H,/95% Ar (left) or
100% Ar atmosphere (right).

The contributions of reduction and disproportionation to elemental Ge
formation were assessed by comparing composites processed at increasing
temperature under a flow of 100% Ar or 5% H, (balance Ar). A comparison of the
XRD patterns in Figure 2.15 as well as Figures A1-A4 (Appendix A) shows there
are no substantial differences between inert and reducing atmospheres at
temperatures below 500 °C. This is in stark contrast to observations in our
original study of (PhGeO;5s),, for which Ge-NC formation below 600 °C was
observed only in a reducing atmosphere.”® The independence from processing
atmosphere suggests formation of Ge-NCs from 1-5 proceeds only via
disproportionation at low temperatures (< 500 °C). A comparison of XP spectra
leads to the same conclusion. XP spectra of 1 processed at increasing
temperatures show a shift of the intermediate oxide emission to higher binding

energy (Figure 2.16). Concomitantly, a second emission at lower binding energy
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associated with low- or zero valent Ge emerges. The observed shift of the oxide
feature to higher binding energy and emergence of a shoulder at low binding
energy are consistent with disproportionation (eq. 2.1). Since, at lower
temperatures, all samples processed in inert and reducing atmosphere display
comparable oxidation states within experimental variation, we conclude hydrogen
reduction of oxides is not contributing substantially to the formation of elemental
Ge. At temperatures of 450 °C and above, differences between XP spectra in inert
and reducing atmosphere emerge. Hydrogen reduction of GeOy is now evidenced
by the presence of a more intense emission from lower-valent Ge in reducing vs.
inert atmosphere. Since only a decreased background in XRD of H,-processed
composites is observed, and no substantial difference in Ge-NC size from
Scherrer analysis is noted, we propose reduction is primarily leading to the
nucleation of new Ge-NCs, not to increased growth of Ge-NCs formed from
disproportionation. In summary, structural tailoring of the precursors provides a
single-source Ge-NC synthesis that reaps the potential benefits of defect
passivation in a hydrogen atmosphere without a substantial Ge contribution from
reduction pathways.

First clues on the retention and nature of carbonaceous residues within the
Ge-NC/GeO, composites are given by FT-IR and EA of composites processed at
increasing temperatures. Upon increasing peak processing temperature, a decrease
in intensity of vibrations associated with the organic substituents was observed in
FT-IR (Figures 2.17, A9-12 (Appendix A)). Simultaneously, the narrow, strong

absorptions for Ge-O-Ge stretching and bending of the sol-gel polymer merge into
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one broad feature centered around 850 cm™. A broad, weak to medium-intensity
feature in the OH-stretching region (3000-3500 cm™) is inconsistently observed in

some samples that showed no OH-stretching in the precursor GRO (vide supra).

GeO, Ge GeO, Ge
%/\ Aj\x
500 °C 500 °C
3 3
L ©
> >
£ 450 °C £ 450 °C
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£ <
3 S
N 400 °C X 400 °C
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350 °C 350 °C
J\ polymer /\ polymer
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Binding Energy (eV) Binding Energy (eV)

Figure 2.16. X-ray photoelectron (XP) spectra of the Ge 3d region for 1 (R =
ethyl) and its composites processed at indicated peak temperatures in 5% H2/95%
Ar (left) or 100% Ar atmosphere (right).
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In a reducing atmosphere, the breaking of Ge-O-Ge bonds may involve H,,
leading to the formation of OH-groups. In inert atmosphere however, the
formation of OH-groups is proposed to result from the involvement of the organic
substituent in breaking Ge-O-Ge bonds, since the organic substituent is the only
source of hydrogen under these conditions. This reaction would lead to
dehydrogenation of the organic substituent, which together with liberation of most
organic substituents would explain the decreasing C-H stretching vibrations with
increasing processing temperatures. This decomposition within the matrix would
explain why EA results show sometimes-substantial amounts of carbonaceous
materials within all oxide composites of 1-5. The hydrocarbon content of
composites decreases slightly with increasing processing temperature, except for
composites of 5, but complete removal is never achieved. The decreasing CH
stretching intensity in FT-IR (as well as the loss of carbonyl according to FT-IR
of processing of 5) can thus be reasonably attributed to decomposition of the
organic substituent within the Ge-NC/GeO, composite. The products of this

decomposition are the subjects of ongoing study in our laboratory.
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Figure 2.17. Fourier-transform infrared (FT-IR) spectra for 1 (R = ethyl) and its
composites processed at indicated peak temperatures in 5% H,/95% Ar (left) or
100% Ar atmosphere (right).

2.4. Conclusions and Future Work

By investigating the role of the organic substituent the temperature of Ge-
NC formation has been decreased from 525 °C (R = phenyl) to 400 °C (R = ethyl)
for Ge-NC containing composite powders and to 300 °C (R = n-butyl) for Ge-NC
containing films. Notably, the lower temperature also leads to Ge formation from
one source only: For a GRO processed in reducing atmosphere, the possible Ge
sources are disproportionation, driven by the formation of the thermodynamic
oxide, and reduction. Since oxide reduction only occurs at temperatures above
450 °C, the presented analysis supports the formation of Ge from only
disproportionation. The disproportionation of a GRO is possible because the Ge-C
bond to the organic substituent of the starting material can be thermally cleaved to

generate a “true” GRO (GeO,s),. Organic substituents that eliminate via 3-H
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elimination yield lower Ge-NC formation temperatures compared to substituents
limited to radical elimination. Though retention of carbonaceous material in the
composite is reduced in alkyl-substituted GROs, it remains an area of study to
conclusively identify nature and location of the impurity. Attempts to remove
remaining hydrocarbon impurities by processing in air or oxidative etching with
H,0, or HNOs have been unsuccessful due to the lower oxidation potential of Ge.
A possible route for the future could be to introduce a pre-processing step where
the sol-gel polymer is held at a lower T to promote Ge-C bond scission before
heating to higher temperatures for Ge-NC formation. Preliminary TGA data
shows this to be a promising route. Similarly, reliable liberation and
functionalization of Ge-NCs from their oxide matrix is being actively pursued in

our group.
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Chapter 3:

The influence of substitution on
thermal decomposition of
molecular n-butylgermanes to

germanium nanoparticles
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3.1 Introduction

After 20 years of research effort in this field, Ge nanocrystal (Ge-NC)
synthesis is still a challenging undertaking. Generally, the goal of Group 14
semiconductor synthesis at the nanoscale is to generate materials with well-
defined optical and electronic properties governed by their size. Nanoscale
materials represent the transition from molecules to bulk materials, and as such lie
at the interface of molecular and solid-state chemistry. Nanomaterials will
generally adopt bulk material structures, but their properties are strongly impacted
by dimension. One reason for this behaviour lies in the drastically reduced
number of bonding and antibonding orbitals that combine to form valence and
conduction bands, the bulk equivalents of HOMO (highest occupied molecular
orbital) and LUMO (lowest unoccupied molecular orbital). Comparing this
decrease in atomic contributions to a molecular example, the HOMO-LUMO gap
(which, in a bulk material, is just the band gap) shows the same dependence on
atomic orbital contribution. Progressing, for example, from pentacene to benzene,
an increase in HOMO-LUMO separation is observed due to the decreasing
number of atomic orbitals contributing to its MOs (Scheme 3.1). Analogously, the
band gap of semiconductor nanocrystals will increase with decreasing size.

An additional factor is the quantum confinement effect. Quantum
confinement is understood to occur at nanomaterial sizes below the Bohr exciton
radius (e.g., 24.3 nm for Ge),! where the electron-hole pair formed upon

excitation is confined to a closer distance than it would assume in a bulk material
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(Scheme 3.2). This also leads to size-dependence of electronic and optical

properties.

Scheme 3.1. Band gap energy decrease from benzene to pentacene.>”
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Scheme 3.2. Pictorial representation of exciton quantum confinement.
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The energy of quantum confined photoluminescence, dictated by the NC
band gap, can be predicted for a given material at a certain size using the effective

mass approximation (EMA, equation 3.1).*

E(d)= E, +

(3.1)

*

Ra’ (1 1) 1.786¢
2d’ ed

m,
This equation is an approximation for a spherical particle where d is the
particle diameter, E, is the bulk band gap (0.66 eV at 300K)’, %is the reduced

Planck’s constant, m; and m, are the lightest effective masses of electron and
hole (m’ = 0.082m, and m; = 0.043m,)', e is the charge of an electron, and ¢, is

the relative permittivity of Ge (g, (bulk Ge) = 15.8)". As d decreases, the second
term (zero point energy for particle in a box) increases faster than the third
(effective Coulomb interaction between electron and hole), leading to an overall
increase in band gap E(d).°

However, quantum confinement is only observed in near-ideal materials
that are crystalline, defect-free and pure. Factors such as surface termination,
impurities and defects will otherwise dominate the material properties.
Addressing these issues is among the greatest challenges associated with Group
14 nanomaterial synthesis. After surveying the existing Ge-NC literature, it
becomes apparent that many reports concerning Ge-NC luminescence are not

7-11

consistent with predictions from EMA (Figure 3.1). Reports detailing the

synthesis of similarly sized Ge-NCs sometimes show very different luminescence
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properties, while different sizes have been found to luminesce at very similar

energy.

Neale [23]
¢ Korgel [16]
Tilley [20]
Zaitseva [21]
Veinot [10, 17]
“ Tanke, Kauzlarich, Patten [15]
Hope-Weeks [19]
A Bard [18]
* Hu [7]
Jiang [11]
Schaak [9]
Klimov [22]
© Wilcoxon [13]
© Kauzlarich [8, 12, 14]
— Effective Mass Approximation

Band gap [eV]

0 2 4 6 8 10 12 14 16 18 20
Ge NC diameter

Figure 3.1. Graph comparing literature reports of Ge PL with predictions based
on the effective mass approximation.”?* Data points represent reported Ge-NC
diameters, plotted with error bars to represent either standard deviation (where
available) or particle diameter ranges where average and standard deviation were
not reported.

This discrepancy between theory and experimental observation is likely
related to difficulties associated with synthesizing nanocrystals of covalent
materials.”” It is widely appreciated that Si and Ge, with their directional bonding,
are more challenging to obtain in crystalline, defect-free form than ionic solid

nanomaterials such as II-VI and III-V nanocrystals. Other issues that exist are the
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influence of heteroatoms, difficulties with reliable surface passivation, and a
generally poor understanding of the processes underlying Ge-NC formation.***°
This study aims to elucidate some of the factors influencing Ge-NC formation in
solution synthesis.

In our previous investigation of the formation of Ge-NCs within an oxide
matrix (See Chapter 2), we shed light on processes underlying the formation of
elemental Ge from organically substituted precursors in the solid state.”” In the
seminal work, a phenyl-substituted germanium oxide polymer (PhGeO; s5), was
thermally decomposed above 500 °C to yield GeOr-embedded Ge-NCs.'*** The
loss of the phenyl group was postulated to occur via homolytic bond-cleavage,
generating relatively unstable radicals. When the organic substituent was changed
to a group that could eliminate as a more stable radical or via P-hydride
elimination, we noted a substantial decrease in Ge-NC formation temperature (as
low as 300 °C, for R= n-butyl). As an extension of our solid-state work, we are
now interested in investigating molecular precursors of Ge-NCs containing »n-
butyl groups ((n-CsHo)xGeHay, with x = 1-4). The purpose of this study is to
establish the influence of the substituents on decomposition temperature in
solution synthesis. In the nBuyGeHa series, the presence of hydride substituents
is proposed to decrease the thermal decomposition temperature by enabling
decomposition pathways not accessible in the solid-state, in particular reductive
elimination. Examples of Ge nanomaterial synthesis based upon decomposition of
molecular organogermanes can be found in the literature, however, to the best of

our knowledge, there are no systematic studies concerning the impact of
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. . .. 1 - .
substitution on the decomposition process.'"'**"** In  particular,

diphenylgermane and tetraecthylgermane have been wused in germanium
nanomaterial synthesis, without providing a deeper understanding of the utility of
the different organogermanes. Studies of organogermane decomposition in the gas
phase support our hypothesis with regard to (-hydride elimination, with the
observation of ethene in gas-phase tetraethylgermane decomposition.”® Laser-
induced photolysis of organogermanes in solution has been shown to be facilitated
by hydride (and vinyl) substituents on Ge, though no mechanism was inferred in
this work.”” In a recent study regarding the synthesis of Ge nanowires, tetraethyl-,
n-butyl-, and diphenylgermane were compared, and more favourable gas-phase
decomposition was observed for diphenylgermane.”® The arylgermane in this
study appears to have more favourable decomposition kinetics originating from

the redistribution chemistry it undergoes.’’®

The decomposition of this
compound (and possibly other organogermanes) is believed to proceed through
redistribution reactions yielding tetraphenylgermane and germane, which then
decomposes to elemental germanium and hydrogen gas. This process is supported
by the observation of mono- and triphenylgermane in mass spectrometry of the
products.*®

In the context of bond strengths of differently substituted germanes,
thermochemical and theoretical studies investigating homolytic cleavage have
shown Ge-C bond dissociation energies depend on the nature of the organic

substituent itself as well as the nature of the remaining substituents. Considering

first the influence of the organic substituent on the Ge-C bond energy, a decrease
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in bond energy from 346 kJ/mol to 306 kJ/mol has been noted with increasing
carbon-substitution at the P-position of the alkyl chain, going from methyl to
ethyl, isopropyl and ¢-butyl (Table 3.1, entries 1-4).*” A similar trend is observed
in Si-C bond energies of organosilanes, along with a dependence on chain length,
which has not been investigated in detail for germanium.* Luo and Pacey
describe the interaction of the P-carbon atom with germanium (Ge-C.-C,) as a
strong electrostatic, non-bonding interaction, leading to weakening of the Ge-C
bond analogous to weakening of C-C bonds in alkanes in the progression from
ethane to propane to butane.”” A comparable trend of decreasing bond energy is
observed in bond dissociation energies of methyl-Ge and ethyl-Ge in
tetraalkylgermanes determined by combustion (Table 3.1, entries 5, 6).*"*
Interestingly, the phenyl-Ge bond dissociation energy of 324 kJ/mol is markedly
higher than the bond dissociation energies of methyl- and ethyl-Ge bonds,
indicating the observed differences cannot simply be regarded as 3-substitution
effects.” The electronic effects of the substituent as well as the nature and
stability of the decomposition products can be expected to play into the observed
bond energies.

Comparing the values obtained for methyl-Ge and ethyl-Ge bond energy
in tetraalkylgermanes, 264 kJ/mol and 243 kJ/mol respectively, with the predicted
values for the same bonds in monoalkylgermanes, 346 kJ/mol and 329 kJ/mol, a
marked decrease in Ge-C bond energy is evident in the presence of further alkyl

substituents. This may also be related to 3-substituent effects, or inductive effects

of the alkyl substituents. However, the trend in bond energy does not compare
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well with the observation of substantially lowered decomposition temperatures
with decreasing number of alkyl-substituents, as we observed in the current study.
This suggests the trend of decreasing decomposition temperatures in the series
nBuyGeHsx (x = 4—1) is more likely related to the different available
decomposition mechanisms than to the bond dissociation energies of Ge-C bonds

based on radical formation.

Table 3.1. Ge-C bond strengths for different organic substituents in mono- and

tetraalkylgermanes.
Entry Ge-C Bond BDE [kJ/mol] Reference number
1 CH;-GeH; 346 [39]
2 C,Hs-GeHs 329 [39]
3 'CsH7-GeH; 317 [39]
4 ‘C4Ho-GeH; 306 [39]
5 CH;-Ge(CHj3); 264 [41]
6 C2H5-Ge(C2H5)3 243 [42]
7 CsHs-Ge(CsHs)s 324 [43]

Considering the understanding of R-group elimination pathways in more
detail, the processes most applicable to our system are homolysis, (-hydride
elimination, and reductive elimination (vide supra).* Homolysis generally leads
to a complex mixture of products. According to Davidson, it is the predominating

decomposition pathway in gas phase reactions at low pressures.” However,
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homolysis has also been reported as the dominant process in surface
decomposition of trialkylgallium compounds. In this case, the gas phase
decomposition was observed to occur mainly by p-hydride elimination.*
Characteristics of the organic substituent found to influence the decomposition
process were the alkyl chain length, as well as the substitution at a-C. An increase
in either weakens the M-R bond and stabilizes the formed radical. Higher
substitution at the a-C also improves [-hydride elimination by providing a larger

number of available hydrides.*

Theoretical calculations by Maejima et al.
indicate a lower activation barrier for $-hydride elimination of ethyl groups from
diethylzinc in comparison to their homolytic cleavage.*’ Supporting the
possibility of homolytic cleavage of R-groups from Ge, the generation of germyl
radicals has been reported, even as stable amidometal-centered s' or s> complex
[(Me3Si):N]Ge- (x = 2, 3).%

B-hydride elimination requires a vacant coordination site on the central
metal atom.*’ The initial thought may be that a four-coordinate germanium
compound will be unable to undergo this type of elimination, since it is
coordinatively saturated with a full octet of electrons. However, coordination
complexes of Ge have been synthesized with coordination of up to 6 ligands.*°
Though the bonding of these complexes is debated, we know that Ge has the
ability to coordinate further species, making B-hydride elimination a possible
decomposition pathway. In a comparison of Group 13 alkyl decomposition, B, Al

and Ga alkyls preferentially decompose by [-hydride elimination, while In alkyls

decompose both via homolysis and f3-hydride elimination, with long chain alkyls
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preferring radical elimination.*® In surface reaction of ethylgermane on Si, ethane
is observed and attributed to P-hydride elimination. However, this occurs
following dissociative adsorption of the ethylgermane on the Si surface, and is

thus actually elimination from Si, not Ge.”'

In Pd complexes, P-hydride
elimination has been shown to have a lower activation barrier for C-N bond
formation than reductive elimination, the third process raised as a possible
elimination pathway in this study.’”

Reductive elimination is generally understood to be confined to metals
with stable oxidation states differing by two.* Arguably, Ge(II) is generally not a
stable oxidation state, however, Ge(Il) compounds including Ge(Il) dialkyls are
known.* Reductive elimination is sensitive to the electronic environment of the
atoms combining to form a new bond, as well as the general electronic and steric
environment of the compound or complex. Regarding the complex environment,
reductive elimination from Ir has a lower activation barrier when steric demands
of the remaining ligands decrease.”® This was explained by a need of the alkyl or
aryl groups to orient appropriately before elimination could proceed. For Pd on
the other hand, the opposite has been reported.”* Here, “steric relief” was believed
to be a driving force for reductive elimination from sterically encumbered
environments.”* More importantly for our systems, the activation barrier of
reductive elimination also depends on the electronic structure of the eliminating
atoms. In C-C bond formation, C(sp’)-C(sp’) reductive elimination is generally
understood to be more difficult than C(sp”)-C(sp”).”> [Note: This dependence is,

for example, not observed in the case of Ir]>> The directionality of the sp’ orbital
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doubles the activation barrier for C-C coupling compared to C-H coupling,*®"’

while the spherical nature of the H Is orbital leads to there being virtually no
activation barrier for H-H elimination.”

Once the molecular precursor is decomposing and atoms of elemental Ge
are being formed, conditions such as Ge concentration, temperature, and
coordinating solvents will influence nucleation and growth of Ge NPs. Nucleation
and growth have been described by different theories that are increasingly able to
give quantitative descriptions of the underlying processes.”>® For the purpose of
this work, qualitative descriptions — along with their implications for experimental
design — shall be sufficient. Classical nucleation theory (CNT) originally
describes vapour-phase condensation, but has been extended to the nucleation of

6162 The fundamental consideration in CNT is the

colloidal particles in solution.
interplay between Gibbs free energy involved in creating a new surface and Gibbs
free energy of formation of the solid volume. Since the creation of a new surface
is an unfavourable process, while the formation of the volume is favourable,
nucleation will proceed when the volume-term is just large enough to cause an
overall negative change in free energy. The nucleus size at which this criterion is
met is referred to as the critical cluster size. Since this theory was originally
developed for microscale particles, the critical cluster size is on the order of
nanometers and is as such too large to accurately describe nanoparticle
nucleation.”® Further, the assumption of a uniform rate of attachment and

detachment of atoms throughout the nucleation and growth process does not

reflect size dependence of growth rates, or the local change in monomer
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concentration as atoms are depleted by nucleation and growth.”” Essentially, the
CNT theory does not effectively describe the early stages of growth.”

An improved theory, which takes into account the local depletion of
monomer upon burst nucleation of nanoparticles, as well as the changes in rate, is
known as the LaMer model of burst nucleation.”” This model describes the
nucleation and growth processes from a starting point of strong supersaturation
(Cs), which is followed by rapid nucleation of particles once the minimum
concentration for nucleation Cy is reached. After the maximum concentration for
nucleation, Cy, is reached, the ongoing burst nucleation locally depletes the
monomer, instantly decreasing the rate of nucleation and transitioning into a
growth phase below C,, during which diffusing matter is adsorbed onto the
nucleus surface (Figure 3.2). This separation of nucleation and growth processes
is projected to yield narrow size distributions, and has recently been quantitatively
described by Privman and coworkers.” Tt does not, however, take into account

phenomena such as Ostwald ripening and aggregation of particles.
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Figure 3.2. Nucleation and Growth as a function of monomer concentration as

proposed by the LaMer theory of burst nucleation (adapted from ref. 63).

Ostwald ripening (also known as LSW theory, named after Lifshitz,
Slyozov and Wagner) is a growth process in which small particles (with high
energy due to high surface-to-volume ratio) dissolve, and release monomer that
feeds the growth of larger particles (decreasing energy by decreasing their
surface-to-volume ratio).***® In their quantitative treatment of Ostwald ripening
combined with CNT, Weller and coworkers conclude nanoparticle size
distributions will ‘focus’ (narrow) when nucleation is suppressed early, and
growth happens separately (analogous to LaMer burst nucleation, and achieved
experimentally, e.g., by hot injection).”” This ‘focusing’ is achieved because small

NCs will have a higher growth rate than their large counterparts. However, after a
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certain period of growth, ‘defocusing’ (widening) of the size distribution is
observed. In Bawendi’s recent treatment of compound semiconductor nanocrystal
nucleation and growth, the influence of temperature and additives is also
investigated in some detail.”® However, their conclusions likely cannot be
reasonably directly extended to Group 14 semiconductor nanocrystal synthesis,
because the strongly covalent character of Group 14 semiconductor bonding (in
contrast to the significant ionic character of compound semiconductor bonding)
influences their nucleation and growth behaviour.”® So far, only one detailed
experimental study of solution-phase nucleation and growth of Group 14
semiconductors has been published. Hanrath and coworkers have investigated
these processes for the reduction of Gel,, taking into consideration the influence
of reducing agents, coordinating solvents, surface ligands, time and temperature.*®
Their results are not readily transferable to high temperature decomposition of
organogermanes, thus the call for detailed understanding of the mechanistic
processes underlying precursor activation chemistry, nucleation and growth of Ge
nanoparticles by hot injection remains unanswered.

In this chapter, we describe a study of the influence of hydride-substitution
on thermal decomposition of molecular n-butylgermanes to form Ge
nanoparticles. The thermal decomposition of nBuiGeHsx (x = 1-4) was
investigated in hot injection experiments. In these experiments, the liquid
precursor at room temperature is introduced by injection into a solvent heated to
the desired temperature of reaction (285 — 400 °C). The solvents used in this study

were octacosane (CisHss) and tri-n-octylamine. No additional surface capping
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agent was employed to control surface passivation, primarily in order to keep the
reaction conditions simple and avoid contamination. The decomposition
temperatures of nBuyGeHa (x = 1-3) were determined by a series of experiments
in which the reaction temperature was sequentially lowered by 10 °C until a
colour change of the solution was no longer observed. The colour change, which
at higher temperatures was accompanied by the formation of a black precipitate,
suggests the formation of elemental Ge, and progresses from yellow just above
the thermal decomposition temperature through orange, red-brown, and brown to
black at higher temperatures. Thermal decomposition was compared for the
different precursors at 400 °C in octacosane as well as 325 °C in octacosane and
tri-n-octylamine. Products were analyzed for their sizes, shapes, crystallinity,
oxidative stability and photoluminescence. No photoluminescence was
measurable in the wavelength range from 350 — 800 nm with excitation at 325

nm.
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3.2 Experimental Details

3.2.1 Material Preparation

3.2.1.1 Reagents and Materials

n-butylgermane (n-CsHoGeHs), di-n-butylgermane ((n-C4Ho)>GeH,), tri-n-
butylgermane ((n-CsHo);GeH, 99%), and tetra-n-butylgermane ((n-CsHo)sGe)
were purchased from Gelest and stored in an argon-filled glovebox. Octacosane
(Ca8Hss, 99%) and trioctylamine (TOA, [CsHi7]3N, 98%) were obtained from

Aldrich. All reagents were used as received.

3.2.1.2 Identification of a suitable solvent

The literature report detailing Ge NP synthesis from tetra-n-butylgermane
used trioctylamine, squalene and octacosane as solvents.”' The reported respective
boiling points are 384 °C, 412 °C, and 429 °C. Since tetra-n-butylgermane was
reported to decompose at 390 °C, we wanted to investigate all compounds in the
series nBuyGeHax (x = 1-4) at 400 °C. This ruled out trioctylamine as a suitable
solvent for the high temperature reaction, but it was later used in hot injection
experiments at 325 °C. Octacosane (mp 57-62 °C) is a solid at room temperature,
which made squalene (mp -75 °C) our solvent of choice. Squalene has the added
advantage of alkene functionality, which makes it amenable to surface protection
through thermally initiated hydrogermylation if a Ge-H surface forms.'” However,
in our experiments, the maximum temperatures we could achieve in squalene

were 308 °C and 325 °C, in two different batches of the solvent. Since the local
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pressure in Edmonton varies between 700-704 mmHg (93.3-93.6 kPa) throughout

the year,”” a boiling point depression no larger than 3 °C would be expected

(boiling point correction factor:

(W#)-o_fc ). We currently have no

explanation for this stark discrepancy in observed boiling points. (NB: the boiling
point stated on the solvent bottle is 284 °C at 25 mmHg, which corresponds to
420 °C at atmospheric pressure.) Thus, octacosane was chosen as the initial

solvent for this study.

3.2.1.3 Hot injection synthesis of Ge NPs

9 g octacosane or trioctylamine (TOA) were weighed into a 25 mL three-
neck round-bottom flask containing a glass-coated magnetic stirbar. The glass-
coated magnetic stirbar was necessary, since polytetrafluoroethylene (PTFE,
Teflon) melts at 327 °C. It is produced by stripping a Teflon-coated stirbar and
coating the magnet with borosilicate glass. No surface capping agent was added to
the reaction, though there is a possibility of butyl groups remaining on the
nanoparticle surface, radical reactions of octacosane or its thermal decomposition
products with the nanoparticle surface or Ge-N bonding with TOA. The three-
neck round-bottom flask was equipped with a gas adapter, a condenser with gas
adapter, and a thin glass sleeve with 14/20 ground glass joint to hold the
thermocouple “in solution” (Figure 3.3.A). The three-neck round-bottom flask
was placed in a sand bath contained in a metal bowl and covered with glass wool.

The solvent was degassed above 110 °C under vacuum through the sidearm for 30
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min. The flask was then refilled thrice with argon, the side gas line replaced with
a septum (see Figure 3.3.B), and the solution heated to the desired temperature of
reaction. The temperature was left to equilibrate for one hour before injection. In
an argon-filled glovebox, 1.4 mmol (n-C4Ho)xGeHsx were weighed into a vial
with septum and transferred to an argon-charged Schlenk line. Using Schlenk
techniques, the precursor was injected from a 1 mL glass syringe with 25 cm
needle (18 gauge). The point of injection was at the bottom of the flask at each
injection (Figure 3.3, pink area). The solution temperature was measured
immediately after injection and was monitored throughout the reaction. After 30
min, the sand bath was removed, and the solution or suspension left to cool. When
the solution had cooled below 110 °C, it was poured into ~75 mL toluene* to
avoid solidification of octacosane.®® Reactions in TOA did not require addition of
a second solvent. In the case of reactions performed at 400 °C in octacosane,
black or grey suspensions were obtained, and the product was isolated by
filtration through a Millipore hydrophobic Durapore membrane (type VVHP, 0.1
um pore diameter). The black or grey powder was washed thoroughly with
toluene and pentane to remove octacosane. At lower temperatures (280-350 °C) in
octacosane, yellow to dark brown solutions were obtained, discounting filtration
as a means of isolating Ge NPs. Instead, the majority of the octacosane solvent
was removed as white, flaky crystals by recrystallizing briefly in an ice-bath and

filtering through a Biichner funnel with 7 cm diameter Whatman #2 filter paper.

Subsequently, toluene was removed by rotary evaporation, and the solid was

* Determined by octacosane solubility, x(C,sHsg) = 0.062 in toluene at 306.5 K
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dissolved in pentane. After centrifugation for 30 min at 14 krpm, brown
precipitate was collected, and further purified by repeating centrifugation with
pentane thrice. Reactions using TOA as solvent were worked up by centrifugation
with ethanol:methanol (3:1) as antisolvent at 17 krpm for 10 min. Products were
purified by centrifuging thrice with pure ethanol. Individual conditions are
summarized in Table 3.2. Products were characterized by FT-IR, XRD, XPS,

TGA, EA, Raman, and TEM.

Figure 3.3. (A) Experimental setup for solvent degassing, (B) Experimental setup
for hot injection, with the area of injection indicated in pink.
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Table 3.2. Reaction conditions for hot injection of nBuyGeHy.x.

Entry  Precursor m(nBuyGeHsy) [mg] Solvent T [°C]
1 nBuGeHj3 186 octacosane 400
2 nBu,GeH, 264 octacosane 400
3 nBu3;GeH 344 octacosane 400
4 nBusGe 422 octacosane 400
5 nBuGeHj3 186 octacosane 325
6 nBu,GeH; 264 octacosane 325
7 nBu3;GeH 344 octacosane 325
8 nBuGeHj3 186 trioctylamine 325
9 nBu,GeH; 264 trioctylamine 325
10 nBu;GeH 186 trioctylamine 325

3.2.2 Material Characterization

3.2.2.1 Fourier-Transform Infrared Spectroscopy (FT-IR)

FT-IR was performed on a Nicolet Magna 750 IR spectrophotometer.

Powders were pressed into KBr pellets (1-3) or measured under the microscope

on reflective substrates (4-10).
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3.2.2.2 Thermogravimetric Analysis (TGA)

TGA was carried out using a Perkin-Elmer Pyris TGA equipped with Pyris
Thermal Analysis 7.0 software. Samples were placed in a platinum pan and

heated in a N, atmosphere from room temperature to 600 °C at 10 °C/min.

3.2.2.3 X-Ray Diffraction (XRD)

XRD was performed using an INEL XRG 3000 X-ray diffractometer
equipped with a Cu K, radiation source (A = 1.54 A). Crystallinity was evaluated

for powders mounted on a low-intensity background Si (100) holder.

3.2.2.4 X-Ray Photoelectron Spectroscopy (XPS)

XPS was performed on an AXIS-165 XPS spectrometer from Kratos
Analytical. The base pressure and operating pressure in the chamber were
maintained at < 10”7 Pa. A monochromatic Al K, X-ray (A = 8.34A) was used to
irradiate the samples, and the spectra were obtained with an electron take-off
angle of 90°. Samples were pressed into carbon tape. To control sample charging,
the charge neutralizer filament was used during the experiment. The pass energy
for the survey and the high-resolution spectra were 160 and 20 eV, respectively.
Spectra were calibrated to the C 1s emission at 284.8 eV attributed to adventitious
carbon using CasaXPS (VAMAS) software. Following calibration, the
background of each spectrum was subtracted using a Shirley-type background to

remove most of the extrinsic loss structure.
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3.2.2.5 Elemental Analysis (EA)

Carbon and hydrogen content were measured using a Carlo Erba (Thermo
Scientific) EA1108 Elemental Analyzer CHNS-O equipped with Eager Xperience

software.

3.2.2.6 Transmission Electron Microscopy (TEM)

TEM was performed using a JEOL 2010 Transmission Electron
Microscope with a LaBe thermionic emission filament operated at an accelerating
voltage of 200 kV. The instrument was fitted with an Energy Dispersive X-Ray
Spectroscopy (EDS) detector for elemental analysis. TEM samples were prepared
by dip-coating carbon-coated, 200-mesh Cu grids (SPI Supplies) in DMF or

ethanol suspensions.

3.2.2.7 Raman Spectroscopy

Raman spectra were measured on samples drop-coated from ethanol
suspension on gold-coated glass slides. Spectra were acquired using a Renishaw
In Via Raman Miscoscope equipped with an Argon ion laser (514 nm, 1800 I/mm
(vis)) and a CCD detector (laser power 4.32 mW at 20x magnification). The
spectral range was set static around 300 cm’', acquisition time was 10 s with 3

accumulations.
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3.3 Results and Discussion

In this study, we investigated the influence of hydride-substituents on the
thermal decomposition of molecular n-butylgermanes (nBuyGeHs (x = 1-4)).
Under appropriate conditions, hot injection of n-butylgermanes is expected to
yield Ge-NCs, as has been previously shown for tetra-n-butylgermane.”' Thermal
decomposition forms elemental Ge, which nucleates and grows. Growth may be
terminated by limiting the precursor supply, capping the surface with a ligand or
decreasing the supplied (thermal) energy below a certain threshold. For tetra-n-
butylgermane, elimination of the butyl-groups may proceed through radical or 8-
hydride elimination (vide supra). When hydride substituents are introduced (x =
1-3), reductive elimination also becomes possible. In this regard, as the number of
hydride substituents increases, this process is expected to become more facile.
Thus, we expect to see a decrease in decomposition temperature with decreasing x

as we move through the nBuyGeHa. series.

3.3.1 Qualitative Determination of Decomposition Temperatures

The hypothesis regarding the decrease of decomposition temperatures
through the series nBuyGeHs (x = 1-4) with decreasing x was investigated by
performing hot injection studies of nBuyGeHsx (x = 1-3). The precursors were
injected into octacosane at different reaction temperatures, and reacted for 30 min.

The first set of experiments yielded qualitative information about the
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decomposition temperatures of nBuyGeHa (x = 1-3). In our previous solid-state
studies (see Chapter 2), we determined decomposition temperatures of (RGeO; s),
through thermogravimetric analysis (TGA), however nBuyGeHs (x = 1-3) are
volatile liquids at room temperature, precluding this type of analysis. For nBusGe,
a decomposition temperature of 390 °C has been previously reported.”' Expecting
lower decomposition temperatures for nBuyGeHsx (x = 1-3), we began our
investigation at 350 °C. The change from colourless to dark brown solutions
during reaction indicated precursor decomposition. In further experiments, the
injection temperature was consecutively decreased by 10 °C until a colourless
solution was obtained (Figure 3.4). This allowed us to place the decomposition
temperatures of nBuyGeHax (x = 1-3) within 10 °C intervals centered around 285

°C for nBuGeHs, 305 °C for nBuyGeH, and 325 °C for nBu;GeH (Figure 3.5).

Figure 3.4. Photographs of hot injection products in octacosane and toluene from
reactions of nBu,GeH; at (A) 325 °C, (B) 340 °C, (C) 350 °C, and (D) 400 °C.
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Figure 3.5. Experimental series qualitatively estimating nBu,GeHs (x = 1, 2, 3)
decomposition temperatures (marked by orange x) in hot injection experiments.
nBusGe was placed according to ref. 21. The coloured dots indicate the colour of
solutions or suspensions obtained at the indicated temperatures.

3.3.2 Hot Injection at High Temperature (400 °C)

The decomposition of nBuyGeHs.x (x = 1-4) was then investigated at high
temperature (400 °C) for 30 min. In this set of experiments, we were interested in
differences in morphology and size of the obtained nanomaterials based on their
different precursor decomposition temperatures. Based on the magnitude of A (A

= Texperiment - Tdecomposition), decomposition is expected to proceed at different rates,
affecting the solution concentration of Ge and thus nucleation and growth of Ge

nanoparticles. The experiment yielded black suspensions for nBuyGeHsx (x = 1
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(1), x =2 (2), x =3 (3)), and a grey suspension with substantially less precipitate

for nBusGe (4) (Figure 3.6).

Figure 3.6. Photographs of products (A) 1, (B) 3, and (C) 4 obtained from hot
injection of (A) nBuGeHs, (B) nBu;GeH, and (C) nBusGe in octacosane at 400 °C

and dispersed in toluene (prior to workup). 2 was macroscopically comparable to
1 and 3.

Transmission electron microscopy (TEM) together with energy-dispersive
X-ray spectroscopy (EDS) confirmed the formation of nanoparticles of
germanium. The majority of the products were observed in large agglomerates or
aggregates, not as freestanding particles (Figure 3.7). This lack of particle
dispersibility is an indication of no (or insufficient) surface functionalization.
Radical reactions of octacosane or butane with the Ge surface at the high reaction
temperature, as well as incomplete removal of butyl-groups could lead to surface

functionalization, however we did not purposefully add a surface capping agent to
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the reaction. Surface functionalization would impart solubility and possibly

oxidative stability to Ge-NPs, and should be investigated in the future.

Figure 3.7. Transmission electron micrographs of 1 (A, E), 2 (B, F), 3 (C, G), and
4 (D, H), from thermal decomposition of (A, E) nBuGeHj3, (B, F) nBu,GeHa, (C,
G) nBu3GeH, and (D, H) nBusGe at 400 °C. The insets in images A-D are
selected area electron diffraction (SAED) patterns of 1-4, respectively.

Further, the sizes observed in TEM are of interest to us. We observe a
decrease in average nanoparticle size when A is large (x = 1-3, Figure 3.7, A, B,
E-G). In the LaMer model, it is established that smaller, less polydisperse
nanoparticles are obtained from burst nucleation, in which all particles nucleate at
the same time and the precursor remaining for growth is limited. This condition is
more easily met when A is large, and decomposition occurs quickly. In the case of
nBusGe (4), for which A = 10 °C, very little precipitate was recovered, suggesting

incomplete decomposition. Aggregates appear to be made up of poorly defined
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particles with varying sizes and shapes, and it was not possible to carry out
detailed size analysis of this sample (Figure 3.7.D, H). Figure 3.7.H shows more
clearly the presence of very large, oblong, and curved particles. These may be
formed due to growth occurring for an extended period of time, as the precursor
slowly decomposes. For nBu3;GeH (3), for which A = 75 °C, we observed very
large aggregates (Figure 3.7.C). The strong contrast suggests the aggregates are
made up of large spheres, in contrast to the seemingly flat particle assemblies with
low thickness contrast shown in the other images. When taking a closer look at
the edges of the aggregates in Figure 3.7.C, roughness becomes apparent. This
roughness may suggest the aggregates are composed of smaller particles (Figure
3.7.G). Particle sizes were determined for aggregates such as shown in Figure
3.7.G, and have an average diameter of 5.2 nm, with a reasonably narrow size
distribution and standard deviation of 1.5 nm (Figure 3.8.C). However,
aggregation made size analysis challenging and results are given as comparative
values, not as absolute measurements. As we increase A further, we observe a
slight increase in the width of particle size distributions. For nBu,GeH; (2), for
which A = 95 °C, all aggregates appear to consist of nanoparticles with an average
size of 7 nm (Figure 3.7.B, Figure 3.8.B). In contrast to 3, there is a larger number
of small as well as large NPs, broadening the size distribution (Figure 3.7.F,
Figure 3.8.B). For the largest A of 115 °C, i.e., the decomposition of nBuGeHj3
(1), the aggregate shown in Figure 3.7.A suggests larger particles are present in
the top half of the image, while the bottom half of the image shows an aggregate

of substantially smaller nanoparticles. Size analysis of particles in these
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aggregates does not yield a bimodal size distribution, as was initially expected
from Figure 3.7.A. Rather, just as in 2, larger numbers of both smaller and larger
NPs are observed in contrast to 3 (Figure 3.8.A). Ostwald ripening (vide supra)
may be the cause of the broader size distributions in 1 and 2. It is possible that A
is now so large that the initial growth period is very fast. At 30 min reaction time,
this may allow enough time for particle growth to proceed into the defocussing
regime, which follows the initial size distribution focussing regime generally

observed in particle growth.®*¢%7°
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Figure 3.8. Size analysis of aggregated particles observed in TEM imaging of (A)
1, (B) 2, and (C) 3. The analysis is based on measurement of >100 particles.
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The crystallinity of materials was evaluated using selected area electron
diffraction (SAED). For samples 1, 2 and 4 only very diffuse rings matching the
Ge diffraction pattern were observed, while 3 exhibited spots corresponding to
different orientations of Ge-NCs (insets, Figure 3.7). In comparison to other work,
the intensities of diffraction spots and rings are too weak and diffuse for the
material to be crystalline,”" which is confirmed by amorphous patterns in X-ray
diffraction experiments (vide infra).

X-ray photoelectron spectroscopy (XPS) confirmed the formation of
elemental Ge (~29 eV) for 1-3 (Figure 3.9).”* The presence of a second signal at
higher binding energies is attributed to oxidation, consistent with a broad, weak-
to medium-intensity stretch at 760-800 cm™ in FT-IR that may be assigned to Ge-

O-Ge stretching.

GeO, Ge

3 (nBu;GeH)

2 (nBu,GeH,)

Normalized Intensity [a.u.]

1 (nBuGeH,)
3 35 34 33 32 31 30 29 28
Binding Energy [eV]

Figure 3.9. High-resolution X-ray Photoelectron Spectra of the Ge 3d region for
samples 1-3.

110



Bulk crystallinity of the materials obtained was investigated by X-ray
powder diffraction (XRD). The patterns shown in Figure 3.10 show extremely
broad reflections that are roughly centered on the angles at which diamond-
structure Ge would appear (compare 1-3 to Ge standard, Figure 3.10). Broad
peaks are an indication of nanocrystalline materials, however, the breadth of these
peaks is so large that (220) and (311) are merged into one broad signal. This
signal does not show the shoulder that would be expected for a broad signal made
up from two underlying reflections. Comparing these patterns to previous
literature reports, we conclude that the obtained materials are in fact not

crystalline, but amorphous.*"”

This is also confirmed by Scherrer analysis of the
(111) reflection, which gives crystalline domain sizes of about 1.5 nm for these

samples. Upon comparison with the sizes measured in TEM, this observation

suggests that the particles are not single-crystalline.

insufficient
sample

:M 3 (nBu;GeH)
W‘//\“/\v/} 2 (nBu,GeH,)

Intensity [a.u.]

(220) )
331
‘ | (490)( | : Ge standard

10 20 30 40 50 60 70 80
2 Theta [deg]

Figure 3.10. X-ray powder diffraction patterns of solids 1-3 obtained from hot
injection at 400 °C. The yield of 4 (from nBusGe) was insufficient for XRD.
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Material purity and surface termination were assessed by infrared
spectroscopy (FT-IR), elemental analysis (EA) and thermogravimetric analysis
(TGA). The presence of alkyl-groups is apparent from C-H stretching vibrations
around 2800-3000 cm™' in FT-IR, consistent with the observation of a CH content
of 12% (1), 13% (2), and 6% (3) in EA. In the case where these alkyl-groups
would be bonded to the Ge surface, a difference in the onset temperature of mass
loss in TGA compared to the parent alkane would be expected. Comparing the
TGA data for 1-3 with that of octacosane, we note the onset temperature of mass
loss is ~70-130 °C higher for 1-3 than for pure octacosane (Figure 3.11). The
onset temperatures for 1-3 are in the same range as the onset temperatures for
alkyl chain loss in TGA of (RGeO, s), (see Chapter 2, Table 2.2). However, this

may also be an effect of mixing in solids, leading to a boiling point elevation.

100
S
= 95
oy
2 3 (nBu;GeH)
@
g- 90 1 (nBuGeH,)
93]
@ 2 (nBu,GeH,)

octacosane
85
50 150 250 350 450 550

Temperature [°C]

Figure 3.11. Thermogravimetric analysis (TGA) of pure octacosane and samples
1-3 from hot injection at 400 °C.
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3.3.3 Hot Injection at Lower Temperature (325 °C)

The injection temperature of octacosane was reduced to 325 °C to
investigate decomposition products formed closer to the decomposition
temperatures of the nBuyGeHsy (x = 1-3) precursors. Since the reaction
temperature is well below the decomposition temperature of nBusGe (390 °C),
this precursor was excluded from further study. Also, lower reaction temperature
enables the use of different solvents and additives, such as surfactants, with
boiling points below 400 °C.

Though A was again of different magnitudes for the different precursors
(~40 °C for x = 1, ~20 °C for x = 2, and ~0 °C for x = 3), the macroscopic
appearance of products was similar (Figure 3.12). All precursors yielded deep red-
brown colloidal solutions exhibiting a Tyndall effect when laser light was shone
through the samples. Over a period of weeks, no precipitate settled out of

solution, showing good colloidal stability.
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Figure 3.12. Photograph after hot injection in octacosane at 325 °C and 30 min
reaction of (A) nBuGeHs; (5), (B) nBu,GeH; (6), (C) nBuyGeH, reaction mixture
in toluene (6), and (D) nBu3GeH reaction mixture in toluene (7).

In TEM analysis of the isolated precipitates, differences between samples
are not as pronounced as was observed at 400 °C injection temperature. All
samples contain aggregates of larger Ge particles, with sizes of ~50-100 nm
(Figure 3.13.A, B, C). However, the presence of small nanoparticles (<< 20 nm) is
also noted (Figure 3.13.D, E, F). The poor contrast of these samples, which is
attributed both to the small size of nanoparticles as well as to the presence of
impurities (e.g., octacosane), complicates rigorous size analysis. EDS confirmed
the presence of Ge and O, next to Cu and C from the carbon-coated TEM grid.
Sample sizes were insufficient for bulk XRD analysis, but SAED patterns
consisted of diffuse rings characteristic of amorphous Ge. Since crystallinity was
not consistently observed after injection at 400 °C, this result is in line with our

expectations.
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Figure 3.13. TEM images of samples 5 (A, D), 6 (B, E), and 7 (C, F) obtained
from hot injection of (A, D) nBuGeHj3, (B, E) nBu,GeH,, (C, F) nBu3;GeH in
octacosane at 325 °C.

XPS confirmed the presence of elemental Ge in samples that had been
exposed to atmosphere for less than a day (Figure 3.14, 5). Once samples are
stored for a few days, substantial oxidation is observed (Figure 3.14, 6 and 7).
Along with the observation of aggregates in TEM, this is an indication of the

instability of the particle surface.
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GeO Ge

7 (nBu,GeH)

6 (nBu,GeH,)

Normalized Intensity [a.u.]

5 (nBuGeH,)
36 35 34 33 32 31 30 29 28

Binding Energy (eV)

Figure 3.14. High-resolution XPS of the Ge 3d region for samples 5-7
synthesized by hot injection in octacosane at 325 °C. The absence of low-
oxidation state Ge in 6 and 7 is attributed to exposure to air over a period of one
week in contrast to sample S, which was only exposed to air for hours, showing
the limited oxidative stability of the products.

Oxidation is also evident from FT-IR data showing Ge-O-Ge stretching at
ca. 800 cm’', similar to that observed for 1-4. Alkyl C-H stretching vibrations
point towards remaining octacosane impurities, though sample sizes were
insufficient to determine CH content and evaluate the thermogravimetric
behaviour of these samples.

From this series of experiments, it is evident that Ge-NPs are also formed
at these lower temperatures. As expected, the obtained material is also non-
crystalline, and shows no evidence of surface protection. In a final set of
experiments, we thus began investigating coordinating solvents for the purpose of

surface stabilization.
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3.3.4 Hot Injection at Lower Temperature (325 °C) in Trioctylamine (TOA)

To investigate if reaction in a coordinating solvent will improve the
stability of Ge nanomaterials produced by hot injection of nBuyGeHax (x = 1-3),
we examined hot injection in trioctylamine (TOA). To maintain comparability to
the previous experiments in octacosane, reactions were carried out at 325 °C for
30 min.

Macroscopically, there are clear differences to the products obtained under
identical conditions in octacosane (Figure 3.15). For the different precursors,
different coloured suspensions or colloidal solution were obtained: 8 (from
nBuGeH3) formed a dark brown suspension, 9 (from nBu,GeH,) a red-brown
suspension, and 10 (from nBu;GeH) a faint yellow colloidal solution. The terms
“suspension” and “colloidal solution” are used here to differentiate between a
colloidal solution immediately settling out a precipitate (suspension) and a stable
colloidal solution that requires centrifugation in the presence of an antisolvent to
separate the colloid (i.e., the nanoparticles). In a first set of experiments, the
isolated precipitate was observed to lose colour and even turn white over a period
of days, which was attributed to Ge-NP oxidation (GeO, is a white powder).
Further reactions were treated as air-sensitive and stored in a glovebox
immediately after centrifugation, and washing steps were completed with dry

solvents.
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Figure 3.15. Photographs of samples 8 (A), 9 (B), and 10 (C) immediately after
hot injection of (A) nBuGeHj3, (B) nBu,GeH,, (C) nBu3GeH in trioctylamine at
325 °C.

In TEM analyses, residual TOA was still visibly present after washing the
samples with ethanol thrice. The presence of TOA was evidenced by the
observation of micelles that were unstable towards prolonged exposure to the
electron beam. Micelles can be seen surrounding aggregates in Figure 3.16. B and
C (some are indicated by white arrows), and TOA forms the background in Figure
3.16.A.

Very few large Ge particles were observed in all samples synthesized in
TOA, so that these were deemed non-representative of the sample. Generally, an
increase in particle size was observed with increasing x in nBuyGeHs
(corresponding to increasing decomposition temperature and decreasing A).
Figure 3.16.A shows well dispersed, small nanoparticles (~2-5 nm) from
decomposition of nBuGeHj; (8). In contrast, samples from decomposition of both
nBu,GeH; (9) and nBusGeH (10) displayed Ge-NPs in aggregates, as was
previously observed in octacosane. Taking a close look at Figure 3.16.B, many

different particle sizes become evident in 9. The aggregate at the bottom left is
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made up of large, oblong particles (~20-35 nm) such as those observed in samples
4 and 7. The aggregate at the bottom right consists of smaller, pseudospherical
particles (~10-15 nm), while the faint aggregate at the top displays even smaller

particles (~4-9 nm). Aggregates in 10 consist of pseudospherical particles of ~10-

25 nm diameter (Figure 3.16.C).

Figure 3.16. TEM images of (A) 8, (B) 9, and (C) 10 from hot injection of (A)
nBuGeHs, (B) nBuyGeH,, (C) nBusGeH in trioctylamine at 325 °C. White arrows
indicate the observation of very beam-sensitive material, which is likely
trioctylamine impurity.

XPS of samples exposed to air for two days confirmed the assumption that
oxidation was taking place (vide supra, Figure 3.17, 8). In line with this, we
observe Ge-O-Ge stretching in FT-IR of samples after extended exposure to
atmosphere. XPS of samples that were stored in a glovebox showed the presence

of elemental Ge (Figure 3.17, 9).
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9 (nBu,GeH,)
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GeO,

8 (nBuGeH.,)
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Binding Energy [eV]

Figure 3.17. XPS of the Ge 3d region for samples 8-10 synthesized by thermal
decomposition at 325 °C in trioctylamine.

Raman confirmed the presence of Ge-Ge bonding by the observation of
the characteristic phonon signal at ~300 cm™ (Figure 3.18). The broad,
asymmetric base extending to lower wavenumbers can be attributed to strain, poor

74,75

crystallinity and/or small particle size, the latter two being in accordance with

TEM and SAED analysis of 9.

Intensity [a.u.]

200 300 400 500 600
Raman shift (cm™')

-
o
o

Figure 3.18. Representative Raman spectrum of sample 9, showing the Ge-Ge
phonon around 300 cm’.
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In summary, the presence of a weakly coordinating tertiary amine is not
sufficient to achieve surface termination that imparts size control and oxidative
stability. However, size control may also be impacted by the relatively long
reaction time, a factor that will be investigated in the future. TOA was able to
impart better dispersibility in comparison to samples obtained from octacosane,
though this may simply be due to the amphiphilic surfactant-like nature of the

amine in contrast to hydrophobic octacosane.
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3.4 Conclusions and Future Work

The substituent groups of compounds used in thermal decomposition
influence their reactivity profoundly. In the series of nBuyGeHs (x = 1-4), we
observe an overall change in decomposition temperature of ~100 °C from ~285
°C in nBuGeHs; to 390 °C in nBusGe. All precursors form Ge-NPs upon
decomposition, no growth of nanowires, as observed in other studies, was noted.'

Ge-NPs synthesized by hot injection of nBuyGeHsx (x = 1-4) in
octacosane show poor oxidative stability and poor solubility. Synthesis in the
weakly coordinating solvent trioctylamine (TOA) was able to improve solubility,
however, oxidation still occurs. None of the synthesized materials showed
photoluminescence. nBuGeHj3, with its low decomposition temperature and small,
well dispersed NPs (from synthesis in TOA) is the precursor of choice for further
study.

Future work on hot injection of nBuGeH3 should address stability of the
Ge-NP surface as well as crystallinity of the obtained materials. Once these
factors have been addressed, decomposition time and temperature should be
studied in detail to explore the ability of size and shape tailoring of nanomaterials

in this synthetic method.
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Chapter 4:

Metal-decorated iron/iron oxide
core-shell nanoparticles as

recoverable catalyst systems

A version of this chapter has been published:
Zhou, S.; Johnson®, M.; Veinot, J. G. C. Chem. Commun. 2010 46, 2411-2413.

The author’s contribution to this work includes all samples of Heck and some Suzuki

chemistry reported here, as well as X-ray photoelectron spectroscopy data analysis and
transmission electron microscopy of all samples.

¥ Thesis author’s maiden name
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4.1. Introduction

Nanoparticle (NP) catalysis is a burgeoning field of research,
demonstrated by the exponential growth of publications pertaining to this field
over the last decade (Figure 4.1).! NP catalysis is particularly promising with
respect to industrial applications: NP catalysts may combine the recoverability of
heterogeneous catalysts with high activity and selectivity that are usually

associated with homogeneous catalyst systems.'”
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Figure 4.1. Publications on nanoparticle catalysis from 1995 to 2011, adapted
from ref. 1. (SciFinder search “nanoparticle and catalysis”, duplicates removed.)

The term “NP catalyst” encompasses a gamut of very different materials,
ranging from unsupported metal NPs to NPs dispersed on a support material (e.g.,
carbon nanomaterials, oxide surfaces) to homogeneous catalyst complexes

tethered to a solid support (e.g., Rh or Pd complexes tethered to magnetic NPs).”°
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As such, their recoverability, catalytic activity and selectivity arise from different
structural features. Generally, recoverability of NP catalysts originates from their
heterogeneous nature, rendering them amenable to filtration. Additionally,
magnetic NP supports have been widely studied for improved recovery of

catalysts using a magnet for catalyst separation.”'’

For NP-supported
homogeneous catalysts, high activity and selectivity are caused by the
homogeneous nature of the catalytic metal surrounded by traditional organic
ligands tethered to a NP surface. However, in the case of metal NPs or NP-
supported metal clusters high catalytic activity and selectivity are frequently

connected to their high surface-to-volume ratio.>*"'

Nanomaterials have a higher
proportion of atoms residing at their surface, where catalysis may occur through
adsorption of a substrate molecule. Beyond particle composition and oxidation
states, particle shape, faceting, and the high surface curvature of NPs are also
often credited as causes of high catalytic activity and selectivity.>'> The high
surface energy, different facets and many step edges generate many more reactive
sites than observed on a bulk surface.

Researchers are also investigating cooperative catalysis between two
different metals or metal and support material, leading to the development of
multimetallic catalyst systems in which reactivity is dictated by different

adsorptive or reactive properties of adjacent metals.'>'

For example, Cu-Pd-Ru
was found through a combinatorial approach to be a good catalyst for Heck

reactions.'> The most commonly studied reactions in NP catalysis include simple
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redox processes and cross-couplings such as the Heck and Suzuki reaction,

. . . . . . 1.2.15
however more complex reactions are increasingly under investigation.

4.1.2. Heck and Suzuki Reactions

Carbon-carbon bond formation reactions such as Heck and Suzuki cross-
couplings are very useful for the production of pharmaceuticals, agrochemicals,
natural products and new optical and electronic materials.'®'” The Nobel Prize in
Chemistry 2010 honoured Richard F. Heck and Akira Suzuki, as well as Ei-ichi
Negishi, for their work on palladium-catalyzed cross-coupling reactions.'® The
Heck (or Mizoroki-Heck) reaction, involves C-C bond formation by coupling of
an alkene with an alkyl or aryl halide in the presence of a base (Scheme
4.1.A)."”*" In the Suzuki (or Suzuki-Miyaura) reaction, a C-C bond is formed
through coupling of an arylboronic acid with an aryl halide in the presence of a

base (Scheme 4.1.B).”!

Scheme 4.1. General Scheme for (A) Heck and (B) Suzuki coupling reactions.

base
A RN, RX — NN
catalyst

base

B) ArB(OH), + ArX —— > Ar—Ar'
catalyst
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Though Pd is the most commonly used catalytic metal in these processes,
other metals, such as Ru and Ni, also show activity towards cross-coupling

222 The proposed mechanisms for homogeneous catalysis of these

reactions.
cross-coupling reactions are closely related (Figure 4.2). Both mechanisms begin
with oxidative addition of an aryl halide to the catalytic metal. In a Heck reaction
(Figure 4.2.A), the coordinated alkene then undergoes migratory insertion into the
M-Ar bond. Finally, the product is released through p-hydride elimination.
Regeneration of the catalyst is achieved by neutralization of the coordinated
hydrogen halide with an added base. In the case of the Suzuki reaction (Figure

4.2.B), the initial oxidative addition is followed by transmetallation. Reductive

elimination then releases the product and regenerates the catalyst.

A Pd(0) or Pd(ll) B
precatalyst Pd(0) or Pd(ll)

precatalyst

base Pz 12 l
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insertion

Figure 4.2. Homogeneous catalytic mechanisms for (A) Heck and (B) Suzuki
couplings, adapted from refs. 22 and 23.
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For heterogeneous catalytic systems, a variety of mechanisms have been
proposed. One involves conversion of reactants to products while adsorbed on the
solid surface.™* However, catalytic metals in heterogeneous systems often leach
into products, a process that explains the observed reactivity and is referred to as

12.24 . . . e .
" This product contamination must be minimized

quasi-homogeneous catalysis.
to ensure product purity but also reusability of the catalyst.”> In experiments using
membrane-isolated chambers, both catalytic metal atoms and ions have been
observed to leach from the support.** The leaching of Pd(II) is understood to
occur through oxidative addition of the aryl halide.'> However, if the catalytic
reaction proceeds to completion, it is believed metal is redeposited onto the
support.”®*’ This deposition reduces product contamination but can lead to
coarsening of the catalytic metal particles, deactivating the catalyst. In summary,
the “ideal” catalyst will be facile and cost-effective to synthesize, easily
recovered, resistant to deactivation with low metal leaching, and exhibit excellent
catalytic activity with a broad scope of substrates, characterized by both high
turnover number (TON) and frequency (TOF). TON and TOF, generally not
reported in nanoparticle catalysis, are key characteristic measures of catalytic
efficiency that facilitate comparison of different catalytic systems. These values

quantify the number of reactions catalyzed per unit time, as well as the total

number of reactions catalyzed before deactivation.
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4.1.3. Iron/Iron Oxide Core-Shell Nanoparticles

The support materials investigated in this chapter are iron/iron oxide core-
shell NPs, also known as nano-scale zero-valent iron (nZVI or Fe@Fe,Oy). nZVI
have been of substantial research interest for environmental remediation purposes
since the early 1990s.® Pseudospherical, size polydisperse Fe@Fe,Oy may be
synthesized by sodium borohydride reduction of iron (III) salts (equation 4.1).%-*°

Oxidation under ambient conditions then leads to the formation of an oxide

surface.

4Fe" +3BHy +9H0 > 4Fe’ +3H,BOy + 12H' +6H, (4.1

The structure of Fe@Fe,Oy has been spectroscopically identified as a zero-
valent (metallic) iron core protected by a mixed-valent iron (II, III) oxide shell
(FexOy) that forms an iron oxyhydroxide (FeOOH) surface in aqueous

solution.?**!

The combined properties of this core-shell structure impart the
ability to adsorb ions and molecules on the hydroxylated surface, and use the
electron-donating ability of the zerovalent core to reduce chemical species of
appropriate electrochemical potential (E°(Fe/Fe*") = -0.447 V).** This ability of
sorption and reduction has lead to the application of Fe@Fe,Oy in environmental

remediation of halogenated organic compounds and heavy metals, for example

(Figure 4.3).28333
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Figure 4.3. Remediation capacity of nZVI imparted by the complex formation
capacity of the hydroxylated oxide surface and the reductive capacity of the
zerovalent iron core, adapted from ref. 28.

Our group has previously investigated the use of Fe@Fe.Oy to remove
metal ions from organic solution and coordinating environments, establishing it as
a useful tool to remove catalytic metals from reaction mixtures.’>”” Since the
remediation process generates metal-decorated Fe@Fe, Oy (Fe@Fe.O,/M), and
such materials have demonstrated improved catalysis of reductive dechlorination,
among others, we were interested in exploring the catalytic activity of
Fe@Fe,Oy/M in common catalytic processes such as C-C bond formation by

Heck and Suzuki couplings.>°

Iron and iron oxide NPs have been investigated in
catalysis both as active sites and as magnetic supports. Fe NPs show good activity
in hydrogenation of alkenes and alkynes, as well as dehydrogenation of ammonia
borane, and C-C bond formation between alkyl halides and aryl Grignard

reagents.” " As catalyst supports, magnetic iron oxides have been used with or

without protective coatings such as silica or polymer shells to support both
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homogeneous catalysts and metal NPs.>” Pd NPs supported on dopamine-
stabilized NiFe,O4 or Fe;O4 NPs showed 100% conversion in hydrogenation of
nitro and azide compounds to amines, and alkenes and alkynes to alkanes, at a
catalyst loading of 1.2 mol% Pd.*' Similarly, Pd NPs reduced onto silica-coated
Fe,0; are useful catalysts in nitrobenzene hydrogenation.” Asymmetric catalysis
has also been achieved using an iron oxide-tethered catalyst. The Ru(Il) complex
[Ru(BINAP-PO;)(DPEN)CL] (BINAP-PO;H,: (R)-2,2'-bis(diphenylphosphino)-
1,1'-binaphthyl-4-phosphonic acid, DPEN: (R,R)-1,2-diphenylethylenediamine)
was attached to the surface of Fe;O4 through the phosphonate group, and yielded
up to 98% enantiomeric excess in asymmetric hydrogenation of aromatic ketones.
It was also shown to have a negligible loss of activity over 14 cycles.” Numerous
studies have shown the application of iron oxide-supported Pd to C-C bond
forming reactions such as the Heck, Suzuki, and Sonogashira couplings.
Homogeneous complexes of Pd have been tethered to y-Fe,O; with N-
heterocyclic carbenes attached to the surface through a siloxane group or a
crosslinked polymer shell. At 7.3 mol% Pd loading, yields in the range of 70% to
93% were obtained in Suzuki, Heck and Sonogashira couplings of bromo- and
iodobenzene with differently substituted alkenes. Only a slight reduction in
catalytic activity was observed over the course of five reactions.**** Pd NPs
supported on Fe;O4 have also been shown to catalyze Heck reactions, however the
yield decreased from 81% to 53% over the course of five reactions.'” When
tethered to NiFe,O4 through dopamine, yields in the range of 76% to 98% were

observed with aryl halides (X = Cl, Br, I) for Heck and Suzuki reactions at high
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temperatures. The system displayed good reusability after 3 runs.” Pd NPs on
Fe;04 were also shown to produce yields of up to 98% in Sonogashira reactions,
where the catalyst could be reused without significant loss of activity in seven
consecutive reactions.

In this chapter, the synthesis and characterization of Fe@Fe.Oy/M (M =
Pd, Ru, Au) and their application as catalysts in Heck and Suzuki couplings is
described. We also present the dependence of M oxidation state on Fe@Fe,Oy:M

ratio (“M loading”) for the case of Pd.
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4.2. Experimental Details

4.2.1. Material Preparation

4.2.1.1. Reagents and Materials

Ferric chloride (FeCls, 97%), sodium borohydride (NaBHa, 99%), gold
chloride (HAuCls:3H,0, ACS reagent), palladium, 10 wt% on activated carbon
(Pd/C), palladium black (Pd), triethylamine ((C,Hs);N, =99%), styrene (CgHs,
=99%), phenylboronic acid (CsH7BO2, 95%) bromobenzene (C¢HsBr, 99%),
chlorobenzene (C¢HsCl, 99%), iodobenzene (C¢Hsl, 98%) and CDCl; were
purchased from Sigma-Aldrich. Palladium nitrate (Pd(NO;),-xH,0, ~40% Pd,
99.9%) was purchased from Strem Chemicals. Ruthenium chloride (RuCl;-xH,0,
99.9%) was purchased from Alfa Aesar. Potassium hydroxide (KOH, ACS grade),
magnesium sulfate (MgSOs, anhydrous), and N-N-dimethylformamide (DMF,
anhydrous, 99.8%) were purchased from Caledon. Potassium carbonate (K>COs,
analytical reagent) was purchased from Mallinckrodt. Nitric acid (HNO;, ACS
grade) was purchased from EMD Chemicals. Ethanol was purchased from

Commercial Alcohols Inc. All reagents were used as received.

4.2.1.2. Synthesis of iron/iron oxide core-shell nanoparticles (Fe@Fe,Oy)

29,30 .
=" Ferric

Fe@Fe,Oy were prepared using a modified literature procedure.
chloride (3.24 g, 20 mmol) was dissolved in 400 mL distilled water in a 2 L three-

necked round-bottom flask with a large stirbar. The orange solution was stirred

vigorously while 3 equiv. sodium borohydride (2.50 g, 66 mmol) in 30 mL
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distilled water were added dropwise from an addition funnel. A black precipitate
formed. The solution was left to stir until hydrogen evolution subsided (ca. 30
min). After allowing the precipitate to settle, most of the solution was decanted.
The particles were filtered through a 7 cm diameter Biichner funnel with
Whatman #2 filter paper, and washed with 500 mL distilled water followed by
100 mL 100% ethanol. WARNING: dry Fe NPs are pyrophoric upon reaction
with oxygen, do not filter to dryness. The precipitate was reduced to a black paste
by filtration and transferred with a spatula to a 50 mL round-bottom flask. The
particles were dried in vacuo for two days, shaking up large aggregates after the
first day, and ground into a fine powder in a glovebox (H,O, O, < 2 ppm) using a

ceramic mortar and pestle. Yield: 1.11 g.

4.2.1.3. Metal deposition on Fe@Fe,Oy,

For metal deposition, 25 mg Fe@Fe,O, were removed from the glovebox
in a test tube with a septum and connected to an argon-charged Schlenk line via
needle. The metal salt was dissolved in pH 10.5 KOH and added to the dry
particles (see Table 4.1 for details). The amount of metal that can be deposited
was determined from previous work.” After 15 min sonication, the product was
centrifuge-washed thrice with 5 mL portions of pure water. A final wash was
done with the solvent used in catalysis (see Tables 4.2 and 4.3 for details).

To investigate the influence of metal loading on metal oxidation states, 20
mg portions of Fe@Fe,O, were sonicated for 30 min in 10.0, 6.69 and 3.34 mL
pH 10.5 KOH containing 15.7 uM Pd(NOs),. The resulting Fe@Fe,O,/Pd were

centrifuge-washed thrice with pure water, once with ethanol and dried in vacuo.
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Pd*" remaining in solution was detected by Inductively-Coupled Plasma Mass
Spectrometry  (ICP-MS), Fe@FeO,/Pd were characterized by X-Ray

Photoelectron Spectroscopy (XPS).

Table 4.1. Metal loading of Fe@FexOy.**

Metal Precursor Loading capacity [umol/mg Fe@Fe,Oy]
Pd Pd(NOs3),-xH,0O 7.87
Ru RuCl;-xH,O 5.20
Au HAuCly-3H,0 7.75

4.2.1.4. Heck reaction

Styrene (6 mmol) and aryl halide (5 mmol) were mixed with potassium
carbonate (6 mmol) in a three-necked round-bottom flask under an argon
atmosphere. The catalyst was added in solvent, and the reaction was carried out
for 20 h. Detailed reaction conditions are given in Table 4.2. After reaction,
particles were removed by filtration and washed with diethyl ether. The remaining
organic solution was washed with three 15 mL portions of distilled water
followed by brine to remove DMF. The organic phase was dried over magnesium
sulfate. Diethyl ether was removed using a rotary evaporator. The products were

identified by Gas Chromatography coupled with Mass Spectrometry (GC-MS).

** personal communication with Janet Macdonald
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To study reusability of the -catalyst, particles were washed with
dichloromethane and DMF after reaction, and redispersed in DMF for a second

run.
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Table 4.2. Heck reaction conditions.

T~ Oy e A
catalyst O

A, Ar(g)

Entry X Solvent T [°C] Catalyst mol% M %yield

1  Br DMF 65 Fe@Fe,Oy/Ru 2 0
2 Br DMF 85 Fe@Fe.Oy/Au 20 0
3  Br DMF 85 Fe@Fe,O,/Pd 0.2 0
4 Br DMF 85 Fe@Fe,O,/Pd 2 13
5 Br DMF 85 Fe@Fe,O,/Pd 20 8
6 Br C,HsOH 83 Fe@Fe,O,/Pd 3 1.4
7 Br DMF 83 Fe@Fe,O,/Pd 3 1.6
8§ Cl DMF 130  Fe@FeO,/Pd 2 0
9 Br DMF 130  Fe@Fe,O,/Pd 2 6
10 Br DMF 130  Fe@Fe,O,/Pd 2 0.3
11 I DMF 130  Fe@Fe,O,/Pd 2 79
12 I  DMF 130  Fe@Fe,O,/Pd 2 72
13 Br DMF 85 Fe@Fe,Oy 0 0
14 Br DMF 95 Pd/C 2 0.7
15 Br DMF 95 Pd black 2 1.0

4.2.1.5. Suzuki reaction

A modified literature procedure was employed for entries 16-19.* Briefly,

phenylboronic acid (6 mmol) and potassium carbonate (10 mmol) were mixed in a
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three-necked round-bottom flask. The different catalysts (see Table 4.3, 5 mol%
Pd) were dispersed in 15 mL DMF by sonication and added to the flask.
Bromobenzene (5 mmol) was finally added, and the flask evacuated and refilled
thrice with argon. The reaction mixture was stirred at 80 °C for 20 h. After
reaction, particles were removed by gravity filtration (Whatman #2 filter paper)
and washed with diethyl ether. The remaining organic solution was washed with
three 30 mL portions of distilled water followed by brine to remove DMF. The
organic phase was dried over magnesium sulfate. Diethyl ether was removed on a
rotary evaporator, and the products were analyzed by GC-MS.

For entries 20-29, bromobenzene (2.0 mmol) and phenylboronic acid (2.4
mmol) were dissolved in 5 mL ethanol in a three-necked round-bottom flask.
Potassium carbonate (5 mmol) in 2 mL distilled water and catalyst, sonicated in 3
mL distilled water, were added to the solution. The reaction mixture was stirred at
the indicated temperature in air for the indicated time (see Table 4.3). After
reaction, the catalyst was separated by gravity filtration (Whatman #2 filter paper)
and the mixture was extracted with diethyl ether (4 x 25 mL). The organic layers
were combined, dried with anhydrous MgSO, and the solvent was removed on a
rotary evaporator to yield the crude product. Products were identified by GC-MS.

While these reactions were performed in air, the catalyst may undergo
slow oxidation in solution upon prolonged (i.e., >>48 hours) exposure to air, and

should not be exposed to air when dry.
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Table 4.3. Suzuki reaction conditions.

B(OH),

Entry

16
17
18
19
20
21

22

23 H,0/C,H:OH™

24

25

26

27

28

29

Solvent

DMF/H,0'
DMF/H,0
DMF/H,0
DMF/H,0

H,0
C,HsOH

H,O

H,0/C,HsOH
H,0/C,HsOH
H,0O/C,HsOH
H,0O/C,HsOH
H,0O/C,HsOH

H,0O/C,HsOH

T[°C]
80
80
80
80
25
25
80
25
80
25
80
25
25

25

30 mL DMF, 1.5 mL H,0

#and 2.7% triphenylboroxin
% and 15.8% triphenylboroxin

" 1:1 ratio

Br K,cO; | S
— e A
)
t [h] Catalyst
20  Fe@Fe,O,/Pd
20 Pd/C
20 Pd black
20 Fe@Fe,Oy
4 Fe@Fe,O,/Pd
4 Fe@Fe,O,/Pd
4 Fe@Fe,O,/Pd
4 Fe@Fe,O,/Pd
4 Fe@Fe,O,/Pd
4 Fe@Fe,O,/Pd
4 Fe@Fe,O,/Pd
4 Fe@Fe,O,/Pd
4 Fe@Fe,O,/Pd
4 Pd/C

mol%

5

5

5

N/A

0.1

0.1

0.1

0.1

0.1

0.5

0.5

%yield

96.5%

100

15
81
80
96
97
99
83
36

90
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4.2.2. Material Characterization

4.2.2.1. Transmission Electron Microscopy (TEM)

TEM was performed using a JEOL 2010 Transmission Electron
Microscope with a LaB¢ thermionic emission filament operated at an accelerating
voltage of 200 kV. The instrument was fitted with an Energy Dispersive X-Ray
(EDX) detector for elemental analysis. TEM samples were prepared by drop-
coating ethanolic powder suspensions onto carbon-coated, 200-mesh Cu grids

(SPI Supplies).

4.2.2.2. X-Ray Photoelectron Spectroscopy (XPS)

XPS was performed on an AXIS-165 XPS spectrometer from Kratos
Analytical. The base pressure and operating pressure in the chamber were
maintained at < 10”7 Pa. A monochromatic Al K, X-ray (A = 8.34A) was used to
irradiate the samples, and the spectra were obtained with an electron take-off
angle of 90°. Samples were pressed into carbon tape. To control sample charging,
the charge neutralizer filament was used during the experiment. The pass energy
for the survey and the high-resolution spectra were 160 and 20 eV, respectively.
Spectra were calibrated to the C 1s emission at 284.8 eV attributed to adventitious
carbon using CasaXPS (VAMAS) software. Following calibration, the
background of each spectrum was subtracted using a Shirley-type background to
remove most of the extrinsic loss structure. Fitting was carried out using 70%
Lorentzian/30% Gaussian line shapes for metal zero-oxidation states, and

Gaussian line shapes for higher oxidation states. Binding Energy values and
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orbital splitting were consistent with literature values obtained from the NIST

database.’

4.2.2.3. Inductively coupled plasma mass spectrometry (ICP-MS)

ICP-MS was performed on a Perkin Elmer Elan 6000 ICP-MS. Sample
solvents were evaporated and the organic components were removed by heating at
625 °C for several hours. The residues were dissolved in concentrated nitric acid
and analyzed by ICP-MS. The flow rate on the instrument was 1 mL/min and dual
detector mode was employed. A blank was subtracted after internal standard
correction and the values reported are an average of three readings (35 sweeps per

reading).

4.2.2.4. Gas chromatography-mass spectrometry (GC-MS)

Gas chromatography-mass spectrometry (GC-MS) was performed on a HP
5890 with a 5970 MSD using electron ionization. 1 pL of an acetone solution of
the product was injected into a DB-5MS column with a 0.25 um film. The carrier
gas was helium at 1 mL/min. The injection port was at 280 °C and a linear
temperature profile (50 °C — 280 °C at 10 °C /minute) was employed. For
quantitative analysis, standards of 5 mg/mL biphenyl or trans-stilbene, were

analyzed under identical conditions.
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4.3. Results and Discussion

Metal-decorated iron/iron-oxide core-shell nanoparticles (Fe@Fe,O,/M)
are easily synthesized by spontaneous electroless deposition of metal ions on
Fe@Fe,Oy (vide supra). In previous work by our group, Fe@Fe,Oy was shown to
remove catalytic metal impurities from organic mixtures by this mechanism.***’
Since nanomaterials are of interest as catalysts due to their high surface area-to-
volume ratio, we have in turn investigated the use of the heterogeneous product
Fe@Fe,O,/M in catalytic applications. 6.48

Fe@Fe,O,/M was synthesized by electroless deposition of metal ions in
solution on Fe@Fe,Oy prepared by borohydride reduction of iron (III) chloride.
To improve coordination of metal ions to the Fe@Fe,Oy surface, deposition was
carried out in basic solution. Under these conditions, deprotonated surface
hydroxyl groups readily coordinate metal ions.”” The presence and oxidation
states of various metals in Fe@Fe,Oy,/M samples was confirmed by X-ray
photoelectron spectroscopy (XPS). Figure 4.4 confirms the presence of palladium
in the zero oxidation state (Pd 3ds,: 335 eV, Pd 3dsn: 341 eV)*, but notably
higher oxidation states are also present. This observation prompted us to
investigate the influence of metal loading on metal oxidation states, a study which
is discussed later in this Chapter. Sample morphologies were analyzed using
bright-field transmission electron microscopy (TEM). In Figure 4.5,
representative TEM images of Fe@Fe Oy as well as Fe@Fe,O,/Pd before and
after catalysis are presented. Fe@FeO, assemble into larger aggregates

presumably due to the magnetic attractions between individual NPs (Figure
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4.5.A). Metal deposition alters interparticle interactions, possibly due to charging
or changes in magnetic properties, and individual NPs are more readily discerned
(Figure 4.5.B-C). Due to the difficulty of differentiating phase and mass contrast
in TEM images, we cannot definitively identify areas of Pd and Fe “richness”. We
propose the mechanism of Pd reduction likely leads to atomic clusters or islands
of Pd forming on the Fe@Fe,O, surface, which are microscopically challenging to

detect.
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Figure 4.4. X-ray photoelectron (XP) spectrum of the Pd 3d region for
Fe@Fe,O,/Pd before (red/solid trace) and after catalysis (blue/dashed trace). The
location of the zero-oxidation state fit for the Pd 3ds/, signal is shown to illustrate
the presence of multiple metal oxidation states.
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Figure 4.5. Transmission electron microscopy (TEM) images of (A) Fe@Fe,Oy,
(B) Fe@FeO,/Pd, and (C) Fe@Fe,O,/Pd after catalysis. The scale bars are 100
nm.

The catalytic activity of Fe@Fe,O,/M was investigated in cross-coupling
reactions. Heck and Suzuki couplings, involving the reaction of aryl halides with
alkenes or boronic acids (see Scheme 4.2), are important carbon-carbon bond
forming reactions that would benefit from identification of a cost-effective, easily
recoverable catalyst system. The expected benefit of magnetic recoverability was
not confirmed in our studies, owing to changes in magnetic properties upon
reduction of a different metal onto the surface. Qualitatively, Fe@Fe,O, were
strongly magnetic, whereas the as-prepared catalyst Fe@Fe.O,/M was less
attracted to a magnet placed on the side of the reaction flask. Thus, filtration was
used as a means of removing and recovering the catalyst. It is unclear at this point
what the origin of the change in magnetic properties is. Reduced magnetization
has been attributed to surface oxidation, which is present in Fe@Fe,Oy, as well as
metal coatings and interaction of organic molecules with the particle surface.*
Generally, any material that interacts strongly with the surface may influence

magnetic properties. One way this is reasoned is by limited ability of spin
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reorientation upon directional bonding of the surface atoms, leading to an overall
reduction in magnetic moment. However, real systems of metal-coated iron-iron
oxide nanoparticles are not yet sufficiently well described to truly account for

observed changes in magnetic properties.*

Scheme 4.2. (a) Heck and (b) Suzuki coupling reactions investigated here.
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Fe@Fe,O,/M (M = Au, Pd, Ru) was tested under a variety of conditions in
Heck couplings of phenyl halides and styrene to yield biphenyl, and was generally
found to have poor yields or even show no reactivity as determined by gas
chromatography coupled with mass spectrometry (GC-MS). The results are
summarized in Table 4.2. An investigation into different metals (M = Au, Pd, Ru)
confirmed Fe@Fe.O,/Pd as the catalyst system of choice (Table 4.2, entries 1 and
4,2 and 5). The Pd loading was optimized at 2 mol% (Table 4.2, entries 3-5). A
change of solvent from dimethylformamide (DMF) to ethanol showed only
marginal changes in reactivity (Table 4.2, entries 6, 7). Upon varying the aryl

halide from chloro- to bromo- to iodobenzene, we observed the expected trend:
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For R = Cl, no coupling was observed (Table 4.2, entry 8), R = Br gave low yields
(Table 4.2, entry 9) and R = I showed the most product formation (Table 4.2,
entry 11). A second run, in which the catalyst was reused after washing, gave
reduced yields, suggesting deactivation of the catalyst (Table 4.2, entries 10 and
12). In the absence of Pd, Fe@Fe,O, does not catalyze Heck coupling reactions
(Table 4.2, entry 13). Though yields obtained with Fe@Fe,O,/Pd under the
investigated conditions are low, comparison with traditional heterogeneous
catalysts such as Pd/C and Pd black suggest that our Fe@Fe,O,/Pd catalyst is
superior under the employed conditions (Table 4.2, entries 4, 14, 15). A possible
explanation for this may lie in the reducing power of the Fe@Fe,O, support.
Given the capacity has not been depleted by Pd*" reduction onto the support, its
electron donating ability may facilitate oxidative addition of the aryl halide,
thereby improving the catalytic activity of Fe@Fe,O,/Pd.

In summary, though the catalytic activity of Fe@Fe.O,/Pd is not
comparable to homogeneous catalysts, it appears there may be potential for this
system in heterogeneous catalysis. This is further confirmed by results obtained
from Suzuki cross-coupling studies.

In Suzuki cross-coupling reactions, an aryl halide (bromobenzene) is
coupled with a boronic acid (phenylboronic acid) to yield a C-C bond. In a 20:1
mixture of DMF/H,0, Fe@Fe,O,/Pd gave inferior yields compared to Pd/C and
Pd black (Table 4.3, entries 16-18). Also, the Fe@Fe,Oy support was found to
catalyze the formation of triphenylboroxin ring structures (Scheme 4.3), an

unwanted byproduct (Table 4.3, entries 16, 19). A strong dependence of reactivity
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on solvent became apparent upon investigating water and ethanol. At room
temperature, no reaction was observed in water, while ethanolic solutions yielded
15% biphenyl (Table 4.3, entries 20, 21). At 80 °C and otherwise identical
conditions, the reaction proceeded in water to give 81% yield (Table 4.3, entry
22). Employing a 1:1 mixture of water/ethanol resulted in 80% yield even at room
temperature (Table 4.3, entry 23), which upon heating to 80 °C increased to 96%
(Table 4.3, entry 24). When the Pd loading was increased from 0.1 mol% to 0.5
mol%, the yield further increased to 97% at room temperature and 99% at 80 °C
(Table 4.3, entries 25, 26). Further increasing the Pd loading, however, resulted in
decreased yields (Table 4.3, entries 27, 28). Comparing the activity of our catalyst
system to Pd/C, we noted that Fe@Fe,O,/Pd is again slightly more active under

these reaction conditions.

Scheme 4.3. Trimerization of phenylboronic acid to triphenylboroxin.
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Catalyst leaching was investigated by inductively coupled plasma mass
spectrometry (ICP-MS). Our expectation was that the capacity of Fe@Fe,Oy to
reduce metal ions from solutions should lead to relatively low amounts of metal
leaching into the final product, which was confirmed. In Suzuki coupling of
bromobenzene and phenylboronic acid, the filtrate after one hour of reaction
contained 1.87 ppm Pd, while the final product only contained 0.54 ppm. Both
values are well below the 5 ppm limit mandated by the European Agency for the
Evaluation of Medicinal Products.’® Since only 0.15 ppm Pd were detected after
one hour in a blank solution without bromobenzene and phenylboronic acid
present, our hypothesis is that oxidative addition of bromobenzene facilitates
dissolution/leaching of Pd, and some of the leached Pd is redeposited on the
Fe@Fe,Oy support after reaction. Thus, it appears that Fe@FeO,/Pd acts as
“source” and “sink” for the active catalyst in this reaction.

A further concern was the nature of the Pd surface species. In catalyst
synthesis we noted the supernatant turned orange during washing steps at
maximum loadings, suggesting dissolution of Pd ions from the Fe@Fe,O,
support. Since the surface —O™ groups have the ability to coordinate Pd*", we
propose any Pd*" exceeding the reduction capacity of Fe@Fe,Oy remains
coordinated to the catalyst support surface. Li and coworkers reported the
reduction of adsorbed metal ions depends on the difference in reduction
potentials.** Since the effective reduction potential of Fe will change due to
oxidation as metal ions are reduced at the Fe@Fe.O, surface, we propose the

existence of a maximum reduction capacity, after which ions remain simply
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adsorbed to the surface and no longer undergo reduction. To investigate this in
more detail, we carried out an XPS study of Pd oxidation states as a function of
Fe@Fe,O,/Pd loading amounts (Figure 4.6). We compared values for maximum,
2/3 and 1/3 loading and evaluated the corresponding Pd oxidation states. The XPS
data supports our hypothesis of incomplete reduction at maximum loading. The
black trace shows an intense signal for 3ds, and 3d;/, at higher binding energies,
associated with higher oxidation states of Pd. This signal decreases substantially
with reduced Pd loading. At 1/3 loading capacity, the XPS signal is mostly due to
elemental Pd, indicating that almost all adsorbed Pd ions are reduced by the
support under these conditions. Though we have not investigated this
experimentally, we hypothesize that the presence of different Pd species on the
Fe@Fe,Oy surface will have profound influences on catalytic activity of these

materials.
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Figure 4.6. X-ray photoelectron (XP) spectrum of the Pd 3d region for
Fe@Fe,O,/Pd prepared with the maximum (black trace), 2/3 of the maximum (red
trace) and 1/3 of the maximum Pd loading (yellow trace).

4.4. Conclusions and Future Work

In the present study, Fe@Fe.O,/Pd was found to be a promising
heterogeneous catalyst for C-C bond forming Heck and Suzuki reactions. Under
the tested conditions, other metals (Au, Ru) did not yield comparable results, and
common heterogeneous catalysts such as Pd black and Pd/C also gave lower
yields. Though the magnetic recoverability, which the Fe@Fe,Oy support was
hoped to impart, was not reliably obtained, the heterogeneous system showed low
metal leaching in products recovered by filtration. Thus, catalyst removal and
recovery are relatively facile and the catalyst system could possibly be used in

batch or flow-through industrial processes.
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The leaching study appears to support homogeneous Pd as the active
species in Suzuki coupling reactions. Here, higher Pd leaching was measured
during the reaction than in the final product. We propose this is due to the ability
of the Fe@Fe.Oy support to redeposit Pd ions from solution after catalysis is
complete.

The reductive properties of the Fe@Fe. Oy support can be carefully tailored
via the amount of deposited metal during catalyst synthesis. An XPS study into
the influence of metal loading on metal oxidation state showed incomplete
reduction of the catalytic metal at maximum loading capacity. Likely, it would be
ideal to deposit lower amounts of metal in order to preserve the reductive capacity
of Fe@Fe.Oy and avoid the presence of coordinated, unreduced metal ions on the

support surface.
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5.1. Germanium Nanoparticle Synthesis

Germanium nanomaterials are attractive for a variety of applications
ranging from medicine (fluorescent labels, photothermal therapy) to
(opto)electronics including photodetectors and memory devices.'” Ge-NCs may
exhibit photoluminescence, which arises from quantum confinement or defect
states.®” In the case of quantum confinement, the larger Bohr exciton radius than
Si promises size-controlled properties at larger (and easier to synthesize) crystal
sizes."!™"" A common defect that can determine luminescence properties is
caused by oxidation. The formation and stability of GeO, is a complicating factor
in Ge due to the unstable nature of the oxide at atmospheric conditions. With its
size-tunable electronic properties, high refractive index and low toxicity, Ge is

also of interest in a variety of other electronic and optical applications.'*'* F

or
example, oxide-embedded Ge-NCs are being investigated as a replacement of
polycrystalline Si floating gates in memory devices.*’

The aim of this work has been to investigate factors underlying the
synthesis of Ge-NPs. Straightforward, cost-effective synthesis that yields reliable,
well-defined materials is still not generally achieved, driving us to better

understand how the organic substituents influence Ge-NP formation in the solid

state and in solution.

158



S5.1.1. Solid-State Synthesis from RGeO, s

In Chapter Two, we presented an investigation of the influence of organic
substituents on oxide-embedded Ge-NC formation from RGeO,;s sol-gel
materials.”> The study showed substituents with more favourable elimination
characteristics (i.e., presence of pB-hydrides on substituent, formation of stable
radicals) will eliminate at lower temperatures. The lowest temperatures achieved
were 400 °C for powders and 300 °C in molten films (in contrast to 525 °C in the
original synthesis).'® The elimination of R-groups at lower temperatures enables
the Ge-NC-forming disproportionation reaction (equation 6.1) to proceed at lower
temperatures. Beyond a lowering of the processing temperature requirements, our
approach also limits Ge(0) production to a single process. At the previously
required higher temperature, both reduction and disproportionation were active
contributors to Ge-NC formation.'” Limiting the formation of elemental Ge to one
source is expected to yield better-defined products with lower size polydispersity,

though this still needs to be supported by experimental evidence.

4 GeO,5s — Ge + 3 GeO, (5.1)

One issue that remains to be addressed is the incorporation of

carbonaceous residue into the oxide composite. Currently, exact location and

chemical nature of this impurity is unknown, but its presence has hampered

liberation of freestanding Ge-NCs (FS-Ge-NCs). The formation of germanium
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oxycarbides and carbides, though thermodynamically unfavourable,'® cannot fully

be ruled out and may in itself impart useful properties to the material.

5.1.2. Future Work

The presented method, at least at the current stage, is not well suited for
the production of FS-Ge-NCs. If FS-Ge-NCs are the material of interest, efforts
may be better placed into developing sol-gel reactions of germanium precursors
such as tetraethoxygermane (TEOG) with other oxide precursors of similar
reactivity, to obtain near-homogeneous mixtures of the two. Thermal processing
in a reducing atmosphere can then produce Ge-NCs embedded in the oxide of the
second material. For this route to be useful, the embedding oxide must be stable
against hydrogen reduction up to 500 °C, electrochemically stable against
reduction by the forming elemental Ge, and removable by a method leaving Ge-
NCs unaffected. This approach has been demonstrated with a SiO, matrix,
however, the different reaction rates between TEOG and tetraethoxysilane
(TEOS) give a poor distribution of Ge within the matrix.'” This leads to extremely
low yields of Ge-NCs after removal of bulk surface Ge and SiO, matrix by
peroxide and hydrofluoric acid etching.'” Related to this approach of localizing
GeO, within an oxide matrix to produce Ge-NCs, future efforts could be directed
at the synthesis and hydrogen reduction of freestanding GeO, nanostructures as a
route to a variety of Ge nanomaterials. Here, shape and size of the nanomaterial

may be tailored through different geometries of the GeO, precursors.*’?'
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Ideally, the presented method of Ge-NC synthesis by thermal
disproportionation would be improved by the use of HGeO;s, which would
cleanly decompose to yield Ge-NCs in a germanium oxide matrix. However,
methods to counteract the disproportionation of HGeCl; and the hydrolysis of the
H-Ge bond during sol-gel synthesis need to be found to make this approach
viable. Considering synthetic methods not based on sol-gel chemistry, currently
the possibly best way to achieve well-defined Ge-NCs is by plasma-synthesis
from GeCly.” This method minimizes the presence of contaminants in comparison
to solution-based synthesis. Disadvantages include the more expensive and
specialized instrumentation and the inability to carry out in-situ surface
functionalization. Also, the presence of halide may eventually be found to be
detrimental to optical properties (as found in a recent study of Si PL in our group).

Future research on the presented thermal decomposition of organogermane
polymers may mitigate the challenges associated with removal of oxide matrix
and carbon impurities, and functionalization of oxide-free Ge-NCs, which are not
straightforward to obtain from these materials.

Complete liberation of the organic substituent would simplify the etching
process, and may be achieved by processing the sol-gel precursor at lower
temperatures first to remove the organic substituent before increasing the
temperature to grow Ge-NCs. This method may reduce or completely remove the
carbonization deduced from C/H ratios in elemental analysis of our composites.
Further, the synthesis of an impurity-free composite of Ge-NCs embedded in an

oxide-matrix may in itself be of interest for device applications. Here, the sol-gel
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reaction would need to be modified to produce thin layers of sol-gel material on a
substrate. Since the processing conditions now allow temperatures as low as 400
°C for powder composites (R = ethyl, allyl), they can be incorporated into
electronic devices that use CMOS technology, which generally are only stable up
to 400 °C.*

Alternatively, a better understanding of the nature of the carbon impurities
is required. This knowledge could lead either to pathways for Ge-NC liberation,
or to applications of the oxycarbide or carbide material itself.

Etching with hydrofluoric acid, hydrogen peroxide and nitric acid have
thus far not been successful routes to FS-Ge-NCs, since these methods were found
to remove both GeO, and Ge preferentially. These approaches may be more
useful if isolation of Ge-NCs from the etching suspension containing
carbonaceous residue can be achieved. An in-situ functionalization strategy that
permanently renders the NCs hydrophobic may aid this process by facilitating Ge-
NC extraction. For example, etching may be carried out in hydrofluoric acid
solution in the presence of an alkene, which under UV irradiation has been shown
to add to the Ge-NC surface through light-induced hydrogermylation.*

If the carbon impurities are found to positively impact the properties of the
oxide-embedded Ge-NCs, for example by introducing a further way of tuning the
electronic properties next to NC size, these materials can be explored for
application in devices. Thin films of the oxide-embedded Ge-NCs (or
(oxy)carbides) would be of interest for applications such as non-volatile memory

. 4,7,24,25
or photovoltaics.*"**
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Of interest to the same types of applications are the n-butyl- and benzyl-
substituted precursors, in which the variation in organic substituents led to
melting at low temperatures (~300 °C). Under the presented conditions, films of
oxide-embedded Ge-NCs were rough, and also contained unidentified
carbonaceous residue. For thin film applications in optical and electronic

: 25-2
devices,”?’

it may be of interest to investigate the melting behaviour in detail and
determine ways to obtain smooth, continuous films with potentially interesting
optical and electronic properties. Ways this may be achieved include processing at
lower temperatures to remove the substituents and avoid further gas formation
before melting the films, or processing the melt for extended times to allow
smoothening of the film surface after gas formation ceases.

The patterning of freestanding Ge nanostructures using block-copolymer
self-assembly is explored in Appendix B of this thesis. A functional block
copolymer is used to localize and catalyze sol-gel reaction of tetraethoxygermane
to yield patterns of GeO,. These are converted to patterns of elemental Ge via
thermal hydrogen reduction. The method demonstrates that block copolymers can
be exploited not only to direct the assembly of adsorbed particles, molecules or
ions, but also to participate in their chemical transformation. Oxide and
semiconductor patterns are of interest to applications such as solar cells, and, in
the case of Ge, can be further used to produce semiconductor/metal
heterostructures or metallic patterns by electroless deposition of more noble

metals. 2!
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5.1.3. Solution Synthesis by Hot Injection of nBu,GeH,.,

In the solid-state study discussed in Chapter Two, the n-butyl substituted
germanium-rich oxide yielded Ge-NCs at the lowest processing temperature (300
°C). This prompted the study detailed in Chapter Three, in which the investigation
of substituent effects was continued with solution-synthesis of Ge-NPs from
molecular n-butylgermanes. The presence of increasing numbers of hydride
substituents in nBuyGeHsx (x = 1-4) was found to lower the decomposition
temperature of the molecular precursors in hot injection reactions from 390 °C in
nBusGe to ~285 °C in nBuGeHs. In line with the argument made in Chapter Two
regarding the effect of different elimination pathways on Ge-C bond-breaking
temperature, a possible reason for this observation may be facile reductive
elimination of hydrogen with the butyl-group or a second hydrogen atom.>>

Since no coordinating surface ligand was added in initial reactions, the
products obtained by hot injection of nBuyGeHsx (x = 1-4) were amorphous,
polydisperse, aggregated Ge-NPs. At constant temperature (400 °C and 325 °C),
differing nucleation and growth processes may explain differences in observed
sizes and shapes. For nBusGe, the decomposition temperature is very close to the
reaction temperature of 400 °C, likely leading to slower decomposition, which
provides a continuous supply of monomer “Ge” and is expected to prolong the
nucleation phase, yielding size-polydisperse material. As the decomposition
temperature is lowered with decreasing x, we are more likely to obtain burst

nucleation, in which the initial monomer concentration is high but rapidly
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decreases upon nucleation, transitioning into a growth phase and yielding less
polydisperse products.® Since we used a relatively long reaction time for a hot
injection method, this is the likely origin of the wide size distribution observed for
nBuGeH; and nBu,GeH,. Thus, this precursor can be expected to undergo the
fastest decomposition, giving it the longest growth period, in which Ostwald
ripening will lead to a broadening of the size distribution.’* Hot injection was also
carried out in a weakly coordinating solvent, trioctylamine, at 325 °C. Products
obtained displayed improved dispersibility, and, in the case of nBuGeHs, smaller
NPs that were well dispersed, not aggregated, in TEM. However, oxidative
stability and crystallinity were not achieved, characteristics that will be targeted in

future experiments.

5.1.4. Future Work in nBu,GeHy.<-based Synthesis

Ge-NCs have previously been synthesized by hot injection methods. Both
injection of a mixture of Ge[N(SiMes),]» and oleylamine into octadecene at 300
°C, and injection of tetrabutyl-, tetracthyl- or trichlorogermane (in squalene) into
trioctylamine, squalene or octacosane at temperatures around 400 °C were able to
produce Ge-NCs.”*?® Thus, a point of interest is the lack of crystallinity observed
in our materials at this point. Different solvents, peak reaction temperatures, and
growth times are factors that should be investigated in the quest to obtain Ge-
NCs.”” Attention should also be paid to the possibility that crystallinity is lost
upon oxidation of the poorly surface-protected Ge-NPs. Other studies demonstrate

crystallinity at low temperatures, but samples have experienced minimal exposure
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to air before analysis.”> Laser annealing has also been used in the past to
crystallize Ge-NPs.”® Microwave synthesis may be another interesting route to
consider, since the ability to operate at elevated pressures may aid crystallization,
and Ge NPs may experience localized heating as they are formed in solution.

To improve surface stability against oxidation and aggregation,
appropriate surfactants or coordinating solvents such as phosphines or amines, or
other surface-capping agents such as terminal alkenes, may be added into the
reaction mixture. The interaction of these groups with the surface of Ge-NCs will
interrupt growth and may lead to well-dispersed, oxidatively stable products with
narrower size distributions. Tertiary amines have already been ruled out as
appropriate surface capping agents in reactions with trioctylamine. They may be
unsuitable due to the weak coordination between the lone pair on nitrogen and the
Ge surface, as well as packing issues with neighbouring molecules on the surface.
Here, the investigation of primary amines may be more beneficial.”” Other factors
influencing particle size and size distribution are reaction temperature and time,
which need to be optimized for each precursor in order to identify the ‘optimal’
reagent for Ge-NC synthesis in the nBuyGeHsx (x = 1-4) series. A time of 30 min
was picked at the beginning of the study since Zaitseva et al. observed an
induction time of 30 min in decomposition of tetrabutylgermane. Preliminary
results with nBuyGeHa« (x = 1-3) indicate this is not the case here, leading us to
investigate shorter reaction times in the future.

The effect of different solvents on NP properties is also of interest. Related

work from our group regarding the surface termination of Si-NCs suggests
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heteroatoms play an important role in their luminescence properties. This effect
would be interesting to study once crystallization has been achieved.

The decomposition of n-butylgermanes to give elemental Ge can also be
applied to the synthesis of other nanostructures, possibly including nanowires
(NWs) and heterostructures. Ge-NWs are often grown by a vapour-liquid-solid
mechanism, using metal nanoparticles as seeds.”’ However, Zaitseva et al.
observed the formation of Ge-NWs in the absence of a seed NP, and proposed the
condensation of solvent droplets in reactions run at reflux leads to Ge-NW

. 3641
formation.”™

We may be able to exploit this by carrying out the reaction in a
solvent that boils close to the decomposition temperatures of nBuysGeHa (x = 1-
3), for example octadecene (315 °C) for x = 2, 3 or hexadecane (287°C) for x = 1.
Further, heterostructures could be produced by seeded growth, where the core
material is supplied in suspension, and r-butylgermanes decompose to grow on

these seeds. For example, it may be interesting to grow Si/Ge core-shell structures

to investigate their optical and electronic properties.*
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5.2. Metal-Decorated Iron/Iron Oxide Nanoparticles in Catalysis

Nanoparticle catalysis aims to combine high activity and selectivity arising
from high surface area, curvature and faceting with good recoverability, in iron

% Tron/iron-oxide based catalysts

oxides primarily based on magnetic properties.
are already used in dehalogenation of organic compounds.*® They are easily
synthesized by room-temperature reduction of iron (III) chloride followed by
electroless deposition of the catalytic metal.*” The latter process is spontaneous
for most metals due to the low electrochemical potential of iron (E°(Fe/Fe™") = -

0.447 V).* The catalysis of C-C bond formation by M/Fe@Fe,O, was the subject

of investigation in Chapter Four.

5.2.1. Conclusions

C-C bond formation by Heck and Suzuki cross-coupling reactions is most
commonly catalyzed by Pd.**>* Under the presented conditions, Pd/Fe@Fe,Oy
showed promising catalytic activity in comparison to other heterogeneous
catalysts such as Pd/C. Two other metals that are active towards Heck coupling
are Ru and Au.””’ However, Ru/Fe@Fe,O, and Au/Fe@Fe,O, were not of
comparable activity to Pd/Fe@FeO, in Heck couplings under the presented
conditions. For these catalysts, there may be a need for stabilizing agents or
variation of other conditions to achieve high activity.”*>> Also, the Ru oxidation
states after complexation by the Fe@Fe,O, support are not straightforward to

deduce.”® The absence of zerovalent metal may explain the reduced activity
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observed in the presented study. Magnetic recovery of the catalysts was not
achieved, likely due to changes in magnetic properties upon metal deposition.
Surface coatings have been shown to influence magnetic properties of
nanoparticles, in some cases leading to a reduction of the net magnetization.”” >’
Upon removing the catalyst by filtration, only low metal leaching was
observed in the final product. In contrast, we detected higher Pd levels in solution
during the reaction. This suggests a quasi-homogeneous mechanism, in which
solvated Pd (ions) are the active species, accounting for the observed catalytic
activity from Pd/Fe@Fe,Oy. When the reaction is complete, the solvated Pd is
deposited back onto Fe@Fe,Oy by virtue of the support’s reductive capacity.”
The metal oxidation states that are present on the surface of Fe@Fe,O,
will be one of the factors determining catalytic activity. An XPS study of metal
oxidation states as a function of metal loading shows incomplete reduction of Pd
at maximum loading capacity, and almost complete reduction upon decreasing to
1/3 of the loading capacity. The presence of adsorbed Pd ions may change the
catalytic mechanism, or, since Pd(0) is the active species in the suggested

homogeneous mechanism, may reduce the activity by “wasting” Pd in non-active

forms. This phenomenon requires further investigation.

5.2.2. Future Work

Future work in this area should concentrate on two aspects: better
understanding the material properties and tailorability of the heterogeneous

catalyst (i.e., morphology and oxidation state of active metal, solution stability of
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M/Fe@Fe.Oy) to tailor catalytic performance, and increasing the breadth of
catalyzed reactions.

In the majority of iron nanoparticle literature, it has been overlooked (at
least in the writing of manuscripts, but likely beyond) that borohydride reduction
of metal salts can lead to the formation of borides. In particular, Fe borides have

6162 However, in a different

been synthesized from FeSO4 in aqueous solution.
study, borides were shown to form preferentially in organic solvents, not in
aqueous solution.”> Since these findings are in conflict with one another, and a
third study actually induces ~2 wt% boride incorporation by exposing hematite
(a-Fe,03) nanoparticles to sodium borohydride,** this should be investigated in
more detail for our materials. X-ray photoelectron survey spectra of Fe@Fe,Oy
currently do not suggest the presence of B in any oxidation state, though high-
resolution spectra should be obtained to verify this.

Working towards the goal of obtaining a truly well defined, tailorable
catalyst, it may be desirable to move to a better-defined support material. The
Fe@Fe,Oy support has a very broad size distribution (~20-80 nm). If this size
distribution is variable between different batches, the surface area per mass of
catalyst support will be different, influencing the amount of deposited metal and
complicating standardization of the method. Also, the different sizes will have
iron cores of varying sizes, since there is a limited thickness of ~3 nm to the
surface oxide shell.”” The differences in core size may also influence the reductive

capacity, and thus the surface reactivity and metal deposition, on these supports.

Instead, iron nanoparticles could be synthesized by established techniques to
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generate particles of narrow size distribution, such as high-temperature
decomposition of Fe(CO)s and related compounds.®®

High-resolution transmission electron microscopy (HRTEM) imaging of
M/Fe@Fe,Oy would be beneficial to elucidate the actual morphology and
distribution of metal deposits on Fe@Fe,Oy. Hindering factors here may be the
tendency of agglomeration in Fe@FeOy, and the large particle size in contrast to
the assumed size of metal deposits (as deduced from lack of observation in low-
resolution TEM). Techniques that may be able to overcome these challenges
include high-angle annular dark field imaging, which gives excellent Z contrast,
as well as elemental mapping techniques such as EELS or EDS mapping.®”"°

The catalyst system will likely show a dependence of catalytic activity on
initial loading of the catalytic metal.*® As shown in Chapter Four, the initial
loading is one factor influencing the oxidation states of the metal supported on
Fe@Fe,Oy. Thus, catalytic activity should be investigated with regards to not only
the amount of catalytic metal and its ratio to the support, but also the oxidation
states that are present. The metal oxidation state may be tailored to achieve
complete reduction (low loading) or a mixture of oxidation states on the support
surface (higher loading). By reducing the amount of metal deposited, more
reductive capacity remains with the Fe@Fe,Oy support, changing the ways it can
interact with the catalytically active metal and substrates.

In future leaching studies, which are key to the applicability of catalyst
systems, attention should be paid not only to the amount of metal released into

solution, but also the amount remaining on the Fe@Fe,O, support. Since our
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preliminary data suggests the dissolution and redeposition of catalytic metal
during reaction, a potential pitfall next to issues such as catalyst coarsening due to
redeposition is the loss of catalytic metal through deposition onto reactor walls
and components, rather than the support itself. This may be a contributing factor
in the reduced reactivity observed after reuse of the Pd/Fe@Fe.O, catalyst.
Thorough material characterization, including HRTEM, is needed to understand
the deactivation process and provide the necessary information to reduce its
effects.

In an effort to reduce aggregation, improve homogenization, and increase
reusability of M/Fe@Fe,Oy catalysts, the use of stabilizing agents should be
considered. In our work, we chose not to employ surface ligands to reduce
additional need for purification and avoid extra impurities. Also, zero-valent iron
in environmental remediation is used without further protection of the surface,
unless mobility of the material in the environment is desired.®”’' However, the
high reactivity of nanoscale surfaces likely causes aggregation of the system,
amplifying any coarsening that may occur during redeposition of the catalytic
metal. Potential ligands for Fe@Fe,O, include organic acids (e.g., oleic acid) or

%072 Tt may also be of interest to investigate ligands

polymers (e.g., polystyrene).
that will interact with the catalytic metal surface, though this kind of stabilization
could also be expected to lower catalytic activity, since it both inhibits dissolution

of the metal and access of substrate to the surface, depending on the mechanism

that underlies catalytic activity of M/Fe@Fe,O,. Suitable ligands used to stabilize

172



Pd colloids in catalysis include ammonium salts and polymers such as
polyvinylpyridine (PVP).”

Further, it would be interesting to thoroughly understand the change in
electronic and magnetic properties observed upon metal deposition on Fe@Fe,O,.
For this purpose, it may be of value to measure the magnetic moments of the
material as a function of the amount of metal deposited, as well as evaluating
surface charge through zeta potential measurements. To the best of our
knowledge, there has been no detailed investigation into the distribution of charge
after reduction of metal ions onto Fe@Fe,O,.

In terms of investigating a wider breadth of catalytic reactions, other
industrially relevant processes should be considered. We have carried out some
initial work on hydrogenation reactions, which could be expanded further.
Interestingly, the Fe@Fe,Oy support displays catalytic activity in hydrogenation
reactions,” offering the possibility of combining the support reactivity with that
of the deposited metal. If appropriate catalytic activity is observed, it will be of
interest to carry out catalyst poisoning studies. Here, Fe@Fe,O, may protect the
catalytically active metal from poisoning, i.e., deactivation of the catalyst. The
iron oxide may have the ability to protect the catalytically active metal from
poisoning by compounds containing elements such as sulfur, present for example
in oil sands crude. Hydrogenation of these mixtures would be improved by the
presence of the Fe@Fe,Oy support, if it sacrificially converts to the sulfide while

protecting the more noble catalytic metal.”*”
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Appendix A:

Supplementary Data for

Chapter 2:
Understanding the formation of
elemental germanium by
thermolysis of sol-gel derived

organogermanium oxide polymers

A version of this appendix has been published as Supporting Information for:

Hoffman, M.; Veinot, J. G. C. Chem. Mater. 2012, DOI: 10.1021/cm2035129
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Figure A1. XRD patterns of 2 processed at increasing temperature for one hour in

5% H/95% Ar (left) and 100% Ar atmosphere (right).
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Figure A2. XRD patterns of 3 processed at increasing temperature for one hour in

5% H/95% Ar (left) and 100% Ar atmosphere (right).
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Figure A3. XRD patterns of 4 processed at increasing temperature for one hour in
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Figure AS. X-Ray Photoelectron (XPS) spectra of the Ge 3d region of 2

processed at indicated peak temperatures for one hour in 5% H»/95% Ar (left) or

100% Ar atmosphere (right).
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Figure A6. XPS spectra of the Ge 3d region of 3 processed at indicated peak

temperatures for one hour in 5% H,/95% Ar (left) or 100% Ar atmosphere (right).
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Figure A7. XPS spectra of the Ge 3d region of 4 processed at indicated peak

temperatures for one hour in 5% H,/95% Ar (left) or 100% Ar atmosphere (right).
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Figure A9. FT-IR spectra of 2 processed at indicated peak temperatures for one

hour in 5% H»/95% Ar (left) or 100% Ar atmosphere (right).
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Appendix B:

Oxide, semiconductor and metal
patterned surfaces based on sol-
gel chemistry within block-

copolymer micelles

A portion of this chapter has been published.:
Rodriguez Nifiez, J. R.; Johnson, M.; Veinot, J. G. C. MRS Proc. 2011, 1359,

187-192.
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B.1 Introduction

In very general terms, nanomaterial synthesis involves the isolation and
stabilization of nanometer-sized structures. This can be achieved in different
ways, including electrostatic repulsion between surfaces,'” application of
protective surface coatings that impart solubility and thus prevent
agglomeration,™ or embedding the nanomaterial in a matrix, for example oxides
(as seen in Chapter 2) or polymers.”® One class of polymers that afford spatial
segregation is block-copolymers (here diblock-copolymers, of generic structure
Ap-Bn). They will separate into domains based upon the different chemical
properties of the two blocks that make up each polymer chain. Factors that direct
this self-assembly into different sizes and shapes are block and solvent polarity,
block lengths, and interaction between the two blocks.”

The localization of reagents and/or reactions into one of the block
copolymer units can be desirable for different reasons. A large body of work uses
block-copolymer self-assembly in three dimensions to generate mesoporous

' Thin film examples include the

materials for a variety of applications.’
patterning of solution-processible floating gate memory, and photovoltaic
devices.'”'* Another area of research is developing block copolymer patterning as
bottom-up approach in fabrication of electronics, where the production of defect-
free patterns is an art that is still being refined."” "

In the work described in this chapter, block copolymers were used to

localize Si nanocrystal precursors (hydrogen silsesquioxane, HSQ) and induce

sol-gel chemistry (i.e., hydrolysis and condensation or suitable precursors) in
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nanodomain patterns on substrates. Block-copolymers were chosen such that one
block incorporated functional groups (i.e., containing a basic functionality)
suitable to catalyze sol-gel chemistry — this approach precluded adding other

reagents to induce reaction.

B.1.1. Block-copolymer mediated patterning

Block-copolymers are ordered, non-random polymers composed of
terminally connected homopolymer blocks (i.e., AAA-BBB-CCC). The diblock-
copolymers investigated here are made up of a non-polar (polystyrene) and a
polar (poly-4-vinylpyridine or polymethylmethacrylate) block (Scheme B.I).
Based upon the straightforward concepts of “like dissolves like”, blocks of the
same type tend to interact, leading to self-assembly in selective solvents. Some
structures that can be obtained by solution-phase self-assembly of block

copolymers and in the solid state are shown in Scheme B.2.

Scheme B.1. Structural formula of (A) Polystyrene-block-poly-4-vinylpyridine
(PS-b-P4VP) and (B) Polystyrene-block-polymethylmethacrylate (PS-6-PMMA).

B |
CH2 CH cH2 CH %CHZ—CH%bJYCHZ—C%
BT
o

s
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Scheme B.2. Examples of block copolymer self-assembly in solution (B-F) and in
the solid state (G): (A) Schematic representation of AB-diblock copolymer, (B)
vesicle, (C) micelles, (D) inverse micelles, (E) lamellar blocks, (F) cylindrical or
tubular micelle, (G) equilibrium morphologies in the solid state (S: spherical, C:
cylindrical, G: gyroidal, L: lamellar). Adapted from refs. 20-22.

A Block A

The differences between the two ends of each polymer chain cause block-
copolymers to self-assemble yielding different structures, offering their
application as templating agents. The self-assembly process may be directed
controlling factors such as concentration, type and length of respective blocks,
solvent composition, post-deposition annealing, interaction with the substrate and

pre-existing surface patterns (e.g., from lithography).'>'**** In this way,
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different surface structures comprised, for example, of dots or lines can be
produced, 11516222426

The polymer blocks may be tailored to achieve selective interactions of
one of the blocks with other chemical entities. In this way, block-copolymer
patterns may be exploited as a pattern template. After self-assembly in the
presence of an appropriate precursor, patterns of metals or oxides may be
produced by procedures such as the application of a plasma, or addition of a
reducing agent or catalyst with appropriate characteristics to be taken up into the
same block as the reagent. Ideally, tailoring of the blocks can progress to a point
where blocks not only interact, but also exhibit selective reactivity. The following
discussion presents an example in which a basic side-chain (i.e., pyridine) of a

BCP is used to catalyze sol-gel chemistry and induce patterning.

B.1.2. Sol-Gel Reactions

Sol-gel methods are “soft chemical” (chimie douce) approaches used in the
synthesis of oxide materials.”” The chemical processes taking place in sol-gel
reactions are hydrolysis and condensation (See: Equations B.1 and B.2). These
reactions lead to formation of a sol (a solution of colloidal particles) that
subsequently crosslinks to form a gel (a network of sol particles with encapsulated
solvent). The gel is aged and dried to obtain the final product. Sol-gel reactions
are generally carried out in aqueous or alcoholic solution, but can also occur in
organic solvents (involving water, or nonhydrolytically under anhydrous

spr 27,28
conditions).””
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Si(OR), + 4 H,0 — Si(OH), + 4 ROH (B.1)

n Si(OH); — (SiO»), + 2n H,0 (B.2)

In the context of this work, the catalysis of the hydrolysis and
condensation reactions is of particular interest. Here, we differentiate between
acid- and base-catalyzed reactions. This classification does not, however, revolve
around a pH of 7, but is relative to the point of zero charge (PZC) of the material
(e.g., SiO; or GeO,). The PZC is the pH at which surface groups are neither
protonated nor deprotonated.*’

At pHs below the PZC, hydroxyl groups are protonated and acid catalysis
takes place. In acid catalysis of Si and Ge sol-gel reactions (Scheme B.2.A), the
first step involves protonation of a hydroxyl or alkoxyl group. Protonation creates
a good leaving group, and the positively charged oxygen further reduces electron
density at the Si or Ge, making it susceptible to nucleophilic attack. Hydrolysis
occurs when water acts as a nucleophile and attacks the Si or Ge centre.
Condensation occurs when a Si-OH (or Ge-OH) functional group acts as a
nucleophile. In the final step, the catalytic proton is released to generate the
hydrolyzed or condensed product.”’

At pHs higher than the PZC, hydroxyl groups are deprotonated and base
catalysis occurs (Scheme B.2.B). In this case, a hydroxide or alkoxide (in the case
of hydrolysis) or sila-/germanolate (in the case of condensation) attacks the Si or

Ge center of a neutral molecule, displacing a hydroxyl or alkoxyl group.”’
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Scheme B.3. Mechanisms of (A) acid- and (B) base-catalyzed sol-gel reaction of
Si or Ge alkoxides (adapted from ref. 28).
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M = Si, Ge
Hydrolysis: X=R; Y =H
Condensation: X =H, R; Y = M=

B.1.3. Scope of this Work

The idea to study block-copolymers in conjunction with methods of
nanocrystal synthesis developed in our group had two directions: 1) Using block-
copolymers to achieve spatial separation of individual oxide-embedded
nanocrystals, and ii) to localize and pattern the products of sol-gel reactions. In
the former approach (i), hydrogen silsesquioxane, a Si-NC precursor, was

selectively taken up into the P4VP units and converted to SiO,-embedded Si-NCs
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by thermal processing. These annealing conditions also removed the block-
copolymer template leaving SiNC/SiO, patterns.” The latter approach (ii) was
aimed at the synthesis of a sol-gel derived precursor suitable for the formation
of Ge patterns upon thermal reduction. This was achieved using a block-
copolymer possessing a basic side chain (i.e., pyridine) with the ability to catalyze
hydrolysis and condensation reactions. In this chapter, we show preliminary
results from patterning of Ge sol-gel chemistry on surfaces. Tetraethoxygermane
was reacted within the P4VP units of a PS-b-P4VP polymer pattern on a Si wafer
to produce patterns of GeO,. Sol-gel patterns of GeO, were subsequently reduced

to Ge upon heating above 450 °C in a hydrogen containing atmosphere.’**!
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B.2 Experimental Details

B.2.1 Material Preparation

B.2.1.1 Reagents and Materials

m-xylene (C¢H4(CHj3),, anhydrous, >99%) was purchased from Aldrich.
Tetraethoxygermane (TEOG, Ge(OC,Hs)4, >99.99% metal basis) was purchased
from Gelest and stored in an argon-filled glovebox. Poly-styrene-block-poly-4-
vinylpyridine (PS-b6-P4VP, MW 57500-5-18500) and poly-styrene-block-poly-
methylmethacrylate (PS-6-PMMA, MW 123000-5-35000) were purchased from
Polymer Source Inc. Palladium nitrate (Pd(NO3),-xH,0, ~40% Pd, Pd 99.9%) was
purchased from Strem Chemicals. Cupric sulfate (CuSOs, anhydrous, 97.8%) was

purchased from Fisher Scientific. All reagents were used as received.

B.2.1.2 Silicon and germanium oxide patterns

2 wt% PS-b-P4VP solution in m-xylene was stirred for 24 h at 70 °C. PS-
b-P4VP solution was mixed with equal volume of 2 wt% TEOG solution in m-
xylene and gently shaken. 50 uL of this mixture was dropped by autopipet onto a
Si wafer piece of 1.5 cm side length mounted in a spin-coater. The wafer was

spun at 3000 rpm for 45 s. To improve pattern alignment, the wafer was annealed

in a Pyrex desiccator filled with 22 mL 10:1 THF:H,O mixture for 20 h. Thermal
processing in a tube furnace for 15 min at 400 °C (heating rate 9 °C/min) in air
yielded spot patterns of silicon or germanium oxide that were analyzed by AFM,

XPS and Auger mapping.
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B.2.1.3 Conversion of germanium oxide patterns to germanium patterns

Patterns of germanium oxide on Si were converted to elemental
germanium by thermal reduction with hydrogen gas. Wafers were prepared as
above, but the thermal processing protocol was adjusted as follows: processing
was carried out for 20 min at 400 °C (heating rate 9 °C/min) followed by 470 °C
for 1 h (heating rate 18 °C/min). After 15 min at 400 °C in air, the furnace tube
was flushed with 20% H, (balance Ar) for 5 min, and processing at 470 °C
proceeded in a static 20% H, atmosphere. After processing, samples were treated
as air-sensitive, and were transferred from the tube furnace immediately into a

glovebox.

B.2.1.4 Conversion of germanium patterns to metal patterns

Metal patterns were generated from elemental germanium via galvanic
displacement reaction. The wafers were removed from the glovebox and
immediately immersed in 10 mL 1.3 mM Pd(NOs), and 10 mM CuSOs solutions.
After 1 min exposure, the wafers were washed with copious amounts of Millipore

water followed by ethanol and dried in a stream of N,.

B.2.2 Material Characterization

B.2.2.1 Thermogravimetric Analysis (TGA)

TGA was carried out using a Perkin-Elmer Pyris TGA equipped with Pyris
Thermal Analysis 7.0 software. Samples were placed in a platinum pan and

heated in air from room temperature to 600 °C at 10 °C/min.
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B.2.2.2 Atomic Force Microscopy (AFM)

AFM was performed on a Dimension 3100 Atomic Force Microscope
(Digital Instruments) using tapping mode with Si tips (Nanoworld, 4.6 um thick,
160 um long, 45 um wide, 285 kHz resonance frequency and 42 N/m force

constant). Both height and phase images were collected, though height images are

used exclusively in this chapter.

B.2.2.3 X-Ray Photoelectron Spectroscopy (XPS)

XPS was performed on an AXIS-165 XPS spectrometer from Kratos
Analytical at the Alberta Centre for Surface Engineering and Science (ACSES),
University of Alberta. The base pressure and operating pressure in the chamber
were maintained at < 107 Pa. A monochromatic Al K, X-ray (A = 8.34A) was
used to irradiate the samples at a power of 210 W. To control sample charging,
the charge neutralizer filament was used during the experiment. The pass energy
for the survey and the high-resolution spectra were 160 and 20 eV, respectively.
Spectra were calibrated to the C 1s emission at 284.8 eV attributed to adventitious
carbon using CasaXPS (VAMAS) software. Following calibration, the
background of each spectrum was subtracted using a Shirley-type background to

remove most of the extrinsic loss structure.
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B.3 Results and Discussion

Self-assembled PS-b-P4VP has previously been demonstrated as a
template for free-standing mesoporous oxides via sol-gel synthesis.”> However,
this procedure employs a preformed sol. In the current study, the role of PS-b-
P4VP was extended to the dual function of catalyst and patterning agent to obtain
nanoscale surface patterns of sol-gel materials. Obtained by a straightforward
method with few possible contaminants, these patterns can be developed for
applications in electronics, photovoltaics and optics, and can act as precursors for

. 12263334
further transformation. ="~

B.3.1 Patterning of GeO,

PS-b-P4AVP forms spherical micelles that arrange into pseudo-hexagonal
patterns on a Si wafer when spin-coated from m-xylene solution, as observed by
atomic force microscopy (AFM, Figure B.1.A). Since this polymer contains a
basic pyridine unit, we explored its use for concurrent patterning and catalysis of
the sol-gel reaction of tetracthoxygermane (TEOG). Solutions of PS-b6-P4VP and
TEOG were mixed and spin-coated on Si wafers, followed by processing in a tube
furnace for 15 min at 400 °C in air. The processing step removes the BCP by
pyrolysis, which was confirmed both by AFM of the substrate (Figure B.1.B) and
thermogravimetric analysis (TGA) of PS-b6-P4VP (Figure B.1.C). AFM shows
remnants of the BCP pattern that are negligible in height, while TGA confirms

complete mass loss around 400 °C. In the absence of BCP, TEOG forms deposits
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of different sizes and shapes (with diameters ranging from 25 to 150 nm and
heights ranging from 4 to 16 nm) on the Si surface, and no particular ordering is
evident (Figure B.1.D). However, in the presence of BCP, patterns comparable to
the pseudo-hexagonally arranged spheres in the parent BCP are observed after
processing (Figure B.1.E). The spheres or discs vary in diameter and height
(diameters ~40-90 nm, heights ~15-35 nm), but are generally much higher than in
the parent BCP (compare Figure B.1.A, diameters ~25-70 nm, heights ~1.5-4
nm). The observation of a peak for a binding energy around 33 eV in X-ray

photoelectron spectroscopy (XPS) confirms the presence of Ge*" (Figure B.1.F).””
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Figure B.1. Atomic Force Microscopy (AFM) images of (A) PS-b-P4VP
(annealed), (B) PS-b-P4VP (annealed and processed in air), (C)
Thermogravimetric Analysis (TGA) of PS-6-P4VP in air, (D) TEOG (annealed
and processed in air), (E) PS-6-P4VP with TEOG (annealed and processed in air),
and (F) X-ray Photoelectron Spectroscopy (XPS) of the Ge 3d region for (E).
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To confirm the necessity of a basic unit in one of the polymer blocks, a
second polymer that lacks such functionality, PS-b-PMMA, was investigated. The
block copolymer pattern obtained after 24 h solvent annealing in THF/H,O
displayed some inconsistencies, with some areas showing line patterns, and others
showing very sparse dots in AFM (Figure B.2.A and B). After mixing with TEOG
and processing, AFM of the obtained structures (Figure B.2.C) compares better to
results obtained without block copolymer present (Figure B.2.F), than to the more
uniform patterns obtained with patterning of PS-5-P4VP (Figure B.2.E). These
results suggest that it is the base functionality of the pyridine units that aids both

sol-gel reaction and the patterning process.

250 nm 250 nm

Figure B.2. AFM images of (A-B) PS-6-PMMA (annealed), (C) PS-b-PMMA
with TEOG (annealed and processed in air), (D) PS-b-P4VP (annealed), (E) PS-b-
P4VP with TEOG (annealed and processed in air), and (F) TEOG blank (annealed
and processed in air).
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The hydrophilic pyridine unit is proposed to localize water from the
atmosphere within the P4VP moieties of BCP micelles. Pyridine will react with
water to form hydroxide ions, which will catalyze hydrolysis and condensation of

TEOG to form crosslinked GeO, (see Scheme B.3).

Scheme B.4. Proposed crosslinking mechanism for sol-gel reaction of TEOG in
the presence of P4VP and trace water.
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B.3.2 Conversion of GeO, patterns to elemental Ge

Hydrogen gas can reduce germanium oxides to elemental Ge at relatively

3931 By thermally processing above this temperature

low temperatures (> 450 °C).
in an atmosphere of 20% H,, the GeO, patterns could be converted to elemental
Ge. AFM shows a reduction in domain size compared to GeO, (Figure B.3.d, e
and f). This can be attributed both to evaporation of Ge and GeOy at elevated
temperatures, and to shrinkage due to removal of oxygen. XPS confirms the

reduction to elemental Ge by observation of a peak at a binding energy of ~30 eV

(Figure B.3.a, b).”
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Figure B.3. XPS of the Ge 3d region for PS-b-P4VP/TEOG processed at (a) 470
°C in 20% Hy, and (b) 500 °C in 20% Hay; (c) Scanning electron micrograph of
PS-b-P4VP/TEOG processed at 470 °C in 20% H,; AFM images of PS-b-
P4VP/TEOG processed at (d) 400 °C in air, (¢) 470 °C in 20% H,, and (f) 500 °C
in 20% Ha.
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B.4 Conclusions and Future Work

In conclusion, functional block copolymer patterning using PS-b-P4VP
was able to locally catalyze sol-gel reactions and create surface patterns of GeO,.
Comparison with a block copolymer lacking basic side groups, PS-b-PMMA,
suggests the presence of pyridine units is key to localized sol-gel reaction of
tetracthoxygermane. By thermal reduction, GeO, patterns were converted to
elemental Ge.

Patterns of elemental Ge can be converted to Ge/metal heterostructures, or
to metal patterns. Based on the low reduction potential of Ge in comparison to
many metals, this may proceed through a spontaneous electroless deposition
process.lg’%'42

This technique can also be extended to other sol-gel reactions for
patterning of technologically interesting materials, for example to produce thin
patterned layers for sensors, photovoltaics, and ultimately electronics, if this

method is fully developed for such applications.>***
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