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Abstract

The elements of Group 14 show an extensive range of chemical behaviors. Lying at the
boundary between metals and non-metals, some members of Group 14, namely silicon and
germanium, are intermediate in their properties. These semiconductors are extremely important
in science and technology. Si, Ge, SixGeix, and corresponding compounds (e.g., oxides and
carbides) hold potential for far-reaching modern impacts and numerous optoelectronic
applications. The discovery of size-dependent optical responses from nanostructures of these
semiconductors has opened new avenues for further studies and enhanced their potential for
various uses. Although Si-based nanostructures (e.g., Si nanocrystals and porous-Si) have been
widely studied, Ge-based nanostructures have received significantly less attention, presumably
because of their complex chemistry and the lack of convenient/predictable methods for their

preparation.

In this context, germanium dioxide nanoparticles (GeO2 NPs) of varied sizes and
morphologies were prepared via facile sol-gel synthesis without the addition of surfactant
(Chapter two). Morphology control was readily achieved by tailoring the water/ethanol ratio in
the reaction mixture. Through judicious tailoring of reaction parameters, surfactant-free
crystalline GeO> nano-cubes and nano-eggs exhibiting currently unparalleled narrow size
distributions were obtained. After that, tetracthoxysilane (TEOS) based sol-gel reactions were
used to form a robust shell of Stober SiOz around previously prepared GeO> NPs and form
GeO2@Si10; core-shell nano-cubes or nano-eggs (Chapter three). Subsequently, the core and the
shell of these NPs were selectively reduced by 5% H2/95% Ar and elemental magnesium to yield

Ge@Si0; and Ge@Si core-shell NPs, respectively.
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In the fourth and fifth chapters, we turned our attention to the synthesis of germanium
nanocrystals (GeNCs) with well-defined surface chemistry. This research area is of considerable
interest because of the attractive optoelectronic properties of GeNCs with sizes smaller than the
germanium Bohr-exciton radius (i.e., <24 nm). In the Chapter four, we reported a straight-
forward route for synthesizing GeNCs in high-yield and also clarified some chemistry regarding
the Ge (II) precursor. Both the precursor and procedure were modified to yield GeNCs of various

morphologies.

Modifying and tailoring GeNC surface chemistry was the subject of the fifth Chapter, due
to the important role of surface functionalization in solubility and stability of GeNCs. In this
context, hydride-terminated GeNCs (H-GeNCs) were freed from their germania matrices by
chemical etching of the GeNC/GeO, composite and were then derivatized using a series of
hydrogermylation approaches (i.e., thermally-activated, radical-initiated, and borane-catalyzed).
We found that surface functionalization occurred under all conditions investigated; however, the
nature of the surface species (i.e., monolayers vs. multilayers) and surface coverage varied

depending on the conditions employed.

Application of functionalized NCs is the subject of sixth Chapter. The nanostructures of
Group 14 semiconductors are well suited for use in biological systems due to their
biocompatibility and fairly low toxicity compared to typical quantum dots such as CdSe. The
size/surface dependent optical response of Si nanocrystals (SiNCs) is well-known and more
developed than GeNCs. Therefore, we chose acid-functionalized SiNCs as the pioneer for
making nano-hybrids with Fe3;O4 NPs. We demonstrated proof-of-concept confocal cell imaging

using these magnetic nano-hybrids.
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Finally, Chapter seven summarises what has been achieved for each Chapter of current
Thesis. The aim of this Chapter is to provide a summary for synthesize and surface
functionalization of Group 14 semiconductors nanomaterials and outline some possible future

direction for continuing this Thesis.
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Chapter 1:

Introduction



1.1. Quantum Dots and Quantum Confinement

Quantum dots (QDs) are semiconductor nanoparticles (NPs) with diameters smaller than
the exciton of the bulk semiconductor (usually in the size range of 2-10 nm) and whose optical
and electronic properties differ from their bulk state. Their properties lie between the molecular
and bulk semiconductor regimes.! The semiconductor material used for making QDs can be an
element, such as silicon or germanium, or a compound, such as CdS or CdSe. The term “dot” is
connected to their extremely small size, thus resulting in properties different than bulk
semiconductors and closer to discrete atoms. This is why they have been called “artificial

atoms”.>’

Quantum dots are of much interest for their unique -electro-optical properties.
Multidisciplinary interest in QDs has been largely motivated by the size-dependent properties
that they possess.* A famous example is different photoluminescent (PL) colors of CdSe QDs as
larger QDs (ca. 5 — 6 nm) emit longer wavelengths (orange or red) while smaller ones (ca. 23

nm) emit shorter wavelengths (blue or green, Figure 1-1).4°

How can QDs show such unique properties? The answer is related to a fascinating

henomenon called “quantum confinement,”’
9

which was first observed in QDs around three
decades ago.®!! It is an intrinsic property of semiconductors, which have an electron-filled
valence band (VB) and an empty conduction band (CB). It is worth noting that similar analogues
exist at the molecular level wherein electrons can transfer from the highest occupied molecular
orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO). Lying between the

molecular and bulk semiconductor regimes means that by decreasing the size of the nanomaterial

(number of atoms), the density of energy states decreases and the energy difference between the



valence and conduction band increases (Figure 1-1).!>!3 As a result, transferring an electron from
the conduction band to the valence band and back again releases higher energy photons (hv) and
the PL emission wavelength of a QD demonstrates a “blue-shift” due to quantum confinement of

its electron.
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Figure 1-1. Pictorial representation of the changes in optical behaviour of nanoparticles associated with their

size. Electronic structure of QDs with a “blue-shift” due to quantum confinement.!'>4

However, the illustration of the quantum confinement effect shown in Figure 1-1 is only a
simplified approximation of what is actually happening in QD systems. A more accurate
explanation is possible by accounting both the size and band-gap of the bulk semiconductor. If a
semiconductor is irradiated by photon energy (/4v) greater than the band-gap, electrons will be
excited from the valence to the conduction band across the band-gap, leaving a ‘“hole,” or
absence of an electron, behind. The coulomb-correlated electron (negatively charged) and hole

(positively charged) bound pair in a semiconductor material is called an exciton.'’



The exciton was the basis of several different models attempting to explain the relationship
between particle size and band-gap energy of semiconductor quantum dots. Eg. 1-1 exhibits one

of these models that shows a reasonable similarity to experimental measurements: !>

h? /1 1) 1.786¢e2

E op=Eyp+——(—+ —)— ——
g0 = Fgb ¥ gpa (me * mp AmegeR Eq. 1-1

Where:

Eg¢op and Egp are the band-gap energies of the quantum dot and bulk solid, respectively;
R is the quantum dot radius;

m. and e are the effective mass and elementary charge, respectively, of an electron;

#i 1s Planck's constant;

my 18 the effective mass of the hole in the solid; and

¢ 1s the dielectric constant of the solid.

Eq. 1-1 describes the outcome of the effective masses of electrons and holes and their
electrostatic interactions (terms of the exciton by its definition) as being related to the Eg of the

solid. As a result, the E; of a QD is connected to the size of a QD (R).

QDs have been prepared from various semiconductor systems. Some of them are

16,17

composed of one element like Si 18-20

or Ge, and some are a combination of elements from

different periodic groups such as the following:
II-VI: CdS,*' CdSe,*** CdTe,” ZnO,* ZnS,* ZnSe,***’ and ZnTe.”**

II-V: Zn;N,.3°



[I-V: InP,*' 33 InAs,**% InSb,*¢*” and GaN.?®
IV-VI : PbS,3** PbSe,*' and HgTe.*
Other: AgInS,,** CI(Z)S [Cul(Zn)S].**

Moreover, different combinations of previously mentioned semiconductor systems have
been synthesized in the form of core-shell QDs, which are of much interest.>"% In this context,

core-shell QDs can be classified into two main types (Figure 1-2):

e Type I (like CdSe/ZnS core-shell QDs)*: band-gap of the core smaller than the band-gap

of the shell.

e Type II (like CdS/CdSe core-shell QDs)>*: band-gap of the core larger than the band-gap

of the shell.

Confinement behaviours in core-shell QDs are highly dependent on the core and shell
materials themselves. For example, Type-I QDs demonstrate higher photoluminescent (PL)
efficiency as compared to Type-II QDs. This is because in type-I QDs, the electrons and holes
are confined to the core, while in Type-II QDs, the confinement is happening to the shell (for
electrons) and to the core (for holes). Therefore, during recombination the charge carriers have to

cross the core-shell interface.>?
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Figure 1-2. Energy level diagrams of Type-I and Type-II QDs.*

Thus, there are possibilities for manipulating QD structures to make their emission
wavelengths cover a broad range of electromagnetic radiation in the visible and IR (infrared)
regions (see Figure 1-3 in next section).’! QDs also show size dependent, multiple PL
wavelengths (vide supra), high quantum yields, high stability (chemical and photochemical),
narrow and mostly symmetrical emission bands, and have multiple capabilities by possessing
various functional groups on their surfaces.’*>¢ All of these properties make QDs useful in many

different applications such as photovoltaics,’”® light emitting diodes (LEDs),>*®" ultrahigh

62,63 64,65

density data storage,®! biological imaging, and cancer therapy.

1.1.1. Group 14-Based Nanostructures
Despite all of the remarkable properties and applications for typical QDs, their theoretical
as well as practical utility, especially in biological systems, is very limited. There are huge

concerns regarding their application because they include toxic heavy metals, such as cadmium,

6



along with elements whose reserves are depleting, such as selenium. This has led to, for
example, the European Union's Restriction of Hazardous Substances Directive (RoHS), limiting

the usage of compounds containing toxic heavy metals.

Figure 1-3 summarizes the emission wavelength range for most QDs mentioned in this
Chapter, classified based on their application concerns (toxicity and source).’! One group is that
of materials with no major concerns regarding their toxicity and source (green). The second
group is less toxic but contains geographically concentrated elements such as indium (orange).

Finally, the last group encompasses QDs that contain toxic elements such as Cd, Pb and Hg.
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Figure 1-3. Emission tunability of selected semiconductor NCs. In most cases, the range varies from the bulk
band-gap down to the shortest confinement-induced, blue-shifted emission.’! GaN,* CdS,?' CdSe,*>* ZnO,**
ZnSe,?*?" ZnTe,*®* Zn;N,* Si,'®17 Ge,'$20 AgInS,,** CI(Z)S [Cul(Zn)S],** PbS,*** PbSe,*! CdTe,?' InP,3!~

3 InAs,3*% InSb,?%37 and HgTe.*?

Therefore, developing less toxic alternatives for typical QDs is necessary for their further

use and, indeed, this is becoming a dynamic area of research. Photoluminescence has been



observed for Group 14 semiconductor nanostructures (i.e., Group 14 QDs), and these have thus

been introduced as a new class of QDs that lack the toxicity of classic QD examples.

66,67

Canham, in 1990, reported the visible photoluminescence of silicon nanostructures®® and closely

after that, in 1991, Yoshihito er al. observed a similar phenomenon for germanium crystals

embedded in silica.®” This was the beginning of a challenge for bulk semiconductor band

structure models'® and a longstanding debate regarding the origin of PL in indirect band-gap

materials.

Table 1-2 summarizes different properties for elements of Group 14. These quantities,

especially band-gap values, will be frequently cited during this report.

Table 1-2. Selected Properties of the Group 14 Elements

Carbon (C) Silicon (Si) Germanium Tin (Sn) Lead (Pb)
(Ge)

Atomic number, atomic 6,12.01 14, 28.09 32, 72.64 50, 118.71 82,207.2
mass (amu)
Valence electron [He] 2s22p? [Ne] 3s23p>  [Ar] 4s23d"%4p*  [Kr] 5s%4d"%5p*  [Xe] 6s25d'%6p?
configuration
Atomic radius (pm) 77 111 125 145 154
Electronegativity 2.6 1.9 2.0 2.0 1.8
M-M Bond dissociation 346 222 188 146 98
energy (kJ/mole)
Band-gap (eV, nm) 5.48,226 1.12, 1107 0.67, 1867 0.1, 12000 N/A




1.2. Germanium Nanoparticles

1.2.1. Properties and Applications
General interest in germanium increased with the realization of semiconductor-based
electronics in the second half of the 20™ century.®® Transistors, which are essential components
in the electronic devices that modern society relies upon, were first made using germanium.
While Ge lost out to ultra-pure silicon in the electronics industry, it remains an important
material for optoelectronic applications.®® As previously mentioned, the early 1990s saw the
surprising discovery of visible photoluminescence from germanium nanostructures, which

opened many new directions for investigation.®®-7

Despite being in Group 14, germanium differs substantially from its more frequently
studied cousin, silicon. Bulk Ge possesses a smaller band-gap (0.67 eV vs. 1.1 eV at 300 K),*
larger Bohr-exciton radius (24.3 nm vs. 4.9 nm),®”>’® higher electron and hole mobility (<3900
cm?/V-s compared with <1500 cm?/V s for Si),”! as well as greater capacity for and diffusivity of
ions (e.g., Li").”? In this context, comparatively large germanium nanocrystals and related
structures (e.g., oxide-embedded GeNCs) should possess the favourable optical and electronic

properties that will be potentially useful in applications like solar cells,'® biological imaging,’>7*

Bragg reflectors'®, light-emitting diodes, and non-volatile memory devices.”> "

1.2.2. Synthesis of Germanium Nanocrystals
Despite great achievements in the synthesis and morphological control of high quality and
extremely monodisperse chalcogenide QDs (such as CdSe) during the last two or three decades,

Group 14 QDs (e.g., Si, Ge and SiGe NCs) of such quality have been problematic to produce.



Higher covalent characteristics of elements in Group 14 necessitate harsh reaction conditions
(such as high temperatures, long reaction times, etc.) as well as adverse reagents (sensitive
precursors, strong reducing agents, etc.) to prepare highly crystalline Ge or Si nanoparticles (i.e.,

nanocrystals).

GeNCs, of particular interest in current research, have not been studied and understood as
well as their Si counterparts. In the last two decades, a variety of methods have been proposed
for their synthesis. Some of these methods have been very well developed and understood (e.g.,
solution phase reduction) while some others are in even earlier stages of development. Although
GeNCs have been prepared through a variety of physical and chemical methods, via top-down or
bottom-up approaches, herein we bring our attention to some well-established methods that yield

colloidal, free-standing GeNCs by focusing on their synthesis and characterization.

1.2.2.1.  Solution Phase Reduction of Germanium Halides

Solution-based synthetic methods are probably the most widely reported approaches for
preparing GeNCs. In this context, a variety of germanium precursors, like germanium halides
(GeCls, GeBrs Gels, Gely), are reacted with several kinds of reducing agents (e.g., NaK, LiAlH4,
n-BuLi) under various reaction conditions (i.e., different temperatures, applying reverse
micelles) to yield GeNCs. Because of the high number of GeNC preparation methods falling into
this category, we split this group into two sub-groups based on the type of reducing agent used,
namely, A) Organoalkali and alkali metal reduction of germanium salts; and B) Hydride-based

reduction of germanium compounds.
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A) Organoalkali and Alkali Metal Reduction of Germanium Salts

Some of the earliest reports of GeNC synthesis were based on the reduction of GeCly in
solution. In the early 1990s, Heath et al.*® made GeQDs of various sizes (ca. 6, 11 and 20 nm)
based on a method they had developed at first for making Ge quantum wires.3! Their strategy
was based on ultrasonic-mediated high-temperature (275 °C) and high-pressure (200 atm)
reduction of chloro-germanes and phenyl-GeCl; by an ultrafine dispersion of NaK alloy in
heptane. Because of the harsh synthetic conditions, the final product was crystalline enough but

has limited selectivity over size, shape and surface termination.

GeCly + RGeCl; + RoGeCly + NaK ——— GeNCs + NaCl + KCl Eq. 1-2

At around the same time, Weller et al. reduced GeCls with lithium naphthalide in THF at
room temperature and produced amorphous GeNPs around 2 nm in size. The surface of the NPs
were functionalized with (CH3)3SiCl. Due to the amorphous nature of the initial NPs (low
temperature synthesis), a ruby laser was used to increase the crystallinity of the particles and thus
produce GeNCs. Although large particles were removed by filtration during the synthesis, final

particles still demonstrated poor monodispersity (Figure 1-4).3?

nGeCly + 4n Li[C1oHg] —— Gen (GeNPs) + 4nLiCl Eg. 1-3
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Figure 1-4. TEM images of the particles made by Weller et al. (a) 3 nm, (b) 5 nm and (c) 20 nm after

flashes with a ruby laser.??

One decade later, Kauzlarich et al. modified this method to overcome the particle size
distribution problem and yield nearly monodispersed GeNCs. They reduced GeCls with sodium
naphthalide in dimethoxyethane (glyme) at room temperature. Instead of (CH3)3SiCl in the
previous method, they used n-butylmagnesium chloride (butyl Grignard) to aid in the production
of alkyl terminated GeNCs around 4 nm in size (Figure 1-5 a). They also discovered that the
particles lost their crystallinity upon heating to 300 °C under vacuum (Figure 1-5 b). Further
recrystallization and growth required temperatures as high as 600 °C.%* They modified synthetic
parameters such as reductant, stirring time, concentration, and temperature to yield different
sizes of photoluminescent GeNCs. As just one example, they synthesized 5 nm Ge NCs by
reacting GeCls and sodium naphthalide at -40 °C while the same reaction yielded 11 nm particles

when carried out at 70 °C.%

Some minor modifications were applied to Kauzlarich’s method by different groups. For
example, Cho et al. used n-butyllithium instead of n-butylmagnesium chloride to produce
amorphous butyl terminated photo-luminescent Ge particles around 10 nm in diameter (Figure 1-
5¢).8
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Figure 1-5. a) and b) GeNCs produced from GeCls and Na naphthalide before (a) and after (b) annealing at

300 °C under vacuum, made by Kauzlarich ef al.3* ¢) TEM image of butyl-capped Ge nanoparticles made by Cho

etal®

B) Hydride-Based Reduction of Germanium Salts

Apart from alkali metals being used as reducing agents, a remarkable number of reports of
making GeNCs via solution based reduction methods used hydride containing reductants, such as
lithium aluminum hydride (LiAlH4), sodium borohydride (NaBH4) or even hydrazine (N2H4). In
this procedure, the Ge precursor is usually a Ge (IV) or Ge (II) halide and the reaction proceeds
in presence of adequate surface-stabilizing ligands. Using hydride reducing agents means that the
final NPs are expected to be hydride-terminated. Surface-stabilizing ligands further react with
hydride-terminated surfaces of GeNCs, leading to functionalized GeNCs with complex surface

chemistry.

The first attempt in this category was performed in 2001 by Wilcoxon et al. who reduced
GeX4 (where X=Cl, Br, or I) at room temperature with LiAlH4 in an inverse micelle system.3¢
They used non-ionic aliphatic polyether or quaternary ammonium cationic surfactant to build up

their micelle system. As a result of the inverse micelles, nucleation and growth of the Ge was

13



restricted to the micelle interior. It is worth noting that because of the entirely anhydrous system
they used, simple hydrolysis of GeX4 to GeO; was not possible. Finally, an High-performance
liquid chromatography (HPLC) system was used to separate NCs by size and also to separate the
surfactant from the NCs. This group made GeNCs 2-5 nm in size and observed PL in the range
of 350-700 nm while the larger particles (8—10 nm) showed only weak emission. Later, the
authors advised the community for a safety issue that involved the production of highly toxic and

pyrophoric germane (GeHas) gas.5¢

Several groups changed parameters of the Wilcoxon procedure — temperature, surfactant
type and precursor — to produce different sizes and morphologies of GeNCs. Jiang and co-
workers reduced GeCls with NaBH4, LiAlHa, or NoHaeH,0 to prepare GeNCs.®” They claimed
that as GeCls concentration increased (Figure 1-6 a and b), the nucleation and growth rates also
increased; however, surprisingly, as GeNCs became smaller, their size distributions broadened.
They used different kinds of reducing agents, reporting average grain sizes of 4.8 £ 0.7 nm, 6.7 £
0.6 nm or 3.8 = 0.6 nm for GeNCs prepared with NaBH4, LiAlH4 or NoH4-H>O as reductants,

respectively (Figure 1-6).%
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Figure 1-6. TEM images of GeNCs. (a and b) Using NaBH4 as reducing agent. (a) [GeCls] = 2.5 x 1073 mol/l and
(b) [GeCl4] = 1 x 10~ 2 mol/L. (c) using LiAlH4 as reducing agent ([GeCls] = 2.5 x 1073 mol/l). (d) Using N>Ha as
reducing agent ([GeCls] = 2.5 x 1073 mol/l). SAED pattern obtained from an individual 4.5 nm Ge nanocrystal,

using NaBH; as reducing agent.?’

To further address the issues of hydride-based reduction of germanium compounds, Veinot
and coworkers used solid Gels instead of volatile GeCls4 and reduced a toluene solution of this in
cetyltrimethylammonium bromide (CTAB) with LiAlH4 (Figure 1-7).! Refluxing of the
produced hydroterminated GeNCs with n-undecene led to n-undecyl terminated GeNCs, which

showed PL around 390 nm.
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Figure 1-7. A) Hydrogermylation of the surface of hydride terminated Ge. B) The general reaction scheme for
the synthesis and surface derivatization of GeNCs. C) Representative TEM image of GeNCs made with this

method."

The next factor to study was the type of surfactant, which was done by Korgel and co-
workers. This was followed by changing the precursor and temperature.®® They found that using
a coordinating type of surfactant, such as trioctylphosphine (TOP) or tributylphosphine (TBP),
with Gel> and LiAlHs while concurrently applying different temperature steps (120 °C at first
and later 300 °C for 1 h each) led to uniformly-sized GeNCs. Gelz, with the aid of a coordinating
surfactant, can disproportionate into Ge and Gels. Using different concentrations of Gel> was the
key factor in producing different sizes of GeNCs. They reported GeNCs with sizes ranging from

3 to 11 nm, synthesized in TOP at 300 °C and in TBP at 240 °C (Figure 1-8).%8
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Figure 1-8. GeNCs synthesized from (a) 130, (b) 260, and (c) 520 mM Gel, solution in TOP at 300 °C. Particle

size distributions are 3.0 £ 0.5, 8.1 = 1.4, and 11.6 + 2.2 nm, respectively.3?

In the case of TBP as the coordinating solvent, GeNCs were bigger and size distributions
were broader. Although the NPs made with this method were uniform and nearly monodisperse,
the surface chemistry of the NCs unfortunately remained complex and unclear presumably due to

using different types of additives like coordinating surfactants.®’

Correspondingly, in an important work, Tilley and co-workers performed systematic
studies to explore the effect of the reducing agent. They investigated GeNC size at room
temperature prepared via reduction of GeCls solution in hexane and pentaethylene glycol
monododecyl ether using a series of metal hydrides including LiAlH4, Li(C2Hs);:BH, LiBH4, and
NaBHj4. The authors found that the size of the GeNCs was inversely related to the strength of the
reducing agent, with stronger reductants producing smaller particles and weaker ones producing

larger particles (e.g., LiAlH4 [4.0 £ 0.5nm], Li(CoHs)3;BH [4.5 = 0.5 nm], LiBH4 [5.5 = 0.5 nm)],

17



NaBHj4 [25.0 + 15.0 nm]).”® They also performed biological imaging by attaching allylamine to

the GeNC surfaces (using HoPtClg as a catalyst) to render them water soluble (Figure 1-9).7* This

90-92

work, along with similar attempts by this group, provide a major background on the

synthesis and biological applications of GeNCs using hydride-based reducing agents.

35 4 45 40 45 5.0
Diameter (nm) ] Diameter (nm)

N
25.0%£15.0 nm

Fréqﬁency
2 8 8

(=]

50 55 6.0 ) 10 15 20 25 30 35 40 45
Diameter (nm) Diameter (nm)

Figure 1-9. TEM images with related particle size distributions of GeNCs obtained from reduction with (a)

LiAlH,, (b) Li(CsHs);BH, (c) LiBH,, and (d) NaBH,.”
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1.2.2.2. Germanium Zintl Salt Metathesis Reactions

A reaction in which two compounds react to form two new compounds, with no changes in
oxidation number is referred to as a “metathesis reaction”.”> In metathesis reactions, the ions of
two compounds exchange their partners. By definition, Zintl phase is the product of the reaction
between alkali metals or alkaline earths and post transition metals or metalloids of groups 13-
16.°* In this context, metathesis reacting Ge Zintl salts such as NaGe, KGe or Mg>Ge with excess
GeCly can lead to chloro-terminated GeNCs, which were studied in detail by Kauzlarich and co-
workers (Figure 1-10).8+%°7 They reported particle sizes ranging from 2 to 5 nm by refluxing
precursors in glyme or diglyme for 8-120 h. Further reaction of these chloro-terminated GeNCs
(Cl-GeNCs) with alkyl lithium or Grignard reagents produced alkyl-terminated NCs that exhibit

size-dependent photoluminescence.

For example CIl-GeNCs react with methyllithium, methylmagnesium bromide, or
octylmagnesium results in methyl- or octyl-terminated GeNCs.”® Kauzlarich et al. also exploited
a metathesis reaction of a germanium Zintl salt with NaBH4 to produce hydride-terminated

GeNCs that again showed photoluminescence of various wavelengths (mostly in blue region).”’
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Figure 1-10. The synthesis of GeNCs via a metathesis reaction between Ge Zintl salts and GeCly, with an

example TEM image and size distribution histogram for NCs made by reacting NaGe and NH,Br.%%"%°

1.2.2.3. Thermal Decomposition of Organogermane Precursors in High
Boiling Solvents

In this class of procedures, instead of using a highly reactive reducing agent as shown in
previous methods, high temperatures were used to decompose zero-valent organogermane
precursors to elemental germanium in the form of GeNCs. A considerable number of groups
reported various sizes of GeNCs synthesized with several types of procedures, Ge precursors,
high boiling point solvents, temperatures, pressures.?*!%19 Generally, these methods produced
GeNCs in three ways: single-pot heating, hot-injection, and a super-critical fluid (high pressure)
processing methods. In single-pot heating methods, a mixture of reagents and solvents are heated
to a desired temperature, while in hot-injection methods the Ge precursor (or precursors) are
injected into a preheated solvent/capping agent system. The mechanism of GeNC formation can

be understood with classical mechanisms of nucleation and growth used for other NP syntheses
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(LaMer model).!* Explaining all of the details of the LaMer model is beyond the scope of this

Thesis.

A) Single Pot Heating Methods

As an example of a single pot heating method, Schaak and co-workers made 6 £ 1, 12 + 2
and 22 + 4 nm GeNCs using different concentrations of Gels in oleylamine, oleic acid, and
hexamethyldisilazane heated to 260 °C for 30 min.'® Similar work has been done by Guo et al.
to produce GeNCs around 10 nm in diameter by using GeBrz, which is more reactive than the

previously used Gels (Figure 1-11).

Gel,
Oleylamine | A
Oleic acid

Figure 1-11. Representative Ge nanoparticles made by Schaak et al.'® GeNCs with average sizes of (a) 22 + 4

nm, (b) 12+ 2 nm, and (¢) 6 + 1 nm.
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Recently, Purkait et al. reported a one pot synthesis of GeNCs via microwave assisted
heating of a Ge(Il) dihydride precursor.’’ The microwave-initiated method offers in-
situ hydrogermylation of alkenes/alkynes onto the surface of GeNCs and it is particularly
advantageous as it provides access to GeNCs of different sizes by using different concentrations

of precursor (Figure 1-12).
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Figure 1-12. Synthesis and in sifu functionalization of GeNCs upon thermal or microwave irradiation induced
decomposition of PhsPCMe,-GeH,BH3. Representative TEM evaluation of GeNCs obtained from decomposition

of the precursor. 2

B) Hot-Injection Methods

Despite the abundance of single pot heating methods, hot-injection methods are more
usual in this category because they yield more monodisperse particles with faster nucleation and
shorter growth times. Indeed, hot-injection preparation of GeNCs was proposed before the single

pot heating method. Boyle and co-workers reported the synthesis of GeNCs via injection of a

22



solution of germanium (II) bis[bis(trimethylsilyl)amide] (Ge(N(SiMes)2)) and oleylamine into
octadecene that was preheated to 285 °C. By thermally decomposing the Ge[N(SiMes):]

complex, GeNCs with a relatively poor size distribution of about 7 + 4 nm were produced.'®

101 102)

Zaitseva et al. investigated germanium nanostructure (GeNCs™W' and nanowires
synthesis from differently substituted Ge precursors through hot injection. They reported GeNCs
with sizes from 1 to 15 nm prepared by injection of organogermane precursors like
trichlorogermane, tetramethylgermane, tetracthylgermane, and tetrabutylgermane into pre-heated
organic solvents such as trioctylamine, squalene, and octacosane. These solvents have boiling
points in the temperature range from 380 to 429 °C. Trichlorogermane and tetramethylgermane

showed the lowest and highest decomposition temperatures, respectively. Figure 1-13 shows a

representative image of spherical GeNCs produced from the thermal decomposition of

o( 101,102

tetrabutylgermane in squalene at 410

Figure 1-13. TEM images of GeNCs obtained through variation of precursors, solvents, and reaction times:'%! (a)
0.6 mL of TBG in squalene at 410 °C for 35 min; (b) 0.05 weight fraction of dichlorobenzene added to the TBG-

squalene precursor mixture.
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C) Supercritical Fluids Procedure

This protocol involves using solvents at high temperature and pressure and the injection of
pre-heated (not decomposed) Ge precursor solution. As an example, Korgel ef al. have reported
the preparation of GeNCs with sizes from 2 to 70 nm by injecting diphenylgermane and
tetracthylgermane into supercritical hexane and octanol at 400-550 °C and 20.7 MPa in a
continuous flow reactor.'® Octanol is added to control particle growth, appearing to serve as a
capping ligand that binds to the particle surface through an alkoxide linkage. Although they
reported PL for particles around 3-4 nm which was blue-shifted by approximately 1.7 eV relative
to the band-gap of bulk Ge, the surface chemistry of the final particles and origin of PL was still

complicated.

The above approaches were successful in making uniform GeNCs, but they suffer from
drawbacks such as identifying suitable precursors, requiring high temperatures to induce
crystallization, low yield, non-predictable (i.e., complex) surface chemistry and limited control

on the morphology of final NCs.

1.2.2.4.  Solid-state thermal decomposition and reduction methods
Solid-state approaches are less commonly used than solution-based methods for making
free-standing GeNCs. The chemistry behind these approaches is not as well developed as other
methods. Classically, these methods have been utilized for making oxide-embedded GeNCs that
have important potential applications in the electronics industry (e.g., complementary metal-

oxide-semiconductors (CMOS) and non-volatile memories (NVMs)).”6:106-108
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Covering all of the methods used for making oxide-embedded GeNCs like chemical

9 0

vapour deposition,'? ion implantation,'!® co-sputtering,'!! etc. is outside the scope of this Thesis.
Our interests lie in the preparation of oxide-embedded GeNCs via sol-gel approaches. Sol-gel
chemistry can offer facile control over precursor composition and ultimately over morphology of
GeNCs by simply altering reaction conditions like temperature, reaction time and concentration
of reagents (see Appendix A of this Thesis for further details).!'>!!* In this regard, different sol-
gel precursors have been used, being prepared by co-hydrolysis and co-condensation of Si sol-
gel precursors like tetracthoxysilane (TEOS), tetracthoxygermane (TEOG), tetrachlorogermane
(GeCly) or carboxyethyl trichlorogermane (Clz-Ge-C2Hs-CO2H).

Nogami et al. presented one of the earliest examples in this area.''* They reported sol-gel
preparation of silica glass containing 7 wt % Ge, produced by the sol-gel reaction of TEOS and
GeCly — simply the hydrolysis of a mixture of TEOS and GeCl4 and the thermal reduction of the
sol-gel product in a Ha/N, mixture at 400700 °C (Figure 1-14).!'"* They made GeNCs with
diameters of ~5 nm that showed photoluminescence with emission peaks at 2.32, 2.17, and 2.0

eV. They also reported large Ge crystals made by heating the sol-gel product at 800 °C. These

showed no photoluminescence.

Figure 1-14. a) and b) TEM of 7 wt % Ge containing SiO; glasses made from GeCls sol-gel.!'* Prepared by
heating at 500 °C in air, followed by heating in H>/ N, gas at 700 °C for a) 2 h and b) 5 h. ¢) TEM of SiO,

embedded GeNCs made from carboxyethyl trichlorogermane sol-gel polymer.!'!®
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The high hydrolysis rate of GeCls in comparison to TEOS!'*!!® led to difficulties in
producing a homogeneous solid-state precursor and then uniform GeNCs with narrow size
distributions. This was why later works focused on controlling the hydrolysis rate of Ge sol-gel
precursors by replacing GeCls with carboxyethyl trichlorogermane (Cl;-Ge-C2Ha-COoH).!5117
Comparing part ¢ of Figure 1-14 with parts a or b, demonstrates that the results of changing the

precursor in making uniform GeNCs were promising.'!>-118

Ozin et al. used TEOG as a Ge sol-gel precursor with a low TEOG/TEOS ratio to
compensate for the hydrolytic rate differences of these reagents.!!> Annealing the sol-gel derived
oxide at 700 °C in 5 % H2 / 95% Ar crystallizes the germanium to make SiOz-embedded GeNCs.
The authors also continued to liberate GeNCs from the embedding oxide matrix and make free-
standing GeNCs. They removed the SiO> matrix with HF etching and the final GeNCs were

dispersible in ethanol (Figure 1-15).!13
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Figure 1-15. GeNCs synthesis from thermally treated [(GeO2).125(Si02)0.575]» sol-gel copolymer made with acid-

catalyzed hydrolysis and co-condensation of TEOG and TEOS.!!3
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In our group, the solid-state preparation of Si and GeNCs embedded in an oxide matrix via
disproportionation and/or reduction of substoichiometric oxides (RMOx, 0<x<2, M: Si or Ge)
has been demonstrated.!”>!'*"12* Upon disproportionation, the substoichiometric oxide undergoes
a series of reactions to form the thermodynamically favoured products, which are elemental Si or
Ge and form NCs, and the corresponding stoichiometric oxides (i.e., SiO2 and GeO2) which act
as an embedding matrix for the NCs. In this regard, our group reported a robust method for
making SiNCs by reductive thermal processing of hydrogen silsesquioxane (HSQ, SigO12Hg) or
similar polymers (HSiO15)..!""!"” However, following the same procedure for making GeNCs is
not possible because of the lack of the HSQ precursor equivalent or similar polymer for Ge. It
was revealed, though, that thermal processing of organic functionalized germanium rich oxides
[(RGeO15)n] was a means of obtaining oxide-embedded GeNCs.!?? Therefore, our group
concentrated on making GeNCs embedded in GeO> by the thermal processing of the polymer

obtained from a sol-gel reaction of related precursors (see Figure 1-16).
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Figure 1-16. Formation of GeNCs embedded in GeO; from thermolysis of (RGeO: s), prepared by the sol-gel

reaction of chloride- or alkoxy-substituted precursors.'?!
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Phenyl-substituted sol-gel polymer [(PhGeOis).] was thermally processed at different
temperatures under reducing conditions to yield GeNCs embedded in GeO..!?? As a result of two
separate pathways for preparing GeNCs (i.e., uniform disproportionation and non-uniform

surface reduction), the final NCs showed poor monodispersity (Figure 1-17).!21-123

GeNCs have been liberated from GeO; composite powders by direct dissolution of the
oxide matrix in warm water. Although this straightforward method yielded GeNCs, due to lack
of surface functionalization the final particles were suspected to have oxidized (Figure 1-17 A
and B) and oxide impurities in the final NCs (which are suspected to show optical responses;

vide infira) have not been explored.!??
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Figure 1-17. Liberation of GeNCs from a GeO, matrix via warm water washing. A) and B): Suspensions of

GeNC/GeO; composite in warm water after 30 min and 20 hr, respectively. C) TEM images of GeNCs after 30

min in warm water, made by Veinot et al.'?

Later on, the effect of different organic substituents like ethyl, n-butyl, allyl, benzyl,

carboxyethyl, and t-butyl were investigated to determine the minimum temperature at which
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disproportionation would occur while remaining below the thermal reduction threshold of GeO-,
effectively removing the reduction pathway.'?! This produced poor monodispersity in final NCs.
However, a more drastic problem for all kinds of organic substituted germanium rich oxides
(RGeO15) was the relatively high carbon content in the composite after thermal processing.
Carbon impurities cannot be removed by HF etching because of the strong covalent Ge-C bond

and this leads to difficulty in liberation of GeNCs from the embedding oxide layer.!?!

1.2.3. Photoluminescence of GeNCs
While nanostructures of Group 14 semiconductors (i.e., Si and Ge nanoparticles) are
attractive because of their interesting and potentially applicable optoelectronic properties, Ge is

particularly of interest for several reasons:

Ge nanostructures exhibit a large Bohr-exciton radius, which makes it possible to see
quantum confinement in wider size ranges of GeNCs. The globally accepted excitonic Bohr

radius of Ge (24.3 nm) is five times larger than that of Si (4.9 nm) and CdSe (5.6 nm).67-70:124.125

IR-emitting agents (QDs or molecular materials) are very useful for research and
technological applications. For example, in bio-imaging applications, it is best to have IR-
emitting cell labels because live tissues are more transparent for these wavelength ranges and an
improved signal-to-noise ratio is thus achieved.!?® The bulk band-gap of Ge (0.66 eV at 300 K) is
smaller compared to Si (1.1 eV) or CdSe.®!?>!27 So Ge-based nanostructure are expected to
show opto-electrical properties in the comparatively lower energy regions of electromagnetic

spectrum (mostly NIR and IR).

Although, as mentioned previously, bulk germanium shows an indirect band-gap at 0.66

eV, Ge nanostructures have potential behaviour as direct or quasidirect band-gap materials.'?313¢
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Moreover, the energy levels in the band structure are strongly dependent on lattice deformation.
For example, uniaxial tension along the <111> direction of Ge can lead to a change from an
indirect to a direct band-gap.'* In addition, besides the indirect band-gap at 0.66 eV, germanium
also has a direct band-gap at 0.8 eV (Figure 1-18).!2%12%13L132° A" combination of possible
transitions in the emission process, shown in Figure 1-18, can strongly enhance light-emission

efﬁciency. 128,130,133
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Figure 1-18. Energy band structure and density of states of elemental germanium. !

According the band-gap diagram of Ge shown in Figure 1-18, Ge has several gaps between
valence bands and conduction bands with various energies. Thus, its nanostructures can absorb
light over a broad range of spectral region.’® Also, by definition, the absorption coefficient is
stated as the fraction of the light intensity absorbed per unit length in the media and is totally

dependent on the wavelength of incident light.!** According to Figure 1-19, the Ge bulk optical
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absorption spectrum in the energy range from 0.5 to 5 eV samples a large part of the Brillouin

zone. In this context, Ge shows a large absorption coefficient (ca. 2x10° cm™ at 2 eV).!3

absorption coefficient (cm'1)

200 400 800 1000 1200 1400

wavelength (nm)

600

Figure 1-19. The absorption coefficient, a, in a variety of semiconductor materials at 300K as a

function of the wavelength of the light.®

Despite all of these favorable optoelectronic properties of GeNCs and the various
preparation methods (vide supra), PL originating from GeNCs remains the subject of some
scientific controversy. Reports are often contradictory about the source of PL, the critical size of
NCs (Bohr-exciton radius), the expected PL wavelength, determining quantum yield, the effect
of oxide and other surface impurities.'$8%121122130 T add to this complexity, it should be
mentioned that germanium oxide moieties usually show optical responses in the visible region
and thus may cause more misinterpretation.’!3> For example, many research groups have
reported the PL responses of GeNCs made by physical deposition approaches as ranging from

2.1-2.4 eV and arising from the quantum confinement effect of GeNCs from 2-15 nm.577%1%
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However, careful follow-up studies demonstrated that the high energy PL (ca. 2.0 eV) previously

attributed to GeNC emission was in fact the result of surface oxide impurities.'3¢!3%

A seminal work about the nature of quantum confinement in GeNCs has been reported
recently.'*® Veinot et al. employed scanning tunneling spectroscopy to directly evaluate the

quantum confinement effect in single isolated GeNCs (Figure 1-20).
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Figure 1-20. Band-gaps of GeNCs as a function of size. Experimental data (dots with error bar) as reported by

Veinot ef al.'* vs. theoretical data (red line) obtained from Lannoo et al.'*°,

According to Figure 1-20, isolated individual GeNCs exhibit the quantum confinement
effect. In fact, the band-gap of NCs increases from 0.97 to 1.67 eV for GeNC sizes in the

measured range of 10.5 to 3.0 nm,

Figure 1-20 reveals that GeNCs should theoretically and experimentally show
optoelectronic responses in the NIR and IR regions as was discussed at the beginning of this

section. Despite considerable research showing UV-Vis emitting GeNCs (which are mostly due
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to other sources rather than quantum confinement from GeNCs), there is a surprising paucity of
examples of GeNCs showing size-dependent NIR or IR photoluminescence. The first example
was discovered in 1998 by Fujii ef al.,, who measured near-infrared optical responses from
GeNCs embedded in SiO> matrices.!*® They reported PL peaks of 0.88-1.54 eV (1400-800 nm)
for 5.3-0.9 nm diameter particles. This group used a calculation study that related the mole
fraction of Ge to the size of GeNCs embedded in SiO2. Due to the indirect size measurement of
the GeNCs, particularly for smaller particles (i.e., 0.9 nm), and embedding in silica matrices,

obtaining a comprehensive conclusion from this work was not possible.

Synthesis of free-standing IR-emitting GeNCs did not happen until 2010, when Klimov et
al. showed the first colloidal GeNCs derived from the solution reduction of germanium halides.
These exhibited photoluminescence in the infrared spectral region via a band-gap transition.'®
These authors also showed the size dependent properties arising from quantum confinement in
different NC sizes, reporting PL peaks ranging from 980-1140 nm (1.26-1.09 eV) for 3.2-4.0 nm

diameter particles.'®
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Figure 1-21. (A) TEM and HRTEM images of Ge NCs (4.0 + 1.7 nm) with a PL peak at 1160 nm (blue curve in

part B) reported by Klimov et al.'®
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However, follow-up work by Neal et al. showed that the PL quantum yield (up to 8%)
(shown in Figure 1-21) was somehow due to an error in data interpretation.'*® They then reported
that PL Quantum Yield (QY) values for the 2.3, 3.8, and 4.7 nm GeNCs were less than 0.1% in
all cases. These low PL QY in GeNCs are classically believed to be the result of non-radiative
centres such as surface defects or unsaturated germanium species (e.g., Ge=Ge) acting as trap

states that cause thermal energy loss instead of band-gap recombination (i.e., PL).!130:141.142

Despite the extent of these advanced efforts in the synthesis and characterization of
GeNCs, developing methods affording well-defined GeNCs as well as analyzing optoelectrical
properties attributed to these nanoscale semiconductors, remain important targets for

investigation.

1.3. Scope of this Thesis

The main theme of the current Thesis is Ge-based nanomaterials. In the first two
Chapters (Chapters two and three), we have taken advantage of well-established Ge and Si sol-
gel chemistry to prepare different morphologies of GeO> as well as GeO@SiO> core-shell
nanoparticles. The surfactant-free synthesis of GeO» nano-cubes and nano-eggs has been
achieved by applying simple alterations to the composition of the reaction mixture (i.e., ammonia
and water content). These well-defined GeO: nano-cubes and nano-eggs, with narrow size
distributions, have been characterized using different techniques such as SEM, TEM, HRTEM,

and XRD.

Despite the facile control over GeO> NP morphology discussed in Chapter two, hydrogen
thermal reduction of these NPs to elemental Ge nanomaterials was not possible without

significant morphological damage due to aggregation of NPs. Therefore, in the third Chapter, a
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protective shell of SiO» around the GeO> NPs (nano-eggs and nano-cubes) was produced to make
GeO2@Si0; core-shell nano-cubes or nano-eggs. Afterwards, the core and shell were selectively
reduced by 5% H2/95% Ar or elemental magnesium to yield Ge@SiO> and Ge@Si core-shell

NPs, respectively.

Synthesis and surface functionalization of GeNCs with radii smaller than the Ge Bohr-
exciton radius (i.e., 24 nm) are the main subjects of Chapters four and five. We have developed a
method for high-yield preparation of hydride-terminated GeNCs (H-GeNCs) via
disproportionation of a ‘Ge(OH).’ precursor. It has been found that Ge(OH): is able to undergo
an internal oxidation-reduction reaction to form GeNCs embedded in a GeO; matrix. These
GeNCs can be liberated from the GeO> matrix using HF etching to yield H-GeNCs. However,
obtaining uniformly sized GeNCs was not possible without modifying the ‘Ge(OH).’ precursor.
In this context, white, yellow, orange and brown ‘Ge(OH),’ precursors have been prepared and it
has been found that the brown precursor is most suitable for making nearly monodisperse GeNCs
with well-defined surface chemistry. This study clarified some chemistry regarding the

‘Ge(OH),’ precursor, as well.

After preparing H-GeNCs, which will be discussed in the fourth Chapter, surface
functionalization of GeNCs is the subject of Chapter five. In this context, a series of
hydrogermylation approaches (i.e., thermally-activated, radical-initiated, and borane-catalyzed)
has been performed. Our results have proven that surface functionalization occurs under all
functionalization protocols with some differences regarding surface coverage as well as the

degree of ligand oligomerization on the surfaces of GeNCs.

Although Ge is the main subject of the current Thesis, Chapter six explores the

fabrication of Si-amide-Fe3;O4 multi-functional nano-hybrids, indicating that similar chemistry is
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possible for GeNCs as well (see future directions in Chapter seven). Si-amide-Fe3;O4 nano-
hybrids are promising materials for use in biological systems due to the biocompatibility and
fairly low toxicity of Si compared to typical quantum dots such as CdSe. We have prepared
these nano-hybrids via N,N'-Dicyclohexylcarbodiimide (DCC) coupling of undecanoic acid-
functionalized SiNCs to APTM-coated Fe3O4 super-paramagnetic NPs. We have also performed
confocal cell imaging and cytotoxicity evaluation of these novel magnetic hybrid NPs. Chapter

seven will summarize the results and propose some possible directions for pursuing.
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Chapter 2:

Surfactant-free Synthesis of GeO: Nanocrystals with Controlled

Morphologies*

* A version of this Chapter has been published:

Javadi, M.; Yang, Z.; Veinot, J. G. C. Chem. Commun. (Camb). 2014, 50, 6101-6104.
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2.1. Introduction

Germanium dioxide (GeO) is a high-k dielectric®”!'** and its phase stability below 425
°C!* makes it an ideal system for the electronics industry.'#>14 In addition, photoluminescence
(PL) from GeO> nanostructures (e.g., nanowires) has been demonstrated with peak energies at
ca. 3.1 eV (400 nm) and 2.2 eV (563.6 nm).%77%147:148 The origin of this PL has been attributed to
oxygen vacancies, or other surface defects.!**!5! However, this intriguing property remains the
subject of extensive study. Much of the curiosity directed toward GeO» nanostructures arises
from how it differs from its Si counterpart (i.e., SiO»); for example, in addition to its higher
dielectric constant (i.e., £Ge02 = 14.5 vs. gsioz = 3.9),!12143146 it also has a higher refractive index
(MGeo2 = 1.6-1.65 vs. Msioz = 1.45),1°%!33 wider optical transparency window between 280 and
5000 nm (i.e., from UV to near IR region),"®* and a higher linear coefficient of thermal
expansion.!> All of these properties make germanium dioxide nanostructures appealing for a

6

wide range of applications including, optical waveguides,'*® connections in optoelectronic

157,158 87,160,161

communications, photosensors,'> among others.

GeO; nanostructures have been synthesized via sol-gel reactions using
tetracthoxygermane (TEOG)'®? or tetrachlorogermane (GeCls).!>%163164 Unlike the analogous
reactions of tetraethoxysilane used to prepare Stober silica, direct sol-gel reactions using TEOG
or GeCly are rapid and difficult to control/study.'>* As a result, when GeO, nanostructures of
tailored size and/or morphology are targeted, it is necessary to include substantial quantities of
capping agents (i.e., surfactants) to achieve the desired product.!3>163:165-16% Taple 2-1 shows a
summary of literature reporting different shapes of GeO> nanoparticles (NPs). According to this
table, usually large quantities of templating agents (e.g., surfactants) are required to obtain GeO>

nanoparticles of tailored morphology.
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Table 2-1. Summary of methods reported in recent references using surfactant approaches to yield GeO, NPs

Ref

GeOz particles Precursor

Surfactant System

Solvent + Other additives

Nanoparticles form

Kawai et al, Coll. & Surf.,
1999

Ge(OEt)s (~4x10* mol)

Sodium bis(2-ethylhexyl ) sulfosuccinate
(AOT) reversed micelles (~1 g)

2,2 4-Trimethylpentane (~30 mL)

Nanocubes

Wu et al, Chem. Mater.
2006

GeCls (~10 mol)

Cetyltrimethylammonium (CTAB)
reversed micelles (~5 g)

Heptane (~80 mL)
Pentanol (~9 mL)
Oleylamine(~5 mL)
THF (~2 mL)

Nanocubes + spindle-shape

Wang et al, J. Phys.:

Cetyltrimethylammonium (CTAB)

Heptane (~80 mL)
Pentanol (~9 mL)

~10°3
Condens. Matter 18, 2006 GeCli(-10~ o) reversed micelles (~5 g) Oleylamine(~5 mL) Nemozibes
THF (~2 mL)
Chen et al, Materials . . .
Letters 2007, 61, 535~ GeCl4 (~2x10"* mol) Badil @.mﬁ-mﬁg_wﬂq_ JSEORId AL Isooctane (40 mL) Nanocubes
537 (AOT) reversed micelles (~0.88 g)
Davis et al, Langmuir T Lysine* (~0.9 )/9500H20/240Ethanol
2007 Ge(OEt)4(~10- mol) ). e Diamitbesnsbiossdi Water & Ethanol Nanocubes
Heptane (~80 mL)
Li et al, Applied Physics GeCls (~10° mol) Cetyltrimethylammonium (CTAB) Pentanol (~9 mL) St

Letters 91, 2007

reversed micelles (~5 g)

Oleylamine(~5 mL)

THF (~2 mL)
Chiu et al, J. Phys. Chem., Ge(OEt)s (~3x10"* mol) of Triton X-100 (4-octylphenol poly- Cyclohexane (5.60 mL) Hexabranched GeO: (spindle-
2009 ethoxylate, J. T. Baker) (1.56 g) n-hexanol (1.48 mL) shape)
Heptane (~80 mL)
Wang et al, Mater. Sci. 103 Cetyltrimethylammonium (CTAB) Pentanol (~9 mL)
Forum, 2011 el mol) reversed micelles (~5 g) Oleylamine(~5 mL) L
THF (~2 mL)
Octane (~5 mL)
: ’ Pentanol (~1.8 mL)
WHREE, GeCls (~10- mol) Ooa\_:_aﬁrﬁmaao:_:a (TRE) Oleylamine(~0.7 mL) Nanocubes
Nanotechnology 22, 2011 reversed micelles (~1.25 g) THF (~0.5 mL)

formaldehyde water solution (0.5 ml)

This work

Ge(OEt): (4.48x10* mol)

Water & Ethanol

Small NPs, Egg-shape.
Spindle-like and perfect
nanocubes
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While the addition of surfactants facilitates some shape control, these additives are often
costly, toxic, can influence reaction pathways, and complicate material purification.
Furthermore, if the GeO, nanostructures are intended as precursors for other nanomaterials (e.g.,
Ge NPs)!6? even traces of these seemingly inert impurities could lead to contamination. In this
regard, a surfactant-free synthetic approach to well-defined GeO: nanostructures of tailored

morphologies is clearly appealing.

Herein, we report a straightforward method for forming GeO2 NPs of controlled size and
shape. Our approach does not require addition of any templating agents or surfactants, and
achieves morphological tailoring yielding small pseudospherical nanoparticles, nanoeggs,

spindles, and nanocubes of GeO:.

2.2. Experimental

The synthetic methods employed for all of the presented materials generally involve
controlled hydrolysis and condensation of TEOG. Briefly, addition of TEOG to a water/ethanol
solution of ammonium hydroxide with rapid stirring yields a cloudy white suspension. Following
aging the resulting white product was isolated via centrifugation, washed repeatedly with
anhydrous ethanol, and dried in vacuo at 110 °C for 12 hours. Defining the water/ethanol ratio,
ammonium hydroxide concentration, as well as reaction time and temperature yields different
particle morphologies and assemblies. The following discussion focuses on the influences of

these parameters on the evolution of the GeO- particles.

2.3. Reagents and Materials
Tetracthoxygermane (TEOG, 99.99%) was purchased from Gelest, stored in an argon-filled

glovebox and used as received. Anhydrous ethanol and ammonium hydroxide (29.3 wt% NHj3 in
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water) were purchased from Sigma-Aldrich and used as received. High-purity DI water (18.2

MQ/cm) was obtained from a Barnstead Nanopure Diamond purification system.

2.3.1. Synthesis of GeO2 Nanocubes and Nanoeggs

For a typical synthesis, TEOG (100 pL, 0.113 g, 0.45 mmol) was added dropwise with rapid
stirring to 1.0 ml of a water/ethanol solution (2-100 vol. % water) of appropriate ammonium
hydroxide concentration. A white precipitate forms at rates dependent upon the reaction mixture
water content. Stirring was continued for 24 hours to ensure complete hydrolysis and
condensation. Finally, the white precipitate was isolated via centrifugation (3000 rpm), washed

with anhydrous ethanol (three times), and dried in a vacuum oven at 110 °C for 12 hours.

2.3.2. Material Characterization

Electron Microscopy. Bright field Transmission Electron Microscopy (TEM) and Energy
Dispersive X-ray Spectroscopy (EDX) analyses were performed using a JEOL 2010 (LaBg
filament) electron microscope with an accelerating voltage of 200 keV. Samples were by drop
coating ethanol suspensions of GeO; nanoparticles onto carbon-coated 200-mesh Cu grids. TEM
images were processed using Gatan ImageJ software (version 1.46r) and particles size

distributions were obtain by measuring ca. 300 particles.

High resolution (HR) TEM images were obtained from Hitachi-9500 electron microscope with
an accelerating voltage of 300 kV and were processed using Gatan Image] software (version
1.46r). Samples were prepared by drop coating solutions of GeO; nanoparticles dispersed in
ethanol onto a holey carbon coated copper grid (400 mesh). High-resolution TEM (HRTEM) and
Selected Area Electron Diffraction (SAED) were obtained from Hitachi-9500 electron

microscope with an accelerating voltage of 300 kV.
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Scanning electron microscopy (SEM) images were obtained by using a JEOL 6301F field-
emission scanning electron microscope with an acceleration voltage of 5 kV. Samples were
prepared by drop casting GeO> nanoparticles from ethanol suspensions onto a clean (sonicated in

ethanol for >10 min) Si (100) wafer.

X-ray Diffraction (XRD) and FT-IR. XRD was performed using an INEL XRG 3000 X-ray
diffractometer equipped with a Cu Ka radiation source (A = 1.54 A). Crystallinity of all samples
was mounted on a low-intensity background Si (100) holder. Approximately 0.1 g of finely
ground powders have been placed on holder and run for >6 hr acquisition time. Fourier-
Transform Infrared Spectroscopy (FT-IR) of powders of isolated particles was performed on a
Nicolet Magna 750 IR spectrophotometer. Finely ground powders were pressed into KBr pellets

and measured in reflectance mode.

2.4. Results and Discussion
2.4.1. The Influence of Water/Ethanol Ratio

The dependence of GeO> NP morphology on the reaction media water/ethanol ratio for
reactions catalyzed by 10 M ammonium hydroxide is illustrated well in the scanning and
transmission electron microscopy evaluation of the isolated products (See Figures 1 and 2).
Small (13 nm + 21%) pseudospherical GeO2, NPs are obtained when the volume percent (vol. %)
of water is 10 (Figure 2-1 A, B and Figure 2-2 A, B). These small particles are agglomerated,
consistent with the present reaction conditions that do not involve the addition of surface capping
agents. We have hypothesized that, the condensation reaction of alkoxy and/or hydroxy groups
on the surface of freshly formed GeO: particles leads to this agglomeration. Increasing the water

content to 30 vol. % yields nanoegg-shaped (length = 525 nm = 9%; width = 325 nm £ 13%,
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Figure 2-1 C, D and Figure 2-2 C, D) assemblies of the small particles noted in Figure 2-1 A.
GeO: spindles (length = 250 nm =+ 23%; width = 175 nm + 18%, Figs. 1E, F and Figure 2-2 E, F)
with rough surfaces are obtained when reactions are performed at 50 vol. % water. These
spindles are similar to those prepared using reverse micelle templates by Jiang et al.!®> and
Kawai et al.'® Interestingly, contrast in the transmission electron microscopy images is
consistent with the present spindles being hollow (Figure 2-1 F, Figure 2-2 E). The exact
mechanism for the formation of these hollow structures remains unclear and is the subject of
ongoing study in our laboratory. Finally, upon addition of sufficient water (i.e., > 70 vol. %),
well-defined GeO> nanocubes with edge dimensions of 314 nm + 10% are obtained (Figure 2-

1G, H).

Figure 2-1. SEM (top row) and bright field TEM (bottom row) images of GeO, NPs prepared using indicated
water/ethanol ratios: A, B) Small pseudospherical NPs (10 vol. % H»0); C, D) Nanoeggs (30 vol. % H,O); E, F)

Spindles (50 vol. % H»0); G, H) Nanocubes (>70 vol. % H,0).
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Figure 2-2. TEM analysis of GeO, NPs prepared in different water/ethanol ratios: A,B) Pseudospherical NPs (10
vol. % H,0); C,D) Nanoeggs (30 vol. % H»0), Rough surfaces of GeO, nanoeggs (inset) are because of
agglomeration of small particles; E,F) Spindles (50 vol. % H>0). Particles size distributions shown in D and F

highlight distributions of the widths and lengths of the presented asymmetric GeO» nanoeggs and spindles.

Scheme 2-1 summarizes the influence of the vol. % H>O in the reaction mixture on GeO-
NP shape when the reaction is catalyzed by 10~ M aqueous ammonium hydroxide. The observed
evolution of particle morphology may be understood in the context of TEOG hydrolysis and
condensation, combined with a general nucleation and growth mechanism.'** According to Egq.
2-1, hydrolysis of TEOG begins with the formation of Ge(OC:Hs)4.x(OH)x. The exact product
distribution obtained from this reaction will depend upon the water/ethanol ratio (i.e., vol. %

H>0). With increasing vol. % H>O, “x” will tend toward 4 resulting in Ge(OH)4 being the
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Scheme 2-1. A schematic summary of the morphological evolution of GeO, NPs resulting from changes in the

water/ethanol ratio for the sol-gel reaction of TEOG when catalyzed by 10~ M ammonium hydroxide.

dominant product. The hydrolysis product mixture (i.e., Ge(OC2Hs5)4x(OH)x; x = 1, 2, 3, 4)
subsequently participates in condensation reactions (Eg. 2-2) and yields materials whose
properties (i.e., morphology) are expected to depend upon the original hydrolysis product
distribution.

GC(OC2H5)4 + XH20 —_— GG(OC2H5)4_X(OH)X + XC2H50H EC[ 2-1
Ge(OC,Hs)44(OH)y, == Ge(OC,Hs)44(0)yn + (x2)H,O0  Eg. 2-2

At low vol. % water, it is reasonable that x<<4. Under these conditions there are few
reactive sites where condensation can occur and particle formation/growth will proceed slowly.
This is consistent with our experimental observation that ca. 2 hours is required for a cloudy
suspension to form when the reaction mixture vol. % water = 10. In this context, it is reasonable
to expect the particle size to be limited by reaction time and available water; small particles will
result. When the vol. % water approaches 30, small GeO: colloids form more rapidly because
more sites are available for condensation reactions to occur. Under these conditions it is
reasonable that particles will come together forming loosely agglomerated assemblies that
subsequently crosslink through further surface-surface condensation reactions. This process will
yield covalently linked aggregate particle assemblies like those shown in Figs. 1C and D. A
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similar process is expected to occur at higher vol. % water (i.e., 50%) to yield bonded structures
(see Figure 2-1E, F). At vol. % water greater than 70 well-defined crystalline GeO> nanocubes

are formed. The formation and characterization of these nanocubes will be the subject of the

following discussion.

IR spectra of all GeO> morphologies are nearly identical (See Figure 2-3) with a strong

absorption at ca. 895 cm’! that is readily attributed to vibration modes of GeOs tetrahedra.'®
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Figure 2-3. Typical IR spectra of GeO, nanoparticles: A) nanocubes; B) spindles; C) nanoeggs; D)

pseudospherical NPs.

Representative energy dispersive X-ray (EDX) analysis shown in Figure 2-4 confirms the
presence of germanium and oxygen in all NPs presented here. Interestingly, no nitrogen is

detected at the sensitivity of EDX (+ 1-2% atomic % depending on Z)!”* indicating negligible
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ammonium hydroxide contamination. X-ray powder diffraction (XRD, Figure 2-4) confirms the
nanoparticles, regardless of size or morphology, exhibit the hexagonal GeO> (a-GeO:) crystal
structure [PDF #04-0498].1"! Peak broadening in the XRD patterns of small nanoparticles,
nanoeggs and spindles (which are assemblies of small particles) is consistent with small
crystalline domains. Nanocubes show sharp intense signals consistent with their comparatively
large size determined using electron microscopy. Electron diffraction of a single nanocube
(Figure 2-4 C) shows a pattern consistent with a single crystal domain. It has previously been
reported that the most thermodynamically stable crystal planes of a-GeO> are (1-11), (011) and

(10-1).
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Figure 2-4. A) XRD patterns of different GeO, NPs morphologies. i. pseudospherical particles, ii. Nano-eggs, iii.
Spindles, and iv. Nano-cubes; B) A representative EDX spectra for all GeO> NPs morphologies; C) A

representative Selected Area Electron Diffraction (SAED) pattern of a single GeO» nano-cube (inset).

In this context, cube-like nanocrystals terminated by these faces are reasonable.!'®®

Representative high-resolution transmission electron microscopy (HRTEM) analysis of a single
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nanocube (Figure 2-5) shows lattice fringes separated by 0.34 nm consistent with the a-GeO:

(10-1) and (011) planes.'”!

Figure 2-5. A) High resolution transmission electron microscopy (HRTEM) image of GeO; nanocubes; B)
Fourier transformed image of (A) done by ImagelJ software, showing lattice spacing = 0.34 nm consistent with

the a-GeO; (10-1) and (011)] planes.

2.4.2. The Influence of Ammonium Hydroxide and TEOG Concentration.

Having established the optimum vol. % water for the formation of GeO: crystalline
nanocubes (i.e., 100%), we turn our attention to the ammonium hydroxide concentration while
maintaining the water content and TEOG concentration constant. Figure 2-6 shows the influence
of NH4OH concentration on GeO> nanocube morphology. For 0.003 M NH4OH, polydisperse
GeO: nanocubes (edge = 350 nm + 18%, Figure 2-6 A) are obtained. For 0.01 M NH4OH the
product is dominated by well-defined GeO> nanocubes (i.e., 314 nm + 10%: Figs. 6B, C, E).
Increasing the NH4OH to 0.03 M provides polyhedral particles and nanocubes that appear fused

presumably because of surface-surface condensation reactions noted above (Figure 2-6D).
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Figure 2-6. Morphological changes of GeO; nanocubes as a function of ammonium hydroxide concentration. A)

0.003 M, 350 nm + 18%; B,C,E) 0.011 M, 314 nm + 10%, and D: 0.03 M, 287 nm + 33%.

Recall, that under the presented conditions TEOG is expected to be completely converted
to Ge(OH)4 (vide supra). In this context, ammonium hydroxide impacts the acid/base equilibria

of Ge(OH)4 as outlined in Egs. 2-3 and 2-4.17

Ge(OH), + H,0 =—= Ge(OH);O + H3OJr pK;; =93 Eq. 2-3
Ge(OH);0" + H,0 == Ge(OH),0> + H;0" pK,,=12.4 FEq.2-4

The present observations indicate ammonium hydroxide concentration influences particle
shape, but elucidating the exact sol-gel mechanism of particle formation/evolution is difficult
given the constantly evolving distribution of germania sources (e.g., Ge(OH)4, Ge(OH);0,
Ge(OH)20y", etc.) that results from numerous combinations of hydrolysis and condensation
reactions. Complicating interpretation, these reactions will also induce changes in the pH of the

reaction media, which are known to impact sol-gel processes.'”?

Considering the equilibrium presented in Eq. 2-3 and the initial pH of the reaction media

(i.e., pH >10), it is expected that all of the Ge(OH)4 will be deprotonated to form Ge(OH)30".
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According to Eq. 2-4 negligible Ge(OH)30" will be converted to Ge(OH).0,". Well-studied base
catalyzed silicon sol-gel processes suggest it is reasonable the present Ge-O based gels will
exhibit branched structures (See Appendix A of current Thesis for further details).'”* Upon
aging, condensation reactions involving the remaining Ge-OH moieties are expected form
‘GeQy’ tetrahedra as noted in the IR spectra. While elucidating the mechanism for the formation
of crystalline GeO: structures is difficult, and perhaps even impossible to conclusively identify,
it is reasonable that a combination of the established solubility (albeit low) of “GeO»-like”
species in basic water and the stabilization afforded by the lattice energy of a-GeO: (i.e., 12828
kJemol ™)' will lead to the reorganization of the ‘GeOs’ tetrahedra and the formation of the

thermodynamically favorable crystalline structures presented.

Based upon these relationships, the reactive species (and by extension the morphology of
GeO2 NPs) varies upon changing the pH of the system; this is achieved by controlling the
ammonium hydroxide and TEOG concentrations. These equilibria, combined with that described
earlier in Eq. 2-2, explain how higher concentrations of ammonium hydroxide leads to the
consumption of Ge(OH)s (i.e., Eq. 2-3 and 4) and shifts the equilibrium described in Eq. 2-2 to
the left and ultimately dissolving more GeO; (which is not happening here due to lower base
concentration). To further support this proposal, we prepared GeO> nanoparticles from different
concentrations of TEOG to ammonium hydroxide followed by simultaneous monitoring the pH

of solution (Figure 2-7).
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Figure 2-7. Relationship between reaction pH and the concentration of TEOG needed for forming GeO,

nanocubes (the gray circles show the appearance of precipitate in the reaction solution).

Figure 2-7 shows the relationship between TEOG concentration, reaction pH and the
appearance of GeO; precipitate (i.e., GeO2 nanocubes in this case). According to this Figure 2-7,
for the solutions with higher initial pH (higher amount of base), higher amounts of TEOG needed
to show the GeO; perception (nanoparticle forming, shown by gray circles in the Figure 2-7).
After consuming of Ge(OH)4 in acid-base reactions in Egs. 2-3 and 2-4, pH of reaction mixture
stays constant and leftover Ge(OH)s starts forming nanoparticles according to Eq. 2-2 (i.e., pH

reaches gray circles in the Figure 2-7).
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2.4.3. The Effect of Reaction Time and Temperature
The effect of reaction time and temperature were also investigated. Not surprisingly,

based upon isolated yield increasing the temperature pushes the reaction to completion (See

Figure 2-8).
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Figure 2-8. Influence of reaction time and temperature on the yield of GeO, NPs. Uncertainty of yield for each

point is ca. = 5%.

These observations may be understood in the context of the equilibrium summarized in
Eq. 2-2. These reactions form GeO:-like sol-gel products that in turn evolve (vide supra) to form
crystalline GeO; nanocubes. Nanostructures obtained within a short time (0 -2 h for 23 °C, 0 -15
minutes for 60 °C) of adding TEOG are faceted and clearly based upon a “cube-like” structural
motif (See Figure 2-9 A).
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Figure 2-9. Dominant morphologies of GeO, NPs synthesized at different times and temperatures: A) 23 °C (0-2

h), 60 °C (0-15 minutes) B) 23 °C (2-20 h), 60 °C (0-15min) C) 23 °C (>24 h), 60 °C (>6 h).

Upon solution aging (2-20 h for 23 °C or 15 min h for 60 °C) in the reaction mixture,
nanoparticle shapes evolve to form well-defined cubes (See Figure 2-s 9 B, 1G, and H). Again,
the limited water solubility of GeO> plays a role and is expected to lead to the selective
dissolution of high surface energy facets on the randomly shaped structures. Consistent with an
Ostwald ripening like process,'’® we also note the appearance of large (edge dimension ca. 5 um)
faceted structures and an apparent shrinkage of the cubes (See Figure 2-9 C) after extended

solution aging (>24 h for 23 °C or >6 h at 60 °C).

2.5. Conclusions

In conclusion, we have reported a facile method for preparing GeO, NPs of tailored
shape without the use of surfactants. The morphologies, (i.e., pseudospherical particles,
nanoeggs, spindles, and nanocubes) were readily tailored by changing water/ethanol ratios
during the hydrolysis of TEOG. Uniform GeOz nanocubes with narrow size distribution were

obtained by optimizing the concentration of the ammonium hydroxide catalyst.
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Chapter 3:

Synthesis and Characterization of GeO:@SiO: Core-Shell

Nanoparticles and Selective Reduction of Core and the Shell
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3.1. Introduction

Semiconductor-based nanostructures of Group 14 elements (i.e, Si, Ge, SixGeix,
corresponding oxides, efc.) have been subject to extensive studies based on their well-established
applications in electronic, optoelectronic and size-dependent optical properties.®® Although Ge-
based nanostructures such as GeO; and Ge nanoparticles (NPs) show unique properties and
applications, they have not been studied as widely as their Si counterparts. Unlike silica, an
attractive property of germania (GeQO2) is its green-blue photoluminescence (PL) with peak
energies at approximately 3.1 eV (400 nm) and 2.2 eV (563.6 nm).”*!4"-1® This optical response
has been attributed to oxygen vacancies and other surface defects.!* 131176 Compared to silica,
germania has higher dielectric constant!**!?! and refractive index (Mgeo2 = 1.6-1.65 vs. Msio2 =
1.45),152153 lower optical dispersion (higher transparency) in the near-IR region,'>* and higher
linear coefficient of thermal expansion.!>>!7” Therefore, germania is an attractive material for

making wide-angle camera and optical microscope lenses,!”® infrared devices for night-vision

9 6

technology,!” infrared photosensors,'>® optical waveguides,'*® optical fibers and nano-

157,158 180

connections in optoelectronic communications, sealers in vacuum technology; * it also has

extensive potential applications in the electronics industry and integrated circuits. 4146

Important differences also exist when comparing elemental germanium and silicon. For
example, Ge exhibits a smaller band-gap (0.67 eV vs. 1.1 eV at 300 K),* larger Bohr-exciton
radius (24.3 nm vs. 4.9 nm),*”’° higher electron and hole mobility (<3900 cm?/ Vs vs. <1500
cm?/V-s),”! as well as greater capacity for and diffusivity of ions (e.g., Li").”> The properties of
Ge are also expected to be impacted more substantially by quantum confinement effects; this

could provide a photoluminescence response extending well into the near-IR region that may
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provide potential applications for Ge-based nanostructures as in biological imaging,’>’* Bragg

181,182 75-79

reflectors,'® light-emitting diodes, and non-volatile memory devices, and many
others. 837135 There are numerous synthetic approaches for making GeNPs such as solution-phase
reduction of Ge(Il) and Ge(IV) precursors, %% metathesis of Ge-based Zintl salts,”” %% and
thermal decomposition of organogermane precursors.!?1921% Hydrogen thermal reduction of
germanium-oxides or germanium rich sol-gel products is an efficient way to produce well-

d 114,117,120-

defined Ge nanostructures in high yiel 122.187.18% Unlike silica, germania can be

converted to germanium under a slightly reducing atmosphere (5% Hz / 95% Ar) at relatively

low temperatures (ca. 600 °C, Eq. 3-1)!23:162

However, the hydrogen thermal reduction of germanium-oxides suffers from two main
drawbacks: loss of Ge content (as the forms of GeO or simply Ge vapor) and the morphological

damages of nanostructure due to diffusion and agglomeration of Ge atoms.

At the temperatures commonly used for hydrogen reduction of GeO», germanium
monoxide (GeO) can form at the interface of Ge and GeO» (Egq. 3-2). 13719
Ge + GeO2 —> GeO Eq. 3-2
One can envision, GeO being produced by following sub-reactions (Eq. 3-3)!%!
GeO2 + Y2 Hy — GeOs3n+ % H2O

GeOszp + %2 Ho —> GeO+ 2 H20 Eq. 3-3

GeO +2Hy — > GeOipn+ 2 H20
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GeOi + % Hy — > Ge+ % Ha0 Eq. 3-4

Regardless of the mechanism of formation, GeO is volatile and will lead to the loss of

germanium at temperatures higher than ca. 425 °C.1%+1%7

During the thermal processing, Ge atoms formed as a result of the reduction reaction (£g.
3-4) diffuse and randomly agglomerate to yield nanostructures with ill-defined morphology. This
highlights the importance of preparing GeNPs embedded in protective matrices. For example,
Guo et al. prepared GeO; nano-cubes (via the method we developed in the second Chapter of
this Thesis), and used these NPs to obtain high performance anodes for lithium ion battery
applications.!”® GeO, nano-cubes have been coated with carbon layers via carbonization of
acetylene and reduced to elemental Ge, subsequently. The authors hypothesized carbonaceous
coating prevents the aggregation of the GeO: nano-cubes during the reduction, and also it

provides space for the volume expansion of the Ge NPs during lithiation.!?®

GeO2/Ge@Si02 core-shell nanostructures, on the other hand, are extremely important
materials in optical applications.!” 2% While many studies have appeared that focus on the
preparation of GeO2/Ge@SiO2 core-shell nanowires, similar core-shell nanoparticles have not
been studied extensively. In one of the few examples, Liu ef al. have prepared GeO»@SiO> core-
shell/mixed NPs (50-200 nm) by vapor deposition and in-sifu flame oxidation and/or hydrolysis
of the corresponding halides (i.e., GeCls and SiCls).!”” However, the formation of GeO, is
complex and challenging through this method. Lee ef al. used a similar procedure (i.e., vapor
deposition) to make Ge/SiO, core/shell NPs.2* GeCls and SiCls were used as source gases for
making Ge-doped SiO> hollow spheres. An extra growth time of these hollow spheres, yielded

freestanding Ge@SiO> NPs (ca. 50 nm).?® Despite these advances, there are still challenges in
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controlling the morphology of GeO2/Ge@SiO: core-shell NPs. In this Chapter we report a
straight-forward sol-gel-based method for preparing GeO>@SiO2, Ge@SiO, as well as

Ge@Si/Si02 core-shell NPs.

The previous Chapter outlines a facile approach for preparing GeO> NPs with
morphologies and narrow size distribution via a surfactant-free sol-gel reaction of
tetracthoxygermane (TEOG).!'? In this Chapter, we build on these investigations and
encapsulating these GeO: structures in Stober silica shells. Subsequently, the core and the shell
of these NPs were selectively reduced by 5% Hz/ 95% Ar and magnesium, to yield Ge@SiO-

and Ge@Si core-shell NPs, respectively (Scheme 3-1).

3.2. Experimental

3.2.1. Reagents and Materials

Tetraethoxygermane (TEOG, 99.99%) was purchased from Gelest. Tetraecthoxysilane
(TEOS, 99%), ammonium hydroxide (29.3 wt % NH3 in water), magnesium powder (granular,
20 - 230 mesh, 98%) as well as reagent grade anhydrous ethanol were purchased from Sigma-
Aldrich. High-purity DI water (18.2 MQ/cm) was obtained from a Barnstead Nanopure Diamond

purification system. All reagents were used as received unless otherwise specified.

3.2.2. Synthesis of GeO2@SiO2 Core-shell NPs
GeO2 NPs (i.e., 0.03 g, nano-cubes or nano-eggs) obtained from the procedures outlined
in section 2.2 in the second Chapter of current Thesis, were dispersed in a mixture of 9.0 mL

ethanol and 1.0 mL aqueous concentrated NH4OH by sonication for <30 seconds. After stirring
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for 10 min, TEOS (65 pL, 0.3 mmol) was added dropwise to the suspension. After a predefined
time (i.e., 15 min, 30 min, 1 h and 24 h), the stirring was stopped and the white product was
separated by centrifugation (3000 rpm, 5 min). Clear, colorless supernatant was discarded and

white precipitate vacuum dried at 110°C for 12 h. Typical mass yields were ca. 0.035 - 0.045 g.

3.2.3. Selective Reduction of GeO: core; Synthesis of Ge@SiO2 Core-shell NPs

A quartz boat containing ca. 0.1 g of GeO2@SiO> NPs obtained from the procedure noted
above were placed in a Lindberg Blue tube furnace under a flow of 5% Hz / 95% Ar (ca. 15
mL/min). The temperature was ramped to 600 °C (20 °C/min) and maintained for a predefined
time (i.e., 1, 2, 4, 8, 12 and 15 h). Under these conditions, SiO: is not reduced; the GeO> core is
selectively converted to Ge to yield Ge@SiO2 NPs. The original white GeO2@SiO: core-shell
NPs turned dark brown consistent with the reduction of GeO: to Ge. The crude dark brown
product was collected and mechanically ground in an agate mortar and pestle and stored for

further reaction and characterization. Typical mass yield was ca. 0.08 g.

3.2.4. Selective Reduction of the SiO:2 Shell; Preparing Ge@Si/SiO2 Core-shell NPs

In a quartz boat, ca. 10 mg of Ge@Si0> core-shell NPs were gently mixed with various
amounts of fresh Mg powder (5, 10, 20 and 30 mg). The boat was placed in a Lindberg Blue tube
furnace and kept under a steady flow of Ar (Praxair, zero 4.3, flow rate of ca. 15 mL/min). The
temperature was ramped to 600 °C (20 °C/min) and maintained for a predefined time (i.e., 6, 10,
15 and 18 h). Black solid composites were collected and mechanically ground in an agate mortar
and pestle. Finally, the finely ground powder was dispersed in 5 mL of water. Hydrochloric acid

(2 mL, 1 M) was slowly dropped into the mixture to remove unreacted Mg as well as MgO by-
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product (Caution: This reaction is extremely exothermic). After 30 minutes of stirring, the black
powder was separated from solution by centrifugation (3000 rpm, 5 min) and vacuum dried at

ca. 70°C for 2 h. A typical mass yield was ca. 7 — 10 mg of Ge@Si/SiO> core-shell NPs.

3.2.5. Characterization

Bright field Transmission Electron Microscopy (BF-TEM) and energy dispersive X-ray
(EDX) analyses were performed using a JEOL 2010 electron microscope equipped with a LaBe
filament working on 200 keV accelerating voltage. Anhydrous ethanol was used for dispersing
NPs (ca. 1 mg/mL) and dropping onto carbon-coated 200-mesh Cu grids (Electron Microscopy
Science) placed on a piece of filter paper. Excess solvent was absorbed to the filter paper and the
residual solvent was removed in vacuo. High resolution Transmission Electron Microscopy
(HRTEM) images were obtained using a Hitachi-9500 electron microscope with an accelerating
voltage of 300 kV and processed using Gatan ImageJ software (version 1.46r). HRTEM samples
were prepared as described for BF-TEM by placing 1-3 drops of ethanol/NPs dispersion (ca. 1
mg/mL) onto a holey carbon coated copper grid (400 mesh, Electron Microscopy Science).
Secondary electron scanning electron microscopy (SE-SEM) images were obtained by using a
JEOL 6301F field-emission scanning electron microscope with an acceleration voltage of 5 kV.
Samples were prepared by drop-casting of an ethanol dispersion of NPs (ca. 1 mg/mL) onto a of

Si surface wafer.

X-ray Diffraction (XRD) of samples were performed using an INEL XRG 3000 X-ray
diffractometer equipped with a Cu Ka radiation source (A = 1.54 A) and CPS-120 detector.
Crystallinity of all samples was evaluated for finely ground powders mounted on a low-intensity

background Si (100) holder.
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3.3. Results and Discussion

3.3.1. Hydrogen thermal reduction of GeO2 NPs

The thermal reduction of GeO> nano-cubes and nano-eggs (without silica shells) were
studied to evaluate morphological changes resulting from the reduction procedure. Electron
micrographs of GeO» nano-cubes and nano-eggs have been shown in Chapter 2 of current Thesis
(Figure 2-1). Figure 3-1 A and B show BF-TEM and SE-SEM images of GeO> nano-cubes and
nano-eggs after exposure to a flow of 5% Hz / 95% Ar at 600 °C for 2 h. The related XRD
patterns (shown in Figure 3-1 E and F) display a-GeO; reflections along with the characteristic
peaks at 20 = 27.3°, 45.3°, 53.7°, 66.1°, 72.9° and 83.8° which were assigned to diamond Ge
crystalline domains (indexed to {111}, {220}, {311}, {400}, {331}, and {422}, respectively).?*}
The presence of both sets of reflections (i.e., the remaining a-GeO; along with diamond Ge)
evidences incomplete thermal reduction. An inspection of the morphologies of nano-cubes and
nano-eggs after annealing for 2 h (Figure 3-1 A and B) reveals catastrophic morphological
changes even in case of incomplete reduction (i.e., 2 h at 600 °C). According to Figures 3-1 C
and D, particles become rounded and aggregated upon heating for 2 h at 600 °C under 5% Ha /

95% Ar, and this change is more pronounced for the nano-cubes.
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Figure 3-1. A,B) SE-SEM and BF-TEM (inset) images of partially reduced (A) nano-cubes and (B) nano-eggs

(in both cases, partially reducing obtained after 2 h annealing in 600°C under 5% H>/ 95% Ar. Scale bars are
1um). C, D) SE-SEM images completely reduced (C) nano-cubes and (B) nano-eggs after heating for 12 h in
600°C under 5% H,/ 95% Ar (Scale bars are 1um) E, F) Comparing XRD patterns of GeO» nano-cubes and

nano-eggs before and after partial as well as complete reduction compared to standard reflections of diamond Ge

and hexagonal a-GeOs.
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Complete reduction of GeO> NPs by annealing GeO> NPs for longer times (i.e., 12 h), is
not possible without extensive loss of parent particles morphology. Figure 3-1 C and D shows
the SE-SEM images of GeO> nano-cubes and nano-eggs after complete reduction to Ge by
exposing them to a flow of 5% Hz/ 95% Ar at 600 °C for 12 h. Completion of the reduction
process has also been supported with XRD analyses (Figure 3-1 E and F). The SE-SEM images
indicate that GeO, NPs entirely lose their morphology upon complete reduction. We have also
observed initial weight losses of 44% for nano-cubes and 61% for nano-eggs. The expected
weight loss value for converting GeO, to Ge is ~30% (GeO2 My=104.64 gemol! vs. Ge
M,=72.64 gemol!). These experimental values appear higher than the expected weight losses

and can be accounted for by the evaporation of Ge and/or GeO (vide supra).

Generally, hydrogen thermal reduction of GeO: NPs, is not possible without
morphological damage due to melting or softening of elemental Ge, migration of Ge atoms,
aggregation of particles and evaporation of Ge content.!!'* Therefore, making a protective shell of
Si0; around the GeO> NPs (nano-eggs and nano-cubes) was pursued as the next logical step in

the current work (Scheme 3-1).
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Scheme 3-1. Different GeO,@SiO: core-shell nano-cubes and nano-eggs reported in current Chapter
along with the selective reduction of the core and the shell; forming Ge@SiO,, and Ge@Si core-shell

NPs, respectively.
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3.3.2. Synthesis of GeO2@SiO2 core-shell NPs

A Stober silica coating around GeO; NPs was made via the well-known sol—gel
processing of silicon alkoxides in an alkaline suspension of particles in ethanol.?**2%7 Figure 3-2
shows the BF-TEM image, XRD pattern and energy dispersive X-ray spectra of GeO@SiO>
core-shell NPs. Based on the image contrast in the bright-field BF-TEM images, the darker parts
in the center of the core-shell NPs are related to heavier element compounds (i.e., GeO>) and the
brighter regions around the core correspond to lighter elemental combinations (i.e., SiO»).
Moreover, crystalline GeOz cores show higher contrast compared to amorphous SiOz shells.
Figure 3-2 C and D show the XRD patterns of GeO@SiO: core-shell NPs, which are mainly
similar to the reflection patterns of a-GeO> crystals (Figure 3-1 E); only a broad reflection is

noticed around 20 = 25° which is related to amorphous Si0,.2%®
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Figure 3-2. A, B) BF-TEM and SE-SEM (inset) images for GeO,@SiO, core-shell nano-cubes (A) nano-eggs (B)
(Scale bars are 500 nm). C) XRD patterns of GeO>@SiO;, core-shell nano-cubes with broad peak around 26 = 25°
related to amorphous SiO,. D) Comparing EDX spectrum of GeO,@SiO; core-shell nano-cubes with GeO, nano-

cubes.

EDX analysis of GeO>@SiO> core-shell nano-cubes in Figure 3-2 D also proves the
presence of silicon, germanium and oxygen, as expected. The EDX spectrum of GeO, NPs show
only germanium and oxygen (copper and carbon signals are from the substrate). Comparing the

EDX spectra of GeO2@Si0: core-shell nano-cubes with those of GeO; nano-cubes, a decrease in
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Ge signal intensity is observed upon formation of the silica shell. This observation could be due

to embedding of the Ge cores inside shielding silica layers.

The shielding effect of the silica shell can be useful to track its thickness: the thicker the
Si0> shell, the lower the Ge signal observed in EDX analyses. The silica shell thickness was

controlled by stopping the reaction at defined elapsed times from adding TEOS (15 min, 30 min,

1 h and 24 h).

Figure 3-3 shows how shell thickness increases as a function of TEOS sol-gel reaction
time. According to BF-TEM images shown in Figure 3-3 A to E, approximately 15 minutes after
adding TEOS a thin shell of silica (ca. 21 + 6 nm) is distinguished around the GeO2 nano-cubes
(Figure 3-3 B). The shell thickness increased to 39 £ 5 nm, 45 + 11 nm, and 62 + 18 nm after 30
min, 1 h and 24 h from adding TEOS, respectively. In addition, it is important to note that shell
growth is limited by the amount of available TEOS, as shown in several reports.?****” The shell
grows rapidly for the first 30 minutes to ca. 40 nm and continues to grow up to 60 nm after 24
(Figure 3-3 F). This observation suggests that the majority of TEOS has been consumed in the

first 30 min of the reaction, and this limits further growth of the shell.
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Figure 3-3. BF-TEM images of A) GeO; nano-cubes and B-E) GeO,@SiO; core-shell NPs after defined time from
adding TEOS (Scale bars are 500 nm). F) Distribution and standard deviations of SiO, shell thickness vs. reaction
time. G) Size distribution and standard deviations of GeO: core in GeO,@SiO> core-shell NPs vs. reaction time. H)

Si/Ge atomic percentage in EDX analyses for GeO,@SiO; core-shell NPs vs. reaction time of TEOS.

A similar trend in increasing the shell thickness has been observed for elemental ratios of
Si and Ge in EDX analyses of all particles shown in Figure 3-3; for all core-shell samples, the
germanium (from the core) and the silicon (from the shell) have been observed together.
However, due to the shielding effect of SiO,, the penetration of EDX electrons into the GeO»
phase is increasingly limited by greater shell thickness. The Si signal also increases and the Ge

signal coming from the GeO: core decreases. In this context, the Ge/Si signal ratio changes from
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3 to 1.7, 1.0 and finally to 0.5 for samples after 15, 30, 60 min and 24 h, respectively, after

adding TEOS (Figure 3-3 H).

3.3.3. Selective reduction of the core; preparing Ge@SiO:2 core-shell NPs

Samples with a shell thickness of 45 + 11 nm (60 min after adding TEOS) were chosen
and reduction was carried out using a flow of 5% H> and 95% Ar under constant heating up to
600 °C for a controlled time. This is a typical procedure for the hydrogen thermal reduction of

germanium rich oxide sol-gel products.'?!:162

The reduction of GeO: to elemental Ge was confirmed by XRD analysis. Figure A and D
(A for nano-cubes and D for nano-eggs) shows XRD patterns for GeO2@SiOz core-shell NPs
after reduction (600°C under 5% Ha/ 95% Ar) for indicated times. The intensities of the
reflections from hexagonal GeO: decrease with increasing reduction time. Finally, a-GeO:
reflections disappear after 12 h for nano-cubes and 15 h for nano-eggs. New reflections appear at
20 = 28, 46, 54 and 68°, which are assigned to the diamond cubic crystalline Ge;** this is
evidence for the formation of elemental Ge. This observation supports the complete reduction of

GeO: to Ge and thus the conversion of GeO2@S10: core-shell NPs to Ge@SiOz core-shell NPs.
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Figure 3-4. A) XRD patterns of GeO,-SiO; core-shell nano-cubes after reducing in 5% H»/ 95% Ar for indicated
times, compared to standard Ge and hexagonal GeO; patterns. B) BF-TEM and C) SE-SEM images of Ge@SiO»
core-shell nano-cubes (reduced for 12 h, scale bars are 500 nm). D) XRD patterns of GeO>-SiO; core-shell nano-
eggs after reducing in 5% H,/ 95% Ar for indicated times, compared to standard Ge and hexagonal GeO, patterns.

B) BF-TEM and C) SE-SEM images of Ge@SiO, core-shell nano-eggs (reduced for 15 h, scale bars are 500 nm).
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Figure 3-4 also shows BF-TEM and SE-SEM images of Ge@SiO> core-shell NPs (B, C
for nano-cubes and E, F for nano-eggs). Based on the BF-TEM images of the same particles
(Figure 3-5 B for nano-cubes and E for nano-eggs), no Ge leakage and/ or diffusion through the
surrounding shell are observed. Based on SE-SEM images of Ge@SiO> core-shell nano-cubes
and nano-eggs (Figure 3-4 C and F), there are no melted and/ or agglomerated NPs as there was
for the previously reported particles without shells (Figures 3-1). The shape and morphology of
the silica shells remained constant during complete annealing (12 h for nano-cubes and 15 h for
nano-eggs) for all core-shell NPs. This indicates that the silica shell is rigid and dense enough to
keep the NPs separated and prevent aggregation and accumulation. Shrinkage of GeO> cores
during the reduction process (Figure 3-4 B and E) was not unexpected as the long Ge-O-Ge bond
(346 pm, angled bond)?!%?!! is reduced to yield the comparatively shorter Ge-Ge bond (241 pm),

causing the shrinkage of the core.

3.3.4. Reducing the silica shell of Ge@SiO2 NPs; Preparing Ge@Si core-shell NPs

In the reduction of GeO2@SiO2 core-shell NPs, the conditions used for complete
reduction of the GeO; cores to Ge (12 h or 15 h at 600 °C under 5% H> / 95% Ar) are not
sufficient to reduce the SiO; shells. With the goal being to ultimately make Ge@Si core-shell
NPs, the reduction of silicon oxide to elemental silicon under a slightly reducing atmosphere is
not possible unless temperatures higher than ca. 1200 °C are used.?!? In the case of GeO@SiO>
core-shell NPs, using such severe conditions is not feasible due to the sensitivity of core-shell
structures to high temperatures. Magnesiothermic reduction has recently been presented as an

alternative method for preparing Si-based nanomaterials at significantly lower temperatures (e.g.,
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500 °C).2'32!4 Due to the destructive nature of thermal reduction at higher temperatures,®'®
magnesiothermic reduction was investigated as a promising method for reprocessing silica with
minimal structural damage.'®-21%2!7 For example, Tolbert et al. used magnesiothermic reduction
for ordered mesoporous silicon films in which silicon had been prepared through
magnesiothermic reduction of polymer templated silica thin films. According to the authors,
magnesiothermic reduction conserved the ordered design but replaced the dense silica walls with

10-17 nm silicon crystals.?!®

According to Eq. 3-5, during magnesiothermic reduction one mole of silica reacts with
two equivalents of magnesium powder to produce elemental silicon and magnesium oxide. The
magnesium oxide by-product can be washed off via exposure to a dilute acidic solution.
Interestingly, using excess magnesium not only fails to bring about reduction but also leads to

the formation of impurities such as magnesium silicide (Eq. 3-6).2'8

Si0y) +2 Mg —— Si(g, +2 MgO Eq. 3-5

Core-reduced NPs (Ge@SiO>) were selected for magnesiothermic reduction of the SiO»
shell. Defining the exact equivalent amount of Mg is not feasible due to uncertainty in the
determination of SiO2 amounts in Ge@S10> core-shell NPs. With respect to the aforementioned
critical limitation of magnesiothermic reduction (i.e., the formation of magnesium silicide
layers), magnesium amounts have been optimized to reduce the likelihood of forming impurities
such as Mg>Si. In addition, the reaction times were optimized to avoid extended heating periods

and possible morphological damage.
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3.3.4.1. Optimizing the amount of Mg

For determining the optimum amount of Mg powder, Ge@SiO> core-shell NPs were
gently mixed with different amounts of Mg powder and the mixture annealed under a flow of Ar.
Figure 3-5 shows XRD patterns of Ge@SiO> core-shell NPs before and after magnesiothermic
reduction using different amounts of Mg powder. According to this figure, the expected MgO
by-product is produced in all cases. However, Mg>Si is only being formed when higher amounts
of Mg have been applied for reduction (i.e., 30 mg in sample 5). This observation is consistent

with the results expected from Egs. 3-5 and 3-6.
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Figure 3-5. XRD pattern of Ge@SiO, core-shell NPs before (1) and after (2-5) magnesiothermic reduction by
exposing to different amounts of Mg. Number 2-5 are patterns after magnesiothermic reaction of 10 mg
Ge@SiO> core-shell NPs with 5, 10, 20 and 30 mg Mg powder, respectively. Magnesiothermic reactions were

performed at 600 °C under Ar flow for 6 h.
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In this context, the highest amount of Mg used without forming Mg>Si by-product has
been identified as the optimum condition for the present study. According to Figure 3-7, using 20
mg of Mg powder for the reduction of 10 mg of Ge@SiO> core-shell NPs (sample number 4 in

Figure 3-5) has been determined to be the ideal mass ratio of reactants.

It should be noted that all magnesiothermic reactions in Figure 3-7 were performed for 6
h under Ar flow. The appearance of reflections from by-products such as MgO and Mg»Si are
indirect evidence for the reduction of the SiO» shell to elemental Si (Figure 3-7). There are also
direct indications for the presence of elemental Si, however closer attention is required.
According to Table 3-1, the diamond crystal structure of Ge and the diamond crystal structure of

Si have similar lattice parameters.?*?

Table 3-1. Values of 26 for diamond Si compare to similar diamond Ge crystal structures

(11} 2200 (311} {400} {331} {422

Si ‘28.43 47.29 56.10 69.11 76.35 88.00
Ge ‘27.30 45.34 53.74 66.06 72.88 83.76

It is expected that the reflections of Si and Ge crystallographic planes in the XRD pattern
of Ge@Si core-shell NPs will appear at similar 20 values. Looking at Figure 3-6, the broadening
of Ge reflections during magnesiothermic reaction can be related to the formation of elemental

Si.
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3.34.2. The effect of time on magnesiothermic reduction

After optimizing the amount of Mg (sample number 4 in Figure 3-5), the effect of
prolonged heating times was investigated and showed interesting results. Figure 3-6
demonstrates XRD patterns of Ge@SiO core-shell NPs after magnesiothermic reduction with

the optimum amount of Mg for defined times: 10, 15 and 18 h.
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Figure 3-6. XRD patterns of Ge@SiO, core-shell NPs after magnesiothermic reduction with optimum Mg

amount for: 1) 10 h, 2) 15hand 3) 18 h

Besides the broadening of Ge reflections due to the production of Si (vide supra), other
reflections start to appear close to the correlated 260 values of diamond Ge (shown by a ‘$’ in
sample number 2 in Figure 3-7). These new reflections are attributed to crystalline elemental

silicon. Further annealing for longer times causes the appearance of a third reflection right
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between the other two (shown by a red arrow in sample 3 in Figure 3-6). We believe the new

reflection can be attributed to SixGe;x elemental mixture.

The formation of elemental Si in the shell of core-shell NPs has been confirmed by EM
imaging as well. According to Figure 3-7, some dark spots appear in the shell of Ge@SiO:> core-
shell NPs after 6 h of magnesiothermic reaction with the optimum Mg amount (Figure 3-7 A, B).

These dark spots are attributed to Si nano-domains surrounded by SiO; matrices.

Figure 3-7. A) BF-TEM image of Ge@Si/SiO, core-shell after magnesiothermic reduction with optimum Mg
amount (600 °C for 6 h under Ar). Dark sports in the shell are related to Si nano-domains. B, C) HRTEM of

crystalline silicon domains embedded in SiO, matrix in the shell with lattice spacing of 3.3 nm related to Si [111].

Compared to SiO2 medium, crystalline silicon domains have higher crystallinity and
density and therefore show higher contrast in bright field TEM. HRTEM also provides further
evidence for Si crystalline domains embedded in SiO. Figure 3-7 C shows the characteristic

lattice spacing of 3.3 A for the [111] crystal planes of diamond Si. Although these results are
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presenting the reduction of SiO2 shell to Si crystals embedded in SiO2, complete reduction of

Si0; shell to Si shell needs further studies and examinations.

In conclusion, hydrogen thermal reduction of GeO> nano-cubes and nano-eggs was not
successful without extreme morphological damage to the GeO» nanostructures. Therefore, a shell
of silica was produced around GeO> NPs to make GeO>@SiO> core-shell nano-cubes and nano-
eggs. Afterward, selective reductions of the core (i.e., GeO2z) by 5% Hz/ 95% Ar and the shell
(i.e., Si02) by magnesiothermic reduction were carried out. Consequently, GeO2@SiO> as well
as Ge@Si/SiO2 core-shell nano-cubes and nano-eggs were prepared and subsequently

characterized with XRD, TEM, SEM, HRTEM and EDX analyses.
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Chapter 4:

Germanium (II) Hydroxide: A Precursor for Facile Preparation of Oxide-

Embedded and Freestanding Ge Nanocrystals®

* A version of this Chapter has been published:

Javadi, M.; Picard, D.; Sinelnikov, R.; Narreto, M. A.; Hegmann, F. A.; Veinot, J. G. C Langmuir 2017.

Article ASAP, DOI: 10.1021/acs.langmuir.7b00358
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4.1. Introduction

Germanium is an interesting case to study in the field of semiconducting materials.®® It
was the first member of Group 14 to be used in semiconductor electronics in the second half of
last century.?!®?2° Despite the favorable properties of Ge, the chemistry and size dependent
properties of GeNCs have not been studied to the same extent as their Si analogues.®
Presumably, this difference arises because there is a lack of robust synthetic techniques for

making GeNCs with well-defined size and surface chemistry.

As outlined in Chapter 1 of this Thesis, GeNCs have been prepared using a variety of
different methods including top-down procedures like laser ablation’?® and ball milling,** as
well as bottom-up techniques such as plasma pyrolysis of GeHy in the gas phase,??> metathesis of
Ge Zintl salts,”’ %186 solution-phase reduction of Ge(II) and Ge(IV) compounds,!*3# and
thermal decomposition of organogermane precursors.!?-19%105 While these methods provide
some control over the preparation of GeNCs, challenges remain including: limited product yield,

size polydispersity, ill-defined shape, complex surface chemistry.

Si and GeNCs have been prepared via disproportionation and/or reduction of
substoichiometric oxides (RMOy, 0 < x < 2, M: Si or Ge) in solid phase.'”!'""122 Upon
disproportionation, the substoichiometric oxide undergoes a series of reactions to form elemental
nano-domains embedded in the corresponding stoichiometric oxides (i.e., SiO> and GeO3). In
this regard, reductive thermal processing of hydrogen silsesquioxane (HSQ, SigsO12Hg) or the
similar polymer (HSiOis), has been extensively used for preparing SiNCs.!'”!'" A similar

procedure for making GeNCs is not readily possible because of the lack of an HSQ equivalent
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precursor for Ge. However, thermal processing of organic functionalized germanium rich oxides

[(RGeO1 5)] provided a means of obtaining oxide-embedded GeNCs,!!%121:122

In an earlier investigation from our group, a phenyl substituted sol-gel polymer
[(PhGeO15)a] was thermally processed at different temperatures under reducing conditions to
yield GeNCs embedded in GeO,. It was determined that, during annealing, GeNCs were
produced via two different pathways: disproportionation of substoichiometric oxides (Eg. 4-1),
and thermal reduction of stoichiometric oxide (i.e., GeOa, Eq. 4-2). The later pathway occurs

preferentially at the surface and as a result, the final NCs were size polydispersed.

A

RGeO1 5 —  Ge+GeOxT>525°C, 5% Ha/ 95% Ar Eq. 4-1
A

GeO, + Hz —  Ge+HxOT>600°C, 5% H2/95% Ar Eq. 4-2

The effects of the organic substituent (e.g., ethyl, n-butyl, allyl, benzyl, carboxyethyl, and
t-butyl) were investigated in attempts to lower the tempertaure at which disproportionation
would occur while remaining below the thermal reduction threshold of GeO,. The goal was to
remove the reduction pathway.!'?! Unfortunately, polydispersity of GeNCs remained a problem.
More importantly, introduction of organic substitution in germanium rich oxides (RGeO;s)
resulted in high carbon content in the composite after thermal processing and presented

difficulties in the liberation of GeNCs from the embedding oxide matrix.'?!

In this Chapter we introduce a facile method for making carbon-free GeNCs/GeO:
composites from a partially oxidized form of germanium (i.e., ‘Ge(OH),’). We started from an
abundant and inexpensive bulk GeO> powder followed by reduction in water-based solution.

Thermal processing of the resulting ‘Ge(OH),’ powder under an inert atmosphere (i.e., Ar) with
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no reducing gas yielded GeNCs embedded in GeO> which can be liberated from the oxide matrix

as hydride-terminated NCs which were then functionalized with dodecene.

4.2. Experimental

4.2.1. Reagents and Materials.

Germanium dioxide powder (GeO2, 99.9%) was purchased from Eagle-Picher.
Hypophosphorous acid solution (50 wt. % in H>0), sodium hydroxide pellets, 1-dodecene (97%),
as well as reagent grade methanol, toluene, and ethanol were purchased from Sigma-Aldrich.
Electronics grade hydrofluoric acid (HF, 49% aqueous solution) was purchased from J. T. Baker.
Hydrochloric acid (36.5 - 38%) and ammonium hydroxide (28 - 30%) were purchased from
Caledon Lab. Ultrapure H,O (18.2 M€/ cm) purified in a Barnstead Nanopure Diamond

purification system was used in all reactions.

4.2.2. Synthesis of Germanium (IT) Hydroxide (‘Ge(OH)>’).

The synthetic procedure for making ‘Ge(OH),” was modified from earlier reports.??6-23!
In a typical preparation, 1.0 g of germanium dioxide powder was dissolved in 7.0 mL of a freshly
prepared concentrated (~17 M) NaOH aqueous solution. Upon slow addition of 24 mL HCI (6
M) solution over a timeframe of ca. 1 min, the GeO, powder reprecipitated and then redissolved
to give a clear acidic solution of Ge (IV). Subsequently, 7.5 mL of 50 % H3PO; in water was
added all at once. The resulting colourless solution was refluxed for 5.5 h under a flowing
positive pressure of Ar. The solution was cooled to below ca. 5 °C in an ice-salt bath for ca. 15

minutes and approximately 10 mL of concentrated NH4OH solution was added dropwise to yield

a yellow precipitate of ‘Ge(OH),’. (Caution: this reaction is extremely exothermic and care
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should be taken to maintain the temperature at ca. 5 °C.) The yellow precipitate was recovered
by vacuum filtration and washed three times with ca. 100 mL of deionized/deoxygenated water.
Finally the solid was dried under vacuum for 12 hours and stored in an argon filled glovebox

until needed. Typical yields exceed 90%.

In similar way, orange and brown ‘Ge(OH),’ products were prepared by maintaining the
temperatures of Ge(II) solutions at 50 °C and 100 °C, respectively while adding NH4sOH. A
white precipitate was also prepared by cooling the Ge(II) solution to <5 °C followed by adding
ca. 50 mL deionized water (without adding any NH4OH solution). Isolation, purification and

storage of orange, brown and white products are as described above.

4.2.3. Thermal Processing of Germanium (II) Hydroxide.

Thermal processing of the germanium precursors (i.e., yellow, orange and brown
‘Ge(OH)2’) was performed using a Lindberg/Blue tube furnace in flowing argon gas (15
mL/min). Typically, ca. 0.5 g of ‘Ge(OH).” yellow powder (or white/orange/brown powder)
were transferred into a quartz boat, placed in the furnace and heated to a predefined processing
temperature at 20 °C/min where it remained for 1 h. After cooling to room temperature a
composite of GeNCs in germanium dioxide matrix (GeNCs/GeO2) was obtained as a
black/brown powder. The composite was ground using an agate mortar and pestle and stored
under ambient atmosphere for further use and characterization. Typical yields were >0.4 g of

GeNCs/GeOs composites.

4.2.4. GeNC Isolation.
GeNCs were liberated from the GeO> matrix upon etching of GeNCs/GeO> composite

with alcoholic HF solutions. The finely ground product obtained from thermal processing (~50
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mg) was magnetically stirred in 1.0 mL of a 1:1 solution of ethanol and water for ca. 10 min in a
PET beaker. Subsequently, 0.5 mL of HF (49 % aqueous solution) was added dropwise.
(Caution: HF must be handled with extreme care.) The effect of etching time was studied by
stirring the etching mixture for different times (i.e., 5, 15, 30, 60, and 120 min). After stirring the
mixture for the desired time (ideally 15 min), three portions of ca. 5 mL toluene were added to
extract the GeNCs. The cloudy toluene layer was separated and centrifuged at 3000 rpm to yield
a black precipitate. This precipitate was dispersed in toluene containing activated molecular
sieves (ca. 1 g, 4 A) and agitated for approximately one minute. The suspension was transferred
to centrifuge tubes and the black precipitate (i.e., hydride-terminated GeNCs) was recovered
upon centrifuging at 3000 rpm and immediately functionalized as outlined below. Typical yield

of hydride-terminated GeNCs was ca. 10 mg.

4.2.5. Thermally Induced Hydrogermylation of GeNC.

The black precipitate isolated from the etching of the GeNCs/GeO> composite was
dispersed in 5.0 mL dodecene, transferred to a Schlenk flask attached to an argon charged double
manifold. Three freeze-pump-thaw cycles were performed. Subsequently, the argon filled
reaction flask, was heated to 190 °C with stirring. After approximately 12 h the transparent
orange-brown suspensions of crude dodecene functionalized GeNCs (dodecyl-GeNCs) were
transferred to polypropylene centrifuge tubes and toluene (5 mL) as well as ca. 45 mL of a 1:1
ethanol and methanol (v:v) antisolvent were added. The resulting cloudy brown suspension was
centrifuged at 12000 rpm for 30 minutes to yield a brown precipitate and transparent colorless
supernatant. The supernatant was discarded. The brown precipitate was resuspended with

sonication in a minimum volume of toluene (ca. 2 ml). Subsequently, methanol (ca. 50 mL) was
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added to yield a cloudy suspension and the mixture was centrifuged at 12000 rpm for 30 min to
yield a brown solid and clear colourless supernatant. The supernatant was decanted and
discarded. The suspension/centrifugation procedure was repeated twice after which the
precipitate consisting of purified dodecyl-GeNCs was dispersed in ca. 5 mL of dry toluene and
stored in a vial for material characterization. A typical yield for dodecyl functionalized GeNCs
was ca. 15 mg from 50 mg of GeNCs/GeO; composite. The final dark brown suspension was

filtered through a 0.45 pm PTFE syringe filter to give a clear brown suspension.

4.2.6. Material Characterization and Instrumentation.

Fourier-Transform Infrared Spectroscopy (FT-IR) was performed using a Nicolet Magna
750 IR spectrophotometer. Samples were drop cast from a toluene solution/suspension
containing GeNCs. X-ray Powder Diffraction (XRD) was performed using an INEL XRG 3000
X-ray diffractometer equipped with a Cu-Ka 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. Bright-field transmission electron microscopy (TEM) and energy dispersive X-ray
(EDX) analyses were performed using a JEOL-2010 (LaB6 filament) electron microscope with
an accelerating voltage of 200 kV. High resolution TEM (HRTEM) imaging was performed on
JEOL-2200FS TEM instrument with an accelerating voltage of 200 kV. TEM samples of GeNCs
were prepared by drop-coating 1-3 drops of toluene suspension (ca. 1 mg/mL) containing NCs of
choice onto a holey carbon coated copper grid (300 mesh, Electron Microscopy Science) and the
solvent was removed under vacuum. TEM and HRTEM images were processed using ImageJ
software (version 1.48 v). Particles size distributions (PSD) were determined by measuring ca.
300 NCs. Raman spectroscopy was performed using a Renishaw inVia Raman microscope

equipped with a 514 nm diode laser operating at power of 3.98 mW on the sample. Samples were
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prepared by mounting the suspension on gold-coated glass. X-ray photoelectron spectra were
acquired in energy spectrum mode at 210 W, using a Kratos Axis Ultra X-ray photoelectron
spectrometer. X-Ray source was Al Ko line (1486.6 eV) with a probing area of 1 x 2 mm?”.
Samples were prepared as films drop-cast from a toluene solution/suspension onto a copper foil
substrate. Binding energies were calibrated using the C Is emission as an internal reference
(284.8 eV). CasaXPS Version 2.3.5 software was used to accomplish the Shirley-type
background subtraction. The high-resolution Ge 3d region of spectra was collected for all
samples and were fit to Ge 3d32/Ge 3ds, partner lines, with spin-orbit splitting fixed at 0.6 eV,

and the Ge 3d3/2/Ge 3ds, intensity ratio was set to 0.67.

4.3. Results and Discussion

Germanium (II) hydroxide, commonly referred to a hydrous germanium (II) oxide, has an
uncertain  stoichiometry; it 1is typically represented by formulae such as Ge(OH),
Ge(OH)2'xH20, GeO-xH,0, etc.???3? Freshly prepared germanium (II) hydroxide is yellow,
however it readily oxidizes to GeO, upon aging (i.e., weeks).??%23* In this context, it is necessary

to freshly prepare materials and store them in inert conditions (i.e., argon filled glovebox).

Existing literature is conflicted regarding the nature of ‘Ge(OH);’. The resulting solid
product can be white, yellow, or brown depending upon the conditions under which it was

227-229.31232° A white precipitate is formed by simply

precipitated from the Ge (II) solution.
cooling and adding water; a brown precipitate forms when ammonium hydroxide is added to the

boiling solution; a yellow precipitate forms if ammonium hydroxide is added to a chilled
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solution.??® Figure 4-1 a — d, inset pictures, display photographs of materials prepared during the

present study and highlight differences in their physical appearances.
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Figure 4-1. Different ‘Ge(OH),’ types (a-d) Photographs showing colors and physical appearances for (a) white, (b)
yellow, (c) orange, and (d) brown ‘Ge(OH),’. (¢) XRD patterns obtained from yellow, orange, and brown ‘Ge(OH),’
(1-3, respectively) compared to standard reflections of bulk Ge and rutile GeO,. (f) Raman spectra for yellow,

orange, and brown ‘Ge(OH),’ (1-3, respectively).

XRD, XPS, and Raman spectroscopy were used to characterize the white, yellow, orange,
as well as brown ‘Ge(OH)2’. In contrast with the previous literature reports, we find that the
present white, orange, and brown ‘Ge(OH)2’ do not exhibit element composition ratios that
support an empirical formula ‘Ge(OH),’.227-22°2*! For convenience we will confine the present

discussion to the yellow, orange, and brown ‘Ge(OH),’. Figure 4-1 e and f show the XRD and
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Raman spectra of these materials. In all cases the XRD patterns show broad features at ca. 20 =
25° — 35° and 45° — 50° consistent with the presence of amorphous Ge.** Additional sharp
reflections at 20 = 28.7, 37.4, 56.7, 59.3, and 72.3° are assigned to rutile GeO> (P42/mnm
(136)).!% The brown and orange precursors were precipitated from hot Ge (II) solutions
compared to their yellow counterpart. As a result they show more intense XRD features related
to Ge and rutile GeO> that can be reasonably attributed to solution phase disproportionation of

Ge(II) at higher precipitation temperatures.

Raman spectroscopy is a powerful technique that allows detection/identification of Ge-
Ge bonds within different ‘Ge(OH),’ precursors. The proposed disproportionation mechanism of
‘Ge(OH),’ in solution phase, is further supported by Raman data with the trend observed in the

intensity of the Ge-Ge optical phonon feature at ca. 280 cm™ (Figure 4-1 f).

Survey XP spectra of the different ‘Ge(OH),” materials (Figure B1 in Appendix B)
display the presence of germanium and oxygen as expected. Ge LMM signals also are observed
at binding energies of 300-600.2°** Comparing the deconvolution of the high resolution XP
spectra for of Ge 3d spectral region, it is clear the white and yellow ‘Ge(OH),’ precursors
(Figure 4-2) are dominated by a Ge(Il) emission. We note more intense features related to
intermediate oxides as well as Ge (0) and Ge (IV) in the precursors prepared at higher
temperatures (Figure 4-2, orange and brown). This is consistent with the present Raman and

XRD data (vide supra).
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Figure 4-2. High resolution XPS of the Ge 3d region for white, yellow, orange, and brown ‘Ge(OH),’, showing Ge

3ds), contributions. Contributions from Ge 3ds,, have been omitted for clarity.

Heating white, yellow, orange and brown ‘Ge(OH),’ at predefined temperatures under Ar
produces dark-brown/black powders. Further analyses (XRD, XPS, and Raman) show the dark-
brown/black powders produced at all investigated annealing temperatures, contain elemental

germanium as well as germanium dioxide.
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Figure 4-3 shows XRD patterns obtained for yellow ‘Ge(OH).’ before and after thermal
processing at the indicated temperatures (for 1 h under Ar). In agreement with literature reports,
the parent ‘Ge(OH),’ is non-crystalline.?*!>* After heating this solid to the indicated
temperatures, broad reflections characteristic of diamond cubic crystalline Ge appear consistent
with crystalline nano-domains of germanium (i.e., GeNCs).?”> The breadth of the reflections
narrows with increasing processing temperature, presumably as the result of crystalline domains

growing.
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Figure 4-3. (a) XRD patterns obtained from the yellow ‘Ge(OH),’ before and after thermal processing at indicated
temperatures (for 1 h under Ar) compared to standard reflection of Ge and hexagonal GeO,. (b) High resolution XPS
of the Ge 3d region for yellow ‘Ge(OH),’ before and after thermal processing at indicated temperatures (for 1 h
under Ar). (c) Raman spectra of yellow ‘Ge(OH),’ before and after thermal processing at indicated temperatures (for

1 h under Ar).

Debye-Scherrer analysis of XRD peak broadening (assuming the dimensionless shape
factor is 0.94, calculations are provided in Table B1 of Appendix B) indicates that raising the

processing temperature through the series of 350, 400, 450, 500 and 600 °C induces growth of
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the nanocrystal domains from ca. 4.2 to 10.1, 10.3, 15.9 and 23.1 nm, respectively. Moreover,
higher temperatures such as 500 or 600 °C are sufficient to also induce crystallization of the
germania (GeO;) matrix. Under these conditions, we have also observed reflections arising from
the hexagonal GeO», P3121 (152).*>!% These observations are consistent with the proposal that
disproportionation is occurring and amorphous yellow ‘Ge(OH);’ is converting into two

crystalline materials (GeNCs and GeO; matrix) upon thermal processing in an inert atmosphere.

Survey XP spectra of GeNCs/GeO> composite obtained from thermal processing of
yellow ‘Ge(OH),’ at 400 °C for 1 h under Ar is shown in Figure B2 in Appendix B. The presence
of germanium (Ge 3d, 3p and 3s as well as Ge LMM) and oxygen is as expected. High resolution
X-ray photoelectron analyses of Ge 3d spectral region, is also consistent with a
disproportionation mechanism. Figure 4-3 b shows the high resolution XP spectra of Ge 3d for
synthesized yellow ‘Ge(OH),’ as well as GeNCs/GeO> composites obtained from thermally
processed yellow ‘Ge(OH),’ at indicated temperatures. The unprocessed yellow ‘Ge(OH)’
powder shows a broad range of binding energies from 34 to 28 eV in the Ge 3d region. Upon
thermal processing, two broad distinct emissions appear at 29 and 33 eV that are consistent with
Ge (0) and Ge (IV), respectively.!?! These two oxidation states are more thermodynamically
stable than Ge (II).2*S In this context, the disproportionation of ‘Ge(OH).’ to GeNCs and GeO» is
thermodynamically favorable. The consequence of the results obtained from XRD and XPS
analyses clearly indicate the formation of Ge nano-domains inside embedding GeO> matrix upon

disproportionation of yellow ‘Ge(OH),’.

As it was mentioned previously, Raman spectroscopy can detect Ge-Ge bonds within

‘Ge(OH),’ precursor as well as GeNCs/GeO> composites. Additionally, the shape and position of
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the Raman peak is useful for understanding the size and crystallinity.5%!22237 For example
asymmetric peaks at high frequencies along with small wide shoulders at low frequencies, are
routinely attributed more crystalline nanoparticles.*® Raman spectroscopy also reveals
asymmetric peaks at ca. 298 cm™ upon thermal processing of yellow ‘Ge(OH),’ due to the

formation of crystalline Ge domain (i.e., GeNCs).

Orange ‘Ge(OH),’ materials have been thermally processed in a similar way. Figure 4-4 a
shows XRD patterns obtained for orange ‘Ge(OH),’ before and after thermal processing at the
indicated temperatures (for 1 h under Ar). From these XRD patterns, it is evident that diamond
Ge reflections appears upon thermal processing of orange ‘Ge(OH)’; reflections narrow with
increasing processing temperature, as expected. The disproportionation of orange ‘Ge(OH)’ to
GeNCs and embedding hexagonal GeO: is further supported by XPS and Raman analyses

(Figure 4-4 b and c).
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Figure 4-4. (a) XRD patterns obtained from the orange ‘Ge(OH),’ before and after thermal processing at indicated
temperatures (for 1 h under Ar) compared to standard reflection of Ge and hexagonal GeO,. (b) High resolution XPS

of the Ge 3d region for orange ‘Ge(OH),’ before and after thermal processing at indicated temperatures (for 1 h
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under Ar). (c) Raman spectra of orange ‘Ge(OH),’ before and after thermal processing at indicated temperatures (for

1 h under Ar).

Figure 4-5 a shows the XRD patterns of the brown ‘Ge(OH),’ before and after thermal
processing at indicated temperatures (from 250 °C to 600 °C for 1 h under Ar). Following
heating of the brown ‘Ge(OH)>’, broad reflections of diamond cubic Ge sharpen and additionally
the hexagonal GeO> reflections appear at temperatures higher than 500 °C. This observation
indicates the disproportionation of brown ‘Ge(OH)>” to GeNCs and embedding hexagonal
Ge0,.19%2% In this case, the brown ‘Ge(OH),” has some unique reflections (i.e., for amorphous
Ge nuclei and Rutile GeO:). Thus the emerging of new reflections for GeNCs and hexagonal
GeO; finally yields a more crowded pattern. The reflections of GeNCs are wider in composites
processed at lower temperatures (ca. 350 °C) but sharpen upon thermal processing of composites
at higher temperatures. Debye-Scherrer analysis of XRD peak broadening (dimensionless shape
factor was assumed 0.94, calculations are provided in Table B2 of Appendix B) shows growing
crystal sizes as 6.1, 8.0, 9.4, and 18.2 nm upon the thermal processing of brown ‘Ge(OH)’ at

400, 450, 500, and 600 °C, respectively.

92



coon Ge(IV) Ge(0)

W 500 °C
MM\ 500 °C
M -
Mm -
Mm ss0°¢

300 °C

I | Hhl ! Hex.

500 °C
450 °C

400 °C
450 °C
350 °C

/\ .

400 °C

Normalized Intensity (a. u.) o
Normalized Intensity {(a.u.) ©

Normalized Intensity (a.u.) o

@ ” Brown /\ ggg :g
220 ‘Ge({OH) Brown
l I{ e oo e || ‘Goa(OH), Brown
T T T 1 T T T T T T T ‘GE(OH):
20 30 40 50 60 70 8O 36 34 32 30 28 200 300
20 (deq) Binding Energy (eV) Raman Shift (cm™)

Figure 4-5. (a) XRD patterns obtained from the brown ‘Ge(OH),’ before and after thermal processing at
indicated temperatures (for 1 h under Ar) compared to standard reflections of Ge and hexagonal GeO». (b) High
resolution XPS of the Ge 3d region for brown ‘Ge(OH),’ before and after thermal processing at indicated
temperatures (for 1 h under Ar). (¢) Raman spectra of brown ‘Ge(OH),’ before and after thermal processing at

indicated temperatures (for 1 h under Ar).

Figure B2 in appendix B, shows survey XP spectra of GeNCs/GeO2 composite obtained from
thermal processing of brown ‘Ge(OH).” (at 400 °C for 1 h under Ar). The presence of
germanium (Ge 3d, 3p and 3s as well as Ge LMM) and oxygen is as expected. X-ray
photoelectron analyses of Ge 3d spectral region (Figure 4-5 b), is also consistent with the
disproportionation of the brown ‘Ge(OH).’ to Ge(0) (i.e., GeNCs) and Ge(IV) (i.e., embedding

GeO; matrix).

In the thermal processing of the brown ‘Ge(OH),’, Raman spectroscopy also reveals
conversion of amorphous Ge nuclei to crystalline Ge domain (i.e., GeNCs). Shown in Figure 4-5
¢, a symmetrical optical phonon is observed at lower energies (ca. 280 cm™) and is related to the

smaller size of non-crystalline Ge nuclei. With increasing the processing temperatures, an
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asymmetrical peak at high frequencies (ca. 298 cm™) with small wide shoulder appears due to

formation of crystalline GeNCs.?*"->3

Finally, thermal processing of white ‘Ge(OH),’ was investigated in a similar way. White
‘Ge(OH),’ is less stable than other ‘Ge(OH),’ species (i.e., yellow, orange, and brown).??® Our
characterization shows the degradation of the white ‘Ge(OH),’ product (mainly oxidation to
GeO; or disproportionation to Ge/GeO2) even in room temperature. This observation is

228231 XRD characterization of freshly prepared white

consistent with literature reports.
‘Ge(OH);’ shows the material is an amorphous solid with presence of crystalline Ge and
hexagonal GeO; (Figure 4-6 a). Thermal processing of white ‘Ge(OH).’ produces elemental Ge,

as well as GeO» presumably due to disproportionation reaction. Production of GeNCs/GeO> has

been further proven by XRD, XPS, and Raman analyses (Figure 4-6).
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Figure 4-6. (a) XRD patterns obtained from the white ‘Ge(OH),’ before and after thermal processing at indicated
temperatures (for 1 h under Ar) compared to standard reflection of Ge and hexagonal GeO.. (b) High resolution XPS
of the Ge 3d region for white ‘Ge(OH),’ before and after thermal processing at indicated temperatures (for 1 h under
Ar). (c) Raman spectra of white ‘Ge(OH),’ before and after thermal processing at indicated temperatures (for 1 h

under Ar).
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Although there are numerous potential applications for GeNCs embedded in GeO,,”>"°

our interests lie in the preparation of freestanding colloidal GeNCs. In this context, HF etching
was employed for selective removing GeOa; this produces hydride-terminated GeNCs (H-
GeNCs)??  suitable for further functionalization and surface passivation (e.g.,
hydrogermylation).!*-24%24! Unfortunately, it is not possible to evaluate the morphology of H-
GeNCs directly because of solubility limitations. Surface functionalization of GeNCs is
necessary for rendering them resistant to deleterious reactions (e.g., oxidation) and compatible

with their environment (e.g., solubility).

To evaluate the morphology of the GeNCs formed in thermal processing of different
‘Ge(OH)2’ materials, produces GeNCs/GeO>, composites were etched to liberated free-standing
H-GeNCs. Thermally induced hydrogermylation has been applied to functionalize the GeNCs

with alkene groups (i.e., dodecene).

Electron micrographs of dodcyl-GeNCs show there are stark differences in the
morphologies of the GeNCs obtained upon thermal processing of each ‘Ge(OH),’ precursor (i.e.,
white, yellow, orange, and brown °‘Ge(OH);’). Bright field TEM images of dodecene
functionalized GeNCs (dodecyl-GeNCs) synthesized from the thermal processing of each
precursor upon heating at 400 °C for 1 h in Ar are shown in Figure 4-7 a — d. It is clear from
these data and the associated size distributions that in moving from the white through to the

brown ‘Ge(OH).’, the particle size distributions narrow and the GeNCs are more uniform.
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Figure 4-7. Bright-field TEM images of dodecyl-GeNCs synthesized from thermal processing of (a) white, (b)
yellow, (c) orange, and (d) brown ‘Ge(OH),’ along with related particle size distribution. Inset: photographs

showing colors and physical appearances for each ‘Ge(OH).’ material.

From these analyses of the present precursors and a comparison of the GeNCs resulting
from thermal processing of them (Figure 4-7 a — d) we propose a NC formation mechanism that
is analogous to previous reports involving the preparation of oxide-embedded SiNCs from
polymeric precursors.''® In all cases, the precursors disproportionate producing GeNCs
embedded in GeO,. However, polydispersed NCs are obtained from the white (and to a lesser
degree yellow) precursors because unseeded homogeneous nucleation of Ge nano-domains
occurs and results in ineffective separation of particle/domain nucleation and growth. For the
orange and brown ‘Ge(OH)>” we note that spectroscopically (XRD, XPS, and Raman) detected
Ge seeds are present (vide supra). In this context, annealing these precursors could lead to

heterogeneous seeded growth of GeNCs, effective separation of particle/domain nucleation and

96



growth and narrow size distributions GeNCs. We also tentatively speculate that the rutile GeO»
present in the brown ‘Ge(OH),’ slows Ge atom diffusion through oxide matrix further

controlling domain growth; this aspect of the mechanism is the subject of ongoing studies.

The FT-IR technique provides invaluable information regarding the surface chemistry of
colloidal nanoparticles.'?!"!3> For H-GeNCs (Figure 4-8 a), there are two sharp peaks at ca. 2000
and 750 cm’ that are consistent with Ge-H stretching and bending vibrations. After
functionalization of H-GeNCs with dodecene, the Ge-H feature decreases in intensity and is
replaced by intense absorptions at ca. 2850 - 2650 cm™ and ca. 1460 cm™ that are attributes C-H
stretching and bending on the aliphatic chain.>** Some germanium oxide is present as evidenced
by features at ca. 860 cm’ that arise from partial oxidation that occurred during
handling/workup. Surface oxidation is further evidenced by the presence of broad O-H stretching
feature at ca. 3400 cm’!. Finally, the appearance of a Ge-C stretching feature at 700 cm

confirms the reaction of dodecene with GeNC surfaces.’*
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Figure 4-8. (a) FT-IR spectra of dodecyl-GeNCs (blue) compared to H-GeNCs (red). Inset photograph showing
the toluene dispersion of dodecyl-GeNCs before (dark color) and after (light color) filtration through a 0.45 pm

PTFE syringe. (b) EDX spectrum of dodecyl-GeNCs. (c) Raman spectrum dodecyl-GeNCs.

Energy-dispersive X-ray spectra of these particles (Figure 4-8 b) confirms the presence of
germanium and a small amount of oxygen. A representative Raman spectrum of the present
dodecyl-GeNCs (Figure 4-8 c¢), shows an asymmetric feature at 287 cm’! arising from Ge-Ge
bonding in crystalline elemental germanium.?’?*® HRTEM imaging (Figure 4-9) shows
crystalline nano-domains with a lattice spacing of 0.33 nm corresponding to Ge (111) lattice

fringes.
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Figure 4-9. (a) HRTEM and image of dodecyl-GeNCs obtained from thermal treatment of ‘Ge(OH),’ for 1 h
under Ar at 400 °C. (b) Twinned structure in one GeNC. (c) A set of lattice fringes perpendicular to <111>

direction.

However, as mentioned previously (Figure 4-7), the brown ‘Ge(OH).’ precursor yields
more monodispersed GeNCs compared to other ‘Ge(OH),’ precursors (i.e., white, yellow and
orange ‘Ge(OH);’). The formation of Ge nuclei in the solution (synthesize of the brown
‘Ge(OH)y), followed by growing elemental Ge ‘islands’ to GeNCs (thermal processing of the
brown °‘Ge(OH);’) is the key factor for making more monodispersed GeNCs. Further
investigations have been done to understand the effect of annealing temperatures on the

morphology of GeNCs obtained from thermal treatment of brown ‘Ge(OH)’ (vide infra).
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The TEM images of dodecyl-GeNCs liberated from Ge/GeO> composites obtained from
thermal processing of brown ‘Ge(OH);’ at different temperature clearly show the growth of
partially larger GeNCs as a result of raised temperature (Figure 4-10). Shown in Figure 4-10 a —
d, thermal processing of brown ‘Ge(OH),’ at 350 °C gives GeNCs with the size range of 5.9 +
1.2 nm. For similar GeNCs obtained in 400, 450, and 500 °C, particle size distributions are 7.2 +

0.9,8.3 + 1.1, and 10.1 + 4.3 nm, respectively.

Figure 4-10. Brown ‘Ge(OH),’ and its thermal processing. (a-d) TEM images and particle size distribution of
dodecyl-GeNCs synthesized from thermally processing of the brown compound for 1 h under Ar at 350 °C (a),

400 °C (b), 450 °C (c), and 500 °C (d).
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The increasing of the average particle size along with broadening of the size distribution in
higher temperature is supported by theory of Ge atoms diffusion in higher rate at raised
temperatures (Ostwald ripening).2** Moreover, the TEM results are consistent with the
observation of sharpening peaks in the XRD patterns (Figure 4-8 a) and corroborates the growth
of average particle sizes with temperatures. The average size of GeNCs determined from TEM
are slightly larger than their crystal sizes calculated by Debye-Scherrer analyses. This is because
of the GeNCs formed using current method are mostly poly-crystalline (Twinned structures shown
in HRTEM images, Figure 4-7 ¢) and/or there are amorphous moieties in Ge nanoparticles that

are not accounted for by XRD.

The length of etching process was the last factor investigated. According to the details in the
experimental section, the effect of etching time was studied to find the best for liberating GeNCs
from the oxide layer which they were embedded in. Figure 4-11 shows the TEM images of
dodecyl-GeNCs liberated from the same GeNCs/GeO> composite (brown ‘Ge(OH);’ annealed
for 1 h at 400 °C under Ar) after etching with HF acid for predetermined times (5, 30, 60 and 120
min). TEM images of the dodecyl-GeNCs obtained from the same composite after etching for 15

min were already shown in Figure 4-10 b.
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Figure 4-11. (a-d) TEM images and particles size distribution of dodecyl-GeNCs from thermally processed brown
‘Ge(OH).’ (at 400 °C under Ar for 1 h), liberated from embedding GeO, matrix after etching by HF acid for (a) 5

min, (b) 30 min, (¢) 60 min and (d) 120 min.

According to Figure 4-11 a, GeNCs are liberated from embedding GeO, matrix even after
exposing to HF acid for a short time (i.e., 5 min). This was expected because of the higher
reactivity of GeO, compared to Si0,.??° However, longer etching times caused minor

shrinkages of GeNCs. In this context, particle sizes change from 8.1 £ 1.1 nm for etching time =
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5 min to 7.2 + 0.9 nm for etching time = 15 min (Figure 4-10 b), 7.0 £ 1.4 nm for etching time =
30 min, 6.6 + 1.2 for etching time = 60 min and finally 6.3 + 1.4 for etching time = 120 min. Due
to the morphological similarity of the final GeNCs obtained from different etching times and in
order to avoid any adverse morphological/surface defect from extensively long etching process,
15 min has been chosen as the typical etching time in current work. Precise control over the size
distribution as well as morphology of GeNCs through applying different etching times needs

further investigations.

4.4. Conclusions

As a summary, GeNCs are an important 21% century technological material that hold
potential for far reaching impacts on numerous optoelectronic applications. However few
methods exist to prepare large quantities (100s mgs) of well-defined materials. The present
investigation demonstrates the effective preparation of a series of ‘Ge(OH),’ precursors suitable
for large scale preparation of free-standing GeNCs whose surfaces maybe modified through
thermally induced hydrogermylation. A detailed comparison of the precursors has also provided
insight into, and proposal of a seeded growth mechanism that provides GeNCs exhibiting narrow
size distributions. While the present NCs are not photoluminescent, we believe these results from

surface defects and is the subject of ongoing investigation.
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Chapter 5:

Synthesis and Surface Functionalization of Hydride-terminated Ge

Nanocrystals Obtained from the Thermal Treatment of ‘Ge(OH),’*

* A version of this Chapter has been published:

Javadi, M.; Picard, D.; Sinelnikov, R.; Narreto, M. A.; Hegmann, F. A.; Veinot, J. G. C Langmuir

2017. Article ASAP, DOI: 10.1021/acs.langmuir.7b00358
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5.1 Introduction

General interest in germanium came about with the realization of semiconductor-based
electronics in the second half of 20" century.®® Transistors, which are essential components in
the electronic devices upon which modern society relies, were first made using germanium.?!%22°
While Ge lost out to ultra-pure silicon, it remains an important material for optoelectronic
applications.®® In the early 1990s the surprising discovery of visible photoluminescence (PL)
from silicon and germanium nanostructures opened new possibilities.’*¢” Despite being in Group
14 germanium differs substantially from its more frequently studied periodic congener silicon.
Compared to silicon, bulk Ge possesses a smaller band-gap (0.67 vs. 1.1 eV at 300 K),% larger
Bohr-exciton radius (24.3 vs. 4.9 nm),®”-”* higher electron and hole mobility (<3900 vs. <1500
cm?/V-s),”! as well as greater capacity for and diffusivity of ions (e.g., Li").” In the context of
these characteristics, comparatively large GeNCs and related structures (e.g., oxide-embedded

GeNCs) are expected possess favorable chemical, optical and electronic properties useful in

applications such as solar cells,!® biological imaging,’>”* Bragg reflectors,'® light-emitting

75-79 72,245

diodes, #1182 non-volatile memory devices,”” ”° as well as battery electrode materials.

A variety of procedures for preparing GeNCs have appeared; some highlights include:

3 225

laser ablation??® and ball milling of bulk Ge,??* plasma pyrolysis of GeHs?* solution-phase

19,82,83 97-99,186

reduction of Ge(Il) and Ge(IV) precursors, metathesis of Ge-based Zintl salts, and
thermal decomposition of organogermane precursors. 192195 While solution-phase reduction
protocols using germanium halides have been reported,®” a ground-breaking report by Klimov et
al. showed the first example of colloidal GeNCs derived from solution reduction that

photoluminesce in the infrared spectral region via a band-gap transition.'® The authors also
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effectively showed size dependence of GeNC optical properties that arise from quantum
confinement.'® Despite these important advances, developing methods that afford GeNCs with
well-defined surface chemistry remains an important target if their full potential is to be

realized.®

Solid-state syntheses of oxide-embedded SiNCs via thermolysis of substoichiometric
oxide-based polymeric precursors have proved very effective.!”!!” These procedures provide
control of NC dimension and shape, and afford NCs whose surface chemistry can be tailored
subsequent to liberation.!”->46247 A similar approach using sol-gel derived organic functionalized
germanium rich precursors (i.e., [(RGeOis)n]) showed promise.!?? Specifically, a phenyl
substituted sol-gel polymer [(PhGeOi.5)n] was thermally treated to yield GeNCs embedded in
GeOs. This early investigation showed Ge was formed via two pathways (i.e., disproportionation
of substoichiometric oxides and direct reduction of oxide by hydrogen carrier gas). The GeNCs
were freed from the oxide matrix upon etching with warm water, however size distributions were
broad.'?? Subsequent investigations aimed at exploring the role of the organic substituents

indicated carbon contamination limited the utility this approach.'?!

In the present Chapter a facile method for preparing GeNCs from a carbon-free
germanium-rich oxide precursor derived from commercial GeO, powder is described. Thermal
processing of this precursor in inert atmosphere yields GeO;-embedded GeNCs that are readily
liberated with hydride surfaces (i.e., Ge-H) via HF etching and subsequently functionalized via

hydrogermylation.
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5.2 Experimental
5.2.1 Reagents and Materials

Germanium dioxide powder (GeOz, 99.9%) was purchased from Eagle-Picher.
Hydrophosphorous acid (50 wt. % in H20), sodium hydroxide pellets, 1-dodecene (97%),
Chloroform-d (CDCl3, 99.8 atom % D), 1-dodecene (97%), 2,2'-azobis(2-methylpropionitrile)
(AIBN, 98%), benzoyl peroxide (BP, 98%), and borane tetrahydrofuran (BH3-THF 1M) as well
as reagent grade methanol, toluene, and ethanol were purchased from Sigma-Aldrich. Electronics
grade hydrofluoric acid (HF, 49% aqueous solution) was purchased from J. T. Baker.
Hydrochloric acid (36.5 - 38%) and ammonium hydroxide (28 - 30%) were purchased from
Caledon Labs. Ultrapure H>O (18.2 MQ/ cm) purified in a Barnstead Nanopure Diamond
purification system was used in all reactions. Molecular sieves (type 4 A) were purchased from
Sigma-Aldrich and activated in vacuum oven prior to use. Unless otherwise indicated reagents

were used as received.

5.2.2 Synthesis of germanium (II) hydroxide, ‘Ge(OH)2’

A modified literature procedure was used to prepare ‘Ge(OH)>’.?2*! In a typical
preparation, 1.0 gram of germanium dioxide powder was dissolved in 7.0 mL of a freshly
prepared aqueous NaOH (~17 M). Upon slow addition of 24 mL aqueous HCI (6 M), GeO>
powder precipitated and then dissolved to give a clear acidic solution. Subsequently, 7.5 mL of
aqueous 50 % H3PO> was added all at once and the resulting colourless solution was refluxed
under an argon atmosphere. After 5.5 hours the condenser was removed and concentrated
aqueous NH4OH was added dropwise to yield a brown precipitate of ‘Ge(OH)>’ (Caution: This

reaction is extremely exothermic). The brown precipitate was recovered by vacuum filtration and
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washed three times with ca. 100 mL of deionized/deoxygenated water. Finally the solid was
dried vacuum oven at 50 °C for 12 hours and stored in a vial until needed. Typical mass yields

exceed 85%.

5.2.3 Thermal processing of germanium (II) hydroxide

Thermal processing was performed using a Lindberg/Blue tube furnace in flowing argon
(15 mL/min). Typically, 0.5 g of ‘Ge(OH),’ powder was transferred to a quartz reaction boat,
placed in the furnace and heated to 400 °C at 20 °C/min where it remained for 60 minutes. A
composite of GeNCs in a germanium dioxide matrix (GeNCs/GeO2) was obtained as a
black/brown powder (ca. 0.5 g), ground using an agate mortar and pestle (particles size ca. 1

um), and stored under ambient atmosphere for further use and characterization.

5.2.4 Isolation of GeNCs

Hydride-terminated GeNCs (H-GeNCs) were liberated from the oxide matrix upon
etching of GeNCs/GeO2 composite with alcoholic HF. The fine powder obtained from grinding
the product of thermal processing (~50 mg) was added to 1.0 mL of 1:1 solution of ethanol and
water and stirred for 15 min in a polyethylene terephthalate (PET) beaker to effectively wet the
powder. Subsequently, 0.5 mL of HF acid (49% aqueous solution) was added dropwise.
(Caution! HF must be handled with extreme care and in accordance with local regulations.)
After stirring the mixture for an additional 15 min, three portions of ca. 5 mL toluene were added
to extract the H-GeNCs. The cloudy toluene layer was centrifuged at 3000 rpm to yield a black
precipitate. This precipitate was dispersed in toluene containing activated 4 A molecular sieves

(ca. 1 g) and gently agitated for approximately one minute. The suspension was transferred to
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centrifuge tubes and the black precipitate (H-GeNCs) was recovered upon centrifuging at 3000

rpm and immediately functionalized using procedures outlined below.

5.2.5 Thermally induced hydrogermylation of H-GeNC

The black precipitate (i.e., H-GeNCs.) isolated from the etching of the GeNCs/GeO»
composite (ca. 50 mg) was dispersed in 5.0 mL I-dodecene, transferred to a Schlenk flask
attached to an argon charged double manifold and three freeze-pump-thaw cycles were
performed. Subsequently, the cloudy deoxygenated reaction mixture was heated to 190 °C with
stirring. After approximately 15 h the reaction mixture becomes transparent and takes on an
orange-brown appearance. The resulting dodecyl-functionalized GeNCs (dodecyl-GeNCs) were
isolated (ca. 15 mg) and purified as outlined below. Luminescent dodecyl-GeNCs were prepared

by introducing small quantity of I> (ca. 3 mg) to reaction flask prior to heating.

5.2.6 Radical initiated hydrogermylation of H-GeNC

H-GeNCs (from etching ca. 50 mg of GeNCs/GeO; composite) were dispersed in 5 ml of
I-dodecene and the radical initiator of choice (i.e., 10 mg AIBN or 15 mg BP) was added. The
mixture was transferred to a Schlenk flask attached to an argon charged double manifold and
exposed to three freeze-pump-thaw cycles. Subsequently, the argon filled reaction flask was
heated (60 °C for AIBN or 85 °C for BP) and stirred for 15 hours to yield an orange-brown
transparent suspension of crude dodecyl-GeNCs (ca. 15 mg) that were subjected to purification

procedures outlined below.

5.2.7 Borane catalyzed surface hydrogermylation
H-GeNCs (from etching ca. 50 mg of GeNCs/GeO> composite) were dispersed in 5 ml of
I-dodecene. The reaction mixture was transferred to a Schlenk flask attached to an argon charged
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double manifold and exposed to three freeze-pump-thaw cycles. Subsequently, 560 pL of
BH3-THF (IM) (i.e., 2.5 mol % of 1-dodecene) was added via syringe and the argon filled
reaction flask was stirred at room temperature (23 °C) for 15 hours to yield transparent orange-
brown suspensions of crude dodecyl-GeNCs (ca. 15 mg) that were subjected to purfication

procedures outlined below.

5.2.8 Isolation and purification of 1-dodecyl-GeNCs

The same solvent/antisolvent precipitation procedure was used to purify dodecyl-GeNCs
obtained from the functionalization procedures noted above. The transparent orange-brown
suspensions of crude dodecyl-GeNCs obtained from the functionalization procedures were
transferred to a polypropylene centrifuge tubes and toluene (5 mL) as well as ca. 45 mL of a 1:1
ethanol and methanol (v:v) antisolvent were added. The resulting cloudy brown suspension was
centrifuged at 12000 rpm for 30 minutes to yield a brown precipitate and transparent colorless
supernatant. The supernatant was discarded. The brown precipitate was resuspended with
sonication in a minimum volume of toluene (ca. 2 ml). Subsequently, methanol (ca. 50 mL) was
added to yield a cloudy suspension and the mixture was centrifuged at 12000 rpm for 30 min to
yield a brown solid and clear colourless supernatant. The supernatant was decanted and
discarded. The suspension/centrifugation procedure was repeated twice after which the
precipitate consisting of purified dodecyl-GeNCs was dispersed in ca. 5 mL of dry toluene and

stored in a vial for material characterization.

5.2.9 Homo-oligomerization of 1-dodecene
To evaluate the formation of 1-dodecene oligomers during the functionalization

procedures investigated in the absence of GeNCs. Samples were prepared by treating 5 mL of
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neat 1-dodecene using the identical conditions used for the functionalization protocols of choice

(i.e., no GeNCs).

5.2.10 Material Characterization and Instrumentation

Fourier-Transform Infrared Spectroscopy (FT-IR) was performed using a Nicolet Magna
750 IR spectrophotometer. Samples were drop cast from a toluene suspension containing the
material in question. X-ray Powder Diffraction (XRD) was performed using an INEL XRG 3000
X-ray diffractometer equipped with a Cu-Ka radiation source (A = 1.54 A) and CPS-120
detector. Bright field transmission electron microscopy (TEM) and energy dispersive X-ray
(EDX) analyses were performed using a JEOL-2010 (LaB6 filament) electron microscope with
an accelerating voltage of 200 kV. High resolution TEM (HRTEM) imaging was performed on
JEOL-2200FS TEM instrument with an accelerating voltage of 200 kV. TEM samples of GeNCs
were prepared by drop-coating of 1-3 drops of a dilute toluene solution containing GeNCs of
choice onto a holey carbon coated copper grid (300 mesh, Electron Microscopy Science) and the
solvent was removed in vacuo. Bright field TEM and HRTEM images were processed using
Image] software (version 1.48 v). Particle size distributions were determined using
measurements of 200-300 NCs. Raman spectroscopy was performed using a Renishaw inVia
Raman microscope equipped with a 514 nm diode laser and a power of 3.98 mW on the sample.
Samples were prepared by mounting the suspension on gold-coated glass. X-ray photoelectron
spectra were acquired in energy spectrum mode at 210 W, using a Kratos Axis Ultra X-ray
photoelectron spectrometer. X-Ray source was Al Ka line. Energy is 1486.6 eV. The probing

area is about 1 x 2 mm?

. Samples were prepared as films drop-cast from toluene
solution/suspension onto a copper foil substrate. Binding energies were calibrated using the C 1s

peak as a reference (284.8 eV). CasaXPS Version 2.3.5 software was used to accomplish the
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background subtracting and curve fitting. Nanostructured-assisted laser desorption/ionization
mass spectroscopy (NALDI-MS) was performed in positive/negative reflection mode using a
Bruker Daltonics UltrafleXtreme MALDI TOF/TOF mass spectrometer. Samples were prepared
by spotting ~1 pL of GeNC toluene suspension in question onto a Bruker Daltonics NALDI
target and air-dried. Nuclear magnetic resonance spectroscopy (NMR) spectra were obtained
using a Varian Unity INova Console 500 MHz NMR spectrometer. A concentrated solution (ca.
3 mg/mL) of dodecyl-GeNCs in CDCls was used to collect the 'THNMR spectra. FID files were

processed using Nuts NMR data processing software.

5.2.11 Photoluminescence (PL) Measurements and Instrumentation

An ultrafast laser at 800 nm excitation source with 55 fs pulse width and 1 kHz repetition
rate was employed. A fluence of ~340 pJ was used to excite solutions of GeNCs and the PL was
collected at the back of the cuvette using lenses and optical fiber onto the entrance slit of the
monochromator (Triax 180, Horiba), which has a grating at the NIR region with a blaze at 1500
nm. The output at the exit slit is refocused to a thermoelectronically-cooled InGaAs amplified
photodetector (PDA10DT, Thorlabs) which has a wavelength range of 0.9 — 2.57 um set at
IMHz bandwidth with 70 dB gain. The signal is then processed through a DSP lock-in amplifier
(SR830, Stanford Research). The PL spectra were plotted by a Labview program, which also

controls the monochromator.
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5.3 Results and Discussion
Germanium (II) hydroxide, commonly referred to hydrous germanium (II) oxide, has an
uncertain stoichiometry.??” The ‘Ge(OH),” precursor employed herein to prepare GeNCs was

precipitated from a hot aqueous Ge(II) solution (Scheme 5-1),226:229-233

Scheme 5-1. Preparation of dodecane functionalized GeNCs. (1), Thermal processing of ‘Ge(OH),” at T =400 °C in
Ar, (2), Liberation of H-GeNCs via HF etching, (3), Functionalization/surface modification of GeNCs through

thermally-activated, radical-initiated, or borane-catalyzed hydrogermylation.

Figure 5-1 a shows XRD patterns obtained for ‘Ge(OH).” and composites prepared upon
thermal processing at 400 °C (for 1 h under Ar). The diffraction pattern of the ‘Ge(OH)’
precursor shows broad features at ca. 20 = 25° - 35° and 45° - 50° consistent with the presence of
amorphous Ge.®® In addition, low intensity, sharp reflections at 20 = 28.7, 37.4, 56.7, 59.3, and
72.3° appear that are assigned to rutile GeO, (P4/mnm (136)).!%° Heating the ‘Ge(OH),’ at 400
°C under Ar provides a dark-brown/black powder the XRD pattern of which (Figure 5-1 a)
shows broadened reflections characteristic of diamond cubic crystalline Ge at 27.3, 45.3, 53.7,

66.1, 72.9 and 83.8° consistent with nanocrystalline domains of germanium being present.
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Figure 5-1. Characterization of ‘Ge(OH),’ before and after thermal processing at 400°C (for 1 h under Ar) (a) X-ray
powder diffraction patterns. Standard reflections of crystalline Ge are provided. 135,159 Rutile GeO, reflections are

indicated using a *. (b) XP spectra of the Ge 3d spectral region. (¢) Raman spectra.

X-ray photoelectron spectroscopy data (Figure 5-1 b) are consistent with a
disproportionation process occurring during thermal processing that sees the Ge in ‘Ge(OH).’
converted to Ge(0) and Ge(IV) in the GeNC/GeO>.>*® The spectrum of unprocessed ‘Ge(OH)’
(Figure 5-1 b bottom trace) shows a broad emission in the Ge 3d region that is dominated by a
Ge(II) emission. After thermal processing (Figure 5-1 b, top trace), two distinct emissions appear

at 29 and 33 eV consistent with formation of Ge(0) and Ge(IV), respectively.?*

Raman spectroscopy allows detection/identification of Ge-Ge bonds. In addition, the
shape and position of the Ge-Ge feature provides insight into the size and crystallinity of
GeNCs.80122257 Agymmetric peaks at high frequencies featuring shoulders at low frequencies are
routinely attributed more crystalline nanoparticles.”*® Raman analyses of ‘Ge(OH),” and

GeNC/GeOy (Figure 5-1 c) are consistent with amorphous Ge nuclei within the precursor
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transforming to nanocrystalline Ge domains with thermal processing. The spectrum of
‘Ge(OH),> shows a symmetric optical phonon at ca. 280 cm™ that we attribute to small, non-
crystalline Ge nuclei while the same analysis of GeNC/GeO> shows an asymmetric feature at

high frequencies (ca. > 290 cm™!) with a shoulder consistent with Ge nanodomain crystallization.

FT-IR analyses provide some limited insight into the bonding within ‘Ge(OH),’ and
GeNC/GeO; (Figure 5-2). The spectrum of ‘Ge(OH),’ shows broad O-H asymmetric/symmetric
stretching bands in the range of 2900 to 3700 cm™, as well as a bending band at 1655 cm™. In
addition, a feature at 755 cm’! is attributed to Ge-O stretching. When comparing the spectra of
GeNC/GeO; to that of ‘Ge(OH),’ (Figure 5-2) we note the broad feature at 3400 cm™ is
dramatically diminished and the broad Ge-O absorbance at 755 cm™ moves to higher energy
(i.e., 860 cm™) supporting the proposal that a Ge-O-Ge network formed.

6(0-H) V(O-H)  V(Ge-0,)

Normalized Transmitance (a. u.)

i
I
Brown ‘Ge(OH),”

T T
3500 3000 2500 2000 1500 1000
Wavendmber (cm™)

Figure 5-2. FT-IR spectra of ‘Ge(OH),’ as made (black trace spectrum) and after thermal processing for 1 h in Ar
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at 400 °C (red trace spectrum).

While there are numerous potential applications for GeNC/GeO> composites,”> " the
focus of this Chapter lies in the preparation and tailoring surface chemistry of freestanding
colloidal GeNCs. Selective removal of the GeO> matrix from the present GeNC/GeO> composite
may be achieved using a variety of chemical etching protocols (e.g., warm water,'?? basic
solutions?*%). For the present study HF etching was used because this procedure is expected to
yield H-GeNCs that possess surfaces amenable to hydrogermylation.!” The FT-IR spectrum of
the liberated GeNCs (Figure 5-3 a and Figure 5-4) show two sharp features at ca. 2000 and 750
cm’ consistent with Ge-H stretching and bending. Of important note, there is negligible
indication of surface oxide at the sensitivity of the FT-IR method. Additional characterization of

the H-GeNCs was precluded by their limited solvent compatibility and air sensitivity.
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Figure 5-3. Characterization of GeNCs obtained from the thermal treatment of ‘Ge(OH).’ at 400 °C for 1 h in a
flowing Ar atmosphere. (a) FT-IR spectra of hydride-terminated (black trace) and dodecyl-GeNCs obtained from
thermal hydrogermylation (red trace). (b) Bright-field TEM micrograph of dodecyl-GeNCs. (c) and (d) EDX and

Raman spectra of dodecyl-GeNCs obtained from thermal hydrogermylation.
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Three complementary hydrogermylation approaches (i.e., thermally-activated, radical-
initiated, and borane-catalyzed) were explored to achieve alkyl surface functionalization of H-
GeNCs using 1-dodecene as a model substrate. For convenience the following discussion of
alkyl-terminated GeNCs will focus upon those prepared using the thermally initiated reactions.
FT-IR spectra of the resulting dodecyl-GeNCs are shown in Figure 5-3 a (thermally-activated)
and Figure 5-4 (radical-initiated, borane-catalyzed). In all cases the intensity of the Ge-H
diminishes dramatically and intense absorptions at ca. 2850 - 2650 and 1460 cm™ appear; we
confidently attribute these new features to C—H stretching and bending modes of surface bonded
aliphatic chain.?*? Further evidence of alkyl moiety covalent surface attachment is provided by a
Ge-C stretching absorption at 700 ¢cm™.**® Features at ca. 860 cm™ are attributed to Ge-O
stretching modes arising from oxidation that presumably occurs during workup following

functionalization.
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Figure 5-4. FT-IR spectra of dodecyl-GeNCs functionalized via different hydrogermylation protocols: a)

thermally-activated, b) AIBN radical-initiated, ¢) BP radical-initiated and d) borane-catalyzed.

Figures 5-3 b and 5-5 show representative bright field transmission electron micrographs
of dodecyl-GeNCs. The particles appear pseudospherical with an average diameter of 7.2 + 0.9
nm. TEM analyses of dodecyl-functionalized GeNCs prepared using radical-initiated, and
borane-catalyzed hydrogermylation approaches show similar morphology and size distributions
(Figure 5-5). HRTEM imaging (Figure 5-3 b inset, and Figure 5-5) of dodecyl-GeNCs shows
crystalline nano-domains with fringes separated by 0.33 nm that correspond to Ge (111) lattice

spacing.?>°

Energy-dispersive X-ray analysis (EDX) (Figure 5-3 c¢) confirms the presence of

germanium, carbon and oxygen. Raman spectra (Figure 5-3 d) show an asymmetric feature at
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290 cm™! indicating the crystallinity of the germanium nanodomains is maintained throughout the

etching of GeNC/GeO; composites and functionalization.

Size (nm)

Figure 5-5. Dodecyl-GeNCs obtained from the thermal treatment of brown Ge(OH),. TEM images with related
particles size distribution of dodecyl-GeNCs functionalized via different hydrogermylation protocols: a) thermally-

activated, b) AIBN radical-initiated, c) BP radical-initiated and d) borane-catalyzed.
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Figure 5-6. Characterization of GeNCs obtained from the thermal treatment of ‘Ge(OH),’ at 400 °C for 1 hin a

flowing Ar atmosphere. (a) Survey XPS spectrum of dodecyl-GeNCs which is showing Ge, C and O as it is

expected. Si signal is coming from silicon wafer used as sample holder. Signals noted by a ‘*’ are related to Ge

LMM. (b) Deconvolution of the HR-XP spectra for of Ge 3d spectral region (Figure S3b), shows dodecyl-GeNCs

are dominated by elemental Ge along with some Ge(IV) species consistent with partial oxidation. This shows Ge

3ds); contributions. Contributions from Ge 3d3/, have been omitted for clarity.
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Moreover, dodecyl-functionalized GeNCs were characterized by XPS and XRD (Figure
5-6). Figure 5-6 a shows a representative survey XP spectrum of dodecyl-GeNCs, there are clear
peaks corresponding to the binding energies of Ge 3dsp», Ge 3psp, C 1s, and O 1s. The XRD
pattern of dodecyl-GeNCs in Figure 5-6 b shows a broad reflection from nanocrystalline

domains of germanium.

The presented analyses are consistent with surface hydrogermylation proceeding under
all conditions explored here; however, investigation of analogous surface hydrosilylation
reactions on silicon nanocrystals indicates the nature of surface bonded species and surface
coverage are method dependent.?*’ In this context, nanostructured-assisted laser desorption/
ionization mass spectroscopy (NALDI-MS) was employed to interrogate the monomeric or
oligomeric nature of surface bonded species. To isolate the role of GeNCs NALDI analysis was
also performed on product mixtures obtained from the identical reaction conditions used for
surface modification - in the absence of GeNCs no high molecular weight fragments were

detected (See Figure 5-7).
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Figure 5-7. NALDI mass spectra of control dodecene solution (no GeNCs) after applying identical condition as a)

thermally-activated b) AIBN radical-initiated, ¢) BP radical-initiated and d) borane-catalyzed hydrogermylation.

In all cases involving GeNCs no fragments corresponding to the molecular weight of 1-
dodecene (Mw = 168.3) were detected at the sensitivity of the MS technique consistent with
effective purification. The fragmentation patterns obtained for all dodecyl-GeNCs are complex
regardless of the functionalization activation method employed (Figures 5-8 a-d). Despite this
complexity, insight into the nature of the GeNC surface species can be obtained by considering
peak series with mass labels of the same color; these series are separated by the mass of the
dodecyl repeat unit (i.e., 168.3 m/z). Similar patterns have been attributed to ligand

oligomerization on NC surfaces.?* Samples prepared using thermally activated hydrogermylation
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(Figure 5-8 a) show fragments containing multiple dodecyl repeat units consistent with there

being a higher amount of oligomerization occurring on the GeNC surfaces.
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Figure 5-8. Nanoassisted laser desorption ionization mass spectra of dodecyl-GeNCs functionalized using a)
thermally-activated (inset: higher m/z showing dodecene repeat units) b) AIBN and ¢) BP radical-initiated, d)

borane-catalyzed hydrogermylation. Inset spectra are higher magnification from larger m/z.

In addition, we note high m/z fragments with the characteristic Ge isotopic signature.

Because the Ge-Ge linkage is the weakest of the surface bonds (i.e., Ge-Ge, 190-210; Ge-C, 255;
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and C-C, 292-360 KJ-mol™!

),2! it is reasonable it can cleave preferentially to produce high m/z

fragments including differing numbers of germanium atoms (Figure 5-9).
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Figure 5-9. NALDI spectrum of dodecyl-GeNCs obtained from thermally-activated hydrogermylation showing the

characteristic Ge isotopic pattern.
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GeNCs modified using AIBN and BP initiated hydrogermylation (Figure 5-8 b and c)
also show fragmentation patterns associated with multiple dodecyl repeat units, and borane
catalyzed hydrogermylation (Figure 5-8 d) resulted in the comparatively low m/z (i.e., not

exceeding 500 m/z) suggesting limited (even negligible) oligomerization.

Proton nuclear magnetic resonance ('"H NMR) spectroscopy provides an alternative
method for interrogating surface bonded moieties. Figure 5-10 shows 'H NMR spectrum of
dodecyl-GeNCs functionalized via thermally-activated hydrogermylation (See Figure 5-11 for 'H

NMR spectra of dodecyl-GeNCs obtained using other methods).

TMS

cDCl,

*

I

8 7 6 5 4 3 2 1 0 PPM

Figure 5-10. 'H NMR spectrum of dodecyl-GeNCs obtained from thermally activated hydrogermylation in
CDCl; containing 0.01% (v/v) TMS. Methyl and chain methylene protons denoted by a and b, respectively.

Residual solvent impurities (H>O or HOD at 1.5 ppm and toluene CH3 at 2.34 ppm)?3>233 are denoted by (*).

All dodecyl-GeNCs show the broad resonances arising from terminal methyl protons at
ca. 0.9 ppm and a broad resonance methylene chain protons in the range of ca. 1.1-1.6 ppm.

Broad structureless aliphatic CH signals indicative of multiple, surface bonded

125



environments.?*>23425 In addition, no features associated with alkene protons are detected at the
sensitivity of the 'H NMR method consistent with 1-dodecyl moieties being tethered to the

GeNC surfaces.?*°

l. T™S I T™S
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Figure 5-11. 'H NMR spectra of dodecyl-GeNCs in CDCl; containing 0.01% (v/v) TMS. I) AIBN radical-initiated,

IT) BP radical-initiated and III) borane-catalyzed hydrogermylation. Dodecyl methyl protons and chain methylene

protons denoted by a and b, respectively. Solvent impurities are denoted by an asterisk (*)

For the present dodecyl-GeNCs, the integration ratios of the methylene (at 1.29) and
methyl (at 0.9 ppm) proton signals were determined to be 6.72, 6.09, 6.53 and 6.86 for thermally

induced, AIBN initiated, BP initiated and borane catalyzed hydrogermylation, respectively.

These values are consistent with the expected surface dodecyl moiety or dodecyl oligomers.?>>2%
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"H NMR also offers a method to estimate NC surface coverage. Evaluating a ratio of the
integrated peak areas of the surface organic groups and that of an internal standard (i.e., TMS
0.01%) provides an approximation of ligand surface coverage.>> The results from these
calculations (Table 5-1) indicate that, among different hydrogermylation protocols applied here,
thermally induced functionalization provide highest degree of surface coverage (207%). AIBN
and BP radical initiate reactions, as well as those catalyzed by borane provide lower surface
coverage (i.e., 62, 84, and 56 %, respectively).?**>>> These data are consistent with the NALDI-
MS analyses noted above that indicated the likelihood of surface oligomerization decreased in
the order of thermally activated, radical initiation, and borane catalyzed hydrogermylation (i.e., a

higher degree of surface oligomerization will lead to artificially high surface coverage).

Table 5-1. Determination of surface coverage using 'H NMR.

Hydrogermylation Ligand methyl to Ligand to TMS Moles of Moles of Ge Number of ligands Surface
Approach TMS Proton ratio mole ratio ligand atoms per NC* coverage (%)
Thermally activated | 2.11 8.42 6.15x10°° 1.49x10° 3085 207

AIBN radical init. 0.69 2.74 2.01x10°¢ 1.60x10° 930 62

BP radical init. 1.29 5.18 3.78x10°6 2.23%10° 1261 84

Borane catalyst 0.73 2.94 2.14x10°6 1.91x10° 838 56

* Number of Ge atoms per GeNCs (d=7 nm) has been estimated to be 7400 with ca. 20% on the surface.

Having prepared dodecyl-GeNCs from the thermal processing of ‘Ge(OH)>’, we
endeavoured to investigate their optical response (i.e., PL). As a result of the small band-gap of
Ge, electron-hole recombination in GeNCs is expected to yield PL in the NIR or IR spectral

regions. However, reports are often contradictory regarding the source of PL, critical NC size,
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expected PL wavelength, quantum yield, effect of oxides and other impurities,!8%121:122.130

Adding further complexity, germanium oxides can often show visible PL.”%!3% There are also
numerous examples showing UV-Vis emitting GeNCs,*”7%1% however it has been suggested that
these emitters likely show PL resulting from surface species (e.g., oxides) rather than quantum
confinement of GeNCs.!**!*8 There are surprisingly few examples of colloidal GeNCs showing

NIR or IR PL,.18130.136

Despite the average size of the functionalized GeNCs investigated here being smaller
than the Bohr-exciton radius of Ge (i.e., 24.3),"° they do not show detectable
photoluminescence (PL). We hypothesize this may result from dark surface defects (e.g.,
impurities, vacancies, surface oxides, dangling bonds etc.)*® arising from the HF liberation

protocol that remain after hydrogermylation, that provide non-radiative pathways, !3%:141:142
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Figure 5-12. (a) Photoluminescence spectrum of dodecyl-GeNCs (diameter = 7.2 + 0.9 nm) prepared in the presence of trace I,
using thermal functionalization. (b) Survey XP spectrum of dodecyl-GeNCs after introducing trace amount of I, prior to
thermal functionalization. Signals of Ge, C and O were observed as they were expected. The signals which are assigned by a
“*’ are related to sample holder and copper sample substrate.

In an effort to passivate potential (as of yet unidentified) defects on the GeNC surfaces
we introduced a trace quantity of I, into the hydrogermylation reaction mixture. GeNCs prepared
in this way show PL at 986 nm (See Figure 5-12 a). Survey XP spectra of the resulting dodecyl-
GeNCs (Figure 5-12 b) show evidence of only Ge, C and O: no iodine was detected at the
sensitivity of the XPS method (ca. 1 — 3 atomic %). At this time, the role of I in inducing PL

remains unclear and is the subject of ongoing investigation.

In summary, ‘Ge(OH)’ was synthesized using a commercial GeO> powder and employed
as a precursor for H-GeNCs. This procedure exploits a disproportionation reaction to yield
GeNCs embedded in a GeO, matrix that are readily liberated with hydride surface moieties by
HF etching. The resulting H-GeNCs provide a reactive platform that can be further modified

using thermal, radical initiated and borane-catalyzed hydrogermylation. NALDI-MS and 'H
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NMR analysis indicated oligomerization and surface coverage occurring by thermally induced
method compared to other hydrogermylation procedures. Dodecyl-terminated GeNCs prepared

by proper defect removing approach (i.e., introducing I»), possess optical response in IR region.
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Chapter 6:

Cellular Uptake and Cytotoxicity of Photoluminescent Fe3;(O4
Nanoparticle/Si Nanocrystal Hybrids*

* A version of this Chapter has been published:

Javadi, M.; Purkait, T.; Hadidi, L.; Washington, J.; Veinot, J. G. C. MRS Adv. 2016, 1 (33), 2321-2329.
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6.1. Introduction

Multi-functional nanomaterials combine various functional groups with potential
applications beyond the limitations arising from each individual subunits.>*?®° The design of
new hybrid nanomaterials with enhanced functionality and the broad options of applications, can
be achieved by combining complementary properties such as light emission and
magnetism.>*?*!2¢7 For example, combining a florescent cell-imaging agent label with the
property of magnetism would have promising applications in the detection and separation of

targeted cell populations as well as medical therapeutic,?62-264268

A number of papers have reported the combination of fluorescent molecular dyes with

magnetic particles (predominantly iron and its oxides) for the purposes of cell-imaging.?*2¢

however, molecular dyes suffer from the combined drawbacks of reduced quantum yield and
limited photo-stability particularly at near-infrared (NIR) wavelengths.’>%%2%! Introducing
quantum-dots (QDs) as new fluorescent probe was a revolutionary advance in the field of
biological imaging.?’%?"! QDs overcame and surpassed the aforementioned limitations of organic
dyes, by showing size-dependent multiple colours, higher molar absorption coefficient in the

NIR region, long-term photo-stability, narrower and symmetric emission bands, and have the

capacity to be functionalized with various groups.>*>°

QD-based magnetofluorescent probes have been made by linking classical QDs (e.g.,

CdSe) with magnetic NPs using various approaches like high temperature decomposition,?’>

3 4 5 276

doping,?”® crosslinking,?’* encapsulation,>’> nanocomposites?’® and the formation of super-

NPs.?”7 Bawendi et al. prepared super-NPs by co-assembling of FesO4 NPs ‘core’ with a ‘shell’

of fluorescent CdSe@CdS QDs. They also added an exterior silica layer to induce stability of



assemblies, biocompatibility, and surface functionality.?’”” The authors used these super-NPs as a
dual-mode imaging probe for in vivo imaging.?’” Despite these important advances, real world
applications involving biological/medical systems for the most well-known QDs (i.e., CdSe) are

limited because they contain toxic heavy metals.’!

The nanostructure of Group 14 semiconductors (i.e., Si, Ge and SixGeix) have been
surprisingly observed to exhibit photoluminescence (PL).%®®’ This observation led to
introduction of SiNCs as a new class of QDs which distinguished themselves by their abundance
and low toxicity, particularly in compared to classical QD materials (such as CdSe).>! SiNCs
have 10-times less toxicity than the equivalent concentration of Cd based QDs, both in vitro and
in vivo.?’® They have the additional advantage of naturally degrading to silicic acid which is
easily excreted.?’”” Moreover, the biocompatibility of SiNCs as well as their tunable surface
chemistry and optical property (PL response), make them particularly attractive for biological

applications.?’*-2%

Si-based magnetofluorescent labels have not been investigated for biological imaging
purposes as much as other QDs counterparts (e.g., CdSe). However, some examples in literature
include, Swihart ef al. who have developed hydrophobic Si NP nano-probes that are mixed with
hydrophobic Fe;O4 NPs and encapsulated in phospholipid-polyethyleneglycol micelles.?¢” These
hydrophilic micelles have a hydrophobic core of NPs and were used for in vitro and in vivo bio-
imaging.?®’ In another study, Sailor et al. fabricated luminescent microparticles made of porous-
Si and loaded with FesO4 NPs and the anti-cancer drug doxorubicin, in order to target-deliver the
drug to human cervical cancer cells in vitro.’! However, there are some concerns with this

therapeutic formulation due to bio-incompatibility and toxicity of hydrophobic Fe;04 NPs. 281282
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In this study we have attempted to combine the optical properties (i.e., visible
photoluminescence) of SiNCs with the magnetic response of hydrophilic FesO4 NPs by
covalently linking these materials. Herein, a water-dispersible magnetic-photoluminescent hybrid
material has been synthesized via the DCC coupling reaction of acid-functionalized SiNCs and
hydrophilic amine terminated magnetite (Fe3O4) NPs. Moreover, its cytotoxicity and application
as a cell-labeling agent have been studied and demonstrated using the rat basophilic leukemia
(RBL)-2H3 cell line. RBL-2H3 cells are mast cell-like immune cells and are a commonly used
cell model for examination of immune system responses to foreign agents, such as allergens and
other contaminants, including NPs.?®32%7 Mast cells are located at the interface between the
internal and external environments in the mucosal linings of the respiratory and gastrointestinal
tracts, in blood vessels and in skin, where they monitor for potential non-self antigens to target
and remove. The primary immune function of mast cells is degranulation, a receptor-mediated
effector response in which vesicle-stored antimicrobial and inflammatory granules (e.g.
histamine) are released in an attempt to destroy foreign antigens.?®® RBL-2H3 cells can also
internalize particles using various uptake mechanisms such as phagocytosis.?® Therefore, since
mast cells are early detectors of foreign particles and are likely to encounter infiltrated and
circulating NPs, they are ideal cell candidates for determining biocompatibility of novel

nanoparticles.

6.2. Experimental

6.2.1. Reagents and Materials.
Hydrogen silsesquioxane (HSQ, trade name Fox-17, sold commercially as a solution in methyl

isobutyl ketone) was obtained from Dow Corning Corp. (Midland, MI). Electronics grade
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hydrofluoric acid (HF, 49% aqueous solution) was purchased from J. T. Baker. Ferrous chloride
tetrahydrate (FeCl>-4H>O > 99 %), ammonium hydroxide (i.e., 29.3 wt % NH3 in water), 10-
undecenoic acid (98 %), 2,2'-azobis(2-methylpropionitrile) (AIBN, 98 %), (3-aminopropyl)
trimethoxysilane (APTMS, 97 %), N,N'-dicyclohexylcarbodiimide (DCC, 99 %), as well as
reagent grade of acetone, toluene, ethanol and methanol were purchased from Sigma-Aldrich.
Toluene was dried using a Grubbs-type solvent purification system (Innovative Technologies,
Inc.) prior to use. Ultrapure H>O (18.2 MCQ/ cm) was obtained from a Barnstead Nanopure
Diamond purification system and used in all reactions/manipulations involving water. Unless

otherwise indicated all reagents and solvents were used as received.

6.2.2. Material Characterization and Instrumentation.

Fourier-Transform Infrared Spectroscopy (FT-IR) was performed on a Nicolet Magna 750 IR
spectrophotometer by drop casting of a solution/suspension containing desired particles in
ethanol (SiNCs) or water (Fe3O4 NPs and Si-amide-Fe3O4 nano-hybrids) and complete removal
of the solvent. Transmission electron microscopy (TEM) and energy dispersive X-ray (EDX)
analyses were performed using a JEOL-2010 (LaB6 filament) electron microscope with an
accelerating voltage of 200 kV. High resolution TEM (HRTEM) imaging was performed on
JEOL-2200FS TEM instrument with an accelerating voltage of 200 kV. TEM samples were
prepared by drop-coating of NPs included ethanol dispersion on a holey carbon coated copper
grid and the solvent was removed under vacuum. TEM and HRTEM images were processed
using Image] software (version 1.48 v). Size distribution histograms were determined by
measuring ca. 300 NPs in each case. Raman spectroscopy was performed using a Renishaw

inVia Raman microscope equipped with a 514 nm diode laser and a power of 3.98 mW on the
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sample. Samples were prepared by drop casting of an ethanol or water suspension on gold-coated
glass. X-ray photoelectron spectra were acquired in energy spectrum mode at 210 W, using a
Kratos Axis Ultra X-ray photoelectron spectrometer. X-Ray source was Al Ka line. Energy is
1486.6 eV. The probing area is about 1 x 2 mm?. Samples were prepared as films drop-cast from
ethanol/water suspensions onto a copper foil substrate. Binding energies were calibrated using
the C 1s peak as a reference (284.8 eV). CasaXPS Version 2.3.5 software was used for Shirley
background subtraction and curve fitting. Photoluminescence (PL) spectra for the solution phase
samples were acquired using a Varian Cary Eclipse fluorescence spectrometer (Aex = 350 nm).
PL spectra were acquired by illuminating a solution/suspension containing desired particles in

ethanol (SiNCs) or water (Fe3O4 NPs and Si-amide-Fe3;O4 nano-hybrids).

6.2.3. Synthesis of Water Dispersible APTMS-capped Fe3Os NPs.

In a typical synthesis, FeCl2-4H20 (0.62 g; 3.2 mmol) was dissolved in 3.9 ml of ultrapure water
to give a clear orange solution. Concentrated aqueous ammonium hydroxide (3.12 ml) was added
dropwise with vigorous stirring. The addition of ammonium hydroxide caused the colour of the
solution to change from orange to dark blue/green. After vigorous stirring in air for 10 minutes
APTMS (1.25 ml, 7.2 mmol) was added dropwise. The reaction mixture was transferred to a 10
ml microwave vessel equipped with a microwave-safe stir bar and sealed. The mixture was
irradiated for 1 hour at 134 °C in a Biotage Initiator microwave reactor (at ca. 100 W and the
pressure of ca. 7 bar). After cooling to room temperature the reaction vessel was opened and the
black suspension of APTMS-capped Fe3O4 NPs were transferred to a PTFE centrifuge tube and
the tube was filled with ca. 45 ml ultrapure water. After centrifuging at 10000 rpm for 15

minutes the clear supernatant was discarded and the black precipitate was re-dispersed in water
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and centrifuged (10000 rpm, 15 minutes). Dispersion/separation cycles were repeated for more
times twice using water and twice using ethanol. Finally, the black precipitate containing
purified APTMS-capped Fe3;O4 NPs was dispersed in ca. 10 mL of water and stored in vial for

further analysis using XPS, TEM, EDX, and FTIR. A typical yield of is ca. 0.06 g.

6.2.4. Preparation of Hydride-Terminated SiNCs.

Hydride-terminated SiNCs (H-SiNCs) were prepared using well-established procedures
developed in the Veinot laboratory.!'” Approximately 3 g of solid HSQ were placed in a zirconia
boat, transferred to a Carbolite CTF tube furnace, and heated in a flowing 5 % Hz/ 95 % Ar
atmosphere (ca. 15 mL/min) at 18 °C/min to a peak temperature of 1200 °C where it was
maintained for 1 hr. After cooling to room temperature the resulting composite, consisting of
oxide-embedded SiNCs, was mechanically ground to a fine powder using an agate mortar and
pestle. Subsequently, 0.30 g of the composite powder was transferred to a polyethylene
terephthalate beaker and 3 mL each of water, ethanol, and 49 % HF acid were added sequentially
with stirring. (Caution: Appropriate safeguards must be implemented when working with
hydrofluoric acid.) After stirring for 1 h in ambient light and atmosphere hydrophobic H-SiNCs
were extracted into three 15 mL aliquots of toluene. The resulting toluene suspensions were
centrifuged at 3000 rpm for 5 minutes to obtain a pellet of H-SiNCs that was re-dispersed in dry
toluene and used directly in the functionalization procedure described below. Typical is ca. 30

mg.

6.2.5. Preparation of Undecanoic-Acid Functionalized SiNCs.
Undecanoic acid-terminated SiNCs were prepared using established procedures for radical

initiated surface hydrosilylation.?*> A 100 ml Schlenk flask was charged with 10-undecenoic acid
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(200 mg, 1.1 mmol) equipped with a Teflon-coated magnetic stir bar. The flask was attached to
an argon charged double manifold and heated to 70 °C under reduced pressure (ca. 2 mbar) for 3
h. After cooling to room temperature a toluene dispersion of H-SiNCs (ca. 25 mg SiNCs in 20
mL dry toluene) and AIBN (0.061 mmol) were added to the flask and the mixture was subjected
to three freeze-pump-thaw cycles. The cloudy reaction mixture was stirred and heated to, and
maintained at 65 °C under an argon atmosphere for at least 15 h. After cooling to room
temperature the resulting functionalized particles were isolated by centrifugation (3000 rpm, 10
minutes) and purified by three successive cycles of dispersion/precipitation cycles using
methanol/toluene as the solvent/antisolvent mixture. Acid-functionalized SiNCs were dispersible
in common polar solvents (e.g., methanol). The resulting products were evaluated using TEM,

EDX, XPS, Raman, PL and FT-IR. Typical yield is ca. 30 mg.

6.2.6. DCC Coupling of Undecanoic Acid-terminated SiNCs with APTMS-capped Fe3O4
NPs.
In a 20 mL glass vial equipped with magnetic stir bar, 100 pL of dicyclohexylcarbodiimide
(DCC) in acetone (0.1 M) was mixed with 10 mL of 10-undecenoic acid-functionalized SiNCs in
acetone (2 mg/mL). After capping the vial, the solution was stirred for ca. 20 minutes followed
by sonication (ca. 30 s) in a bath sonicator. The magnetic stir bar was removed and 200 puL of
APTMS-capped Fe3O4 NPs in acetone (20 mg/mL) was added. After capping the vial, it was
placed on a vial platform of Orbital Mechanical Shaker at 300 rpm for at least 12 h. The final
coupled hybrid NPs were isolated upon exposure to a permanent magnet for at least 30 minutes.
The supernatant was removed and the magnetic residue was re-dispersed in acetone (ca. 10 mL)

and sonicated for minimum 60 s. The magnetic separation cycles were repeated at least four
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more times. After magnetic residue was re-dispersed in water (ca. 10 mL) and sonicated for
minimum 60 s. The magnetic separation cycles were repeated two times for water. Purified
coupled magnetic Si-amide-Fe3Os NPs were dispersed in water and stored in vial for further

characterization.

6.2.7. Biocompatibility of Si-amide-Fe3O4 NPs.

The in vitro biocompatibility of Si-amide-Fe3O4 NPs was tested using the rat basophilic
mast (RBL-2H3) cell line to evaluate the potential for NP cell uptake and effects on cell
viability. RBL-2H3 cells were grown to confluence at 37 °C with 5% CO: in culture media
consisting of Minimal Essential Medium (MEM) with Earle’s balanced salt solution (Sigma-
Aldrich, Canada) supplemented with 1 % 2 mM L-glutamine, 1% penicillin/streptomycin, and 10
% heat-inactivated FBS as previously described.?”® Cells were passed every third day by
harvesting cells in an RBL-2H3 harvest buffer (1.5 mM EDTA, 135 mM NaCl, 20 mM HEPES,
5 mM KCI, pH 7.4) at 37 °C with 5 % CO; for 10 minutes, followed by pipetting to detach cells
from cell culture plate (BD Biosciences, Mississauga, Canada). Cells were seeded into new

flasks at a sub-cultivation ratio of 1:10.

6.2.8. Effects of Si-amide-Fe3O4 NPs on cell viability.

The Annexin V/PI apoptosis assay was used to measure the effects of Si-amide-Fe;O4 NPs
on cell viability. Annexin V-FITC binds to damaged membranes undergoing early to late
apoptosis, while the fluorescent molecule, propridium iodide (PI) penetrates damaged plasma
membranes of necrotic and/or late apoptotic cell and intercalates with nucleic acids to enhance
its fluorescence. Thus, the balance of fluorescence between Annex V-FITC and PI provides a

quantitative measure of cells that are 1) viable, ii) early apoptotic, iii) late apoptotic and iv)
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necrotic. Cells were grown to confluence over 3 days in RBL-2H3 cell culture media and then
harvested as above and enumerated with Trypan Blue staining solution (Sigma Aldrich, Canada)
on a haemocytometer to ensure cell cultures had >95% viable cells and to determine cell
concentration. Following enumeration, cells were re-suspended in fresh culture media and
seeded in 24-well flat-bottom culture plates (Corning Costar, USA) at 2.5 x 10° cells per well.
Cells were then incubated for 1 h at 37°C to allow for cell attachment to wells. RBL cells were
then exposed to Si-amide-Fe3O4 NPs at 0, 0.1, 1, 10 and 100 pg/mL for 1 h or 24 h. Vehicle
(equivalent H>O volume), positive (1 % ethanol) and negative (culture media) control treatments

were also included.

Following exposure, cell culture media with NPs was removed from wells and cells were
washed twice with 1X phosphate buffered saline (PBS; 2.7 mM KCI, 1.5 mM KH;POs4, 136.9
mM 148 NaCl, 15.2 mM Na2HPO4; pH 7.0), harvested as above, and transferred to 5 mL
polystyrene tubes (Corning Science, Canada) containing 3 mL of PBS supplemented with 0.5 %
fetal bovine serum (FBS) (Sigma, Canada) (herein known as PBS-FBS). Cells were centrifuged
at 400 x g for 7 minutes to pellet cells. The supernatant was decanted and the cell pellet gently
disrupted and resuspended in 1 mL of 1x Annexin V binding buffer (BD Biosciences, Canada).
Cells were then centrifuged at 400 x g for 7 minutes, followed by decanting supernatant and
gently disrupting cell pellet. 5 pL. of Annexin V-FITC and 4 pL of 1:10 diluted PI (2 ug/mL)
were added to each tube and incubated at room temperature in the dark for 15 minutes.
Following incubation, an additional 500 puL of Annexin V binding buffer was added to each tube
and were centrifuged at 400 x g for 7 minutes to wash cells. The supernatant was decanted and

cells were resuspended in 500 puL of Annexin V binding buffer and analyzed by flow cytometry
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for indications of cell death by monitoring for increases in Annexin V-FITC and PI fluorescence,

and for changes in cell profile outputs, relative to unexposed controls.

6.2.9. Uptake of Si-amide-Fe3O4 NPs into RBL-2H3 cells.

Confocal microscopy was used to monitor cells for uptake of Si-amide-Fe3O4 NPs into
cells. Glass slide coverslips (Fisher Scientific) were sterilized with 70 % ethanol, washed with
sterile HO, UV irradiated and placed into the bottom of 6 well flat-bottom plates (Corning
Costar, USA). Cells were seeded overtop of the cover slips, at a density of 1.0 x 10° cells in
MEM culture media, and incubated for 2 days at 37 °C. Following two days of growth, culture
media was removed, cover slips containing adhered cells were washed twice in PBS and then
cells exposed for 1 h to Si-amide-Fe3O4 NPs suspended in PBS at concentrations of 0, 100, 200,
500, 1000 and 2000 pg/mL. Negative control cells received an equal volume of PBS alone. After
exposure, cells were washed twice with PBS-FBS and once with PBS and coverslips were
removed from wells and inverted on parafilm containing 1 pg/uL. Cholera Toxin B Subunit-
FITC GMI membrane stain (Sigma) and incubated for 20 minutes over ice in the dark.
Coverslips were then washed twice with PBS-FBS and fixed at room temperature in the dark
with 4% paraformaldehyde, followed by washing with PBS and mounted on glass slides using
mounting medium containing DAPI, as a nuclear stain. Fixed cells were imaged with a Zeiss
LSCM, LSM 710 AxioObserver Laser Scanning Confocal Microscope (objective 40x 1.3 oil
plan-Apochromat, Carl Zeiss Microscopy, Jena, Germany), data collected with Zen 2011
software and processed with LSM Image Browser (v. 4.2.0.121, Carl Zeiss). Three-dimensional
z-stack images were surface rendered and then animated using Imaris software (v. 8.1, Bitplane,

Zurich, Switzerland) to visualize intracellular uptake of NPs.
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6.2.10. Statistical Analysis.

Statistical analyses were performed using the GraphPad 6.0 statistical software program. To
investigate effects of NPs on cell viability a one-way analysis of variance (ANOVA) with a
pairwise Tukey multiple comparison test was performed for comparisons between treatment
groups within a cell death category (i.e., viable, early apoptosis, late apoptosis or necrosis). A
probability of p < 0.05 was considered significant. Data values are presented as mean =+ standard

error on the mean (SEM).

6.3. Results and Discussion

Prevailing methods for preparing monodispersed FesO4 NPs are based on the thermal
decomposition of iron precursors in the presence of different surfactants and capping agents such
as oleic acid and oleylamine.?®'?** Although these approaches yield a narrow size distribution of
magnetite NPs, the bio-incompatibility, toxicity and hydrophobicity of the final Fe3;O4 particles

limit their use for biological imaging and other biomedical purposes.?8!-*3

We have chosen to employ an alternative approach involving the microwave assisted in-
situ hydrothermal synthesis and functionalization of Fe3O4 NPs in the presence of excess capping
agent (e.g., APTMS).263:265281.295298 The resulting APTMS-capped magnetite NPs form a

uniform suspension in water that can be attracted to an external magnetic field (Figure 6-1 a).
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Figure 6-1. Characterization of APTMS-capped FesO4 NPs: a) A photograph of a water dispersion of APTMS-
capped Fes;Os4 before (left) and after (right) exposure to a permanent magnet. b) A representative bright-field TEM
image (Inset: Histogram showing an average diameter = 7.9 & 2.2 nm). ¢) EDX, d) FT-IR spectra, and e) The Fe 2p

region of the high-resolution XP spectrum with appropriate fitting for Fe?* and Fe3*,299-304

TEM analyses of APTMS-capped magnetite particles (Figures 6-1a and 6-2) show NPs
with a size distribution of 7.9 = 2.2 nm (Figure 6-1 a and c). NPs of this size are considerably

smaller than the single-domain dimension of bulk Fe3O4 (128 nm)*%-% and are known to exhibit
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superparamagnetic behavior.>?” Superparamagnetic particles have no coercivity, hence they will

not remain aggregated and freely demagnetize and reorient after removing the magnetic field.>"’

Figure 6-2. Bright-field TEM image of APTMS-capped Fe;O4 NPs. Inset: HRTEM image of APTMS-capped

Fe304 NPs. The measured lattice fringe separation of 0.29 nm corresponds to the {220} planes of Fe3O4.

HRTEM imaging (Figure 6-2) shows lattice fringes of 0.29 nm that correspond to the
{220} planes of bulk Fe304.>® The EDX spectrum of APTMS-capped Fe;O4 NPs (Figure 6-1 c)

indicates the presence of iron, oxygen, silicon and carbon at the sensitivity of the method.
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The IR spectrum of APTMS-capped Fe3Os NPs (Figure 6-1 e) shows broad and strong
absorption from N-H stretching of the amine functionality at ca. 3410 cm™ along with
corresponding bending at ca. 1580 cm’!. Features associated with aliphatic C-H stretching and
bending are noted at 2960 and 1400 cm™!, respectively. In addition, features associated with Si-O
(ca. 1130 cm™) and strong Fe-O stretching (ca. 650 cm™) provide further evidence of APTMS
functionalization of the magnetite NP surface.?>3%*1 The XP survey spectrum of magnetite
NPs (Figure 6-3) exhibits the expected features arising from Fe304.2°3% Figure 6-1 e shows a
high resolution XPS of Fe 2p spectral region; three features at binding energies of 710.5, 712.1,
and 713.7 eV, corresponding to Fe?", Fe** octahedral, and Fe*" tetrahedral. Two other features at

717.6 and 720.7 eV are related to satellite peaks for Fe?" and Fe** are also noted.**
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Figure 6-3. Survey XP spectrum of APTMS-capped FesOs NPs. Signals of Fe, C, O, N and Si were observed as
expected. Cu signals are from sample substrate and the signals which are assigned by a ‘*’ are related to the sample

holder.
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SiNCs were prepared by the method developed in the Veinot lab based on the reductive
thermal processing of a hydrogen silsesquioxane polymer.!” For the present study, hydride-
terminated SiNCs liberated from the oxide matric upon HF etching were functionalized with
undecanoic acid moieties using an established radical initiated surface hydrosilylation

protocol.?#?

Brightfield TEM imaging of undecanoic acid-functionalized SiNCs (Figure 6-4a) shows
pseudospherical SiNCs and a size distribution of 4.6 + 0.8 nm (Figure 6-4 a, inset), while
HRTEM analysis (Figure 6-4 ¢) shows fringes of 0.33 nm, characteristic of the Si {111} lattice
spacing. Furthermore, EDX analysis indicates that the functionalized SiNCs are expectedly
composed of silicon, carbon and oxygen (Figure 6-4 b). Consistent with previous reports, the
photoluminescence spectrum of SiNCs of these dimensions shows an emission maximum at ca.
720 nm upon excitation at 350 nm (Figure 6-4 d and e).’!! The FT-IR spectrum (Figure 6-4 f)
clearly shows characteristic features related to surface bonded 10-undecanoic acid (i.e., O-H
stretching ca. 3400 cm™!, C-H stretching ca. 2900 cm™, C-H bending ca. 1400, C=0 stretching
ca. 1708 cm™). We also note evidence of residual Si-H stretching at ca. 2100 cm™ and Si-O-Si at

ca. 1100 cm™.
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Figure 6-4. a) Bright-field TEM image and size distribution of undecanoic acid-functionalized SiNCs. b) EDX
spectrum of undecanoic acid-functionalized SiNCs. ¢) HRTEM image of a representative SiNCs showing lattice
fringes arising from Si [111] planes. d) A photograph of a water dispersion of undecanoic acid-functionalized SiNCs
under 350 nm illumination. E) PL spectrum upon excitation at 350 nm. f) FT-IR spectrum. g) Si 2p region of the
high-resolution XP spectra of undecanoic acid-functionalized SiNCs showing fitting for the Si 2p3» component.

(The Si 2p1/» components have omitted for clarity.)
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The survey XP spectrum of undecanoic acid-functionalized SiNCs (Figure 6-5) exhibits the

expected features arising from SiNCs, while the high resolution scan of the Si spectral region

(Figure 6-4 g) is consistent with the present EDX and IR analysis suggesting some surface

oxidation.
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Figure 6-5. Survey XP spectrum of undecanoic acid-functionalized SiNCs. Signals of Si, C, and O were observed as

expected. Cu signals are from sample substrate and the signals which are assigned by a “*

holder impurity.

>

are related to sample

With the development of APTMS-capped magnetite and undecanoic acid-functionalized

SiNCs, the coupling of these two functional components was achieved using established

dicyclohexylcarbodiimide (DCC) mediated coupling (Scheme 6-1).312313 Carboxylic acid-

terminated SiNCs were first activated with DCC and subsequently exposed to amine-terminated

Fe3O4 NPs to induce attachment and form amides linkages. The resulting hybrids were freed
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from reaction byproducts (e.g., carboxylic acid anhydride, N,N'-dicyclohexylurea) and

uncoupled SiNCs, upon repeated isolation by magnetic separation/re-dispersion cycles.
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Scheme 6-1. Synthesis of Si-amide-Fe3O4 NPs via DCC coupling of undecanoic acid-terminated SiNCs and

APTMS-capped Fe3O4 NPs

Figure 6-6 a shows photographs of a water dispersion of Si-amide-Fe;O4 NPs exposed to
a benchtop UV light, before, during and after exposure to a permanent magnetic. Qualitative
inspection immediately reveals the Si-amide-Fe3O4 NPs retain the SiNC optical response — this is
also manifested in the PL spectrum (Figure 6-6b) that shows no shift in the PL. maximum after
the coupling reaction. The response of the Si-amide-Fe3;O4 NPs upon exposure to a permanent
magnet also provides qualitative indication of coupling - the hybrid particles are attracted to the

magnet.
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Figure 6-6. a) A photograph of a water suspension of Si-amide-Fe3;O4 NPs (ca. 1 mg/mL) upon exposure to a
benchtop UV light and permanent magnet. b) PL spectra of SiNCs (black trace) Si-amide-Fe;O4 NPs (red trace)
upon excitation at 350 nm. ¢) Raman spectrum of Si-amide-Fe3Os nano-hybrids. d) EDX spectrum of Si-amide-

Fe304 nano-hybrids. e, f) Si 2p and Fe 2p regions of high-resolution XP spectra Si-amide-Fe3O4 nano-hybrids.

Consistent with the integrity of the SiNCs being maintained during coupling Raman
spectroscopy shows a feature at 523 cm! indicative of Si-Si bonding (Figure 6-6¢). EDX (Figure
6-6d), XP spectroscopy (Figures 6-6 e and f as well as Figure 6-7) confirms the presence of
carbon, oxygen, iron and silicon. Furthermore, the high resolution XP of the Si spectral region
(Figure 6-6 e) shows emissions associated with Si(0) as well as Si sub-oxides and the Fe region

(Figure 6-6 f) confirms the presence of Fe3O4 (vide supra).
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Figure 6-7. Survey XP spectrum of Si-amide-Fe;Os nano-hybrids. Signals of Fe, Si, C, O as well as N were

observed as expected. Cu signals are from sample substrate and the signals which are assigned by a ‘*’ are related to

the sample holder.

Infra-red spectroscopy (Figure 6-8) further confirms covalent coupling of carboxylic acid
functionalized SiNCs with amine termination of APTMS-capped Fe;O4 NPs that shows features

characteristic of the constituent SINC and Fe3;O4 NP components as well as the expected amide

linkage (i.e., amide carbonyl stretching at 1643 cm™).
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Figure 6-8. FT-IR spectra of APTMS-capped FesO4 NPs (a) undecanoic acid-functionalized SiNCs (b) compared to
Fe;04 NPs and Si-amide-Fe;04 nano-hybrids (¢). Stretching for C=0 for carboxylic acid shows up at 1708 cm'!

while stretching for C=0 for amide occurs at 1643 cm™! and bending vibration for N-H is at 1580 cm’'.

Figure 6-9 also shows several bright-field TEM images of Si-amide-Fe3O4 nano-hybrids.
The aggregated structures shown in these images agree with attaching several Fe3;O4 NPs (darker
spots) to SiNCs (lighter spots). Higher contrast TEM images as well as elemental mapping
analysis was not possible due to thick layer of different ligands (e.g., undecenoic acid, APTMS,

coupled amide moieties) on the surface of Si-amide-Fe3O4 nano-hybrids.
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Figure 6-9. Bright-field TEM image of Si-amide-Fe3O4 nano-hybrids.

F ollowing the development of stable, magnetic and photoluminescent Si-amide-Fe3O4
nano-hybrid NPs, our next objective was to investigate their biocompatibility by measuring the
effects of Si-amide-Fe3O4 NP exposure on RBL-2H3 cell viability at a range of doses. Results
from these tests showed that after 1 h of in vitro exposure Si-amide-Fe3O4 NPs did not increase
apoptosis in RBL-2H3 cells in all doses aside from the highest tested (i.e., 100 ug/mL); under
those conditions the percentage of necrotic cells increased significantly (8.2 = 0.74 %, SEM)
compared to the other doses tested, including the control (1.8 £ 0.17%) (Figure 4). However,

after a 24 h exposure, the percentage of late apoptotic (0.1 pg/mL: 14.7 £ 2.1%, 1 pg/mL: 13.3 +
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1.2%, 10 pg/mL: 12.8 £ 1.0%, 100 pg/mL: 12.7 + 1.2%) and necrotic (0.1 pg/mL: 10.9 £ 2.3%,
I pg/mL: 12.2 + 0.5%, 10 pg/mL: 10.9 + 1.1%, 100 pg/mL: 16.8 + 1.5% SEM) cells increased
significantly in all the tested NP doses when compared to vehicle control (6.9 + 0.4% SEM), but
with no difference in the percent increase of late apoptotic and necrotic cells for any of the doses
(Figure 4). Despite some decreases in cell viability, when cell death is normalized to vehicle
controls over 24 h, the percentage of dead and dying cells in the treatment groups drops to 5-10
% of the cell population. In this context, these results indicate that over a wide range of Si-
amide-Fe3;O4 NP doses, a small population of RBL-2H3 cells are adversely sensitive to Si-amide-
Fe304 NPs, but only after 24 h. Furthermore, given that immune mast cells actively interact with
foreign particles and are located at mucosal boundaries with the external environment, means
they are likely key targets for NPs and could be increasingly prone to toxicity. Therefore, the low

levels of cell death indicate that these Si-amide-Fe3O4 NPs are likely highly biocompatible.

Previous biocompatibility studies have shown decreased cell survivability from Fe NPs
can be attributed to oxidative stress from the generation of reactive oxygen species when NPs act
as catalysts in Fenton reactions.’'* Free radical toxicity is a common mechanism by which many
types of NPs can affect cell health, and excessive ROS products can initiate cellular apoptosis by
causing excessive damage or changes to the cytoplasmic and/or inner mitochondrial
membranes.’!>31®  Mitochondrial destabilization results in the loss of mitochondrial
transmembrane potential and the downstream activation of the proteolytic caspase cascade that
lead to the execution pathway and the final death of the cell.>!” The increase in late apoptosis of a

small population of cells after 24 h suggests that these NPs are activating the caspase cascade,
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likely through the intrinsic apoptotic pathway which is a known target for free radicals, and are

not causing cell death via a necrosis, a distinct modality for cell death.!831°
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Figure 6-10. RBL-2H3 cell apoptosis results following cell exposure to 0, 0.1, 1, 10, 100 pg/mL Si-amide-Fe3;O4
NPs, plus negative (PBS) and positive (ethanol) controls for 1 h. Apoptosis is proportioned into: viable, early

apoptosis, late apoptosis and necrosis cell death categories as a histogram or into pie charts for each exposure

period.
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Figure 6-11. RBL-2H3 cell apoptosis results following cell exposure to 0, 0.1, 1, 10, 100 ug/mL Si-amide-Fe;O4
NPs, plus negative (PBS) and positive (ethanol) controls for 24 h. Apoptosis is proportioned into: viable, early
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RBL-2H3 cells significantly internalized Si-amide-Fe3O4 NPs across a range of NP doses
(Figure 6-12). Three-dimensional computer surface rendering of confocal images also confirmed
that the NPs had penetrated the plasma membrane and were located mostly in the cytosol, but
were also clearly observed inside the nucleus of RBL-2H3 cells (Figure 6-13). The amount of
NPs that penetrated the cells also increased dose-dependently. The mechanism by which these
NPs can enter cells is unknown, however recent studies have suggested that clathrin receptor-
mediated endocytosis is a primary pathway by which NPs can penetrate the plasma membrane.32°
We have also recently shown that when clathrin receptors are pharmacologically antagonized,
there is a significant reduction in the amount of NPs that are taken up by the cell (unpublished
work). From a biocompatibility perspective, the ability to regulate the amount of NPs that can
penetrate a cell presents an interesting opportunity to develop therapeutic NPs that can target
various components of the cell. However, uptake into cells may also exacerbate cell death by
mechanisms described above and there are several reports that correlate NP uptake and cells
death.?8632! The increased percentage of late apoptotic cells after a 24 h exposure to the highest
NP dose (100 pg/mL) may be partially explained by the increased uptake of Si-amide-Fe3O4
NPs. Their internal presence may increase the amount of ROS that are generated and trigger

apoptotic pathways in the cell.
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Figure 6-12. Confocal microscopy (Objective 40x, 1.3 oil plan-Apochromat) images of RBL-2H3 cells following
exposure to 0, 100, 200, 1000 and 2000 pg/mL Si-amide-Fe;O4 NPs for 1 h. Representative bright field micrographs
after differential interference contrast (A, D, G, J, M), Cy3 (i.e., red NPs) fluorescence micrographs (B, E, H, K, N)
and three-dimensional surface rendering of cells (C, F, I, L, O). DAPI (Blue) and FITC (Green; 75% transparent
surface for three-dimensional reconstruction) were used as probes for cell nucleus and plasma membrane,
respectively. Scale bars for three-dimensional images are 15 um, respectively. The cell within white inset box on

panel F was selected for single-cell three-dimensional rendering in Figure 6-13.
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Figure 6-13. Three-dimensional surface rendering of a representative RBL-2H3 cell following exposure to 100
pg/mL Si-amide-Fe3O4 NPs (Cy3 red fluorescence) for 1 h. DAPI (Blue) and FITC (Green) were used as probes for
cell nucleus and plasma membrane, respectively. Cell with non-transparent plasma membrane (A), cell with 75%
transparent plasma membrane (B), cell with 100% transparent plasma membrane and 75% transparent nucleus (C)
and cell positioned horizontally with 75% transparent plasma membrane and 75% transparent nucleus (D), clearly
show penetration of Si-amide-Fe3Os4 NPs inside the plasma and nuclear membranes. For a 3D movie animation
demonstrating particle localization, please see supplemental information. Scale bars for three-dimensional images

are 5 um, respectively.
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6.4. Conclusion

We have shown that nano-hybrids can effectively be prepared by covalent linking carboxylic
acid-terminated SiNCs with amine-terminated Fe3Os NPs vial DCC coupling. The resulting
nano-hybrids maintain the photoluminescence of the SiNCs and the magnetic response of the
Fe;04 NPs. These Si-amide-Fe3O4 NPs were also found to be mostly compatible with mast cell-
like cells that actively engage with foreign materials. Despite some increased apoptosis after a 24
h exposure period, the cells populations retained high levels of viability, especially when

corrected for apoptosis in controls.

Finally, using confocal imaging and 3D surface rendering, the Si-amide-Fe;O4 NPs were
found to penetrate into the plasma and nuclear membranes of RBL-2H3 cells. Uptake of other
fluorescently-labeled NPs has been previously shown,?®’322 however, there are typically issues
with bleaching and quenching of fluorescent signals, which can limit their time and the efficacy
for visualizing tagged cells. As well, adding fluorescent molecules, such a FITC, to an
engineered NP can change the physicochemical properties of that NP and interfere with its
proposed use. Here, we have shown that Si-amide-Fe3O4 NPs can be used to label cells without
altering their intended physicochemical properties, such as their fluorescence, charge or size.
This advantage provides better predictability for biological outcomes and allows developers to

more easily modify specific NP properties if other intended uses are desired.
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Chapter 7:

Conclusions

and

Future Directions
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7.1. Conclusion

Quantum dots (QDs) are an important 21% century material that have potential for far
reaching impacts and extensive applications in semiconductor and optoelectronic industries.>??
After these semiconductor nanoparticles (mostly direct band-gap) were discovered and quantum
confinement theories to explain them were developed,'® it was difficult to contemplate the
possibility of similar phenomena for indirect band-gap materials such as Group 14
semiconductors — namely Si, Ge, SixGeix — and corresponding compounds. This was until 1990,

% and closely

when Canham observed red photoluminescence (PL) from mesoporous silicon,®
after that in 1991, when Yoshihito ef al. reported the same observation (visible
photoluminescence) for germanium crystals embedded in silica.®” These discoveries opened a
new window to further investigations of Si and Ge-based nanostructures and demonstrated great
potential for their applications. Despite being in Group 14, germanium-based nanostructures

such as Ge nanocrystals (GeNCs) and germanium oxide nanoparticles (GeO> NPs) differ

substantially from their more frequently studied silicon counterparts.

In this context, GeO: (the targeted material in the second and third Chapters of the current

121,143,146,152,153 and wider

Thesis) possesses a higher dielectric constant, higher refractive index,
optical transparency compared to silica.!>* This can be useful in the fabrication of various optical
devices,!47:156:157:159.324-326 Ty Chapter two, we reported a facile method for preparing GeO> NPs
of tailored shape without the use of surfactants. The morphologies (i.e., pseudospherical
particles, nano-eggs, spindles, and nano-cubes) were readily tailored by changing water/ethanol
ratios during the hydrolysis of TEOG. Uniform GeO> nano-cubes with a narrow size distribution

were obtained by optimizing the concentration of the ammonium hydroxide catalyst.
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In a follow-up work (third Chapter), shells of silica were produced around GeO; nano-
cubes and nano-eggs via the well-known Stdber process (sol-gel reaction of tetraethoxysilane).>?’
This yielded GeO@Si0: core-shell nano-cubes and nano-eggs. Afterwards, selective reductions
of the core (i.e., GeO2) by 5% Ha / 95% Ar and the shell (i.e., SiO2) by magnesium were

performed. Consequently, the GeO>@SiO; core-shell nano-cubes and nano-eggs were then

characterized with XRD, TEM, SEM, HRTEM, and EDX analyses.

The materials fabricated in Chapters two and three of the current Thesis also show
promising results in other investigations. Some examples are “assembling of alkyl
monophosphonic acid functionalized GeO; nano-cubes” and the “optical response of Cu and Er
doped GeO; nano-cubes” (results not shown here). Despite these potential uses, our interests for
now lie in investigating the optoelectronic properties of GeNCs by themselves. One example is
understanding the origin of PL from GeNCs (surface state vs. band-gap). Although Ge-based
nanostructures show unique properties, they have not been studied as widely as their Si
counterparts. Compared to Si, Ge shows a smaller band-gap, larger Bohr-exciton radius and
higher electron and hole mobility.®”%*7! Thus, it is expected that GeNCs with comparatively
larger sizes will display the promising optical and electronic properties that will be potentially
useful in different optoelectronic applications.'®’>’* The preparation of colloidal GeNCs is
performed via solution phase reduction, decomposition and disproportionation of Ge(Il) and
Ge(IV) precursors, !9-82:83,101,102,105.223.224 g4 ytion-based syntheses also face challenges including
identifying suitable precursors, requiring high temperatures to induce crystallization, low yields

and developing methods to predictably control surface chemistry.
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In this regard, solid-state synthesis of oxide-embedded GeNCs via thermolysis of
substoichiometric oxide-based molecular precursors has proven very effective !!3:121-123
However, this method also suffers from lack of control on the morphology of the GeNCs and,
more importantly, the presence of impurities from the molecular precursors.'?! Therefore, the
synthesis of impurity-free GeNCs with well-defined surface chemistry is of considerable interest.
In the fourth Chapter of the current Thesis, we demonstrated the effective preparation of a series
of “Ge(OH),” precursors suitable for large scale preparation of free-standing GeNCs, whose
surfaces were then modified through thermally induced hydrogermylation. A detailed
comparison of the precursors also provided insight into, and proposal of, a seeded growth
mechanism that provides GeNCs which exhibit narrow size distributions. While the present NCs

are not photoluminescent, we believe that this results from surface defects and is the subject of

ongoing investigation.

In Chapter five, we went into the surface chemistry of prepared GeNCs. Modifying and
tailoring GeNC surface chemistry provides an avenue by which reactivity, environmental
compatibility (e.g., solubility or resistance to oxidation), and electronic properties may be
tailored. Hydride-terminated GeNCs (H-GeNCs) are of particular interest because the reactivity
of surface Ge-H bonds toward alkenes and alkynes via hydrogermylation affords the potential for
convenient modification, however these reactions and their scope have not been widely explored.
In this context, H-GeNCs provide a reactive platform that can be further modified using thermal,
radical initiated and borane-catalyzed hydrogermylation. NALDI-MS and 'H NMR analysis
indicated more of both oligomerization and surface coverage occurring with the thermally

induced method compared to other hydrogermylation procedures. Dodecane functionalized
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GeNCs prepared by the proper defect removal approach (i.e., introducing o) possess an optical

response in IR region.

The sixth Chapter discussed the predominant potential/actual application of
functionalized Si or GeNCs in biological systems. H-GeNCs, like those prepared in Chapters
four and five, provide a prodigious possibility for further functionalization on the surfaces of
GeNCs. However, these functionalization protocols, as well as size/surface dependent optical
responses, are more studied and understood for SiNCs rather than GeNCs. In the sixth Chapter of
the current Thesis, we thus presented a promising hybrid nanomaterial that combined the
favorable properties (e.g., photoluminescence, biocompatibility, and surface chemistry) of SiNCs
with the magnetic characteristics of Fe3Os nanoparticles (NPs). Linking these two
complementary nanomaterials via DCC coupling yielded a new, advanced hybrid material that
possessed the characteristics of its constituents and afforded a photoluminescent system that
responded to permanent magnets. We also evaluated the toxicity and demonstrated proof-of-
concept confocal cell imaging using these novel hybrid NPs. As will be shown in future work,

the chemistry applied step-by-step in Chapter six is applicable for H-GeNCs as well.

7.2. Future Directions

7.2.1. Developing functionalization procedures as well as modifying H-GeNCs with

innovative surface functionalities

Finding and understanding various routes as well as numerous bonding groups for surface

functionalization of H-GeNCs is possible by considering the well-established reactivity of
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similar hydride-terminated surfaces (i.e., Ge or Si wafers; H-SiNCs).24?! We have already
proven the reactivity of surface Ge-H bonds toward alkenes through a series of hydrogermylation
approaches such as thermal activation, radical-initiation, and borane-catalysis (Chapters four and

five).

However, there are still many functionalities to be explored and investigated. As just one
example, H-GeNCs can be covalently attached to poly (3 — hexylthiophene) polymer (P3HT)
following similar chemistry which has been developed for H-SiNCs.**® In this regard, P3HT
functionalized GeNCs are known to be promising materials for solar cell applications>**** due

to their narrower band-gap and larger exciton-Bohr radius compared to SiNCs, as well as the

large absorption coefficient of Germanium by itself (see introduction).®”:69-71

Apart from different bonding groups, various functionalization procedures can be
investigated as well. Again, as one of the many possible cases, surface functionalization of H-
GeNCs by xenon difluoride (XeF2) can be investigated and realized. A recent study of
instantaneous functionalization of H-SiNCs at room-temperature by Mobarok et al. showed
promise.**! The authors also carried out detailed analysis of the reaction byproducts by in situ
NMR spectroscopy and GC-MS.**! This provided unparalleled insight into SiNC surface
composition. In the case of H-GeNCs, using XeF as the functionalization-inducing agent could
not only introduce a novel functionalization mechanism but also clarify the surface chemistry of

H-GeNCs.

Recently, we have begun thermally induced (i.e., catalyst free) dehydrocoupling of alkyl-
silanes and alkyl-germanes onto the surface of H-GeNCs. Our preliminary results show

successful functionalization, but the reaction conditions need to be optimized.
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Figure 7-1. Thermally induced (i.e., catalyst free) dehydrocoupling of alkyl-silanes onto the surface of H-GeNCs.
Picture and FT-IR spectrum are for GeNCs functionalized with dodecylsilane using aforementioned thermally
induced dehydrocoupling

Dehydrogenative coupling has been performed on various hydride-terminated
nanostructures but,***>** to our knowledge, dehydrocoupling on the surfaces of H-GeNCs has

not yet been reported (Figure 7-1).

7.2.2. Studying the effect of halogen additives on optical properties of current GeNCs

The band-gap originating, optoelectronic response from GeNCs remains the subject of
some scientific arguments regarding the origin of PL, the exciton-Bohr radius of GeNCs, and the
effects of oxides and other surface impurities. !38-121:122139 Ag gbserved in Chapter five, dodecyl-
functionalized GeNCs do not possess an optical response (i.e., photoluminescence) despite their

average size (<10 nm) being smaller than the exciton-Bohr radius of Ge (i.e., 24.3nm).*”"* We
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believe this may result from surface defects (e.g., impurities, vacancies, surface oxides, dangling
bonds, etc.).”® However, introducing a trace quantity of I, into the thermally induced
hydrogermylation reaction mixture led to a PL response of the dodecyl-GeNCs at Amax= 986 nm

(Figure 7-2 d).

(2]
>
[=3

TJF

a0 ] " Ll W" i i i “*"*\ 1

at 950 nm

Intensity {a.u.}

a @ o

2 2 3

—

eIy (o

e o

O

Nerm. PL Intensity (a.u.)

o

7

y

/

T T T T o T u T T T T
400 450 500 550 600 400 500 500 700 800 300 1000 900 1000 1100 1200 1300 1400 1500 1600

Wavelength (nm) Wavelength (nm) Wavelength (nm)

Figure 7-2. a) A photograph of a toluene dispersion of dodecyl-GeNCs functionalized by XeF, under 350 nm
illumination. b) PL spectrum of dodecyl-GeNCs functionalized by XeF» upon excitation at 300 nm. ¢) PL spectrum
of dodecyl-GeNCs functionalized by PCls upon excitation at 320 nm. d) PL spectrum of dodecyl-GeNCs

functionalized thermally induced hydrogermylation shown in Chapter five of current Thesis.

In our preliminary results from XeF> induced functionalization, GeNCs show visible
green-yellow PL (Amax at ca. 400 nm; results not shown) after the reaction (Figure 7-2 a, b). We
have also observed that chlorine impurity can cause a PL response with Amax around 720 nm
(Figure 7-2 ¢). These observations demonstrate a trend of PL wavelength according to type of

halogen and need further investigation.

7.2.3. Magnetite-GeNCs nano-hybrids for biological applications

One of the potential opportunities for the nanostructures of Group 14 semiconductors
(particularly Si, SiC and GeNCs) is in biological imaging. This is due to their generally accepted

low-toxicity, high-biocompatibility, high-photostability, and wide fluorescence spectral regions
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that span from the near-ultraviolet to near-infrared ranges.?®33> Although there are some
concerns regarding the cytotoxicity of germanium nanomaterials,*® studies still show that
GeNCs are less toxic than CdSe NCs at similar concentrations.”® This gives GeNCs a strong
future in biological applications, on which research has been already started by numerous

groups 73,90,91,337

Moreover, because of the smaller band-gap of Ge compared to Si or CdSe,*'?> GeNCs
are expected to show band-gap correlated PL response at lower energies (i.e., near-IR). In this
regard, optical imaging in the NIR region seems promising due to lower interference of NIR
wavelengths with the metabolism of targeted cells, lower risk of autofluorescence signals arising
from the biological material and deeper penetration of NIR wavelengths due to reduced light

scattering and low absorption.!'?°

As the next logical step for Chapter six of the current Thesis, undecenoic acid-
functionalized GeNCs could be synthesized with a similar radical-initiated method.
Subsequently, this ligand could be attached to APTMS-terminated Fe3O4 NPs via DCC coupling
to make magnetite-GeNC nano-hybrids. However, adjusting the PL response of GeNCs (e.g., by

adding halogen impurities) needs careful examination.
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Figure 7-3. a) Synthetic scheme and IR spectra of undecenoic acid-functionalized GeNCs. b) Synthetic scheme of

preparing and photographs of showing acetone dispersion of magnetic Fe304-amide-GeNCs nano-hybrids

7.2.4. Investigating the morphology of GeNCs obtained from thermal treatment of

Ge(OH):

As outlined in Chapter four, Ge(OH) is suitable for large scale preparation of oxide-
embedded as well as free-standing GeNCs. However, the morphological study of free-standing
GeNCs whose surfaces were modified through thermally induced hydrogermylation showed poor
monodispersity and ill-defined shapes of GeNCs. A detailed comparison of the yellow, orange
and brown precursors also provided insight into, and proposal of, a seeded growth mechanism

that provided GeNCs exhibiting narrow size distributions.

It has been shown that the prolonged annealing of well-defined pseudospherical SiNCs
embedded in SiO: leads to nanocrystal surfaces that thermodynamically self-optimize to yield
particles with cubic geometries.?*® Also, Korgel et al. have reported SiNCs with uniform
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cuboctahedral shape synthesized with reparative heating-cooling cycles of SiNCs/Si0,.>*8

Similar procedures can be examined on the current GeNCs embedded in GeO; in order to reach

better shape and morphological control.
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Appendix A:

Sol-gel Chemistry
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As was mentioned in the Introdcution Chapter of current Thesis, solid-state thermal
decompostion and reduction for making GeNCs, is predominanted by Ge-based sol-gel reaction.

In this section we will turn our attention to the sol-gel reaction itself.

Sol-gel is a wet-chemical technique that uses a solution to make a colloidal suspension
(i.e., sol). The sol acts as a precursor to produce an integrated network of metal-oxide (i.e., gel).
Colloid is defined as a homogeneous suspension in which the dispersed phase contain partilces in
nanoscale size (1-1000 nm) with negligible gravitational forces acting upon them. The intra-
particle interactions are dominanted by short-range forces such as van der Waals attraction and

(13

surface charges.’®® Therefore a “sol” can be defined as the colloidal nano-scale size solid

particles in a liquid. On that note, “aerosol” is a colloid containing nano-scale size solid particles

in a gas and an “emulsion” is a colloid nano-scale size liquid drops inside another liquid.>*-4°

Alkoxide and metal chloride are precursors typical of those which have been used to form
sol. They undergo reactions which can be divided into two main steps: 1) “hydrolysis” and 2)
“condensation”. However, two steps of hydrolysis and condensation are not separate and most of

time there are happening simultaneously (Figure A-1).
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Hydrolysis

catalyst
“\Sl'—OR + 4H,0 — Si—OH + 4ROH
RO OR Ho‘ OH
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Figure A-1. Hydrolysis and condensation for the sol-gel reaction of TEOS.#!

A classic example of alkoxide, which has been extensively studied by Werner Stober et al.,
is hydrolysis and condensation of tetraalkoxysilane [Si(OR)4] and mainly tetracthoxysilane
[Si(OC2H5)4].%*” In this regard, hydrolysis is the attachment of hydroxyl groups from solvent
(i.e., H2O) to silicon atom (Figure A-1). Complete hydrolysis requires excess water and the
presence of catalyst (usually H" or OH™ ions). Condensation occurs followed by hydrolysis
(either complete or non-complete). Condensation is the reaction of alkoxyl or hydroxyl groups
on one Si center with the ones from another Si center, forming a network of Si—O—Si bonds (and

ultimately Si02). ROH and H>O are also produced during the condensation step (Figure A-1).

The sol-gel reaction is an extremely useful procedure for making numerous variety of
metal-oxide structures. A simple change to the experimental conditions can lead to significant
variation in the morphology of the produced metal-oxide network. The second Chapter of current

Thesis presents a revealing example of the changing of the morphology of resulting oxide by
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altering the reaction condition (see Chapter two). Variations can be acheived by changing the
temperature of sol-gel reaction, reaction time, solvent composition and more interestingly, the

pH of the reaction itself.3*

As previously mentioned, the presence of acid or base can change the rate of hydrolysis
(role of catalyst). In another interesting result, H" or OH™ ions can act as structure-directing
agents by producing chain-like or granular sol-gel product, respectively. In this instance, at the
pH < 3, H" protonated the oxygen atoms of Si-OR or Si-OH groups. This protonation produces
good leaving groups (i.e., water and ROH). It also decreases the electron density and facilitates
nucleophilic attack of water (during hydrolysis) or silanol groups (during condensation) on the

central Si atom. The latter forms a Si-O-Si bond with the reduced electron density on the central

Si.
fH . -
=sSi—0X + H' =si-0{ Eq. A-1
X = R H %
+’H
Y-OH + =si-0!_ —— Y-O-Si= + HOX
Y = H, =Si A Eq. A-2

hydrolysis reaction: X=R,Y=H

condensation reaction: X=RorH, Y= Si=

General sol-gel reaction under acidic conditions>*

Moreover, Si with higher electron density has higher rate for hydrolysis and condensation
(i.e., higher probability of the adjacent O atom to be protonated). Eg. A-3 shows the trend for

changing electron density on the central Si atom.
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=Si-R > =Si-OR > =Si-OH > =8i-O-Si £q. A-3

According to this trend, Si-OR and Si-OH have higher electron density on the central Si
atom in compared to Si-O-Si. This phenomenon causes a growing network from terminal Si

atoms (not from the central Si atom) and produces chain-like structures.

In contrast, base-catalyzed sol-gel reactions, can end with producing branched networks. In
this context, at the pH > 3, the central Si atom undergoes a nucleophilic attack by hydroxide ions
(OH", during hydrolysis) or silanoate ions (=Si-O, during condensation) through an Sn2-type
mechanism which creates a five-coordinated transition state. Later on, OR™ (for hydrolysis) or
OH™ (for condensation) leaves the transition state complex. The nucleophilic attack which
follows, occurs on the central Si atom (not on the terminal Si atoms) because it has the lowest
electron density (Eq. A-4). This results in the formation of branched/granular structures at the

end.

(IJY

; § Al L :

=5i-0X + YO _— \“u"sll_ Y-0-Si= + X0 Eq A-4
Y = H, =Si OX

hydrolysis reaction: X=R,Y=H

condensation reaction: X=RorH, Y =§j=

General sol-gel reactions under basic conditions**’
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Appendix B:

Supplementary information for Chapter 4

and

Debye-Scherrer analysis
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Debye-Scherrer analysis of XRD peak broadening:

Proposed by P. Debye and P. Scherrer, this method is a straightforward (but rough estimating)

analysis to understand the crystal size of NCs based on the broadening of XRD peaks.**? Debye-

Scherrer equation is shown as:

Where

. KA
" Bcosfg

t is the crystal sizes of the NCs,

K is dimensionless shape factor and is mainly depended on the shape of the NCs.
Usually for spherical and pseudospherical shapes of NCs, where the size of nanoparticles
is same in all directions, K set as 0.94 and it is independent from %kl of the planes chosen
for calculation.

B is the Full Width at Half Maximum (FWHM) of the peak (in radians), obtained
according to Table B1 and B2 by Gaussian and Lorentzian line shapes fitted to {111}
peaks of Ge.

0 is the Bragg angle (in radians); in current contribution, Scherrer analysis has been done
based on the {111} crystallographic planes (peak with the highest intensity), 20 = 27.28°,
cos 0 (in radians) = 0.9718).

A 1s the X-ray wavelength; in current contribution Cu-Ka radiation source with A = 0.154

nm.

This equation explains peak width of XRD diffractions varies inversely with crystallite size; as

the crystallite size gets smaller, the XRD peak gets broader.
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Table B1. Debye-Scherrer analysis results for GeNCs diameters obtained from thermal processing of yellow

Ge(OH); at indicated temperature

Annealing FWHM FWHM FWHM B (Radian) t (nm)
Temp. (°C) (starting-deg)  (ending-deg) B (deg)
350 28.36 26.33 2.03 0.0354 4.2
400 27.95 27.11 0.84 0.0147 10.1
450 28.01 27.18 0.83 0.0145 10.3
500 27.71 27.17 0.54 0.0094 15.9
600 27.61 27.24 0.37 0.0065 23.1

Table B2. Debye-Scherrer analysis results for GeNCs diameters obtained from thermal processing of brown

Ge(OH); at indicated temperature

Annealing FWHM FWHM FWHM B (Radian) t (nm)
Temp. (°C) (starting-deg) (ending-deg) B (deg)
400 26.73 28.12 1.39 0.0243 6.1
450 27.61 28.68 1.07 0.0187 8.0
500 27.2 28.11 0.91 0.0159 9.4
600 27.3 27.77 0.47 0.0082 18.2
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Figure B-1. Survey XP spectra of (a) yellow ‘Ge(OH),’ and (b) brown ‘Ge(OH),’. Signals of Ge, C and O, were

observed as expected. Signals assigned by a ‘*’ are related to Ge LMM. 2023
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and (b) brown ‘Ge(OH)’ at 400 °C for 1 h under Ar. Signals of Ge, C and O, were observed as expected. Signals

assigned by a ‘*’ are related to Ge LMM. -3
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